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Soft pneumatic pads enable new
sensing and actuation capabilities in soft-rigid grippers

Maria Pozzi1,2, Leonardo Franco1, Zubair Iqbal1,
Monica Malvezzi1, Domenico Prattichizzo1,2, and Gionata Salvietti1

Abstract— Contact force sensing and grasp adaptation in
soft robotic hands are still open challenges, although they
represent fundamental requirements towards the achievement
of delicate and accurate in-hand manipulation. In this paper,
we present soft pneumatic pads that can be embedded into the
rigid phalanges of a soft-rigid gripper to sense contact forces
and consequently adapt the contact locations and grasping
forces. Each pad is connected to a pressure sensor and can
be independently inflated/deflated. The pads add sensing and
actuation capabilities to the gripper. As a proof of concept,
we present three applications where they are used for contact
detection, in-hand manipulation, and grasp adjustment.

I. INTRODUCTION

Grasping and manipulation are contact-rich tasks requiring
robots to touch the object and possibly the environment in
multiple different locations. Current robotic hands, however,
rarely embed enough sensors to reconstruct on-line the whole
dynamics of hand-object and hand-environment interactions.
This is especially true for underactuated and compliant
hands, whose features lead to “different requirements and
opportunities for perception” [1]. On the one hand, differ-
ently from rigid devices, since a single actuator typically
controls several degrees of freedom, it is difficult to rely
only on the sensors embedded in the actuators to reconstruct
the gripper configuration. On the other hand, the use of
highly deformable materials enables new sensing solutions
exploiting softness [2], [3], [4].

This paper introduces a new soft-rigid phalanx that embeds
a soft pad, i.e., a small pneumatic chamber that can be used
for pressure sensing and as an additional actuator through
inflation/deflation. In principle, the proposed solution could
be adapted to any type of robotic gripper, but here we focus
on tendon-driven ones, presenting the fabrication and use of
the SoftPad Gripper (Fig. 1). The proposed gripper embeds
a soft pad in each of its rigid phalanges. By evaluating the
pressure variations inside each pad, it is possible to detect
which phalanges are in contact with the grasped object. A
similar principle was adopted in [5] to sense objects over a
matrix of pneumatic actuators.
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Fig. 1: Grasp performed by the SoftPad Gripper, a tendon-
driven gripper equipped with pneumatic pressure sensors.

Pneumatic devices can be used for sensing purposes, but
can also be actuated by inflating/deflating them. By changing
the internal pressure of the pads it is possible to vary
the sensing capabilities of the device (e.g., sensitive area,
sensitivity, measurement range), and stiffness properties [5].
In addition, when applied to a gripper, each pad adds an
extra possible motion to the phalanx which can be expanded
or compressed by changing the inflating pressure. This can
be useful to vary the force exerted at a certain phalanx, to
add or remove contact points from a grasp, and to move the
object in-hand.

In this work, first a characterization of the sensing ca-
pabilities of the pads is conducted. Then, proof-of-concept
experiments show how the new sensing and actuation capa-
bilities and their interplay can be exploited in grasping and
in-hand manipulation tasks.

II. RELATED WORKS: SENSORS FOR SOFT HANDS

Soft and compliant grippers have two main issues to
be solved in terms of sensing. The first is related to the
proprioception of the hand posture. Differently from rigid
hands where encoders and other sensors can be used to
measure joint variables, in soft structures determining the
actual position of the fingers is one of the main challenges.
Several solutions have been proposed, ranging from optic
fiber [6] to strain sensors [7]. Moreover, sensors designed
for soft robotic systems need to be stretchable, flexible,
and reliable to measure deformation modes like contraction,



extension, twisting, and bending [8], [9]. An overview of
sensing techniques for soft robots can be found in [10].

The other important issue related to sensing in soft hands
is that of determining contact forces. In this paper, we tackle
this problem focusing in particular on tendon-driven grippers
in which the flexion/extension motions can be controlled
by measuring the length of the tendons, but still the final
position of the contact points on the objects is difficult
to determine as it is the result of complex hand-object
interactions depending also on the compliance of the joints.

