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Leveraging Monostable and Bistable Pre-Curved Bilayer
Actuators for High-Performance Multitask Soft Robots

Yinding Chi, Yichao Tang, Haijun Liu, and Jie Yin*

Soft actuators are typically designed to be inherently stress-free and

stable. Relaxing such a design constraint allows exploration of harnessing
mechanical prestress and elastic instability to achieve potential high-
performance soft robots. Here, the strategy of prestrain relaxation is
leveraged to design pre-curved soft actuators in 2D and 3D with tunable
monostability and bistability that can be implemented for multifunctional
soft robotics. By bonding stress-free active layer with embedded pneumatic
channels to a uniaxially or biaxially pre-stretched elastomeric strip or disk,
pre-curved 2D beam-like bending actuators and 3D doming actuators are
generated after prestrain release, respectively. Such pre-curved soft actuators
exhibit tunable monostable and bistable behavior under actuation by simply
manipulating the prestrain and the biased bilayer thickness ratio. Their

between the bilayer to bend or twist the
soft body. Such a bilayer soft actuator has
been widely used in the design of micro-
robots,®l artificial muscle, bio-mimic
robots,® and medical rehabilitation.[®!
However, most of these soft bilayer
actuators employ an initial stress-free and
planar configuration, which is inherently
designed to be stable. Thus, it precludes
the potential instability or bistability
that often requires a pre-curved shape
to switch between two stable states. Very
recently, bistability has been harnessed
in soft robots for untethered directional
propulsion,”! autonomous control of air-

implications in multifunctional soft robotics are demonstrated in achieving
high performance in manipulation and locomotion, including energy-efficient
soft gripper to holding objects through prestress, fast-speed larva-like
jumping soft crawler with average locomotion speed of 0.65 body-length s
(51.4 mm s7'), and fast swimming bistable jellyfish-like soft robot with an

average speed of 53.3 mm s

1. Introduction

Soft robot made of entirely soft materials has recently attracted
increasing research interest due to its potentially infinite degree
of freedom, high compatibility, super adaptivity, and safe inter-
action with environments.l! The robotic functions in locomo-
tion and manipulation are achieved by continuously deforming
its soft body through extension/contraction, bending, and
torsion under actuation. Among them, a bilayer structural
design composed of one active layer and one passive strain-
limiting layer is often employed to construct its soft body due
to its simplicity in both deformation control and fabrication.!
Under actuation, a mechanical strain mismatch will develop
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flow in soft bistable valves,® soft fluidic
actuators with amplified responses,” and
cheetah-like galloping soft robots,® dem-
onstrating its power in enhancing diverse
high-performance functionalities in soft
robots.

Here, we utilize the strategy of pre-
stretching-induced mismatch strain in a
homogeneous bilayer system to generate
pre-stressed and pre-curved soft bilayer actuators in 2D and 3D.
The soft actuator takes the form of both a 2D bent beam-like
shape and a 3D dome shape. Such a prestrain release strategy
has been widely used in designing stretchable electronics!*!l and
self-assembly of 3D structures from 2D sheets and stripes at
all scales through buckling.'?l Very recently, it has been applied
to fabricate 3D elastomeric structures™ and bio-inspired fast-
response soft machines from 2D pre-strained bi-strips.'
However, most of these fabricated 3D structures are stable,
exhibiting monotonic bending behavior under actuation. Our
recent study of LEAP soft robots demonstrated leveraging the
strategy of tunable monostable and bistable mechanism for
high-speed locomotion and high-strength manipulation.l! It
features a hybrid design of integrating a rigid bistable spine
with 2D soft bending actuators. However, how to extend a sim-
ilar strategy to design high-performance entirely soft robotics
without a rigid bistable spine remains largely unexplored. In
this work, by replacing the bistable spine with a pre-stretched
spineless soft bilayer system, we show that the stability of
entirely soft pre-curved 2D and 3D actuators can be tuned from
monostable to bistable by simply manipulating the bilayer thick-
ness ratio and prestrain. As the actuation input increases, the
pre-curved actuators are demonstrated to either bend further
to increase their bending curvature or flip their bending direc-
tions to generate a negative bending curvature. Last, we demon-
strate utilizing monostable and bistable bilayer actuators for
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designing a variety of high-performance soft robots, including
an energy-efficient pre-stressed soft gripper, a fast-moving pre-
curved soft crawler, and a fast-speed bistable jelly-fish-like soft
swimmer.

2. Results and Discussions

2.1. Design of 2D and 3D Pre-Curved Soft Bilayer Actuators

Figure 1a,b shows the schematics of fabricating two representa-
tive pre-curved bilayer actuators in 2D and 3D through the
prestrain release strategy, respectively. A beam-like elastomeric
strip (denoted in green color) with length of L, (Figure 1la (i))
is first uniaxially pre-stretched to length L = (1 + g,.) L, with
&y, being the prestrain, followed by bonding a stress-free layer
with embedded zig-zag pneumatic channels on the top with the
same length of L (denoted in blue color, Figure 1a (ii); Figure
Sla, Supporting Information; see Experimental Section for more
details). Both layers are made of the same elastomeric materials
(Ecoflex 00-50, Smooth-on Inc.) to form a homogeneous bilayer
structure. After releasing the prestrain in the pre-stretched
bottom layer, it bends downward and forms a pre-stressed con-
cave arc-shaped soft bending actuator (Figure la (iii)). Simi-
larly, by bonding a stress-free pneumatic layer on top of an
equi-biaxially pre-stretched circular elastomeric plate along the
radial direction (Figure 1b (i,ii)), it generates a pre-stressed con-
cave dome-shaped soft bending actuator in 3D upon prestrain
release (Figure 1b (iii)), where a patterned spiral pneumatic
channel is employed for isometric doming deformation under
pressurization®d (Figure S1b, Supporting Information).

