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ENGLISH SUMMARY 

Advancement of sensing systems requires the development of highly efficient, 

scalable, and cost-effective physical sensors with competitive and attractive 

features such as high sensitivity, reliability, and preferably reversible sensing 

behaviors. Despite the tremendous progress in the field of nanomaterials, the 

straightforward synthesis of such sensors in a scalable approach, enabling high 

sensitivity, hysteresis free and long-time stability, is still challenging for 

potential applications in wearable electronics, soft robotics, and healthcare 

monitoring. This doctoral research is therefore focused on exploring simple 

and effective methodology for high performance piezoresistive strain sensor 

fabrication by using possible processing technology with scalability and cost-

effectiveness. Conventional extrusion processing and laser direct writing 

technique combined with transferring process were used in this research. 

Based on the processing way and used materials, different hierarchical 

structures were designed to modulate the sensors’ electromechanical 

properties, mainly sensitivity (quantified by gauge factor), workable range and 

dynamic hysteretic behavior. 

As for conventional twin-screw extrusion processing, low cost CB and 

thermoplastic elastomer (TPE) (TPU and OBC) were exploited for the 

production of conductive polymer composites, which were then investigated 

by monitoring the change of resistance upon stretching. In general, two 

aspects concerning processing control and composites formulation variables 

have been studied for property optimization. The two aspects are described as 

following in detail.  

Firstly, multiphase polymer blend providing unique co-continuous structure 

with selective distribution of conductive filler for reducing percolation 

concentration and increasing sensitivity has been verified. The filler 

localization in the first mixing period was controlled kinetically via sequential 

compounding steps, followed by post annealing for accelerating CB 
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localization approaching equilibrium state and self-networking. The 

hierarchical structure was designed according to thermodynamic prediction 

and verified by electron microscopy. The higher affinity between TPU and 

CB is essential for the preferable localization of CB in TPU and generating 

the thermodynamic driving force for CB migration during the second blending 

step where CB was premixed with less favorable polymer OBC. The electrical 

conductivity and electromechanical response of CB-filled single-phase 

polymer composite (referred as binary composite) and multi-phase polymer 

blend composite (referred as ternary composite) were determined as a function 

of filler content, compounding sequence, and annealing treatment. For the 

conventional binary composites (OBC-CB or TPU-CB), high CB mass 

fraction (20 m%) was needed but only lead to an intermediate sensitivity as 

their conductive network is fully packed. Also, a general trend showing a 

three-regime variation of fractional resistance change versus strain, namely, 

initiation (I), reversible (II), and re-coverable damage (III) was demonstrated. 

Annealing was needed to enable a monotonic increase of the relative 

resistance with respect to strain. With ternary composites, comparable initial 

conductivity but a much higher sensitivity with a quasi-monotonic increase 

results, provided that a low CB mass fraction (10 - 16 m%) was used and 

annealing was applied. Particularly, with CB first dispersed in OBC a less 

compact, hence, easily destroyed “brittle” conductive network (10 - 12 m% 

CB) was gained, allowing monotonic response and higher sensitivity. Further 

detailed phase morphology and filler dispersion/distribution characterization 

via SEM and optical microscopy, rheology and analytical modeling study 

were presented to disclose the mechanism of different sensing behavior.  

Secondly, a continuing work focusing on examination of the effectiveness and 

universality of the predefined blending sequence for interfacial network 

construction was performed mainly by changing the CB type for this 

composite system (TPU/OBC/CB). A key advance was the reduction of 

resistance variation hysteresis under dynamic loading. Specifically, the impact 

of composite formulation variables, including CB type/content and polymer 
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blend ratio, as well as annealing on the electrical and electromechanical 

response, in correlation with their morphology, were investigated. Lower 

percolation threshold, quasi-monotonic and hysteresis-less response were 

presented for composites containing CB with higher self-networking 

capability (here referred as CB2) and higher interaction with polymer matrix. 

The ternary composites can be exploited to expand the range of tailoring and 

manipulating sensing performance for low to high operating regime 

depending on the CB content and blend ratios. Compared to binary 

composites, enhanced sensitivity (GFmax > 104) over a broader workable strain 

range (19 - 238 %) was achieved simultaneously by using CB2 ternary 

composites (OBC/TPU blend mass ratio of 40/60 with CB amount of                   

5 - 10 m%; 50/50 with CB amount of 10 m%). Noteworthy, both CB2 based 

binary and annealed ternary composites with relatively lower filler content 

provided negligible/no hysteresis, while those composites with relatively 

higher filler amount exhibited strain-dependent hysteretic behavior, showing 

evidenced dual-peak pattern of resistance change under strain smaller than 

their strain detection upper limit and single-peak pattern with approximately 

negligible hysteresis under strain close to strain limit. This connection 

between hysteretic behavior and strain level can also be used as self-diagnose 

of the damage state of these materials. These results were explained by the 

combination of a different less compact conductive network mainly in TPU 

phase and enhanced filler-matrix interaction. Based on the above findings, 

similar TPE/CB piezoresistive sensors can be designed by a proper selection 

of CB type/concentration, polymer matrix as well as processing procedure. 

With high throughput and patterning capacity, laser manufacturing has also 

been considered as an alternative way for material fabrication and adopted in 

this work for strain sensor construction. 

Laser induced graphene (LIG) is a recently developed method to directly form 

graphene from carbon-rich precursors (e.g. polyimide (PI)). The technique 

also provides a simple, facile and scalable approach for flexible electronics 
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making. In this work, CO2 laser scribing was utilized to produce and pattern 

3D porous graphene on the surface of Kapton film under ambient conditions. 

Firstly, a systematic optimization process for the improvement of the obtained 

laser carbon quality (surface-structure and electrical property) was performed 

via the modification of laser parameter settings. During the optimization 

process, the laser-treated surface has been structurally characterized by optical 

microscopy and SEM. The laser power and scanning speed have been 

identified to be the key parameters to dictate the structure and resistance of 

the laser carbon layer. It is clearly suggested that the duration of heat 

preservation should be sufficiently long to form high-quality graphene flakes. 

Moreover, when using a pulsed laser device as the heat source, the duration 

between each pulse should be very short so as to sustain the required duration 

of heat preservation. The featured porous morphology has been observed as 

the decrease of scanning rate. Due to the possible low fluence under current 

processing conditions, LIG with high quality is still not achieved. A further 

laser setting optimization process is suggested. By using the most optimal 

laser settings studied by now, a prototype laser carbon/PDMS strain sensor 

was produced via an easy transfer process. The large reduction of electrical 

property of the laser carbon layer after transfer hindered further evaluation of 

its piezoresistive sensing performance. A complementary information by 

comparing the piezoresistive property of some recent reported LIG based 

strain sensor and some other similar graphene based strain sensors produced 

by different strategies is provided to give readers an impression of the advance 

of LIG based strain sensor until now. The LIG technique could expand new 

routes to fabricate graphene device directly on the surface of the polymer by 

using this low-cost and lower-power manufacturing technology, providing an 

alternative way for further research in sensory and composite industries for 

developing next-generation smart electronics and structures. Besides, the 

patterning ability of LIG paves the way for further miniaturization of LIG-

enabled electronics or design of complex geometry.  
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Overall, this doctoral research showed the possibility of piezoresistive strain 

sensor fabrication and performance improvement via hierarchical structure 

design using two simple and rapid processing approaches. It exposed critical 

problems regarding the effective response conductive network construction in 

regards to filler-filled and LIG-enabled sensory materials and offers possible 

solutions as interesting research topics. 
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NEDERLANDSE SAMENVATTING 

Innovatieve sensorsystemen hebben nood aan de ontwikkeling van efficiënte, 

schaalbare en kosten efficiënte fysische sensoren. Deze dienen competitieve 

en aantrekkelijke eigenschappen te hebben zoals hoge gevoeligheid, 

betrouwbaarheid en omkeerbaar sensorgedrag. Ondanks de grote vooruitgang 

op het vlak van nanomaterialen blijft de synthese van dit type sensoren via 

schaalbare methoden, die toestaan hoge sensitiviteit, hysteresis-vrije en 

tijdstabile eigenschappen bieden, een uitdaging voor potentiële applicaties in 

draagbare electronica, robotica en gezondheidszorg. Dit doctoraatsonderzoek 

focust zich daarom op het ontwikkelen van een eenvoudige en effectieve 

methode om hoge-prestatie piëzoresistieve reksensoren te vervaardigen met 

schaalbare en kost-efficiënte verwerkingstechnieken. Conventionele extrusie 

en laser direct writing technieken gecombineerd met transferprocessen 

werden in het onderzoek ingezet. Rekening houdend met 

verwerkingsmethodes en materialen werden verschillende hiërarchische 

structuren voor het aanpassen van elektromechanische eigenschappen 

ontwikkeld; met name hoofdzakelijk gevoeligheid (gekwantificeerd door 

vervormingsfactor), werkbaar gebied en dynamisch hysteresis gedrag. 

Bij conventioneel extrusie-gebaseerd verwerken (dubbelschroef) werden 

commercieel CB en thermoplastische elastomeren (TPE) (TPU en OBC) 

gebruikt voor het maken van geleidende composieten. Vervolgens werden 

deze onderzocht door het analyseren van de verandering in resistentie tijdfens 

longitudinale vervorming. Twee verschillende parameters werden voor 

optimalisatie van de eigenschappen bestudeerd, me tname procescontrole en 

composietformulatie. 

Ten eerste werd onderzocht dat meerfasige polymeerblends met een unieke 

co-continue structuur en selectieve distributie van geleidende vulstoffen de 

percolatiegrens naar beneden trekken en een hogere sensitiviteit tonen. De 

allocatie van de vulstoffen in de eerste mengstap werd kinetisch gecontroleerd 
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door sequentiële compounding stappen, gevolgd door een thermische 

behandeling waarbij het CB versneld gelokaliseerd wordt, resulterend in 

evenwichtige structuur en netwerkvorming. De hiërarchische structuur werd 

ontwikkeld volgens de thermodynamische voorspellingen en werd vervolgens 

geverifieerd met elektronen microscopie. De hogere affiniteit tussen CB en 

TPU is essentieel voor de voorkeursorientatie van CB in TPU en het genereren 

van het thermodynamisch gedreven migratie van CB tijdens de tweede 

processtap, waarbij CB ingemengd werd in OBC dat minder affiniteit heeft. 

De elektrische gevoeligheid/sensitiviteit en elektromechanische respons van 

CB-gevuld enkelfasig polymeer composiet (binair composiet) en meerfasig 

polymeer composiet (ternair composiet) werden bekeken in functie van 

hoeveelheid vulstoffen, mengsequentie en thermische behandeling. Voor de 

conventionele binaire composieten (OBC-CB of TPU-CB) waren hoge 

massafracties CB nodig (20 m%) welke als sensor slechts een gemiddelde 

gevoeligheid vertoonden daar het netwerk volledig gevuld is.  

Alsook is er een algemene trend aangetoond die een drievoudige variatie toont 

in fractionele weerstand ten opzicht van rek, namelijk initiatie (I), 

reversibiliteit (II) en schade-herstel (III). Gloeibehandeling was nodig om een 

monotone stijging van de weerstand in functie van rek te verkrijgen. Bij 

ternaire composieten werd een vergelijkbare initiële geleidbaarheid 

verkregen, maar een veel hogere sensitiviteit en quasi monotone stijging. Dit 

op voorwaarde dat de CB massafractie laag blijft (10 - 16 m%) en dat 

gloeibehandeling gebeurd. Voornamelijk wanneer CB eerst in OBC 

gedispergeerd werd ontstond een minder compact en dus gemakkelijk te 

vernietigen ‘bros’ geleidend netwerk (10 - 12 m%), wat een monotone respons 

en hoge sensitiviteit opleverde. Meer gedetailleerde fasemorphologie en 

vulstof distributie/dispersie werden via SEM en optische microscopie 

gekarakteriseerd. Ook de reologische en analytische modellen werden 

uitgediept om het mechanisme van verschillend sensorgedrag te omvatten. 
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Ten tweede werd er gefocust op de efficiëntie en het universeel karakter van 

de vooraf gedefinieerde mengsequenties voor interfase netwerkconstructies. 

Dit werd gecombineerd met de belangrijke verbetering qua vermindering van 

weerstandvariatie onder dynamische belasting bij verandering van type CB in 

het composietsysteem. Meer specifiek werd het effect van de composiet 

formulering onderzocht, in bijzonder type en hoeveelheid CB en 

polymeerblend ratio. Het effect van thermische behandeling op elektrisch en 

elektromechanische respons in correlatie met de morfologie werd eveneens 

bestudeerd. Lage percolatie grenzen, quasi-lineaire en hysteresisloze respons 

werd verkregen voor CB-composieten met hoge zelf-

netwerkvormcapaciteiten (genaamd CB2) en hoge interactie met 

polymeermatrix. De ternaire composieten kunnen, afhankelijk van de CB 

hoeveelheid en blendratio, gemanipuleerd worden om sensorperformance 

voor lage en hoge regimes aan te passen. Een grotere sensitiviteit (GFmax > 

104) over een groter werkbereik (19 - 238 %) werd gelijktijdig verkregen in 

vergelijking met binaire systemen wanneer CB2 ternaire composieten gebruikt 

werden (OBC/TPU blend met massa ratio 40/60 en CB hoeveelheid van            

5 - 10 m%; 50/50 met 10 m% CB). Opmerkelijk is dat zowel de binaire CB2 

als de thermische behandelde ternaire blend bij relatief lage hoeveelheid 

vulstof geen of een verwaarloosbare hysteresis vertoonden. Composieten met 

hogere vulgraad vertoonden een duidelijk rek-afhankelijk hysteresisgedrag 

waardoor i) bij de weerstandsverandering een duidelijk tweepiek-patroon bij 

een rek kleiner dan de overeenkomstige rekdetectie bovenlimiet werd 

verkregen, evenals ii) een enkelpiek-patroon met een benaderende 

verwaarloosbare hysterese bij een rek dichtbij de bovenlimiet ontstond. Deze 

relatie tussen hysteresisgedrag en rekniveau kan bijkomend gebruikt worden 

ter zelfdiagnose van schademetingen van de ontwikkelde sensor. De resultaten 

werden bijkomend gestaafd door het combineren van een laaggeleidend 

netwerk van TPU fase en verbeterde vulstof-matrix interactie. Gebaseerd op 

bovenstaande bevindingen kunnen gelijkaardige TPE/CB piëzoresistieve 

sensoren ontworpen worden door een correcte selectie van CB 

type/concentratie, polymeer matrix en verwerkingsmethode.  
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Naast extrusie is laser induced graphene (LIG) een recent ontwikkelde 

methode om direct grafeen te vormen op koolstofrijke precursors zoals 

polyimide (PI). De techniek biedt een eenvoudige en schaalbare mogelijkheid 

tot productie van flexibele electronica. In dit werk werd een CO2 laser gebruikt 

voor het maken van een 3D poreus grafeen patroon op het oppervlak van een 

Kapton film onder normale omgevingscondities. In eerste fase werd een 

systematische optimalisatie van het proces uitgevoerd voor het verbeteren van 

de laser-koolstof kwaliteit (oppervlaktestructuur en elektrische 

eigenschappen) door aanpassen van de laserparameters. Tijdens het 

optimalisatie proces werd het oppervlaktestructuur gecontroleerd met behulp 

van optische microscopie en SEM. Intensiteit en scansnelheid van de laser 

werden geïdentificeerd als belangrijkste parameters om de structuur en 

weerstand van de koolstoflaag te controleren. Uit onderzoek is gebleken dat 

de thermische belasting door de laser voldoende lang moet zijn om aan het 

oppervlak grafeenvlokken van hoge kwaliteit te bekomen. Bovendien moet bij 

het gebruik van pulserende lasers als warmtebron de tijd tussen elke puls zeer 

kort gehouden worden. De verkregen poreuze morfologie werd geobserveerd 

bij een dalende scansnelheid. Door de mogelijks lage betrouwbaarheid onder 

huidige verwerkingscondities was het actueel niet mogelijk hoge 

kwaliteitssamples met LIG te verkrijgen. Verdere optimalisatie van de 

laserinstellingen is aanbevolen. Met de onderzochte laserparameters werd een 

prototype carbon-PDMS reksensor via transferproces vervaardigd. De grote 

vermindering in elektrische eigenschappen van de koolstoflaag na het 

transferproces verhinderen verdere evaluatie van de mogelijkheden van de 

ontwikkelde piëzoresistieve sensor. Een vergelijking van piëzoresistieve 

eigenschappen van LIG en gelijkaardige grafeen gebaseerde reksensoren 

vervaardigd via verschillende strategieën werd uitgevoerd om de vooruitgang 

in LIG-gebaseerde reksensoren in detail te illustreren. De LIG techniek kan 

nieuwe mogelijkheden bieden ter vervaardiging van grafeenstucturen 

rechtstreeks op het oppervlak van polymeerdragers. Deze goedkope 

productietechnologie kan een alternatief zijn voor toekomstig onderzoek naar 

de ontwikkeling van sensoren. Bovendien opent het produceren van patronen 
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met behulp van LIG de weg naar verder verkleinen van LIG-houdende 

elektronica of ontwerpen van complexere geometrieën. 

Samengevat werd in dit doctoraat aangetoond dat het mogelijk is 

piëzoresistieve reksensoren te vervaardigen en hun prestatie op te verbeteren 

via hiërarchisch structuurontwerp, gebruik makend van twee eenvoudige en 

snelle verwerkingsmethoden. De beperkingen omtrent de opbouw van 

effectieve respons-geleidende netwerkconstructies met betrekking tot CB-

gevulde en LIG vervaardigde sensormaterialen werden geanalyseerd en 

mogelijke oplossingen zowel als toekomstgericht onderzoek werd in kaart 

gebracht. 
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Chapter 1  

SCOPE AND AIMS 

The rapid development of functional electronic devices has triggered 

enormous demands for smart electromechanical sensors due to their vast 

promising applications, including human-machine interfaces, personal 

healthcare monitoring, electronic skin, soft robotics, and smart materials for 

in-situ monitoring of damage and structural health of advanced composite 

materials. The basic transduction principle of using conductive materials for 

sensors is that the mechanical stimulation or change, e.g. alternation of strain, 

pressure, shear or vibration, generates a measureable electrical variation, e.g. 

piezoresistivity, capacitance, piezoelectricity or triboelectricity.  

Notably piezoresistivity with the coupling of mechanical stimuli and the 

change in electrical resistance makes resistive sensors the easiest to construct 

and measure. Initial focus has been on  strain gauges, which are typically made 

of thin metal or semiconductor foils mounted on a backing polymeric 

(typically polyimide) film, which are bonded on a surface to measure the strain 

of a material or structure, although with practical issues e.g. limited 

stretchability. With the rise of conductive nanomaterials and nanotechnology, 

more recent focus has been on conductive nanomaterials for stretchable sensor 

areas. The strategy is either to use materials stretchable in single or aggregated 

forms or either to design specific structures that can absorb externally applied 

strain without fracturing. However, as explained in detail in Chapter 2, the 

development of strategies which are feasible to build strain sensors with 

superior properties, simple structures, low-cost, and mass production ability 

is still a fundamental and highly significant trend. The associated wearable 

electronics with a potential for commercialization must demonstrate not only 

high performance of specific functions but  must also possess highly repeated 
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stretchability (no hysteresis), flexibility, and conformity while maintaining the 

fabrication process scalable, versatile, and at low cost.  

In this respect, conductive polymer composites (CPCs), consisting of polymers 

and (electrically) conductive nanomaterials (e.g. carbonaceous fillers) are 

intriguing candidates for strain sensing due to the merits of easy fabrication 

and scalability. Good flexibility and stretchability of appropriate polymer 

matrixes should enable the strain sensors to be knitted, skin-attachable and 

wearable as well. Challenges remain to obtain both a high sensitivity and 

strain and the minimization of hysteresis, using more simple scalable 

processing techniques.  

In this PhD thesis (Chapter 3 and 4), extrusion is selected as processing 

technique and, carbon black (CB) filled thermoplastic polyurethane/olefin 

block copolymer composites as strain sensing CPCs. In Chapter 3 focus is on 

a given CB type and it is shown that extrusion-based piezoresistive sensors 

can be easily made and are characterized by a performance as achievable with 

more complex structural engineering methods. In Chapter 4, further design of 

the formulation variables is performed and the potential of CB based CPCs is 

fully explored in view of both low and high strain sensing. 

The obtained insights and research strategy developed in Chapter 3 and 4 is 

additionally used in Chapter 5 to enhance the field of structural engineering. 

This chapter involves preliminary work on the construction of flexible strain 

sensors based on graphene produced by photothermal transformation of 

commercial Kapton polyimide film into 3D networks of carbon called laser-

induced graphene (LIG) via CO2 infrared laser direct writing (LDW). This 

strategy is a straightforward one-step process void of any chemical treatment 

procedure, contributing to high-yield, low-cost graphene synthesis.  

Finally, Chapter 6 summaries the key findings of this doctoral dissertation. 

Based on these conclusions, suggestions for future research are formulated. 
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Chapter 2  

RECENT PROGRESS ON FLEXIBLE AND 

STRETCHABLE PIEZORESISTIVE STRAIN 

SENSORS: FROM DESIGN TO APPLICATION  

Flexible and stretchable piezoresistive strain sensors which can 

translate mechanical stimuli (strain changes) into electrical signals 

(resistance changes) provide a simple and feasible detection tool in the 

field of health/damage monitoring, soft robotics, personal healthcare, 

human-machine interfaces, and electronic skin. In this chapter, a 

detailed overview is presented on both strategies for sensing 

performance improvement and progress to medium or large-scale 

fabrication. A broad range of matrices/substrates and incorporated 

nanomaterials is covered and attention is paid to the current state-of-

the-art of feasible but low-cost manufacturing methods. The sensor 

design parameters include sensitivity (gauge factor), stretchability, 

linearity, hysteresis, biocompatibility, and self-healing potential. 

Starting from fundamental sensing mechanisms, i.e. the tunneling 

effect, the disconnection mechanism, and the crack propagation 

mechanism, examples are provided from lab to application scale. 

2. 1. BACKGROUND OF PIEZORESISTIVE STRAIN SENSORS 

Flexible and stretchable sensor devices have attracted tremendous attention in 

recent years, due to their various promising applications, including among 

others structural health and damage monitoring [1-5], human motion detection 

[6, 7], personal healthcare [6, 8-13], human-machine interfaces [14-17], 

electronic skin [18-20], and soft robotics [21]. A further distinction can be 

made between piezoresistive [22], capacitive [23], piezoelectric [24], field 

effect transistor [25], fiber Bragg gratings (FBGs) [26], Raman shift [27], 

liquid metal [28], and triboelectric [29] based sensor devices, showcasing the 
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versatility and relevance of the sensor research field. In view of a particular 

application, several aspects including sensitivity, deformability, cost, and 

impedance matching should be taken into consideration [30]. 

For large deformation applications or intimate integration with irregular 

surfaces, the conventional metal sensors, which sustain only maximum strains 

of ca. 5 % [31], and inorganic semiconductor materials are however limited 

by their intrinsic brittle and rigid nature, low sensitivity, low fatigue life, 

environmental dependence, and poor biocompatibility. To resolve these 

issues, conductive polymer composite (CPC) based sensors have been 

developed in the last decades [32-37]. In particular, piezoresistive CPC based 

strain sensors, along some capacitive ones, exhibit great merits such as a rather 

simple fabrication process, a rather uncomplicated sensor configuration, a 

relatively simple read-out system, a potential high flexibility and 

stretchability, and acceptable dynamic properties. The other mentioned strain 

sensor types are still faced with numerous challenges such as sophisticated 

measurement equipment, low resolution, and poor to intermediate dynamic 

performance. In view of the above statements, the present contribution is 

mainly focused on flexible and stretchable CPC based piezoresistive strain 

sensors.  

In such sensors, the change of electrical parameters under deformation is 

monitored as a signal for environmental mechanical stimuli. One of the most 

critical aspects for sensor design is the choice of suitable materials for the 

fabrication of flexible strain sensors that meet the sensing, mechanical and 

structural requirements imposed by a particular application. For numerous 

CPCs with incorporated conductive fillers or devices embedded with 

conductive thin film layers, the polymer matrixes/substrates and/or 

encapsulation materials are the stretchable component. However, these 

piezoresistive materials are still facing some challenges, including 

unsuitability for small strain monitoring due to rather low sensitivity [38-40], 
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limited room for sensitivity improvement, degradation of sensing performance 

by fatigue, and plastic deformation of the polymer substrate. Other aspects are 

inevitable resistance hysteresis between the loading and unloading curves 

ascribed to the intrinsic viscoelastic nature of polymer matrix, internal friction 

of the composites, and unstable mechanical integrity during large cyclic 

deformation, which inhibits long-term use.  

The most commonly selected polymers as flexible support materials are 

rubbers/elastomers, such as silicone rubber (e.g. polydimethylsiloxane 

(PDMS) [41-44]), Ecoflex® (Smooth-on U.S, chemically termed as 

polybutylene adipate terephthalate (PBAT) [39, 45]), thermoplastic 

polyurethane elastomer (TPU) [38, 46-49], styrenic block copolymers (SBCs) 

[50-56], natural rubber (NR) [57-59], styrene-butadiene rubber (SBR) [58, 

60], and polyolefin elastomer (POE) [61, 62]. Polypropylene (PP) [63, 64], 

polyvinylidene fluoride (PVDF) [65, 66], and epoxy [67-71] have also been 

considered. The conductive materials typically contain carbon-based 

micro/nano-phases (e.g. carbon nanotubes (CNTs) [46, 47], carbon black (CB) 

[46, 62], and graphene [47, 59, 72]), metal nanowires [40, 73, 74], 

nanoparticles [50, 55], nanosheets [75], conductive polymers (e.g. polypyrrole 

(PPy) [76], polyaniline (PANI) [74, 77], and poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [73]), ionic 

liquid (IL) [78, 79], and liquid metals [80]. Hybrid materials such as multi-

walled carbon nanotubes (MWCNTs)/CB hybrid fillers [46, 65], 

MWCNTs/graphene bifillers [47], silver nanowire/graphene hybrid particles 

[40], and silver nanoparticle (AgNP)/single-walled carbon nanotubes 

(SWCNTs) composite [81] have also been employed. Alternatively, the 

device stretchability is achieved by geometric engineering of the conductive 

materials with special structures such as the wrinkled [82, 83], thickness-

gradient [41], double helical [84], buckled [85, 86], wavy [87], accordion [88], 
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coiled [89], serpentine pattern [90], nanomesh [91], network [92], and island-

bridge structure [93] accommodating the strain.  

Ideally, the stretchability requirements can be quite varied so that the sensing 

device application range becomes broad. For sensing devices integrated 

directly onto joint skins [94, 95] or embedded into clothing or textiles [96, 97] 

for movement and load measurements, extremely high strain implementations 

are expected. In contrast for applications such as tiny skin motion detection 

(e.g. phonation [98] and facial expression [15]) or personal healthcare with 

subtle strain induced by respiration [99] and heartbeat [100], small but 

repetitive strain cycles or moderate one-time strains tolerances are required 

[37]. Essentially, the stretchability relies on the robustness of the conductive 

network that provides electronic transmission paths and the stretchable 

limitations of the loaded materials [101].  

For the actual application, the flexible strain sensors need also to be assembled 

in a highly-integrated system composed of several artificial intelligence 

modules, including power supply, signal detection, data processing, analysis, 

transmission, and display modules [102]. Undoubtedly, numerous challenging 

issues related to reliability, reproducibility, robustness, long-term monitoring 

capability, and the complexity to achieve fully-integrated sensor systems for 

highly accurate detection still exist. A strong multidisciplinary character is 

thus obtained, requiring combined knowledge from for instance materials 

science, electronics, measurement methods, mechanics, system and chemical 

engineering. As an essential part, the fabrication processes are supposed to be 

cost-effective and scalable. However, most current fabrication techniques are 

still premature and the most as-prepared flexible sensors are still in their 

prototype stage [102].  

In this chapter, a detailed focus is on recent advances for research on flexible 

and stretchable (piezoresistive) strain sensors, with emphasis on both 
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strategies for sensing performance improvement and progress to medium or 

large-scale fabrication. It should be stressed that the relevance and novelty of 

the review relates to this combined description of the research achievements. 

Attention is focused on the sensing mechanism, sensing performance, and the 

related optimization or design strategies. Building blocks and their assembled 

structures are covered and comparisons of recently reported results to 

effectively guide the selection of appropriate materials and structure design 

are incorporated. Feasible low-cost manufacturing methods to implement 

scale-up, promising applications and application sensing platforms are also 

covered in detail. Finally, challenges and perspectives for future research in 

view of industrial realization are presented.  

2. 2. SENSING MECHANISM  

Generally, the sensing function of a sensor material or its working principle 

originates from the variation of resistance R under deformation. The resistance 

is given by ρl/A, with ρ, l, and A the (electrical) resistivity, length, and cross-

sectional area. The relative change in resistance ΔR/R is expressed as 

(1 + 2𝜐)ɛ + 𝛥𝜌/𝜌, with υ and ɛ Poisson’s ratio and strain [103].  

Change in the resistance of materials caused by structural deformation is 

known as piezoresistivity. In principle, the geometry changes caused by 

structural deformation of the bulk material and the piezoresistivity of the 

conductive materials themselves contribute to the observed change of the CPC 

resistance [104]. However, the impact of stress induced deformation of 

nanomaterials [105] can be negligible with respect to the macroscale 

composite strain upon stretching. The latter is ascribed to the poor stress 

transfer [32] due to the typically large elastic mismatch and weak interfacial 

adhesion strength between them [104]. In other words, the effect of the 

piezoresistivity of conductive nanomaterials on the total resistance change in 

CPC strain sensors can be marginal [32, 104, 105].  
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Conductive filler networks within an insulated polymer matrix are proposed 

to be obtained not only by the perfectly contacted inter-fillers, but also by 

neighboring fillers within a certain cut-off distance to allow electrons to pass 

through polymer thin layers and form quantum tunneling junctions [104, 106] 

(Figure 2-1, A). Upon stretching, the increase of resistance is ascribed to 

several aspects, including the breakup of the conductive pathway or the loss 

of contact between neighboring fillers, and the increase in the inter-filler 

distance. The dominant working principle in the case of CPC strain sensors 

arises here from the change in the tunneling resistance [106]. This sensing 

mechanism is therefore elaborated as a tunneling effect [104].  

In addition, the disconnection mechanism has been put forward [104]. This 

sensing principle is elaborated for thin films made of a nanomaterial 

conductive network (e.g. silver nanowires (AgNWs) [107] and graphene [7]), 

in which electrons can pass through overlapping nanomaterials within the 

percolation network. If stretching is applied, the electrical connection or the 

overlapping area of adjacent nanomaterials decreases (Figure 2-1, B), leading 

to the increase of contact resistance [7]. The decrease of the overlapping area 

is caused by the slippage of adjacent nanomaterials, mainly due to the low 

friction between overlapping nanomaterials [7], weak interfacial binding, and 

large stiffness mismatch between the conductive nanomaterials and 

stretchable polymers [7, 104, 107]. For few strain sensors with special 

connection characteristics such as reversible interlocked microdome [108], 

interlocked nanofibers [109], or gecko-inspired microstructure [110], the 

change in effective contact areas or sites of the microstructure essentially 

contributes to the change of resistance, rather than the disconnection between 

overlapped conductive nanomaterials [104, 108-110]. 



CHAPTER 2 STATE-OF-THE-ART OF PIEZORESITIVE STRAIN SENSORS 

 

 

 

9 

 

Figure 2-1: Strain sensing mechanisms: (A) Schematic view of CNT conductive network 

including tunneling effect/mechanism [106]. (B) Disconnection mechanism with (a) SEM image 

of a fish-scale-like graphene-based (FSG) strain sensor at 0 % strain; the white arrows indicate 

two overlapping rGO slices; (b) SEM image of a FSG strain sensor at 50 % strain; (c) 

schematic illustration of the reduction of overlapped area of fish-scale-like graphene-based 

strain sensor upon stretching; (d) schematic illustration of the resistance model of a sensing 

unit [7]. (C) Crack propagation mechanism with (a) illustration of crack-based ultrasensitive 

strain sensor; (b) left, image of the spider-inspired sensor with a cracked layer; right, enlarged 

image of the cracks in the surface; (c) SEM image of the boxed region of the right-hand image 

in b; (d) SEM images of the zip-like crack junctions for different applied strains [111]. 

For strain sensors with brittle nanomaterial thin films coated on flexible 

substrates, nano/micro cracks intend to initiate at the stress concentrated areas 

to release the accommodated stress. If strain is applied, the rapid separation of 

adjacent crack junctions (Figure 2-1, C) critically limits the electrical 

conduction through the thin film [104, 111], which then substantially 

promotes the significant increase of resistance. Meanwhile, the crack-based 
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strain sensors are based on reversible disconnection and reconnection of 

cracks [40, 98, 104, 112, 113]. This crack propagation mechanism [104] has 

been increasingly employed to develop ultrahigh sensitive and stretchable 

strain sensors [39, 40, 81, 98, 111, 112, 114, 115], as explained in detail below. 

The crack configuration, length, width, density, cracked-area [39], and the 

depth [112] are critical factors that influence the final sensing performance 

and working range.  

2. 3. SENSOR DESIGN PARAMETERS  

To allow for sensor design control over several parameters is needed. In this 

section, a detailed discussion is included related to the key design variables 

with main focus on the sensitivity (or gauge factor) and stretchability. In 

addition, the discussion is complemented with novel design variables (e.g. 

biocompatibility) that emerged during the last decade. Finally, attention is 

paid to the multisensitive design in view of recent developments. 

2. 3. 1. Sensitivity or gauge factor 

The sensitivity or gauge factor (GF) reflects the capacity of active materials 

for appropriate responses to external mechanical stimuli. It is considered as 

the most important design parameter, especially for subtle displacement or 

structural damage detection. For resistive-type of strain sensors, the 

sensitivity/GF is quantified as the instant ratio of the relative change in 

electrical resistance to the applied strain [41, 78, 102, 104, 116]. Note that the 

strain range for which the GF is determined needs to be specified to avoid a 

biased interpretation. However, in some studies this information is lacking 

and/or a single point GF is only specified. 

The GF value varies greatly, depending on the active materials, assembled 

structures, and the piezoresistive mechanism. The sensitivity is also very 

dependent on the applied strain, as non-linear behavior is frequently obtained 

[58] (cf. Subsection 2.3.3). It is important to point out that GFs have been 
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calculated in a discrete strain interval in most research studies to facilitate the 

comparison of the samples although there is strictly a non-linear tendency 

[117]. 

With CPCs the performance depends on the type, content, dispersion, and 

morphology of the fillers, and the interaction between fillers and polymer 

matrix. CPCs with a filler concentration near the electrical percolation 

threshold generally show the largest variation in electrical resistance, whereas 

operation very close to the percolation threshold has a detrimental impact on 

device-to-device reproducibility [118]. The key point for sensitivity 

improvement typically based on the tunneling effect is to increase the 

tunneling resistance or the proportion of the tunneling resistance with respect 

to the total resistance, hence, not the total resistance itself [65, 106].  

The sensitivity has been tuned by conductive network morphological control 

strategies [119]. For example, Ke et al. [65] achieved tunable electrical 

conductivity and strain sensitivity by changing the mass ratio of CNTs to CB 

(mCNTs/mCB), which resulted in a change of the conductive network structure 

in PVDF/MWCNTs/CB composites. Lower mCNTs/mCB ratios contributed to 

higher sensitivity upon comparison at similar electrical resistivity or same 

total filler content. For a hybrid filler system with lower CNT contents, the 

conductive network consists of a special structure with CNT acting as 

backbone for conductive pathways and parts of CB particles located between 

the gaps of neighboring CNTs. Such a conductive assembly is more 

susceptible to tensile strain than those consisting of only CNTs. During 

stretching, the bridging effect of CB is weakened and the distance between 

CB particles and CB particles and CNTs is increased. This induced increase 

in the tunneling resistance and thus alters the GF at low strain levels.  

Besides, strain sensitivity can be controlled by adopting processing 

procedures, as for instance explored in the research of Ma et al. [120] by 
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comparing one-step and two-step processing methods for conductive 

elastomeric materials based on MWCNTs filled thermoplastic vulcanizate 

(TPV). Although a comparable initial conductivity is obtained, the one-step-

TPV shows a high GF of ca. 103 at a strain of 100 %, while the resistance for 

the two-step TPV composite is independent with strain, even at a strain of   

200 %. This superior behavior has been ascribed to the much higher 

destruction rate of the more disordered MWCNTs conductive network in one-

step-TPV. In addition, strong interfacial binding between elastic 

nanomaterials (e.g. CNT [46, 121] and graphene [122]) and polymers also 

gives higher strain sensitivity. 

A very effective way to achieve a high sensitivity is to allow for substantial 

connection or structural changes even under small strain. Within this respect 

crack-assisted resistive strain sensors have been aimed at [39, 40, 81, 98, 111, 

112, 114, 115], inspired by the crack-shaped slit organs of spiders [111]. For 

example, Liao et al. [115] recently developed an ultrasensitive and stretchable 

microcrack-assisted resistive strain sensor by using silver nanowires on 

patterned PDMS. The remarkable sensitivity (GF of 1.5 × 105 within                 

60 % strain range) was attributed to the introduction of a patterned surface 

microstructure, consisting of regular and remarkably uniform parallel concave 

lines and square plat arrays in the patterned PDMS substrate. The parallel 

concave lines interweaved with each other and the features could be replicated 

and identified with high quality. Notably, many microcracks have been 

observed inside parallel concave lines and square plats [115]. Similarly, an 

ultrasensitive cracking-assisted strain sensor fabricated by Chen et al. [40] 

exhibits a GF as high as 2 × 10 (strain between 0 and 0.3 %), 103 (strain 

between 0.3 and 0.5 %), and 4 × 103 (strain between 0.8 and 1 %). This work 

illustrates a strategy to fabricate an ultrahigh sensitive strain sensor for subtle 

deformation detection applications such as heartbeat monitoring, pulse beat 

detection, and sound signal recognition. Furthermore, it has been indicated 
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that fragmented SWCNT paper embedded in PDMS can sustain its sensitivity 

even at very high strain levels. A (single point) GF of over 107 is obtained at 

50 % strain [114]. Generally, the cracks are generated by pre-stretching [39, 

40, 98, 114, 115] (Figure 2-2, A), thermal solvent evaporation, and thermally 

induced stress during a cooling step [81] (Figure 2-2, B) or bending [112] 

(Figure 2-2, C). More information related to cracking-assisted nanofabrication 

techniques can be found in the review of Kim et al. [123].  
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Figure 2-2: Crack generation methods. (A) Pre-stretching with (a) schematic illustration of 

pre-stretching and releasing process of strain sensors based on silver nanowires/graphene 
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hybrid particles/TPU composite; (b) resistance change upon stretching for the strain sensor 

under pre-stretch of 10 % strain. Insets are the SEM images during stretching [40]. (B) 

Thermal solvent evaporation and thermally induced stress during cooling steps with (a) 

schematic of CNT-AgNP thin film fabrication process; (b) SEM image of CNT-AgNP thin film 

with CNT loading at 70 wt.%, the scale bar is 3 μm; (c) gauge factors of CNT-AgNP sensor at 

different CNT paste concentration with and without PDMS [81]. (C) Bending with (a) 

schematic of initial crack generation by bending; (b-c) the 3D profiles and depths measured by 

AFM in bent cracks from (a) and propagated cracks from (d) are shown; (d) crack propagation 

by additionally applied stretching; (e) gauge factor at 2 % strain obtained by the sensors [112]. 

In addition to crack-assisted strain sensors, bio-inspired interlocked 

microstructure geometries [108, 109, 124, 125] (Figure 2-3, A), whisker 

structures [126, 127] (Figure 2-3, B), silk [128, 129] (Figure 2-3, C) and cotton 

fabric [130] molded structures, and 2D/3D micro/nanostructures [110, 131-

133] (Figure 2-3, D) have also been employed to improve the performance of 

sensors [131-133] as well as to introduce multiple sensing capabilities [108, 

109, 126, 127]. For instance, inspired by the interlocked epidermal-dermal 

layers in human skin, the PDMS/MWCNTs tactile sensor developed by Park 

et al. [108] showed high sensitivity in distinguishing various mechanical 

stimuli, considering opposing conductive interlocked microdome arrays 

(Figure 2-3, A). The high sensitivity has been attributed to the considerable 

increase in the resistance resulting from the large decrease of contact area 

between the microdomes [108]. Similarly, bioinspired e-whisker arrays 

(Figure 2-3, B) with good strain sensitivity (GF of 3.4 × 10), fast response (50 

ms), and high durability/stability have been developed by Hua et al. [127] via 

pencil-drawn paper. The e-whisker array sensor demonstrates good 

performances on strain monitoring, 3D spatial mapping, and detailed 

localization of objects, orientation, and shape reconstruction [127]. 
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Figure 2-3: Strain sensors with some special structural design. (A) Interlocked microstructure 

with (a) CNT-PDMS composite film with interlocked microdome array; (b) stretch-sensing 

capabilities comparison of interlocked microdome arrays and planar films [108]. (B) Whisker 

structure with (a) schematic illustration of cat's whisker and device schematic of pencil-drawn 

e-whisker; (b) normalized resistance change as functions of applied strain (top x-axis) [127]. 

(C) Carbonized Silk Fabric (CSF) with (a) illustration of the hierarchical structures fabrication 

process of CSF strain sensors; (b) resistance variation versus applied strain [128]. (D) 3D 

microstructure with (a) schematic illustration of structural change of the 3D graphene foam 

composite under stretching and releasing; (b) relative resistance variation of the strain sensor 

under stretching [131]. 
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2. 3. 2. Stretchability 

In the traditional field, such as structural health monitoring, relatively low 

stretchability below 1 % is sufficient. However, for flexible and stretchable 

electronic devices that need to be bonded to substrates with complex 

topography without becoming wrinkled, a higher stretchability (e.g. > 50 %, 

for skin-attachable and wearable strain sensors [134]) and thus a wider 

working range is required. Essentially, the stretchability of the sensing device 

relies on the robustness of the conductive network that preserves the 

interconnectedness under global strain. The stretchability has been enhanced 

by means of either adopting stretchable materials (first approach) or structural 

conversion (second approach). 

The first approach relies on the exploration of intrinsic stretchable materials 

as the elastic polymer matrix. Several kinds of active component, especially 

1-dimensional (1D) [134] or 2D nanomaterials [39, 135] with high-aspect-

ratio such as CNTs [46, 47, 51, 55, 136], metallic nanowires [73, 107], and 

graphene [58, 72] or graphite [39], have therefore been mixed into an 

elastomeric matrix [46, 47, 51, 58, 72]. They also have been integrated within 

[50, 107, 136] or on the top [39, 107] of elastomeric substrates, and some are 

in the form of intentionally fractured [39, 50, 58, 136] conductive thin films. 

Note that the matrix for this approach can also be thermoplastic [65, 121], 

although only in limited cases in which comparable sensitivity is shown and 

the stretchability and resilience satisfy the working requirement. The first 

approach is typically simple and cost-effective, leads to high yields, and 

allows easy handling [137], while a multistep process is needed for the 

construction of intentionally fractured conductive thin films [39, 50, 58, 136]. 

In addition, a strong binding of the sensing component with the polymer 

matrix/substrate is beneficial for achieving high stretchability [45]. 

The second approach is based on structural design through geometric 

engineering rather than by exploiting intrinsic material properties. The 
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structural configurations for rigid materials on an elastomeric substrate are 

divided into out-of-plane and in-plane structures. Three-dimensional wavy 

[87], wrinkled [82], double helical [84], coiled [89] shapes are examples of 

out-of-plane structures, whereas buckled structure [85], serpentine pattern 

[138], and mesh-like geometries [139, 140] belong to the in-plane island-

bridge design. The latter design is proposed to effectively accommodate much 

larger applied strain and eliminate the concern of breaking under external 

scratching [18]. However, compared to the first approach, the second 

approach is low-yield, high cost and involves a complicated multistep 

fabrication process such as lithography, transfer, and vacuum deposition 

[102]. Additional information about functional materials and strategies based 

on in-plane structures can be found in following reviews [14, 141]. For a 

detailed description of geometric engineering processes of flexible electronic 

devices, the reader is referred to the following review [44]. 