Different sensors that can be used in manipulation tasks
have been proposed in literature [11], [12], [13]. When it
comes to soft hands, adopted technologies include piezoelec-
tric polymer contact sensors [14], force sensitive resistors
(FSRs) [15], and also solutions which inherently exploit the
hand softness. In [16], for example, a novel tactile sensor
based on magnetic sensing and soft materials is presented.
Another interesting approach considers the use of acous-
tic sensors inside soft pneumatic actuators. By measuring
how the sound is modulated through the soft structure, it
is possible to recognize sound changes and compute the
corresponding contact locations [17].

In this work, we adopt pneumatic sensing for detecting
contact points based on the variation of internal pressure
inside a suitably designed soft structure. This principle has
been adopted in previous works not only to design sensors
for robotic fingers and hands [18], [19], [20], [21], but also
in exoskeletons [18], and in teleoperation setups [22]. The
main advantage of pneumatic sensors is that the related
electronics can be placed far from the sensitive area, allowing
to build systems which can be easily washed or used in
environments where bringing electronic components might
be unsafe (e.g., underwater). While most of previous works
focus on building purely sensing devices, the proposed pad
can be inflated/deflated to obtain extra degrees of actua-
tion. This is not feasible, for example, in soft pneumatic
mechanosensors which contain multiple cavities embedded
into a larger deformable structure [23], [24].

III. DEVICE DESIGN

A. Soft Pad

The proposed soft pad is a pneumatic chamber having a
length and width of 18×16 mm, respectively. The total height
is 8 mm, with an inflation layer with thickness 1.5 mm.

For developing the pads, we followed similar guidelines
as those described in [25], [26]. The used material is the
EcoFlexTM silicone (Smooth-On Inc., USA) with shore hard-
ness of 00-30 [27]. It is a versatile and easy to use platinum-
catalyzed silicone that comes with two parts: A and B. The
optimal mixing ratio (weight or volume) to achieve a smooth
and well cured elastomer is A/B = 1. The CAD model and
the prototype of a single phalanx embedding a soft pad are
shown in Fig. 2.

The fabrication of a soft pad consists of three steps.
Initially, a base for the inflation layer is created by pouring a
1:1 mixture of A and B silicone in the rigid phalanx that has
a cavity with a suspended grid which serves as an anchoring

(a) (b)
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Fig. 2: (a) CAD model of the phalanx, (b) cross section
view showing how the soft pad is embedded inside the rigid
phalanx, (c) phalanx prototype with deflated soft pad, (d)
phalanx prototype with inflated soft pad.

structure once the silicone is cured (Fig. 2b). The silicone
takes 4-5 hrs to cure properly. The second step is to place
over the base an Acetate sheet or mold release of the size
of the inflation layer. In the proposed device, the inflation
layer is 13 × 11 × 1.5 mm. The final step is to pour again
the mixture of A and B silicone, and let it cure for 4-5 hrs.

All the soft pads are connected to a compact control
system, called Pneumaticbox [28], that is used to control their
inflation and deflation. The Pneumaticbox was developed
to enable an efficient control of soft actuators and it can
provide up to eight independently controlled channels, each
equipped with two discrete valves for inflation and deflation,
and a differential pressure sensor. All sensors and valves are
connected to a BeagleBone®Black (BeagleBoard.org, USA)
embedded computer which is the main processing unit for
the Pneumaticbox.

B. SoftPad Gripper

By assembling six phalanges equipped with a soft pad
each, a two-fingered gripper with three phalanges per finger
was built, obtaining a modular structure similar to that
adopted in previous works [29], [30]. The developed pro-
totype of the SoftPad Gripper is shown in Fig. 3, whereas
its technical features are listed in Table I.

The proposed gripper has a soft-rigid structure in which
rigid phalanges are connected by flexible joints. The rigid
parts are made of ABS (Acrylonitrile Butadiene Styrene, AB-
SPlus, Stratasys, USA) using Fused Deposition Modelling



Fig. 3: The SoftPad Gripper and its pneumatic controller. The
numeration of the phalanges corresponds to that adopted in
the experiments.