Upon inflating the pre-curved soft actuators, they can demon-
strate distinct bending behavior by manipulating the thickness
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ratio of the pre-stretched bottom layer h;, underneath the
channel and the initial stress-free top layer h; above the channel
(Figure 1a (iv-v),b(iv-v)). For both 2D beam-like and 3D dome-
like soft bending actuators, when h, > h,, ie., actuators with a
relatively thick pre-stretched layer, they can further bend down-
ward with an increased positive bending curvature (Figure la
(iv),b(iv)). In contrast, when h;, < h,, i.e., actuators with a relatively
thin pre-stretched layer, their bending directions can flip to bend
upward with a negative bending curvature (Figure 1a (v),b(v)),
demonstrating potential tunable monostability and bistability as
discussed later. To simplify the comparison of different bilayer
thickness ratios in 2D and 3D soft actuators, the channel height
h. and their total thickness h = h;, + h, + h;, are kept the same.
Without loss of generality, simply switching the value of h; and
hy, in the system renders two counterparts for comparison: one
has a thicker pre-stretched layer with hy/h, = r > 1 and the other
has a thinner pre-stretched layer with hy/h, = 1/r < 1. In the
following, we will discuss how the thickness ratio and prestrain
affect their pre-curved shapes before actuation and their tun-
able monostable/bistable bending behavior in both 2D and 3D
bending actuators upon actuation, respectively.

2.2. 2D Arched Soft Bending Actuators
2.2.1. Pre-Curved Shapes After Uniaxial Prestrain Release

Figure 2a shows the comparison of the bent shapes between
homogenous soft bending actuators with a thicker pre-stretched
layer on the bottom (hy/h, = 10/3 > 1 with h, = 5 mm and h, =
1.5 mm, left) and their counterparts by switching their top
and bottom layer thickness (h;/h, = 3/10 < 1 with h, =1. 5 mm
and h; = 5 mm, right) after the release of different prestrains

i
prestrain release

iv

inflation

h<ht

-’

3D doming actuator
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Figure 1. a,b) Schematic illustration of fabricating pre-curved 2D (a) and 3D soft bilayer actuators (b) through prestrain-release strategy. A strip or
circular disk is first uni-axially or equi-biaxially pre-stretched (i), then bonding to a stress-free pneumatic channel layer on the top (ii). Release of the
prestrain leads to pre-curved 2D beam-like bending actuator and 3D doming actuators (iii). Upon inflation in the air channel, it can either further
bend or dome for actuators with a thicker pre-stretched layer (iv), or flip to the opposite direction for actuators with a thinner pre-stretched layer (v).

Adv. Mater. Technol. 2020, 5, 2000370 2000370 (2 of 12) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

(a)

hy =5 mm >h,= 1.5 mm FEA

=TI

hy =1.5mm < h,=5mm FEA

£5re=40%

pre’

£,,:=60%

www.advmattechnol.de

(b)

ht
T
hy, g
1+ Epre) Lo — prestrain

release

T T T T
—  hy/h,=10/3 Theory
= h,/h;=3/10 Theory -

= h,/h =10/3 FEA Simulation — - 4

300 -

— - h,/h,=3/10 FEA Simulation -
° * hy/h=10/3 Experiments _~
) « h,/h =3/10 Experiments " =
S 200 z
o < ]
£ 7"
kS) -
5 ‘ -
o e -
100 ,° = - g
< .. -
- x
57
0 1 1 1 1 1
0 20 40 60 80 100
€pre (%)

Figure 2. a) Comparison of pre-curved 2D soft bilayer bending actuators and their counterparts with stress-free top layer thickness (h,) and pre-
stretched bottom layer thickness (h,) switched after different prestrain &,,, release. Corresponding FEA simulation results of Mises stress contour are
shown to the right. b) Schematic of bending of bilayer strip with pneumatic channels after prestrain release. ¢) Comparison of bending angle versus
prestrain &, between experiments, theory, and FEA for 2D bending actuators with different bilayer thickness ratio hy/h, (scale bar: 10 mm)

€y, where h; = 5 mm and h = 11.5 mm are kept the same
(Figure 2b). It shows that after the prestrain release, both cases
of actuators bend toward the pre-strained bottom layer and their
bending angles 6 (defined in Figure 2b) and bending curvatures
increase with &,,. The corresponding experimental data on 6
Versus &, are shown in Figure 2c. It shows that € increases
monotonically and nonlinearly with g,,, which is consistent
with previous studies on the bistrip soft actuators.l3 At the
same applied &, the actuators with a thicker pre-stretched
layer exhibit a larger bending angle than their counterparts due
to their lower bending stiffness resistance of thin top layer. The
disparity of @ between two counterparts increases dramatically
with &,,, (Figure 2c), showing a dominant role of the bilayer
thickness ratio h,/h, in manipulating the shape of pre-curved
2D bending actuators. Specifically, at &, = 40%, the actuator
with a thicker pre-stretched layer bends into a half-circle with
6 = 180°, which approximately doubles the bending angle of its
counterpart. As &, further increases, it can even bend beyond
180° tending to be closed. As shown in Figure 2a,c, the corre-
sponding finite element analysis (FEA) simulation results (see
Experimental Section for details) on bending of both types of
actuators show an excellent agreement with the experiments.

