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Preface

This thesis is written in the pursuit of a PhD in art. More specifically: music. Even more specifically: musical instrument making.

This PhD book comprises and describes both scientific and artistic research questions, methods and results. Both have their own 
value; both are an equal and crucial part of this thesis. As the artistic practice is both the origin of the research questions as well 
as a crucial part of the methodology, research in art can only be a personal journey. As I would like you, the reader, to be able to 
benefit from my work as much as possible, I chose to write this thesis as a book that describes not only the product and results of 
the research, but also the path I took and how it changed the way I look at my artistic practice. 

As you are reading this work, you will find plenty of citations and objective analyses of data, just like you would in a scientific thesis. 
However, if I happen to have an opinion about something, I will share it with you. Personally, I hope it will help you form your own 
opinion about the subject. Also, there are the artistic parts. These don’t necessarily follow the path of reason, but perhaps that of 
a longing for creativity in my practice or a personal interest to explore a certain direction. These venture away from a systematic 
approach and embrace the desire to conceptualize or materialize an idea. Last but not least, this book describes violin making. It 
describes and reports on the journey of a craftsman who wonders how he will create these instruments, searching for methods to 
use and develop his embodied knowledge of the craft. What I find most interesting is what happens when all these parts interact: as 
the insights of the researcher, the artist and the craftsman work together to create new music instruments that challenge the concept 
of what the art of violin making can truly be1.

I am sure you, the reader, are intelligent enough to separate the report of objective observations from subjective or creative thoughts, 
as you may have just done whilst reading the first footnote. I invite you to read this book with an open mind as what it is meant to 
be: a contribution to the art of violin making. In an effort to make this book more readable, and perhaps even enjoyable for some, 
I’ve taken quite some liberties to maintain an engaging writing style. Perhaps you will feel you know me pretty well by the end. Well… 
with that in mind… I hope your first impression of me was at least a good one.

This is a story of many violins, cellos and even more questions. 
Let’s see if we can find us some answers.

1 The Art of Violin Making is a well-known book written by Johnson and Courtnall, originally published in 1999. Personally, I believe the title of the 
book is a huge misnomer. The book describes, in wonderful and understandable detail, a method for the craft of violin making. Credit where credit is due: 
it is a great book! However, there is no reason to call the methods described in the book ‘art’. The book describes the craft of making copies. Copies of art 
are not usually referred to as works of art, but as works of craftsmanship. I say this, as a violin maker, with the deepest respect for craftsmanship. For me, 
craft and art stand as equals. I find it important however, not to confuse one with the other. I interpret the title of the book, together with its content, as a 
suggestion that the highest form of craftsmanship is art, which is of course wrong. The highest form of craftsmanship is exquisite craftsmanship.
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10 Chapter 1 - Research context

Let's commence...
1. Introduction
Before we can dive into the research, we must first understand 
the context in which it takes place. This chapter is meant to 
introduce you to topics you might be less familiar with: Are you 
an engineer who knows a lot about fiber reinforced composites, 
but nothing about music instruments? Are you a violin maker 
that is new to research? This chapter levels the playing field. 
After a short introduction in the history of violin making, I will 
define the research questions. These questions determine the 
scope of the research: every discussion of a paper, instrument 
made, or experiment performed, everything is done in an 
attempt to answer these questions or at least increase our 
understanding on them. Based on our research questions, the 
research methodology can be defined: How are we going to 
investigate these questions? You will become familiar with the 
sturdy scientific methods, the subjective yet insightful artistic 
research practice and the craftsman who lives in between.
With the research questions and methodologies in mind, we 
take a first chronological look on the content of this book. As I 
explain the chapters and their content, you’ll get an overview 
on the bigger picture: How my research started by looking at 
material’s properties and step by step went all the way to the 
artistic assessment of music instruments made from alternative 
materials.
 Following this overview, the partners of the research are 
presented. If you’re not familiar with how research is performed, 
you might be tempted to think this entire book is the fruit of 
only my labor. Quite the opposite is the truth! You will see how 
this research could only have been performed with the specific 
expertise and support of many colleagues and partners. 
 Finally, I will discuss what is innovative about this 
research and the impact it could have on science, art and 
craftsmanship.

Violin: a bowed stringed instrument having four strings tuned 
at intervals of a fifth and a usual range from G below middle C 
upward for more than 4¹/2 octaves and having a shallow body, 
shoulders at right angles to the neck, a fingerboard without frets, 
and a curved bridge. (Mirrian-Webster 2020)

1.2 A brief history to violin making
1.2.1 From the past
The violin, viola, cello and double bass were not invented out of 
thin air. Like many music instruments, they slowly evolved out 
of other instruments over centuries (Baines 1992). Contrary to 
what many assume, they have never stopped evolving. Indeed, 
instrument makers have not been idle: they have been adapting 
the instruments corresponding to the ever-changing desire of 
musicians and composers. Not only would a historical overview 
on the evolution of an instrument like the violin need a book of 
its own, it is destined to be incomplete. The evolution of the violin 
family is not a global linear story, but a very complex interaction 
between many regions and makers over time, each in turn 
affected by their interactions with local or travelling musicians 
and composers.
 However, in order to get you up to speed, we’ll take 
a look at some of the larger trends in the history of the violin. 
Readers are warned that what follows is a simplification written 
with the purpose of providing a basic understanding on the 
history of the violin. With this basic understanding of the history, 
you can better understand the present context surrounding this 
research. If you wish to dive deeper into this fascinating history, I 
recommend reading appropriate articles such as Rivinus (2006), 
or Linsenmeyer (2011) but one must remain wary of myths and 
accept that a complete understanding of what happened will 
likely be forever out of grasp.
 The outline of most contemporary violins is based 
on old Italian instruments made by famous names such as 
Stradivari, Guarneri and the Amati family in the 16th - 18th 
century. These makers were part of what is often called the 
first ‘golden age’ of violin making. It is important to note that 
at the time, various designs and construction methods for the 
violin were in efficacious use throughout Europe by non-Italian 
makers like Duiffopruggar/Tieffenbrucker (1514-1570, currently 
France), Stainer (1619-1683 currently Austria), Groblisz (C. 
1600, currently Poland) and perhaps Hume (C. 1530 currently 
Scotland) (Steward 1961; Baines 1992; Fleming 2012; Baran et 
al. 2016). There was no ‘standard’: violins were made in many 
different shapes and sizes! The birth of the ‘Baroque violin’ is 
attributed to – you wouldn’t guess it – the Baroque era of music. 
In this era, instrumental music flourished! Composers like 
Bach, Corelli and Handel wrote concertos and sonatas with a 
large (solo) role for music instruments. Bowed instruments were 
given more melodious roles than before and instrument makers 
made instruments to facilitate this. These Baroque violins, in all 
their variety from Groblisz to Guarneri, are often regarded as 

Figure 1.1 Parts and nomenclature of the violin, excluding strings. Picture 
courtesy by Viala (2018).
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Figure 1.2 violin with lion head by Marcin Groblicz I, current Poland, circa 1600. 

Baran et al. (2016).

the first violins. We must consider that there is no such thing as 
a known ‘first’ violin or a known ‘inventor’ of the instrument, 
anyone telling you otherwise is either misinformed or has other 
motives: the ‘invention’ of the violin is #fakenews. 
 Fast forward to France in the first half of the 19th century. 
Up to this moment, violin making has continued to be a craft 
with regional differences throughout Europe. Classical music 
has entered the Romantic era. Composers like Schumann, Liszt 
and Wagner are obsessed by feeling and passion. The Romantic 
movement was in need of different sounding and louder 
instruments to achieve the desired effect in music compositions. 

This was a time of great innovation in instrument making as a 
whole and violin makers like Lupot and Vuillaume did their part 
(Bodart 1993). An example: in both new and old instruments the 
neck was angled back, which created more downward pressure 
on the soundboard. This changed the sound of the violin in such 
a way that it was better fitted for the large orchestras and bigger 
concert halls. As described by Linsenmeyer (2011), this was also 
a time of large innovation: countless experimental instruments 
were made, measurements performed, and patents filled. 
Unfortunately, many of these innovations were undervalued and 
myths regarding the old Italian violins were created that persist 
to this very day: 

‘… a historicist tendency and commercial demands in Restoration 
France worked together to undervalue French innovative violin-
making designs and place Cremonese violins, particularly 
Stradivari, at the foremost position within a violin-making 
hierarchy.’ 

‘The nineteenth-century popularity of volumes of tales and 
anecdotes has blurred fact with fiction, which unfortunately 
persists in the discipline (violinmaking) even today.’
– Christina Linsenmeyer (2011).

This marks a turning point, from then on, the violinmaking 
practice is aimed more towards the reproduction of classic 
Italian violins and innovation is mostly frowned upon. As a 
result, a ‘standard’ develops and violins begin to look more 
alike. As Linsenmeyer points out, many of the myths persist in 
the discipline. However, I must add that the adoration of the old 
Italian violins over all others has spread into society well beyond 
the discipline of violin making. Yes, even some scientists seem to 
have become infected by these tales! In his Springer publication 
on musical acoustics (2013), Hartmann says the following:

‘It is thought that the art of violin making reached its peak, in Italy, 
at the time of Niccolo Amati (1596–1684) and Antonio Stadivari 
(1644–1737). In the centuries since then countless violin makers 
(and scientists too) have tried to make instruments of comparable 
quality. It has been supposed that these Italian craftsmen held 
a secret—perhaps it was a special varnish—and that one only 
had to discover the secret to achieve the playing characteristics 
and sound of these splendid instruments. Possibly all this is 
true, and yet there is more than just a little mystique about these 
instruments. Most of the fine old Italian violins that are so prized 
have been rather thoroughly worked over in more recent times to 
keep them in playing condition. One wonders how much of the 
original is left. Whether or not contemporary violin makers can 
make violins that compare with the old masters can be debated. 
What can be said for sure is that contemporary makers know 
enough about the art and science of violin making to make fine 
playing instruments and can do so reliably.’
– William Hartmann (2013).
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 The latter half of the 20th century also saw the 
introduction of the historically informed practice (HIP) in 
Classical music. It is a movement that has been steadily growing 
ever since. It aims to perform the music as the composer 
intended it, which includes performing on historically correct 
instruments. As mentioned by Hartmann (2013), most of the 
old violins have been adapted over time, meaning they did not 
meet the requirements for a HIP performance. Joining the quest, 
musicologists and instrument makers performed research on the 
construction methods used by violinmakers in historical periods. 
Luthiers attempt to construct instruments how they would have 
been made at the time1. Incentivized by the rich history of their 
 
1 There are few sources to discover the exact making process of a 
historical maker. Luthiers often study surviving instruments - now also using 
modern methods such as CT-scanning - to shed light on how the historical 
instruments were made and what alterations might have been made to the 
instruments over the ages. Through research, they form well-informed 
hypothesis on how the original instruments were made. These hypotheses 
are then tested in the violin makers practice by making instruments called 
historically informed reconstructions. If you are interested in learning 
more about this research practice, I recommend looking into the research 
performed by Verberkmoes (2020). He did research after and made 
historically informed reconstructions of the instruments of Boussu (1703-
1773). He documents and shares his making practice on his YouTube channel: 

Figure 1.3 A conventional handmade violin in the 21st century: made after 
a Stradivarius model with a spruce soundboard, maple body and ebony 
fingerboard. Made by T. Duerinck 2012.

 craft, they rediscovered the large variety of violins from previous 
eras. The influence of this movement on contemporary violin 
making has – to my knowledge – not been investigated as of 
this moment. Perhaps a future researcher will shed light on this 
subject. In my experience, talking with colleagues, it opened the 
eyes of many violin makers to some of the myths that surrounded 
them. That’s what this movement has done for me at least. To 
continue this story, let’s move to what is perhaps a new ‘golden 
age’ of violinmaking: the present.

1.2.2. To the present 
Yes indeed, one can argue that we are currently experiencing 
another ‘golden age’ of violinmaking. With Linsenmeyer’s insights 
from the previous section in mind, let’s separate fact from fiction: 
research comparing contemporary versus old instruments by 
Fritz et al. (2012, 2014, 2017) suggests that based on player and 
listener preferences, contemporary violins sound at least as good 
as old Italian ones. As some of the old instruments in these tests 
were prime examples of the first ‘golden age’ of violinmaking, it 
is not unreasonable to argue that contemporary violinmaking is 
therefore in another ‘golden age’. It seems – regarding optimal 
sound production – we may have learned most of what we can 
from studying these old instruments. Additionally, the desire to 
mimic the old craftsmen and the achievement of this goal, seems 
to have led the art of violinmaking to a dead end. 
 What? A dead end? Perhaps I’m getting ahead of 
myself. Who better to continue this story than a violinmaker who 
contributed to it? Let’s read a talk/interview with Zygmuntowicz 

https://www.youtube.com/channel/UChivkXPogBhUIj3X2I_DFWA

Following the increased standardization, the evolution of the 
violin continues in less visible ways in the 20th century. First, 
metal strings evolved from a rarity to the standard. Around the 
1970’s they were accompanied by synthetic core strings. These 
new strings changed both the sound and playability of violins.
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Figure 1.4: Antique varnish test on maple shared by violin maker Francesco 
Piasentini on social media. Picture courtesy by Piasentini F.

at the Acoustics workshop for violinmakers Oberlin 20192. 
Samuel Zygmuntowicz is an American award-winning luthier 
and creative director of the Strad 3D Project (Zygmuntowicz and 
Bissinger 2009). As a violin maker, he is known for his copies of 
old Italian violins. It is up to history to decide, but in my opinion 
he’s one of the most influential violin makers alive today.

Interview by Tim Duerinck with Sam Zygmuntowicz – 30 
June 2019, Oberlin USA.

Hello Sam, the reason I asked you for this interview is because 
I want to make a basic overview or sketch of contemporary 
violin making. For this reason, I would like to hear your 
opinion on where violin making is today in relations to the 
past and perhaps the future?

Zygmuntowicz: I’ll try to make it brief, I think as an American, 
violin making has been quite a big story here, perhaps it is too 
historical, but it is the generation who grew up after the war. 
Most of us, the people who have gotten violin making going again 
in this country (USA), learned the craft from people who were 
European: René Morel, Peter Prier, Sacconi, Hans Nebel, the list 
goes on quite a bit longer. Those were all people who left Europe 
with quite a lot of knowledge. So, a lot of instruments came 
here, and a lot of people. They met this post-war generation of 
Americans who were not so conventional, that’s my sociological 
synopsis of my generation of makers. But it meant you had a 
lot of people learning the craft who ordinarily would not have 
gone into violin making: they didn’t come from violin making or 
even crafts families. So, they had a different kind of intellectual 
and artistic orientation. In contrast to the European generation 
at the time, they started more from a vacuum. I think there was 
a massive effective and strange passing off of information. Also, 
Europeans like Sacconi wrote books (‘Secrets of Stradivari’). 
I think that was really a turning point. It was one of the first 
violin expertise books that were written from a violin makers 
perspective. It looked at instruments not as some treasured 
artefacts or work full of mystery, but as something someone 
would need to produce in some way. I think that was the most 
influential approach that affected us. Because my colleagues and 
me have made a ton of drawings and measurements and graphs 
and analysis3. So yes, I think that’s the basis of it. But it means 
that, in a way, this generation of violinmakers has a more diverse 
skillset and knowledge basis than any generation before.

2 VSA-Oberlin Acoustics workshop is an annual gathering of violin 
makers and researchers organized by F. Tao and J. Curtin. It comprises a 
week of hands-on projects, talks and demonstrations and aims to share 
knowledge regarding violin acoustics among its participants.
3 Many contemporary violinmakers have participated in research 
and/or adopted scientific research practices in their workshop. Some 
established examples being J. Curtin, G. Stoppani, and M. Schleske.

Is this due to these books? This access to this information? Or 
are there other elements to it?

Zygmuntowicz: Well, it’s also the fact that we didn’t have access 
to this tradition. Stradivari didn’t have to invent his varnish, we 
did. In a way, we were more free. To try things, be stubborn, 
and have this attitude that we have to discover. That you’re not 
going to learn everything from your immediate teachers. This 

coincides with the interest of musicians in our instruments. If 
you see modern instruments and you hear they were made in 
the 80’s or before, you don’t expect much of them regarding their 
sound. Was as something made in the 2000’s or after, I would 
expect more, you know? 

How do you think that happened?

Zygmuntowicz: Well, there are a lot of things, first of all there is 
the opportunity to learn, then there are the resources: the books. 
When I was working for Morel five years, and worked for Becker, 
that was the way you could see good old instruments and measure 
them. Now you just subscribe to Strad magazine and it comes 
every few months4. There is plenty of access. Then there is also 
more activity on the part of musicians, so you have an audience 
for what you do, but also some competition. So, instrument 
makers needed to get better. I was a judge at the VSA and, I 
don’t remember the year, in the 90’s. There were two different 
categories, workmanship and tone. It was the instruments that 
were nicely made that won for workmanship, and there were 
other instruments that won for tone. There was no overlap, not 
one. Why would that be? Why were the best craftsmen unable 
to produce the best sound? I think because there was kind of a 
disconnect of craftspeople tied up in their room without really 
access to musicians, without getting feedback from musicians. 

4 Strad magazine is a monthly classical music magazine about 
bowed instruments. It regularly includes posters of famous instruments 
with detailed measurements and articles of contemporary luthiers who 
share their workshop practice. The first issue of The Strad was published in 
1890.
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That was then, now other things have happened. Clever violin 
makers realized they needed to get more exposure and try 
different things. At first, the violins brought to the workshop 
(Oberlin Acoustics workshop), they just didn’t sound that good. 
I’m sorry to say that. But now, almost all violins sound good. And 
the idea that you’d have all these professional makers, letting 
each other see their own work. Top makers demonstrating their 
varnish technique. It’s almost crazy you know.

Did it used to be more closed?

Zygmuntowicz: Oh, it totally was closed. I wrote an article for 
Strad magazine once and I showed it to my teacher René 
(Morel). He didn’t even comment on the article, he said when he 
was learning, no one would tell you anything. At world shares5, 
people would clear their benches at night, so people couldn’t see 
what they were doing. That attitude has changed. I guess there 
are still people who are secretive. But you don’t hear as much 
anymore about these secret varnishes. The reality is getting out 
and learning in the open is so much better then what you can 
have in your closet. So, the motivation to be open is quite great. 

The evolution in research in acoustics, but also the psychology 
research: the listening and playing tests. Did it influence 
violinmaking? Or didn’t it?

Zygmuntowicz: Well, it did actually. This year more than ever, I 
don’t want to categorize the people here. But there are a number 
of top makers here. It’s a sign of curiosity, but also, it gets harder 
and harder for violin makers to stay on top. When you get to the 
top, you realize there is no top, many makers are up there. But 
there is a lot of curiosity about acoustics among those makers. 
George Stoppani is amazing, Joseph [Curtin] is a good example 
of let’s say a more traditional maker, who now claims to be more 
contemporary. I worked with George Bissinger; we did Strad 3D 
together. That was meant to be a more popular accessible project.

How did you feel that project was received? In my personal 
experience, it made these instruments available to a lot of 
people that could otherwise not access them.

Zygmuntowicz: well, it was designed as something for everyone. 
If you’re a violin maker, you have great photos and measurements 
and like everything you have today with a Strad poster. We also 
had recordings, and modal analyses of the violins right next to it, 
all this depth of information.

Where do you feel contemporary violin making is heading 
towards?

Zygmuntowicz: That’s a good question. Right now, it’s a bit stuck.

5 Specialized events on violin making like Cremona Mondo Musica 
or the VSA (Violin Society of America) conventions.

In what way?

Zygmuntowicz: Everyone, including me, is making antique 
instruments. And the antiquing is getting more and more 
sophisticated, knowledgeable, all the time. Most antiqued 
instruments used to look terrible but now if you go to the violin 
making workshop, they have a huge archive of all kinds of stuff. 
Don’t get me wrong, that’s all great. But all the instruments 
look kind-of… (thinks) I don’t want to say alike, cause they’re 
all antiqued so they all look rather different. But they all look 
different in the same kind of way, you know what I mean? No 
one seems to know how to break out of this phase. I think that’s 
something which is going to happen or should happen. I’ve been 
involved in that (the antiquing) myself. Part of the problem is 
that violin makers blame it on the musicians. But now the violin 
makers are more conservative than the musicians.

Do you see how that will change? What’s next? Are people 
going to step away from the old models and create their own? 
Or how do you see this evolving?

Zygmuntowicz: If you look outside the world of classical music 
you can see this change already happening. Carbon fiber 
instruments are already being sold. And electric violins are all 
over the place. So, there is progress already happening outside 
the world of classical music. I think that will probably grow 
bigger. And then it’s probably going to be flowing backwards into 
the world of classical violin. I know classical violinists who only 
play electric violin and have a rock ’n’ roll side project. Or even 
new compositions that call for electric instruments. It’s tied to a 
bigger question: what is happening to the whole classical music 
world? A question to which I don’t know the answer. It’s quite 
a serious question. I think the model of a big orchestra is not 
super sustainable. And now smart musicians are looking for self-
generating projects. So, some violin makers will start to cater to 
that. The first one is never the one people are going to trust, but 
you know, after a little while…  I’ve made my reputation with 
copies or copy style instruments. Now when I see everyone else 
does it, as an individual I have to do something else. That’s still 
to come in the future.

Do you want to do that in the upcoming years?

Zygmuntowicz: I know makers who don’t do any antiquing at 
all, and they sell instruments, so why not? It’s just, people have 
expectations about what they’re going to get. When they ask me 
to make a violin, I have an obligation to meet their expectations. 
As I work with musicians, I’m following their desires. Not always 
but usually. Even now, when someone asks me if they should buy 
a violin which is antiqued or not… To be honest, you get better 
value (monetary) out of an antique. I don’t usually say it with 
these words, but as a monetary investment it is true. Hopefully 
that changes… 
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With this interview I hope I have given you some insight in the 
contemporary world of violin making. The main idea I want you 
to take-away is this: access to books6, articles and detailed plans 
of instruments, together with a global exchange of information 
between luthiers7  and a need for more high quality violins, has 
driven the craft of violinmaking to a height. A complete overview 
on contemporary violinmaking would be an interesting field of 
study: it has become a global phenomenon with great makers 
all over the world. As an example, since 1976 the winners from 
the Cremona Triennale Lutherie competition for violin, viola and 
cello making came from Italy, France, Germany, Japan, USA, 
Czech Republic, Finland, UK, Russia, Switzerland, Canada and 
South Korea.
 There are many luthiers that can be considered part 
of the ‘top’ of violin making. Most violin makers are making 
antiqued instruments, in other words: new instruments which 
look like they are old. As a luthier, I agree with Zygmuntowicz 
when he says, ‘all the [contemporary] violins look different in the 
same kind of way’. Personally, I think the adoration of these old 
instruments – although justified as they are wonderful pieces of 
craftsmanship – has led violin making down a very narrow road 
with little room for creativity and art in the practice. Readers 
must excuse me for the following oversimplification. I promise 
it’s just for dramatic purposes: most violin makers all strive to 
make the same violin: both in design, looks and in sound. Isn’t 
that boring?
 It would be unfair to leave out the context which has 
led to this situation: the persistence of myths introduced in the 
Romantic era still makes many violin players and makers believe 

6 Examples of such violin making books are: Johnson et al. (1999). 
The art of violin making. Sacconi (1972). I “Segreti” di Stradivari. And Denis 
(2006). Traité de Lutherie; The Violin and the Art of Measurement.
7 Examples of this exchange between violin makers are the annual 
Oberlin workshops for violin makers in the USA, The European Training 
School in Acoustics for Violin Makers, the Villefavard workshop for violin 
makers or very recently the online conference Sharpening the scientific tools 
for violin making.
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‘old is better’. In order to be able to live from their craft, violin 
makers make instruments they can sell. Currently: antiques sell 
best. 

However. 
Perhaps. 
Very slowly. 
The tide is turning. 

During this PhD, and in the years prior, I have had many talks 
with violin makers from all over the world. More and more 
luthiers choose not to antique. Some makers that still antique, 
like Zygmuntowicz, consider letting that go. With an increase 
in exhibitions showcasing contemporary makers8 and scientific 
research proving that contemporary violins can sound and play 
as good as old violins, a shift away from the antiqued instruments  
and truly antique violins seems possible. 

What new path might that shift take?  The beauty of this question is 
that it enquires about the future, making it impossible for anyone 
to answer objectively. The only response can be a subjective one: 
a dream, a thought, an idea. In my master thesis (Duerinck 2015) 
I made a cello with a soundboard from Styrofoam. With this 
instrument I discovered the potential of alternative materials to 
act as soundboards for bowed instruments. 
 For me personally, my path was evident: my journey 
into alternative materials had only just begun.

8 An example is the annual Contemporary violin and bow makers 
exhibition. Organized by Reed Yeboah Fine Violins LLC in NY, USA. The first 
edition took place in 2011.
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1
2
3

4
2. Research questions
‘If a violin-shaped instrument were to be invented today, would 
wood be the obvious choice of material, given the huge range of 
artificial materials now available?’ - Jim Woodhouse (2014).

Any good research starts with a set of well-defined questions. 
These questions serve a double purpose. They represent the 
topic of our research, as well as the borders of it. In a way, they 
tell us to “boldly go where no one has gone before” (Dwayne 
2005) but add: “stay on a predetermined course so you don’t 
lose sight on your original goals”. Woodhouse’ quote does the 
former, but not the latter. I imagine his purpose was more to 
spark the imagination or inspire others than define a research 
question. In this book I will explore the topic of new materials for 
soundboards of bowed instruments with the following research 
questions in mind:

What materials have good acoustical and mechanical 
properties?
‘Good’ is a relative term. To be honest, I didn’t know quite how 
subjective it was when I first wrote these questions at the start 
of this research. Yet there are plenty of research papers who 
discuss the use of materials for soundboards (Wegst 2006; 
Phillips and Lessard 2012; Jalili et al. 2014). Based on the laws of 
physics, some materials are better acoustic radiators due to their 
material properties. In order to be useful to a musician, a bowed 
instrument must produce a sufficient amplitude in sound. By 
examining material properties, we can theoretically predict 
which materials should perform well at this task. I will dive into 
existing research, as well as conduct some tests to determine 
which materials I will use to make music instruments from.

How can these materials be optimally used in musical 
instruments?
Ah, the question of the instrument maker! A list of suitable 
materials is all good and well, but how can a violin maker make an 
instrument out of these materials? How can we use and develop 
the knowledge of the craft to make high quality instruments? 
A crucial limitation to this question is that I examine it from 
the practice of a contemporary solitary maker. The music 
instruments must be made without the need of extremely 
expensive or specialized machinery. A classically trained violin 
maker should be able to adopt my way of making in his/her 
practice. You might think this question only requires a practical 
answer; however, you might be surprised by the (artistic) choices 
one can and must make.

What are the physically measurable properties and artistic 
properties of the prototypes?
These are two questions in one: both aim to increase our 
understanding of the instruments made. First, I want to 
objectively study the vibrational and acoustical properties of 
the instruments. I do this to further our understanding of how 
the materials influence the performance of a music instrument. 
These objective physical measurements are interesting, yet don’t 

tell me how the instruments are perceived. They only hint at 
what artistic properties these instruments may have. To really 
explore this topic, we must also study the instruments from a 
psychoacoustic perspective: we want to gain insights in what 
listeners and players think about these instruments. Based on 
these insights, I can use the instruments in an artistic context 
and explore what these prototype instruments truly have to offer.

What place or function can these instruments have in the 
music and art world?
The goal of this question is not to find one definitive answer 
(spoiler alert: there are many). I want to explore and report 
on the different contexts these instruments can be used in. By 
discussing this question, I can explore new artistic possibilities. 
Additionally, I will design and create instruments with a specific 
use in the music and art world in mind. For example: a violin 
which takes the role of a sculpture. Or: a cello especially suited 
for experimental music and extended techniques. This question 
is deliberately broad and limited only by our imagination. As this 
question is subjective, I hope you will have your own answer or 
opinion by the time you reach the end of this book. Perhaps it 
will even inspire you to make some experimental instruments 
of your own?

3. Research methodologies
Fahre fort, übe nicht allein die Kunst, sondern dringe auch in 
ihr Inneres; sie verdient es, denn nur die Kunst und die Wis-
senschaft erhöhen den Menschen bis zur Gottheit. - Ludwig van 
Beethoven, 1812

Art and Science are without a doubt two great pillars that support 
mankind. They have driven our evolution, inspire us, and make 
us dream of a better day. I humbly stand before you today with 
my effort to make a small contribution to both of these giants: 
both separately and together.
 Beethoven’s quote still stands true today. He urges us to 
delve into the secrets of Art, and immediately after it mentions 
it together with Science. I’m not a musicologist, what Beethoven 
truly meant with his statement is beyond me. As an artist, I 
choose to interpret it as follows: If research into the secrets of Art 
and Science separately both raise men into the divine. Combining 
the two into one must truly be enlightening. In addition, I am a 
craftsman. I find joy in the meditative state one experiences while 
combining mind and body to create in the pursuit of creating a 
perfect piece: the flow in which time both stands still and flies 
by. In my opinion, the ritualistic endeavor to add something of 
beauty to the world can be equally enlightening. To summarize 
with Beethoven’s quote in mind:

Don’t only practice Art, Science & Craftsmanship. Force your 
way into its secrets, using any methodology you feel is suitable. 
Jump between these pillars of mankind. For this quest, and these 
magnificent leaps, can raise you into the divine. – Tim Duerinck, 
2020
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This research uses methodologies and practices of Science, Art 
& Craftsmanship in an effort to answer our research questions.

3.1 Research in Science
So well-known it requires little introduction. The scientific 
process is careful, methodical, peer-reviewed and objective. Its 
first goal is to further enlarge the knowledge of humankind as a 
whole. With its focus on the objective advancement of knowledge, 
it aims to eliminate the subjective. Researchers practicing this 
method should be unbiased: their personal opinions are not 
relevant. For a research like this one, this is a large constraint. 
However, due to the objective nature, its findings are relevant 
inter-individually: they are as relevant for my practice as they 
are for one of my colleagues. Due to the careful and methodical 
attitude of the scientific process, progress can be slow.
 The scientific methodologies used in this research 
are twofold. First, they will inspire the making of prototype 
violins using a controlled and reproducible method. Secondly, 
the instruments are studied using a variety of objective 
methods ranging from modal analyses, over sound radiation 
measurements to double-blind psychoacoustic tests.

3.2 Research in Art
In contrast to Science, research in Art is bound to be subjective. 
The artistic practice of the researcher generates the research 
questions and can be part of the methodology. Artistic 
methodologies can be very diverse. At its best, research in 
Art generates a new creativity in the practice of the artist. The 
freedom of the artistic process allows for quick turns, leaps and 
sparks of imagination. Its strength is that it is very relevant to 
the artist, it’s weakness that it can be less relevant to others. Due 
to the subjective nature, a different researcher using the same 
methodology can come to a very different result. However, in 
my opinion, when an artistic researcher succeeds in sharing his 
thoughts and insights to the public and peers, the results can be 
relevant to others as well.
 Although this entire book comprises research in Art, 
I want to highlight a few artistic methodologies that are used. 
Inspired by scientific and practical concerns as well as other 
makers, I create my own design for violins and cellos. If this 
is done well, this gives the instrument an artistic value as a 
visual object: one can be inspired by a music instrument just by 
looking at it. In contrast to the violins, the making of cellos from 
various materials in this research is inspired by artistic ideas and 
aims to push the boundaries of the art of instrument making 
in particular. The safety of the scientific method is left behind 
in favor of chasing creativity and imagination. The possibilities 
these new instruments have to offer are investigated by placing 
them in the artistic practice. In recordings, concerts and Sound 
tastings we dive into the new world of sound these instruments 
can create.

3.3 Research in Craftsmanship
Often overlooked, research in craftsmanship has been crucial to 
the development of humankind. Lacking scientific methodologies, 

the evolution from the bronze to the iron age can arguably be 
attributed to research in craftsmanship. A large part of human 
evolution, for example in the evolution of music instruments is 
to be attributed to (anonymous) craftsmen. Based on reason, 
a feeling or even a hunch, craftsmen experimented with ways 
to develop their craft. Make no mistake, this research is often 
intertwined with the other processes. Van Eyck mastered the 
Art of painting by combining artistic research with research in 
craftsmanship. He developed the craft of oil-painting in function 
of his artistic practice. Research in craftsmanship can lack the 
reason of the scientific process and the creativity of the artistic 
process, but it embraces embodied knowledge built through 
trial-and-error and intuition. It’s focus on practicality and speed 
can make this a faster process than the scientific method, in the 
best case yielding the same results. Sometimes we learn quicker 
just by trying something.
 The downside of this method, same as the artistic 
method, is that our intuition can be wrong. As human beings 
we are susceptible to dogmas or the environment surrounding 
us. In the worst case, research in craftsmanship can be a self-
fulfilling prophecy: when we expect to find a certain result, we 
unconsciously trick our senses into believing we have found this 
result. A practical example: When a violin maker makes an exact 
copy of a famous Stradivari violin, we may expect this instrument 
to sound amazing. Knowing this, we listen to the instrument 
expecting it to sound good. And so, it does! Amazing! No. As a 
famous contemporary music personality might say:

 ‘Congratulations, you played yourself.’ – Khaled Mohammed 
Khaled (2015)

As a luthier, I’m surrounded by myths and dogmas. This is why 
I choose to feed my subjective research practices (artistic and 
craftsmanship) with an objective scientific base. This does not 
make me immune to myths or dogmas, but at the very least, it 
serves as a layer of defense.

3.4 Outline and summary of the thesis
In this first chapter, you have been introduced to the context 
surrounding this research. I have explained my research questions 
and discussed the (dis-)advantages of my methodologies.
 In the second chapter, we will dive head-first into 
material properties. Careful of headaches! First, I will discuss 
existing research on material properties for soundboards of 
music instruments. We will look at research which studies 
the wood species typically used, as well as research which 
studies the suitability of other materials for soundboards. In 
an understandable manner9, we’ll go through the meaning of 
relevant material properties. I will discuss how each of these, 
in theory, might influence the sound of a violin. Based on these 
insights, I will select materials which are theoretically suitable 
to be used as soundboards. From here I will go into the making 
process of these materials. Using examples from my own 
practice, I’ll discuss my first encounters with the (making of the) 

9 I’ll try to make it understandable at least.
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materials and some do’s and don’ts of the making process. Using 
the samples made, we’ll look at some measurements performed 
in our lab and see how they compare to literature values of these 
materials. We discuss the vibrational and acoustical properties 
measured and how they relate to the material properties. To 
conclude this chapter, I will explain my choice of materials to 
make prototypes discussed in the next chapter.
 In order to objectively compare the effect of material 
properties on the sound, I must make prototype instruments in 
a controlled environment. This is entire process is documented 
in the third chapter. I’ll start by explaining the objectives and 
continue to design and make violins that fit therein. This chapter 
aims to provide and discuss all relevant details from the design 
to the exact making method used for these prototypes. It can be 
read as a practical guide that any violin maker can use to make 
fiber-reinforced instruments. Most violin makers will be familiar 
with the famous third part of C. Johnsons & R. Courtnalls ‘Art 
of violin making’. This part describes, step-by-step, how one 
can make a conventional wooden violin. In my third chapter, 
something similar is done for a violin made from a fiber-
reinforced polymer. So, in a way, this is a short, reimagined 
version of the ‘Art of Violin Making’.
 With the violins made, we can move onto the fourth 
chapter, which studies the vibrational behavior of the prototypes. 
The big question here is: can we see the effect of the material 
properties in the vibrational behavior of the instrument? After 
an introduction into existing research regarding the vibrational 
analysis of violins (often called modal analysis) I will discuss 
some results from a computational model of our prototypes 
made in our research group. This will help us get a grasp on what 
effects the vibrational behavior of a violin. Using the insights 
of this model, we can make hypotheses on the differences we 
might find between our prototype instruments. Great! We can 
move onto measuring the vibrational properties! Well… not quite 
yet. As this is the first time these tests are performed on violins 
at Ghent University, I start by making a critical comparison of 
various modal analysis techniques. No worries: I will be doing 
the heavy lifting. You can just sit back and read the results. 
Backed by a reliable measurement method, I can then measure 
and discuss the vibrational behavior of the violins.
 With the fifth chapter we step into the acoustic 
spectrum. We measure and analyze the acoustic output of our 
prototype violins both with and without musicians. By comparing 
these results with those of the previous chapter, we learn how 
the vibrational properties of the violins and in extension the 
material properties translate to acoustic behavior. I will discuss 
and explain the different amplitudes of radiation our vibrational 
modes show. By combining an objective look on the radiated 
sound of these instruments with insights from literature, we can 
make an educated guess on how the sound of these violins could 
be perceived by listeners and players. As such we use our results 
to create hypotheses on the sound of the instruments, which 
we can then put to the test in the following chapters. I will take 
a moment to share some of my insights on what these results 
could mean for the artistic practice. I believe, by sharing some of 

my meandering thoughts with you, it might be easier for you to 
relate to what these measurements mean and why I think they 
are so interesting for an artistic violin maker, but also for others 
like musicians and composers. With that slight detour into the 
artistic practice we arrive at our next chapter.
 After a short introduction regarding cultural differences 
in describing sound and literature on psychoacoustic tests, two 
listening tests performed on the prototype violins are described 
and discussed in the sixth chapter. Based on these results, we 
can objectively say how the sounds of these violins are perceived 
by listeners. Because listeners cannot judge the playability of 
our violins, we also perform a double-blind test with musicians. 
Do our violins show the same trends when they are evaluated 
by players when they are judged by listeners? Or do the playing 
properties of the violins influence how their sound is perceived? I 
will search for links between the results from our psychoacoustic 
tests with the results from the acoustic radiation measurements 
in chapter 5. By examining the two together we get insights in how 
changes in the acoustic spectrum are perceived. Recapitulating 
from chapter 2 all the way to chapter 6, we can conclude if and 
how the properties of our materials have affected the sound of 
our finished instruments. We have a good understanding on the 
properties of the violins: we know which ones are ‘more powerful’ 
or which have a specific timbre described with adjectives such as 
warm, clear or harsh. A scientific researcher could stop here, but 
an artistic researcher cannot: this just got interesting!
 All the previous chapters have given me an urge, a 
desire, to make more instruments. Based on what I have learned 
I want to make a second generation. Free from the methodical 
scientific method yet using the insights I have gained from it. In 
the seventh chapter I set out to create three very different cellos, 
both in the materials used as the anticipated sound. I’ll describe 
the choice of the materials, the design and construction. We’ll end 
this chapter with my subjective analysis of these instruments.
 In the eighth chapter we dive further into the artistic 
practice beyond the workshop. I’ll share some documented 
conversations with colleagues from various backgrounds in 
which we discuss the instruments in their artistic practice. I 
will explain why and how I developed Soundtastings for my 
artistic research practice. A Soundtasting is an interactive talk/
performance in which I take the audience down into the rabbit 
hole, into my world of materials and music instruments. I will 
share some of my experiences hoping to inspire colleagues in 
their own practice. In conclusion, my analyses/opinion on how 
musicians and composers have used my instruments will be 
shared.
 The ninth chapter brings this thesis to a conclusion. 
Carefully distinguishing between the objective and subjective, I 
will conclude what I have learned. Finally, I will give an outlook 
on what the future may hold and suggest topics for further 
research. 
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First of all, this research is supported by the Musical Instrument 
Making department of the School of Arts Gent. The research 
questions were generated based on the master thesis I wrote to 
receive the title of master in instrument making at this very institute. 
As this research is about the making of music instruments, their 
primary role is self-evident: they provide experience and insights 
in the construction of musical instruments, as well as a network 
of musicians and researchers who can participate in all aspects 
of the research. All the instruments made for this research were 
constructed in a workshop of the school. The institute therefore 
ensures a connection between the research and the violin making 
practice. During the master seminar Carbon Fiber instruments – 
making and exploring composites, student instrument makers 
and musicians successfully made parts for music instruments 
from fiber reinforced composites. The department of Musical 
Instrument Making also actively endorses research in violin 
acoustics, for example by hosting and co-organizing the 2nd 
European school on Acoustics for Violin makers in April 2018, 
which took place at the School of Arts Gent. During this event, the 
currently presented research received the opportunity to share 
results with violin makers from all over Europe. The department 
of Musical Instrument Making - with its main focus on making 
historically informed reconstructions of music instruments - 
also has a critical attitude towards the (conventional) instrument 
making practice. This makes it a valuable partner for both the 
reflection on my own practice as that of contemporary violin 
making as a whole.

Department of Materials, Textiles and Chemical Engineering 
(Match) – UGent
Promotor: Prof. Dr. Wim Van Paepegem

This group of engineers and physicists from Ghent University 
is specialized in research about fiber reinforced materials. 
Their primary role is to provide support as engineers and 
material scientists. They aided in the selection of methodologies, 
materials, parts of the construction method and the vibrational 
and acoustical analysis of the materials and finished prototypes. 
Four engineering master thesis students, under guidance of 
this research group, developed and/or performed (preliminary) 
methodologies and tests or simulations for my research. 
Although I would like to claim the contrary, as a ‘classically 
trained violin maker’ I cannot exclude that I am influenced by the 
myths and dogmas of the violin making world. These engineers 
and material scientists, with their different knowledge and 

background, provided a fresh objective view on the construction 
of the violin. Along the entire project they helped raise relevant 
questions that caused me to re-evaluate what I know, or in other 
words: how much I don’t know.

Institute for psychoacoustics and electronic music (IPEM) – 
UGent
Promotor: Prof. Dr. Marc Leman

This research group of musicologists mainly supported the 
psychoacoustic side of the research: the blind listening and 
playing tests. People with a different (cultural) background might 
use different words to describe the sound of an instrument or 
give certain words a different meaning. IPEM helped to set up 
a suitable methodology to find a common language and use it 
in our experiments. They aided in the analysis of the data of the 
psychoacoustic tests and provided a network of other (artistic) 
researchers with whom I could exchange thoughts on artistic 
methodologies. Additionally, through a project week, they 
enabled musicology students to use and report on my Sound 
tasting methodology.

Faculty of String Instruments, Harp, Guitar and Violin–
Making, I.J. Paderewski Academy of Music
Prof. Dr. Ewa Skrodzka

Apart from being a violin making school, the violin making 
department of the Academy of Music in Poznan has experience 
with the modal analysis of music instruments. Their cooperation 
to this research is exactly in that field. The first modal analysis on 
the violins was performed in Poznan to serve as a benchmark for 
our measurements at Ghent University.

Additional cooperations
Institut Jean Le Rond d’Alembert (IJLRA), Sorbonne Université 
/ CNRS
Dr. Claudia Fritz

This institute has a lot of experience with measurements on 
musical instruments. The sound radiation measurements were 
performed in their anechoic chamber using their equipment 
and they provided a fresh view on the data of our listening tests. 
Their network allowed me to share my research with more violin 
makers on both a European and Global scale through the 2nd 
European training school on Acoustics for Violin makers (2018), 
the Villefavard workshop on Acoustics (2018, 2019) and the first 
digital global conference on violin acoustics: Sharpening the 
scientific tools for violin making (2020).
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5. Possible impact of the resarch 
5.1 For the craft of violinmaking
Violin making is a craft rooted in tradition. As Samuel 
Zygmuntowicz said in the paragraph to the present (1.1.1.2), violin 
making is currently a bit stuck. Almost everybody is making 
similar violins. This research aims to provide alternative ways 
of making to the craft. By championing a variety in sound, it 
hopes to inspire violin makers to create instruments which can 
be considered art pieces, instead of the current norm which is 
making copies of old art. It can provide luthiers with new tools 
to create music instrument with a particular sound, feel or look. 
By finding a balance between the traditional way of making and 
the use of new materials it provides a possible new path violin 
makers can take in the 21st century, or it can inspire violin 
makers to follow their own new path away from the conventional. 
Additionally, the research provides insights in the acoustics of 
violins in an understandable language so makers can learn and 
be inspired by it.

5.2 For music
Instrumental music exists due to three entities coming together. 
Beside the composer and the musician, the instrument is a 
vital part that determines what music can be made and how it 
sounds. Over centuries, composers, musicians and instrument 
makers have evolved together in their practice, resulting in the 
evolution of (classical) music as we know it. The last centuries, 
the artistic possibilities of the conventional violin or cello have 
been explored in all extremities. I would even argue they have 
been exhausted: everything that could be done with these 
instruments has been done in some form. By creating new music 
instruments and sounds for musicians and composers, they are 
given new artistic tools to explore. These music instruments 
can inspire new interpretations of existing music or can be a 
starting point to create new music by making use of the specific 
timbre or artistic possibilities these new instruments have to 
offer. Additionally, they might inspire composers or musicians 
to go to instrument makers and have instruments build for a 
specific artistic purpose. Although this was standard practice for 
centuries, this ‘tradition’ has fallen into disuse. Perhaps I can 
contribute to bringing it back?

5.3 For the academic field
Colin Gough argued at the Villefavard workshop (2019, France) 
that it is scientifically more sensible to first make a big change 
to a music instrument and see if you can measure this change, 
before going into the nitty gritty of the violin making craft. 
The instruments I will create are extreme variations of the 
conventional. As such they are interesting objects of study. 
We can measure and understand the influence of material 
properties on the sound of bowed instruments more easily than 
we can with the smaller variations found in wood. The variations 
in playability and sound allow us to study how these variables 
are perceived and how we can relate that to the vibrational and 
acoustical behavior of music instruments. During this research, 
we used multiple analysis methods to study the vibrational and 

acoustical behavior of our violins, allowing us to give the up- and 
downsides of each method. By comparing the methods that we 
used, colleagues can determine which ones are most suitable to 
apply in their own research.

6. Innovative aspects of the research 
The most unique aspect of this research is that the violin making 
practice is at its center. The artistic practice generates the 
research questions and is part of the research methodology. The 
materials and the construction process are selected by a violin 
maker. The violins are made in a controlled setting especially for 
analyses and psychoacoustic tests. This research is the first to 
investigate, in a controlled way, the use of multiple materials as 
soundboards for string instruments from start to finish: from 
material properties to using instruments in the artistic practice. 
It gives a detailed report on the violin making process which was 
used and provides an overview of relevant experiments one can 
perform to investigate bowed music instruments.

As the first PhD in the Art of Musical instrument making in 
Belgium, it combines scientific and artistic research practices 
into one. It is innovative because it aims to use research in the 
violin making craft to convert the practice into a form of art. It 
takes scientific insights and uses them as a feeding ground for 
the artistic practice. 2

Materials and their properties
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1. Objective 
In the previous chapter, the context of the research was 
explained. A brief introduction about the history of violin making 
was given and the research questions were defined. In my quest 
for alternative materials for soundboards, I must start with the 
first research question: what materials have good acoustical and 
mechanical properties? This sounds like a question that should 
have a straightforward answer. As you will discover in this 
chapter, it really does not.
 If you are an engineer or material scientist, much of 
the information in this chapter will be common knowledge for 
you. My goal in this chapter is not to do groundbreaking material 
science. My goals are: 

1. Study existing research on materials for soundboards to learn 
and find criteria I can use to select suitable materials.
2. Conduct tests (both using scientific and artistic methodologies) 
to get a better understanding on the research subject and a 
selection of alternative materials.
3. Make a final selection of materials that I will use to make 
soundboards for violins from in the following chapter.

2. Material properties for soundboards
As I was diving into literature, I noticed an apparent separation 
between (1) research that aims to analyze and optimize wood, and 
(2) research looking for alternative materials to wood. Research in 
one group very rarely quotes research from the other group and 
vice versa. This is not necessarily a problem, but it could indicate 
a lack of communication between these two research fields. In 
my view, this has led the research for alternative materials down 
a narrowminded road. I will explain what I mean.

2.1 Research on analyzing wood for music  
instrments
The physical properties of tone wood are well documented and 
can provide us with valuable insights in what we should be 
looking for in alternative materials. Although to some luthiers 
some of the formulas in this chapter might look daunting at first, 
they provide an interesting view on the influence of material 
properties of wood.
 Many papers concern the analysis of wood from the 
‘golden age’ of violin making (Esper et al. 2002; Burckle et al. 
2003; Nagyvary et al. 2006 and 2009; Spycher et al. 2007; 
Stoel et al. 2008; Wali 2010). Especially since the introduction 
of new techniques like CT-scanning, the materials used by 
Stradivari and his contemporaries have been well studied and 
documented1. Topham et al. (2000) investigated the wood of 
stringed instruments from the Cremonese school (1666 – 1757) 
by means of a dendrochronical investigation. They concluded 
that the wood used by these violin makers mainly grew during 
the Maunder Minimum, a period in which the temperatures were 
lower, causing the wood (Picea Abies) to grow more slowly. The 

1 As you read in the introduction, the violin making craft has been 
obsessed with this period and the maker (and to some apparently God) 
Stradivari.

slower growth of the wood resulted in a higher stiffness (Young’s 
modulus), which apparently affected the acoustical properties of 
the wood in a positive way, regarding its suitability to act as a top 
plate for violins2.

Side note: Material stiffness versus bending stiffness
These two terms are easy to confuse: they both say something 
about stiffness or resistance to bending. To help readers less 
familiar with these terms distinguish between the two, I’ll give a 
brief explanation on them here.

Material stiffness. (Young’s and Shear modulus)
This is a material property that defines how well a material 
resists to stretching and compressing. In the longitudinal and 
transverse direction (relative to the reinforcement fibers), it is 
defined as the Young’s modulus. The resistance to torque or 
twisting is described by the Shear modulus of a material. As 
these are material properties, they are not influenced by the 
thickness of a material. Although an aluminum plate from 1 
mm thick is much easier to bend than one of 1 cm thick, they 
both have the same material stiffness! Compare it to weight and 
density: the weight of an object is defined by its size. The density 
of the material on the other hand is a constant material property. 

Bending stiffness or flexural rigidity
 (Engineering constants D11, D22 and D66). As you increase the 
thickness of a plate it becomes harder to bend, as you decrease 
the thickness it becomes more flexible. In many applications, 
a certain rigidity is required. In the case of violin soundboards 
for example, the top plate must be rigid enough to support the 
tension of the strings without collapsing. Violin makers test 
this rigidity constantly by carefully bending the soundboard as 
they decrease the thickness until they feel they have reached the 
required bending stiffness. Engineers prefer not to use this trial-
and-error approach and calculate how thick they must make an 
object to resist a force with minimal deflection. Using the material 
stiffness and the thickness they calculate engineering constants 
which describe how rigid a plate is in various directions. D11 
describes the stiffness in the longitudinal direction, D22 in the 
transverse direction, and D66 the torque stiffness.

Short and simple:
Material stiffness is a material property like density. Bending 
stiffness/flexural rigidity describes the stiffness of a plate and is 
also dependent on the thickness.

T. Ono and M. Norimoto (1983 and 1984) studied the Young’s 
modulus and internal friction of wood (damping) in relation to the 
evaluation of wood for musical instruments. They investigated 
25 softwood species and concluded that the suitability of wood 
for musical instruments can be evaluated by using the value of 
stiffness divided by the density. 
 
2 You can guess what that means for the influence of global warming 
on tone wood quality.
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Apparently, to be suitable as a soundboard, the stiffness of 
a material must be high, while the density must be low. Most 
violin makers look for wood that has a high stiffness and a low 
density, so science agrees with the practice of the violin making 
craft. Wegst (2006) uses material property charts to investigate 
different woods used in instrument making. On the suitability 
for soundboards, she concludes the following:

‘A large sound radiation coefficient of the material is desirable if 
we wish to produce a loud sound. […] if we wish to maximize the 
average amplitude or the average loudness of a violin for a given 
modal density and predescribed soundboard dimensions, […] we 
need to maximize the combination of material properties which 
was earlier defined as the sound radiation coefficient.’

The sound radiation coefficient (R) is described as the speed 
of sound through a material (c, m/s) divided by its density (ρ, 
kg/m3). The earliest reference I found of the sound radiation 
coefficient referred to a paper by Andreev (1938). In some sources, 
like Danihelova and Culik (2005) the Sound radiation coefficient 
(R) is instead called the Acoustical constant (A).

  (1)

The speed of sound through a stiff solid material can be 
measured (Lucchi 1988), but it can also be calculated by taking 
the square root of the stiffness (Young’s modulus, E, Pa) of a 
material divided by its density (ρ, kg/m3).

  (2)

Therefore, by substituting the speed of sound c, we can also 
define the sound radiation coefficient R as:

  (3)

To summarize this theory, if we want a material in a violin 
soundboard to produce a ‘loud sound’3 we need a good ratio of the 
stiffness (high) to the density (low). U. Wegst (2006) explains what 
that means for the construction and design of the instrument:

Incidentally, the quantity that we need to maximize if maximum 
stiffness per unit weight is sought, is the same as that represented 
in R. In soundboard design, this means that the one that radiates 
the loudest sound is also the stiffest per unit mass, thereby 
ensuring that the thin top plates of violins, which are only 2-3mm 
thick, can support the 70 to 90 N load on the strings with minimal 
deflection.

This conclusion is supported by many other papers (Schleske 
1990; Spycher et al. 2007; Bremaud 2012; Woodhouse 2014; 

3 Loudness is a psychoacoustic perception, not a measurable 
physical property. A bigger sound radiation or a higher sound level might 
therefor be better suited to describe the impact of physical properties. This 
is discussed in more detail in chapter 5.

Gilani et al. 2014) who all discuss the importance of high stiffness 
or speed of sound and a low density. However, before I can 
conclude that I will use the sound radiation R to select materials, 
I must clear up an important issue: Wegst (2006) uses the sound 
radiation ratio R as a criterion as she assumes the modal density 
should stay constant because it will influence the timbre of the 
instrument4:
To maximize loudness, we need to maximize the amplitude of the vibrational 

response of the soundboard for a given force, a quantity that is described by the 

frequency response function (Barlow, 1997). According to Skudrzyk’s (1980) mean 

value theorem, the mean value of the amplitude is equal to the driving-point 

admittance, which for an infinite isotropic plate is:

        (4)

where h is the thickness of the soundboard or the bar and v is the Poisson’s ratio 

of the material from which it is made. Assuming that we do not wish to change 

the timbre of the instrument, we need to ensure that the modal density of the 

soundboard has the correct value (Manning, 1997). For an isotropic plate, the 

modal density (in frequency space) is:

 
       (5)

where A is the area of the soundboard. Rearranging Eq. 5 and substituting it 

for h in Eq. 4 yields an expression that describes how the mean amplitude for a 

soundboard of a given area and the modal density depend on the soundboard’s 

material properties:

       (6)

Thus, if we wish to maximize the average amplitude or the average loudness 

of a violin for a given modal density and prescribed soundboard dimensions, 

assuming the term in parentheses equals 1, we need to maximize the combination 

of materials properties which was earlier defined as the sound radiation 

coefficient, R (3).

