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Abstract Crawling robots have elicited much attention
in recent years due to their stable and efficient locomotion.
In this work, several crawling robots are developed using
two types of soft pneumatic actuators (SPAs), namely, an
axial elongation SPA and a dual bending SPA. By
constraining the deformation of the elastomeric chamber,
the SPAs realize their prescribed motions, and the
deformations subjected to pressures are characterized
with numerical models. Experiments are performed for
verification, and the results show good agreement. The
SPAs are fabricated by casting and developed into crawling
robots with 3D-printing connectors. Control schemes are
presented, and crawling tests are performed. The speeds
predicted by the numerical models agree well with the
speeds in the experiments.

Keywords soft robot, soft pneumatic actuator, kinematic
model, crawling robot, modular design

1 Introduction

Soft robots have elicited much attention in recent years
because they offer a promising means of interaction due to
their flexibility and adaptivity. The emergence of soft
robots has stimulated developments in soft actuation
technologies, such as electroactive [1-6], magnetoactive
[7-10], and pneumatic [11-15] actuators. Pneumatic
actuators are popular because they are cheap, lightweight,
powerful, highly customizable, and easily fabricated
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[16,17]. They have been used in many applications,
including manipulators [18,19], rehabilitation devices [20—
22], and locomotion robots [23,24].

Made with silicone materials, soft pneumatic actuators
(SPAs) can respond to air pressure with large deformation
because of their inherent softness. The performance of
SPAs can be affected by chamber layouts and the
integration of reinforcements [25-27]. Many previous
studies have reported that SPAs with different configura-
tions achieve different types of actuations under pressure.
Connolly et al. [28] proposed several fiber-reinforced SPAs
that can realize expansion, extension, and twisting at
specific fiber angles. Gorissen et al. [29] designed a flexible
SPA for tilting micromirrors that can twist by planning the
chamber arrays. Mosadegh et al. [30] presented a novel
SPA with a network of small channels to achieve rapid
bending.

However, designers cannot easily achieve their desired
motions due to the long development time and high costs.
A modular design approach can be used to solve this
problem. In this approach, each basic actuation can be
realized by a specific module, and integrated motions can
be completed by modules working cooperatively.
Although proposals to make rigid robots universal and
flexible have been presented, modular design is still
commonly used in the design of soft robots that can
perform designated tasks, such as creeping, crawling,
jumping, and gripping [31-33].

Crawling robots have elicited extensive attention due to
their high speed and good locomotion stability. Crawling
robots are generally bio-inspired and can move like a worm
with several different gaits actuated in sequence. Many
crawling robots have been proposed in previous studies.
Shepherd et al. [24] presented an integrated multi-gait
robot with five bending SPAs working together to realize
crawling. Jiao et al. [34] designed a modular robot using
seven vacuum-powered twisting SPAs to crawl with
different gaits. Ning et al. [35] introduced an inchworm-
inspired robot with a multi-segment SPA that can crawl
using the friction hysteresis effect.

These studies focused on the design of crawling robots
by using different techniques to improve performance in
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experiments. However, the motions of crawling robots
were not analyzed based on the deformations of modules,
which makes programmable motions difficult. Moreover,
crawling robots are usually bio-inspired and do not
consider module assembly. This study proposes several
soft modular robots that can move straight and turn around
on a plane by utilizing the two-anchor crawling mode [36].
Two types of SPAs, namely, an axial-elongation SPA
(aeSPA) and a dual-bending SPA (dbSPA), are used to
design the soft robots. Numerical models are built to
characterize the relationship between deformations and
pressures on the basis of the principle of virtual work. This
work also pays attention to the layouts of crawling robots
by comparing the performance of several robots through
tests that involve straight crawling and turning.

The rest of the paper is organized as follows. Section 2
presents the concept of crawling robots with the con-
structed modular SPAs. Section 3 introduces the numerical
models for determining the deformations of SPAs under
pressures on the basis of the principle of virtual work. The
modules built using SPAs and connectors are tested in
Section 4. Experiments are conducted in Section 5 to test
different crawling robots. The control schemes are
illustrated, and the crawling speeds are recorded. The last
section presents the conclusions and discussions.

2 Prototype design of modular crawling soft
pneumatic robots

The global motion of crawling robots can be divided into
two types of modules, namely, elongation and bending,
which make up the modules of the kinetostatic code.
Figure 1 illustrates the concept of a crawling robot. The
robot can be simply divided into front, central, and rear
segments, as shown Fig. 1(a). The two-anchor crawling
mode is adopted. Specifically, the front and rear segments
take turns in anchoring the robot to the ground, and the
central segment is used to provide extending and bending
deformations. By actuating different segments in a
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sequence, the crawling robot can move smoothly on the
ground. Figures 1(b) and 1(c) show the straight crawling
and turning motions of the crawling robot.