For the vast majority of strain sensors, a trade-off between “high sensitivity” 

and “high stretchability” is concluded [41, 44, 102, 104]. Monitoring a wide 

range of deformation requires that the active material can keep its structural 

connections at high strains, while detection of subtle displacement demands 

the microstructure of the sensing material to change dramatically even under 

small strain [41]. Rational structure design and control of the connection types 

of sensing materials are requested to ensure both high sensitivity and high 

stretchability [39, 41, 50, 115, 142]. For example, a sensor based on a 

thickness-gradient SWCNT film on a PDMS substrate (Figure 2-4, A) was 

developed by Liu et al. [41] by employing a self-pinning method. The 

developed material possesses a GF as high as 1.61 × 102 (ɛ < 2 %), 9.8 (Avg., 

2 % < ɛ < 15 %), and 5.8 × 10-1 (ɛ > 15 %) and can withstand uniaxial strain 

of more than 150 % [41]. Close inspection of these GF values shows that the 

deficiency is although the decrease of the sensitivity from 1.61 × 102 to            

5.8 × 10-1 if the strain is up to 15 %. 
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Another example is the work of Amjadi et al. [39] who developed an 

ultrasensitive and highly stretchable strain sensor based on graphite thin films 

with parallel microcracks coated on top of Ecoflex (Figure 2-4, B). The 

sensors made of graphite thin films with short microcracks possess high GFs 

(maximum value of 5.2 × 102 at 50 % strain) and stretchability (ε ≥ 50 %), 

while sensors with long microcracks show ultrahigh sensitivity (maximum 

value of 1.1 × 104 at 50 % strain) with limited stretchability (ε ≤ 50 %) [39]. 

Furthermore, the combination of microcracks and the disconnection sensing 

mechanism was recently utilized by Zhao et al. [50]. These authors developed 

a high performance strain sensing platform with slit- and scale-like structures 

(Figure 2-4, C) through embedding fragmentized graphene sponges (FGS) in 

a poly(styrene-block-butadiene-block-styrene) (SBS) matrix, followed by an 

iterative process of silver precursor absorption and reduction. The microcrack 

configuration of the silver layer and the more effective contact area and 

sponge structure of the FGS conductive block contributed to high GF (∼107 

at 120 % strain) and stretchability (up to 120 %) simultaneously, as well as a 

fast response and an excellent reliability and stability. An elaborate control of 

the fabrication process for micro/nano crack and/or specific architecture 

construction is although required. The uniformity and repeatability need also 

still to be further guaranteed. A more convenient method has been recently 

developed by Tao et al. [142] via one-step laser patterning. The strain sensor 

was produced by embedding laser-patterned graphene in Ecoflex (Figure 2-4, 

D). The strain sensor exhibited excellent repeatability, self-adapted and 

tunable sensing performance with a GF up to 4.6 × 102 with the strain up to 

35 % and a GF of 2.7 × 102 with strain up to 100 %. The sensing performance 

adapting to both subtle and large occasions can be tuned by adjusting the 

graphene mesh density. 
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Figure 2-4: Strategies to achieve high GFs and stretchability simultaneously. (A) Thickness-

gradient film with (a) schematic illustration of thickness-gradient structure that helps to 
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achieve both high GF and high stretchability; the microscope image of (b) film sample under 

60 % strain, the black ring shows the thick part and (c) the ring region in (b); (d) the GFs of 

the sensor at different strains and cycles [41]. (B) Parallel microcracks based strain sensor 

with (a) optical microscope images of the graphite thin film before and after microcrack 

generation; parallel microcrack opening in perpendicular direction of strain; (b) GFs as a 

function of the applied strain [39]. (C) Slit- and scale-like structures with (a) concept of slit- 

and scale-like architectures, slit-like structure provides sensitivity, while shell-like structure 

provides stretchability and sensitivity; (b) GF versus strain for FGS/SBS and FGS/SBS/Ag 

composites [50]. (D) Mesh-like geometry with (a) optical images of laser patterned graphene 

(LPG) strain sensors with different mesh densities under different strains; (b) relative 

resistance variation versus strain of the strain sensors with different mesh densities [142]. 

2. 3. 3. Linearity  

Linearity refers to a directly proportional relationship between the electrical 

signal and the applied strain. The magnitude of linearity can be evaluated with 

the coefficient of determination (R2) measured by a linear regression. A larger 

value of R2 signifies a stronger linear relationship [143]. In general, a nonlinear 

relationship is active for resistive-type strain sensors, which hinders the 

intuitive reflection of the accurate strain and the use of a simple calibration 

process [104].  

The most prevalent explanation is that the nonlinearity is ascribed to the 

microstructural changes of the sensing component upon undergoing a shift 

from a homogeneous to a heterogeneous morphology upon stretching [23, 44, 

102, 104, 107, 144]. For instance, Amjadi et al. [107] reported a strain sensor 

based on AgNW/PDMS. The change of the topology of the percolating 

network with emerging bottleneck locations that critically limit the electrical 

current resulted in a nonlinear sensing response for the low-density AgNW 

sensor. In contrast, a highly linear behavior was observed for the high-density 

AgNW strain sensor due to the dense and robust network with no bottleneck 

locations observed even at high strains up to 100 %. A similar strain sensor 

based on a CNT percolation network sandwiched between two Ecoflex layers 

was also produced by the same research group [45]. With a high dense 



CHAPTER 2 STATE-OF-THE-ART OF PIEZORESITIVE STRAIN SENSORS 

 

 

 

22 

network formed, the strain sensor simultaneously possessed super 

stretchability of ∼500 %, high linearity (R2 > 0.95), very high reliability, and 

fast response speed. Besides high network density, a significant contribution 

originated from the strong binding between CNTs and Ecoflex and the 

excellent elastic behavior of the CNTs so that the slippage of CNTs inside the 

Ecoflex matrix was less probable [45]. It should be noted that the linear 

responses described above are relative to the stretching amplitudes.  

A crucial parameter for the (non-)linear behavior in CPC strain sensors is the 

filler content. For a filler content close to percolation threshold, there are not 

enough conductive particles to create contact paths or the concentration is 

negligible so that the conductivity is achieved by the tunneling effect [117, 

145]. The resistance then grows exponentially with the distance between 

adjacent particles [117], and the number of filler particles involved in the 

percolation network is greatly reduced upon stretching [146]. Consequently, 

nonlinear strain response and great increase of resistance are observed [147, 

148]. At concentrations well above the percolation threshold, the resistance 

change depends on the structural changes with the variation of the dominating 

mechanism of conductivity in distinct strain domains [145] (Figure 2-5, A). 

The conductivity is then also less influenced by smaller strain as explained in 

detail by Selvan et al. [145]. The resistance change induced due to contact is 

the dominant mechanism under the initial strain, leading to a linear response, 

and the higher the contribution of contact conductive paths the better the 

linearity is [110]. After a certain strain, the gaps between adjacent particles 

widen on stretching, and tunneling behavior between neighboring fillers 

dominates the resistance change [147]. Further increasing the strain to 

moderate levels, the variation in resistance is determined by a gradual 

disconnection in the percolation network [149]. The tunneling effect and the 

loss of conductive paths therefore result in an exponential non-linear growth 

of resistance.  
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In addition, the (non-)linearity may also influenced by the substrate property. 

For example, Yang et al. [150] recently developed a highly sensitive strain 

sensor with graphene woven fabrics (GWFs) on PDMS substrate. By tuning 

the ratios of base to cross-linker from 20:1 to 8:1, the Young’s modulus of the 

substrate PDMS increased from hundreds of kPa to a few MPa, and R2 was 

improved from 0.91 to 0.98. Buckle-delamination in GWFs was formed upon 

using a stiff substrate. The delamination converted graphene became bended 

for the subsequent tensile tests, which transferred the crack dominant 

transduction principle to a geometry dominant one, thus leading to improved 

linearity [150].  

In summary, the piezoresistive linearity is relevant to the change of the 

dominant conductivity mechanism corresponding to specific strain domains 

[117, 145, 147, 149], which is influenced by the variation of network 

morphology under stretching [107, 145]. The network morphology variation 

inherently relies on the mechanical stability of the percolation network [151], 

thus, high dense, stable and robust network structures give rise to a higher 

linearity [133, 151]. 

However, similar to sensitivity and stretchability, there also exists a trade-off 

relationship between high sensitivity and high linearity. Notably some 

researches achieved high strain sensitivity and linearity simultaneously. For 

instance, the sensitivity and linearity of strain sensors based on polymer 

composites with CNTs can be improved simultaneously by considering hybrid 

sensing nanomaterials [104, 152]. In the work of Benchirouf et al. [152], 

reduced graphene oxide (rGO) and MWCNTs nanocomposite films on a 

flexible substrate exhibited a GF of 8.5 with a high linearity (R2 of 0.98). The 

change of the number of tunneling contacts formed between the rGO and 

MWCNTs within the conductive network significantly changed the total thin 

film resistance under strain, contributing to a higher sensitivity [152]. 

Recently, by constructing well-controlled cracks in SWCNTs paper via laser 
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engraving and roll-to-roll pressing, Xin et al. [153] developed high 

performance strain sensors with high sensitivity, high stretchability (with a GF 

over 4.2 × 104 at 150 % strain), and high linearity (0.98 from 0 % to 15 % 

strain, and 0.96 from 22 % to 150 % strain), which were ascribed to the dense 

and well-controlled network cracks. The microstructure of the cracks 

underwent a homogeneous propagation response. However, the fragmentation 

process requires elaborate control and its adaptability to other cost-effective 

nanomaterial-based structures still requires further exploration.  

On an overall basis, a trade-off between “high sensitivity”, “high 

stretchability” and “sufficient linearity” is often proposed [45, 104, 107]. 

Highly sensitive strain sensors typically respond to the applied strain with a 

high nonlinearity and low stretchability [104]. It is therefore still a great 

challenge to develop strain sensors with simultaneously ultrahigh sensitivity, 

stretchability, and excellent linearity. 

2. 3. 4. Hysteresis, response time and dynamic durability 

The physical robustness and sensing reliability of strain sensors are quite 

crucial if dynamic forces are applied. As for this aspect, hysteresis, response 

time, and dynamic durability are three key parameters. Inconsistent or non-

monotonic piezoresistive variation is referred as hysteresis. This is commonly 

depicted as double peaks for a single loading-unloading cycle [154] (Figure 

2-5, B), displaying a negative piezoresistive effect implying an inverse 

relationship between resistance and strain [47, 51, 154]. The response time 

determines how quickly the strain sensor responds to the applied strain with 

accurate and steady indication. A 90 % time constant (τ90 %) is commonly 

used as the standard response time for stretchable sensors [104, 107]. In 

addition, dynamic durability demonstrates the endurance of strain sensors to 

long-term cyclic loading-unloading profiles with stable and reproducible 

resistive response and mechanical integrity. 
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Figure 2-5: (A) Comparison of the developed theory with the experiment results for the 

explanation of non-linear electrical response of NR/MWCNTs composites [145]. (B) Hysteresis 

of MWCNT/segmented polyurethane (SPU) composite strain sensor under cyclic stretching 

[154]. 

In general, the hysteric behavior and response delay exist in all polymer based 

strain sensors. They are still not fully understood and often explained by the 

competition of network breakdown and reformation during cyclic loading [69, 

154-156]. Several factors, including the intrinsic viscoelastic nature of 

polymers, the viscoelastic characteristics of conductive fillers and retarded 

reaggregation between filler-filler bonds/interactions in a relaxed state, poor 

interfacial adhesion, and imperfect recovery of conduction paths due to 
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ubiquitous friction between the solid-state sensing element and the 

elastomeric molecules [45, 78, 104, 107] are assumed to contribute to the 

hysteric behavior. Friction is assumed to cause disparate time scales in 

detachment and slippage among filler particles, which leads to the delay in 

settling down of the fillers in the polymer matrix and the inhibits the recovery 

of the percolation network [104, 148]. A larger interfacial area of conductive 

fillers and polymer prolongs the time delay [157]. 

For strain sensors with randomly incorporated nanocomposites [45], strong 

binding between the elastomeric nanomaterials and the polymer matrix helps 

to minimize the hysteresis effect and promotes a faster response. Under such 

circumstances less slipping and detachment between fillers occurs and the 

sensing elements rapidly go back to the initial state upon releasing [45]. 

Conversely, very weak interfacial adhesion between rigid nanomaterials (e.g. 

metal nanowires) and polymers is expected for the full recovery of the 

conductive network after the release of strain [104].  

The use of an ultra-soft polymer matrix provides a lower force for the quick 

establishment of the percolation network [45]. Besides, the electrical 

conductivity becomes considerably more frequency dependent at higher 

strains [114]. The response time of structure-based strain sensors (e.g. 

crack/gap-based strain sensors) is faster, due to the quick and easy 

reconnection-disconnection transformation [158]. To ensure accurate and 

deterministic deformation detection, it is recommended to adopt polymers 

with smaller viscoelastic properties or to suppress the viscoelastic effect of the 

elastomeric polymer matrix/substrate itself. For example, Choi et al. [78] 

developed a highly stretchable and “hysteresis-free” strain sensor by 

introducing the IL of ethylene glycol (EG) and sodium chloride (NaCl) with 

limitless deformability and a less hysteretic wavy structure of the fluidic 

channel (Figure 2-6, A). The resistance relaxation of the sensor was nearly 

negligible even under 250 % strain. This is thought to be derived from the 
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suppressed viscoelastic relaxation by the wavy structure of the elastomeric 

channel. Microfluidic strain sensors (Figure 2-6, B) show lower hysteresis and 

would allow accurate sensing up the strain limits set by the encapsulating 

elastomer due to the high deformability of liquids. On the other hand, some 

drawbacks such as leakage, electric circuit integration, and low GF limit their 

practical application [79].  
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Figure 2-6: Some strategies to achieve low hysteresis or hysteresis-free strain sensors. (A) 

Ionic-liquid-based wavy (ILBW) sensor with (a) geometrical dimensions of the ILBW strain 
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sensor; (b) hysteresis-free curve of the ILBW strain sensor [78]. (B) Microfluidic strain sensor 

with (a) schematic illustration of a linear microchannel embedded strain sensor in PDMS 

matrix; (b) relative electrical resistance variation of the microfluidic strain sensors; butyl-3-

methylimidazolium tetrafluoroborate ([BMIM][BF4]) [79]. (C) Sheath-core conductive yarns 

with (a) schematic of the producing process of strain sensor based on knitted CNT-

Sheath/Spandex-Core (CNT/SPX) elastomeric yarns, and photograph of the CNT/SPX 

structures; (b) change in normalized electrical resistance versus applied strain during loading 

and unloading for CNT/SPXn textiles [159]. (D) Strain sensor with bridging bundle gaps with 

(a) key steps in fabricating the SWCNT strain sensor; (b) relative change in resistance versus 

strain for multiple-cycle tests [157]. (E) Microcrack-assisted strain sensor with (a) structure 

and morphology of the strain sensor under stable strains; (b) multicycle stretching tests of the 

strain sensor with AgNW spin-coated on patterned PDMS substrate [115]. 

Notably (buckled) sheath-core structured fiber/yarn/textile strain sensors 

(Figure 2-6, C) have attracted increasing interest due to the substantial 

contributions to high stretchability [85], “hysteresis free” nature [159], and 

fast strain response [82] by overcoming the viscoelastic delay of the polymer 

composites [82]. Generally, the piezoresistive fibers/yarns are fabricated by 

integrating conductive functional materials as sheaths through methods of 

coating [143, 160, 161], ink writing [82], and continuous wrapping [159] on 

the surface of (stretched) fiber/yarns as core.  

In addition, it is evident that the hysteric behavior depends on the integrity and 

robustness of the conductive network morphology, as well as the strain 

amplitude [102, 107]. For instance, the “shoulder peak” for 15 % and 30 % 

strain for CNT/TPU composites strain sensor is much more obvious than for 

5 % strain [47]. The weak destruction of the entangled CNT network induced 

by small strain is easy to recover after releasing, while the competition 

between the destruction and establishment of the conductive network under 

large strain is remarkable. A single-peak response pattern is obtained for 5 % 

strain amplitude for the stable CNT/graphene symmetric network, but it is 

easy to be destroyed if subjected to larger strain amplitudes. As the 

morphology of the conductive network almost remains unchanged under small 

strain, good reversibility and repeatability was thus then observed [47]. 
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Similarly, the evenly distributed and densely packed CNTs conductive 

network in SBS underwent almost no evident changes, thus, more stable and 

consistent dynamic sensing performance under the strain amplitude of             

10 - 50 % was achieved [51].  

Furthermore, compared with strain sensors made of nanomaterial fillers inside 

a polymer matrix, stretchable strain sensors based on disconnection gaps [157] 

(Figure 2-6, D) and the micro/nanoscale cracks (Figure 2-6, E) propagation 

mechanism [115, 140] possess good hysteresis performance. The bundles 

between gaps [157] or the lateral compression effect on the nanostructure 

connection around the crack edges benefited the approximately complete 

recovery of the electrical resistance, if the applied strain was released [39, 

158]. Despite constructing a super dense and robust conductive network or 

engineering structure-based morphology, the influence of the local weak 

destruction is not significant enough to retard the recovery of the conductive 

network, showing no or negligible hysteresis. As such, the “integral size or 

unit” of the sensing element is much more crucial for the overall performances 

as the “apparent enlarged” sensing unit is less influenced by the viscoelastic 

nature of polymers. Eventually, the integrity of the conductive network 

morphology is greatly preserved upon releasing.  

A declining trend of the relative change in resistance with increasing 

stretching/releasing cycle number and afterwards saturation is often observed. 

Such phenomenon is explained by the formation of additional conductive 

pathways through breakdown and subsequent formation of interface between 

matrix and filler [162]. However, a growing tendency with increasing cycles 

has also been observed [163], this is because the breakdown of conductive 

networks can be more predominant than the formation of conductive network 

in tension, which leads to their irreversible displacement under strain [163]. 

In addition, the degradation of the performance of strain sensors has been 
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attributed to the fatigue and plastic deformation of substrates under large 

strain, and buckling and fracture of sensing nanomaterials [104, 107].  

In general and in line with the discussions above, the simultaneous 

achievement of high sensitivity, high stretchability, fast response, low 

hysteresis, and long-term stability in a simple and cost-effective way is still a 

great challenge, especially for personalized healthcare applications in which 

tiny strain changes on the surface of human skin need to be captured. 

Frequently, it is shown that strain sensors with stretchability over 100 % and 

high sensitivity over 50 within 1 % strain are extremely rare [104]. Each kind 

of material has its unique electrical, mechanical and other properties. More 

importantly, the assembled structures associated with processing strategies are 

more decisive for the final sensing performances, and special structure designs 

may help to create a unique function that their counterparts do not possess, 

especially if conventional sensing elements based on non-structured 

composites materials suffer from issues such as low sensitivity, slow response, 

and large hysteresis. Therefore, proper selection of materials, rational 

structure design and control of the connection types of sensing materials are 

effective routes to realize balanced performances for a specific application. 

2. 3. 5. Additional novel design parameters 

Next to the above covered crucial performance parameters, more recent 

research has demonstrated that several novel design partners such as self-

healing, self-powering, self-cleaning, transparency, biocompatibility, and 

biodegradability need to be considered as well to ensure a better application 

adaptability.  

Foreseeably, the sensing performance and service lifetime of flexible strain 

sensors declines once they are exposed to abnormal working conditions and 

even fail due to irreversible mechanical cracks or damages. Inspired by self-

healing phenomenon of the human skin, increasing efforts have been made to 
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endow the flexible strain sensors with self-healing capacity to extend their 

lifetime [164]. In general, self-healing of polymeric materials is achieved 

through extrinsic and intrinsic strategies. Extrinsic self-healing is based on the 

leakage of a pre-embedded healing agent or catalyst from cracked 

microcapsules or a vascular network but is incapable of multiple healing. On 

the other hand, intrinsic self-healing is a driven by reversible bonds, metal-

ligand interactions, and conductive network reforming after melting and 

diffusion [164] (Figure 2-7, A). Due the reversible nature it is applicable for 

multiple self-healing. However, there are still great challenges for simple and 

(economically) feasible fabrication strategies and more importantly to keep 

the strain sensors with high recovery efficiency even after multiple healing. 
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Figure 2-7: Strain sensors with novel features. (A) Self-healing strain sensor with (a) schematic 

of the healing procedure of the strain sensor; (b) dynamic stretch-release cycles response of 

the strain sensor [164]. (B) Self-powered strain sensor platform with (a) schematic diagram of 

the integrated “scavenge-sense-display” system; (b) resistance change versus strain for the 

printed serpentine patterns [165]. (C) Waterproof strain sensor with (a) schematic architecture 

of the E-bandage for wearable strain sensors; (b) relative resistance change as a function of 

bending strain [166]. (D) Transparent strain sensor with (a) schematic of the strain sensor and 
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the setup for charge injection; (b-d) photographs of the strain sensor under stretching up to 

200 %, showing increased transparency as it gets stretched; (e) relative resistance variation 

under stretching [167]. 

Another valuable design parameter attracting growing attention is self-

powering [165] (Figure 2-7, B), as the external power supply is an 

indispensable part for most sensor systems. To reduce the power consumption, 

a promising method is to combine the power generator and storage device with 

electromechanical strain sensors [73, 110]. The emerging development of 

energy-harvesting technologies such as piezoelectric, triboelectric, 

pyroelectric and thermoelectric and energy-storage devices such as flexible 

batteries and super capacitors makes it more feasible for the fabrication of all-

in-one electronics. For example, the first contact-mode triboelectric self-

powered strain sensor was fabricated by Zhang et al. [168] by using an auxetic 

polyurethane foam, conductive fabric, and polytetrafluroethylene. The auxetic 

foam expands once being stretched and through contact with a friction layer 

allows to generate electricity. This sensor possesses the highest sensitivity of 

all triboelectric nanogenerator devices. However, the current energy and 

power densities of most generators are still not sufficient for prolonged 

operation and further improvements are still required for stretchability and 

sensing capabilities [19]. 

To maintain acceptable mechanical and sensing performances under 

complicated and changing working conditions, self-cleaning capability needs 

also to be introduced. This has been recently covered applying novel 

geometrical structure design. Conventionally, the self-cleaning ability is 

attributed to the ability of the hydrophobic hierarchical structure [110, 169]. 

For example, super hydrophobic surfaces and self-cleaning capability were 

achieved by Kim et. al. [110] with the gecko-inspired hierarchical structure 

design, as the high-aspect-ratio micropillars with spatula tips greatly increase 

the contact angle between various types of liquid droplets with the conductive 

dry adhesive surface. The hydrophobic performance was improved due to the 
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increase of surface roughness in the triaxially post-buckling microstructure 

foam, and the stretchability, toughness, flexibility, energy absorbing ability, 

conductivity, piezoresistive sensitivity and crack resistance were also 

simultaneously improved [169]. In addition, by employing hydrophobic 

fluoropolymer as the encapsulation layer, a high-performance wearable 

electronic-bandage strain sensor based on CNT-silver nanoparticles 

(AgNP)/PDMS with sandwiched structure (Figure 2-7, C) was developed by 

Jeon et al. [166]. The bandage could be prevented from physical and chemical 

contact with the daily life conditions. Note that the hydrophobic property is 

critical for sensitivity maintenance as acuteness of the sensors tested at 

hydrous conditions will be very low [170]. 

Furthermore, for some special applications such as stretchable displays, 

human-skin attachable materials, and implantable sensing platforms, optical 

transparency is an important feature for conformal and instantaneous 

visualization for users. However, most reported stretchable strain sensors are 

nontransparent because of high loading of conventional nontransparent 

inorganic nanofillers or utilization of opaque materials. The lamination or 

sandwich-like [146] structure designed by using transparent active materials 

such as AgNWs [171], highly purified 99 % metallic CNT [146], nanohybrids 

of CNTs and conductive elastomers [15], graphene/AgNWs hybrid structures 

[167] (Figure 2-7, D), single-layer graphene with serpentine-shaped pattern 

[172] as the force sensing element in conjunction with ultrathin and 

stretchable substrate enables conformal and transparent devices. More 

information about the advances in stretchable transparent thin-film electrodes 

especially based on in-plane structures can be obtained in the review of Kim 

et. al. [141]. A review of materials and devices for transparent stretchable 

electronics is recently provided by Trung et al. [173]. 

In addition, especially for implantable sensing platforms in personalized 

healthcare applications, biocompatibility and biodegradability are quite 
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critical design parameters. In this context, electronic systems entirely built 

with biocompatible and biodegradable materials are of growing interest for in 

vivo sensors [174]. Besides, the devices should be degraded and resorbed in 

the body, and therefore no further operation is needed. 

2. 3. 6. Multifunctional sensing 

Strain sensors that can detect the direction of potential failures in engineering 

structures under multi-directional or multi-plane deformations are highly 

desirable for applications such as structural health monitoring. However, the 

commercially available strain sensors can only effectively monitor the 

deformation in one specific direction, i.e. they are uniaxial [175]. Also, the 

dominant research work related to stretchable strain sensor development 

aimed at uniaxial sensing measurement.  

One strategy to allow for multidirectional sensing is to construct rosette-type 

strain gauges [176, 177]. However, more inputs into the data acquisition 

system are required as three individual sensors are used to build the rosette 

configuration [175]. On the other hand, Zymelka et al. [175] recently 

demonstrated the concept of a single sensor structure that enables 

omnidirectional sensing capability. The strain sensor possesses symmetrical 

design with 16 active elements along eight different axes (Figure 2-8, A). The 

developed sensor device exhibited much more accurate measurements of both 

static and dynamic strain than conventional linear sensors [175]. Detailed 

optimization of the sensor structure and sensor performance, and exploration 

of applicability of this method for other materials and the corresponding 

sensing performance evaluation need to be still conducted.  
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Figure 2-8: Multifunctional sensing with (A) multidirectional strain sensing. (a) schematic 

design of conventional strain gauge (left) and the design of omnidirectional strain sensor 
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(right); (b) relative change in resistance during dynamic strain measurements [175]. (B) 

Schematics of multi mechanical stimuli (normal shear, stretching, bending, and twisting 

forces) sensing [108]. (C) Schematics of flexible multifunctional device for temperature, 

acceleration, electrocardiograms monitoring [178]. (D) Flexible multifunctional electronics 

for human-motion and thermal therapy detection with (a) resistance changes under 

compression and tension; (b) infrared picture of the graphite-based flexible heater under 

tension [179]. 

More recently, multifunctional sensing platforms integrating strain with some 

other stimuli such as pressure [108, 169, 180], temperature [178, 180, 181], 

thermotherapy [179] (Figure 2-8, D), humidity [180], and biometric data [178] 

have drawn great attention due to their potential for simultaneous multi-

stimuli detection capability. Generally, unique structure designs are employed 

to achieve multifunctionality. For instance, a device with a sensing film 

constructed from two parallel gold-nanoparticle strips with antiparallel 

sensitivity gradients can detect the load strain and discriminate the spatial 

position of the strain [182]. Similarly, a stretchable electronic skin with 

interlocked microstructures as for instance developed by Park et al. [108] can 

differentiate various mechanical stimuli, including normal shear, stretching, 

bending, and twisting forces (Figure 2-8, B). Due to the different levels of 

deformation of the arrays depending on the direction of applied forces, the 

flexibility and durability as a sensor are however limited.  

Furthermore, Ho et al. [180] fabricated an all-graphene transparent 

conformable multifunctional electronic skin sensor through a simple 

lamination process by integrating humidity, temperature, and pressure sensors 

into a single unit with all sensors working simultaneously with an individual 

report. A printed, flexible sensor equipped with a three-axis acceleration 

sensor was developed by Yamamoto et al. [178]. This sensor can 

simultaneously monitor skin temperature, heart rate, and UV light exposure 

as well as physical movement and motion (Figure 2-8, C), which provided a 

proof-of-concept device that shows potential for health care monitoring 

combined with physical activity detection.  
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Additional descriptions related to the controlled design of device structures 

into bioinspired micro/nanostructures and 2/3D structures for the 

enhancement of multifunctional sensing properties of flexible electronic skins 

can be extracted from the review of Park et al. [19]. However, some significant 

challenges such as the possible signal crosstalk, discrimination of distinct 

external stimuli in particular the complicated structural engineering and 

integration process for most developed multifunctional sensing platforms, low 

yielding, and issues for the adhesion interface still remain.  

2. 4. MATERIALS TYPES  

One of the most challenging steps in strain sensor development is the selection 

of the material types, as they define the final characteristics of the sensor to a 

great extent. In this section, the materials for flexible and/or stretchable strain 

sensors are summarized making a distinction between the matrix/substrate and 

the conductive materials. Along with the material types, the fabrication 

methods are discussed. 

2. 4. 1. Flexible matrix or substrate 

For materials expected to endure only tensile modes of deformation (e.g. 

stretching or bending), it is sufficient in most cases for a material to have a 

low tensile modulus and high crack-onset strain. The most basic and prevalent 

choice for supporting the matrix/substrate are intrinsic stretchable materials 

(e.g. elastomers/rubbers), especially for large-scale deformation. Elastomers 

can easily sustain dynamic strain (typically larger than 100 %) for thousands 

of loading/unloading cycles [101]. Most of the substrate materials are 

currently silicone or polyurethane based.  

The most commonly employed elastomer as flexible substrate is PDMS [41-

43], due to its excellent elasticity, transparency, high thermal stability, 

chemical inertness, curability, non-toxicity, and biocompatibility [101, 183]. 

Most of the reported skin-like stretchable sensors are based on conductive 
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nanomaterials and (microstructured) PDMS films. A hydrophobic to 

hydrophilic surface modification is often utilized to control the interfacial 

adhesion between PDMS and conductive materials. Besides, some other 

elastomers such as Ecoflex [39, 45], NR [57-59, 72], SBR [58, 60], and 

thermoplastic elastomer TPU [38, 46-49], SBCs [50-56], POE [61, 62] are 

also used as matrix/substrate in systems that require higher stretchabilty than 

PDMS (maximum strain of 120 - 160 %) [101]. A challenge associated with 

the conductive elastomer composites is that the sensitivity may change with 

temperature variation, material fatigue and creep under long-time usage [102].  

In addition to high stretchable elastomer/rubber, attention has also been paid 

to thermoplastics such as PP [63, 64], PVDF [65, 66, 77, 184], as well as epoxy 

[67, 70] for high strength applications. However, the ductility and toughness 

of the thermoplastic polymers generally decrease if conductive fillers are 

incorporated. A small elastic region is therefore obtained, which can result in 

a relatively narrow strain sensing range [121]. High strains of a few percent 

may cause irreversible changes both in the substrate and in the conductive 

layer when using thermoplastics. Strains smaller than 1 % are practically 

invisible upon using elastomers simply embedded with conductive materials. 

Thus, elastomers are more suitable for high strains monitoring (e.g. human 

motion detection with strain as much as 55 % [157]) and thermoplastics are 

normally used for structural health monitoring [65, 66, 184]. Next to these 

synthetic polymers, also silk fiber [160] and paper [185, 186] have been used 

as substrates. 

In all cases, the extensibility, i.e. the crack-onset strain, of the active material 

should be equal to or greater than that of the substrate, unless cracking itself 

is used as a means to impart stretchability. Besides, for real-world 

applications, the ability to tune the sensitivity over a large range of strain 

should also be considered. Experimental and theoretical results show that 

increasing the Young’s elastic modulus of the nanocomposites can improve 
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the sensing performance [32]. As the mechanical hysteresis of polymers leads 

to imperfect sensing performances and long response and recovery time, low-

hysterical matrix/substrates are preferable for strain sensor fabrication. 

However, the impact of matrix/substrate on the flexible sensors response is 

not yet fully understood and further research is required, as explained above.  

2. 4. 2. Conductive materials 

Diverse conductive materials, including carbon-based micro/nano phased 

materials (e.g. CNTs [46, 47], CB [46, 62], graphene [47, 72], graphite [39], 

carbon fiber [187]), and some recently emerged carbonized materials [128, 

130, 188], metallic nanoparticles [50, 55, 166] and nanowires [40, 73, 74, 107, 

171] (e.g. AgNPs [166] and AgNWs [40, 73, 107, 171]), conductive polymers 

(e.g. PEDOT:PSS [73], PANI [74]), IL [78, 79], and their heterogeneous 

hybrids have been utilized to prepare flexible strain sensors. Among them, so-

called 1D nanomaterials (e.g. CNTs and metallic nanowires) have a high-

aspect-ratio, which makes them easy for conductive percolation path 

formation. Most stretchable conductive composites have therefore been 

developed based on metal nanowires and CNTs as conductive fillers. CNTs 

and AgNWs are the most extensively studied 1D nanomaterial candidates for 

the fabrication of flexible and stretchable strain sensors. A number of reviews 

have already discussed the properties of the above conductive materials [102, 

134, 189]. In what follows, the main important characteristics and limitations 

of these materials for strain sensor fabrication and application are highlighted, 

including an overview of more recent developments. 

Carbon-based micro/nano materials 

Carbon-based micro/nano materials are the most promising candidates for 

scalable production of strain sensors, with 0D CB, 1D CNT, and 2D graphene 

the most representative active materials for sensor fabrication. Compared to 

CNT and graphene, CB is much cheaper with excellent health and safety 

performance. To date, CB based sensors produced in bulk volume that can be 
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used in a range of wearable products are fabricated via screen printing a 

composite of CB and silicon elastomer onto a fabric and connecting 

conductive yarns [190, 191]. Strong aggregation of CB brings however 

difficulties to achieve good dispersion and usually a high loading is needed to 

obtain a satisfactory electrical conductivity due to their low aspect ratio. Until 

now, CB has been effectively employed with elastomers such as SBS [52, 53], 

PDMS [43] (Figure 2-9, A), styrene-ethylene/butylene-styrene (SEBS) 

triblock copolymer [54, 56] (Figure 2-9, B), and POE [62] for the fabrication 

of strain sensors. 
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Figure 2-9: Stretchable CB based strain sensors. (A) Random dispersed CB/PDMS strain 

sensor with (a) schematic illustrations of the morphology evolution during stretching for 
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CB/PDMS; (b) normalized changes of resistance as a function of strain for CB/PDMS [43]. (B) 

Resistance change under stretching for random dispersed SEBS-CB strain sensor [54]. (C) 

CPC layer-decorated PU strain-sensitive yarn with (a) schematics of the cross section 

microstructure of the CPC layer-decorated PU yarn; (b) schematic illustrations of different 

conductive networks development under small strain; (c) relative resistance change of the CPC 

layer-decorated PU yarn with different LBL numbers [38]. (D) Cellulose nanowhisker 

modulated 3D hierarchical CB conductive structure with (a) schematic illustration for the 

fabrication of cellulose nanowhisker modulated 3D hierarchical CB conductive structure in NR 

matrix; (b) resistance change during a loading-unloading cycle [192]. 

 

Generally, with CB the sensitivities are relatively low for small or tiny strain 

detection. With special microstructural design, a highly sensitive strain sensor 

has been developed by Wu et al. [38] by coating a CPC layer consisting of CB 

and NR on a PU yarn (Figure 2-9, C). This strain sensor exhibited high 

sensitivity (GF of 3.9 × 10) and a detection limit of 0.1 % strain. Despite that 

much progress has been achieved, the massive production feasibility and 

practical application still need to be further guaranteed. In addition, a unique 

3D hierarchical CB conductive network structure has been constructed [192] 

by incorporating cellulose nanowhiskers via latex assembly technology 

(Figure 2-9, D). This unique conductive structure endowed the CB/NR 

nanocomposites with a very low electrical conductivity percolation threshold 

(1.65 vol.%), and a nearly linear resistance-strain sensing performance. 

However, small hysteresis was observed under a cyclic loading process [192].  

CNTs have been the most extensively studied conductive material used for 

strain sensor fabrication. Compared to SWCNTs, MWCNTs have relatively 

high purity and are more economical. MWCNTs based strain sensors exhibit 

exceptional sensing characteristics and are characterized by a larger working 

range. CNTs-based strain sensors are typically produced by dispersing CNTs 

into polymer matrix or directly depositing a CNT film or transferring CNT 

arrays with fine architectures onto flexible substrates. Generally, the 

sensitivity is tuned by controlling the filler loading [193] and filler 
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functionalization [194], the dispersion [195], the fabrication process [51], the 

interaction between CNTs and polymers [46], and the network configurations 

[46]. Homogeneous dispersion and alignment of CNTs in the composites 

contribute to positive piezoresistive response with improved sensitivity and 

linearity. Despite the high stretchability, the GF of elastomeric polymer 

composite filled with CNTs is relatively low (< 5) under low strain. A linear 

piezoresistivity is usually obtained under low strains, followed by nonlinearity 

at larger strains. Moreover, elastomer-CNTs based strain sensors typically 

exhibit resistance hysteresis under a cyclic stretching/releasing profile [46-49, 

51], which indicates the irreversible conductive network change and 

deterioration of the CNT/polymer interface.  

In addition to direct dispersion, many design and processing techniques have 

been developed to assemble CNTs with different architectures (buckled CNTs 

layers [85] (Figure 2-10, A), aligned and suspended CNTs [157], super-

aligned CNT films [136, 196] (Figure 2-10, B), spring-like CNT yarns [197] 

(Figure 2-10, C) and CNT-array double helices [84] (Figure 2-10, D), CNT 

meshes [139] (Figure 2-10, E), and wrinkled CNT thin film [198] (Figure 2-

10, F) onto flexible substrates. And generally, the fabrication of CNT with 

those well-defined architectures [84, 136, 139, 157, 197] involves chemical 

vapor deposition (CVD) [199-201] synthesized process of CNT and later 

transfer and assembly procedure. These network configurations can 

accommodate to high strain with low hysteresis, high durability, fast response 

[136] due to the compact and a nearly-intact inter-tube network composed of 

a high ratio of CNTs. On the other hand, the sensitivity is relatively low. The 

structural stability is critical and many strategies have been adopted to resist 

the destruction induced by buckling and bundling of CNT network during 

cyclic deformation [202]. In order to avoid segregation or agglomeration, 

highly porous 3D network [203] (Figure 2-10, G) has been fabricated before 

integration into elastomeric polymers. Despite the excellent performance and 
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advancement of CNT based strain sensors in prototypes, there are still 

numerous challenges to be addressed to fulfill the large scale utilization, such 

as the elevated cost of high purity CNTs and their scalable controlled 

dispersions, as well as hazardous concerns. 
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Figure 2-10: Stretchable CNT based strain sensors with structural design. (A) Illustration of 

hierarchical buckling structure of sheath-core conducting fibers [85]. (B) Super aligned CNT 

film with (a) structure of unidirectionally aligned and sandwiched MWCNT strain sensor [136]. 

(C) CNT-array double helices [84]. (D) SEM image of two CNT entanglements [197]. (E) SEM 

image of a CNT mesh after purification [139]. (F) SEM image of wrinkled CNT thin film on 

shrunken PS substrate [198]. (G) 3D continuous nanoporous conductive network structure with 
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(a) schematic illustration of the fabrication procedure for the 3D continuous conductive 

nanostructure; (b) relative change of resistance as a function of strain [203]. 

As a 2D material, graphene exhibits extraordinary electrical and mechanical 

properties, and is also non-toxic. Generally, graphene has been assembled to 

various types of nanostructures through different fabrication strategies. For 

example, Liu et al. [7] developed a high-performance strain sensor with fish-

scale-like configuration (Figure 2-11, A) by stretching/releasing the graphene 

films on elastic tapes. The strain sensor could detect strain up to 82 % and 

ultralow limit strain (< 0.1 %), showing high sensitivity (GF of 1.62 × 10 in 

the strain range of 0 - 60 % and 1.5 × 102 at strain > 60 %) with excellent 

reliability and stability (> 5000 cycles). Inspired by this work, Li et al. [204] 

developed large-area ultrathin graphene film with “fish scale” like structure 

for a highly sensitive flexible strain sensor via a novel self-assembly technique 

based on the so-called Marangoni effect [205-207], and the strain sensor 

possessed a GF of 1.0 × 103 at 2 % strain with high transparency (86 - 94 % 

at 550 nm). Graphene woven fabrics (Figure 2-11, B)  fabricated by Yang et 

al. [208] through chemical vapor deposition using a copper mesh also showed 

ultrahigh GFs of 5 × 102 under 2 % strain and 104 over 8 % strain due to the 

synergistic effect of the formation of position-controllable, locally oriented 

zigzag cracks and large interfacial resistance between the interlaced ribbons. 

Similar research work related to highly sensitive graphene woven fabric based 

strain sensors has also been recently reported by Liu et al. [133].  

Moreover, some research groups developed graphene [40] (Figure 2-2, A) or 

similarly graphite [39] (Figure 2-4, B) crack-assisted strain sensors, which 

exhibit ultrahigh piezoresistive sensitivity under small strains (cf. Subsection 

2.3.1). In general, the piezoresistivity of the above high performance 

graphene-based strain sensors originates from the breaking of contacts, the 

change of spacing, and overlapping area upon stretching. Although these 

strain sensors exhibit ultrahigh GFs, the repeatability of the resistance signals 
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needs to be further investigated. In addition to sensitivity increment, some 

other structural designs such as patterned graphene mesh [142] (Figure 2-4, 

B), crumpled [209] (Figure 2-11, C), or buckled [86] (Figure 2-11, D) 

structure can help to increase the working strain range. Besides good electrical 

property, graphene is highly stretchable and almost transparent [210], which 

helps achieve strain sensors with good transparency [167, 172]. Despite much 

advancement of using graphene for strain sensor fabrication, a critical problem 

lies however in the preparation of high-quality and well-defined graphene in 

bulk quantities [210]. 
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Figure 2-11: Stretchable graphene based strain sensors with structural design. (A) Fish-scale-

like graphene (FSG) layer with (a) top view SEM image of FSG strain sensor; (b) relative 
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resistance-strain curve of a FSG strain sensor under stretching [7]. (B) Graphene woven fabric 

(GWF) with (a) top-view optical image of GWF; (b) relative resistances and gauge factors as 

a function of applied strain [208]. (C) Crumpled graphene nanopaper with (a) top view SEM 

image of macroporous structure based on crumpled graphene; (b) relative resistance change 

as a function of tensile strain [209]. (D) Buckled graphene film with (a) schematic diagram of 

the buckled graphene ribbon on PDMS substrate; (b) resistance change as a function of strain 

[86]. 

 

Metallic nanoparticles and nanowires 

Metallic nanoparticles and nanowires possess a very high conductivity. A 

particularly attractive research venue for metallic nanoparticles is to develop 

micro/nano-crack assisted strain sensors (Figure 2-1, C; 2-2, B and C) with 

ultrahigh GFs (especially for tiny strain detection) through printing [81], 

sputtering [111], or depositing [112] on flexible substrates. However, the 

disconnections between nanoparticles under high strain can lead to the 

formation of irreversible inter-particle gaps/cracks, and the devices can only 

be operated within a limited strain range. Increasing the diameter of the 

nanoparticles results in a higher disorder within the constituent nanoparticle 

assemblies, which results in a GF and hysteresis increase [211]. For high strain 

detection, serpentine design is employed to prevent the materials delamination 

and/or cracking [134, 212]. 

AgNPs-based conductive inks have been developed to enable large area 

printing of stretchable strain sensors. However, limitations such as reduced 

sensitivity, nonlinear behavior under certain degree of mechanical 

deformations and small sensing range may appear due to the weak inter-

particle connectivity, which is ascribed to their simple spherical architecture 

[189]. Metallic nanowires have excellent mechanical compliance, which 

makes them very promising candidates for stretchable strain sensor 

fabrication. This can be explained by the high conductivity and stretchability 

in nanowire percolation network, and the high resistance to oxidation and 

corrosion. AgNWs have been widely used to fabricate transparent, flexible, 

and stretchable strain sensors via embedding in the elastomeric substrate [40, 



CHAPTER 2 STATE-OF-THE-ART OF PIEZORESITIVE STRAIN SENSORS 

 

 

 

52 

73, 107]. For instance, highly stretchable and sensitive strain sensors based on 

sandwiched PDMS/AgNWs/PDMS composite was developed by Amjadi et 

al. [107]. The sandwiched structure contributed to high linearity and 

negligible hysteresis upon comparison with a simple AgNWs/PDMS layer 

structure. In addition to a 2D film-based layout, hierarchical 3D assemblies 

[213] for stable electromechanical performance and 1D-fiber-based structures 

[214] for high stretchability have also been reported. However, AgNWs are 

relatively expensive and based on a nonabundant metal.  

