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Design and Control of a Quasi-Direct Drive
Robotic Gripper for Collision Tolerant Picking

at High Speed
Frederik Ostyn1, Bram Vanderborght2, and Guillaume Crevecoeur1

Abstract—Faster robotic picking of objects can improve indus-
trial production throughput. A gripper design with appropriate
control strategy is demonstrated to pick objects at high speed,
while being tolerant to unintentional collisions. The design has a
quasi–direct drive with backdrivable, rigid finger mechanism to
transfer collision forces with minimal delay towards the motor
side. These forces are detected based on band–pass filtered
momentum and motor speed monitoring. The motor velocity is
observed through Kalman filtering in order to reduce noise in
the low–level control loop and band–pass momentum observer,
resulting in a higher collision detection sensitivity. On a higher
level, the path of the gripper is planned with respect to the
trade–off picking speed versus collision tolerance, quantified by
the remaining gripper stroke upon impact. The gripper collision
tolerance was experimentally verified in several scenarios during
high–speed object picking where it mitigated collisions up to 0.6
m/s.

Index Terms—Grippers and Other End-Effectors, Industrial
Robots, Failure Detection and Recovery

I. INTRODUCTION

MOST electric robotic grippers rely on high gear ratio
transmissions to achieve high clamping torque in a

lightweight design. The downside of using high gear ratios
is the lower transmission efficiency, resulting in poor back-
drivability and poor collision tolerance [1]. As a consequence,
objects have to be approached sufficiently slow during picking
in order to avoid impact and resulting damage to the gripper.
The time it takes to pick up the object is often significantly
larger than the time to move the object during a pick and
place operation, especially if high–speed industrial robots are
involved. A collision tolerant gripper could speed up the
picking process and hence improve the production throughput.

A collision tolerant gripper design was presented by Bhatia
et al. [2]. The fingers are directly driven by the motor and a
five–bar linkage. The fingers can be backdriven both in the
gripping direction as upon collision while approaching the
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object or its surroundings. They introduce the ’smack–and–
snatch’ manoeuvre where the gripper approaches the object
at high speed until a collision occurs with the surface below
the object, then grabs the object while retracting, all within
one second. Due to the backdrivability, the collision can be
detected through motor current sensing. This is an important
advantage with respect to the high gear ratio grippers which
require additional sensors such as joint torque and/or tactile
sensors to accurately know the collision and gripping forces.
Although direct drive technology could significantly reduce
the picking time in a pick and place application, only small
payload masses can be handled due to the low torque density
(and hence gripping force) inherent to direct drive.

Quasi–direct drives (QDD) have low transmission ratios
(typically N < 10). They have better torque density in
comparison with direct drive solutions while remaining back-
drivable. They received renewed interest since their successful
application in animal–like robots [1]. With this application in
mind, their impact mitigation capability was studied in [3]
and compared to that of series elastic actuators [4]. Some
quasi–direct drive grippers exist in literature and in industry.
Commercial designs as the Robotiq Hand–E gripper [5] have
low gear ratio transmissions but the parallel finger mechanism
is not passive nor active compliant when an unintentional
collision occurs while approaching an object. Examples of
academic grippers are the DAnTE–design by Zhang et al.
[6] and the Blue gripper by Guo et al. [7]. The former
uses a double stage belt drive and tendons to actuate the
gripper’s three fingers. Their biomimetic finger design hence is
inherently compliant and allows to directly sense and control
the gripper force via the motor currents. The use of tendons in
the fingers and associated miniature pulleys allows mechanical
intelligence [6] but reduces the robustness of the solution in
an industrial environment. The gripper used by Gealy et al.
in Blue consists of a backdrivable lead screw that actuates
a set of parallel jaws via a four–bar linkage through a rack-
and-pinion transmission [7]. This gripper is mainly 3D-printed
as their main aim is to be low cost. The robustness of the
gripper fingers is evaluated during multiple collisions. These
collisions are perpendicular to the fingers and hence not
directly counteracting the motor but rather loading the bearings
of the gripper fingers.

