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Abstract

Soft robots have received much attention due to their impressive capabilities including high flexibility and
inherent safety features for humans or unstructured environments compared with hard-bodied robots. Soft
actuators are the crucial components of soft robotic systems. Soft robots require dexterous soft actuators to
provide the desired deformation for different soft robotic applications. Most of the existing soft actuators have
only one or two deformation modes. In this article, a new soft pneumatic actuator (SPA) is proposed taking
inspiration from Kirigami. Kirigami-inspired cuts are applied to the actuator design, which enables the SPA to be
equipped with multiple deformation modes. The proposed Kirigami-inspired soft pneumatic actuator (KiriSPA)
is capable of producing bending motion, stretching motion, contraction motion, combined motion of bending and
stretching, and combined motion of bending and contraction. The KiriSPA can be directly manufactured using
3D printers based on the fused deposition modeling technology. Finite element method is used to analyze and
predict the deformation modes of the KiriSPA. We also investigated the step response, creep, hysteresis,
actuation speed, stroke, workspace, stiffness, power density, and blocked force of the KiriSPA. Moreover, we
demonstrated that KiriSPAs can be combined to expand the capabilities of various soft robotic systems including
the soft robotic gripper for delicate object manipulation, the soft planar robotic manipulator for picking objects in
the confined environment, the quadrupedal soft crawling robot, and the soft robot with the flipping locomotion.

Keywords: Kirigami-inspired design, 3D printable soft pneumatic actuator, soft robotic gripper, soft robotic
manipulator, crawling robot, flipping locomotion

Introduction

Conventional rigid-bodied robots, which are often
composed of rigid skeletons, rigid links, rigid joints, and

electrical motors, can be superb at performing the tasks where

fast movement, high positioning precision, or large output
power are especially required. However, these rigid-bodied
robots are not safe to interact with humans or working spaces
and lack of compliance especially in unstructured environ-
ments because of their rigid components and conventional
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actuation mechanisms. Soft robots, made of intrinsically
compliant or soft materials, are capable of providing high
flexibility and safety features, thereby bridging the gaps be-
tween machines, humans, and unstructured environments.1–4

Thus, soft robotic systems have been applied to diverse fields,
ranging from rescue and search robots,5,6 surgical tools,7,8

wearable devices for rehabilitation or assistance,9,10 bioin-
spired or biomimetic robots,11,12 and grippers for manipu-
lating fragile objects.13,14

Soft actuators play an important role in soft robotic sys-
tems and structures. They are used to induce deformation,
operation, or locomotion, and can be powered by various
methods including chemical reactions,15 electromagnetic/
magnetic mechanism,16 cable-driven mechanism,17 smart
materials,12 and pressurized fluids.18 Among these actua-
tion methods, soft pneumatic actuators (SPAs) have attracted
much attention due to a high power-to-weight ratio, safety of
operation, and low cost.9 Ranzani et al.19 proposed a modular
SPA for minimally invasive surgery, in which three equally
spaced chambers were positioned in a radial arrangement.
The extension or bending motions of the actuator can be
generated by combining the inflation of these three chambers.
Connolly et al.20,21 presented a class of fiber-reinforced soft
actuators. The deformation behaviors of these soft fluid ac-
tuators depended on the configuration of the fibers.

Similarly, Sun et al.22 proposed a class of SPAs with di-
versification of bending modality based on fabric patches.
Mosadegh et al.23 proposed the fPN (fast pneu-net) actuator
for rapidly actuating. It involved an extensible top layer and
an inextensible bottom layer reinforced with an embedded
paper. The top layer was elongated by inflation and the bot-
tom layer was constrained, thereby resulting in the bending
motion. Yap et al.24 developed the bellows-type SPAs that
had a similar design with fPN. The bellows-type actuators,
fabricated based on the fused deposition modeling (FDM)
technology, can be redesigned with two air channels (ACs)
for achieving bidirectional bending motions. McKibben-type
pneumatic artificial muscle actuator,25 which is one of the
most widely used SPA, was able to induce linear contraction
upon air pressurization.

Gorissen et al.26 proposed a balloon-type pneumatic ac-
tuator based on the working principle of asymmetric deflec-
tion of two polydimethylsiloxane layers, which can produce
bidirectional bending motions. Martinez et al.27 presented a
class of SPAs that combined a highly stretchable silicone
elastomer with inextensible but bendable patterned papers.
Different paper configurations during fabrication procedures
can induce a wide range of motions. In addition to these soft
actuators powered by positive pressure, there are groups of
SPAs that use vacuum actuation for soft robotic applications.
Tawk et al. proposed the bioinspired bending soft vacuum
actuators28 and linear soft vacuum actuators29 using an FDM
3D printer for soft robotic systems. Jiao et al.30 designed the
vacuum-powered twisting SPA to enhance the capabilities
of soft vacuum actuators, which can be combined for various
soft robotic applications.

