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Abstract: In the present work, we have experimentally addressed the influence of the inner cavity wall
thickness on the characteristics of motion’s amplitude and force developed by pneumatically actuated
multi-segment soft actuators. These are used for various soft robotics applications, such as
rehabilitation/assistance or prehension. This parameter was varied on a series of 4 multi-segment actuators
starting from a wall thickness of 1 mm up to 2.5 mm. The multi-segment soft actuators were manufactured
based on a rigorous methodology through moulding technology using DragonSkin 20 bicomponent silicone
rubber with shore hardness of 20 A in 3D printed moulds - CraftBot Plus from polylactic acid (PLA)
material. The output force developed by each actuator variant as a function of the applied input pressure
was monitored using Chatillon DFE 2.5kN dynamometer. Also, to determine the kinematic behaviour of
the actuator, the actuators were pressurized at a pressure of 50 kPa and the amplitude of motion of the
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EXPERIMENTAL RESEARCH OF A MULTI-SEGMENT SOFT ACTUATOR

segments was experimentally monitored.
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1. INTRODUCTION

Soft actuators, as part of the field of soft
robotics, are an essential component for the
development of applications in this field. The
field of soft robotics, as a relatively new subfield
of robotics, has experienced significant
scientific development due to the advances it has
over robots made of rigid materials [1].
Biomimicry, biocompatibility, high flexibility of
movement, simplicity of construction, and
relatively unpretentious manufacturing methods
make soft robots provide safe human-robot
interaction as well as high locomotion capability
with inspiration from the living world. These
characteristics of soft robots make them widely
used in medical and life-inspired locomotion
applications [2].

Based on the above considerations, a large part
of the applications in the medical field addresses
wearable devices intended for rehabilitation and
assistance, especially of the upper limbs. This
happens due to the lower forces/moments
required in actuation. Within this category,
many papers address the realisation of wearable
devices intended for the rehabilitation/assistance
of human hands. In the literature, there is a wide

variety of such wearable systems based on
different types of soft actuators. The most
commonly used are pneumatic actuators, shape
memory alloys, and dielectric elastomers [3].
However, out of these three categories of soft
actuators, pneumatic actuators have received
additional attention and are used extensively for
hand phalanx actuation. A variety of soft
pneumatic actuator configurations have been
proposed in the literature and a few of these
actuator types are presented below. Panagiotis
Polygerinos et al. used pneumatically actuated
inner PneuNets channel actuators with 1 mm
wall thickness for their hand rehabilitation
glove. Three different lengths of actuators were
used and the thumb was omitted. At 43 kPa
pressurization, the maximum force of 1.21 N
was obtained [4]. A variant using the same type
of actuator but controlled using EMG signals is
found in [5]. Mahmoud H. Mohamed et al. used
fiber-reinforced soft actuators to assist the
patient in daily activities. They analyzed the
bending angle using bending sensors integrated
into the 5 actuators. At a pressure of 80 kPa, a
range of motion of 150 degrees was developed
[6]. Heung KHL. et al. proposed a glove for
daily activities that integrates bidirectional
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pneumatic soft actuators with bending and
extension capability. Capabilities related to the
control of object grip force as a function of inlet
pressure and bending angle have been analyzed
[7].

All of the wearable device designs shown above
use soft actuators made of elastomeric materials
that have a uniform and continuous bend along
their length. This can cause discomfort and
ultimately unworn wearables due to the relative
movements that occur between the actuator and
the fingers due to the different kinematics of the
actuator with the fingers. The fingers consist of
three joints (fingers 2-5) and two (finger 1)
respectively, and these joints are connected by
rigid bony segments, which is why the
kinematics of the fingers differ from that of the
actuator. The solution to provide high comfort
through kinematics similar to that of human
fingers is to design multi-segment soft actuators.
In these actuators, the bending moment is
applied to the joint area only, so that the
constraining forces in the segments are
eliminated and the kinematics and range of
motion are like that of fingers. A number of
papers have been identified in the literature that
address the use of multi-segment soft actuators.
Panagiotis Polygerinos et al. addressed the
development of a wearable device for the
rehabilitation of hands having a finger-like range
of motion using fiber-reinforced soft actuators.
Using the configuration of motion-limiting
fibers, finger-like trajectories were achieved [8].
Jiangbei Wang et al. developed a wearable
device that is based on actuators with
multisegment inner channels. Several different
bending chambers were used to have a bending
range as similar as possible to that of fingers [9].
Also, Keqin Sun et al. developed a soft
prehensor based on multisegment soft actuators
with  fiber reinforcement on semi-rigid
segments. In the paper, the influence of factors
related to the number of chambers, bottom layer
thickness, as well as segment length were
analyzed [10].

All these articles deal with the design,
modelling, and testing of multi-segment soft
actuators in various applications, mainly
considering the number of chambers per joint,
the lengths of the semi-rigid segments, and the
thickness of the bottom layer on the actuator

kinematics. In this paper, the authors aim to
identify the influence of the wall thickness of the
inner bending chambers on the range of motion,
as well as on the resulting force of multi-
segment PneulNets soft actuators.

