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Abstract—Dielectric elastomer actuators (DEAs), also recog-
nised as artificial muscle, have been widely developed for the soft
locomotion robot. With the complaint skeleton and miniaturised
dimension, they are well suited for the narrow space inspection. In
this work, we propose a novel low profile (1.1 mm) and lightweight
(1.8 g) bi-stable in-plane DEA (Bi-DEA) constructed by supporting
a dielectric elastomer onto a flat bi-stable mechanism. It has an am-
plified displacement and output force compared with the in-plane
DEA (I-DEA) without the bi-stable mechanism. Then, the Bi-DEA
is applied to a thin soft robot, using three electrostatic adhesive pads
(EA-Pads) as anchoring elements. This robot is capable of crawling
and climbing to access millimetre-scale narrow gaps. A theoretical
model of the bi-stable mechanism and the DEA are presented. The
enhanced performance of the Bi-DEA induced by the mechanism is
experimentally validated. EA-Pad provides the adhesion between
the actuator and the locomotion substrate, allowing crawling and
climbing on various surfaces, i.e., letter and acrylic. The thin soft
robot has been demonstrated to be capable of crawling through a
4 mm narrow gap with a speed up to 3.3 mm/s (0.07 body length
per second and 2.78 body thickness per second).

Index Terms—Soft robot materials and design, compliant joints
and mechanisms, dielectric elastomer actuator (DEA), narrow
space locomotion, low profile.

I. INTRODUCTION

ARROW space inspection is commonly seen in human
N life and industry, especially in scenarios humans cannot
access. Robots play a significant role in those fields [1], i.e.,
continuous robots with small diameters have been developed
to access the gas turbine and conduct repair work [2], [3]; A
hexapod robot with an embedded machine tool can get into
a hazardous environment for maintenance tasks [4]. However,
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these robots usually have a large volume, complex actuation
system, and rigid profile, which will be a limitation in fragile
and high-precision scenarios.

Soft robots can overcome those drawbacks with the inherent
complaint body, compact profile, lightweight, simple control
strategy and reliable human-machine interaction [5]. Many ac-
tuation methods have been investigated and applied in loco-
motion soft robot development. A quadruple pneumatic robot
crawled through a 2cm narrow gap using a soft body with a
9mm thickness [6]. The pneumatic chamber with reinforced
fiber was capable of controllable deformation [7]. Therefore,
an inchworm-inspired soft robot can perform multimodal loco-
motion of crawling, climbing and transition [8]. Another benefit
of the pneumatic actuator is the electronic-free achieved by a
buckling-sheet ring oscillator; it also has multimodal movement
in various terrains [9]. Most attempts to use the pneumatic robots
in narrow space access rely on their complaint body. But, reduc-
ing the dimension from centimetre to millimetre scale is a big
challenge for pneumatic actuation. Piezoelectric actuated robots
have fast responses and more compact volumes. It has been
designed into sub-gram with a low profile and can fast-moving
20 body lengths per second [10]. However, it only worked on
horizontal locomotion. Alternatively, a microrobot could walk
on the vertical and inverted substrate by adding four electrostatic
adhesive pads onto a quadrupedal piezoelectric actuated frame
[11]. But the dimension still limits its access to millimetre-scale
narrow space due to the robot design.

Another actuation option for the soft locomotion robot is the
dielectric elastomer actuator (DEA) which is outstanding for its
fast response, high energy density and lightweight [12]. Two
typical linear DEAs can be applied to soft crawling robots, i.
e., cylindrical (spring-roll) linear DEA [13] and saddle-shaped
DEA [14], [15]. A pipeline inspection robot consists of a 6mm
diameter middle cylindrical DEA as a linear actuator and two
shorter DEAS as anchoring feet that can crawl into a pipe [13].
The saddle-shaped DEA worked as a bending actuator and usu-
ally used electro-adhesive pads [14] or unidirectional frictions
unit [16] to achieve locomotion. A soft wall climbing robot has
been demonstrated crawling through a 10mm height narrow gap
[14]. With the development of advanced manufacturing technol-
ogy, multi-layered dielectric elastomers have become a popular
topic among researchers. The integrated multi-layers feature can
enhance the energy density of the actuator by increasing the
output force and reducing the actuation voltage. Based on this
improvement, a unimorph multi-layered bending DEA has been
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designed into a crawling robot [17]. Taking advantage of the
amplified vibration of a system in its natural frequency, some
researchers proposed soft robotic insects have fast responses
and speed actuated at the system’s natural frequency [18], [19].
Although the advances in investigating the small dielectric elas-
tomer actuated soft robot, the minimum dimension is still a
centimetre-scale, especially regarding the low profile.