In my research, I do not mind changing the timbre of the 
instrument. So, I can change the modal density of the soundboard. 
Thus to maximize the admittance (Y) of a soundboard for 
prescribed dimensions we can state that according to (6) we 
should maximize the modal density n(ω), and the Young’s 
modulus E, while minimizing density ρ and poisson’s ratio v. 
According to (4), to maximize the modal density, we can decrease 
the thickness, decrease the density, or minimize the Young’s 
modulus. As we can see, this is in contrast with the desired values 
of the young’s modulus in the formula (6). When you change the 
material of a soundboard, you should also change the thickness 
to reach the required bending stiffness5. This will result in a 

4 Modal density describes how many (vibrational) modes are 
observed within a certain frequency range.
5 If we take the same thickness for different materials, for example 
spruce and carbon, the carbon plate will be much stiffer due to its high 
Young’s modulus. If we want a similar bending stiffness in our carbon 
soundboard as in our spruce soundboard, we will therefore have to decrease 
the thickness of the carbon fiber.
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change of modal density. For now, I will assume that changing 
the modal density is not my primary objective, but that I will 
accept any change because of a material’s Young’s modulus. The 
formulae described by Wegst (2006) are for isotropic infinite 
plates. I will be working with anisotropic materials. Varying 
degrees of anisotropy can also have a significant influence on the 
modal density! As explained, it would be interesting to maximize 
stiffness per unit weight, resulting in a soundboard that has a 
high theoretical sound radiation and can support the load of 
the strings with minimal deflection and weight. Materials which 
have a higher material stiffness (Young’s modulus), will be made 
thinner to reach this minimal bending stiffness and weight. This 
decreased thickness in comparison to conventional wooden 
soundboards might increase the modal density, which might in 
turn increase their sound output and change the timbre of the 
instruments.
 Some research suggests that a low internal damping 
is desirable for soundboards of music instruments (Yoshikawa 
2007; Ono et al. 1983; Ono and Norimoto 1984). Intuitively 
this makes sense: energy which is dissipated due to internal 
friction is ‘lost’ and can therefore not be converted into 
acoustic energy a.k.a. sound. Wegst (2006) describes the loss 
coefficient (damping) to be important for the peak response of 
a soundboard, while the average amplitude or 'loudness' is only 
defined by the sound radiation coefficient. A patent by Luttwak 
(2015) strives after a high damping to decrease sharpness and 
increase warmth of the guitars produced. Gilani (2015) describes 
how some violin makers look for wood that has both a high 
stiffness and damping, as they associate these properties with a 
warm and mellow sound of the instrument6. Woodhouse (2014) 
took a cautious route when discussing the effect of varnish. He 
describes that some instrument makers select wood with a ‘good 
ring’ presumably aiming to minimize damping, while a varnish 
has the opposite effect and increases damping. When comparing 
these statements, damping could have an important effect on 
the sound the material produces, yet the exact influence remains 
clouded in mystery. I do not know if more or less damping might 
be desirable, or instead if there is a ‘sweet spot’ in between. I 
can only speculate how damping effects the perception of an 
instrument. For example: if one increases the damping of a 
material to affect the tonal color (for example by adding ‘warmth’ 
and reducing ‘harshness’), it is possible the different timbre will 
influence the perceived loudness as well.
 Another property, too often neglected in research on 
materials for soundboards, is the anisotropy of a material. In many 
papers, the stiffness and damping of a material is investigated 
only in the direction of the wood fibers: the longitudinal direction 
(El, fig. 2.1). This is the direction in which the wood is the most 
stiff and strong. However, a soundboard is not a long rod: it is an 
arched plate. This means that the stiffness and damping of the 
material in other directions could also play an important role: 
two wooden soundboards might have a similar stiffness along 
the direction of the fibers (El), but might have very different 

6 I must add that Gilani does not explain how he supports this 
statement, so we must approach it with caution.

values for the transverse stiffness (Et) or shear modulus (Gxy). 
This will affect its vibrational behavior and the soundboards’ 
acoustical properties.
Viala (2018) recently simulated this in a numerical model and 
found the stiffness in all directions to have a significant influence 
on the modal behavior of the instrument. The shear modulus 
(Gxy), which describes the stiffness/resistance to twisting or 
torque, proportionally even had a bigger influence on the 
vibrational behavior than the longitudinal stiffness (El). To a 
lesser degree also the Young’s modulus in the radial (transverse) 
direction of the wood (Et) influences the modal behavior of 
the violin. It seems previous research on material properties 
for soundboards might have underestimated the influence of 
anisotropy.

2.2 Research on optimizing wood
Some luthiers and researchers have tried to improve the 
material properties of tone wood through treatments. Based on 
minerals found in old instruments, hypotheses were made that 
luthiers in the Cremonese School treated their wood to enhance 
their performance (Nagyvary 2009). Schwarze et al. (2008) claim 
to enhance the acoustical properties of wood by treating spruce 
with the fungus P. Vitreus. The fungus reduced the density of the 
wood, after which they concluded that the acoustical properties 
of their specimen changed from ‘poor’ to ‘good’.

Figure 2.1 Anisotropy in wood: The Young’s modulus is much higher in the 
longitudinal direction (El) along the fibers than across the fibers in the transverse 
direction (Et)
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‘Particularly in the case of the top plates for violins a large R of 
the material is desirable to produce a big sound7. A high radiation 
ratio in the axial direction is of utmost significance for first-quality 
resonance wood. […] A material with a high ratio of the speed of 
sound to density increases the sound emission of the instrument, 
which means that the plate amplitudes are high in relation to 
the force that excites the strings. This enhancement of resonance 
makes the difference between a violin of average quality and one 
that is suitable for a top soloist’ - Schwarze et al. 2008

This statement is not supported by any psychoacoustic tests. 
What a violin of ‘average quality’ and one ‘suitable for a top 
soloist’ means is left undefined. From this statement, it seems 
that the only quality difference between a violin from average 
and high quality is how well it radiates sound. Although this 
is important, the playability and timbre of an instrument are 
completely neglected, which are arguably at least as important 
as efficient sound radiation.
 Since their paper in 2008, the research group of Schwarze 
has continued work on the material they call ‘mycowood’ 
(Gilani M.S. 2014; 2015). By continuing their research, they are 
investigating and increasing the effect of their method by treating 
wood with fungi. They have conducted blind tests (Schwarze and 
Moris 2020), but these were not peer-reviewed and have not 
been published in a scientific journal. 
Another interesting route was taken by Waltam (2009) who made 
a violin from balsa wood8. The instrument showed frequency 
peaks comparable to those of traditional violins, however the 
balsa violin had much lower internal damping. The sound 
radiation coefficient of the material was three times higher than 
spruce and the violin was subjectively described as follows: ‘the 
violin is distinctly loud. The tone cannot be described as sweet; 
it is a more appropriate instrument for a jig played in a noisy 
bar, than for a soft lament.’. Also, here we lack a controlled 
psychoacoustic experiment to verify these claims, yet they 
support the hypotheses that a higher sound radiation coefficient 
results in a louder instrument.
 Be it these researchers that are trying to optimize the 
stiffness to density ratio of wood, or violin makers who are 
looking to buy wood that has a high speed of sound and low 
density, it is clear most of these people are focused on finding 
the best possible material or enhancing a material to be better. 
Research on alternative materials usually takes a different route. 
They try to mimic the material properties of wood as well as 
possible.

2.3 Research on alternative materials
The idea to use alternative materials, specifically fiber reinforced 
composites, to make music instruments is not new. D. W. 
Haines and C. M. Hutchins made a violin with a graphite-epoxy 
soundboard as early as 1974 (Haines et al. 1975). Damodaran 

7 Just like the term loudness, a ‘big sound’ is a psychoacoustical 
evaluation.
8 Balsa wood is known for its very low density, the balsa used in this 
violin is reported to have a density between 108 and 173 kg/m3.

(2015) gives an overview on existing research on this topic. In his 
introduction he states:

‘In recent years, wood for musical instruments is depleting, 
becoming more expensive and is of less acceptability due to 
environmental changes. […] Despite the unique mechanical and 
acoustic properties of wood, it suffers the disadvantages of drying, 
cracking and inconsistent quality. […] In the near future musical 
instrument manufacturers will likely switch to non-traditional 
materials like plantation timbers, polymers, or composites. 
[…] Brazilian rosewood for guitars and African blackwood for 
clarinets has already been added to the protected species list by 
the Convention for International Trade in Endangered Species 
(CITES).’

Although one could argue that he describes the situation a bit 
more dramatic than it is, he raises valid concerns which have 
driven researchers to investigate alternative materials for their 
suitability to act as soundboards.
 Jalili (2014) investigated carbon fiber, glass fiber, and 
hemp fiber reinforced polyester composites and found that 
based on their material properties like low damping and high 
stiffness, CFRP (Carbon Fiber Reinforced Polymer) can be a 
qualitative alternative to tone wood. Further, as to be expected, 
water absorption studies revealed that composite materials 
were less affected by humidity than typical tone woods. This is 
an interesting side note as the simulations by Viala (2018) also 
suggest moisture content in wood to have a significant effect on 
the modal behavior. In theory, composite materials thus result in 
instruments that are more stable and reliable.
 The material properties of fiber composites, and CFRP 
in particular, indeed make these materials an alternative for tone 
wood. Research has pointed towards the suitability of composite 
materials for decades (Haines et al. 1975; Besnainou 1995; 1998) 
and acoustic composite guitars are marketed as early as 1995 
under the trade name RainSong (Decker 1995).
 A. Damodaran (2015) states classical laminate theory 
can be used to predict in-plane and bending stiffness of the 
composites9. He also mentions that carbon fiber is the most 
preferred material for the top plate applications as it possesses 
high specific mechanical properties.
 An alternative to man-made fibers are natural fibers like 
Hemp and Flax. The manufacturing company Lineo, currently 
Eco-Tecnilin, stated on their website (October 2016):

‘Flax is lighter than carbon and can decrease vibrations. For 
example, we have added flax in the following tennis racquet so as 
to increase damping properties of composite parts without losing 
mechanical performance.’

Although natural fibers are interesting from an ecological 
perspective, I must add that although flax fiber does indeed have 
a lower density than carbon fiber, it does not result in lighter 
parts. As flax has a lower Young’s modulus, more layers (or 
9 Interesting: ‘classical laminate theory’, I will use this later!
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thickness) are needed to reach a required bending stiffness in the 
material, resulting in a heavier part. I will discuss this in more 
detail in chapter 3.
 As previously stated, a high damping can have an impact 
on the sound color produced, but it is not clear if that impact 
would be positive, negative, or neutral. Phillips and Lessard 
(2009; 2012) developed a flax-reinforced sandwich structure 
which they claim is suitable for replacing wood in the top plates 
of string musical instruments. Using balsa wood (well-known for 
its low density) as a core material, a prototype of a ukulele was 
made. Based on dynamic tests they concluded that the sandwich 
structure had a sufficiently high bending stiffness10 and a low 
enough density as well as comparable internal friction (damping) 
to spruce. The soundboard developed in that study did not 
require bracing (several wooden bars which internally reinforce 
the top plate) as it was deemed sufficiently stiff. However, the 
instrument had problems with a low sound output level and low 
frequency response. On these problems the author stated they 
‘need to be addressed before it can match the sound of a wooden 
soundboard’.
 Reading this research, it could be argued that the 
combination of the damping properties of flax, and the choice 
to make the plate thicker (and in result stiffer) instead of 
working with bracing could be two causes of the problems of the 
prototype instrument. The damping of the flax can influence the 
peaks in the frequency response. About the bracing, it is not a 
coincidence that guitar makers have only added more bracing 
over the centuries. The bracing allows them to make their 
soundboard thinner. The thinning of the soundboard results 
in a higher sound output level, while the bracing makes sure 
the soundboard has a sufficiently high mechanical strength. 
Therefore, when making soundboards for plucked instruments, 
the acoustic and mechanical function of bracing should be 
considered. The guitar and violin are two opposite examples 
of this. In classic guitars, the bracing is substantial to reduce 
thickness of the plate, increase mechanical strength, influence 
the timbre of the instrument and provide sufficient sustain to the 
signal. In a violin however, only one bass bar is present on the 
top plate, but the plate is instead arched to increase its rigidity. 
Of course, we must consider that in a violin the excitation with 
a bow is continuous, while on a guitar the excitation is a single 
pluck on the string. This different excitation can help explain the 
differences observed in the construction.
 In their research Phillips and Lessard (2009; 2012) discuss 
the Young’s modulus and density of different (natural) fibers 
and flax fiber composite materials. In their tests, unidirectional 
flax fiber composite samples had a Young’s modulus between 
23.2 (+-1.9) and 28.2 GPa (+-1.6) depending on the production 

10 The bending stiffness of a plate should be high enough to 
withstand the mechanical forces of the strings without deformations as 
well as support the resonance of the string. If it is too high however it will 
hinder the amplitude of the vibration, limiting the sound output. A bending 
stiffness which is too low on the other hand will collapse or could result in 
an unbalanced instrument. Depending on the tension of the strings, there is 
likely an ideal bending stiffness which is neither too low nor too high.

method used. Between the fibers they investigated, carbon fiber 
had the best relation between Young’s modulus and density with 
a Young’s modulus of 230-240 GPa and a density of 1400-1750 
kg/m³. Numerous natural fibers like Flax, Ramie or Abaca have 
higher Young’s moduli than tone wood, but much lower than 
carbon fiber. Their density on the other hand is higher than wood 
but lower than carbon, between 1220 and 1560 kg/m3.

Ono et al. (2002) concluded on composite materials:

‘Three important properties have been clarified, that is, its low 
density, large specific Young’s modulus and low internal friction 
in the longitudinal direction (parallel to the grain) and large 
elastic anisotropy.’

Strangely enough they say three important properties and then 
name four. Regarding the large anisotropy, they argue this 
is necessary to replicate wood. No proof is given that a larger 
anisotropy is beneficial for the sound, it is just assumed. Ono 
et al. (2002; 2004) investigated combinations of glass fiber, 
carbon fiber and polyurethane foam, aiming to match the 
material properties of wood. They tested eight different densities 
of PU foam, and together with the glass fiber and carbon fiber 
tried to match the density values of spruce. Carbon fiber was 
considered to be a more effective reinforcement material based 
on measurements of Young’s modulus and density. A composite 
made of glass fiber and a polyurethane foam matrix was deemed 
unsuitable for a soundboard material as it could not come close 
to the properties of spruce. The composite made from carbon 
fiber and a polyurethane foam matrix exhibited a sufficiently 
high stiffness to function as soundboard material and had 
comparable internal friction as spruce.
 Ono and Isomura (2004) investigated both surface 
reinforced carbon fiber-polyurethane (the fibers only reinforce 
the material at the outer surfaces of the plate) and uniformly 
reinforced carbon fiber-polyurethane (the fibers are evenly 
distributed across the laminate). They concluded that uniformly 
reinforced carbon fiber-polyurethane exhibited better material 
properties to function as a substitute material for soundboards. 
Regrettably, Ono and Isomura do not specify the stiffness 
and density of the polyurethane used. Depending on if the 
polyurethane used is either elastomeric and open cell or rigid 
and closed cell, we could expect to find quite different results11.
 After establishing a production method, Ono et al. 
(2004, 2007) applied carbon fiber-polyurethane composites 
in the soundboards of four guitars. Two guitars were only 
reinforced in the longitudinal direction (L1 and L2) and two were 
made with fibers running in two directions (LR1 and LR2). A 
subjective auditory test was performed with instrument makers 
to determine which composite soundboard guitar was most like a 
wooden instrument (spruce soundboard). The guitar L1 received 
favorable review from the listeners, however this was in contrast 
with the assumptions made (T. Ono et al. 2004), as they assumed 

11 My educated guess is he used rigid, closed cell PU foam. This 
would result in a better stiffness/weight ratio of the material.
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LR1 and LR2 to be the better instruments based on the properties 
they could measure. The authors explained this by stating ‘The 
reason why the order of appraisal by the auditory test differed 
from our measurements was thought to be due to the different 
appraisal standards applied – psychological factors determined 
by auditory appraisal could not be found in our measurements 
and/or could be measured.’ 

In my opinion, what we must learn and remember from this 
research is the following: one can speculate and measure 
which materials are more efficient sound radiators, but these 
measurements don’t say anything about how the sound of these 
instruments is perceived. Perhaps the most efficient sound 
radiator has a tonal color most listeners do not favor, and 
perhaps a less efficient sound radiator (in this case L1) produces 
a sound with a unique attractive timbre? Physical measurements 
alone are insufficient to investigate alternative materials for 
soundboards. Controlled psychoacoustic tests are necessary 
to make sure we are looking for the properties musicians and 
listeners favor.
 In Lu (2013) a study is presented that compares a spruce 
and two composite top plates for violins with the Finite Element 
Method (FEM) and Experimental Modal Analysis. Results show 
differences in the vibrational behavior of the plates, which 
are then studied and based on which, suggestions for further 
improvements are given. The first top plate was made with 
three layers, combining two outer layers of woven carbon fiber 
pre-preg with a core of balsa wood. For the second composite 
plate, seven layers of unidirectional carbon fiber pre-preg and 
a urethane ring at the edge of the soundboard was used. Both 
plates were judged by a luthier, who judged the second plate to 
have better tonal qualities. In the first plate, higher damping of the 
modes was measured. Thus, combining balsa and CFRP resulted 
in high damping, making the plate sound ‘dull’ according to the 
authors. Experiments with different layer combinations of CFRP 
were made: 

‘Several parallel FEM experiments were also made to study how 
different layer combinations would possibly affect the natural 
frequencies. Professor Lessard’s group had a lot of designs. 
Some of them were considered to have “good tonal quality” by 
the luthier. […] From the experimental results, it became evident 
that thickness played an important role in adjusting the plate’s 
natural frequencies. Even adding a 0.3 mm layer to the plate can 
result in an apparent increase in natural frequencies.’

The influence of thickness (and the resulting change in bending 
stiffness and weight) of the plate is well known by instrument 
makers. In any solid material, wood and composites alike, the 
vibrations of plates are influenced by their thickness. A thicker 
plate will drive the natural frequencies up, while a thinner 
one will result in lower natural frequencies. No luthier will be 
surprised by these results.
 In Dominy (2009), a top plate made from a sandwich 
structure of CFRP and balsa was developed. First, various flat 

composite plates were made and tested. These plates consisted 
of woven pre-preg carbon with a weight of 120 gm/m². As a core 
material, polymethacrylimide foam and balsa were used in the 
plates. Based on a subjective evaluation of the sound of the plates 
by a luthier, the choice was made to make a soundboard with a 
balsa core and CFRP skin.
 If the goal of the research is to mimic the sound of a 
wooden instrument as closely as possible, which was the case in 
these studies, the choice of Dominy (2009) and Lu (2013) to have a 
luthier assess the quality of the soundboards is understandable. 
The luthier is likely to have embodied knowledge on how wood 
vibrates and sounds, which gives him/her an instinctive feel 
that allows for a quick assessment. However, if the goal is to 
find a superior or artistically interesting alternative material, 
making a subjective selection with this method is not advisable. 
It is likely the luthier will opt for what sounds more familiar 
to wood. The luthier cannot judge what might sound superior, 
as he/she has never heard this before. Personally, this is the 
largest constraint I have with this method. If the luthier in 
question already has experience making violins from composite 
materials, an argument for this method can be made. Since this 
was not described, and such luthiers are rare, I imagine this was 
likely not the case. Perhaps, by accident, the luthier dismissed a 
material which would have resulted in a ‘better sounding’ violin?
 Subjective listening tests from Lu (2013) with the violin 
that had a sandwich-structured composite soundboard revealed 
that the instrument was louder than an instrument with a 
conventional wooden plate. However, the treble strings were said 
to exhibit unpleasant high frequency harmonics. Results were 
encouraging, but in need of further improvement… The second 
violin made from a solid plate of CFRP was still louder than a 
wooden plate, but not as loud as the sandwich panel. The harsh 
sound on the treble strings was much less notable and the lower 
strings were described as sounding like a viola. This instrument 
was quite playable and close to a wooden violin for an “advanced 
student” in quality of sound. Since these listening tests were 
done subjectively, we have no way of knowing how the look of 
the instrument changed the perception of the sound. No sound 
level measurements were included in this research, making it 
impossible to state how much the difference in sound level was, 
or to describe the sound emission of the instrument objectively.  
Therefor we can only use this information to form hypotheses, 
not too draw conclusions.
 Woodhouse (2014) briefly discusses alternative 
materials for soundboards:

‘The only materials that appear to perform as well [as wood] lie 
in the ‘foams’ island. But these have very low density and are 
impractical for other reasons as a material to construct violin 
bodies. Otherwise, the next best material is found at the extreme 
of carbon-fibre reinforced composites, which indeed are the only 
man-made materials sometimes used in high-class musical 
instruments’.

Foams, however, should not be so easily dismissed as unsuitable, 
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as proven by myself with my Styrofoam cello (Duerinck 2015). 
The biggest concern with rigid foams is durability, of course this 
can be negated by using them as a core in a sandwich structure, 
as I have done in the Styrofoam cello. One can argue that in 
this case it is not really the rigid foam, but rather the sandwich 
structure that proves suitable to construct violins. It is clear the 
durability of a material should also be a factor in our selection 
criteria.
 Woodhouse (2014) continues:
‘Guitar makers possibly lead the way here, with such innovations 
as sandwich construction top plates with honeycomb cores, 
sometimes called ‘double tops’, but the violin makers are not 
far behind, and further developments in this kind of ‘extreme 
construction’ can be expected.’

2.4 Discussion
We have covered existing research on tone wood and alternative 
materials for soundboards. In short, most research on alternative 
materials seems to be originated from material science and 
aims to mimic wood. Most research on wood aims to look for 
or optimize certain material properties. I think it is strange that 
most research on alternative materials for soundboards does not 
use the same criteria as research on the suitability of wood. If the 
suitability of wood is determined by its ratio between material 
stiffness and density (a.k.a sound radiation ratio), then why would 
this not be the case for alternative materials? If, in our quest for 
the best wood, we look for wood with the lowest weight for the 
highest stiffness, why not do the same for alternative materials? 
Why is so much research focused on exactly replicating tone 
wood? Sure, the old violins we cherish today were made with 
that material. But the old masters were limited to the materials 
they had available at their time. If Stradivari had access to fiber 
reinforced composite materials, would he have made carbon 
fiber instruments instead? In this research, I do not mind that 
my violins will have a different timbre. In fact, I embrace and 
investigate the artistic opportunities these new materials might 
have to offer. Therefore, I will not try and match the modal density 
of the soundboards with that of a conventional instrument but 
look forward to hearing a different sound instead!
 Research on alternative materials for music instruments 
has resulted in the making of some prototype instruments, yet the 
goal is always to mimic the sound of a conventional violin. I have 
not found a publication that includes a controlled psychoacoustic 
evaluation comparing multiple alternative materials for bowed 
instruments.
 Based on the literature, I argue that we must change the 
goal in research on alternative materials from imitating wood to 
investigating the effect of new materials and their properties on 
the sound of instruments. Where would that take us?

3. First selection of materials
Based on the literature previously discussed, I can select which 
material properties I want to use in order to select alternative 
materials to make instruments from. Clearly a material’s 
stiffness and density are of interest, possibly combined into the 

speed of sound and sound radiation ratio. As a violin maker I 
want to make durable instruments, therefore I will also take 
the durability of materials into account. Material damping 
remains a bit of a mystery, as such I cannot really use it to 
(de)select materials for my practice. That being said, it is an 
important material property to keep in mind. The (an)isotropy 
of a material is certainly of interest. It could significantly affect 
the performance of a material since the sound radiation ratio 
used to study tone woods only takes the longitudinal direction 
of the material into account. It is logical that a material which is 
more isotropic also has a higher overall stiffness. If the sound 
radiation ratio is a simplification of the fact that we need to have 
a maximum stiffness per unit weight to have an efficient sound 
radiator (Woodhouse 2014), a higher degree of isotropy could be 
beneficial for the average acoustic radiation or sound level an 
instrument can create. 
 Using CES EduPack software (2016, version 16.1.1), 
I made an overview containing many existing materials (Fig. 
2.2). On the y-axis is the theoretical speed of sound c, which 
is calculated based on the Young’s modulus and density of 
materials. The x-axis represents the density of materials. 
Combined, this gives us the sound radiation ratio R in a visual 
representation: in figure 2.2 we can see a dotted line, which 
represents one value for sound radiation ratio. If we migrate 
away from that line towards the upper left corner, the sound 
radiation ratio increases. Values below and to the right of the 
dotted line have lower sound radiation ratios. It is important 
to note that this graph does not take (an)isotropy of materials 
into account. One can see that elastomers, plastics, technical 
ceramics, metals, and alloys do not perform particularly well. 
Foams, some natural materials like woods, and the group fibers 
and particulates all perform well. Since sandwich materials were 
not included in the software, I added a sandwich construction 
(or double-top construction) consisting of two 0.2 mm carbon 
fiber sheets and a 3mm EPS core. Theoretically, this material 
performs exceptionally well. This is of course only theoretical 
and a mathematical simplification, but it is clear sandwich 
constructions could result in soundboards with a very efficient 
sound radiation. 
 Let us drop the material groups which are theoretically 
unsuitable for soundboards and discuss the groups we have left 
in more detail (Fig. 2.3). The rigid low-density foams like EPS 
(Styrofoam or PS foam), PVC and Polymethacrylimide all have a 
high R. However, without additional reinforcement on the outer 
layer they are fragile. As a violin maker I want my instruments 
to last. Therefore, despite the success of a previous cello I made 
with a soundboard from Styrofoam, I have chosen not to go 
down the road of low-density foams.
 Between the natural materials, balsa wood stands 
out as a strong contender. When interpreting this graph, it is 
important to note the direction in the longitudinal and transverse 
direction of wood are separated. The wood species’ properties 
in the longitudinal direction form a horizontal line, while the 
properties in the transverse direction form a diagonal line just 
above the middle-dotted line. Based on theory and confirmed 
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Figure 2.2: Speed of sound and density of materials in CES Edupack are used to plot the sound 
radiation ratio (dotted line represents a constant value of the sound radiation ratio). Young’s modulus 
is multiplied by 1e9 to convert from GPa to Pa.

Figure 2.3 Speed of sound and density of various foams, natural materials fibers 
and composite materials (CES Edupack). Dotted lines represent a constant value 
for the sound radiation ratio.

by centuries of practice, lightweight woods like spruce are 
splendid for soundboards. In my research questions, I have 
decided to look for alternative materials to wood. As such I have 
chosen not to include balsa or other woods than spruce in this 
research. It speaks for itself the suitability of other wood species 
for soundboards of bowed instruments would be an interesting 
field of study.
 The stiffer and denser composite materials like carbon 
fiber reinforced polymer seem suitable alternatives to spruce. 
This is also confirmed by practice, as these instruments are 
already available on the market. We can conclude that fiber-
reinforced composite materials and sandwich materials are 
interesting alternative materials to investigate. 

3.1 A brief introduction to fiber reinforced materials

Clearly, fiber-reinforced composite materials and sandwich 
materials are interesting alternative materials to investigate. 
If you are an engineer or material scientist, you might be very 
familiar with this material group. In case you are not, as I 
imagine is the case for most violin makers, I present you with an 
introduction to get you acquainted.
 Imagine you have two materials, both have different 
good material properties that you like, but both have less ideal 
properties as well. Now imagine you can combine the two 
materials into one new material. You now have the benefits of 
both without the weaknesses of the individual materials: 1+1 = 2 
as it were. Genius in its simplicity, right? Although the practice 
is less straightforward, this is the basic concept behind fiber 
reinforced materials. You take a strong and stiff fiber: carbon, 
glass or a natural fiber like flax. These fibers are very stiff and 
strong in tension: when you pull them, you need a huge force to 



30 Chapter 2 - Materials and their properties 

1 2

Figure 2.4: Natural flax fibers used to produce flax fiber reinforced polymer (FFRP).

Figure 2.5: unidirectional carbon fiber fabric.

stretch and break them. You combine these fibers with a polymer 
or some other matrix. These materials are good in compression 
but not good in tension. They can even be fragile and break easily 
on impact. The fibers reinforce the polymer making it stiffer, 
stronger, and more durable. The polymer fixes the fibers into 
place and handles compression forces. You have created a new 
material: a fiber reinforced composite. Depending on the fiber 
and polymer you use, as well as the ratio between the two, you 
can make materials with a great variety of properties.

3.1.1 Fibers
During the second half of the 20th century, glass fiber reinforced 
polymer (GFRP), a relatively cheap material, has been used in an 
enormous number of products ranging from boats and housing 
to storage tanks and piping. Till today the material is relied on by 
industry for a plethora of applications, a famous contemporary 
example being the blades of wind turbines. Carbon fiber reinforced 
polymer (CFRP), although more expensive, conquered its own 
part of the market. Its superior stiffness in comparison to glass 
fiber made it the go-to material for demanding constructions 
where the stiffness to weight ratio of a material is crucial: high-
end applications like airplanes or Formula 1 cars. Over the last 
decades, the use of CFRP has expanded to leisure applications 
like bikes, rackets and yes: music instruments. Luis & Clark was 
the first company to produce and sell bowed instruments made 
from carbon fiber at the start of the 21st century (Luis 1999). 
Aramid fiber reinforced polymer (AFRP) is another strong man-
made fiber mainly used for its high abrasion, heat- and impact 
resistance. It is often used to provide personal safety (for example 
in bike helmets) or in military applications due to its bullet-
stopping capabilities. Natural fibers are also used in composites 
(NFRP’s, Fig. 2.4). Among these, flax fiber reinforced polymer 
(FFRP) is one of the most commonly found in applications. 
Ecological fibers have the benefit of being “carbon negative” 
during production (growth): they take CO2 from the air. This is 
in contrast to glass and carbon fibers, of which the production 
has a CO2 footprint. In combination with an ecological matrix 
these fiber reinforced materials can even be biodegradable. 
Additionally, natural fibers can be beneficial due to their higher 
damping, which is attributed to the higher ‘mobility’ of the fibers 
on the molecular level (Verpoest 2019).

3.1.2 Fabrics
These fibers can be used in composite materials in several ways. 
I will give some examples of terms often used in the industry, 
explaining what they mean as we go through them:

Unidirectional fabric (fig. 2.5). All the fibers (or a large majority) 
are oriented in one direction. This gives the material a high 
anisotropy. The strength and stiffness are high in the direction 
of the fibers, but the material bends easily and is more fragile 
in other directions. Unidirectional fabrics are often used in 
applications where the stresses in the material will occur in 
one predictable direction. To reduce anisotropy, multiple layers 
of unidirectional fabric can be used with the fibers oriented in 
different directions. A downside is that these different layers can 
delaminate on impact, weakening the material considerably.

Bi-axial woven fabric (fig. 2.6). In these fabrics the fibers are 
woven in two directions. Anisotropy is decreased and the 
material will be stiff and strong along the two axes of the fibers. 
An advantage of using woven fabrics in comparison to multiple 
layers of unidirectional fibers is that due to their woven nature, 
they are less susceptible to delamination and have a better 
drapability on curved surfaces. Various weaving techniques exist. 
In plain weave each yarn passes over and under one other yarn. 
Visually this results in a chess-board pattern. In twill weave, 
each yarn passes over and under two other yarns. Visually this 
creates a 45° diagonal line in relation to the fiber orientation. 
Both plain and twill weave result in a material with quite similar 
properties. Twill woven fabric is easier to manipulate or ‘bend’ 
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Figure 2.7: Glass fiber chopped strand mat.

in the manufacturing process, therefore it is often preferred over 
plain woven fabric to create complex 3D parts. Spread tow is a 
weaving technique that can be applied to both plain and twill 
weave. It ‘spreads’ the fibers in flatter tows, which results in 
thinner plies and an improved mechanical performance.

Multi-axial woven fabrics. Like biaxial, but the fibers can be 
woven in more than two directions. In theory, bi-axial fabrics are 
also multi-axial. In practice, the name multi-axial fabrics is most 
often used for fabrics containing three or more weave directions. 
These fabrics are not as commonly used. At the moment, they 
are preferred mostly for aesthetical reasons as they provide an 
appealing visual pattern due to their weave.

Chopped strand mat (CSM, fig. 2.7). In this application, the 
long fibers are chopped into shorter ones. The downside is that 
shorter fibers results in a material which is less stiff and strong 
than a material with their longer counterparts. As such chopped 
strand composites are considered inferior in comparison to 
unidirectional or woven fabrics. The advantage is that it is cheap 
and that the fibers are oriented in all directions, creating a more-
or-less isotropic material. Because of the chaotic orientation 
of the fibers, the resin content in chopped fiber reinforced 
composites is generally higher. These chopped strand mats 
are mostly used to create molds or as a surface layer for large 
structures like boat hulls.

Hybrid woven fabrics. In these fabrics, multiple types of fibers 
are interwoven with each other. A common combination is 
carbon fiber, with its high stiffness and strength, together with 
aramid fiber, which has a better abrasion resistance and fracture 
properties. In theory, any fiber can be combined into a hybrid. 
Glass fiber is often used to lower the cost, or as colored fibers for 
aesthetical reasons.

3.1.3 Polymer matrix
Beside the fiber or fabric, the matrix of the composite material 
can also be changed. Polyester is often used in combination with 
glass fiber for its low cost. Epoxy is more commonly used for 
higher performance applications with fibers such as glass and 
carbon fiber.  Although most resins used in industry are oil-based, 
bio-based epoxy resins exist as well. Now, most of these matrix 
materials are thermosetting, which means they are irreversibly 
hardened by applying heat. Thermoset resins are reliable but 
non-recyclable. Thermoplastic resins are recyclable, but due to 
the required high processing temperatures and difficulties in the 
production methods, they have not yet replaced thermoset resins 
as an industry standard. According to Gardiner (2018), that might 
change in the future. 
 At the moment, partially and fully biodegradable 
plastics to make fiber reinforced plastics are not yet commonly 
found in industry. With the increased attention to sustainability 
and the work of many research groups, it is predetermined to be 
developed further and find more and more applications12.

3.1.4 Manufacturing
Fiber-reinforced composite materials can be manufactured in  
many different ways. These production methods can affect the 
properties of the material, as such they are important to consider. 
I will present three common methods to manufacture 3D parts 
as an example. Please note that practices can vary depending on 
the producer. 

Wet lay-up. The dry fabric is laid over or in a mold. The resin 
is poured over the fabric and distributed using a brush and/
or a finned roller. This method is the easiest, but it results in a 
low fiber-resin ratio and thus a material with ‘inferior’ material 
properties like a lower Young’s modulus (stiffness). Wet lay-
up is often used to create molds or big parts in which having 
a higher weight is not considered an issue. This technique can 
also be used to laminate or ‘skin’ an existing product. Although 
this lamination process will reinforce the existing part, it is most 
often chosen when the fiber reinforced composite is applied for 
aesthetical reasons.

Vacuum infusion, or vacuum assisted resin transfer method 
(VARTM). The dry fabric is laid into a mold, which is closed either 
by using a vacuum bag (open mold system, fig. 2.8) or a second 

12 As I am writing this, fully degradable fiber reinforced composites 
of a high quality are not yet easily available for makers like myself. This 
might change soon though. Perhaps as you are reading this it is already out 
there!

Figure 2.6: Left: twill woven carbon fiber fabric.
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mold part (closed mold system). The resin is supplied through an 
‘inlet’ on one side of the mold and a vacuum pump is attached to 
an ‘outlet’ on the other side. The vacuum pump pulls the resin 
through the part, impregnating the fabric as it flows from inlet 
to outlet. In the case of an ‘open mold’ system, additional layers 
are used to help the flow and distribution of the resin through the 
part. Due to the presence of the vacuum, this method allows for 
manufacturing without having air trapped inside the material. It 
will be discussed in more detail in chapter 2.4.3.

Pre-impregnated fibers or pre-preg manufacturing. In this 
process, the fibers have already been soaked in the resin and are 
partially cured in the production factory, after which the material 
is stored at low temperatures to prevent further curing of the 
resin. The prepreg is laid into the mold, which is then sealed 
under vacuum. To cure pre-pregs, an oven and autoclave is 
required or recommended. This manufacturing method results 
in a more expensive but very high-quality part. Due to these curing 
requirements this process is quite energy consuming. Because of 
the easy handling during manufacturing in comparison to dry 
fabrics, prepregs are easier to produce small or complex parts13. 
A downside of prepregs, which is not often mentioned, is that 
due to the resin being in a B-stage (partly polymerized), the 
malleability of the material when you drape it inside or over a 
mold is limited. Complex parts are therefore often made using 
multiple overlapping parts of prepreg. Some makers combine 
parts of these processes together. Two examples: (1) the infusion 
process can be combined with an autoclave, resulting in a 
higher fiber-resin ratio in the finished part. (2) Wet lay-up can 
be combined with a vacuum bag to push the fabric and resin 
against the mold. Each production method has its advantages 
and disadvantages. The most suitable method is determined by 
the requirements of the application.

13  Dry fabrics can fray easily as you are handling them. In prepregs 
the resin prevents this.

Figure 2.9: Aramid honeycomb, a material often used as a core to create sandwich 
structured composites.

3.1.5 Sandwich-structured composites
Thin sheets of fiber reinforced composites are often combined 
with a thicker but lightweight core to optimize the stiffness to 
weight ratio of a product. The idea behind this is that most of the 
stress within a plate under bending is handled by the outer layers, 
the inner layers carry significantly less load. As you increase 
the thickness of the material, for example by adding an aramid 
honeycomb core (fig. 2.9), you can increase the stiffness without 
adding a lot of weight. In the case of fiber reinforced composites, 
they are often combined with lightweight core materials like 
foams, honeycombs, or balsa wood.

If I want to conduct some of my own tests with these materials, I 
must adjust their thickness according to their material stiffness: 
A material with a higher stiffness can be made thinner in order 
to achieve a similar bending stiffness. As we know from the 
literature research, the thickness of a soundboard effects its 
capabilities to radiate sound.

3.2 Bending stiffness of materials 
If we wish to achieve a similar bending stiffness using different 
materials, we will need to adjust the thickness of the plates 
accordingly. However, the bending stiffness in a plate is not a 
single value and varies in different directions depending on the 
(an)isotropy of the material. Matching the bending stiffness of all 
our plates and soundboards exactly in all directions will not be 
possible.
 In a soundboard of a violin or guitar there are three 
bending stiffnesses which are assessed by a luthier: along the 
grain (longitudinal), at a 90° angle to the grain (transversal) 
and torsional bending. By assessing these stiffnesses whilst 
decreasing the thickness of the plate, the luthier tries to achieve 
a balance between:

1. A plate that is stiff enough so that it will not bend or 
break under tension of the strings.
2. A plate that is flexible enough to vibrate and produce 
sound.

A plate that is too stiff will not be able to vibrate well and will 

Figure 2.8 Vacuum infusion setup of a violin body with an open mold system. The 
resin will flow from an inlet (right) through the mold (center) towards an outlet 
(left) which is connected to the vacuum pump.
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Table 2.1: Material properties of spruce and calculations of weight and bending stiffness of a plate.

Table 2.2: calculations of mass and bending stiffness (D11, D22, 
D66) of spruce plates of varying thickness.

produce less sound. A plate that is too flexible will be prone to 
damage and could lead to less sustain (mostly important for 
guitars) as the vibration will die out more quickly in the plate. 
In between those two, there is room for personal preference. 
The stiffness of a plate is believed to influence the sound of the 
finished instrument. Some luthiers prefer a slightly stiffer or 
flexible soundboard than others.
 The longitudinal bending stiffness (along the grain) is 
crucial due to the tension of the strings and the construction of 
the instrument. This is visible in the chosen orientation of the 
fibers. The fibers are made parallel to the axis of the instrument, 
as this is the direction that will be holding most of the force14. 
This bending stiffness along the grain is D11. The other bending 
stiffnesses are in the transverse direction (D22) and the torsional 
bending stiffness D66. When we want to investigate the sound 
output for a certain bending stiffness, D11 might be the most 
important one to match: if it is too low, the top plate will collapse 
at the bridge due to the tension of the strings. This is a well-
known problem to anyone who repairs violins on a regular basis.
 Some believe that an anisotropy between D11, D22 
and D66 is needed for a good sound, as this should provide a 
broader spectrum of eigenmodes in a soundboard (Ono et al. 
2002). Although an interesting hypothesis, it needs to be studied 
further as it is unclear what a ‘good sound’ is. As a soundboard 
is most prone to warping in the longitudinal direction, I will 
take a sufficiently high D11 as my primary design criterion. 
D22 and D66 will also be investigated, but they will not always 
be the same between the materials. To examine the influence 
of (an)isotropy, I set out to make and investigate plates from 
unidirectional laminates, woven laminates, and a combination 
of the two. Before I could make these however, I had to calculate 
how thick to make them.

3.2.1 Calculations for solid materials
To start, I took a theoretical flat rectangular spruce plate with 
a thickness (h) of 2.5 mm, a length of 356 mm and a width of 
150 mm as a reference. Violin makers will notice that these 
dimensions are roughly based on those of a violin soundboard. 
Material properties for spruce vary in literature (Haines 1979; 
Aizawa et al. 1998; Danihelova and Culik 2005; Spycher et al. 2007; 
Brémaud 2012). Based on this literature I used a longitudinal 
Young’s modulus of 12 GPa (El),  transverse Young’s modulus of 
0.85 GPa (Et), Shear modulus of 1.175 GPa (Gxy), Poisson’s ratio 
of 0.375 (vxy) and 0.03 (vyx) and density of 438 kg/m3  (ρ) for 

14 Note how at a violin top, the width of the feet of the bridge is equal 
to the space between the sound holes. This is done to achieve the necessary 
stiffness where needed, while the f-holes allow the rest of the plates that are 
structurally less important to vibrate more freely.

spruce15. 
 The mass of the plate is easily calculated with the 
dimensions and density of the material. Classical laminate theory 
is a tool used by engineers to calculate the stress and strain within 
laminates. It can be used to calculate the flexural rigidity (D) in 
different directions of plates. In literature, the stiffness moduli 
of materials are most often depicted in GPa (Giga pascal). In the 
following formulae of Classical Laminate Theory, the stiffness 
must be entered in the SI unit Pa (pascal).

Bending stiffness in the longitudinal direction:

       (7)

Bending stiffness in the transverse direction:

       (8)

Bending stiffness in twist: 

       (9)

As you can see in table 2.1, this results in a spruce plate with 
a weight of 58 g, a high bending stiffness or rigidity in the 
longitudinal direction and lower rigidity in transverse direction 
and in torsion.
 Since luthiers vary the thickness of the soundboard to 
influence weight and rigidity. Let us repeat the calculation for a 
plate with the same properties of 3 mm and 2 mm thick (table 
2.2).

15 These values are estimations on the averages of spruce for top 
plates of music instruments. Some wood is lighter, some is stiffer: values 
vary in literature. These values are only used as a base to make calculations 
so we can theoretically compare materials before we start to make them. 
The longitudinal and transverse Young’s modulus, as well as the density of 
spruce will be measured for some samples in chapter 2.5.
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Table 2.4: Material properties of spruce, various fiber reinforced composites and 
rigid foams used in our calculations.

Table 2.5: Comparison of calculated thickness, weight and bending stiffness (D11, 
D22, D66) for various materials in relation to spruce.

Logically, the mass and stiffness of the plate decreases as the 
thickness is reduced. As luthiers usually consider to change the 
thickness in steps of 0.1 mm, let us calculate the resulting D11 
bending stiffness (table 2.3).
 Let us compare a 2.5 mm spruce plate to several fiber 
reinforced materials and two very low-density foams16. When we 
look at the material properties (table 2.4), it is clear that all fiber 
reinforced composites have higher Young’s moduli than spruce. 
Their density is also considerably higher. The foams on the other 
hand have both a very low stiffness and density.
 By changing the thickness of the plates, D11 can be made 
approximately equal between the plates. As you can see in table 
2.5, unidirectional carbon fiber composite results in a heavier, 
but significantly thinner plate. The anisotropy is relatively close 
to wood, apart from a lower torsional stiffness D66. When we 
make the same calculation with woven carbon fiber, it is clear 

16 These material properties are gathered from various sources 
including CES Edupack 2016 and the companies that produce and sell the 
fibers. As we will see in chapter 2.5, some might be overestimations of the 
actual material properties of our plates. For now, we will use these properties 
for our calculations, as we move into the making of our prototypes, we will 
use averages of the values measured in our lab.

the material is as stiff in the transverse direction D22 as in the 
longitudinal one due to its fiber orientation. When repeating this 
calculation for a few other fibers, it is evident they all result in a 
higher weight and thickness than carbon fiber composite.

After performing these calculations for the first time, I was 
disappointed. Since carbon fiber is known to be an extremely stiff 
and lightweight material, I had expected to find a lower weight 
than spruce. Yet, carbon fiber instruments exist and are said to 
be loud. So how is this possible? I see multiple possibilities: the 
lower thickness of the plates, the increase in isotropy (composite 
instruments are usually made with woven carbon fiber), or 
perhaps the lower damping of the material could play a role in 
the perceived loudness. 
 I must add that these calculations do not take the 
strength of the materials into account. Failure stress of these 
composite materials will be much higher than that of spruce. 
This means that the required force you need apply to fracture 
or break a soundboard will be much higher for those made from 
composite materials.

Table 2.3: D11 bending stiffness of spruce for 0.1 mm thickness variations.
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3.2.2 Calculations for sandwich materials
If the higher weight would be an issue, a solution presents itself 
in sandwich-structured composites. These use two thin skins 
of fiber reinforced composite with a more lightweight core in 
between. We can calculate the approximate bending stiffness D11 
and D22 of such a material using the following formula (Zenkert 
1995):

       (10)

With Ef beeing the Young’s modulus of the skin in Pa, tf the 
thickness of the skin and tc the thickness of the core. If we use 
a woven carbon fiber sheet (Ef = 62.5 GPa) of 0.2 mm as a skin 
(tf) and a lightweight aramid honeycomb of 1.5 mm as a core (tc), 
we would in theory end up with a D11 and D22 of 17.3 Nmm for 
a weight of just 28.6 g! I say in theory as this does not account 
for the weight of the glue that must be used to hold the different 
parts of the sandwich construction together. This formula is 
only a valid approximation if the Young’s modulus of the core is 
much lower than that of the skin and if the thickness of the skin 
is much smaller than that of the core.

I think by now I have covered enough theory and we can move 
onto practical experiments. If you’re a luthier who wants to play 
around with these calculations yourself, I’ve put them in an excel 
sheet17 for you.

3.3 Making fiber reinforced composites
With the first calculations behind us, it is time for me to choose 
and explain my method of manufacturing and make some fiber 
reinforced composite plates. When choosing the method of 
manufacturing I had the following criteria in mind:

1. High quality
The method of production must result in a durable high-quality 
part with a sufficient fiber/resin ratio. This will result in a better 
stiffness/weight ratio in the finished part, which is what is needed 
according to literature.

2. Limited specialized equipment/cost
In order to be practical for violin makers, the less specialized 
equipment needed the better. If the setup has a very high cost, it 
is unlikely self-employed violin makers would be willing to invest 
in it.

3. Suitable for complex 3D parts
Be it violin bodies or guitars, music instruments have ample bends 
and corners to provide a challenge to anyone who makes fiber 
reinforced composite materials. It is crucial my manufacturing 
method takes the complexity of music instruments into account.

4. Practicality of changing fibers or resin to explore artistic ideas
For my artistic practice, it is interesting if the production process 

17 h t t p s : //d r i ve . g o o g l e . c o m / f i l e/d /1 f k 6 7 ay j s p 9 X i a B l _
PPV1GixsyCTo_P-c/view?usp=sharing

can be adapted to include other fibers, resins and perhaps prints. 
Be it for structural or aesthetical reasons: the more options the 
better.

I will discuss and choose between three common manufacturing 
methods previously mentioned in 3.1. I must add that another 
maker might have different criteria or opinions, resulting in a 
different method of choice. In the end, the best production 
method depends on the project.

Hand lay-up 
No specialized equipment is needed for this method, some 
affordable brushes and rollers are sufficient to get started. You can 
easily change the fiber or resin in the process, but that is where 
the advantages of this method stop. It is likely to be unsuitable 
for music instruments as it is known to result in a low fiber/resin 
ratio. Additionally, it could prove hard to make complex 3D parts 
with this method, as the fibers could be difficult to push into 
the corners and over the bends. We will test this method in the 
artistic practice nevertheless, but that will be more for my own 
learning process than with the purpose of making high quality 
instruments. Of course, the fiber/resin ratio can be improved by 
using a vacuum bag and pump. 

Prepreg in autoclave
Pre-impregnated fibers combined with an autoclave result 
in high quality parts with a high fiber/resin ratio. It is less 
malleable than raw fibers, but suitable to make complex parts 
by overlaying smaller pieces. This method might be ideal for 
industrial manufacturing of music instruments, but for violin 
makers it requires a big investment to get started. An autoclave 
big enough to fit an instrument in it cannot be considered ‘low 
tech’. Additionally, one is completely dependent on the prepregs 
offered by manufacturers. If I would like to experiment with 
different fibers or resins, I cannot if no prepreg is manufactured. 
This is of course a concern for those wanting to pioneer. 

VARTM - Infusion 
Vacuum assisted resin transfer method (a.k.a. infusion) is a 
strong candidate. It results in a sufficient fiber/resin ratio and 
needs a limited amount of specialized equipment: One only 
needs to invest in a small vacuum pump, a small degassing 
chamber, and a resin trap. Infusion is a well-known method 
for making large, sometimes complex parts. Additionally, any 
fiber or other material can be included in the layup, providing 
a large artistic freedom to the maker. As this method seems to 
offer a good quality, using minimal equipment while providing 
opportunities for artistic exploration, it is the method I have 
chosen for this research.
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3.4 Vacuum Assisted Resin Transfer Method (VARTM)
If you are a maker you might be thinking something like: ‘Great, 
but how does it work exactly? How can I do it?’
 The idea of the method is the following: you put your dry 
fibers (carbon, glass, flax or other) in your mold and seal it under 
vacuum. The vacuum pressure pushes the fabric tightly against 
the mold and removes the air in between your fabric layers. Of 
course, you cannot remove all the air, even space is not a perfect 
vacuum. In VARTM when we talk about removing ‘all’ air, we 
mean almost all of it. When we talk about a ‘perfect vacuum’, 
we mean close to a perfect vacuum. If you leave the fabric under 
vacuum for an extended period before doing the infusion, some 
moisture which is still in the fabric will slowly evaporate. This is 
especially necessary when using natural fibers like flax. As a rule 
of thumb, I leave flax fibers under vacuum for 24 hours before 
doing the actual infusion. Using the vacuum pump, the resin, 
in my case epoxy, is pulled through the fabric. The resin fills all 
the tiny spaces in between the fibers. When the resin is cured 
and has become sufficiently hard, a high-quality fiber reinforced 
composite part pops out of the mold!
 For my research, I want to make and examine several  
test plates from different composite materials before I dive into 
music instruments. I will be making them through VARTM, as 
this is the method, I will use later to make instruments. 
 Below I will explain all the steps of the manufacturing 
method (VARTM) in chronological detail as a practical guide for 
interested readers. I recommend any maker who wants to make 
composite instrument parts to start by first making a few plates.

3.4.1 The mold
Even though plates are flat, we need a surface that can act as a 
mold. Many materials can be used for this purpose. I recommend 
using glass plates to make plates for one big reason: they are 
optically transparent. This is especially useful while learning 
the making process. Glass allows you to see how the resin is 
spreading through the fabric. Later, when I will make composite 
parts for instruments, my molds will not be transparant. This 
means that I will be blind to one side of my part during the 
infusion process. I will not know if the infusion went well on both 
sides of the fabric until I demold. Glass does allow that, which 
is why I use it to make plates and to increase my insight in the 
making process.

3.4.2 Mold edges and release agent
The resin I will be using (epoxy) is sticky. Of course, we need to 
be able to release the plate from the mold once it is fully cured. 
To ensure a good release from the mold we treat the surface of 
the mold with a release agent. We do not want release agent on 
the edges of the mold, as this is where our vacuum bag will be 
attached; If we use release agent there, we will never have a good 
vacuum. To protect the edges, tape is used, after which the entire 
surface of the mold is treated a few times with release agent.

3.4.3 Fabric
Some dry fabrics fray easily and need careful handling! The 

fabric is cut and put on the glass plate (which has been treated 
with release agent), the fabric is cut a bit bigger than the actual 
part (approximately 2-3 cm on each side) so that sharp edges 
can be trimmed off later. Some distance between the fabric and 
where your vacuum bag will be attached makes sure there are no 
fibers accidently interfering with the vacuum18 (fig. 2.10).

3.4.4 Peel ply
On top of our fabric, we put the peel ply. This will create a 
textured surface on our plates, allowing a good mechanical bond 
if we glue things to it. What do I want to glue to these plates? 
Well, at this point I do not actually. But I will do this in our violin 
parts (an example being the bass bar). As I want to get familiar 
with the making method to manufacture violin parts, it seemed 
reasonable to already add this layer in between.
Many sorts of peel ply are commercially available. The finish of 
the peel ply will also be the finish of the inside of the piece. The 
peel ply is also the layer you use to remove the mesh (explained 
below), it is important that this layer sticks out from in between 
the other layers. Therefore, make sure the peel ply extends at 
least 1 cm beyond your fabric on all sides. As with the other 
layers, if the piece is quite complex, you can use overlapping 
ribbons of peel ply instead of one sheet. Make sure however, that 
you have covered the fabric everywhere.

3.4.5 Perforated film
I mentioned already that our resin is sticky. This layer will help to 
easily remove the infusion mesh which I will explain in a minute. 
If it would not be there, removing the infusion mesh and peel ply 
together is an almost impossible task. I tried it once on a violin 
top plate and could only remove it by wedging a piece of wood in 
between. What I learned? Use a perforated film.

3.4.6 Infusion mesh
Next, the infusion mesh is added. This layer will help our resin 
flow through the part more easily. I tried infusing a top plate 
of a violin without it once. As could be expected it resulted in 
too much resin at the inlet and resin poor areas towards the 
outlet. For my plates I first used a 2D infusion mesh, but as this 
proved unsuitable for complex 3D parts I switched to a more 
flexible infusion mesh when making the actual violin parts. As 
the infusion mesh will become solid with the curing of the resin, 
it should be a little bit shorter than your peel ply, perforated film, 
18 Any fiber running between the glass plate and the tacky tape will 
act as a tiny gap through which air can enter the mold.

Figure 2.10: Unidirectional flax fiber on the glass plate.
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and fabric so you can still remove it easily.

3.4.7 Tubes
Now you can add the two vacuum tubes. Where you place these 
in your mold depends on how you want the resin to flow through 
your piece. Keep in mind that the resin will flow from one hose 
to the other. The further your piece goes outside this line, the 
harder it will be for your resin to reach these places. The infusion 
mesh will help to distribute the resin evenly along your piece, 
but if you are making a larger piece you will want to add a plastic 
infusion spiral to distribute the resin and vacuum pressure along 
the sides of your mold. For the infusion of violins, I found this to 
be optional, for cellos a necessity. If you are not using an infusion 
spiral, roll up a small patch of infusion mesh and insert it in the 
inlet tube. This will help ensure a good vacuum and the flow of 
resin from the tube into your piece. Attach the two tubes to the 
desired locations on your mold with vacuum bagging gum tape.

