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Crawling Robot
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Reversible deformations of the 4D-printed structures are attractive and promising for
various application fields. In this study, the principle of reversible deformations for the
bilayer structure consisting of SMP and elastic material is illustrated. By exploring the
influence of printing parameters on deformation and resistance, a low-cost reversible
bilayer structure with rational resistance distribution is designed to realize reversible
deformation. Subsequently, the bilayer structure is employed to design a soft crawling
robot with asymmetrical variable friction coefficient feet. By revealing the principle of
locomotion by force analysis and deformation process analysis, a wave-like strategy is
proposed to actuate the robot. Experiments verify the effectiveness of the designed
structures.

Keywords: reversible deformation, soft crawling robot, 4D printing, composite structure, force and deformation
analysis

INTRODUCTION

4D printing is a smart manufacturing technology integrating 3D printing technology and stimulus
responsive material. By 4D printing, the fabricated structure could change their configurations under
certain stimuli such as heat, light, water, and electricity (Momeni et al., 2017). The self-deformation
ability gives 4D-printed structures a lot of potential applications in various fields, such as drug
delivery systems (Fernandes and Gracias, 2012; Guan et al., 2007; Stoychev et al., 2011), cells in
spacecraft (Guo et al., 2009), microdevices (An et al., 2011; Mao et al., 2013; Felton et al., 2014; Sun
et al, 2015; Miyashita et al,, 2015; Wang et al., 2018; Shin and So, 2020), and smart actuators
(Kowalewski et al., 2013; Ninh and Bettinger, 2013; Wu et al., 2018; Chen and Peng, 2021; Tang et al.,
2021). Therefore, the design of 4D-printed structures is essential to realize expectant deformations.
Due to the limitation of the material property, most existent 4D-printed structures are only able to
implement one-way deformation and could not return to the initial shape when the external stimulus
is canceled. However, in many fields, 4D-printed structures are required to realize reversible
deformations for various functions. It is still a challenge to realize controllable reversible
deformations.

To date, aiming at the realization of reversible deformations for 4D-printed structures, researchers
have proposed a number of methods. According to realization principles of reversible deformations,
those methods could be divided into following two categories: material-based methods and
composite structure-based methods.

With respect to reversible deformations of 4D-printed structures based on materials, researchers
focused on the synthesis of materials that could realize reversible deformations. Based on the
synthesis and printing method of liquid crystalline elastomer (LCE), some researchers fabricated 4D-
printed structures with the ability to realize reversible deformations (Ambulo et al., 2017; Yuan et al,,
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2017; Lépez-Valdeolivas et al., 2018; Ceamanos et al., 2020; He
etal., 2020; Lu et al., 2020). Some 4D-printed structures fabricated
by hydrogels could deform reversibly under stimulations of
humidity and temperature (Naficy et al., 2017; Baker et al,
2019; Mao et al,, 2016). By adding ferromagnetic particles to
the elastomer matrix, Kim et al. (2018) fabricated 4D-printed
structures that could deform reversibly are controlled by the
magnetic field. Based on the materials with reversibility, it is more
flexible to design various reversible deformations. However,
compared with commercially available shape memory polymer
(PLA), these lab-synthesized materials are costly considering the
complicated preparation processes.In addition, requirements for
specific environments limit their applications, such as aqueous
environments for hydrogels.

With respect to reversible deformations of 4D-printed
structures based on composite structures, researchers focused
on multilayer structures with different materials (Hu et al., 2019).
Mao et al. (2016) designed a composite structure with hydrogel
and shape memory polymer (SMP), which realizes reversible
deformations by the reversibility of hydrogel with water and
modulus change of SMP with temperature change. However, the
use of hydrogel makes the structure expensive and inconvenient
to be stimulated. Yang et al. (2017) designed a bilayer structure
with SMP and carbon fiber, and the reversible bending
deformation of the bilayer structure is implemented by
changing the power supply to the carbon fiber. Zhao et al.
(2019) designed a bilayer structure with SMP and silver ink.
Based on reversible deformations of the bilayer structure, a turtle-
shaped robot is designed to crawl forward. Wang and Li. (2021b)
designed a bilayer structure with SMP and elastomer. Upon
heating the structure to a certain high temperature and
cooling down to the room temperature, the structure could
bend reversibly. However, reversible deformations of these
bilayer structures are not large. Wang and Li. (2021a)
designed a bilayer structure with conductive SMP and paper,
and the bilayer structure could bend reversibly by changing the
power supply. Compared with other aforementioned composite
structures, this bilayer structure has advantages of low cost, large
deformation, and convenient stimulus. However, there is lack of
consideration about how the printing parameters affect the
resistance of the printed structure. Resistance distribution
would affect the heating efficiency of the composite structure.
With a poor resistance distribution, different parts of the
structure will have different temperatures, and the predicted
deformation may not occur.