The bending angle 6 in both cases of prestrained actuators
as a function of prestrain can be well predicted by the clas-
sical bistrip bending model under mismatch strain,[™ which
gives:

_180°L 6(1+m)’ Epre
T h [3(1+m)2 +(1+mn)(m’ +1/mn)] (1+€,)

(1)

where m = (h, + h;)/h, and n = E/E, are the thickness ratio
and Young’s modulus ratio of the stress-free top layer and pre-
stretched bottom layer, respectively. The stress-free top layer
includes both the channeled layer and the layer on top of the
channel. &, /(1+ &,,) is the mismatched strain between the two
layers. L is the length of the stress-free top layer, i.e., the length

Adv. Mater. Technol. 2020, 5, 2000370

2000370 (3 of 12)

of the actuator. We assume that L does not change after the
prestrain release. Considering the small size of the channels,
the effect of the channeled structure on the bending stiffness
of the actuator can be neglected in the above model. Thus, we
have n=1in Equation (1) and assume a simplified linear elastic
model of the elastomer without considering materials nonlin-
earity. Equation (1) shows that the bilayer bending actuator will
always take an initial pre-bended shape with nonzero 6 when
&y, # 0, i.e., the only scenario for a straight configuration is that
there is no mismatch strain with g,, = 0. Figure 2c shows that
the simplified model agrees well with both experiments and
FEA simulation results for both cases of pre-stressed actuators,
which validate the model.

2.2.2. Bending Behavior Under Actuation

Upon inflating the air channel, Figure 3a,b shows that the two
pre-curved actuators with switched bilayer thickness exhibit
opposite bending directions. For the actuator with a thicker
bottom pre-stretched layer, i.e., h, > h,, as the air pressure
p increases from 0 to 30 kPa, it bends downward (positive
bending angle 6) further due to the expansion of the thinner
top layer, and forms a closed ring shape (Figure 3a). In con-
trast, for its counterpart with switched top and bottom layer
thickness (h, < h)), it bends upward to be away from its center
due to the expansion of the thinner bottom pre-stretched layer,
and forms a half-circular shape at p = 30 kPa with its bending
direction flipped (negative 8; Figure 3b). This is in sharp con-
trast to the actuated monotonic bending of pre-strained soft
actuators without changing their bending directions reported
in previous studies.’® The switch from monotonic posi-
tive bending to flip to negative curvature with the increase
of p are well captured by the corresponding FEA simulations
(Figure 3a,b, right).

Figure 3c,d shows the measured bending angles 6 as a func-
tion of p for both pre-curved actuators with different prestrains
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Figure 3. a,b) Comparison of actuated bending of pre-curved 2D soft bilayer actuator (h, =5 mm and h, =1.5 mm) and its counterparts (h, =1.5 mm
and h, = 5 mm) with prestrain &,, = 20% under pneumatic pressure p = 30 kPa. Scale bar: 10 mm. Corresponding FEA simulation results on the
deformed shapes at different pressure are shown to the right. ¢,d) Measured actuated bending angle versus pneumatic pressure at different prestrain in
experiments for actuators with h, =5 mm and h,=1.5 mm (c) and their counterparts with h, =1.5 mm and h, =5 mm (d), respectively. €) Comparison
between the simplified analytical model and experiments on bending angle change versus pneumatic pressure for actuators with different thickness

ratio and prestrain.

£y, which exhibit a highly nonlinear correlation. For actuators
with hy, > h,, 6 remains positive and increases monotonically
with p to close the actuators, where 6 increases slightly with p
under lower actuation pressure (0 < p < 20 kPa), followed by a
steep rise when p is beyond 20 kPa. A similar trend is found in
their counterparts with h, < h;, where 6 decreases monotoni-
cally with p from a positive to a negative value with the bending
direction flipped. Corresponding FEA simulations (Figure S2,
Supporting Information) on the actuated bending angles of
both types of actuators under pneumatic pressure are consistent
with the experiments. Moreover, when plotting different curves
of 6-p to the bending angle change A6 = |0 — 6,| with respect to
its original bending angle 6, before actuation, all the curves of
A6-p for actuators with different &, are close to each other and
collapse onto similar nonlinear curves (Figure 3e). To better
understand the nonlinear relationship between the input pres-
sure p and corresponding A@ in the experiment, a simplified
analytical model is developed based on the Euler-Bernoulli
beam theory by assuming linear elastic materials response,!'®
which gives (Supporting Information):

A8=cp’+c,p 2

where ¢; and ¢, are two constants determined by both the
materials properties and geometry of the bending actuators.
Figure 3e shows that the theoretical curve of Equation (2) cap-
tures the nonlinear monotonic increasing trend of A9 with p,
which is consistent with the experimental data. The observed
discrepancy is due to both the assumed linear elastic mate-
rials model by neglecting the hyperelasticity in the elasto-
meric materials and simplified air channels by neglecting the
complicated geometry of the zig-zag air channels in the sim-
plified model.
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2.2.3. Effect of Bilayer Thickness Ratio on Actuated Bending
Behavior

To further explore the effect of different thickness ratios of hy/h,
on the distinct actuated bending behavior, we conduct a para-
metric FEA study on the deformation of the arched bending
actuators by tuning the value of hy/h, from below to above 1,
where &,,, = 20% and pneumatic pressure p = 40 kPa are kept
the same. Specially, we choose three cases with their thick-
ness ratio close to 1 for comparison, i.e., hy/h, = 6/7 (=0.86) < 1,
hy/hy =1, and hy/h, =76 (= 1.17) > 1.