Due to the high backdrivability, QDDs can accurately
determine gripping and/or impact forces relying on propri-
oceptive measurements such as motor currents and encoder
data only. Therefore, external load estimation techniques such
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as the momentum observer [8] can be adapted to use motor
currents instead without the need to model the complex friction
behaviour of a high gear ratio gearbox such as a harmonic
drive [9]. By using motor torque instead of a dedicated
joint torque sensor, the momentum observer depends not only
directly on the motor velocity (through the momentum) but
also secondary via the motor torque as the controller generally
uses motor velocity a.o. as input. The direct influence of
noisy velocity measurements on the momentum observer was
studied in [10], [11]. A Kalman filter with dummy dynamic
model was proposed to reduce this noise and have better
dynamic measurements. Lund et al. presented a filter based
on an electrical motor model [12]. In what follows, not only
the direct but also the secondary influence of reducing motor
velocity noise on external load estimation is investigated. This
secondary effect is particularly important at high speeds and
dynamics involving aggressive controller tuning. A Kalman
filter with complete mechanical dynamic model is used for this
purpose. Furthermore, instead of using the standard momen-
tum observer, the band–pass momentum observer is preferred
[13]. A high–pass filter is added to filter out low frequent
content typically not associated with the high speed collisions
studied in this article.

As may be clear, both the gripper mechanical design and
control are key to realise a collision tolerant robotic gripper
able to pick at high speed. In this article, a quasi–direct drive
gripper (QDDG) design is presented with associated control
strategy for high–speed and collision tolerant picking. The
contributions are in:

1) a quasi–direct drive gripper design with improved torque
density with respect to direct drive while maintaining
backdrivability. A metric for the collision tolerance is
introduced based on the analysis of the gripper kine-
matics for optimal and robust grasping trajectories;

2) an overall control strategy with high–level path plan
that optimizes the collision tolerance versus picking
speed trade–off. A collision detection algorithm with
Kalman filter is used to reduce motor velocity noise that
enters the proposed band–pass momentum observer both
directly and via the low level controller. Furthermore, a
method is presented to differentiate object grasping from
collisions. Loss of object is detected as well.

The article is outlined as follows: section II discusses both
the conceptual design choices as well as the calculations
involved when designing a QDDG. Section III focusses on the
control challenges, in particular the path plan and the collision
detection algorithm. Section IV discusses experimental proof–
of–concept. Section V concludes this article.

II. QUASI–DIRECT DRIVE GRIPPER DESIGN

Mitigating a collision at high speed requires dedicated
passive (hardware) and active (software) compliance. Relying
on active compliance alone is not appropriate as the control
loop is not fast enough to react to the collision [14]. This
section focusses on the hardware requirements involved when
a robotic gripper collides with its environment during a picking
operation. The key is to have a backdrivable but rigid finger

Fig. 1. Mechanical design of the gripper. The different components are
detailed in the main text.

mechanism and drive train such as QDD as shown in Fig.
1(a) and (b). When a robot approaches the object to be picked
and instead a collision occurs, the fingers get backdriven.
The gripper should detect this as fast as possible based on
proprioceptive sensing and instruct the robot to react, e.g. to
stop. The more rigid the finger mechanism and drive train,
the faster the collision will be detected at the motor side as
there is no compliance delaying the detection [3]. As the robot
cannot stop instantly, the gripper finger mechanism should be
able to cope with the robot brake distance by having enough
stroke left to further retract the fingers.