Considering the aforementioned problems, this study is
carried out to design a low-cost bilayer structure with
reversible deformation as well as rational resistance
distribution based on conductive PLA (an SMP material) and
paper. By analyzing the material property of PLA and the printing
process of fused deposition modeling (FDM) technology, the
principle of reversible deformation for the bilayer structure is
declared. To guarantee that the bilayer structure is heated evenly
by the Joule effect, the relationships between printing parameters
(printing angle and layer thickness) and resistance are developed.
In addition, the relationship between the thickness of PLA and
the bending angle of the bilayer structure is explored to control
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the magnitude of the reversible deformation. Based on these
relationships, an S-shaped bilayer structure is designed with
rational resistance distribution. The reversible deformations
can be realized by applying a moderate voltage, which has no
requirement for specific environments. Subsequently, the bilayer
structure is employed to design a soft crawling robot. The force
and deformation analysis of the robot are accomplished to
illustrate the principle of locomotion. Based on the proposed
principle, a soft crawling robot with variable friction coefficient
feet is designed, and a wave-like actuation strategy is proposed.

DESIGN OF A 4D-PRINTED REVERSIBLE
STRUCTURE

Materials and 3D Printers

In this study, in order to realize the electrical control of reversible
actuators, the reversible structure is a bilayer structure consisting
of conductive PLA (Linan Beisen Company, Zhejiang, China) and
paper. The material property of conductive PLA refers to the
supplementary data of Wang’s work (Wang and Li. 2021a). The
graphene embedded in PLA makes the PLA conductive, and the
shape memory effect of PLA retains simultaneously. All
structures are printed using a dual-nozzle FDM printer (Raise
3D Pro2 Plus, China).

Principle of Reversible Deformation

During the printing process of FDM technology, the printing
head moves along the printing path, and the filament is squeezed
out to adhere to the construction platform or former layer
simultaneously. Therefore, the small piece of the filament
between the printing head and former layer is stretched.
Along with the temperature decrease, the printed filament
remains unchanged due to the constraint of contiguous cooler
filaments and construction platform. The process is similar to a
manual programming process of SMP, which produces the
residual strain in the printed structure along the direction of
the printing path. The bilayer structure consisting of conductive
PLA and paper is printed, as shown in Figure 1A. It is flat at room
temperature. When the bilayer structure is heated, it will bend
due to the bigger coefficient of thermal expansion of PLA than
that of paper. As the temperature rises, the degree of bending will
increase due to larger mismatch of strain between PLA layer and
paper. According to the material property of PLA, the elastic
modulus of PLA decreases rapidly when the temperature
increases above about 50°C. Therefore, the degree of bending
will decrease subsequently along with the increase in temperature.
When the temperature increases above the glass transition
temperature (T,) of PLA, the bilayer structure will become
almost flat due to the release of the residual strain in the PLA
layer. Later, when the temperature decreases under Ty, the bilayer
structure bends toward the opposite direction due to the different
coefficients of thermal expansion of PLA and paper. After the first
heating and cooling cycle, a curved bilayer structure is obtained at
room temperature. Subsequently, when the temperature increases
again, the bilayer structure unfolds gradually to be flat due to the
different coefficients of thermal expansion of PLA and paper. If
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FIGURE 1 | (A) Sketch of a bilayer structure. (B) Sketch of rectangular plates.
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TABLE 1 | Resistance of different printing angles.

Printing angle/® Resistance/Q

0 490

30 2630
60 3950
90 4850

TABLE 2 | Resistance of different layer thicknesses.