TABLE I: Technical features of the SoftPad Gripper.

Technical Features

Weight (including motors) 480 g
Max. actuator torque 3.1 Nm @ 12 V
Max. current 2.8 A @ 12 V
Continuous operating time 3.5 h @stall torque
Max. operating angles 300 deg, endless turn
Max. non-loaded velocity 684 deg/s

Material and Size Flexible Part Stiff Part
Parameters (Joint) (Phalanx)

Material type TPU ABS
Modulus of elasticity (E) 15.2 MPa 40 MPa
Shore Hardness 85A 70D
Density 1200 kg/m3 1070 kg/m3

width 20 mm 20 mm
length 14 mm 33 mm
height 2.1 mm 21 mm

(FDM), whereas the flexible parts are made of Thermoplastic
Polyurethene (TPU). Thanks to its high elongation, the
TPU material allows for repeated movement and impact
without wear or cracking, proving also an excellent vibration
reduction. The assembly of the finger is done by sliding the
flexible parts inside the rigid parts, without the need of any
other fixation step.

Each finger is actuated by a Dynamixel Servo Motor
MX-28AT. Both fingers are actuated using a tendon driven
approach, each rigid phalanx contains a hole which serves as
a passage for the tendon. The Arbotix-M controller (Robotis,
South Korea) is used to control the two actuators. The
complete system is shown in Fig. 3.

IV. CHARACTERIZATION OF THE SOFT PADS

Two experiments were conducted to characterize the func-
tioning of the soft pads. Experiment 1 aimed at analysing
how the size of the inflated part of the pad varies with the
internal pressure when no load is applied to the external
pad surface. Experiment 2 was conducted to characterize the

(a) (b)

Fig. 4: Soft pads of the first finger: size ((a) height, (b)
area) of the inflated part with respect to the internal pressure.
Variations among the pads in the three phalanges (PH1, PH2,
PH3) are due to uncertainties in the fabrication process.

relation between sensed internal pressure and applied force.

A. Experiment 1: height and sensitive area of the sensor

To characterize the presented sensing pad, we analysed
how the height, length, and width of the inflated part of the
pad vary with respect to the internal pressure. Measurements
were performed using a high-precision calibre (0.01 mm
resolution). Obtained results in terms of height for the
phalanges of the first finger are shown in Fig. 4a. The re-
ported measurements are the maximum values reached by the
inflated part of the pad. The length and the width followed
a similar trend as the height, but we did not report them for
the sake of brevity. Instead, we chose to show the area of the
rectangle at the base of the inflated volume pad, computed by
multiplying the length and the width at each pressure value
(Fig. 4b). As expected, all studied quantities tend to increase
when the inflating pressure increases. Differences among
phalanges are due to uncertainties on the pad size introduced
in the fabrication process. However, the deviation from the
average behaviour is in the order of tenth of millimetres (e.g.,
the maximum root mean square error between a phalanx and
the average behaviour is the one computed for the height of
phalanx 1: RMSEH1 = 0.4634 mm).

B. Experiment 2: force sensing

To characterize the relationship between the sensed in-
ternal pressure of the pad and the force applied to it, we
built an experimental setup in which an ATI Nano17 six-
axis force/torque sensor (ATI Industrial Automation, USA)
is pressed against an inflated pad using a linear actuation
system (Fig. 5a). The latter is obtained by attaching a
Dynamixel Servo Motor to a rack and pinion mechanism
which transforms the rotational motion of the motor shaft
into a translational motion of the 3D-printed link embedding
the F/T sensor. To convert the encoder tick value to the
translation in millimetres we used the following equation

∆zmm = ∆ztick · cf · π

180
· rpitch,

where cf is the tick-degrees conversion factor and rpitch
is the pitch radius of the gear in millimetres.