Figure 4 shows the bending angle change A0 =6, _ 301.p, — 6]
at p = 30 kPa for actuators with different hy/h,. For hy/h, =1, i.e.,
the top and bottom layers have the same thickness, its bending
angle barely changes (A@ = 0°) under actuation due to the
deformation symmetry with the same bending stiffness of
the top and bottom layer. Figure 4ii shows that as p increases,
the arched actuator undergoes global inflation even at a higher
pressure of 40 kPa without bending up or down further. How-
ever, when the deformation symmetry is broken by setting a
slightly biased top and bottom layer thickness, the actuator
starts to either unbend for h,/h, = 6/7 (Figure 4i) or bend further
for hy/h, = 7/6 (Figure 4iii), showing a nonzero bending angle
change of A@ = 10° and A = 60°, respectively. Meanwhile, both
actuators exhibit prominent longitudinal extension accompanied
by bending. When hy/h, is further away from 1 (e.g., hy/h, = 3/10
and 10/3), both actuators exhibit a large value of bending angle
change over 150°. The results demonstrate that the thickness
ratio of hy/h, = 1 defines a critical value to guide the distinct
bending behavior under actuation. As actuation input increases,
a pre-strained actuator with hy/h, < 1 prefers to unbend and flip
to the opposite bending direction, while a pre-strained actuator
with hy/h, > 1 tends to bend further with increased curvature.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Bending angle change for actuators with different bilayer thickness ratios h,/h; under p = 30 kPa. The corresponding FEA simulated deformed
shapes under intermediate pressure values are shown in (i) for actuators with h,/h;, = 6/7, in (ii) for actuators with h,/h, =1, and in (iii) for actuators

with hy/h, =7/6.

2.3. 3D Pre-Curved Soft Doming Actuators
2.3.1. Bifurcated Shape Change After Biaxial Prestrain Release

Similar to the bistrip-based 2D bending actuators, a 3D doming
actuator can be generated upon the release of equi-biaxially pre-
strained circular plate (Figure 1b). Figure 5a,b shows the com-
parison between two cases of doming actuators with switched
top stress-free layer (h, = 1.5 mm) and bottom pre-stretched
layer thickness (h;, = 3.5 mm) at different prestrains ¢,,, where
the channel height h, and original diameter of the circular
plate D are kept the same with h, = 1 mm and D = 60 mm.
Both actuators exhibit similar shape transitions from a dome-
like to warping shape with the increase of &, where isometric
rotational symmetry in a dome is broken due to curvature
induced buckling bifurcation. When ¢g,, is relatively small
(e-g-, & = 10%, 20%), both actuators form a dome shape with
uniform curvature as shown in Figure 5a (i-ii),b(i-ii). How-
ever, when &,,, is beyond a critical strain (=30%), the dome
shape becomes unstable and bifurcates to a warping shape
(e.g, &y = 40%) as shown in Figure 5a (iii),b(iii), which is con-
sistent with the corresponding FEA simulation results (right
of Figure 5a,b). Correspondingly, the doming angle 6, defined
in the inset of Figure 5c increases monotonically with &,
Figure 5c shows that the actuator with a thicker pre-stretched
layer (b, = 3.5 mm > h, = 1.5 mm) exhibit both a larger
doming angle and higher doming height than its counterpart
(hy = 1.5 mm < h, = 3.5 mm), which are well reproduced by cor-
responding FEA simulations.
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The bifurcation from a doming to warping shape can be
explained from the curvature induced buckling instabilities
of plates. It is known that flat plates of radius R bifurcate at
a critical doming angle of 8y, = (180° D/n) (ah/R?) with
a=+10+7+2 7 where D is thgu diameter of the circular plate.
For the studied bilayer plate, 6y, is theoretically predicted
to be 6y, = 102.2°. For actuators with small prestrain (e.g.,
€y, = 10%, 20%), their doming angles are below 6y, (dashed
line in Figure 5c¢). Thus, a rotationally symmetric dome shape
is observed in both experiments and simulations, which is
consistent with the theoretical prediction. However, as the
prestrain further increases, their curvature and doming angle
also increase. Theoretically, when the doming angle is beyond
Byifir» the bilayer cap cannot maintain a symmetric dome shape
with higher strain energy and bifurcates to a warping shape to
release the energy. This is consistent with the observed warping
shapes of actuators with ¢, = 40% in both experiments and
simulations, where their doming angles are much larger than
Byifir (dashed line in Figure 5c).