Layer thickness/mm Resistance/Q

0.05 2360
0.1 1150
0.15 720
0.2 490

the temperature rises high enough, the bilayer structure will bend
toward the opposition direction. Hence, the reversible
deformation of the bilayer structure is induced by the different
coefficients of thermal expansion. The shape memory effect of
PLA determines the configuration of the bilayer structure at room
temperature.

Structure Design

In FDM technology, the filament is the basic element of the whole
printed structure. It is well-known that the resistance of a filament
is influenced by its cross-sectional area, resistivity of material, and
length. Therefore, the total resistance of a structure is relevant
with the layer thickness and printing path. To explore the
relationship between them, the thin rectangular plates shown
in Figure 1B are printed with different printing parameters. The
length, width, and thickness of plates are 50, 10, and 0.6 mm,
respectively. In the first group of the plates, to analyze the
influence of the printing angle, the layer thickness is set to
0.2 mm, and the printing angle has four different values (0,
30, 60°, and 90°). In the second group of the plates, to analyze the
influence of the layer thickness, the printing angle is set to 0°, and
the layer thickness has four different values (0.05, 0.1, 0.15, and
0.2mm). In total, five samples are fabricated for each set of
parameters. The resistance of every plate in the length direction is
measured using the multimeter, and the resistance of the plate
with specific parameters is the average of five samples. The results
are shown in Tables 1, 2.

FIGURE 2 | Sketch of the S-shaped structure.

According to Table 1, it can be seen that the resistance
increases dramatically along with the increase in the printing
angle. According to the printing principle of FDM technology,
there is a gap between adjacent filaments. If the printing angle is
not 0°, the electricity will pass through the contact surface and
tiny gap of adjacent filaments, which results in the increase of
resistance. According to Table 2, the resistance is almost inversely
proportional to the layer thickness. Hence, in the design of the
bilayer structure, it is critical to take resistance distribution into
consideration. Otherwise, the different regions in the structure
will have different temperatures if electricity is applied, and the
deformation of the structure will fail.

In consideration of the resistance distribution, it is advisable to
keep the width of PLA unchanged, and the printing path should
be parallel to the route between the locations of two electrodes. To
realize better deformation and function, setting two electrodes in
the same side of a rectangular area is beneficial. The S-shaped
structure is designed as shown in Figure 2. The geometric
parameters contain the width of PLA (w,), the total width
(w), the gap between adjacent PLA (wy), the total length (1),
and the total thickness (t). If w), is too small, the resistance of
whole structure will be huge, and the voltage required for
deformation will be very high and unavailable. The total
thickness ¢ influences the maximal bending angle of the
structure. It is desirable to obtain an appropriate bending
deformation for each application. The layer thickness t
influences the resistance of the whole structure. Larger
results in smaller resistance, but the maximal bending angle of
the structure decreases with larger t; due to less residual strain in
the PLA filament.
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FIGURE 3 | Bending angles for different layer thicknesses.

According to the law of resistance, the resistance is directly
proportional to the length and inversely proportional to the area
of the cross section. The resistance of the S-shaped structure can
be calculated by the product of the resistance of one PLA strip and
the number of PLA strips. Each PLA strip has geometric
parameters with length [, width w,, and thickness t. The
resistance of the PLA strip can be calculated based on the law
of resistance and the data in Table 2. Hence, the resistance of the
S-shaped structure can be calculated by

25(wp + wg)wpt

w-w, )
R=——+1|x—x
wy + Wy 50
(1)

where 7 is resistance of the sample for different layer thickness
shown in Table 2, [ is set to 40 mm, and w is set to 15 mm.

Before identifying the value of wj, wy, and #;, t should be
determined by comparing the curvature of the bilayer structure
with various ¢. According to the research of our previous work
(Liu et al., 2020), the curvature of the bilayer structure is affected
by t. Subjecting to the printing precision, it is not available to
print a structure with arbitrary thickness. Therefore, it is
insignificant to find the optimal thickness, and ¢ is determined
from several alternatives. Since the resistance for the structure
with layer thickness 0.05mm is too large, it is removed from
alternative layer thicknesses. Test samples with length 50 mm and
width 15 mm are fabricated. Thickness varies from 0.1 to 0.6 mm
with a gap of 0.1 mm, and the layer thickness is 0.1 mm. Then, the
samples are placed in glassware and heated by a heating platform.
After the samples are cooled, the samples become curved. The
corresponding central angle of the curved sample’s circular arc
can be seen as its bending angles. All bending angles of the
samples are measured, and the results are shown in Figure 3.

