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Abstract

Soft crawling robots have been significantly studied in recent decades. However, moving in amphibious environ-
ment, high payload capability, and passing through complex ground have always been challenges for soft crawling
robots. For these problems, this article presents an amphibious soft-rigid wheeled crawling robot (SRWCR) consists
of a soft-rigid body actuated by two soft pneumatic actuators (SPAs), four wheels, and four annular soft bladders
(ASBs) as brakes. By programming the actuation sequences of the two SPAs and four ASBs, SRWCR can achieve
two basic modes of locomotion: linear motion and turning. Based on the energy conservation law, we have developed
analytical models to interpret the static actuation performance of SPA, including linear and bending deformations.
Furthermore, with the help of fast response and waterproof of SPA and ASB, SRWCR can achieve a linear speed of
14.97 mm/s, a turning speed of 5.63°/s, and an underwater locomotion speed of 13 mm/s, which demonstrates the
excellent locomotion performance of SRWCR in amphibious environment. In addition, SRWCR can also achieve
multiple impressive functions, including carrying a payload of 2 kg at the moving speed of 11.18 mm/s, passing
through various complex ground such as the grass ground and sand ground, and so on, obstacle navigation in con-
fined space. Compared with the existing soft crawling robots, with the help of the soft-rigid body and wheeled
structure, SRWCR has the best payload and passing capability, which indicates the potential advantage of SRWCR
in the design of functional robots.

1. Introduction

The last decade has witnessed a large impetus in the field of soft robotics, with potential applications in
rehabilitation and healthcare, [1] medical invasive surgery, [2] undersea/space search and exploration,
[3] food handling, [4] and disaster area survey and rescue. [5] Built of compliant materials, soft robots
exhibit muscle-like behavior, resulting in a large number of degrees of freedom. In addition, the soft
materials can absorb the energy arising from collisions to keep both the robots and the surround-
ings safe. Consequently, soft robots can work effectively in unstructured and confined environments.
Besides, the inherent compliance can also help soft robots to improve mobility, especially over soft sub-
strates. [6] Unlike the rigid-bodied robots that need complicated mechanical systems to achieve complex
movements, soft robots require only simple design and control to generate motions. [7, 8]

Many impressive soft robots inspired by soft-bodied animals such as octopus, [9, 10] caterpillar
[11, 12, 13], and jellyfish [14, 15, 16] have been developed in the literature, of which soft crawling
robots are particularly interesting due to their potential applications as surveillance robots in complex
environments. In the past decade, many kinds of soft crawling robots have been developed with dif-
ferent materials and actuation mechanisms. In particular, as one of the very first soft crawling robots,
a quadrupedal soft robot was proposed by Shepherd et al. [17] By combining crawling and undula-
tion paces, this multi-gait robot could navigate difficult obstacles. Later, Tolley et al. [18] developed
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an untethered version of this robot, which could work in tough environments. In addition, vacuum-
driven pneumatic actuators have been employed in soft crawling robots as well. Qin et al. [19] designed
a versatile soft crawling robot actuated by soft pneumatic actuators (SPAs), which can achieve rapid
locomotion. Other smart actuators have also been used to develop soft crawling robots, such as shape
memory alloys (SMAs), [20] ionic polymer metal composites, [21] magnetorheological fluid, [22] soft
electrostatic actuators, [19, 23] as well as dielectric elastomer actuators. [23, 24, 25] However, due to the
intrinsic properties of soft materials with low stiffness, the soft bodies of these crawling robots result
in low loads, which also limits the payload capacity of these crawling robots. In addition, these soft
crawling robots can achieve locomotion on the flat ground either through the mechanism of asymmet-
ric friction or using the adsorption-type actuators as their feet, both of which are not effective when
they move on the complex ground such as grass ground, sand road, and mud ground, which leads to
their poor passing capacity. On the other hand, because these soft crawling robots are not waterproof or
cannot move on complex ground, they are difficult to perform underwater exploration operations.

Recently, some researchers combine rigid structures with soft actuators to increase the load capacity
of soft robots. Guo et al. [26] combined the rigid ratchet mechanism with SPA to design a variable
stiffness soft-rigid gripper. While not changing the soft contact with the object, the stiffness of the gripper
was increased by 20 times, resulting in a significant increase in load. A hybrid robotic gripper with high
load has been developed by Su et al. [27] The gripper consisted of rigid skeletons and SPAs. In addition,
compared with the soft crawling robots that rely on the mechanism of asymmetric friction or using the
adsorption-type actuators as their feet to move, the wheeled robots have better ability to pass through
complex ground. [28, 29, 30] Furthermore, because of the intrinsic waterproof of the SPAs, they have
been used as actuators for a variety of underwater robots, [31, 32, 33] which have greatly simplified the
structure of underwater robots and saved the manufacturing costs.

In this article, inspired by the high load of soft-rigid structure, the high passing capacity of wheeled
robot, and the waterproof of SPAs, we developed an amphibious soft-rigid wheeled crawling robot
(SRWCR) that consists of a soft-rigid body actuated by two SPAs, four wheels and, four annular soft
bladders (ASBs) as brakes. The simple structure of the SPA allows for the development of analytical
models, which can be used to interpret the actuation performance of the robot. Furthermore, the fast
and stable locomotion in the air and underwater indicates the excellent locomotion performance of the
SRWCR in amphibious environment. Finally, compared with the existing soft crawling robots, the soft-
rigid body and wheeled structure make the SRWCR have the best payload and passing capability, so that
the SRWCR has inherent advantage in the design of functional robots.