Copper nanowires (CuNWs) are a promising alternative due to their merits 

such as being inexpensive, high availability, and also high electrical 

conductivity. On the other hand, CuNWs are extremely prone to oxidation, 

which requires further approaches to alleviate or prevent the oxidation. For 

example, Zhu et al. [215] developed a strain sensor with a hybrid conductive 

film by embedding CuNWs into water-dispersible modified graphene sheets. 

The hybrid film exhibited excellent anti-oxidation stability even after 

exposure in air for 8 weeks.  

On an overall basis it can be concluded that despite the performance and 

advancement issues such as roughness, structure and performance stability, 

high cost, and low abundance still hinder the scalable utilization of metallic 

nanoparticles/nanowires in industry.  

Conductive polymers and analogues 

Most conductive polymers are composed of rigid π-conjugated chains in 

highly aggregated morphologies, which are responsible for charge transport 

and also render these materials stiffness and brittleness. PANI [216, 217], PPy 

[76], and PEDOT:PSS [15] are the most explored conductive polymers up to 

date. Generally, the original conductive polymers are insoluble and non-

fusible, as well as exhibit unsatisfying conductivity and sensitivity [44]. 

Normally, in-situ polymerization [216-218] is adopted for the fabrication of 
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functional composites based on conductive polymers or a doping process 

[217] is needed to increase the conductivity and solution processability.  

PEDOT imbedded in PSS forms the water-based PEDOT:PSS complex, 

which receives the most attention in strain sensor fabrication due to its high 

conductivity, low density, high flexibility, and processability. For instance, 

sandwich-like stacked piezoresisitive nanohybrid films based on PU-

PEDOT:PSS and SWCNT layers have been developed by Roh et al. [15]. The 

patchable strain sensor possessed a high GF of 6.2 × 10 and stretchability up 

to 100 %. However, the conductive polymers are sensitive to moisture, and 

their semi-conducting transport mechanism can imply an exponential drop in 

conductivity with decreasing temperature [219]. The environmental stability 

[44] and processing routes therefore still limit the utilization of conductive 

polymers for scalable sensor production.  

In addition, ILs [78, 79] and liquid metals [80], which are other conductive 

materials than polymers, have also been used for strain sensor fabrication. 

Specifically, microfluidic strain sensors [79, 220] fabricated by employing ILs 

or liquid metals show eligible hysteresis and allow accurate sensing up to the 

strain limits of the encapsulating elastomers, which are quite promising for the 

fabrication of strain sensors with excellent stretchability and self-healability 

[79, 221]. Generally, the sensing performance of the microfluidic strain 

sensors depends on the fluid type, cross-section geometry, depth, and relative 

lateral position of the embedded channel [102]. However, the repeatability 

improvement requirement, the relatively complicated and time-consuming 

fabrication process, the low GF, as well as the high cost still limit the 

processing scalability.  

Hybrid materials 

Each material has its own strengths and weaknesses for a specific application. 

To compensate for the disadvantage of a single material, numerous researches 
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have focused on hybrid nanomaterials of 0D/1D [46], 1D/1D [222] and 1D/2D 

[202] combinations, as also briefly highlighted above. For example, compared 

to other graphene and CNT strain sensors, strain sensors based on graphene 

hybridized CNTs films developed by Shi et al. [202] depicted advantages of 

high linearity and reproducibility under cyclic tensile strains up to 20 %. This 

was ascribed to the strong interaction and effective load transfer within the 

hybridized films that effectively resisted the buckling deformation of CNTs. 

Another usefulness of hybrid conductive fillers is to tune the piezoresistive 

sensitivity of CPCs based strain sensors. For instance, the incorporation of CB 

reduces the entanglement in the MWCNT conductive network, which 

increases the resistivity-strain sensitivity [46]. Similarly, CPCs with high 

sensitivity, high repeatability, and electrical stability under fatigue cycles have 

been reported in the work of Ning et al. [223], which was ascribed to the 

synergistic effect of a dual conductive network of CNT arrays and CB.  

In summary, hybrid fillers exhibit advantages for the fabrication of 

piezoresistive CPCs due to their diverse connections or contacts among fillers 

with different geometries, which also contributes to the electrical conductivity 

improvement through a synergistic effect. 

2. 4. 3. Fabrication methods 

As highlighted above, one of the common methods to obtain flexible and 

stretchable strain sensors is to disperse conductive fillers in an elastomer 

polymer matrix. In general, the most commonly used dispersing techniques 

include shear mixing [64, 193], solution mixing [43], and in-situ 

polymerization [77]. In case of solution dispersion, surface functionalization 

or incorporation of surfactants are adopted to achieve a more uniform 

dispersion. Each method has its own advantages and disadvantages. More 

details can be found in for instance following review [119].  
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Depending on the final morphology and shape of the composites, further 

processing is possible by extrusion [224], compression molding [47, 51, 65], 

film casting [3, 46, 51, 82, 154, 161, 194], and spinning [225]. The 

piezoresistivity of these CPCs can be tuned by controlling the concentration 

of the conductive fillers [225, 226], the interaction between the fillers and 

matrix [46, 194], and the conductive network morphology [47, 65, 161, 202, 

227]. Normally, a compromise between sensitivity, conductivity, mechanical 

stretchability, and stability is required through the optimization of the filler 

loading and conductive network morphology. This approach has some 

significant inherent advantages, such as simple fabrication processes, low 

cost, and high structural integrity. However, the sensing performance and 

mechanical integrity may deteriorate under long-term large cyclic mechanical 

deformation. 

Strain sensors can also be produced by assembling conductive material layers 

on or embedded in flexible substrates. Typically, the fabrication methods are 

classified into two categories. The first category relies on the conductive 

materials layers deposited on top of the flexible substrate through direct 

coating (e.g. drop-casting [50], dip-coating [38], Meyer rod coating [160], 

spray coating [45], bar coating [39], spin coating [15], transferring [139], 

infiltration [40], or printing [42]). The strain sensors with layered structure are 

generally fabricated on or embedded in stretchable substrate like PDMS [41], 

Ecoflex [45], due to their appropriate flexibility and strength for flexible 

electronics. Such strain sensors can be used for both integral measurement on 

a certain surface or local measurement at a certain position depending on the 

sensor geometry. However, some limitations still exist, including that the 

solution-based process is not environmentally friendly, the uniformity of the 

nanomaterials film is hard to control, as well as the bonding interaction 

between nanomaterials layers and elastomeric substrate is weak, which may 

lead to delamination and/or buckling of the conductive layers. The second 
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category relies on conductive materials encapsulated within the flexible 

substrate, which is suitable for fabricating conductive networks with relatively 

large thickness [101].  

Another method for realizing stretchable strain sensors is based on structural 

design of strain absorbing interconnects, such as wrinkled [82] (Figure 2-10, 

F) and buckling [85] (Figure 2-10, A) structures, wavy [87] (Figure 2-6, A) 

and serpentine [228] (Figure 2-12, A) patterns, open-mesh geometry [139] 

(Figure 2-4, D), and Mogul-Pattern [229] (Figure 2-12, B). These strain-relief 

structures permit the use of metallic films and semiconductor nanoribbons. 

For example, multiscale wrinkled microstructures have been built through 

coating AgNWs/waterborne polyurethane composite layers on the surface of 

pre-strained commercial PU fibers [82]. The wrinkled microstructures inside 

the piezoresistive fibers made contributions to the elimination of the 

viscoelastic delay of polymer composites [82]. Similarly, highly stretchable 

(up to 1320 %) sheath-core conducting fibers have been fabricated by Liu et 

al. [85] through wrapping carbon sheets oriented in the fiber direction on 

stretched rubber fiber cores. The resulting structure exhibited a distinct short 

and long-period sheath buckling structure. The pre-strain process is however 

not preferable for large-scale manufacturing. Alternative approaches are being 

developed for the fabrication. More information can be found in following 

review [44].  
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Figure 2-12: Illustration of strain relief structures for stretchability. (A) Strain sensor with 

serpentine pattern with (a) photograph of fabrication process via 3D printing; (b) cross-

sectional view of the serpentine design; (c) schematic of the unique two-degree stretching 

process of the serpentine design; (d) relative resistance change upon stretching for the 

serpentine designed strain sensor [228]. (B) Mogul-patterned strain sensor with (a) schematic 

of the substrate with a mogul pattern under stretching; (b) average value of relative resistance 

change at each strain of the strain sensor with Au layer on a mogul-patterned stretchable 

substrate [229]. 

 

The anisotropic property of wrinkled and buckling structures can also be used 

to discriminate strains of different directions, which enables the sensors 

precise monitoring of movement and surface conditions of targeting objects. 

In contrast, these conductive fibers exhibit a very small resistance change even 

under large strain [82, 85]. Fabricating the substrate into a wavy shape largely 
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improves the stretchability of the whole system. Serpentine structures [228] 

are 2D or 3D arrays of a repeating horseshoe-shaped unit, which might be 

selected if digital patterning and low cost are more important considerations 

than complex function or high-performance operation. Current innovative 

research on this topic is focused on new material and specialized structure 

design. As for the structured strain sensors, it should be noted that the adhesion 

between the conductive layer and the substrate should be strong enough to 

remain the structural integrity, otherwise, the use of inherently rigid materials 

can lead to cracks and fractures during long-term use. 

By specific structure design, the strain sensors can be very sensitive to detect 

very small mechanical motions. Some bio-inspired micro/nanostructures such 

as interlocked microdomes [108] (Figure 2-3, A) or nanofiber arrays [109], 

whisker arrays [126, 127] (Figure 2-3, B), and silk-molded microstructures 

[129] (Figure 2-3, C) are efficient ways for improving the sensitivity or 

obtaining multiple sensing capabilities or enhanced interfacial adhesion [230]. 

Piezoresistive strain sensors based on elastomer/rubber filled with conductive 

fillers normally show slow response and high hysteresis. However, the 

structured strain sensor with interlocked microdome arrays [108] shows fast 

response with a minimal dependence on temperature. On the other hand, the 

stretchability of these materials is low. In addition, while these strategic 

structural design are effective for creating sensors, they often need complex, 

multistep, and time-consuming microfabrication processes, which normally 

requires elaborate adjustment of the experimental conditions. They also still 

need to confirm their long-term reliability, economic feasibility and 

possibility for a high yield.  

To further reflect the current status of the field, Table 2-1 summarizes the 

fabrication and structural design methods, experimental GFs and hysteresis 

behavior extracted for more recently reported flexible and stretchable strain 

sensors. It is again shown that each approach has its own advantages and 
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disadvantages (e.g. contributing to high sensitivity [39, 40, 50] or low 

hysteresis [39, 59, 136] while involving a multi-step process [39, 40, 50, 59, 

73, 136], or offering a simple fabrication route while showing less satisfied 

sensing performances [42, 46, 48]. The proper selection of matrix/substrate 

and conductive materials is therefore crucial for optimum performance 

achievement, while the preparation and formulation methods have even 

stronger impact on the final performance [48, 136]. A more practical, cost-

effective, mass-producible, faster and easier way to fabricate flexible and 

stretchable strain sensor with high sensitivity, high stretchability, low 

hysteresis, and long-term durability still needs to be developed. 
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Table 2-1: Summary and comparison of recently reported flexible strain sensors. 

Materials Filler 

content 

Gauge Factor 

(GF)a 

Maximum 

strain under 

static 

stretching 

Linearity Cyclic stretching-

releasing strain range 

Fabrication 

strategy 

PART A: Strain sensors fabricated via simple blending 

SEBS/CB [56]  

 

50 wt.% 4 - 6.3  

(5 % ≤ ɛ ≤ 50 %) 

 

50 % Nonlinear Consistent 

(5 - 10 %, 15 - 20 %, 

25 - 30 %, 35 - 40 %, 

45 - 50 %, 5 cycles) 

Torque rheometer 

mixing, capillary 

rheometer for 

sensor ribbon 

extrusion, and 

then pre-strained 

PDMS/CB [43] 8.11 vol.% 1.58 × 10 

(ɛ ≤ 10%) 

30 % Near-linear 

(ɛ ≤ 10 %) 

Consistent 

(0 - 10 %, 100 cycles) 

Solution mixing, 

curing 
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Table 2-1: Continued. 

PU/amino 

MWCNT/(graphene) [47]  

0.8 vol.% 

CNT 

 

 

 

 

 

0.5 vol.% 

CNT and  

0.1 vol.% 

Graphene 

5.1  

(ɛ = 5 %) 

3.21 × 10  

(ɛ = 15 %) 

1.53 × 102 

(ɛ = 30 %) 

 

3.58  

(ɛ = 5 %) 

1.29 × 10  

(ɛ = 15 %) 

3.58 × 10  

(ɛ = 30 %) 

 

N.A. Nonlinear 

 

Hysteresis 

(0 - 5, 15, 30 %, 20 

cycles) 

 

 

 

 

Consistent  

(0 - 5 %, 5 - 20 % or 

0 - 15 %, 20 cycles, 

after pre-straining for 

about  24 h) 

Solution mixing, 

co-coagulation, 

compression 

molding 

PU/MWCNT/CB [46]  2 wt.% 

MWCNT,  

7 wt.% CB, 

1 wt.% 

MWCNT-

COOH 

1.4 × 105  

(ɛ = 220 %) 

 

220 % Nonlinear 

 

Hysteresis 

(0 - 100 %, 36 

cycles) 

Solution mixing, 

film casting 
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Table 2-1: Continued. 

PVDF/MWCNT/CB [65] 

 

0.5 wt.% 

MWCNTs 

and  

0.5 wt.% CB 

6.5  

(ɛ = 10 %) 

 

 

 

10 % Nonlinear N.A. Twin screw 

microcompounde, 

compression 

molding 

NR/Graphene [59] 0.2 vol.% 3.5 × 10 

(ɛ = 700 %) 

 

∼800 % Nonlinear 

 

Consistent  

(5 - 75 %, 500 

cycles) 

Infuse liquid-

exfoliated 

graphene into 

natural rubber 

PU /AgNW/PEDOT:PSS 

[73] 

PEDOT:PSS/

PU at 14/86 

1.24 × 10  

(ɛ < 6 %) 

 

100 % Nonlinear 

 

Consistent 

(0 - 1.5, 1.5 - 6 %, 50 

cycles per pulse) 

Spin-coating 

solution of 

PEDOT:PSS/PU 

on AgNWs  

SBS-CNT/AgNP [55] 18.5 wt.% 

CNT,  

20.4 wt.% 

AgNP 

2.65 × 104  

(ɛ = 100 %) 

 

540 % 

(break) 

Nonlinear N.A. A series of 

processes 

including 

homogenizing-

absorption-in-situ 

reduction 

technique 

PART B: Strain sensors with special structural design 
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Table 2-1: Continued. 

Silicone rubber/CB [42] 

 

N.A. 3.8  

(ɛ ≤ 100 %) 

(Slope) 

800 % 

 

Near linear 

(ɛ ≤ 400 %) 

Consistent 

(0 - 100 %, 5 cycles) 

 

Embedded 

carbon-based 

resistive ink 

within an 

elastomeric matrix 

via 3D printing 

CB@CNC/NR @ PU 

yarn [38] 

CPC 

suspension:  

8.5 vol.% 

Sensor: 50 

LBL 

3.89 × 10  

(ɛ = 1 %) 

 

5 % Near linear 

(ɛ ≤ 1 %) 

Consistent 

(0 - 1 %, 10000 

cycles) 

Solution mixing, 

dip coating 

(sheath-core 

structure) 

PU/MWCNT [49] Depending 

on the 

MWCNT 

network 

layer 

thickness 

∼6.9 × 10  

(ɛ = 403 %) 

(GF = ΔR/R0/ɛ) 

403 % Nonlinear 

 
∼Consistent 

(ɛ < 50 %) 

CNT suspension 

filtered via non-

woven 

polyurethane filter 

membrane, 

compression 

molding 

Ecoflex/MWCNT [45] 

 

Controlled 

by the 

amount and 

density of the 

sprayed 

solution 

2.42  

(ɛ ≤ 100 %) 

(Slope) 

500 % Near linear 

(ɛ ≤ 100 %) 

Consistent 

(0 - 500 %, 5 cycles) 

CNT 

film sandwiched 

between Ecoflex 
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Table 2-1: Continued. 

Polycarbonate-urethane 

resin/MWCNT sheet 

[136] 

Depending 

on the 

number of 

CNT web 

layers 

1.05 × 10  

(ɛ ≤ 100 %) 

 

200 % Linear 

(ɛ ≤ 100 %) 

 

Consistent, excellent 

repetition durability 

(5 - 30 %, 180000 

cycles) 

Millimeter-long 

MWCNTs are 

unidirectionally 

aligned and 

sandwiched 

between elastomer 

layers 

PDMS/SWCNTs [41] N.A. 1.61 × 102  

(ɛ < 2 %) 

9.8  

(2 % < ɛ < 15 %) 

5.8 ×10-1 

(ɛ > 15 %) 

150 % Nonlinear Consistent 

(0 - 60 %, 100000 

cycles, 0 - 100 %,  

20000 cycles) 

Self-pinning 

process 

NR/Graphene [72] 0.42 vol.% ∼1.39 × 102  

(ɛ: ∼60 %) 

 

110 % 

 

Nonlinear 

 

Hysteresis  

(0 - 30 %, 400 

cycles)  

Suspension, 

freeze drying and 

reduction, 

compression 

molding 

(segregated 

conductive 

structure) 
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Table 2-1: Continued. 

SBR/NR/Graphene [58] 0.42 vol.% ∼8.25 × 10  

(ɛ ∼100 %) 

 

120 % Nonlinear Hysteresis  

(0 - 30 %, 300 

cycles)  

Latex electrostatic 

assembly, 

flocculation 

drying, 

vulcanization 

(double-

interconnected 

network) 

Ecoflex/Graphite [39] Short 

microcracks 

 

Long 

microcracks 

5.23 × 102  

(ɛ = 50 %) 

 

1.13 × 104  

(ɛ = 50 %) 

 

50 % Nonlinear 

 

Consistent  

(0 - 0.5, 1.5, 10, 25, 

50 %, respectively, 

50 cycles) 

Graphite thin 

films coated on 

elastomer films  

(Controllable 

parallel 

microcracks) 

Ultrathin graphene films 

(UGF) [204] 

Volume of 

injected 

graphene 

dispersions 

[mL] 0.8 

∼4.5 × 102  

(ɛ = 0.5 %) 

1.04 × 103  

(ɛ = 2 %) 

 

3.4 % 

(failure 

strain) 

Nonlinear Consistent 

(0 - 2 %, 5 cycles) 

 

The assembled 

graphene films are 

derived rapidly at 

the liquid/air 

interface by 

Marangoni effect  
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Table 2-1: Continued. 

PU/AgNW/Graphene 

[40]  

 

mAgNW/mGO = 

4 

2 × 10  

(ɛ < 0.3 %),  

103  

(0.3 % < ɛ < 0.5 %) 

4 × 103 

(0.8 % < ɛ < 1 %) 

1 % Nonlinear Small hysteresis 

(0 - 0.6 %, 1000 

cycles) 

 

Coprecipitation, 

reduction, vacuum 

filtration, and 

casting, 

prestretching 

(crack and overlap 

morphologies) 

FGS/SBS/Ag [50] N.A. ∼107  

(ɛ = 120 %) 

 

120 % 

(break) 

Nonlinear Consistent  

(0 - 50 %, 2000 

cycles) 

Synthesis of 

fragmentized 

graphene sponges, 

infiltration of SBS 

matrix, 

absorption and 

reduction of Ag 

precursor 

(crack and 

sponge-like 

structure) 

1 GF value as specified in reference; in worst case scenario: single-point value 
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2. 5. SCALE UP 

Numerous strategies have been adopted to fabricate flexible and stretchable 

strain sensors, ranging from lab scale approaches (see Subsection 2.4.3) to 

scalable extrusion-based processing [64] and printing [42, 228, 231] 

techniques. The lab scale methods are normally employed for exploratory 

studies, involving either new materials or new applications for established 

materials, or performance optimization. The majority of current lab scale 

manufactured strain sensors are one-off prototypes and lack manufacturing 

scalability and extensibility, as mass production is required for practical 

applications. Printing technology is a quite promising candidate for large-

scale manufacturing, due to the large-area and high-throughput production 

capabilities, and especially the ability to create complex conductive 

geometries on a single printing platform that cannot be easily achieved by 

previous and non-automated approaches and eliminates the usage of mold [28, 

228]. Also, printing technology is more efficient and cost-effective [36, 224, 

228, 232].  

Key components for printed flexible and stretchable strain sensors are flexible 

substrate or monitored structural parts [233] and conductive materials such as 

conductive inks [42, 234]. It is crucial to use an elastomer that can be easily 

printed and has no impact on the subsequent process. The choice of the base 

elastomer should be optimized on the hardness and elasticity. PDMS and 

Ecoflex [28, 42] are considered to be the best choice as substrate with 

remarkable stretchability and flexibility [36]. Conductive materials such as 

graphite [235], graphene [236], CNTs [234], PEDOT:PSS [237], and silver 

[233, 237, 238] in pure form or in the form of composites with elastomers and 

in general polymers [239] have been employed to fabricate printed strain 

sensors. Generally, nanoparticle-based inks possess the ability to create 

precise patterns, while 1D and 2D materials are difficult to pattern with good 

electrical properties [36]. CNT inks are widely used for printed flexible strain 
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sensors [42, 147, 234]. Except conductive inks, some kinds of 3D printing 

filaments infused with CNTs and graphene are already commercially available 

[240]. 

Printing techniques are sub-divided into two categories: (i) master printing 

and (ii) digital printing [37]. A pre-patterned printing plate as a master is 

required for the master-printing techniques, which include flexography, 

gravure printing, offset printing, and screen printing. These techniques are 

suitable for applications without high complexity and superfine resolution 

requirement [101]. Digital printing technique is “master free” and based on 

the relative motion between substrates and the printing head or nozzle [37]. 

The digital printing techniques encompasses inkjet printing, direct ink writing, 

and laser patterning, which are more attractive due to their easily controlled 

programmable fabrication process [37] and architecture [227]. Generally, the 

printed flexible and stretchable strain sensors are fabricated by screen printing 

[126, 224, 226, 238, 241, 242] (Figure 2-13, A(a)), inkjet printing [224, 234, 

237] (Figure 2-13, A(b)), and three-dimensional (3D) printing [42, 231, 243] 

(Figure 2-13, B and C), which has drawn much attention for directly realizing 

complex objects [36].  

Among all-printing techniques, screen and inkjet printing are well suited for 

smaller-scale prototyping and have drawn much interest due to their maturity 

of printing procedures and availability of compatible inks and substrates 

[233]. The variation in characteristics of printed sensors is especially large in 

manual screen printing, which makes digital printing more attractive [233]. 

Inkjet printing shows great advantages of high spatial precision of ink droplet 

and feature design for personalized electronics, while it is only appropriate for 

application scales ranging from device prototyping up to medium-scale 

production throughputs, due to its serial printing nature [232]. The rheological 

properties of inks, in terms of surface tension and viscosity may although 

bring problems for inkjet printing process. Besides, the wetting and adhesion 
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between substrate and conductive inks, the substrate swelling, thermal 

hardening, and thermal expansion [101] may inhibit the printing process. 

Moreover, cracking and low stretchability may be the resulting issues found 

in the printed stretchable devices. Additional information related to recent 

advances in inks, and strategies about inkjet printing can be found in following 

reviews [101, 244]. More recently, the aerodynamically focused nanoparticle 

(AFN) printer (Figure 2-13, D) was utilized for strain sensor printing of for 

instance silver nanoparticles [245]. Compared to inkjet printing, this method 

is solvent-free, room temperature adaptable, and has some advantages for 

flexibility and compatibility [245].  
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Figure 2-13: Summary of printing techniques for strain sensor fabrication. (A) Non-digital 

printing with (a) screen printing and spray printing [226]; (b) inkjet printing [234]. (B) 

Conductive ink based 3D printing with (a) schematic illustration of the embedded 3D (e-3DP) 

printing process; (b) photograph of e-3DP for a planar array of soft strain sensor; (c) electrical 

resistance change as a function of elongation for sensors subjected to cyclic deformation [42]. 

(C) Fused deposition modelling with (a) TPU/MWCNT fused deposition modelling process; (b) 

relative resistance change under cyclic strain [246]. (D) Aerodynamically focused nanoparticle 
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(AFN) printing with (a) a simplified schematic illustration of the AFN printer; (b) relative 

resistance change as a function of strain of the printed strain sensor [245]. 

While further exploration and improvement of dynamic strain sensing 

performance are still required, 3D printing technology is increasingly been 

used for directly printing sensing components [42, 228, 231, 246, 247]. For 

example, Muth et al. [42] fabricated a flexible and stretchable strain sensor 

with conformal and extensible elastomeric matrices by embedded 3D printing 

(e-3DP) technology (Figure 2-13, B). A viscoelastic ink made of carbon 

conductive grease was directly printed into an elastomeric reservoir. Different 

finger gestures can be monitored by resistance variations. The GF for all 

sensors collapsed to a single value of 3.8, while significant hysteresis was 

observed during cyclic stretching. Alternate inks are needed for the 

optimization of sensor performances [42]. Besides conductive ink printing, 

multidirectional embedded strain sensors based on pure TPU and 

TPU/MWCNT nanocomposites were recently fabricated by Christ et al. [231, 

246] through 3D printing in tandem using a low-cost multi-material fused 

deposition modeling (FDM) printer (Figure 2-13, C). The printed sensors 

showed strong piezoresistive response to strain as high as 100 % in both the 

axial and transverse directions [231]. The strain sensor depicted possesses low 

sensitivity and evidenced hysteresis [231, 246], which is observed for the 

majority MWCNT-elastomer based CPCs strain sensors. CNTs as an additive 

incorporated into filaments for FDM are relatively new [240], as the 

difficulties in mixed material filament production and especially the additional 

problems associated with the rheology and flux during FDM extrusion are still 

needed to be properly addressed. Moreover, maintaining uniform performance 

during the printing process is challenging [102]. In addition, 3D printing 

technologies involve some inevitable problems such as the requirement of 

expensive machines, limited printable materials, intellectual property rights 

and legal ethics problems, as well as low mass production efficiency [243]. 
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Overall, low-cost printing methods potentially enable the medium and large 

scale volume production of flexible electronics, while some problems still 

exist. For example, inks used for printing strain gauges are sensitive to 

temperature variations [233]. Also, the prepared ink is not solvent free [234] 

and rheological properties should be tailored to meet the printing requirements 

[42, 147]. Moreover, several criteria must be fulfilled to achieve successful 

device fabrication [42], which inevitably limit the printing adaptability for 

most materials. To promote widespread adoption of printing technology by 

industry, the printing process should be further optimized to produce printable 

devices with more uniform performances and high resolution [232]. Also, in 

order to achieve robust and reproducible devices by reducing or avoiding the 

influence of surrounding changes, further exploration is demanded for 

practical system-packing solutions. For extremely large scale and high-

throughput application, roll-to-roll printing methods are although more 

applicable [232]. The top-down approach with roll-to-roll techniques has seen 

remarkable success for CNT-based electronics due to their compatibility with 

batch fabrication. However, it is challenging to realize large-scale 

manufacturing of nanowire-based electronics because of their large-scale 

synthesis methods and bottom-up assembly methods through which it is 

difficult to achieve the same level of precision, uniformity, and scalability. 

Except the printing process optimization, an emerging trend is also to develop 

all-printed sensor devices [224, 248] with full integration systems [36, 249] 

without any external processing. Issues here are still the fabrication of flexible 

circuits, batteries, protecting layers by printing methods and/or comparable 

low-cost fabrication strategies for seamlessly structural integration [126]. 

In recent years, fiber or fiber assemblies (textile/fabric structures) have been 

utilized to prepare flexible strain sensors via add-on or built-in approaches, 

which make it possible to develop large-area electronic systems for wearable 

devices. Generally, the approaches for the fabrication of fiber-based flexible 
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and wearable electronics are divided into two categories. The first category is 

the single fiber type, which is made from conductive polymer, metallic 

nanoparticles/nanowires, carbon-based micro/nano materials, or conventional 

fibers/yarns surface modified with conductive materials. A good example is 

the sheath-core structured strain sensors by using ultrafine graphite flakes as 

the sheath and single silk fibers as the core through a Meyer rod coating 

strategy [160]. The second category is the fabric type with electronic functions 

imparted through coating, printing or a lamination process on the surface of 

the fabrics [250]. The flexibility and comfort of the fabric may be 

compromised when using rigid components, thus, imparting electronic 

functions at the fiber level is more desirable [250]. Fabric-based sensors have 

been not only demonstrated as prototypes but also used in real applications 

[96, 250]. More information about fiber/fabric-based strain sensors can be 

found in following review [250].  

Some explorations for scalable fabrication of flexible and stretchable strain 

sensors based on fabrics or off-the-shelf materials are emerging. For example, 

a flexible conductive cotton fabric used as strain sensor has been fabricated 

through vacuum filtration of graphene oxide solution, which is now readily 

available on the market, and a hot press reduction method. The as-prepared 

strain sensors showed reproducible sensing characteristics [251]. Wang et al. 

[128] fabricated wearable strain sensors that can be stretched up to 500 % with 

high sensitivity (GF of 9.6 for strain within 250 % and 3.8 × 10 for strain of 

250 - 500 %) by utilizing carbonized plain-weave silk fabric (Figure 2-3, C) 

as sensing elements embed in Ecoflex. Similar strain sensors based on cotton 

have also been developed [130]. They exhibit a GF (slope) of 2.5 × 10 and  

6.4 × 10 under strain of 0 - 80 % and 80 - 140 %, separately, and superior 

capability for detecting subtle strain as low as 0.02 %, inconspicuous drift, and 

long-term stability. The high performances are attributed to the reversible 

contact and separation of tentacle-like cotton fibers [130]. Similarly, Shi et al. 
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[252] have fabricated high performance composite strain sensors with tunable 

GFs of 2.8 × 10 - 1.7 × 102 by pressing graphene platelets on a medical tap.  

The sensors also presented fast response, ideal linearity and reproducibility to 

tensile strains. As sensors from ordinary textile fabrics have relatively small 

strain range and low long-term stability, Cai et al. [253] developed a fabric 

strain sensor by dip-coating graphene oxide on elastic nylon/PU fabrics and 

then conducting a reduction process. The strain sensor showed high 

sensitivity, fast response, and great stability with a working range up to 30 %. 

The aforementioned methods are thus promising for cost-effective and 

scalable fabrication. However, the performance stability after a prolonged 

period of wearing or repeated deformation cycles needs to be still guaranteed 

as most reported fabric-based sensors suffer from deterioration upon 

application [250].  

Despite the progress described above, some issues or disadvantages such as 

the need for a high temperature heat treatment process [128, 130], the use of 

non-abundant active materials [251], performance uniformity, and structural 

robustness still need to be addressed before the actual implementation of large 

scale production. Hence, more research efforts are critically needed for 

developing simple, reliable, low-cost, and large-scale manufacturing 

strategies. 

2. 6. APPLICATION 

The low working voltage and energy consumption make resistive-type devices 

the ideal candidates for wearable/portable electronic systems. Promising 

applications of flexible and stretchable strain sensors include specifically 

structural health/damage monitoring [1-5], human motion detection [6, 7, 

136], personal healthcare [6, 8-13], human-machine interfaces [14-17], and 

electronic skin [18-20]. Since there are several recent and detailed reviews 
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[14, 102, 104] summarizing the application potential of flexible strain sensors 

in the present contribution only the three major application fields are covered. 

2. 6. 1. Structural health and damage monitoring 

With the increasing demand of fiber-reinforced composites (e.g. carbon fiber 

reinforced composites [254, 255]) in for instance the aerospace, marine, and 

automobile industry, a significant safety and reliability concern is to monitor 

the structural integrity of these materials. Especially for laminated composites 

(Figure 2-14, A), whose out-of-plane properties are weak compared to their 

excellent in-plane properties, this monitoring is highly recommended [4].  
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Figure 2-14: Diagram of some applications of flexible and stretchable strain sensors. (A) 

Structural health monitoring/damage detection with (a) illustration of a “smart aircraft” with 
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fully embedded sensory network for damage detection; (b) comparisons between various 

structural health monitoring methods and their possibility of in situ damage detection in 

composites [4]. (B) Human motion detection and healthcare with (a) data glove with CNT 

strain sensors for finger joint motion detection [136]; (b) smart patch for human motion 

(walking, running, standing) state detection [97]; motion detection induced by (c) human 

emotions [146]; (d) muscle movement of trachea and esophagus [149]; (e) respiration [99]; 

(f) heartbeat [110]; and (g) wrist pulse [150]. (C) Human machine interface with (a) layout of 

wearable device; (b) schematic illustration of a wearable wireless music instrument based on 

GWF/PDMS woven fabric strain sensor [133]. (D) Electronic skins with (a) an exploded view 

of artificial skin for prosthetic; (b) an image of the prosthetic limb tapping keyboard and the 

corresponding resistance change versus time [138]; (c) images of a robot wears fiber sensors 

at movable joints [256]. 

Cracking or damage monitoring in large structures such as maritime 

applications, airplanes, buildings, and bridges requires typically high GFs. 

Existing solutions are using combinations of FBGs and ultrasonic sensors to 

track the displacement evolution and crack propagations in the composite [5]. 

However, the complicated method requires expensive instrumentation for 

signal analysis, and the large diameter of FBGs inevitably introduces localized 

weakness points in the composite part. Additionally, the production costs for 

large parts with such kind of optical fiber network may be inacceptable. If 

damages or cracks occur at different locations without crossing one of the 

FBGs sensors, it can also not be detected [5].  

An electrical resistance measurement strategy can be seen as an effective 

alternative approach with advantages in price and simplicity. Due to the 

intrinsic electrical conductive nature, the self-sensing of carbon fibers [2, 254, 

257-259] or CNTs [2, 4, 5, 67, 148, 260, 261] has been utilized to detect 

internal damage and failures in composites. However, due to the anisotropic 

structure and complex failure manner, the majority of damage and fractures 

dominated by the matrix is hardly to be monitored with conductive fibers [5]. 

Carbon fiber laminates are comparatively less sensitive to matrix damage 

[262]. Compared with traditionally carbon fibers, CNTs possess small size, 

outstanding reinforcement efficiency in mechanical and electrical properties 
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[68]. This endows great potential for isotropic reinforcement and damage self-

sensing, and modification of the polymer matrix using CNTs provides 

opportunity to increase damage sensitivity [262].  

The variations in electrical resistance of composites with CNTs located within 

the polymer matrix is capable of tracking matrix-dominated damage. 

However, fiber-reinforced polymer composites are evidently still an important 

class of engineering materials in case fiber breakage is not an issue [263]. As 

for this aspect, in-situ structural health monitoring has been recently pushed 

forward by transferring the conductive network from the matrix to the 

interface of fiber-reinforced polymer composites [264]. Generally, the 

conductive network within the interphases is built up by incorporating CNTs 

[260, 263, 265-268] or graphene [266, 269], onto the reinforcing fiber surface 

(e.g. glass fiber [263, 265, 267, 269], carbon fiber [260]) via coating [265, 

269] or a deposition process [260, 263, 266, 267]. Electrophoresis, and in-situ 

growth of the CNTs (e.g. by chemical vapor deposition [267]) on the surface 

of the fibers have succeeded in improving interlaminar properties and 

increasing through-thickness conductivity for different fibers (carbon, glass 

and alumina) [219]. A major benefit of this kind of fibers is that the diameter 

is smaller or comparable with those of the reinforcing fibers of the composite 

unlike FBG fibers which are much thicker [264]. Due to their small size, CNTs 

are able to create electrically conductive networks surrounding structural 

fibers [270] and are adopted in most cases [260, 263, 265-268, 270]. 

Composites with MWCNT-modified fibers show great potential for in-situ 

fiber- and fiber/matrix interface damage sensing [263], or localized structural 

health monitoring by controlled CNT deposition into damage prone zones 

[263, 265]. Furthermore, CNTs in the relevant interphase or designed region 

have the advantage to reduce the weight usage [265, 268] and flow distances 

[219], avoid typical nanofiller drawbacks such as filtering or increased resin 
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viscosity [219, 260, 265], and exclude structure distortions of the composites 

owing to their early warning ability [268].  

Producing highly conductive hierarchical composites of 

nanofiller/macroscopic fiber/polymer matrix is although still a challenge 

[219]. Despite the huge potential of CNT loaded composites [2, 4, 5, 67, 148, 

261] or CNT interface modified fiber reinforced composites [268] for 

structural health monitoring, numerous challenges relating to processing, 

integrity of the structure, cost, safety, and environmental issues are still 

relevant in view of real industrial application [4]. In addition, precisely 

detecting and locating cracks in structural components and joints that have 

specific densities are still challenging problems and demands sensors with 

much higher sensitivity [271]. 

2. 6. 2. Human motion detection and healthcare 

As the mechanical properties of flexible and stretchable electronics are similar 

to those of human issues and their functional performance can be comparable 

with conventional rigid sensing electronics, these flexible and stretchable 

strain sensors can be used to measure and quantify electrical signals generated 

by human activities for the potential application in human-motion detection 

and personal healthcare (Figure 2-14, B).  

Generally, these flexible and stretchable strain sensors are utilized in skin-

mountable [73, 136] (Figure 2-14, B(a, c, e, f)), fabric wearable [96, 97] 

(Figure 2-14, B(b)), or implantable forms [9]. The detection of human motions 

ranges from large strain (e.g. bending strain of joints [94, 95] of fingers [42, 

98, 136] (Figure 2-14, B(a)), hands [220], and knees [98] induced by 

movements such as grasping, walking, and running [97] (Figure 2-14, B(b)) 

to small strain motions (e.g. tiny skin motion induced by facial expression [15, 

146] (Figure 2-14, B(c)), phonation [149] (Figure 2-14, B(d)), respiration [99], 

and heartbeat [100, 110]). By mounting the strain sensors in different parts of 
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the human body, the sensing signal can be used for real-time movement and 

load measurements of athletes during sports activity [272]. Besides the above 

examples, a problem that persists in the current research field is that many of 

the human activities are still not addressed for monitoring purposes [170]. On 

the other hand, the real-time tracking of physiological signals, such as 

respiration rate [99] (Figure 2-14, B(e)), heart-beat rate [110] (Figure 2-14, 

B(f)) or pulse rate [150] (Figure 2-14, B(g)) provides a convenient and non-

invasive way for disease diagnoses and health assessments.  

In the majority of relevant research sensors have been placed mostly on the 

trunk, upper arm, the forearm, the wrist, and the finger to measure the 

corresponding kinematics and/or posture [273]. Sensors are typically attached 

rather than embedded in wearable devices and garments [273]. For wearable 

devices, smart textiles have been predicted to be the future of wearable 

technologies for over a decade [170]. Typical functions of smart textiles are 

at least sensing and reacting, possibly also data processing, communication, 

and energy supply [274]. Conductive textiles as strain gauge sensors have 

been developed with the purpose of health monitoring [170, 274, 275] as well 

as for detection and monitoring posture, position of body segments, and body 

motion [170]. The most important progress in textile sensors for health 

monitoring is in the area of heart beats sensing [170, 274, 275]. 

For these particular applications, however, various challenges still lie ahead 

in practical usage. For example, to distinguish different body movements 

and/or extract other physiological information, the precision, sensitivity, long-

term stability, and biocompatibility of devices must be improved to meet the 

standard requirements via a proper sensing platform design. The sensing 

devices are required to conform to soft and complex surfaces with high 

curvilinear features. Robust interfacial adhesion between the devices and 

tissues is also demanded for high measurement quality. Additionally, cost-
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effective, reproducible fabrication strategies are required for mass-production 

and commercialization.  

Printing and 3D printing electronic technology are potential alternatives. 

However, there still exists the problem that the flexible printed sensors used 

for health monitoring are not of the optimum quality which affects the long-

term sensitivity, which is ascribed to the design and fabrication procedure of 

the sensor [170]. In addition, miniaturization and simplicity of configuration 

of the devices, as well as decreasing power consumption are still considerable 

challenges. Self-power sensing devices have been developed to meet the 

power demands of wearable health monitoring systems [216-219], while the 

power generation efficiency and power capacity of this kind of devices should 

be further improved to satisfy the practical long-time application. Except the 

performance optimization, multi-functionality, long-term sustainability, and 

multifunction integration of wearable healthcare devices have attracted 

increasing attention [19]. For a more detailed description on the flexible and 

stretchable strain sensors for human motion detection and healthcare 

applications, the reader is referred to the following references [8-11, 19, 276]. 

2. 6. 3. Human-machine interfaces and electronic skins 

Flexible and stretchable strain sensors are capable to integrate with curved 

surfaces for human machine interfaces [15, 16]. This allows to detect the 

contact force and location, physical activities, health status, and the 

surrounding environment, and to send the monitored data to the integrated 

smart systems [15, 17]. A good example is the recent work from Liu et al. 

[133] with a highly flexible and sensitive strain sensor based on graphene 

woven fabric (GWF)/PDMS composite integrated with wearable interface and 

wireless communications into a musical instrument, which can convert human 

body motions to controllable music (Figure 2-14, C) [133]. Besides, those 

sensors with high mechanical reliability and high sensitivity to complex 

mechanical stimuli can be potentially used as electronic skin [19, 20] (Figure 
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2-14, D) and in prosthetics [138, 277, 278] and robotics [279, 280]. The 

flexible, soft and compliant strain sensors can be used as prosthetic skins 

(Figure 2-14, D(a)) to mimic the real-skin and transmit the stimuli-responsive 

electrical signals to specific peripheral nerves for nerve stimulation [138], 

which allow patients to comfortably use their devices during intimate 

interactions [278]. To fully mimic the feel and sensory properties of skin, it is 

important to implement materials with low elastic moduli and good 

stretchability [278].  

For robotics applications, the electronic skins can be used to monitor 

complicated robotic movements in real time [256], to remote control [74] and 

to actuate the smart robots [280], to detect the environment, and to interact 

with surrounding objects [279], or to perceive tactile [281]. Additional 

information about the human-machine interface and electronic skins can be 

found in following reviews [14, 18-20].  

For applications human-machine interface, as applications for human motion 

detection, and personal healthcare, the integration of flexible and stretchable 

sensors into wearable platforms is in the form of skin patch [15, 98, 129], wrist 

band [56, 133], neck band [73, 215], data glove [95, 136], belt [190], and strap 

[282]. More information about the advances in wearable sensing systems and 

representative examples of integrated sensor devices are included in a recent 

review from Lee et al. [189]. 

2. 6. 4. Common challenges 

Despite the intense research in the above application fields, the development 

of flexible and stretchable strain sensors for practical usage is still at the early 

stage. Sensing systems that are used for monitoring are of high technical 

complexity [170]. The integration of sensors with power, data processing, data 

analysis, wireless data transmission, as well as display and operation systems 
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[102] in a soft and compact device with high reliability, robustness, and long-

term monitoring capability has not yet been achieved.  

Most studies are proof of concept [248]. Several fundamental and technical 

challenges still remain to be addressed, including rational sensing platform 

and device configuration design for specific application, simple, economical 

and macroscale fabrication, and full integration of all components. 

Considering scalability and costs, fully printed artificial devices are more 

attractive for the future sensing platforms. Supplying self-sustainable power 

is another important requirement for application. In addition, further 

development of advanced techniques for seamless integration [283] will make 

it possible to lift the envisioned physical sensing platforms closer to reality.  

2. 7. CONCLUSIONS 

The present contribution highlights that the working principle of 

piezoresistive strain sensors, which translate strain alternations into resistance 

changes, is based on a tunneling effect, a disconnection mechanism or a crack 

propagation mechanism. In view of maximization of the sensor performance 

the rational selection of the conductive materials and the matrix/substrate, 

strong interfacial interaction, and in particular delicate assembly of conductive 

fillers and unique structural features are crucial.  