In the following design, ¢ is set at 0.5 mm, since the folding
angle is moderate and its resistance is smaller than that of the
thickness 0.3 and 0.4 mm.

As shown in Figure 2, w, and w, have the following
relationship:

10 x 0.6 3(w + wg)lf

w, Xt

X1 =

>

nw, + (n-Nw, =w, 2)
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where n is the number of PLA strips. Due to the 0.4-mm
nozzle, the w, should be the integral multiple of 0.4 mm.
Moreover, in order to set two electrodes in the same side, n
should be an even number. Subsequently, with the order
from small to large, we calculate w,, wy, sum of w,, and
resistance for different n with upper bound as 10, as shown in
Table 3.

As the sum of w, increases, the total width of PLA will
decrease. With less PLA, the area of bilayer structure will
reduce. According to the previous analysis, the deformation is
actuated by the different coefficients of thermal expansion of
the bilayer structure. Hence, with less area of the bilayer
structure, the actuation force will become smaller, and the
extent of the deformation will decrease. We choose 2 as the
value of n in the design due to the small resistance and small
sum of w,. Tests show that the maximum voltage of 120 V of
DC power cannot fully actuate the structure with resistance
larger than 10,000 Q. Hence, the designed bilayer structure is
like a U-shape, and two electrodes are placed at the two ends,
as shown in Figure 4A.

The designed bilayer structure is printed, and its
deformation is observed. To exclude the influence of gravity
on deformation, the bilayer structure is clamped vertically. The
magnitude of voltage affects the input power, which decides
the rate of the temperature change and the maximal
temperature. Based on the theoretical analysis, the
magnitude of temperature change determines the magnitude
of deformation. Hence, under higher voltage, the magnitude of
deformation of the bilayer structure will be larger. The
configurations at different time under a voltage of 70 V are
shown in Figure 4B (Supplementary Video S1). The curved
bilayer structure expands gradually, and it finally reaches a
small contrary bending compared with that of the initial
configuration. Then, when the voltage is removed, the
structure returns to the initial configuration. Figure 4C
shows the maximal deformation of the bilayer structure
under different voltage. It can be found that the magnitude
of the deformation is larger for higher voltage. The results are
consistent with the proposed principle of reversible
deformation.

DESIGN OF A SOFT CRAWLING ROBOT

In this section, a soft crawling robot is designed based on the
proposed reversible bilayer structure. Detailed force and

TABLE 3 | Design parameters and resistance for different n.

n wp/mm wg/mm Sum of wg/mm R/Q

2 7.2 0.6 0.6 3066
4 3.6 0.2 0.6 12266
6 2.4 0.12 0.6 27600
8 16 0.31 22 55308
10 1.2 0.33 3 92184
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FIGURE 4 | (A) Sketch of the reversible bilayer structure. (B) Maximal deformation under different voltages. (C) Deformation process under 70 V.

. 0.5G| F,

M;

IG fl

Iy

& f;zI x TNl X

FIGURE 5 | (A) Sketch of an inchworm-inspired soft crawling robot. Force analysis of (B) the whole crawling robot and (C) an infinitesimal segment at the left end.

deformation analyses are completed to explore the soft crawling ~ (Chen et al., 2020). The crawling can be divided into two steps.
robot’s principle of locomotion. At first, the body bends, and the rear foot moves forward, while
the front foot remains stationary. Then, the body expands, and

. the front foot moves forward, while the rear foot remains
Sketch of an Inchworm-Inspired Soft stationary. During the process, the key is the variation of

Crawling Robot friction coefficients of feet. The sketch of an inchworm-
As we know, inchworm can crawl forward by the bending and  inspired soft crawling robot is shown in Figure 5A. Two
expanding of its body with variable friction coefficients of feet ~ reversible bilayer structures are printed in line. The robot
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FIGURE 6 | Relationship between friction coefficients and distance of (A) the robot with two single friction coefficient feet and (B) the robot with antisymmetric
variable friction coefficient feet.