An approach to construct millimetre-scale DEA-based soft
robots is to utilise the in-plane deformation of DEAs, reduc-
ing the space required during actuator morphing. An all-soft,
skin-like millimetre-scale structure was proposed with in-plane
deformation, capable of locomotion and transportation [20].
However, one limitation was its low velocity of less than
0.12 mm/s (0.001 body lengths per second). In our prior work,
we developed a thin DEA-based soft robot utilising a re-entrant
structure that enables in-plane linear deformation, achieving a
speed of 2.3 mm/s (0.035 body lengths per second) [21]. One
factor limiting the speed was the voltage-induced displacement
of the actuator. The negative stiffness bi-stable mechanism is
a promising method to enhance the displacement output of the
DEA. Common approaches include biasing springs [22], [23],
silicone domes [24], and magnetic mechanisms [25]. However,
most of these designs rely on 3D configurations, which limit the
miniaturisation of DEA dimensions. Our other work introduced
a 2D negative stiffness mechanism for DEA using a 3D-printed
linkage structure, demonstrated the feasibility of developing
negative stiffness DEAs with in-plane deformation [26], and the
thickness can potentially be reduced to millimetre-scale. These
advancements pave the way for developing millimetre-scale thin
soft robots with improved speed performance.

This letter presents the design of a novel Bi-stable thin soft
robot that can move and access millimetre-scale narrow gaps
on horizontal and vertical substrates. The electrostatic adhesive
pads (EA-Pads) are used as the anchoring element [14], [27].
Inspired by the out-of-plane cone-shaped DEA tensioned by
a biasing mechanism [22], [25], [28], the displacement and
the output force of the DEA can be improved by properly
balancing the negative stiffness property of the mechanism with
the dielectric elastomer. A bi-stable in-plane dielectric elastomer
actuator (Bi-DEA) has been presented. It has a thin feature
(1.1 mm) and amplified displacement and output force compared
with the in-plane dielectric elastomer actuator (I-DEA) without
the bi-stable mechanism. The rest of the letter is organized as
follows. Section II shows the structure of the robot and the design
principle of the Bi-DEA. Section III illustrates the fabrication
and characterisation of the Bi-DEA and the EA-Pad. The exper-
imental results of the robot crawling in narrow spaces on both
horizontal and vertical surfaces (letter and acrylic material) have
been presented in Section I'V.

II. BI-STABLE THIN SOFT ROBOT

A. Robot Design

As illustrated in Fig. 1(a), the bi-stable thin soft robot consists
of a Bi-DEA (Fig. 1(b)) for linear motion and three EA-Pads
(Fig. 1(c)) for anchoring. The front and rear EA-Pads are fixed
at the edge of the rectangular frame, while the middle EA-Pad

Electrode
-stable mechanism

ic Polyimide
1.2mm} ‘

=)

Silver electrode

(Sector II)
Voltage off

Fig. 1.  Concept of Bi-stable thin soft robot. (a) 3D model of Bi-stable thin soft
robot; (b) explode view of Bi-DEA; (c) explode view of EA-Pad; (d) actuation
principle of Bi-DEA.

is connected with the shuttle of the bi-stable mechanism. 1-
DOF (one-degree-of-freedom) crawling locomotion is realized
by alternatively charging Sectors I and II of the DEA (Fig. 1(d)).
The in-plane motion of the Bi-DEA achieves a thickness of less
than 1.2 mm for the robot. Therefore, it can crawl and access
narrow spaces.

B. Bi-Stable In-Plane DEA

As illustrated in Fig. 1(b), the novel thin Bi-DEA has a dielec-
tric elastomer sandwiched by electrodes on both sides and further
bonded onto a bi-stable mechanism. The bi-stable mechanism
consists of a central shuttle connected to a rectangular frame
through four complaint links. The shuttle and the complaint
links divide the electrode into two sections, i.e., Sectors I and
II (Fig. 1(d)). Therefore, the central shuttle can switch between
two stable states by applying voltage for Sectors I or II. This
bi-stable mechanism with in-plane linear motion can guarantee
the thin thickness and improve the voltage-induced displacement
and force of the actuator.

