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Abstract

Humans rely on distributed tactile sensing in their hands to achieve
robust and dexterous manipulation of delicate objects. Soft robotic hands
have received increased attention in recent years due to their adaptability
to unknown objects and safe interactions with the environment. However,
the integration of distributed sensing in soft robotic hands is lacking. This
is largely due to the complexity in the integration of soft sensing solutions
with the hands. This paper proposes a novel soft robotic hand that incor-
porates an active palm and distributed pneumatic tactile sensing in both
the fingers and the palm. Multi-material 3D printing allows the tactile
sensors to be directly printed on the hand, whereas conventional tactile
approaches require the sensors to be attached as part of multiple fabri-
cation procedures. Active degrees of freedom are introduced in the palm
to achieve increased dexterity. The proposed hand successfully performed
32 of the 33 Feix taxonomy grasps and all 11 Kapandji thumb opposition
poses.

Soft Robot Applications; Soft Sensors and Actuators; Multifingered Hands;
Additive Manufacturing

1 Introduction

Research into soft robotics has increased over the last decade introducing soft,
compliant materials to improve the safety and adaptability of robotic designs.
The compliance allows for interaction with objects that vary in geometry and
stiffness without requiring sophisticated control strategies. Specifically, robotic
hands have received ample focus due to the interest in combining anthropomor-
phism with soft materials to achieve safe interaction and human-like dexter-
ity [1H3].

Unlike many robotic hands that focus solely on finger and thumb actua-
tion, humans use the degrees of freedom (DOFSs) in the palm to achieve a wide
range of grasp poses [4]. The adaptability of the human palm and the flexibility
in creating contact configurations also increases the ability to ensure a robust
grasp through uncertainty. This is compounded by the utilisation of passive
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Figure 1: The proposed soft hand with the active palm and distributed tactile
sensing. (a) The soft robotic hand grasping a sphere. The sensing regions and
joints consist of 3D printed air chambers. (b) The corresponding sensor output
from the distributed pneumatic sensing. In this visualisation, the color is related
to the detected change in internal pressure.

compliance to interact with more diverse environments and establish greater
dexterity . Recently, soft robotic hand designs have been presented that in-
corporate active palms and passive compliance to improve their dexterity in
manipulation . Specifically, by mimicking the kinematics and softness of
the human hand and implementing extra DOF's in the palm, soft robotic hands
can interact with a wider variety of objects and achieve safer in-hand manip-
ulation. For example, in @, the authors proposed a 3 finger soft gripper with
an active palm. The active palm allows the gripper to successfully grasp a wide
variety of objects with different geometries and stiffnesses. Furthermore, the
gripper compliance enables robust grasping with simple open-loop control. A
soft humanoid hand with an active palm was proposed in . The design demon-
strated high compliance whilst grasping, thus avoiding damaging the grasped
objects. Additionally, it was shown to be capable of performing a high number
of different grasps from the Feix taxonomy . In , the soft robotic hand
design is inspired by a human hand model and it is composed of 26 independent
DOF. The authors showed the possibility of achieving highly dexterous in-hand
manipulation tasks. However, although the compliance of the hand has been
successfully shown to be a key feature in achieving safe interaction with objects,
these solutions lack a means of tactile sensing feedback to properly regulate the
contact forces applied to the object and undertake precise in-hand manipula-
tion . Therefore, a lot of effort has been dedicated to the development of
solutions providing soft robots with exteroceptive sensing .

In particular, tactile sensing has been shown to be essential in partnership
with soft robotic hands or grippers to achieve safe and delicate object grasping
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Figure 2: (Left): Human hand for scale and to indicate where each joint is;
(Middle): CAD model of the soft robotic hand. The different regions are in-
dicated in the legend with their respective Shore A hardness as follows: Blue,
actuator, Shore A60; Green, sensing region, Shore A40; Grey, base/bones, Shore
A95; Blue-grey, compliant region, Shore A35; (Right): The 3D printed hand.
The total weight of the hand is 135g, the height is 190mm and the width is
175mm.

and manipulation [13H16].