realizes crawling by the reversible deformations of the two
reversible bilayer structures.
In previous research studies, several different structures have

been developed. The simplest strategy is to assign materials with

different friction coefficients to the rear and front foot of the
crawler (Yang et al.,, 2016; Yuan et al., 2017). Some researchers
designed variable friction coefficient feet by assigning two
materials with different friction coefficients to one foot, and
different materials contact the ground at different stages
during the deformation of a soft robot (Yang et al., 2019;
Tang et al, 2019; Yao et al., 2020; Umedachi et al., 2013;
Umedachi et al., 2016; Koh and Cho. 2012). In addition, some
researchers realize variable friction coefficient feet by magnetic
control (Joyee and Pan, 2019; Hua et al., 2020). However, the
principle of locomotion in these research studies is abstract, and
there are no sufficient force and deformation analysis.

Hence, in the following, the detailed force and deformation
analyses are accomplished to reveal the principle of locomotion.

Force and Deformation Analysis

Figure 5B is the force analysis diagram of the crawling robot
during the expanding stage. According to our previous work (Liu
et al, 2020), when temperature changes, the bilayer structure
deforms due to the different elongation ratios of different layers in
the axial direction. However, due to the existence of the ground,
the deformation is restricted. Hence, the expanding deformation
and bending deformation are induced by the union of the internal
forces and the external forces.

To reveal the deformation process, as shown in Figure 5C, a
detailed force analysis for an infinitesimal segment at the left
end of the robot is implemented. F; is the resultant internal
force of the cross section, and M, is the bending moment
induced by the different elongation ratios of different layers.
The right end of the robot has a similar force diagram. As the
temperature rises, F; and M, increase. The infinitesimal
segment has the tendency to move left, and f, appears to
restrict the movement. When F; and M, become big enough,
f1 reaches the maximum static friction force. The left end
moves left, and the whole structure expands. Then, if the
temperature change stops, F; and M, decrease gradually,
and the left end moves until f; is smaller than the

maximum static friction force. During the bending
deformation, the force diagram is similar except the opposite
directions of the internal forces and bending moments. Based
on the analysis, it confirms that if the temperature increases and
decreases slowly, only the foot with a low friction coefficient
will move.

To simplify the deformation analysis, it is assumed that the
shape of the bilayer structure remains as an arc during the
deformation, which means that the influence of the external
forces on shape is ignored. Let d denote the distance between
the two feet. The maximum d is represented by dy,.y, and
minimum d is represented by d,;,. Then, for the robot with
two single friction coefficient feet, friction coefficients of two
feet during the expanding and bending deformation are shown
in Figure 6A. For the robot with antisymmetric variable
friction coefficient feet, friction coefficients of two feet
during the expanding and bending deformation are shown
in Figure 6B.

Obviously, for any d, the friction coefficient of each foot at
different deformation stages remains unchanged. If the
temperature changes slowly, the driving force will increase
slowly, and only the foot with a low friction coefficient will
move based on the force analysis mentioned previously. After
a cycle, the crawling robot will not move forward. In addition, it is
worth noting that the conclusion is suitable for any type of feet
design, if the two reversible bilayer structures are actuated
simultaneously.

Structure and Actuation Strategy Design

Based on the previously mentioned analysis, a crawling robot
with variable friction coefficient feet is developed, as shown in
Figure 7A. TPU and PLA have different friction coefficients.
Two feet are both variable friction coefficient feet, but the
changes of friction coefficients for two feet are not
symmetric. This means that different angles are required for
the rear foot and front foot to change their friction coefficients.
In addition, a wave-like actuation strategy is utilized to actuate
the robot. The deformation cycle is divided into four stages: 1)
front bilayer structure is actuated and expands; 2) rear bilayer
structure is actuated and expands; 3) front bilayer structure is
unactuated and bends; and 4) rear bilayer structure is
unactuated and bends. The friction coefficients of two feet
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FIGURE 7 | (A) Sketch of the developed crawling robot and (B) relationship between friction coefficients and distance.
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FIGURE 9 | Relationship between the contact angle and two feet's
distance.

during the expanding and bending deformation are shown in
Figure 7B.

According to Figure 7B, there are two areas with different
ratios of friction coefficients for bending and expanding
deformation. This is caused by different transformation
angles for the rear foot and front foot. The difference

between the changes of d for the two areas represents the
movement of the soft robot. Here, let ®; and ®, denote the
transformation angles of friction coefficients for the rear foot
and front foot, respectively, and 0, >®,. Some geometric
analyses have been carried out to explore the
relationship between the contact angles and distances of
two feet.

