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Abstract. The research was attempted to mimic the locomotion of the salamander, which is found to be one of the main animals from an evo-
lutionary point of view. The design of the limb and body was started with the parametric studies of pneumatic network (Pneu-Net). Pneu-Net
is a pneumatically operated soft actuator that bends when compressed fluid is passed inside the chamber. Finite Element Analysis software,
ANSYS, was used to evaluate the height of the chamber, number of chambers and the gap between chambers for both limb and body of the
soft mechanism. The parameters were decided based on the force generated by the soft actuators. The assembly of the salamander robot was
then exported to MATLAB for simulating the locomotion of the robot in a physical environment. Sine-based controller was used to simulate the
robot model and the fastest locomotion of the salamander robot was identified at 1 Hz frequency, 0.3 second of signal delay for limb actuator
and negative n phase difference for every contralateral side of the limbs. Shin-Etsu KE-1603, a hyper elastic material, was used to build the
salamander robot and a series of experiments were conducted to record the bending angle, the respective generated force in soft actuators and the
gait speed of the robot. The developed salamander robot was able to walk at 0.06774 m/s, following an almost identical pattern to the simulation.

Key words: soft actuator; pneumatic network; salamander robot; hyperelastic; parametric study.

Fig. 1. CT scan image of a salamander [2]

1. Introduction The morphologies and central nervous systems of animal focus on

controlling their locomotor skills. In recent years, the salamander
Animals move in different and rough environments in order to hunt  has caught the attention of researchers as it has the ability to move
for food, look for mates, run away from predators to survive, etc.  on different terrains and uneven surfaces. The locomotion of
salamanders is controlled by the central pattern generator (CPG)
[1]. Figure 1 shows a computed tomography (CT) scan image of

*e-mail: elango@ucsiuniversity.edu.my a salamander presented by Karakasiliotis et al. [2]. It has four
Manuscript submitted 2020-00-16, revised 2020-12-20, initially acoepted limbs and a body that consists of a trunk and tail. The limb forces
for publication 2020-12-30, published in June 2021 are used in walking, running or swimming of the animal.

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137055 1

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:elango@ucsiuniversity.edu.my
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1215-0789

IS

www.czasopisma.pan.pl P N www.journals.pan.pl

E. Natarajan, K.Y. Chia, A.A.M. Faudzi, W.H. Lim, C.K. Ang, and A. Jafaari

Low-frequency stimulation of CPG induces walking gait
whereas high-frequency stimulation changes its gait from
walking to swimming [3]. In addition, CPG also controls the
speed and direction of locomotion. Edwards [4] reported that
the salamander uses two walking styles; one for slow motion
and another one for fast walking. It uses lateral sequence walk
in slow motion, in which three limbs touch the ground and
one provides a forward motion. Fast walking is known as trot,
in which two limbs touch the ground and the two other limbs
provide the forward motion. The diagonal limbs of the salaman-
der move in synchrony in the trotting gait. During the walking
gait, the body of the salamander forms a standing wave where
the trunk is maintained at a C-shape curve and it slowly turns
straight and eventually changes the curve to the other side [5].
The study of all these locomotion patterns and styles motivates
designers and researchers to mimic and develop mechanical
robots. Ijspeert ef al. [6] conducted a neuro-mechanical study
of the salamander and attempted to develop the control system
accordingly.

Karakasiliotis and Ijspeert [7] later developed Salamandra
robotica II that used a CPG controller to manipulate its locomo-
tion. Ijspeert ef al. [8] demonstrated the switching from walk-
ing gait to swimming gait by developing a spinal cord model.
Bicanski et al. [9] studied the musculoskeletal system and
attempted to decode the interaction of CPG. Liu et al. [10, 11]
developed a spinal locomotor network model using a neural
network to build a 3D biomechanical salamander. Zhou et al.
[12] attempted a dynamic study of CPG for biomimetic robotic
fish. Faudzi ef al. [13] used McKibben muscles to design a sal-
amander robot and investigated robot gait during walking on
terrain and swimming in water.