The rest of this article is described as follows: in Section 2, the design and locomotion mechanism of
the SRWCR are described. In Section 3, the theoretical models of the linear and bending deformation
of the SRWCR are established. The linear and turning speed of the SRWCR are measured in Section 4.
The capabilities of the SRWCR are explored in Section 5, before conclusions and future work presented
in Section 6.

2. Materials and methods
2.1. Mechanical design of SRWCR

As shown in Fig. 1(a), the proposed SRWCR mainly consists of a rigid head and tail connected by two
SPAs as the robot body, four rigid wheels as the robot feet, and four ASBs as the brakes. The front and
rear ends of SPAs are, respectively, fixed with rigid connectors to facilitate connection with the rigid head
and tail. In addition, four silicone rings with jagged texture on the cylindrical surface are fixed on the
four rigid wheels to increase the friction between the wheels and the ground. The rigid head, tail, wheels,
and two connectors are fabricated by 3D printing (ABS, F170, Stratasys). As shown in Fig. 1(b), SPA
manufactured by the mold casting method [34] is composed of a metal spring wound on the outer wall of
a soft cylinder made of silicone rubber (Tianying950, Dongguan Tianying Craft Material Co., Ltd). The
specification of the spring is shown in Table I. A thin air tube is employed to connect the cavity of the
silicone cylinder with an air compressor for pneumatic actuation. Upon pressure, the spring restrains
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Table 1. Specification of the metal spring.

Spring parameter Value
Material SUS304WPB
Wire diameter 0.75 mm
Outside diameter 20.0 mm
Pitch 1.0 mm

(a) Silicone ring

Rigid tail

Rigid head

Initial state Actuated state

(b) Metal spring  Silicone cylinder

Alr tube

5
&
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L=46 mm | L+AL |

Initial state Extented state

Figure 1. Schematic of SRWCR and SPA. (a) SRWCR consists of a soft-rigid body actuated by two
SPAs, four wheels, and four annular soft bladders as brakes. (b) SPA consists of a metal spring wound
on the outer wall of the soft cylinder.

the expansion of the silicone cylinder in radial direction and fixes the extension direction of SPA in
axial direction. The axial extension of SPA can push the wheels to rotate forward/backward which are
installed on the rigid head and tail by stainless steel shafts and waterproof bearings (SMR74ZZ, NSK).
After depressurization, SPA will contract to the initial state.

Besides the SPAs, the four ASBs made of silicone rubber (Tianying950, Dongguan Tianying Craft
Material Co., Ltd) play an important role in achieving the fundamental locomotion modes (linear and
turning motion) of SRWCR. As shown in Fig. 1(a), the four ASBs are fixed in the annular grooves at
both ends of the rigid head and tail, respectively. Because the annular groove encloses the inner wall
and two side walls of the ASB, the outer wall of the bladder is exposed in the free space. A thin air
tube is employed to connect the ASB with an air compressor for pneumatic actuation. Upon pressure,
the expansion of outer wall of the ASB can brake the corresponding wheel. After depressurization, the
ASB will return to its initial state. To increase the friction between the outer wall of the ASB and the
wheel, sandpaper with large roughness is glued on the wheel.

2.2. Locomotion mechanism

In order to achieve the two fundamental locomotion modes (linear and turning motion) of SRWCR, the
two SPAs and four ASBs need to be actuated with different sequences. Figure 2 shows the actuation
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Figure 2. Experimental apparatus for air supply and control system of SRWCR. (a) Schematic of the
air supply and control system. (b) Air supply and control system used in the experiments.

device that can realize different actuation sequences of SPAs and ASBs. The air compressor supplies
compressed air to SPAs and ASBs by connecting digital pressure reducing valves (IR2000, Atuosi)
and solenoid valves (N3V210, CHNT) in turn through flexible air tubes. Two digital pressure reducing
valves can independently adjust the output pressure of the air compressor to avoid the burst of SPAs and
bladders caused by excessive pressure. The solenoid valves can be used as actuation switches of SPAs
and bladders. According to the actuation sequences of SPAs and bladders described in detail below, the
two SPAs are connected to two solenoid valves so that they can be actuated independently. The two front
ASBs are connected to a solenoid valve so that they can be actuated simultaneously. Similarly, the two
rear ASBs are connected to a solenoid valve. The switching sequences of the four solenoid valves are
controlled by an Arduino controller (Arduino Nano) to achieve the linear and turning motion of SRWCR.

As shown in Fig. 3(a), the actuation sequence of SPAs and ASBs which achieves the linear motion
of SRWCR involves four steps: (1) the two rear ASBs are activated simultaneously to brake the corre-
sponding wheels so that they cannot move backward during the extension of SPAs in step (2). (2) Both
SPAs extend simultaneously to push the two front wheels to move forward. (3) The two front ASBs are
activated simultaneously to prevent the corresponding wheels from moving backward after the contrac-
tion of the two SPAs in step (4). (4) The two rear ASBs are deactivated simultaneously, at the same time,
the two SPAs contract to pull the two rear wheels to move forward. Repeating the actuation sequence,
SRWCR will move forward continuously. Figure 3(b) schematically demonstrates the movement of the
SRWCR by following this actuation sequence in Fig. 3(a).
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Figure 3. Actuation sequence and moving step for linear motion of SRWCR. (a) Actuation sequence of
the two SPAs, two front ASBs, and two rear ASBs. The red line indicates that the actuator is actuated,
whereas the blue line indicates that the actuator is unactuated. (b) Schematic of the forward locomotion
of SRWCR by following the actuation sequence in (a).