3.4.8 Vacuum bag
And finally: the vacuum bag. This is a strong plastic bag attached 
to the side of your mold with tacky tape to ensure a good vacuum. 
The vacuum bag is often made a few cm’s bigger than the mold. 
By making a few pleats in the vacuum bag, the vacuum bag can 
move around a bit more ensuring no resin pockets are created 
that would absorb a lot of resin. Attaching the vacuum bag well is 
crucial for your making process. When you are doing this, make 
sure you have a large flat table with no sharp objects on it. This 
is especially important: any sharp edge can damage your bag, 
causing it to be unable to establish a vacuum. Cut out the desired 
shape of the bag and lay it flat on the table. Attach the tacky tape 
to the vacuum bag. Overlap the tacky tape in the corners. Keep 
the protective paper on the tacky tape! Lay the bag over your 
mold. One by one, detach the tape from the corners and push it 
against your mold. After all the corners are attached, work from 
one corner to the next, making as many pleats as necessary. 
Now go around your entire mold, firmly pushing the bag onto 
your mold. Use a clamp to close the hose through which your 
resin will distribute and connect the other hose to your vacuum 
pump. Use gum tape to close any gaps. Turn on your vacuum 
pump to establish a vacuum. If everything goes well, the pump 
should be able to create a good vacuum. If this is not the case, 
carefully check and push the film and gum tape together on all 
sides making sure to close all tiny gaps in between until you have 

Figure 2.11: infusion (VARTM) setup to create fiber reinforced composite plates.

a good vacuum (fig. 2.11).

3.4.9 Vacuum check
Before you can start the infusion, you must check if the vacuum 
is stable. First, apply the vacuum. Attach and close a clamp on 
the pump-hose. Turn off the pump and wait a minimum of 30 
minutes. The vacuum should not release during this period. If 
you use a vacuum meter it can go up because the vacuum causes 
the remaining humidity to evaporate. This is desirable as water 
and epoxy do not interact well with each other and this can 
affect your strength and finish of your piece. If the vacuum is 
not stable, try to find and close the gap and repeat the process. 
Especially if you are using natural fibers, I recommend keeping 
the part under vacuum for an extended period of time to allow 
for moisture to escape (in case of natural fibers I leave the part 
under vacuum for 24 hours before the infusion). If the vacuum is 
stable you can proceed to do the infusion. 

3.4.10 The infusion process
First, it is recommended to use a resin suitable for infusion. This 
means the resin should have a longer pot life of at least 1 hour 
and a low viscosity. This will allow the resin to flow quickly and 
easily through the infusion mesh and in between the fabric. Also, 
some resins can cure to a hard state at room temperature, while 
others need a curing oven. Take this in mind as you select your 
resin.
 For my plates and violins, l used Epikote Resin MGS 
RIM 135 with the Epikure Curing Agent MGS RIM H 137. This 
resin does require a curing oven, this was not a problem since 
I had one available. Later in the research I made cellos from 
composite materials. Since I did not have a curing oven big 
enough to fit these bigger parts, I switched to a resin that cures at 
room-temperature. 
 The outlet of the mold is attached to a resin trap, which 
is in turn attached to a vacuum pump. The resin trap will prevent 
resin from running into your pump, which would ruin it.
The resin is thoroughly mixed for approximately 3-5 minutes. 
Due to this mixing, air bubbles are introduced in the resin. Air 
inside a composite material is not good, so the air is drawn out 
by putting the resin in a small degassing chamber.
 Once the air bubbles are drawn from the resin the inlet 
tube is put inside the pot. Open the clamp that closes the outlet 
tube (pump-side). Slowly open the inlet tube and allow the air 
trapped between the clamp and the resin to run through your 
piece first. Give the pump a minute to catch up before releasing 
the clamp entirely and allowing the resin to flow through your 
piece. As you can see in figure 2.12, the resin flows through 
your piece from the inlet towards the outlet. Once the resin has 
impregnated all the fabric and has reached the outlet tube, you 
can close the inlet and outlet with a clamp, turn off the pum, and 
leave the resin to cure.
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3.4.11 A few considerations regarding the infusion 
process (VARTM)

Although the manufacturing method is relatively straight 
forward, there are several factors that can influence the infusion 
process considerably. I will discuss some important issues and 
practical solutions or tips.
 The more resin you make, the faster it will cure, 
therefore it is recommended to carefully consider how much 
you need. When using larger quantities, it can help to separate 
it into smaller batches after mixing, this will prevent a runaway 
exothermic reaction.
 The higher the temperature of the epoxy, the more fluid 
it will be but the faster it will cure. Logically, you do not want 
your resin to harden before it has run through your fabric and 
has reached the outlet tube. At room temperature this is usually 
not an issue. During hot summer days (+30 degrees Celsius) 
it can be. On those days, I cool the A and B part of the epoxy 
resin before using it (to approximately 10 degrees Celsius). This 
provides plenty of time to mix and degass the resin. As I start the 
infusion process, the temperature of the resin is automatically 
increased as it comes into contact with the mold, which has 
the elevated room temperature. The viscosity of the resin now 
decreases resulting in a good flow and a perfect infusion!
 Whilst preparing your infusion, you must consider how 
thick the laminate is and how permeable the fibers. A thicker 
laminate, or spread-tow fibers, will be harder for the resin to 
fully impregnate. This means that you must give the resin more 
time to do so. The easiest method for this is to increase the ‘resin 
break’: the gap between the fabric and the outlet tube. The bigger 
this gap, the more time your resin has to fully impregnate your 
fabric. In my experience, most of the times when a part is not 
fully impregnated, it is because the resin break was either non-
existent or too small.
 When infusing synthetic fibers, one can easily estimate 
the final thickness of a material by using the weight of the fabric 
used. Each 100 g/m2 will result in an approximate thickness of 
0.1 mm, meaning that by dividing the total mass per m² of the 
lay-up by 1000, you are close to the thickness you will end up 
with19. For natural fibers, this approximation is not valid. For 
reference, 8 layers of unidirectional flax fibers of 200 g/m² (total 
of 1600 g/m²) added up to a thickness of 3.9 mm (+- 0.3 mm).
 If you are not in a particular hurry, I always recommend 
doing an extended vacuum check. Leave your piece under 
vacuum for a few hours to allow more moisture to escape.

3.5 Plates made for the research
In order to gain some experience with the materials in practice 
and to conduct some tests of our own, a number of rectangular 
plates (20 cm by 20 cm) with approximately the same D11 bending 
stiffness 15 Nm +-2 were made using VARTM (Table 2.6).
 It is always interesting to have a benchmark material 
to compare with. Spruce is the logical candidate as it is the 
19 This method is an approximation, not a law. However, it is 
sufficiently accurate for our purpose.

Figure 2.12: The resin flows from the inlet to 
the outlet as time progresses.
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Table 2.6: Plates (20 x 20 cm) made from various materials. Thickness excludes the roughness effect 
that adds an approx. 0.1 mm thickness to each plate during manufacturing due to the peelply.

conventional material to make soundboards. I searched my 
personal stock and found 6 spruce plates of good to high quality 
that can match the required dimensions. Our benchmark 
material for fiber reinforced composites will be woven carbon 
fiber. Six woven carbon fiber plates were made to match the 
amount of spruce samples. As depicted in table 2.6 a variety of 
plates made from other fibers and lay-ups were added in order to 
investigate the influence of fiber type and anisotropy as well as a 
sandwich construction consisting of twill woven carbon and a 1.5 
mm aramid honeycomb core (hereafter called sandwich plate). 
The quality of all the plates was consistent in terms of thickness, 
lack of air voides and lack of pinholes (areas without sufficient 
resin).

4. Measurements on spruce and compo-
site materials 
Literature values on material properties are one thing, the 
practice can be different. Although it is very unlikely, we will 
see different trends than those in table 2.4, we can expect some 
differences. For one, VARTM is a method of which the quality of 
the product can vary depending on the skill of the maker. As these 
plates were made by operators with limited experience (me and 
my thesis student Sam Fruytier), we can expect some variations. 
Additionally, depending on the manufacturer, the quality of the 
fibers can vary from those used in literature.
 Using these plates, tests were conducted by master 
thesis student Fruytier (2018)  to investigate their material 
properties. The goal was twofold:

1. Get an understanding on the material properties of our plates 
and the variation therein.
2. Perform a crude comparison of the sound radiated by these 
plates in a controlled environment.

I refer readers who are interested in all the details of the following 
measurements to Fruytier’s thesis. I will only provide a summary 
and short discussion of the results. One could do an entire PhD 

on measuring material properties. Only the materials properties 
density, Young’s modulus, damping and the sound radiation 
ratio will be discussed. The speed of sound, which is often used 
in research on wood, can be calculated with these properties. 
Other material properties like the Shear modulus and Poisson’s 
ratio are not included in the tests. I include the following data as 
it provides valuable insights and considerations into the research 
topic for any luthier who would like to work with these materials. 

4.1 Material properties
4.1.1 Density
Let us start with the density of the plates. It is such a well-known 
material property that you would assume it would be easy to 
measure accurately between all our plates. No such luck.
 Of course, an estimation of density is easily calculated: 
you only need the dimensions and weight of the plates. However, 
changes in air humidity can change the weight of spruce, 
resulting in a different density measurement. Additionally, the 
composite plates are not perfectly flat at both sides: the peel 
ply used in VARTM manufacturing adds a roughness (0.12 mm 
+- 0.02 mm) which stands in the way of an accurate thickness 
measurement. The Archimedes method, an analytical balance 
based on the buoyancy principle is commonly used to measure 
the density (Campo 2008), but for this method absorption of the 
liquid in the wood is a predictable issue.
 As depicted in table 2.7, our benchmark material spruce 
had a mean density of 387 g/m³ based on the dimensions, but 
453 g/m³ according to the analytical balance measurement 
(Archimedes method). This difference is probably due to the 
absorption of the ethanol by the wood, artificially increasing 
its density. The density of the woven carbon plates measured 
with the analytical balance (average 1482 g/m3) is much closer 
to literature values than the density based on measurements 
of dimensions. Here the increased difference between the 
composite plates can be attributed to the roughness of the 
material resulting in inaccurate thickness measurements. For 
the Sandwich plate, there is a large deviation between the two 
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measurements. This can be attributed to the exposed cavities of the aramid 
honeycomb at the side of the material.
 Clearly, although some variation is present, composite materials have 
a more uniform density when measured with an analytical balance than spruce. 
Apart from unidirectional flax, this is also the case for the density derived from 
dimensions and weight.
 The six plates made from woven carbon fiber reinforced epoxy have 
a maximum deviation from the average density (1482 kg/m3) of 2 %. If we add 
the other carbon plates the maximum variation becomes 3%. The variation in 
the six spruce plates is higher with a maximum deviation of 13% of the medium 
density (453 kg/m³) for the analytical balance. I must add that this variation is 
reduced to 5% in our measurements based on dimensions and weight, which 
is probably more reliable given the absence of the liquid absorption effect. The 
mean density of the four flax plates is 1255 kg/m³ (max. dev. 3%), the measured 
density of the two aramid plates is 3% apart.

4.1.1 Young’s modulus
The material stiffness can be measured in a non-destructive way (NDT) with 
beam samples based on the flexural vibration method (Beards 1996; Kubojima  
et al. 2006). In short: the beams are suspended with elastic strings and are 
hit with a small impact hammer; their vibrational response is measured using 
a Laser Doppler vibrometer (LDV). Using the measured frequencies of the 
modes, the dimensions of the beam and its density, its Young’s modulus can 
be calculated.
 As soundboards are plates, not beams, both the longitudinal and 
transverse Young’s moduli were measured and calculated. The mean and the 
maximum deviation of the mean are shown in table 2.8. 
The Young’s moduli of the composite materials are lower than the literature 
values discussed previously. An additional measurement with an extensometer20 
was performed by Fruytier (2018) on a few samples and showed values which 
are closer to literature: for the unidirectional carbon an El of 122 GPa and 
20 a destructive test where you measure the strain in relation to the applied stress.

Et of 7 GPa, for the woven carbon an El and Et 

of 53 and 54 GPa respectively. The reason is 
unclear, but the Young’s moduli in table 2.8 are 
therefore possibly an underestimation of the 
true material stiffness. Spruce shows a much 
higher variation in its Young’s moduli than the 
composite materials. Still, the max. deviations 
of the composite plates are not insignificant. 
As composite materials usually have a lower 
variation in material properties this is likely 
due to human error: either during the flexural 
vibration measurements, or a variation in quality 
of the composite plates due to the human factor 
in the manufacturing process. Especially this 
last explanation is important to consider as I will 
manufacture violins using this method. 

4.1.2 Damping
As I have mentioned before, damping is hard 
to measure and define. In short, the damping is 
different for each mode of vibration and behaves 
non-linear with regard to the input energy.
Still, to make a comparison, an approximation of 
the damping can be derived from the measured 
quality factor (Q value) of the first frequency of 
flat beams previously measured to calculate the 
Young's modulus (table 2.9). The quality factor 
is a dimensionless parameter that describes 
how much energy is lost during the resonating 
movement. This includes both internal material 
damping and radiation damping. A high-quality 
factor means that the vibration will damp out 
more slowly. The Q value is not the material 
damping, but rather the damping of a mode 
which is in turn affected by the material damping. 
Carbon composites clearly have a higher Q 
value, and thus lower damping than spruce. 
To a smaller extent this is also the case for the 
sandwich construction. The Flax and aramid 
composites have a slightly lower or comparable 
Quality factor than spruce.

4.1.3 Sound radiation ratio
The main issue with the sound radiation ratio 
in literature is that it takes only one material 
stiffness, the longitudinal Young’s modulus, into 
account. As recently shown by Viala (2018) with 
his model, normal variations in material stiffness 
in other directions can have a significant effect 
on the vibrational behavior of soundboards. If 
we assume that the sound radiation ratio is, 
as argued by Wegst (2006), a representation of 
the stiffness to weight ratio of a soundboard, it 
should take any change in stiffness into account. 
Especially in our alternative composite materials, 

Table 2.7: Density calculated based on dimensions and weight and measured 
with an analytical balance. Source: Fruytier 2018.

Table 2.8: Calculated Young’s moduli of various materials.
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Table 2.9: Quality factor (dimensionless parameter) of the first mode measured 
on beams of various materials.

Table 2.10: theoretical longitudinal and transverse sound radiation ratio (R) of 
various materials based on their properties.
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we have a much larger variety of anisotropy depending on the 
fiber direction: woven carbon fiber is more isotropic since it is 
stiff in two directions, whilst unidirectional reinforcement has 
an anisotropy closer to wood.
 If we calculate R using the two Young’s moduli of each 
material, you can see that the longitudinal R of spruce is high, 
but the transverse R is lower. In the unidirectional composites, 
a similar effect is visible, while in the woven composites the 
longitudinal and transverse R are practically the same. As 
expected, the higher density of the solid composite materials 
results in lower values for R. 
 When we examine the sound radiation ratio of the 
sandwich plate, a much higher R is observed in both directions21. 
Still the torsional stiffness is not considered. Clearly, the sound 
radiation ratio as discussed in literature is insufficient to describe 
and compare the suitability of composite materials.
 Since this ratio is believed to be a representation of 
stiffness vs weight, we will keep an eye on those values for the 
soundboards of our violins.

4.2 Acoustical analysis of plates
Additionally, the vibrational and acoustical behavior of the plates 
was studied. It speaks for itself that a flat plate does not behave 
in the same way as an arched soundboard which is fixed at its 
edges. Still, we can see some interesting trends in the data that 
can help decide which soundboards would be interesting to 
make and investigate. 

21 Since the sandwich plate is not a solid material, it is unclear if 
this calculation makes any sense. We will only be able to tell once we have 
made a violin with a sandwich soundboard (chapter 3) and have studied its 
acoustic radiation (chapter 5).
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Figure 2.14: Relative total power (RMS value) emitted by plates from various 
materials measured by Fruytier (2018). Figure 2.15: An image from the original Styrofoam cello.

The following test was performed in a small anechoic chamber 
to reduce the influence of room acoustics (fig 2.13). The plates 
were attached to a shaker through a hole in the middle and a 
bolted connection. The shaker performed an upward sweep 
from 0 to 8000 Hz. The sound emitted by the plates was recorded 
using two Schoeps CMC 6U microphones and the results were 
processed by the software Matlab®.
 From the recorded sounds, the resonant frequencies 
and RMS (Root-Mean-Square) values22 were studied. The first 3 
eigenmodes of the carbon woven plate have a higher frequency 
(115 - 370 - 804 Hz) than the spruce plates (60 – 226 – 400 
Hz). Additionally, the amplitude of the first and third mode 
was also significantly higher for the woven carbon plates (9dB 
and 13dB respectively). This behavior can be explained by the 
higher D22 stiffness of the carbon woven plates in comparison 
to spruce. This is confirmed by the unidirectional carbon plates 
which exhibit both lower frequencies for their eigenmodes and 
have a higher modal density in comparison to the woven plates 
(Fruytier 2018). The average total power output of the plates is 

22 The RMS value is the average value of a waveform over time. In 
this case it can be interpreted as the average power output of the plates.

shown in fig. 2.14. The woven composites are better radiators 
than the unidirectional materials spruce, unidirectional flax, and 
unidirectional carbon. Although we can expect these materials 
to behave very differently as soundboards, it is evident that 
the anisotropy of a material can have a large influence on its 
radiation.

5. Artistic exploration on the sound of  
fiber-reinforced composites
Before I dived into making violins from composite materials, I 
wanted to increase my understanding of these materials from 
a violin maker’s perspective. To achieve this, I have done a few 
artistic experiments with the materials in shapes that are, relative 
to a complete violin, quite simple. This allowed me to grow in 
the quality and consistency of the parts I make. Additionally, it 
allowed me to increase my intuitive and embodied knowledge 
on the materials. What follows are subjective artistic research 
methods. As these provided a significant contribution to the 
development of my practice and research, I will share them with 
you here.

5.1 In the workshop
5.1.1 Styrofoam cello 2.0
Unfortunately, the original cello with a soundboard from 
Styrofoam (master thesis Duerinck 2015, fig. 2.15) was destroyed 
by accident during the recording of a videoclip23. This was very 
unfortunate, but I wanted to turn a negative situation into a 
positive one. I took this opportunity to combine Styrofoam with 
a carbon fiber composite to make a new soundboard for the 
instrument. You probably remember that I said hand-layup is 
probably not a good manufacturing method due to the excess 
resin and thus weight. Well, I tried it anyway. The artistic practice 
does not always follow a logical path.

23 For the record: the instrument was destroyed by dropping a heavy 
professional light on it from a significant height. An impact likely to shatter 
most instruments.
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First, a 3D scan was made from the wooden backplate of the 
cello. Twinplast NV generously used CNC cutters to cut an arched 
soundboard from Styrofoam based on this scan, the result 
can be seen below in figure 2.16. Back in the workshop, I used 
sandpaper to change the shape and arching to better represent 
that of a top plate. Using EL2 laminating epoxy with AT30 slow 
hardener (EasyComposites) and twill woven carbon fiber, a layer 
of CFRP was added to the top and part of the back. Once cured, 
the sound holes were cut, and a wooden bass bar was added. The 
finished soundboard before it was glued on the body can be seen 
on Facebook24. 
 After making the cello I made the following reflection on 
the process:

24 www.facebook.com/AtelierDuerinck/videos/1445828085449618/

‘The use of the 3D scanner and CNC router to carve the shape 
of the styrofoam soundboard made me feel detached in this part 
of the manufacturing process. I prefer to make everything by 
hand. I did not have this feeling in the rest of the manufacturing 
process. The hand-layup of the carbon was a tricky process, but 
I was surprised of the quality I managed to reach. The fabric 
needs a careful hand to avoid distortions in the weave. Just like 
in conventional violin making, it is a process best performed with 
a calm mind. Due to the pot life of the resin, you are working 
against the clock, which in my case tends to result in a slowly 
increasing anxiety as time progresses. For luthiers it is perhaps 
best comparable with the feeling one has while using warm hide 
or bone glue. You know your time is limited. You know you cannot 
rush the process, or you will make mistakes. Yet you work with 
an increased focus towards your goal.’ – Notes T. Duerinck 2017.

Figure 2.16: Soundboard from Styrofoam reinforced with CFRP. Upper left: Styrofoam soundboard shape by CNC. Upper right: Twill woven carbon fiber is added 
as a reinforcement with the hand-layup method. Lower right: a spruce bass bar is added. Lower left: Benjamin Glorieux plays on the finished instrument.
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I’ll also share my personal reflection on the finished cello:

‘As expected, the hand-layup resulted in a soundboard which is a 
bit heavy, but also very stiff. I clearly underestimated the stiffening 
effect of the thin carbon in combination with the thick Styrofoam 
(2.6 cm). The instrument is less loud than its predecessor, the 
bass struggles in comparison to the higher strings. I Imagine this 
is mostly due to the excess stiffness of the soundboard, which 
limits its sound production.’ – Notes T. Duerinck 2017.

5.1.2 Crash cymbal
To experience the possibilities carbon fiber reinforced polymer 
offers to make instruments, I decided to make a crash cymbal out 
of carbon fiber. A large crash cymbal has a long sustain, which 
gives plenty of time to experience the timbre of the sound. Due to 
their design, crash cymbals aim to radiate as many frequencies 
as possible. As the shape of a crash cymbal allows the entire 
frequency spectrum to be experienced, it provides an interesting 
starting point to ‘hear’ the sound of a material.
 The crash cymbal was made with vacuum infusion and 
had a quasi-isotropic lay-up resulting in a thickness of roughly 1 
mm. 

My personal reflection on the sound of the carbon crash cymbal:

‘The timbre of the carbon fiber crash cymbal is surprisingly full 
and warm. I had expected a more metallic sharpish sound, but 
it feels closer to the sound of wood than to metal. I imagine that 
by increasing the thickness, one might be able to make the sound 
louder and sharper.’ – Notes T. Duerinck 2017

Figure 2.17: crash cymbal made from carbon fiber (left) and conventional made from a metal alloy (right).

5.2 In the artistic practice (C-Mine residency)
While discussing the ongoing research with my friend and 
colleague, Patrick Housen, we were thinking about creating 
a piece that would have the sound of different materials as its 
starting point. We started with just the two of us in my workshop, 
in which we searched for objects made of different materials. 
We had wood, some carbon fiber pieces, but also metal, glass, 
and foams, most of which were flat plates along with some 
tubes and rods. Rather quickly, we knew where we wanted to 
go: percussionists have a great variety of techniques to make 
objects sound. Thus, they would be the ideal musicians to hire. 
We partnered up with the Bl!ndman percussionist quartet and 
the C-Mine in Genk offered us a residency to continue our 
exploration. For a week, we tried different set-ups, recorded, and 
listened to the sound of these materials. For me personally, this 
hands-on experience with the different materials allowed me to 
use theoretical knowledge in practice: I searched for vibrational 
(anti-)nodes, we talked about why certain materials sound the 
way they do and experienced how the hardness of different 
mallets excited more or less higher frequencies in materials. 
I really enjoyed deepening my practical understanding of the 
physics of vibrations and sound. Finally, visual artist Marie van 
Vollenhoven joined the group and the collaboration evolved into   
the project Trigger Tribe which was performed 20/10/2018 at 
OORtreders festival25.
 During our artistic investigation we noticed our 
knowledge of carbon fiber reinforced polymer (CFRP), although 
increasing at a steady pace, was insufficient to deliver an interesting 
performance with it. In retrospect, I was really surprised and 
humbled to discover how hard it was to use this alternative 
material effectively. I think the choice for percussionists was the 

25 www.oortreders.com/en/activities/patrick-housen-trigger-tribe
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Figure 2.18: Trigger Tribe with Patrick Housen, Marie van Vollenhoven and Blindman.

right one, their versatile excitation methods allowed us to explore 
several roads. Yet, none of us had the knowledge or insights 
required to make the material work for us within the boundaries 
of the performance we were making. Therefore, we decided to 
switch our focus to materials more known to ourselves and the 
drummers: wood, metal, glass, and skin. During this process, 
I learned that using composite materials in my artistic practice 
will clearly need more than some ideas and guesswork. It needs 
research.

6. Discussion and conclusions
In this chapter, I have examined and discussed literature 
regarding materials for soundboards. I have produced and 
compared plates from various materials, and I have shared my 
first exploration of carbon fiber reinforced polymer (CFRP) in the 
artistic practice.
 Research on the material properties of wood for 
soundboards is mostly focused on identifying and optimizing 
certain material properties like stiffness, density, and damping. 
This quest is motivated by the violin maker’s practice and is 
driven by the idea that better material properties result in a 
better instrument. Research on alternative materials on the other 
hand is focused on mimicking the material properties of wood 
and/or creating an instrument that sounds like a conventional 
violin. In my opinion, this leads it down a very narrow road: the 
artistic possibilities of a different sounding violin are completely 

ignored. Possibly this is due to the idea that there is one perfect 
violin sound (Stradivari) and that any violin that sounds different 
is therefore ‘not as good’. This completely ignores the fact that 
the perception of sound, like taste, is a subjective matter and that 
the ‘best sound’ can alternate between music pieces. Sure, violin 
makers in the past used spruce likely because it was the best 
material available to them at the time. But perhaps, if they had 
access to the materials, we do today they would have opted for a 
different one?

The material groups fiber reinforced composites and sandwich-
structured composites were selected to investigate further based 
on their relatively high stiffness, low density, and durability. 
However, the material properties currently used to investigate 
the suitability of wood are insufficient to shed light on the 
suitability of composite materials. The sound radiation ratio R 
is especially misleading as it does not take the stiffness of the 
material in multiple directions into account. The engineering 
constants D11, D22 and D66 can be used to estimate how thick 
a soundboard from an alternative material should be made to 
reach a certain bending stiffness. Together with the weight of a 
soundboard, they can be used to illustrate the stiffness to weight 
ratio of soundboards in the following chapter.
 I have shown how I explored composite materials in 
my artistic practice and concluded that at this point, my intuitive 
knowledge is insufficient to result in an artistic product of high 
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quality. I have concluded that I need to first increase my objective 
knowledge. To achieve this, I will use scientific research methods 
in the following chapters. This should give me a solid foundation 
and understanding that can then help me in my artistic practice.

Choice of soundboard materials
Based on the research described in this chapter, I selected what 
materials/lay-ups I want to make soundboards for violins from.
 I cannot draw any conclusions on the sound of 
composites in relation to wood by comparing experimental 
composite instruments with conventional wooden ones: there 
are simply too many variables.  All the violins will therefore have 
the same design and carbon fiber body. The benchmark material 
for the top plate will be conventional tone wood: this instrument 
will be called Spruce. Next, I want to compare different fibers. 
Since spruce is a natural unidirectional composite, let’s make 
a violin with a soundboard from unidirectional carbon (UDC) 
and one from unidirectional flax (UDFlax). UDC will have a low 
thickness due to its high El, while UDFlax is a material with a 
higher damping. Due to its lower Young’s modulus, UDFlax will 
also be heavier than UDC. To investigate the effect of anisotropy, 
I can make a carbon violin with a higher D22 value by making its 
outer layers from woven carbon (TwillC). This will also result in 
an instrument which is less fragile. To maximize the stiffness/
weight ratio, I will also make a soundboard from a sandwich 
construction using woven carbon fiber and an aramid honeycomb 
core (Sandwich). Finally, I should make one instrument twice to 
see how reproducible my making is. I have chosen TwillC for this 
as it will be the most durable due to its layup. These instruments 
will be called TwillCA and TwillCB in the following chapters. That 
makes for a total of six soundboards and thus six entire violins to 
make and study.

3
Making instruments from  

fiber-reinforced composites
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1. Objective 
Finally! I can make instruments!

The main research question I tackle in this chapter is the following: 
can I extend the violin maker’s craft to include fiber reinforced 
composites? As we have seen in previous chapters, instruments 
made from composites already exist. For this research, I want 
to make instruments from fiber-reinforced composites in a way 
that most conventional luthiers could attempt in their atelier.
 If you are interested in learning how I make my 
instruments, or if you want to make your own: this is the chapter 
for you! Many parts of the making process that I will describe 
are common to produce fiber-reinforced parts. As they are 
not common knowledge for violin makers, I found it crucial to 
include them in this chapter anyway. If reading a report of the 
making process is not your cup of tea, perhaps you would be 
interested in watching a 3-part video series instead (Duerinck 
2019a, b, c). This in total 34-minute series shows the making of 
a carbon fiber cello. It starts with how I craft my patterns in Part 
1, continues over the mold making and the infusion process in 
Part 2, to end with the assembly and finish in Part 3. Although 
these videos should give you a reasonable understanding of my 
making process, they cannot cover the nitty gritty of why and 
how I made the violins for this research. These videos and this 
chapter together include everything you need to know.
 In order to learn from the instruments that I will make, 
it is important to think ahead about their purpose: I want to 
compare the use of different materials as a soundboard under 
similar conditions. You could compare a conventional violin with 
a carbon fiber one, but if they have a different design you cannot 
draw any conclusions on the effect of the material. There is 
simply no way of knowing if the difference in sound we measure 
and perceive is caused by the material or by other variables in 
construction.
 There are a number of roads one could take for this 
study. You could take the conventional wooden construction and 
make soundboards from new materials to fit on those. This would 
be very labor intensive. Although I consider myself a capable 
violin maker, I am not sure if I (or anyone for that matter) can 
be precise enough in the making process to construct wooden 
violin bodies with a sufficiently small inter-variability. Also, as 
described in literature (Wegst 2006; Yoshikawa 2007; Brémaud 
2012) and confirmed by measurements in chapter 2, the 
properties of wood are distinctly variable. It is very challenging 
to find suitable wood that has similar material properties like 
density and material stiffness. Only after making this decision 
I learned about the ambitious Bilbao project, where they made 
a number of wooden violins of the same model (Stradivari of 
course, what did you expect?). When I heard how difficult it was 
for them to find suitable wood that fit within their parameters 
and the problems that they encountered along the way, I am glad 
I chose a different road. A big shout out to the people from the 
Basque school of violin making, Claudia Fritz, George Stoppani 
and the other makers involved for making it work regardless of 
the obstacles they encountered. It is a wonderful project and I am 

looking forward to reading their findings in future publications.
 Luckily, an easier solution presents itself for my 
research: carbon fiber reinforced epoxy. As discussed in chapter 
2, it has a lower variability in material properties than wood. 
Another advantage is that fiber reinforced composite objects 
are made in molds. As a result, variations in construction are 
reduced to a minimum.

To summarize:
1. I want minimal variation between my violin bodies.
2. Carbon fiber has fewer variations in material properties 
and construction than wood.
3. Carbon fiber has proven itself to be an alternative to 
tone wood for the construction of music instruments in practice.

The choice to make violin bodies from carbon fiber for this 
research is therefor a logical one. In this chapter I attempt to 
explain all the important details from the design, over pattern 
making to the construction method of the violins. All these details 
add up to a discription of the construction method I used and 
insights or ideas for other makers who would want to attempt 
something similar.

2. Designing a violin for fiber reinforced
composites
How does one design a violin made from these new materials? 
First, I will discuss some parameters that are important to take 
into account when designing for fiber reinforced composites. 
Next, I will discuss some design inspirations. Then, I will 
explain my design and we will use the classical laminate theory 
to estimate the required thickness of the soundboards and the 
other parts of the instrument.

2.1 Design constrictions 
2.1.1 Designing with fiber reinforced composites
Before we start making, we must consider the design 
constrictions of the material and production method. I have 
chosen VARTM (Vacuum Assister Resin Transfer Method, a.k.a. 
infusion), as it requires minimal specialized equipment while 
ensuring a high-quality product. I could make the ribs, backplate 
and neck separately and glue those together, like violin makers 
do when making a conventional violin. However, this means that 
every joint is a potential weak point. Furthermore, I am likely to 
introduce unwanted variables in the construction: it is practically 
impossible to glue every violin body together in exactly the same 
way. 
 Making the entire body and neck out of one part has 
several advantages, which in my opinion makes it the better 
option: (1) It makes the construction quicker. (2) The strong 
carbon fibers run through the entire piece, which make it harder 
to break. In other words: harder better faster stronger (Daft Punk 
2001)1.

1 You think I’ll only quote composers like Beethoven? I’m a 90’s kid. 
I grew up with this music!

https://www.youtube.com/watch?v=yydNF8tuVmU
https://www.youtube.com/watch?v=yydNF8tuVmU
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The less parts we must glue together the better. The practical 
minimum is two2: 

1. The body: comprising the ribs, back plate and neck.
2. The top plate

When making the body out of one piece, there are some things 
we must consider. We must be able to take the body out of the 
mold. In conventional violins, the sides are at a 90-degree angle 
with the back plate. If we would make our carbon part with this 
angle it would make demolding very difficult. I have learnt this 
the hard way by making a carbon and flax ukulele in cooperation 
with Mathieu Libeert. We used a conventional 90-degree angle 
between the back and sides. Eventually we got the piece out of 
the mold without damage, but it was a struggle I did not want to 
repeat in the future. In industry, draft angles are added to pieces 
to ease removal (fig. 3.1). To ease removal of our carbon fiber 
body, we create a slightly positive draft angle: we will make our 
top 2mm wider than the back, causing the ribs to slant outward 
towards the top. 

A similar problem would present itself if we would leave the 
outline of the back to extend beyond the ribs, creating the 
conventional 2-3mm overhang. This overhang would be stuck 
inside the mold and there would be no way to remove the part. 
In industry they call this an undercut. This issue could be solved 
by working with a mold consisting of multiple parts. If you are 
reading this while thinking about designing and making your own 
composite instrument, I want you to take the following argument 
into account before you decide to go for such a complicated 
mold: What is the function of the overhang? In conventional 
wooden violins, it allows for easier removal and regluing of the 
plates. For example: the spruce soundboard shrinks in the lateral 
direction over time, this tension causes the top to release from 
the sides. The overhang provides leeway, and the top can simply 
be re-glued: a conventional and easy repair. Carbon fiber does 
not shrink over time like wood. Even if a carbon fiber instrument 
must be opened up for a repair, which is much less likely than 
in the case of wooden violins, the top plate can be removed and 

2 Creating a high-quality hollow carbon fiber part like a violin from 
one piece is extremely challenging. Although I’m not saying it can’t be done: 
Let’s keep it real. This is a big enough challenge as is. Also, this number does 
not include other parts which will not be made from carbon fiber like the 
fingerboard, bridge, pegs etc.

re-glued in the same position. As for the acoustical function of 
the overhang: we don’t know if it has a significant influence. Of 
course, all the parts of the violin vibrate, so every part has an 
effect on the vibrational behavior of the instrument. If you follow 
this reasoning however (which many luthiers do), nothing about 
a violin can be changed. Personally I think this is boring and that 
it encourages the self-fulfilling prophecy of the ‘perfect’ violin. 
Until evidence of the contrary is presented, I assume that the 
influence of the overhang on the radiated sound is minimal. 
 To have a stiff but relatively lightweight mold, I will 
make my molds from glass fiber reinforced polymer. This allows 
me to easily and safely move the molds around my workshop. 
Although an aluminum mold for violin parts might still be 
doable, such a mold for cello is likely to require a small crane 
to lift safely. Also, a glass fiber-mold can be made by a single 
luthier with minimal training/experimentation. A downside of 
a multiple part mold for the body is that it is structurally less 
stable. For this experiment, I want to reduce variations between 
the parts to an absolute minimum. A complex multiple part mold 
could cause issues here as it can warp more easily. This is why I 
chose to work with one-piece molds to create the composite body 
and soundboard pieces.
 The next thing to consider is the issue of sharp corners 
and bridging: the nemesis of infusion production! When you 
look at carbon fiber parts, you are unlikely to find many sharp 
corners. Corners with a significant radius are much more 
common. The textile of the composite does not easily fit inside a 
sharp corner. This can create a small gap between the mold and 
the fabric which results in bridging: a pocket of resin that is not 
reinforced with fibers (fig. 3.2). Additionally, sharp corners are 
more susceptible to suffer damage, for example when the part is 
dropped on a hard surface. By removing corners where possible 
or giving the corners a larger radius, the fabric will fit more 
easily: bridging is avoided, and your part will be more durable.

Instead of seeing only the restrictions of composites, you can 
also approach these materials from the opportunities they offer: 
conventional wooden soundboards are usually carved, which 
results in an imperfect fiber alignment. A luthier might take care 
to have the wood fibers run longitudinal along the shape of the 
arching around the bridge area, but the fibers will be cut as the 
arching slopes downwards to either the top or the bottom of 
the plate. Since the fibers in fiber reinforced composites follow 
the shape of the mold, they are in theory better suited to handle 

Figure 3.1: A positive draft angle allows a complex piece to release from the mold 
easily.

Figure 3.2: Corners are rounded to prevent bridging.
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the pressure of the strings and less susceptible to warping over 
time. As I have decided to make the violin body from one piece, 
one carbon fiber can run along the entire axis of the instrument: 
from the end button through the backplate into the neck and 
head. This results in a very strong, stiff and durable part.

2.2 Design inspirations
Before I will discuss my design, I want to take a brief moment to 
share some of my inspirations. It speaks for itself that the design 
I use is my own, yet it would be unfair not to mention some 
designs that have influenced me. I have chosen two historical 
designs, two contemporary violin makers and two carbon fiber 
instruments to discuss. Some of these designs have inspired 
me for their out-of-the box thinking, while others planted direct 
ideas in my head that I took into my own design process.

Historical designs
First, I want to discuss the designs by Savart (ca. 1818, 1819) 
and Chanot (ca. 1820a,b). Both are part of an inventive period of 
violin making in 19th century France and both are inspired by 
acoustic research/ideas. The outline of Chanot (fig. 3.3a), which 
follows an 8-like shape, is accentuated by its sound holes. The 
pegbox is almost as simple as it can be. In some of the corner-
less violins by the Chanot family, like inv. 1333 at MIM, there is a 
backward scroll as the head. This is probably in an effort to ease 
changing the strings, which can be tricky when the scroll is in 
the conventional position. The trapezoidal design from F. Savart 
(fig. 3.3b) inspires me as it is both bold and iconic. In a way, it is a 
reminder that one can change the design quite drastically while 
still having an instrument that can be called a violin.

Figure 3.3: a) Experimental violin made with the design of F. Chanot. b) 
Experimental violin made following the design of F. Savart. Picture courtesy of 
the Music Instrument Museum Brussels KMKG-MRAH.

Figure 3.4: contemporary designs for violin. a) Ultralight by J. Curtin. b) 5-string 
violin by T. Phillips. Picture courtesy by J. Curtin and T. Phillips respectively.

Contemporary designs of wooden instruments
Next, I want to mention two contemporary makers, J. Curtin3 and 
T. Phillips. Both challenge the conventional design, yet both do it 
in a very different way. J. Curtin makes violins he calls Ultralights 
(fig. 3.4a). These instruments follow a well thought out design that 
in first glance is quite similar to a conventional violin. On closer 
inspection, one notices all the smart innovations in his design. 
The outline with its smaller corners, the bridge, neck and even 
the way the tailpiece is mounted to the top block. The Ultralight 
is a stunning example of what a contemporary violin maker can 
achieve if he/she is grounded in tradition, yet not afraid to chase 
an acoustic and artistic idea. T. Phillips on the other hand does 
not stick to one design but has multiple. Most of his designs have 
unconventional outlines that range from lacking a few corners 
to asymmetrical designs. I am especially attracted to one of his 
S-shaped sound holes that he recently featured in his 5-string 
violin nr. 499 (2020) (fig. 3.4b). I like how both the highest and 
lowest point of his S-shaped sound holes are a few mms from 
the outer edges in the lateral direction. I must add that I am 
less enthusiastic of the sharp corners on the outer edges of 
his soundholes as they could facilitate cracks. As explained by 
U. Wegst (2006): ‘By cutting curves and circles, the instrument 
maker avoids creating the stress concentrations associated with 
sharp corners.’ - U. Wegst (2006)

3 Does this name sound familiar? J. Curtin is the co-organizer 
of the annual Oberlin Acoustics workshop in the USA. Beside this, he is 
arguably one of the best contemporary violin makers alive today: one of his 
instruments holds the record for the highest price for work by living makers. 
Additionally, he has performed allot of acoustic experiments with violins. 
You will hear more on those in chapter 5.
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Figure 3.5: Left: Luis and Clark’s carbon fiber violin. Right: Mezzoforte’s carbon 
fiber violin. Picture courtesy by Luis and Clark, picture credit to Kevin Sprague. 
and Mezzoforte GMBH respectively.

Carbon fiber designs
Finally, I will discuss two designs of carbon fiber instruments. 
Luis and Clark and MezzoForte both follow an 8-like contour, 
like F. Chanot’s design did previously. The outline of Luis 
and Clark feels bulky to me. It seems like they left out the 
conventional corners and then just drew curved lines to connect 
the remaining part of the outline4. They keep the conventional 
sound holes, which in my opinion looks out of place on a carbon 
fiber instrument. Their pegbox’s design is simple and practical. 
MezzoForte’s design seems to originate from the (digital) 
drawing table and is more different from conventional violins. 
Personally, I think their outline is more attractive than Luis 
and Clark’s. The sound holes, which follow an S shape are an 
interesting combination with the carbon fiber. S-shaped sound 
holes are perhaps a good way to stay close to the original shape, 
whilst facilitating a contemporary look. That being said, I think 
the MezzoForte sound holes don’t take the curve of the S far 
enough to my taste.

2.3 Designing a violin for scientific experiments
When making my design, I must take into account that I want to 
use the instruments for scientific experiments. This results in a 
few additional restrictions.

Playability:
To study how the playability and sound of the instruments is 
perceived I will conduct blind listening and playing tests. In 
short, I will blindfold musicians who are unfamiliar with the 

4 I don’t know this; I have no clue how they designed their outline. 
This is just how I perceive it as a violin maker who has made some designs 
myself.

research, hand them an instrument, and they must be able to 
play it with minimal effort. As I explained in the first chapter, 
the design of violins has become increasingly standardized. So… 
unfortunately… I must stay within this standard.

Acoustic function:
Even within those first boundaries, we can make changes that will 
significantly influence the acoustic behavior of the instrument. 
I am not talking about small changes of which it is debatable 
how or even if they influence the sound of the instrument in a 
perceivable way. I am talking about changing the volume of air 
in the sound box from violin to viola size or leaving out the bass 
bar or sound post. These kinds of changes will undoubtably have 
a significant influence on the sound of the instrument. Since the 
vibrational and acoustical behavior of conventional violins is well 
documented, we want to stay within certain boundaries so we 
can use that knowledge in the analysis of our prototypes, and so 
our results stay relevant for colleagues.
 It is clear that I must attempt a balance in my design. I 
must stay close enough to the conventional violin for the purpose 
of playability and the easier interpretation of results, while also 
introducing a design adapted to the restrictions and opportunities 
offered by fiber reinforced composites. One could argue that 
by staying close to a conventional violin’s measurements, I do 
not fully explore the artistic opportunities offered by these new 
materials: I could also have chosen to leave all convention behind 
and challenge the idea of what a ‘violin’ is. On the other hand, 
one could also argue that I already achieve this by changing the 
material and staying within these boundaries. This is very much 
a subjective artistic choice.

2.4 Contour and shape of the violins 
Based on the previous discussion, I start making my design by 
drawing the contours of the soundboard. This is arguably the 
most iconic part of the instrument. I will stick to the following 
dimensions, which can be considered within the standard of 
violin making (Table 3.1).

Table 3.1: Top plate dimensions in mm.

Using a method inspired by F. Denis (2006) , I used a drawing 
compass to produce my design on a piece of paper (fig. 3.6).
 The outline of the back plate is made by simply reducing 
the outer contour by 2 mm. The design of the sound hole proved 
a bigger challenge. First of all, I wanted the dimensions to fall 
within standard measurements: a width of 47 mm and length 
of 68 mm. The total surface area should also not be too different 
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from a conventional sound hole. The widest point without 
the nodges of the sound hole should be around 6.3-6.4 mm. 
Secondly, I wanted to create a shape which was easier to cut. I 
will be using diamond grit tools; the conventional design has a 
tiny 1 mm gap connecting the eyes to the longitudinal part of the 
sound hole. This would be very difficult with the tools I will be 
using. 
 I drew numerous designs on tracing paper, which I then 
held over the design of my soundboard. I will share some notes 
I wrote during the process to give you insights leading up to the 
choice of my final S-design (fig. 3.8):

“Since the soundboard does not have normal c-bout corners, 
conventional wings on the sound hole look out of place. In a 
conventional violin one can see the visual reference between the 
corners of the outer edge and the wings of the sound hole. As the 
c-bout corners are removed, the sharp looking wings make no 
sense anymore. As the contour of the soundboard is made using 
large circles, I want to keep the curves of the sound hole large as 
well. The only exceptions I will allow are at the top and bottom 
where they end. This allows for the sound hole to have its widest 
point at the nodges (as conventional) slowly decreasing in width 
towards the outer edges. This is not only a nod to the classic 
design; it makes the entire sound hole look slim and attractive.”

Figure 3.6: Left: original contour of the soundboard made with a drawing 
compass. Right: Soundboard design as drawn by K. Vleminckx in her master 
thesis. All dimensions are in millimeter.

For the design of the neck and head I decided to go for simplicity. 
The typical scroll, beautiful as it might be, does not fit with 
the rest of the design. Instead of trying to replace it I will just 
leave it out. In my opinion adding some sort of head will only 
increase the complexity of our build, which will be detrimental 
to reproducibility. Using a drawing compass, I designed a simple 
effective pegbox, making sure to leave out sharp corners that 
would complicate the making process. This pegbox design was 
later adapted in the design of my cellos to better fit with the slim 
looking contour and design of the sound holes (fig. 3.8). Last but 
not least, I did not make a fixed design for my arching before I 
started making. The shaping of the arching will be discussed in 
chapter 3.3.

Figure 3.7: Left: digital recreation of the new violin sound hole design in 
comparison to a classic conventional design (K. Vleminckx. 2018). Right: new 
cello sound hole design.
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Figuur 3.8: Left: pegbox design for violin. Right: subjectively improved pegbox design for cello. 

Figure 3.9: Thickness pattern of the soundboard for TwillC from left to right 
the different layers: 1 layer Twill-woven AKSACA™ A-38 200 tex (3k), 4 layers 
of unidirectional Tenax®-E HTS40/12K/HS, 1 layer Twill-woven AKSACA™ A-38 
200 tex (3k).

2.4 Calculating stiffness with Classical Laminate 
Plate theory
As previously mentioned in chapter 2, a conventional spruce 
soundboard of a violin has a variable thickness, usually 
somewhere between 2 and 3 mm. Most violin makers make the 
center, an area sometimes referred to as the bridge island area, a 
bit thicker than the rest of the soundboard. The thickness pattern 
of the soundboard can be different between violin makers. 
Luthiers have their own way of determining which thickness is 
appropriate for a given piece of wood. They might also change the 
thickness pattern depending on the violin model they are making 
or the sound they are aiming for. Therefore, these statements 
should not be read as universal truths, but as an observation of 
what is most common. 
In chapter 2 we used formulae to calculate how thick we should 
make plates of fiber reinforced composites to have a similar 
bending stiffness (engineering constants D11, D22, D66). At the 
end of chapter 2, I concluded which fiber-reinforced materials I 
was going to use for my soundboards: (1) unidirectional flax, (2) 
unidirectional carbon, (3) a sandwich construction using woven 
carbon and an aramid honeycomb, and (4) a combination of 
woven and unidirectional fiber. As these composite materials 
offer a variety in anisotropy, I have chosen the bending stiffness 
along the axis of the instrument (D11) as the primary design 
criteria to determine the thickness for each material. The bending 
stiffness (or plate rigidities) are derived from the ABD-Matrix of 
the Classical Laminate Theory using the eLamX software (2016). 
This software allows to make these kinds of calculations for 
more complex layups than the formulae used in chapter 2. The 
required thickness for each material was calculated based on the 
thickness pattern I use to make conventional violins. Through 
this method the thickness pattern for spruce was converted into a 
longitudinal stiffness pattern (D11) that could be used to calculate 
the required thickness and layup of each composite material.
Using the formulae, software or excel sheet provided in chapter 
2 you can calculate the required thickness and lay-up. For the 
record I will note the exact lay-up for each composite soundboard:

UDFlax: 5 layers of FLAXTAPE™ 200.

UDC: 7 unidirectional layers of Tenax®-E HTS40/12K/HS.

TwillC: 1 layer Twill-woven AKSACA™ A-38 200 tex (3k), 4 layers 
of unidirectional Tenax®-E HTS40/12K/HS, 1 layer Twill-woven 
AKSACA™ A-38 200 tex (3k). 

Sandwich: 1 layer Twill-woven AKSACA™ A-38 200 tex (3k), 
Aramid honeycomb (thickness 1.5mm, density 29 kg/m³, cell 
size 3.2mm), 1 layer Twill-woven AKSACA™ A-38 200 tex (3k).

If you are an engineer, you already have everything you need to 
recreate my instruments or make your own. If you are a violin 
maker, you might be confused on how to use this information. 
I certainly was when I first came across something similar in 
scientific publications. Therefore, I have made a table you can 
use that might help: table 3.2 depicts the longitudinal (D11) 
bending stiffness for a few composite materials in relation to 
spruce. You can see the approximate rigidity of spruce and the 
other materials for each material. If we take the D11 of spruce 
for a thickness of 2.2 mm (10.8), we can see in the table that to 
reach a similar rigidity for unidirectional carbon we will need a 
thickness of approximately 1 mm. For Unidirectional flax we will 
need something between 1.5 and 1.6 mm. 
 Of course, if you work with a lay-up that has fibers 
running in multiple directions, you will also change the other 
bending stiffnesses D22 and D66 considerably. In table 3.3 I 
have added these for the soundboards as calculated using the 
aforementioned eLamX software.
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Table 3.3: Engineering constants (D11, D22 and D66) of our composite 
soundboards in relation to spruce. The unidirectional composites have a very 
similar anisotropy, while TwillC and Sandwich have an increased stiffness in the 
lateral direction (D22).

Figure 3.11: three horizontal splines and one vertical spline are used as a starting 
point to shape the arching of the soundboard.

Figure 3.10: sketch of the convex and concave parts of the arching (upper bout of the back plate).

3. Making violins from fiber-reinforced 
composites
With the design and calculations discussed, I present you with a 
practical guide on how I make composite violins.

3.1 Pattern making 
First, I will explain how I made my patterns. From these patterns 
we will make glass fiber molds, which we will use to create our 
actual instruments.

3D software vs handmade arching

I experimented with drawing the arching of a soundboard in 
3D software but found it incredibly difficult to digitally create 
a satisfactory arching out of (almost) nothing. When I look at 
the arching of existing carbon fiber instruments like those of 
MezzoForte I can see it was drawn in 3D software: it lacks a 
transition from the convex part of the arching to the flat edges 
where the soundboard is glued to the ribs. I can see the limitations 
of working with 3D software which result in an arching shape I 
consider less attractive. In many conventional violins, the convex 
arching transitions into a concave curve before the edge. I cannot 
prove this has an acoustic effect, but visually this transition 
makes the arching much more fascinating and appealing. Most 
3D designed soundboards lack the concave part of the edge and 
are only convex or have a transition that feels strange. 

This convex-concave transition is subtle and different in the 
various regions of the instrument: it changes as you descend 
from the upper bout, through the middle region where it is 
almost completely convex and changes again as you descend 
into the lower bout. This makes it incredibly difficult to draw 
digitally. To come close, you would need to draw horizontal and 
vertical splines every 1 to 2 cm. Violin makers usually shape an 
arching based on only 1 vertical and 3 horizontal splines. Since 
I am a violin maker and have the embodied knowledge to create 
an arching by hand, this is the option I prefer.

I have selected medium density PU foam (250 kg/m3) to make 
my patterns. It is a material which can be cut by hand easily 
using all the conventional violin making tools. This allows me to 
make the patterns using a methodology I am very familiar with.
 As discussed previously the sides were slightly tapered 
in a degree of +-3° towards the back, giving the body a positive 
draft angle to facilitate releasing pieces from the mold later.
 The arching of the back and top plates was carved by 
chisels, followed by small planes, and eventually sanded to a 
rough finish (fig. 3.12). This process is very similar to carving a 



55

Figure 3.13: details of the patterns. a) ‘baroque’-like transition from the body to the neck. b) heel or button of the neck. c) rounding of the corners to prevent bridging.

Figure 3.12: shaping the arching of the back plate. Up: rough shaping with chisels. 
Down: finishing the arching with thumb planes and sandpaper under a single 
light source. 

Figure 3.14: Up: polyester pattern coat primer. Down: the patterns are wet-
sanded to a high gloss finish. 

conventional soundboard, which makes it an easy method for 
any instrument maker to adopt. The fact that the foam has no 
grain direction facilitates shaping the arching in comparison to 
wood. Personally, I found it easier to make an arching in medium 
density PU foam than in wood as I was free to carve the material 
in any direction. 

Just like when one would shape the arching of a conventional 
violin, using a light source in a dark environment helps to analyze 
and correct the arching so it has a subjectively good shape and 
symmetry. The shape of the neck and head was also sawn and 
carved out medium density PU foam using conventional violin 
making tools.
 When both the body and neck where finished, the neck 
was inserted in the body in a similar way as a conventional neck 
of a violin in the top block. The main difference being that there 
was no button in the back plate (fig. 3.13). Once glued, a small 
recess was cut in the upper edge of the neck to facilitate fitting 
and gluing a soundboard on it later. The heel of the neck was 
finished in a similar way to a normal violin and the corners 
between the back plate and the sides were rounded to prevent 

bridging.
Once the body and soundboard were finished in PU foam, the 
pattern was treated with two layers of Polyester primer (fig. 
3.14). I used the Pattern-coat primer of EasyComposites for this 
task, other polyester resins with a relatively high viscosity can 
be used as well. To violin makers this process is comparable to 

varnishing an instrument.
I found it easiest to start wet sanding halfway through the 
hardening process of the resin. The resin must be fully cured 
past its B-stage, also called ‘tacky’ state. Yet the resin will take 
some additional hours to increase hardness. Sanding before the 
maximum hardness is reached goes allot easier and faster than 
after the polyester has completely hardened. If you wait too long, 
the resin will be much harder, and the sanding will thus go much 
slower. When the pattern was sanded down, a layer of high-gloss 
Polyester resin was brushed on and left to cure. Wet sanding 
was done halfway through the drying process. Additional wet-
sanding was done after the piece was fully cured to reach a high-
gloss finish.
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3.2 Mold making
There are many ways to make high quality molds. I opted for a 
mold made from glass fiber reinforced polyester as it is relatively 
cheap, durable and lightweight. Below you will find a practical 
guide based on my experiences producing glass fiber reinforced 
molds through hand lay-up.

The surface – making flanges

When making most fiber reinforced composite parts, you will 
need a mold with flanges (Fig. 3.15). This will give your mold a flat 
surface to which you can attach the vacuum bag in the making 
process. To make a mold with flanges, the pattern should be 
placed on a large flat surface. Many materials can be used for 
this, but the most suitable are those to which your resin will not 
stick. I used Polypropylene sheets for this purpose. Your flanges 
should surround your piece by at least 10 cm at all sides. You 
should restrict the movement of your pattern on your surface 
as much as possible. This will decrease the chance that you will 
have resin between the pattern and the flat surface, which can 
ruin you mold. If you are very unlucky it will ruin your pattern 
as well. The pattern can be temporarily fixed on your surface in 
many different ways, I opted for screws.

Filling gaps

There will always be (tiny) gaps between your pattern and the 
surface. Even the smallest holes must be filled with wax (fig. 
3.15). Keep the draft angle in mind while you are doing this to 
avoid creating undercuts.

Release agent

You must make sure the pattern will detach from the mold easily. 
This is achieved by applying a release agent. Personally I prefer a 
chemical release agent as it does not add an additional thickness 
layer to the pattern. I used Easy-Lease Release Agent from Easy 
Composites for this purpose. Make sure you cover all the areas of 
your pattern in each layer and pay additional attention to corners 
and holes. If you used wax to fill up holes, avoid contact with 
the release agent as much as possible, the two can chemically 
interact and in result damage your wax.

