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A Sensorized Hybrid Gripper to Evaluate a Grasping
Quality Based on a Largest Minimum Wrench

Wookeun Park , Seongmin Seo , Jinhyeok Oh , and Joonbum Bae , Member, IEEE

Abstract—Soft pneumatic grippers, which are based on soft
pneumatic actuators have been widely studied owing to their simple
morphological structure, inherent compliance, and pliable grasp.
Additionally, the integration of the soft gripper with various sen-
sors to improve its functionality has also been extensively studied.
Although the soft gripper is known to exhibit a robust grasping
performance without accurate control, the grasping quality of the
soft gripper has rarely been studied due to the lack of adequate em-
bedded sensors and quality metrics of the soft gripper. Therefore, a
hybrid gripper, which is a soft gripper with rigid components, was
sensorized by embedding a soft force sensor and a bending sensor
to evaluate the grasping quality. Furthermore, a new grasping
quality metric for a soft gripper was proposed, which calculates
the largest minimum wrench of a convex hull in the wrench space.
The proposed grasping quality metric was experimentally verified,
and a real-time program was developed to evaluate the grasping
quality.

Index Terms—Soft sensors and actuators, grasping, soft robot
applications.

I. INTRODUCTION

R ECENTLY, soft pneumatic grippers (SPGs), which offer
a more compliant bending motion than rigid robots owing

to their simple morphological structure and higher degree of
freedom, have been actively developed [1]–[3]. Moreover, to
enhance their grasping performance such as actuation speed
and finger force, soft pneumatic actuators (SPAs) have been
developed in many ways [1]–[5]. Different chamber shapes, such
as the fast pneumatic network (PneuNet), have been investigated
for improved actuation speed [6]. Additionally, SPAs have also
been reinforced by fiber, fabric, and integration with rigid and
soft materials to realize enhanced fingertip forces [1]–[5].

Furthermore, various sensors have been embedded in the
SPGs to increase their functionality [7]–[9]. Shih et al.
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Fig. 1. Configuration of the sensorized hybrid gripper with the embedded soft
force and bending sensors to evaluate the grasping quality depending on the
difference postures (caging, non-caging, and unstable grasp).

integrated a soft sensor with the SPGs based on conductive-
polydimethylsiloxane (cPDMS) for the haptic recognition of
grasped objects [7]. Zhao et al. also developed a soft sensor
based on optical waveguides for integration with a soft robotic
hand to sense the different shapes and roughnesses of the grasped
surfaces [9]. Chen et al. embedded a commercial bending sensor
in the soft gripper to recognize the sizes of different objects [10].
However, the evaluation of the grasping quality how the gripper
grasps the object well or not, may have not been studied.

Grasp synthesis based on measuring the quality metric has
been developed for grasp planning [11]–[16]. Lei and Zheng
et al. developed a grasp planning method to compare the force
closure grasp based on the wrench space by computing every
possible contact points [12]–[14]. Although Krug et al. evalu-
ated the grasping quality using a rigid robotic gripper, which
integrates with a tactile sensor array [17], it cannot be applied
to a soft gripper due to the lack of adequate soft tactile sensors.
Additionally, deep learning algorithms have also been developed
for soft grippers. Choi et al. integrated a depth camera sensor
with a soft gripper to predict the successful grasp using the learn-
ing technique. However, it may not be practically used because it
requires an additional learning procedure. Thus, previous works
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may not be used practically as a real-time application, since
they may have limitations, such as 1) the adequate soft sensor is
not developed for the grasping quality, and 2) the synthesis and
learning techniques may be computationally expensive.