(b)

Figure 4. Demonstration of the two basic modes of locomotion. (a) A sequence of images of SRWCR
crawling in two directions. The arrows indicate the direction of motion. (b) A sequence of images of
SRWCR turning in two directions. The arrows indicate the direction of motion. The cyan rectangles on
the insets (at the bottom right corner) indicate which actuators are currently actuated; gray rectangles
represent deactivation of the actuators.

Furthermore, the linear motion direction of SRWCR is determined by the braking sequence of the two
front and two rear wheels. SRWCR is capable of moving toward another direction by simply reversing
the braking sequence of the two front and two rear wheels (i.e., exchanging step (1) and step (3) of
the actuation sequence). Figure 4(a) shows a sequence of images when SRWCR achieves forward and
backward movement. The small schematic inset at the bottom right corner of each frame indicates the
actuation states of the actuators at the corresponding step. A video showing the bidirectional linear
motion of the robot is available in Supplementary Movie S1.

In addition to linear movement, this soft robot can also achieve turning motion. When both SPAs are
actuated, SRWCR can achieve linear motion, as discussed earlier. However, when only one of SPAs is
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Figure 5. Schematic of the actuation state of SPA. (a) Initial state: the high-pressure air is not supplied
into the cavity of SPA. (b) Actuated state: SPA is actuated by the high-pressure air.

actuated, SRWCR turns due to the constraint imposed by the other SPA. The detailed turning perfor-
mance will be discussed later. The actuation sequences for the turning motion are similar to those of
the linear motion in Fig. 3(a) except that only one SPA is actuated. For example, by following the actu-
ation sequences in the insets of Fig. 4(b), SRWCR turns clockwise when only the left SPA is activated.
Similarly, SRWCR turns anticlockwise by actuating the right SPA only while keeping the actuation
signals unchanged for the front and rear soft bladders. Supplementary Movie S2 demonstrates the turn-
ing motion of SRWCR. Figure 4(b) shows the captured images of SRWCR from this turning motion.
SRWCR first makes a clockwise turn and then reserves the turning direction.

3. Theoretical modeling of SPA

As mentioned earlier, the deformation of the two SPAs which act as the soft body of SRWCR determines
the characteristic of linear and bending motion of SRWCR. In addition, the deformation of SPA depends
on the input air pressure. In this section, analysis modeling is established to understand the relation
between the input air pressure and the corresponding deformation.

3.1. Linear deformation

For linear deformation, both SPAs exhibit identical deformation under the same actuation pressure;
hence, only one actuator is considered in this section to analyze the extension length AL upon air pressure
AP. Figure 5(a) shows that the SPA is in the initial state before it is actuated by the high-pressure air
shown by the dark blue area. The pressure of the low-pressure air shown by the light blue area in the
cavity of the SPA is a standard air pressure (P, =~ 0.1 MPa). When the high-pressure air is supplied into
the cavity, as shown in the dark blue box in Fig. 5(b), the volume of high-pressure air expands from V,
to V,, and its pressure drops from P, to P,. Meanwhile, the expanded high-pressure air does work to the
low-pressure air in the cavity, silicone cylinder, and spring. Therefore, as shown by the light blue box in
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Fig. 5(b), the volume of the low-pressure air is compressed from V; to V}, and its pressure rises from P,
to P,,. The extension length of SPA is AL. If the energy dissipation in the process of actuating the SPA
is ignored, according to the energy conservation law, the following relation can be obtained:

W =W+ W, +W; (1)

where W, is the work done by the expansion of the high-pressure air from initial state to extended state of
SPA, W, is the energy absorbed by the compression of the low-pressure air from initial state to extended
state of SPA, W, is the strain energy of the silicone cavity in the extended state, and Wj; is the elastic
potential energy of the spring.

We assume that the high-pressure air and low-pressure air in Fig. 5(a) are ideal gas. The expansion
process of the high-pressure air and the compression process of the low-pressure air in Fig. 5(b) are
adiabatic and isentropic. Therefore, the high-pressure air in expansion process and the low-pressure air
in compression process satisfy the relation in Eqs. (2) and (3), respectively. Equations (2) and (3) are
described as follows:

PV =P, V] =PV, 2)
and

PV =P,V;=P,V; 3)
where P and V are the pressure and volume, respectively, of the high-pressure air at any time during
the expansion process, P, and V, are the pressure and volume, respectively, of the high-pressure air
in the initial state, P, and V, are the pressure and volume, respectively, of the high-pressure air in the
extended state, r is the polytropic coefficient which is a constant (r = 1.4), P’ and V' are the pressure
and volume, respectively, of the low-pressure air at any time during the compression process, P, and V,
are the pressure and volume, respectively, of the low-pressure air in the initial state, and P, and V, are
the pressure and volume, respectively, of the low-pressure air in the extended state.

In the extended state shown in Fig. 5(b), the expanded high-pressure air and the compressed low-
pressure air are in equilibrium in the cavity of SPA. Therefore, the following relation can be obtained:

P,=P, “

Furthermore, the work W, done by the expansion of the high-pressure air and the energy W, absorbed
by the compression of the low-pressure air satisfy the relation in Egs. (5) and (6), respectively. Equations
(5) and (6) are described as follows:

V2
W, = / PdV )
Vi
And

Vo
W() - / P /dV, (6)
Vs
The volume relation between the expanded high-pressure air and compressed low-pressure in
Fig. 5(b) is expressed as:

TALd? ,
V2:V0+T—V2 @)
where AL is the extension length of SPA in extended state and d is the inner diameter of the silicone

cylinder.
Substituting Egs. (2), (4), and (7) into Eq. (5), the work W, done by the expansion of the high-pressure
air is expressed as:

1l -1 1\ 1 TALd? 1ol
(PZ—PZ"PI’ —(sz _ P )P0’>V0+ (PZ—P;P,’)
W, = ®)

1—r
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Furthermore, substituting Eqgs. (3) and (4) into Eq. (6), the energy W, absorbed by the compression
of the low-pressure air is described as:

(Po—PiP Vo
M= )

Because P, is the absolute pressure in the cavity of SPA in extended state, the relation between the
relative pressure AP and the absolute pressure P, in the cavity is P, = AP + P,. Substituting this relation
into Egs. (8) and (9), respectively, W, and W, can be expressed as:

1 r=1 r=1 =1 1
(AP+P) = (AP+P)IPT = ((AP+PYT =P )P )V,

W|=
1—r

ﬂALdz 1=l
(aP+P)—(aP+PY P
N (10)

1—r

and

Q%—(AP+P@%ﬁﬁ)%
W, = 11

1—r

In addition to compressing the low-pressure air, the expansion of the high-pressure air also drives
SPA to extend in Fig. 5(b). Therefore, part of the work done by the expansion of the high-pressure air is
converted into the strain energy W, of the cylindrical silicone wall and the elastic potential energy W;
of the spring. The strain energy W, of the silicone wall satisfies the following relation:

W, =WV, (12)

where W is the volumetric energy density of the silicone rubber and V; is the volume of the silicone wall
which can be expressed as:

T (D2 — dz)l
4

where D and d are the outer diameter and inner diameter, respectively, of the silicone cylinder and / is
the length of the cavity of SPA.

Mooney-Rivilin model is often used to predict the nonlinear and large deformation of the silicone
rubber. [35] Here, we used this model to calculate the volumetric energy density W of the silicone
rubber. The Mooney—Rivilin model is given as:

W=C10(11—3)+C01(12—3) (14)

V.= 13)

where C), and C, are the material constants with the value of 0.1064 and 0.0019 MPa, respectively,
which were measured by a tensile test (ZQ-1000, China). I; and I, are the first and second principal
invariants of the Cauchy—Green strain tensor, which can be expressed as:

L =2+ + 22

15)
L=2A202 + A2202 4+ 0202

where A,, Ay, and A, are the radial elongation ratio, circumferential elongation ratio and axial elongation
ratio, respectively, of the silicone wall.

While SPA is actuated by the high-pressure air, the spring wound on the outer wall of the sili-
cone cylinder restrains its radial expansion. Therefore, the outer diameter D of the silicone cylinder
remains unchanged. However, the inner diameter of the silicone cylinder increases with the increase of
the extension length.

As shown in Fig. 5(a) and (b), when the length of the cylindrical silicone wall is extended from [/ to
I+ AL, the inner diameter of the silicone cylinder increases from d to d'. The red dash circles shown in
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the section views of Fig. 5(a) and (b) represent the middle layer of the silicone wall in the initial state and
extended state, respectively. Because the thickness (=2 mm) of the silicone wall in the initial state is
much smaller than the outer diameter (D=20 mm) of the silicone cylinder, we regard the circumferential
elongation ratio of the middle layer as the circumferential elongation ratio of the silicone wall during
the extension of SPA. Then, the thickness change ratio and length change ratio of the silicone wall can
be considered as the radial elongation ratio and axial elongation ratio of the silicone wall, respectively.
Therefore, the radial elongation ratio A,, circumferential elongation ratio 14, and axial elongation ratio
A, of the silicone wall in the extended state shown in Fig. 5(b) can be expressed as:

D—d
A= ——

D—d

nd.  D+d
hg= — = —— 16
T nd, D+d (16)
_l1_l+AL
S

where d,, and d, are the diameters of the middle layer in the initial state and extended state, respectively.
According to the incompressibility of the silicone rubber, we have the following relation:

hhoh, =1 a7
Substituting Egs. (13), (14), (15), (16), and (17) into Eq. (12), the strain energy W, of the silicone

wall in the extended state can be obtained:
7 Cy(D?* —d? 2P I+ AL)? 7 Co (D> — d? B
W, = 10( ) + (I+AL) “3) 4 01( )
4 [+ AL l 4 (I+ AL)

20+ AL)—3>

(18)
Furthermore, the elastic potential energy W; of the spring under the extension length AL can be
expressed as:
_ kAL?

W, = 5 (19)

where k is the stiffness coefficient of the metal spring with a value of 50 N/m, which was measured by
a tensile test (ZQ-100, China).

Substituting Egs. (10), (11), (18), and (19) into Eq. (1), the relation between the extension length AL
of SPA and the pressure AP in the cavity of the silicone cylinder can be obtained:

1 1\ et mALd? 1ol
(8P + (P§ = aP+PY )P Vot "o (0P 4P — (AP PYTPT)
— kAL
1—r 2
7 Co(D? —d? 2P 14+ AL 7 Co (D? — d? P
_ 10( ) I+ ) —3)+ 01( ) 2+2(1+AL)—3 =0
4 [+ AL ! 4 (I+AL)

(20)

To verify the analytical model of the linear deformation of SPA, we conducted experiments to measure
the extension length AL at different pressures AP. The experimental setup is shown in Fig. 6(a). SPA
was fixed on the optical platform by a support frame fabricated by 3D printing. The extension length AL
of SPA was measured by a digital laser displacement sensor (BL-100N, BOJKE) located on the left side
of SPA. The pressure AP of the compressed air supplied by an air compressor was adjusted by a digital
pressure reducing valve (IR2000, Atuosi). To prevent the burst of SPA, a pretest has been carried out to
determine that the maximum pressure supplied to SPA is 0.2 MPa. The pressure was supplied to SPA
from 0 to 0.2 MPa with a step size of 0.01 MPa. Ten trials were conducted under the same conditions
to confirm the repeatability. The average measurement results are plotted in Fig. 6(b).