The essential design variables are the sensitivity or gauge factor, the 

stretchability, the linearity, and the hysteresis. More novel variables are self-

healing, self-powering, self-cleaning, transparency, biocompatibility, and 

biodegradability. The sensitivity can be optimized by conductive network 

morphological control strategies and by adopting processing procedures. 

Stretchability has been increased by adapting the stretchable materials or 

through structural conversion. Linearity can be most easily quantified by the 

coefficient of determination and a switch to non-linearity is ascribed to an 

alternation from a homogeneous to a heterogeneous morphology. Hysteresis 
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is in turn explained by the competition of network breakdown and reformation 

during cyclic loading. 

Despite that strain sensing performances have been significantly improved 

and progress has been made for the development of fabrication techniques and 

material structural engineering, most piezoresistive strain sensors developed 

to date are still one-off prototypes and many challenges still exist. For scale-

up, main focus has been on extrusion-based processing and printing 

techniques. The latter techniques are promising due to the large-area and high-

throughput production possibilities, in particular for more complex 

geometries. Disadvantages for large-scale production are performance 

uniformity and structural robustness. 

On the application level significant challenges and research opportunities 

originate from the rational sensing device design and seamless integration of 

flexible strain sensors with other critical components such as power, data 

processing, data analysis, and data transmission. For multiple stimuli 

monitoring, strain sensors should be effectively integrated with other 

transducers in the absence of crosstalk issues. It is further challenging to 

achieve integrated devices with diminishing size and weight for specific 

applications. At the same time, the corresponding fabrication techniques, 

software, and protective and packaging techniques should be further 

improved. 
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Chapter 3  

FACILE AND LOW-COST ROUTE FOR 

SENSITIVE STRETCHABLE SENSORS BY 

CONTROLLING KINETIC AND 

THERMODYNAMIC CONDUCTIVE NETWORK 

REGULATING STRATEGIES  

In this chapter, highly sensitive conductive polymer composites (CPCs) 

are designed, employing a facile and low-cost extrusion manufacturing 

process for both low and high strain sensing. Focus is on the 

morphology control for extrusion-processed carbon black (CB)-filled 

CPCs, utilizing binary and ternary composites based on thermoplastic 

polyurethane (TPU) and olefin block copolymer (OBC). The relevance 

of the correct CB amount, kinetic control through a variation of the 

compounding sequence, and thermodynamic control induced by 

annealing is highlighted, considering a wide range of experimental 

(e.g. static and dynamic resistance change/SEM/rheological 

measurements) and theoretical analyses. High CB mass fractions       

(20 m%) are needed for OBC (or TPU)-CB binary composites but only 

lead to an intermediate sensitivity as their conductive network is fully-

packed and therefore difficult to be truly destructed. Annealing is 

needed to enable a monotonic increase of the relative resistance with 

respect to strain. With ternary composites, a much higher sensitivity 

with a clearer monotonic increase results, provided that a low CB mass 

fraction (10 - 16 m%) is used and annealing is applied. In particular, 

with CB first dispersed in OBC and annealing a less compact, hence, 

brittle conductive network (10 - 12 m% CB) is obtained, allowing high 

performance sensing. 
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3. 1. INTRODUCTION 

With the increasing request for flexible and stretchable electronic devices for 

continuous signal monitoring conductive polymer composites (CPCs) have 

generated considerable attention in the recent decades [1, 2]. CPCs are very 

promising thanks to the prominent merits of ease of fabrication, tunable 

properties, and scalability with applications in structural health/damage 

monitoring, human body movement tracking, personal healthcare, and human-

machine interfaces [2-7]. For electro-mechanical sensing, high sensitivity 

combined with tunable working strain range, long-term stability, fast-

response, low hysteresis, low voltage, easy fabrication, and low cost are 

desired. The sensitivity is often the main design parameter, typically 

represented by the gauge factor (GF) [2, 8-10]: 

GF = (∆𝑅 𝑅0)⁄ ɛ⁄                                                                           Equation 3-1                                                                                                                               

in which ∆𝑅 is the resistance change with respect to the initial one (R0) at the 

selected strain ε. 

The conductive network morphology and the interaction between the 

conductive fillers and the polymer matrix play a key role in the CPC sensing 

behavior. Several manufacturing strategies have been developed, including 

the use of hybrid fillers [11-14], fillers with different aspect ratios [15, 16], 

interface linkers [17], stabilizer [10], functionalized fillers [18, 19], and pre-

straining [20]. More recently, delicate assembly of conductive fillers or unique 

microstructure design has been targeted [8, 21-23]. The sensitivity increase 

originates in essence from the increase of the tunneling resistance and the loss 

of filler contact [11, 14, 23, 24]. The selective distribution of conductive fillers 

in polymer blends is influenced by both kinetic and thermodynamic factors, 

including the co-continuity of the polymer blend, the affinity variation of 

conductive fillers for different polymers, the interfacial tension between 

components of the composite, the melt viscosity ratios of the polymers, the 
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mixing time and temperature, and the sequence of incorporation [25-28]. In 

addition, thermal treatment, i.e. annealing, at elevated temperatures under 

quiescent conditions can be applied to accelerate the network structure 

formation [27, 29, 30]. 

A first drawback for most CPCs is that they require relatively high loadings 

of conductive fillers to acquire satisfactory electrical conductivity, which 

results in poor processability, mechanical performance, and high cost [9, 31]. 

A well-assembled conductive network with a high filler loading is difficult to 

be fully destroyed under small strain and less sensitive to external stimuli, 

leading to low sensitivity [32]. A critical challenge is thus to improve the 

effective contribution of these fillers to the final desirable functionalities with 

less filler content [33]. To lower the percolation threshold [9, 34] as well as 

regulating the sensing performance [9, 32, 35], novel hierarchical structures 

have therefore been developed, e.g. double percolation structures [36] with 

selective location of conductive fillers in one of the continuous phases or at 

the interface of multiphase polymer blends, and segregated conductive 

structures [32, 34, 35] with conductive filler only confined between the 

boundaries of polymer domains [9, 32, 35]. 

A second drawback relates to the complexity of the sensor production. Despite 

the progress in the CPC research field, it still remains a challenge to achieve 

strain sensors with a high performance using simple and effective 

manufacturing strategies [23, 37], especially simultaneously aiming at high 

sensitivity, a wide working strain range, and low hysteresis. The above 

examples highlight the rapid progress in assembling conductive materials for 

high sensitive sensors. However, the approaches or used materials are not 

cost-efficient and involve complicated and time-consuming steps, as well as 

require elaborate control of the fabrication process. To realize widespread 

realistic applications, more research efforts are needed to carefully tailor the 

CPC properties of sensing materials manufactured via strategies with potential 
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for scale-up and continuous production (e.g. extrusion based processing or 

printing techniques) so that they can demonstrate competitive advantages over 

those specially structural designed competitors. To the best of the authors’ 

knowledge, limited attention has been paid to the feasibility of constructing a 

“brittle” conductive network with lower filler loadings, considering a 

straightforward extrusion manufacturing process targeting both good 

conductivity and high sensitivity. As such, a good balance between electrical 

conductivity and mechanical stimuli-sensitivity by constructing an effective 

continuous (so with conductivity) and “brittle” (so highly susceptible to 

deformation) network has only more recently attracted attention [32, 35, 38].  

In the present work shown in this chapter, extrusion processed carbon black 

(CB) filled CPCs based on both binary and ternary composites, comprising of 

thermoplastic polyurethane (TPU) and olefin block copolymer (OBC), are 

studied in view of their application as small and large strain sensors. It should 

be stressed that extrusion is a well-establish industrial processing technique 

and therefore extrusion based CPCs are closer to industrial practice [33] 

compared to CPCs as obtained based on other manufacturing techniques [9, 

32, 34, 35]. Accordingly, the present work is essential toward the development 

of a low-cost and efficient manufacturing process for scale-up of high-

performance strain sensors. Systematic experimental analysis is performed to 

investigate the influence of filler content, kinetic (e.g. compounding 

sequence) and thermodynamic factors as well as annealing treatment on the 

conductivity and electro-mechanical sensing performances. Both uniaxial 

tensile and cyclic stretching-releasing tests are included to map the sensing 

potential and to determine the optimal blend composition and procedure. In 

particular, the conductive network morphology evolution is investigated by 

scanning/transmission electron, and optical microscopy, and rheological 
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measurements - complemented with theoretical analysis - to fully understand 

the network regulation and sensing mechanism. 

3. 2. EXPERIMENTAL PROCEDURES AND ANALYSIS 

3. 2. 1. Materials 

Two types of thermoplastic elastomer were used as matrix resin: (i) polyether 

based thermoplastic polyurethane (TPU; Desmopan 9395AU, Covestro CO., 

Ltd.) and (ii) olefin block copolymer (OBC; INFUSE 9530, Dow Chemical 

Co.). The density of TPU is 1.15 g cm-3 and of OBC 0.887 g cm-3 (25 °C). For 

TPU a melt flow rate of 20 g per 10 min (210 °C, 2.16 kg) was measured in-

house. The mass average molar mass (Mm) and dispersity for OBC are 78.6 kg 

mol-1 and 2.6. This copolymer contains 10.4 mol.% octane co-monomer units 

leading to soft blocks and 35 m% hard ethylene blocks, with a melt flow rate 

of 6.9 g per 10 min (210 °C, 2.16 kg) measured in-house. Carbon black (CB; 

ENSACO 250G, Imerys Graphite & Carbon) was used as conductive filler. It 

has a density of around 1.8 g cm-3, a Brunauer-Emmett-Teller (BET) nitrogen 

surface area of 65 m2 g-1, an oil absorption number (OAN) of 190 ml per 100 

g, and an average primary particle size of 38 nm. All materials were dried at 

80 °C for 12 h before processing. 

3. 2. 2. Composite/blend preparation 

All binary and ternary composites were produced using twin-screw extruder 

(APV MP19TC-40 Baker) with a screw rotational speed of 120 rpm, and a 

temperature range of 160 to 205 °C. For the binary composites, OBC/TPU 

pellets and CB powder were first simultaneously introduced in the feeder to 

produce master batches, which were then diluted to the desired content. The 

composites are denoted as OBC-CB or TPU-CB. For ternary composites, a 

two-step procedure was adopted with three compounding sequences. In the 

first sequence, CB was first incorporated into TPU, yielding a highly 

concentrated pre-mixture, which was then in the second step diluted with TPU 
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and OBC to the desired CB (mass) concentration. These blends are denoted as 

TPU-CB/OBC. Similarly, in the second sequence, a pre-mixture of OBC-CB 

was first fabricated, and then diluted with OBC and TPU. These composites 

are denoted as OBC-CB/TPU. In the third sequence, TPU and OBC were 

blended first, and the blend was then mixed with CB. These composites are 

denoted as TPU-OBC/CB. The TPU/OBC mass ratio of 50/50 was kept 

constant for all ternary composites. The mass fraction of CB is always denoted 

with an additional number for the selected blend, e.g. for a binary composite 

with 16 m% CB and TPU as blend partner, the notation is TPU-CB-16. An 

additional “-a” is added in case post annealing was applied at 180 °C for 2 

hours. The diameter of the obtained extrusion filaments was approximately 

1.5 mm. An overview of all investigated compositions is given in Table 3-1.  

Table 3-1: Compositions of binary and ternary composites covered. 

Binary 

composi

tes 

TPU-CB-25 TPU-CB-23 TPU-CB-20 TPU-CB-18 

OBC-CB-25 OBC-CB-23 OBC-CB-20 OBC-CB-18 

Mass % 

CB 

25 m% 23 m% 20 m% 18 m% 

 

Ternary 

composi

tes 

TPU-CB/OBC-16 TPU-CB/OBC-12 TPU-CB/OBC-10 

OBC-CB/TPU-16 OBC-CB/TPU-12 OBC-CB/TPU-10 

 TPU-OBC/CB-12  

Mass % 

CB 

16 m% 12 m% 10 m% 

3. 2. 3. Characterization 

The reader is referred to Section 1.1 of Appendix A. Detailed information is 

provided on the following characterization techniques: resistance 

measurement, scanning electron microscopy, transmission electron 

microscopy, optical microscopy, rheological analysis, and thermal 

gravimetric analysis. 

3. 3. RESULTS AND DISCUSSIONS 

3. 3. 1. Effect of blend composition on electrical conductivity 
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For the binary composites TPU-CB and OBC-CB, Figure 3-1a shows the 

increase of the (electrical) conductivity with higher CB loading in the absence 

of annealing. Following the classical percolation theory [39, 40], the 

percolation threshold can be formally approximated by:  

𝜎 = 𝜎0 (𝑃 − 𝑃𝑐)𝑡                                                                           Equation 3-2 

in which σ is the conductivity of the composite, σ0 a scaling factor, P the filler 

content, Pc the percolation threshold, and t the critical exponent depending on 

the dimensionality of the conductive network [41, 42], with theoretical values 

in the range of 1 to 1.3 for a 2D network and 1.6 to 2 for a 3D network for a 

single/monodisperse percolation system [43]. The double-logarithmic plot of 

σ as a function of P-Pc is shown as an inset of Figure 3-1a. The extrapolated 

percolation threshold values for TPU-CB and OBC-CB are 18.2 ± 0.8 and 17.5 

± 0.8 m%, respectively. The t values are estimated as 2.3 ± 0.1 and 2.9 ± 0.2 

and are higher than the theoretical values, in agreement with other reports [41-

43]. The slightly lower percolation threshold of OBC-CB can be attributed to 

a somewhat higher interfacial tension, which results in a poorer affinity of 

OBC toward CB and therefore a somewhat more inhomogeneous CB 

dispersion [44]. The somewhat higher t values can be explained by the 

dependence of the percolation threshold on several factors, including 

viscosity, polarity of the polymers, filler dispersion, and the balance between 

filler-filler and filler-polymer interactions [42, 45]. Also a broader distribution 

of CB aggregates could induce deviations from the theoretical t values [41].  

As shown in Figure A1-1 of Appendix A annealing is only relevant for binary 

composites close the percolation limit and not above. OBC-CB specifically 

shows higher enhancement in conductivity, indicating a higher filler mobility 

at the annealing temperature for the formation of new conductive pathways, 

which implies a lower particle-polymer interaction and a higher interfacial 

energy driving force for filler agglomeration [29, 41, 45, 46]. 
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Figure 3-1: (a) Experimental electrical conductivity as a function of CB mass fraction for the 

as-prepared TPU-CB and OBC-CB binary composites (no annealing) and the associated 

description with Equation 3-2 to illustrate the percolation threshold Pc; inset: log-log 

representation for fitting of t parameter in Equation 3-2; (b) Effect of annealing on 

experimental conductivity for ternary composites at different CB mass fractions; only effect in 

case the CB concentration is relatively low; samples with conductivity below 10-5 S m-1 are 

regarded as “non-conductive”; corresponding figure for binary composites in Appendix A. 
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For the ternary composites TPU-CB/OBC and OBC-CB/TPU, for which 

lower percolation thresholds are obtained as for the binary composites (cf. 

Table A1-1 of Appendix A), Figure 3-1b (left and middle group) shows 

similar trends for the conductivity variation with the change of CB content 

and the annealing treatment. Without annealing (blue bars) a great decrease in 

conductivity is shown if the CB loading decreases from 16 to 10 m% so that 

even a non-conductive system is obtained at low CB amounts. This 

phenomenon is influenced by the shear effect in the second compounding step 

and the reduced melt viscosity, as long mixing times can lead to the 

breakdown of CB agglomerates [45, 47]. It is also likely that the lower 

viscosity polymer penetrated during the second diluting process and broke up 

the CB agglomerates [45]. On the other hand, at low CB amounts dramatic 

enhancement (e.g. about 6 orders of magnitude for TPU-CB/OBC-12 and 

OBC-CB/TPU-12; 5 orders of magnitude for TPU-CB/OBC-10 and OBC-

CB/TPU-10) in the conductivity is achieved after annealing (red bars). The 

increase of the conductivity originates again from the formation of new 

conductive pathways, as the annealing process promotes the CB secondary 

agglomeration and reduces inter-aggregates distances [29]. The filler content 

of all samples is confirmed by thermogravimetrical analysis (TGA) to exclude 

the effect of content on conductivity, with the main results given in Figure A1-

2 and Table A1-2 in Appendix A.  

Comparing the conductivity results of binary and annealed ternary composites 

(Figure A1-1), it follows that TPU-CB/OBC-16 provides a higher 

conductivity than TPU-CB-23, and OBC-CB/TPU-16 shows almost 

comparable conductivity as OBC-CB-23. The conductivity of TPU-CB/OBC-

16-a (annealed) becomes even higher than that of TPU-CB-25-a (annealed), 

and the conductivity of OBC-CB/TPU-16-a is comparable to that of OBC-

CB-23-a. Upon further reducing the CB content the positive effect of 

annealing and thus an optimization of the network configuration is still there 
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but for a mass fraction as low as 10 m% the binary composite with a higher 

mass fraction (23 m%) performs better. An optimal CB mass fraction of          

12 m% for the ternary composite follows with annealing. Experimental results 

for TPU-CB/OBC-12, OBC-CB/TPU-12, and TPU-OBC/CB-12 are selected 

to highlight the influence of the mixing sequence (Figure 3-1b, right group). 

These ternary composites have approximately equal initial conductivity, while 

TPU-OBC/CB-12-a shows a lower electrical conductivity than TPU-

CB/OBC-12-a and OBC-CB/TPU-12-a.  

Hence, higher or comparable conductivities - at lower CB amount - can be 

achieved by tuning of the ternary composite composition in combination with 

thermal annealing treatment, in agreement with literature data on other blend 

types (e.g. PS/PMMA/CB [30], PP/PS/CB [48]). 

3. 3. 2. Effect of blend composition on piezoresistive properties 

Experimental static electromechanical response 

To evaluate the strain sensing capability of the binary and ternary composites, 

the resistance was monitored in case a fixed, hence, static uniaxial tension was 

applied. Figure 3-2 presents the variation of the fractional resistance change 

(ΔR/R0) as a function of the applied strain (ɛ) for both TPU-CB and OBC-CB 

binary composites with a CB content from 20 to 25 m% prior to and after 

annealing. Results for the ternary composites are included in Figure 3-3. Due 

to the quite low initial conductivity of unannealed samples (Figure 3-1b), data 

for TPU-CB/OBC and OBC-CB/TPU with 10 and 12 m% are plotted 

excluding comparison with data in the absence of annealing. Such comparison 

is only done with 16 m% CB. 
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Figure 3-2: Piezoresistive sensing behavior of binary composites as evaluated by the measured 

average fractional resistance change, ΔR/R0, as a function of strain for (a) TPU-CB and (b) 

OBC-CB with different CB mass fractions prior to and after annealing (-a in label). Lower 

graphs are magnifications within the strain range of 0 - 50 %; atypical regions I, II, and III 

indicated in lower graph for (a) for one binary composite (without annealing). 
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As shown in Figure 3-2, the binary composites without annealing display a 

pronounced nonlinear piezoresistive behavior toward higher strains, which 

can be explained by a discrete deformation behavior of the filler networks at 

different strain regimes [13, 42]. At the low to intermediate strain regime 

(lower graphs of Figure 3-2(a, b); ≤ 50 %) - in spite of a different filler content 

- a three-regime variation of ΔR/R0 versus strain is observed, as illustrated with 

short dashed lines for specifically TPU-CB-20. Such electromechanical 

behavior is considerably different from the typically observed/targeted 

monotonic increase in ΔR/R0 [13, 15, 34, 49]. The existence of three regimes 

was first reported by Flandin et al. [50] with initiation denoted as regime I, 

reversible damage as regime II, and re-coverable damage as regime III, as 

elaborated in detail in Section 1.2.3 of Appendix A. 

The binary composites TPU-CB-20 and OBC-CB-20 possess the highest 

sensitivity (larger slopes), in agreement with the general claim that composites 

with filler amounts near the percolation threshold (cf. Figure 3-1a; ca. mass 

fraction of 18 m%) have a greater electrical resistance variation as the 

conductive path is more easily to be destroyed [23, 37, 51, 52]. The initial 

approximately linear increase of ΔR/R0 with strain means that these 

unannealed binary composites have potential for low strain sensors. Further 

analysis of Figure 3-2, as covered in Appendix A, reveals that the effect of 

annealing is relatively limited. Only for OBC-CB-20-a, an almost monotonic 

increase results, highlighting its potential for large strain applications at least 

under static testing conditions. 

For the ternary composites, the development of ΔR/R0 as a function of strain 

is shown in Figure 3-3. It is observed in Figure 3-3(a, b) that TPU-CB/OBC-

16 and OBC-CB/TPU-16 exhibit similar nonlinear electrical response to strain 

behavior as their corresponding binary composites (Figure 3-2), and the 

ΔR/R0-strain curves at low strains can also be separated into the atypical three 

regimes. The effect of annealing (16 m%) is for ternary composites depending 
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on the polymer type. The ΔR/R0-strain curve of TPU-CB/OBC-16-a resembles 

that of TPU-CB/OBC-16 but shows relatively lower ΔR/R0 at the same strain 

over the whole extension range (Figure 3-3a), implying that annealing has a 

negative effect. For OBC-CB/TPU-16-a, ΔR/R0 increases monotonically 

(Figure 3-3b) with increasing strain and thus as for the ternary composite 

annealing is recommended to increase the application potential. Specifically, 

ΔR/R0 of OBC-CB/TPU-16-a is higher than that of OBC-CB/TPU-16 before 

55 % strain (see extra insert graph in Figure 3-3b) followed by a further 

increase. Combined with a higher conductivity and large stretchability             

(> 100 % strain), this composite exhibits both small and large-strain sensing 

capacity. 



CHAPTER 3  REGULATING CONDUCTIVE NETWORK STRUCTURE 

 

 

 

124 

 

Figure 3-3: Piezoresistive sensing behavior of ternary composites as evaluated by the 

measured average fractional resistance change, ΔR/R0, as a function of strain (a) for TPU-

CB/OBC and (b) for OBC-CB/TPU with different CB mass fractions prior to and after 

annealing (-a label) with lower graphs magnifications of (a) and (b) within the strain range of 

0 - 50 %; and (d) allowing an investigation of the relevance of the sequence of mixing; (c) 

additional comparison with binary composites with similar initial conductivity. 
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Figure 3-3: Continued. 

TPU-CB/OBC-a and OBC-CB/TPU-a with 12 and 10 m% CB (annealed cases 

at lower CB mass fractions) also follow the same trend (Figure 3-3(a, b)) with 

monotonic growth in ΔR/R0 with applied strain and increasing amplitude of 
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ΔR/R0, indicating remarkable enhancement in conductivity and sensitivity 

after annealing treatment. ΔR/R0 of TPU-CB/OBC-12-a approximately 

linearly increases at low strain (≤ 10 %) followed by a gentle increase to nearly 

20 % strain (Figure 3-3a), showing quite low sensitivity in this strain range, 

and then increases more obviously against the following extended strains. The 

OBC-CB/TPU-a system in contrast shows more attractive monotonic 

electrical response to uniaxial stretching with a broader range of tunable 

piezoresistive sensing capacities. 

Considering similar initial conductivities, it becomes clear from Figure 3-3c 

that ternary composites exhibit a stronger piezoresistive response compared 

to binary composites, and a ternary composite with CB first incorporated into 

OBC (as compared to TPU) provides the largest variation in resistance at the 

same strain. Therefore, the conductive networks in a ternary system are more 

prone to be destructed, especially for the OBC-CB/TPU composite. 

Furthermore, in Figure 3-3d the effect of the mixing sequence (TPU-CB/OBC; 

OBC-TPU/CB; TPU-OBC/CB) on the strain sensing capacity of ternary 

composites (12 m% CB) after annealing is shown. ΔR/R0 monotonically 

increases with increasing strain. Despite its lower conductivity (Figure 3-2b), 

at a given strain, TPU-OBC/CB-12-a gives the largest resistance values due 

to higher initial resistance value, illustrating that the mixing sequence matters 

in view of sensor design. The quite similar resistivity-strain variation (Figure 

A1-3i) for TPU-OBC/CB-12-a and TPU-CB/OBC-12-a implies that CB has a 

higher affinity towards TPU and is most likely concentrated in TPU during the 

compounding process in sequence III. 

Figure 3-4a gives the variation of GF (Equation 3-1) as a function of strain for 

the binary and ternary composites that were identified as reasonable or as 

suited candidates based on the discussion of Figure 3-2/3 (ΔR/R0 values under 

static testing; all annealed). GFs of the binary composites TPU-CB and OBC-

CB with the same CB loading before (Figure A1-4 in Appendix A) and after 
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(shown in Figure 3-4a) annealing are quite similar under low strains (< 5 %), 

which is consistent with the opinion that the influence of the polymer types on 

the piezoresistivity of low-strain gauges is relatively small [2]. Note that a 

monotonic increase of ΔR/R0, which is more or less obtained for binary 

composites with OBC and for several ternary ones (TPU-CB/OBC-10-a; 

OBC-CB/TPU-10-a; TPU-CB/OBC-12-a; OBC-CB/TPU-12-a; and TPU-

OBC/CB-12-a; OBC-CB/TPU-16-a), is not a sufficient condition to ensure 

also such an increase for GF. At lower strains deviations can result with again 

the appearance of the atypical three regimes, as also clear from the lower graph 

in Figure 3-4a. Only for a very strong monotonic increase of ΔR/R0 a similar 

behavior is noted for GF (e.g. OBC-CB/TPU-10-a and TPU-OBC/CB-12-a). 
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Figure 3-4: (a) Gauge factor (GF; Equation 3-1) as a function of strain for the most promising 

cases as explored in the present work (input from Figure 3-2 and 3-3), with lower graph for the 

lower strains; also specified are the maximal values (GFmax) taking into account on ductility 

(εmax) (b) comparison of these maximal GF values (red/green spheres) including the associated 

maximal strains with literature data. 
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Figure 3-4: Continued. 

Furthermore, up to a strain of ca. 35 %, the GF values of the annealed ternary 

composites (TPU-CB/OBC-10-a; OBC-CB/TPU-10-a; OBC-CB/TPU-12-a; 

and OBC-CB/TPU-16-a) in Figure 3-4a are larger than those of the annealed 

binary composites with higher CB mass fractions (TPU-CB-20-a; OBC-CB-

20-a), representing higher strain sensitivity for the former. After this strain, the 

GF values of TPU-CB-20-a and OBC-CB-20-a become larger than that of 

OBC-CB/TPU-16-a but remain much smaller than those of the ternary 

composites TPU-OBC/CB-10-a, OBC-CB/TPU-10-a, and OBC-CB/TPU-12-

a. GF is particularly tunable for a wide strain range for the annealed ternary 

composites OBC-CB/TPU, with values of 64 at low strain (0 - 3 %) and 1.4 × 

104 at 25 % strain for OBC-CB/TPU-10-a; values of 15.6 at low strain                
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(0 - 15 %) and 4.2 × 104 at 85 % strain for OBC-CB/TPU-12-a; and values of 

9.1 at low strain (0 - 4 %) and 2.3 × 103 at high strain (190 %) for OBC-

CB/TPU-16-a. 

In Figure 3-4a, the maximal recorded GF (with error) is also explicitly 

mentioned (see also Table A1-5 in Appendix A). These data (red spheres) are 

combined with literature data [2, 10, 53] taking into account constraints for 

ductility in Figure 3-4b (see also Section 1.2.4 of Appendix A), with the blue 

box indicating the targeted range of maximal GF and strain combinations 

according to the review of Amjadi et al. [2]. It has been indicated in that 

review that highly sensitive strain sensors typically respond to the applied 

strain with very limited stretchability and vice versa, as confirmed in Figure 

3-4b. Only few researches have achieved both ultra-high strain sensitivity and 

strechability simultaneously [53-55] but with the demand of tedious 

procedures or complex structural engineering. The best composites fabricated 

in the present work show a much higher GF than those for most reported strain 

sensors. Moreover, a good balance between high sensitivity and large sensing 

range is achieved, employing a facile blending strategy which is one of the 

challenges of the field. 

Theoretical static electromechanical responses 

To improve the knowledge on the relation between resistance and strain 

theoretical analysis is also included. Focus is on the working principle for 

tested samples with a monotonic strain sensing behavior, selecting the ternary 

composites TPU-CB/OBC-10-a and OBC-CB/TPU-10-a with same CB 

content and similar initial conductivity. Details on the analytical equations are 

provided in Section 1.2.5 of Appendix A. 

As shown in Figure A1-5 in Appendix A, the number of conductive pathways 

(CPs) in OBC-CB/TPU-10-a decreases much faster than that in TPU-

CB/OBC-10-a and for the tunneling distance a linear increase with strain is 
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predicted, with a steeper increase for OBC-CB/TPU-10-a. The above two 

observations support the claim that the “brittle” conductive network in OBC-

CB/TPU deforms greatly and collapses more easily under strain, thus, 

contributing to higher strain sensitivity. 

Also from thermodynamics additional insights can be obtained on the 

performance of ternary composites by identifying the preferred phase for CB 

being either TPU or OBC. The wetting coefficient (ωa) [36] is widely accepted 

to predict the thermodynamic equilibrium distribution of nanoparticles in 

immiscible polymer blends. According to Young’s equation, the equilibrium 

position of CB with OBC and TPU as phases follows from [27, 30]:  

𝜔𝑎 =
𝛾𝑂𝐵𝐶−𝐶𝐵 − 𝛾𝑇𝑃𝑈−𝐶𝐵

𝛾𝑇𝑃𝑈−𝑂𝐵𝐶
                                                                 Equation 3-3  

In which γ12 is the interfacial tension between the polymer phases 1 and 2. 

Depending on the value of ωa, CB is predicted to be dominantly distributed in 

the TPU phase (ωa > 1), dominantly in the OBC phase (ωa < -1) or preferably 

located at the interface (-1 < ωa < 1). As explained in Section 1.2.6 in 

Appendix A, the interfacial tension can be calculated using both the harmonic-

mean and the geometric-mean equation [27, 30]. It follows that TPU-CB 

possesses a lower interfacial tension and a higher adhesion work, 

demonstrating higher thermodynamic affinity and stronger interfacial 

interaction between TPU and CB. The calculated wetting coefficients are 

summarized in Table 3-2, which are greater than 1, indicating that CB 

thermodynamically tends to be localized in TPU phase during the melt-mixing 

process. 
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Table 3-2: Calculation of wetting coefficient for the localization of CB at 200 oC (Equation 

3-3). CB is predicted to be dominantly distributed in the TPU phase (ωa > 1), dominantly in 

the OBC phase (ωa < -1) or preferably located at the interface (-1 < ωa < 1). 

 ωa (mN/m) Localization of CB 

Harmonic-mean 

equation 

1.6 TPU 

Geometric-mean 

equation 
2.1 TPU 

However, the selective distribution of conductive fillers in immiscible 

polymer blends is also influenced by kinetic factors such as shear strength, 

mixing time, and mixing sequence [25, 27, 28, 56, 57]. Due to the short 

processing time, the distribution of CB in this immiscible polymer blend using 

twin-screw extrusion is determined by the interplay between thermodynamic 

driving forces and kinetic factors, and a non-equilibrium filler localization is 

expected [56], especially for OBC-CB/TPU with CB initially localized within 

the thermodynamically less favorable OBC phase. Typically, but not always, 

CB prefers to be located in the polymer phase with which it has a lower 

interfacial tension [27, 30] or as the second preferential location the one 

between the unfavorable (if pre-dispersed there) and the preferred blend phase 

[56]. 

Experimental dynamic electromechanical responses: low strain rates 

The physical robustness and sensing stability are also critical issues for sensor 

applications with the demand of reproducible piezoresistive properties. 

Therefore, dynamic tensile tests were conducted for a selected number of 

composites, selecting a sufficiently high number of cycles to identify an 

acceptable steady-state behavior or to discard a material due to too strong 

unwanted variation of the sensing performance. For low strain monitoring, 

with potential for micro-deformation applications in for instance heartbeat 

monitoring, pulse detection, sound signal acquisition, and recognition [32, 

58], two of the basic binary composites TPU-CB-20 and OBC-CB-20 (Figure 

3-2), and two of the promising ternary composites TPU-OBC/CB-10-a and  

OBC-CB/TPU-10-a (Figure 3-3) have been subjected to cyclic extension tests 
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(40 cycles, 0 - 2 % strain) so that ΔR/R0 can be plotted for successive cycles 

from zero strain against time. 

As shown in Figure 3-5a, a general trend is observed for the four low strain 

testing cases, with ΔR/R0 increasing with increasing strain and decreasing with 

decreasing strain in a given cycle. This indicates a consistent piezoresistive 

response, which is known as a positive strain effect [12, 20, 31, 59]. Each 

succeeding strain cycle produces a regular continuous downward drift of the 

resistance change peak defined as the maximum of ΔR/R0 in one cycle (P). 

This drift is more pronounced during the first set of cycles and is followed by 

a slow decrease of the ΔR/R0 peak later on, maintaining almost equilibrium-

like values at higher times. The latter highlights the establishment of a stable 

conductive network after a certain number of loading-unloading cycles under 

low strain [13]. The initial rapid decrease for the resistance peaks in Figure 3-

5a (low strains) can be ascribed to the alignment of conductive particles along 

the tensile direction and only the reformation of few broken conductive 

pathways, while the additional stretching cycles mostly contribute to the 

decrease in inter-particle distances between adjacent fillers [13]. The residual 

values of ΔR/R0 for TPU-CB-20, TPU-CB/OBC-10-a, and OBC-CB/TPU-10-

a after a loading-unloading cycle are not the same as the initial positive value, 

which implies a hysteresis effect during relaxation processes resulting from 

the viscoelastic properties of polymer matrices [5, 13, 31] and confirms the 

affinity of filler particles to the polymer matrices [60]. The residual value of 

ΔR/R0 for TPU-CB-20 reaches a negative value after releasing, which is 

thought to be caused by the increase of the effective numbers of conductive 

pathways because of mobility and alignment of CB aggregates along the 

stretching direction, resulting in a higher conductivity [13]. 
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Figure 3-5: Experimental averaged relative resistance (ΔR/R0) for two basic binary 

compositions and two promising ternary compositions (as based on static testing) under low 

strain rates (0 - 2 %; a and b) as a function of time as a consequence of a dynamic strain 

loading; similar at high strain rates (20 - 40 %; c and d); 40 cycles shown for the selected time 

interval (grey profiles). 
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Figure 3-5: Continued. 

Similar as for the static testing (Figure 3-3 and 3-4a), the ternary composite 

OBC-CB/TPU-10-a gives in Figure 3-5a the highest dynamic sensitivity as 

notable by the larger values for the relative resistance amplitude (A) in one 

cycle, as introduced in the lower graph of Figure 3-5a. For a clearer 
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comparison, the amplitude of the last cycle (AL) for each case is listed in Table 

3-3. Additionally, the ratios between the maximal values of ΔR/R0 of the first 

cycle (P1) and the decreases of the peak values at the last cycle (DL) are also 

listed in Table 3-3 (P1/DL values; so-called recovery ratios). Such ratios can 

be considered as a measure for the reduction of sensitivity during cyclic 

strains. OBC-CB/TPU-10-a possesses the lowest ratio of 50 % and the largest 

AL, showing good stability with high sensitivity under low strain dynamic 

conditions. Due to this better performance out of the four selected cases, a test 

with 100 cycles was also done for OBC-CB/TPU-10-a to further investigate 

its reproducibility for a longer cyclic period. Figure 3-5b gives the results from 

the 41st to 100th cycle at the given time interval with no evident drift in the 

signal. Therefore, the sensing performance of this strain sensor can be 

assumed to be rather robust with time after the further arrangement of the 

fillers after a limited numbers of repeated loading-unloading cycles. 

Table 3-3: The recovery ratio (DL/P1) and amplitude of relative change of resistance peak (AL) 

during dynamic stretching (0 - 2 %) for the four composites in Figure 3-5a; OBC-CB/TPU-10-

a has the best performance for low strain rates, explaining the additional testing in Figure 3-

5b. 

 TPU-CB-

20 

OBC-CB-

20 

TPU-CB/OBC-

10-a 

OBC-CB/TPU-

10-a 

DL/P1 53 % 102 % 69 % 50 % 

AL 0.04 0.12 0.10 0.26 

Experimental dynamic electromechanical responses: high strain rates 

Dynamic testing can also be performed at higher strain rates (20 - 40 %) with 

targeted applications in the field of for instance human motion detection [3, 4, 

61]. According to results on static testing (Figure 3-3a), for example TPU-

CB/OBC-10-a offers an appropriate sensitivity and stretchability for higher 

strain rates. As shown in Figure 3-5c with this ternary composite, a similar 

ΔR/R0 - strain declining pattern is recorded compared to the low strain dynamic 

sensing results shown in Figure 3-5a. It can however be noted that a 

fluctuation or shoulder peak showing a negative piezoresistive effect with 
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ΔR/R0 can be established between two successive cycles, as illustrated with 

the lower graph of Figure 3-5c. A phase lag is even obtained between the 

trigger (strain) and the response (ΔR/R0). 

This negative strain effect/phase lag is quite commonly reported in studies 

based on CB/elastomer, CNT/elastomer and graphene elastomer composites 

[9, 10, 20, 31, 60]. The transition from a positive to a negative effect appears 

close to the fully releasing state and again upon a new loading (the subsequent 

cycle) [60], revealing significant hysteresis of this sample. This phenomenon 

is explained by the shrinkage in the transverse direction and competition 

between the breakdown and reconstruction of the conductive pathways during 

the loading-unloading process [9, 31, 39, 60] and could also be caused by the 

friction between filler particles and polymer matrix and structural changes in 

the materials [62]. Moreover, the above issues are influenced by the filler 

concentration, flexibility of the polymer, and the level of stress/strain attained 

[60]. In addition, the magnitude of the maximal value of ΔR/R0 is significantly 

higher for the first cycle and greatly declines later on. In contrast, the maximal 

value of ΔR/R0 of the “shoulder peak” gradually increases with increasing 

cycles. After a certain number of cycles, the maximal value of ΔR/R0 at the 

“shoulder peak” becomes even much higher than the maximal value of ΔR/R0. 

The above phenomenon further indicates the reorganization of the conductive 

network during the cyclic loading-unloading process for TPU-CB/OBC-10-a 

[60]. 

To verify whether the trends for TPU-CB/OBC-10-a can be generalized the 

basic binary composites TPU-CB-20 and OBC-CB-20 were subjected to the 

same dynamic tensile test (high strain rates). As shown in Figure 3-5c, the 

dynamic sensing patterns are quite similar but with a much smaller change for 

the resistance amplitude, due to the lower intrinsic sensitivity. Specifically for 

OBC-CB-20 the transition from a positive to a negative strain effect is less 

pronounced, giving the maximal value of ΔR/R0 at the highest tensile strain 
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within the whole time period. Hence, less hysteresis results for this binary 

composite. The ternary composite TPU-CB/OBC-10-a thus displays the 

characteristic dynamic sensing behavior of the TPU-CB binary composite, 

implying the selective location and maintenance of CB in TPU even after 

annealing treatment. It is worthwhile noting that the lowest values of ΔR/R0 

for TPU-CB-20 and OBC-CB-20 during the releasing process, and the largest 

value of ΔR/R0 at the highest strain (40 %) for TPU-CB-20 become even 

negative after the first cycle. This can be explained as a reconfiguration of the 

conductive network and the concomitant increase in the number of conductive 

pathways [60]. 

Also the promising OBC-CB/TPU-12-a (Figure 3-3b; static testing) was 

compared to TPU-CB/OBC-10-a under the same cyclic testing at high strain 

rates (20 - 40 % strain, 40 cycles; Figure 3-5d). To allow for an evaluation of 

the role of the mixing sequence TPU-CB/OBC-12-a and TPU-OBC/CB-12-a 

were also subjected to the same measurement. As illustrated in Figure 3-5d, 

TPU-OBC/CB-12-a and TPU-CB/OBC-12-a exhibit a similar dynamic 

sensing pattern (negative piezoresistive effect and phase lag) with that of 

TPU-CB/OBC-10-a (Figure 3-5c), whereas OBC-CB/TPU-12-a is at first 

sight similar but without the phase lag, highlighting its potential for large 

strain applications, taking into account the quasi steady-state behavior. Again 

a higher affinity of CB towards TPU and the selective distribution of most part 

of CB in TPU, even by introducing CB into a TPU-OBC polymer blend in the 

second step (sequence III) is confirmed. As for OBC-CB/TPU-12-a, the 

overall dynamic strain response pattern resembles to that of OBC-CB-20, 

thus, the retention of CB in or close to the OBC domain may be assumed. 

AL and DL/P1 values for the six composites covered in Figure 3-5(c, d) are 

listed in Table 3-4. Compared with the other composites AL of OBC-CB/TPU-

12-a is much higher (value of ca. 4) and DL/P1 is the lowest (75 %). Also the 

strain region presenting a negative strain effect is very small, indicating higher 



CHAPTER 3  REGULATING CONDUCTIVE NETWORK STRUCTURE  

 

 

 

139 

sensitivity, less hysteresis and the least sensitivity decrease under dynamic 

conditions. The different dynamic sensing behavior should be attributed to an 

optimal variation of the conductive network configuration and local 

conductive particle contact. Hence, by controlling the CB mass fraction and 

selecting the good blending sequence/matrix both low and high strain sensors 

can be targeted. 

Table 3-4: The recovery ratio (DL/P1) and amplitude of relative change of resistance peak (AL) 

during dynamic stretching (20 - 40 %; high strain rates) for the six composites in Figure 3-5(c, 

d; OBC-CB/TPU-12-a has the best performance for high strain rates. 

 TPU-

CB-20 

OBC-

CB-20 

TPU-

CB/OBC

-10-a 

TPU-

CB/OBC 

-12-a 

OBC-

CB/TPU

-12-a 

TPU-

OBC/CB 

-12-a 

DL/P

1 
225 % 79 % 97 % 109 % 75 % 126 % 

AL 0.12 1.12 0.92 0.15 4.01 0.12 

Finally, the dynamic strain sensing ability of binary composites with filler 

content near the percolation threshold (TPU-CB-18-a and OBC-CB-18-a) was 

also investigated to see the advantage of ternary composites. As shown in 

Figure A1-6a in Appendix A, OBC-CB-18-a offers higher relative resistance 

change under static conditions than others at a given strain, which should be 

ascribed to its sparser conductive network configuration that is quite easily to 

be destroyed. Due to the highest sensitivity, this ternary composite was chosen 

for detailed dynamic testing. As seen in Figure A1-6b, a great fluctuation with 

‘shoulder peaks’ however appeared in the dynamic sensing pattern, showing 

bad stability for dynamic monitoring. Hence, CB amounts lower than the 

percolation threshold of binary combinations are unsuited and low amounts as 

in OBC-CB/TPU-10/12-a are the most optimal (see also summary Table A1-

5 in Appendix A). 

3. 3. 3. Effect of blend composition on morphology 

As explained based on the SEM images in Figure 3-6, a uniform dispersion of 

CB is achieved for the binary composites, with no significant large 
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agglomerates. More specifically, TPU-CB-20 (Figure 3-6: (a) and (b)) 

possesses evenly dispersed tiny CB aggregates, while much more and larger 

sized CB aggregates are revealed in OBC-CB-20 (Figure 3-6: (c) and (d)). The 

latter reflects a more disordered conductive network structure with a wider 

range of distances between CB aggregates, which implies a wider distribution 

of tunneling resistances, consistent with the somewhat higher percolation 

threshold in Figure 3-1a. 

 

Figure 3-6: SEM images with different magnifications of fractured surface of unannealed 

binary composites (a and b) TPU-CB-20 and (c and d) OBC-CB-20. 