A. Conceptual design

As shown in the cross sectional view of Fig. 1(c), the
QDDG’s drive train comprises a cage less motor (1) of which
the rotor position is measured by encoder (2). Motor torque is
transmitted toward the finger mechanism (4) via a single stage
spur gear transmission (3). A four–link mechanism was chosen
as it allows to transfer potential collision forces towards the
motor side along the directions indicated by the orange arrows
in Fig. 1(a). The fingers can rotate over 0◦ (fully closed) to
90◦ (fully open). Opening from 45◦ → 90◦ does not add
much distance between the gripper fingers but gives the fingers
more stroke to retract upon collision. The latter is hence a
particular feature of this design. Collisions in perpendicular
direction are dealt with by the bearings in the mechanism and
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Fig. 2. Four bar linkage of a gripper finger with left the geometry and right
the free body diagrams of each link.

can be evaluated in similar fashion as in [7]. A single stage
spur gear reduction was chosen as it is arguably the simplest
transmission imaginable. Spur gears were chosen instead of a
cable drive in order to avoid a.o. creep and issues to attach
the cables and instead of belts as segmented gears made the
design more compact. The finger bases (4) allow to mount
custom, application specific fingers. The fingers that were used
during the experiments have an integrated leaf spring (which
will be discussed later on) and rubber pads to increase friction.
Furthermore, a brake (5) is added to hold the object in case
of power failure.

B. Four–bar gripper linkage mechanism

The gripper fingers can be modelled as two four–bar link-
ages with q = [0, π/2] the rotation angle and l1 = l2, l3 their
lengths. Note that the fourth link is by convention defined as
the fixed link between 1 and 2. The gripper opening is

w = f(q) = 2l1 sin(q) ∼ l1 (1)

which is maximal at q = π/2. The remaining stroke to further
retract the fingers in case of a collision is π/2− q. The robot
may hence additionally move a maximum of

xrobot,brake = l1(1− cos(q)) ∼ l1 (2)

upon impact not to exceed the maximum gripper stroke. The
latter can be seen as a metric for collision tolerance of the
gripper and is proportional with link length l1.

The gripper torque as function of the forces acting on the
gripper fingers can be calculated by evaluating free body
force and torque diagrams as shown in Fig. 2. Let τg be
the gripper torque generated by the motor on each finger. As
τg is unknown as well as reaction forces F1x , F1y , F2x and
F2y , a maximum of five equilibria will be required. Evaluating
the force balances

∑
iFi = 0 on link 3 and the momentum

balances
∑
iMOj ,i = 0 on all links j results in

1 l1cq 0 −l1sq 0
0 1 1 0 0
0 0 0 1 1
0 0 0 0 l3
0 0 cq 0 −sq



τg
F1x

F2x

F1y

F2y

 =


0
−Px
−Py

Pxly − Pylx
0

 (3)

with cq and sq shorthand for cos(q) and sin(q) respectively,
with Px the force exerted by the grasped object on the gripper
at load arm ly and Py(< 0) the collision force at lx(< 0) with

respect to O3 as shown in Fig. 2. Eq. (3) can be solved for
τg:

τg = l1(cqPx − sqPy) ∼ l1 (4)

Besides the gripping torque τg , Eq. (3) allows to extract the
reaction forces as well. These are taken by the bearings and
not the drive train. These are hence not further discussed as
the latter is our prior concern. It can furthermore be shown1

that the inertia of each finger is constant and equals

Jf = Io1 + Io2 +m3l
2
1 (5)

with Io1 and Io2 the link inertias with respect to the origin
of their local reference frames O1, respectively O2 and where
m3 is the mass of the third link.

Note that w, xrobot,brake and τg are all proportional with
l1. The larger l1, the larger the maximum gripper opening and
the more collision tolerant, but the larger the motor torque
required to generate a specified gripping force. The latter is
hence a key design parameter. Eventually l1 = 43 mm was
chosen to have a similar stroke as the popular Robotiq 2F-85
gripper.