Inspired by the flexible motion of the salamander, a soft
mechanism-based salamander robot was attempted to be con-
structed in this research. Soft actuators are pneumatic actuators
made of rubber-like material, which can be linearly or rota-
tionally actuated. There are different kinds of soft actuators
designed and used in different applications [14-24]. Ili et al.
[14] conducted three-dimensional analysis of different designs
of reinforced soft actuators and evaluated the designs based
on bending actuation. Razif ez al. [15] applied soft actuators
for actuation of robotic fish. Elango et al. [16] presented the
review of soft materials for robotic applications. The design
and actuation forces were investigated in [17-20, 22, 24].
Furukawa et al. [21] applied soft actuators to develop the
Octopus robotic structure, while Robertson ef al. [23] applied
soft actuators for an origami-inspired modular robot. Cacucci-
olo et al. [22] developed a stretchable pump for soft manipula-
tion. Natarajan et al. [24] evaluated Silicone RTV and multiwall
carbon nanotubes (MWCNT) reinforced silicone material for
soft actuator application and reported that the MWCNT-rein-
forced soft actuator is better for higher payload.

Mosadegh ef al. [25] designed a fast pneumatic network,
also known as Pneu-Net (fPN) and reported that the rate of
actuation by fPN soft actuators is high and reliable. Wang
et al. [26] attempted to design fPN which can bend and twist.

The current research attempted to design a fast Pneu-Net
(fPN) soft actuator for developing limbs and body of the sal-

amander robot. The bending motions of the parts following
a certain pattern was the actuation principle for mimicking the
locomotion of the salamander. The design of the limb and body
actuators was done through parametric studies using finite ele-
ment analysis (FEA), as presented in section 2.1. The design of
the controller and the respective simulation of the salamander
robot assembly was done in MATLAB, as presented in section
2.2. The respective design of limb and body soft actuators were
followed to complete the salamander robot model and tested as
presented in section 2.3.

2. Design of the salamander robot

As far as the salamander is concerned, the body and limbs con-
tribute much to the dynamics. The tail does not contribute to
the movement of body, rather than it follows the movement of
the body. Considering this fact, the current robot design char-
acterized only the body and limbs of the salamander. The tail
part was not considered in the design.

Soft actuators have the advantages of size and compact-
ness, light weight and compliance [27]. They use fluid, mainly
compressed air as a working fluid. Compressed air pressurizes
the actuator and causes it to perform actuation such as elon-
gation, contraction, bending and twisting. Pneu-Net is a net-
work of small chambers embedded as the soft actuator that can
inflate when pressured air is forced into it. This inflation is
the key component to produce bending movement in an fPN
soft actuator.

The current robot consists of four single channel actua-
tors for the limb and two double channel actuators for the
body. When pressurized air is supplied to the limb actuator,
the limb actuator bends and pushes the salamander body for-
ward through bending motions. During the slower stepping gait
of the salamander, the diagonally opposed limbs are moved
together while the body makes S-shaped standing waves with
nodes at the girdles [8]. Hence, the limb actuator was actuated
in a diagonal pattern, in the sense that the front left limb and
rear right limb were actuated first, followed by the front right
limb and rear left limb. This produced trotting locomotion of
the salamander robot.

The body actuators used in the current design are double
channel fPN that can bend in two directions to imitate the loco-
motion of the salamander. The current model does not include
the tail part of the real salamander as it does not assist in the
movement of the robot. To produce standing wave that imitates
the locomotion of the salamander, the actuators were activated
in a diagonal pattern.

The numerical simulations were conducted for two reasons;
to design components for soft actuation, and to design the right
controller to achieve the motion. The former was carried out in
a finite element analysis software, known as ANSYS. The later
was carried out with the MATLAB tool.

2.1. Parametric study and design of fPN soft actuators.

The bending characteristics of an fPN actuator are generally
influenced by the stiffness of the material, geometry of inter-
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Fig. 2. Schematic diagram of fPN actuator

nal chambers and exterior walls, and the rate of inflation. The
fPN has an extensible top layer and inextensible bottom layer,
as shown in Fig. 2. The chambers are designed to have two
inside walls which have thinner and larger surface areas as com-
pared to the top wall. When pressure is applied, it preferentially
expands the inside wall that causes it to push themselves against
neighboring chambers and produces a bending actuation. The
chamber height (b), wall thickness (), number of chambers
(/) and distance between chambers (d) are main factors influ-
encing the performance of fPN. Hence, parametric studies of
these parameters were done through ANSYS to identify the
best design parameters.