2.3.2. Tunable Monostable and Bistable Bending Behavior

Upon pressurized actuation, Figure 6a,b shows that the two
doming actuators exhibit distinct bending behavior. As the
air pressure increases from 0 to 30 kPa, the doming actuator
with a thicker pre-stretched bottom layer (h, = 3.5 mm > h, =
1.5 mm) continues to bend downward due to the expansion of
air channel in the top layer (Figure 6a). Figure 6¢ shows that

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a,b) Comparison of pre-curved 3D soft doming actuators with h, = 3.5 mm and h, = 1.5 mm (a) and their counterparts with h, =1.5 mm and
hy=3.5 mm (b) after the release of different prestrains ¢,,. Scale bar: 10 mm. Corresponding FEA simulation results on the deformed shapes are shown
to the right. c) Comparison of doming angle 6, versus prestrain &,,, between experiments and FEA for 3D doming actuators and their counterparts with
different bilayer thickness ratio h,/h,. Dashed line represents the theoretically predicted bifurcation doming angle 6,3,,.

the doming angle 6, increases monotonically with the pres-
sure for actuators with different ¢,,, which is consistent with
the corresponding FEA simulation (Figure S3a, Supporting
Information; Figure 3c). When the pressure is beyond 25 kPa,
localized distortion occurs on the top. On contrary, for its
counterpart with switched bilayer thickness (h, = 1.5 mm <
h,= 3.5 mm), as the pressure increases, it transits from an ini-
tial warping shape to a symmetric doming shape, then bends
upward and flips its doming direction with further increase
of pressure. Consequently, 6, decreases monotonically and
becomes negative when it bends upward (Figure 6d). Similar
trend of decreasing 6; from positive to negative value with
pressure is captured by the FEA simulations (Figure S3b,d,
Supporting Information).
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Interestingly, unlike the continuous decrease of 6; with
pressure, the actuator with a relatively large prestrain (e.g.,
&y = 40%) exhibits a sharp drop of §; from 75° to -125° as
the pressure is increased beyond a threshold value of 15 kPa
(Figure 6d). It corresponds to a snap-through bistability as illus-
trated in the schematic energy profile (Figure 6e). The planar
configuration (unbent) represents an unstable state with the
local maximum strain energy (State II in Figure 6e), which is
equal to the stretching energy in the pre-stretched layer, and two
configurations, doming-up with positive doming angle (State I
in Figure 6e) and doming-down with negative doming angle
(State III in Figure 6e), represent two stable states with local
minimum strain energy after pre-stretching energy release. We
further confirm the snap-through bistability by monitoring the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a,b) Comparison of actuated bending of pre-curved 3D soft doming actuator (h,=3.5 mm and h,=1.5 mm) and its counterparts (h,=1.5 mm
and h;, = 3.5 mm) with respective prestrain &,, = 20% and &,, = 40% under pneumatic pressure. Scale bar: 20 mm. c,d) Measured actuated doming
angle versus pneumatic pressure at different prestrain in experiments for actuators with h, = 3.5 mm and h, = 1.5 mm (c) and their counterparts with
h, =1.5 mm and h, = 3.5 mm (d), respectively. Dashed line in (d) represents the theoretically predicted doming angle 6, for the occurrence of snap-
through bistability. ) Schematic energy profile as a function of doming angle for the bistable pre-curved doming actuator with &, =40%. The snapshots
show the shape changes under actuation with recorded pressure change at representative states of I, |1, and Ill.

pressure change using a manometer (Omega Engineering, Inc)
under actuation (slow motion in Video S1, Supporting Infor-
mation). To capture the transient snap-through process, the
doming actuators are quasi-statically pumped and pressurized
with a slow airflow rate of 0.5 L min~!. We observe that when
the actuator bypasses the unstable state, it quickly snaps to the
flipped state and the response time for the transient snapping-
through process takes about 0.5 + 0.1 s. Meanwhile, there is a
slight pressure drop from 20.5 kPa (State II) to 18.7 kPa (State
III) due to the release of strain energy during the snapping-
through process (Video S2, Supporting Information). In
contrast, no pressure drop is observed for other flipping soft
actuators with small prestrain when bypassing the straight
configuration.

Similarly, the observed actuated snap-through bistability
can be understood throuzgh the curvature-induced buckling
of shells.'®l We consider the doming actuators as a family of
circular thin shells with fixed thickness h and R but with dif-
ferent doming angle 6,. The pressurized process is simplified
as a pure curvature changing without any global inflation. The
actuated deformation can be decomposed into bulk deforma-
tion within the center area and bending deformation in the
boundary. The competition between the center and boundary
layer determines the instability. Since the width of the
boundary scales with Rk, actuators with larger bending radius
R (i.e., smaller prestrain) possess a wider boundary region com-
pared to ones with smaller radius (i.e., larger prestrain). Thus,
for shells with larger R, bending deformation of the wider
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boundary dominates the deformation of the shell and reverses
its deformation smoothly as actuation increases. There exists
a critical dimensionless critical doming angle 6,= 2.09 so that
shells with 6, <8, do not snap,® where 6, =6, /2\/h/_R . For the
studied doming actuator, we have the theoretically predicted
critical doming angle of 6; = 100.1° for snap-through bistability
(Supporting Information). For actuators with small prestrain,
e.g., & = 10% and 20%, we have 6; < 6, (Figure 6d), thus,
smooth flipping without snap-through is observed. However,
for actuator with large prestrain, e.g., &, = 40%, 6 is larger
than 6, and the snap-through bistability occurs as observed in
the experiment.