Thus, in this study, we developed a sensorized hybrid gripper,
which can evaluate the grasping quality based on how it can resist
external forces with different grasping postures, as depicted in
Fig. 1. The hybrid gripper [5], which was previously developed
for improved grasping abilities such as actuation speed and
fingertip force or torque, was sensorized by embedding a soft
force sensors and a bending sensor. The grasping quality was cal-
culated by the force closure, which indicates how well the grasp
can resist the external force or torque before it fails to grasp [18],
[19]. Embedding sensors and calculating contact wrenches of
the grasp were only introduced in a previous work [20], and
the detailed analysis and experiments for grasping quality based
on the largest minimum wrench (LMW) were covered in this
paper. The main contributions of this study are as follows: 1) a
sensorized hybrid gripper was developed by embedding a soft
force sensor and a bending sensor in the hybrid gripper, 2) a new
grasping quality metric for a soft gripper based on the LMW
method, which evaluates the convex hull in the wrench space,
was proposed, and 3) the proposed grasping quality was experi-
mentally verified with different grasping postures, and the real-
time program was developed to evaluate the grasping quality.

The remainder of this paper is organized as follows. In
Sections II and III, brief introductions of the LMW method
and sensorized hybrid gripper are provided, respectively. The
calibration of the embedded sensors is discussed in Section IV.
Experimental verification and a real-time application for the
evaluation of the grasping quality using the sensorized hybrid
gripper are discussed in Section V. Finally, the conclusion and
future work are presented in Section VI.

II. METHODOLOGY FOR GRASPING QUALITY

A. Grasping Quality Metric

The grasping quality metric is generally evaluated based on
the geometries of the grasping posture and the contact forces.
Considering the finger force of the gripper is limited, a sum of the
resultant force by the contact force was suggested as the basic
quality metric of the grasped object (QSRF ) [21]. However,
QSRF does not imply how well the grasp can resist in terms of
the force equilibrium. The grasping posture based on the wrench,
which indicates the force and torque applied to the grasped
object, should be evaluated how well the grasp resist to external
wrenches in the wrench equilibrium. Thus, the LMW-based
quality metric (QLMW ) [22], which evaluate the amount of ex-
ternal wrenches that the grasp can resist while the wrench equi-
librium is, was suggested to overcome the limitation of QSRF .

B. Largest Minimum Wrench (LMW) Method

How large external force or torque, applied to the grasped
object, is expressed by the wrench equilibrium as follows [22]:

n∑

i=1

ωi + ωext = 0 (1)

Fig. 2. Examples of the grasp map and contact force matrix : (a) grasp map in
3D object, (b) the soft contact model and (c) the reorganized soft contact model.

where i is the number of wrench. ωi is the number of contact
wrenches, and ωext indicates the external wrench that the grasp
can resist. The grasping quality of a posture is determined by
calculating the amount of external forces or torque that the
contact wrenches. The wrench is calculated using the contact
force matrix and grasp map as follows:

ωi = Gifi

=
[
fω
i τωi

]T

=
[
fω
i ρτωi

]T
(2)

where i is the number of contact point, Gi and fi represent
the grasp map and the contact force matrix, respectively, and fi
and τi denote the force and torque element of the wrench (ωi),
respectively. To unify the units of the wrench, a scaling factor
(ρ) was multiplied with the torque [12].

The grasp map Gi converts the coordinate from the contact
point to the object to express the contact force into the wrench
elements as depicted in Fig. 2(a). The grasp map is expressed as
follows [19]:

Gi =

[
oi ti ni 0

pi × oi pi × ti pi × ni ni

]
(3)

where i is the number of contact point. pi denotes the position
of the contact point, and ti, oi, and ni are the unit vectors in the



PARK et al.: SENSORIZED HYBRID GRIPPER TO EVALUATE A GRASPING QUALITY BASED ON A LARGEST MINIMUM WRENCH 3245

tangential and normal direction at the contact point in the object
coordinate frame, respectively, as shown in Fig. 2(a).

The spatial force at the contact point was modeled as a
soft contact (SC) model, as shown in Fig. 2(b), wherein the
elastomeric material was used for the gripper [11]. The SC
model, which is expressed as the friction cone, includes not only
the normal force, but also the tangential forces, and the torsional
force in the x, y, and z axes, expressed as follows:

fi =
[
fi,x fi,y fi,z fi,τ

]

=

{
fi|fi,z ≥ 0,

√
f2
i,x + f2

i,y

μ2
i

+
f2
i,τ

μ2
i,τ

≤ fi,z

} (4)

where i is the number of contact points on the gripper, and fi,z
is the normal force at the contact position. fi,x, fi,y , and μi are
the tangential forces and the friction coefficient, respectively.
fi,τ and μi,τ are the torsional force and the torsional friction
coefficient, respectively.