An in-plane DEA (I-DEA), as shown in Fig. 2(a), and a
bi-stable mechanism (Fig. 2(b)) are proposed to analyze the Bi-
DEA displacement and force amplification principle (Fig. 2(c)).
The I-DEA and Bi-DEA have the same configuration, except
that the I-DEA does not have the bi-stable mechanism (four
complaintlinks). Fp is the force of the [-DEA to the shuttle when
the voltage is applied to Sector I. It has seen linear decreases to
zero from the point a; to az where achieves the maximum dis-
placement (a3— a1) of the I-DEA. F); is the force that moving
the shuttle from one stable state a4 to the another a5 [29]. For the
Bi-DEA in which a bi-stable mechanism is adopted in I-DEA,
the output force (shuttle) can be expressed by Fp — Fis. The
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Fig.2. Principle and analysis of Bi-DEA. (a) I-DEA; (b) Bi-stable mechanism;
(c) force-displacement diagram of DEA and bi-stable mechanism; (d) sketch of
the elastomer deformation represented by a spring-dashpot system (Bergstrom-
Boyce model [26], [31]); (e) sketch of a fixed-guided beam.

maximum displacement is a4 — a; at which point the force goes
down to zero (Fp — Fj = 0). Therefore, the displacement
and the output force of Bi-DEA can be larger than the I-DEA if
the force of the dielectric elastomer and the mechanism match
properly, i.e., as— a1 > as— a1 and Fp — Fyy > Fp.

For the I-DEA with the actuated Sector II, as shown in
Fig. 2(a), the spring-dashpot system illustrated in Fig. 2(d)
is used to model the response in the Y direction. Based on
the non-equilibrium thermodynamic theory [30] and using the
Bergstrom-Boyce model [31] to characterize the dielectric elas-
tomer, the voltage-induced stress can be expressed as

hpye =y A6 8

zre
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y Myel A6 HA26a2 40002620 623
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where A, and A, are the strain of the elastomer in X and Y

directions, they are calculated through A, = }J—’” and A, = é—” ,
x © y
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(Ly and L, are the initial length of the elastomer in the X and
Y directions while [, and [, represent the corresponding length
after pre-stretch and actuation). Further, A, = Aye &yes fhys fyes
Jy and J,, are shear modulus and stretch limit of elastomer,
as shown in the Fig 2(d); € is the permittivity of the dielectric
elastomer, E, = £ (Uis the input voltage and [, is the thickness
of the elastomer) Therefore for a cross-section of [, x [, of
Sector II, the output force is

Fp =1, lzo—y ()

When the shuttle of the bi-stable mechanism moved from
one stable state a; to the another as, the I/ is comes from
the deformation of four complaint links. Each complaint link
can be simplified as a fixed-guided beam modelled (Fig. 2(e))
by the elliptic integral solution [32], [33]. The fixed end is
connected with the square frame, and the guided end is fixed with
the shuttle. The following equations can describe the relation
between reaction force and displacement of the guided end [34]:

ny = \F {2k cos ) (cos ¢1 — cos ¢po) + sinp
X [2E (ka ¢2) —2F (k7 ¢1) - F(kaQSQ) + F(kad)l)]} (4)
zp

T = \/» {2k sin ) (cos ¢y — cos ¢1) 4 cos 1)

X 2E (k, ¢2) — 2E (k, ¢1) — F'(k,¢2) + F (k,¢1)]} (5)
where o = PE—LIZ is the non-dimensional force, ””TB and yLB are

the non-dimensional lengths of the guided end of the beam in X
and Y directions; L, E and I are the length, Young’s modulus and
moment of inertia of the beam; P and 1) are the reaction force
and the angle with respect to the X axis; F'(k, ¢) and E(k, ¢)
are incomplete elliptic integrals of the first and second kind; k&
is the elliptic modulus, ¢ is the amplitude of the elliptic integral
and it changes continuously from ¢; at the fixed end (6;) to ()5
at the guided end (62). The ¢ also can be calculated by [34]:

ksinqﬁ:cosw;(9 (6)
MLQ = 2kV EIP cos (725172 (7)

where M, and M5 are the moment of two ends of the beam, 0
is the deformation angle.