As shown in Figure 8A, arc AC and arc BC represent the rear
part and front part, which are tangent at point C. The
corresponding bending angles for the rear part and front part
are represented by 6, and 6,. The segment AB denotes the
ground, and the contact angle of the rear part and front part
are denoted by ¢, and ¢,, respectively. Segment BD is
perpendicular to segment O;C. Let I denote the length of arc
AC and arc BC.

According to the trigonometric function, segment AE, EF, and
AF are calculated by:

l
AEZOIA' Sin91 =§sin91; (3)
1
l
EF =BD = O,B- sin6, :G—SinGZ; (4)
>
I . I .
AF=AE+EF = —sinf, + —sin6,. (5)
0, 0,

According to the trigonometric function and geometric
relationship, segment CE and CD are calculated by
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FIGURE 10 | Two reversible bilayer structures actuated (A) simultaneously (B) with a wave-like strategy.
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FIGURE 11 | Crawling robot with two feet with different friction
coefficients.
I )
CE=0,C-0,E=——-—cosf;, =—(1-cosB); (6)
0, 6 0,

CD:OZC—OZD=i—ic0592 =9i(1—c0392). (7)
b

0, 6,

Based on Equations 6 and 7, segment BF is calculated by:

BF=DE=CE-CD = i(l—cosel)—i(l—cosﬁz). (8)
0, 0,

Based on Equations 5 and 8, segment AB and a are calculated by:

2 2
AB = VAF: + BF = 4 isir101+isin€1 + i(1—c0501)—i(1—c0592)
6, 0, 0, 0,

=£2(9;8in91+915in92)2+[92(1—coséh)—@l(l—cosez)]z;
1V2
)]
! 1 0 ! 1 0,
(BF> ( BF ) 91( - cos 1)—9—2( - cos 6,)
« = arctan( — ) = arctan| ———— ] = arctan
AF AE + EF ind I, o
g—lsm 1+0—zsm ) (10)

~ arct (1 —cos )0, + (1—cosb,)6,
- arcan 0, sin 6, + 6, sin 0, :

According to the geometric relationship, ¢, and ¢, are
calculated by:

¢, =0 —a; (11)
9, =60 +a. (12)

In the second stage, segment BC is horizontal, as shown in
Figure 8B.

According to the trigonometric function, segment AE, DE,
and AD are calculated by:
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FIGURE 12 | Deformation of the structure under different voltage (A) 50 V, (B) 60V, (C) 70 V, and (D) 80 V.

. I . ) 2
AE=0,A - sin6, =9—lsm91; (13) AB = VAD? + BD? = i/(eisin91+l) +<l—0icos91)
1 1
= =1 l 2
DE=BC=1; (14) = \/(sin 0, +6,)* + (6, — cos0,)>.
6,
AD=AE+DE=eisinol+l. (15) 17
1 Based on Equations 15 and 16, a is calculated by:
According to the trigonometric function and geometric I
relationship, segment BD and AB are given by: BD - 9. < 6 0, — cos 6,
a= arctan(—) = arctan| ————— | = arctan —_—
. 0, +sin 6,
! e—sm 0, +1
BD:CE:OIC—OIEZZ——COSGI; (16) 1
0, (18)
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According to geometric relationship, ¢, and ¢, are calculated by:

¢, =0—qa; (19)
9, =a. (20)
According to the aforementioned mathematical

derivation, the contact angle and distance between two feet
are both functions of 6; and 6,. However, it is not easy to
obtain a concise mathematic functional relationship which
could be used to calculate the contact angle for a given
distance. Hence, we set a series of values for 6; and 0,
from 0° to 70" 6, is set to 70° in the first stage. 6, is set to
0° in the second stage. Based on the previously mentioned
equations, a series of data points are calculated, and their
trend is drawn in Figure 9.

According to Figure 9, due to the different slopes, the
corresponding distance between 17° and 53° is different for
the left foot and right foot. According to Figure 7B, there are
two areas with different ratios of friction coefficients for
bending and expanding deformation. This is caused by the
different transformation angles for the rear foot and front
foot. Hence, if ¢, and ¢, are set to different angles in the
interval from 17° to 53°, the corresponding change of d in the
two areas is different, and the crawling robot can move
forward.