For example, in |7] tactile sensors were integrated in the tips of a soft pros-
thetic hand enabling closed loop control of the grasping force. In authors
proposed a novel soft sensor that can be integrated on the tips of existing grip-
pers to sense contact forces and the curvature of objects in their grasp. A mono-
lithic soft robotic finger with an embedded tactile sensor in the tip was presented
in . In this solution, a soft pneumatic chamber was directly 3D-printed on
the finger to detect tactile forces. The paper presented in proposed a novel
soft fingertip with embedded air cavities that can be used as a sensing element
and actively change the shape of the fingertip, thus achieving a robust grasp
while manipulating delicate objects. Although, these solutions have demon-
strated the benefits of introducing tactile feedback to a soft gripper or finger,
they allow to retrieve lumped contact information only. A more complete spa-
tial information of the contact events can be attained from a distributed sensing
network.

In particular, provided distributed contact sensing capabilities on the
fingers of a pneumatically actuated soft hand. An array of 4 flexible piezoresis-
tive force sensors was integrated on each finger. The contact data were then used
to train a neural network to classify a set of different grasping poses. Beyond the
sensorisation of the fingers, extended soft tactile sensing capabilities to the
palm of a Shadow Hand (Shadow Robot Company, UK). Distributed contact
sensing measurements were then exploited to classify objects’ properties while
performing in-hand manipulation. However, this integration cannot be easily
performed on soft hands. Additionally, although and showed the advan-



tages of having a soft tactile sensing array in manipulation tasks, they still rely
on an a posteriori integration procedure required to embed tactile sensors onto
an existing hand. This can increase the risk of human error in the fabrication
process or reduce the durability of the system.

The contribution of this paper is the novel design of a multi-material 3D
printed soft robotic hand with an active palm, fully integrated with distributed
tactile sensing capabilities. Fig.[l|shows the proposed hand. It contains 18 tac-
tile sensing regions, consisting of 3D printed soft chambers. The soft pneumatic
joints achieve controllable actuation for the active degrees of freedom. This
is combined with passive compliance provided by the soft material to demon-
strate successfully 32 out of the 33 required Feix taxonomy poses and all of the
Kapandji opposition test poses. The designs proposed in [6-8] rely on silicone
casting, thus requiring multi-step fabrication. Conversely, our design is mono-
lithic and can therefore be fully 3D printed without requiring further integration
of the parts, simplifying the fabrication of the hand. The solutions provided
in [7,/14.(15/17] have successfully integrated soft tactile sensors on robotic grip-
pers or hands, however the sensing is limited to fingertips. Our design utilises
distributed sensing to provide information over the contact locations and pres-
sures applied on the hand. Additionally, by incorporating soft pneumatic pads,
the design integrates an inherent compliance, allowing for greater adaptability
to objects. The range of motion of each finger as well as the maximum grasping
force have been characterised. Furthermore, the Feix Taxonomy and Kapandji
Score |4,20] have been evaluated to benchmark the dexterity of the whole hand.

The structure of the paper is as follows: Section [2| presents the design of the
hand; Section[3]details the fabrication process; Section[d]reports the experiments
performed to characterise the system; The result of the Feix Taxonomy and
Kapandji Score are reported in Section [5} the Conclusion follows.

2 Hand Design and Actuation

The soft robotic hand is designed to attain dexterity comparable to a human
hand in the fingers and palm. The hand incorporates the following design
features: 1) soft actuation of the palm to increase the workspace of the thumb,
2) full coverage of the hand with soft pads to increase its adaptability and safety
in grasping, 3) distributed sensing of the surface to provide tactile information
of the object-hand interaction.

2.1 Palm and Hand Design

The geometry of the hand is designed based on human hand anatomy. The palm
is introduced so that the soft thumb can reach the same places on the hand as
a human thumb can, and the fingers have a comparable range of motion.
Similar to the human hand, the fingers are actuated at the metacarpopha-
langeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP)
joints, as shown by the actuator regions in Fig.[2l The desired bending range of
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Figure 3: Cross-section of the finger. The different regions are indicated in
the legend. P is the internal pressure on the soft pneumatic sensors and AP
indicates the flow of air to evacuate the chambers. The dimensions are presented
in mm: t; = 1.25; t5 = 1.5; t3 = 1.0; 8, = 100°; 05 = 75°.

each joint was determined by examining the mean value of the functional range
of motion for the human finger joints . This value was found to be 74°. To
simplify the design process, this target was chosen to be identical for each joint.