Yang et al.31 proposed the muscle-inspired SPAs that were
actuated by vacuum. The actuators can generate the linear
motion resembling the motion of the linear actuators used
in rigid robots. In addition to elastomeric pneumatic actua-
tors, the thin film-based soft inflatable actuators also provide
a promising way to actuate soft robots. Such actuators are

commonly composed of a series of pouch-like structured
units.32,33 The pouch-like structured unit consists of a single
chamber of air and two walls. The two thin walls are bonded
together through a heat-sealing process. The thin film-based
SPAs with the extension and contraction capabilities are
composed of multiple pouch-like structured units stacked on
top of each other. The stretching and contracting motions
are produced depending on the inflation and deflation of the
pouch-like units. The bending motion of film-based SPAs has
been achieved through anisotropic expansion using materials
with different extensibilities.34

In addition, folds have been used to generate anisotropic
expansion of the structure for obtaining the bending defor-
mation.35 Another approach to achieve bending motion has
been to use the lateral expansion of parallel pouches upon
pressurization.36 Moreover, the repeated patterns of pouch-
like units with constraints that interact with each other were
proposed to produce large bending deformations.37 Three
thin film-based SPAs with extension and contraction cap-
abilities were commonly positioned in a radial arrangement
to achieve multiple degrees-of-freedom (DoFs) actuation.32,38

Most of the existing SPAs are with one or two deformation
modes. Even though several existing SPAs can be programmed
to achieve a wide range of complex motions before fabrication,
such as fiber-reinforced soft actuators and some other soft ac-
tuators based on the similar working principles, they can only
generate one or two motion modes once fabricated.

Kirigami, the ancient Japanese art of paper cutting, has
become a promising strategy to achieve highly stretchable
devices and morphable structures through designed cuts.
Kirigami-inspired structures have been applied to various
functional systems such as stretchable electronics,39 bioin-
spired robotics,40 smart sensors,41 reconfigurable metama-
terials,42 and graphene-based applications.43 In this article,
inspired by the concept of Kirigami, we proposed a new
SPA design that was capable of providing multiple defor-
mation modes, including bidirectional bending, extension,
contraction, a combination of bending and extension, and a
combination of bending and contraction, for expanding the
capabilities of soft robotic systems or structures upon pres-
surization. The Kirigami-inspired soft pneumatic actuator
(KiriSPA) was directly fabricated based on the FDM-based
3D printing technique, thereby avoiding the complex multi-
step processes in the other fabrication methods. Finite ele-
ment method (FEM) models were built to analyze and predict
the deformation modes under different air pressures.

The performance of the KiriSPA was characterized in-
cluding the step response, creep, hysteresis, and blocked
force measurement. From the experimental results, we
demonstrated that the addition of Kirigami-inspired cuts
enabled the soft actuator to generate various complex mo-
tions upon pressurization. In addition, we demonstrated the
KiriSPA potential in expanding the functionalities of vari-
ous soft robotic applications including soft robotic grippers,
the soft planar robotic manipulators, the quadrupedal soft
crawling robots, and soft flipping robots.

Materials and Methods

Design and working principle of the KiriSPA

The patterned Kirigami cuts can make a variety of defor-
mation behaviors possible. As illustrated in Figure 1a, three

2 GUO ET AL.

D
ow

nl
oa

de
d 

by
 C

hi
ne

se
 U

ni
ve

rs
ity

 o
f 

H
on

g 
K

on
g 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
26

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



rows of Kirigami cuts with two different patterns (Pattern-1
and Pattern-2) were designed and applied to a colored paper
validating whether this Kirigami structure can enable the
paper to achieve multiple deformation modes or not. Pattern-
1 was distributed on two edges of the paper, and Pattern-2
was positioned in the center part. As illustrated in Figure 1b,
the paper model can be easily in-plane stretched, bent, and
contracted, and then it can recover to its original state when
without loading, while it is very difficult for the intact paper
without Kirigami patterning to be in-plane stretched or bent.

The same Kirigami patterns were applied to the soft ac-
tuator design and two corresponding ACs were designed to
actuate the Kirigami structure. The geometric parameters for
the cuts are illustrated in Figure 2. The same cuts were re-
peated 10 times along the stretching direction shifted by
12 mm. The cylindrical pneumatic channel in the inlet part
was designed to connect ACs to the air source. Obviously, the
design of the KiriSPA can be easily scaled down or up to suit
different applications.