For the design of a modular crawling soft robot, two
kinds of SPAs, namely, aeSPA and dbSPA, are introduced
as shown in Fig. 2. The aeSPA is made of an elastomeric
matrix with one chamber, and dbSPA consists of an
elastomeric matrix with two chambers. Rigid rings are
used outside to restrict the radial expansion of the SPAs
and obtain the desired deformation. The aeSPA extends
under pressure, and dbSPA can not only bend with one
chamber pressurized but also extend with two chambers
under pressure.

Figure 3 shows several modules that are used in soft
crawling robots, including long aeSPA for elongation,
short aeSPA for anchoring, dbSPA for elongation and
bending, segment connector, and module connector. The
short aeSPA is utilized as an anchor that will crush on the
ground under pressure to increase the friction force. The
long aeSPA and dbSPA are similar in appearance, but a
black ring is used in aeSPA (50 mm) for distinction. For
illustration, several symbols are utilized for these modules.

Several crawling soft robots are obtained by assembling
these modules in different morphologies, as shown in
Fig. 4. The obtained soft robots are labeled as b-db-SR, b-
db2-SR, b-db-ae-SR, g-db-SR, q-db2-SR, g-db-ae-SR, and
g-ae2-SR. The names of these robots are the abbreviations
of the types and modules used. The b-db-SR refers to a
biped crawling soft robot with one dbSPA as the central
segment. The b-db2-SR refers to a biped crawling soft
robot with two series dbSPAs as the central segment. The
b-db-ae-SR refers to a biped crawling soft robot with one
dbSPA and one aeSPA in series as the central segment. The
g-db-SR refers to a quadruped crawling soft robot with one
dbSPA as the central segment. The q-db2-SR refers to a
quadruped crawling soft robot with two series dbSPAs as
the central segment. The g-db-ae-SR refers to a quadruped
crawling soft robot with one dbSPA and one aeSPA in
series as the central segment, and g-ae2-SR refers to a
quadruped crawling soft robot with two parallel acSPAs as
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Fig. 1 Concept of a crawling robot: (a) Crawling robot with three segments, (b) diagram of straight crawling, and (c) diagram of turning.
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Fig. 2 Configuration and deformation of SPAs: (a) aeSPA and (b) dbSPA.
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Fig. 3 Modules of soft crawling robots.

the central segment. These robots consist of front, central,
and rear segments and can mimic the locomotion behavior
of earthworms. The front and rear segments take turns in
anchoring to the ground, and simultaneously, the central
segment extends or bends to achieve the desired motion.
Biped robots demonstrate sufficient flexibility for narrow
spaces, and quadruped robots are more stable for crawling.
The deformations of aeSPA and dbSPA under pressure are

investigated in the next section to characterize the crawling
motion of these robots.

3 Characteristics of SPAs

The construction of aeSPA and dbSPA, which includes an
elastomer matrix, several rigid rings, and two rigid plates,
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Fig. 4 Assembled soft crawling robots.

is shown in Fig. 5. The elastomeric matrix for acSPA has
one chamber, and the elastomeric matrix for dbSPA has
two matrices. The rigid rings are fixed on the external
surface of the elastomeric matrix with the help of the
narrow gaps. The depth and width of a gap are 0.5 and
1 mm, respectively. A thick wall is used for the elastomeric
matrix in consideration of airtightness and to avoid matrix
fracture. In this manner, the materials between adjacent
gaps on the surface of the elastomeric matrix can be
ignored. Two rigid plates are attached to the sides of the
elastomeric matrix to restrict the swelling and radial
expansion of the end surfaces so that the compressions of
the two sides of the elastomeric matrix can be disregarded.
That is, the deformations of the SPAs are only related to the
elastomeric matrix and not to the top walls, bottom walls,
and wrinkles.

3.1 Modeling for aeSPA

Figure 6 shows the cross sections of aeSPA in the initial
state without pressure and in the deformed state under
pressure. The dimensions of aeSPA in the initial state are
described by height #,, radius r,, and thickness ¢,, which
change into height #,, radius 7,, and thickness 7, in the
deformed state. The extension of aeSPA is the height
between 4, and A, and is referred to as Ah,.

The aeSPA is assumed to extend uniformly under
pressure. Hence, the stretches in three directions can be
obtained as A, = h,/hy, Ap = 217, /(2nr,) = 7, /r,, and
A3 =1,/t,. Given that the elastomer is considered
incompressible, the volume remains constant in both states
as follows:
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Fig. 5 Construction of SPAs: (a) aeSPA and (b) dbSPA.