The thumb was actuated at the scaphotrapeziotrapezoidal (STT), MCP, and
interphalangeal (IP) joints. The desired bending angles were similarly deduced
from a comparison to the human range of motion: STT abduction 42°; MCP
flexion 53°; IP flexion 80° [22].

The positions of the MCP joints of each finger were determined from hand
anatomy, taking the joint positions of an average human male . Human fin-
gers have a natural splay, with approximately 6° between the index and middle
finger, 5° between middle and ring finger, and 10° between the ring and little
finger. These angles were also incorporated into the design. To simplify the
overall design, the fingers’ joint lengths were constrained to be the same. The
overall length of each finger was targeted at the average length of the average
human male middle finger (93mm) [23].

Although the hand is soft, the integration of bone sections and compliant
joints leads to a predictable motion of the hand that can be approximated as a
set of joints, interconnected by rigid links. With the simplified kinematics, the
angle of actuation between the base of the palm and the STT joint, and the
axial rotation of the thumb are identified. The angle between the thumb and
the base of the palm was determined to be 20°, and the axial rotation of the
thumb is 30°. This configuration allows the thumb to come into contact with
each fingertip, thereby demonstrating the design’s dexterity.

2.2 Actuation

The fingers have three identical joints, the MCP, PIP and DIP, which can be
independently actuated by applying negative pressure to each one of the M-
shaped chambers (see Fig. . Vacuum actuation was chosen to achieve the
required bending angle (74°) over a small region, which allows the kinematic
simplification of discrete joints to be validated. Additionally, vacuum actuation
was chosen over positive-pressure actuation to reduce the tensile stresses induced
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Figure 4: A comparison of the FEM study: (a) without the central support; (b)
with the support. It can be noticed that rigid support in the centre prevents the
chamber from collapsing in the undesired direction and supports the bending
motion.

in the chambers |24].

Fig. |3| shows a cross-section through the finger, highlighting the different
materials and geometries in the design. The design takes inspiration from an
origami folding structure and uses a rigid centre support to prevent the chamber
from collapsing [25]. The width and height of the fingers were chosen to fit
roughly to the same size of a human finger (20mm).

The thumb and palm joints use the same M-shape design as the fingers. This
simplifies the design process and reduces the necessary characterisation.

The fingers were simulated with Finite Element Modelling (FEM) in Ansys
software (Ansys, Inc., USA) to validate geometry and design. Static structural
tests were carried out using a Neo-Hookean hyperelastic model. The mate-
rial properties of the Stratasys Digital Materials for the simulation were found

E

in [26]. The shear modulus was computed as G = 240 where E is the Young’s

modulus and v is the Poisson’s ratio.



e To evaluate the material in the joints’ performance under pressurisation, a
negative pressure was applied to the interior surfaces whilst one of the bone
pieces had a fixed boundary condition applied. The negative pressure was
set at 10kPa as a mid-range target that would not cause material failure.
The bending angle was taken as the angle between the two bone pieces
either side of the joint and was compared between materials.

e To ensure the finger would not deflect under self-weight, gravity was ap-
plied over the body without any other external forces. The tip deflection
was recorded for each joint material.

As a result of the simulations, Shore A60 Vero/Agilus blend was selected
to fabricate the joints (tensile strength 3.5-4.5MPa, elongation at break 150-
170%). Further details about the materials are also introduced in the Section
III. Furthermore, the addition of the central support was simulated. Fig. []
shows the simulated joint with and without the central support. Without the
central support the joint flattened, not causing any bending motion, whereas
the central support enforced a bending motion around the centre of the joint as
desired.

2.3 Distributed Tactile Sensing

Pneumatic chambers are chosen as the tactile sensing methodology in the hand
design due to the inherent sensor softness, and ease of integration with single-
batch 3D printing [14}/17]. In this respect, the sensors are designed as air-
filled soft membranes that are raised 4mm from the surface of the fingers and
palm, with 1.5mm thickness and material stiffness of Shore A40 hardness. The
pneumatic sensing units are distributed over the whole hand to capture the
contact information of the entire surface area. The softness of the sensing skin
provides additional adaptability and safety to the grasp.