Experiments and Discussion

Designed Soft Crawling Robot Actuated by the
Wave-Like Strategy

The designed soft crawling robot is fabricated, and its
deformation is tested. Figure 10 shows the deformations of
the robot with different actuation strategies. The first strategy
is to apply a voltage of 50 V to two reversible bilayer structures
simultaneously. The second is to actuate the robot by a wave-like
strategy with a voltage of 50 V.

According to Figure 10A, the right foot moves at first, and
the left foot stays due to a smaller friction coefficient of the
right foot. When the temperature rises higher, the friction
coefficients of two feet change. The left foot moves, and the
right foot stays. Subsequently, the voltage is removed, and the
crawling robot undergoes a symmetric deformation. At the
end, there is no locomotion after a cycle (Supplementary
Video S2).

The deformations of the crawling robot at different stages
are shown in Figure 10B (Supplementary Video S3). At each
stage, both feet move with different magnitudes. It can be
found that there is a 6 mm displacement for each cycle, which
illustrates the effectiveness of the designed soft
crawling robot and the proposed wave-like actuation
strategy.

Locomotion Affected by the Applied Voltage

Several researchers have realized locomotion in their research
studies by actuating the two feet simultaneously, which is
contradictory to the previous result. We try to give a possible
explanation for the locomotion based on the previous force
analysis.

4D-Printed Reversible Deforming Structure

If the temperature increases fast enough, F; and M; increase
quickly, and both friction forces of two feet will reach their
maximum static friction forces, respectively. Then, two feet
will simultaneously move oppositely. In other words, the rate
of temperature change will affect the movement of the robot. By
adjusting the magnitude of the applied voltage, the rate of
temperature change during the expanding deformation can be
controlled. The temperature change during the bending
deformation is affected by the difference between the structure
temperature and room temperature. Therefore, the temperature
decreasing rate can be seen as a certain function when the room
temperature does not change. Hence, by applying a relatively big
voltage, the robot can realize locomotion.

To verify the principle mentioned previously, as shown in
Figure 11, a soft crawling robot, which has two feet with different
friction coefficients, is fabricated.

The deformation of the structure actuated by 50, 60, 70,
and 80V is shown in Figure 12 (Supplementary Videos
$4-87). According to the results, the robot moves 0, 1, 2, and
1 mm, respectively, under 50, 60, 70, and 80 V. It shows that
the moving distance increases at first and decreases
subsequently as the voltage increases. The value of voltage
could affect the input power, which decides the rate of the
temperature change. As the voltage increases, the mismatch
of strain between paper and PLA becomes larger due to the
high rate of temperature change. However, the modulus of
PLA becomes smaller simultaneously. The actuation force is
related to the product of modulus of PLA and the mismatch
of strain. As is well-known, the modulus of PLA decreases
dramatically when the temperature approaches its glass
transition temperature. This may be the reason that the
moving distance increases at first and decreases
subsequently as the voltage increases.

In addition, in the experiments, if the bilayer structure is under
80V in a relatively long time, the paper layer of the bilayer
structure would burn at the location of the inside edge. Therefore,
the designed soft crawling robot obtains a larger crawling step
distance in each cycle, and it requires a smaller voltage.
Furthermore, the designed robot has no risk of losing efficacy,
and it could experience more cycles.

CONCLUSION

In this study, a low-cost bilayer structure with reversible
deformation and rational resistance distribution was designed.
By setting the two electrodes in the same side with an S-shaped
structure, the designed bilayer structure is available for more
applications. The deformation of the printed bilayer structure was
consistent with the proposed principle of reversible deformation.
A soft crawling robot was developed by combining two bilayer
structures, and it could realize locomotion by the proposed wave-
like actuation strategy. The principle of locomotion is presented
by several analyses. In addition, we found that the magnitude of
the applied voltage has significant influence on the locomotion of
the soft crawling robot. Experiments show the effectiveness of the
proposed principles and structures.
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In the future, to expand the application of the proposed
principles and designed structures, more materials will be
researched to find appropriate elastic material to replace
paper. This will improve the potential and flexibility for the
design of a 4D-printed soft robot.
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