Fig. 6 Model of aeSPA before and after actuation.

_ A A e where V,,, is the volume of the elastomeric wall in the
Vam = n((r at ) - ( a” > >ha initial state and ¥ ,,, is the volume in the deformed state.
Considering that aeSPA is restricted by the rigid rings
P2 i\2 outside, the external radius is constant so that
= Tf((”a + _a) _ (ra——a) )ha =V, (1) 7,+1,/2=r,+1,/2. Thus, 7, and 7, can be expressed by

2 h, using the equation above, and the stretches can be
| rewritten as

2T+ b, + ﬁa (42T, + 2Ry — 8hyryty + Aratahy)

A — \ 2
a2 47’0 ha ( )
21y + tahy =\ (43T, + By = 8hyraty + 4r.th)
Ay = = .
o 2.5,
In other words, the deformation of aeSPA can be ‘ PVap = Vamo Wy,
determined directly by h,. For an arbitrary system =\ 2 3)
o O . . " L\ -
variation, the gain in strain energy is equal to the positive Vip =T iy hy,
work done by pressure as follows:
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where p is pressure, V,, is the volume of the chamber, and
W, is the hyper-elastic strain energy density function. The
Yeoh model is used in this study, and it can be expressed as

N
W=> Co(Ai+ 24+ 1-3), (4)
=1
where C;y (i =1, 2, ..., N) are the coefficients of the
material and A, A,, and A3 are the main stretch ratios in
three directions. With the equation above, the relationship
between pressure p and deformation A%, of aeSPA can be
easily obtained.

3.2 Modeling for dbSPA

The extending deformation of dbSPA can be derived by
referring to that of aeSPA but with an internal baffle of the
chamber, which restricts the elongation by reducing the
work of pressure and increasing the hyper-elastic strain
energy. The situation is different for bending dbSPA. For
enhanced understanding, the procedure of bending defor-
mation is assumed to proceed via two virtual steps, as
shown in Fig. 7, with initial height A, radius r,, and
thickness #,. In the first step, the left chamber extends
under pressure, and the right chamber remains unchanged.
The dimension of the left part of dbSPA is described by
height A, radius 7,, thickness 7, and extension Ah,. In the
second step, dbSPA starts to bend to the right to make the
height of the internal baffle continuous, and the bending
angle is denoted as ¢.

To obtain bending angle ¢, dbSPA is assumed to bend
uniformly under pressure and discretized into # units sliced
by the horizontal plane, as shown in Fig. 8. Each unit with
a dimension of height Ay/n bends under pressure and
obtains a bending angle of &« = ¢/n. The generatrix on the
right is assumed to be equal to the initial value, and the
generatrix on the left is assumed to be extended freely so
that &, can be evaluated by Eq. (3). Arc BC = Ah,/(2n),
and length AB = 2r, + t,, because the external radius is
restricted by the rigid rings. Thus, the bending angle can be
simply calculated in triangle 4BC as

a BC Ahy,
= — = arctan—— = arctan————. 5
p 3 arctan arctan 22 1) %)

With f as the small angle with sufficiently large units #,
bending angle ¢ can be simply calculated as

kAR,
2Vb + tb ’

¢ =2npf =no = ©6)
where £ is introduced as an adjunctive parameter to fit the
experimental results (k = 1.46 in this work). Angle ¢ is
constant for any sufficiently large segments n, and it is
related to the extension and external diameter of SPAs.

4 Evaluations of SPAs

The casting method is adopted to make the SPAs, and the
fabrication processes are shown in Fig. 9. The processes
use silicone rubber (Ecoflex 00-50, Smooth-On, Inc.,
USA) and 3D-printed molds. Four corner blocks and an
inner core are assembled to form a mold. The silicone
solution is poured into the mold, and an elastomeric matrix
is obtained after solidification for 3 h. In this process, the
silicone solution should be added continuously to avoid
shrinkages and bubbles. For aeSPA, the end surfaces of the
elastomeric matrix are sealed with a lid made of silicone
solution. For dbSPA, the elastomeric matrix is placed on a
core to form one end face and the inner baffle. Then,
another end face of the elastomeric matrix is sealed with a
lid made of silicone solution. The rigid rings are placed
outside of the elastomeric matrix one by one and fixed on
the surface of the elastomeric matrix with the wrinkles. The
elastomeric matrix is then drilled to make holes, and the air
tubes are glued with silicone. Several SPA modules are
fabricated through this process. The thickness and radius of
the SPAs are 6 and 12 mm, respectively. The length of the
short aeSPA is 25 mm, and the length of the long aeSPA
and dbSPA is 50 mm.