In each finger, three soft sensing units cover the bone regions between each
joint to ensure that the sensors are not affected as the finger bends (Fig. [3)).
In the palm, the regions were selected by assessing the most commonly used
regions in the human hand for object manipulation [27]. The regions identified
are the base of the thumb, and the region below the pinky finger, whereas the
central region is used less frequently. The soft sensor above the STT joint is
integrated as part of the active palm sensing region. In total, 18 independent
sensing regions are introduced to the hand. The detailed distribution is shown
in the green regions in Fig. [

3 Materials and Fabrication

The soft robotic hand is 3D printed using multi-material polyjet technology
(J735, Stratasys Ltd, USA). This allows for monolithic integration of the soft
sensing regions and the stiffer bone structures. For this design, a combination
of Vero, a rigid plastic, and Agilus30, a rubber-like soft plastic was used [26].
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Figure 5: Control architecture for the soft hand. The Arduino controls the step-
per motors, responding to real-time pressure values from the pressure sensors.
The data from the Arduino and webcam is stored and post-processed to plot.

By changing the proportions of the two materials in a blend, the shore hardness
of the material can be controlled (ShoreA [30,35,40,50,60,70,85,95]) [26].

The palm and thumb are printed monolithically, whilst the fingers are printed
separately and attached via a simple slot connection. This allows for easy re-
placement of the fingers should they be damaged without having to reprint
the entire hand. After printing, the support material is removed by placing
the printed piece in a chemical bath (GEMINI SSR-550) filled with chemical
support removal solution (0.02 kg/L Sodium Hydroxide and 0.01 kg/L Sodium
Metasilicate).

The materials of each region are indicated in Fig. The material of the
joints was chosen to be Shore A60 after the simulation as detailed in Section
The main body was chosen to be Shore A95 to provide a small amount of
compliance whilst providing sufficient strength to support the weight of the
fingers and objects. The sensors are Shore A40 to allow for a greater degree of
compliance whilst not failing under the applied load to compress the sensors.

4 System Characterisation

This section describes the experimental characterisation of the proposed design.
In particular, we focused on the characterisation of 1) the range of motion of the
fingers in relation to the pressure applied, 2) the output of the pressure sensors
in relation to the applied force, 3) the overall grip strength of the hand where
both the fingers and palm are involved in a grasping configuration.

4.1 Experimental Setup

A closed loop PID control executed on an Arduino board was used to set the
desired pressure to actuate the joints. Each joint in the hand is connected
using identical length tubes of 1mm internal diameter (ID) to a pressure sensor



(ADP5101) mounted on a PCB, remote from the hand, and connected to the
Arduino board which samples the sensors’ output at 50 Hz. The Arduino is
also responsible for driving a set of stepper motors (Nema 17 Step with A4988
driver) actuating pneumatic syringes as depicted in Fig. |5l This sets the internal
pressure of the joints as desired. The number of stepper motors and syringes
required is dependant on the number of DOFs being controlled in any particular
application.

The pneumatic chambers corresponding to tactile sensing elements were also
connected via Imm ID tubing to 18 different ADP51A11 pressure sensors and
the measurements were sampled at 20 Hz using an Arduino.

4.2 Testing and Results
4.2.1 Range of motion

The fingers’ range of motion was tested pseudo-statically by applying negative
pressure to the chambers at 5kPa decrements until full actuation was achieved.
The three joints in the finger were actuated concurrently. At each decrement,
the pressure was held constant for 15 seconds to reduce any effect of hysteresis.
The angle of the joints was recorded through a webcam using image acquisition
software, MATLAB image acquisition toolbox, identifying markers at each joint
and plotting the angle between them. Each characterisation test was repeated
5 times for 3 different printed models to test the repeatibility of the fabrication
process. Between tests, the bodies were returned to a neutral position for 1
minute to allow any residual stresses to dissipate.

Fig.[6h displays the results of the fingers’ range of motion. The average max-
imum bending angle of the individual joints was 70.0°. The average maximum
angle between the first and last joints was 186.3°. The joints’ output angles is
slightly lower than the target angle of 74° discussed in Section |2l However, as
shown in the next Section, this does not compromise the whole hand dexterity
while performing the Feix and Kapandji tests.