The SC model was reorganized for the computational conve-
nience as the quadrangular pyramid [11], as depicted in Fig. 2(c).
In the reorganized SC model, the contact force is divided into
four elements (blue arrows in Fig. 2(c)), expressed as follows:

fij =

⎧
⎨

⎩fij |fij ∈ Fi, Fi =

n∑

j=1

αijfij

⎫
⎬

⎭

=
[
μifij,z μifij,z fij,z μi,τfij,z

]
(5)

where i is the number of contact points and j denotes the number
of divided force elements. n, and αij was determined as 4, and
1/4, respectively, due to the pyramidal shape of the reorganized
SC model (Fig. 2(c)). Thus, the contact force is expressed as
fij , determined by fij,z , which is measured by the embedded
sensors.

Finally, the convex hull of the wrench elements (ωCH ) is
expressed as follows:

ωCH =

{
conv

( n∑

i=1

ωij = αijGifij

)∣∣∣∣αijfij ∈ Fi

}
(6)

where i is the number of contact and j is the divided force
elements in the reorganized SC model. fij is the contact force
matrix based on the reorganized SC model. The convex hull
indicates the wrench applied to the grasped object and the
magnitude of the external force or torque that can be resisted.
The convex hull of the wrench space is evaluated using the radius
of the largest ball, which is formed at the origin insideωCH . The
minimum ball inside the convex hull wrench space is calculated
using the minimum length of the distance from the origin to the
plane of the convex hull space. The LMW-based quality metric
(QLMW ) is expressed as follows:

QLMW = min
i
(dCH,i) (7)

where i is the number of convex hull planes at each calculation,
and dCH,i is the distance between the origin and the ith convex
hull plane, respectively.

Fig. 3. Design of the sensorized hybrid PneuNet with the commercial bending
sensor and customized soft force sensor.

III. SENSORIZED HYBRID GRIPPER

A. Introduction to Hybrid Gripper

The hybrid gripper, which is assembled using the hy-
brid PneuNet, was developed as in the previous work, and
the fingertip force and the actuation speed was enhanced
by the hybrid structures with soft and rigid materials, which
induce the actuator moves in a circular motion without a twisting.
The soft chamber, made of silicone (Dragonskin 30 A, Smooth-
on [23]), was fabricated by 3D printed molds, and the rigid
structure was manufactured by using a 3D printer (ABS-P430,
Stratasys [24]). For the detailed design of the hybrid gripper,
refer [5].

B. Embedding Sensors for Hybrid Gripper

A soft sensor based on eutectic-gallium indium (eGaIn),
which was fabricated using the direct ink writing method [25],
was embedded to measure the contact force, as illustrated in
Fig. 3. The customized soft force sensor, which includes the
microchannel filled with eGaIn, measures the changed resistance
depending on the deformation of the microchannel. The readily-
available bending sensor (Flex sensor 4.5,” Spectrasymbol [26]),
which also measures the changed resistance, was embedded for
measuring the bending angle, as depicted in Fig. 3. The sensor
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Fig. 4. Calibration for the embedded sensors: (a) relationship between the
bending angle and the bending sensor, (b) relationship between the soft force
sensor (distal point) and the contact force, (c) unwanted soft force sensor signals
during the pure bending motion.

data were acquired via a simple voltage divider and amplifying
circuit. The soft sensor was also attached to the palm of gripper to
identify the contact of the object and the palm while the gripper
grasp the object.

IV. CALIBRATION OF EMBEDDED SENSORS

A. Decoupling of Embedded Sensors

The bending angle (θh), measured by the bending sensor, was
calibrated by the motion capture data, as depicted in Fig. 4(a).
The soft force sensor was calibrated by the force/torque (F/T)
sensor (ATI Gamma, ATI [27]). The sensorized hybrid PneuNet

Fig. 5. Calculation of the the grasp map.

was fixed on the mount and the F/T sensor measured the contact
force on the soft sensor at the distal point under 60 kPa. The nor-
mal force at the contact point (fij,z) was obtained by the linear
relationship between the F/T sensor and soft force sensor data,
as shown in Fig. 4(b). The same calibration was applied for the
middle and proximal point owing to their similar microchannel
shape of the soft sensor.