The SEM images for the ternary composites are covered in Figure 3-7, making 

a distinction between cases with no annealing and annealing. Focus is on the 

effect of the mixing sequences, selecting again TPU-CB/OBC-12(-a) 

(sequence I), OBC-CB/TPU-12(-a) (sequence II), and TPU-OBC/CB-12(-a) 

(sequence III). Phase-separated structures with visible interfacial regions are 

shown owing to the incompatibility of TPU and OBC. The unannealed TPU-

CB/OBC-12 and OBC-CB/TPU-12 exhibit the typical feature of a co-

continuous structure, i.e. interconnected domains of irregular shape (Figure 3-
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7(a, d)). For TPU-CB/OBC-12 (Figure 3-7a), the phase continuity is not 

perfectly fine as some separate TPU-CB domains could be observed. CB 

aggregates are mainly distributed in the TPU phase which is ascribed to the 

combined thermodynamic (higher affinity) and kinetic (premixed with TPU) 

factors. Also, it should be noted that clear and smooth interfaces between the 

components are presented, indicating relatively poor interfacial adhesion, 

which contributes to the lower elongation at break (see Figure A1-3 in 

Appendix A). As for OBC-CB/TPU-12 (Figure 3-7d), the interface is much 

less obvious than that of TPU-CB/OBC-12, suggesting that the interfacial 

adhesion between the two phases is increased in the presence of CB. The 

compatibilizing effect of CB has also been observed in some other CB filled 

immiscible polymer blends [44, 63, 64]. A minor fraction of CB is located at 

the interface, which makes contribution to the verification of two phases. 

During the preparation of OBC-CB/TPU-12 in the second step, CB 

thermodynamically prefers to migrate from the OBC phase to TPU phase 

(higher affinity), while the larger CB aggregates in OBC are likely to be 

trapped at the interface region [44, 56]. It can also be seen that the majority 

fraction of CB is distributed in the OBC phase. The configuration of the CB 

distribution in OBC-CB/TPU-12 is much sparser and the size of CB 

agglomerates is larger than that in TPU-CB/OBC-12. TPU-OBC/CB-12 

(Figure 3-7g), however, shows a typical sea-island structure, where discrete 

OBC spherical domains of around 1 µm are uniformly dispersed in the TPU 

matrix, which is related to the change of polymer volume fraction and 

viscosity [44]. CB is mainly distributed in the bulky TPU phase away from 

the interface and a tiny fraction of CB is located at the side of the interface 

region. The results agree well with the theoretical predictions, confirming 

higher affinity and interaction between CB and TPU. The average size of the 

agglomerates of TPU-OBC/CB-12 is also the smallest among the three ternary 

composites. 
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Figure 3-7: SEM images of fractured surface for ternary composites (different mixing 

sequences and with(out) annealing (a) TPU-CB/OBC-12; (b) TPU-CB/OBC-12-a; (d) OBC-

CB/TPU-12; (e) OBC-CB/TPU-12-a; (g) TPU-OBC/CB-12; and (h, i) TPU-OBC/CB-12-a; (c), 

(f) and (i) are micrographs of local magnification of (b), (e) and (h); corresponding TEM results 

in Figure 3-8. 
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Figure 3-7: Continued. 

With annealing a finer co-continuous structure is illustrated for TPU-

CB/OBC-12-a (Figure 3-7b). This indicates the fusion of separate TPU-CB 

domains during the annealing process, which can be attributed to the driving 

force originating from the CB self-networking capability [65] and the 

reduction in effective interfacial tension [27, 30, 44]. CB is also embedded in 

the TPU phase with no obvious changes in distribution after annealing (Figure 

3-7(b, c)), as the total amount of CB is first pre-mixed with TPU. It has a 

greater affinity toward TPU, which restricts the migration toward OBC in the 

course of the second compounding step and the later post-annealing 

procedure. Overall, the co-continuous phase structure is improved, and thus 

the conductive network continuity, with the homogeneously distributed CB in 

TPU phase undergoing further agglomeration during the annealing process. 

The above reasons give rise to the significant increase in conductivity after 

annealing (Figure 3-1b). Furthermore, Figure 3-7(h, i) show that TPU-

OBC/CB-12-a exhibits the most pronounced phase coalescence after 

annealing, showing larger discrete OBC domains of several micron sizes in 
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the TPU matrix CB particles retain in the continuous TPU phase. This causes 

the similar trend of resistivity change for TPU-OBC/CB-12-a and TPU-

CB/OBC-12-a (see Figure A1-3i), showing the intrinsic characteristic sensing 

performance of TPU-CB composites. It should although be noted that the 

configuration assembled by CB particles in this composite is much less 

compact, which results in the higher strain sensitivity and lower conductivity 

among the three different ternary composites with same CB content (Figure 

3-2b). 

For OBC-CB/TPU-12-a (Figure 3-7(e, f)), the phase continuity is not quite 

distinct in comparison with the initial morphology shown in Figure 3-7d. 

However, a large number of CB particles obviously locates at the interface 

region after annealing, which contributes greatly to the formation of more 

complete and continuous conductive pathways, leading to the dramatic 

enhancement in conductivity (Figure 3-1b). Besides, the CB aggregates size 

and the distribution of distance between inter-particles are apparently larger 

than those of TPU-CB/OBC-12-a. The observed morphology originates from 

the thermodynamic driving force for CB migration from OBC to TPU, and 

locating of CB at the blend interface to minimize the system’s free energy [27, 

56]. Hence, a more “brittle” conductive network is constructed for OBC-

CB/TPU-12-a, and the tunneling distances undergo a faster increase upon 

stretching, which contributes to the higher strain sensitivity for this ternary 

composite (cf. Figure 3-4 and 3-5).  

The latter statement is supported by additional analysis, including SEM 

analysis after selective extraction of OBC or TPU phase (Section 1.2.8 in 

Appendix A), rheological measurements (Section 1.2.9 in Appendix A), and 

TEM analysis (Figure 3-8). A two-phase structure with the majority of CB 

particles (displayed as black spots) preferentially enriched in one phase can 

be observed for as-prepared TPU-CB/OBC-12 (Figure 3-8a) and OBC-

CB/TPU-12 (Figure 3-8c), which is in agreement with the SEM results. A 
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somewhat larger and less uniform dispersion of CB aggregates is observed in 

OBC-CB/TPU-12, which contributes to a more disordered conductive 

network. After annealing, clear and smooth interfaces between the 

components can be seen, which indicates a modification of the interfacial 

adhesion. It is also observed that clusters and considerably larger 

agglomerates of CB in TPU phase far away from the interface are formed for 

TPU-CB/OBC-12-a (Figure 3-8b). For OBC-CB/TPU-12-a (Figure 3-8d), a 

major fraction of CB aggregates is located in the OBC bulky phase and the 

OBC side of the interface region to form interconnected agglomerates. 

Compared with OBC-CB/TPU-12 (Figure 3-8c), the amount and the 

accumulation of CB at the interfacial region is especially obvious. A quite 

minor fraction of CB aggregates with much smaller size is also observed in 

the TPU side close to the interface region. The above two observations 

indicate the occurrence of second agglomeration and migration of CB. 

 

Figure 3-8: Corresponding TEM images of Figure 3-7. (a) TPU-CB/OBC-12; (b) TPU-

CB/OBC-12-a; (c) OBC-CB/TPU-12; (d) OBC-CB/TPU-12-a. 
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3. 3. 4. Combined experimental and theoretical analysis 

Based on the experimental and theoretical analyses (Figure 3-(1-8)), a 

graphical representation of the morphology evolution under stretching for 

both the optimal binary and ternary (annealed) composites is put forward to 

indicate the network formation and mechanism more clearly. As shown in 

Figure 3-9, the CB conductive networks are generally destroyed to some 

extent with the loss of CB contacts and the increase of inter-particle distances 

(left vs right), as highlighted by red arrows. This results in a net lowering of 

the number of conductive pathways and an increase of the tunneling 

resistance, and consequently, the desired variation of resistance with 

increasing strain. 

For binary composites (Figure 3-9a), a randomly dispersed CB conductive 

network is obtained and a high filler content (20 m%) is needed to obtain a 

desirable conductivity, giving although a lower strain sensitivity. Their 

conductive network is more perfect and is difficult to be truly destructed as 

additional conductive pathways are possible under a certain range of strain. 

Compared with ternary composites, this effect results in a lower resistance 

variation at the same strain and explains the non-monotonic strain sensing 

behavior.  
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Figure 3-9: Graphical representation of the network morphology evolution for (a) binary 

TPU/OBC-CB composites; (b) TPU-CB/OBC-a ternary composites, and (c) OBC-CB/TPU-a 

ternary composites; these representations follow from the combined experimental and 

theoretical analyses in Figure 3-(1-7); high (total) mass CB concentration in (a); lower ones 

in (b) and (c) with annealing; annealing effect for ternary composites is shown in Figure A1-9 

in Appendix A. 

 

With CB selectively distributed in a continuous thermodynamic preferable 

phase (TPU) and with annealing (Figure 3-9b; effect of annealing as such in 

Figure A1-10 in Appendix A), secondary agglomeration of CB aggregates 

happens for ternary composites. This leads to a more compact conductive 

network, which allows an increase of the initial conductivity. Similar to the 

binary composites, a decrease of the conductive pathways and an increase of 

inter-particle distance contributes to the increase of resistance under 

stretching. However, the effect of the additional conductive pathways 

formation is weaker due to the initial concentrated CB dispersion structure. 
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Higher sensitivity is therefore achieved and a lower CB content (12 m%) 

further weakens the formation of additional conductive pathways, leading to 

a (quasi-)monotonic sensing behavior. 

With CB first dispersed in the continuous thermodynamic unfavorable phase 

(OBC) and with annealing treatment (Figure 3-9c), accumulation of CB 

occurs at the interfacial region due to the migration and agglomeration. This 

makes the network less compact so that a “brittle” conductive network is 

obtained, which leads to an easier destroy of local contacts and a sharper 

increase in tunneling resistance. Hence, by considering the most suited mixing 

sequence, the correct CB amount and annealing a very high strain sensitivity 

and a monotonic electro-mechanical responses can be realized with a facile 

processing procedure. 

3. 4. CONCLUSIONS 

Optimal blend compositions and procedures have been determined using a 

simple extrusion manufacturing technique for binary and ternary composites 

based on CB particles, TPU and/or OBC aiming at excellent low and high 

strain sensing. Based on resistance, microscopical, and rheological 

measurements, and supported by theoretical analysis, it is demonstrated that 

ternary composites are preferred. More in detail, OBC-CB/TPU is a promising 

ternary composite, with (static) GF values of 64 at low strain (0 - 3 %) and 1.4 

× 104 at 25 % strain for OBC-CB/TPU-10-a, and values of 15.6 at low strain 

(0 - 15 %) and 4.2 ×104 at 85 % strain for OBC-CB/TPU-12-a, and values of 

9.1 at low strain (0 - 4 %) and 2.3 × 103 at high strain (190 %) for OBC-

CB/TPU-16-a. Cyclic testing indicated OBC-CB/TPU-10-a as the most 

promising for low strains and OBC-CB/TPU-12-a the most promising for high 

strain loadings. 

For binary composites, high CB mass fractions (20 m%) need to be utilized 

for a maximal sensing performance. As a consequence, the network structure 
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is more compact and a more perfect interconnected conductive network 

structure is obtained, leading to a moderate sensitivity and only a quasi-

monotonic resistance-strain behavior, provided that annealing is considered. 

For ternary composites, the compounding sequence significantly influences 

the phase morphology and the CB distribution, and therefore the sensing 

behavior. For sufficiently low CB amounts (10 - 16 m%), annealing 

accelerates the structure evolution of the conductive networks approaching an 

equilibrium state as a consequence of self-assembly of CB particles and a 

thermodynamic driving force of including CB in TPU. For TPU-CB/OBC, the 

increase in initial conductivity after annealing is mainly attributed to the 

formation of new conductive pathways originating from CB agglomeration in 

the TPU phase, and CB migration as well as agglomeration for OBC-CB/TPU. 

For OBC-CB/TPU, enrichment of CB in OBC at the first mixing step and 

post-annealing results in a less compact and “brittle” conductive network. 

Such network is more easily destroyed, resulting in a rapid increase in the 

tunneling distance and a loss of conductive pathways under stretching, which 

is crucial for a higher strain sensitivity. A monotonic strain sensing behavior 

can even be achieved, if the total CB content (10 and 12 m%) is sufficiently 

below the percolation threshold of the corresponding binary combinations. 

The present work, thus, highlights the potential of more simple manufacturing 

techniques for CPC sensor applications and opens the pathway to the 

industrialization of such sensors, provided that the suited blending 

composition and procedure is followed. It can further be expected that an 

optimization of the filler and polymer types also contributes to a better sensing 

behavior, which work under current investigation by the authors. 
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Chapter 4  

DESIGNING FORMULATION VARIABLES FOR 

EXTRUSION BASED MANUFACTURING OF 

CARBON BLACK CONDUCTIVE POLYMER 

COMPOSITES FOR PIEZORESISTIVE SENSING  

In this chapter, highly sensitive conductive polymer composites for 

piezoresisitve sensing are developed by a design of the formulation 

variables of extrusion-based manufacturing (filler type/amount, 

polymer amount) and annealing (a) treatment, considering 

thermoplastic polyurethane (TPU) and/or olefin block copolymer 

(OBC) as polymer matrix and carbon black (CB) as conductive filler. 

With ternary composites - based on a CB type with stronger filler-

matrix interactions and an appropriate OBC/TPU blend mass ratio 

(40/60 with CB amount of 5 - 10 m%; 50/50 with CB amount of 10 m%), 

the challenging region of both high sensitivity and static strain 

(maximal gauge factors (GFmax) > 50 and εmax > 100 %) can be 

realized: GFmax > 104 and εmax = 20 - 240 %. OBC binary composites 

with a high CB2 amount (e.g. 15 m%) are however needed for ultrahigh 

static strains (εmax > 600 %). Well-designed ternary composites (e.g. 

OBC40-CB/TPU60-7-a and OBC30-CB/TPU70-7-a) possess a large 

dynamic resistance change, negligible hysteresis and high stability and 

display strain sensor application potential. Highly CB2 loaded binary 

(≥ 12 m%) and ternary composites (10 m%) exhibit a more obvious 

strain-dependent dynamic hysteretic behavior, as they switch from a 

dual peak to single peak pattern toward the sensing strain limit, which 

is interesting for self-diagnose.  
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4. 1. INTRODUCTION 

Flexible and stretchable sensors have been widely investigated due to their 

tremendous potential for wearable electronics, including healthcare 

monitoring, electronic skin, human-machine interfaces, and soft robotics [1, 

2]. Piezoresistive sensors are among the most relevant ones owing to their 

relatively low cost, high sensitivity, and easy construction and measurement 

[3]. They are much more flexible than semiconductors [4] and their sensitivity 

is considerably higher than commercial metallic foils [3]. Such sensitivity 

differences can be identified from comparing the gauge factor (GF) under 

static strain conditions, which is defined as the ratio of the relative resistance 

change (ΔR/R0) and the applied mechanical strain (ɛ) [1]: 

 GF = (∆𝑅 𝑅0)⁄ ɛ⁄                          Equation 4-1                                                                                                

Many efforts are still underway to develop new piezoresistive sensors or to 

improve the sensing performance of existing sensors. Two main strategies 

exist, i.e. (i) structural-engineered assembling with a supporting substrate and 

a functional sensing component [5-7] and (ii) conductive polymer composite 

(CPC) construction with polymeric elastomers as stretchable scaffolds [3, 8, 

9] and carbonaceous materials [2, 9-12] or metallic particles [13] as fillers, or 

with molecular design to achieve stretchable intrinsically conductive 

conjugated polymers [14, 15]. Despite encouraging progress in the field of 

structural engineering [5, 6], advanced technologies and elaborated process 

control are needed to ensure reproducibly, precision, and scalability [16]. This 

implies time-consuming processes and at most an intermediate level of cost-

effectiveness. In contrast, CPC production is typically characterized by easy 

processing and a high cost-effectiveness. For these materials, a lower filler 

content can strongly reduce the conductive path so that a large resistance 

change upon mechanical deformation can be obtained, especially around the 

percolation threshold [13]. Nevertheless, issues such as a too high initial 

resistance, which may trigger noisy electrical signals and serious 
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instrumentation drawbacks [2], large deviation of GF values, and resistance 

fluctuation [13] have been reported. Hence, the further enhancement of the 

CPC sensitivity without sacrificing the strain detection range and the 

establishment of a good initial conductivity are still challenges [9, 17, 18]. 

Essentially, it is still required to improve the CPC filler efficiency by delicate 

control of an initial well-defined conductive network structure facilitating 

more effective disconnection between filler junctions under stretching and, 

thus, a subtle but sufficient variation of the tunneling resistance to yield higher 

sensitivity [9, 19-22]. 

In a recent study of our group [23] (Chapter 3), it has been highlighted that 

carbon black (CB) based CPCs with thermoplastic polyurethane (TPU) and/or 

olefin block copolymer (OBC) as polymer matrix are promising to resolve 

some of the aforementioned CPC manufacturing issues. Maximal GF (GFmax) 

values between 1.4 × 104 and 2.3 × 103 could be obtained with ternary 

(annealed) OBC-CB/TPU composites, with associated maximal strains (εmax) 

between 25 and 190 % employing only a facile and low-cost extrusion-based 

manufacturing process. The reported (εmax, GFmax) are very similar to the 

optimal ones considering the more complex structural engineering strategy 

and even allow to a certain degree to access the challenging combination of a 

high GF (≥ 50) in the high strain range (≥ 100 %) [1]. However, with the CB 

employed in [23] (ENSACO 250G; CB1), hysteresis under dynamic loading 

can still exist, even with a very dedicated regulation of the CB1 mass fraction 

and the blending sequence in case ternary composites are targeted [23].  

Hysteresis is generally attributed to the viscoelastic nature of the polymer 

matrix and the imperfect recovery of conduction paths by the ubiquitous 

friction between fillers and polymer molecules, and weak interfacial binding 

[1, 24, 25]. It is likely that the CB type, although less studied, is a critical 

parameter to control the hysteresis degree, as it can alter the dynamic self-

assembly in the polymer melt [26], the continuous morphology formulation in 
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the polymer blend [27], the stability of the pre-formed conductive network 

[26], and the interfacial properties of CB/elastomer composites [28]. Hence, 

systematic experimental research clarifying the relation between composites 

formulation variables and the microstructural origin and interaction difference 

is worthwhile as it can provide guidance for materials selection and support 

the development of more high-performance sensors considering 

straightforward processing techniques.  

In the present work, such systematic research is conducted focusing on the 

extrusion-based manufacturing of CPC filaments with OBC and/or TPU, and 

a variation of the CB type and amount. A differentiation is made between 

results recorded under static and dynamic conditions. It is shown that a careful 

design of the formulation variables allows regulating the sensing behavior 

efficiently and, hence, extrusion-based CPC production with CB has genuine 

potential for sensor applications. 

4. 2 EXPERIMENTAL PROCEDURES AND ANALYSIS 

Materials 

For the polymer matrix, focus was on two thermoplastic elastomers: (i) 

polyether based TPU (Desmopan 9395AU, Covestro CO., Ltd.) and (ii) OBC 

(INFUSE 9530, Dow Chemical Co.; see more details in Section 2.1.1 in 

Appendix B). Two types of CB, i.e. CB1 (ENSACO 250G, IMERYS Graphite 

& Carbon) and CB2 (Printex XE-2B, NECARBO BV) were employed as 

conductive fillers, the latter exhibiting a much higher surface area. Their 

characteristics are listed in Table A2-1. An overview of all investigated binary 

and ternary composites, including the sample preparation and analysis details 

is provided in Appendix B. A binary composite is denoted as OBC-CBx-y or 

TPU-CBx-y, in which x and y represent the type of CB (1 or 2) and the mass 

fraction of CB. The conventional ternary composites are denoted as OBCz-

CBx/TPUw-y, in which x and y represent the CB type and content, and z/w 
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indicates the mass ratio of OBC and TPU. Hybrids (both CB1 and CB2 with 

equal mass fraction) are designated by OBC-hybrid CB/TPU. The diameter of 

CB2 and hybrid based filaments is around 1.6 mm, which is similar to the CB1 

based filaments in [23]. The suffix “-a” highlights annealing. 

Thermogravimetric analysis results are provided in Figure A2-1 and Table 

A2-4. 

More detailed information related to characterization techniques: resistance 

measurement, scanning electron microscopy and transmission electron 

microscopy is illustrated in section 2.1 in Appendix B. 

4. 3. RESULTS AND DISCUSSIONS 

4. 3. 1. Identification of optimal binary composites under static 

conditions 

Figure 4-1a shows the typical curves for the fractional electrical resistance 

(ΔR/R0) as a function of ε for TPU-CB2 binary composites with a CB2 content 

varying from 10 to 15 m% (figure with OBC; Figure A2-4 in Appendix B). 

The fractional resistances rise monotonically and nonlinearly, especially 

displaying higher rates of resistance change under larger strain in an 

exponential way. In agreement with our previous work on CB1 with the same 

polymer matrices [23], the fractional resistance change is stronger with 

decreasing CB2 fraction, reflecting a resistance variation close to the electrical 

percolation threshold [13] (Figure A2-2 and Table A2-5 in Appendix B).  
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Figure 4-1: Effect of (a) CB2 mass fraction (TPU; with OBC: Figure A2-4); (b) polymer type; 

(c) annealing; and (d) carbon black type on the piezoresistive behavior of binary composites; 

atypical regions I, II, and III with CB1 indicated in lower graph in (d). 
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Figure 4-1: Continued. 
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The effect of the polymer matrix type is presented in Figure 4-1b. It follows 

that the relative resistance changes of TPU based binary composites increase 

more rapidly than that of OBC based binary composites for the same filler 

content. This is consistent with the thermodynamic favoring of CB-TPU over 

CB-OBC interactions [23]. Furthermore, it follows that with different initial 

conductivities (Figure A2-2b in Appendix B) different critical extension 

ranges are obtained (Table A2-6 in Appendix B). With the same CB2 amount, 

TPU-CB2 exhibits a higher piezoresistive response but a lower initial 

conductivity, for example TPU-CB2-10 (0.01 S m-1; εmax = 21 %) vs. OBC-

CB2-10 (0.15 S m-1; εmax = 40 %).  

The relevance of annealing is investigated in Figure 4-1c focusing on the TPU 

matrix with a CB2 mass fraction of 10 and 15 % (similar for OBC; Figure A2-

4 in Appendix B). It follows that initially after annealing no resistance change 

results for the high filler loading sample (15 m%), as identical variations for 

TPU-CB2-15 and TPU-CB2-15-a are observed until a strain of ∼20 %. 

Subsequently, ΔR/R0 rises slightly after annealing (lower graph). Finally, a 

severe reduction of stretchability is seen for TPU-CB2-15-a (Figure A2-6a in 

Appendix B). The TPU main chain may undergo decomposition during 

annealing process [29]. The microphase separation becomes more obvious 

with the formation of larger and more ordered hard microdomain structures 

after annealing treatment (verified from the DSC results illustrated in Figure 

A2-7a in Appendix B), which also contributes to the deterioration of the 

stretchability [29]. Besides, the high amount CB presence in both hard and 

soft regions of TPU and the annealing induced agglomeration contribute to 

lower uniformability and a much denser and stiffer CB network. The non-

relaxing character of the solid particles (here CB) restricts polymer chains 

mobility [30]. This leads to harder composites for which mechanical fracture 

can occur at lower strains [31]. Therefore, annealing is not recommended for 

CB2 based binary composites with a high filler content. In contrast, for the 
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lower filler content sample (10 m%), the critical sensing regime is increased 

with annealing, while ΔR/R0 decreases at the same strain. Note that the 

electrical signal of TPU-CB2-10(-a) is not that stable, showing noticeable 

noise (resistance fluctuation), due to the relative low initial conductivity. 

Hence, despite the more positive effect of annealing regarding conductivity 

improvement for composites with a filler amount closer to the percolation 

threshold (e.g. TPU-CB2-8-a in Figure A2-2b in Appendix B), it is not 

straightforward to gain both a more sensitive and stable sensing signal by 

further reducing the filler content and by performing annealing to obtain a 

measurable initial conductivity.  

Figure 4-1d highlights the effect of CB type for selecting binary composites 

with similar initial conductivity. It follows that a quasi-monotonic resistance 

rise over the full range is obtained for CB2 based composites, showing better 

electro-mechanical consistency and lower mobility of CB2, while an 

unconventional three-regime variation of ΔR/R0 versus strain (lower graph in 

Figure 4-1d) is observed for CB1 based composites [23, 32]. There is almost 

no difference in the resistance change for TPU-CB1-20 (0.13 S m-1), OBC-

CB1-20 (0.11 S m-1), and OBC-CB2-10 (0.15 S m-1) before the strain of ∼4 %, 

while TPU-CB2-10 shows a much steeper resistance increase due to its lower 

initial conductivity (0.01 S m-1; Figure A2-2b in Appendix B). Instead of a 

moderate resistance decreasing regime (4 - 17 % strain), a more rapid increase 

in resistance is exhibited for CB2 based binary composites in the subsequent 

stretching, indicating higher sensitivity but lower stretchability (Table A2-6 

in Appendix B). This can be attributed to the more pronounced polymer-

particle interactions due to the considerably higher CB2 surface area [33] 

(Table A2-1 in Appendix B). 
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4. 3. 2. Identification of optimal ternary composites under static 

conditions 

Previous research [23, 34, 35] has indicated that ternary composites are 

characterized by additional flexibility toward diverse phase structures, 

including the phase sizes and shape, and the variation of interfacial properties. 

Figure 4-2a presents the piezoresistive responses of OBC50-CB2/TPU50-10 

prior to and after annealing. It is observed that OBC50-CB2/TPU50-10 and 

OBC50-CB2/TPU50-10-a exhibit at first sight a similar nonlinear increase in 

resistance upon extension. OBC50-CB2/TPU50-10-a, however, exhibits a 

higher ΔR/R0 at any strain before breaking at around 93 % strain, illustrating 

enhancement in conductivity (Figure A2-3 in Appendix B) and sensitivity 

albeit with reduced mechanical rupture (Figure A2-6d in Appendix B). For 

clarity, the critical extension ranges of all ternary composites are listed in 

Table A2-7 in Appendix B.  
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Figure 4-2: Effect of (a) CB2 mass fraction; (b) annealing; (c) mass ratio OBC/TPU; and (d) 

CB type on the piezoresistive behavior of ternary composites.  
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Figure 4-2: Continued.  
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In Figure 4-2b, a further comparison is made for OBC50-CB2/TPU50-a by 

lowering the CB2 content from 10 to 5 m%. Similar to the binary composites, 

all samples demonstrate a definitive trend, in which ΔR/R0 increases 

monotonically and the rate is exponentially strain-dependent. There is no 

significant difference of ΔR/R0 until ∼5 % strain, after which OBC50-

CB2/TPU50-5-a exhibits the highest ΔR/R0 over its following extension range 

(5 - 20 % strain). ΔR/R0 maintains almost the same until the strain of ∼20 % 

for OBC50-CB2/TPU50-10-a and OBC50-CB2/TPU50-7-a, and then increases 

more rapidly for the latter. In agreement with previous work (CB1; no 

annealing; [23]), OBC50-CB2/TPU50 with only relatively high filler mass 

fractions (10 m%; no annealing) is conductive or measureable for 

piezoresistive behavior (Figure A2-3 in Appendix B). This is due to the 

breakdown of the network formed within the first filler blending step due to 

shearing in the second step, filler transfer, or the slow rate for equilibrium for 

network formation within the short melt blending time if the CB content is too 

low [34, 36].  

The conductive pathway in nanoparticle filled polymer blends is mainly 

determined by the concentration of the filler in its enriched phase and the 

continuity of the filler phase selected. Therefore, the influence of the phase 

morphology has also been examined by comparing the results for the 50/50 

OBC/TPU (mass) ratio and the results with other ratios, namely 40/60 and 

30/70. This is illustrated in Figure 4-2c with a CB2 mass fraction of 10 % (no 

annealing). It can be seen that ΔR/R0 increases according to OBC30-

CB2/TPU70-10 (0.25 S m-1, Figure A2-3 and Table A2-7 in Appendix B) > 

OBC40-CB2/TPU60-10 (1.0 S m-1) > OBC50-CB2/TPU50-10 (1.93 S m-1) after a 

strain around 35 %. This observation is consistent with the initial conductivity 

order, highlighting the relevance of this material parameter. SEM images 

(Figure 4-3: (a)-(c)) and TEM images (Figure A2-13: (b, d, e) in Appendix B) 

illustrate that for OBC30-CB2/TPU70-10 the morphology is less uniform with 
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more agglomerated regions and less CB2 filled regions in the TPU phase. This 

results in a lower bulk conductivity and an easier collapse of the conductive 

network under stretching. 

 

Figure 4-3: SEM images of (a) OBC50-CB2/TPU50-10; (b) OBC40-CB2/TPU40-10; (c) OBC30-

CB2/TPU70-10; (d) OBC50-CB1/TPU50-10-a and (e) OBC50-hybrid CB/TPU50-10. These images 

are also included in Figure A2-12 in Appendix B for more detailed discussion. 

 

Due to a different self-networking capability of CB with different 

characteristics, altered electric properties and deformation responses are 

expected upon a variation of the filler type [27]. Hence, the piezoresistive 

behavior of OBC50-CB1/TPU50-10-a (0.05 S m-1) from our previous work 

(OBC50-CB1/TPU50-10 non-conductive) [23] was compared with OBC50-
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CB2/TPU50-10 (1.93 S m-1; Figure A2-2b in Appendix B) and OBC50-hybrid 

CB/TPU50-10 (0.24 S m-1), with the results depicted in Figure 4-2d. Note that 

for the hybrid both CB types have the same mass ratio (5 m%). It follows that 

ΔR/R0 of OBC50-CB1/TPU50-10-a increases much faster than the ΔR/R0 of 

OBC50-CB2/TPU50-10, with OBC50-hybrid CB/TPU50-10 reflecting an 

intermediate behavior after a strain around 20 %. These results indicate that a 

tunable piezoresistive behavior with a relatively low filler loading  (e.g.           

10 m%) can also be obtained by considering two CB types instead of one. The 

associated SEM images are illustrated in Figure 4-3(a, d, e) and the TEM 

images are given in Figure A2-13: (a)-(c) in Appendix B.  

A natural question that arises is the identification of the dominant formulation 

variables in Figure 4-2. The effect of the CB2 content on the sensing 

performance of ternary composites with different polymer blend ratios is 

therefore further investigated. Figure A2-5 in Appendix B depicts the 

piezoresistive behavior of OBC40-CB2/TPU60(-a) and OBC30-CB2/TPU70(-a) 

with CB2 mass fraction of 5, 7 and 10 m%. The general increasing trend of 

ΔR/R0 against strain for the series of OBC40-CB2/TPU60(-a) and OBC30-

CB2/TPU70(-a) resembles that of OBC50-CB2/TPU50(-a) but displays a distinct 

strain monitoring limit (Table A2-7 in Appendix B). In agreement with the 

results in Figure 4-2a, the ΔR/R0 values of OBC40-CB2/TPU60-10-a and OBC30-

CB2/TPU70-10-a are higher than the values of their corresponding unannealed 

samples until a certain strain (∼57 % for OBC40-CB2/TPU60-10-a and∼61 % 

for OBC30-CB2/TPU70-10-a) followed by a further increase but with lower 

raising rate and stretchability (Table A2-7 in Appendix B). This again 

indicates the partial strain-dependent sensitivity enhancement of annealing. 

The resolution of resistance change in the small deformation region is also 

significantly improved by gradually reducing the filler content for OBC40-

CB2/TPU60-a and OBC30-CB2/TPU70-a. 
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4. 3. 3. Comparison of optimal binary and ternary composites under 

static conditions 

To distinguish whether ternary composites are preferred for static electro-

mechanical response variation, CB2 binary and ternary composites with 

comparable initial electrical conductivity have also been compared. As shown 

in Figure 4-4 (grey part; strains ≤ 50 %), with similar initial conductivity, 

ternary composites OBC40-CB2/TPU60-5-a and OBC30-CB2/TPU70-7-a give a 

faster increase in resistance than the binary composites TPU-CB2-10-a and 

OBC-CB2-10. For strains ≥ 50 %, OBC40-CB2/TPU60-7-a (CB2 mass fractions 

< 10 m%; orange part) also provides a higher value of ΔR/R0 than that of the 

initial electrically comparable binary composites TPU-CB2-12-a and OBC-

CB2-12. Hence, higher sensitivity of annealed ternary composites with filler 

amounts below 10 m% results. OBC40-CB2/TPU60-10 (also orange part) 

exhibits a larger strain sensing range but with some lower resistance increase 

rate compared to TPU-CB2-12-a and OBC-CB2-12. For strain monitoring up 

to higher strains, OBC50-CB2/TPU50-10 (pink part) is promising with a sensing 

strain close to 240 %. A lower resistance change however results at the same 

strain (more obviously after large strain of 100 %) than that of initial 

electrically comparable TPU-CB2-15. For very large strains (> 240 %), only 

OBC-CB2 binary composites with a higher filler content are recommended, 

e.g. OBC-CB2-15 (magenta line in Figure 4-4). 
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Figure 4-4: Comparison of ΔR/R0 (in log scale)-strain variation for selected binary and ternary 

composites, including their initial conductivity (Figure A2-1/2; Table A2-6/7 in Appendix B); 

colors relate to similar initial conductivities. 

A further comparison of the piezoresistive behavior is done in Figure 4-5a in 

which the focus is on GFmax (Equation 4-1 at εmax). The complete variations of 

GF as a function of strain are provided in Figure A2-9 in Appendix B. As all 

CB2 based systems show a monotonic trend in resistance increase, only the 

most sensitive and quasi-monotonic CB1 based composites [23] are 

considered. The own data in Figure 4-5a are complemented with 

representative data in the field (black symbols; references see Figure A2-8 in 

Appendix B), with the green box indicating the challenging range of maximal 

GF and strain combinations [1]. Importantly, in the present work the 

challenging range can be accessed and a broad range of GF values can be 

reached by a straightforward variation of process variables (arrows in Figure 

4-5a and 4-5b). For example, with CB2 ternary composites with filler amounts 

from 5 - 10 m% (OBC40-CB2/TPU60-5-a, OBC40-CB2/TPU60-7-a, OBC40-

CB2/TPU60-10, and OBC50-CB2/TPU50-10) excellent sensitivities (GFmax > 

104) can be obtained over a broader strain range (19 - 238 %) compared to 
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TPU-CB2(-a) with filler amounts of 10 - 15 m% and OBC-CB2-(a) with filler 

amounts of 10 - 12 m% (GFmax > 103; strain range 57 - 185 %; similar initial 

conductivity). In addition, by varying the CB1/CB2 mass ratio, more or less the 

same GFmax can be maintained and, hence, a more or less parallel movement 

to the strain axis is possible. Furthermore, OBC-CB2 (> 12 m%) binary 

composites (e.g. OBC-CB2-15) are recommended for a very high GFmax       

(9.4 × 104) and strain (625 %). 
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Figure 4-5: (a) Further comparison based on maximum GF at maximum strain (GF: Equation 

4-1). Also given are literature values (black symbols; plot with explicit references in Figure 
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A2-8 in Appendix B). (b)Magnification of the part within the red solid line frame in (a). For the 

variation of GF as a function of strain (see Figure A2-9 in Appendix B); arrows represent 

studied formulation variables and annealing treatment in Figure 4-1and 4-2). 

4. 3. 4. Comparison of optimal binary and ternary composites under 

dynamic conditions 

The sensor capability is further evaluated based on cyclic stretching/releasing 

measurements for several samples that have potential based on static testing, 

making a distinction between small and large strains. For small strain 

monitoring, the time-dependent ΔR/R0 responses within 0 - 2 % strain for 

TPU-CB2-10, OBC-CB2-10, OBC40-CB2/TPU60-5-a, OBC30-CB2/TPU70-5-a, 

and OBC50-CB1/TPU50-10-a [23] are shown in Figure 4-6. A dual-peak ΔR/R0-

time curve in an individual stretching/releasing cycle is generally 

demonstrated, especially for the binary ones. The main peak is assigned as the 

ΔR/R0 at the maximum extension in the positive strain effect regime, in which 

ΔR/R0 increases with increasing strain and vice versa, while the shoulder peak 

is assigned to the releasing stage. Each succeeding cycle produces a regular 

continuous decrease of the ΔR/R0 peak. This decrease is more pronounced 

during the first cycles and followed by a slower decrease or an almost 

equilibrium-like value at higher times. This implies that the effective numbers 

of conductive pathways is increased due to the mobility and alignment of CB 

aggregates along the stretching direction and a stable conductive network is 

established after a certain time of periodic stretching [37].  
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Figure 4-6: (a) ΔR/R0 variation for selected CB2 based binary and ternary composites under 

cyclic stretching/releasing testing at the strain range of 0 - 2 % (100 cycles); (b) part 

magnification of (a). 

 

For a better comparison of the selected CB2 based composites, the 

attenuation of sensitivity (defined as the ratio between the decreases of the 

peak values at the last cycle (DL) and the maximal values of ΔR/R0 of the 

first cycle (P1); top Figure 4-6a) and the ΔR/R0 amplitude of the last cycle 

(AL) are listed in Table 4-1 (first four entries). The degree of the shoulder 

peak related to the hysteretic behavior is characterized by ALs/AL (ALs is 

defined as the ΔR/R0 amplitude of the shoulder peak of the last cycle; top 

Figure 4-6a) is also summarized in Table 4-1. The ternary composites 

OBC40-CB2/TPU60-5-a and OBC30-CB2/TPU70-5-a exhibit a lower degree of 

sensitivity attenuation and hysteresis than the binary ones, showing better 

stability and electro-mechanical consistency. TPU-CB2-10 (Table A2-6 in 

Appendix B) and OBC30-CB2/TPU70-5-a (Table A2-7 in Appendix B) with 

similar initial conductivity give a higher AL, which is due to their lower 
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initial conductivity compared to the other two samples. Despite the largest 

AL value, TPU-CB2-10 shows a less stable electrical signal in analogy to the 

static test results. On an overall basis, OBC30-CB2/TPU70-5-a possesses a 

better balanced dynamic small strain sensing performance, including better 

stability, lower hysteresis, and relatively high dynamic sensitivity. However, 

if the filler amount is less critical, OBC50-CB1/TPU50-10-a also shows large 

potential.  

Table 4-1: For the strain range 0 - 2 % (top part) / 20 - 40 % (bottom part), the recovery 

ratio (DL/P1), amplitude of relative change of resistance peak (AL), and the hysteretic 

behavior (ALs/AL) during dynamic stretching for selected samples in Figure 4-6/7 and the best 

ones in reference [23] with CB1; OBC30-CB2/TPU70-5-a and OBC50-CB1/TPU50-10-a are 

preferred for the low strains and OBC40-CB2/TPU60-7-a and OBC30-CB2/TPU70-7-a for the 

large strains; definitions see Figure 4-6; top part; a value for first set of cycles, later on 

increase. 

 DL/P1 AL ALs/AL 

0 - 2 %  

TPU-CB2-10 62 % 0.42 35 % 

OBC-CB2-10 53 % 0.03 43 % 

OBC40-CB2/TPU60-5-a 48 % 0.02 11 % 

OBC30-CB2/TPU70-5-a 23 % 0.11 26 % 

OBC50-CB1/TPU50-10-a 50 % 0.26 < 1 % 

20 - 40 %  

TPU-CB2-12 71 % 2.5 22 % 

OBC-CB2-12 13 % 3.7 7 % 

TPU-CB2-10-a 62 % 7.3 × 10  2 % 

OBC-CB2-10 16 %a 6.5 × 102  < 1 % 

OBC50-CB2/TPU50-10 34 % 1.0 31 % 

OBC50-CB2/TPU50-10-a 36 % 1.4 38 % 

OBC50-hybrid CB/TPU50-10 63 % 1.3 80 % 

OBC50-hybrid CB/TPU50-10-a 55 % 3.5 70 % 

OBC40-CB2/TPU60-7-a 62 % 2.3 × 102  2 % 

OBC30-CB2/TPU70-7-a 70 %  7.3 × 102  < 1 % 
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Table 4-1: Continued. 

TPU-CB1-20 227 % 0.1 155 % 

OBC-CB1-20 83 % 1.0 68 % 

OBC50-CB1/TPU50-12-a 74 % 4.0 39 % 

Figure 4-7 highlights the higher strain range (20 - 40 %) dynamic test results 

for several CB2 based binary and ternary composites. In general, a time 

dependent ΔR/R0 declining pattern followed by a quasi-steady state after 

certain times results. The AL, DL/P1 and ALs/AL values for the composites 

covered in Figure 4-7 are also listed in Table 4-1 (bottom part), complemented 

with the best result from [23] with CB1. It is observed that the CB2 based 

ternary composites express similarly relatively larger sensitivity attenuation 

degrees (DL/P1) as TPU-CB2-10-a, and the value of DL/P1 increases with 

higher TPU content, making this a crucial formulation variable. OBC-CB2-10 

shows an almost comparable AL value as that of OBC30-CB2/TPU70-7-a. 

However, the latter provides better repeatability after the stabilizing effect of 

several runs. OBC40-CB2/TPU60-7-a also shows a much higher AL value than 

TPU-CB2-10-a, illustrating higher dynamic sensitivity. Strong matrix-CB2 

binding enables CB2 to displace faster according to the movement of polymer 

chains [37, 38], in contrast to CB1 based composites (Figure A2-10b in 

Appendix B). Furthermore, slippage of CB inside the matrix that results in the 

reduction of the number of conductive paths under release is less probable 

owing to the stronger binding, minimizing hysteresis. Still the CB amount 

needs to be well chosen. As shown in Appendix B, binary and ternary 

composites with relatively high CB amounts (Figure A2-10a, e.g. TPU-CB2-

12; OBC-CB2-15; OBC50-CB2/TPU50-10(-a); and OBC50-hybrid CB/TPU50-

10(-a)) exhibit hysteresis under the same strain amplitude. 
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Figure 4-7: ΔR/R0 variation for binary and ternary composites (promising candidates from 

static testing) under cyclic stretching/releasing conditions at a strain range of 20 - 40 % (40 

cycles). 

 

More significantly, in Figure 4-7 and Table 4-1 (bottom part), no discernable 

hysteresis (single peak response) is exhibited for OBC-CB2-10 and OBC30-

CB2/TPU70-7-a, and almost negligible hysteresis for TPU-CB2-10-a and 

OBC40-CB2/TPU60-7-a, which can again be ascribed to strong filler-polymer 

interactions. It should be further reminded that the four latter samples hold 

comparable initial conductivity and similar static sensitivity, but the ternary 

composites OBC40-CB2/TPU60-7-a and OBC30-CB2/TPU70-7-a show much 

more comprehensive dynamic sensing performance, i.e. high sensitivity, 

better stability and hysteresis “free” behavior, and are therefore favored.  

With no discernible hysteresis and superior dynamic sensing amplitude, 

OBC40-CB2/TPU60-7-a is considered to intensively investigate the durability 

of ternary combinations under prolonged repetitive strains of 50 % over 100 

cycles. As revealed in Figure 4-8a, after unavoidable reduction of ΔR/R0 peak 
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during the early cycles, a significantly stable resistive pattern is gained. This 

illustrates high durability with a straightforward manufacturing provided that 

the process variables are well-designed. Further investigation on the strain 

amplitude variation (Figure A2-11 in Appendix B) shows that this hysteresis 

strongly depends on the strain level attained, especially with relatively high 

filler content (e.g. TPU(OBC)-CB2-12 (Figure A2-11b and Figure A2-11d); 

OBC-CB2/TPU-10 (Figure A2-11c and Figure A2-11d) in Appendix B). 

Almost consistent behavior with negligible hysteresis (Figure A2-11d in 

Appendix B; one peak behavior) is shown upon stretching to larger strains 

near the sensing limit, whereas before a dual peak pattern is obtained. This 

switch highlights potential for self-diagnosis of conductive network damage 

of these materials. 
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Figure 4-8: (a) ΔR/R0 variation for OBC40-CB2/TPU60-7-a at a strain range of 0 - 50 % (100 

cycles); (b) magnified of (a) for certain cycles at different time intervals.  

 

Morphological analysis (Figure 4-9) of ternary composite using OBC40-

CB2/TPU60-7-a exhibits that a less compact network with CB2 dispersed in 

both interfacial region and parts sparsely filled in TPU phase domains and 

stronger CB2-TPU interaction contribute to the above observed high 
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sensitivity and negligible dynamic hysteresis (Figure 4-4 and Figure 4-7). 

More morphological analysis is referred in section 2.2.9 in Appendix B. 

 

Figure 4-9: (a) SEM and (b)TEM image for OBC40-CB2/TPU60-7-a. 