C. Dimensioning of the drive train

To deliver a gripping force Px per finger, the motor must
deliver the motor torque

τm = 2l1cqPx/N (6)

with N > 1 the gear ratio. Each finger gripping force Px
should be large enough to avoid object slip and hence at least
compensate (through friction) the gravity (g) and inertia forces
due to robot accelerations (a):

Px > (g + a)mobj/2µ (7)

with µ the static friction coefficient. This expression assumes
negligible finger mass with respect to the object mass mobj.

According to the scaling laws of Seok et al., the motor
torque scales with τm ∼ r2gapL with rgap and L the respec-
tively the gap radius and length of the motor [1]. Combining
this result with Eqs. (6) and (7) results in a scale law for the
object mass that maximally can be picked up:

mobj ∼ Nr2gapL/l1 (8)

while the motor mass increases only linearly with the motor
gap radius:

mmot ∼ rgapL (9)

If the pinion gear has as certain minimum radius rg (in order
to avoid gear undercut), the gear ratio N is determined by
the diameter of the larger driven gear. As can be verified by
studying Fig. 1(d) or (e), the larger the motor gap radius,
the larger the gear diameter and gear ratio N can be. By
increasing the gap radius rgap, the motor mass mmot increases
proportionally while the maximum object mass mobj,max

scales at least quadratic. This suggests to choose the motor
gap radius as large as possible.

1See e.g. [15] for a more general treatment.
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TABLE I
DESIGN PARAMETERS FOR QDDG.

Specification/parameter Symbol Unit Value
Max stroke wmax m 0.086
Gripping force Px N 140
Gripper weight - g 1450
Link length 1, 2 l1 = l2 m 0.043
Link length 3 l3 m 0.026
Gear ratio N - 65:15
QTR-A 78-25 cont. torque τm,cont Nm 1.38*
QTR-A 78-25 max. torque τm,max Nm 1.9**
Load distribution factor c1 / 1.3
Dynamic factor 1/c2 / 0.75
Geometry factor 1/c3 / 0.29
Gear module mt / 0.8
Gear width bt m 0.012
Pinion radius rg m 0.006
Allowed stress gear tooth σallowed MPa 250
Maximum stress gear tooth σmax MPa 200
Load inertia, reduced to motor Jl 10−5 kgm2 3
Motor inertia, reduced to motor Jm 10−5 kgm2 4

*Defined for optimal cooling. **Defined for heating up 6◦C/s.

An upper limit for the size of the gripper (and hence gap
radius) can be derived from the specifications of the robot on
which the gripper is to be mounted: the total weight of gripper
and object cannot exceed the specified maximum robot load.
Furthermore, the larger the gap radius, the further the object is
held with respect to the robot mounting flange and the lower
the maximum load the robot is specified to handle. Based on
this analysis, a TECNOTION QTR–A 78–25 frameless motor
was selected to carry out experiments with a 6 kg payload
robot in mind. A RLS MB029 encoder was added for rotor
position sensing as well as a brake (Kendrion 86611). Table I
lists the maximum gripping force per finger with the resulting
hardware: Px = 140 N when gripping an object at q = π/3
(representative object size) with τm = τm,cont. As a reference,
the direct drive gripper of Bhatia et al. has 7 N gripping force
[2] while the Robotiq 2F-85 gripper has 235 N [5]. The latter
is however not collision tolerant.

Once the motor is selected, the final step is to dimension
the gears. Given the maximum torque τm,max, the single stage
spur gear train can be dimensioned by calculating the stress at
the base of a gear tooth. A formula for the stress at the gear
teeth base can be derived by modelling the gear tooth as a
cantilever beam as in [16]. Correction factors such as the load
distribution c1, dynamic factor 1/c2 and geometry factor 1/c3
make up for model inaccuracies [17]. The maximum stress at
the gear teeth base given the gear module mt is then

σmax = c1c2c3
τm,max

btmtrg
6 σallowed (10)

with pineon radius rg and must be lower than the allowed
stress. As can be seen from Table I, a gear ratio of 15:65 was
obtained with gear width bt = 15mt with mt = 0.8 instead
of a larger module with the conventional choice bt = 10mt in
order to reduce the diameters of the gears (∼ mt) for a given
load and transmission ratio.