The resistance of the microchannel for the customized soft
force sensor is changed due to the elongation of the layer, which
contains the soft sensor, while the hybrid PneuNet was bent
by the inflation. Therefore, to reduce the unwanted soft sensor
signals, the soft force sensor data was subtracted by the offset
(Vi,cal), which was calculated by the bending sensor data. Vi,cal

is expressed as follows :

Vi,cal = Vi,org − (αiVbend + βi) (8)

where i is the number of customized soft sensor. Vi,org is the
original soft force sensor signal before decoupling. Vi,cal is
the decoupled soft force sensor signal by using the bending
sensor signal (Vbend) during the free bending motion. αi and
βi are parameters, obtained by the linear fitting, as depicted in
Fig. 4(c).

B. Calculation of Grasp Map and Contact Force Matrix

The grasp map at the contact points, including the proximal,
middle, and distal points converts the contact force to the contact
wrench in terms of the object coordinate, as illustrated in Fig. 5. It
was assumed that the gripper moves in a pure circular trajectory
without twisting motion owing to the hybrid structure with a
soft and rigid materials, and the triangular palm design. The tip
position of the gripper was also assumed that it is not dragged
due to the weight of the grasped object. The grasp map at the
distal point in a world frame ({W}) was expressed using the
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bending angle θh as follows:

R =
L0

θh

−−→
OP = (R−R cos θh,−R cos θh, 0)

−→
OS = (R, 0, 0)

−−→
OQ =

(
0,−R tan

(
θh
2

)
0, 0

)

(9)

whereR, andL0 are the radius of the curvature and initial length,
as depicted in Fig. 5. An analytically modeled pi was calculated
using

−−→
OP and

−→
OT , which is determined by the origin of the

hybrid PneuNet (O), attached to the palm, as illustrated in Fig. 5.
ni and oi were also obtained by the normalized

−→
PS and

−−→
QP ,

respectively, calculated by the
−−→
OP ,

−→
OS, and

−−→
OQ. Lastly, ti was

calculated by a cross product of oi and ni. Because the soft
force sensors for the middle and proximal points are located
at the 1/4, and 1/2 point of L0, the grasp map at the middle
and proximal points was determined by the θh/4 and θh/2,
respectively, instead of θh. The grasp map of the other finger
was obtained by multiplying the rotation matrix in the y axis
considering the triangular palm shape.

The contact force matrix was obtained by the customized soft
sensor (4), which measure the normal force element (fi,z). The
friction coefficient and torsional friction coefficient between the
rigid and rubber material, which are set to 4.0 and 0.3 considering
the radius of gyration (75 mm) for the sensorized hybrid gripper,
respectively [28]. The contact force matrix at each contact point
was obtained by the soft force sensor.

V. EXPERIMENTS FOR GRASPING QUALITY BASED ON LMW

When calculating QLMW , the scaling factor ρ, which indi-
cates the maximum moment arm for the possible contact points,
was applied for the torque wrench elements to unify the units, as
expressed in (2). Considering the maximum radius of the grasped
spherical object, which is determined by the triangular palm
shape, ρwas set to 60 mm. The quality metric was classified into
QLMW,force and QLMW,torque to express the grasping quality
in terms of the force and torque independently.QLMW,force and
QLMW,torque were obtained by the convex hull calculation via
only the force, and torque elements, respectively. The convex
hull of the wrench space was calculated through the MATLAB
library [29].