Figure 6(b) shows the comparison between the theoretical (black line) and experimental (red circles)
results for the extension length at different pressures. The error bar represents the standard deviation of
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Figure 6. Measurement of the extension length of SPA under different pressures. (a) Experimental
apparatus used in the measurement. (b) Comparison between the theoretical and experimental results
for the extension length of SPA under different pressures.
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Figure 7. Measurement of the bending deformation of SPA. (a) Schematic of the bending deformation
of SPA. (b) Comparison between the theoretical and experimental results for the bending angle of SPA
under different pressures.

10 measurements of the extension length at each pressure. With the increase of pressure, the theoretical
extension length and experimental extension length both show a nonlinear increasing trend because
of the nonlinear deformation of the silicone rubber. It is clear that the maximum extension length of
SPA is 19.74 mm at the pressure of 0.2 MPa. The theoretical results agree well with the experimental
results. However, the discrepancy between the theoretical result and the experimental result increases
with the increase of the pressure. There are two main reasons: (1) there is energy dissipation during the
extension of SPA actuated by the high-pressure air, which increases with the increase of the pressure,
and (2) the thickness of the silicone wall casting in the lab is not completely uniform, which leads to
slight bending deformation during the extension of SPA, and the bending deformation of SPA increases
with the increase of the pressure.

3.2. Bending deformation

As described in Section 2.2, when only one SPA is actuated, this SPA will bend due to the constraint of
another SPA, which drives SRWCR to turn. As shown in Fig. 7(a), the actuated left SPA bends an angle
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o to the right due to the constraint of the right SPA. Meanwhile, the right SPA is forced to bend the
same angle to the right by the left SPA. Because the right SPA is only forced to bend and is not actuated
by the high-pressure air, we consider the length of the centerline of the right SPA remains unchanged.
The length of the centerline of the left SPA is L,. From Fig. 7(a), the following geometric relation can
be obtained:

L, —-L
o

=As ey

where As is the distance between the centerlines of the two SPAs. In addition, we assume that the
previous relation for linear deformation still holds during bending motion. Then, we know that L, =
L+ AL, where AL is the extension length of the centerline of the left SPA under the pressure of AP.
By substituting this relation into Eq. (21), we have

AL=aAs (22)

Substituting Eq. (22) into Eq. (20), the relation between the bending angle « and the input pressure
AP can be expressed as:

2

r=1
7
1

1 1 wALd 1=t
(AP—i—(P(;—(AP—l-Po)r)P )V0+ ((AP—i—PO)—(AP—i-PO)rPl’) |

— —ka?As?
1—r 2
nCo(D*—d?) (28 (I+ahs)? 7 Co1 (D? — d?) B
4 [+ aAs I >+ 4 <(1+am)2+ (+ans)

(23)

Experiment on bending angles at different pressures was conducted to validate the bending model.
The two rear wheels were braked by the two rear ASBs, and the left SPA was actuated. The pressure was
applied from 0 to 0.2 MPa with a step size of 0.01 MPa. At each pressure, the bending angle was obtained
using image analysis software (Image J, National Institute of Health, MD). Ten trials were conducted
under the same conditions to confirm the repeatability. The average results are shown in Fig. 7(b).

Figure 7(b) shows the comparison between the theoretical (black line) and experimental (red circles)
results for the bending angle at different pressures. The error bar represents the standard deviation of 10
measurements of the bending angle at each pressure. It is obvious that the maximum bending angle of
SPA is 33.79° at the pressure of 0.2 MPa. In addition, with the increase of the pressure, the increasing
trend of the theoretical bending angle is consistent with that of the experimental bending angle. However,
the discrepancy between the theoretical result and the experimental result increases with the increase
of the pressure. The main reason is that because of the constraint of the unactuated SPA, the extension
length of the centerline of the actuated SPA in the experiment is less than the theoretical value, and the
discrepancy between them increases with the increase of the pressure.

4. Measurement of the linear and turning speed

The input pressure of SPA and the actuation period of SRWCR are two main factors that affect the linear
and turning speed of SRWCR. As discussed earlier in Figs. 6(b) and 7(b), larger input pressure leads
to larger linear and bending deformation of SPA. Therefore, the pressure of 0.2 MPa is supplied into
SPA to achieve larger linear and turning speed of SRWCR. The actuation period of SRWCR is defined
as the time taken to achieve one actuation sequence of the linear motion or turning motion of SRWCR.
Because the only difference between the actuation sequences of the turning motion and linear motion
is that only one of SPAs is actuated in turning motion, the turning motion and linear motion have the
same actuation period. In this section, we mainly focus on measuring the actuation period to measure
the linear and turning speed of SRWCR.
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Figure 8. Schematic of the actuation period for the linear motion of SRWCR. The actuation period
includes the braking time of the two front wheels and the two rear wheels, as well as the extension time
and contraction time of the two SPAs.

4.1. Measurement of the actuation period

We take the linear motion of SRWCR as an example to analyze the actuation period of SRWCR. Because
the actuation sequence of the linear motion involves four steps shown in Fig. 3(a), the actuation period
is equal to the total time taken to achieve the four steps. As shown in Fig. 8, the actuation period T of
the linear motion can be obtained:

where T is the braking time taken by ASB to brake the wheel, and 7, and 75 are the extension time and
contraction time of SPA, respectively.