As shown in Fig. 2(e), the boundary conditionis #; = 03 = 0
in the process of the guided end moves from a; to as. Therefore,
the ¢ can be expressed as follow:

Y

) 1
sin ¢y 2 = T cos 7 (8)

For the bi-stable mechanism in this letter, the complaint link
has gone through two order modes, therefore, ¢, is the principal
solution of (8). For the first order mode, ¢o = 7 — ¢; For the
second order mode, ¢ = @1 + 2.

When the coordinates of the beam’s guided end (z 3, yp) are
known, the force and moment at the beam’s end (P, M) can be
numerically determined. Starting with initial values for 1) and &,

Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on March 17,2026 at 11:19:18 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: BI-STABLE THIN SOFT ROBOT FOR IN-PLANE LOCOMO!

TON IN NARROW SPACE 6571

T
iEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

a b c

YOO . 00X

X000~ XXXKXX

O m s

Fig. 3. Fabrication of the Bi-DEA. (a) Pre-stretch the elastomer; (b) adhere
an acrylic frame onto the pre-stretched elastomer; (c) transfer the pre-stretched
elastomer to the acrylic frame; (d) fix the bi-stable mechanism onto the pre-
stretched elastomer; (e) paint electrode; (f) explode view of the Bi-DEA.

a numerical iteration process based on (3)—(5) can be applied to
refine the values of 1) and k. Then, the load at the guided end can
be computed. The reaction force of the shuttle in the Y direction
is

Fy = 4Psin 9)

III. FABRICATION AND CHARACTERISATION
A. Fabrication

Fig. 3 shows the fabrication process of the Bi-DEA. A Imm
thick dielectric elastomer (3M VHB 4910) was pre-stretched by
4.5%4.5 times [21] using the fixture in Fig. 3(a). In Fig. 3(b)
and (c), the pre-stretched elastomer was transferred to a rigid
acrylic frame. Then, a bi-stable mechanism was cut from a lmm
thick PETG sheet using the laser cutter (Jindiao Technology
Co., Ltd, JD3050). Its shuttle was then manually switched to
second stable state (as, as illustrated in Fig. 2(b)) and fixed to
the elastomer (Fig. 3(d)). We used multi-walled carbon nanotube
as the electrode paints on both sides of the elastomer, as shown
in Fig. 3(e). Finally, the Bi-DEA was finished by cutting off the
acrylic frame (Fig. 3(f)). Based on this fabrication procedure,
the actuator has a 1.1 mm thickness and 1.8 g weight.

The EA-Pad was fabricated by inkjet printing the electrode
onto a polyimide film (diameter: 25 mm; thickness: 0.025 mm) to
the structure, as illustrated in Fig. 1(c). The silver electrodes were
printed using a Fujifilm Dimatix Materials Printer DMP2850
Series and a 2.4 pL Samba cartridge loaded with the XTPL
1J-36 silver nanoparticle ink. The droplet diameter is 40 pm,
and a drop spacing of 20 pm was used to ensure the deposition
of continuous layers and pattern uniformity. Six layers were
printed on a polyimide substrate, and the substrate was heated
to 80°C by an in-situ resistance heater to pin the droplets. The
printed samples are then sintered at 150 °C for an hour to enhance
electrical conductivity [35]. This manufacturing method could
achieve a thin thickness of 0.028mm and a smooth electrode
surface with a sheet resistance of 0.24-+0.05 €)/sq in the pad.

B. Characterisation of Bi-DEA

Based on the analysis of the working principle of Bi-DEA,
the force of the dielectric elastomer and the bi-stable mechanism

a 1 b
809 22, — Simulation 4=4.5mm|
600 : '.::g:- Expetiment h=4.5my
% 400 X
~ $ 200
s
= 0
—— Simulation /=4
-200 ool Expérimcn‘ t h=4mm
01 2 3 4 5 6 7

Displacement (mm)

Fig. 4. Characterisation of Bi-stable mechanism. (a) Layout and dimensions
of the Bi-stable mechanism; (b) Experimental and simulation diagram of force
and displacement of the Bi-stable mechanism.

should be balanced to achieve one stable state in voltage off
status. Applying the voltage to one Sector, the voltage-induced
force is generated, resulting in the shuttle being moved to the
second stable state. As presented in the fabrication of the Bi-
DEA, the pre-stretch ratio of VHB was 4.5%4.5, which means
the force provided by the elastomer is fixed. Therefore, we need
to design the parameters of the bi-stable mechanism to fit Fy,
with Fp, as illustrated in Fig. 2(c).