III. QUASI-DIRECT DRIVE GRIPPER CONTROL

An overview of the controller is given in Fig. 3. In the
following sections, each component is discussed in more

Fig. 3. Overview of the controller structure

TABLE II
CONTROL PARAMETERS FOR QDDG.

Parameter Symbol Unit Value
Approach angle q1 ◦ 45
Intermediate angle q2 ◦ 52
Gripping angle q3 ◦ 12
Position gain Kv 1/s 16
Velocity gain Kp Nms/rad 0.05
Velocity time Ti s 0.008
Coulomb friction constant τC Nm 0.05
Viscous friction constant D Nms/rad 0.001
Band–pass filter constant low–pass KL rad/s 500
Band–pass filter constant high–pass KL rad/s 1000
Band–pass filter threshold τTH Nm 0.1
Velocity threshold q̇m,TH rad/s 35

detail, starting with the high level controller. The controller
parameters are listed in Tab. II.

A. High level control
Assume an object of width w±δw to be gripped with δw the

estimated error on this parameter. The larger δw, the further
the gripper needs to open in order to be certain that the object
will fit between the gripper fingers and hence the longer it
will take to grip the object. When the robot approaches the
object, the gripper angle is set to q1. If the robot speed has
decreased enough and one enters the green zone in Fig. 4,
the brake distance is sufficiently shortened and the gripper
has enough stroke left for the fingers to retract. The more
the robot speed decreases, the less remaining gripper stroke
is required, indicated by the dashed line in the left figure.
Stated otherwise, as long as the gripper path is within this
bound, the gripper can take on the collision. As the bound
widens when closing in on the object, it allows to open the
gripper more in order to pick the object. The gripper is opened
to q2 = min(f−1(w + δw), qmax) and then closed to q3 =
max(f−1(w−δw−δε), qmin) with w = f(q) defined in Section
II-B and δε an additional offset further detailed in one of the
sections to follow. Once the object is detected, the robot is
instructed to retract. If a collision is detected during any stage
of this gripping operation, the robot is instructed to stop. It
is important that collisions can be differentiated from desired
contact with the object once gripped.

B. Gripper motion plan
The gripper fingers require a desired motion profile that

can be represented as a succession of two quintic polynomial
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Fig. 4. Overview of the gripping procedure with path plan optimizing collision
tolerance versus picking speed.

trajectories q1→2(t) =
∑5
i=0 αit

i and q2→3(t) =
∑5
i=0 βit

i

with coefficients αi and βi depending on the initial and
final conditions as in [15]: q(t1) = q1, q(t2) = q2 and
q(t3) = q3 with zero initial and final velocity and acceleration.
The quintic polynomial is preferred over the cubic as it has
no discontinuities in its acceleration profile and hence no
jerk impulses that may excite vibrations that could be falsely
identified as collisions.

C. Low level control

The control input τm is given by

τm =

{
τc if |τc| 6 τsat

sign(τc)τsat otherwise (11)

with

τc =

[
Kp(Kv +

1

Ti
) +Kps+

KpKv

Tis

]
(qm,d − qm) (12)

which is a PID–controller in Laplace domain implement-
ing a virtual spring and damper with spring constant ’P’
= Kp(Kv + 1/Ti) > 0 and viscous damping coefficient ’D’
= Kp > 0. qm,d and qm are the desired respectively measured
motor positions, related to q via qm = (π/2 − q)N . The
’I’–term is added to reduce the steady state error. If these
coefficients are increased, the system becomes stiffer and more
resilient to motor position and velocity deviations with respect
to the desired quantities qm,d and q̇m,d respectively. As such,
the gripper fingers can be opened/closed with high dynamics.
Upper limits exist in order to obtain stable closed loop
behaviour of the cascaded feedback controller and system. The
coefficients ’P’, ’I’ and ’D’ are kept low while approaching the
object prior to the grasp in order to have minimal resistance
from the motor during an accidental collision. The motor
torque is saturated at least to take into account actuator limits
τm,max and if specified a maximum grip torque τg 6 Nτm/2,
i.e. τsat = min(τm,max, 2τg/N). For the sake of completeness,
an additional first order filter 1/1+ τs with τ a time constant
is added in Fig. 3 in order to represent the drive’s current
controller. The additional δε mentioned in Section III-A is
required for the controller to saturate to the specified grip
torque in case the object has a minimum size of w − δw.