The actuation principle of the KiriSPA depends on the
strain asymmetry when air pressure was supplied. The Kir-
iSPA contains two layers and each layer possesses an AC.
The KiriSPA can be actuated by both positive and negative
air pressures. When air pressure is supplied to one AC and the
other AC is kept at atmospheric pressure, the activated layer
induces expanding or contracting strain, while the passive
layer working as the constraint layer converts the activated
layer’s axial deformation to bending motion. When the same
air pressure is supplied to both the ACs, two layers induce the
same expanding or contracting strain, which can generate the
extension and contraction motions based on the Kirigami-
inspired structure. When differential positive air pressures
are supplied to the two independent ACs, two layers induce
differential expanding strains, which can generate the bend/
extension coupled motion.

Similarly, the KiriSPA can generate the bend/contraction
coupled motion when differential negative air pressures are
supplied. Thus, the KiriSPA has two DoFs, including one
translational DoF and one rotational DoF. Moreover, it is able
to produce multiple deformation modes including bidirectional
bending, extension, contraction, bend/extension coupled motion,
and bend/contraction coupled motion. The input differential
pressure can be infinite. Theoretically, the KiriSPA is capable
of generating an infinite number of bending motion modes.

Figure 3a presents the bending procedures when positive
air pressure (ranging from 0 to 150 kPa with the incremental
step of 30 kPa) was supplied to AC-1 and the internal pres-
sure of AC-2 was atmospheric pressure. As illustrated in
Figure 3b, the KiriSPA was able to achieve almost 200%
stretching displacement at the pressure of 120 kPa, thanks
to the Kirigami-inspired structure. Figure 3c and d illus-
trated the deformation procedures of the bend/extension
coupled motion when differential positive pressures (AC-1
was pressurized at 40 kPa and AC-2 was pressurized from 40
to 190 kPa with the incremental step of 30 kPa, AC-1 was
pressurized at 60 kPa and AC-2 was pressurized from 90
to 190 kPa with the incremental step of 20 kPa) were sup-
plied. Figure 3e presented the bending motion generated
when positive and negative air pressures were simultaneously
supplied to AC-1 and AC-2, respectively.

This configuration was capable of achieving full bending
at the pressure of 120 kPa, which was lower than the pressure
value used in Figure 3a. In addition, the radius of the actuator
during the bending motion was also smaller than that dur-
ing the bending motion generated by only positive pressure.
Figure 3f showed the bending motion induced when the
negative pressures of -10 and -90 kPa were supplied to AC-2,
respectively. Figure 3g illustrated the contraction procedures
when the equal negative air pressures of -10 and -90 kPa were
simultaneously supplied to AC-1 and AC-2, respectively.
The KiriSPA shrunk to its compact state with Kirigami cuts
closed. A video of the KiriSPA generating multiple defor-
mation behaviors is available as Supplementary Movie S1.

Finite element analysis

Finite element analysis was conducted to prove the feasi-
bility of the Kirigami design and understand the mechanics of

FIG. 1. Schematic illustration of the patterned Kirigami
cuts: (a) the Kirigami cuts with two different patterns and
(b) the paper model with the designed Kirigami cuts gen-
erating a variety of deformation behaviors.

FIG. 2. The design and dimension of the KiriSPA. Kir-
iSPA, Kirigami-inspired soft pneumatic actuator.
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the deformation behaviors. The deformation behaviors of the
KiriSPA under different input air pressures obtained using
finite element analysis are illustrated in Supplementary Data
and Supplementary Figure S1.

Fabrication of the KiriSPA

The KiriSPA was directly fabricated using the FDM-based
3D printing technique. The fabrication process and optimized
printing parameters are described in Supplementary Data.

Results

Characterization of the KiriSPA

To evaluate the performance of the KiriSPA, three circular
markers were attached to the ends of the actuator. A blue

circular marker, located on the proximal end of the KiriSPA,
was used to indicate the original point in the image coordi-
nate. In addition, a red circular marker and a blue circular
marker, positioned on the distal end of the actuator, were
used to demonstrate the final position and bending angles.
An image-processing algorithm to detect and track these
three markers was implemented using the image process-
ing toolbox of MATLAB (R2017a; the MathWorks, Inc.,
Natick, MA).