(a) (b)

Fig. 5: (a) Experimental setup to characterize the soft pads
in terms of pressure/force relationship. (b) Average values
of pressure and force obtained for 16 probe positions (15
positions plus the initial position where there is no contact),
and corresponding linear fitting.

We developed an application in LabVIEW 2019 to both
control the servomotor and read the z-axis force (normal to
the pad surface) sensed by the ATI force sensor in real-time.
At the beginning of each data acquisition, we inflated the pad
to a fixed and stable pressure pi. We positioned the force
sensor in contact with the inflated pad, saving the starting
position of the linear actuator, determining zcontact. Then
we proceeded to lower the position of the actuator until the
force sensor came in contact with the bottom of the pad,
determining zmax. We then obtained ∆zi, the working range
of the pad at a certain inflation pressure pi, as ∆zi = |zmax−
zcontact|. This range was then quantized in 15 measuring
steps. During the acquisition we saved the time, the position
of the linear actuator by reading the 12 bit absolute encoder
of the servomotor, and the z component of the ATI force
sensor. An example of force and position acquired data for
an initial internal pressure of 12.6 kPa is shown in Fig. 6.

In Fig. 7, the sensed force versus the probe position is
reported for different initial inflation pressures. It can be
noticed that there is a quadratic relationship between force
and position. In addition, the more the pad is inflated, the
larger is the displacement that can be applied to it without
seeing it collapsing, and thus the larger is the set of applied
forces that can be sensed. This is why when pi = 12.6 kPa
(violet plot) there are data points also in the top-right part of
the graph, whereas in the other cases there are less points.

With the same procedure as that described above, we
recorded the pressure-force relation when the pad was ini-
tially inflated at 12.6 kPa. We used the same probe position
range as that employed in the previous experiments and for
each of the 15 positions we recorded the force along the z-
axis of the ATI sensor and the internal pressure sensed by
the pressure sensor connected to the pad. This process was
repeated 3 times, obtaining 3 pressure and 3 force values
for each probe position. Obtained results were averaged and
reported in Fig. 5b. The higher is the applied force, the more
the internal pressure of the pad increases, and this growth is
almost linear.

0 100 200 300

Time [s]

0

1

2

3

4

F
or

ce
 [
N

]

0 2 4 6
Position [mm]

0

1

2

3

4

F
or

ce
 [
N

]

0 2 4 6

Position [mm]

0

100

200

300

T
im

e 
[s

]Pressure: 12.6 kPa

Fig. 6: Data collected during the soft pads characterization.
(Top-left) sensed force with respect to time, (Bottom-right)
position of the probe with respect to time, and (Top-right)
force with respect to position.
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Fig. 7: Data fitting of the force-position characteristic curve.
Notably, all distributions fitted as quadratic polynomials.

V. EXPERIMENTS WITH THE SOFTPAD GRIPPER

To show how the soft pads can be used in grasping and
manipulation tasks, the SoftPad Gripper was tested in three
different tasks which serve as proof-of-concept demonstra-
tions of the dual function (sensing, actuation) of the pads.

A. Contact detection

To demonstrate the usefulness of the pads from the sensing
point of view, they have been applied in a contact detection
task. As shown in Fig. 8, six different objects were grasped
with the gripper and the initial and final pressures read by
the pads were recorded. Table II shows the obtained values.
Those corresponding to the contacting pads are written in



Fig. 8: SoftPad Gripper grasping six different objects.

TABLE II: Sensed internal pressure inside the soft pads
before and after the grasp for each object. Values in bold
indicate the final pressure of phalanges that are detected as
in contact with the object.