A comparison of the simulated workspace against the real finger’s workspace
is presented in Fig. [fp. The simulated workspace is extrapolated from the
kinematic simulation by examining the output position of the finger tip at each
proposed output angle. Similarly, the real workspace is composed of the tip
position at each angle recorded from the range of motion test. As shown, the
workspaces have a considerable overlap, with a 2.7% difference in terms of areas
between the simulated and real workspace.

4.2.2 Static sensor output

The output of the sensors, with respect to the force applied, was characterised
by bringing a load cell into contact with the sensor and reading the pressure
output. As shown in Figl7 the load cell was connected to a flat plate that
ensured the whole surface area was depressed. The load was held constant for
15 seconds to allow transient variations to dissipate. The force was increased
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Figure 6: (a) Results of the range of motion tests for the fingers. The fingers
were actuated in 5kPa decrementing pressure intervals and held for 15 seconds
to ensure quasi-static conditions. The angle, 6 presented is the angle between
the first and last digits in the finger. (b) Range of motion for each finger. The
yellow point cloud indicates the final position that the tip can reach depending
on the application of pressure in each joint. The black line indicates the outline
of the workspace that was observed experimentally.

by displacing the sensors further in 0.5mm increments and was removed from
the sensor surface between increments. The load cell was mounted on a 3-axis
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Shibaura BA-III cartesian robot. This procedure was repeated 6 times for each
chamber on the fingers and three printed specimens were tested. The plot shown
in Fig[7] shows the result of the characterisation. The mean standard deviation
across the 30 experiments in the case of the pressure readings was 0.19kPa. The
mean standard deviation for the force readings was 0.09N instead.

4.2.3 Dynamic sensor output

To test the sensors’ dynamic response and durability, a 0.167Hz cyclic load was
applied to the sensors with 0.5 second pause at the top and bottom of the stroke.
The load was applied with the same flat plate used in the static sensor output
test, mounted on the Shibaura BA-III cartesian robot. The plate depressed the
sensor by 3mm repeatedly for 1,000 cycles. The small depression was chosen
to ensure the material stayed within the linear elastic region. The sensitivity
was analysed as the pressure delta over the force delta. The mean was found to
be 2.31kPa/N; the standard deviation was 0.012kPa/N; the relative variation
across the 1000 cycles was 1%.

4.2.4 Dynamic finger output

To test the fingers’ response to cyclic actuation and durability, they were re-
peatedly actuated 500 times over 3 hours. A syringe was connected to a stepper
motor and actuated to increase and decrease the volume of air in the joints by
10ml. The syringe paused for 7 seconds between tests to ensure the finger was
static and residual stresses had subsided. The peak-to-peak pressure is analysed
to assess whether any leakages developed or if the material had significantly soft-
ened. The mean peak-to-peak pressure was 54.85kPa, the standard deviation
was 0.55kPa and the greatest difference between two cycles was 2.03kPa. 100
cycles have been isolated to show the detail of the test’s results in Fig.

4.2.5 Sensor hysteresis

To evaluate the amount of hysteresis exhibited by the pressure chambers, a
0.167Hz sinusoidal load was applied for 20 cycles. The hardware was the same
as for the cyclic sensor output test and the sensor was similarly depressed by
3mm repeatedly but for 20 cycles. The result is displayed in Fig. [9] The
maximum difference at a single applied force value was 3.82kPa, equating to
54% of the maximum recorded pressure.

4.2.6 Grip strength

The grip strength was characterised similarly to the work presented in [18]. In
order to validate the combined strength of the fingers and palm, the hand’s
grip strength was tested by gripping a cylinder that was mounted to a load
cell. In this test, the joints’ chambers were connected to each other in the same
actuation system (a single syringe as in Fig. [5). The hand was actuated by
controlling the overall pressure to -35kPa in order to grasp the cylinder and
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Figure 7: Results of the static sensor output test. A load cell was brought
into contact with the three finger sensing chambers and held statically for 15
seconds before being removed between tests. The displacement was increased by
0.5mm between tests. Each data point indicates the values read at the 0.5mm
increments.

to test the maximum grip strength. The cylinder was then raised at 5mm/sec
until the grasp slipped and the force was reduced. The output of the load cell
was recorded throughout and Fig. shows the physical setup for this test.
This procedure was repeated 6 times. The load cell is connected to a Shibaura
BA-III cartesian which ensures a steady vertical motion. The results of the grip
strength test are shown in Fig. [I0] with the profile indicating how the force in
the load cell varies as the grasping frame is raised. The peak indicates the mean
maximum grip force among all the 6 experiments, which was found to be 6.42N
with a standard deviation of 0.29N.