Figure 3.15: Pattern prepared for mold making. The pattern is laid on 
polypropylene sheets and all holes between the pattern and polypropylene sheet 
are filled with wax.

The following steps of gelcoat, coupling coat and fiberglass 
reinforcement are time critical. Make sure you have everything 
ready to go for the entire process before you start.

Gelcoat

The first layer of your mold is the gelcoat, a somewhat thicker 
polyester resin that will become the inside surface of your mold. 
A practical tip: Cover the sides where your mold will end with 
tape. Remove the tape when you have painted on your gelcoat 
but before you let it cure. When your mold is finished you will get 
a clean line that you can use as a guideline to cut out the outer 
lines of your mold. You will need approximately 600 g of gelcoat 
per m². Based on this, you can calculate the desired amount of 
gelcoat and hardener according to the dimensions of your mold 
and piece.

Mix the Gelcoat and hardener and stir for 2 minutes. If is not 
stirred enough, the gelcoat could not harden fully at some places. 
In an effort not to repeat myself I will say this only once: better 
to stir a little too long than not long enough. This applies to all 
polyester and epoxy resins!

Apply the gelcoat on the piece and surface with a brush: First 
cover all areas generously with dots of the gelcoat with your 
brush, then use smooth strokes to connect the dots and areas in 
between. Work from the highest point of the mold downwards. 
First applying dots of gelcoat and then stroking them towards 
each other will result in a more even distribution in thickness as 
you are not working from a thick area in the middle of your mold 
and thinning it out towards the edges. Choose the size of the 
brush according to the size of your mold. I used a 30 mm brush 
to make the violin molds described in the chapter but switched 
to a 60 mm brush to make cello molds. Neither a too thin nor 
too thick layer of gelcoat is desirable: aim for an even coating of 
approximately 1 mm. Pay attention to fisheyes (small craters) in 
your gelcoat. These can easily develop along steep sides where 
your resin can ‘fall’ downward.

Allow the gelcoat to dry until it is firm but leaves a fingerprint 
when you push it. This is called the ‘tacky’ state or B-stage of 
the curing cycle. How fast you reach this state depends on the 
amount of hardener and room temperature. In my case it varied 
between 1 and 3 hours under normal conditions. Do not let the 
gelcoat harden past the b-stage before applying the coupling 
coat. This would prevent the next coat from chemically bonding, 
which results in a weaker mold. Keep in mind that as the curing 
process is exothermic, thicker places will harden more quickly!

Coupling coat

This coat forms the layer in between the gelcoat and the resin. 
Without this layer, the two would not stick together.

Mix the desired amount of coupling coat (around double the 
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amount of gelcoat used) with the hardener and stir well. Apply the 
coupling code on the gelcoat with a brush and cover with a sheet 
of Chopped Fiberglass of approximately 100g/m². Apply more of 
the coupling coat resin where needed, making sure all fiberglass 
has reached its full absorption capabilities. Use your brush and a 
finned roller to make sure there are no air pockets and push the 
coupling coat well into all corners. Allow the coupling coat to cure 
to a tacky state. 

Fiberglass/resin coat

When the coupling coat has reached its tacky state, the mold 
is ready for its final layers of chopped fiberglass and resin. In 
this layer multiple sheets of fiberglass are laid out and coated 
with resin. Use heavy sheets of fiberglass CSM, for example 450 
g/m² or 600 g/m². Which CSM weight you use is not relevant, 
however, a total of 1800 g/m² in the added sheets of this layer 
is recommended to have a sufficiently stiff mold. A mold which 
is not stiff enough can warp as they are used. Additionally, the 
hardening process needs the heat generated by the exothermic 
reaction to fully cure. If the layer is not thick enough, it will not 
be able to fully cure.

Calculate the amount of resin you need based on how much 
you used in the coupling coat, taking in mind that you will add 
approximately 3-4 times the amount of the coupling coat. Mix the 
resin with the hardener and stir well. Spread resin on the mold 
and apply rags of fiberglass to cover all areas. Push the fiberglass 
into the resin using your brush and finned roller. When all areas 
are covered with fiberglass, the fiberglass has absorbed the 
resin, and you have pushed the rags well into all corners, repeat  
the process until you have reached the desired amount of layers.

Leave your mold to cure completely, depending on the room 
temperature, this could take a day or even two days when it is 
cold. If you have a sufficiently large curing oven you can use it to 
speed up the drying process: put the oven on 40-50° and leave 
to cure. Let the mold cool down to room temperature before 
unmolding to avoid warpage.

Unmolding

Before you are able to finish your mold, you must first remove it 
from the surface and remove the original piece from within the 
mold. If you have done the previous steps flawlessly, this should 
go quite smoothly and no errors should occur.

You will need a flat plastic card, some wedges and possibly a 
small hammer. Start by getting the card under all the edges. Once 
these are loose, apply upward pressure from different sides by 
inserting the wedges between the surface and the mold. It is 
advised to apply pressure from all sides evenly, and not try to 
loosen only one side by using a lot of pressure there. Work your 
wedges towards the middle of your mold until it pops of. If your 
original piece does not pop out of the mold easily and you have 

no grip on the piece to pull it out, do not apply pressure between 
the mold and the pattern with wedges, because it will damage 
your mold. Instead insert screws in your PU foam pattern and 
pull those to get the piece out.

If done correctly the mold should not have any errors or pieces 
that came out. If this is the case, you can fill these pieces up with 
wax before using the mold. Errors on the flat surface around 
your piece are no problem for the pieces you make with the mold 
but could affect the ease of demolding. Therefore, sand them out 
or fill them with wax.

Finishing the mold

The pieces you make in your mold can only be as good as the 
mold itself. This is especially the case for the surface. If you sand 
the mold very well and polish it, the pieces that will come out will 
have a smooth perfect surface which will not need any further 
polishing. Therefore, especially if you will be making more than 
one piece from the mold, it is wise to invest enough time in the 
sanding and polishing of the mold. All the time you spend on the 
finish of your mold is time you do not have to spend on the pieces 
that come out of it. Sanding is best done by stepwise increasing/
doubling the grid of the abrasive paper. It is advised to sand with 
water, as this will prevent the sanding from being aggressive and 
leaving sanding marks. How much you sand you mold is up to 
you. Here is an example of the order of abrasive paper you could 
use:

In case large errors need to be sanded out, start with: 100 - 200 
- 400
If no large errors or the errors have been sanded out: 600 - 800 
- 1200 
For the diehards, if you want: 2000

Never step to a grid more than double of the previous one, as 
this grid will not be able to remove the sanding marks left by the 
previous layer effectively. If desired, you can further polish your 
mold for a mirror finish. Clean your mold with a mold cleaner. 
Do not use any products to clean that will react with the gelcoat!

For the molds I made for my cello’s I decided to reinforce the 
sides of the molds with wood, as I noticed the sides can warp 
after extensive use. An additional advantage is that your mold 
does not rock around your table as you are working with it.
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3.3 Vacuum Assisted Resin Transfer Method (VARTM)
In chapter 2.3 I gave an introduction to infusion (VARTM). I 
explained how I made flat fiber reinforced composite plates 
through the infusion process. If you want to make composite 
parts for instruments, which are complex 3D shapes, some extra 
information might come in handy.  If you are reading this because 
you want to make composite parts for instruments yourself, I 
highly recommend making a few flat plates before attempting 3D 
parts. Glass fiber plates are best to practice your making as they 
are transparent, allowing you to see if you have any air trapped 
inside the plates.
 For the visual aspect of your piece, the first layer is the 
most important. This will be the visible layer in your final piece. 
In complex pieces like a violin body you can work with different 
pieces that you cut out and overlap. In some cases, you can 
use an adhesive spray to temporarily fix fabric to the mold or 
to each other. Especially if you are a novice to infusion, this is 
can drastically improve your accuracy. Unfortunately, if you do 
it with your first layer it can leave an undesirable visual effect 
in your piece. For complex structures it can also help to make 
cuts with a scissor in the fabric, so it fits better in and around 
the curves of the mold. However, the more you make these cuts, 
the less strong the part will be. In the case of violins, after some 
trial-and-error, I decided to not make cuts or use adhesive spray. 
When you are making 3D composite parts, it is important to use 
an infusion mesh which can twist and bend easily. Some meshes 
are not suited to fit in and around corners. I recommend using a 
knitted infusion mesh for complex parts.
 You might be tempted to combine different fibers into 
one piece. This is possible, but it should be noted that this can 
cause distortion in the curing process. Especially if you do not 
make your layup symmetrical. As an example, here is a picture of 
a plate made from one layer of flax and carbon fiber. FYI: it was 
supposed to be a flat plate.
 When laying the fabric inside your mold, you must 
make sure that it fits inside all your corners. 
Having your fabric extend well beyond your piece onto the flat 
surface, as in the finished piece in Figure 3.17, will ease the 
demolding of your piece.

Figure 3.16: Asymmetrical lay-up can cause your piece to warp considerably. 

Figure 3.16: Asymmetrical lay-up can cause your piece to warp considerably. 

Figure 3.17: The carbon fiber extends beyond the shape of the piece onto the 
flanges to ease demolding.

Once all the layers are in the mold the vacuum can be prepared 
and established. When making a complex 3D shape you will have 
to compensate for the depth of your mold with your vacuum 
bag. Make sure it is sufficiently large and has evenly distributed 
pleats as you attach it to your mold. Make sure your vacuum film 
is pressing the fabric into the mold at all places. When making 
complex pieces, this is likely not to be the case in your first 
attempt. Turn the vacuum pump off shortly, perhaps opening 
your clamp to help release the bag. Adjust the bag and press it 
well into the corners where needed and turn the pump on again. 
Repeat this process until the vacuum bag presses the fabric into 
the mold well in all places. After the vacuum check, the pieces 
can be infused in a similar manner to the plates in chapter 2.3.

3.4 Assembly
Cutting, trimming and drilling
Fiber reinforced composites are tough materials. If you want 
to work with them, you will need appropriate tools for cutting 
and trimming. The usual planes, chisels and saws used in violin 
making will not do. I will give you a brief overview of some do’s 
and don’ts that should allow you to get started.
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2
Figure 3.19: Abrasive cutting tools for carbon fiber reinforced polymer. a) Dremel 
wheel. b) rod saw.

Safety

Whenever cutting or trimming carbon you will create fine 
dust. Any fine dust, even sawdust (from wood), is hazardous to 
some extent. For fiber reinforced composites, the risk is mostly 
limited to irritation. However, one should always be on the 
safe side. Protective skin-, eye- and respiratory protection is 
recommended. As I continued working with carbon fiber, I only 
increased the amount of protective equipment I was wearing (fig. 
3.18).

Cutting 

For your own safety, I strongly recommend only using cutting 
tools especially developed to cut fiber reinforced composites. 
When cutting composites, tools with a fine cutting surface are 
preferred (fig. 3.19). Coarse cutting surfaces can result in fracture 
or delamination in the composite material. As a general rule, 
refrain from using cutting tools that have teeth, especially when 
using power tools. Cutting tools that have an abrasive edge are 
safer for the piece you are cutting, the tool and yourself (provided 
you use protective equipment for the dust). One can use a 
hacksaw, angle grinder or jigsaw to cut composites. However, for 
cutting parts of music instruments these tools are not ideal. For 
precise straight cuts I prefer to use a Dremel with a tungsten 
carbide abrasive wheel. When working cutting curves and parts 
that need a high level of accuracy, I use a tungsten carbide rod 
saw.

Figure 3.18: first (left): minimal required protection when cutting carbon fiber which I used initially: Glasses, FFP2 mask, long sleeves and gloves (on the table). Second: 
this still resulted in quite a lot of exposure to the skin. Third: I switched to full face protection to further reduce contact with the fine dust.

Trimming

Similar to cutting, abrasive tools are preferred for trimming. 
Metal files work as well, yet you must take into account that they 
will dull easily when you use them on certain composites like 
carbon. Again, I prefer to use files or sanding blocks with tungsten 
carbon abrasive surfaces. If the trimmed parts will be glued, I 
leave the rougher surface of the tungsten carbon abrasive. If the 
trimmed part will be exposed, for example the inside of a sound 
hole, I finish it with sanding paper.

Drilling

You can drill fiber reinforced composites with metal drills. 
Similar to metal files, they will dull rather quickly. Specialized 
drills for composite materials exist.

Carbon fiber bodies
For the research, I want a consistent quality between the bodies 
of the violins. After demolding a piece made through infusion, 
a visual inspection was performed. I checked for faults like 
bridging, warping and ‘dry’ spots where there was insufficient 
resin for a full impregnation of the fabric. The pieces that passed 
this initial inspection were roughly cut to size, after which their 
weight was measured. The first tree pieces failed to meet the 
quality criteria, but the following six were all of high quality with 
a limited variability in weight between them (average of 173 g 
with a max dev. of 3%). The carbon fiber bodies were randomly 
assigned a top plate, as pictured in figure 3.20.
 A synthetic fingerboard was fitted and glued to the neck 
of the instrument, leaving the neck hollow (fig. 2.21). A small flat 
piece of carbon fiber was glued at the position where the upper 
block would normally be to close the gap between the sound box 
and neck. With the fingerboard fitted to the neck the projection 
height can be checked when the soundboard is be glued to the 
body. The holes for the pegs were drilled and a conventional 
reamer was used to enlarge the holes to the required dimensions.
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Figure 3.20: Six CFRP bodies after they were cut to size before the soundboards were glued. 
Figure 3.21: Hollow neck of the CFRP violin bodies.
Figure 3.22: Spruce soundboard was carved by hand in a conventional way. During the making process the pattern’s arching was copied as close as possible.  
a) The arching from the outside. b) soundboard from the inside with thickness pattern written in pencil.
Figure 3.23: The S-shaped sound holes on the UDFlax soundboard.
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Soundboards
The soundboards made from fiber-reinforced composites were 
produced through VARTM just like the bodies, but the spruce 
soundboard still had to be made by hand. Using the shape of 
the patterns as a guideline, I copied the shape and arching to 
a high-quality piece of spruce (fig. 3.22). After the outline of the 
soundboards was cut and trimmed to size, the sound holes 
were cut out according to the previously discussed design with 
a Dremel and rod saw. I finished the shape by hand with small 
tungsten carbide abrasive files and sandpaper.
 After the sound holes were finished, a conventional 
wooden bass bar was fitted (fig. 3.24). Why did I use a conventional 
spruce bass bar? I could certainly have replaced the spruce bass 
bar with a carbon fiber one. Doing this well, however, would be 
complicated. There are simply too many unknowns about the 
effect of bass bar shape, weight and stiffness on the sound of the 
violin. Sure, I could make an educated guess, but I did not want 
to risk ruining all the instruments – and the experiment – by 
fitting a carbon fiber bass bar that could be a confounder in the 
results. To reduce inter-variability all the bass bars were made 
from a single piece of spruce.

Figure 3.24: Fitting of the bass bar: Upper: chalk is used on the soundboard to 
help the fitting of the bass bar. Under: The bass bar is glued into position on the 
Sandwich violin.

Figure 3.25 (Upper): The soundboard glued to the violin body.
Figure 3.26 (Under): a) high gloss finish on a twill woven carbon fiber soundboard. 
b) matt finish on TwillCA.

Closing the box
Finally, the soundboards can be glued to the body using epoxy, 
effectively closing the sound box (fig 3.25). At this stage it is easy to 
accidentally change the projection of the fingerboard (projected 
height at the position of the bridge) while gluing. I took care to 
make sure the projection of all violins was 27 mm. Once the glue 
was fully hardened, the excess overhang of the soundboards was 
trimmed away. An upper and lower nut was fitted, making the 
violins ready for their finish.

Finish
There are a number of aesthetical finishes that can be given to 
fiber reinforced composites. Personally, I find that a high gloss 
coating looks too industrial. It reminds me of the thick varnish 
of cheap mass-produced violins. As these instruments are 
completely hand-made, I want a finish that feels more intriguing. 
I found sanding the violin to a matt finish gave an incredible 
visual result that I really liked. The reflection of light on the 
surface changes depending on the fiber direction, which makes 
it feel alive. You can see this effect in Figure 3.26.
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6Set-up
The instruments were fitted with a spruce sound post and a high-
quality Aubert bridge (Savarez ©), Wittner tailpiece, chinrest, 
and fine-tune pegs® (WITTNER® GmbH & Co.KG). Strings were 
Dominant for G, D, A (Thomastik-Infeld GmbH ©) and Kaplan 
for E (D’Addario & Company, Inc.©).
 A second independent luthier was asked to examine the 
instruments for any accidental differences in the set-up. In this 
way, a small difference (1 mm) in the placement of the bridge of 
the UDFlax violin was corrected. 
It is important to note that after the initial set-up, no changes 
were made to these violins. Of course, this could influence 
our results: it is unlikely that this set-up is ideal for all the 
instruments. Yet at this point, there is no way of knowing what a 
‘good’ or ‘bad’ set-up for these instruments would be. Changing 
the set-up between the violins could also be a confounder for 
our upcoming experiments: we would not know if differences we 
measure or perceive are caused by the different soundboards 
or a different set-up. As expected, two of the violins stand out 
in weight (Table 3.4): Sandwich has the lighest soundboard with 
only 42.3 g. UDFlax stands out as the heaviest with a soundboard 
of 100.3 g.

Table 3.4: weight of the finished soundboards, engineering constants calculated 
using ELamX (2016) and estimation of damping of the materials. The damping 
is an approximation in comparison to spruce, which was given the 0 value as the 
benchmark material.

Figure 3.27: Violins with soundboards from various materials. From left to right: 
Sandwich, UDFlax, Spruce, UDC and TwillC(B).

4. Conclusion and artistic review
My main research question in this chapter was the following: 
can the violin maker’s craft be extended to include composite 
materials? In an attempt to answer this question, I have designed 
and made composite violins completely by hand without the use 
of 3D software. Although some new making methods have been 
introduced, all are within range of most makers’ capabilities 
with a limited amount of training or trial-and-error. Many of 
the techniques used can be considered quite - or very - close to 
the traditional craft. The answer to the question in my opinion 
is therefore: yes, the violin maker’s craft can include composite 
materials. Classical laminate theory - which can be boiled 
down to an easy-to-use spreadsheet for those not into physics 
- provides a solid starting point for any maker who wants to 
transition into a new (composite) material.
 I have discussed my design influences and 
considerations and I have shown how I made these violins. For 
me personally, the design and making process felt liberating. 
Free from the restraints of tradition, I am creating instruments 
that are likely to sound different. There is no pressure to achieve 
or mimic a certain sound, only the promise of a new experience. 
Overall, I felt the learning curve was manageable. Steep enough 
to be a challenge, but all things considered within reason. After 
making these violins I don’t know if I can go back to making 
conventional instruments: at this point I honestly cannot say if I 
would find it interesting enough. In this chapter, the boundaries 
of what a luthier can make have been pushed – and for me 
personally – shattered. Is there a limit to the new possibilities 
for the craft?
 Of course, one can question if the instruments I have 
made in this chapter still categorize as ‘violin’: after all, this is 
a term that describes a set of well-defined parameters, some of 
which I have deviated from. For me, it doesn’t matter what you 
call these instruments. I think the discussion of what parameters 
an instrument should have to be called a violin is a useless one. 
The boundaries will depend on your subjective opinion. In the 
first chapter I have stated that there are many myths and dogmas 
in the violin making world, and that most violin makers strive for 
a similar sound. In all honesty, I must admit that some of these 
myths and dogmas are likely to be found within my instruments 
as well. I could certainly have deviated from the tradition more 
drastically, which would likely result in instruments that deviate 
further from the norm in sound and way of playing as well. In 
this chapter I have explained why I did not. 
 Using fiber reinforced composites to make music 
instruments provides many artistic questions and choices 
for violin makers. How do you adapt your design and making 
process to the material? How do you make an instrument which 
is a good balance between novelty, tradition and functionality? 
Which aesthetic do you aim for? The answer to all these 
questions is subjective, which opens the door to many different 
roads instrument makers can follow.

In this chapter you have read how I did it, how would you?

4
Vibration analyses
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1. Objective
In the previous chapter, I have used my newly gained knowledge 
on materials to design and construct violins with soundboards 
made from various fiber reinforced composite materials. 
We can expect each of these materials to behave differently 
regarding the production of sound, but how can we examine this 
objectively? A first step is to examine the effect of the materials 
on the vibrational behavior of instruments. To gain insights 
in how a violin ‘makes’ sound, we can study it from a physical 
perspective as a frequency filter. Each instrument has its own 
body shell response or resonance profile that contributes to the 
sound it creates as described by Woodhouse (2014) and Gough 
(2016). Among other parameters like arching shape and volume 
of the cavity, the body shell response of violins is influenced by 
material properties. In chapter 3, I have made the violins with all 
other parameters kept constant, allowing us to isolate the effect 
of the material of the top plate. By examining variations in the 
body shell response of the violins, we can therefore learn how the 
materials affect the sound of these violins.
 In this chapter I will start by giving an introduction and 
discuss existing literature regarding the vibrational behavior 
of music instruments. I will introduce the signature modes of 
a violin and how you can measure them through experimental 
modal analysis. Using this knowledge, I will take a moment 
to look at some simulations made with my violin design in a 
seperate section: Using a numerical model we will look into the 
effect of arching, sound holes, bass bar and sound post on the 
signature modes. Then we will compare the effect of different 
materials as input parameters. This gives us a solid base to make 
hypotheses about what differences we can expect to measure in 
our prototype instruments.
 By this point you will be familiar with the vocabulary 
associated with modal analyses of violins and we can move 
back to the ‘real’ world. First, I will discuss the pros and cons 
of different methods to perform experimental modal analyses. 
This part will be quite technical, but it is necessary to make 
sure our measurements are repeatable! Based on these results 
a methodology is selected to perform modal analysis on the 
prototype violins. 
 Finally, I will discuss the differences in vibrational 
behavior in the violins compared to each other and a 
conventional violin. The signature modes will be compared as 
well as the response at higher frequencies (> 1kHz). This allows 
us to investigate the links between the material properties and 
the vibrational behavior of our violins.

2. A summary on the vibrations and 
acoustics of the violin
If you are not familiar with how a violin ‘makes’ sound, this 
section levels the playing field. None of the information below is 
new. Most has been described by Cremer (1984), Jansson (2002), 
Woodhouse (2014) and Gough (2016), to whom I refer interested 
readers should they want to know more about the topic.
 For centuries, researchers – and violin makers – have 
been fascinated by how bowed instruments create sound and how 

that sound can be changed or improved upon. The fundamentals 
can be traced all the way back to Pythagoras around 500 B.C., 
who described the harmonic relation of strings: the fundamental 
and its overtones. As an introduction, I feel it is more relevant to 
give you, the reader, a summary of what we know today. I refer 
readers interested in the history of acoustic research to Hutchins 
(1983) and Buen (2006).
 Bowed instruments create a pitched vibration by 
dragging a bow across a string. As depicted in figure 4.1 the hair 
on the bow, in combination with the rosin, grabs the string and 
drags it with it. As the string is dragged in the direction of the 
movement of the bow, the material of the string is stretched and 
gains elastic energy: potential mechanical energy stored in the 
deformation of the string. This is called the ‘stick’ part of the 
bowed excitation. At a certain point the string is stretched so far 
that the elastic energy becomes large enough to overcome the 
friction between the bow and the string. Using this stored elastic 
energy, the string moves in the opposite direction of the bow. 
This is called the ‘slip’ part of the bowed excitation. When bowed 
instruments are excited with a bow in a conventional way, these 
two phases keep interchanging rapidly. During the ‘stick’ phase 
of this motion, a ‘kink’ travels through the string that reflects 
on the fixed top nut back towards the bow. This excitation of a 
string by a bow, first described by Helmholtz (1862) is called a 
‘stick & slip’ motion. This motion creates a saw tooth driving 
force, or ‘input signal’ of the string on the bridge. This saw 
tooth motion comprises both the fundamental frequency, 
as well as the natural harmonics (a.k.a. overtones) of a string.  
To analyze such a complex waveform, the saw tooth waveform 
can be converted to the frequency spectrum by performing 

Figure 4.1: The Stick ‘n’ Slip movement of the bow across the string generates a 
waveform in the shape of a saw tooth. Schematic representation by T. Duerinck.
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Figure 4.2 Schematic representation on the transformation of the input signal 
generated by the musician with soft or harsh bowing though the body shell 
response of the violin and the resulting acoustic spectrum generated. Based on a 
figure by Gough (2016).

a Fourier Transform. In short, this transformation converts 
an arbitrary signal (in our case a saw tooth sound wave) into 
the many individual sinusoidal waves which comprise it (the 
fundamental and its harmonics). Each of these individual waves 
contain their own frequency, amplitude and phase. You can see a 
video of the stick & slip motion here1.
 This input waveform travels through the bridge of the 
instrument, which acts as a first filter that mostly affects the higher 
frequencies (Bissinger 2006). The bridge is connected to the rest 
of the instrument through its feet. The feet of the bridge transfer 
the vibrational energy to the rest of the body, which acts both as 
a second filter (changing the spectral content or timbre) and an 
efficient transformer of vibrational energy towards air (radiating 
sound). Thus, the vibrational behavior of the bridge is coupled to 
the rest of the instrument. This means that the vibrations from 
the bridge influence the vibrations from the rest of the body and 
vice versa. The bridge has two important in-plane resonances: a 
rocking motion around 3 kHz and a bouncing motion around 6 
kHz. In this research, the bridge is not my topic of interest. As the 
bridge is strongly coupled to the rest of the instrument, we study 
the vibrational behavior and acoustic radiation of the instrument 
as one entity.
 The body shell response is a very complex interaction 
between the different parts of the violin and the air inside (and 
to a lesser extent outside) the instrument. It can be visualized 
through a Frequency Response Function (FRF) which has the 
amplitude (usually dB) on the y-axis and frequency (Hz) on the 
x-axis. A FRF is defined as the Fourier transform of the time 
domain response divided by the Fourier transform of the time 
domain input (Wang 2016). In layman’s terms: a FRF depicts 
the ratio between the output (in our case the vibration or sound 
measured) and input (the energy you put in the violin to make it 
vibrate/make sound) in the frequency domain.
 The effect of the body shell response can be seen in the 
output signal, also known as the radiated sound. Therefore, this 
body shell response determines the acoustical performance of an 
instrument to a large extent: how loud it can be (the amplitude of 
the signal) and the timbre it can produce (spectral content of the 
signal). Of course, we must not forget the musician. Depending 
on his/her playing technique, a different input signal is generated. 
Because of this, the violin has a different acoustic output (figure 
4.2). In my opinion, a bowed instrument can only sound as good 
as the musician who plays it. I am sure everyone who ever heard 
a beginner practice on a bowed instrument agrees. A shout out 
to all the parents, partners and others who have to live through 
their loved ones learning to play a bowed instrument. If you are 
going through that now: it gets better… Well… it should get better.
 

1 Bowed violin string in slow motion (2011): https://youtu.
be/6JeyiM0YNo4?t=42 accessed 24/07/2020.

What determines and influences the peaks from the body shell 
response? What are these peaks in the FRF? All the peaks relate to 
eigen resonances of the body and/or the air within the body (the 
latter also known as air resonances). The frequency, amplitude 
and damping of these resonant modes is determined by many 
factors including (1) properties of the materials used: density, 
stiffness, damping etc. (2) the way the violin is constructed: 
model, shape of the arching, thickness of the soundboard, 
model of the bass bar and (3) the set-up of the instrument like 
the position and tension of the sound post, the bridge, etc. Some 
modes might be influenced more by certain parameters than 
others. Now that you are familiar with the general idea on how 
the body shell response of a violin affects its radiated sound, we 
can look into modal analysis.
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2.1 Literature on modal analyses of violins
As I want to study the inherent qualities of a violin, the radiating 
modes – observed as peaks in the frequency response function 
– are an interesting field of study as they affect the radiated 
sound and are almost constant. To be precise, small variations 
in measurements (amplitude, frequency and damping) can be 
observed in practice. This is likely the effect of humidity and 
temperature on the materials (Viala et al. 2019). For decades, 
experimental modal analysis has been a common tool to study 
the vibrational behavior of soundboard instruments like the 
violin (Marshall, 1985; Bissinger and Ye, 2000; Woodhouse 2002; 
Bissinger 2008; Zygmuntowicz et al. 2009; Skrodzka et al., 2009, 
2011, 2013, 2014; Pyrkosz and Karsen, 2012; Lu Y., 2013; Duerinck 
et al., 2014; Skrodzka 2016). It has increased our understanding 
on the vibro-acoustical behavior of both conventional and 
experimental instruments (Bissinger, 2008; Duerinck et al., 
2014). 

2.1.1 The signature modes
For the violin, this research has resulted in a nomenclature of 
signature or normal modes (Table 4.1). Gough (2015) has shown 
that these signature modes find their origin in the interaction of 
various component modes. The nomenclature used most in my 
experience is B0, B1-, B1+, CBR (eigenmodes of the corpus), A0 
and A1 (air resonance modes) (Bissinger 2008). Rossing (2010) 
on the other hand describes the same modes but calls them 
differently: B1, C1, C2, C3, (for the eigenmodes of the corpus) 
A0 and A1 (air resonance modes). Schleske (2002) uses an even 
different scheme in which he calls the radiating body modes 
T1 (B1-) and B1 (B1+). In my opinion, the minor disadvantage 
of Rossing’s scheme is that it makes no distinction between the 
usually weakly radiating CBR/C1 corpus mode, and the modes 
B1-/C2 and B1+/C3, which are known to be strong radiators in 
conventional violins. Schleske’s nomenclature does not have 
this issue, but I have not come across other papers who use 
it. Of course, all of these systems are valid, in my experience 
most violin makers and researchers use the CBR, B1- and B1+ 
nomenclature, which is why I choose to use this nomenclature 
for this thesis. Since the violins I will study are quite different 
from conventional ones, their mode shapes could be different. 
One could argue that I should introduce a new nomenclature for 
the observed modes. In my opinion however, that would make 
the interpretation of the results more difficult to understand for 
my colleagues. Therefore, I have chosen to name the observed 
modes based on the normal mode shapes of conventional violins. 
Readers are warned that among experts there is a divergent view 
on the signature modes and thus some might not agree with the 
names I give to the modes observed in my instruments.

Table 4.1: Variations in nomenclature of the signature modes.

A modal analysis allows to study the mode shape, frequency (Hz), 
amplitude (dB) and damping (%) of each mode. The measured 
damping of a mode comprises all the energy losses and therefore 
includes support fixture damping, acoustic radiation damping 
and internal damping. Support fixture damping depends on 
how the instrument is mounted, but its effect can vary between 
modes depending on the shape. The radiation damping is 
directly related to the acoustical energy, but the internal damping 
is mode-shape specific. This is important to consider as we will 
compare the damping values of various modes.
 Fig. 4.3 shows a typical frequency response function 
below 1 kHz with indication of the signature modes’ resonance 

Figure 4.3: frequency response function and signature modes (dotted lines) 
of a carbon violin top plate. From left to right: B0, A0, A1, B1-, CBR and B1+. A 
schematic representation of A1, B1-, CBR, and B1+ on the top plate are displayed 
on the bottom with the approximate nodal lines displayed in white.

frequencies and schematic representation of the nodal lines.
B0 is the lowest corpus mode, it shows a strong motion of the 
fingerboard and a rigid body motion of the body around the 
transverse axis. It is not always included in modal analysis of 
violins and is by some considered of minor importance. Yet 
preliminary experiments at the Oberlin Acoustics workshop 
(2019) showed that B0 can have a significant effect because of its 

proximity to A0. The luthiers working on this project 
thought the violins sounded subjectively better if A0 
and B0 were further apart in frequency. More research 
is needed to shed light on this matter.
 CBR, or Center Bout Rotation is a corpus 
mode with a shear-like motion between the top and 
back plate. It has a relatively low acoustic radiation 
(Schleske 2002; Woodhouse 2002; Bissinger 2008).   
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B1- and B1+ are corpus bending modes that radiate strongly in 
conventional violins (Schleske 2002; Woodhouse 2002; Bissinger 
2008). In conventional violins, they are often seen as two peaks 
close together in frequency response functions and behave 
as coupled oscillators. B1- shows a strong motion of the top 
plate, while B1+ shows motion of both the top and back plate. 
A0, also known as the breathing mode, is related to the first air 
resonance mode or Helmholtz resonance of the sound box. Its 
movement can be described as the ‘breathing’ of the violin body, 
causing significant acoustic radiation. If the resolution of the 
measurement allows it, a nodal line around the right sound hole 
is usually observed. A1 is a mode in which air “sloshes” from the 
upper to lower bout in response to plate motion. It is sometimes 
an important radiator. It is ‘coupled’ to A0 and usually found at a 
fA1 = 1.7*fA0 (Bissinger 2008) in conventional violins.
 In reality, the position of the nodal lines can shift 
from the schematic representations in fig. 4.3. The correct 
identification of the modes can therefore require an experienced 
eye. You can get a sneak peak of the results in figure 4.4 to see 
what I mean. You see the Operational Deflection Shape (ODS) at 
the frequency of the mode. As you can see the mode shapes are 
already recognizable in the deflection shape. In a modal analysis 
of violins, the signature modes can often already be recognized 
in the ODS, yet to isolate the shape of the mode one must run 
the data through a dedicated software program. Notice how 
the mode which is thought to be A1 differs from the schematic 
representation with the nodal line extending into the upper bout. 
This is in line with how the mode of A1 is described by Skrodzka 
(2016). B1- is rarely perfectly symmetrical, in some cases the left 
nodal line is located quite close to the edge, making it harder 
to locate as the movement in this area is limited. For B1+, the 
upper horizontal line can be barely visible for the same reason. 
In my experience, CBR is usually quite easy to recognize due to 
the twisting motion of the C-bouts.
 The range where signature modes like these are found 
varies between instruments: approximately between 250 – 600 
Hz for violins (Bissinger, 2008), 50 – 350 Hz for cellos (Bynum, 
1997) or 190 - 800 Hz for guitars (Torres and Boullosa, 2009). 

Figure 4.4: ODS found at the frequency of the signature modes who were identified through modal analysis using the Polymax software (UDC violin). Dotted lines 
represent nodal lines identified through Polymax. Scale from blue (0) to red (15) represents the velocity of vibration (mm/s) in relation to the input force (V).

In the aforementioned literature, the focus on the description 
of individual modes is usually limited to the region below 1 
kHz. Above 1 kHz, individual modes become more difficult 
to distinguish from each other and the frequency response 
function of an instrument is studied more globally by comparing 
differences in amplitude of FRF’s between instruments. 
Therefore, the frequency response of the manufactured violins 
will also be studied in the higher frequency range.

2.1.2 Relation with perceived sound
How these modes and the response at higher frequencies relate 
to the perceived sound of an instrument is a difficult question. 
First of all, psychoacoustic tests were only introduced quite 
recently in violin research. This presents a problem when we 
want to draw conclusions from prior research. Fritz and Dubois 
(2015) described this in detail in their state of the art:

‘… in the case of the violin, we could not find such controlled 
study on how violins are evaluated until recently (before 2005), 
and thus the main problem with the attempts at correlating 
dynamic measurements with perceptual data in search of quality 
parameters has always been the lack of convincing and objective 
perceptual data. Moreover, while many studies actually tried to 
explain the presumed and largely accepted tonal superiority of 
the Old Italian violins, and many factors had been proposed and/
or investigated to account for it […] no one actually investigated 
the fundamental premise of tonal superiority of old violins as a 
sensory experience, in psychology of perception.’

Because of this reason, we must approach all research before 
2005 comparing violins of different quality with sufficient 
caution. Additionally, results from recent studies that investigate 
presumed differences in sound between violins but lack a 
controlled psychoacoustic experiment to verify this presumed 
difference, should be treated with similar caution. Potentially, 
some research may have fallen victim to the dogmas originating 
from the violin community that persist in the discipline to this 
day, as described by Linsenmeyer (2011). This does not mean 
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that this research is therefore not interesting. One must stay 
critical, but it can certainly help me to gain more understanding 
on where to look in my data.
 Previous research indicates that the A0 mode could be 
crucial to a violin’s sound (Dünnwald 1991; Langhoff et al. 1995; 
Bissinger 2008). It could be that the higher the amplitude of A0, 
the ‘better’ the violin, although it is unclear what a ‘better’ violin 
sound means in this case. Schleske (2002) reported that if the 
frequency of the B1+ mode of a violin is below 510 Hz, it sounds 
soft and dark, while if it is above 550 Hz the violin would be 
more stubborn to play and have a bright sound. He considers 
this mode to be a ‘tonal barometer’ of the instrument. Hutchins 
(1976) on the other hand describes the separation in frequency 
between the A1 and the valley between the B1- or B1+ to be 
important. Meinel (1957) found a correlation between the timbre 
and large energy at low frequencies, with more energy resulting 
in a better timbre. Smaller amplitudes around 1.5 kHz would 
prevent a nasal sound, while large amplitudes between 2 and 3 
kHz together with smaller amplitudes above 3 kHz would result 
in an agreeable, soft and pure sound.
 Dünnwald (1991) investigated frequency bands and found 
the following correlations: a higher amplitude in the 190-650 Hz 
region would be related to ‘fullness of sound’, 650-1350 kHz to a 
‘nasal’ sound, 1.3-4.2 kHz to ‘brilliance and clarity’, and 4.2-6.4 
kHz to ‘Harshness and unclarity’. More recent research by Fritz 
et al. (2012) contradicted some of these findings. They studied 
the perceived effect of resynthesized acoustical modifications 
on five octave bands between 190-6080. The adjectives bright 
and clear were associated with increased levels in bands 4-5 
and slightly decreased levels in bands 2-3. Their results showed 
that if the level of bands 4 and 5 were increased even further the 
sound was associated with harshness. Their results also showed 
a correlation between brightness and clarity with a frequency 
band between 1.5-3 kHz, but a too high response resulted in a 
‘harsh’ sound. They found nasal to be a very subjective statement 
with two groups stating something completely different: one 
group associated it with an increased level of bands 1-3 (190-1520 
Hz) and decreased 4-5 bands (1520-6080Hz), while the other 
group stated the exact opposite. Additionally, Fritz et al. (2007) 
found that auditory thresholds for musicians typically ranged 
between 3-6 dB in amplitude. The best thresholds found in 
participants was between 3-5 dB for individual modes and 2-3 
dB for Dünnwald band averages. Fritz et al. (2012) Hz. Langhoff 
(1995) and Bissinger (2008) also mention that the evenness or 
general shape of the response curve could be a possible quality 
parameter.
 What is the take-away from this? Due to the rarity 
of psychoacoustic data in previous research, we don’t know 
much for sure yet. That being said, there are a few hypotheses 
to keep in mind such as: is a violin with a higher amplitude of 
A0 favored? Is the frequency of B1+ (above or below 550 Hz) a 
tonal barometer? Or is it rather the separation between A1 and 
the B1 modes? Can the response in certain frequency bands be 
associated with the timbre of the instrument? There is clearly no 
shortage of theories we can investigate!

3. Predicting vibrational behavior 
through a numerical model
As a violin maker I prefer to make ‘real’ instruments and study 
those. Yet, I must acknowledge the advantages numerical models 
have to research. Gough (2015) and Viala et al. (2019) have used 
numerical simulations with great success to improve knowledge 
on how violins vibrate and what influences this behavior. I will 
briefly discuss simulations performed by my master thesis 
student Vleminckx (2018) on my violin model as they provide 
insights into the vibrational behavior of the instruments. Since 
the model has increased my understanding of variations in 
construction and material properties, it is part of my research 
journey and it would be strange to leave it out of this thesis.

3.1 The model
Using Abaqus CAE software, Vleminckx (2018), supported by  
dr. Joren Pelfrene, created a digital model of my violin design 
(fig. 4.5). Such a finite element model (FEM) is a computational 
technique that divides an object into many small elements and 
their nodes. It is used in a variety of engineering practices to 
compute things like structural behavior, heat transfer or other 
behavior of objects or materials. In our case, in short: you feed the 
model with material properties and/or variations in construction 
and it will calculate the effect these will have on the vibrational 
behavior of the instrument.

Figure 4.5: Front view of the completed model with top plate (yellow), bass bar 
(green) and sound post (red).

3.2 Insights and predictions
The model is at its current state not a correct representation of 
reality. Yet, it is a controlled research environment we can use 
to gain insights on how certain constructional parameters or 
materials influence the vibrational modes of a violin.
 A word of caution: Although the computations by the 
model are very reliable, one can expect variations with reality due 
to the fact that some input parameters are unknown. There is no 
acoustic medium in the model. This means that the Helmholtz 
resonance of the air volume that influences A0 and A1 does not 
exist. Thus, the mode shapes that look like A0 and A1 are not 
actually those modes, but rather generic mode shapes which 
combine with other modes to form the signature modes (Gough 
2015). As these mode shapes are components of the signature 
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Figure 4.6: Top: First 5 modes with rigid connection between soundboard 
(UDC) and sides. From left to right these likely relate to C0, CBR, B1-, Ld, and 
an unnamed mode. Bottom: First 5 modes with hinged connection between 
soundboard (UDC) and sides. From left to right C0, CBR, Ld, unnamed mode 
and B1+. Top plate (big) and back plate (small) are shown. Green represents no 
movement, red is upward and blue is downard motion.

Figure 4.7: Top: unidirectional carbon fiber soundboard. Bottom: woven carbon 
fiber soundboard. Top from left to right: breathing mode C0, CBR, B1-, Ld and an 
unnamed mode. Bottom from left to right: CBR, C0, B1- Ld and unnamed mode. 
Top plate (big) and back plate (small) are shown. Green represents no movement, 
red is upward and blue is downard motion. 

mode shapes, I will call them C0 and Ld. On our prototype violins 
the connection between the top plate and the rest of the body 
is glued (epoxy). The actual rigidity of this joint is unknown. If 
you change this connection in the model from rigid to hinged the 
effect on the signature modes is huge, as can be seen in figure 
4.6. When we look at the shape of the first five modes, the rigid 
connection seems to be quite close to the shapes described in 
literature except for what should be B1+. Possibly a mode which 
is usually found at 6th or 7th position shifted downwards pushing 
the B1+ mode into 6th position, which is where a mode that 
closely resembles the B1+ mode shape was found. In the case 
of a hinged connection a similar problem is observed with the 
B1- mode. In fact, the mode shape as we know it was not found. 

Vleminckx changed the material of the soundboard in the model 
from a unidirectional carbon to a woven carbon (Fig. 4.7). Most 
noticeable, the signature modes all go up in frequency when woven 
carbon fiber is used. This is due to the woven soundboard being 
more rigid in the transverse direction than the unidirectional 
soundboard. Also, the shape of the modes is influenced. The C0 
mode is narrower in the case of the unidirectional carbon. In the 
B1- mode, the unidirectional soundboard is close to symmetrical 
along a horizontal axis. In the case of the woven carbon fiber, the 
movement is more focused in the lower bout. In the Ld mode, 
the amplitude of the vibration is in the right of the instrument 
for both upper and lower bout for the UD plate. In the case of the 
woven carbon it extends more towards the center and bass bar. 
In the case of the 5th mode the unidirectional soundboard has 
a high amplitude in both bouts, while in the woven soundboard 
the movement is again more focused in the lower bout. Will we 
observe similar changes in our measurements on the violins?

4. Measurement methods for modal 
analyses
4.1 Objective
How do you measure the inherent vibrations of an instrument? 
I present you with an entire section dedicated to just this topic. 
First, I will show and discuss the first experimental modal 
analysis on the instruments in which I used a conventional 
methodology. As you will see, this raised some questions which 
I addressed by examining multiple excitation, acquisition and 
boundary conditions to determine what methodology is best 
suited to perform modal analyses on violins.
 I have no memory of the actual conversation I had 
with Prof. Wim Van Paepegem, Prof. Mathias Kersemans and 
Dr. Geerten Verberkmoes when we first discussed doing modal 
analyses on the instruments. For your entertainment I present 
you with a fictional reconstruction:

Tim: The violins are finished! Let’s do modal analyses of the 
instruments!

Wim: Hold your horses Tim, first we must investigate and 
develop a suitable and reliable methodology.

Mathias: Indeed, doing a measurement with good looking images 
as a result is easy. Doing it reliably and scientifically correct is 
not.

Geerten: Yes, this is a good idea. It will be very interesting to 
investigate and compare methods that are currently used. 
Perhaps it could result in a paper?

Tim: Aha, ok. What methodologies do you think I should consider?

Mathias: For starters it would be nice to compare different 
excitation methods: impact hammer, shaker, piezo element and 
speaker.

Geerten: Yes, and you should check the influence of acquisition 
methods as well. The Laser Doppler Vibrometer from Mathias’ lab 
is very nice, but you should investigate lightweight accelerometers 
as well as they are a cheaper alternative and are often used for 
modal analyses of violins in literature.

Wim: Indeed. You should also include accelerometers, the mass 
will likely influence the results, but we must investigate this in 
detail. Also, you must look at different boundary conditions. The 
way the instrument is supported could influence its vibrational 
behavior. You should try a couple of different ones of course.

Mathias: Obviously.

Geerten: Yes, it would be good to do all of that Tim.

Wim: Most certainly.
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Mathias: Agreed.

Tim: I think I see where this is going…

Of course, before I could start with any of that, I had to learn 
more about the current standard method. This method uses 
an impact hammer to excite the instrument and measures the 
response with a lightweight accelerometer or a more expensive 
laser Doppler vibrometer (Bissinger and Ye 2000; Bissinger 2008; 
Lu, 2013; Skrodzka et al., 2009, 2013, 2014). I have previously 
used this method to investigate the vibrational behavior of 
a trapezoidal violin (Duerinck et al. 2014) but felt far from 
experienced enough to develop our own methodology in Ghent.
 For a first modal analysis of the instruments I went 
to Poznan (Poland). Together with Prof. Ewa Skrodzka a modal 
analysis using a roving impact hammer was performed on all the 
violins. These experiments served two purposes. 
 1) I could get more experience with modal 
analysis of music instruments: the procedure, pitfalls (like 
double hits with an impact hammer) and the identification of the 
signature modes.
 2) We would have measurements that can serve 
as a benchmark as we develop a method for the modal analysis 
of violins in Ghent University.

4.2 Hammer time
A modal analysis experiment called ‘roving impact hammer’ has 
a hammer exciting the instrument in multiple places and a fixed 
response measurement point. Hitting the instrument with the 
impact hammer (PCB Impact Hammer 086C05) induces broad-
band vibrations up to 6-7 kHz within the instrument: this is called 
the ‘input signal’. In this case an accelerometer (ONOSOKKI 
NP-2910, mass: 2g) measures the vibrational response of the 
instrument at a fixed location: this is called the ‘output signal’ 
(fig. 4.8). The measured FRF describes the body shell response of 
the instrument between two points (blue line in fig. 4.9). A modal 
analysis consists of many of these measurements together. In 
this case the impact hammer is used to excite 348 predetermined 
points along a 10 mm grid. Each point was excited five times 
and averaged in order to increase the signal-to-noise ratio of 

similar measurements are. If the coherence function equals 
one, the measurements correlate perfectly, if it is zero there is 

Figure 4.8. a) Grid on top of one of the violins for marking the points, b) mounted 
accelerometer on point 84 (far away from the sides and bass bar) and impact 
hammer.

Figure 4.9: Frequency response functions of a modal roving hammer experiment on the violin with a 
unidirectional soundboard. Blue: frequency response function (FRF) between point 104 and point 84 
on the violin with a unidirectional soundboard. Dotted red: average frequency response function of 10 
measurement points.

no correlation. So, we strive for a coherence function which is 
as close to one as possible throughout the measured frequency 
spectrum. If the coherence was not consistently close to 1, the 
measurement was repeated. An average of 10 of those FRF’s is 
also shown in figure 4.9 with a red dotted line. Important to note, 
the average FRF is a man-made construct that does not actually 
exist anywhere in the violin. It is only an attempt to summarize 
all the data in an understandable visual format.
All these FRF’s, together with the x, y, z coordinates of all the 
points are used by a software package (SMS STAR-Modal R) to 
calculate the modes of the soundboard: their frequency, damping 
and shape (fig. 4.10 and table 4.2). Based on this modal analysis, 
it proved difficult to correctly identify the signature modes. B0 
and A0 were easily identified. The mode with a diagonal line 
between the upper and lower bout is thought to be A1, but we 
cannot completely rule out other modes. The CBR, B1- and B1+ 
mode could also not be identified with certainty yet.
 As shown in figure 4.8 the violins were fixed in a mold 
which clamped the instrument on its edges. This resulted in a 
better coherence function but could influence our results (Fig. 

the measurements. This counts up to a 
total of 1740 hits per instrument for one 
experimental modal analysis (not accounting 
for bad hits that had to be repeated). All of 
these hits were done by hand, making it a 
very tedious undertaking. Having a good 
consistent ‘hit’ with the impact hammer is 
important, but difficult. For example, one can 
accidently excite the instrument twice with 
a ‘double hit’, this distorts the spectrum of 
the excitation causing in turn the calculated 
FRF to be distorted as well. To make sure the 
hits are consistent, the coherence function 
is used. In layman’s terms, a coherence 
function in modal analysis shows how 



71

Table 4.2 Signature m
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their frequency and dam
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Figure 4.10: Left: mode shape that could be A1 or B1- at 390 Hz (UDC). The lower bout moves upwards as the upper bout moves downwards and vice versa. There 
seems to be a diagonal nodal line (red dotted line) running from the top of the right sound hole towards the bottom of the lower sound hole, which would make this 
the A1 mode. As the area below the strings could not be excited, not enough information is present to rule out that this is in fact another mode.

Figure 4.11: Average FRF (10 measurement points) of the experimental violins obtained through a roving 
impact hammer modal analysis.

4.11) due to the influence of boundary 
conditions. At this point, not all the 
signature modes could be identified 
with certainty and the influence of 
the methodology remained unclear. 
Indeed, an in-depth look into the 
methodology is needed before I can 
draw any conclusions on the differences 
between instruments and know if these 
measurements are reproducible or not.



72 Chapter 4 - Vibration analyses

4.3 Experimental comparison of various excitation 
and acquisition techniques for modal analysis of 
violins
What follows is a critical comparison of various experimental 
modal analysis techniques. Both contact and non-contact 
excitation and different acquisition approaches are considered. 
The influence of different boundary conditions (clamped, 
supported, free/free) on the vibrational response of the violin is 
also investigated. The response is analyzed to extract relevant 
modal parameters (frequency, damping and mode shape) 
within the frequency range of 0-1000 Hz. The performance of 
the different approaches is evaluated in terms of (i) detecting the 
signature vibration modes, (ii) experimental reproducibility, (iii) 
contact requirement and (iv) cost of required equipment. The 
primary goal is to develop a reliable methodology to study the 
vibrational response of my violins. In order to make this study 
relevant for others a validation with a conventional violin is 
included.
 Pyrkosz and Karsen (2012) investigated the use of two 
common types of excitation on the bridge of the violin between 
100 – 800 Hz: the impact hammer and the electromagnetic 
shaker. They found both methods to have their benefits and 
limitations. The shaker results in less noise but introduces 
significant mass loading issues and they found the correct choice 
of the stinger location on the violin was not straightforward. For 
the impact hammer on the other hand, the tip had to be replaced 
by a custom acetal plastic tip in order to reduce the risk of 
damage to the instrument. This complicates the proper excitation 
of high frequencies in the violin. Furthermore, a consistent 
measurement with the impact hammer is highly dependent on 
the skill of the hammer operator (e.g. double impacts). Due to the 
difficulty of having consistently similar hits tapping by hand, the 
impact hammer method results in limited repeatability of the 
measurement (Pyrkosz and Karsen 2012). Moreover, excitation 
though impact hammer can be evaluated as including a risk of 
damage to the instrument, which is not acceptable in the case of 
fragile violins.
 There are other excitation alternatives of interest such as: 
piezo elements, acoustic speakers, pressurized air and the roving 
wire-breaking technique.  Piezoelectric actuators elements (PZT, 
lead zirconate titanate) are a common excitation tool to perform 
vibration analysis (Charette et al., 1994). However, there are no 
publications that investigate the use of PZT’s for modal analysis 
of a violin. Speaker excitation is sometimes used by violinmakers 
to find and tune the modes of violin plates to a certain frequency 
before assembly (Hutchins, 1981; Johnson et al., 1999), or as an 
education tool in violinmaking schools. Acoustic excitation has 
been used to study the effect of traditional violin varnish layers 
on rectangular spruce plates (Lämmlein et al., 2019) and by Viala 
et al. (2018) to study a flax composite soundboard for a violin. 
However, it is not an excitation method usually considered to 
perform a modal analysis on violins as the actual input signal to 
the violin is unknown. The use of pressurized air as an actuator 
for a modal analysis has been shown to be a valid method to 
excite small structures up to 1000 Hz (Vanlanduit et al., 2007), 

but pressurized air is not a common excitation method for 
modal analysis. The roving wire-breaking technique (also known 
as the step relaxation method) has been introduced as a cost-
effective excitation method for bridge mobility measurements 
on guitars (Paiva et al., 2018). The drawback of this excitation 
method for modal analysis is that it is very time consuming, and 
therefore only suitable if a low number of measurement points 
are investigated. In the case of modal analysis on violins, a high 
number of measurement points are needed in order to correctly 
identify the signature mode shapes. I found approximately 
150 points to be the minimum, although this depends on the 
experience of the researcher in question. If one wants to identify 
the shape of modes that are higher in frequency than the 
signature modes, more measurement points are recommended.
 Although acquisition with a lightweight accelerometer 
is common to perform modal analysis of violins, it has been 
shown to be a possible confounder between experiments. 
Vanwalleghem et al. (2014) reported that the position, mass and 
the wiring of the accelerometer can have a significant impact on 
the damping values of vibration measurements. Instead, there 
are more advanced acquisition procedures by making use of a 
(scanning) laser Doppler vibrometer (SLDV) (Bissinger and Ye, 
2000). This is a non-contact sensoring approach; the sensitivity 
and signal-to-noise ratio is somewhat lower compared to an 
accelerometer mounted on the surface of the violin (especially 
considering the typical glossy surface finish of many violins). 
Experiments on a Persian setar revealed acquisition through 
an LDV to be preferred over an accelerometer, yet the authors 
stated ‘a lightweight accelerometer can still be used with some 
care’ (Mansour et al., 2012).
 The goal is to develop a reliable safe method to 
perform modal analyses on violins. Various methods to perform 
experimental modal analyses on violins are investigated and 
presented. Different acquisition and excitation methods are 
compared, as well as the effect of boundary conditions on the 
vibrational modes of a violin. Finally, the most suitable method 
will be used to perform a modal analysis on a fragile handmade 
wooden violin (fig. 4.12).

Figure 4.12: Overview of the presented experiments. First, a variety of 
experimental approaches are investigated on a carbon violin. Based on these 
results a recommendation for laboratory and workshop practice is proposed. The 
non-contact laboratory practice is then validated by performing an experiment 
on a fragile wooden violin.
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Figure 4.13: Excitation methods: (a) impact hammer (PCB 086E80 mounted with a 084A17 aluminium handle), (b) electromagnetic shaker, (c) piezoelectric patch and 
(d) acoustic speaker excitation (0-degree position).