The grasping quality was calculated when the pressure was
applied for the sensorized hybrid gripper, whereas the sensor
data were acquired via a data acquisition device (NI PCIe-
6353, National Instruments [30]). We demonstrated the different
postures for the spherical dummy object to evaluate the grasping
qualities in 4 s of inflation, as depicted in Fig. 1. The caging pos-
ture represents a grasp with all fingers including palm contact,
and the non-caging posture represents a grasp with only the distal
points of fingers. The unstable grasp refers to the grasping of an
object wherein at least one finger is not involved in the grasp. In
the case of the caging grasp, the reaction force from the palm was

Fig. 6. Wrench elements and grasping quality calculation: (a) force and torque
elements in three dimensional (3-D) space, and projected on yz plane for the
caging grasp, (b) force and torque elements in 3-D space, and projected on yz
plane for the non-caging grasp, (c) force and torque elements in 3-D space, and
projected on xy plane for the unstable grasp.
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Fig. 7. Evaluated grasping qualities based on different grasping postures:
(a) caging grasp, (b) non-caging grasp, (c) unstable grasp.

added to determine the convex hull wrench space (ωCH ). The
caging and non-caging grasps were determined by the contact
at the palm that the additional soft sensor was attached to sense
the contact.

A. Calculation of Grasping Quality

The convex hull wrench spaces of the force and torque ele-
ments for each grasping posture are plotted in Fig. 6. The blue

TABLE I
GRASPING QUALITY EVALUATION FOR THE DIFFERENT GRASPING POSTURES

(Unit : N )

transparent area indicates the convex hull space, as illustrated
in Fig. 6. The radius of the ball at the origin, depicted in Fig. 6,
indicates how the grasp can resist the external force and torque
in any direction. The radii, illustrated as yellow lines in Fig. 6,
imply the evaluation of convex hull wrench space (ωCH ) for the
force, and torque elements (QLMW,force, and QLMW,torque).
The wrench elements of the different grasping posture, resulted
in the difference in ωCH , differentiate the grasping quality. For
example, QLMW,force and QLMW,torque of the caging grasp
were evaluated to be larger than those of the non-caging grasp,
as the wrench elements were more inclined to the y axis, and
the contact wrench at the palm was added for forming ωCH , as
illustrated in Fig. 6(a) and (b). As the unstable grasp showed
small grasping quality based on LMW due to the absence of
contact wrench of the actuator#1 for the grasp (Fig. 6(c)), the
grasping quality of unstable grasp is smaller than those of the
caging and non-caging grasp.

As the ball at the origin, illustrated in Fig. 6, indicates how
it can maximally resist in any external wrenches, the weak
direction of the external wrench can also be analyzed. To specify
the weak direction, the convex hull wrench space was projected
onto a two dimensional plane as depicted in Fig. 6. The weak
direction was depicted as red-dashed arrows, shown in Fig. 6,
considering how much the external wrench is needed to disturb
the wrench equilibrium (1). For the caging grasp and non-caging
grasp, the directions of the external force and torque are in the
z direction and y direction, respectively (red-dashed arrows in
Fig. 6(a), and (b)). In the case of the unstable grasp, as the wrench
elements by actuator#1 were less than those of the other grasps,
the weak direction of the external force and torque were in
(x, y, z) = (1/

√
2,−1/

√
2, 0), and the y direction, respectively,

depicted as red-dashed arrows in Fig. 6(c).
The LMW-based quality metrics (QLMW , QLMW,force, and

QLMW,torque), and simple quality metric based on the resultant
force (QSRF ) of the caging, non-caging, and unstable grasps are
illustrated in Fig. 7. The maximum quality metrics during the
grasping are presented in Table I. The caging and non-caging
grasp are distinguished more clearly by comparing not only
QLMW but also QLMW,force and QLMW,torque. The caging
and non-caging grasps have less quality metric differences in
terms of QLMW and QLMW,force, as depicted in Fig. 7(a), and
(b). However, when the grasping quality of those grasps are
compared byQLMW,torque, it is more clear than evaluating with
other quality metric, since the caging posture grasp the object in
a caging shape.

The non-caging and unstable grasp may be evaluated more
clearly by comparing QLMW , QLMW,force, and QLMW,torque,
rather than QSRF . Even if the unstable grasp has a larger QSRF

than that of the non-caging grasp, the non-caging grasp has a
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Fig. 8. Experimental verification in terms of external wrenches in weak
direction for (a) QLMW,force of caging, non-caging, and unstable grasp,
(b) QLMW,torque of caging, non-caging, and unstable grasp. The blue, and
red-shaded area indicates the grasping success, and failure, respectively.

larger QLMW than that of the unstable grasp, which implies the
non-caging grasp can resist the external wrenches, as depicted
in Fig. 7(b), and (c). It may be important to evaluate the grasping
quality of different grasps of soft gripper to utilize the quality
metrics based on LMW method includingQLMW ,QLMW,force,
and QLMW,torque rather than simple sum of resultant forces,
QSRF .