5 Hand Dexterity Validation

5.1 Feix Taxonomy

The goal of this Section is to validate the kinematic of the hand and its passive
compliance by evaluating its performance on the Feix taxonomy poses and the
Kapandji opposition test poses.
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Figure 10: Results of the grasp strength tests. (a) Physical setup for the grasp
strength test. The frame and load cell are connected to a Shibaura BA-III
Cartesian robot. (b) Graph of the grasp strength test’s results. The pressure
was decreased to -35kPa as the hand came into contact with the frame. The
frame was then raised at 5mm/sec until the the grasp slipped.
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Figure 11: A selection of the 33 completed grasps from the Feix taxonomy tests
used as a dexterity benchmark. Each pose was held for 30 seconds to verify
stability. These poses have been selected for presentation as they demonstrate
the widest range of grasps in the taxonomy.

The Feix taxonomy is a set of 33 grasp poses that aims to encompass the
dexterity of the human hand. The tests were undertaken by analysing the rele-
vant DOF's to actuate, the amount of actuation for each DOF, and the objects
required to validate the grasp. The object was then placed in the hand and
grasped for 30 seconds to ensure stability was achieved. The hand successfully
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Figure 12: Results of the Kapandji tests. The thumb was brought into contact
with each assigned position on the hand in accordance with the Kapandji thumb
opposition test. Each position was held for 30 seconds. The magenta dots
indicate the points of contact between the thumb and rest of the hand. The
colored regions show the DOFs that are active in each pose.

displayed 32 of the 33 grasps, with pose 27, the quadpod, being unsuccessful
(see Fig. . The pose was categorised as a failure because it could not entirely
grasp at the finger tip pads and required the side of the distal joint of the fourth
finger to support the object. In future designs of the hand, this failure will be
addressed by adding controlled splay to the fingers by increasing the number of
DOFs in the MCP of the fingers.

Fig. shows a selection of the grasps that demonstrate: precision grasps (6,
19 and 20), power grasps (4, 10 and 31), a side grasp (16) and the use of pas-
sive compliance to achieve a grasp (23). The full list of images representing all
the 33 grasps configuration can be found in the attached video, provided as a
supplementary material.

5.2 Kapandji test

The Kapandji test originates from assessing a patients thumb opposition and
ability to reach different regions of the hand and fingers. There are 11 points
that need to be reached to achieve the full score. As with the Feix tests, the
relevant DOF's were actuated until the desired points were brought into contact.
The position was then maintained for 30 seconds to validate controlled motion.

The hand achieved all 11 of the opposition poses. Therefore, this experiment
validates the human-like dexterity of the soft hand. The results are presented
in Fig. and demonstrate that the thumb opposition is similar to a human
hand.
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6 Conclusion

In this paper, we have presented the design of an anthropomorphic soft robotic
hand with distributed tactile sensing. The hand is 3D printed using polyjet
technology to simplify the manufacturing process and allow for monolithic multi-
material integration. The tactile sensors are designed as compliant pneumatic
chambers embedded into the surface.

The finger joints’ were characterised and display an average maximum out-
put angle of 70° per joint. The workspace of the fingers is presented with close
similarity to a simulated workspace based on a human finger’s range of motion.

The whole hand was characterised with a grasping strength test, the Feix
Taxonomy test, and the Kapandji Score test. The maximum grasping force was
found to be 6.42N and the hand could achieve 32 of the 33 requisite poses for
the Feix test and all of the poses in the Kapandji test.

In future iterations of the hand, the failed Feix taxonomy pose will be ad-
dressed by considering the splaying motion of the hand as an extra DOF.

As shown in Fig[I] the distributed tactile sensing system allows for the mon-
itoring of contact pressures applied by the hand during the interaction with
objects. This opens the possibility for further extension of the work exploiting
closed loop control algorithms to achieve dexterous in-hand manipulation and
fine control of the contact forces. A simple demonstration of the response of the
tactile system is included in the video provided as supplementary material.
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