D. Band–pass momentum observer

The standard momentum observer boils down to low–pass
filtering the (unknown) external torque

τ̂ext =
KL

s+KL
τext (13)

as represented in the Laplace domain with constant gain KL >
0. In time domain, this reads

˙̂τext = KL(τext − τ̂ext) = KL(ṗ− ˙̂p) (14)

with p = Jq̇m the momentum of the system and where the
latter equality follows by using the dynamic model:

ṗ = Jq̈m = τm − τf + τext (15)

with τf the friction, J = Jl + Jm the total inertia consisting
of the load inertia Jl = (2Jf +Jgb)/N

2 and the motor inertia
Jmot with the former the sum of the inertias of two fingers
Jf and the gearbox inertia Jgb, all reduced to the motor side.
A model for τf including Coulomb and viscous terms is

τf = Dq̇m +

{
min(|τm|, τC)q̇m/ε if |q̇m| 6 ε

sign(q̇m)τC otherwise (16)

with D the viscous friction coefficient [Nm/(rad/s)], τC the
Coulomb term [Nm] and with ε = 0.01 rad/s introduced for
computational purposes [18].

By time integration, the following expression follows

τ̂ext = KL

[
p(t)− p(0) +

∫ t

0

{τm − τf + τ̂ext}dt
]

(17)

which is the standard momentum observer applied to this
single degree of freedom problem.

By adding a high–pass filter to the standard momentum ob-
server, intentional contact (with appears at lower frequencies)
is filtered out, leaving only unintended collisions to be de-
tected. This band–pass momentum observer can be constructed
in similar fashion as before, with in Laplace domain:

τ̂ext,BP =
s

s+KH︸ ︷︷ ︸
HPF

KL

s+KL︸ ︷︷ ︸
LPF

τext (18)

As before, the observer in time domain can be derived as

τ̂ext,BP = KL [p(t)− p(0)]

−KL

∫ t

0

[
τm − τf + (1 +

KH

KL
)τ̂ext,BP

]
dt

−KLKH

∫ t

0

[∫ t

0

τ̂ext,BPdt

]
dt

(19)

Both implicit Eqs. (17) and (19) can be discretised as discussed
in [19].

E. Collision and loss of object detection

During the approach phase and the initial gripping phase,
t < t2, the collision can be detected by comparing the absolute
value of the band–pass momentum observer with a threshold:
|τ̂ext,BP| > τTH signals a collision.

During the last phase of the gripping procedure, contact with
the object is to be expected and must hence be distinguished
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from unintentional collisions. The momentum observer thresh-
old is extended with a threshold on negative velocity of the
gripper fingers q̇m < q̇m,TH < 0 as the gripper fingers are
pushed open by the collision. Note that the threshold is chosen
smaller than zero as it was observed experimentally that when
gripping rigid objects, there can be recoil and hence negative
velocities as well. The threshold must be chosen to avoid
false positives. On the other hand, if the object significantly
complies with the gripper, a collision may not be detected.
Due to the object’s compliance, the impact on the gripper
is minimal and this is not problematic. No object is gripped
however, which can be detected as the gripper fingers can close
all the way without external forces being applied.