2.4. Multifunctional Robotic Applications
2.4.1. Energy-Efficient Soft Gripper

By utilizing the flipping feature of 2D arched bending actua-
tors with a thinner bottom pre-stretched layer (b, < h) in
Figure 3b, we design an energy-efficient soft gripper that is
composed of four identical prestrained 2D arched actuators
with h, = 1.5 mm and h, = h, = 5 mm as “fingers” (Figure 7a).
A prestrain of g,, = 100% is set in terms of Equation (1) to
generate a bending angle of 180° for each actuator after pre-
strain release, thus, the gripper forms an initial closed “finger”
configuration before actuation (Figure 7b (i)) for potentially
holding an object through prestress without actuation inputs.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

Rigid holder

(@)

Pre-curved
2D actuator

Inflation
—_

h
Deflation

www.advmattechnol.de

Figure 7. a) Schematic of pre-curved soft gripper composed of four identical 2D bilayer bending actuators with a thinner pre-stretched layer. b) Initial
“fingers” closed state without pressurization for holding certain weight (i) and pressurized for flipping bending direction to open the “fingers” for
potential grasping and releasing (ii). c—e) demonstration of grasping a plastic cup filled with a weight of objects of 240 g (c), an apple (d), and a plastic

cup from inside (e). Scale bar: 10 mm.

We used two air pumps to control the inflation and deflation
of respective front/back and left/right “fingers” separately,
which provides us more independent control on the bending
deformation of each “finger.” Upon pneumatic pressuriza-
tion, the bending actuators flip and bend outward to open the
gripper for grasping objects (Figure 7b (ii)). We demonstrate in
Figure 7c—e and Video S3, Supporting Information, that the soft
gripper can grasp and lift a plastic cup filled with a weight of
up to 240 g (Figure 7c), which is three times the self-weight of
the soft gripper, as well as grasp an apple with a regular curved
shape (Figure 7d). Furthermore, we demonstrate that it can also
grasp the plastic cup from inside by constraining the bending
deformation of actuators inside the cup for holding through
inner wall friction (Figure 7e). The slight difference in actuated
bending angles of front/back “fingers” and front/back “fingers”
is due to the different flow rates in the two air pumps. Note
that the pre-bent “finger” shapes of our proposed grippers are
contrary to the conventional design of soft grippers with initial
straight tubular “finger”™ before actuation. Upon actuation
input, conventional grippers bend their “fingers” and hold the
object for transporting to target locations, where the grippers
need to be actuated persistently during transportation and cost
energy. By contrast, our proposed pre-curved soft gripper only
consumes certain energy to open the initially closed “fingers”
to grasp the targeted objects. During transportation, it can hold
the object by utilizing the prestress at resting states without
consuming energy (under non-actuated states) or reducing the
energy consumption with less actuation input.

2.4.2. Fast Crawling Soft Robot

Inspired by the fast jumping locomotion of fruit-fly larva through
curling its soft body to store and release energy,?" we demon-
strated a fast crawling soft robot based on monotonic bending
of 2D pre-curved bistrip actuators (Figure 8a). To break the sym-
metric deformation and store energy for fast propelling during
locomotion, we added an extra weight in the head of the crawler
with a steel rod (Figure 8a (i), as well as introduced a height
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gradient to the embedded air channels, where the channel
height increases linearly from the head to the rear with lower
end h; = 3.5 mm and higher end h,, = 4.5 mm. Consequently,
the gradient air channels lead to a compromised thickness gra-
dient in the stress-free top layer to achieve a uniform total layer
thickness of 7 mm on top of the pre-stretched layer. To ensure a
monotonic bending as discussed before, the thickest layer thick-
ness in the stress-free top layer (hy,) is set to be thinner than
the pre-stretched layer on the bottom, i.e., hy, = 2.5 mm < h;, =
3.5 mm. The pre-stretched layer is set to be wider than the top
layer to help keep the balance during locomotion.

Figure 8b shows the locomotion mechanism for the soft
crawler with &,, = 20% with snapshots from its slow-motion
video (Video S4, Supporting Information) on a sandpaper
(800 girds) with a relatively high roughness. After the prestrain
release, the arched soft crawler exhibits a nearly symmetric
bent configuration with line contact in both the front and
rear (Figure 8b (i)). Upon inflation, its rear undergoes a larger
bending rotation than the front due to its higher channel height
induced larger expansion. Thus, the soft body deforms into an
asymmetric arch shape (Figure 8b (ii)), where the body length
is shortened after bending and the original line contact tran-
sits to surface contact. As the pneumatic pressure increases,
its rear further curls like a spring to store more strain energy
with the help of its heavier head induced larger static friction
force in the front. Upon deflation by decreasing air pressure,
the elastic strain energy stored in the spring-like rear is quickly
released and the curled soft body recovers to its original shape.
The energy release generates a large instantaneous thrust force
to lift off the head from the ground to extend its stride length
(Figure 8b (iii)), thus the soft crawler locomotes forward during
a cycle of pneumatic pressurization and depressurization
(Figure 8b (iv)). During locomotion, since a larger static fric-
tion force can help holding the rear part to facilitate the energy
storage by curling the soft body, thus, we expect that a relatively
rough surface will enhance the locomotion distance in one
cycle to further speed up the crawler.