Objects Pressure in the Phalanges (kPa)
PH1 PH2 PH3 PH4 PH5 PH6

Apple 12.44 12.43 12.56 12.63 12.50 12.48
12.81 16.87 19.02 20.84 13.33 12.44

Lemon 12.08 12.38 12.36 12.28 12.44 12.49
11.81 12.32 15.39 15.18 12.32 12.47

Pear 11.58 12.28 12.24 12.07 12.29 12.46
11.31 16.20 16.90 18.69 13.73 12.44

Ball 12.42 12.47 12.68 12.58 12.78 12.49
14.08 16.10 17.87 16.71 16.05 14.25

Cylinder 12.19 12.39 12.59 12.39 12.72 12.54
14.32 16.15 19.66 21.32 14.14 13.22

Box 11.99 12.35 12.56 12.26 12.66 12.54
16.49 17.49 12.73 22.74 17.58 12.74

bold. A contact is detected when the variation between the
initial pressure and the final pressure after the grasp goes
above a certain threshold (tc = 0.05 kPa in our experiments).
To show the versatility of the gripper we chose objects with
different shapes and material properties. The plastic apple
(mass m = 68 g, diameter d = 75 mm), the yellow container
(m = 38 g, 100 × 78 mm), and the box (m = 187 g, 35 ×
110 × 89 mm) have prototypical shapes: sphere, cylinder,
and cuboid, respectively. The other objects were chosen as
representatives of objects with irregular shapes (pear, m =
49 g, 66.2× 100 mm), soft objects (basket ball, m = 20 g,
d = 100 mm), and small objects with respect to the fingers
(lemon, m = 29 g, 24 × 68). All objects except for the
ball belong to the YCB Dataset [31]. The conducted tests
show that the proposed gripper is versatile enough to grasp
different objects, and that the sensing pads can effectively
be used to detect the contacting phalanges.

TABLE III: Cylinder displacement in the horizontal and in
the vertical directions and for the two configurations.

Object Dir. Disp. [mm] Disp. [mm]
(mean±std) (total)

Config. 1 H 3.30± 0.28 3.58
V 0.16± 0.18 0.61

Config. 2 H 2.95± 0.23 2.99
V −0.86± 0.2 0.05

B. In-hand manipulation

The pneumatic pads can also be used to augment the
otherwise limited in-hand manipulation capabilities of un-
deractuated soft-rigid grippers. To show an example of this
application, we chose to implement the horizontal translation
of the object with respect to the palm. The tendons were
kept at the same length during the task, whereas the internal
pressure of the pads was regulated to obtain a translation
from left (phalanges PH2, PH3 inflated) to right (phalanges
PH4, PH5 inflated), and viceversa. We tested this task with
a cylindrical object (14 g, 60 × 62 mm) from the YCB
dataset. The object was placed in two different configurations
(Config. 1: vertical, Config. 2: horizontal), as shown in Fig. 9.
We selected a rigid object so that the pad inflation would
result in a motion and not in a deformation. The cylinder
size was chosen to fit within the fingers, so that the object
was in contact with all the selected phalanges.

In each cylinder configuration, the fingers were closed
over the object so that all the involved phalanges were in
contact. Then, five experimental trials were performed. In
each trial, the object is moved from left to right and back.
The object displacement in the gripper plane was measured
by processing the videos of the experiments through the
Tracker Software [32]. Ideally, we expected a relevant and
repeatable horizontal (H) displacement, and a small vertical
(V) displacement. In Table III, the mean and the standard
deviation of the displacement and its total value, computed
from the initial position to the final position after five trials,
are reported.

The gathered data show that, on average, the horizontal
in-hand translation was successfully carried out with a rela-
tively low displacement in the vertical direction. When the
cylinder was held in the vertical position, the average vertical
displacement of the object was lower. We observed that, in
Config. 1, the obtained vertical translation in the single trials
is low (low mean value), but after five trials the object is
displaced of more than half millimeter in total. In Config. 2,
the object is mainly displaced along the horizontal direction,
however, every time the object is shifted towards finger 1
(right), it is also pushed a bit downwards. This is due to
the pushing action of the pad in PH5 (see Fig. 9, bottom-
right). When the object is pushed back to the left, it goes
up again. As a result, in Config. 2, after each trial the object
goes back to the same position, leading to a negligible total
vertical displacement.



Fig. 9: In-hand horizontal translation (from left to right) of
a cylinder in two configurations (top row: Config. 1, bottom
row: Config. 2). The black line serves as a reference to
clearly perceive the object motion.