F. Kalman filtering

τ̂ext and τ̂ext,BP depend directly on q̇m and secondary via
the ’D’-term in the controller input τm. In order to reduce the
noise on these observers, the velocity q̇m should be measured
or estimated with great care. Standard practise is to low–
pass filter differentiated position measurements which is not
optimal as it introduces delay, reduces the bandwidth and
hence lowers the achievable dynamics of the gripper.

A Kalman filter is used instead to estimate the motor state
x̂ with x̂[1] = q̂m the estimated motor position and x̂[2] = ˆ̇qm
estimated velocity. In contrast to [10], [11], the full dynamic
model is used as it is in this case simpler to start with, the
velocity is estimated instead of acceleration and motor torque
instead of torque sensor data is used. Furthermore, instead of
directly computing external torque via the dynamic model to
high/band–pass filter it afterwards, the band–pass momentum
observer is used instead as this reduces the number of states
in the filter. Implementation details are omitted for brevity but
can be found e.g. in [20]. Adding the Kalman filter results
in a lower threshold τTH. In the experiments to follow, the
threshold could be reduced by 70%.

G. Communication with industrial robot

The communication with the industrial robot is kept to
a bare minimum in the following experiments. Digital I/O
is used to exchange TRUE/FALSE values of variables:
gripperReady, gripperOpen, closeGripper and
collisionDetected. If the gripper signals it is ready, the
robot requests it to open the fingers to q = q1 and starts to
move towards the object, while the gripper closes according
to the predefined path. If no collision is detected, the robot
retracts with the object picked. If a collision is detected during
any phase of the picking operation, the robot is signalled to
stop as fast as possible.

IV. EXPERIMENTS

The experimental setup shown in Fig. 5 consists of a KUKA
KR6 R700–2 high–speed industrial robot with KRC5 micro
controller running KSS 8.7. The gripper is controlled using a
Beckhoff IPC running TwinCAT 3 at 1 kHz and a AX5106
drive in current control mode at 8 kHz. As shown in Fig. 1,
space was foreseen in the design for a custom pcb controller

Fig. 5. Industrial robot with proposed gripper after a successful grasp (a),
after a high–speed collision between t1 → t2 (b) and after a collision between
t2 → t3 (c) for a rigid object and likewise (d-f) for a compliant object. These
experiments are also included in the video attachment to this paper.

Fig. 6. Robot brake distance measurements and path plan.

as alternative for the TwinCAT based controller. The former
option is however more suited for prototyping. Digital I/O
communication between gripper and robot was configured in
KUKA Work Visual 6.0.

A. Influence of robot speed and link length

The faster the robot stops after detecting a collision, the
less remaining stroke the gripper must reserve for the fingers
to retract. Fig. 6 shows braking experiments where the robot
moves towards the object at different speeds. The robot is
instructed to execute an emergency stop at different speeds
prior to reaching its target. The latter is implemented by
calling the BRAKE F command in an interrupt routine. Only



OSTYN et al.: DESIGN AND CONTROL OF A QUASI-DIRECT DRIVE ROBOTIC GRIPPER FOR COLLISION TOLERANT PICKING AT HIGH SPEED 7

Fig. 7. Gripping and collision experiments matching those described in Fig. 5 for a rigid (a–c) and a compliant object (d–f).

at higher speeds, the braking distance becomes significantly
shorter than the nominal path as shown in Fig. 6(b). As
stated before, the more the robot speed decreases, the less
remaining gripper stroke is required to deal with the collision.
The actual gripper trajectory is shown in Fig. 6(a) alongside
the maximum allowed gripper stroke. Both intersect when
the robot distance to the object is about 30 mm. The robot
distance to the object that intersects the gripper path can be
used as a metric for the collision tolerance. Where l1 was a
metric for the collision tolerance of the gripper alone, this
distance indicates the collision tolerance of the robot and
gripper for the programmed gripper path. If l1 is increased (e.g.
l1 → 1.5l1 → 2l1), this total collision tolerance increases as

shown in Fig. 6(c) based on extended braking experiments Fig.
6(d). Note that the maximum object mass that can be picked
mobj,max decreases inversely proportional with the link length
according to Eq. (8). The optimal choice for the link length l1
is hence a trade–off between collision tolerance and maximal
object mass.