2. DESIGN OF THE PNEUNETS MULTI-
SEGMENT ACTUATOR

The tests were performed on a multi-segment
actuator with a total length of 135 mm, a
proximal width of 20 mm, a distal width of 15
mm, and a total height of 14 mm. The geometry
together with the structural elements of the
multi-segment actuator are shown in Figure 1.
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Fig. 1. Actuator structure in longitudinal sectlon

The actuator consists of three joints and 4 rigid
segments. Also, its main component element is
the main body which has provided the joints and
rigid segments together with the channels and
inner chambers. Silicone layers 1 and 2 are used
to seal the base of the actuator and the
inextensible layer is used to prevent axial
deformation of the actuator. The inextensible
layer is made of paper with a density of 80 g/m?.
It has been designed to have characteristics as
similar as possible to human fingers, both in
terms of structure, material, and range of motion.
Its dimensions are selected based on average
anthropometric values. From the point of view
of the dimensional characteristics of the joint
elements together with the internal cavities, a
detail of the constructional parameters of the
joint is shown in Figure 2.
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Fig. 2. Geometric design parameters of multi-segment
pneumatic actuators.



At the joint, the bending moment is created by
deforming the side walls of the inner cavities
until they come into contact and angularly
deform the entire structure in proportion to the
value of the input pressure. Of the 6 geometrical
parameters, the parameter that was varied in the
present work was the parameter d - wall
thickness. The wall thickness was varied,
starting from thicknesses of 1, 1.5, 2, 2.5 mm,
and for each thickness variation, the range of
motion and force characteristics were analyzed.

3. DEVELOPMENT OF THE MULTI-
SEGMENT ACTUATOR

In the field of soft robots, there are two main
technologies for their production: 3D printing
and casting. The two are often used together,
with 3D printing being used to make moulds [1].
In this case, too, these two technologies were
used together, with 3D printing being used for
rapid prototyping of casting moulds.

The actuators were made of a two-component
silicone rubber from the company SmoothOn,
namely the DragonSkin 20 material variant with
Shore A hardness of 20 A translucent color. The
elongation at break of the material is 620% and
the tensile strength is 3,972 N/mm? [11]. It is
mixed in equal quantities and allowed to cure for
4 hours at room temperature, it is composed of a
base and a catalyst. Each part of the silicone was
weighed accurately with a precision scale and
mixed at a time of about 3 min for
homogenization.

Due to the mixing in the material, a series of air
bubbles are produced, which once in the material
can lead to errors in its behaviour or even
premature degradation. In order to prevent this,
a rigorous casting technology has been followed
to ensure that the actuator has a homogeneous
material structure. To remove air bubbles, a
vacuum plant was used, in which the silicone
mixture was left for about 2 minutes to remove
all air bubbles and keep the material
homogeneous.

The design of the 4 moulds (two for the main
body; one for the inextensible layer 1 and one for
the inextensible layer 2), was done in the three-
dimensional modelling program Catia V5R20
and then made by 3D printing using CraftBot
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Plus from PLA (polylactic acid) material. For
the main body, a number of 4 lower units (one
for each dimension) and one upper unit, that was
positioned over the lower one at the time of
casting, were made. The moulded units are
shown in Figure 3 below.
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Fig. 3. Actuator casting moulds.

Once the silicone material was prepared and the
mould assembled, the actual moulding of the
material into the moulds was done. The whole
moulding process is shown in Figure 4 below,

which is based on the structure of the [12].
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Fig. 4. Actuator castmg steps.

After the actual casting in the moulds, the
material was left to cure for about 4 hours to
harden completely. After curing, the main body
of the actuator was removed from the mould
together with its first two layers. Once cured and
removed from the die, the 4 die components
were bonded together using the same silicone,
with the inextensible paper layer sandwiched
between the two layers. The final version of the
4 multi-segment actuators with different wall
thickness - d is shown in Figure 5 below.
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Fig. 5. Final version of the 4 actuators with different wall
thicknesses.
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4. EXPERIMENTAL TESTS ON RANGE
OF MOTION AND OUTPUT FORCE

In terms of the range of motion and the force
developed by the soft actuator, these are two
fundamental characteristics in the development
of applications in this field. One of the most
widely used methods to determine these
characteristics is by carrying out appropriate
experimental methods that facilitate their
determination. Analytical methods are also less
used due to the non-linearity of the material and
its hyperelasticity. Regarding the choice of wall
thickness, the most commonly used thicknesses
in different applications have been chosen from
the literature.

4.1 Experimental tests on the range of motion
of multisegment actuators

With the range of motion of the multi-segment
actuator, we want to determine its behaviour at
different actuating pressures at the three joints.
An air compressor with a pressure regulator was
used as equipment to pressurize the actuator and
an ABPDANV150PGAAS pressure sensor was
used to monitor the pressurization levels [13].
This has a pressure range of 0 - 1000 kPa
powered at 5 V DC and relates to an ATmega328
microcontroller. The actuator supply pressure
was determined experimentally, it was initially
set at 100 kPa, but due to the large deformations
suffered by the actuators, especially those with
wall thickness of 1 and 1.5 mm, their supply
pressure was set at the value of 50 kPa under free
conditions. Figure 6 shows the high
deformations of the multi-segment actuator with
a wall thickness of 1.5 mm at a pressure of 100
kPa.