An experiment has been conducted to measure the extension time 7, and contraction time 73 of SPA.
The experimental setup is shown in Fig. 9(a). The SPA was fixed on the optical platform by a support
frame fabricated by 3D printing. The extension length AL of the SPA was measured by a digital laser
displacement sensor (BL-100N, BOJKE), and the data were collected with a sampling frequency of
100 Hz through a data acquisition device (USB-6002, National Instrument). The compressed air was
supplied into SPA by connecting a digital pressure reducing valve and a solenoid valve in turn through
flexible air tubes. The solenoid valve used as the actuation switch of SPA was controlled by an Arduino
controller (Arduino Nano). Before the experiment, the pressure of the compressed air was adjusted to
0.2 MPa by the digital pressure reducing valve. Then, the solenoid valve was opened under the control of
the Arduino controller, and SPA began to extend. After the solenoid valve was opened for 1.5 s which is
much longer than the extension time of SPA, the solenoid valve was closed, and SPA began to contract.
The extension length of SPA during the extension and contraction processes were recorded by the data
acquisition device. Three trials were conducted under the same conditions to confirm the repeatability.
The average measurement results are plotted in Fig. 9(b). The full extension phase (rising) between
the two blue dash line takes about 0.4 s to reach the maximum extension length, and the contraction
phase (dropping) between the two red dash line takes about 0.5 s. Therefore, the extension time 7, and
contraction time 75 of SPA are 0.4 and 0.5 s, respectively.
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Figure 9. Measurement of the extension time and contraction time of SRWCR. (a) Measuring device
for the extension time and contraction time of SRWCR. (b) The deformation curve of SPA actuated by
the pressure of 0.2 MPa. The extension phase between the two blue dash line takes about 0.4 s. The
contraction phase between the two red dash line takes about 0.5 s.

Before measuring the braking time of ASB, to prevent ASB from bursting due to the excessive
pressure, the safety pressure supplied to ASB has been measured which is 0.08 MPa. Then, the same
experimental setup shown in Fig. 2 was employed to determine the braking time of ASB. The pressures
supplied to ASB and SPAs were adjusted to 0.08 and 0.2 MPa, respectively. The two rear wheels were
braked by the corresponding ASBs. Then, after a delay, the two SPAs were extended simultaneously. If
the two rear wheels could not move backward during the extension of SPAs, we considered that they
were fully braked. The experimental result indicates that when the delay time is > 0.15 s, the two rear
wheels can be fully braked. Therefore, the braking time of ASB is 0.15 s. Substituting the braking time
T, extension time 7,, and contraction time 75 into Eq. (24), the actuation period of SRWCR (7T=1.2 s)
can be obtained.

4.2. Measurement of the linear speed

The same experimental setup shown in Fig. 2 was employed to measure the linear speed of SRWCR
crawling on the flat ground. The pressures supplied to SPAs and ASBs were adjusted to 0.2 and 0.08 Mpa,
respectively, by the two digital pressure reducing valves. The braking time of ASB and the extension
time and contraction time of SPA were setto 0.15, 0.4, and 0.5 s, respectively, to ensure that the actuation
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Figure 10. Measurement of the motion speed of SRWCR. (a) The image snapshots of the linear speed
measurement of SRWCR. (b) The image snapshots of the underwater locomotion process of SRWCR. (c)
The image snapshots of the turning speed measurement of SRWCR.

period of SRWCR is 1.2 s. SRWCR crawled from the green start line to the red finish line with a crawling
distance of 500 mm. The linear crawling process shown in Supplementary Movie S3 was recorded by
a camera. Figure 10(a) shows the snapshots of the linear crawling process. Three trials were conducted
under the same conditions to calculate the average crawling speed. The experimental results show that
the average linear speed of SRWCR is 14.97 mm/s.

In addition to moving in the air, the intrinsic waterproof of SPAs and ASBs allows SRWCR to move
underwater. Except for moving at the bottom of a glass water tank, the measurement experiments of the
linear speed of SRWCR moving underwater and in the air have the same experimental configuration. The
underwater crawling process of SRWCR shown in Supplementary Movie S4 was recorded by a camera.
Figure 10(b) shows the snapshots of the underwater crawling process. Three trials were conducted under
the same conditions to calculate the average underwater crawling speed. The experimental results show
that the average underwater linear speed of SRWCR is 13 mm/s, which is smaller than the linear speed
in the air due to the resistance of water.

4.3. Measurement of the turning speed

In addition to measuring the linear speed, we have conducted an experiment to measure the turning speed
of SRWCR. The experimental setup is the same as the experimental setup shown in Fig. 2. Similar to
the linear speed measurement experiment, the pressures supplied to SPAs and ASBs were adjusted to
0.2 and 0.08 MPa, respectively, and the actuation period of SRWCR was set to 1.2 s. SRWCR started
from the green start line and turned clockwise to return to the green start line. The turning process of
SRWCR shown in Supplementary Movie S5 was recorded by a camera. Figure 10(c) shows the snapshots
of the turning process. Three trials were conducted under the same conditions to calculate the average
crawling time. The experimental results show that the average crawling time is 64 s, and the turning
speed of the SRWCR is 5.63°/s. In addition, the rotation center almost remains in the same place, which
can be observed from Supplementary Movie S5, and the turning diameter of SRWCR is about 150 mm.

https://doi.org/10.1017/50263574722000686 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686

3944 Jiangming Jia et al.

Table I1. Comparison of the performance of our robot with existing soft crawling robots.