Finite element analysis and optimization of the design were
conducted in [25-29]. Mosadegh ef al. [25] reported that the
rate of actuation is increased by having higher height of the
chamber, higher number of chambers and thinner wall thick-
ness. Though the dynamics of the salamander have been inves-
tigated in the past, the actual dimensions of the salamander
were not presented in any of literatures. Hence, we were not
able to follow the exact dimension of the salamander in our
current design analysis. Table 1 shows the dimensions con-
sidered in the parametric study of the current research. The
minimum value in each parameter was fixed based on the
mechanical limitations.

Table 1
Dimensions considered in parametric study of the current research
Height of Number of | Thickness | Distance between
the chamber | chambers | of the wall chambers
(mm) (mm) (mm)
15,18, 21 4,5,6 1,15,2 1,2,3
and 24 and 7 and 2.5 and 4

The finite element (FE) models were created according to
the selected dimensions. The height of the chamber varied at
15 mm, 18 mm, 21 mm and 24 mm. The number of chambers
varied at 4, 5, 6 and 7. The thickness of the wall varied at 1 mm,
1.5 mm, 2 mm and 2.5 mm. The distance between chambers
varied at 1 mm, 2 mm, 3 mm and 4 mm. Numerical simula-
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tion was carried out for each model. For instance, when the
parametric study was conducted for height of the chamber, all
other design parameters were a fixed constant. Once the best
dimension was found for the particular design parameter, the
parametric study was conducted on another parameter. In this
manner, the best design parameters were identified.

The meshing details of the limb and body actuator are
shown in Table 2. Shin-Etsu KE-1603, a hyper elastic material,
was used in all FE models. It is a silicone RTV material with
elastic modulus of 1.7338 MPa. Other boundary conditions,
such as input pressure, fixed support, gravity and solver time-
step, are listed as:

e Input pressure: 80 kPa for limb; 50 kPa for body
e Gravity = 9.8065 m/s?
e Solver time-step:

— initial time step = 0.1 s,

— minimum time step = 0.1 s

— maximum time step = 0.25 s

e Fixed support at one end of the actuator.

Table 2
Meshing details for limb and body actuators
Limb Body
Physics preference Explicit Explicit
Element order Quadratic Quadratic
Element size 3.0 mm 5.0 mm
Number of elements 4720 4484
Number of nodes 11754 11309

In each simulation, the respective deformation, bending
angle and actuation force were recorded. Figure 3 shows a sam-
ple result of the numerical simulation-deformation of the body
and limb actuators at 20 kPa and the force generated by the
body actuator (height = 15 mm).

The best dimensions of body and limb actuators were
decided from the model which produced the highest actuation
force. The forces generated by the body and limb soft actuators
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Fig. 3. Deformation of body and limb soft actuators at 20 kPa and force diagram of body actuator (15 mm in height)

are plotted in Fig. 4. From the numerical simulations, a few
valuable points are drawn. The actuation force is decreased as
the height of the chamber increases. The best force of 5.1256 N
and 0.99866 N resulted from fPN actuators of b = 15 mm. As
far as wall thickness (f) is concerned, the thicker the wall of
the chamber, the higher the force generated. The wall thickness

of 2.5 mm is the best dimension for both body and limb actua-
tors. As far as the distance between chambers (d) is concerned,
the limb and body soft actuator shows results contradicting
with each other. The force generated by a limb soft actuator
decreases as the distance between the chambers is increased.
On the other hand, the force generated by the body actuator
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Fig. 4. Simulation results — force generated by body and limb soft actuators

increases as the distance between chambers is increased. In
the current design, the limb needs to bend in only one direc-
tion, thus only one single channel fPN actuator was used in
the design. The body needs to bend in two directions (left and
right) and hence dual channel fPN actuators were used in the
design. When the body soft actuator bends, the chambers on
the opposite side will collide with each other if the distance
between the chambers is small. If there is a wide distance
between the chambers, there will be more room space for the
opposite chamber to bend, and hence the chance of a collision
will become less possible. This could be the reason for the body
soft actuator to generate more force when there is more space
between the chambers. As far as the number of chambers (/) is
concerned, the best force was produced by the limb actuator of
4 chambers and the body actuator of 6 chambers. Table 3 shows
the finalized parameters for building limb and body actuators.