Figure 10 shows the platform for the SPA experiments,
where a compressor is used to supply air and a reducing
valve with a digital barometer is utilized to control the

"y

Fig. 7 Model of dbSPA before actuation, and the virtual and real deformation of the bending dbSPA.
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Fig. 8 Discretization of dbSPA and bending deformation of a
unit with pressure.

pressures. The extensions of aeSPA and dbSPA are
detected using a laser displacement sensor (IL-030,
Keyence Co., Ltd., Japan), and the bending angle of
dbSPA is extracted from an image obtained by a camera.
The applied pressure is from 2 to 30 kPa, with a step of 2
kPa, and measurements are performed in the static state.
The static state in this work refers to the period when the
change in SPA displacement is less than 0.1 mm or 1°
within 10 s.

Figure 11 shows the deformations of aeSPA and dbSPA
and the comparison of numerical and experimental results.
The extension and rotation angle increase with pressure,
and the slope of the curve becomes steep. Similar results
are obtained from the numerical models and experiments,
indicating the effectiveness of the numerical model. The
extension of the long aeSPA (50 mm) is about twice as
much as that of the short aeSPA (25 mm) and dbSPA. The
extension of dbSPA is much smaller than that of the long
aeSPA because of the inner baffle.

Applying quasi-static numerical models is impractical
because these models require so much actuation time. In
consideration of practicability, the times before the static
state are used for practical application. In this manner, the
quasi-static model can be converted to a dynamic one.

()

dbSPA
© \

(b)
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Figure 12 shows the inflation and deflation times of
different segments with pressures of 10, 20, and 30 kPa.
The response speeds vary for different SPAs under
different pressures. The larger the pressure is, the longer
the inflation and deflation times are. Moreover, the inner
baffle makes dbSPA deflate quickly in comparison with the
long aeSPA.

5 Locomotion experiment on modular
crawling soft pneumatic robots

Figure 13(a) shows the experimental setup for crawling
robots. An electro-pneumatic regulator is used instead of a
manual reducing valve because the former can produce
pressure that is proportional to the control signal. For
simplicity, the same pressures are applied in the same
segments so that three electro-pneumatic regulators are
enough to control the pressures from 0 to 30 kPa supplied
by the compressor. The control signals for electro-
pneumatic regulation are supplied by a USB data
acquisition card (USB2651, Smacq Technologies Co.,
Ltd., China) through the LABVIEW program. Another
electro-pneumatic regulator is needed to control the two
chambers of dbSPA separately. The simplest control
scheme is to inflate or deflate one segment in a single
step, such that a complete actuation period is composed of
six steps. However, several segments are actuated together
to make the locomotion smooth, and the times overlap.
Hence, four steps are needed, as shown in Fig. 13(b), and
they are as follows:

T;: The central and front segments are inflated;

T,: The rear segment is deflated;

T;: The central segment is deflated and the rear segment
is inflated;

T,4: The front segment is deflated.

Notably, the rear and front segments should work
separately to prevent the robots from sliding. In every step,
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Fig. 9 Fabrication of acSPA and dbSPA: (a) Assembly of the mold, (b) casting, (c) de-molding, (d) sealing of the wall, (e) constraining

the SPA, and (f) drilling holes for the air tube.
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Fig. 10 Experimental setup for the tests on SPAs.

the time is determined by the maximum value of the
inflation and deflation times of the SPAs with different
pressures. In this manner, the total time cost in a period can
be calculated for different crawling robots. The velocities
of the crawling robots also can be determined because the
relative actuation displacements can be obtained with the
proposed numerical models.

Figure 14 shows the straight crawling and turning of
b-db-SR as an example. Similar movements can be
obtained with the other proposed crawling robots. Tests
are conducted on straight crawling and turning to evaluate
the performance of the different crawling robots.

Figure 15 shows the time of each step in the tests on the
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straight crawling of robots. The actuation times of straight
crawling for all the robots are about 1.6 s at pressures of 10
and 20 kPa. The actuation times of straight crawling for
b-db-ae-SR, g-db-ae-SR, and g-ae2-SR are much longer
than those for the other robots at a pressure of 30 kPa
because of the long deflation time of aeSPA. However,
given that the deformation of aeSPA is much better
than that of dbSPA, these crawling robots are still
promising.