Calculating the bi-stable mechanism based on the mathemat-
ical model, Fig. 4(a) presents the layout and dimension. An
8mm*8mm inner central shuttle is connected to a 50mm*50mm
square inner frame through four 0.6 mm width flexible links.
The central shuttle is biasing from the centre of the frame with a
distance of h, designed as a variable to explore how the bi-stable
property can be optimised. The experimental setup used for
this measurement is shown in Fig. 5(a). A load cell (Omega
LCMEFD-10N) was installed on a linear motor (Maxon EPOS
2) and further connected to the shuttle through a lightweight
beam. During the measurement, the motor dragged the shuttle
at a speed of 0.1 mm/s while the load recorded the reaction
force. We investigated the force-displacement diagram of the
bi-stable mechanism with the /# of 4 mm and 4.5 mm, as shown
in Fig. 4(b). It was noticed that a larger biasing distance & has
a larger displacement and resistant force between two stable
states. The error between the simulation and experimental data
is attributed to the laser cutting of the compliant link into such
a small dimension (0.6 mm), which reduced its stiffness due to
the laser cutting process.

We characterised the performance of the Bi-DEA and fur-
ther compared it with the I-DEA to illustrate how the in-plane
bi-stable mechanism help to improve the displacement and the
output force of the DEA. Fig. 5(a), (b) presents the experimental
setup of the characterisation. The experimental results of the
I-DEA and two types of Bi-DEA (h = 4 mm and & = 4.5 mm)
are illustrated in Fig. 6. Applying step signal to Sector II of
the DEAs while Sector I remain voltage off, Fig. 6(a) records
the displacement of the central shuttle in different voltages. The
I-DEA has a larger displacement than the Bi-DEAs when the
electric field strength is less than 70 V/um (3.5kV). At 80V/um
(4kV), the displacement of Bi-DEA has dramatically increased
to 4.35 mm (h = 4 mm) and 6.71 mm (h = 4.5 mm) from
2.89 mm (I-DEA), which is an improvement of 151% and
232%, respectively. This is because the bi-stable mechanism has
been switched from one stable state to another, which results
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* Bi-stable
mechanism

Laser sensor

Fig. 5. Experimental setup. (a) Bi-stable mechanism and Bi-DEA force mea-
surement; (b) Bi-DEA displacement measurement; (c) EA pad tangential force
measurement.

in displacement amplification. Fig. 6(b) is the displacement
in different frequencies at 80V/um (4kV). The square signal
was used to actuate Sectors I and II, resulting in the central
shuttle switching between two stable states. The displacement
amplitude decreased when the frequency increased for all three
DEAs. The Bi-DEA (h = 4 mm) has a larger displacement when
the frequency rises from 1-2 Hz. Furthermore, the Bi-DEA (h
= 4.5 mm) has the largest displacement at a lower frequency
(0-0.5 Hz). Fig. 6(c) investigates the output force of the DEAs
with the displacement increase, in which Sector II was actuated
by the step signal (80 V/um, 4kV) and no voltage for Sector I.
Three DEAs have a similar force value when the displacement
is zero due to the same configuration in the measurement (The
shuttle was fixed by the load cell. Therefore, the force at zero
displacement is determined by the voltage-induced force of
Sector II). The I-DEA shows a linear decrease in force when
the displacement increases. In contrast, the force of Bi-DEAs
has improved when the displacement is larger than Imm. The
maximum force of Bi-DEA (4 = 4 mm) is 400 mN, while the
Bi-DEA (h = 4.5 mm) is 630 mN. This comes from the bi-stable
mechanism, at which point (~1mm displacement) the central
shuttle has been pushed to the second stable state, and the force
of the mechanism is reversed.