Step response and actuation speed. The bending, ex-
tension, and contraction motions of the KiriSPA were mea-
sured based on the movements of the markers extracted from
the video frames. The bending angles and linear displace-
ments of the markers upon activation with the input air

FIG. 3. The deformation behaviors of the KiriSPA: (a) bending when positive air pressure was supplied; (b) stretching;
(c, d) bending/stretching coupled deformation; (e) bending when negative air pressure was supplied; (f) contraction; and (g)
bending/contraction coupled deformation when positive and negative air pressures were simultaneously supplied.
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pressure of 140, 120, and -90 kPa were calculated to evaluate
the step response performance of the actuator. The step re-
sponse test for each motion was repeated five times. As il-
lustrated in Figure 4a, the actuator showed a rapid response
when the pressurized air or vacuum was applied. In addition,
the actuator returned to its initial position rapidly when the
pressure supply was cut off. Three KiriSPAs were used for
the experiments. For the bending motion, the rise time was

*420 – 50 ms that was calculated from the step response data
and the decay time was 340 – 24 ms. The actuation speed of
the bending motion was *0.67�/ms.

However, the KiriSPA appeared to oscillate after recov-
ering its initial position, and additional time was needed for
the actuator to stop the oscillation. In addition, the rise time
for stretching and contracting motions was *1.14 – 0.06 and
0.51 – 0.1 s, respectively, and the decay time for these two

FIG. 4. Step response, creep, and hysteresis characterization of the KiriSPA: (a) step response curves; (b) creep curves in
20 min; (c) hysteresis curves; and (d) comparison between the FEM models and the experimental data. (The columns in each
subfigure: bending motion, stretching motion, and contraction motion.) FEM, finite element method.
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motions was 1.08 – 0.04 and 0.42 – 0.08 s, respectively. Ac-
cordingly, the actuation speed of stretching and contracting
motions was *112.9 and 55.2 mm/s, respectively.

Hysteresis. For the bending and stretching motions of
the KiriSPA, we monitored the bending angles and linear
displacement of the markers attached to the actuator tip when
the supplied pressure was ramped up and down from the
pressure of 0 kPa by a positive pressure of 10 kPa in each
step. In addition, the linear displacement of the KiriSPA was
measured when the negative pressure was ramped up and
down from the pressure of 0 kPa by a negative pressure of
-10 kPa in each step. The hysteresis test for each motion was
repeated five times. The experimental results are illustrated in
Figure 4b. Three KiriSPAs were tested in the experiments.
For these three deformation behaviors, the KiriSPA showed
hysteresis with the largest difference of 34.2� – 2.4�, 8.4 –
2.2, and 1.9 – 0.42 mm occurring at the pressure of 100, 50,
and -10 kPa, respectively.

Creep. Two precision regulators (IR2020-02B-A and
IRV20-C06BG; SMC Corporation, Japan) were used to
modulate the positive and negative pressure supplied to the
actuator, respectively. The actuator was first activated by the
positive pressure. The bending motion of the KiriSPA was
activated at the pressure of 140 kPa. The supplied pressure
remained constant for more than 20 min, while the position
of the markers attached to the actuator was monitored to
detect any drift from their original position resulting from
creep. After that, the KiriSPA was stretched by the supplied
pressure of 120 kPa and its actuator tip was monitored in
another 20 min. In addition, the KiriSPA was actuated by
negative pressure for another 20 min while the tip position of
the actuator was also monitored with time. The creep test for
each motion was repeated five times.

As shown in Figure 4c, the position of the actuator slightly
changed in bending and stretching motions and remained
almost unchanged during the vacuum activation period.
Three KiriSPAs were tested in the experiments. The bending
angles and the stretching displacement increased 2.6� – 0.4�
and 5.4 – 1.12 mm, respectively. The contracting displace-
ment decreased 0.4 – 0.2 mm. The cumulative experimental
time for one KiriSPA exceeded 5 h. During experiments with
positive pressure and negative pressure, the pressure values
remained almost unchanged, which demonstrated that the
KiriSPA was perfectly fabricated almost without air leakage.

Stroke, workspace, and stiffness. During the stroke
characterization tests, the positive pressure was supplied
to the KiriSPA with the step of 10 kPa for the bending and
stretching motions, and the negative pressure was supplied
with the step of -10 kPa for the contracting motion. The
bending angles and displacements with respect to the input
pressure values were simultaneously recorded. The test for
each motion was repeated five times, and the experimental
results are illustrated in Figure 4d. The KiriSPA can achieve
a bending angle of 281.5� – 1.6� and a length of 276.3 –
0.4 mm. We compared the measured bending angles and
displacements from the experiments with the values obtained
from FEM models. From the experimental results, the
deformation behaviors from simulation results had good
agreement with the results from experiments.