The optimal method for a modal analysis experiment is 
determined by the context of the measurement: the value of the 
instrument, available equipment and budget. As such, the modal 
analysis methods are evaluated with two practices in mind:

1. Workshop practice
In order to be practical for violinmakers to use in their workshop 
to conduct research, measuring equipment must be relatively 
cheap and measurements must be reliable. The method should 
be suited for repetition in various stages of the construction 
process in or near the violinmaker’s workshop. 

2. Laboratory practice
In many cases, such as with historical instruments or 
contemporary instruments with a fragile varnish, even a small 
risk of damage is unacceptable. The first prerequisite is the 
preservation of the instrument. A complete contactless method 
is preferred. This method can be more expensive and can require 
a more controlled laboratory environment in order to achieve 
reliable measurements.

4.3.1 Materials and Methods
Violins
Carbon violin: A violin made out of CFRP (TwillCB) is used for 
most measurements. An added benefit of using a carbon violin 
to compare methodologies is that it is less likely to be affected 
by changes in air humidity that can alter its vibrational behavior 
between experiments [Lämmlein et al., 2019; Viala et al., 2019].
 
Contemporary violin (2012): In order to make sure the 
methodology can be used on conventional violins as well; a more 
fragile wooden violin was used to validate the proposed method. 
The design and construction of this contemporary violin was 
based on the model of the Stradivarius ‘Messiah’ violin (1716). 
This more delicate violin is used in order to further investigate the 
viability and safety of our proposed method. In later experiments 
this instrument is also called ‘Conventional’.

Both violins were examined with strings in tension tuned to 
440Hz and damped using a folded tissue at the lower part of the 
neck.

Hardware
Excitation: Different excitation approaches are employed (fig. 
4.13): 

(a) Miniature impact hammer (PCB 086E80). The impact hammer 
excited the instrument on the top plate using a pendulum motion, 
for which a ball bearing was used. I used an aluminum handle 
PCB 084A17 and a hard metal tip as preliminary tests showed 
this resulted in the best input signal. 

(b) Electromagnetic shaker (Bruël & Kjaer LDS V406). The shaker 
is attached to the inside of the c-bout of the instrument with a 
stinger. The stinger is mounted on the violin using bee-wax. 

(c) Piezo element (PI ceramic DuraAct P-876.A15 and P-876.A12). 
The piezo element is attached to the back at the flattest part of 
the arching with double-sided tape. 

(d) Acoustic excitation through a speaker (RCF MR 88). The 
speaker is placed at a distance of approximately 6 cm from the 
violin, facing the backside of the instrument in the 0° position; 
Experiments were conducted with various angles of the speaker 
relative to the violin: 0°, 45°, 90° and 135° (rotating clockwise in 
the transverse plane). 

For the case of piezoelectric patch excitation and speaker 
excitation, the excitation signal produced by an arbitrary wave 
generator with a bandwidth of 6.25 kHz is amplified by a voltage 
amplifier (Falco WMA-300) to a voltage of respectively 50 Vpp 
and 30 Vpp.
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Acquisition: The response signal is measured with a lightweight 
accelerometer (PCB 352C65) or a Polytec PSV-500 Xtra scanning 
laser Doppler vibrometer (SLDV). The lightweight accelerometer 
has a mass of 2.0 g and is mounted with bee-wax in the lower bout 
on the top plate on the right of the tailpiece. For the experiments 
using the fixed lightweight accelerometer 160 excitation points 
were considered with three complex averages taken per 
measurement point and a frequency resolution of ~1 Hz. For each 
experiment with the SLDV 211 points are automatically measured 
across the top plate of the instrument with frequency resolution 
of ~1 Hz. Three complex averages are taken per measurement 
point, resulting in a total measurement time of 17 minutes the 
LDV is combined with automatic excitation. The acquired data is 
finally analyzed by the PolyMAX (Peeters et al., 2014) algorithm 
software (Testlab LMS 17) in order to extract modal parameters, 
i.e. resonance frequency, damping and modal shape.

Boundary conditions (fig. 4.14): Different boundary conditions 
are considered. (a) Free-free: the violin is hung by elastic rubber 
bands attached to (i) the neck and (ii) the nylon loop which 
connects the tailpiece with the end-button. (b) Clamped neck: a 
round vise is used to clamp the violin by the neck at the position 
a violin player would place his/her fingers during playing in first 
position. (c) Violin stand: the violin is supported by a common 
violin stand on the instruments bottom, lower edges of the front 
and back (GEWA Violin Stand BSX).

Figure 4.14: Boundary conditions: (a) free-free, (b) clamped-neck and (c) violin 
stand.

Table 4.3 Acquisition methods. Signature modes, frequency (Hz) and damping 
(%) obtained in two impact hammer excitation experiments with different 
acquisition methods.

Criteria
To evaluate the performance of the different experimental modal 
analysis approaches, the following criteria are used: 

(1) The coherence function of the Frequency Response 
Functions (FRF’s) must be consistently above 0.8. and as close 
to 1 as possible. As such, the obtained FRF’s can be considered 
repeatable and reproducible.

(2) The signature modes must be found: B0, A0, A1, B1-, CBR, 
B1+.

(3) The modal parameters, i.e. resonance frequency (Hz), 
damping (%) and amplitude (dB) of the signature modes must 
have sufficient consistency between measurements in order 
to allow comparison between instruments. Previous research 
showed that support fixture damping induced by the violin player 
outweighs the internal damping (Bissinger 2008). However, 
the damping of signature modes together with radiation 
measurements (chapter 5) can provide insights in how these 
modes radiate sound.

(4) The method with the lowest risk of damage to the instrument 
is preferred for the laboratory practice. Although all of the 
examined tests can be considered non-destructive for most 
industrial applications, music instruments can be very fragile. 
Among others, historical violins are vulnerable to chipping or 
scratching of the varnish, denting the wood, the introduction of 
new cracks and the (re)opening of old cracks and joints.

4.3.2 Results and discussion
Acquisition
In order to evaluate the influence of the acquisition approach, 
the identified signature modes are compared for a measurement 
using the accelerometer (roving impact hammer excitation, 
clamped-neck boundary condition) and for a measurement 
using the SLDV (fixed impact hammer excitation, clamped-
neck boundary condition). Results are presented in table 4.3. 
The difference in frequency of the modes between the two 
measurements is likely caused by the added mass (2.0 g) of 
the accelerometer: A1 is slightly lower in frequency while B1+ 
is higher compared to the non-contact SLDV method. The 
obtained damping of the modes shows similar trends between 
the two methods. This indicates that if controlled experimental 
conditions are used, both these approaches can be used to 
provide estimates on the damping of signature modes.
 To verify that the frequency shift of the modes is 
indeed caused by the weight of the accelerometer, a different 
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experimental modal analysis (acoustic excitation, free-free 
boundary condition, SLDV acquisition) was repeated three 
times: Once with an accelerometer mounted to the top plate 
and two times without (fig. 4.15). The same shift in frequencies 
is observed, confirming that the deviation is caused by the 
lightweight accelerometer. The two FRF’s obtained with the LDV 
are almost identical in amplitude.
 When measuring the response through a lightweight 
accelerometer, it is important to consider the effect of the added 
mass to the vibrational response of the instrument. When using 
this method for comparison between instruments, it is therefore 
essential that the same accelerometer is mounted at the same 
position for each instrument. Still, as conventional violin 
soundboards can vary in thickness and weight (roughly between 
55 g and 75 g), each violin is likely to respond differently to the 
added mass. In classic modal analysis it is said that the mass 
of the accelerometer should be lower than 10% of the vibrating 
object mass (Ashory, 2002). For modal analysis of violins this 
demand seems to be stricter. Acquisition through a (S)LDV is 
preferred, as it does not introduce errors due to mass loading.

Excitation
To compare various excitation methods, the acquisition was 
performed through an SLDV. For the impact hammer, the quality 
of the induced vibrational energy is dependent on the skill of the 
operator. In the case of shaker, piezo and speaker excitation, 

Figure 4.15: Influence of an accelerometer. Average frequency response functions (FRF’s) with and without a lightweight accelerometer attached to the soundboard 
(acoustic excitation, free-free, SLDV). The accelerometer causes certain modes to shift in frequency (A1, B1-, CBR and B1+) and amplitude (B1+).

specific input signals can be defined using an arbitrary wave 
generator. A variety of specialized waveforms have been tested, 
and finally a periodic chirp signal with a bandwidth of 6.25 kHz 
was selected as this provided the best results for all excitation 
methods in a small measurement time (1.024 s). Further, multiple 
positions of the speaker relative to the violin were explored. The 
placement of the speaker right behind the violin at a distance of 6 
cm (fig. 4.13d) provided good results. It is close enough to induce 
sufficient energy in the violin, yet sufficiently distant to avoid air 
damping effects (Vanwalleghem J. et al., 2014). When comparing 
the coherence between the examined excitation methods (fig. 
4.16), speaker excitation, impact hammer and shaker excitation 
provide a good coherence between 50 and 1000 Hz. The piezo 
element has a near perfect coherence starting from 400 Hz but 
is not able to excite the violin in the lower frequencies.
 In table 4.4 the extracted modal parameters of the 
signature modes for all excitation methods and SLDV acquisition 
are shown. The excitation with the piezo element did not allow the 
B0 and B1- mode to be identified. Our results further confirm the 
induced error of the shaker method (Pyrkosz and Karsen, 2012): 
The A1, B1- and CBR mode shift upwards in frequency compared 
to the impact hammer, the current standard excitation method 
for modal analysis of violins. Furthermore, damping of the CBR 
and B1+ mode is increased by the shaker. The lowest mode 
(B0) is not detected when the speaker is used in clamped-neck 
condition. As the B0 mode is associated with a bending between 
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Figure 4.16: Excitation methods. Average coherence for speaker, piezo, shaker 
and impact hammer excitation. Acquisition through SLDV.

Table 4.4: Excitation methods in clamped-neck condition. Signature modes, 
frequency (Hz) and damping (%) of different excitation methods in clamped-neck 
condition. Response was measured with the SLDV.

Table 4.5: Excitation methods in free-free condition. Signature modes, frequency 
(Hz) and damping (%) of impact hammer and speaker excitation methods in 
free-free condition. Response was measured with the SLDV.

the body and neck of the instrument, this could be attributed 
to the combination of the lower input energy of this excitation 
method and the additional damping caused by the clamp that 
holds the instrument at the neck position. Because of this, the 
measurement was repeated in free-free condition for both 
speaker excitation and impact hammer (table 4.5). Considering 
that our measurements have a resolution of 1 Hz, the obtained 
results from impact hammer (free-free) and speaker excitation 
(free-free) are identical in frequency but show a small difference 
in damping values. Damping has been shown to be non-linear 
for different input energy levels (Khan et al., 2011). However, 
the obtained damping values of impact hammer (free-free) and 
speaker excitation (free-free) do show similar trends between the 
modes.
 Piezo and shaker excitation both contain significant 
errors as excitation methods, making them unreliable for modal 
analyses of violins. Of the two remaining excitation methods, 
impact hammer excitation provides the benefit of a measurable 
input signal. It introduces more energy in the system, which in 
turn provides a bigger amplitude in the measured response. The 
excitation, however, is done locally by hitting the instrument 
at a predetermined location. This includes a risk of damage 
to the instrument, which is unacceptable in the case of fragile 
instruments. Additionally, between each hit, the hammer 
operator must wait until the violin has completely stopped 
moving, especially in free-free setup, making the experiment very 
tedious and time consuming. As evident from my experience, the 
impact hammer method also requires a certain skill level of the 
operator in order to provide proper impact hits. Of course, the 
latter concern could be removed by performing the experiment 
with an automated impact hammer (Bissinger, 2000). Speaker 
excitation requires acquisition at multiple measurement points. 
Therefore, a more expensive scanning LDV (SLDV) is required. 
The exact input energy of acoustic speaker excitation is unknown, 
therefore the signal sent to the speaker by the wave generator 
is used as the ‘input’ for the modal analysis. The validity of 
this method is evident from the high correlation between the 
results of the impact hammer (free-free) and speaker (free-free) 
experiment. Especially the non-contact excitation is beneficial 
as it distributes the input force over a larger surface area of 
the instrument as a pressure, which makes it the safest of the 
examined excitation methods. The method of speaker excitation 
meets all our predetermined criteria. As a result of this, acoustic 
excitation is a suitable excitation method to perform modal 
analyses on historical instruments. The reliability of this 
measurement method can likely be further improved even more: 
all experiments were conducted in a laboratory environment 
which was not free of noise, vibrations and the influence of room 
acoustics. It is feasible that when this experiment is performed in 
an anechoic chamber, the signal-to-noise ratio and reliability of 
the measurement is increased. Other possibilities to increase the 
coherence of the measurements are increasing the output of the 
speaker or increasing the number of averages per measurement 
point. When raising the amplitude of the speaker by a large 
amount, the safety of the researcher becomes a concern due to 
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Table 4.6: Boundary conditions. Signature modes, frequency (Hz) and damping 
(%) obtained by speaker excitation in different clamping conditions.

possible hearing impairment. Increasing the amount of averages 
per measuring point is likely to be the safest and easiest way to 
improve the coherence function, but it does not eliminate the 
effect of room acoustics.

Boundary conditions
he boundary or clamping conditions can restrict the vibrations of 
the component. When different mounting methods for speaker 
excitation are compared, a free-free condition shows the best 

Figure 4.17: Influence of boundary conditions on speaker excitation. Average 
coherence function and average FRF in three boundary conditions for speaker 
excitation. Free-free condition (black) has the best coherence, followed by 
clamped by neck (dark gray, dotted line). Violin stand (light gray, dashed line) has 
the lowest average coherence.

coherence function (fig. 4.17). The free-free condition is also 
the only one that allowed all signature modes to be identified 
(table  4.6). As mentioned previously, the B0 mode could not be 
identified in the clamped-neck condition. This is attributed to the 
fact that the B0 mode has a large amplitude in the neck at the 
position of the clamp. The violin stand had the lowest average 
coherence and the B0, CBR and B1+ modes were not found using 
PolyMAX.
To verify that the free-free condition is the preferred boundary 
condition, additional experiments were conducted with an impact 
hammer in free-free, clamped-neck and violin stand condition 
(fig. 4.18). Clamped neck and violin stand provide a significantly 
better coherence function below 500 Hz. This could be explained 
by the swinging motion of the violin causing laser dropouts. 
When the results of the modal analysis are compared, the B1+ 
mode shifts 20 Hz upwards in the clamped-neck condition and 
12 Hz downwards in the violin stand condition compared to 
free-free. As all boundary conditions have an average coherence 
above 0.9 at these frequencies, this shift is most likely caused 
by the boundary conditions.  In the violin stand condition the 
CBR mode could not be identified. The FRF function also depicts 
additional peaks introduced by the clamped-neck condition. As 
such, a free-free condition is preferred.

4.3.3 Recommendation for workshop and laboratory 
practice
Laboratory practice: When more expensive equipment is 

available, acoustic speaker excitation 
in combination with a scanning laser 
Doppler vibrometer to measure 
the response signal in a free-free 
boundary condition provides a safe 
and reliable method to identify the 
signature modes of a violin (table 4.7). 

Workshop practice: When minimal 
damage like surface dents are 
less of a concern, but the cost of 
equipment must be limited, roving 
impact hammer excitation with a 
lightweight accelerometer provides a 
good solution. However, the effect of 
the added mass of the accelerometer 
must be considered when assessing 
the results. Impact hammer 
excitation in combination with a 
(scanning) laser Doppler vibrometer 
provides a better, but more expensive 
solution (table 4.VII). The reliability of 
modal analysis with impact hammer 
excitation is dependent on the skill of 
the operator; it is crucial this is taken 
into consideration when assessing 
results obtained through this method.
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Table 4.7: Summary of the (dis-)advantages of different measurements methods. Speaker excitation and SLDV response are 
the safest, but most expensive method. Impact hammer provides a cheaper alternative but includes a small risk of damage. 
In the case a lightweight accelerometer is used to measure the response, the effect of the added mass on the vibration 
response must be considered.

4.3.4 Validation of the methodology for conventional 
violins
To validate whether the recommendation for laboratory 
practice is suitable for application on more fragile instruments, 
a contemporary wooden violin (2012) was investigated. The 
contemporary violin has been manufactured based on one of 
the most well-known historical violins, the Stradivari ‘Messiah’ 
violin (1716) (Ashmolean museum, inv. No. WA1940.112). Table 
4.8 shows the results of the modal analysis for this violin 
compared to literature values of other wooden violins (Bissinger, 
2008; Pyrkosz and Karsen, 2012; Skrodzka et al., 2014). Fig. 4.19 
depicts the mode shapes A0, B1- and B1+, fig. 4.20 depicts the 
FRF function and average coherence function. The frequencies 
of the signature modes fall between the values obtained by 
Bissinger (2008) on 17 wooden violins through impact hammer 
excitation. The values from Skrodzka et al. (2014) are significantly 
higher in both frequency and damping, this can be attributed to 
the boundary condition used in this experiment (clamped by 
the sides) which is likely to have changed the modal behaviour 
of the examined violin significantly. This variation in results is 
another indication that the experimental set-up can have a large 
influence on the results of the measurement. 
 The damping values obtained through PolyMAX show 
trends for the wooden and carbon violin. A0 has the highest 
damping (1.8 & 3.01), followed by B1- (1.13 & 2.31), A1 (1.00 & 1.07) 
and B1+ (1.00 & 0.71). B0 (0.76 & 0.84) and CBR (0.78 & 0.43), have 
low damping in both violins. The damping value of modes could 

Figure 4.19: From left to right the ODS at the frequency of the A0, B1- and B1+ 
mode of a conventional wooden violin measured with the non-contact modal 
analysis method. color code shows velocity of vibration (mm/s) in relation to the 
input force (V).

be an important parameter to understand the link between the 
vibrational behaviour and the radiated sound of an instrument. 
A high damping value can be an indication that a mode dissipates 
vibrational energy effectively due to acoustic radiation, which 
I will be able to measure in the following chapter on acoustic 
measurements. In violins this is likely beneficial as it would make 
this mode an efficient sound radiator. The average coherence 
function for the wooden violin measurement is lower than the 
carbon violin. This is caused by the different surface finish of the 
instruments. The carbon violin has a matt finish which results 
in a superior SLDV signal quality compared to the glossy surface 
finish of the wooden instrument.

Figure 4.18: Influence of boundary conditions on impact hammer excitation. 
Average coherence function and average FRF in three boundary conditions for 
impact excitation. Clamped neck and violin stand have a better coherence but 
cause shifts in the frequency of modes. Also clamped neck introduces additional 
resonances not associated with the violin.
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Table 4.8: Validation of the laboratory practice. Signature modes, frequency 
(Hz) and damping (%) obtained through acoustic speaker excitation in free-free 
condition in comparison to values obtained by Bissinger on 17 wooden violins 
through impact hammer excitation, Pyrkosz and Van Karsen on one violin and 
Skrodzka et al. on one violin with 3 different bass bar tensions.

Figure 4.20: Validation of the laboratory practice. Average coherence function, average FRF and indication of signature modes for 
the wooden violin measured using speaker excitation and SLDV in free-free conditions.

4.3.5 Conclusion
The goal was to investigate the use of a reliable low-risk method 
to perform modal analyses on music instruments, both for my 
own practice as for other instruments. The most suitable method 
is determined by the context of the measurement; therefore, two 
practices can be distinguished: (1) the workshop practice of an 
instrument maker, which must be reliable but operational at a 
relatively low cost. (2) The laboratory practice of a scientist, with 
its strong emphasis on both reliability and the preservation of 
the instrument.
 Both a lightweight accelerometer and laser Doppler 
vibrometer (LDV) can be used for acquisition purposes. In the 
case of the accelerometer however, the mass-loading effect of 
the method must be considered and the lowest possible mass 
for the accelerometer is recommended. Acquisition through an 
LDV is more expensive but non-contact and is thus preferred in 
a laboratory environment.
 Four excitation methods for experimental modal 
analysis of violins were compared: (1) miniature impact 

hammer, the current standard for experimental modal analysis 
on violins, (2) electromagnetic shaker, (3) piezo elements and (4) 
acoustic excitation through a speaker. The results obtained with 
an electromagnetic shaker and piezo elements were deemed 
unsuitable for the investigated application as the results did not 
meet our criteria. Both impact hammer excitation and speaker 
excitation resulted in reliable measurements allowing the 
identification of the signature modes and their modal parameters, 
i.e. frequency (Hz), damping (%) and relative amplitude (dB). 
Excitation through impact hammer can lead to a lower reliability 
when it is difficult to consistently achieve ‘good’ hits, or when 
the movement of the violin causes laser dropouts. Additionally, 
hitting an instrument with an impact hammer includes a risk 
of damage, which is unacceptable in the case of fragile violins. 
Acoustic excitation through a speaker provides a faster, safer 
and reliable alternative for experimental modal analysis, and is 
therefore recommended for laboratory practice. As I have access 
to it, this is the method I will use to study the differences between 
my violins. Because this method requires acquisition through a 
scanning laser Doppler vibrometer (SLDV), it is it too expensive 
for use in the common violinmaker’s workshop practice.
 As can be expected, boundary conditions have a 
significant influence on the modal analysis of a violin and can 
even prevent signature modes from being identified. In order to 
be able to compare modal parameters of different instruments, 
a free-free condition is recommended.
 Using the low-risk non-contact method proposed for 
laboratory practice, historical instruments previously deemed 
too fragile for experimental modal analysis with an impact 
hammer can be studied. Hopefully, by using the proposed 
method, researchers can convince owners or curator of unique 
and valuable music instruments to lend these interesting objects 
to research. Only by using safe non-contact and reproducible 
methods, we can learn more about these fascinating objects 
without compromising on their preservation.
With these new insights we can now state that the results from 
our first modal analysis (section 4.4) are distorted because of 
the methodology. Both the weight of the accelerometer (2g) and 
boundary conditions (clamped at the sides) will cause signature 
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Table 4.9: Signature modes of the experimental violins and their modal 
parameters.

Table 4.10: Signature modes of a conventional violin and their 
modal parameters, and literature values of 17 violins by Bissinger 
(2008).

modes to shift in amplitude and frequency. Since I have access 
to it, I will use the proposed laboratory practice to investigate the 
vibrational behavior of my violins more reliably.

5. Modal analyses on the experimental  
violins
Finally, we can use the laboratory practice to investigate the 
vibrational properties of the violins.  The modal analysis was 
performed on each instrument using 186 points with 5 averages 
per measurement point (fig. 4.21). All FRF’s were measured in 
a frequency range of 0 – 6250 Hz with a spectral resolution of 
1 Hz.

5.1 Comparison of signature modes
Using the Polymax software, the modes and their parameters were 

identified (table 4.9). Videos of the mode shapes were extracted 
without the phase. A license bug resulting from an update in the 
software prevented the extraction of new videos and images. The 
mode shapes varied slightly between the instruments but mostly 
agreed with the signature modes described in literature and 
where hence given the name of the conventional signature mode 
they resembled. This process was relatively straightforward for 
most shapes with the exception of the third mode which I have 
identified as A1: on one hand, its nodal lines are similar to those 
described for A1 by Skrodzka (2016). On the other hand, it varies 
much more in frequency than we would expect. Some experts 
might not agree with me on this, but due to its close resemblance 
I have chosen to name this mode A1. I have added a QR code link 
at the end of this chapter to the original measurement files and 
videos showing the mode shapes.
 Except for B0, the signature modes of TwillCA and 
TwillCB are remarkably close to each other in frequency in 
comparison to the other instruments. The amplitudes of the 
signature modes do vary between the instruments: TwillCB has 
a higher amplitude for all the modes except CBR compared to 
TwillCA.

Figure 4.21: Modal analysis of Spruce using the non-contact laboratory 
practice: Acoustic excitation (periodic chirp), SLDV acquisition, free-free 
boundary condition.
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Figure 4.22: B0 and A0 resonance peaks in the Frequency Response Function (FRF). A0 mode shape displayed on the previous page, 
scale goes from yellow (nodal line, no amplitude) to purple (anti-node). 

Figure 4.23: A1 mode shape on the different soundboards. From left to right: Sandwich, TwillCA, TwillCB, Spruce, UDC, UDFlax. Color shows the intensity of 
vibration from yellow (nodal line) to purlple (anti-node).

The B0 mode was found between 218 and 235 Hz. The damping 
of this mode is low (0.47% - 0.83%) for all violins except UDFlax 
(1.91%). The low damping can be attributed to the fact that this 
mode is a weak radiator.
 The opposite is true for the A0 mode, which is found 
between 240 and 253 Hz (fig. 4.22). The fact that the frequency of 
A0 is lower than in conventional violins (table 4.10) is interesting 
considering the parameters that determine the Helmholtz 
resonance of the air cavity have remained relatively unchanged: 
the resonant frequency of an ideal rigid-walled Helmholtz 
resonator is described by Gough (2015) as:

'Where c0 is the speed of sound through air, A is the combined 
area of the sound holes, L their effective neck lengths and V the 
cavity volume.' - Gough 2015.

In the FRF of the violins, a resonance peak is observed at the 
approximate frequency where the A0 is usually found. At this 
second resonance, the modal analysis shows the same mode 
shape as A0. Since a mode cannot occur twice at a different 
frequency the second peak is what is called a ‘ghost mode’: 
there is something vibrating at this frequency that we have not 
measured. A possible explanation could be that the normal A0 
mode in our violins has become ‘unraveled’ into its component 
modes: the mode originating from the bouncing mode at 240-253 
Hz (called c0 Gough 2015) and the Helmholtz resonance of the 
air cavity at approximately 275 Hz (called H0 by Rossing 2010). 
The A0 mode has the highest damping between all the modes 
for each violin except for UDFlax. In the case of UDFlax it could 
be that B0 and A0 behave as coupled oscillators, causing the B0 
mode to radiate. We will see if this is the case or not in chapter 
5 as we examine the radiation of the signature modes! The 
differences in vibrational amplitude of A0 between the violins 
are limited (max 1.4 dB). No differences in mode shapes were 
observed.
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 The third mode most closely resembles the shape of 
A1, which is the first longitudinal mode and has a node in the 
region of the sound holes (Bissinger 1998). Yet it is not found at 
the frequency one would expect based on conventional violins 
(≈470 Hz). Previous research by Bissinger (2008) found that in 
conventional violins A1 is strongly coupled to A0 with fA0*1.71 
(+-0.05) = fA1. In my violins, the first longitudinal mode has a 
relation between fA0*1.42 (UDFlax) and ≈fA0*1.7 (Spruce and 
Sandwich). The conventional violin measured as a reference 
shows a relation of fA0*1.77 = fA1. Interestingly enough the solid 
composite soundboards with a lower thickness also have a first 
longitudinal mode which is lower in frequency. Between those, 
the unidirectional composite soundboards UDFlax and UDC are 
at a lower frequency than that of the TwillC violins. The vibrational 
amplitude of A1 is highest for UDFlax, UDC and TwillCB 

Figure 4.25: CBR mode UDC 
(Polymax)

Figure 4.26: B1+ mode UDC (Polymax)

Figure 4.27: Resonance peaks of the signature modes A1, B1-, CBR and B1+ in the experimental violins.

followed in descending order by 
TwillCA, Spruce and Sandwich. 
The mode shape of A1 is slightly 
different for UDC and UDFlax, 
in the lower bout, the antinode is 
focused more in the left bout than 
the other instruments (fig. 4.23). 
The nodal line of the mode also 
extends further into the upper 
bout for UDC and into the lower 
bout for UDFlax. This could be 
caused by their high anisotropy. 
In the simulations performed by 
Vleminckx (2018) we have seen 
that this can influence the mode 
shape.
Previously, I have always 
assumed A0 and A1 are air 
modes (Curtin 2009) or cavity 

Figure 4.24: B1- mode  UDC (polymax)

Color shows the intensity of vibration from yellow (nodal line) to purple (anti-node).

modes (Bissinger 1998; 2008). This is how these modes are often 
described in papers or at violin making gatherings. Now I realize 
it would be better to describe them more carefully as modes 
of which the air resonance is an important, but not the only 
component. The B1- mode is also found at lower frequencies 
than usual. It follows a similar trend as A1: for UDFlax the high 
weight and anisotropy of the soundboard results in the B1- mode 
with the lowest frequency between the violins. It is followed by 
UDC which has a higher anisotropy than TwillCA and TwillCB, 
giving it a lower B1- mode than the soundboards that include 
woven carbon fiber in their layup. Spruce has approximately the 
same weight and anisotropy as UDC, yet it does have a higher 
frequency for B1-. Perhaps the higher torsional stiffness (D66) 
of Spruce (1.5 Nm) in comparison to UDC (0.6 Nmm) plays a 
role here. The B1- mode of Spruce is found at approximately 
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Figure 4.28: Frequency response functions (transparent lines) and octave band averages (horizontal lines) from 190-6080 Hz.

the same frequency as the conventional violin. This could 
indicate that the frequency of this mode is mostly affected by 
material properties and less so by our changes in the design and 
construction. Of course, more experiments are needed before 
this can be concluded. Logically, the frequency of the B1- mode of 
Sandwich is the highest between the violins due to its low weight 
and high D22 bending stiffness. The mode shapes showed no 
clear differences between the instruments (fig. 4.24).
The Centre-Bout-Rotation or CBR mode (fig. 4.25) is a weak 
radiator in conventional violins. To no surprise, this mode has 
the lowest damping between the modes for all our violins. In 
conventional violins it is found below B1-, but in our experimental 
violins it is found between B1- and B1+. Again, the modes 
follow the same trend in frequency with the thin unidirectional 
composites having the lower frequencies compared to the 
TwillC, Sandwich and Spruce violins. If CBR is found to be non-
radiating in the following chapter, its damping value should 
consist only of the internal damping and fixture damping. Since 
the fixture damping is reduced to a minimum with the free-free 
boundary conditions, that means it could be an indicator for 
material damping. Before we can do that however, we must be 
sure that this mode does not radiate sound. CBR mode shapes 
were found to vary slightly between the instruments without a 
clear trend. The B1+ mode is described as a ‘tonal barometer’ 
by M. Schleske, and its frequency in conventional violins could 
have a link with the timbre of an instrument. A violin with a 
lower B1+ could perhaps sound ‘soft and dark’ while a higher 
frequency B1+ could point toward a stubborn instrument with 
a bright sound. We will have to perform a psychoacoustic test 
(chapter 6) before we can make any such comparison with our 
violins. The B1+ mode (fig. 4.26) in my violins follows the same 
trend in frequency as the previous modes, so in our case it would 
be better to limit our comparison to the effect of lower or higher 

frequencies for the signature modes overall.
 The soundboards from different materials have a large 
influence on the signature modes of the violins (fig. 4.27). If there 
is a link between the signature modes and the perceived sound 
of a violin, we can expect these instruments to have very different 
perceptual properties.

5.2 Higher frequencies
Beyond the signature mode area, resonance peaks are so close 
to each other that it is difficult to differentiate between the 
instruments. Therefore, the response is studied more globally. 
The vibrational response at higher frequencies is not often 
included in modal analysis in literature. It is more often studied 
through sound radiation measurements, which I will do in the 
following chapter as well. Still, we can take a look at the band 
averages of the violins, to see what behavior we might be able to 
expect in the acoustic field. For this purpose, I will use the same 
bands as Fritz et al. (2012), dividing the spectrum into octave 
bands between 190 – 6080 Hz.
 In figure 4.28 you can see that UDFlax and UDC have 
the highest average response below 760 Hz. For band 1 this 
is due to the A1 mode which is lower in frequency. Above 760 
Hz UDFlax drops to the lowest average amplitude, while UDC 
is still the highest between 760-1520Hz. Above 1520 Hz, the 
Sandwich violin has the highest band averages. Spruce has the 
lowest average response in band 1 and 3. TwillCA and TwillCB 
have similar band averages across the frequency spectrum. 
Similarly, to the signature modes, if these trends continue in the 
acoustic spectrum, we expect the sound of these instruments to 
be perceived differently.
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5
Acoustic analyses

6. Discussion and conclusion
In this chapter, I have introduced modal analysis, investigated 
the use of non-contact methodology to perform experimental 
modal analysis on violins and used this methodology to study 
the effect of material properties on the vibrational behavior of 
violins. The variations in soundboard materials result in large 
differences in both the signature modes as well as the vibrational 
behavior at higher frequencies.
 A non-contact modal analysis method for violins was 
developed using acoustic speaker excitation and SLDV acquisition 
in free-free boundary conditions. Although the primary objective 
was to develop a reliable method for this research, I have shown 
that the method can be applied to conventional violins as well, 
making it an interesting alternative to study fragile instruments.
The experimental modal analysis of finished instruments has 
shown that the materials have a significant influence on the 
vibrational properties of soundboards. The instruments that 
were made to be the same, TwillCA and TwillCB, show very 
similar vibrational behavior. Their signature modes are very 
close to each other in frequency and show a similar trend in 
damping and amplitude. The A1 mode of TwillCB is 3.5 dB higher 
in vibrational amplitude in comparison to TwillCA. This is close 
to the perceptual threshold for single modes, which Fritz et al. 
(2007) reported to be ‘mostly around 4 dB’ for their five best 
participants. If this difference translates to the acoustic spectrum 
in the following chapter, it could mean the sound of these violins 
is perceived somewhat differently. UDFlax has a high damping 
for B0 but a low damping for the A0 mode, this could mean 
these modes behave as coupled oscillators causing B0 to radiate 
sound. The signature modes of the violins with unidirectional 
composite soundboards (UDFlax and UDC) are lower in 
frequency than those of the composite soundboards with a 
higher isotropy. The Spruce violin however – whose soundboard 
can also be considered unidirectional – does not follow this logic. 
This could be due to its thickness, which as explained in chapter 
2 influences the modal density of the soundboard. If the goal 
would be to mimic the sound of a conventional instrument, one 
could attempt to aim for signature modes which are similar in 
both frequency and amplitude to conventional instruments and 
adjust the thickness of the composite soundboards accordingly. 
This is not my goal; however, I look forward to hear and study 
differences in sound. 
 For conventional violins, Schleske (2002) described the 
frequency of B1+ as a tonal barometer with a higher frequency 
(>550Hz) resulting in a bright sound and lower frequency (<510 
Hz) in a soft and dark sound. Of course, my instruments are 
different from conventional violins, but we can say that their 
signature modes lie far apart, with the B1+ between 523 Hz 
and 604 Hz. This, alongside with the many other variations in 
vibrational behavior I have discussed in this chapter is likely to 
result in violins which sound – and perhaps also play – different. 
Before I can move on to the results of the psychoacoustic tests 
however, we are still missing a vital part of information: acoustic 
radiation. As the violins are made from alternative materials and 
follow a new model, I cannot assume the violins behave as usual 

in the acoustic spectrum. Perhaps soundboards from certain 
materials radiate more effectively than others? Perhaps modes 
that usually radiate do not or vice versa? To study this and more, 
I will discuss how the violins radiate sound in the following 
chapter.

Future research
Only the top plate of the violins were examined since this is 
the variable between my violins I was interested in. During my 
research, I also did a modal analysis on a loose top plate made 
from carbon fiber (TwillC) and a conventional top plate made 
from spruce, as well as a modal analysis of one of the back plates 
of the violins (UDC). These measurements are not included or 
discussed in this book in order to keep the size of this already 
substantial chapter under control.
They do however provide an interesting starting point for future 
research. It would be interesting to do a full modal analysis of 
all these violins (including the top plate, back plate, ribs, neck, 
fingerboard, tailpiece,...) in the future. This would allow a more 
thorough analysis and discussion on the observed modes. It 
would also be interesting to further develop the digital model 
created by K. Vleminckx (2018) as it could drastically increase 
our understanding on how different material properties effect 
the vibrations of an instrument.

Figure 4.30: QR code to the measurement files, more info 
on the measurements and videos showing the signature 
modes of the violins. Click here when reading digitally.

https://drive.google.com/drive/folders/1LF6B_B7gk6LRtppM7tl-EZ88ECkAVlzJ?usp=sharing
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1. Objective
In the previous chapter we examined how the violins with 
soundboards from various materials vibrate through modal 
analysis. We investigated the signature modes of the violins and 
the frequency response functions of the instruments up to 6 
kHz. Differences between the instruments were observed and we 
discussed the influence of the various materials on the vibrational 
behavior. We did this because the eigenmodes of an instrument 
directly contribute to our main topic of interest: the radiated 
sound. In this chapter, we will examine the sound radiation of 
the violins to shed light on how exactly these instruments behave 
acoustically. We expect to see the differences in the vibrational 
behavior reflected in the acoustic spectrum, but do the signature 
modes behave as in conventional violins? Or do the soundboards 
from alternative materials radiate sound in a different way? 
By using an acoustic radiation rig (also known as an impulse 
measurement rig), I will measure the ‘acoustic fingerprint’ of 
each violin. Thereafter, I will investigate the recorded sound 
of the violins as they are played by four musicians. What is 
the effect of the player on the sound of the violins? Can we still 
recognize the effect of the ‘acoustic fingerprint’ we identified in 
the sound of the violins while they are played? Does the most 
effective radiator from our radiation measurement also produce 
the highest level of sound output when played with a bow?

2. Choice of methodologies
In this chapter we will look at two ways of investigating the sound 
radiation of a violin through physical measurements: with and 
without a musician.
 The acoustic radiation of violins without musicians 
has been studied by numerous researchers and violin makers 
(Langhoff 1994; Schleske 2002; Bissinger 2004; Curtin 2009, 
2010). Over the last decades, it has evolved from a laboratory 
experiment to the workshop practice. Before we dive into 
measurements using the current standard method, a critical 
examination of this methodology is needed. 
 Joseph Curtin’s acoustic radiation rig (also called 
impulse measurement rig) uses a miniature impact hammer 

Schleske uses these measurements to make ‘tonal copies’: 
modern instruments with similar frequency response functions 
as a historical instrument. Curtin also reports that the software 
he uses is based on that of the violin maker George Stoppani, 
who is well known and acknowledged in the contemporary violin 
making world for his scientific approaches and his openness in 
sharing his insights at gatherings and workshops. Based on the 
work of other researchers and violin makers, Curtin developed 
his measurement system:
 
‘It was further developed for convenience and portability and 
as a possible standardized approach to making radiation 
measurements in a workshop setting [...] The advantages of 
a specialized rig are mainly speed and convenience. In my 
experience, if an instrument cannot be mounted and measured 
within minutes, it will not get measured at all.’ J. Curtin – 2009.

The set-up and corresponding software (ObieApp, developed 
by Chris Rogers) used by Curtin has bridged the gap between 
science and lutherie and seems to be a reliable, portable method 
that does not require much expensive equipment: an impact 
hammer, a high quality microphone and a self-made rig are 
sufficient to make interesting measurements. The fact that 
more and more researchers and violin makers are now using 
Joseph’s method is a testament to how relatively easy, fast, and 
straightforward it is. Part of its success can be attributed to the 
fact that Curtin, together with his team and colleagues, actively 
support others to make and use rigs like his and continuously 
develop the software.
 The downside of this measurement method is that 
it is often performed without a modal analysis. This can make 
the interpretation of results difficult. Some modes like the A0 
are easily identifiable as it is usually the only radiating mode 
between roughly 200 and 300 Hz in a violin. However, the B1- 
and B1+ modes can be confused with A1, as they all fall in the 
same frequency region and are all known to be modes that 
can radiate sound (Bissinger 2008). A modal analysis is the 
most accurate way of knowing which peak in the frequency 

Figure 5.1: Acoustic radiation measurement of a conventional wooden violin. The signature modes corresponding to the 
peaks have been identified through modal analysis (chapter 4).

to excite the instrument at the 
top of the bridge and measure 
the acoustic response with a 
microphone (Curtin 2009). In 
other words: hit the violin with 
a small hammer that measures 
the impact force and analyze 
the sound resulting from this 
hit. I will call this a radiation 
measurement and the results 
a violin's radiation. Curtin 
reports that his system is 
loosely based on that previously 
described by Scheske (2002), 
who investigated and compared 
violins by Stradivari (1712) 
and Guarneri del Gesu (1733). 
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Figure 5.2: Sound radiation measurement rigs. Left to right: Joseph Curtin’s rig, Rig owned by LAM Paris (Claudia Fritz), Rig made in the School of Arts Gent, Close 
up of the impact hammer and the bridge in Gent with an electromagnet on the left of the hammer to reduce variability between the hammer hits.

spectrum is which mode. Alternatively, pieces of modelling clay 
can be added to substructures to examine what changes in the 
frequency response function. In my experience at violin maker 
gatherings, too often a double peak is attributed to B1- and B1+ 
without any evidence. One of the peaks could be A1, or another 
signature mode that has become unraveled into its component 
modes. An example of such a measurement is shown in Figure 
5.1.
 We do not have this issue as we have identified all the 
modes in the previous chapter. The advantage of using a sound 
radiation rig is that it is a very quick measurement. Once the rig 
is set up a violin’s radiation is measured less than 10 minutes. 
Not only is this faster than a modal analysis, but the data are also 
closer to the actual performance of the violin: the radiated sound. 
It is not because a mode has a high amplitude in vibration that 
it is therefore also a good radiator: the CBR mode is an example 
of a mode that usually has a very weak radiation. Measuring the 
sound radiation of an instrument without a musician should 
result in a reliable and fairly straight forward measurement 
to conduct; there are only a few possible confounders that one 
must pay attention to, most of which can easily be avoided1. A 
disadvantage of this method is that the violin is not excited in 
its usual manner: with a bow on the string by a musician. So, 
the results are reliable but still quite far from the usual artistic 
practice. An alternative to this would be to use the step-relaxation 
method (or roving wire-breaking technique) (Paiva et al. 2018) 
mentioned in the previous chapter. However, similar problems 
present themselves: it is more time consuming. Additionally, the 
input signal can only be known by measuring the response at 
the bridge. As we have seen in our previous chapter, attaching a 
lightweight accelerometer to the violin influences its vibrational 
behavior. Possibly this issue can be solved by using an LDV, but 
still the issue of the longer measurement time remains. If one has 
the means to build a bowing machine, one could also excite the 
1 Examples of such confounders are the exact placement of the violin 
on the rig, the way the strings are damped or the position of impact on the violin 
bridge. These effects can be mostly avoided by doing the set-up carefully with 
these possible confounders in mind.

violin that way. As an example, Godfried Willem-Raes has built 
numerous automated instruments. Among these are a few string 
instruments, but none that use a conventional bow. In personal 
communication he told me the movement of a conventional bow 
on a string is hard to automate. Willem Bouman (2009) made 
such a bowing machine, but I could not find a publication on it in 
a scientific journal.
 For the second experiment I will include violin players. 
I will ask four (semi-)professional musicians to play the violins 
in a small anechoic chamber. I will record and analyze the sound 
they produce in both average amplitude and frequency content. 
As an example, we can investigate if the violin which is the most 
efficient radiator in the first experiment also has the highest 
amplitude when played by a musician. In addition, we can 
examine if we can see the effect of the acoustic ‘fingerprint’ of the 
violin (the frequency response function of the radiated sound) 
in the frequency content of the violin while it is played. This 
method is much closer to the artistic practice, yet we can expect 
the musician to be a confounder: each musician has a unique 
playing technique. Although this is scientifically speaking a large 
downside, it provides us with an interesting look into how these 
violins produce sound differently depending on the musician. 
These insights are especially interesting as we will examine how 
different musicians’ rate and use the violins both in scientific 
experiments as in the artistic practice.

Plenty of content to make for an interesting chapter!

3. Sound radiation measurements
3.1 The rig and experimental set-up
Sound radiation measurements, which measure the acoustic 
radiation of a violin using an impact hammer (excitation) and 
microphone (acquisition) on a rig (boundary condition) has 
become well known in the latest years. Since it has been discussed 
by Joseph Curtin in his article (Curtin 2009) supplemented by 
information on his website (Curtin 2020), I will only list the most 



88 Chapter 5 - Acoustic analyses

1
2

important aspects below as a summary.
 The rig consists of multiple parts (fig. 5.2). First there is 
the tripod, this has a frame from wood and metal on it which holds 
the instrument and the equipment. The instrument is supported 
by rubber bands to achieve a free-free boundary condition. The 
microphone is mounted on a rail at a fixed distance and stays 
stationary throughout the experiment. The frame that holds the 
violin and impact hammer has a rotary device under it that allows 
it to turn 360 degrees in the horizontal plane at predetermined 
angles for multiple measurements. This rotation is necessary 
to account for directional radiation behaviour: Schleske (2002) 
reports that below 1 kHz, radiation is almost omni-directional, 
while higher frequencies show increasingly spatially complex 
radiation patterns as you go up in frequency. The position of 
the impact hammer can be adjusted using three focusing rails 
in the x- y- and z-direction. The instrument must be in tune for 
consistency.
 The main sound radiation measurements of this 
study were performed in a large anechoic chamber (Paris LAM 
institute) to reduce noise and the influence of room acoustics 
(Curtin 2009). The violin was mounted on a rig, strings were 
damped with a paper card, and the instrument was excited with 
a miniature impact hammer (PCB 086E80). Acoustic response 
was measured with a microphone (DPA 2006C) at 33 cm from 
the bridge. The instrument was measured in 12 positions, with a 
30° clockwise turn in the horizontal plane between each position. 
The measurement for each position consisted of 3 excitations 
of which a complex average was calculated. The coherence 
function was used as a quality parameter: if the coherence was 
not consistently close to 1 the measurement was repeated. The 
entire measurement was performed with both horizontal (on 
the side of the bridge) and vertical excitation (on the top of the 
bridge). The Oberlin Acoustics App (ObieApp1.0b71) was used 
as acquisition software, which runs on a LabView platform. The 
measured amplitude (dB) shows the relation between the input 
force (impact hammer) and the acoustic pressure (re 2*10ˆ-5 Pa 
measured by the microphone), but it is relative since it changes 
significantly depending on the distance between the violin and 
microphone.

Table 5.1: Experimental set-ups of the different sound radiation rigs.

 The "Paris" column in table 5.1 shows the set-up of 
our main sound radiation measurement, which I will from this 
point on call the Paris set-up. Additionally, I will discuss some 
measurements made with two different rigs on two different 
locations. The most important differences between the rigs are 
therefore included in the table.

3.2 Reproducibility
Before we analyze the radiation of various violins, a critical 
examination of our chosen methodology is needed. For a more 
in-depth look into acoustic radiation measurements I suggest 
reading the master thesis of Cardinaels (2020) who worked on the 
topic for my research. Here I will limit myself to two questions:

How reproducible is the measurement of one rig?

I will repeat the experiment on one violin three times. First, I 
will examine two measurements performed right after each 
other: the violin is simply taken from the rig and re-positioned to 
simulate the effect of changing the instrument. By doing this we 
learn how reproducible a measurement series is performed on 
one day. The third measurement is performed roughly a month 
later: The rig has therefore been dis- and reassembled and 
environmental conditions might have changed. By doing this we 
learn how reproducible the laboratory environment is between 
measurements performed on different days.

How reliable are measurements between rigs?

We will compare measurements made on the same violin 
using different rigs (equipment) and performed by different 
researchers. The measurements are a few months apart and were 
performed in different countries: USA (Oberlin), France (Paris) 
and Belgium (Ghent). If the results are reproducible between the 
rigs, we can compare instruments that are measured in different 
laboratories or workshops. In theory, if the data is sufficiently 
similar, this would allow a violin maker in the United States who 
has measured a certain violin with a certain sound quality to 
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Figure 5.3: Three sound radiation measurements performed on one carbon violin (TwillCB). Two were performed 
consecutively (blue and red line), one was performed on a different day (dotted line).

Figure 5.4 Normalized sound radiation measurements (by software ObieApp) of the Unidirectional Carbon violin 
with three different radiation rigs (horizontal excitation only). Paris set-up in blue, Oberlin set-up in dotted green, 
Ghent set-up in dashed red. Although there are similarities, the variability between the measurements is too great 
to compare instruments measured with a different rig.

send the data to a researcher in Europe that can then compare it 
with instruments he/she has measured in their laboratory.
 Additionally, I will discuss the non-linear effect 
microphone distance can have on the amplitude of the signature 
modes.
3.2.1  Reliability of one rig
Let us take a look at two total measurements performed on the 
same day on the same violin with the Paris set-up. Between the 
measurements, the instrument was removed, and the impact 
hammer was repositioned to simulate changing between violins. 
Each of these two measurements consists of 12 positions with 
three averages for each position, with both horizontal and 
vertical excitation. This makes for a total of 72 measurements 
combined into one. In theory, these two average measurement 
results should be in close correspondence. As one can see in 
figure 5.3, the result is similar, but not completely the same. A 
1-3 dB difference is observed in the magnitude of the signature 
modes, as well as some fluctuations in amplitude in the higher 
frequencies. A possible explanation for this phenomenon could 
be a small variation in the location where the impact hammer 
hits the bridge, or it could be caused by the x-y-z positioning 
system, which is not completely rigid. At this point the exact 

explanation remains unclear. Luckily, this 1-3 dB error falls 
within the perceptual threshold: Fritz et al. (2007) virtually 
modified recordings of violins and found that auditory thresholds 
for musicians typically ranged between 3-6 dB in amplitude. 
The five ‘best’ participants had auditory thresholds around 4 
dB for individual modes and between 2-3 dB for band averages. 
To continue, let us add a third experiment performed with 
the same Paris set-up on a different day. This means that the 
entire radiation rig was dismantled and taken from the anechoic 
chamber to be reassembled on a later date. The good news is 
that the variations between our measurements do not increase. 
The third measurement falls within the 1-3 dB range observed 
between our previous methods. When comparing octave band 
averages (190 – 380 – 760 – 1520 – 3040 – 6080 Hz) as used by 
C. Fritz et al. (2012), differences up to 1.8 dB are present between 
the measurements across the frequency spectrum. This is close 
to, but on the lower end of the threshold established by Fritz et 
al. (2007).
 Based on this comparison, we can say that our radiation 
measurements made with the Paris set-up have a potential error 
of maximum 3 dB in magnitude of peaks and 1.8 dB in bands. 
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That is not great, not terrible2. This limitation is important to 
consider as we will interpret sound radiation measurements 
between different violins. Since these fall within the perceptual 
threshold established by Fritz et al. (2007), we can say that 
listeners are not likely to perceive differences of such magnitude 
anyway, so these variations below 3 dB are insufficient to explain 
perceived differences between instruments regardless.

3.2.2 Comparing different rigs

‘Such a rig also offers the possibility of a standardized approach, 
allowing makers and researchers using similar equipment to 
more meaning fully compare results.’ - J. Curtin (2009)

In his paper, Curtin mentions the possibility of a standardized 
approach. First, I must note that at present, these acoustic 
radiation rigs are usually used by one violin maker/researcher 
to compare instruments in his or her workshop/lab. It is not 
common to compare results of violins made with a different 
measurement rig. Although it would be great to share data and 
compare instruments across the globe, these rigs are most 
often used as either an educational tool in schools or workshops 
or as a tool in the violin makers’ workshop. Currently, to my 
knowledge, there is not really a demand for being able to compare 
instruments measured with different rigs. But since we have the 
data, why not do a quick comparison, and see what differences 
one can expect to find?
 In figure 5.4 you can see the measurements with three 
different rigs on the unidirectional carbon violin. Because 
both the distance between the violin and microphone as well 
as the sensitivity of the microphone was not the same, the 
measurements were normalized to make comparison possible. 
Even then, there is a large variation between the results in the 
amplitude of the modes. The frequency of the radiating modes 
is relatively stable with minor variations. As is evident from 
our comparison, results acquired with different set-ups cannot 
be compared one-to-one. Even if the same equipment is used, 
as mentioned by Curtin, the influence of room acoustics or a 
different damping of the strings could be confounders between 
experiments. Clearly, this issue deserves a dedicated assessment 
before results of different rigs can be compared in a meaningful 
way.

3.2.3 The effect of distance between microphone and 
violin. a.k.a. the mysterious disappearance of the mode 
thought to be A1.
Cardinaels (2020) encountered a peculiar effect in his thesis. 
When he measured the sound radiation of the UDFlax violin 
with the Ghent set-up, the A1 mode seemed to have almost 
disappeared. This was in contrast with a well-defined A1 mode 
found in the Paris measurements and as such peeked our 
interest. When he changed the distance between the microphone 
and violin, the mode reappeared in the spectrum. Of course, 
the distance between the violin and the microphone influences 
2  Anatoly Dyatlov in Chernobyl (2019), created and written by Craig 
Mazin, produced by HBO and Sky UK.

measurements. As explained by Curtin (2009):

‘The closer the microphone is to the instrument, the greater the 
proportion of the sound being measured will be coming directly 
from the instrument, rather than from room reflections. Close 
microphone positions therefore lessen the influence of room 
acoustics and environmental noise. On the other hand, to be sure 
that we are measuring sound that actually reaches the so-called 
far field, the microphone distance should ideally be at least one 
wavelength of the lowest frequency being measured. As violins 
and violas do not radiate much below about 200 Hz, this means 
~1.7 meters. While feasible in an anechoic chamber, this kind 
of microphone distance in a normal environment would mean 
prohibitive levels of reflected sound and room noise. Clearly, 
a compromise must be struck. Schleske finds that 50 cm in a 
workshop setting is adequate to avoid most near-field cancellation. 
George Bissinger uses a distance of 1.2 meters ( from the surface 
of the top) when measuring violins in an anechoic chamber but 
moves in to 30 cm when working outside the chamber. I have 
used 37 cm from the central axis of the instrument as the default 
microphone position. More recently I have moved this up to 20 
cm from the center.’

As can be seen in figure 5.5, the frequency response functions 
mostly follow a logical decrease in amplitude as the distance 
between the violin and microphone is increased. The sound 
wave generated by the A1 mode however behaves in a more 
peculiar way: as expected its amplitude is the highest closest to 
the violin at 30.5 cm (64 dB), at 50.5 cm the amplitude decreases 
(51 dB) which makes the mode seem insignificant in the acoustic 
spectrum, after which it rises again at a distance of 100 cm (61 
dB). This effect could be explained by the complex behavior of 
sound waves in the nearfield. In the nearfield, there is no fixed 
relationship between microphone distance and sound pressure. 
Close to the source, sound waves circulate. As you move away 
from the object this becomes an unpredictable mix of circulating 
and propagating waves, this causes nonlinear behavior, as we 
have just witnessed. In most cases, such nonlinear behavior 
is averaged out by the 12 different measurement positions in 
a sound radiation measurement3. In this case however, the 12 
measurement points did not prove sufficient to counter this 
effect. The A1 mode of UDFlax is at 344 Hz, which is a wavelength 
of approximately 1m. This means that the microphone was 
positioned at the half of this length. Additionally, the room in 
which the measurement took place was small, and therefore not 
perfectly anechoic. As such, this effect could also be due to the 
microphone position being at a node of the standing wave in this 
room.
 It is evident that acoustic radiation measurements 
can contain an error due to the microphone position being in 
the nearfield. The following measurements use a microphone 
distance of 33 cm, which is closer to what other researchers 
have reported on using without any issues. As 33 cm is half the 
3  Instead of using multiple microphones (as is custom in the nearfield) 
the sound source is rotated and the measurement repeated with one microphone. 
In this way, a measurement with 12 microphones is simulated.
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Figure 5.5: Sound radiation measurements with the Ghent set-up on the UDFlax violin with various distances 
between the microphone and violin (horizontal excitation only). At 50.5 cm, the A1 mode (344 Hz) is almost 
invisible in the acoustic spectrum. This could be due to a cancellation effect in the near field.