Soft crawling Actuation Turning speed Linear speed Crawling
robot method (/s) (mm/s) underwater
Our robot Pneumatic 5.63 14.97 Yes
Zou et al. [11] Pneumatic ~1.63 5.14 Not report
Tolley et al. [18] Pneumatic 0.2 5 Not report
Dong et al. [36] Pneumatic 3.61 13.98 Not report
Jiang et al. [37] Pneumatic - 25 Not report
Ge et al. [38] Pneumatic - 8.9 Not report
Qin et al. [19] Vacuum 15.09 16.29 Not report
Liang et al. [20] SMA - 1.91 No
Tang et al. [39] Nickel wire - 1.2 No
Cao et al. [23] DE - 4.16 No

Table II shows a comparison of the performance of our robot with existing soft crawling robots.
Among the crawling robots in Table II, only the robot developed by Qin et al. [19] has a larger linear
speed and turning speed than our robot, which demonstrates that our robot has excellent locomotion per-
formance. In addition, only our robot has the underwater locomotion capability. This capability mainly
lies in the waterproof of SPAs and ASBs of our robot. The underwater locomotion capability also indi-
cates the potential advantage of our robot in the design of highly efficient underwater robots, such as
underwater sampling robots, underwater monitoring robots, and underwater archaeological robots.

5. Capabilities of the SRWCR

The use of soft-rigid structure as robot body and rigid wheels as feet makes SRWCR to not only have a
high payload but also pass through the complex ground such as grass ground, sand ground, mud ground,
and so on. ASBs used as brakes help SRWCR to move on inclined surfaces. In addition, SRWCR with
capable of both linear and turning locomotion has the potential to navigate through obstacles in confined
spaces. In this section, we will discuss the capabilities of SRWCR in terms of the payload, passing
capability, obstacle navigation, and so on.

5.1. Payload

Robots are usually designed to perform some functions such as surveillance, search, and rescue, which
inevitably require the robot to carry some equipment. Therefore, a large payload is necessary for the
robot in practical applications.

We conducted experiments to study the payload capability of the robot. The same experimental setup
in Fig. 2 was employed here to measure the speed of the robot under different payloads. The pressures
supplied to SPAs and ASBs were adjusted to 0.2 and 0.08 MPa, respectively. The actuation period of
SRWCR was set to 1.2 s. The customized lead blocks with a mass of 100 g as a payload were evenly
placed in the rigid head and tail of SRWCR, as shown in the inset of Fig. 11. The payload was increased
at a step of 200 g. At each payload, SRWCR crawled from the green start line to the red finish line
with a distance of 500 mm. Three trials were conducted under the same conditions to calculate the
average crawling speed of SRWCR to reduce the measurement error. When the payload increased to
2 kg, because there was no extra space in the rigid head and tail to place more lead blocks, the payload
could not continue to increase. Supplementary Movie S6 shows the crawling process at the payload of
2 kg. The experimental results are shown in Fig. 11.

As shown in Fig. 11, the crawling speed of SRWCR decreases with the increase of the payload. There
are two main reasons: (1) the friction forces between the wheels and the ground increase as the payload
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Table II1. Comparison of the payload capability of our robot with existing soft crawling robots.

Soft crawling robot Actuation method Payload (g) Speed under payload (mm/s)

Our robot Pneumatic 2000 11.18
Qin et al. [19] Vacuum 2000 ~8.2
Li et al. [24] DE ~15 ~2
Must et al. [40] IEAP ~1.5 ~0.53
16
15m o
[n]
—_ o
E 14} q
E =]
z o
213t o
2 o
Z 12} o
]
o
11F
'IO 1 L 1 1
0 500 1000 1500 2000 2500
Payload [g]

Figure 11. The speed of SRWCR under different payloads.

increases, which limits the deformation of the two SPAs, and (2) because the centers of gravity of the
rigid head and tail are not in the same plane as the axes of the two SPAs, after SPAs are extended,
the rigid head and tail turn around the corresponding wheel shafts to bend SPAs, which reduces the
extension length of SPAs and can be observed in Supplementary Movie S6. The bending angle of SPAs
increases with the increase of the payload. In addition, when the payload increases to 2 kg, the crawling
speed decreases to 11.18 mm/s, which indicates that the payload of SRWCR is far from the maximum.
The great payload capability reveals the potential for the development of an untethered crawling robot,
which can achieve autonomous operations in practical applications.

Table III compared the payload capability of our robot with existing soft crawling robots. It is shown
that only the soft crawling robots developed by Qin et al. [19] can reach the payload of 2 kg. However,
our robot has a higher crawling speed under this payload. In addition, compared with other soft crawling
robots shown in Table III, our robot not only has the largest payload but also has the largest crawling
speed under the corresponding payload, which demonstrates the large payload capability of our robot.
The large payload capability of our robot mainly lies in the use of the soft-rigid body. Compared with the
purely soft crawling robots, the soft-rigid body of our robot can carry a larger weight without deformation
which may cause the robot to fail.

5.2. Passing capability

In addition to moving on flat ground discussed earlier, functional robots such as inspection robots, rescue
robots, and search robots often need to pass through some complex grounds such as grass ground, sand
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Figure 12. Construction of a variety of complex grounds, including (a) grass ground, (b) sand ground,
(c) mud ground, (d) speed bump, and (e) inclined surface.

ground, mud ground, speed bump, and inclined surface. Therefore, the robot should have a high passing
capability to achieve different functions.