C. Grasp adjustment

To show an example of how the added sensing and
actuation capabilities can be used together, we implemented
a grasp adjustment task in which the internal pressures of
the pads were iteratively regulated to get a similar pressure
at all the contacts. In particular, once the pads in contact
with the grasped object were detected, the smallest value of
internal pressure was chosen and used as goal pressure for the
other contacting pads. The latter were then inflated/deflated
to get an internal pressure in a certain range with respect
to the target value (in our case: pgoal ± 2 kPa). Fig. 10
shows results obtained for a power grasp of a cylinder
(m = 19 g, 70 × 35 mm). We plotted only the final stable
pressures reached at the end of each phase of the task (i.e,
grasp achievement and ends of adjustment steps), neglecting
transitory phases for the purpose of visualization. As shown
in Fig. 10, the contacting phalanges are PH2, PH3, PH4,
and PH5. The one having the lowest internal pressure after
the contact is PH4 (pgoal = 13.13 kPa). Thus, pads 2, 3,
and 5 are deflated for an amount of time depending on
the difference between the current and goal pressures. At
the successive step, the PH2 is deflated again while PH3 is
inflated as it reached a too low pressure value. PH5 is deflated
by the algorithm, but this does not have a clear effect, as
its pressure increases due to the fact that the inflated PH3
presses on the object and thus also on PH4 and PH5. At
the second last step, PH2 is inflated, while PH3 and PH5
are deflated. At the last step, PH3 is deflated and the other
pressures vary due to this deflation. Lastly, the algorithm
stops as the final pressure values are within the selected range

Fig. 10: Pressure re-distribution in the grasp of a cylinder.

with respect to the goal: p2 = 12.42 kPa, p3 = 12.21 kPa,
p4 = 13.75 kPa, p5 = 12.09 kPa.

VI. CONCLUSIONS

This paper introduces a new soft-rigid tendon-driven grip-
per with pneumatically actuated soft pads embedded in its
phalanges. We characterized the soft pads in terms of sensed
pressure and force ranges, and we showed that the pads can
be used as sensing and actuation devices in different tasks:
contact detection, in-hand manipulation, and contact pressure
distribution adjustment.

The proposed gripper has advantages and disadvantages.
The first advantage is clearly represented by the fact that
the SoftPad Gripper combines the shape adaptability of soft
hands with the possibility of monitoring contact forces.
This could be particularly useful when handling delicate
objects. Indeed, their possible damage could be prevented by
redistributing contact pressures among the detected contact
points, avoiding localized peak forces.

Thanks to the gripper features, if very tight grasps are
needed, e.g. to manipulate rigid and heavy objects, the pads
can be deflated and the gripper acts as a classic soft-rigid
structure. When delicate grasps have to be performed, the
soft pads can be inflated and used to gently interact with the
object.

Another positive aspect of the SoftPad Gripper is repre-
sented by the absence of electronic components in the fingers
and in the palm. This could allow, for instance, the finger
to be washed or sterilized as it may be used to manipulate
food or other fragile items.

Concerning the disadvantages, introducing pneumatic ac-
tuated pads sensibly increases the complexity of the system
requiring a supplementary effort for its control. Moreover,
pneumatic actuation comes with the need of an additional
controller to regulate valves and with the need for pressurized
air supply that may be easily available in an industrial setup,
while it may require supplementary components in other
contexts. Another limitation of the proposed device is that
the fabrication process combining rigid links with soft pads
needs a high accuracy to avoid possible leakages, especially
at the connection between the pad and the pipes. We are
currently evaluating the adoption of different fabrication
techniques for the pads (e.g., 3-D printing [20]).



As preliminarily demonstrated in this paper, the soft pads
could be exploited as an additional source of actuation for in-
hand manipulation. It has been recently shown that softness
can make in-hand manipulation more robust [33]. In future
work, we will build upon this concept exploring how the
combination of two kinds of actuation systems (tendon-
driven and pneumatic) can be leveraged to regulate joint and
contact compliance [34], and thus obtain desired dexterous
motions.
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