B. Influence of gripper finger and object impedance
The rigid object used in the experiments to follow has a

width w = 45 mm and height δh = 20 mm. A safety of
δw/2 = 10 mm was chosen such that that the fingers do not
collide with the object if it is located and oriented correctly. If
the orientation of the object is incorrect, either a collision will
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occur when the robot is at a distance of respectively 20 and
3 mm away from the object. Figures 5 and 7 show a high–
speed picking operation without collision (a), an experiment
with a collision during q1 → q2 (b) and during q2 → q3
(c). Shown in Fig. 7 are the robot distance to the object,
the robot speed, the desired and actual gripper angle qd and
q, the desired and Kalman estimated motor velocity q̇m,d/N
and x̂k[2]/N along with collision detection threshold q̇TH, the
gripper motor torque τm and band–pass momentum observer
τ̂ext,BP along with its collision threshold τTH as function
of time. The robot was programmed to approach, grip and
retract in vertical direction over a distance of 350 mm as fast
as possible. The gripper high level controller was configured
based on the discussion of Section III-A. The gripper approach
angle was 45◦ as to have maximum braking distance available
for both collision directions indicated by the orange arrows in
Fig. 1. The intermediate grip angle was 52◦ to finally close to
12◦ when going from t1 → t2 → t3.

During a nominal picking operation, contact with the object
is made at t = 390 ms. The motor torque saturates to the
predefined grip force. No collision is detected as the velocities
or band–pass momentum observer are within bounds. In the
event of a high–speed collision at time t = 330 ms in
experiment (b), the collision is detected as the band–pass
momentum observer value τ̂ext,BP is larger than the allowed
threshold τTH. The fingers are completely backdriven. The
experiment shown in the right has a collision at the end of the
gripping operation (t = 370 ms) leading to negative velocities
q̇m < q̇m,TH. The latter is used to distinguish such a collision
from initial contact during a successful grip.

By gripping objects with different impedance, it was ob-
served that the more rigid the object, the more the gripper
fingers recoil prior to securely grasping the object. When there
is finger recoil, the finger velocity is negative. As already men-
tioned in section III-E, a negative velocity detection threshold
lower than the recoil velocity is required to distinguish a
successful object grasp from an unintended collision at the end
of the grasp. Integrating leaf springs in the gripper fingers (Fig.
1(c)) reduced this recoil effect when gripping rigid objects.

No recoil occurred when gripping a compliant object as
shown in Fig. 7(d). A collision during the initial phase of the
grip q1 → q2 is detected, although the detection sensitivity is
lower as the measured signal is closer to the threshold. Fig.
7(f) shows that the gripper velocity is not negative enough
to exceed the velocity collision detection threshold. Stated
otherwise, the object complies to the shape of the gripper
fingers. The collision is not detected but happens at the end
of the grasp with a compliant object and does not result
in gripper damage. No object is gripped however which is
detected so the robot can be instructed to react accordingly,
e.g. by reattempting the grip at slower pace.

V. CONCLUSION

The backdrivable gripper presented in this article is able to
pick objects at high speed while being tolerant to collisions.
The gripper finger trajectory is optimized for speed and
collision tolerance, where the latter is quantified by the re-

maining stroke for the fingers to retract upon impact. The col-
lision detection algorithm distinguishes between impact when
gripping an object and unintentional collisions. A Kalman
filter was used to reduce noise on the velocity measurement
which allows to decrease the band–pass momentum observer
threshold by 70%. The gripper was mounted on an industrial
robot and was able to mitigate collisions up to 0.6 m/s. The
proposed gripper can hence increase production throughput in
a robust way.
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