C. Characterisation of EA-Pad

Fig. 7 illustrates the principle of the EA-Pad with a circular
interdigitated geometry. A tangential force is generated between
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Fig. 6. Characterisation of the Bi-DEA. (a) Diagram of displacement-electric
field strength (the error bar is the standard deviation of three measurements);
(b) diagram of displacement-frequency (the error bar is the standard deviation
of three measurements); (c) diagram of force-displacement.
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Fig. 8. Tangential force of EA-Pad on letter and acrylic substrate.

the pad and the substrate with voltage applied. The tangential
force of the EA-Pad was measured using the equipment shown
in Fig. 5(c). During the measurement, the motor dragged the pad
moving at a constant speed of 0.1 mm/s on the substrate. Fig. 8
shows the tangential force of the EA-Pad on letter and acrylic
substrate. The value was measured by applying a step signal
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Fig. 9. Control of the bi-stable thin soft robot. (a) Schematic of the control

system; (b) locomotion gait; (c) Sequences of controlled voltages.

voltage for the EA-Pad. It can be seen the force increased with
the voltage from O to 2.5 kV. The maximum tangential force is
490 mN on the acrylic surface and 549 mN on the letter. The
differences are caused by the friction coefficient between the
pad and acrylic (Ra 2 um) plate is smaller than that of letter (Ra
3 um).

IV. EXPERIMENT AND DEMONSTRATION

A. Gait Design

Fig. 9(a) presents the control system for the Bi-stable thin
soft robot, the MOSFETs (IRF540N) connected with a power
supply and programmed by the microcontroller (Arduino Mega
2560). It can generate a square signal sequence, further amplified
by the high voltage converter (XP-Power Q101-5) to actuate
the Bi-DEA and EA-Pads. To achieve stable crawling, a three
EA-Pad configuration is adopted. Two EA-Pads, positioned at
the front and back of the frame, are actuated simultaneously,
while the third EA-Pad is placed on the middle shuttle. This
configuration ensures stable and robust adhesion to the wall
during climbing. The motion of the Bi-DEA (controlled by V4,
and V42) is synchronized with the adhesion of the EA-pads
(controlled by Vp; 3 and Vpy). The crawling of the robot is
divided into repeated cycles, T, and each cycle consists of two
steps, which is demonstrated in Fig. 9(b) and (c). In the first
step (from 0 to 0.5 T), the voltage of the front and rear EA-Pad,
Vp1,3. increased from 0 V to V]? 9" which caused these pads
to adhere to the substrate. At the same time, the applied voltage
for the Sector II of DEA, V42, rose from 0V to Vf 9" and that
for Sector I, V41, was at O V. In this case, the shuttle and the
middle EA-Pad is pushed upward by Sector II. In the second
step (from 0.5T to T), the voltage applied to the middle pad
increased from OV to VIfI 9" \while the Vp1,3 drop to OV. This
causes the middle pad to adhere to the substrate but the front

rEsam: FEuSss FosEss Cessss FEESE

30s 60s 90s 120s 150s

Fig. 10. Locomotion results of the thin soft robot. (a) Horizontal crawling on
letter; (b) horizontal crawling and accessing a narrow gap on acrylic plate; (c)
vertical climbing on acrylic plate; (d) vertical climbing with a 10g payload on
an acrylic plate.

and rear pads to release from the substrate. With the V4; and
V42 changing to Vflg " and OV, respectively, the shuttle moved
downward and pushed the robot forward at a distance AL. To
achieve a higher crawling speed, the Bi-DEA (7 = 4 mm) has
ahigher AL x (1/T) and will be adopted in Bi-stable thin soft

robot.