B. Experimental Verification of Grasping Quality

The evaluated grasping qualities of the caging, non-caging,
and unstable grasps were experimentally verified using the F/T
sensor. The dummy object, mounted on the F/T sensor, was
grasped under different grasping postures and pulled three or
four times in the weak direction, which was analyzed in the
previous section. The blue and red-shaded areas, illustrated in
Fig. 8(a) and (b), indicate the grasping postures that can resist
or fail to grasp the object from the external wrench. For the
comparison of QLMW,torque and reference torque from F/T
sensor, ρ was also multiplied to reference torque. The caging
grasp failed to grasp the object until 1.9 N of x directional force,
and 2.37 N (0.2 N·m) of y directional torque. The non-caging
grasp failed to grasp the object at 1.2 N of z directional force, and
1.68 N (0.14 N·m) of y directional torque. Lastly, the unstable
grasp missed the object at 1 N of (x, y, z) = (1/

√
2,−1/

√
2, 0)

directional force or 1.04 N (0.09 N·m) of y directional torque.
Thus, the maximum resisting external wrenches for each grasp

TABLE II
GRASPING QUALITY DEPENDING ON d (Unit : N )

in the spatial force and torque are similar to those of the evaluated
grasping quality.

C. Real-Time Application

Successful and unsuccessful grasps for the test objects were
determined by whether all the quality metrics satisfied the
threshold or not as a real-time application [30], depicted in Fig. 9.
Considering the feasible grasping volume of the gripper, which
is decided by the gripper design, the different objects including
the unstructured (doll), spherical, and cubical objects, which
are hardly deformed during grasp, were selected. The grasping
quality of test objects were evaluated depending on the different
x directional distance (d) between the center of the palm and
the object, as shown in Fig. 9(a) and Table II. As the test objects
have similar size and shape, which induce the similar grasping
posture and contact forces of the gripper, the grasping quality
metrics for each object in the same grasping condition were
calculated as same as shown in Table II. Thus, the same thresh-
old was applied for grasping the test objects in the real-time
application.

Considering the external torque or force, the grasping quality
metrics, evaluated by the developed sensorized hybrid gripper,
can also be applied for the feedback control of robotic manipu-
lation. The user interface, which includes the embedded sensor
data, and the grasping quality is depicted in Fig. 9(b). The blue
and red-dashed box indicates the success or failure of the grasp
for the doll, and please refer the supplementary video clip for
the application of the dummy objects.

VI. CONCLUSION

The hybrid gripper, which was previously developed to en-
hance the fingertip force and actuation speed, was sensorized to
improve its functionality. Additionally, it was used to evaluate
the grasping quality using the commercial bending sensor and
customized soft force sensors to measure the grasping posture
and contact forces. The grasping quality based on the wrench
space, which indicates how the grasp can resist the external force
in all the directions (QLMW ). QLMW was divided into detailed



3250 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 2, APRIL 2020

Fig. 9. Real-time application: (a) experiment for determining the threshold of grasping quality (doll, spherical, and cubical objects), (b) real-time grasping quality
evaluation program applied for the doll grasping.

two quality metrics (QLMW,force andQLMW,torque) to evaluate
the different grasping postures. The grasping quality for the
spherical object was evaluated and experimentally verified using
the F/T sensor. The measured grasping quality metric was also
applied for the real-time application of diagnosing the grasping
success for the robotic grasping manipulation.

For future work, since the grasping quality was evaluated
for the similar-sized object due to the grasping volume of the
gripper, the comprehensive experiments for evaluating the grasp-
ing quality of the objects with different size and shape will be
conducted. In addition, to reduce the error of analytical model
for the grasp map, we aim to determine the grasping posture
using the learning algorithm with the embedded sensors.
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