4. 4. CONCLUSIONS  

The relevance of immiscible polymer blend and process control for extrusion-

based piezoresistive sensing improvement has been successfully 

demonstrated, considering TPU and/or OBC as polymer matrix and CB as 

conductive filler, and CB/polymer amount, CB type as formulation variables, 

and annealing as post treatment for composites. It is shown that a CB type 
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leading to a higher network formability and stronger interaction with the 

matrix, here CB2 vs. CB1, contributes to the establishment of a quasi-

monotonic static response and a hysteresis-less dynamic response. The critical 

contribution of annealing is to promote the conductive network formation in 

ternary composites with lower filler content (CB2 < 10 m%), which exhibit 

higher sensitivity but comparable initial conductivity as those of binary 

composites (CB2 ≥ 10 m%), albeit with a lower strain detection range. The 

change of the OBC/TPU blend ratio allows to significantly alter the initial 

conductivity and, hence, the sensitivity control.  

Importantly, the design of the formulation variables allows to access a broad 

span of challenging combinations of high static εmax and GFmax. Ternary 

composites are preferred up to strains of 240 % as they lead to high sensitivity 

(GFmax > 104). Most interesting are OBC40-CB2/TPU60(-a) with a CB amount 

varying from 5 to 10 m% and OBC50-CB2/TPU50-10 without sacrifice of the 

initial conductivity. An OBC-CB2 binary composite with a high CB amount 

is needed to push εmax to much higher values.  

Both CB2 based binary and ternary composites with relatively low filler 

content provide negligible hysteresis, while ternary composites (e.g. OBC40-

CB2/TPU60-7-a and OBC30-CB2/TPU70-7-a) display better stability, indicating 

better dynamic reproducibility and consistent response and, thus, strain sensor 

application potential. The sensitivity can also be shifted with a CB hybrid 

system, albeit less stable under selected dynamic testing conditions. CB1 based 

composites are preferred for the very small dynamic testing strain sensing 

range, provided that a higher CB amount is not critical. Composites with 

relatively high CB2 amounts display more obvious strain-dependent hysteretic 

behavior, with a dual peak pattern at the lower strains but a single peak pattern 

with negligible hysteresis for strains close to the sensing strain limit. This 

connection between hysteretic behavior and strain level can be used as self-

diagnose of the conductive network damage state of these materials. 
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Post-annealing was needed for both works in Chapter 3 and 4, it remains a 

challenge to produce lower filler containing CPC with good initial 

conductivity via a more straightforward way. Herein, a further preliminary 

work related to this issue by introducing a minor third polymer component 

(polyolefin elastomer grafted maleic anhydride (POEgMA) is illustrated in 

Appendix C.  
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Chapter 5  

EXPLORING THE POTENTIAL OF  LASER 

INDUCED 

GRAPHENE/POLYDIMETHYLSILOXANE 

PIEZORESISTIVE STRAIN SENSORS 

 

Laser induced graphene (LIG) has emerged as one of the most 

promising materials for the fabrication of flexible carbon-based 

functional devices through structural engineering. With the first aim of 

obtaining high quality LIG by laser direct writing, preliminary work 

has been performed via gradually optimizing important laser settings 

to improve the quality of the obtained laser carbon using a CO2 laser 

machine in collaboration with the Centre for Microsystems Technology 

(CMST) at Ghent University. Commercially available polyimide 

(Kapton) film was used as carbon precursor. A basic morphology and 

electrical property study was performed to investigate the effect of laser 

power, scanning speed, line spacing and number of writes on the quality 

of the obtained laser-carbon. Within the range of processing conditions 

being studied, the laser power and scanning speed exceptionally 

influence the quality of the obtained laser carbon. A straightforward 

prototype of LIG/PDMS strain sensor fabrication process has been 

targeted showing feasibility of this method for strain sensor 

construction. An optimization of the transfer process is although still 

needed to obtain comparable sensitivity values as in the field, including 

the results from the previous chapters using conventional extrusion 

technology. 

5. 1. INTRODUCTION 

Pioneering work by Tour and co-workers [1] reported that direct writing on 

polyimide (PI) sheets with a CO2 infrared laser under ambient conditions 
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generates graphene with a foam-like morphology at the surface, which is 

termed laser induced graphene (LIG). Later on, these authors and several other 

groups have focused on (i) the better control of LIG formation and 

modification to make LIG-based materials suitable for specific applications, 

considering other laser sources (e.g. ultraviolet laser [2], laser diode [3, 4], and 

nano/picosecond laser irradiation [5]), (ii) other laser atmospheres (e.g. O2, Ar 

or H2 [6]), (iii) the design of laser parameters (e.g. laser radiation energy [7] 

through controlling the laser power, laser scanning speed, and pixel per inch 

value (PPI) [7-10]), and (iv) doping (e.g. with boron [11] and crystal 

nanoparticles [12]).  

Focus has also been on other carbonization precursors/substrates than PI, 

including polyetherimide (PEI) [1], office paper [13] or wood [5, 14] with 

single scribing using a focused laser but also cross-linked polystyrene, epoxy 

and phenolic resin with single scribing defocusing the laser [13]. PI paper 

composed of a fiber network with free spaces/voids is specifically interesting 

as it enables the laser beam to reach more easily deeper layers and to more 

efficiently absorb and dissipate thermal energy. The unique fiber/void 

configuration critically directs the LIG formation toward filling the free space 

rather than to induce only vertical growth [15]. Despite the possibility of 

various polymers or organic substrates [13, 15], the commercial PI Kapton is 

still the most common substrate/precursor [2], also bearing in mind that 

variables such as film thickness and laser properties can be utilized to 

counteract advantages of more complex materials, which are often still made 

under given processing conditions. The molecular chains of PI are supposed 

to be packed closely and uniformly according to the molding process of the 

polymer. Consequently, the thermal energy is prone to accumulate on the 

surface. Loosened LIG structures protruded out of the Kapton surface are 

generally gained due to the high stresses between the patterned foam and the 

substrate arising from the thermal gradient [15].  
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LIG through laser directing writing (LDW) technology, which can be seen as 

a structural engineering method, has already created a platform for the build-

up of supercapacitors [1, 7], sensors for chemical [10], sound [16] and strain 

[2, 8, 9, 17] detection, flexible heaters [4], and other polymer-written 

electronics [18,19]. With the merits of integrating synthesis and patterning in 

one-step, LDW technology provides an alternative way for fabricating smart 

devices with diverse structures in a rapid and cost-effective manner, and also 

exhibits scalable potential for roll-to-roll manufacturing [1, 2, 18, 19].  

A fundamental and vital LDW issue is still the further study regarding the 

effect of laser parameters on the morphology control of the carbonized 

structure and the properties of the subsequently constructed devices. As a 

result of rapid outgassing from the substrate melt, fluid fragmentation takes 

place resulting in various morphologies. Essential is the so-called fluence (F) 

that is often seen as the best quantification tool for the laser-matter interaction 

[7, 20, 21]:  

𝐹 =
1

𝑃𝑃𝐼 𝑣

𝑃

𝜋𝑅2                                                                              Equation 5-1 

in which P is the (average) laser power, PPI the number of pulses per inch, v 

the laser scan speed, and R the spot radius. Generally, a critical fluence 

(threshold) is needed to initiate the carbonization process. The threshold can 

be achieved at different laser powers and speeds with a too high energy 

resulting in either ablation or the formation of cracks at the LIG surface. An 

optimum combination of laser power and speed is therefore needed to achieve 

high-quality and highly conductive LIG [8]. In addition, a low fluence and 

high power are favorable for obtaining an enhanced graphitic content [7, 21]. 

Beyond the critical fluence, the LIG morphology progressively changes from 

sheets to fibers and finally to carbonized droplets upon increasing the radiation 

energy [7]. The image density, which is controlled by PPI and the number of 

lines per inch, is likely the most critical parameter determining the LIG 
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morphology, with a higher image density favoring the sheet-like structure LIG 

and a lower image density favoring the fiber-like structure [7]. 

Also for the sensor one can focus on a main parameter, namely the sensitivity 

or gauge factor (GF): 

GF = (∆𝑅 𝑅0)⁄ ɛ⁄                      Equation 5-2 

in which ε is the strain applied to the sensor, and R0 and ∆R are the initial 

resistance and the resistance change induced at ε. The substrate and LIG 

pattern influence the sensor performance significantly. Most LIG strain 

sensors are directly using PI as supporting substrate [2, 9, 15, 17], although 

with limited deformation potential (≤ 1.5 %). A maximal GF (GFmax) of ca. 

100 is for instance achieved at a strain of 1.5 % for a LIG with a zig-zag pattern 

consisting of parallel lines on PI [9]. A GF of ca. 20 until a test strain of 1 % 

was obtained in similar work using ultraviolet irradiation regardless of the PI 

thickness, which influences only slightly the graphene structure and the circuit 

resistance [2]. Instead of exploiting the intrinsic piezoresistivity of the bulky 

LIG, focus has also been on contact design with weaker and small 

coordination numbers of the basic structural units. For very small strain           

(< 0.1 %), layered carbon piezoresistive sensors have for instance been 

reported with a GF up to ca. 104 [17]. By transferring LIG to a more compliant 

substrate (e.g. polydimethylsiloxane (PDMS), Ecoflex or Dragon Skin) [8, 22, 

23] larger deformations can be monitored as well, although linearity is still an 

issue. A prototype strain sensor with four line traces embedded in PDMS 

showed for instance an exponential increase of GF up to a strain of 100 %, 

with a GF of ca. 50 at 5 % strain and a GF of ca. 2 × 104 at 100 % strain [8]. 

Note that an evaluation of the mechanical strength and the identification of 

possible hysteresis upon multiple usage is often ignored. 

Hence, it is worthwhile to further study the relation between laser parameters 

and the resulting LIG properties as guidelines for further preparing sensors or 
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other flexible electronics for specific applications and a broader sensing range. 

In the present work, it is further explored to which extent LDW technology 

can be used for piezoresistive-based sensing and how its morphology control 

and operating window compares to the recent sensor developments based on 

easily scalable (conventional) extrusion processes [24-29]. The latter 

processes allow both small and large strain sensing by selecting the correct 

blending partners. With optimized laser settings, the basic characteristics of 

LIG including chemical composition, microstructures, and conductivity are 

tested. Afterwards, a straightforward infiltration approach is used to integrate 

LIG with stretchable PDMS for fabricating strain sensors.  

5. 2. EXPERIMENTAL PROCEDURES AND ANALYSIS  

5. 2. 1. Materials 

The polymer sheet used for LIG production is a PI film with a thickness of 

125 μm (Kapton HN500; Sabic Snij Unie). Precursors for PDMS film 

formation (Sylgard 184 silicone elastomer base and curing agent (mass ratio: 

10:1); Dow corning) are used to create a flexible supporting substrate. n-

Heptane was used to dilute Sylgard 184 during the sensor fabrication process. 

5. 2. 2. LIG manufacturing process with various laser settings 

Before modification the Kapton film was treated ultrasonically in ethanol for 

15 minutes to remove impurities and rinsed several times with deionized 

water, followed by natural drying. The production of LIG was performed 

using a CO2 laser system (GSIL Impact SSM 2150; Lumonics)- of which the 

principle is shown in Figure 5-1, with a wavelength of 10.6 μm under ambient 

conditions.  
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Figure 5-1: Schematic diagram of CO2 laser system.  

Table 5-1: Overview of the laser data and optics set-up for the laser system.  

 Type Wavelength 

(µm) 

Max. power 

(W) 

Repetition 

rate (Hz) 

Pulse 

length 

(ns) 

Laser 

data  

Impact 

CO2 

10.6 60 100 80 

 

Optics set-up 

Lens Demagnification 

L1 11.41 

L2 4.56 

L3 2.5 

 

Aperture 6000 µm 3000 µm 2000 µm 1000 µm 

 

 Estimated spot size 

(µm) 

Estimated spot area 

(cm2) 

Remark 

L1 × 6000 µm  526 0.002172  

L1 × 3000 µm 263 0.000543  

L1 × 2000 µm 175 0.000241  

L1 × 1000 µm 66 0.000060  

L2 × 6000 µm 1316 0.013598 Used for T1 

and T2 

L2 × 3000 µm 658 0.003399  

 

 



CHAPTER 5 LIG/PDMS PIEZORESISTIVE STRAIN SENSOR 

 

 

 

195 

Table 5-1: Continued.  

L2 × 2000 µm 439 0.001511  

L2 × 1000 µm 219 0.000378 Used for T3 

- T10 

L3 × 6000 µm 2400 0.045239  

L3 × 3000 µm 1200 0.011310  

L3 × 2000 µm 800 0.005027  

L3 × 1000 µm 400 0.001257  

As shown in Figure 5-1, the beam is guided through a manually operated 

energy controller (attenuator), with a scale ranging from 0 to 90 for minimum 

respectively maximum attenuation. There is a choice between two condenser 

lenses to form the beam into either a spot or a ribbon shape, depending on the 

application. The beam waist is formed behind the mask plane. A turning 

mirror directs the beam to the motorized mask selector. A second turning 

mirror directs the beam downwards to the projection lens, which projects a 

demagnified image of the mask onto the part. A manual control allows the 

selection of one of the three image lenses with different demagnification. By 

using an irradiated 6 mm mask and a 5× demagnification projection lens (L2), 

a laser with a beam size of 1316 µm was obtained and used for the first 

scanning test (samples T1 and T2 in Table 5-2), while a laser with a beam size 

of 219 µm was gained and applied for the following tests (samples T3 to T10 

in Table 5-2) by using a 1 mm mask and L2. The visual spot on PI had a 

diameter of ∼100-110 µm for samples T3 to T10, as verified by optical 

microscopy. More information related to possible general laser settings is 

shown in Table 5-1. The writing speed ν (number (#) of pulses per beam 

dimension) was varied as following:  

ν = 𝑟 ×
𝑏𝑒𝑎𝑚 𝑠𝑖𝑧𝑒

#𝑝𝑢𝑙𝑠𝑒𝑠
=

𝑟 × 𝑚𝑎𝑠𝑘 𝑠𝑖𝑧𝑒

#𝑝𝑢𝑙𝑠𝑒𝑠 ×𝑑𝑒𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
                                             Equation 5-3  

in which r is the pulse repetition rate (Hz). 
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Table 5-2: List of laser parameters and initial resistances for the optimization of the DLW 

process; L= line; Z: zig-zag. Sensor application is covered based on T9.a 

 
Power 

P (W) 

# 

pulses 

Speed 

v 

(mm 

s-1) 

Line 

spacing 

(μm) 

Number 

of 

writes 

Pattern 

Initial 

resistance 

(MΩ) 

T1 < 3.6 - - N.A. 1 L 1.3 × 103 

T2 3.6 - - N.A. 1 L 1.5 × 10-2 

T3 3.6 2 11 100 1 Z 1.6 × 103 

T4 3.6 2 11 50 1 Z 6.2 × 102 

T5 3.6 3 7.3 100 1 Z 1.4 × 103 

T6 3.6 3 7.3 50 1 Z 7.3 

T7 3.6 4 5.5 100 1 Z 6.2 

T8 3.6 4 5.5 50 1 Z 0.5 

T9 3.6 4 5.5 50 1 L 2.3 

T10 3.6 4 5.5 50 2  L 3.2 
a beam size of 1316 µm for T1 and T2; 219 µm for others. 

It follows from Table 5-2 that a wide range of laser settings has been covered. 

After the initial resistance measurement and optical microscopy observation 

two line (L) samples with evident resistance reduction compared to the PI 

substrate donated as T1 and T2 (first two entries in Table 5-2) were first 

focused on. After the related identification of the appropriate laser power, 

other laser settings were explored, covering line spacing and laser scanning 

speed variations, which is controlled by the number of pulses per beam 

dimension. For these investigations, a zig-zag (Z) pattern with the dimensions 

illustrated in Figure 5-2a was created. The resulting samples were donated as 

T3 - T8 (Table 5-2 and Figure 5-2b). The laser scanning direction and line 

spacing are visible in Figure 5-2c. After obtaining the optimized line spacing 

and appropriate scanning speed, the effect of the number of writes (1 and 2 

times) was studied by creating a strip pattern with the dimensions indicated in 

Figure 5-2d. The corresponding samples were donated as T9 and T10.  
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Figure 5-2: (a) Dimensions (in mm) of zig-zag (Z) pattern; (b) Optical micrograph of several 

LIG zig-zag patterns (the corresponding laser settings are listed as entries 3-8 in Table 5-2); 

(c) Scan lines and line spacing examples; (d) Dimensions (in mm) of strip pattern. 

 
Strain sensor fabrication 

Figure 5-3 highlights the procedure for the LIG/PDMS strain sensor 

preparation. Note that strictly laser carbon should be used for the material 

obtained after laser ablation as no microstructure and chemical composition 

characterization was done in this preliminary research to certify its structure 

and composition. First, a laser carbon pattern with the dimensions illustrated 

in Figure 5-2d was fabricated by laser scribing with laser settings listed in 

entry 9 in Table 5-2. Then, the patterned carbon layer was transferred onto a 

PDMS film to create a flexible strain sensor. Diluted Sylgard 184 (7 m% n-

heptane) was poured onto the patterned Kapton film, followed by degassing 

with a vacuum pump. The thickness of the PDMS film was controlled by the 

amount of Sylgard 184. After curing in an oven at 80 °C for 2 h, the PDMS 

layer was peeled-off from the Kapton film and the sensor was retrieved. 
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Figure 5-3: Schematic diagram of the fabrication process of the LIG/PDMS strain sensor, 

starting with a laser-modified PI film (cf. Figure 5-2) 

5. 2. 3. Electrical property evaluation 

The electrical resistance of the initial laser carbon pattern on PI film was 

measured with a digital source meter (Keithley 2401) or a high resistance 

electrometer (Keithley 6517A, > 108 Ω) with a two-probe method to figure out 

the optimized laser settings. 

5. 2. 4. Optical Microscopy 

The specific size/dimension and rough surface morphology features of laser 

writing pattern were examined using a digital microscope (Keyence VHX-

500F). Images were recorded with a 54 million pixel 3CCD handheld camera. 

5. 2. 5. Scanning electron microscopy (SEM) 

The surface morphologies of the laser carbon pattern under various laser 

irradiation conditions were also studied using scanning electron microscopy 

(Phenom desktop SEM gen 1, operating at 5 kV for samples in Figure 5-4c 

and 5-4d; Phenom XL Desktop SEM, operating at 10 kV for samples indicated 

in Figure 5-6). Film samples for laser carbon thickness measurement were 

cryogenically fractured in liquid nitrogen and sprayed with a thin layer of gold 

prior to SEM imaging. 

5. 3. RESULTS AND DISCUSSIONS  

A first point of attention is to obtain the optimal combination of power and 

scanning speed in view of controlling the electrical conductivity using the 
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available laser machine. Besides power and speed, the image density critically 

influences the final LIG morphology and also the electrical conductivity. 

These parameters are also considered but with less focus as they essentially 

change the fluence. A second point of attention is the sensor performance 

starting from the optimized conditions, with main focus on an acceptable GF. 

Relevance of laser settings for LIG formation 

The laser ablation/scribing process was first tested to investigate the effect of 

the laser power. Scan lines scribed with different powers are shown in Figure 

5-4a. It is observed that sound and continuously stable ablated lines are formed 

(transformation from orange coloured PI film into a film with black 

carbonaceous material present) if the power is increased to 3.6 W. The (initial) 

resistances of those ablated lines without discontinuity have been measured 

by the two-point method to assess the electrical property potential. It is found 

that a rather high resistance (up to 2.5 GΩ) is obtained for those samples 

before the irradiating laser power was increased to its maximum value of 3.6 

W measured with a 6 mm mask. A remarkable reduction of resistance from 

1.3 GΩ to 15 kΩ is indicated for the last two (left outer) lines (referred as T1 

and T2 in Table 5-2). 

Further inspection via optical microscopy and SEM (Figure 5-4(b-e)) reveals 

a distinct ablated surface and morphology for T1 and T2. For T1, an analogous 

liquefied black area containing some bubbles on PI is observed at the optical 

level (Figure 5-4b) and a surface composed of irregular fragments (Figure 5-

4d) is indicated. Limited carbonation and insufficient energy input can be put 

forward [7, 21]. For T2, which is characterized by a much lower resistance, a 

solid-stacked black area on PI (Figure 5-4c) and a crumpled surface of the 

ablated area (Figure 5-4e) are observed.  
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Figure 5-4: (a) Optical microscopy images of several laser ablated lines written with fixed 

speed and powers up to 3.6 W (as indicated by arrow from right to left). Magnified optical 

micrographs and SEM images for (b, d) sample T1 and (c, e) sample T2 in Table 5-2. 

 

It has therefore been concluded to use a power of 3.6 W for the further LIG 

formation optimization. The effect of scanning rate (varied via the change of 

pulse number) and the line spacing was first focused on. Several zig-zag (Z) 

carbon patterns (sample T3-T8 in Table 5-2) were fabricated (Figure 5-2(a-

b)) based on the variation of these parameters. Figure 5-5 illustrates the 

topography of these samples via optical microscopy. For samples with fixed 

line spacing (e.g. 50 µm), the resistance decreases from GΩ scale to MΩ to 

kΩ scale upon lowering the scan speed from 11 mm s-1 to 5.5 mm s-1 (entry 4, 

6 and 8 in Table 5-2).  
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Figure 5-5: Optical microscopy images of LIG zig-zag pattern (entry 3-8 in Table 5-2) with 

different magnifications. 
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With the same scanning rate, the reducing of line spacing from 100 µm to 50 

µm significantly lowered the resistance (e.g. entry 5 and 6 in Table 5-2). The 

50 µm line spacing is smaller than the pitch (laser spot diameter), as indicated 

in the magnified images (Figure 5-5(a”-e”)) which depict visual spot size 

locations around ∼100-110 µm. So the patterning effect thus occurs due to 

superimposed scribed line, with each consecutive line receiving almost double 

dynamic fluence [30]. 

A next natural step was to further increase the number of written times to 

verify whether this can bring more energy input for the ablated area and can 

further decrease the resistance. For the sake of simplicity and saving time, a 

strip pattern was creased during the following optimization process and for 

the later strain sensor fabrication. It was observed that a two time scanning 

process compared to a single time process (comparison of T9 and T10) does 

not lower the resistance but increases it. Figure 5-6 displays the topography, 

cross-section and surface morphology of sample T9 vs. T10. The thickness of 

the ablated layer is ∼27 µm for T9 and ∼23 µm for T10 (Figure 5-6(c-d)), 

suggesting some damaging effect of the second ablation process. In addition, 

it is visible that the strips consist of a porous graphitic structure, which is 

approximately similar to the generally reported LIG foamy structure [1, 3, 15, 

21, 30]. Hence, a single scanning process is adopted. 
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Figure 5-6: (a)-(f) Optical microscopy images of LIG strip pattern (sample T9 and T10) with 

different magnifications (corresponding laser settings are listed in Table 5-2); (c)-(f) SEM 

images of cross-section and surface of sample T9 and T10. 

Subsequent sensor fabrication and first resistance testing results 

With the most optimal laser settings from Table 5-2 (T9) a prototype 

LIG/PDMS strain sensor was made via a straightforward transfer process 

(Figure 5-3). Figure 5-7(a-c) shows the photographs of the laser carbon traces 

on different substrates before and after the transfer. They indicate that the 

obtained carbon layer can be easily detached from the PI film and transferred 

to PDMS, showing little residual traces left on PI.  
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Figure 5-7: Photograph of (a) as-prepared carbon traces on PI substrate; (b) residual traces 

on PI substrate after transfer process; and (c) carbon traces on PDMS film after the transfer 

process using laser settings of T9. (d, e) Optical microscopy images of carbon traces on PDMS 

with different magnifications. 

The initial resistance of the strip pattern of carbon traces on PDMS is  however 

largely increased to several GΩ or even higher compared to the earlier value. 

The large increase of resistance might be ascribed to some damage of the 

original weak interconnected porous network structure during the infiltration 

process of liquid PDMS. This problem has also been noticed by Parmeggiani 

et al. [31]. Also, alternating areas with different carbon trace density are 

observed on the PDMS surface (Figure 5-7(d, e)), especially those regions 

with much less packing density, are more prone to disconnection. In addition, 

the starting laser carbon quality needs to be improved. The calculated fluence 

is 2.7 J cm-2, which is also smaller than the critical fluence of 5.5 J cm-2 

proposed by Duy et al. [7]. This fluence threshould is only a rule of thumb, as 

desired LIG production is also reported by Mamleyev et al. [21] using CO2 

laser with illuminated fluence lower than this. Further appropriately 

increasing the illuminated fluence/power and choosing better laser parameters 
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in combination with a more accurate structure and composition 

characterization are suggested to achieve LIG with good quality. 

Although we have not obtained good LIG/PDMS strain sensor behavior in this 

preliminary research some recent literature research results related to LIG 

based strain sensor construction and sensing/electrical property are listed in 

Table 5-3. Some other graphene based strain sensor manufactured by different 

strategies are also listed here. Generally, the strain sensing performance of 

these sensors depends on the initial electric property (original graphene 

quality), substrate and the conductive layer pattern/structure. The graphene 

quality is significantly influenced by its manufacturing method. The use of 

rubber substrate (e.g. PDMS [8, 32, 33]; Ecoflex [22, 34, 35]) or geometrical 

patterning (e.g. serpentine layouts [23]; open-mesh [34, 36]) is beneficial for 

increasing the stretchability. The change in resistance is significantly 

influenced by the modulus of the substrate. Under comparable strain, the 

sensor based on the substrate with much higher modulus (e.g. PI > 1 GPa [37]) 

shows higher sensitivity than those sensors based on low modulus rubber 

substrate. The former one is appropriate to be used as strain gauge, while the 

latter one is mainly developed for E-skin sensing system, considering that the 

human skin is curvy with modulus less than 1 GPa [38] and natural 

deformation up to 50 % - 80 % [39]. Structural innovations (e.g. constructing 

vertical aligned graphene [40, 41]; introducing micro-cracks [42]) are 

developed to improve sensitivity.  

Table 5-3: Comparison of the performance of some strain sensor reported recently based on 

graphene electrodes produced by different strategies.  

Material  
Patterning 

method 
GF 

Electrical 

property  
Ref. 

LIG  

(PI substrate) 

Laser scribed on 

PI (zig-zag 

pattern of 

parallel lines) 

20  

(ɛ: 0 - 1 %) 
220 kΩ  [2] 
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Table 5-3: Continued. 

LIG  

(PI substrate) 

Laser scribed on 

PI (zig-zag 

pattern of 

parallel lines) 

∼112  

(ɛ = 1.5 %) 

1.0 kΩ to 

17.7 kΩ 
[9] 

LIG 

(PDMS 

substrate) 

Laser scribed on 

PI (four parallel 

lines ) 

20000  

(ɛ = 100 %) 

50  

(ɛ = 5 %) 

< 100  

(ɛ < 10 %) 

∼1 kΩ [8] 

LIG  

(PDMS 

substrate) 

Laser scribed on 

PI (zig-zag 

pattern of 

parallel lines) 

37  

(ɛ = 70 %) 

  

- [22] 

LIG  

(Ecoflex 

substrate) 

Laser scribed on 

PI (zig-zag 

pattern of 

parallel lines) 

40  

(ɛ: 0 - 30 %) 

186  

(ɛ: 30 - 60 %) 

362  

(ɛ: 60 - 70 %) 

- [22] 

LIG 

(Porous Dragon 

Skin) 

Laser scribed on 

PI (serpentine 

layouts) 

 

(linear kirigami 

cutting pattern) 

∼1.3  

(ɛ = 60 %) 

 

∼0.006  

(ɛ = 1000 %) 

10.96 

kΩ/□ 
[23] 

LIG 

(PDMS 

substrate) 

Laser scribed on 

PI powder (50 

% PDMS-PI 

composite) 

56 (zig-zag 

pattern) 

21 (line) 

(ɛ < 2 %) 

~600 

kΩ/□ 
[31] 

Molybdenum 

disulfide 

(MoS2)‑Decorat

ed LIG (MDS-

LIG) 

(PDMS 

substrate) 

Laser scribed on 

PI (line strip ) 

 

∼1242  

(ɛ: 16.7 -  

25 %) 

236.2  

(ɛ: 0 - 16.7 %) 

57.6 Ω/□ 

175.4 Ω 
[32] 

LIG (biomass-

sodium 

lignosulfonate 

substrate) 

Laser scribed on 

NaLS (square 

shaped carbon 

features) 

120  

(ɛ: 0 - 0.05 %) 
1.38 kΩ/□ [43] 
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Table 5-3: Continued. 

Total LSG with 

cracks I 

Total LSG with 

cracks II 

(Ecoflex 

substrate) 

(laser scribed 

graphene (LIG): 

essentially 

thermal 

reduction of 

graphene oxide) 

Laser scribe on 

GO film with 

water lift-off 

673  

(ɛ = 5 %) 

23  

(ɛ = 10 %) 

2.1 kΩ with 

a square 

resistance of 

700 kΩ/□ 

[41] 

LSG with high-

density mesh 

pattern 

LSG without 

mesh pattern 

(Ecoflex 

substrate) 

Laser scribe on 

GO film 

 

457  

(ɛ = 35 %) 

100  

(ɛ = 268 %) 

- [33] 

LSG (spray-

coating, laser-

scribing) 

(epoxy based E-

Glass Prepreg) 

None 

∼450  

(ɛ = 0.4 %) 

∼254.8  

(ɛ = 0.6 %) 

< 10 kΩ/□ [44] 

Graphene ink  

(Ecoflex 

substrate) 

Spray coating 

Pre-stretching  

(0 - 50 %, 10 

times) to 

generate 

graphene 

armour scales 

1054  

(ɛ = 26 %) 

42 Ω before 

stretching 

186 Ω after 

pre-

stretching  

[45] 

Three layered 

materials: 

graphene,  

palladium, 

PEDOT:PSS 

(PDMS 

substrate) 

Spray coating, 

sputter 

deposition 

through a stencil 

containing a 

serpentine 

aperture 

1000  

(ɛ = 86 %) 
- [46] 

Reduced 

graphene oxide; 

Graphene-

PDMS mixture 

(open-mesh) 

3D printing ; 

coating  

12.4  

(ɛ: 0 - 20 

%) 

88443  

(ɛ = 350 %) 

7.8 kΩ [35] 
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Table 5-3: Continued. 

Reduced 

graphene oxide  

(PDMS 

substrate) 

Vinyl mask 
261.2  

(ɛ = 2 %) 
∼9.2 kΩ [47] 

Graphene/ionic 

conductor 

(Ecoflex 

substrate, 

sandwiched 

structure) 

None 

25.2  

(ɛ = 300 %) 

 

∼67.9 kΩ 

(graphene 

film) 

∼42 kΩ 

(graphene/ 

glycerol/ 

potassium 

chloride 

(graphene/Gly-

KCl)) 

[34] 

Electrochemical 

exfoliated 

graphene flakes  

(PDMS 

substrate) 

Stencil 

printing 

1037  

(ɛ = 2 %) 
7.5 kΩ/□ [48] 

Nanographene 

by chemical 

vapor 

deposition 

(CVD) (PDMS 

substrate) 

UV-

lithography 

and reactive 

ion etching 

546  

(ɛ = 1.6 %) 

 
∼100 kΩ/□ [49] 

Parallel aligned 

vertical 

graphene by 

multiple cuboid-

like metal 

inducers in 

inductively 

coupled plasma 

CVD 

2D sheet of 

graphene 

(PDMS 

substrate) 

None 
10.28  

(ɛ: 0 - 22 %) 
- [39] 
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Table 5-3: Continued. 

Vertical graphene 

nanosheets (VGNs) 

grown by plasma-

enhanced CVD 

(PDMS substrate, 

sandwiched 

structure) 

None  

∼32.6  

(ɛ: ∼120 %, 

thin VGNs); 

∼88.4  

(ɛ: ∼55 %, 

thicker 

VGNs) 

1 - 2 kΩ [40] 

PDMS 

submicrobead/EGO 

nanocomposite ink 

(Electrochemically 

derived graphene 

oxide (EGO); 

thermal annealing) 

(PDMS substrate 

with an array of 

micropillars on one 

side) 

Direct ink 

writing 

(DIW) (zig-

zag pattern 

of parallel 

lines) 

20.3  

(ɛ = 40 %)  
16.60 Ω·m [50] 

Despite that the applicability and feasibility of graphene based sensors have 

been demonstrated in many reports, a significant problem of finding efficient 

and cost-effective synthesis and defect-free transfer methods for high quality 

graphene with good uniformity is still existing [42]. For a more intuitive 

comparison, the highest GF range and corresponding strain range for LIG 

based and other graphene based strain sensors extracted from Table 5-3 and 

extrusion manufactured filament strain sensor extracted from Chapter 3 [24] 

and 4 [25] are summarized in Figure 5-8. It is seen that some reported 

LIG/PDMS strain sensors already show comparable sensitivity within the 

strain range below 100 % as some other graphene based sensors or extrusion 

manufactured strain sensors. A specific highlight for LIG/PDMS strain 

sensors is likely the higher sensitivity within the strain range smaller than 5 % 

for instance using molybdenum disulfide (MoS2) decorated LIG as reported 

by Chhetry et al. [33] recently.  
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Figure 5-8: Comparison of GF and strain range for LIG based and other graphene based strain 

sensor extracted from Table 5-3 and extrusion manufactured filament strain sensors extracted 

from Chapter 3[24] and 4 [25].  

5. 4. CONCLUSIONS 

A preliminary study regarding LIG production has been performed via one-

step DLW technology on PI film using a CO2 laser machine. The effect of 

several laser setting parameters on the morphology and electrical property of 

the obtained material has been studied. The laser power and scanning speed 

are identified to be key parameters to dictate the quality of the obtained LIG. 

Under the current processing conditions, the estimated fluence is likely too 

small. Further optimization work via properly increasing the laser power for 

improved fluence and adoption of an optimized combination of various laser 

parameters is suggested to maximize the electrical properties of the obtained 

LIG.  

The most promising LIG system obtained until now has been tried as electrode 

for the construction of a prototype strain sensor. However, a high initial 

resistance is again obtained, implying the need for further research. For a 

better introducing of LIG onto PDMS, the issue of the influence of liquid 

PDMS during the filtration process on the electrical property reduction of the 

LIG conductive layer is a point of attention. In addition, more structural 



CHAPTER 5 LIG/PDMS PIEZORESISTIVE STRAIN SENSOR 

 

 

 

211 

innovations for further improving the comprehensive property of this kind of 

strain sensor is suggested for future research. 
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Chapter 6  

CONCLUSIONS AND OUTLOOK  

6. 1. CONCLUSIONS 

Fundamental research for more simple and effective methods for stretchable 

strain sensors with high sensing performance has been successfully 

conducted. Carbon black (CB) filled TPU/OBC binary and ternary composites 

have been manufactured via twin-screw extrusion and upon a proper design 

of the formulation conditions excellent sensing behavior could be obtained for 

both low and high strains. The modification capability was obtained through 

(i) kinetic processing control by varying the mixing sequence combined with 

efficient post-annealing and (ii) varying the CB type (CB1 and CB2) and 

amount, and the blend ratio under static and dynamic stretching conditions.  

The short processing times of the extrusion process make the construction of 

a double-percolated structure, i.e. conductive fillers selectively dispersed in a 

continuous bulky phase, less effective. The contribution of as-prepared ternary 

composites for achieving comparable initial conductivity as binary 

composites but with less filler content is limited. Post-annealing can greatly 

improve the initial conductivity of ternary composites with lower filler 

content, reducing the percolation threshold. The main effect of annealing is to 

accelerate the structure evolution approaching an equilibrium state and the 

percolating network formation, which involves the self-assembly of CB 

particles, i.e. secondary agglomeration and migration from less 

thermodynamic preferable OBC to favorable TPU, and polymer blend phase 

morphology evolution, i.e. phase coarsening and refinement, for lowering the 

interfacial tension. The above process also influences the filler enriched phase 

continuity and phase domain sizes of the polymer blend. Generally, the 

increase of phase continuity and the formation of a complete nanoparticle 

network contribute to the increase of conductivity. 
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The compounding sequence for ternary composites significantly influences 

the conductive network structure, with mainly an alternation of the CB spatial 

distribution, connectivity and network compactness, and thus the strain 

sensitivity, mechanical properties and processability. Upon first introducing 

CB into the less favorable OBC and post-annealing a sparse and “brittle” 

conductive network in OBC-CB/TPU composites is attained. Such network is 

more easily to be destroyed under stretching, resulting in a higher sensitivity 

due to the faster increase of the tunneling distance and loss of conductive 

pathways. In addition, the interfacial dispersed CB greatly enhances the 

adhesion between the two phases of an immiscible polymer blend, 

contributing to better mechanical stretchability for the ternary system.  

The CB type also significantly influences the electromechanical sensing 

pattern, sensitivity and especially the dynamic hysteretic manner. CB with a 

higher network formability and aggregation tendency can lower the 

percolation threshold, whereas this increases the viscosity and difficulties in 

processing. CB1 (lower conductive network formability and CB-polymer 

interaction) based binary composites exhibit mostly an uncommon three-

regime variation of relative resistance change with strain. Monotonic strain 

sensing behavior, higher sensitivity and less dynamic hysteresis can be 

achieved by OBC-CB1/TPU-a with lower filler content. With increased CB 

network formability and CB-polymer interaction, quasi-monotonic 

electromechanical response and less dynamic hysteresis (especially with 

relatively lower content) can be attained for CB2 based composites, 

highlighting the significance of the polymer-filler interaction. A strain-

dependent hysteretic behavior was also found for these composites with 

relatively higher filler content. Moreover, OBC-CB/TPU(-a) ternary 

composites can be exploited to expand the range of tailoring and manipulating 

the sensing performance for the low to high operating regime depending on 

the CB content and blend ratio. A morphological study indicates that a 
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distribution of CB1 mainly accumulated at the OBC phase boundary with 

small part of CB1 remaining in the bulky OBC phase was attained for OBC-

CB1/TPU-a, whereas a distribution of CB2 located in both bulky TPU and the 

TPU phase boundary was attained for OBC-CB2/TPU-a. With the 

combination of CB1 and CB2 a distribution of CB located in the interfacial 

region with small part of CB filled in bulky TPU phase was attained for OBC-

hybrid CB/TPU. This indicates the much higher transfer rate of CB2 but higher 

interfacial stability of CB1 under the time-scale within this research. 

Combined with the corresponding sensing properties, this information is 

relevant to establish a guided composition-morphology map for optimum 

structure construction under similar processing conditions. 

Alternatively one can focus on structural engineering approaches, which 

either involves more complex material morphologies or more advanced 

processing/material generation techniques. In this PhD thesis, the first results 

concerning LIG/PDMS film strain sensor fabrication has been performed. The 

laser power and scanning speed are the most critical parameters to ensure a 

high quality LIG, with the laser power having a direct positive correlation with 

the energy input. The laser scanning speed influences significantly the 

duration of heat preservation in the target area. Due to the possible low fluence 

under the current processing conditions, high quality LIG has not been 

achieved until now. Further laser setting optimization process is still needed. 

With the most optimal laser settings achieved now, a strip pattern of laser 

carbon has been produced and transferred to PDMS substrate via an 

infiltration process forming a layered prototype strain sensor. Due to the 

negative decrease of electrical property of the carbon layer after transfer, the 

achieved prototype strain sensor is still not satisfying for further piezoresistive 

sensing performance evaluation. This issue is proposed to be solved in 

possible future research. Hence, the current preliminary work provides some 

guidance for further step of higher quality LIG production and construction 
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flexible strain sensor in an easy, fast and economically feasible way, which 

also can be considered as a possible route for high performance epidermal 

electronics assembly or integration.  

6. 2. OUTLOOK 

This doctoral research has focused on fundamental research for exploring 

simple cost-efficient and effective routes for high sensing performance strain 

sensor build up. Several research angles can be identified which would merit 

from further research. 

For example, for the CB-based systems the CB-polymer interaction could be 

characterized in more detail. Additionally, a quantitative evaluation of the 

phase-specific filler distribution will give stronger support for the 

morphological study. Dynamic mechanical analysis (DMA) is recommended 

for the above issues. Accurate surface tension measurements are suggested to 

figure out the quantitative phase-specific filler distribution in the equilibrium 

state. It is also recommended to explore whether the decrease of OBC melt 

viscosity would contribute to both fast and more stable stacking of CB2 at the 

continuous OBC boundary and better OBC wetting for a higher CB-polymer 

interaction, which would be beneficial for electrical, mechanical, and strain 

sensing properties.  

Further steps could be to explore whether this kind of sensor filament could 

be knitted into strain sensing textiles with some different patterns and to 

investigate their property behavior. Knitted textiles can also be worn directly 

on various body parts to track human movements as a demonstration. Other 

possible sensor array forms can also be explored.  

Concerning the LIG based methodology for strain sensor making, further 

optimization using a higher laser power combined with other appropriate laser 

settings is proposed to improve the LIG quality. Furthermore, rational multi-
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scale structure design for LIG (e.g. introducing regular micro-cracks or 

notches) or elastic substrate (e.g. relief structures which can induce non-

uniform strain distribution within the substrate or auxetic structures on the 

substrate layer) or interface enhancement are recommended for sensitivity 

modulation. As one advantage of laser direct writing is its patterning ability, 

an attractive research can be exploring the workable range limit and sensitivity 

of a LIG sensory layer with a designed pattern (e.g. open mesh, serpentine 

routing). In addition, it is also possible to build an integrated sensory surface 

and to investigate its capability of multiaxial strain detection, mimicking the 

perception of human skin. 

It should be finally noted that the essence of this doctoral research work 

focuses on the principle of materials-structure (processing way dependent)-

sensing performance. The focus is mainly on the verification of the possible 

structure construction based on the available processing way and the extent of 

the constructed structures contributing to the final property. However, many 

practical issues (e.g. sensing capacity under different loading conditions, long-

term performance stability and repeatability, influence of environmental 

conditions, and adaptability for electronics assembly) were often ignored. 

Therefore, more comprehensive considerations and property/form evaluations 

combined with sufficient knowledge background of physical and electronics 

are suggested for future research to make sensory materials further 

approaching practical usage. 
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Appendix A  

SUPPLEMENTARY INFORMATION FOR 

CHAPTER 3  

1. 1. Additional experimental details 

1. 1. 1. Resistance measurement at different strains in view of sensing 

performance 

Tensile tests of the as-prepared and annealed samples were performed on 

circular filaments with a gauge length of 110 mm, using an Instron 5566 

tensile machine. The (electrical) resistivity in Ω.m (or the reverse electrical 

conductivity in S m-1) is obtained based on resistance measurements. In 

principle, the measurements for static and cyclic tensile testing at room 

temperature were performed with a Keithley 2401 SourceMeter according to 

a four-point measurement technique. The initial electrical resistance of 

samples with high resistance (> 108  Ω) was measured using a Keithley Model 

6517A high resistance electrometer with a two-probe method. Silver paint was 

applied on four selected sites of the specimens to ensure a good contact and 

the resistance measurement gauge length was 50 mm. A constant tensile 

velocity of 10 mm min-1 was used to measure the resistance-strain 

dependency. The real-time resistance under strain was captured using a 

LabView program. For each CB mass fraction, 5 individual curves were 

collected with an average representative resistance/resistivity curve shown as 

final result. 

1. 1. 2. Scanning electron microscopy (SEM)  

The morphology of both binary and ternary composite samples was observed 

using a scanning electron microscope (Nova, NanoSEM450) operated at 5 kV. 

Samples for SEM observation were cryogenically fractured in liquid nitrogen. 

In order to clearly distinguish the multi-phase structure of the selected ternary 
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TPU-CB/OBC composites, the cryo-fractured samples were etched by “hot” 

xylene at 120 °C for 2.5 h to remove OBC. Similarly, the ternary OBC-

CB/TPU composites were etched by “hot” dimethylformamide (DMF) at 70 

°C for 2.5 h to remove TPU. In addition, washing and drying was performed 

and the fracture surfaces were sprayed with a thin layer of gold to examine the 

dispersion and distribution of CB. 