Next, we explore the effect of the prestrain on the locomotion
speed of the soft crawler on the same flat sandpaper surface
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Figure 8. a) Schematic of design of fast pre-curved soft crawler based on pre-stressed bilayer actuator with gradient channel height and added extra
weight in the front. b) Slow motion shows the crawling process by curling its rear to store energy and lift off its head through energy release. c¢) Com-

parison of the average locomotion speed between pre-curved crawlers with different prestrains &,,, =10%, 20%, and 40% under the same pressure of
30 kPa and actuation frequency of 1 Hz. d) Comparison of the average locomotion speed between our crawler and other reports of soft crawlers (solid
circular symbols) and different species of fast locomoting caterpillars (solid square symbols) in terms of actuation frequency. Inset shows the velocity

of our crawlers at different prestrains.

(800 grids). A group of 4 crawlers are compared with identical
gradient channel size and layer thickness but with different
pre-stretched strain of g,, = 0% (no pre-stretch), g,, = 10%,
€y = 20%, and &, = 40%, respectively, as shown in Figure 8c
and Video S5, Supporting Information. The actuation pressure
of 30 kPa and actuation frequency of 1 Hz are kept the same.
For the crawler with g,, = 0%, it takes an initial straight body
shape. Upon actuation, it can barely move due to the large fric-
tion and the gravity to resist bending up. Further increase of
pressure induces the global inflation of its soft body. In con-
trast, all pre-curved crawlers are able to move under actuation
as shown in Figure 8c. Among the three crawlers, the crawler
with €, = 20% achieves the highest average locomotion speed
of 51.4 mm s7! or 0.65 body length s (BL/s), which is 2.2 times
the speed of the crawler with g, = 10% and 1.6 times the speed
of the crawler with &,,, = 40% (inset of Figure 8d).

The locomotion speed is determined by the initial pre-curved
shapes upon release of different prestrain and the actuated
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shape change. The curvature of the arched crawler increases
with Epre i.e., as &, increase, its body length decreases while its
height increases. Thus, under the same pneumatic pressuriza-
tion, the crawler with smaller curvature can store more strain
energy through curling its rear body, which produces a higher
propelling force after energy release for a potential faster speed.
However, its higher force is compromised by its relatively
shorter body length, which consequently extends a smaller
stride length after energy release to lower its locomotion speed.
Such a compromise between larger energy release and shorter
body length explains the highest speed observed in the crawler
with an intermediate strain of &,,, = 20%.

We further compared the fast speed of the soft arched
crawler with the locomotion speed of a few representative soft
robots?#>0:21 and different species of fast locomoting caterpil-
larsi?? by categorizing them in the chart of body length speed
versus actuation frequency in Figure 8d. These soft crawlers
show a slow average speed in the range of 0.02-0.24 BL s!
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Despite different actuation mechanisms and soft materials
employed in previous reported soft crawlers, including pneu-
matic pressurization, light, electrical and magnetic field, and
humidity, our pre-strained crawler demonstrated an outper-
forming higher average speed of 0. 65 BL s, which is 2.7
times faster than the ratcheted actuator-based superior-velocity
soft Hygrobot actuated by environmental humidity.”"" Such a
speed is even faster than the fastest locomoting caterpillar C.
verbasci but with only half of its frequency of 1 Hz.

2.4.3. Fast Swimming Bistable Jellyfish-Like Soft Robot

Inspired by the doming configuration during the under-
water swimming of jellyfish, we designed a fast swimming
bistable soft robot by utilizing the snap-through bistability of
3D doming bilayer actuator. Figure 9a shows the schematic
design of the soft swimmer by attaching swimming paddles to
the bistable 3D doming actuator with g,, = 40% in Figure 5b
to amplify the thrust force. The layer thickness is set to be
the same as that in Figure 5b with a thinner pre-stretched
layer (h, = 1.5 mm < h, = 3.5 mm). After the pre-strain
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release, the bilayer plate bends rightward, forming a shallow
dome Dbefore actuation (Figure 9b). Upon pressurization, it
snaps through to the left side, forming a deep dome shape
to push the enclosed water and propel itself forward. Under
pneumatic pressure of 30 kPa and frequency of 0.67 Hz, the
bistable soft robot can achieve an average linear speed of 53.
3 mm s! (Figure 9¢), which is 1.4 times faster than its stable
counterpart without prestrain (i.e., the initial configuration is
a planar bilayer plate; Figure 9d; Video S6, Supporting Infor-
mation), demonstrating the benefit of bistability in enhancing
the swimming speed.

We further compared the speed of the bistable swimmer
with different species of natural jellyfish?*l and other reported
jellyfish-inspired soft robotic swimmers.?44 It shows that our
bistable soft swimmer is twice faster than the natural jellyfish
Mitrocoma cellylaria with similar frequency.l?®! For soft robotic
swimmers, their dome-like structures are inherently designed
to be stable and their speed is approximately proportional to
the actuation frequency.?4?4 At a frequency of 5.2 Hz, previous
studies report a fast speed of 53 mm s7! in the biomimetic
robotic jellyfish actuated by high-energy-density shape memory
alloy composite actuators.**dl In contrast, the proposed bistable
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Figure 9. a) Schematic of design of fast jelly-fish-like soft swimmer based on bistable pre-strained bilayer doming actuators. b) Bistable switch of soft
swimmer under pressurization by flipping its doming direction. ¢) Comparison of locomotion between bistable soft swimmer and its stable counterpart
without prestrain. d) Comparison of the average swimming velocity between our bistable swimmer and natural jelly fish (solid square symbols) and
other reports of jelly-fish-like soft swimmer in terms of frequency (solid circular symbols). Inset shows the average velocity of our bistable swimmer
and its stable counterpart without prestrain. (scale bar in all figures: 20 mm)
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swimmer can achieve a comparable speed at a much lower
actuation frequency of 0.67 Hz despite its constituent lower
energy density elastomeric materials.