To demonstrate the capability of SRWCR to pass through the complex grounds, a variety of complex
grounds were built in Fig. 12. As shown in Fig. 12(a)—(c), the turf, sand, and mud were spread on the
rectangular planks to build grass ground, sand ground, and mud ground, respectively. Two speed bumps
fabricated by 3D printing were glued on the planks in Fig. 12(d). Besides, a 30° inclined surface was
fixed on the planks in Fig. 12(e). Then, we conducted experiments to verify that SRWCR could crawl
through the complex grounds shown in Fig. 12. The experimental setup is the same as the experimental
setup shown in Fig. 2. The pressures supplied to SPAs and ASBs were adjusted to 0.2 and 0.08 MPa,
respectively. The actuation period of SRWCR was set to 1.2 s. The crawling processes of SRWCR on
the complex ground were recorded by a camera (Supplementary Movies S7 and S8). The snapshots of
the crawling processes on the complex ground are shown in Fig. 13. The experimental results show that
SRWCR can crawl through not only the flat ground but also the grass ground, sand ground, mud ground,
and speed bump, as shown in Fig. 13(a)—(d). In addition, SRWCR can crawl on a 30° inclined surface,
as shown in Fig. 13(e).

In addition to crawling through the single complex ground, another experiment has been carried out
to verify that SRWCR can crawl through various complex ground simultaneously. As shown in Fig. 14, a
mixed complex ground has been built by connecting grass ground, sand ground, mud ground, and speed
bump in sequence. Supplementary Movie S9 shows the crawling processes of SRWCR on the mixed
complex ground. The snapshots of the crawling processes on the mixed complex ground are shown in
Fig. 15. The experimental result shows that SRWCR can easily crawl through the mixed complex ground.
The crawling test of SRWCR on the single complex grounds and mixed complex ground proves the high
passing capability of SRWCR.

https://doi.org/10.1017/50263574722000686 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686
https://doi.org/10.1017/S0263574722000686

Robotica 3947

Figure 13. The image snapshots of SRWCR crawling through a variety of complex grounds, including
(a) grass ground, (b) sand ground, (c) mud ground, (d) speed bump, and (e) inclined surface.

(i R A e o T
BNGrass ground Sand ground Mud ground

Figure 14. Connecting the grass ground, sand ground, mud ground, and speed bump to construct a
mixed complex ground.

Table IV shows a comparison of the passing capability of soft crawling robots. As shown in Table IV,
only our robot is able to crawl through a variety of complex ground such as the grass ground, sand
ground, mud ground, speed bump, and inclined surface. Also, only our robot can crawl through the
mixed complex ground described earlier. Compared with the soft crawling robot in Table IV, the use of
wheels as the feet of our robot greatly improves the passing capability of our robot. Benefit from the
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Table IV. Comparison of the passing capability of our robot with existing soft crawling robots.

Soft crawling Actuation Wheeled Crawling Crawling on
robot method structure ground mixed ground
Our robot Pneumatic Yes Flat ground, grass ground, Yes

sand ground, mud
ground, speed bump,
and inclined surface

Chen et al. [12] Pneumatic No Flat ground No

Jiang et al. [37] Pneumatic No Flat ground No

Ge et al. [38 Pneumatic No Flat ground and inclined No
surface

Qin et al. [19] Vacuum No Flat ground and inclined No
surface

Umedachi et al. [13  Tendon-driven No Flat ground No

Liang et al. [20] SMA No Flat ground No

Tang et al. [39] Nickel wire No Flat ground No

Cao et al. [23] DE No Flat ground No

Must et al. [40] IEAP No Flat ground and inclined No
surface

Figure 15. The image snapshots of SRWCR crawling through the mix complex ground.

high passing capability, our robot also has high environmental adaptability, which makes it have high
potential to be used as the functional robots such as the search and rescue robot.

5.3. Obstacle navigation

To demonstrate the mobility of the robot in confined spaces, we drove SRWCR to navigate through
three obstacles by following a figure-of-eight path. The gap distance between two adjacent obstacles
is 150 mm, which equals the turning diameter of SRWCR. Figure 16 shows the captured images of
the robot at different time steps. SRWCR first rotates around the first obstacle anticlockwise and then
changes its direction to rotate around the second obstacle clockwise. Finally, SRWCR returned to the
starting position by rotating around the first obstacle anticlockwise again. Due to the fast movement
speed, SRWCR managed to complete this task in 129 s. A video of this obstacle navigation is available
in Supplementary Movie S10.
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Figure 16. SRWCR navigates through two obstacles by following a figure-of-eight path.

6. Conclusion

In this paper, we developed a SRWCR actuated by two extended SPAs and four ASBs. Benefit from
the waterproof and fast deformation response of SPA and ASB, SRWCR can achieve an excellent loco-
motion performance in amphibious environment. Furthermore, compared with the pure soft crawling
robots which achieve locomotion through the mechanism of asymmetric friction [25, 41] or using the
adsorption-type actuators as their feet, [19, 23, 42] the high payload capability of the soft-rigid body
and high passing capability of the wheeled structure make the designed SRWCR have high payload and
passing capability. Meanwhile, the soft-rigid body and wheeled structure provide a design method for
soft crawling robots with high payload and passing capability. In addition, SRWCR can also achieve
obstacle navigation in confined space, which demonstrates the potential advantage of SRWCR in the
design of functional robots such as search and rescue robot.

Despite these impressive functionalities, the current soft robot still has many aspects that can be
improved. First, our current soft robot requires external air supply device and controller, which greatly
limits its functionalities, especially in practical applications. Hence, we plan to develop a fully untethered
soft robot with the air supply device and controller on board. Second, we will further verify the payload
and passing capability of SRWCR in the actual environment, which is only at the laboratory verification
stage now. Third, we plan to further enhance the passing capability of SRWCR from the aspects of
structure design to satisfy the needs of performing tasks in an unstructured environment. Fourth, by
using the pressure reducing value that can be automatically controlled, the extension length and turning
radius of SRWCR can be adjusted, then, the control of SRWCR will be further studied.
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