Assembly of limb and body actuators
— Salamander robot

Botom of the Salamander robot

Table 3
Finalized parameters for salamander limb and body soft actuator

Part | Height of | Number of Wall Distance between
chamber | chambers | thickness chambers

Limb 15 mm 4 2.5 mm 1 mm

Body 15 mm 6 2.5 mm 4 mm

2.2. Multibody analysis in MATLAB. In order to simulate and
study the walking style of the salamander robot in a physical
environment, numerical simulation was conducted with Sims-
cape Multibody in Simulink. With the dimensions finalized in
Section 2.1, the salamander robot assembly model was created.
The robot model was a solid rectangular block with a body and
four limbs. The mass of each part was taken from ANSY'S simu-
lations. Figure 5 and Fig. 6 show the finalized salamander robot

Limb actuator

Fig. 5. Finalized salamander robot
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Fig. 6. Model used in MATLAB simulations

and the model used in MATLAB simulation, respectively. The
red color ground in Fig. 6 represents the physical flat ground
for the robot to move. The torque of 0.138 Nm and 0.11 Nm
was applied to the limbs and body, respectively. The torque was
controlled by a simple sine-based controller with frequency of
1 Hz. The values of spring stiffness and damping coefficient
were computed by the trial-and-error method. The spring stiff-
ness and damping coefficient were tuned to imitate the bending
angle and displacement observed in ANSY'S simulations. The
finalized spring stiffness for limb joint was 1.5 Nm/rad and
damping coefficient was 0.015 Nm/(rad/s). As for the body
joint, the spring stiffness was 1 Nm/rad and damping coeffi-
cient was 0.01 Nm/(rad/s). Furthermore, the controller was fine-
tuned to get the fastest locomotion of the salamander robot. The
fine tuning was done by means of delaying or advancing the
actuation timing between body and limb. After a lot of differ-
ent settings had been attempted, the fastest locomotion of the

Silicone RTV
-
Curing agent

Pouring of

Fabrication procedure

Step 1. Mixing of Silicone KE-1603 with curing agent.
Step 2: Pouring of silicone mixer into the respective mold.
Step 3: Removing air bubbles.

Step 4: Curing of RTV silicone material.

Step 5: Testing of fPN actuator.

—

salamander was achieved from 1 Hz frequency, 0.3 second of
signal delay for limb actuator and negative n phase difference
for every contralateral side of the limbs. Fastest velocity of the
salamander robot was recorded as 0.07045 m/s at 10 seconds.
The estimation of velocity is one of the key factors in designing
and constructing walking robots [30].

2.3. Fabrication of soft actuators and salamander robot.
The mold for a soft actuator requires three parts: internal exten-
sible layer mold, external extensible layer mold and bottom
inextensible mold. In order to fabricate the fPN soft actuators,
firstly, mold models were prepared, using Solidworks, and then
3D-printed using acrylonitrile butadiene styrene (ABS) mate-
rial. A predefined quantity of the curing agent was thoroughly
mixed with a predefined quantity of the Shin-Etsu KE-1603
material. The mixture of silicone RTV base material and the
curing agent was then poured into the extensible layer (top
layer) and inextensible layer (bottom layer). The rotary vacuum
pump VRI-2 was used for 30 minutes to degas the silicone
mixture in the molds. After ensuring that there were no bubbles
in either mold, the molds were placed in an electronic oven
(RedLine Binder RF53) to heat them at 80°C for 30 minutes.
Once the curing of the molds was confirmed, a piece of butter
paper was placed on the inextensible layer and the silicone
mixture was further poured to the remaining depth of the mold.
The paper served as an inextensible material. The curing of the
inextensible layer was done for 30 minutes at 80°C, after which
the top and bottom layer were attached together by applying
a thin layer of silicone mixture. This made the top layer and
bottom layer to become joined together as a single elastomer.
Finally, the actuator was removed from the mold and cooled
for about 1 hour in room temperature. Figure 7 shows the fab-
rication of fPN soft actuators.

Limb fPN actuator

Connecting fPN
actuator to valves

&) ‘_,"
4
W

Left and Right body
fPN actuator

Fig. 7. Fabrication procedure
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Once the soft actuators were fabricated, they were exper-
imentally tested at different pressures, as shown in Figure 8,
and the corresponding displacement and bending angles were
measured and recorded. The comparison of these results with
numerical simulation is presented in Section 3.