3. Conclusion

In summary, we present a simple strategy of leveraging
mechanical pre-stretch relaxation in generating pre-curved 2D
bilayer bending and 3D doming actuators for designing mul-
titask high-performance soft robots. By switching the biased
thickness between the pre-stretched layer and strain-limiting
layer, the actuated bending direction in both 2D and 3D actua-
tors can be flipped and their monostability and bistability can
be tuned by manipulating the pre-stretched strain. By utilizing
the strain energy storage/release through pre-stretching, we
demonstrate the applications of both monostable/bistable 2D
and 3D actuators to a variety of high-performance soft robotics,
including energy-saving soft gripper, fast-speed soft crawler, and
fast jelly-fish-like soft swimmer. Despite the demonstration of
pneumatic actuation in conventional elastomeric materials, we
envision that the strategy of harnessing pre-stretch relaxation
for monostable and bistable pre-curved soft bending actuators
in 2D and 3D can be applied to other widely used soft materials
in soft actuators and soft robotics to further boost their outper-
forming robotic multifunctionality, including shape memory
polymers or alloys, electroactive polymers, and stimuli-respon-
sive materials in response to different actuation inputs such as
heat, electricity, light, and magnetic field.

4. Experimental Section

Actuator Fabrication: All pneumatic bilayer actuators were fabricated
following the typical manufacturing strategy for fluid-driven soft
actuators through molding and demolding approaches. Ecoflex
00-50 (Smooth-on Inc) was used as the elastomeric materials for
the homogeneous pneumatic bilayer actuators. The bilayer including
the layer for pre-stretching and the pneumatic channeled layer was
fabricated by directly peeling off from 3D printed molds by Ultimaker
3 Extended after curing in an oven at 70 °C for 1 h. The cured Ecoflex
layer was manually pre-stretched and clamps were used to fix the pre-
stretched state to a glass slide. Then the pre-streched layer was glued
with the stress-free pneumatic channel layer by uncured Ecoflex 00-50
and cured them at 70 °C for 1 h. Finally, the pre-strain was released to
form a pre-curved configuration at room temperature.

Soft Crawling Robot Fabrication: Based on the fabrication process
described above, a gradient height was introduced to the air channel in
the 2D bending actuator with Ah =1 mm along the actuator. The extra
weight was added to the head of the soft crawler by inserting a steel
cylindrical rod with a diameter of 4.8 mm and length of 24.7 mm. The
width of the pre-stretched layer was set to 40 mm, which was twice wider
than the air channel layer.

Soft Gripper Fabrication: The soft gripper consisted of four flipping
pre-curved 2D bending actuators with &,, = 40% and a rigid frame. The
central rigid frame made of PLA was 3D printed by Ultimaker 3 Extended.

Soft Swimmer Fabrication: As illustrated in Figure 9a, the outermost
cover layer denoted as green color was first pre-stretched to a certain
strain and bonded to a stress-free channel layer highlighted with blue
color. Eight curled swimming paddles made of plastic thin strips were
embedded into the interface between the cover layer and pneumatic
channel layer along the edge of the circular shape. The swimming
paddles were made of shrink paper with dimensions of 80 mm x 15 mm

Adv. Mater. Technol. 2020, 5, 2000370

2000370 (110f12)

www.advmattechnol.de

% 0.29 mm cut by a laser cutter. The straight stripes were curved with a
bending angle of 41.67° and placed at 100 °C for 1 h for thermosetting.

Actuated Bending Angle Measurement: The actuator was connected to
a syringe and a manometer (Omega Engineering, Inc) with the rubbery
tube. With the pumping by syringe, the bending angle and the pressure
were both captured by the camera simultaneously.

FEA Simulation: To investigate the prestrain releasing and pneumatic
actuation processes of all bilayer actuators, 3D models were built by
Solidworks software and the commercial FEA software Abaqus/CAE was
used for analysis, employing the Abaqus/Standard solver. The geometry
of all actuators was imported into Abaqus CAE as an stl file and mesh
with solid quadratic tetrahedral elements (C3D10H). A mesh refinement
study was applied to verify the accuracy of the mesh. The elastomer
(Ecoflex-0050) was modeled as a hyper-elastic isotropic Yeoh model
whose strain energy density is given by

N _ Ny )
U= Cio(h=3)'+ > 5-(J=1* 3)
i=1 i=1 "

where Ty = tr[dev(FF)], ] = det(F), and F is the deformation gradient, and
Cjp and D; are the material parameters. In the model, N = 3, C;y = 0.019,
Cyo = 0.0009, C3p = — 4.75 x 1075, D, = D, = D3 = 0. The prestretched
layers were modeled as the same hyper-elastic Yeoh model with different
thermal expansion coefficients to simulate the prestrain releasing
process. Static simulations were performed by applying pressure on the
internal surfaces of the cavities.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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