Figure 5.6: Two internal microphone measurements (dotted and dashed line) in comparison to a radiation 
measurement (Paris set-up) of UDC. The measurements are normalized to allow comparison.

Figure 5.7: Acoustic sound radiation of the six prototype violins and a conventional wooden. Frequency response functions are 
smoothed over one tone for readability and interpretation purposes.
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wavelength of 524 Hz, which is the approximate frequency of 
B1+ for the UDFlax violin, we can keep an eye on a similar effect 
in our Paris measurements.

3.2.4 Internal microphone measurements
A cheap alternative method has recently been proposed and 
promoted by Colin Gough at the European school of violin making 
(2018), Oberlin acoustics workshop (2019), and the Villefavard 
acoustics workshop (2019). Gough replaces the larger outside 
microphone with a small inexpensive one that he puts inside 
the instrument through the sound holes. He manufactures an 
impact hammer by putting epoxy on a tiny speaker and attaching 
it to a small stick. This method is of course not as accurate as 
radiation measured with calibrated equipment; Gough promotes 
it as a cheap alternative option for violin makers who would like 
to experiment with doing measurements in their workshop. 
In figure 5.6 you can see that the peaks in the signature mode 
area below 1 kHz correlate well to the radiation measured in an 
anechoic chamber. In comparison to the radiation measured in 
a normal room (Oberlin measurement fig 5.4), the gap between 
the A0 and A1 mode is smooth and thus free from the influence 
of room acoustics. Between the two internal microphone 
measurements, the peaks in the FRF are consistent in frequency, 
but less so in amplitude. This is probably due to variation in 
placement of the internal microphone. As I want to compare 
differences in amplitude, this alternative method is not reliable 
enough. Yet, it is a viable method to measure the frequency of the 
signature modes in the acoustic spectrum.

3.3 Comparing the violins
We performed sound radiation measurements on the six 
prototype violins, using the Paris set-up. As an extra reference, 
I have added a conventional wooden violin (Strad model, T. 
Duerinck 2012) to these measurements. Since all our instruments 
have already been given names based on the material of their 
top plate, and Spruce is already taken, the conventional wooden 
violin will be called ‘Conventional’ hereafter.
 The violins all have unique sound radiation properties. 
Figure 5.7 shows the sound radiation of all violins smoothed 
over one tone for readability. Figure 5.8 depicts the actual FRF’s 
and the octave band averages. These measurements show 
that the Sandwich violin is the most effective radiator between 
approximately 500 and 4000 Hz. UDFlax is the least effective 
radiator between the measured violins above 380 Hz. Below 380 
Hz, the violins with a soundboard made from unidirectional 
composites (UDC and UDFlax) have the highest average acoustic 
response due to signature modes being lower in frequency. 
 To really dive into the results, I will compare instruments 
between each other in detail. By starting with Spruce and 
Conventional, you will see the overall effect of the model and 
construction. Next up I will compare TwillCA and TwillCB, as they 
were made to be identical. After explaining the peculiar behavior 
of the B1+ mode in these violins I will compare UDC to TwillCB. 
With this comparison the effect of varying anisotropy can be 
studied. Next, I will compare the two unidirectional composite 

soundboards UDC and UDFlax. Finally, the stiff and lightweight 
Sandwich violin will be compared to both TwillCB and UDFlax.
 As the shift in frequency of the signature modes has 
been discussed in the chapter 4, I will focus on differences in 
amplitude of the signature modes and the radiation in the higher 
frequencies in the following comparison of the violins.

3.3.1 Spruce & Conventional
We will start by examining our reference instrument Spruce 
in comparison with a conventional wooden violin (fig. 5.9) to 
examine the influence of the model and construction. Between 
the two instruments, the signature modes vary considerably. 
This is likely due to the different design and the materials used 
for the body, sides and neck of the instrument. The difference 
in amplitude between A0 and A1 fall within our 3 dB error, but 
the amplitude of the B1- mode of Spruce (44 dB) is significantly 
stronger than the conventional violin (37 dB). The B1+ mode on 
the other hand shows the opposite with a higher amplitude for 
the conventional violin (38 dB) in comparison to spruce (32 dB). 
Above the signature modes, both violins show a quite different 
frequency response function. The bridge hill between 2-3 kHz is 
present in both violins.

3.3.2 TwillCA & TwillCB
Considering the 3 dB error we must take into account, TwillCA 
and TwillCB have FRF functions which are quite close to each 
other in the signature mode area (fig 5.10). As expected, the A0 
mode is the first strong radiator at 247-250 Hz. A1 also radiates 
at 407 Hz but is overshadowed by the B1- mode (436-437 Hz) 
which has the highest amplitude in the measured frequency 
spectrum. CBR (460 Hz) contributes to the radiated sound in the 
case of TwillCA, but not in the case of TwillCB. I cannot explain 
this variation. Up to here, the modes behave as we expect them 
to. B1+, however, is a different story. This mode is described in 
literature (Bissinger 2008; Saitis et al. 2012) as a strong radiator in 
conventional violins, but in our measurement on the composite 
violins it hardly contributes to the radiated sound. Beyond 800 
Hz, TwillCA and TwillCB behave differently with each having its 
own resonances that seem to follow a similar trend in amplitude. 
Both show a bridge hill from 1.8-3 kHz. Within this bridge hill, 
TwillCA has an amplitude which is up to 7 dB higher than TwillCB 
between 1850-2150 Hz. Also, between 3000 and 4000 Hz, an area 
to which the human hearing is extremely sensitive, TwillCA is a 
more efficient radiator than TwillCB.

3.3.3 The B1+ anomaly
Before I can continue with the results of the other instruments, I 
must examine why the B1+ mode is such a weak radiator in some 
prototype violins? How can I explain this behavior?
 Going back to the vibrational data of chapter 4, B1+ had 
a normal mode shape and an amplitude comparable to the B1- 
mode on the soundboard. From this information we can state 
that the reduced B1+ radiation is most likely not the effect of the 
top plate, but then what causes this lower radiation?
 B1+ is a mode known to have a strong motion of the 
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Figure 5.10: Acoustic sound radiation and signature modes of TwillCA and TwillCB. Although there are differences in 
amplitude, most fall within the 3 dB error of our measurements and do not exceed the perceptional threshold. Between 
3000 and 4000 Hz, TwillCA is a more efficient radiator than TwillCB.

Figure 5.8: Acoustic sound radiation of the six prototype violins and a conventional wooden violin. Octave band averages 
are displayed with a bold line, frequency response functions are displayed with a thin transparent line.

Figure 5.9: Acoustic sound radiation and signature modes of Spruce in comparison to a conventional wooden 
violin. All modes except for B1+ are lower in frequency for Spruce. B1- stands out with a higher magnitude and 
B1+ with a lower amplitude in comparison to a conventional wooden violin.
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Figure 5.11: FRF of the ribs of TwillCB (red line) in comparison to a conventional 
violin (dotted black line). The B1+ mode does not contribute to a peak in the FRF 
of TwillCB.

Figure 5.12 Left: Operational deflection shape (ODS) of the left ribs of 
a conventional violin at B1+, this shape pumps air out of the sound 
holes efficiently. Right: ODS of the left ribs of TwillCB at 596 Hz, the 
displacement extends from the center towards the upper bout and 
twists. The signature B1+ mode was not found in the modal analysis 
of the left rib.

Figure 5.13: Acoustic sound radiation and signature modes of UDC (blue) in comparison to TwillCB (red, dotted 
line). All signature modes of UDC are lower in frequency. The A1 mode has a higher amplitude in UDC than in 
TwillCB.

Figure 5.14: Acoustic sound radiation and signature modes of UDFlax (purple) vs UDC (blue, dotted line). With 
the exception of B1+, all the signature modes of UDFlax are lower in amplitude and frequency than UDC due 
to the higher weight of the UDFlax soundboard.
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back and ribs of the soundbox. To find the cause of the weaker 
radiation, a modal analysis of the entire sound box of TwillCB and 
a conventional violin was performed using the new method with 
acoustic excitation. With this experiment, a possible explanation 
was found in the vibrational behavior of the ribs (sides) of the 
violin. When we examine the FRF of the ribs in figure 5.11, the 
B1+ has a high amplitude in the case of the conventional violin, 
but is not found at the frequency measured in chapter 4 on the 
top plate of TwillCB. The closest significant peak in the frequency 
spectrum is at 596 Hz, but this shows a different mode shape. 
The B1+ mode in the ribs of the conventional violin has a high 
amplitude restricted to the middle c-bout area of the violin (fig 
5.12). This results in a pumping motion within the violin that 
moves a lot of air resulting in an efficient sound radiation. In 
the case of the TwillCB violin, the closest peak to the B1+ mode 
has a different vibrational behavior. Apparently, the lack of 
movement in the C-bout region of the TwillCB restricts the violin 
from radiating efficiently at this frequency. The stiffer ribs can be 
attributed to the use of woven carbon fiber. Although the carbon 
fiber ribs are thin (+- 0.8mm) and do not have linings or c-blocks, 
they are stiffer than their wooden counterparts because they 
have fibers running in multiple directions.

3.3.4 UDC
The violin with a soundboard made from unidirectional carbon 
behaves significantly different from the previously discussed 
TwillCA and TwillCB (fig. 5.13). As we observed previously in the 
modal analysis, all the signature modes are lower in frequency. 
The A1 mode of UDC has a slightly higher amplitude (4 dB) than 
TwillCB and a gap in the amplitude is observed between the A1 
and B1- mode. In the higher frequencies, the bridge hill (2-3 
kHz) is present but less prominent than in the case of TwillCA 
and TwillCB. Unfortunately band averages do not offer help to 
determine if UDC radiates more or less than TwillCB at higher 
frequencies as the measured difference of respectively 1.5 dB 
(1520-3040 Hz) and 1.7 dB (3040-6080 Hz) (in favor of TwillCB) 
falls within our previously determined error of measurement 
(1.8 dB).

3.3.5 UDFlax
Among our prototype violins, UDFlax is the least efficient 
radiator overall (fig. 5.7). In comparison to UDC all signature 
modes are lower in amplitude except for the B1+ mode (fig. 
5.14). The lower frequency and amplitude of the signature 
modes is likely the effect of the higher weight of the soundboard. 
As observed in the previous chapter the B0 and A0 mode are 
close to each other in frequency. This causes them to interact 
and behave as coupled oscillators: in layman’s terms this means 
that they transfer energy between each other. In this case B0 
draws energy out of A0. As such it seems that B0, which has a 
much lower amplitude in our other violins (max. 22 dB if it is 
visible in the acoustic spectrum) becomes a radiating mode. 
This is at the expense of A0’s amplitude, which is much lower 
than in the other violins. In our modal analysis in the previous 
chapter the A1 and B1- mode of these two instruments had a 

similar vibration amplitude. In the acoustic spectrum the A1 and 
B1-  modes have a lower amplitude in the case of UDFlax. The 
amplitude difference of B1+ falls within our 3 dB error margin in 
comparison to UDC. Regarding octave band averages, UDFlax 
has a consistently lower amplitude across the frequency range 
with a difference ranging from 2.1 dB (3040 – 6080 Hz) to a 6.1 
dB difference (760 – 1520 Hz).

3.3.6 Sandwich
As evident from fig. 5.7, Sandwich is a very efficient radiator 
in comparison to our other violins and a conventional violin, 
especially above the signature mode area between 750-4000 
Hz. In figure 5.15 you can see the A0 mode has a low amplitude 
comparable to that of UDFlax, although in the case of the 
Sandwich violin, this does not seem caused by a coupling with 
components of the B0 mode. The A1 mode is barely visible in 
the acoustic spectrum and is surpassed in amplitude by the 
nearby B1- mode. The B1+ mode contributes to the radiation 
with an amplitude of 34 dB. The fact that in the Sandwich violin 
the B1+ mode radiates more significantly might be explained by 
the higher lateral stiffness (D22) of this soundboard which could 
cause the ribs to behave in a similar way to a conventional violin 
at the B1+ mode. Because of the overall high amplitude between 
750 and 4000 Hz, it is difficult to say where the bridge hill begins 
and ends for this violin.

3.4 Signature modes from modal analysis to acoustic 
radiation
In chapter 4 we have studied the vibrational behavior of our 
violins through modal analysis. Now, we have measured how the 
violins radiate sound in the acoustic spectrum. By combining the 
two measurements we can investigate and compare the behavior 
of the signature modes in the violins.
 In table 5.2, the signature modes, their damping, 
amplitude in vibration and amplitude in the acoustic spectrum 
is listed. Since the vibration amplitude measured by the LDV is 
in negative dB, I have raised all of them by 100 dB to make the 
table easier to interpret. I will now discuss each signature mode 
in more detail for all the examined violins.

B0 is only visible in the acoustic spectrum for half of our 
instruments. Since this mode is known to be a weak radiator, 
this is no surprise. Only in the case of UDFlax, the mode shows 
a relatively high amplitude (31.3 dB) in the acoustic spectrum. 
This conversion of energy can also be seen in the damping of this 
mode in our modal analysis, which is significantly higher (1.91%) 
than the damping of the same mode in the other violins (0.47%-
0.83%). The two can be linked as the higher damping is probably 
caused by air damping, or in other words: sound radiation. But 
why is this the case for UDFlax but not for the other instruments? 
Coupling is likely to play a significant role: B0 is close (only 13 Hz 
lower) to A0. 

‘At the best-matched state, both modes [A0 and B0] have 'equal' 
motion of 'body' and 'air' (one in phase [1,1], one in antiphase 
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Figure 5.15: Acoustic sound radiation and signature modes of Sandwich (green) vs TwillCB (red, dashed 
line) and UDFlax (purple, dotted line). The Sandwich violin has a low amplitude for A0 and A1 but a high 
amplitude for the B1- and B1+ modes. The instrument also has the highest amplitude above the signature 
mode area up to 4000 Hz.

Table 5.2: Signature modes of the violins, their frequency, damping, amplitude in 
vibration (+100 dB) and acoustic radiation.
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[1, -1]) Result: two peaks in the radiated sound of roughly equal 
height, and a 'lively feel' of neck vibration in that frequency range.’ 
- Jim Woodhouse (Oberlin 2019).

Yet, this is also the case for our conventional violin and TwillCA, 
both of which do not show the B0 mode in the acoustic spectrum. 
Perhaps the higher weight of the UDFlax soundboard contributes 
to the coupling and the resulting radiation of the B0 mode. 
Quite clearly, I do not have enough information to explain the 
peculiar behavior of this mode for the UDFlax violin. This could 
be investigated further in the future. Perhaps a numerical model 
like the one made by Klara Vleminckx and described in chapter 
4.3 could shed light on this question.

A0. Apart from UDFlax, this mode has the highest damping 
among the signature modes (1.86 - 3.2). The differences in 
amplitude of this mode between the violins are quite limited 
in the vibrational spectrum (max 1.5 dB) but more significant 
in the acoustic spectrum (max 7.8 dB). The instruments with a 
carbon fiber soundboard: TwillCA (37.5 dB), UDC (35.4 dB) and 
TwillCB (34.5 dB) have a higher acoustic output than Spruce (32.8 
dB), Sandwich (30.7 dB) and UDFlax (29.7 dB) which have an 
acoustic output closer to the conventional violin (31.3 dB). Since 
the amplitude differences between some instruments are bigger 
than the perceptual threshold for individual modes established 
by C. Fritz et al. (2007) it could result in perceivable differences 
between the sound of these violins.

A1 already showed significant amplitude differences in the 
modal analysis. This trend continues, although not all violins 
with a high vibrational amplitude translate this to the acoustic 
spectrum. UDFlax for example had the highest amplitude in 
our modal analysis but the second-to-lowest amplitude in the 
acoustic spectrum. TwillCB shows a similar downwards trend 
in amplitude, but UDC does not. There does not seem to be a 
clear link between the damping of this mode and the acoustic 
radiation. It seems that a high vibrational amplitude or damping 
in the modal analysis for this mode does not mean it radiates 
efficiently.

B1- is the strongest radiator in all the prototype violins. In the 
case of TwillCA, TwillCB, Sandwich and Spruce it also has the 
second-highest damping after the A0 mode. Just like in the 
case of A0, this high damping can be attributed to the sound 
radiation of the mode. Except for UDFlax, which is the lowest 
radiator overall, the B1- modes of the prototype violins are much 
stronger resonators (9.8 dB – 13.3 dB) than in our conventional 
instrument.

CBR behaves as expected. It has the lowest damping of all the 
modes for each violin. In the case of TwillCA, UDC and Spruce, 
the mode was not visible in the acoustic spectrum. When it does 
appear in the acoustic spectrum it is only a small peak. Same as 
in conventional violins, the CBR mode does not contribute to the 
acoustic spectrum in a significant way.

B1+ behaves very differently than literature on conventional 
violins describes. Across our prototype violins, it has a low 
damping and acoustic radiation in comparison to a conventional 
violin. In conventional violins, it is a very efficient radiator, which 
we verified in figure 5.9. As described previously, this difference 
is not an effect of the composite material of the top plates but 
rather of the vibrational behavior of the ribs.

4. Player recordings
Analyzing the recorded sound of a violin has several considera-
ble drawbacks, but also a number of advantages which in my 
opinion provide somewhat of a counterbalance, especially for 
my artistic practice.
 The largest issue with analyzing the recorded sound 
of a violin (played by a musician) concerns the influence of the 
player. All musicians have their own playing technique with 
which they alter the sound produced by an instrument. Among 
many factors, violin players will use a different bow, play with 
a different pressure on the strings (Cremer 1972, 1973) or tilt 
their bow more or less relative to the string (Schoonderwaldt 
et al. 2003). A description of all the possible factors that could 
influence how a musician plays and thus sounds is likely to take 
up many, many pages. Consequently, a recording of one violin 
player alone can never be enough to make an objective scientific 
statement about the sound of a violin. 
 M. Yokoyama (2020) analyzed the timbre of 12 violins 
while they were played. He found that violins with a similar 
pattern of the first four peak frequencies of the harmonics 
of a note to be rated similarly on their sound. Although an 
interesting observation, he only examined one violin player. The 
same limitation is found in the paper of H.C. Tai et al. (2018), 
a paper of which the very first sentence is already problematic: 
‘The modern, four-string violin was invented by Andrea Amati 
(1505–1577) in the early 16th century in Cremona, Italy.’. As I have 
discussed in the introduction of this thesis, there is no known 
single inventor of the violin, it is an instrument that has slowly 
evolved over centuries and has continued to do so! It appears Dr. 
Tai may have fallen victim to the myths described by Linsenmeyer 
(2011) previously described in the introduction of this thesis. 
But, more importantly, they used only one musician. Ravina 
(2012) also examined only one violin player. His experiment was 
conducted using two different bows, which could be argued as 
a practical solution to introduce some variability in the playing 
technique of the musician. Ravina used a semi-circle sphere of 
ten microphones (diameter of 3m, conceived and assembled by 
MUSICOS Research Centre) with the violin(-player) at its center 
to spherically map the radiation of a violin while it is played. 
 This brings me to a next topic of interest: the influence 
of room acoustics and positioning of the microphone(s). In 
many cases, audio recordings made for scientific purposes 
are performed in an anechoic chamber. For measurements 
on violins the advantage is that the number of confounders 
because of room acoustics in the measurement are reduced to a 
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minimum. A possible downside however is that a musician is not 
accustomed to playing an instrument in such an environment. 
Thus, one can argue that it is possibly not representative of 
‘normal’ playing. As the objective of my measurements is to 
correlate the recordings with radiation measurements, I decided 
to reduce the effect of room acoustics to a minimum by recording 
in a small anechoic chamber. When the main topic of interest is 
the sound of an instrument at a distance (as it is perceived by 
listeners), the microphone(s) should ideally be positioned in a 
big sphere or demi-sphere around the musician in the acoustic 
farfield. In the research I mentioned earlier, this is not the case: 
Yokoyama (2020) positioned one microphone 10 cm above the 
violin in a semi-anechoic chamber of a violin shop, while Tai et al. 
(2018) described using six microphones, but they do not mention 
anything about the room or the positions of the microphones. 
Of course, a large anechoic chamber is not easy to come by and 
so practical compromises often must be made. In the case of 
Yokoyama, by putting the microphone at approximately the 
same distance as the violin players ear, one could argue that he 
analyzed the sound of the violins from the players perspective. 
He reported using 10 subjects in his listening test, all of which 
were violin players or violin makers. Since these participants are 
all familiar with the sound of a violin at this close distance, the 10 
cm between microphone and violin seems a valid compromise 
to lower the effect of room-acoustics since a large anechoic 
chamber was most likely not available or practical.
 You also must account for the influence of fatigue 
and order effect on the player: although very well trained, a 
professional musician is not a robot. To reduce the order effect, 
it is best to repeat the entire experiment a few times in a random 
order. The downside being that this will increase the fatigue of the 
player. Repeating the experiment on different days is a possible 
solution, but this can affect the intra-individual variability as 
the musician must stand in the exact same spot regarding the 
microphone. Since professional violin players usually play a few 
hours on a single day, a compromise can be made here as well by 
allowing the participants to have a break between sessions.
 Additionally, you have the question of what to play, 
record and analyze? Is it better to analyze an entire music piece 
or one long note? The answer is: it depends on what you want 
to examine. A single long note might be better to examine the 
spectral content while a longer piece might be better suited to 
shed light on the average loudness of an instrument. A constraint 
task is likely to decrease intra- and inter-variability (Saitis et al. 
2015), but an unconstraint task is closer to the artistic practice.
 The advantages of analyzing a playing recording is that 
you examine the sound that you hear when listening to music. As 
such this kind of test has a high verisimilitude, which means it is 
close to how we perceive violins in the real world. Although the 
drawbacks of this method are scientifically speaking quite large, 
there are a lot of insights to be gained from performing this 
kind of test. Especially due to the artistic nature of this research, 
the following tests can help me to understand how the radiated 
sound of an instrument can vary between violin players.

4.1 Method
Four (semi-)professional musicians were invited to take part in 
the experiment. The violin players were handed an instrument 
by the researcher, after which they locked themselves in a small 
anechoic chamber (width 2 m, length 3 m, height 2.1 m). They 
were asked to play three long G and E notes on the open strings, 
followed by a scale of two octaves starting at the low G. Then 
they could play a small music fragment of their choice followed 
again by the long G and E notes on the open string. This resulted 
in multiple short fragments of the sound of the violins (open 
strings), a constraint task (scale) and an unconstrained task 
(music piece of their choice) that can be used for analysis. The 
participants were aware that this recording was performed 
to examine the sound of the instruments, but no particular 
instructions were given to the musicians apart from what to play 
and where to stand.
 After completing the task for one instrument the 
musician returned from the anechoic chamber after which they 
were given the next instrument to play. Each musician played 
all instruments 3 times in a random order. Their playing was 
recorded with a low noise measurement microphone (Brüel & 
Kjaer 4955) powered by a conditioning amplifier (NEXUS Brüel 
& Kjaer) and using a 48 kHz sampling rate. The microphone was 
mounted at approximately 2 m from the violin player at the height 
of the violin. This was the maximum practical distance between 
the violin and the microphone in the small anechoic chamber. 
This distance is bigger than the lowest wavelength of a violin 
(Curtin 2009), which means our measurement of the sound of 
a violin is related to how the sound of the instrument would be 
heard by listeners sitting in the acoustic far field. In contrast, the 
acoustic radiation rig measures the near field acoustic spectrum, 
which is closer to what a violin player hears but susceptible to 
non-linear behavior between loudness and distance. Of course, 
several microphones positioned in a sphere around the musician 
would be better, but the small anechoic chamber did not allow 
for this experimental set-up. As such the recordings do not 
capture the complete radiation but rather a fragment of it. The 
violin players could indicate they wanted a rest at any time, those 
who chose to do so took a small break of a few minutes after each 
measurement series of the seven violins.

4.2 Power output
First, I must mention that although you can measure the acoustic 
power output of a violin while it is played, this is not the same as 
the loudness perceived by listeners. For example, a sine wave and 
white noise signal might have the same power output (acoustic 
amplitude) when you measure it, but the white noise will be 
perceived as louder by the human ear due to its spectral content. 
Still, the two are closely related, if you increase the amplitude of 
an acoustic wave it will be perceived as louder: If you turn the 
volume knob on a radio up (increasing the amplitude) you will 
perceive an increase in loudness (a psychoacoustic perception).
 There are a number of valid options that one can 
use to measure the power output or approximate ‘loudness’ 
of an acoustic signal. The Root-Mean-Square (RMS) level is 
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a measure of the average value of a waveform in decibel (dB). 
As such it approximates the acoustic sound level perceived by 
our ears. To be exact, it does not measure loudness as it does 
not take our hearing sensitivity into account, yet you can argue 
that it is closely related to it. Loudness Units Full Scale (LUFS) 
is another newer alternative used in the audio sector that more 
closely measures the perceived loudness. It does not measure 
dB, but rather a fictious loudness unit that compensates for the 
sensitivity of the human hearing. The current standard unit to 
depict the vibrational behavior and acoustic radiation of violins 
is dB. For this reason, I have chosen to analyze the recorded 
sound of the violins using this unit as well. As the RMS level is an 
average value over time, a recording of some length is best suited 
for this analysis: if you analyze only one note the potential error 
is bigger, while if you analyze a tonal scale or a musical fragment 
the RMS value becomes more reliable.

4.2.1 Average power output
As I mentioned before, a violin player is no robot. To understand 
how reliable our measurements on the recordings are, each player 
performed the experiment three times in a different playing order. 
In figure 5.16 the RMS value of the two-octave scale is shown. As 
can be expected, there are considerable differences between the 
violin players. In the case of player 1 and 2, the Sandwich violin 
has the highest or second highest acoustic output, but not by a big 
margin. Player 3 and 4 however show a considerable difference 
in the RMS level for the sandwich violin. Possibly, the first two 
violin players adjusted their playing technique to compensate for 
the acoustic output of the instrument while player 3 and 4 used 
a more consistent way of playing the instrument in which they 
did not compensate for its response. Overall, UDFlax, which had 
the lowest acoustic output in our previous measurements, also 
consistently produces a low average output level in comparison to 
the other composite instruments. For the other prototype violins, 
there is no consistent trend regarding their output level other 
than that they are mostly higher than the conventional violin.
 When we look at the RMS levels of the unconstrained 
task, we find much larger differences. Player 1 had the highest 
RMS level for UDFlax the first sequence, but the lowest the 
second and third sequence. The RMS level of the Sandwich 
violin is average in the case of violin player 2 and is surpassed 
by UDFlax. Player 3 apparently still plays the violins in his/her 
objective way, while player 4 seems to now compensate for the 
response of the Sandwich violin. These results are no surprise, 
as previous research has already shown that unconstrained tasks 
result in a higher degree of inter- and intraindividual variation in 
the perceived sound (Saitis et al. 2015). 
 From an artistic point of view this is interesting 
information. The violin with the overall highest acoustic response 
does not necessarily result in the highest acoustic output in a 
musical context. Of course this is player dependent, but it could 
give rise to an interesting phenomenon: perhaps the Sandwich 
violin will not be perceived as the loudest or most powerful 
violin in our upcoming listening and playing tests because the 
violin player compensates for the response of the instrument? 

As discussed in chapter 2, much of the research on materials 
for soundboards focuses on the properties needed to produce a 
‘loud’ or ‘powerful’ violin. The logic behind this is that the more 
acoustic output a violin can produce, the better the violin can be 
heard, so the better the violin. Yet here we see that when playing 
a musical fragment of their choice, players mostly compensate 
for the response of an instrument. Of course, this could be due 
to the context of the measurement, but is the acoustic output 
level and in parallel the perceived loudness of an instrument as 
important as we think? I will examine this in chapter 6.

4.2.2 The power output of the open G and E string
As discussed, the RMS level is an average value over time and 
therefore best suited for longer fragments. Both the scale and 
musical fragment do not take the (un)evenness of the instrument 
into account. Depending on the acoustic fingerprint measured 
with the radiation rig, a violin might have a higher output level 
for lower or higher notes. In the case of all our violin players, a 
noteworthy difference in amplitude was observed between the 
open G (low note) and open E string (higher note) for one violin. 
In fig. 5.18 you can see a clear separation between the lower 
RMS values for the open G in comparison to the open E string 
for Sandwich. This could be an indication that this instrument 
might be perceived as uneven or unbalanced. Since the RMS 
level is better suited for longer excerpts and a large variation is 
seen in the measurement between the other instruments for all 
violin players, no solid conclusions can be drawn based on this 
observation.

4.3 Frequency
We can examine the frequency content of the recordings by 
performing a simple FFT (Fast Fourier Transform, previously 
explained in the introduction of chapter 4). In short, we 
transform the recorded audio wave (which has time on the 
x-axis and amplitude on the y-axis) into the frequency domain by 
separating the complex wave into a series of separate sine waves. 
We have both single notes we can analyze as well as the scales. 
Yokoyama (2020) used single notes, Tai et al. (2018) used scales. 
Since all our players showed more consistent playing in the two 
octave scales than in the single notes on open strings, I will use 
the scales for the spectral analysis.
 The two octave G scales give us an indication of the 
response in the frequency spectrum for each violin. Honestly, 
I was surprised when I saw that the FFT revealed quite a good 
consistency between the scales of the different sessions for each 
player. The recordings of player 4 showed the lowest amount 
of variability between the three sessions. As can be seen in 
figure 5.19, there are some deviations, especially in the higher 
frequencies. Yet, the overall trend between the measurements up 
to 1520 Hz is quite similar. Above 1520 Hz, it makes more sense 
to look for trends or differences in band averages between violins 
than differences in separate peaks. By averaging the results of 
the three scales the effect of the outliers can be reduced. As 
can be seen in fig. 5.20, the variability between the players for 
this test is large. This can be due to several reasons like player 
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Figure 5.16: RMS value of the musicians playing the two-octave scale (constrained task). From left to 
right player 1-4. Each player performed the experiment three times resulting in three data points per 
player per instrument. From the graph, it is clear that players are not perfectly consistent in the output 
level they produce, yet some inter- and intraindividual trends emerge.

Figure 5.17: RMS value of the musicians playing a musical fragment of their choice (unconstrained 
task). From left to right player 1-4. Each player performed the experiment three times resulting in 
three data points per player per instrument.

Figure 5.18: RMS values of G and E notes played on the open string (player 1). Black (dots) indicates 
the G notes. Red (square) indicates the E notes. In the case of Sandwich, there is a clear separation 
between the RMS value of the G notes and the E notes.
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Figure 5.19: Spectral content of two octave G scales played on one violin (TwillCA) by one player (player 
4). The three lines represent the three times a scale was played on the violin.

Figure 5.21: Average spectral content of two octave G scales played on the UDFlax (line) and Sandwich 
(dotted line) violin by one violin player (player 4).

Figure 5.20: Spectral content of two octave G scales played on one violin (TwillCA) by four players and 
their average.



102 Chapter 5 - Acoustic analyses

to microphone distance and differences in playing technique 
between the musicians.
 Showing the average between the four players could be 
misleading for two reasons: (1) I am not showing real data, the 
‘average playing technique’ does not actually exist. (2) Between 
the measurements of the players, the violins might have detuned 
just slightly, or the player’s intonation might be slightly different. 
For this reason, it makes more sense to study differences between 
the violins using the most consistent player (player 4).   
 As previously discussed, we cannot draw conclusions 
about the sound of a violin with only one player. Therefor the 
data from the other 3 musicians is used to verify or nullify 
observed differences between the violins. To keep the number of 
figures in this chapter limited4, I will only show the results of the 
player with the lowest intra-individual variety (player 4). If the 
results of the other players are considerably different this will be 
mentioned.

Comparing the violins
Let us start by comparing the two most distinct instruments from 
our radiation measurements: Sandwich and UDFlax (fig. 5.21). 
The influence of their ‘acoustic fingerprint’ is easily recognizable 
in the spectral content of their scale. Below 400 Hz, the UDFlax 
violin has a higher acoustic output for the notes A3 (220 Hz), D4 
(294 Hz), E4 (330 Hz) and G4 (392 Hz). This can be explained 
by this violins’ signature modes which are lower in frequency. 
The A1 mode of UDFlax was found at 344 Hz with an amplitude 
in the sound radiation measurement of 35.7 dB. In contrast the 
A1 mode of Sandwich (430 Hz) was not found in our radiation 
measurements, which means that it does not contribute to the 
radiated sound. The B1- mode of UDFlax (393 Hz) coincides 
almost exactly with G4, resulting in a high acoustic amplitude 
for this note. The B1- mode of Sandwich is higher in frequency 
(511 Hz) and in between the B4 and C5 notes, which is also 
visible in the spectrum. Above 760 Hz, differences are observed 
in the amplitude of individual peaks between the players. The 
data confirms that Sandwich is the most efficient radiator in 
the frequency range 760-1520 Hz (for all violin players) and to a 
lesser extent 1520-3040 Hz (for violin player 2, 3 and 4). 
 How about the twins, TwillCA and TwillCB? In line with 
our radiation measurements, their variability is limited in the 
signature mode area, but there are some variations in the higher 
frequencies (fig. 5.22). Above 2 kHz, and especially between 3-6 
kHz, TwillCA has a higher average acoustic output than TwillCB 
for all players.
 The differences between UDC and TwillCB are quite 
subtle, which makes a meaningful comparison difficult (fig. 
5.23). In the case of player 1, 3 and 4, the UDC violin has a higher 
average acoustic output between 190-380 Hz. The most plausible 
explanation for this is that the A1 mode is both lower in frequency 
(381 Hz vs 407 Hz) and higher in acoustic output (40.6 dB vs 36.9 
dB) than the TwillCB violin. The drop in amplitude between the 
A1 and B1- modes observed in the radiation measurement leads 

4 You have already encountered 20 in this chapter. Figures are cool. 
It is hard not to let this get out of hand.

to a somewhat lower radiation of the G4 note for the UDC violin. 
The band average of UDC above 1520 Hz is higher than TwillCB 
in the case of player 1 and 3, but lower in the case of player 2 
and 4. This is in line with our radiation measurements, where 
the difference between the violins fell in our margin of error. 
Therefore, we can conclude that the average output of these two 
violins above 1520 Hz is quite similar but can vary depending on 
the musician playing. Other differences in fig. 5.23 like TwillCB’s 
higher amplitude for E5, C6 and D6 in do not hold for all players.
Since the frequency of A0 is lower in Spruce (251 Hz) than in 
Conventional (268 Hz), it corresponds with B3, resulting in a 
higher amplitude for this note (fig. 5.24). Across all our players, 
Spruce has a higher amplitude for B4 (494 Hz), but a lower 
amplitude for C5 (523 Hz). This could be due to the A1 mode 
of the conventional violin. No clear explanation for this can 
be offered based on the sound radiation as their radiation 
amplitudes are too close to each other at these frequencies to 
allow for a meaningful comparison. However, since all players 
show the same difference in amplitude for these notes, they 
could be caused by the violins. Spruce shows a higher band 
average than Conventional between 190-380 Hz (all players). 
Above 380 Hz, the differences in band averages are too small and 
vary depending on the player to make a meaningful comparison: 
In the case of player 1, the amplitude of the other band averages 
are slightly higher for the Conventional, while player 3 shows the 
opposite trend.
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Figure 5.22: Average spectral content of two octave G scales played on the TwillCA (line) and TwillCB 
(dotted line) violin by one violin player (player 4).

Figure 5.23: Average spectral content of two octave G scales played on the UDC (line) and TwillCB (dotted 
line) violin by one violin player (player 4).

Figure 5.24: Average spectral content of 3 G scales (two octave) played on the Spruce (line) and the 
conventional (dotted line) violin by one violin player (player 4).
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5. Conclusion and artistic review
We have bridged the gap between the modal analysis and acoustic 
behavior of the violins. We have shown how the signature 
modes of our violins behave in the acoustic spectrum and have 
identified and explained the peculiar acoustic behavior of the 
B1+ mode, which is a weak radiator in our prototype violins. 
Noteworthy, the amplitude of the B1- mode of all our prototype 
violins is larger (up to 12.3 dB for TwillCA) than in the case of the 
conventional violin measured. Overall, the acoustic response of 
the instruments shows large variations between the instruments. 
Below 2 kHz and especially in the signature mode area, TwillCA 
and TwillCB show a similar response. Thus, we can state that 
based on these results, the observed differences between our 
violins below 2 kHz, that fall outside the measurement error, 
are most likely the effect of the different soundboards and their 
corresponding properties. Despite my attempt to make TwillCA 
and TwillCB completely similar, they do show different acoustic 
behavior above 2 kHz. At present I can offer no explanation for 
this behavior. Of course, as these instruments were handmade, 
some minor differences between the instruments’ construction 
can be expected. From an artistic viewpoint, this is not necessarily 
a bad thing: each instrument will always be unique. Perhaps the 
unattainable ‘soul’ of an instrument can be found above 2 kHz?
 In the case of UDFlax, we have observed that the high 
damping of B0 and low damping of A0 measured in the previous 
chapter can be linked to the modes respective sound radiation. 
The Sandwich violin, which has the lowest weight and highest 
stiffness, is the most effective radiator on average and especially 
above 500 Hz. UDFlax, which has the heaviest top plate, and a low 
transverse stiffness (D22) is the least efficient radiator overall. As 
discussed in chapter 4, the heavier weight of this soundboard 
pushes its signature modes down, the result of which can also be 
seen in the radiated sound. In comparison to Sandwich, this has 
a positive influence on the amplitude of the first octave (G3-G4) 
of the instrument. 
 We have analyzed recordings made with four (semi-)
professional violin players. Based on the RMS values of the 
scales, two of them seem to compensate for the response of 
the Sandwich violin in volume output. When the players were 
asked to play a musical fragment of their choice, Sandwich only 
stood out with the highest RMS level for one player. This gives 
rise to the following question: if these violins are evaluated in 
listening or playing tests, as they will be in the following chapter, 
will the most efficient sound radiator (Sandwich) be played 
and perceived as such? Of course, the perception of loudness, 
power and projection are influenced by timbre as well. Let’s do 
a thought experiment based on Fig. 5.17: if we would conduct a 
listening test with violin player 2 as the player, will TwillCA be 
described most as the loudest/most powerful/most projecting 
instrument? Or will Sandwich still stand out due to its effective 
radiation and unique timbre with a high output level between 
750-4000 Hz? 
 Each violin player has a different technique and thus 
the sound produced by each player will be different. Still, the 
‘acoustic fingerprint’ of the instrument measured with the 
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impulse measurement rig can be recognizable in the output 
spectrum of a two-octave scale of all players. This is important as 
it verifies that the instruments have a significant - and in theory 
perceivable - influence on the sound produced by the musicians. 
Especially in the higher frequencies the sound produced by 
the violin players can show variations that are larger than the 
differences of the instruments. For example: player 1 and 3 had 
a higher band averages above 1520 Hz for UDC, while player 2 
and 4 had higher band averages for TwillCB. To no surprise, the 
musician influences how an instrument sounds.
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1. Objective
I have made violins with soundboards from new materials and 
measured their vibrational and acoustic properties. To truly 
understand these instruments, I must study how they sound 
and play. The first thing I did when these instruments were 
finished, was inviting some violin players to the workshop, ask 
them to play the instruments, and listen to their sound and the 
comments made by the players. Although this allows for a quick 
assessment of the violins’ properties, both myself and the violin 
players could be influenced in our perception by preconceived 
ideas, the look of the instruments, etc. An assessment like 
this, with a limited number of experts, is routine in any violin 
making workshop and is in most cases informative enough for 
the practice of a luthier. Yet, for this research I wanted to be 
sure that my findings would be useful to others as well. The 
best way to ensure that was to do an objective study on the 
sound and playability of the instruments. 
 The objective of this chapter is to study the perceived 
sound and playability of the instruments using scientific 
methodologies. First I will limit myself to the sound of the 
instruments as they are perceived by listeners. Then, I will 
build on those insights by performing playing tests. With this 
psychoacoustic evaluation, I can investigate how the sound 
of these violins is perceived in a controlled condition: which 
instruments are favored and how their sound is described. 
By combining this data with the vibro- and acoustical 
measurements of chapter 4 and 5, I can investigate what the 
influence of the different soundboards is on the sound of the 
instruments. Beside the obvious scientific merit, this provides 
a solid ground for myself and my artistic practice: I will know 
what information or comments about the sound and playability 
of the instruments can be verified in a double-blind test 
condition and which cannot.

2. Introduction
Research on violins has been going on for centuries and has 
resulted in decades worth of publications. Unfortunately, 
most scientific research before 2005 did not consider that the 
perception of sound is best investigated under a double-blind 
format, as explained by Fritz and Dubois (2015):

‘Most of this research (before Inta et al. 2005) was grounded in 
acoustics and based only on the subjectivity of the authors and 
not on any psychological approach of sensory judgements.’ - 
Fritz and Dubois (2015)

The first study to use a scientific methodology to study 
the perception of violins was Inta et al. (2005). Luckily, the 
importance of a controlled environment to study the perception 
of sound and playability of violins has increased in recent years. 
Fritz and Dubois (2015) wrote a State of the Art in which they 
discuss recent studies and illustrate possible methodologies. 
Since 2005, many psychoacoustic studies have been performed 
on conventional bowed instruments (Inta et al. 2005; Fritz et al. 

2006, 2007, 2010, 2012a,b, 2014, 2017; Saitis et al. 2012, 2015; 
Saitis 2013; Wollman et al. 2014; Lloyd et al. 2018; Taher et al. 
2018; Zhang et al. 2018; Yokoyama 2020). These studies have 
yielded interesting results regarding the preference of listeners 
and players, such as the finding that there is no clear preference 
of listeners and players for old violins over contemporary 
instruments (Fritz et al. 2012b, 2014, 2017). Saitis et al. (2013, 
2015) found that violin players are self-consistent and that 
their consistency is significantly improved by giving them a 
well-focused constraint task in comparison to a less constraint 
setting. Ono and Okuda (2007) reported an auditory appraisal 
of guitars with composite soundboards in which they asked 
luthiers to pick the instrument that was most similar to a guitar 
with a wooden soundboard. Unfortunately, they could not 
correlate the preference of the participants with their acoustic 
measurements. No comparative studies that assess the sound 
of composite violins with the same design and setup under 
controlled conditions has been found in literature. Most studies 
with violins are limited in this regard because the violins 
tested were constructed independently from the research and 
can therefore vary in a number of attributes unknown to the 
researcher, such as the model, quality of the materials used, 
construction method, or setup. Since the composite violins I 
will use were specifically constructed for a comparative study, 
my research is less affected by such confounders. Scientific 
methods have not been able to define what a ‘good’ sound is and 
correlate it with physical measurements. I think this should not 
come as a surprise as the perception of sound is a subjective 
matter. Let me explain.

2.1 Describing sound
I will start with the fact that preference in sounds is a cultural 
phenomenon (McDermott et al. 2016). The perception of 
any individual person is influenced by his or her previous 
experiences, which are in turn heavily influenced by the 
culture they grow up in. When it comes to the perception of 
sound, the wide variety in ethnical music all over the world is 
a clear example that what is considered a beautiful, good, or 
artistically interesting sound can vary greatly between regions. 
Therefore, any study about the perception of sound is limited by 
the cultural context in which it takes place. Classical music has 
become a global phenomenon, but it is not known how people 
from different cultures or backgrounds perceive it, or even if 
they agree on what a ‘good sound’ for it actually is. 
 On top of this, you have the language issue. 

‘Any attempt to describe sound is always already an act of 
translation and transposition onto the symbolic plane. The act 
of describing what is heard or what these sounds can mean 
then becomes a contamination of the phenomenological aural 
experience.' - M. C. C. Tan (2012)

People most often describe the sound of instruments using 
adjectives that actually mean something else: warm, rich, 
powerful, sharp, bright, clear,… Only they can know what they 
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truly mean with those words when it comes to the description of 
sound. When asked to think about a ‘warm’ sound one person 
might think of a certain cello he/she heard, while another might 
be thinking about a certain violin or someone’s voice. Clearly, 
those are not the same sounds. Yet, through communication 
a common language can be created between people. In some 
cases this common language can span a cultural movement or 
group. Yet we must always remain aware that the meaning of 
these words is still subjective. 
 As if that were not enough, you also have the difficulties 
and problems that come with translation (Satisha 2020). Even 
though people might agree on which English words to use, 
they will subconsciously translate those words to their mother 
tongue. Vice versa they might translate the words they would 
use to describe a sound in their mother tongue to English. Any 
translation includes a transformation or loss of information. 
Since language is a social construct, the exact meaning of 
a translated word between languages can differ. It can be a 
coincidence, but during the Villefavard workshop I often found 
myself agreeing with the description of a sound by Dutch violin 
maker Bas Maas, while this was less the case with people who 
had a different mother tongue than me. Perhaps, even between 
American and British people, there might be subtle variations 
in the meaning of a word?
 In short, this means that although an American violin 
player and a French luthier might experience the same sounds 
when listening to a set of violins, they might not agree on how 
to describe those sounds, let alone agree on which one they 
prefer. The description of sound is a subjective and possibly a 
culturally bound social construct.
 However, despite subjectivity and cultural bias, 
a perception study of instruments may provide valuable 
information that hint at what artistic opportunities these 
instruments may offer. After all, words are an effective medium 
to communicate and share information about the sound of 
instruments between people. Unless you have been looking 
at frequency response functions for most of your life (chapter 
4 and 5), it will tell you little about how these instruments 
sound. If, on the other hand, I would tell you that one violin is 
perceived as harsh and another as full, you might have a better 
understanding on the difference between the instruments 
before even hearing a single note.
 Fritz et al. (2008) investigated which words English 
speaking violin players use to describe the timbre of violins, 
resulting in a list of 61 words and multi-dimensional scaling 
maps on ‘overall sound quality’ and ‘ease of playing’. They 
found their participants were coherent amongst each other in 
the use of these words and that they highlighted synonyms 
and antonyms. This provides a good starting point for my 
experiments.

2.2 Playing and listening tests
‘The sound of an instrument is evaluated differently when 
listening while being “passive” with respect to sound production 
– i.e. listening to the sound produced by someone else -  compared 

to listening while being “active”, while generating the sound. The 
evaluation during a listening test is indeed made by relying on 
the sound only and is thus mainly based on the resultant sound 
without any possible comparison nor control on the nature 
of the sound and the manner by which it was produced. And 
finally, in playing tests, sound quality is intrinsically entangled 
with playing properties (such as playability, response,…) during 
the evaluation (by a player) of an instrument, for which the 
control of the instrument when producing the sound is essential 
as proved, in the particular case of the violin, by the agency 
given to the violin in the assessments regarding what is a “good” 
or “bad” violin.’ Fritz and Dubois - 2015

As explained by Fritz and Dubois, we must consider that there 
are two ways one can study the perception of sound of an 
instrument: from a listener and from a player’s perspective. 
Both are valid, and both have their up- and downsides. Listeners 
provide an ‘unbiased’ evaluation of the sound of an instrument 
as it would be perceived by an audience during a performance. 
As listeners can only judge the radiated sound it could be easier 
to relate the perception of sound by listeners to for example 
the radiation measurements of chapter 5. The downside of 
evaluation by listeners is that you do not know anything about 
the playability or response of an instrument. In the case of 
player evaluations, the perception of sound is entangled with 
playing properties. The downside is that this can obscure the 
judgement of the sound: a violin which sounds ‘good’ but is 
hard to play might be evaluated worse on its sound color as 
well. The upside of player’s evaluations is that you have a more 
complete overview of the properties of a violin than in the case 
of listeners. For this research, I will study both perspectives. 
First I will first take a look at evaluation by listeners.

3. Listening tests
The six violins were judged by experienced listeners in two 
double-blind experiments. The first consisted of an evaluation 
task with 37 participants and the second of a selection task with 
40 participants. In both cases, I examined how experienced 
listeners judged the timbre of the instruments on a broad 
spectrum of possible qualities. I examined which instruments 
were favored and why in order to shed light on what sound 
listeners prefer from such composite violins.

3.1 Evaluation experiment
3.1.1 Methodology
Experienced listeners with relevant musical experience were 
invited to take part in the experiment. The group of participants 
included (student) instrument makers, musicians, music 
teachers and composers. Of the 37 listeners, 33 said that they 
play a music instrument on a regular basis. Their experience 
ranged from 3 to 52 years of experience with an average of 15.1 
years of playing a music instrument. In the weeks before the 
experiment, potential participants were told that they would 
have to evaluate on an aural basis seven violins, of which at least 
one was made of carbon and one made from flax fibers. This 
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information was given to raise interest and recruit a sufficient 
amount of experienced listeners. As a consequence, some of the 
recruited listeners were familiar with the research subject (new 
materials for violins) yet they did not know how many “new” 
instruments would be used in this test or if there would be one 
or multiple instruments with a wooden soundboard and/or 
conventional violins, as a reference. 
 In the first listening test the members of the audience 
rated the six violins individually on a number of attributes. 
This method was chosen as it is a common way to judge 
instruments or musicians in competitions, giving the test a high 
verisimilitude. For each violin, the attributes were presented 
on a 8-point Likert scale between two opposite adjectives. Most 
invited participants had Dutch as their mother tongue. As no 
study that uses Dutch words to describe the sound of violins 
was available in the literature, a common language had to be 
defined with the participants. First a list of English words was 
compiled from scientific literature (Fritz et al. 2008, 2012a; 
Fritz and Dubois 2015). Secondly, multiple listeners who would 
take part in the experiment were asked which words they 
would like to use for judging violins in Dutch and English as 
well as how they would translate these words between the two 
languages. Also the participants were asked how they would 
like to be questioned. Through this method an expert audience 
negotiated and agreed on the meaning of pairs of adjectives 
that could be understood as each other’s opposite, with the 
Dutch translation in brackets: warm (warm) – cold (koud), 
clear (helder) – dull (dof), loud (luid) – quiet (stil), soft (zacht) – 
harsh (hard), open (open) – closed (gesloten), good (goed) – bad 
(slecht), nasal (nasaal) – clear (helder), round (rond) – sharp 
(scherp), powerful (krachtig) – weak (zwak), rich (rijk) – poor 
(arm), bright (briljant) – dim (glansloos). Although a unipolar 
scale is usually recommended in this type of research (Fritz 
et al. 2012), the participants preferred a bipolar scale. I must 
note that because the majority of the participants had Dutch as 
their mother tongue, the meaning and relation between these 
words can vary from those found by Fritz et al. (2008). As an 
example, warm and rich were found to be close to each other 
in multidimensional scaling of Fritz et al.. Our participants 
described as separate qualities with warm as ‘met diepte (NL) 
– with depth (Eng)’, while they described rich (rijk) as ‘veel 
harmonische boventonen, met een breed en vol harmonisch 
spectrum (NL) - with many harmonic overtones, with a broad 
and full harmonic spectrum (Eng)’.
 Participants could fill in the Likert scale for each 
presented pair of opposite adjectives, or tick a box ‘I don’t 
know’. The listening test took place in a 98-seat concert hall at 
the Royal Conservatory of Ghent (Mengal, campus Hoogpoort) 
– School of Arts Ghent. The violin player was a professional 
musician. Before the experiment, the violin player only 
tried the instruments on one occasion one month before the 
experiment. As each instrument would be played at least two 
times, which resulted in a total experiment time of 41 minutes, 
the first experiment was performed with one player. Repeating 
the entire experiment with a second player was found to be 

less appropriate, given the fact that the listener’s task is quite 
demanding and there is a risk perceptual fatigue influences the 
results.
 First, as requested by the participants, four random 
instruments (decided by draw) were played (Spruce, UDFlax, 
TwillCB and Sandwich) to allow the listeners time to get 
familiar with the acoustics of the hall and the sound of the 
prototype instruments. The order in which the instruments 
were presented for the actual experiment was decided by 
random draw and was: TwillCA(1), TwillCB, Sandwich, UDFlax, 
TwillCA(2), Spruce, UDC. TwillCA was presented two times 
unbeknownst to the audience. If TwillCA scores similar both 
times, this would be a good indication that a difference between 
violins can be taken as a difference in the sound produced and 
not a difference in playing or order effect or the result of fatigue.
 One after another, with approximately 25-30 seconds 
in between, each violin was played and the audience was 
asked to rate the same set of pairs of adjectives for each violin. 
After the first sequence was completed, the same sequence 
was repeated. Listeners could indicate their overall preferred, 
second-preferred and least-preferred instrument, and their 
preferred instrument regarding warmth, power and richness. 
For that additional assessment, the audience was given the 
possibility to hear violins again in pairs of their choice. This 
resulted in the following additional comparison: TwillCB and 
UDC; Sandwich and UDFlax; TwillCA(1) and TwillCA(2). It 
has to be noted that the only violin which was not asked for 
the additional assessment was the one with a wooden (spruce) 
top. Additionally, the listeners were asked which adjectives they 
considered to be most important to judge the sound of a violin. 
Finally, some details regarding their musical experience were 
asked as well. 
 During the entire evaluation experiment, the violinist 
was positioned on stage approximately 1m behind a lightweight 
polyester fabric screen. The violin player was blinded with a 
sleeping mask and the scent of the instruments was covered 
with a perfume. The instruments were handed to the musician 
in the predetermined order by a researcher. The lights on stage 
were dimmed during the test, but left on in the seating area, in 
order to make sure that the audience could not distinguish the 
different instruments behind the screen. The violinist played 
the instruments with her own bow. As in previous studies 
the bow is regarded in this experiment as an extension of the 
player’s body (Fritz et al. 2012; 2017). She played a musical 
fragment of her own choice (88 seconds) to evaluate the 
violins, as a musician would normally do when evaluating an 
instrument. The experiment was recorded for further analysis 
and the recordings were made publicly available (Duerinck 
2020). The violin player was not questioned during the test, to 
minimize the time in-between the playing of the instruments. 
After the test the violin player was asked by the researcher what 
her favorite instrument was, and if she had any other remarks.
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3.1.2 Results
First, we examined how the participants described the sound of 
each violin, based on presented pairs of opposite adjectives. The 
ratings on each bipolar scale for each violin were compared with 
a null-hypothesis, using a one-sample t-test with the IBM SPSS® 
software. The one-sample t-test determines if the population mean 
is significantly different from a given value or not. This results in 
a probability value (p-value) providing strong (p-value<0.05) or 
weak (p-value<0.1) evidence of this deviation from the given value. 
The null-hypothesis (H0) was that the audience did not favor one 
adjective over the other in a pair in order to describe the sound 
of a violin, which would result in a mean score of 3.5. Strong and 
weak evidence to reject the null-hypothesis was found for each of 
the presented violins in a number of cases (Table 6.1). Through this 
method, adjectives could be objectively linked to the sound of the 

Table 6.1: Strong and weak evidence to reject the null-hypothesis and link adjectives to the sound of each of the seven investigated violins. 