Fig. 6. 1.5 mm wall thickness multi-segment actuator
pressurized to 100 kPa.

In various applications, such as wearables or
prehension devices, a range of motion of high
amplitude joints is unusable. Determining the
range of motion involved using a camera to
capture the final geometry of the actuators at a
pressure of 50 kPa. After capturing the geometry
of each actuator, based on the photo captures, the
semi-rigid segments and the three joints
positioned in the centre of the joint were traced
and positioned. This was done in an editing
program. The range of motion for each actuator

with different thicknesses is shown below.
P = 50kPa MCP
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Fig. 7. Range of movement of 4 actuators 1, 1.5, 2,
and 2.5 mm thick.

It can be seen from Figure 7, that there is a
different range of motion of the 4 actuators,
which is why the thickness of the walls
influences quite a lot the range of motion of the
multi-segment actuators. This is related to the
higher elastic resistance that a thicker wall has,
which is why more pressure is needed to deform
the wall until two adjacent walls come into
contact.

4.2 Experimental tests on the output force of
multi-segment actuators

To determine the force characteristics of the 4
actuators, an experimental stand was used,
which is shown schematically in Figure 8.
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Fig. 8. Experimental stand on the determination of force-
related characteristics.



A compressor with a pressure regulator was used
in the stand to supply air to the actuators. The
pressure was monitored using the pressure
sensor, which transmitted data to the computer
via the microcontroller. Force was captured
using a Chatillon DFE 2.5 kN force gauge, with
data from this being captured to the computer via
a mini-USB cable. One segment of the actuator
was positioned on a rigid support from the
proximal end to the proximal joint (PIP), and the
other segment was positioned at the center of the
shaft axis of the dynamometer. The actuators
were gradually pressurized from the pressure
regulator to the pressure of interest, and the
pressure as well as the force developed by them
were monitored. The position of both the
Chatillon dynamometer and the actuator are
fixed with no relative movement between the
two, and the actuator was positioned centrally on
the circular measuring stand which is connected
to the dynamometer shaft by a threaded
assembly.

The test results for each actuator with different
wall thicknesses are shown in Figure 9. All 4
actuators were pressurised to 50 kPa pressure.
This pressure was chosen in order not to reach
very high deformations or even destruction of
actuators with wall thickness of 1 mm or 1.5 mm
which cannot withstand such high pressures.
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Fig. 9. Force values obtained for the 4 actuators.
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The actuator with the highest force developed
was the 1 mm wall thickness actuator, which
developed a force of 0.98 N, followed by the 1.5
mm wall thickness actuator with a force of 0.87
N and the 2 mm wall thickness actuator with a
force of 0.74 N. In the case of the 2.5 mm wall
thickness actuator, the force developed was 0.59
N. An approximately linear dependence is
observed therefore using the tools in excel the
linear regression equation was determined:
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In medical or prehension applications, choosing
too small a thickness can lead to limitations in
force capabilities. Also, an increase in wall
thickness can lead to an increase in output force,
but the range of input pressures also increases,
ultimately leading to additional stress in the
actuator.

7. CONCLUSION

In this article, two important characteristics of
the PneuNets multi-segment actuators have been
analysed: the range of motion and the force
developed by them. The two characteristics were
analysed using experimental methods, as they
are essential characteristics for determining the
behaviour of these actuators. Changing the
parameters related to the wall thickness leads to
a modification of the actuator behaviour through
different ranges of motion and important
variations related to the force at identical input
pressures. The selection of these parameters will
be made according to the specific application
required.
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Cercetarea experimentali a unui actuator soft de tip multisegment

in cadrul lucririi de fatd s-a abordat intr-o maniera experimentala influenta grosimii peretilor cavitatilor interioare
asupra caracteristicilor ce tin de amplitudinea de miscare si fortd dezvoltata de catre actuatori soft de tip multisegment
actionati pneumatic destinati diferitelor aplicatii din domeniul roboticii soft, cum sunt cele de reabilitare/asistare sau
prehensare. Acest parametru a fost variat pe o serie de 4 actuatori multisegment pornind de la grosimea peretelui de 1
mm panad la 2.5 mm. Actuatorii soft multisegment au fost realizati pe baza unei metodologii riguroase prin tehnologia
de turnare utilizand cauciuc silicon bicomponent DragonSkin 20 cu duritatea shore de 20A In matrite realizate pe
imprimanta 3D — CraftBot Plus din materialul acid polilactic (PLA). Forta de iesire dezvoltata de fiecare varianta a
actuatorului In functie de presiunea de intrare aplicatd a fost monitorizata utilizand dinamometru Chatillon DFE 2.5kN.
De asemenea, pentru a determina comportamentul cinematic al actuatorului s-au presurizat actuatorii la presiunea de
50 kPa, fiind monitorizatd experimental amplitudinea de miscare a segmentelor.
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