1. 1. 3. Transmission electron microscopy (TEM)  

The CB distribution in ternary composites was also examined by TEM (JEM-

1400 Plus, JEOL Benelux) at an acceleration voltage of 80 kV. The specimens 

for TEM analysis were prepared as follows. Samples put in acetone overnight 

were first embedded in embedding resin (EMbed 812 Resin Kit, EMS ) and 

then the embedded samples were trimmed with Leica EM TRIM S4E (type 

702601). Semithin sections (1 µm) were cut with glass knives on a Leica 

Ultramicrotome (EM UC6) and observed with a stereomicroscope to select 

the most suitable areas for ultrathin sectioning. Ultrathin sections (± 80 nm) 

were further cut with a Leica Ultramicrotome (EMUC6) using a diamond 

knife (DIATOME, ultra 45°; 2.5mm) and collected on Formvar-coated copper 

grids (Formvar solution, EMS). 

1. 1. 4. Optical microscopy  

The morphology of the selected composites before and after annealing was 

examined by digital microscope (Keyence VHX-500F). A Leica EM2245 

microtome was used to cut the selected specimens into thin films with a 

thickness of 10 μm. The obtained films were placed between two slides and 

analyzed by optical microscopy. The images were recorded with a 54 million 

pixel 3CCD handheld camera.  

1. 1. 5. Rheological analysis 
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Rheological analysis was performed by means of a stress-controlled dynamic 

rheometer (AR2000ex TA Corporation) equipped with parallel-plate 

geometry (diameter of 25 mm). Dynamic frequency sweep tests were 

conducted from 6.28 × 10-2 to 6.28 × 102 rad s-1 at a shear strain of 1 % at    

200 °C under nitrogen atmosphere. Also dynamic time sweep tests were 

performed under 1 % strain at a fixed frequency of 6.28 × 10-1 rad s-1. The test 

samples were prepared by compression molding into a plate with a thickness 

of 2 mm and a diameter of 25 mm. 

1. 1. 6. Thermal gravimetric analysis (TGA) 

The CB mass fractions given are real values estimated with 

thermogravimetrical analysis (TGA) (STA449, Netzsch) under N2 flow. The 

samples were heated from room temperature to 550 °C at a rate of 10 K min−1. 

1. 2. Additional results and discussions 

1. 2. 1. Additional conductivity data for both binary and ternary 

composites 

The effect of annealing on the conductivity for binary composites at different 

CB loadings is shown in Figure A1-1a (left group with TPU; right group with 

OBC; blue vs red bars). It follows that above the percolation thresholds a very 

limited variation in conductivity occurs after annealing, which means that a 

continuous conductive network is already present and thus secondary 

agglomeration is less relevant. If the filler loading is close to percolation 

threshold, the situation is different. The conductivity of for instance TPU-CB-

18 increases by about 2 orders of magnitude and the conductivity of OBC-

CB-18 exhibits even a jump of about 4 orders of magnitude. These increases 

can be attributed to the formation of new conductive paths originating from 

the attractive forces between CB aggregates and their agglomeration and 

Brownian diffusion, as well as the reduction of the gap size allowing electrons 

to be transported between neighboring aggregates due to the annealing 



APPENDIX A SUPPLENTARY INFORMATION FOR CHAPTER 3 

 

 

 

226 

process. The OBC-CB system (right part in Figure A1-1a) shows higher 

enhancement in conductivity, indicating a higher filler mobility at the 

annealing temperature for the formation of new conductive pathways, which 

implies a lower particle-polymer interaction and a higher interfacial energy 

driving force for filler agglomeration [1-4]. For the ternary composites, the 

discussion is included in Chapter 3. 

 

Figure A1-1: Effect of annealing on experimental electrical conductivity for (a) binary and (b) 

ternary composites at different CB mass fractions; only effect in case the CB concentration is 

sufficiently low; samples with conductivity below 10-5 S m-1 are regarded as “non-conductive”; 

(b) is also included in Figure 3-1 in Chapter 3. 
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Table A1-1: Experimental percolation (Pc) and conductivity exponent (t) for different binary 

and ternary composites. 

 TPU-

CB 

TPU-

CB-a 

OBC-

CB 

OBC-

CB-a 

TPU-

CB/OBC-

a 

OBC-

CB/TPU

-a 

Pc 

(m%) 

18.2 ± 

0.8 

16.6 ± 

0.4 

17.5 ± 

0.8 

11.2 ± 

0.9 

8.7 ± 0.3 8.5 ± 0.2 

t 2.3 ± 

0.1 

7.7 ± 0.7 2.9 ± 0.2 6.2 ± 0.3 3.6 ± 0.1 2.5 ± 0.1 

 

1. 2. 2. TGA analysis for composites filler content verification 

 

Figure A1-2: TGA curves of neat materials and composites of (a) TPU-CB; (b) OBC-CB; (c) 

TPU-CB/OBC; and (d) OBC-CB/TPU with different CB mass fractions; further characteristics 

in Table A1-2. 
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Table A1-2: Summary and calculation of CB content in binary and ternary composites (related 

to Figure A1-2). 

Sample 

Onset 

decomposition 

temperature (°C) 

Residual mass 

(m%) 

Mass ratio 

of CB 

(m%) 

CB  99.31  

TPU 317.2 4.73 ± 0.18  

TPU-CB-25 315.1 28.89 ± 0.14 24.2 

TPU-CB-23 314.2 27.73 ± 0.23 23 

TPU-CB-20 314.2 24.92 ± 0.1 20.2 

TPU-CB-18 315.8 22.99 ± 0.11 18.3 

OBC 445.9 0.39 ± 0.13  

OBC-CB-25 460.8 24.65 ± 0.32 24.3 

OBC-CB-23 459.4 22.76 ± 0.12 22.4 

OBC-CB-20 459.8 20.08 ± 0.37 19.7 

OBC-CB-18 461 17.52 ± 0.09 17.1 

TPU/OBC 313.8 2.05 ± 0.09  

TPU-CB/OBC-16 295.4 17.84 ± 0.19 15.8 

TPU-CB/OBC-12 297.2 13.66 ± 0.15 11.6 

TPU-CB/OBC-10 302.7 12.3 ± 0.18 10.3 

OBC-CB/TPU-16 295.6 18.07 ± 0.31 16.0 

OBC-CB/TPU-12 293.4 14.76 ± 0.28 12.7 

OBC-CB/TPU-10 295.2 11.89 ± 0.05 9.9 

 

1. 2. 3. Extra info for piezoresistive behavior of binary composites: 

discussion regimes in Figure 3-2, including annealing effect 

In more detail, for TPU-CB (Figure 3-2a; no annealing) and OBC-CB (Figure 

3-2b; no annealing), regime I is characterized by a quasi-linear increase of 

ΔR/R0 (ɛ ≤ ca. 3 - 5 %). The resistance increase can be ascribed to the breakage 

of the CB network owing to the reduction of the number of inter-particle 

contacts [5, 6]. Regime II is characterized by a decrease in ΔR/R0 and extends 

from the maximum in ΔR/R0 to a certain strain, depending on the filler content 
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and matrix type. The decrease in resistance might be attributed to the 

relaxation of chain segments between particles and the short range motion of 

CB aggregates leading to the formation of new electrical pathways or the 

improvement of existing pathways [5, 6]. The resistance of TPU-CB falls 

below its initial value in this regime. For OBC-CB, only the resistance with 

25 m% CB drops below the initial value and OBC-CB-20 is only characterized 

by a slight decrease in resistance in regime II. In regime III, ΔR/R0 further 

increases with strain in an exponential manner [5, 7]. The increase of ΔR/R0 in 

regime III emerges earlier in OBC-CB than in TPU-CB, which might be 

contributed to the different interfacial adhesion between CB particles and the 

matrix [5]. 

Figure 3-2 further shows that unannealed binary composites with a lower CB 

amount exhibit a higher piezoresistive response, as a too high CB content only 

densifies the conductive paths in a saturated conductive network for which 

small deformations are less relevant [8, 9]. It follows that the binary 

composites TPU-CB-20 and OBC-CB-20 possess the highest sensitivity 

(larger slopes), in agreement with the general claim that composites with filler 

amounts near the percolation threshold (cf. Figure 3-1; ca. mass fraction of   

18 m%) have a greater electrical resistance variation as the conductive path is 

more easily to be destroyed [10-13]. The initial approximately linear increase 

of ΔR/R0 with strain means that these unannealed binary composites with a 

small amount of CB might be used as low strain sensors. 

The annealing treatment increases ΔR/R0 for binary composites to a certain 

extent at low and intermediate strains (regime I and II) and very significantly 

at the high strains (regime III). In particular for TPU-CB-20-a, the linear 

regime exists until a strain of 7 % as compared to 3 % for TPU-CB-20 (Figure 

3-2a), highlighting the relevance of annealing in view of low strain sensor 

improvement. For OBC-CB-20-a, also an extension can be identified (Figure 

3-2b) albeit with a somewhat less defined linear character. The variation of 
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ΔR/R0 in regime II is also altered through annealing and this differently with 

respect to the CB content. For TPU-CB and OBC-CB with 23 and 25 m% CB, 

ΔR/R0 keeps decreasing with increasing strain but with a lower magnitude due 

to annealing. This characteristic decrease is replaced by an almost a plateau 

behavior from 7 up to 15 % for TPU-CB-20-a, which is interpreted as a partial 

loss of particle-particle interactions [5]. Hence, for TPU, a step-wise sensing 

behavior is within reach after annealing, with a first stretching zone from 0 to 

7 % and a second stretching zone above 15 %. For OCB-CB-20-a, the plateau 

behavior is even converted in an almost monotonic increase, highlighting that 

this blend composition and preparation has also potential for large strain 

applications at least under static testing conditions. 
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1. 2. 4. Effect of blend composition on mechanical properties 

 

Figure A1-3: The resistivity change with applied strain and typical stress-strain curves for 

binary composites of (a, b) TPU-CB and (c, d) OBC-CB, and ternary composites of (e, f) TPU-

CB/OBC and (g, h) OBC-CB/TPU with and without annealing; related to the cases in Chapter 

3 for static testing (Figure 3-2 and 3-3). (i) Resistivity-strain variation comparison for ternary 

composites with 12 m% CB made by three different mixing sequences. 
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Figure A1-3: Continued. 
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Figure A1-4: Gauge factor (GF; Equation 3-1) as a function of strain for the selected as-

prepared samples, with low graph for the lower strains. 

1. 2. 5. Theoretical description of resistance 

Focus is on the working principle for tested samples with a monotonic strain 

sensing behavior, selecting the ternary composites TPU-CB/OBC-10-a and 

OBC-CB/TPU-10-a with same CB content and similar initial conductivity. 

For test samples with a three-regime strain sensing behavior, the decrease in 

resistance in regime II is associated with a complex rearrangement of CB 

particles and increase of the number of inter-particle connections [5, 6], which 

is outside the scope of the present work. 

The most frequently considered mechanism for the calculation of the 

conductive pathways in CPC strain sensors is based on the description of inter-

particle charge transfer [14], starting from the tunneling theory [15]. The 

resistance R, which alters because of particle separation, follows from: 

𝑅 = (
𝐿

𝑁
) (

8𝜋ℎ𝑠

3𝛾𝑎2𝑒2) exp(𝛾′𝑠)                                                        Equation A1-1 
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𝛾′ =
4𝜋

ℎ
√2𝜑𝑚                                                                             Equation A1-2 

in which L is the number of particles forming a single conductive path, N is 

the number of conductive paths, h is Plank’s constant, s is the least distance 

between adjacent conductive particles, a2 is the effective cross-section area, e 

the electron charge, m the electron mass, and φ the height of potential barrier 

between adjacent particles. For s, a linear variation is assumed with respect to 

the initial distance s0: 

𝑠−𝑠0

𝑠0
= 𝐶ɛ                                                                                     Equation A1-3 

in which ε is the tensile strain of the composite sample and C a tunable 

constant to reflect the tunneling distance (TD) variation intensity. Due to the 

high rate of resistance increase at larger strain (Figure 3-2 and 3-3), it is 

assumed that the number of conductive pathways (CPs) changes more intense: 

𝑁 =
𝑁0

exp(𝑀𝜀+𝑊𝜀2+𝑈𝜀3+𝑉𝜀4)
                                                          Equation A1-4 

in which N0 is the initial number and in which M, W, U, and V are tunable 

constants to calculate the conductive pathways. 

The combination of the above equations yields: 

𝑅 = 𝐵(1 + 𝐶𝜀) exp[𝐴 + (2𝑀 + 𝐴𝐶)𝜀 + 2𝑊𝜀2 + 2𝑈𝜀3 + 2𝑉𝜀4] Equation 

A1-5 

with A=𝛾′𝑠0and 𝐵 = 8𝜋𝐿𝑁ℎ𝑠0 3𝛾′𝑁0
2⁄ 𝑎2𝑒2. 
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Figure A1-5: (a) Comparison of theoretical (parameters are listed in Table A1-3) and 

experimental resistance for TPU-CB/OBC-10-a and OBC-CB/TPU-10-a; Corresponding 

changes for (b) conductive pathway (CP) and(c) tunneling distance (TD). 

 

Table A1-3: Parameters for description of the resistance-strain curves of TPU-CB/OBC-10-a 

and OBC-CB/TPU-10-a (Figure A1-5). 

Parameter A B C M W U V 

TPU-CB/OBC-

10-a 

10.9 21.3 0.84 0.84 1.7 -0.66 -9.7 

OBC-CB/TPU-

10-a 

13.6 0.94 1.88 1.5 1.5 6.6 56.5 
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1. 2. 6. Calculation of wetting coefficient in Chapter 3 

The harmonic-mean equation (Equation A1-6) is valid between low-energy 

materials and the geometric-mean equation (Equation A1-7) is valid between 

a low-energy material and a high-energy material. 

𝛾12 = 𝛾1 + 𝛾2 − 4 (
𝛾1

𝑑𝛾2
𝑑

𝛾1
𝑑+𝛾2

𝑑 +
𝛾1

𝑝
𝛾2

𝑝

𝛾1
𝑝

+𝛾2
𝑝)                                           Equation A1-6 

𝛾12 = 𝛾1 + 𝛾2 − 2 (√𝛾1
𝑑𝛾2

𝑑 + √𝛾1
𝑝

𝛾2
𝑝

)               Equation A1-7  

In these equations, γi is the surface tension of a component, 𝛾𝑖
𝑑 and 𝛾𝑖

𝑝
 denote 

the contribution of dispersive and polar molecular interaction to surface 

tension of component i, respectively. 

The thermodynamic work of adhesion (W12), which is calculated using 

Equation A1-8, is additionally exploited to evaluate the interaction between 

polymer and nanoparticles, with a higher value implying a stronger interaction 

between filler particles and polymer matrices: 

𝑊12 = 2 (√𝛾1
𝑑𝛾2

𝑑 + √𝛾1
𝑝

𝛾2
𝑝

)                                                     Equation A1-8  

The surface tensions of polymers (TPU and OBC) and CB at room 

temperature were obtained from literature [16-18]. Values of the surface 

tension at the compounding temperature (200 °C) are obtained based on 

extrapolation:  

−
𝑑𝛾

𝑑𝑇
= (11 9)(𝛾0 𝑇𝐶)(1 − 𝑇 𝑇𝑐)⁄ 2 9⁄⁄⁄                                       Equation A1-9 

 𝛾 = 𝛾0(1 − 𝑇 𝑇𝑐)⁄ 2 9⁄
                                                               Equation A1-10  
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in which γ0 is the surface tension at 0 K, Tc is the critical temperature (typically 

1000 K) and T is the temperature of the polymer in K. In the present work 

Equation A1-9 is used with -dγ/dT= 0.076 [19], 0.058 [20], and 0.06 [16] for 

TPU, OBC and CB, respectively. The calculated surface tensions for TPU, 

OBC, and CB at 200 °C and the interfacial tensions and adhesion work for the 

pairs in the present work are listed in Table A1-4. 

Table A1-4: Surface tension, interfacial tension, and adhesion work between components as 

calculated using the harmonic and geometric mean equation at 200 oC  

 γd  

(mN m−1) 

γp  

(mN m−1) 

γ12  

(mN m−1) 

(harmonic

-mean) 

γ12  

(mN m−1) 

(geometric 

-mean) 

W12  

(mN m−1) 

TPU 24.8 18.1 6.7  

OBC 16.6 14.8 1.8  

CB 87.3 84.1 3.2  

TPU-

CB 

  44.0 24.9 87.3 

OBC-

CB 

  49.0 28.6 75.4 
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1. 2. 7. Effect of blend composition on piezoresistive properties: extra 

data close to percolation limit (extra for Figure 3-4; dynamic testing) 

 

Figure A1-6: (a) Strain sensing behavior comparison of TPU-CB-18-a and OBC-CB-18-a with 

the most sensitive binary composites TPU-CB/OBC-10-a and OBC-CB/TPU-10-a; OBC-CB-

18-a is most suited for further testing (see (b)); (b) Relative resistance change variation of 

OBC-CB-18-a against time under the cyclic stretching of 0 - 2 % strain; the response is not 

sufficient stable and, hence, lower CB loadings in binary composites are not preferred (see 

main text in Chapter 3). 

1. 2. 8. Extra input on morphology 

Ternary composites 

Due to similar conductivity and co-continuous structure mentioned above, 

special attention was further paid to obtain clearer insights into the 

morphology of TPU-CB/OBC-12(-a) and OBC-CB/TPU-12(-a) induced by 

annealing via SEM after selective extraction of OBC and TPU phase, 

respectively. As shown in Figure A1-7, the co-continuous structure for both 

ternary composites is maintained after annealing. Further, comparing the 

morphologies of TPU-CB/OBC-12 and TPU-CB/OBC-12-a (Figure A1-7(a, 

b)), it can be seen that the TPU-CB phase size reduces and the CB particles 

retains intimately embedded in the continuous bulky TPU phase. As for OBC-

CB/TPU-12 and OBC-CB/TPU-12-a (Figure A1-7(c, d)) with TPU being 

removed, it is observed that CB particles are mainly distributed in the OBC 

phase, especially the region near the interface, and parts of CB are located at 

the interface (Figure A1-7c). After annealing, the majority of CB is evidently 
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accumulated at the OBC phase boundary with a small part of CB remained in 

the OBC phase, indicating that the migration of CB aggregates away from the 

interface during annealing relates to the interface change. In addition, this 

sparser distribution of CB particles creates a conductive network that could be 

more easily destroyed, thus, higher strain sensitivity results as highlighted 

above. Compared with TPU-CB/OBC-12-a, the phase size change is not 

significant in OBC-CB/TPU-12-a, which can be explained by the 

immobilization of the interface by CB particles and reduction of interfacial 

tension [21-23]. 

 

Figure A1-7: Detailed SEM images of fractured surfaces as covered in Figure 3-6 after 

extraction with (a) TPU-CB/OBC-12; (b) TPU-CB/OBC-12-a; (c) OBC-CB/TPU-12; and (d) 

OBC-CB/TPU-12-a at high magnification; (a) and (b): extraction of OBC phase; (c) and (d) 

extraction of TPU phase. 

Moreover, the co-continuous structure and the CB distribution in the above 

ternary composites were also examined by optical microscopy. As shown in 

Figure A1-8, it is easy to differentiate the two phases from the optical images. 

All composites exhibit a nice co-continuous structure with CB selectively 



APPENDIX A SUPPLENTARY INFORMATION FOR CHAPTER 3 

 

 

 

240 

enriched in one phase. As for TPU-CB/OBC-12 and TPU-CB/OBC-12-a 

(Figure A1-8(a, b)), it can be deduced that the light and dark domains 

correspond to OBC and TPU-CB phase, based on the aforementioned 

analysis, while for OBC-CB/TPU-12 and OBC-CB/TPU-12-a (Figure A1-8(c, 

d)), the light and dark domains correspond to TPU and OBC-CB phase. It is 

obvious that most of the CB has been selectively resided in the TPU and OBC 

phase for the as-prepared TPU-CB/OBC-12 and OBC-CB/TPU-12, 

respectively (Figure A1-8), which is coincident with the SEM results (Figure 

3-7) in Chapter 3. 

 

Figure A1-8: Optical images for (a) TPU-CB/OBC-12; (b) TPU-CB/OBC-12-a; (c) OBC-

CB/TPU-12; and (d) OBC-CB/TPU-12-a. 

After annealing, the co-continuous structure becomes more obvious and finer 

(Figure A1-8(b, d)), yielding a more complete continuous conductive 

network. The phase domain sizes of TPU-CB and OBC-CB also decrease. 

Moreover, it should be noted that extremely pronounced agglomeration of CB 

takes place in TPU-CB/OBC-12 (Figure A1-8b). The agglomeration of CB in 
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the TPU phase should follow first-order kinetics governed by the diffusion of 

isolated CB particles or small aggregates towards immobilized large 

aggregates, which is attributed to a minimization of surface energy of the 

fillers [21]. In contrast, for OBC-CB/TPU-12-a, no obvious agglomeration of 

CB aggregates is observed in comparison with that in TPU-CB/OBC-12-a, 

which indicates that CB is no longer concentrated at the OBC phase, which is 

consistent with the morphology indicated in Figure A1-7d. It also indicates 

that no large amount of CB reaches the TPU phase, which can be confirmed 

by the different strain sensing behavior from that of TPU-CB/OBC-12-a and 

similar dynamic strain sensing behavior as that of OBC-CB-20. For OBC-

CB/TPU-12-a, it can be deduced that two driving forces, namely, the 

thermally induced agglomeration due to the minimization of the interfacial 

energy and thermodynamic migration owing to the better affinity of CB to 

TPU, as well as the slow transfer and high interfacial stability [23] contribute 

to the accumulation of CB particles at the interfacial area. Moreover, the CB 

conductive network in TPU-CB/OBC-12-a is more compact than that in OBC-

CB/TPU-12-a, thus the lower sensitivity is again illustrated for the former. 
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Figure A1-9: Additional information of graphical representation of annealing effect for ternary 

composites of (a) TPU-CB/OBC; (b) TPU-CB/OBC-a; (c) OBC-CB/TPU; and (d) OBC-

CB/TPU-a. Complementary information to Figure 3-9 in the main text in Chapter 3; yellow: 

movement of CB; red: conductive pathway. 

1. 2. 9. Rheology analysis 

To obtain a further insight into the network formation and microstructure of 

the binary and ternary composites investigated, rheological analysis was also 

performed. As widely reported [3, 21, 24-26]. the viscoelastic behavior in the 

low frequency (ω) region is sensitive to microstructural changes in the 

composite material. In particular, the plateau of the storage modulus G’ is 

commonly used to confirm the establishment of an interconnected filler 

network structure in a polymer matrix. In addition, it has been indicated that 

a higher low-frequency G’ indicates a more perfect network structure [3, 27]. 

The variation of G’ with the angular frequency (ɷ) for a selected number of 

samples is illustrated in Figure A1-10a. Compared with the unfilled pure 

polymer TPU or OBC, or the TPU/OBC blend, the incorporation of CB 
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generally leads to the improvement of the storage modulus of the composites, 

especially at low frequencies. With respect to the unannealed ternary 

composites, a clearer plateau for G’ and higher low-frequency G’ values can 

be observed for the binary composites TPU-CB-20 and OBC-CB-20. This 

indicates the formation of a more defined CB network structure for the latter 

two binary composites (Figure 3-6), which again confirms their lower strain 

sensitivity. Note that OBC-CB/TPU-12 exhibits slightly higher moduli than 

TPU-CB/OBC-12 at very low frequencies, which confirms the localization of 

CB at the interfacial area, as CB enrichment in the interfacial region is 

favorable for improving elasticity of the melt [24]. 
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Figure A1-10: (a) Storage modulus (G’) as a function of frequency (ɷ) of selected samples; (b) 

Loss tangent (tan δ) as a function of frequency for a selected number of ternary composites 

before and after annealing; (c) Evolution of storage modulus as a function of time at 200 °C 

(to mimic annealing) for TPU-CB/OBC-12 and OBC-CB/TPU-12 at a fixed frequency of 0.628 

rad s-1 and a strain of 1 %. 

After annealing, the G’ values of the ternary composites increase in Figure 

A1-10a, especially at low frequency, suggesting a more elastic structure. For 

such structure, molecular motion is inhibited by increasing particle network 

formation [25] due to the CB agglomeration process. The latter is again 

consistent with the increase in conductivity shown in Figure 3-2b and the 

discussions on the morphology changes. Annealing introduces however a 

smaller modulus increase for OBC-CB/TPU-12, indicating a lower degree of 
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phase coalescence. This can be ascribed to the restriction effect of CB being 

located at the interface, and this also explains the less obvious agglomeration 

of CB as for instance shown in the optical analysis (Figure A1-8d). 

Alternatively focus can be on the loss tangent (tan δ), which is known to be 

very sensitive to phase coalescence [24]. As shown in Figure A1-10b, only a 

limited change of tan δ at low frequencies is observed for both ternary 

composites after annealing. This indicates no strong phase coalescence during 

the annealing process, especially for OBC-CB/TPU-12 due to the CB 

suppression effect, which is again consistent with the microscopic analysis in 

Figure A1-8. 

To further confirm the findings obtained from the frequency sweeps, time 

sweeps were also performed for TPU-CB/OBC-12 and OBC-CB/TPU-12 at 

elevated temperature to mimic annealing. As shown in Figure A1-10c, G’ 

rapidly increases in the early stage, which can indeed be attributed to the 

formation of the CB network, and then keeps increasing slowly for the 

remaining time for both ternary composites. The increase in G’ is more 

obvious for OBC-CB/TPU-12, which is as highlighted above can be ascribed 

to the migration and accumulation of CB particles at the interfacial region that 

limit the movement of molecular chains. 
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1. 2. 10. Summary on characteristics of all composites 

Table A1-5: Summary and comparison of the strain sensing behavior of all samples fabricated 

in this research; definitions for εi see Figure A1-11. 

Sample GF  

(Equation 3-1) 

Static 

tensile 

testing 

Linearity Dynamic 

tensile 

testing 

TPU-CB-

25 

3.93 

(0 - ɛ1 = 3 %)  

-1.9  

(ɛ2 = 40 %) 

0.41  

(ɛ = 18 %) 

57.02  

(ɛ3 = 200 %) 

0 - 200 %  Near linear  

(R2 = 0.989, 

 0 - 3 %) 

Nonlinear  

(40 - 200 %) 

 

TPU-CB-

25-a 

2.79  

(0 - ɛ1 = 3 %) 

 -2.13  

(ɛ2 = 30 %) 

1.68  

(ɛ3 = 118 %) 

0 - 118 %  Near linear  

(R2 = 0.849,   

0 - 3 %) 

Nonlinear  

(30 - 200 %) 

 

TPU-CB-

23 

5.4  

(0 - ɛ1 = 2 %) 

-2.59  

(ɛ2 = 25 %) 

18.61  

(ɛ = 115 %) 

18154.45  

(ɛ3 = 188 %) 

0 - 188 %  Near linear  

(R2 = 0.987,  

 0 - 2 %) 

Nonlinear 

(25 - 200 %) 

 

TPU-CB-

23-a 

4.39  

(0 - ɛ1 = 2 %) 

-1.15  

(ɛ2 = 22.5 %) 

-0.01  

(ɛ = 25 %) 

18.6  

(ɛ3 = 115 %) 

0 - 115 %  Near linear 

(R2 = 0.982,  

0 - 2 %) 

Nonlinear 

(22.5 - 115 %) 
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Table A1-5: Continued. 

TPU-CB-

20 

10.21  

(0 - ɛ1 = 3 %) 

-0.28  

(ɛ2 = 15 %) 

0.18  

(ɛ = 20 %) 

57120.13  

(ɛ3 = 100 %) 

0 - 100 %  Near linear  

(R2 = 0.989,  

0 - 3 %) 

Nonlinear  

(15 - 92 %) 

Consistent 

(0 - 2 %, 40 

cycles) 

Hysteresis 

(20 - 40 %, 

40 cycles) 

TPU-CB-

20-a 

8.15  

(0 - ɛ1 = 4 %) 

2.54  

(ɛ = 15 %) 

2.4  

(ɛ2 = 20 %) 

340  

(ɛ3 = 90 %) 

0 - 90 %  Near linear  

(R2 = 0.991,  

0 - 4 %) 

Nonlinear  

(4 - 90 %) 

 

OBC-CB-

25 

2.27  

(0 - ɛ1 = 3 %) 

-1.07  

(ɛ2 = 18 %) 

-0.81  

(ɛ = 22 %) 

12.31  

(ɛ3 = 200 %) 

0 - 200 %  Near linear  

(R2 = 0.979,  

0 - 3 %) 

Nonlinear  

(18 - 200 %) 

 

OBC-CB-

25-a 

1.97  

(0 - ɛ1 = 4 %) 

-0.75  

(ɛ2 = 22 %) 

6.15  

(ɛ3 = 200 %) 

0 - 200 %  Near linear  

(R2 = 0.973,  

0 - 4 %) 

Nonlinear  

(22 - 200 %) 

 

OBC-CB-

23 

6.14  

(0 - ɛ1 = 2 %) 

0.27  

(ɛ2 = 10 %) 

1.64  

(ɛ = 20 %) 

1778.52  

(ɛ3 = 200 %) 

0 - 200 % Near linear  

(R2 = 0.989,  

0 - 2 %) 

Nonlinear  

(10 - 200 %) 
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Table A1-5: Continued. 

OBC-CB-

23-a 

5.45  

(0 - ɛ1 = 3 %) 

0.07  

(ɛ2 = 20 %) 

601.14  

(ɛ3 = 200 %) 

0 - 200 %  Near linear  

(R2 = 0.986,  

0 - 4 %) 

Nonlinear  

(20 - 200 %) 

 

OBC-CB-

20 

7.75  

(0 - ɛ1 = 4 %) 

2.76  

(ɛ2 = 12.5 %) 

2.9  

(ɛ = 20 %) 

5644.31  

(ɛ3 = 145 %) 

0 - 145 %  Near linear  

(R2 = 0.969,  

0 - 4 %) 

Nonlinear 

(12.5 - 145 %) 

Consistent 

(0 - 2 %, 40 

cycles) 

Hysteresis 

(20 - 40 %, 

40 cycles) 

OBC-CB-

20-a 

5.94  

(0 - ɛ1 = 4 %) 

2.96  

(ɛ2 = 12.5 %) 

3.18  

(ɛ = 20 %) 

359.95  

(ɛ = 145 %) 

450  

(ɛ3 = 150 %) 

0 - 150 %  Near linear  

(R2 = 0.970, 

 0 - 4 %) 

Nonlinear  

(4 - 150 %) 

 

TPU-

CB/OBC-

16 

0.04  

(0 - ɛ1 = 1 %) 

 -2.45  

(ɛ2 = 16 %) 

 -2.01  

(ɛ = 20 %) 

4.35  

(ɛ = 74 %) 

 20.55  

(ɛ3 = 120 %) 

0 - 120 %  Near linear  

(R2 = 0.908,  

0 - 1 %) 

Nonlinear  

(1 - 120 %) 

 

TPU-

CB/OBC-

16-a 

4.64  

(0 - ɛ1 = 3 %) 

 0.27  

(ɛ = 16 %) 

 0.12  

(ɛ2 = 20 %) 

 0.99  

(ɛ3 = 74 %) 

0 - 74 %  Near linear  

(R2 = 0.982,  

0 - 3 %) 

Nonlinear  

(20 - 200 %) 
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Table A1-5: Continued. 

TPU-

CB/OBC-

12-a 

13.28  

(0 - ɛ1 = 4 %)  

5.01  

(ɛ2 = 20 %) 

 39  

(ɛ3 = 60 %) 

0 - 60 %  Near linear  

(R2 = 0.989,  

0 - 4 %) 

Nonlinear  

(4 - 60 %) 

Hysteresis 

(20 - 40 %, 

40 cycles) 

TPU-

CB/OBC-

10-a 

18.73  

(0 - ɛ1 = 5 %) 

37.70  

(ɛ = 20 %) 

 100  

(ɛ3 = 30 %) 

0 - 30 %  Near linear  

(R2 = 0.968,  

0 - 5 %) 

Nonlinear  

(5 - 30 %) 

 

OBC-

CB/TPU-

16 

7.8  

(0 - ɛ1 = 4 %) 

0.27  

(ɛ = 16 %) 

0. 12  

(ɛ2 = 20 %) 

63124.12  

(ɛ3 = 200 %) 

0 - 200 %  Near linear  

(R2 = 0.982,  

0 - 4 %) 

Nonlinear  

(16 - 200 %) 

 

OBC-

CB/TPU-

16-a 

9.45  

(0 - ɛ1 = 4 %) 

5.05  

(ɛ = 16 %) 

4.69  

(ɛ2 = 20 %) 

2300  

(ɛ3 = 190 %) 

0 - 190 %  Near linear  

(R2 = 0.987,  

0 - 4 %) 

Nonlinear  

(4 - 190 %) 

 

OBC-

CB/TPU-

12-a** 

21.58  

(0 - ɛ1 = 15 %) 

28.99  

(ɛ = 20 %) 

42000  

(ɛ3 = 85 %) 

0 - 85 % Near linear  

(R2 = 0.994, 

 0 - 15 %) 

Nonlinear  

(15 - 97 %) 

Limited 

hysteresis 

(20 - 40 %, 

40 cycles) 

OBC-

CB/TPU-

10-a* 

89.36  

(0 - ɛ1 = 3 %) 

3453.16  

(ɛ = 20 %) 

14000  

(ɛ3 = 25 %) 

0 - 25 %  Near linear  

(R2 = 0.973,  

0 - 3 %) 

Nonlinear  

(3 - 25 %) 

Consistent 

(0 - 2 %, 

100 cycles) 

*Suited for low strain rates (Table 3-3 in the Chapter 3) 

**Suited for high strain rates (Table 3-4 in the Chapter 3) 
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Figure A1-11: Illustration of characteristic strains for gauge factor (GF) calculation. 0 - ɛ1, 

linear regression was done, and the slope is GF (Equation 3-1 in Chapter 3). ɛ2 is the strain 

where the fractional resistance change, ΔR/R0 started increasing again, and ɛ3 is the final strain 

where samples became “nonconductive” or broke (see Figure A1-3). GF at ɛ2 and ɛ3 were also 

formally calculated by using GF= (ΔR/R0)/ɛ. All the calculated GF are listed in Table A1-5. 
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Appendix B  

SUPPLEMENTARY INFORMATION FOR 

CHAPTER 4  

2. 1. Additional experimental details 

2. 1. 1. Materials and sample preparation 

Materials 

TPU with a melt flow rate of 20 g per 10 min (210 °C , 2.16 kg, measured in-

house) and a density of 1.15 g cm-3 and OBC with a melt flow rate of 5 g per 

10 min (190 °C, 2.16 kg) and a density of 0.887 g cm-3 were used in this work. 

The mass average molar mass (Mm) and dispersity of OBC are 78.6 kg mol-1 

and 2.6. This copolymer possesses 10 mol.% soft octane co-monomer units 

and 35 m% hard ethylene blocks. The characteristics of the two types of CB 

used in this work are listed in Table A2-1. 

Table A2-1: Characteristics of the two carbon black (CB) types. 

sample Average diameter 

(primary particles) 

(nm)  

DBP1 

adsorption  

(10-2 ml g-1)  

BET1 surface 

area (m2 g-1) 

Density  

(g cm-3) 

CB1 3.8 × 10 1.9 × 102 6.5 × 10 1.8 

CB2 3.0 × 10 4.2 × 102 103 1.3 

1 DBP: Dibutyl phthalate; BET: The Brunauer-Emmett-Teller 

Sample preparation 

Before processing, for 12 h, TPU and CB were vacuum dried at 80 °C and 

OBC at 60 °C. The melt compounding was conducted using a twin-screw 

extruder (APV MP19TC-40 Baker) with a screw rotational speed of 120 rpm, 

and a temperature increase between 160 to 205 °C from hopper to die. For 

binary composites, OBC or TPU pellets and CB powder were fed 

simultaneously into the hopper to produce master batches, which were then 
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diluted to a series of composites with different CB mass content. Table A2-2 

gives an overview of the binary composites covered, including the two 

additional ones taken from previous work (with CB1) for comparison purposes 

[1]. 

Table A2-2: Compositions of binary composites covered in this work; those with CB1 (last 

column) are taken from previous work [1]. 

Binary 

composites 

TPU-CB2-15 TPU-CB2-12 TPU-CB2-10 TPU-CB1-20 

OBC-CB2-15 OBC-CB2-12 OBC-CB2-10 OBC-CB1-20 

Mass % 

CB 

15 m% 12 m% 10 m% 20 m% 

A blending sequence was applied for the production of the ternary composites. 

OBC pellets were first mixed with CB powder to produce an OBC-CB pre-

mixture, which was then blended with TPU in a second processing step. This 

initial blending stage with OBC and not the more thermodynamically 

favorable TPU is based on our previous work with CB1, which showed that a 

more “brittle” conductive network contributing to a higher sensitivity results 

with this blending control [1]. For CB1, the mass ratio of OBC and TPU is 

always 50/50. For CB2, the mass ratio of OBC and TPU is either 50/50, 40/60 

or 30/70. For the special hybrid CB based ternary composite case, master 

batches of OBC-CB1 and OBC-CB2 were first prepared to obtain a well-mixed 

OBC-hybrid CB composite with a CB1/CB2 mass ratio of 50/50, which was 

then blended with TPU. A summary of the ternary compositions investigated 

is given in Table A2-3, also including the additional two taken from previous 

work (only CB1; [1]) for comparison purposes.  
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Table A2-3: Compositions of ternary composites covered in this work; those with CB1 only 

(last row) are taken from previous work [1]. 

 

Sample 

OBC50-CB2/TPU50-

10 

OBC50-CB2/TPU50-

7 

OBC50-

CB2/TPU50-5 

OBC40-CB2/TPU60-

10 

OBC40-CB2/TPU60-

7 

OBC40-

CB2/TPU60-5 

OBC30-CB2/TPU70-

10 

OBC30-CB2/TPU70-

7 

OBC30-

CB2/TPU70-5 

OBC50-hybrid CB/TPU50-10 

Mass 

% CB 

10 m% 7 m% 5 m% 

Sample OBC50-CB1/TPU50-

12 

OBC50-CB1/TPU50-

10 

 

Mass 

% CB 

12 m% 10 m%  

For conductive network modification, a selected number of samples was 

thermally annealed in oven for 2 h at 180 °C. An additional “-a” is indicated 

for the sample name after annealing treatment (e.g. OBC30-CB2/TPU70-10-a). 

2. 1. 2. Piezoresistive response evaluation 

The piezoresistive responses of the prepared samples were monitored with an 

digital source meter (Keithley 2401) using four-probe method combined with 

a universal tensile machine (Instron 5566). The initial electrical resistance of 

samples with high resistance (>108 Ω) was measured by employing high 

resistance electrometer (Keithley 6517A) with a two-probe method. Filaments 

with gauge length of 110 mm were used for the tensile tests (velocity: 10 mm 

min-1) at room temperature. Silver paint was applied on four selected sites of 

the specimens to ensure a good contact and the resistance measurement gauge 

length was 50 mm. The real-time resistance under strain was recorded using a 

LabVIEW program. For each CB mass fraction, five different curves were 

collected with an average representative resistance change curve shown as 

final result. 
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2. 1. 3. Scanning electron microscopy (SEM)  

The morphologies and structures of materials were characterized using 

scanning electron microscope. For samples in Figure A2-12 and A2-15(a, c), 

NanoSEM450 (Nova) was used with operated voltage of 5 kV. Samples in 

Figure A2-14 and Figure A2-16 were observed using SEM (Tescan Brno 

s.r.o.) operating at 5 kV. Samples for SEM observation were cryogenically 

fractured in liquid nitrogen. In order to clearly distinguish the multi-phase 

structure of the selected ternary OBC-CB/TPU composites, the cryo-fractured 

samples were etched by dimethylformamide at 70 °C for 2.5 h to partially 

remove TPU. In addition, washing and drying was performed and the fracture 

surfaces were sprayed with a thin layer of gold to examine the dispersion and 

distribution of CB.  

2. 1. 4. Transmission electron microscopy (TEM)  

The distribution and phase morphologies of CB particles of ternary 

composites were also examined by TEM (JEM-1400 Plus, JEOL Benelux) at 

an acceleration voltage of 80 kV. The specimens for TEM observation were 

prepared as follows. Samples put in acetone overnight were first embedded in 

embedding resin (EMbed 812 Resin Kit, EMS ) and then the embedded 

samples were trimmed with Leica EM TRIM S4E (type 702601). Semithin 

sections (1 µm) were cut with glass knives on a Leica Ultramicrotome (EM 

UC6) and observed with a stereomicroscope to select the most suitable areas 

for ultrathin sectioning. Ultrathin sections (± 80 nm) were further cut with a 

Leica Ultramicrotome (EM UC6) using a diamond knife (DIATOME, ultra 

45°; 2.5 mm) and collected on Formvar-coated copper grids (Formvar 

solution, EMS). 

2. 1. 5. Thermal gravimetric analysis (TGA)  

The thermal stability of the composites and the CB mass fractions were 

evaluated using TGA (STA449, Netzsch) under a nitrogen atmosphere. The 
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samples (ca. 10-15 mg) were heated from room temperature to 550 °C at a 

rate of 10 K min−1. 

2. 1. 6. Differential scanning calorimetry (DSC)  

A differential scanning calorimeter (Netzsch Polyma) with nitrogen as the 

purge gas was applied to study the melting behavior of the pure TPU and OBC 

and their selected corresponding CB2 based composites prior to and after 

annealing with a heating rate of 10 K min-1 from 30 °C to 250 °C. Peak surface 

and temperatures were determined using the Protheus software. Data from the 

first heating run was used. Crystallinity was calculated using following 

formula: 

𝑥𝑐  =  
∆𝐻𝑚

𝜔𝑓∆𝐻𝑚
0 ∗ 100 %                                                   Equation A2-1 

in which ∆𝐻𝑚 stands for the melt enthalpy, ∆𝐻𝑚
0  stands for the theoretical 

melt enthalpy of 100 % crystalline material, and 𝜔𝑓  strands for the weight 

fraction of the component. The value ∆𝐻𝑚
0 = 290 J g-1 was used for the 

crystallinity calculation for OBC [2].  
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2. 2. Additional results and discussions 

2. 2. 1. TGA analysis for composites filler content verification 

 

Figure A2-1: TGA curves of neat materials and CB2 based composites; further characteristics 

are listed in Table A2-4. 
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Table A2-4: Summary and calculation of CB2 content in binary and ternary 

composites related to Figure A2-1. 

Sample Onset 

decomposition 

temperature (°C) 

Residual 

mass 

(m%) 

Mass 

fraction of 

CB (m%) 

TPU 317 4.73 ± 0.18  

TPU-CB2-15 304 19.35 ± 0.58 14.62 

TPU-CB2-12 308 16.39 ± 0.4 11.66 

TPU-CB2-10 307 14.98 ± 0.65 10.25 

TPU-CB2-9 312 14.00 ± 0.50 9.27 

TPU-CB2-8 309 12.34 ± 0.43 7.61 

TPU-CB2-6 313 10.88 ± 0.41 6.15 

OBC 446 0.39 ± 0.13  

OBC-CB2-15 467 15.37 ± 0.24 14.98 

OBC-CB2-12 465 12.81 ± 0.42 12.42 

OBC-CB2-10 463 10.93 ± 0.29 10.54 

OBC-CB2-9 466 9.32 ± 0.53 8.93 

OBC-CB2-7 464 7.13 ± 0.5 6.74 

OBC-CB2-6 466 6.37 ± 0.3 5.98 

OBC50/TPU50 314 2.05 ± 0.09  

OBC50-CB2/TPU50-10 295 12.19 ± 0.88 10.14 

OBC50-CB2/TPU50-7 297 8.93 ± 0.16 6.88 

OBC50-CB2/TPU50-5 294 7.35 ± 0.06 5.3 

OBC50-CB2/TPU50-4 298 6.17 ± 0.45 4.12 

OBC50-hybrid 

CB/TPU50-10 

297 12.80 ± 0.46 10.75 

OBC40/TPU60 296 2.74 ± 0.4  

OBC40-CB2/TPU60-10 294 12.27 ± 0.89 9.53 

OBC40-CB2/TPU60-7 298 9.32 ± 0.26 6.58 

OBC40-CB2/TPU60-5 298 8.51 ± 0.2 5.77 

OBC40-CB2/TPU60-4 296 6.37 ± 0.16 3.63 

OBC30/TPU70 302 3.76 ± 0.3  

OBC30-CB2/TPU70-10 300 13.45 ± 0.32 9.69 

OBC30-CB2/TPU70-7 298 10.69 ± 0.38 6.93 
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Table A2-4: Continued. 