Figure 6.1: Mean value (dot) +/- 1 Standard error of the mean SEM (vertical line) of 
the violins’ rating on the pairs of adjectives warm-cold and rich-poor. Filled black 
dots indicate a statistically strong deviation (p-value<0.05) from the expected mean 
(3.5 dotted line). Filled grey dots indicate a statistically weak deviation (p-value<0.1).

instruments.
 To investigate how reliable these results were, a 
paired t-test of TwillCA(1) and TwillCA(2) was performed. 
This test revealed a statistically significant difference 
(p-value<0.05) in the rating of TwillCA(2) on four (out of 
11) of the bipolar scales powerful – weak (+0.946), loud 
– quiet (+0.686), bright – dim (+0.829) and good – bad 
(+0.781) in comparison to the rating of TwillCA(1). This is 
likely due to the order effect and is discussed later.
 Fig. 6.1 shows the rating for two bipolar 
adjectives: rich – poor and warm – cold. Rich has been 
shown to be the most important quality for violinists 
in a previous study (Saitis et al. 2012), while warm is 
often used to describe the sound of conventional wooden 
violins in comparison to other materials. TwillCB, 
UDFlax and UDC show large statistic deviations from 
the expected mean a random distribution would show 
towards warm. For rich – poor only TwillCB and Spruce 
show a statistically strong deviation towards rich. The 
scale from 2 to 5 was chosen as all our calculated means 
+/- standard error of the mean (SEM) fit within this scale.   
 Fig. 6.2 shows the selection of ‘best’, ‘second best’ 
and ‘worst’ instrument overall. TwillCB and UDFlax 
were mostly chosen as ‘best’ (9). UDC was most often 
chosen as ‘second best’ (9). Sandwich was chosen most 
often as ‘worst’ (12).
 Listeners were asked which instrument they 
found “most rich/most powerful/most warm” (Fig. 
6.3). Interestingly TwillCA(2) was preferred more 
than TwillCA(1), this corresponds with a consistently 
higher mean score on positive attributes like: powerful 
(+0.95), bright (+0.83), good (+0.78) and loud (+0.69). The 
differences could be explained by the order. TwillCA(1) 
was the first to be heard, TwillCA(2) came after UDFlax 
and before Spruce. As UDFlax was never chosen on the 
question ‘Which instrument did you find most powerful?’, 
TwillCA(2) may have appeared more powerful in contrast.
 Listeners were asked which pair of adjectives 
they found were “most important to judge the quality 
of a violin?” (Fig. 6.4). Three of the bipolar pairs were 
prompted by the previous question “Which instrument 
did you find most rich/most powerful/most warm”, and so 
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listeners might have a positive bias towards these pairs. warm 
– cold (13) and rich – poor (12) scored higher than powerful 
– weak (2). This finding can be interpreted as follows: either 
these listeners find the power of the sound of a violin secondary 
to the sound color, or they could have (either intentionally or 
unintentionally) favored sound color over power in an effort 
to rate attributes which are thought to be related to wood. The 
pairs loud – silent, harsh – soft and good – bad were never 
written down and are therefore not included in Figure 5.
 When we examine the Root-Mean-Square (RMS) level 
of the audio recording made during the evaluation experiment 
(Fig. 6.5) the Sandwich violin stands out with the highest 
RMS level, which correlates with the acoustic measurements 
in chapter 5. From this measurement, we can conclude that 
the violin player did not compensate for the response of the 
instruments in her playing technique. The violins with a top 
plate made from a material with a higher degree of anisotropy: 
UDC, UDFlax and Spruce have a slightly lower RMS level 
compared to the other violins.
The violin player’s favorite was the Sandwich violin because 
it was “easy to produce a lot of sound”. Her least favorite was 
UDFlax because she “felt she had to work very hard on the 
instrument”. The violin player had a suspicion that violins 1 
and 5 were the same instrument, which was the case (TwillCA).

Figure 6.3: Amount of times each instrument (vertical axis) was chosen on the 
question ‘Which instrument did you find most rich/most powerful/most warm’ 
(horizontal axis).

Figure 6.4: Amount of times a pair of words was written down as important to 
judge the quality of a violin. In black the pairs prompted by a previous question, 
in gray the non-prompted pairs. Between the prompted pairs warm – cold and 
rich – poor, attributes related to the sound color, were chosen significantly more 
than powerful – weak, an attribute often linked to projection and loudness.

Figure 6.5: RMS value of the recording made during the evaluation experiment.Figure 6.2: Amount of times each violin (horizontal axis) was chosen as best, 
second best and worst (vertical axis) in the evaluation experiment.
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3.2 Selection experiment
3.2.1 Methodology
The musician, the acoustics of the hall and the procedure of 
the evaluation experiment have surely affected the results 
of our first experiment. Especially a significant order effect 
was observed in our measurements, which makes the 
interpretation of the results more difficult and limits the 
possibility to draw conclusions. Therefore, we conducted a 
second listening experiment to verify whether similar trends 
could be observed with a different protocol, based on pairwise 
comparisons. To limit the fatigue of the listeners, the number 
of comparisons should not be too large, which reduces the 
number of instruments that can be used. Three violins from 
the first experiment were selected: UDFlax, TwillCB and 
Sandwich. Both UDFlax and TwillCB were preferred in the 
first experiment, while Sandwich was evaluated most often as 
“worst” violin. 
 It is presumable that listeners perceive and judge 
the sound of a violin in relation to all other presented 
instruments. As the composite violins sound rather different 
from conventional violins, one could argue that the listeners’ 
perception of these violins could be affected if a conventional 
violin was presented during the same test and that our results 
would only hold in the particular context of these prototype 
violins. An additional wooden instrument was therefore added 
in this experiment. The violin was a Stradivarius model made 
by the same luthier and was set-up with the same bridge, 
strings, tailpiece, chinrest and pegs as the other composite 
instruments. Previous sound radiation measurements (chapter 
5) show that this conventional violin has a very different 
frequency response function from the prototype violins. One of 
the goals of this research is to link the perceptual evaluations of 
the composite violins to differences in their construction. The 
conventional violin was thus only used to ensure the relevance 
of the listeners’ evaluations of these prototype violins when 
taking into account regular violins as well. Therefore, only the 
pairs comparing two composite violins were analyzed.
 In this second experiment, the four violins were 
presented in pairs to 40 listeners, all members of the Ghent 
University Orchestra (GUSO). The listeners had an average 
of 14 years of experience playing music instruments. Fifteen 
listeners were violin players. The instruments were played 
behind the same screen as during the first experiment. The 
selection experiment took place in a 200-seat hall Trechterzaal, 
Therminal, Ghent University.
 The format of the listening test was based on the 
one used by Fritz et al. (2017). The test was conducted twice 
with a different violin player for each part. The violin players 
were members of the orchestra. To judge each pair of violins, 
the musicians first played a scale (34 seconds) on each violin, 
followed by a short piece of music of their own choice (20-30 
seconds) on each violin. This so-called ABAB format of the 
experiment made it possible for listeners to hear each violin 
twice, that is both before and after the other violin (Fritz et 
al. 2017). In this way, each musician presented all the violin 

pairs in ABAB format (Table 6.II). Between the two musicians, 
the order in which the pairs were presented and which violin 
went first in a pair was changed over the two tests so the 
order of presentation was balanced. In the questionnaire, the 
listeners were asked which instrument they preferred and 
why. Listeners could skip a certain pair if they did not have 
a preference. Secondly, they were given three quality factors: 
‘better projection’, ‘better balance’ and ‘better sound color’. 
They were asked to choose any number of those quality factors 
that explained why they chose the said violin. If they chose 
‘better sound color’, they could further specify their choice 
using a list of selected adjectives to describe that sound color in 
more detail. They had the option to add additional remarks to 
explain their preference.

3.2.2 Results 
As a summary of the results shows in table 6.2, TwillCB was 
preferred by most of the listeners over UDFlax with both violin 
players. Listeners clearly favored TwillCB over Sandwich when 
listening to player 1 but did not in the case of player 2. UDFlax 
was favored over Sandwich in both cases.

Table 6.2: Preference of listeners for composite violins when presented in pairs 
during our selection experiment. The pairs with the conventional violin are 
excluded as these were not a double-blind condition.

Listeners based their preference mostly on sound color (Fig. 
6.6). Only in the case of Sandwich an equal number of listeners 
gave projection as their reason of preference. As listeners used 
the adjectives to further specify why they favored the sound 
color of a certain violin, they ended up with similar choices 
of adjectives as in the first experiment. UDflax was described 
most as warm and round, TwillCB as clear and open, and 
Sandwich most as powerful, bright and rich and least as warm 
(Fig. 6.7). Due to the nature of this test, listeners could only 
describe the sound of the violin they favored; harsh, sharp and 
nasal are most often interpreted as negative attributes when 
used to describe the sound of a violin. This explains why they 
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were not often picked as adjectives to describe the sound color 
of the favorite instrument. As nasal was never picked in our 
selection experiment, it is not included in the graph.
 In the selection experiment, listeners were asked to 
indicate why they chose a particular violin. As some violins were 
chosen more often than others, these are displayed in percentage 
to the amount of times a violin was chosen in figure 6.6.

3.3 Discussion
As expected, our listening experiments show that by using a 
variety of composite materials for soundboards of violins, a 
wide range of sounds and timbres can be produced. As the use 
of these composite materials allow violin makers to change the 
sound of a violin in a number of ways, they can offer new artistic 
opportunities for violin players and composers to explore, which 
will be investigated in the following chapter. These findings 
already provide a first understanding of the artistic qualities 
these violins have.
 In the acoustic radiation measurements (chapter 5), 
UDFlax was the least effective sound radiator between our violins. 
It is therefore not surprising that the instrument was the least 
associated with attributes linked to loudness, such as powerful 
and projection. Although this instrument was the least favored by 
our violin player in the evaluation task, it was preferred by many 
listeners for its warm and round sound color.
 The instrument made from a lightweight, low damping 
and low anisotropy sandwich material consisting of woven 

Figure 6.7: Percentage distribution on the description of the favored sound color 
for each of the violins.

are not always chosen as favorite by listeners. Listeners’ 
evaluations can be influenced by the performer’s way of playing 
the instrument. In our evaluation experiment, this violin’s sound 
color was described as harsh. This is less clear in our selection 
experiment, as the nature of this experiment emphasizes the 
positive qualities of each instrument. 
 UDC has a higher anisotropy than TwillCA and TwillCB, 
giving it signature modes which are lower in frequency (chapter 
4). UDC was described as round and soft and was chosen less 
as powerful. This could be an indicator that for composite 
materials, a higher degree of anisotropy results in an instrument 
with a round and soft tonal color preferred by many listeners, but 
with a less powerful sound. This is in line with the simulations 
performed by Viala (2018) that showed variations in anisotropy 
have a significant effect on certain modes of the violin.
 In our evaluation experiment, two violins were preferred 
more than others. One had a soundboard from a laminate of 
unidirectional and woven carbon (TwillCB), the other was made 
from unidirectional flax (UDFlax). Although UDFlax had the 
least powerful sound among our prototypes, its sound color 
being described as warm, soft and round still made it a favorite 
for many listeners. The other favorite instrument TwillCB had 
a sound color described as warm and rich. In our selection 
experiment, TwillCB was favored over UDFlax by the listeners 
with both players. The listener’s preference in our experiments 
seem mostly guided by sound color, and less by projection or 
loudness of the instruments. However, when both instruments 
have a favorable sound color, the instrument with the better 
projection was favored between the two most preferred violins. 
In both experiments, listeners indicated to find a warm sound 
an important quality parameter, followed by adjectives such as 
clear, open, round and rich.
 When we compare the results from TwillCA to TwillCB, 
the two instruments with identical top plate materials, it is clear 
that the instruments were rated differently in our evaluation 
task. As their signature modes behave in a very similar way 
(chapter 4 and 5), this could mean that their different sound color 
might not be caused by their signature modes, but rather by their 
behavior at higher frequencies. In the previous chapter we have 
observed that TwillCA has a higher acoustic response around 
roughly 2 kHz and between 3-4 kHz. Since these are frequency 
regions to which the human ear is very sensitive, it could be that 
this difference causes the listeners to perceive these instruments 

Figure 6.6: Reason why listeners chose a particular violin in the selection test.

carbon and an aramid honeycomb (Sandwich) 
was mostly chosen as most powerful, had the 
highest mean for loud, had the highest RMS 
value and was the only instrument being 
favored largely for its projection. Yet this 
instrument was the least preferred in our 
evaluation task and least picked as favorite 
in our selection task when played by the first 
violin player, but was more liked when played 
by the second player. These findings are in 
line with a previous study (Fritz et al. 2017) 
showing that violins with the best projection 
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differently. Intuitively, for me personally, an increase in these 
higher frequencies correlates with an increase in ‘sharpness’ 
and a decrease in ‘warmth’ of the sound. Of course these results 
of these two instruments are insufficient to draw scientific 
conclusions.

4. Playing tests
Experiments with listeners gave insights on how the sound of 
violins made from composite materials are perceived and what 
is favored by listeners. An expert audience is well equipped to 
evaluate important properties like sound color and projection, 
but they have no way of knowing how easy or hard an instru-
ment is to play. To study the playability and response of these 
violins, tests with violin players are necessary. Additionally, the 
perceived sound of an instrument can be studied from the play-
er’s perspective. As mentioned in literature, a violin is perceived 
differently while being “passive” (listener) or “active” (player) in 
the production of the sound (Fritz et al. 2015). 

4.1 Objective
As each musician has a different technique and way of playing, 
this is a possible confounder in every (psycho-)acoustic evaluation 
that uses musicians. Saitis C. (2015) found players to be self-
consistent in evaluating violin quality of conventional violins. This 
was especially the case for more constrained evaluating tasks, 
which improved both intra- and inter-individual agreement. 
However, the study did not shed light on the effect of differences 
in playing techniques:

“While specifying the musical material and technique may 
improve consensus, there remains the issue of addressing 
differences in how people play. Different violinists may use 
different combinations of gestures when playing, each producing 
a fundamentally different behavior of the instrument for a certain 
attribute. For example, player A may use more bow force than 
player B and thus produce a more bright timbre.”

As we have previously examined in chapter 5.4, a difference in 
playing technique can result in a different amplitude and spectral 
content of a violin’s sound. In the selection listening tests, we 
observed that changing the violin player has an effect on how a 
violin is perceived by listeners. Still, in both tests, certain trends 
emerged on how the violins were perceived.
 The next objective is to study how violin players 
perceive these violins. 33 violin players, with an average of 18.6 
years of experience, evaluated the instruments. In order to learn 
how violin players perceive these instruments, I conducted two 
consecutive tests:

1. A blind playing test. In this test violin players could not be 
influenced in their perception through preconceived ideas or the 
look of a violin.

2. A non-blind visual and playing test. This test has a closer 
resemblance to how violin players would evaluate instruments 

in the real world (a higher ecological validity or verisimilitude).

They judged the violins on attributes like sound color, projection, 
playability and response and could describe the sound of the 
violin by selecting words from a provided list and in their own 
words. The two consecutive tests took between 40 and 50 minutes 
depending on the participant. Through this experiment, we can 
learn more about the playing properties of the instruments and 
we can investigate if player’s perception corresponds to that of 
the listeners.

4.2 Participants
Violin players were invited through an online call for participants. 
As in the listening tests, potential participants were informed 
they would be asked to evaluate a number of violins containing 
at least one carbon fiber and one flax fiber instrument. Out of 
our 33 participants, 25 listed classical music as what they played 
most followed by folk (5), Contemporary (3), Rock/Metal (2), Jazz 
(1) and Pop (1) (multiple answers were allowed). Players could 
indicate if they played a different music genre to a lesser extent 
to which they answered Pop (8), Classical Music (5), Folk (5), 
Jazz (4), Contemporary (3), Rock/Metal (2). With 30 out of 33 
participants to pick classical music as a genre they played, it is 
clear the participants are not well divided over musical genres, 
which makes the investigation of trends among violin players 
with a certain background difficult. In order to investigate this, 
a dedicated experiment with more participants of a different 
background is necessary, which was outside the scope of my 
thesis. Most likely the similar background of most participants is 
close to reality as at present most violin players learn to play the 
violin through classical music.
 Musicians who had played the instruments prior to 
the experiment were not allowed to participate so there was 
no difference in experience with the instruments between the 
players. Because of this restriction, it proved hard to recruit a 
large amount of professional violin players, of which only 4 were 
found.
 As the amount of professional violin players in this 
study are small in number and each individual professional 
player can be considered an expert, I decided not to analyze 
them as a group but rather focus on their individual evaluations 
of the experiments. Of the other participants, 6 players described 
themselves as semi-professional and 23 as amateurs.

4.3 Blind playing test
4.3.1 Methodology
Upon arrival, violin players were given an explanatory sheet 
and a questionnaire. After approximately 5 minutes they were 
asked if everything was clear and if they wished to start with the 
experiment. Before and during the entire blind test, the violins 
were placed behind a curtain so the participants could not see the 
instruments. Participants were handed a questionnaire which 
asked them to rate each instrument on sound color, projection, 
playability and response on a 5-point Likert scale from ‘very bad’ 
to ‘very good’. Additionally they could describe the sound color of 
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each violin using a provided list of adjectives, which was based on 
the pairs of adjectives from the listener tests. The questionnaire 
was available in both Dutch and English, most participants opted 
for the Dutch version.
 First, each player stood blindfolded in the middle of a 
large room of approximately 48m2. In order to allow the players 
to warm up, they were first given two random violins to try. This 
allowed them to become familiar with the environment and 
procedure of the experiment. After the warmup, the participants 
were handed the instruments one by one in a random order. One 
violin (TwillCB) was presented twice to examine the reliability of 
the mean score of the group. By using a different random order 
for each player, the order effect is not completely removed, but 
the effect on the results of the group as a whole are reduced 
to a minimum. The musicians were asked to first play a two 
octave tonal ladder starting on the low G, followed by a musical 
fragment of their own choice. This method was chosen as it 
ensured that all players played all the strings of each violin while 
it also allowed them to assess the instruments as they preferred. 
A non-constraint task like this decreases the consistency 
between participants (Saitis et al. 2015), but it is closer to the 
artistic practice and therefore has a higher verisimilitude. I took 
note of any comments that participants made while playing 
an instrument. When a participant asked a question I always 
answered positively or aided with the notes of what he or she said 
previously. When a participant was finished playing a violin, he/
she gave the instrument back to me, after which I repositioned 
it behind the curtain. Only then the violin player could remove 
the blindfold and fill in the questionnaire for said instrument 
and use a 5-point Likert scale to rate the violins on the attributes 
sound color, projection, playability and response (based on Fritz 
et al. 2012b) as well as choose words to describe the sound of 
the violin. It was communicated to participants that breaks in 
between violins were allowed, but none of the players requested 
a break during the test.

Figure 6.8: Mean score +-SEM (line) of all the violins on the attributes sound color, projection, playability and response as judged by 33 
violin players.

4.3.2 Results and discussion
The mean score and Standard Error of the Mean (SEM) of the 
group as a whole were analyzed using IBM SPSS® software (Fig. 
6.8). The mean score of TwillCB the two times it was presented 
is very similar, with no statistically important deviations. This 
indicates that the random order in which the instruments were 
presented for each player minimized the impact of the order 
effect on the results. Still, the mean score of TwillCB was slightly 
higher the second time it was presented.
 A Levene's Test for Equality of Variances found the 
p-value of sound color (0.043) to violate the assumption of 
homogeneity of variance (p-value < 0.05), but found playability, 
response and projection to be tenable. A non-parametric Kruskal-
Wallis H test was used for the attribute sound color, which 
showed that there was a statistically significant difference on the 
rating of sound color between the instruments (p-value = 0.016). 
A Mann-Whitney U test found a statistically significant difference 
on the rating of the attribute sound color between Sandwich 
and UDFlax (0.007) and between Sandwich and TwillCB (0.018, 
0.006). An ANOVA test found a statistically significant difference 
(p-value < 0.05) in the group for the attribute projection (0.048), 
but not for the attributes playability and response. For the 
attribute projection, a significant difference was found between 
the means of Spruce and UDFlax (0.029). 
 In the mean scores, i.e. means about each instrument 
and each attribute, certain trends arise that are similar to those 
of our listening experiments. The sound color of UDFlax (3.67) 
and TwillCB (3.55-3.69) was most preferred, in descending 
order followed by UDC (3.36), Spruce (3.27), TwillCA (3.03) and 
Sandwich (2.79). The description of the sound color mostly 
follows the trends observed in the listening tests (Fig. 6.9). The 
timbre of the Sandwich violin was mostly described as Sharp 
(16), Nasal (12), Loud (11), Harsh (11) and Powerful (11). Spruce 
was described as Clear (13), Warm (12), Open (12), Powerful (10). 
UDC was described as Warm (18), Dull (13) and Round (11). The 
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Figure 6.9: Amount of times each word was chosen by the participants to describe the sound of a violin. The adjectives are presented on a 
bipolar scale. TwillCB was presented twice unbeknownst to the violin players.
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Figure 6.10: Score attributed to the violins by the four professional violin players on the attributes sound color, projection, playability and response.

sound of UDFlax was described as Warm (19), Closed (15), 
Dull (13), Round (11) and Good (11). TwillCA was described 
as Sharp (14), Good (12), Nasal (11) and Loud (10). TwillCB 
was presented two times and was described most as 
Warm (12, 17) and Round (9, 12). The Spruce violin had 
the highest mean on projection (3.94), which is in contrast 
with both out listening tests and acoustic measurements, 
in which the Sandwich violin was the best projecting or 
most efficient radiator. The Sandwich violin was described 
most as loud (11) and powerful (11), two attributes often 
linked to projection. What motivated the players to rate this 
instrument low on projection is not clear. Perhaps a possible 
answer can be found in the rating of the Spruce violin. This 
instrument was chosen most on the attributes clear (13), 
open (12) and rich (9). Perhaps violin players associated 
the timbre of this instrument with violins that project well, 
and thus score instruments with this timbre high on the 
attribute projection. More research is needed to verify this 
hypothesis. 
 The playability of the violins was rated quite high 
overall, with TwillCA (3.48) and UDC (3.64) receiving the 
lowest score on average. The rating of response shows a 
similar trend with TwillCA and UDC receiving the lowest 
score (3.24 and 3.48 respectively). It seems that playability 

and response could be two qualities that influence each other 
in our test. From the experiment we cannot tell if a lower rating 
of playability results in a lower rating of response or vice versa, 
especially because no statistically significant differences were 
found between the instruments. These two violins have not stood 
out as particularly similar in our previous tests. The only minor 
similarities they have is that they do not show the CBR mode in 
the acoustic spectrum and have the most efficient radiation of air 
modes (A0 and A1) between our prototypes, but this difference 
observed in chapter 4 and 5 was relatively small.
 Professional violin players showed deviations from the 
mean of the group (Fig 6.10). As an example, the Sandwich violin 
received the lowest average rating on sound color (2.79), yet two 
professional players gave the instrument a score of respectively 
4 and 5 out of 5 on this attribute. These two players possibly 
favored the Sandwich violin giving the violin only 4’s and 5’s 
on all attributes. Also the professional player who played the 
instruments during the evaluation task in the previous chapter 
favored this instrument. The consistent scoring of TwillCB by the 
professional players proves the intra-individual variability to be 
minor, yet each individual has a different perception and rates 
the violins differently. Player 3 felt that, as a player, he could not 
reliably judge projection and therefore chose not to score the 
instruments on this attribute. 
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Figure 6.11: Presentation of the violins in a random order on a conventional violin stand.

4.4 Visual attraction
4.4.1 Methodology
After the blind test, the curtain was removed and players were 
visually introduced to the instruments. All violins were put on 
a stand next to each other in another random order (Fig. 6.11). 
First the participants were asked about which violins they found 
most and second best looking and which they found least visually 
attractive. If they wanted, players could explain their choice. As 
TwillCA and TwillCB are visually identical, their results were 
added up. Players could not choose these two violins as first and 
second choice.

4.4.2 Results and discussion
At first glance, the visual appeal of an instrument seems a side-
step from my original research questions. Yet, as we approach 
the artistic exploration and use of these new instruments on a 
stage, it becomes an important consideration. One should not 
underestimate the impact a musician has just by stepping on the 
stage with an unusual-looking instrument. 
 When I presented my instruments in Sound & Listening 
on the edge of Music, Performance, Film and New Media at School 
of Arts Gent (2019), a colleague artist and researcher said that 
in her imagination, she could already feel how the instruments 
sounded just by looking at them.
 When presented with an unusual-looking 
unconventional instrument, people in the audience will typically 
form an opinion about the instrument before hearing a single note. 
Musicians know this and choose their instruments accordingly. 
Furthermore, any musician, consciously or subconsciously, 
is influenced in his/her perception of an instrument by how 
the instrument looks. You can imagine that a violin that looks 
low-quality is approached with much more scepticism than an 
instrument which is a visual representation of the highest quality 
of craftsmanship. It is likely that this is one of the key factors 

Figure 6.12: Visual attraction to the prototype violins. UDFlax and UDC are most 
preferred, Spruce and Sandwich are found least visually attractive.

driving luthiers to ‘antique’ their instruments as discussed in 
chapter 1. Perhaps a violin made with an unconventional material 
is approached with more scepticism than one made from wood?
In figure 6.12 you can see that UDFlax and UDC are the most 
preferred, visually. For UDFlax, players motivate their choice 
mostly by referring to the color of the soundboard (6) and the 
resemblance to wood (3). UDC was preferred for its unique 
pattern (5), (high quality) look of the material (3), metallic look 
(2) and sober look (2). Also, one player noted that UDC ‘just looks 
like it sounds the best’, illustrating the point I made earlier on the 
importance of visual perception. The low rating of spruce seems 
to be motivated most by its color (6) and the look being associated 
to a guitar (2) possibly due to the former. The low visual rating 
of Sandwich was attributed to its high gloss finish (5), (busy) 
pattern (4) and its sides which revealed the honeycomb/had an 
unfinished look (4).

4.5 Non-blind playing test
4.5.1 Methodology
Finally, the players were given the freedom to play the violins in 
any way and order they wanted. In contrast to the real world, the 
researcher did not answer any questions regarding the sound, 
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This is in contrast to both the listening test and acoustic 
measurements. Since none of the violin players had experience 
rating violins which are so far from conventional instruments, 
they could be influenced by previous experiences regarding 
conventional violins that project well. Also, our participants 
were mostly amateurs (23) and semi-professionals (6). The 
three professionals in our experiment that rated projection gave 
Sandwich the same score as Spruce.

5. Correlating physical measurements
with perception
Correlating the results from the psychoacoustic tests with the 
vibrational and acoustical measurements from chapter 4 and 5 
is difficult. First of all, the violins made for this research differ 
from conventional ones in a number of ways: the shape of the 
body with its lack of C-bout blocks, the differently designed 
soundholes and the fact that carbon fiber was used for the body 
and neck of the instrument. Because of this reason, it is not clear 
in what ways hypotheses on conventional violins from literature 
apply here. Yet, I feel that the violins made for this research 
are also similar enough to conventional violins in for example 
the volume of their cavity, the dimensions and shape of their 
arching, to investigate whether our results align with hypotheses 
from literature and where they do not.
 Dünnwald (1991), Langhoff et al. (1995) and Bissinger 
(2008) stated that it could be that the higher the (acoustic) 
amplitude of the A0 mode, the ‘better’ the violin. The definition 
of ‘better’ was left undefined, as such I will interpret it as 
‘preferred by listeners and players’. Between our violins UDFlax 
and Sandwich had the lowest amplitude for A0, while TwillCA 
had the highest amplitude. One could argue that UDFlax 
should be excluded due to the interference between its A0 and 
B0 mode, but that leaves our two least preferred instruments 
by listeners (Sandwich and TwillCA), and with the lowest rating 

Figure 6.13: Participants answer on which instrument they would like to ‘take home’, a ‘close second’ and which instrument they found 
‘least interesting’ in a non-blind test.

playability, or the order in which the violins were previously 
presented. Violin players were asked which instruments they 
would like to have given the option, which violin they considered 
second place and the instrument they were least interested 
in. If they wanted, players could also select the best and worst 
instrument regarding sound color, projection, playability and 
response.

4.5.2 Results and discussion
Although a non-blind test is - from a scientific viewpoint - full 
of possible confounders, it is an interesting methodology to the 
artistic research as it has a high verisimilitude.
 Spruce was chosen most to ‘take home’, followed by 
UDFlax and TwillCB (Fig. 6.13). With the exception of Spruce, 
player preference shows similar trends to the preference 
of listeners in our previous listening test. There are many 
possible explanations on why Spruce stands out. First of all, 
the players were aware they played an instrument with a 
wooden soundboard, this could have clouded their judgement 
due to preconceived ideas. Secondly, they have been playing 
instruments with a wooden soundboard for their entire musical 
career: the sound or playability might feel more familiar and 
comfortable. In contrast to the blind playing test (Fig. 6.8), Spruce 
was chosen most as ‘best sound color’ (8)1, ‘best playability’ (7)2  
and ‘best response’ (10)3. Spruce has the highest mean score 
(3.94) on ‘projection’ in our blind test, in our non-blind test it was 
also chosen most as ‘best projection’ (14)4. 
1  Followed by TwillCB (6), UDFlax (6), UDC (4), TwillCA (4) and 
Sandwich (1).
2  Followed by TwillCA (5), TwillCB (4), UDFlax (4), UDC (2) and 
Sandwich (1).
3  Followed by UDFlax (7), Sandwich (5), TwillCB (4), TwillCA (3) and 
UDC (2).
4  Followed by Sandwich (4), UDC (3), UDFlax (3), TwillCB (2) and 
TwillCA (1).
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on sound color by players, on opposite ends of the spectra. As 
such between these violins there is no correlation between the 
acoustic amplitude of A0 and the preference of listeners and 
players.
 Schleske (2002) reported that if the frequency of the B1+ 
mode of a violin is below 510 Hz, it sounds soft and dark, while 
if it is above 550 Hz the violin would be more stubborn to play 
but have a bright sound. He considers this mode to be a ‘tonal 
barometer’ of the instrument. Due to the different design and 
construction of my violins, the frequency of the signature modes 
are affected. None of my composite violins have a B1+ below 510 
Hz. Only UDFlax (B1+ = 523 Hz) and UDC (B1+ = 542 Hz), both 
instruments having a unidirectional composite soundboard, 
do have a B1+ mode below 550 Hz. These are the only two 
instruments for which a strong correlation with ‘soft’ was found 
in our listening test.
UDFlax was also the only violin for which no correlation (strong 
or weak) was found with ‘bright’. Therefore it could be that 
there is some truth in this hypothesis, yet the exact range of 
frequencies is likely to depend on the constructional parameters 
of the instrument, which are different in the case of these violins. 
Additionally, the B1-, CBR and A1 mode show a similar trend in 
frequency between the violins than the B1+ mode. Therefore, in 
our case, I think it is more reasonable to state that a shift in the 
frequency of all these signature modes is a ‘tonal barometer’.
 Hutchins (1976) describes the separation in frequency 
between the A1 and the valley between the B1- or B1+ to be 
important. In our case, the valley between the B1- and B1+ mode 
is not always very clear in the measurements due to the B1- 
mode not contributing much to the radiation. As such we cannot 
validate this theory.
 Meinel (1957) found a correlation between the timbre 
and large energy at low frequencies, with more energy resulting 
in a better timbre. Between our players, only a strong statistical 
difference on the attribute ‘sound color’ was found between 
Sandwich and UDFlax, and Sandwich and TwillCB. This is in line 
with the preference of our listeners. Between these instruments, 
Sandwich does have the lower average energy in the lowest 
frequency band, which would seem to validate this hypothesis. 
However, TwillCA had the second to lowest mean rating on sound 
color (player evaluation), while its  energy in the lowest frequency 
band was similar to TwillCB. Meinel also stated that smaller 
amplitudes around 1.5 kHz would prevent a nasal sound, while 
large amplitudes between 2 and 3 kHz together with smaller 
amplitudes above 3 kHz would result in an agreeable, soft and 
pure sound. Sandwich had the highest amplitude around 1.5 kHz 
and sounded ‘nasal’ according to our listeners (p-value<0.05) 
and to many players (12), which is in line with the hypothesis 
of Meinel. On the effect of amplitude differences between 2-3 
kHz and above 3 kHz there does not seem to be a trend between 
our violins. However, the perceived sound difference between 
TwillCA and TwillCB resulting in a higher average preference for 
TwillCB could be due to the lower amplitude of TwillCB between 
3-4 kHz. Perhaps the lower amplitude in this frequency region 
in comparison to TwillCA makes the sound of TwillCB more 

‘agreeable’? Clearly more research is needed before we can make 
any conclusions on the importance of this frequency region.
 Dünnwald (1991) also investigated frequency bands and 
found the following correlations: a higher amplitude in the 190-
650 Hz region would be related to ‘fullness of sound’, 650-1350 
kHz to a ‘nasal’ sound, 1.3-4.2 kHz to ‘brilliance and clarity’, 
and 4.2-6.4 kHz to ‘Harshness and unclarity’. Fritz et al. (2007) 
contradicted some of these findings. Their results also showed 
a correlation between brightness and clarity with a frequency 
band between 1.5-3 kHz, but a too high response resulted in a 
‘harsh’ sound. In contrast to Dünnwald, they found an increase 
between 3-6 kHz to also correlate with brightness. I chose to 
discuss octave bands instead of Dünnwald bands as they were 
used most recently (Fritz et al. 2012a). Our participants were 
not asked to rate ‘fullness of sound’. According to the results of 
Fritz et al. (2012a) the sound quality ‘full’ is close to ‘rich’, ‘warm’, 
and ‘round’. The instrument UDFlax which was perceived as 
‘warm’ and ‘round’ had the lowest average amplitude in this 
band, while TwillCA and TwillCB had the highest. Between 650-
1350 Hz, Sandwich has a significantly higher average amplitude 
(33.1 dB) than the other instruments (21.9 - 28.1 dB), which could 
contribute to the fact that this instrument sounds ‘nasal’. The 
results for 1.3-4.2 kHz are similar to some extent to those of Fritz 
et al. (2007) with Sandwich having the highest average amplitude 
and being described as ‘harsh’ by both listeners and players. 
TwillCA had the second to highest amplitude in this frequency 
region and was also described as ‘harsh’ by some players. Spruce 
had the highest average amplitude between 4.2-6.4 kHz and was 
the only instrument with a strong statistical deviation towards 
‘bright’ in our listener test, which is in line with Fritz et al. (2007), 
and was described most as ‘clear’ in our playing test.
 Langhoff et al. (1995) and Bissinger (2008) mention that 
the evenness or general shape of the response curve could be 
a possible quality parameter. Between our violins UDC has the 
most ‘even’ FRF, especially in the octave bands (190-6080 Hz) 
that range in amplitude between 25.2 dB and 27.7 dB, while the 
octave bands of Sandwich ranged from 19.9 dB to 32.8 dB. Yet, 
UDC is not a clear favorite of the listeners or the players, as such 
we cannot say that the violin with the most even response curve 
is also the instrument of the best ‘quality’.
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6. Conclusion and artistic review
Contrary to popular opinion among violin players, but in 
agreement with the vibro- and acoustic measurements from 
previous chapters, there is no specific sound property or quality 
that we can assign to the material group of fiber reinforced 
composites. As a consequence, no generalizations like ‘the sound 
of carbon violins lack warmth’ hold in these experiments.
The results from our listening test indicate that when violins are 
played consecutively the order effect is large. Although all our 
participants can be considered experienced listeners, individuals 
prefer different violin-like sounds. Depending on which 
violin player is playing, the preference of the listener can shift 
between instruments. Although the sound of some violins was 
favored more than others, there was no such thing as the ‘best’ 
violin sound overall. The player’s preference of the evaluation 
experiment was the exact opposite of the listeners. This could 
be due to the fact that she perceived the instruments differently 
because she was active in the sound production.
 In the playing tests, similar trends as in the listening 
tests are observed regarding the evaluation of sound color with 
a high mean score for UDFlax (3.67) and TwillCB (3.69-3.55), 
followed by UDC (3.36), Spruce (3.27) and Sandwich (2.79). The 
timbre of the instruments is also described in a similar way by 
the violin players as by the listeners. The only clear contradiction 
to the results of the listening tests and acoustic measurements 
is that Spruce had the highest mean score for projection in our 
blind test. The instrument was also most favored in our non-
blind playing test, though this could be due to preconceived ideas 
of participants.
 It is evident that each of these violins has a perceivably 
different sound. Even the two instruments that were made to 
be identical and that had very similar modal behavior (TwillCA 
and TwillCB) are perceived to be different by both listeners and 
players. The playing technique of each violin player and the 
perception of each person is unique, therefore it is not surprising 
that there are deviations from the trends observed in the data. 
One could argue that Sandwich is the ‘worst’ violin: it was least 
preferred in the blind listening test, rated lowest on sound color 
in the blind playing test, and found least interesting in the non-
blind playing tests. Yet on the other hand, the instrument was 
chosen as favorite by the player who played in the first listening 
test, the instrument was favored by listeners over TwillCB in the 
selection test with the second violin player, and the violin was 
rated highest on the attributes sound color, projection, playability 
and response by two of the four professional players in our blind 
test. So, arguably Sandwich is both the best and worst instrument 
between the violins: it depends on the context.
 My main takeaway from the psychoacoustic tests is the 
following: one must be cautious for generalizations. Sure, we can 
say that most people perceive the sound of UDFlax as warm, 
Sandwich as harsh and TwillCA as sharp, or that most players 
favor the sound color of UDFlax and TwillCB over Sandwich, 
yet there will always be individuals who perceive it differently 
in the same context. On top of that an individual’s perception of 
an instrument can change according to the context. There is no 

‘wrong’ or ‘right’ in perception. 
 The results of the listening and playing tests provide 
valuable information for my artistic practice. In my opinion, 
summarizing these results does not do justice to the complexity 
of the phenomena, and in extension these instruments. But then 
how can this be studied further? Which methodologies are best 
equipped to deal with the subjective exploration of a complex 
matter? The answer is Art. Up to now, the research topic and 
the instruments have been studied using mostly scientific 
methods. Although each test has its limitations, they have yielded 
interesting results. More objective tests could be performed on 
these instruments. Yet, I feel that at this point in my research, 
scientific methodologies have offered me plenty of insights and 
knowledge that I must digest and explore. In my research I have 
now arrived at the final original research questions: How can 
instruments made from new materials be used in the artistic 
practice? What artistic opportunities do these instruments offer? 
In my opinion, these complex questions are better explored 
artistically than scientifically. 7

The art of cello making
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1. Objective 
The violins made and studied in the previous chapters are in 
themselves an artistic product and artistic research output. Yet, 
many choices in their design and construction were determined 
by the scientific research methods used to study them. As an 
example, all the violins had the same carbon fiber back plates, 
sides and neck. As a next objective, I want to synthesize my 
insights and inspiration from the previous chapters into new 
instruments. Free from the boundaries of scientific research 
methods, these instruments can make creative leaps that scientific 
research methods do not allow. I will make three cello’s, each 
from a different fiber reinforced polymer: carbon fiber (CFRP), 
flax fiber (FFRP) and glass fiber (GFRP). The goal is to make each 
of these instruments towards a predetermined sound. This is 
ambitious. As a young luthier working with new materials, you 
can compare me to a toddler which has just learned to walk 
and announces he will now run. Nobody is really sure if it will 
work and concerns are valid. I’m translating insights from violin 
making into cello making, from the top plate to the entire body 
and from carbon to glass fiber. In this chapter I document why 
and how I made these cellos, both from an artistic and a practical 
standpoint.

1.1 Why I want to make cellos that sound different.
I have always admired the craftsmanship and artistry in the 
contemporary culinary world. In my opinion, there are many 
parallels between what I consider artistic food and music. A dish 
from a gourmet restaurant is the result of many contributing 
factors. Among others you need an inspired chef, the best quality 
of ingredients, and a skilled staff. Take one of these away and 
the art falls apart. Since the dawn of time, cooks have found 
inspiration in their ingredients which gave rise to the many 
cuisines we know today. Lately, a newfound appreciation of 
forgotten and/or local ingredients has driven chefs to reinvent 
their craft. In many cases, these artists look to local farmers to 
introduce them to ingredients they did not know existed, or in 
other cases they ask them to cultivate a certain special ingredient 
for their practice.
 Now, imagine the chef is a composer or musician. 
The dish is a performance of music. The staff can be enlisted 
musicians or other artists that contribute to a performance. Who 
is the farmer that delivers their ingredient?
 As an instrument maker, I feel it is my duty to explore 
new horizons and deliver new ingredients. Think of a chef who 
is limited to one kind of ingredient of each ingredient family for 
their entire career: one kind of apple, one kind of pear, one kind 
of potato, one kind of fish,... Surely, talented as this chef is, he/
she will deliver amazing dishes with these ingredients. Yet, I’m 
sure you will agree, we will be missing out on a lot of great art he/
she could create if a wider variety of ingredients were available.
 Let’s go back to the composer or musician. Due to 
the increased standardization of music instruments, we have 
narrowed their choice of ingredients down to a narrow margin. 
Just like the taste of each Granny Smith apple is unique yet similar, 
the sound of most conventional violins fall within a certain 

timbre spectrum. I hope you forgive my following exaggeration, 
which is incorrect but holds a certain truth within it: There is 
currently only one kind of violin, cello, clarinet, horn,… available 
for musicians and composers.
 I’m not saying Granny Smith isn’t great. But where are 
Pink Lady, Golden Delicious or the Braeburn apples?

2. Using composite materials towards a 
specific sound
The following selection of materials is a direct result of the 
research you have read in the previous chapters. Therefore the 
choice for carbon fiber and flax fiber is self-explanatory. Glass 
fiber on the other hand was not used to make violins because 
previous research stated its higher density and lower stiffness 
in comparison to carbon fiber made it less suitable for our 
application (Jalili et al. 2014). In theory, the material would result 
in an instrument with a lower projection. However, we have 
learned that projection is not the only factor that determines the 
preference of listener and players. According to our participants 
in chapter 6 who listened to the violins in solo condition, the 
sound color of an instrument was a more important quality 
factor. Additionally, we have learned from the Sandwich violin 
that an instrument can be a more efficient sound radiator by 
using an aramid honeycomb core in its construction. This means 
that I can compensate for the higher density – and thus weight 
– of glass fiber in comparison to carbon fiber. Therefore I would 
argue, in contrast with previous scientific studies, that glass 
fiber is potentially a valid alternative material to make bowed 
instruments.

But how can we exploit these materials to create cellos that 
sound different?

2.1 Carbon fiber
For the carbon fiber cello, I want to aim towards a strong, warm 
and powerful sound. As this material lends itself to create an 
efficient radiator, it can be an all-round reliable performer. The 
instrument can be suitable for large concert halls and outdoor 
performances. Often, cellist soloists struggle to be heard over an 
orchestra. Perhaps this instrument can solve that issue?
 In agreement with what many violin players indicated 
in chapter 6, I find the visual look of the UDC violin very 
appealing. Yet, I want a sound and durability which is more 
similar to the TwillCB violin. Therefore, I chose to make the top 
plate out of a layup consisting mostly of woven carbon fiber, with 
the unidirectional carbon as outer layers. Besides the effect of 
its visual attraction, the unidirectional carbon fiber in the outer 
layers will give the soundboard a higher stiffness along its axis. 
This is beneficial as conventional cellos often show deformations 
in this direction. The rest of the instrument will be made out of 
twill woven carbon fiber. The carbon fibers will extend from the 
sides at the bottom block over the back plate all the way into the 
neck. This will make the instrument very durable. Using woven 
carbon fiber should also contribute to a high radiation of the 
instrument due to the higher isotropy.
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2.2 Flax fiber
Based on the perception of listeners and players on the sound 
of the UDFlax violin, the properties of flax fibers could lend 
themselves to create a very round and soft sounding cello. I think 
I should be able to make an instrument on which it is easy to 
produce a beautiful and warm tone. The lower volume, specific 
timbre and playability this instrument is likely to have can make 
it the perfect candidate to play cleanly on recordings, in solo 
condition or in combination with instruments that have a low 
sound volume (for example a classical guitar). Perhaps it can also 
serve as an alternative for more conservative musicians who do 
not like the look of carbon fiber.
 In order to achieve a warm and soft sound, I will use 
mostly unidirectional flax fibers along the axis of the instrument. 
This should result in the signature modes having a lower 
frequency in comparison to the carbon cello, just like UDFlax 
had signature modes that were lower in frequency compared 
to TwillCB and TwillCA. The unidirectional flax has the added 
benefit that the entire cello will have a wood-like appearance. To 
make sure the top plate is not too heavy and the instrument is 
sufficiently loud, I will add a 2mm aramid honeycomb core to 
the soundboard. I felt a 3mm core might overdo it and make the 
soundboard too light and the skin too thin. Judging from how 
listeners and players perceive the sandwich violin in chapter 6 
that could result in a harsh timbre, which is the opposite of what 
I want for this cello. The thinner skin would also result in a more 
fragile top plate. In order to make sure the instrument is not too 
fragile, I will put one layer of woven flax fibers in the middle of the 
back plate, sides and neck. Due to the top plate being a sandwich 
construction, I do not want make it too stiff, so I will only add a 
patch of woven flax fiber in the middle of the soundboard in the 
bridge area. This should protect this important region from bass 
bar and sound post cracks.

2.3 Glass fiber
Using a clear epoxy, glass fiber composite can be made to look 
transparent like glass. Following this visual theme, I want to aim 
for a distinctive clear or sharp sound, similar to the timbre of the 
Sandwich violin. A cello with such a unique look and perhaps 
timbre could be suitable for contemporary music. I find it very 
hard to imagine the sound this cello will make. Because of the 
new material, I must admit that it is a bit of a guess. In any case, 
I will try to make this cello sound as exceptional as it will look. 
 As I have no experience with this material in 
instruments, I want to get the most out of my knowledge on the 
effect of the lay-up on the sound. In order to get a clear and sharp 
sound, I want a high isotropy. A unidirectional lay-up, especially 
in combination with the heavier fibers, could result in a warm 
or round sound, which is not what I am aiming for. For the back 
plate I have chosen for a lay-up with only woven glass fibers so it 
has an equal amount of fibers along the axis and at a 90 angle, I 
have added some layers at a 45 degree angle to slightly increase 
the torsional stiffness (D66) as well for the back plate, sides and 
neck. This lay-up should result in signature modes which are 
higher in frequency and could prove beneficial for the radiation at 

higher frequencies. Additionally, this will have the added benefit 
of making these parts very durable. For the top plate, I will use an 
aramid honeycomb core to make the soundboard lighter. I will 
go for a 5mm thick core as I want to make sure it’s different from 
the flax fiber cello. A high isotropy for the top plate might result 
in a harsh sounding instrument. If this is how the cello ends up 
sounding, I am ok with that, it will certainly be distinct. On the 
other hand I would like the sound to not be too edgy so it can still 
be described as ‘clear’. As a compromise I chose to make the skin 
of the sandwich top plate out of a combination of unidirectional 
and woven glass fiber. Because of the overall higher isotropy, 
similar to the Sandwich violin, I expect the instrument to have 
the least power in the lower frequencies between the cellos, but a 
high output in the mid-high frequencies.

2.4 Determining the lay-up
In order to translate these ideas into functional instruments, we 
can use the classical laminate theory to estimate a suitable lay-
up.

In conventional cellos, just like in violins, spruce is used for 
the top plate and maple is used for the back, sides and neck of 
the instrument. For my calculations, I will assume an average 
longitudinal Young’s modulus of 13.2 Gpa for spruce and 10 Gpa 
for maple. The parts of the cello vary in thickness quite a lot 
depending on the maker. Just like in violins, the top and back 
plate are usually thicker in the middle and thinner towards the 
edges. The following thicknesses are therefore not applicable to 
all cellos but fall within usual dimensions. For a spruce top plate 
I will assume a thickness of 5 mm in the middle (the island area), 
3.6 mm in the middle of the upper and lower bout and 2.8 – 2.6 
mm towards the edges. The maple back is usually a bit thicker, 
so there I will assume a thickness of 6 mm in the center, stepwise 
going down with 5.2 mm and 3.8 mm towards the edges that are 
approximately 3 - 2.8 mm thick. For the maple ribs I will assume 
an overall thickness of 1.8 mm. If I translate those thicknesses to 
the longitudinal bending stiffness (D11) of the parts I should be 
aiming towards the following stiffness:

Table 7.1: D11 stiffness pattern for a cello’s sound box.

I do not interpret these figures as absolute rules, quite on the  
contrary. Yet, they will help me in estimating an appropriate 
thickness for my composite parts.
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2.4.1 Calculations for the carbon cello
Using the material properties and equations from chapter 3, 
a carbon fiber plate must have the approximate thicknesses 
displayed in table 7.2 to achieve the same longitudinal bending 
stiffness (D11) as a spruce plate.

Table 7.2: Calculated thickness of a woven and carbon 
unidirectional soundboard based on D11 bending stiffness.

Table 7.3: Thickness pattern of the carbon cello.

Table 7.4: Thickness pattern of the flax fiber cello. The top plate consists of a skin 
made from FFRP and an aramid honeycomb core.

This calculation is for flat plates, not arched ones like a 
soundboard of a cello. Additionally, as I will be using woven 
carbon fiber in our lay-up, I can take the higher isotropy and 
thus stiffness in the transverse direction (D22) into account in 
comparison to a spruce plate. This means that I can effectively 
lower the thickness of the carbon soundboard (Table 7.3). For the 
back plate I follow a similar logic. According to the calculations, 
the thickness should go from  3.5 mm in the center to 1.75 
mm at the edges. This would result in a very stiff back plate. 
In an attempt to create an efficient radiator I have lowered the 
thickness pattern for the back plate as well.

2.4.2 Calculations for the flax cello 
As I will use mostly unidirectional flax fibers for the top plate, 
the transverse stiffness (D22) will not be much higher than in a 
spruce soundboard. As such I do not have to compensate for an 
increased isotropy by lowering the longitudinal bending stiffness 
(D11). By using a 2 mm honeycomb we can also give the skins 
(laminates surrounding the honeycomb core) of the top plate a 
thickness pattern. In order to achieve this, I used a flax fabric 
with a lower weight (110 g/m2) than the one I used for the UDFlax 
violin (200 g/m2). This means I can add more layers to achieve 
the same thickness. Per skin, I went for a total of 5 layers of which 
4 were the unidirectional flax and one was a small woven flax 
fiber patch in the middle (200 g/m2). This resulted in a thickness 
for each skin of 1 mm in the island area, 0.6 mm in the center 
of the bouts and 0.3 mm at the edges (Table 7.4). For the back 
plate and sides I used a combination of unidirectional flax fibers 
as the outer layers and woven flax fiber in the center of the lay-
up. If I would only use unidirectional flax for the back plate, I 
would need the following approximate thicknesses pattern from 
the center towards the edges: 4 - 3.6 - 2.6 – 2 mm. Since I will 
use woven flax fiber in the lay-up, I can decrease this a little and 
aim for a thickness ranging from 3.6 mm to 1.8 mm. For the 

sides, according to my calculations, unidirectional flax should 
be approximately 1.3 mm thick. For the sides I also want to use 
woven flax in the center for an increased durability. So I decided 
on 3 layers (200 g/m2), with the woven layer in the center. That 
should result in a thickness of the ribs of around 1.2 mm.

2.4.3 Calculations for the glass fiber cello
Since the top plate will be a sandwich construction with a core 
of 5 mm thick, I must make the skins quite thin in order for 
the soundboard to be flexible enough. Because of this, with 
the materials I have available, I cannot really use a stiffness 
pattern like I did for the top plate of the carbon and flax fiber 
cello. Using a 5 mm core with a 0.4 mm woven glass fiber skin 
I would end up with a D11 and D22 of 116 Nm. As glass fiber is 
less strong than carbon fiber, I do not dare to go thinner towards 
0.2 mm. As a compromise I settled for a 0.4 mm thickness of 
the skin over the entire soundboard made from both woven and 
unidirectional glass fiber (Table 7.5). This will result in a very 
stiff soundboard. For the back plate, I used only twill woven 
glass fiber (250 g/m²) that I arranged in the following lay-up: 
0,45,0,0,0,45,45,0,0,0,45,0. This lay-up is 3 mm at its thickest 
and 1.5 mm at its thinnest. The sides are also 1.5 mm thick as 
they contain the 6 outer layers of the same twill woven fabric of 
the back. This results in the following theoretical lay-up for the 
sides: 0,45,0,0,45,0.

Table 7.5: Thickness pattern of the glass fiber cello. 
The top plate consists of a skin made from GFRP 
and an aramid honeycomb core.
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Figure 7.1: Inspiration and design of my cello outline. Left: ‘Ingres’s violin’ photograph by Man Ray (1924). Right: my drawing of the outline for my composite cellos.

3. Making the cellos
3.1 Design 
In chapter 3, I have explained how and why I designed my violins 
the way that I did. Since I have followed a very similar design 
process for these cellos I will only discuss some specific design 
challenges a cello poses and some changes I have made to my 
design overall.
 When I started from a conventional cello outline and 
redrew the outline without the c-bouts, the instrument was too 
bulky for my taste. Personally, I have always seen a cello, not a 
violin, in Man Ray’s black and white ‘Ingres’s violin’ photograph 
(1924) (Figure 7.1a). For me, a great success of this picture is 
capturing the extending concave shape within the female back. 
This is exactly what I want to aim for in my cello design. By 
extending the middle concave section of the outline, a feminine 
look can be achieved (Figure 7.1b).

Fig. 7.2: Top: conventional cello sound hole design. Bottom: new sound hole 
design for composite cellos



126 Chapter 7 - The art of cello making

A conventional cello sound hole’s design is similar to - but slightly 
different from - a violin. As I am satisfied with the ideas behind 
the sound hole design of my violins, I set out to translate those to 
the cello. As a picture is worth a thousand words, the final design 
can be seen in figure 7.2.
 Finally, as mentioned in chapter 3, I wanted to rethink 
my pegbox design. In the case of the violins, the design was 
simple and functional. However, the radius of the corners in the 
pegbox was not sufficient to eliminate accidental bridging during 
the infusion process. Also, I felt the shape did not fit together 
with the design of the sound hole. Therefore I redrew the shape 
to be closer to the S shape of the sound holes making sure to 
include larger radii for all the corners (Figure 7.3).

Figure 7.3: A new pegbox design for cello. Left: pegbox design for violin. Right: 
new pegbox design for cello.