In the test on straight crawling, each robot crawls a
distance of 500 mm. The velocity is calculated, and the
time is recorded. Figure 16 shows the results of straight
crawling. The predicted velocities are evaluated by the
numerical model and the given time. Among the robots
with two SPAs in series as the central segment, q-db2-SR
is the fastest, followed by b-db2-SR, b-db-ae-SR, and
g-db-ae-SR. Among the robots with one or two SPAs in
parallel as the central segment, g-ae2-SR is the fastest. In
terms of the ratio of velocity to body length, g-ae2-SR is
the best. In general, the performance of the quadruped
robots is slightly better than that of the biped robots when
the same central segments are used; the difference becomes
increasingly obvious when the length of the body
increases. This condition may be due to the small force
of biped robots when they grip the ground. The measured
velocities are lower than the predicted ones, with the errors
being lower than 10%. This phenomenon may be caused
by the friction of weight during crawling.

Figure 17 shows the time of each step in the tests on the
turning of robots. The actuation times of turning for all the

15 1 I 1 T T T T
—Model [
12 Heo-Experiment |-~~~ --==----4#--
06 ! L : ! H :
0 4 8 12 16 20 24 28 32
p/kPa
(b)
40 H—Model R e S
-O- Experiment \

)
=

0 4 8 12 16 20 24 28 32
p/kPa

(d)

Fig. 11 Experimental and numerical results of different SPAs. (a) aeSPA (50 mm); (b) aeSPA (25 mm); (c) dbSPA (extending);

(d) dbSPA (bending).
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Fig. 12 Actuation times of SPAs at different pressures.
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Fig. 13 Crawling tests on a soft robot: (a) Experimental setup and (b) control scheme.

robots are about 1.6 s at pressures of 10 and 20 kPa. The
actuation times of turning for g-ae2-SR are much longer
than those for the other robots at a pressure of 30 kPa
because of the long deflation time of aeSPAs when bending
in parallel.

In the test on turning motion, each robot crawls 10
periods and the velocity can be calculated with the total
angle measured. Figure 18 shows the results on turning.
The predicted angular velocities are evaluated by the
numerical model and the given time. Among the robots
with two dbSPAs in series as the central segment,
b-db2-SR is slightly better than g-db2-SR. Among the
robots with one dbSPA or two aeSPAs in parallel as the

central segment, b-db-SR and g-db-SR are the best. In
terms of the ratio of velocity to body length, b-db-SR is the
best. In general, the performance of the biped robots is
better than that of the quadruped robots when the same
central segments are used; the difference becomes
increasingly obvious when the length of the body
increases. This condition may be due to the small output
force of bending of the quadruped robots. The measured
angular velocities are lower than the predicted angular
velocities. This phenomenon may be caused by the friction
of weight during crawling. The errors of the soft robots,
except for g-ae2-SR, are larger than 10%, which means the
output forces of turning are inadequate.
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Fig. 15 Actuation time of straight crawling for the different soft robots.

6 Conclusions and future work

In this work, several worm-like soft robots that can crawl
and turn are developed using SPAs. Inspired by the concept
of modular design, the robots are constructed with two
types of basic SPAs, namely, aeSPA and dbSPA. The
aeSPA can extend under pressure, and dbSPA can bend
under pressure. Numerical models of aeSPA and dbSPA
are built based on the principle of virtual work to
investigate the relationship between deformation and
pressure. The results show good agreement with the
experiment outcomes. After determining the times of the
control schemes in a period, tests are conducted on the
straight crawling and turning of the soft robots. Experi-
ments show that the robots can crawl smoothly but with an

error of about 10% for straight crawling and 20% for
turning. These errors may be caused by the friction of
weight during crawling. In terms of the ratio of velocity to
body length, q-ae2-SR is the fastest among the robots in
the test on straight crawling, and b-db-SR is the best in the
test on turning.

Numerical models are developed for the two types of
SPAs, and the performance of different soft robots
assembled with the SPAs and 3D-printed connectors is
investigated. The results show that the modular design
method makes it easy for soft robots to achieve straight
crawling and turning. Although the numerical results of
SPAs are in accordance with the experiment outcomes, the
soft robot systems do not work well because of the friction
of weight; a similar systematic error is obtained for the
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Fig. 17 Actuation time of turning for the different soft robots.

same robots at different pressures. This study adopts the
simplified quasi-static model to characterize the deforma-
tion of SPAs and establishes a time-related model in a
given period for crawling robots by using the response
time of SPAs in the experiments. Building a dynamic
model by introducing damping based on the rheological
model of silicone and establishing the ordinary partial
equation of the position may be more reliable. Further-
more, the influence of the environment and external force
should be considered. In the future, closed-loop control
will be used with integrated sensors to make the motions
highly accurate.
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