OBC30-CB2/TPU70-5 297 9.46 ± 0.41 5.7 

OBC30-CB2/TPU70-4 298 7.72 ± 0.45 3.96 

2. 2. 2. Conductivity data for binary and ternary composites 

For a comprehensive understanding of the effect of filler type and composition 

on the piezoresistive behavior, the electrical conductivity (σ) of several binary 

composites was first compared with results shown in Figure A2-2. A general 

increase of σ versus CB mass fraction is observed and the presence of a 

percolation threshold and percolation region can be identified for both CB1 

and CB2 based binary composites. The percolation threshold (Pc) can be 

determined by applying the power law according to classical percolation 

theory (Equation A2-2) to the experimentally obtained σ (Figure A2-2(c, d)): 

𝜎 = 𝜎0 (𝑝 − 𝑝𝑐)𝑡                                                                         Equation A2-2                    

where σ denotes the electrical conductivity at a given mass fraction, p the 

conductive filler mass concentration, t the critical exponent revealing the 

dimensionality of the conductive network [3]. The results of the percolation 

threshold (Pc) and conductivity exponent (t) are listed in Table A2-5. It is 

noticed that the percolation threshold is at lower concentrations for CB2 based 

binary composites. One possible attribution is the higher DBP value of CB2, 

which is a CB structure parameter characterizing the tendency and capability 

of forming a conductive network [4]. However, it also should be noted that 

the percolation behavior of a given CPC and its conductivity are typically 

influenced by several variations in structure, matrix and processing related 

parameters, quality of dispersion, etc. [4, 5]. Besides, the higher Pc intuitively 

corresponds to an increase in the averaged size of the randomly distributed 

conducting particles in CB1 based systems [6]. The values of exponent t for 

all binary systems are higher than theoretical value (1.6-2) for 3D random 

networks, especially for CB2 binary composites, indicating a wider 
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distribution of inter-particle distance distribution or less uniformity under the 

same processing conditions. It is also clear from the results (Figure A2-2(a, 

b)) that OBC-CB binary systems have higher electrical conductivity than 

TPU-CB composites containing the same CB amount. 

 

Figure A2-2: Conductivity (σ) as a function of CB content for (a) CB1 based and (b) CB2 based 

composites with/without annealing. Log–log plot of experimental σ versus (P‑Pc) and the fitting 

curve according to percolation law for as-prepared (so no annealing) (c) CB1 and (d) CB2 

based binary composites. 

Table A2-5: Percolation (Pc) and conductivity exponent (t) for binary composites (Equation 

A2-2).  

Binary 

composite 

TPU-CB1 OBC-CB1 TPU-CB2 OBC-CB2 

Pc (m%) 18.2 ± 0.8 17.5 ± 0.8 8.4 ± 0.9 8.2 ± 0.1 

t 2.3 ± 0.1 2.9 ± 0.2 4.2 ± 0.4 3.5 ± 0.1 
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The influence of annealing on the electrical conductivity as a function of CB 

content for four kinds of binary combinations is also examined and indicated 

in Figure A2-2(a, b). It is observed that the conductivity evidently gets 

increased at lower CB concentrations for OBC-CB1, OBC-CB2 and TPU-CB2 

composites, especially with filler amount just above the percolation threshold. 

At higher CB concentration well above the electrical threshold, the increase 

of electrical conductivity through annealing becomes smaller. The increase of 

conductivity originates from the heat-treatment induced secondary 

agglomeration of CB particles and build of new conductive pathways in the 

polymer matrix [7]. Consistent with the as-prepared composites, OBC-CB 

binary systems still possess higher electrical conductivity after annealing. In 

addition, the conductivity increase amplitude of CB2 based binary system with 

higher filler beyond the percolation region is larger than that of CB1 based 

combinations. For instance, the conductivity of OBC-CB1-20 becomes twice 

from 0.11 S m-1 to 0.22 S m-1 after annealing, while a 3-times-increase is 

obtained for OBC-CB2-10 from a comparable initial conductivity of 0.15 S m-

1 to 0.44 S m-1, indicating the formation of a more thorough conductive 

network due to the “stronger” structure of CB2. This difference becomes more 

obvious with further increase of filler content. 

The electrical conductivity of ternary composites can be easily affected by the 

morphology evolution under melt annealing, as the morphology of an 

immiscible polymer blend is usually in a non-equilibrium state after melt 

blending [1, 8]. Similarly, only ternary systems with relative high content 

(OBC50-CB1/TPU50-16 [1], OBCz-CB2/TPUw-10 (Figure A2-3) are conductive 

before annealing. The conductivity of all ternary composites is greatly 

improved after annealing, especially for those with relative lower CB 

amounts. For comparison, the conductivity variations of annealed ternary 

systems are also plotted in Figure A2-2(a, b). It is seen that similar or 

comparable conductivity as (annealed) binary systems can be achieved using 
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ternary composites combined with modification of composition and thermal-

treatment, but with lower CB concentration. Compared to CB1 ternary 

composites with the same blend ratio of 50/50, less CB2 amount is needed for 

OBC50-CB2/TPU50-y-a to obtain similar conductivity. Furthermore, OBC40-

CB2/TPU60(-a) containing 5 to 10 m% of CB2 displays some higher 

conductivity than those with 50/50 and 30/70 blend ratio. A further 

comparison is given in Figure A2-3. 

 

Figure A2-3: Effect of annealing on experimental electrical conductivity for CB2 

based ternary composites at different blend ratio and CB mass fractions. 
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2. 2. 3. Piezoresistive behavior of OBC-CB2 binary composites 

(including annealing) 

 

Figure A2-4: The comparison of ΔR/R0-strain curves for OBC-CB2 composites before and after 

annealing. 
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2. 2. 4. Additional information for static testing for ternary composites  

 

Figure A2-5: Effect of CB2 amount for OBC/TPU mass ratios different from 50/50. (a) OBC40-

CB2/TPU60(-a) and (b) OBC30-CB2/TPU70(-a). Lower graphs are magnification within the 

strain range of 0 - 50 %. 
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2. 2. 5. Summary of electrical and critical sensing performance  

Table A2-6: Summary of GFmax with critical strain sensing regime, and the initial conductivity 

of binary composites.  

Sample GFmax (Equation 4-1) Monotonic Initial 

conductivity 

(S m
-1

) 

TPU-CB1-20 

 

(3.4 ± 0.5) × 102  

(ɛ = 90 %) 

N 

 

0.13 ± 0.01 

 

OBC-CB1-20 

 

(4.5 ± 0.8) × 102  

(ɛ = 150 %) 

N 

 

0.11 ± 0.01 

 

TPU-CB2-15 (1.5 ± 0.7) × 104  

(ɛ = 185 %) 

 2.26 ± 0.1 

TPU-CB
2
-15-a (3.3 ± 0.4) × 10  

(ɛ = 71 %) 

 4.23 ± 0.55 

TPU-CB
2
-12 (7.6 ± 1.4) × 103 

(ɛ = 93 %) 

 0.41 ± 0.02 

TPU-CB
2
-12-a (1.2 ± 0.4) × 104  

(ɛ = 116 %) 

 0.96 ± 0.06 

TPU-CB
2
-10 (8.9 ± 1.5) × 102  

(ɛ = 21 %) 

 0.01 

TPU-CB
2
-10-a (6.1 ± 1.5) × 103  

(ɛ = 57 %) 

 0.35 ± 0.02 

OBC-CB
2
-15 (9.4 ± 2.1) × 104 

(ɛ = 625%) 

 7.87 ± 1.46 

OBC-CB
2
-15-a 1.0 × 10  

(ɛ = 63 %) 

 9.02 ± 0.46 

OBC-CB
2
-12 (5.3 ± 2.2) × 103   

(ɛ = 63 %) 

 1.23 ± 0.36 

OBC-CB
2
-12-a (2.1 ± 0.7 ) × 10  

(ɛ = 47 %) 

 3.36 ± 0.22 

OBC-CB
2
-10 (4.7 ± 1.3 ) × 103  

(ɛ = 40 %) 

 0.15 ± 0.03 

OBC-CB
2
-10-a (8.5 ± 2.0 ) × 103 

(ɛ = 59 %) 

 0.44 ± 0.04 
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Table A2-7: Summary of GFmax with critical strain sensing regime, and the initial conductivity 

of ternary composites. 

Sample GFmax (Equation 4-1) Initial 

conductivity 

 (S m
-1

) 

OBC
50

-CB
1
/TPU

50
-10-a (1.4 ± 0.4) × 104  

(ɛ = 25 %) 
0.05 ± 0.01 

 

OBC
50

-CB
2
/TPU

50
-10 (2.3 ± 0.3) × 104  

(ɛ = 238 %) 
1.93 ± 0.05 

OBC
50

-CB
2
/TPU

50
-10-a (1.2 ± 0.1) × 102  

(ɛ = 93 %) 
4.89 ± 0.26 

OBC
40

-CB
2
/TPU

60
-10 (1.2 ± 0.3) × 104  

(ɛ = 140 %) 
1.00 ± 0.05 

OBC
40

-CB
2
/TPU

60
-10-a (3.6 ± 0.4) × 10  

(ɛ = 74 %) 
6.08 ± 0.26 

OBC
30

-CB
2
/TPU

70
-10 (3.9 ± 1.3) × 103  

(ɛ = 107 %) 
0.25 ± 0.06 

OBC
30

-CB
2
/TPU

70
-10-a (2.9 ± 0.5) × 102  

(ɛ = 93 %) 
3.19 ± 0.16 

OBC
50

-CB
2
/TPU

50
-7-a (7.4 ± 0.6) × 103  

(ɛ = 110 %) 
0.18 ± 0.03 

OBC
40

-CB
2
/TPU

60
-7-a (2.2 ± 0.4) × 104  

(ɛ = 52 %) 
1.03 ± 0.25 

OBC
30

-CB
2
/TPU

70
-7-a (1.3 ± 0.6) × 104  

(ɛ = 41 %) 
0.35 ± 0.04 

OBC
50

-CB
2
/TPU

50
-5-a (5.3 ± 1.0) × 102  

(ɛ = 41 %) 
0.11 ± 0.01 

OBC
40

-CB
2
/TPU

60
-5-a (2.2 ± 0.8) × 104  

(ɛ = 19 %) 
0.29 ± 0.08 

OBC
30

-CB
2
/TPU

70
-5-a (4.6 ± 0.4) × 102  

(ɛ = 15 %) 
0.01 

OBC
50

-hybrid CB/TPU
50

-10 (4.4 ± 1.7) × 103  

(ɛ = 82 %) 
0.24 ± 0.08 

OBC
50

-hybrid CB/TPU
50

-10-a (2.4 ± 0.5) × 103  

(ɛ = 97 %) 
0.25 ± 0.02 
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2. 2. 6. Summary of mechanical properties 

 

Figure A2-6: Typical stress-strain curves for binary composites of (a) TPU-CB2(-a) and (b) 

OBC-CB2(-a), and ternary composites of (c) OBC50-hybrid CB/TPU50(-a), (d) OBC50-

CB2/TPU50(-a), (e) OBC40-CB2/TPU60(-a) and (f) OBC30-CB2/TPU70(-a). 

Figure A2-7 illustrates the DSC curves of virgin TPU, OBC and their 

corresponding composites prior to and after annealing by using heating scan. 

The temperatures of endothermic peaks and their corresponding enthalpy 

values are also indicated in the graphs. As shown in Figure A2-7a, A similar 
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broad endothermal peak (peak temperature of main effect at 177.2 °C) is 

exhibited for neat TPU and TPU-15CB, which is associated with 

intersegmental mixing of “noncrystalline” hard and soft microphases [9-11]. 

The small endothermic peak at 169.3 °C for TPU-15CB is attributed to the 

melting of TPU hard segments (HS) discrete crystallites with relatively short-

range order in mixed phase [10-12]. The small endothermic peak at 201.9 °C 

for TPU-15CB is ascribed to the melting of HS crystallites (type I) with long 

range order in hard segment phase, which is related to a higher degree of phase 

mixing [9-12]. After annealing, the above thermal features virtually disappear. 

As for TPU-15CB-a, the main endothermic transition shifts to a higher 

temperature of 209.9 °C and is thought to correspond to the melting of HS 

crystallites (type II) with long range order that are connected with a strong 

phases separation and the microphase mixing of the soft and hard segments 

[10-12]. The sharper endothermic peak after annealing also suggests improved 

phase separation between the hard and soft segments [13]. The lower 

endothermic transition at 189.9 °C is also attributed to the melting of a portion 

of HS crystallites which is less ordered due to the hindrance [14] of denser 

solid CB. The crystal structure with higher TM  at 209.9 °C is more ordered. 

The above results indicate that the annealing process promotes the ordering of 

the hard segments into a larger and more ordered microdomain structure. In 

addition, this structuring process by annealing induces additional microphase 

separation between the soft and hard segments of TPU. Similar structure 

results have been reported [15, 16]. Due to the overlap of melting transition 

and microphase mixing transition, the exact crystallinity cannot be obtained 

just based on DSC results. And from the enthalpy values, both TPU-15CB and 

TPU-15CB-a do not possess much crystallinity. In our view, the increased 

phase separation and larger and ordered microdomain contribute more to the 

stretachaility reduction [17] than the possible increase of crystallinity after 

annealing. 
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Figure A2-7: DSC thermograms of (a) TPU pellet and TPU-15CB(-a) and (b) OBC pellet and 

OBC-15CB(-a). (TMMT: microphase mixing transition; TM: melting transition (hard segments 

present in hard segment phase; TM’: melting transition (hard segments present in mixed phase). 

Tot: Total). 

As for OBC-15CB and OBC-15CB-a (Figure A2-7b), quite similar melting 

peak at around 120 °C and crystallinity (15.9 % for OBC-15CB and 16.1 % 

for OBC-15CB-a) are observed, indicating almost no influence of annealing 

on the crystallinity of OBC, which is ascribed to the faster crystallization rate 

of OBC itself. Besides, it is reported that OBC is homogeneous at a higher 

temperature (usually above 180 °C) [18]. Although the possibility of 

mesophase separation cannot be completely excluded, homogeneous melt 

may yield when annealing at 180 °C [19]. The difference of mesophase 

separation in OBC at 180 °C for OBC-15CB and OBC-15CB-a is weak. 

Therefore, the nature of crystallization due to the crystallizable hard blocks in 

both OBCs should be similar [20]. The crystallinity is not the sole factor 

affecting the tensile behavior [19]. Severe thermal degradation occurs at 

temperatures above 220 °C [21]. It is speculated that nonuniform morphology 

and restricting effect from solid CB are mainly responsible for the 

stretchability reduction for OBC-15CB after annealing.  
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2. 2. 7. Additional information for GFmax comparison 

 

Figure A2-8: Comparison of GFmax values with the associated ɛmax of this work with literature 

data (update of Figure 4-5 in Chapter 4). 

As seen from Figure A2-9, with comparable initial conductivity, the GF value 

of OBC-CB2-10 (> 10 within the testing range) is larger than that of TPU-

CB1-20-a and OBC-CB1-20-a (< 10 until the strain around 50 %), which also 
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demonstrates atypical three regimes variation with strain [1]. The higher 

sensitivity of CB2 based binary composite can be ascribed to higher CB2-

matrix interaction for more effective stress transfer. In contrast, the ternary 

composite OBC40-CB2/TPU60-5-a provides much higher GF then OBC-CB2-

10 until the strain of 19 %. Furthermore, TPU-CB2-10 and OBC50-CB1/TPU50-

10 shows even larger GF value than OBC40-CB2/TPU60-5-a until the strain of 

around 7 %, while they offer lower GF than OBC40-CB2/TPU60-5-a after then. 

The higher GF under small strain (< 5 %) for TPU-CB2-10 and OBC50-

CB1/TPU50-10 is attributed to much lower initial conductivity, however, this 

sensitivity contribution originated from low conductivity (more related to 

network structure) cannot guarantee higher GF all over the whole strain range, 

and is also accompanied by diverge of GF to very large values (especially for 

TPU-CB2-10). Additionally, from the aspect of full strain range monitoring, 

OBC30-CB2/TPU70-7-a (41 %) possesses similar initial conductivity and strain 

detection limit as OBC-CB2-10 (40 %), but exhibits about 2.8 times higher GF 

value at the highest strain. The above results imply the merit of collaborative 

effect of network structure and filler-matrix interaction for sensitivity 

enhancement. OBC40-CB2/TPU60-7-a also shows comparable GF variation 

with OBC-CB2-10, but provides some larger initial conductivity and strain 

sensing range (52 %). More significantly, it is clear that relative high GF 

values (> 104) with respect to different maximum strain detection capability 

are gained for CB2 based ternary system of OBC40-CB2/TPU60(-a) with filler 

content from 5 - 10 m% combined with OBC50-CB2/TPU50-10, illustrating 

higher sensitivity without sacrifice of initial conductivity and a wide static 

stretching-monitoring range varying from low (< 5 %) to high (> 100 %) strain 

can be achieved by adopting CB2 based ternary composites with proper choose 

of blend ratio and filler loading (no more than 10 m%). With comparable 

initial conductivity as OBC40-CB2/TPU60-5-a, OBC50-hybrid CB/TPU50-10 

and OBC30-CB2/TPU70-10 offer sensing stretchability between OBC40-

CB2/TPU60-7-a and OBC40-CB2/TPU60-10 and with GF > 103 at the highest 
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strain, which provides possible solution for avoiding annealing for OBC40-

CB2/TPU60 with filler between 7 to 10 m% to obtain similar sensing 

performance. The change of GF versus strain for TPU-CB2-15 and OBC-CB2-

15 is also listed to show the highest sensing boundary of CB2 binary 

composites with highest content. The GF-strain curve of TPU-CB2-15 is 

covered between OBC40-CB2/TPU60-10 and OBC50-CB2/TPU50-10. OBC-

CB2-15 presents the highest sensing stretchability of 625 % strain with the 

maximum GF value of 9.4 × 104, which is attributed to its high initial 

conductivity. 
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Figure A2-9: Summary of GF (Equation 4-1) as a function of applied strain for the most 

sensitive and monotonic cases of CB1 based binary and ternary composites, samples of CB2 

based binary and ternary combinations with lowest and highest filler content, and OBC50- 

hybrid CB/TPU50-10. Extra for Figure 4-5 in Chapter 4. 
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2. 2. 8. Additional information for dynamic sensing performance 

evaluation (Figure 4-7) 

To assess the influence of CB type on the dynamic response, ternary 

composites OBC50-CB2/TPU50-10, OBC50-CB2/TPU50-10-a, OBC50-hybrid 

CB/TPU50-10, OBC50-hybrid CB/TPU50-10-a, and OBC50-CB1/TPU50-12-a 

(sensory stretchability of OBC50-CB1/TPU50-10-a < 40 %) are further 

subjected to the same test (strain range: 20 - 40 %) with results illustrated in 

Figure A2-10 and characteristic performance evaluation values summarized 

in Table 4-1 in Chapter 4. Obviously, typical ΔR/R0 declining tendency and 

hysteresis pattern are indicated for these ternary composites. The hysteretic 

behavior is mainly attributed to the filler-matrix friction, which in turn is due 

to the slippage of fillers under stretching, and the viscoelasticity and the 

recovery of intermolecular forces at the relaxed state, which significantly 

influences the delay time associated with the re-establishment of percolation 

network upon release [22-25]. Consistent with the static result (Figure 4-2d), 

hybrid CB based ternary composites possesses dynamic sensitivity (AL) in 

between the corresponding CB1 and CB2 based ternary composites. The DL/P1 

and AL of OBC50-CB1/TPU50-12-a is some higher than those of the above 

mentioned CB2 and hybrid CB ternary composites, which is ascribed to its 

lower initial conductivity (0.35 S m-1). With the same initial conductivity, 

OBC40-CB2/TPU60-7-a provides around 58 times larger resistance change 

amplitude, still illustrating much higher sensitivity of CB2 based composites 

due to possible sparser conductive network and higher interaction. 
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Figure A2-10: Relative resistance variation under cyclic stretching/releasing tests at strains of 

20 - 40 % (40 cycles) for selected (a) CB2 based binary and ternary composites and hybrid CB 

based ternary composites; (b) CB1 based binary and ternary composites. 
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From the results in Figgure A2-10, it follows that the hysteretic behavior is 

evidently filler dependent for CB2 ternary composites under same strain 

condition. To verify whether this trend is applicable for the basic binary 

composites dynamic tests were also conducted for TPU-CB2-12, OBC-CB2-

12, OBC-CB2-15, TPU-CB1-20 and OBC-CB1-20. As shown in Figure A2-10, 

a similar hysteretic pattern is indicated, illustrating common situation for both 

binary and ternary system. Furthermore, from the overview of Table 4-1 in 

Chapter 4 it is worth noting that TPU-CB2 and CB2 based ternary composites 

show similarly a much higher sensitivity attenuation degree (DL/P1) than 

OBC-CB2, while CB1 based ternary composite gives the lowest degree of 

sensitivity reduction that more corresponds to the characteristics of OBC-CB1 

binary composite, implying again the much more influence of possible TPU-

CB2 network configuration and interaction on the sensing performance of CB2 

based ternary composites and different distribution of filler and filler-matrix 

interaction for the two types of CB based ternary composites, despite the same 

processing process. 

Except the filler content, it also follows that the stretching strain for those 

composites with no or negligible hysteresis (Figure 4-7 in Chapter 4) is 

approaching their largest strain monitoring limit. Thus, to further 

comprehensively investigate whether the applied strain amplitude imposes 

effect on the hysteretic behavior, several samples with proper sensitivity and 

sensing limit were subjected to multi-scale strain amplitude cyclic test 

indicated in Figure A2-11. As shown in Figure A2-11a when exposing to 

smaller strain (0 - 20 %) than in Figure 4-7, TPU-CB2-10 and OBC-CB2-10 

express tiny hysteresis, and OBC40-CB2/TPU60-7-a and OBC30-CB2/TPU70-7-

a still show no discernable hysteresis. Additionally, selected higher filler 

loaded binary and ternary composites were subjected to some higher strains 

(Figure A2-11(b, c), 0 - 50 %; Figure A2-11d, 0 - 100 % or strains close to 

static sensing limit of the corresponding samples). Obvious hysteretic 
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behavior is demonstrated for both binary (TPU-CB2-12 and OBC-CB2-12 in 

Figure A2-11b and ternary (OBC50-CB2/TPU50-10, OBC40-CB2/TPU40-10, 

OBC30-CB2/TPU70-10, and OBC50-hybrid CB/TPU50-10 in Figure A2-11c) 

composites under extension relatively much lower than strain sensing limit, 

while almost consistent behavior with negligible hysteresis (Figure A2-11d) 

is shown for the above-mentioned combinations when stretched to larger 

strain near sensing limit. The above results indicate that the hysteretic 

behavior also strongly depends on the level of strain attained for both CB2 

based binary and ternary composites, especially for samples with relatively 

higher filler content. The recovery of conductive network is closely related to 

the time-dependent relaxation/reorganization process of polymer chains upon 

releasing, which may involve disruption of polymer chain interactions at the 

polymer-filler interaction, polymer chain slippage, breakdown of filler 

clusters, chain disentanglement [25] and/or additional relaxation process with 

a long characteristic time that is separated from the entanglement relaxation 

owing to the physical interactions between polymer molecules and the particle 

surface [7, 25]. At lower concentrations or strain amplitudes close to the 

sensing limit, which means larger interspacing between fillers and higher 

destruction extent of conductive network under stretching, the quantity of free 

filler particles diminishes due to the high filler-matrix interaction and this 

interaction becomes more important [7] for hindering the motions of polymer 

chains. The competition between the damage and rearrangement of the 

conductive network is much less pronounced, giving more compliant recovery 

of the conductive network with the motions of the polymer chains. However, 

at higher CB concentration or strain amplitude lower than the sensing limit, 

the relatively dense particle network and interaction between particles and 

matrix molecules result in long relaxation due to the decreased mobility of 

molecules [7], leading to more sophisticated and fierce competition between 

the damage and rearrangement of conductive network [26] and, consequently 

more obvious hysteresis. Further, this connection of hysteretic behavior and 
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strain level (Figure A2-11(c, d)) could give self-diagnosis for the damage state 

of the conductive network in the CPCs [26]. 

 

Figure A2-11: Strain amplitude-dependent hysteretic behavior research by performing 10 

cyclic tests under multi-scale strain range for selected samples with proper sensitivity and 

sensing limit, including (a) 0 - 20 %; (b-c) 0 - 50 %; (d) 0 - 90 % for TPU-CB2-12, 0 - 80 % for 

OBC50-hybrid CB/TPU50-10, and 0 - 100 % for other combinations. 
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Figure A2-11:Continued. 
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2. 2. 9. Morphology analysis  

Following the theoretical analyses from our previous work [1], the wetting 

coefficient (ωa) proposed by Sumita et al. [27] is used to first assess the 

equilibrium-distribution of CB2 using literature surface tension data [28]. The 

calculated ωa values are listed in Table A2-8. The values are between -1 and 

1 and/or greater than 1. The tendency is thus a preferential distribution of CB2 

at the interface and/or in TPU phase. 

Table A2-8: Calculation of wetting coefficient for the equilibrium localization of CB2 at 200 oC 

following the theoretical analyses in [1]. CB2 is predicted to be preferentially located at the 

interface (-1 < ωa < 1) and/or in the TPU phase (ωa > 1). 

 ωa (mN/m) Localization of CB2 

Harmonic-mean equation 0.665-1.371 Interface and/or TPU 

Geometric-mean equation 0.672-1.328 Interface and/or TPU 

SEM and TEM images of selected composites are presented in Figure A2-(12-

14) and have been further used for the verification of the morphology 

structure, the migration behavior and the selective distribution of CB in 

ternary composites. Consistent with the work in [1] it follows from Figure A2-

12a and Figure A2-13a that a co-continuous structure composed by 

interpenetrated phases with CB1 mainly accumulated at the OBC phase 

boundary is obtained with small part of CB remaining in the OBC phase for 

OBC50-CB1/TPU50-10-a. This heterogeneous dispersion contributes to a 

higher sensitivity. A similar co-continuous structure with CB mainly 

distributed at the interfacial region both in OBC and TPU phases and also parts 

of CB located in the bulky TPU phase is observed for OBC50-CB2/TPU50-10 

(Figure A2-12b, A2-13b, and etched sample in Figure A2-14a for better 

observation) and OBC50-hybrid CB/TPU50-10 (Figure A2-12c and A2-13c), 

showing consistency with the thermodynamic prediction. Moreover, a more 

obvious interfacial CB accumulation and less parts of CB filled in bulky TPU 

domains are indicated for OBC50-hybrid CB/TPU50-10 (Figure A2-13c), 

indicating faster migration of CB2 than CB1. Also significantly, compared to 
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CB1, localization of CB2 in OBC leads to a more efficient breakup of the TPU 

domains and results in a finer morphology (Figure A2-12(a, b) and A2-13(a, 

b)). Consequently, the CB enriched phase size is in the order of OBC50-

CB1/TPU50-10-a (OBC) > OBC50-hybrid CB/TPU50-10 (TPU) > OBC50-

CB2/TPU50-10 (TPU). Besides, CB2 provides a higher network formability 

and stronger inter-particle interaction. These effects result in a sparser 

conductive network for OBC50-CB1/TPU50-10-a than OBC50-CB2/TPU50-10 

(TPU) and with OBC50-hybrid CB/TPU50-10 (TPU) in between. Therefore, 

sensitivity in the order of OBC50-CB1/TPU50-10-a (OBC) > OBC50-hybrid 

CB/TPU50-10 (TPU) > OBC50-CB2/TPU50-10 (TPU) is shown and initial 

conductivity in the opposite order (Figure 4-2d in Chapter 4).  
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Figure A2-12: SEM images of (a) OBC50-CB1/TPU50-10-a; (b) OBC50-CB2/TPU50-10; (c) 

OBC50-hybrid CB/TPU50-10; (d) OBC40-CB2/TPU40-10 and (e) OBC30-CB2/TPU70-10. 
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Figure A2-13: TEM images of (a) OBC50-CB1/TPU50-10-a; (b) OBC50-CB2/TPU50-10; (c) 

OBC50-hybrid CB/TPU50-10; (d) OBC40-CB2/TPU40-10 and (e) OBC30-CB2/TPU70-10. 

Upon changing the blend ratio, similar migration of CB2 from OBC to TPU is 

observed for OBC50-CB2/TPU50-10, OBC40-CB2/TPU60-10 and OBC30-

CB2/TPU70-10 (columns in Figure A2-(12-13)). Despite that OBC50-

CB2/TPU50-10 and OBC40-CB2/TPU40-10 exhibit co-continuous structure, the 

TPU phase in OBC50-CB2/TPU50-10 was not fully connected and some 

circular domains were not percolated (Figure A2-12b and A2-13b). Larger 

TPU domains of a non-circular shape accounting for the increase in co-

continuity contribute to a higher initial conductivity for OBC40-CB2/TPU60-10 
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(Figure A2-12d and A2-13d). Besides, the larger TPU domain size in OBC40-

CB2/TPU60-10 contributes to a less compact conductive network, and thus 

higher sensitivity. As for OBC30-CB2/TPU70-10, OBC domains dispersed in 

TPU are observed (Figure A2-12d and A2-13d). Due to the migration of CB2 

and more amount of TPU, a generally more non-uniform distribution of CB2 

is illustrated. It contains more agglomerated regions and less CB2 filled 

regions in the TPU phase (Figure A2-13c), which are weak points for 

electrical percolation. In this system bulk conductivity is low and the 

resistance variation is more rapid upon loading, therefore, the lowest initial 

conductivity and highest sensitivity are obtained (Figure 4-2c in Chapter 4). 

With the migration of CB2 from OBC to TPU and higher affinity of CB to 

TPU, a natural question is why not incorporating CB2 into TPU first or 

blending with one step. One reason is originated from our previous work [1] 

that these blending processes contribute to a fully TPU phase enriched 

conductive network, which is more compact than the network structure with 

partial CB agglomerated at the interfacial region. Another experimental 

exploration is illustrated in Figure A2-14(c, d). Comparing the fracture surface 

of OBC50-CB2/TPU50-7 and TPU50-CB2/OBC50-7, it can be noted that clear 

and smooth interfaces between the components are presented for TPU50-

CB2/OBC50-7 (Figure A2-14d), indicating relatively poor interfacial adhesion 

between OBC and CB filled TPU. With the process control of introducing CB2 

first into OBC and the migration behavior during the second blending step, 

better interfacial adhesion for mechanical properties and a less compact 

conductive network for sensitivity are obtained.   
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Figure A2-14: SEM images of (a) OBC50-CB2/TPU50-10 and (b) OBC40-CB2/TPU60-7-a with 

TPU partially etched; (c) OBC50-CB2/TPU50-7 and (d) TPU50-CB2/OBC50-7. 

The annealing treatment for the great conductivity increase of ternary 

composites with lower amount of CB2 was also intensively studied by 

comparing the conductive network morphology evolution of OBC40-

CB2/TPU60-7 prior to and after annealing. As indicated in Figure A2-15(a, b), 

CB2 is mainly located in both TPU and the interfacial region. Besides, both 

thick and thin-rod like TPU phase domains (Figure A2-15b) can be observed 

in OBC40-CB2/TPU60-7. Similar phase morphology are also observed in 

PP/PS/CB [8] and PS/HDPE/CB [29] system. The authors point out that a 

capillary pressure effect should be present due to the phase-size distribution 

in the immiscible blend (varied rods phase thickness) just after melt 

compounding .The move of CB2 nanoparticles and the TPU melt to thick TPU 

phase domains driven by the capillary pressure leads to a quite low amount of 

CB2 particles in the thin TPU phase. Consequently, the CB2 particles cannot 

form an interconnected conductive network, resulting non-conductive initial 

composites. After annealing, selective distribution with almost total CB2 
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particles filled in TPU phase is observed for OBC40-CB2/TPU60-7-a, especially 

the boundary region with evidenced CB2 agglomerations (Figure A2-14b, A2-

15(c, d)). Moreover, a finer co-continuous structure is observed for OBC40-

CB2/TPU60-7-a (Figure A2-15(c, d)). The phase domain sizes increase greatly 

after annealing and become more uniform, illustrating significant phase 

coarsening driven by interfacial tension. A complete CB2 conductive network 

is formed and therefore higher conductivity. Besides, a less compact network 

with this heterogeneous distribution and stronger CB2-TPU interaction 

contribute to both high sensitivity and negligible dynamic hysteresis (Figure 

4-4 and Figure 4-7).  

 

Figure A2-15: Combined SEM and TEM images of (a, b) OBC40-CB2/TPU60-7 and (c, d) 

OBC30-CB2/TPU70-7-a. 

Figure A2-16 shows the SEM micrographs of binary composites (TPU-CB2-

10 and OBC-CB2-10) prior to and after annealing. It can be clearly seen that 

less uniform CB2 aggregates dispersion with wider ranges of distance between 

CB2 aggregates are presented for as-prepared TPU-CB2-10 (Figure A2-16a). 

Besides, the aggregates size in TPU-CB2-10 is smaller than that in OBC-CB2-

10 (Figure A2-16b), indicating better wetting of CB2 by TPU chain for better 
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stress transfer. The above two observations contribute to the some higher 

percolation threshold value (Figure A2-2 and Table A2-5) and rapider increase 

in resistance (higher sensitivity) under stretching for TPU-CB2-10 (Figure 4-

1b). After annealing, CB2 coagulates together for both binary composites 

(Figure A2-16(c, d)) and shows more obvious increase in aggregates size in 

TPU-CB2-10 (Figure A2-16c), illustrating the self-networking process [4]. 

The formation of more dense CB networks after annealing [4, 7] contributes 

to the enhancement in initial conductivity and lower increase in ΔR/R0 under 

stretching (Figure 4-1c and Figure A2-4). 

 

Figure A2-16: SEM images of (a) TPU-CB2-10; (b) OBC-CB2-10; (c) TPU-CB2-10-a and (d) 

OBC-CB2-10-a. 

As a brief summary, a schematic illustration for the network structure is 

provided in Figure A2-17. For binary composits, a typical conductive network 

composed of CB2 fully dispersed throughout the entre polymer is obtaind 

(Figure A2-17a). Relatively homogeneous dispersion of CB2 is indicated. For 

ternary composites, preferential localization of CB2 in TPU phase/interafce 
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with a inhomogeneous dispersion of CB2 is illustrated (Figure A2-17(b-d)). It 

means that the entire network is more loose than binary composites. In ternary 

composites, the phase continuity plays an important role for the electrical 

properties as illustrated in Figure A2-2b. When TPU/OBC mass ratio is 50/50, 

it is observed that TPU forms spherical phases embedded in OBC matrix, i.e. 

the classical sea-island structure (Figure A2-17b). The majority of CB2 

particles are isolated in TPU islands. As TPU content is increased to 60 m%, 

it is observed that both OBC and TPU phases form their own continuous 

structures, i.e. the co-continuous structure (Figure A2-17c), which is 

favourable for the construction of continuous conductive pathway. Further 

increasing TPU/OBC mass ratio to 70/30, the continuity of OBC phase is 

declined, the morphology is transitioned into a reversed sea-island structure 

(Figure A2-17d). CB2 is more sparsely localized in TPU with inhomogeneous 

dispersion. Different hierarchical morphology of filler arrangement results in 

different inter-particle distance and effective volume of CB2 for percolation, 

thus different conductivity and sensing performance.  
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Figure A2-17: Schematic presentation of network structure for (a) single polymer/CB2 binary 

composites; (b) OBC50-CB2/TPU50; (c) OBC40-CB2/TPU60 and (d) OBC30-CB2/TPU70 ternary 

composites. 
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Appendix C  

EFFICIENT DESIGN OF PIEZORESISTIVE 

SENSORS BASED ON CARBON BLACK 

CONDUCTIVE COMPOSITES  

Flexible and stretchable sensors are widely investigated taking into 

account their potential for wearable electronics, such as electronic 

skin, healthcare monitoring, human-machine interfaces, and soft 

robotics. In this contribution, highly sensitive conductive polymer 

composites (CPCs) for piezoresistive sensing are summarized, 

considering a straightforward manufacturing process based on 

extrusion of thermoplastic polyurethane (TPU) and/or olefin block 

copolymer (OBC), carbon black (CB), and additionally polyolefin 

elastomer grafted maleic anhydride (POEgMA). The design of the 

formulation variables is successfully performed to enable both low and 

high strain sensing, as highlighted by both static and dynamic testing. 

3. 1. Introduction 

Stretchable strain sensors, which transduce mechanical excitation into a 

readable electrical signal, have attracted increasing attention in the emerging 

area of wearable electronics [1]. In order to be viably employ them in these 

applications, the sensors must exhibit excellent performance in two crucial 

parameters within appropriate workable range: sensitivity and cyclic 

durability (without pronounced hysteresis). In particular, sensitivity is of 

extreme importance, as it allows accurate diagnose, thus providing exhaustive 

information and achieving practical implementation. The sensitivity of 

resistive stretchable sensors is defined by gauge factor GF= (ΔR/R0)/ɛ, in 

which ΔR/R0 refers to relative resistance change and ɛ refers to tensile strain 

[1].  
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Conductive polymer composites (CPCs) in the field of strain sensing have 

gained broad interest with the superior characteristics of easy processing and 

high cost-effectiveness. However, it still remains a challenge to further 

increase the sensitivity of CPC based strain sensors with a good initial 

conductivity. Herein, this work covers a summary of the systematic study 

regarding the effect of formulation variables (filler content/type, blend ratio, 

annealing treatment or incorporation of POEgMA) on the improvement of 

piezoresistive sensing performance and initial conductivity by adopting TPU 

and/or OBC as composite matrix and two kinds of CB (CB1 and CB2) as 

conductive filler [2, 3].  

3. 2. Experimental  

3. 2. 1. Materials 

The two kinds of thermoplastic elastomer and CB2 mentioned in Chapter 4 

were used. A propylene-ethylene copolymer elastomer grafted maleic 

anhydride (POEgMA, Acti-Tech 16MA13, NGC) with a melt flow rate of 8.5 

cc per 10 min (190 °C, 2.16 kg) and a density of 0.86 g cm-3, which is a 

Vistamaxx-based compatibilizer, was incorporated into ternary composites 

for further comparison. The grafting percentage of the MA group onto the 

backbone of POEgMA is 1.3 wt.%, according to the data sheet. 

3. 2. 2. Sample preparation 

Before processing, POEgMA was vacuum dried at 60 °C for 12 h. The melt 

compounding was conducted using a twin-screw extruder (APV MP19TC-40 

Baker) with a screw rotational speed of 120 rpm, and a temperature increase 

between 160 to 205 °C from hopper to die. A blending sequence was applied 

for the production of POEgMA containing ternary composites. OBC pellets 

were first mixed with CB2 powder to produce OBC-CB2 pre-mixture, which 

was then blended with TPU and POEgMA in a second processing step to 

produce filament with diameter around 1.6 mm. The mass ratio of OBC and 
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TPU was 40/60. The mass fraction of POEgMA in all composites was kept 5 

m%. The final composites are denoted as OBC40-CB2/TPU60-y-5POEgMA, 

where y represents the CB2 content. A summary of the POEgMA containing 

ternary composites investigated is given in Table A3-1. 

Table A3-1: Compositions of POEgMA containing ternary composites covered in this work. 

Sample OBC40-

CB2/TPU60-10-

5POEgMA 

OBC40-

CB2/TPU60-7-

5POEgMA 

OBC40-

CB2/TPU60-5-

5POEgMA 

Mass % 

CB 

10 m% 7 m% 5 m% 
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3. 3. Results and discussions 

3. 3. 1. Comparison of optimal binary and ternary composites under 

static tensile testing 

 

Figure A3-1: (a) ΔR/R0 (in log scale)-strain variation for selected CB2 binary and ternary 

composites; (b) Further comparison based on GFmax. Also given are literature values (black 

symbols). 
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Figure A3-1a gives the static electro-mechanical response for a selected 

number of CB2 binary and ternary composites with comparable initial 

electrical conductivity. It is indicated that higher sensitivity of annealed 

ternary composites with filler amount below 10 m% is achieved. Figure A3-

1b exhibits the sensitivity tunable range with focus on GFmax (GF at εmax) for 

all formulation variables investigated. 

3. 3. 2. Comparison of optimal binary and ternary composites under 

dynamic tensile testing 

Figure A3-2(a-b) display the resistance change during dynamic testing for a 

selected number of CB2 based binary and ternary composites under different 

strain ranges with detailed sensing performance evaluation parameters listed 

in Table A3-2. It is indicated that both CB2 based binary and ternary 

composites with relatively low filler content provide negligible hysteresis. 
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Figure A3-2: ΔR/R0 variation for selected CB2 binary and ternary composites under cyclic 

stretching/releasing testing for a strain range of (a) 0 - 2 % (100 cycles) and (b) 20 - 40 % (40 

cycles). 
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Table A3-2: The recovery ratio (DL/P1), amplitude of relative change of resistance peak (AL), 

and the hysteretic behavior (ALs/AL) during dynamic stretching for samples in Figure A3-2 and 

the best ones in reference [2] with CB1; specific focus in this work on the additional italic 

contribution 

0 - 2 % strain range DL/P1 AL ALs/AL 

TPU-CB2-10 62 % 0.42 35 % 

OBC-CB2-10 53 % 0.03 43 % 

OBC40-CB2/TPU60-5-a 48 % 0.02 11 % 

OBC30-CB2/TPU70-5-a 23 % 0.11 26 % 

OBC50-CB1/TPU50-10-a 50 % 0.26 < 1 % 

20 - 40 % strain range 

TPU-CB2-10-a 62 % 7.3 × 10  2 % 

OBC-CB2-10 16 %a 6.5 × 102   < 1 % 

OBC40-CB2/TPU60-7-a 62 % 2.3 × 102   2 % 

OBC40-CB2/TPU60-7-5POEgMA 73 % 1.4 × 102   < 1 % 

OBC30-CB2/TPU70-7-a 70 %  7.3 × 102   < 1 % 

Figure A3-3a shows the initial conductivity comparison for OBC40-

CB2/TPU60 after annealing or incorporating POEgMA. It is demonstrated that 

both annealing treatment and incorporating of POEgMA can promote the 

increase of initial conductivity for composites with lower filler content (< 10 

m%). The incorporation of POEgMA is an alternative way for conductivity 

and sensor property regulation thus avoiding post-annealing treatment and its 

possible deterioration of other properties. The morphological analysis in 

Figure A3-3b interprets that control of the microscale phase morphology 

(phase continuity/domain size) and distribution of CB2, so as to obtain a 

desired tunnelling effect, is responsive to the sensitivity enhancement and the 

change of initial conductivity after annealing. 
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Figure A3-3: Effect of annealing or incorporating POEgMA on (a) initial conductivity. (b) TEM 

image for OBC40-CB2/TPU60-7-a 

3. 4. Conclusions and future research suggestions 

The improvement of the effectiveness and efficiency of immiscible polymer 

blend and formulation control via straightforward extrusion for piezoresistive 

sensing is examined by exploiting TPU/OBC/CB system. With appropriate 

blend mass ratio, CB type and content as well as annealing, the challenging 
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region of both high sensitivity and static strain (GFmax > 50 and εmax > 100 %) 

as well as reduced dynamic hysteresis can be realized.  

Alternatively, POEgMA can be utilized without annealing for ternary 

composites with relatively lower filler content. It is suggested to slow down 

the migration rate (CB2) and increase the interfacial accumulation tendency 

and stability by changing the polarity contrast for both polymer matrices 

combined with sequential mixing step (e.g. CB is first mixed with ethylene-

octene copolymer elastomer grafted maleic anhydride (here referred as 

POEgMA(new) (and OBC)) or ideal one-step compounding process). With 

same monomers but different molecule structure as OBC, POEgMA(new) is 

also commercially available and a more appropriate option rather than the one 

used in current research as the third component. The role of POEgMA(new) 

might be compatibilizer and/or polarity contrast modifier.  
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