B. Crawling

We demonstrated the robot’s ability to crawl on various sub-
strates, using letter and acrylic for the experiments. Fig. 10(a)
shows still images of the robot crawling horizontally on a letter
substrate over 30 seconds (see Supplemental Video S1). In this
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TABLE I
COMPARISON OF BI-DEA WITH CURRENT EXISTING DEA WITH NEGATIVE STIFFNESS MECHANISM
Dimension Strain Displacement Displacement per
Reference (length*width*height) (dlsplacle:;fe;tqﬁll))er body amplification ratio Dielectric layer material thickness?
This work 50*50*1.1 13.4% 232% VHB 4910 611%
[26] 60*12*65 9.1% 32.7% Elastosil 2030 50%
[25] ~60*60*80 4.0% 166% SNES-18602-19RT5 5.3%
[23] 70%70%25 6.4% 160% Silicone material 6.4%
[38] 30*30*15 14% - Elastosil 2030 14%
[39] 20*20*10 46% - VHB 4910 46%
Note: ! The body length is the dimension along the actuated deformation direction; > The thickness is calculated the minimum dimension among the length, width
and height.
4.0 T T T T on an acrylic substrate (Fig. 11). The vertical speeds were
35y generally lower than the horizontal speeds, particularly at higher
30 . .. . .
i frequencies. This is due to the DEA having to overcome its own
P weight during vertical climbing, which reduces the displacement
E 15t in each cycle. Additionally, we investigated the robot’s potential
@« 1.0F 1 1 1-
o ISR PR S— for confined space 1nspecj[10n. The Bi-DEA gene'rates an output
| 6 Horizontal paper —— Vertical paper force of up to 400 mN, while the EA-Pad can provide an adhesion
0 0.5 1.0 15 20 force of up to 549 mN. As demonstrated in Fig. 10(d), the robot’s
Frequency (Hz) . . . .
payload capacity was tested by successfully climbing vertically
Fig. 11.  Locomotion speeds of the bi-stable thin soft robot. on th? aCijllC supstrate while carrying a .Consmm weight of 10
g, which is five times the robot’s own weight.
Our robot
A Bis-stable thin soft robot
- (1.2mm) V. CONCLUSION
= *
B . . . .
=) 1 In this letter, we presented a bi-stable thin soft robot with
=R TS-Robot 211% i direction crawler [36] a thickness of 1.2 mm, capable of accessing a 4 mm narrow
s 1 (1.7mm) p g
g - onm) space both horizontally and vertically on various substrates. The
e . . .
3 Inchworm crawler [37] robot consists of two sections: a Bi-DEA and three EA-Pads.
2 Saddle shape robot [14] (18mm) . . .
¢ (10mm) The Bi-DEA features amplified displacement and output force
E * by employing an in-plane bi-stable mechanism in the I-DEA.
:0" 3 This enhancement increases the displacement to 6.71 mm,
E * Soft crawler [20] representing a 232% improvement over the I-DEA, while the
(2. Imm) . > maximum output force rises from 180 mN to 630 mN. In
001 0.1 addition to the enhanced displacement and force properties, the
Body Length per second (BL/S) Bi-DEA maintains alow profile (1.1 mm) and lightweight design
Robot's name [Reference number] (1.8 g), making it ideal for miniaturised thin locomotion robots.
(thickness) Table I highlights the outstanding performance of Bi-DEA
with current existing negative stiffness mechanism. The three
Fig. 12.  Performance comparison of our robots with other DEA-based robots

with EA-Pad anchoring element. (The speed data for the saddle-shaped robot
was calculated based on its crawling demonstration in a confined space with a
height of 10 mm, the speed data for the inchworm crawler was calculated based
on its crawling demonstration in a confined space with a height of 18 mm).

scenario, the robot achieved a maximum speed of 3.33 mm/s
(0.07 body length per second and 2.78 body thickness per
second) at a frequency of 1 Hz. As illustrated in Fig. 11, the
crawling speed increased with frequency from 0.1 Hz to 1 Hz
and slightly decreased at 2 Hz. This trend is consistent with
the performance of the Bi-DEA shown in Fig. 6(b). Fig. 10(b)
demonstrates the robot successfully navigating a 4 mm narrow
gap on the acrylic substrate (see Supplemental Video S2).

C. Vertical Crawling

We further evaluated the robot’s vertical climbing perfor-
mance (see Supplemental Video S3). As shown in Fig. 10(c), the
robot achieved a maximum vertical climbing speed of 2.38 mm/s

EA-Pads, which serve as adhesive feet, are integrated with the
Bi-DEA. The electrodes of the EA-Pads are directly printed onto
a0.025 mm polyimide sheet, resulting in a total thickness of just
0.028 mm. The tangential force between the pad and substrate
reaches 549 mN on letter and 490 mN on acrylic. Thanks to
these advantages, we demonstrated the superior performance
of the bi-stable thin soft robot compared to the state-of-the-art
DEA-based soft robots using EA-Pads [36], [37] as anchoring
elements for narrow space access and locomotion (Fig. 12).
The robot achieved a maximum speed of 3.33 mm/s, which
corresponds to 0.07 body length per second and 2.78 body
thickness per second, highlighting its potential for applications
in narrow space access and inspection.
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