After confirming the functioning of soft actuators, they
were assembled together as a salamander robot. The salamander
robot was experimentally tested on a ground with compressed

(@)

air input through pneumatic valves. Arduino UNO controller,
the same as the sine-based controller, was used to control the
movement of the robot. A 12V, a 16 channel relay module was
used to control the opening and closing of pneumatic valves.
The salamander robot was tested at different pressure levels and
the speed of the robot was measured and validated against the
simulation results. Figure 8 shows the testing of limb actuators
and body actuators.

P=50 kPa
, @
ncrease
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P=60 kPa
P=70 kPa
P=30 kPa
P=80 kPa
P=40 kPa
Limb - simulation vs actual
30
4,
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Fig. 8a. Testing of limb actuator at different pressures
7
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Fig. 8b. Testing of body actuator at different pressures

3. Results and discussion

The results from the parametric study, MATLAB simulation
and experimental results are presented in this section. Figure 9
shows the bending angle measured from simulation and exper-
iments.

An acceptable difference is noticed between simulation and
experimental results. Numerically, the mean difference in the

bending angle for 20 to 90 kPa of air input into the limb actu-
ator is 0.89°. The numerical difference in the bending angle
measured from the body actuator is 0.478°. Figure 10 shows
the motion of the salamander robot.

The salamander robot is able to successfully walk on ground
with the velocity of 0.06774 m/s. In Faudzi ef al. [13], McKib-
ben muscles were used for the design of the salamander robot
and it was able to walk at the velocity of 0.056 m/s on a flat
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Fig. 9. Bending angle (a) measured from limb soft actuator and (b) measured from body soft actuator
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Fig. 10. Motion of the salamander robot (see also the video of the robot attached)
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plane and on one inclined by 10°. The velocity of the current
robot is faster than that of Faudzi ef al. [13]. The velocity of
the current robot moving in simulated physics is 0.07045 m/s
at 10 seconds. The difference between the experimental results
and simulation is 3.85%. Though the error is within the limit,
the gait must be improved by having a more accurate bending
angle, such as is seen in the simulation. The fabricated robot
tends to bend slightly towards the right while it is very straight
in numerical simulation. In the MATLAB simulation, the body
and limb were attached by means of a solid joint (pink color
block in Fig. 6). When the body of the salamander bent, the
limb also bent to a certain angle with the help of the solid joint
and hence formed a straight line perpendicular to its body. But,
in the current robot prototype, the joint was done with Silicone
KE-1603, which is the same material as the one used for fab-
ricating the soft actuator. It does not seem to be a completely
solid joint and it tends to bend along the body. It could be the
reason for the error in the bending angle and gait. The issue
observed would be corrected in the next version of our proto-
type, which aims to design the salamander robot for walking
and swi mming. The center of mass (COM) of the body actua-
tors is located at the distance of 36.97 mm and 73.06 mm from
(x =16.46 mm, y = 78.24 mm, z = 30.8 mm), respectively.

4. Conclusions

Mimicking of the movement of the salamander was attempted
with PneuNet soft actuators. The design of the salamander
robot was carried out through a parametric study followed by
MATLAB numerical simulation. The best parameters to design
both limb and body actuators were selected from the model
which produced the highest bending angle. The height of cham-
bers and wall thickness for both limb and body actuators were
15 mm and 2.5 mm, respectively. The number of chambers were
4 for the limb actuator and 6 for the body actuator. The distance
between the chamber was 1 for the limb actuator and 4 for the
body actuator. The final model of the salamander robot was
done with these parameters and the numerical simulation was
conducted using Simscape Multibody in the Simulink tool. The
fastest walking gait was produced by 1Hz frequency for the
limb and body, 0.3 second signal delay for the limb actuator
and negative m phase difference for every contralateral side of
the limb. The prototype of the salamander robot was developed
using the Shin-Etsu KE-1603 material. Rigorous tests on the
motion of the robot were conducted with a sine-based control-
ler. The developed salamander robot was able to move follow-
ing an almost identical pattern to that from the simulation with
0.0677 m/s. The error in velocity between actual and numerical
simulation is 3.85%, which we shall aim to correct in our next
version of the salamander robot.
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