3.1 Remarks during the construction process
The making process which consists of pattern making, mold 
making, infusion, assembly and finish is the same as described 
in chapter 3. In the case of the carbon fiber cello, it has been 
documented in three videos so you can see exactly how I make 
the instruments:

https://youtu.be/7XbGSOpeVxU

Instead of repeating content from chapter 3, I want to share 
some thoughts I documented about the instruments as I was 
making them.
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Carbon fiber cello: The infusion process (VARTM) went as expected without any problems. I used a resin that cures at room 
temperature, but I did a post-cure of a few hours at 60 degrees to make sure the resin was fully hardened. As I did not have a curing 
oven that would fit the molds, I used an infrared sauna that was easily available. The finished top plate, ready to be glued to the body, 
had a strong and solid ring when tapped. The heel of the neck showed an intriguing twist in the weaving pattern after infusion. I 
decided to make the upper and lower nut out of left-over CFRP from the infusion process. It is hard enough to serve as an alternative 
for ebony and looks quite nice in my opinion. I gave the instrument a mat finish as I find it more intriguing and less industrial than a 
high gloss finish. I fitted the instrument with a ‘Belgian’ design bridge as I think this suits a more direct response and sound.
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Flax fiber cello: The loose parts were on the heavy side. Perhaps I should have gone for a 3 mm core for the soundboard and maybe 
a core for the back plate as well. However, as the soundboard of UDFlax was also considerably more heavy than the other violins 
(chapter 3), but the instrument was still favored by many listeners and players (chapter 6 ), I decided not to remake the parts and 
see how the cello would sound with these parts first. The heavier parts are likely to result in a lower average sound output across the 
frequency spectrum (chapter 5), but since I am not aiming for this cello to be the most efficient radiator, that is fine. I perceive the tap 
tones of the loose plate as very round and warm. In comparison to the other soundboards, the effect of material damping is clearly 
audible when the parts are tapped. The use of unidirectional flax fiber has resulted in a visual look that has a close resemblance to 
wood.

https://www.facebook.com/AtelierDuerinck/videos/243057413080372/
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Glass fiber cello: The parts are semi-transparent. If you hold an object close, it is clearly recognizable, but the more distance between 
the object and the composite, the harder an object is to recognize. The inside of the cello is mesmerizing due to all the light. The 
aramid honeycomb in the top plate provides a very interesting visual effect. The weight of the parts feels acceptable and the tap tones 
contain many overtones.
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4. My first impression
As an amateur cellist, the first evaluation of the instruments can 
be done by myself. Below I share my first impression of each 
cello.
 As we have seen in chapter 6, the perception of the 
playability and sound of an instrument is personal. It is not 
because I perceive the cellos this way that other cellists or 
listeners agree with this. Because of this, I have recorded video 
7.A (https://www.youtube.com/watch?v=g3SU3RYBTHw) in 
which I show, discuss and play the cellos. I invite you to listen to 
the instruments as I play them and see if you agree with me or 
not. 
 The carbon fiber cello. My first impression is that it has 
a very impressive A string. Its overall sound is strong, distinct 
and powerful, and the instrument sings without any harshness. 
In comparison to the other strings, the lowest string seems to 
project a little bit less, but I feel I will be able to balance this out by 
changing the set-up1. The instrument comes across as extremely 
reliable in its sound, it never responds in a strange way: it does 
exactly what you ask and seems happy to do it. When playing the 
instrument, you feel the sides and back resonate against your 
body strongly, which provides an instant feedback to the player 
that I find very pleasant.
 The flax fiber cello. My first thought when playing the 
instrument was that it was slow in its response. When bowing 
the string, the sound is not immediately present, but rather rises 
and develops. I perceive the sound as warm, round, soft and 
dark. It is not an instrument with a large projection. I find it easy 
to make the instrument sound beautiful consistently, but for me 
it is hard to create other timbres on the instrument. Even when 
I use a lot of bow pressure or play close to the bridge I cannot 
make the cello sound harsh.
 The glass fiber cello. My initial perception was that 
this instrument is a lot harder to play than the carbon and 
flax fiber cello. Its response is extremely fast and unforgiving, 
the instrument has a quick attack. Any minor fault in playing 
technique is immediately punished by the instrument. It has 
very strong overtones and lends itself well to extended playing 
techniques and the creation of different timbres. It has a strong 
character which I feel unequipped to handle as an amateur 
cellist. The loudness of the instrument does not stand out in my 
opinion, but the timbre clearly does. I am not sure my quest to 
make the cello sound ‘clear’ has succeeded, but its distinctive 
timbre that I would describe as sharp, edgy and bright matches 
its look.

1 This issue was resolved later by changing the sound post position.

4.1. Discussion
I have found that, from a playing perspective, my perception of 
the three cellos has changed between the time they were made 
and the present. I think the most likely explanation for this 
phenomenon is that my knowledge on the cellos has chan-
ged over this period. As I saw and heard other cellists play the 
instruments, I knew what they were capable of and changed 
my technique accordingly in an attempt to replicate the sound 
made by others.
 Based on my motivation to make these cellos you 
could ask if I have gone far enough? Is the sound of the cellos 
different enough from a conventional cello? The design of my 
instruments is still grounded in conventional cello making. I 
could have gone further and have made more drastic changes. 
My purpose however was to explore the artistic possibilities these 
new materials offer. I have no doubt that other changes can also 
yield artistically interesting instruments, but those are not within 
the scope of my research. Additionally, I have sought a balance 
between introducing new sounds and keeping a conventional 
playability. I want cellists to be able to play these instruments 
almost instantly. This means that I can venture outside their 
comfort zone a little, but I do not want to force them to learn new 
playing techniques in order to play my instruments.
 Of course, I am only one (very biased) player. I will share 
and discuss more recordings with the instruments as they are 
played by others in the following chapter. Using artistic methods 
we can explore the sound of these instruments further and in 
more detail.

5. Conclusion
In chapter 2, my knowledge of composite materials proved 
insufficient to reach my artistic goals. In chapter 3, I took a 
methodical approach to make violins from composite materials, 
but I did not know how they would sound as I was making 
them. In the following chapters I increased my knowledge on 
the instruments and topic by examining the instruments from a 
vibrational, acoustical and psychoacoustical point of view. In this 
chapter I used the insights gathered from the other chapters to 
make artistic cellos towards a predetermined sound. By using the 
properties of the fibers and the influence of the lay-up I achieved 
my goal of making three cellos that are very different and have 
unique properties in regards to their playability and sound. By 
doing so, I have given a practical example of how the artistic 
practice of an instrument maker can be expanded by using fiber 
reinforced composite materials.
 This chapter describes an artistic experiment, thus one 
should be careful to translate my methods, opinion and results 
to one’s own practice. A different artist might want to explore a 
different direction, make other choices, and in doing so end up 
with a different result. This is therefore not a guide to how I think 
all makers should make (composite) cellos, quite on the contrary. 
Yet, I do hope that my practice can inspire others to experiment 
in theirs.

8
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1
2

1. Objective & methods
In the previous chapters, I have gone from material properties 
over violin making into the application of a plethora of scientific 
research methods and the results obtained through them. We 
have gained insights in how composite instruments can be made 
by hand, how these instruments vibrate differently depending on 
the material of the soundboard and how they sound. We have 
studied their radiated sound with acoustic measurements and 
from the psychoacoustic perspective of listeners and players. 
If one wants to make a distinction, most of what was described 
in chapters 2, 4, 5 and 6 can be classified as scientific research 
methods. I used these methods to investigate my own work 
(my instruments) and to deepen my understanding of the 
research subject. In doing so, I give myself a solid foundation 
and inspiration to ask questions, form hypotheses and make 
statements in my field. Finally, in chapter 7, I have used these 
insights to create three new cellos from composite materials 
towards a specific sound. As an instrument maker, I could end 
this research with that artistic output. Yet, I want to go a step 
further and expand my artistic practice out of my workshop. I 
want to dive deeper into my last research question: What place 
or function can these instruments have in the artistic practice?
 In this chapter, I will explain how I investigate my 
instruments in the artistic practice from my workshop to the 
stage. Each artist I work with approaches these new instruments 
differently. As a result, artistic research methods are subjective. 
In my opinion there is much knowledge to be gained from a 
subjective in-depth analysis of experts.
 I will start by explaining how I involve the audience 
in my research through a methodology I call Sound tastings. 
I will discuss the artistic method or path followed to create a 
performance with my instruments and some of the different 
roles I have taken in it. Next, I will discuss some collaborations in 
which the instruments are used by other artists, followed by my 
own perception of the violins made and studied throughout this 
research.
 Before diving into this chapter, I want to take a moment 
to warn readers who may have skipped through previous 
chapters that the perception and description of sound is very 
much a subjective phenomenon. I have found that, depending 
on their background, people can perceive and describe my 
instruments and their sound very differently. Every person’s 
perception is valid and true. This results in contrasting opinions 
that cannot be unified with each other. In my opinion, scientific 
research methods are not very well equipped to translate such 
subjective results into usability. Luckily, art is the answer. 
 Art is a powerful medium to investigate complex 
matters. Art celebrates subjective interpretation. Art can provide 
an answer when science cannot. Therefore, throughout this 
chapter, I will use art in my discourse: along the way I will share 
several recordings with you. The goal is that these allow you, the 
reader, to perceive the instruments yourself and in extension 
allow you to form your own conclusions. 

1.1 The road from the workshop to the stage
Luthiers are not usually seen on the stage and our work is 
not frequently discussed regarding artistic performances: 
unless a musician plays a rare (historical) instrument, the 
contribution of instrument makers to the performance is most 
often undervalued. This is in contrast with the well-deserved 
recognition composers and musicians receive1. Yet, as previously 
discussed in the first chapter, classical music can only exist – 
and has evolved over centuries – due to the coexistence and 
contributions of musicians, composers, and instrument makers 
alike. Perhaps we, luthiers, deserve part of the blame. Most of 
us prefer to work ‘behind the curtains’ in the comfort of our 
workshop. I, however, do not mind stepping in the spotlight now 
and then.

In my artistic practice beyond the workshop, I make a distinction 
between two kind of performances: 

1. The instruments and/or research are the center of the artistic 
product. Most of these performances fall under my definition 
of Sound tastings, which I will discuss hereunder. In these 
performances, I take a leading role on stage and enlist musicians 
and in some cases composers to contribute to the performance.

2. The instruments are artistic tools used by musicians or 
composers towards a certain artistic goal. I observe and 
sometimes advise in the artistic process. In some cases, my 
contribution extends to an active role on the stage.

2. Sound tastings 
2.1 Introduction

Sound tasting: an event where people can listen to, compare, and 
discuss the sound of music instruments under guidance of an 
expert. – Proposed by Tim Duerinck on the 24 July 2016 during 
his talk at WonderFeel Festival, Netherlands.
 
In a quest to share my thoughts, questions, and inspiration with 
an audience, I have felt the need to break out of the workshop 
and onto the stage. Inspired by the culinary world, I want 
to invite experts and non-experts alike to taste sound with a 
newfound appreciation: to listen and discuss the specific timbre 
of instruments. As a self-proclaimed sommelier of sound, I am a 
guide that asks questions, and explains why certain instruments 
sound the way that they do. With this new understanding, I invite 
1 Artists usually referred to as ‘technical support’ often suffer 
from the same lack of recognition regarding their contribution to an artistic 
product or process. Many music performances stand or fall based on their 
supporting artists. In my opinion, the artists handling lighting, sound and 
many other attributes should receive much more recognition than they 
currently do. As an example, I would argue that the artist doing the lights 
for an orchestra has a bigger artistic contribution to the overall performance 
than a single violinist in the middle of the violin section. Art is not a 
competition; I am just arguing some artistic contributions are undervalued.
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participants to listen with an increased awareness to sound 
color. In the meantime, I learn how an audience perceives my 
instruments and find inspiration in their comments for future 
projects. I have been pleasantly surprised by the quality of input 
I have received through this method. As everyone has a different 
background, each comment provides a fresh view on how to 
describe the sound of an instrument and the artistic possibilities 
these sounds offer. Every human has an artist within them. In the 
case of an audience, this provides a wealth of artistic potential.
 Sound tastings are both artistic research output - as 
performances in which I showcase new instruments - as well as 
an artistic research methodology to collect new information for 
my practice.
 It is evident that the concept of listening to the sound of 
different instruments in a performance is a tale as old as time. In 
Historically Informed Practice (HIP) performances for example, 
some musicians provide the audience with insights about the 
unique instruments they play, and the sound difference one 
can expect to hear. You could certainly classify these kinds of 
performances under my definition of a sound tasting. What 
follows is therefore not a description of how I think a sound 
tasting should be done, but rather as a report on the methodology 
I use.

2.2 The methodology
The groundwork of this methodology was originally developed 
for a pitch and performance at WonderFeel Festival (2017) and 
EPARM conference (2017). Since then, the performance has been 
used and was adapted for different instruments, participants, 
and environments. The overall framework of the performance 
however has remained unchanged.

The participants are an expert or sommelier of sound, a 
musician, and multiple listeners (the audience). It is the task 
of the sommelier to provide a framework and guide the other 
participants in the performance. He/she helps the musician to 
choose what will be played and what listeners can or cannot ask 
of the musician. Finally, it is very important the sommelier makes 
the performance a safe space in which all other participants 
feel free to share their thoughts. After all, sound is a subjective 
matter. The musician’s role is to play excerpts which allow the 
sound of the instruments to be assessed. Additionally, he or she 

can answer questions from the audience or sommelier regarding 
the playability or sound of the instruments. The violin player and 
instrument can be behind a screen or visible for the audience (Fig. 
8.1). If the player is behind a screen, the performance is closer 
to a blind listening experiment, if the musician and instrument 
are visible, it is closer to a conventional artistic performance. 
This is an artistic choice which can be made by the sommelier 
depending on the audience and objectives of the tasting. Lastly, 
the audience is invited to share how they perceive the sound and 
discuss what artistic questions they have or possibilities they see 
for the instruments.

A constructive interaction with the audience can be achieved 
through verbal means for small groups (Fig. 8.2), but for larger 
groups the additional use of an app or other digital voting system 

Figure 8.1: Musicians on stage during a sound tasting. Left: a violin player behind a screen. Right: two cellists and composer visible for the audience.

Figure 8.2: The expert/sommelier of sound/luthier on stage interacting with the 
audience.
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is recommended. I have used the apps NearPod and VoxVote for 
this purpose. Such apps allow less vocal participants to express 
their opinion, whilst simultaneously creating a database of all 
the answers that can be accessed for research purposes later. 
Participants who want to stay anonymous can choose to do so, 
which helps to create a safe space to express opinions.

The subjects (instruments) and the order in which they are 
presented are predetermined by the sommelier/expert. It is 
important to keep the order effect as discussed in chapter 6 
in mind: the audience is likely to perceive a new stimulus/
instrument/sound in comparison to the one they have previously 
heard. What can be considered a ‘good order’ is subjective. The 
perfect order does not exist, and any order is a compromise. The 
sommelier is tasked to choose a fitting order that:

1. Allows the audience to grow in their listening experience. 
2. Fits in an overall arch or story which is logical to follow for 
non-experts. 
3. Emphasizes differences between instruments.

As an example, I will give a summary of a predetermined plan 
for a Sound tasting revolving around 3 composite violins. I 
encourage you to think about how the chosen order takes the 
points into account. First, a general introduction is given to the 
concept of Sound tastings and the research subject. The audience 
is told that they will be asked how they perceive the sound of the 
instruments and that there are no wrong answers. ‘Everybody’s 
background and hearing is unique and thus people can perceive 
the same sound in a different way: similar to how some people 
say coriander tastes like soap while others do not perceive it like 
this at all.’ We start our story and warm up our ears by listening 
to a conventional wooden violin. Listeners get familiar with the 
piece that will be played, the sound of a conventional instrument, 
and the acoustics of the location. Next, the TwillCB violin is 
introduced as an existing alternative to conventional violins. The 
audience hears a difference with the previous instrument and 
can try to describe it. Some listeners might find the difference 
obvious; others might be in doubt about what they heard or 
how to describe it. If the audience should lack the right words 
to describe their experience, the musician is asked to describe 
how he/she would describe the difference in sound, after which 
both instruments are played again. The sommelier introduces 
the audience to the rhetorical question: what is a good sound? 
The Sandwich violin is introduced and presented as an extreme 
example of a different sound. As its sound color is so distinct, 
it is easy for an audience to describe the sound in contrast to 
TwillCB. Listeners begin to feel more comfortable to express 
their opinion. Finally, UDFlax is played. The audience notices 
the large difference in timbre and loudness in comparison to 
Sandwich. The Sommelier asks the audience if they can give 
artistic examples in which the Sandwich violin would be favored 
over UDFlax and vice versa. After discussing a few suggestions, 
the Sommelier states that there is no definitive answer to ‘which 
violin is the best?’, the answer always depends on the context. To 

conclude, the audience is asked to choose their favorite composite 
violin for a certain excerpt. The musician plays a new excerpt on 
all three violins and each listener chooses their personal favorite 
instrument. As a conclusion, violins made from new materials 
can offer new artistic possibilities to musicians and composers. 
Which instrument is best suited for a certain performance is still 
subjective: the opinion of the audience is likely divided over the 
instruments. That is the beauty of music. That is the beauty of 
art. We end the performance with an open question: what artistic 
possibilities do these new instruments create? What would you 
like artists to do with them?
 Finally, this plan is evaluated and adjusted with the 
different functions of the Sound tasting in mind: Does it serve its 
artistic goal? Will it result in valuable research output from the 
audience? Does it have an educational and inspirational value for 
the participants? I invite you to think on what you would change 
in the plan with these criteria in mind.

2.3 Result and discussion 
For this research I have performed nine Sound tastings. Seven 
took place in Belgium, one in the Netherlands and one in Poland. 
The exact number of participants could not always be recorded, 
the total number is estimated to be above 400 people.  Five 
soundtasting focused on violins, four on cellos.

When an app is used, much of the input from the audience is 
automatically saved. It is evident why this is interesting for my 
research. Unfortunately, I have found that some interesting input 
from the audience is only expressed vocally. As these comments 
are very similar to conversations I have with peers, and in an 
effort to keep the word-count of this chapter manageable, I have 
chosen to only present and discuss examples of digitally saved 
data from my Sound tastings hereunder. 
 I will never know or understand everything, but here 
are some findings and insights. I will start by showing you 
quantitative data, followed by qualitative and finally artistic data.

2.3.1 Quantitative data
At Advanced Engineering 2018, in cooperation with SIM 
(Strategic Initiative Materials), I performed a short Sound tasting 
with three composite violins. A conventional wooden violin was 
used as a warmup for the listeners, after which the composite 
instruments were presented in the following order: TwillCB, 
UDFlax and Sandwich. The violin player was positioned behind 
a screen in a large event hall (Flanders Expo Ghent). She played a 
2-minute excerpt of her own choice on each violin.

Since this performance had a limited time frame (20-30 minutes) 
and the audience consisted mostly of engineers and material 
experts, the focus was on first aural impressions. I teased the 
audience to think about sound, their personal preference, new 
artistic possibilities and gathered a limited amount of quantitative 
data in the process. As can be seen in figure 8.3, the UDFlax violin 
was preferred overall by 29 listeners. 37 participants described 
the sound of the instrument as warm, while only one called the 
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instrument powerful. The second most preferred was Sandwich 
which was perceived as Powerful (14), Sharp (13), Nasal (12) 
and Bright (11). The description of the sound of Sandwich is in 
agreement with our listening and playing tests. The fact that the 
instrument was favored more than TwillCB is remarkable as it is 
in contrast with the results from chapter 6. Based on the results 
I have discussed in chapter 5 and 6 part of the explanation 
could be found in the playing technique of the musician. In this 
case, I think the space could have also played a role: the sound 
tasting took place in a huge event hall. There was a considerable 
distance between the musician and the listeners in the back rows 
and the stage was in a corner with large drapes at both sides, 
giving the hall a relatively dry acoustic. Even though the hall 
was relatively silent, and the violin played in a solo condition, 
projection could have become a more important property for 
the listeners in this context. Also, in my experience, even though 
I was positioned only a few meters from the musician, the 
Sandwich violin sounded less harsh than usual. I cannot give 
a solid explanation on why TwillCB was not favored. Possibly 
the violin was the victim of the order effect as it was the first 
composite violin played. Additionally, the engineers were told 
which instrument was which before they chose their preference. 
Therefore, it is also possible they chose the material based on 
their own background as engineers or material scientists. For 
them, flax fibers composites and sandwich materials could be 
more appealing and interesting than the ‘normal’ carbon fiber 
composite.

2.3.2 Qualitative data
A Sound tasting can also use qualitative questions. These are 
closer to the artistic practice and therefore – in my opinion – 
more interesting. I often ask participants to describe the sound 
of an instrument in their own words. As discussed in chapter 6, 
the description of sound is a subjective cultural phenomenon, 
as such one can expect listeners to use very different words 
based on their background. At WonderFeel Festival 2017 I 
presented a cello with a soundboard made from styrofoam 
and carbon fiber composite (discussed in chapter 2) alongside 

Figure 8.3: Quantitative data from the Sound tasting at Advanced Engineering 6/15/2018. Left: personal overall preference per listener. Right: adjectives chosen to 
describe the sound of each violin.

a conventional wooden cello. The audience described the sound 
of the instruments as follows (original Dutch words in brackets):

Wooden conventional cello: resonant (resonant), deep (diep), 
open (open), melodic (melodisch), colourful (kleurrijk), wooly 
(wollig), feminine (vrouwelijk), light (licht), full (vol), sensitive 
(gevoelig).

Styrofoam cello 2.0: rough (ruw), shrill (schel), penetrating 
(indringend), percussion (percussie), unclear (niet helder), 
crunchy (crunchy), tight (strak), abrasive (schurend), spicy 
(pittig), lonely (eenzaam), deep with power (krachtig diep), 
metallic (metalig).
 These comments give rise to many artistic questions that 
can be explored. Based on these comments alone, a composer 
could write a piece of music that showcases the difference 
between the instruments and explores their artistic possibilities. 
That is exactly what Patrick Housen did. The composer wrote a 
piece From Scratch [2.0] (Housen 2017) which consists of multiple 
loops classified under the sections drum/percussion loops, bass 
loops, melody loops and fx loops (pizzicato). It is a piece for 
two cellos and live composer DJ/VJ. After the sound tasting at 
WonderFeel, the musicians played their artistic interpration of 
the piece and the comments of the listeners. This is an example 
of how the Sound tasting methodology can contribute to or result 
in a new artistic product.
 After listeners have described the sound of the 
instruments, I often ask if they can imagine a piece of music, 
an artistic performance or a feeling in which this sound would 
fit. Some listeners find this difficult, yet the answers tend to 
be inspiring for my practice. The UDFlax violin has often been 
described as having a sound that lends itself to ‘sad’ or ‘emotional’ 
music or overall suited for a ‘solo performance’ due to its soft 
and pleasant timbre. The Sandwich violin on the other hand has 
often been associated with ‘outdoor performances’, ‘jazz’, ‘rock’ 
or ‘metal’. The instrument’s artistic potential is also influenced 
by its loudness as it could be ‘good in larger ensembles’. Based 
on these comments, it is easy to see how qualitative data from 
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Sound tastings hold valuable insights for the artistic practice.

2.3.3 Artistic data
Even more freedom can be given to our participants in a sound 
tasting. Up to this moment, the sound that participants perceive 
has been described by use of adjectives. Of course, many other 
methods are possible. I have encountered violin players who 
described each violin with a short story, the description of a 
room or use of a color. In the creative process, the freedom to use 
any words or media to express one’s feelings invites participants 
to think out of the box and in relation to their own experiences. 
As such each participant can share their own phenomenological 
perception on the sound. There really are no boundaries. A 
drawing, physical movements, poetry, all can be valuable means 
to express oneself.
 As an example, I will share some examples of answers 
given on the question ‘How big is the sound of the violin?’ during 
a Sound tasting at How Do We Do It (School of Arts Gent, 2018):

UDFlax: ‘As water in a river’, ‘A cave’, ‘It is a bubble in the size of 
a human’, ‘An old wooden cupboard leading to a secret tunnel’, ‘A 
warm blanket for two persons, maybe three’.

Conventional violin: ‘Chapel’, ‘Church’, ‘A high, small and long 
space’, ‘A yurt like space, definitely with a dome and soft walls’. 
’31.5 m2’ 

Clearly, the participants interpret the question however they 
want. Behind each comment is a unique subjective perception. 
This methodology is close to the artistic practice and therefore 
not limited to Sound tastings. When working with other artists, 
I motivate them to use any way or media to describe their 
perception of the sound. As an artistic violin maker I believe it is 
my task to interpret what they perceive and engage in a dialogue. 
I have found that everyone has their own language to describe 
sound and that it is incredibly fascinating to learn it.
 As this is a subjective personal experience, I would 
like you to try it yourself. You can listen to a scale or a musical 
fragment at the respective Recording Sets 8.1 and 8.22. 
 Choose one of the following questions, tasks, choose any 
media, or use the adjectives from chapter 6. Choose whatever 
method that makes you comfortable to express yourself! Listen 
to the recordings of the violins and express your perception. Do 
it for yourself, but if you want to share it, send it to me!
 Questions: What color do you hear? What time of the 
day would you attribute this violin to? Of which object could this 
violin be the voice?
 Tasks: Draw the sound of this violin. Use body or hand 
motion to express your perception of the sound.

2 https://soundcloud.com/user9109531/sets/scale-on-various-
violins https://soundcloud.com/user9109531/sets/musical-fragment-on-
various-violins

2.4 Thoughts and conclusion
Sound tastings can be performed with any possible combination 
of instruments. In my opinion, it holds the potential to bring 
the audience into the fascinating world of music instruments. 
Participants are both educated about music instruments and 
become inspired to listen to music with a newfound appreciation 
of a single sound or timbre within a larger performance. 
Perhaps it would be interesting if more museums, collectors, 
or instrument makers could present their instruments using a 
similar methodology? Based on my experience I think it could 
inspire composers, musicians, and the audience alike.
 Instrument makers often focus on the desire of the 
musician without taking the opinion of an audience into account. 
This is logical as musicians are their customers. Yet, when it 
comes to artistic instrument making, the opinions of audience 
members contain valuable data for a luthier. The interaction 
between instrument maker and the other participants during 
sound tastings can be an artistic feeding ground that inspires 
new artistic ideas or questions. Personally, I have found sound 
tastings to be both a valuable methodology to explore the place 
or function of my instruments in the artistic practice, as well as 
artistic output to share my research with an audience.
 Today in museums, wonderful instruments are 
displayed and in some cases one can listen to recordings of their 
sound. However, without a sommelier of sound guiding and 
explaining, just listening to the sound of an instrument can be 
a disappointing experience due to the lack of insight. Perhaps in 
this setting, a sound tasting could prove a suitable methodology?

3. Collaborations
To understand the capabilities of my instruments, I must let them 
loose and observe them in their natural habitat. Beside sound 
tastings, my instruments are also used in more ‘conventional’ 
performances in collaboration with other artists. The role I take 
during a performance with my instruments is a result of the 
road taken by myself and musicians: from the first acquaintance 
with the instruments up to an artistic product. The exact road is 
different with every artist, but it always follows a similar scheme.
 During this research, many musicians have tried 
my instruments. To give you an idea, here is a list of only the 
professional musicians who played my instruments on a stage 
or in a recording:
 Jeanita Vriens (NL), Rosa Arnold (NL), Rebecca Wise 
(NL), Benjamin Glorieux (BE), Ann Cnop (BE), Shiho Ono (FR), 
Jasmijn Lootens (BE), Filomena Sarcuni (IT), Eline Duerinck 
(BE), Esther Duerinck (BE), Jeroen Baert (BE), Seraphine 
Stragier (BE), Yumika Lecluyze (BE), Karel Coninx (BE), Aaron 
Boyd (USA), Elisabeth Klinck (BE).
 This list does not include the musicians from recording 
sets 8.1 and 8.2 and the recordings analyzed in chapter 5 as these 
were anonymous. Additionally, there are all the professional 
players who tried but did not perform on my instruments and all 
the students and amateur players who have used and evaluated 
my instruments during this research. Some (semi-)professional 
musicians who did not play on my instruments but together with 
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musicians who did also had valuable insights to share. Clearly, 
it is not possible to cover all of their diverse opinions in this 
chapter. Instead, I will start by explaining the methodology I use 
when I collaborate with other artists. Next, I will give a prelude 
to the results by sharing some examples of conversations and 
interactions I have had with other artists. Finally, I will share a 
selection of artistic results in the form of videos and recordings.

3.1 Methodology
Everything starts with the first acquaintance between artists 
and my instruments. Most often musicians ask to try my 
instruments, after which I invite them to my workshop. I lay out 
the instruments for them and encourage them to try them in any 
order they want. In order not to influence their first opinion, I 
try to say as little as I can about the sound and playability of the 
instruments during their initial acquaintance. By asking them 
questions and taking notes (Fig. 8.4), I explore what they think 
of the instruments and the artistic possibilities they offer. Only 
after I have an idea of what the artist is interested in I switch to 
a guiding role: I provide more information on the instruments, 
their materials and properties based on the research discussed 
in previous chapters. 
 The first acquaintance is often followed by a period 
of reflection, sometimes in combination with a loan. During 
this period, the artist thinks about the new instruments and 
information I have given and how the instruments can be useful 
in their artistic practice. Some artists prefer to do this solitary 
while others keep communicating with me and throw ideas 
around to hear my opinion.

Figure 8.4: Collection of notebooks used during the research to write down the perception of the instruments by myself, musicians, and other artists.

 When an idea for an artistic product is formed, it is 
followed by a period of artistic exploration. An artist may do 
this solitary, loaning one or multiple instruments for a certain 
period, or he/she may invite me to be a part of the process. In 
the latter case I can attend artistic exploration sessions to give 
artistic input or give my opinion on preliminary recordings. I 
give advice depending on the needs of the artist. My help can 
range from choosing which instrument to use, suggest playing 
techniques, all the way to how a certain instrument can be made 
to stand out visually on the stage. An important boundary is that 
I always leave the artist free in their artistic choices, I will never 
contest these unless the safety of the instrument is at risk. As 
these instruments are made from strong composite materials, 
that is usually not the case. I see it as my task to motivate and 
support my peers, not contest their artistic ideas. Whenever I 
can, I try to negate my theoretical commitments by listening 
‘blind’. An example would be that I listen to recordings without 
knowing which of my instruments is played. This allows me to 
evaluate the instruments in their context without tricking myself 
into hearing what I expect to hear.
 Depending on the artist, I might be asked to have an 
active role in the performance. In some cases, I have been invited 
to step on the stage before or after a performance to talk about 
the instruments or introduce the musicians and the instrument 
they play on. Most of the time however, I take a passive role 
during a performance: I sit back, listen, and enjoy (Fig. 8.5).
Before the performance, I keep most critical thoughts and 
notes to myself. I will only judge an artistic product once it is 
finished. I am delighted to say that my preliminary assumptions 
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have been proven wrong. Apparently, some artists know the 
capabilities of my instruments better than I do! This brings me 
to why these collaborations matter for my artistic practice: I am 
just one person, one artist. My thoughts about my instruments 
are heavily influenced by my previous experiences and research. 
Although there is no doubt that I know my instruments very well, 
I can be blind to certain qualities they have.

3.2 Prelude
Before showing you the results of this methodology, let me 
discuss a few interactions I have had. These were subjectively 
selected from my notebooks to show you how diverse they can 
be. At the Oberlin acoustics workshop 2019 (USA), I brought two 
composite violins: Sandwich and UDC. Beside some luthiers, two 
professional violin players were interested to try the instruments. 
Here is their first reaction to the instruments after trying them 
for the first time:

Violinist Aaron Boyd, after playing the Sandwich violin:
It’s really responsive. Wow, fun! No corners to hit. Is there a 
wooden bass bar and a wooden sound post? (Tim: yes) *smiling* 
I think the f-holes are pretty cool actually. Fan (Tao) and I often 
use this phrase to describe instruments with a particular quality. 
Like it sounds like an RPM, or a wax cylinder thing. Which I find 
very appealing, because my favorite recordings are very early 
period violinists from 1910’s, 1920’s, etc. on wax cylinders. I hope 
someday to do a study on hearing technologies and recordings 
and how they influenced the sound. I think it would be cool to 
record the same excerpt on every form of recording of every era 
of technology. This violin reminds me of that quality. A narrow 
range, but incredibly malleable, very strong. In a sense that, there 
is not a fiddle here (Oberlin 2019) that I can hit that hard. Where 
I can keep giving like that, there is not a single violin here where 
I can do that. So that is incredibly appealing. It is very good in 

Figure 8.5: Ragazze quartet plays the UDFlax and UDC violin in combination with the Styrofoam cello 2.0 and a conventional viola on the chamber music festival 
September Me (2017).

that way, but the sound is not a realistic violin sound in the sense 
that it’s not the sound that we’re used to. It feels like a violin as 
heard through an acoustic recording process. It is not a normal 
violin sound. But the feeling of playing it, and even a lot of the 
feedback of the instrument is extremely appealing. It is just not a 
normal violin sound. (plays the lowest string close to the bridge 
with allot of force, resulting in a loud noisy sound) Another violin 
could not do that. It is fascinating. You can hit this violin harder 
than almost any violin I have ever played.

Aaron Boyd, after playing the UDC violin:
It is different, but it has the same quality that I can hear sound 
come out no matter how hard I hit it. But I am not sure that it is 
projecting, I cannot tell. This one is harder to focus. Or spread out. 
It is hard to give it an edge, you cannot make it sound ugly. No 
matter how hard you hit it, it is the same. So that means you can 
hit it harder without making it ugly. But that also means… you 
cannot make it ugly. And sometimes I want to do that. I would like 
to be able to give more edge if I can. This violin is like practicing 
in a bathroom. When you play in a bathroom, everything sounds 
great. But it is not a realistic acoustic. When you are young you 
like to play in the bathroom because it sounds so good. But it is 
not real. And this violin is like playing in a bathroom. That is my 
feeling. It is a pleasure. I think they are pretty cool. It is fun!

Michael Schneider, after playing the Sandwich violin:
Sounds good, loud, very loud. I think the low end especially has 
got a nice grind to it. And I feel it is a little more muffled as you go 
up the strings. On the texture of the surface: it is smooth, almost 
feels like wood. Like on the side of the neck it feels good to hold. 
Tim: How would you describe the tonal color or timbre?

It sounds like it is coming through speakers, so it is sort of 
processed a little bit. On the mid two strings a bit muffled, a little 
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fuzzy. As you go up (in position) it is better. Warm and pretty 
round and projecting well over all strings. And quick and easy 
to play.

Tim: What do you think of the response of the instrument?

It is good, it is quick. It has a nice resonance, nice chords. Really 
nice ring. 

Michael Schneider, after playing the UDC violin:
Much quieter. Much more mouth closed feeling, a lot harder to 
play. Not physically, but just because it does not get the response 
that you would expect. It does not sound like I want it to. So, I 
need to work a little harder. Like if the violin is having a sick day. 
Muffled. It has a beautiful color, it is just not giving, responding 
well. Slightly underachieving. The top is very cool looking. 

Each musician is unique. Artistically it makes no sense to 
compare their comments, they are relevant by themselves. I 
shared their opinion with you as they are clearly different from 
our listening - and to a certain extent - our playing tests. Both 
players seem to find the Sandwich violin more appealing than 
UDC. Aaron likes it for its unique timbre that reminds him of 
certain recordings, while Michael says he likes the grind on 
the lower strings and describes the sound color as warm and 
round. Although their comments are slightly different, I found 
both to be correct assessments as I was listening to them play 
the instruments. Aaron Boyd decided to use the Sandwich violin 
a few days later in his concert at Oberlin. Together with Michael 
Schneider and Alan Ohkubo he performed the Serenade in C 
major (Op. 10) by E. von Dohnányi.

Both of these players have a similar background (they mostly 
play classical music in the USA), they know each other, they tried 
the instruments in the same context, and they have a similar 
way of communicating about how they perceive these violins. 
To shed light on how diverse my interactions with players can 
be, let me show you an artistic exploration of the violins by a 
vastly different violinist: Elisabeth Klinck. Her background 
is mostly contemporary classical music, often microtonal 
and with a strong focus on timbre. In recording set 8.3 you 

can hear her explorations on the violins. In each instrument, 
she found unique qualities that she described with a word or 
a short sentence. These comments were used as the title for 
each sound. Elisabeth’s exploration and comments reveal that 
each of these instruments holds a unique artistic potential for 
her practice. Another artist, Patrick Housen, who followed and 
recorded Elisabeth’s exploration, made an artistic summary in 
the Soundscape IHearNoizes (Recording 8.4). This brings me to 
the artistic results: as you have just witnessed, these meetings, 
explorations, conversations, or recordings can lead to artistic 
products.

3.3 Results
An excellent example of an artistic product that resulted from 
such a collaboration is the recording of Orion (A piece by the 
composer Takemitsu) by Lukas Huisman (piano) and Eline 
Duerinck (cello). Both musicians were already familiar with 
my instruments to some degree. For their recording, they were 
looking for a cello with a specific timbre that would work well with 
the music piece. They recorded a part of their artistic exploration 
and published it (Huisman 2019). After this exploration they 
asked for my thoughts, and finally they decided to use the glass 
fiber cello. You can hear and see the final recording in Huisman 
(2020).
 Another example is the collaboration with Patrick 
Housen (composer and electronics) and Jasmijn Lootens (cello), 
which resulted in multiple performances and recordings. In 
video 8.1 you can see a snippet of their artistic exploration using 
the flax fiber cello. This collaboration resulted in a performance 
called LOOP-e_D (Video 8.2) at Design Museum Ghent during 
Museumnacht (2018) and at the Scriptieprijs award show (2019), 
as well as a soundtrack for video 3.1 showing the making process 
of a carbon cello in chapter 3. Additionally, this collaboration also 
resulted in a soundtrack (Recording 8.5) for my performance at 
BEPDC 2019.

A quite different use of my instruments is that by Reinhard 
Vanbergen. After visiting the workshop and trying the violins, 
he wanted to write a piece for a quartet of my composite 
instruments. With his composition Carbon Delight (video 8.3) he 

Figure 8.6 Left: Jasmijn Lootens plays the glass fiber cello with Patrick Housen during Museumnacht (2018). Right: Eline Duerinck plays the glass fiber cello with Lukas 
Huisman for a recording of Orion (Takemitsu).
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explores a different sound for a quartet.
 Other noteworthy performances are those of Benjamin 
Glorieux, who played J.S. Bach on the Styrofoam cello 2.0 (2017), 
a concerto by F. Gulda and a jazz improvisation with C. Corsano 
on the glass fiber cello (2018), and J.S. Bach on the Glass fiber 
cello (2019). Ann Cnop and Shiho Ono also played several duets 
by Bartok on the composite violins (2018).

3.4 Conclusion
I have shared explorative projects that examine the artistic value 
of my composite instruments. Based on these artistic products, 
these new violins and cellos can be valuable to other artists. They 
can be used both towards a predetermined artistic idea, as is 
the case in the Orion recording, or they can inspire musicians 
and composers to write new music based on the sound of these 
instruments, which is the case for both LOOP-e_D and Carbon 
Delight. We can assume these instruments are only at the start 
of their artistic journey, only the future will tell what other artistic 
potential they hold within them.
 In conventional instrument making, once an instrument 
is sold and leaves the workshop, it lives a life of its own, 
independent from the luthier who made it. Many instruments 
live longer than their makers and are used to play music the 
maker could never have imagined. I think this is an incredibly 
beautiful phenomenon. If objects can have a soul or aura, as 
explored by Bouchez (2017), I would argue music instruments 
surely do. At present, due to the research, the instruments must 
always circle back to my workshop. In a way, the instruments 
stay on a leash. After this research I can release them. I do not 
know which life they might lead, but these collaborations make 
me feel like they will be all right.

Figure 8.7: Benjamin Glorieux uses the glass fiber cello to play the concerto for cello and wind orchestra by F. Gulda. Ars Musica (2018).

4. Exhibitions
The primary objective of music instruments is to make music. An 
important secondary quality is that they are sculptural art. This 
quality is so important in fact, that (instrument) museums often 
exhibit music instruments without the possibility to hear or play 
them. Of course, this is often due to valid preservation concerns, 
yet the fact that the instruments are still exhibited without sound 
is a testament to their value as visual art. As a luthier, I think 
an instrument can have a big artistic impact without producing 
a single note. Personally, I was inspired by the instruments of 
F. Savart and F. Chanot before ever hearing these instruments. 
They have inspired me beyond the sound they make to this very 
day.
 As an instrument is exhibited rather than played in a 
concert or sound tasting, it has a different artistic value. Instead 
of providing answers, it asks questions: How does the instrument 
sound? What did the artist intend with this piece? 
 Because of this reason, I have lent the instruments 
made in the context of this research to exhibitions on multiple 
occasions. UDFlax and Sandwich were exhibited at September 
Me (organized by Ragazze quartet, 2017), The Flax fiber cello 
and TwillCA were shown at Fibre-Fixed (exhibition in Design 
Museum Ghent, 2018), and the three composite cellos were 
displayed both at Leve[n]dekunst (Organized by KVAB, 2019) 
and have been included in the first digital exhibition of the Cello 
Museum (2020). As an interesting side note, the exhibition by the 
Cello Museum also features the work of Anika Beauquesne, who 
made a cello with a soundboard from XPS foam (2017, when she 
was 13 years old) which was inspired by my original Styrofoam 
cello. Finally, the Flax fiber cello will be exhibited in 2021 at 
BOZAR for the 2021 Henry van de Velde Awards.
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Figure 8.8: Exhibition of the UDFlax and Sandwich at September Me (2017).

To explore the concept of music instruments as sculptural art 
further I have made an art piece that asks critical questions and 
sparks the imagination of what art in violin making can be. The 
Value of a Violin is made from shredded banknotes (euros) and 
epoxy (Fig. 8.9). It meets all the requirements to be played, yet 
has never produced a single sound.
 What is the value of a violin? Is the Classical music 
world open to change? Is it responsible to keep playing old music 
instruments and expose them to further damage through use?  
Do we give contemporary violin makers the recognition and 
chances they deserve? Is The Value of a Violin a violin?
 The Value of a Violin, together with the open call 
Stradivarius may go on a well-earned retirement? was on 
exhibit in Design Museum Ghent during the Queen Elisabeth 
competition 2019.

Figure 8.9: The value of a violin.

5. My perception of the instruments
In chapter 7, I have shared my perception of the three cellos. I 
still owe you my perception of the violins. Since I am not a violin 
player, my experiences are mostly restricted to the listeners 
perspective.
 To investigate my perception and the evolution therein I 
have kept notes during this PhD research (Fig. 8.4). I wrote down 
what I experienced, recorded conversations with colleagues and 
reflected on both my own work as well as the work of others with 
my instruments. In some cases, my perception of the sound or 
playability of the instruments contradicted previous experiences. 
I have found that my perception of these instruments changes 
according to the context: which musician plays them, what 
music they play, the room in which they play, etc. Based on the 
results of chapter 5, 6 and 7 this is not surprising considering the 
influence that a different player can have on the sound. 
 To give you an insight in what I have perceived and how 
I interpret these phenomena, I will summarize and share my 
subjective analysis on the sound of these violins.

5.1 The violins
5.1.1 UDFlax
Overall, I would describe the sound of this instrument as soft, 
mellow, warm, and round. When played in solo condition it is 
quite easy to listen to; I have never perceived any harshness or 
sharpness in the sound. This instrument does not sound powerful 
or loud. Because of this, at first, I thought that it would not be 
suitable to play as a first violin in a quartet. Yet, as I listened to the 
Sun Sun Orchestra using this violin in exactly that role (Video 8.3) 
I noticed that UDFlax allowed the first violin player to go all out 
without resulting in a harsh sound and overpowering the other 
instruments. Between minute 3:23 and 3:41 the UDFlax violin 
stands out in its melodic role, yet it still blends in timbre with the 
other violins and cello. I think this violin can be especially suited 
for solo performances and recordings. During this research, I 
have never heard a player accidently making a scratching sound 
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while playing this instrument. When I observed violin, players 
test various violins in the blind playing test (chapter 7), this 
violin had my preference when less-experienced violinists were 
playing. Perhaps the slow but forgiving response makes it easier 
to produce a beautiful tone on this violin?

5.1.2 UDC
This violin has a dark viola-like quality to me. I perceive its sound 
as deep and round but direct. The response seems forgiving like 
the UDFlax violin, but slightly faster. The instrument sounds 
particularly good when played by violin players who also play 
viola. Perhaps they are well equipped to use the specific timbre 
of this violin? When I listen to some violin players, there is an 
unbalance between the lower and higher register with the higher 
notes sounding thin. Yet, for other players this is not the case 
and the violin sounds bright and clear in the high register. 
Although not particularly loud, its sound seems to project well 
over a distance, the violin keeps its distinctive timbre over a large 
distance. The ‘helicopter’ sound made by Elisabeth Klinck on 
this violin (Recording set 8.3) is incredibly powerful and takes 
over the entire room. This sound is created by the B1- and A1 
mode, as an FRF revealed these are the frequencies she plays 
to make this sound. I think that this is a remarkably interesting 
sound that could lend itself well to experimental contemporary 
performances.

5.1.3 TwillCB
Full, warm, and with a good projection: this instrument seems 
very even and reliable. I always like it, but I have yet to encounter 
a context in which I find it the most fitting among these violins. 
For me, the instrument seems to be good at everything, but not 
exceptional in anything. I think it would serve most violin players 
well as a durable alternative to a conventional instrument that 
can be played outdoors or on tour without concern for damage. 
In some cases, it can sound viola like as well, with a certain dark 
quality. In comparison to UDC, I mostly perceive TwillCB to be 
less round and with a hint of harshness in comparison to the 
sound of UDC, but this can vary depending on the player.

5.1.4 TwillCA
When the instruments were just finished, I perceived this 
instrument to be like TwillCB, yet slightly sharper. Probably I 
was influenced by my theoretical commitments and I heard 
what I wanted to hear. The results of the blind listening test and 
recordings of said test (chapter 6) allowed me to re-evaluate my 
thoughts on the instrument. When listening to the recordings 
‘blind’ I perceived its sound has having a lot grit in the lower 
register and sharp and harsh in the higher register. It seems that 
when the instrument is played with less bow force, the sound is 
softened and becomes more clear than sharp.

5.1.5 Spruce
The instrument seems even in its tonal color over the different 
strings. The timbre is full but has some grit. The violin often 
sounds bright and penetrating with a hint of harshness 

depending on the player. In some cases, it is among my least 
favorite between the violins because it lacks warmth. I have 
found its sound to be most to my liking when the instrument is 
played in a room or hall with a dry acoustic.

5.1.6 Sandwich

Loud, powerful and with an incredibly unique timbre, this violin 
stands out from the others and is easiest to recognize when I 
am listening blind. The timbre of the violin is most often harsh, 
with allot of grit, metallic and granular. In some rare cases, the 
instrument surprises me and sounds bright, clear, rich, and 
perhaps even warm. Since its sound is always loud and powerful, 
it well suited to play in large halls, pizzicato, or to explore extended 
playing techniques. Its distinctive timbre makes it stand out in a 
duet or quartet setting, which provides new artistic opportunities 
to explore.

6. Conclusion
For my practice, I have found Sound tastings to be a suitable 
methodology to investigate the sound of experimental 
instruments together with a musician and listeners. It can be an 
inspirational feeding ground for all those involved and lead to 
- or influence the creation of - artistic products. Collaborations 
with other artists are also a valuable method to dive into music 
instruments’ artistic potential in a specific context. The qualities 
and artistic potential of my instruments can change depending 
on the musician who plays the instrument, the music he or she 
performs etcetera. Therefore any new cooperation requires 
me to perform phenomenological research: I must study my 
perception of the instruments in the respective context without 
letting preconceived ideas or theoretical judgements influence 
my perception. This is easier said than done. I have found blind 
listening and playing to be useful methods in this regard, as they 
allow me to negate my preconceptions.
 These music instruments are works of art in their own 
regard, but they can also be an important part of - or valuable 
tool to create - additional artistic products. The variability in 
their look, playability and sound can inspire other artists like 
composers or musicians to experiment in their practice. The 
artistic results are as diverse as the world of music: each artist 
approaches these instruments in a different way, which provides 
a wealth of artistic potential. The instruments can be used to 
inspire new performances, provide a new perspective on existing 
music, or they can be exhibited as visual pieces of art.

9
Conclusions
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1. Objective
This interdisciplinary research combined methods from 
various research fields. To avoid a complete chaos in both 
my mind and yours, I subdivided the book according to these 
fields of study. I presented them in a logical order starting with 
material properties, followed by the making of the instruments, 
the objective study of the violins using methodologies from 
vibrational, acoustical and psychoacoustical science and finally 
the artistic exploration in and outside my workshop. You could 
follow my research journey and at the end of each chapter (2-8) 
I drew corresponding conclusions. Each chapter allowed me to 
increase my knowledge on the research topic to a certain extent 
and drove my research forward. The downside of this structure 
is that it does not allow a holistic view on the research. Because 
of this reason, I will now discuss my original research questions 
considering the content of all the previous chapters. To help 
you (the reader) separate between a scientific discussion and 
my personal subjective conclusions I will answer the questions 
twice. Once from each perspective.

2. Answers for Science
What materials have good acoustical and mechanical 
properties? 

Based on the analysis of the perception of listeners and players in 
chapter six, ‘good’ is too subjective to provide a sensible answer 
to this question. Both in theory and in practice, some materials 
are more efficient sound radiators when used as a soundboard of 
a music instrument. However, defining them as ‘good’ based on 
only this property does not do the complexity of the issue  justice! 
Most previous research that discusses this topic focuses on the 
material properties density, material stiffness (or speed of sound) 
and in some cases material damping. In many of these studies, 
the material stiffness is only investigated in the longitudinal 
direction. When this is the case, the effect of anisotropy on 
the overall stiffness of a soundboard (chapter 3), which in turn 
affects a soundboard’s vibrational (chapter 4) and radiational 
behavior (chapter 5), is underestimated. Our results follow the 
logic that soundboards which are more lightweight and have a 
lower anisotropy are more efficient sound radiators than heavier 
soundboards with a higher anisotropy. However, the influence of 
anisotropy on the energy output should be further investigated, 
as this research only had a limited number of instruments to 
compare and draw conclusions from. A previous study (Jalili 
2011) discussed the suitability of various composite materials 
based on their material properties. However, the results from our 
listener and player tests show that this method can be erroneous: 
the instrument which should perform the ‘worst’ according to 
its material properties (UDFlax) is among the most favored, and 
the instrument that is the most efficient radiator (Sandwich) is 
the least favorite of the listeners in our psychoacoustic tests. 
It can be expected that there is a ‘minimum’ value of sound 
radiation which is needed: an instrument should radiate enough 
sound to fulfil its musical role and be heard. In the tests we 

have performed, which focused mainly on the analysis of solo 
performances, none of the instruments seemed to be below this 
minimum value. 

How can these materials be optimally used in musical 
instruments?

As stated by Damodaran (2015) and applied in chapter 3, the 
classical laminate theory provides a solid theoretical base to 
make composite instruments. By using existing knowledge on 
the materials used in conventional instruments and the range 
of respective thicknesses’ or stiffness’ used in their soundboard, 
one can calculate a similar range of thicknesses for a variety of 
composite materials. Within this range one can create composite 
instruments with a sufficiently high acoustic radiation. Beyond 
this statement, everything becomes subjective as it depends on 
the personal definition of what ‘optimal’ means: some may prefer 
a ‘warm’ instrument, others a ‘rich’ or ‘powerful’ instrument. As  
such I conclude that there is not a single way these materials can 
be used in musical instruments that would satisfy each person’s 
preference.

What are the physically measurable properties and artistic 
properties of the prototypes?

Using modal analysis and radiation measurements, the 
vibrational and acoustical properties of each of the violins 
was measured. We identified the signature modes and their 
parameters: mode shape, frequency, vibrational amplitude, 
mode damping, and measured the overall vibrational response 
of the violins between 190-6080 Hz. As expected, the influence 
from the vibrational characteristics of each instruments was also 
observed in the acoustic spectrum. When played by different 
musicians, some variations in the radiation of the violins were 
observed. Certain trends arose that surpassed the interindividual 
variability, which allows one to make statements on the unique 
characteristics of each instrument. Using psychoacoustic tests 
with listeners and players we could confirm that composite 
materials do not have or lack a specific sound quality, but rather 
allow a wide variety of sounds to be created.

What place or function can these instruments have in the music 
and art world?

Since this question was not investigated using scientific 
methodologies, I cannot offer an objective discussion on this 
topic.

Suggestions for further scientific research

In theory, by only varying the material of the soundboard, the 
sound of a violin could be changed to fit the requirements of the 
player. Although such a fitting can already be attempted based on 
how materials effect the vibrational and radiational behavior of 
an instrument, there are still many variables and unknowns that 
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must be investigated before we can make accurate predictions. 
Composite materials offer a great diversity of fibers, polymer 
matrices, and core materials that can still be examined. Also, the 
effect of different laminate thicknesses, arching shape, and the 
effect of the design on the sound of composite instruments can 
be further investigated. The craftsmanship of making wooden 
violins has evolved over centuries, resulting in an optimization 
of the realization of the material’s potential in a certain context 
(Classical music). Composite instruments are still relatively new 
and require more research (and a new kind of craftsmanship) to 
fully realize their artistic potential.

3. Answers for (my) Art
By performing this research, examining the data, and increasing 
my cognitive and intuitive knowledge on the subject, I have gained 
insights for my artist practice that venture beyond what I can state 
objectively. As I have discussed at the start of this PhD thesis, 
artistic research encompasses a subjective approach that allows 
me to reflect on what I have learned for my practice. Readers are 
advised that what follows is my personal interpretation that does 
not necessarily translate to the work of others. Let me explain 
which answers I have found for my artistic practice, and perhaps 
you will find inspiration for yours?
 
What materials have good acoustical and mechanical 
properties?

Some materials are better suited than others to create a 
sufficiently loud sound. After all, an instrument must be heard. 
Scientific research on new materials is often focused on matching 
the properties of wood. If that is the goal, it is straightforward 
to define what ‘good acoustical and mechanical properties’ for 
soundboards are: they would be those closest to wood. Personally, 
I find that such a quest is not overly exciting. If one approaches 
the sound of an instrument from an artistic view, the perception 
of - and preference for – a certain sound is subjective. In this 
case, the answer to the question ‘What materials have good 
acoustical and mechanical properties?’ depends on the specific 
context: how should the instrument play and sound? Depending 
on what one wants to achieve artistically, the definition of ‘good 
acoustical and mechanical properties’ will change. That is far 
more interesting to explore!

How can these materials be optimally used in musical 
instruments?

The artistic research on the violins and cellos has shown that a 
new design combined with the classical laminate theory allows a 

maker to make music instrument that perform well. How these 
materials are used ‘optimally’ depends on the context. If I want an 
instrument with a larger average acoustic output, I should make 
sure the soundboard is sufficiently lightweight and stiff. This 
should translate to an instrument being perceived as ‘louder’. 
Changing the anisotropy of the lay-up affects the frequency of the 
signature modes which in turn influences the sound color of an 
instrument. The three composite cellos are a testament that I can 
‘steer’ the sound of an instrument in a certain direction by using 
certain fibers in a certain lay-up. On the other hand, the TwillCA 
and TwillCB violins are a testament to the fact that there can still 
be variations in the perceived sound of an instrument regardless 
of my best intentions. So, I must stay humble in what I can and 
cannot achieve. There is not one ‘right’ way to use these new 
materials in musical instruments, but rather a variety of ways 
with which a maker can attempt to influence the character of an 
instrument towards an artistic goal.

What are the physically measurable properties and artistic 
properties of the prototypes?

Measurable properties like the acoustic radiation provide 
interesting insights for my practice. After my research journey I 
am convinced that the difference in sound of these instruments 
is clear and that an instrument’s sound can be influenced by 
selecting and using materials in a certain way. One of the big 
challenges for science is that the perception and description of 
sound is so subjective. Yet, what else could be expected in the world 
of art? Scientific methodologies and objective measurements are 
an excellent inspirational feeding ground for my practice and 
allow me to examine my work, but the artistic properties of these 
instruments are better explored through artistic methodologies. 
Although all my instruments have unique physical properties, 
their artistic potential will change depending on the context.

What place or function can these instruments have in the music 
and art world?

I have only scratched the surface on this topic. As these 
instruments were developed as part of an artistic research, they 
are in themselves pieces of art that can be exhibited, played, or 
listened to. Their place or function in the music and art world is 
only limited by human creativity. They have been used as visual 
pieces of art in exhibitions, they have been used in performances 
to play old music such as Bach and Bartók, newer music such as 
Takemitsu and Gulda, and have inspired Housen and Vanbergen 
to write new music. As such their value is twofold. They are pieces 
of art, and they can be used as a tool or inspiration to create art. 

And so it ends.
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