The FEM models demonstrated the average relative error
of 7.7%, 1.6%, and 4.1%, with a maximum relative error of
12.1%, 2.8%, and 6%, for the bending, stretching, and con-
tracting motions, respectively. This is acceptable when esti-
mating the deformation in the phase of structural design.44 A
coordinate system was built to determine the corresponding
workspace of the KiriSPA, as illustrated in Supplementary
Figure S2a. We chose the origin of the coordinate system at
the position of the blue marker attached on the proximal end
of the KiriSPA. Another blue marker attached on the actuator
tip was tracked by an image-processing algorithm. The Kir-
iSPA first stretched and then swept its reachable workspace
using the bend/extension coupled motion. Since the KiriSPA
is axisymmetric, the reachable workspace in the first and
fourth quadrants was representative of the whole workspace,
as illustrated in Supplementary Figure S2b.

The experimental setup to measure the stiffness of the
KiriSPA is illustrated in Supplementary Figure S3. The
stiffness was defined by using a force that resulted in a dis-
placement. The stiffness of the KiriSPA was measured in
both lateral and longitudinal directions. The test for each
direction was repeated five times. We used the forces mea-
sured at a displacement of 5 mm to describe the actuator
stiffness. From the experimental results, the actuator stiffness
was 0.03 N/mm (lateral direction) and 0.11 N/mm (longitu-
dinal direction), respectively.

Blocked force measurement and power density. Two
force measurement experiments were conducted using a
force gauge (SI-65-5, ATI Industrial Automation, Inc.)
to measure the blocked force of the actuator in bending,
stretching, and contraction motions. In the experiments, the
stretching motion, contraction motion, or the bending motion
of the actuator was restricted by a mounting fixture and a
customized constraining platform. As illustrated in Supple-
mentary Figure S4, the proximal end of the KiriSPA was
fixed on the mounting platform and the ACs were connected
to the air pressure source. The tip of the KiriSPA was posi-
tioned in contact with the force gauge. In the blocked force
experiment for bending motion, the constraining platform
was positioned on the actuator to restrict the bending cur-
vature of the actuator (shown in Supplementary Fig. S4a),
which was similar to measurement setups used in previous
studies.24,45

This experimental setup allowed the force gauge to mea-
sure the maximum tip force generated by the KiriSPA upon
air pressurization. In addition, we also measured the force at
three bending angles (shown in Supplementary Fig. S4b),
including 30�, 60�, and 90�. It is noteworthy that this ex-
perimental setup was only capable of measuring the maxi-
mum tip force exerted by the actuators at a constant bending
curvature with different air pressures. It did not measure the
force when the bending angle increased.

The actuator started to deform and trigger the force gauge
when the air pressure was supplied. Three KiriSPAs were
used for the experiments and the blocked force test for each
motion was repeated five times. The force measured in both
bending and stretching motions was increased with the in-
creasing input positive air pressure. The maximum force for
the bending and stretching motions was 10.6 – 0.58 N (0�),
10.1 – 0.45 N (30�), 9.8 – 0.43 N (60�), 7.9 – 0.37 N (90�), and
52.3 – 1.14 N (0�), 45.8 – 0.89 N (30�), 39.1 – 0.74 N (60�),
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and 32.7 – 0.71 N (90�). Their corresponding actuation pres-
sures were 260 kPa. For the contracting motion, the maxi-
mum force and its corresponding actuation pressure were
3.55 – 0.24 N and -90 kPa.

Based on the actuation speed and the maximum generated
forces, the power densities can be calculated using the
method in Rogatinsky et al.32 The results were 113.6 and 3.8
W/kg in the stretching and contracting motions.

Applications of Kirigami-inspired actuators

The proposed KiriSPA is capable of producing multiple
deformation behaviors. Two or more KiriSPAs can be com-
bined to expand robots’ capabilities in a variety of soft ro-
botic applications such as soft robotic grippers, soft robotic
manipulators, and locomotion robots.

Soft robotic grippers. Soft pneumatic bending actuators
have been used to form various soft robotic grippers or hands
for manipulating delicate objects due to their inherent com-
pliance and air compressibility.46–52 However, to the best
of the authors’ knowledge, most researchers focused on the
grasping modes of soft robotic grippers, variable stiffness
principles, and the sensory feedback systems. Few research
achievements on soft robotic grippers with stretchable ‘‘fin-
gers’’ have been reported.

The soft robotic gripper composed of KiriSPAs also has
the same advantages as the existing soft grippers in safely
interacting with objects. A three-finger gripper was fabri-
cated based on three KiriSPAs. We validated the perfor-
mance of the three-finger soft gripper by gripping different

objects with different shapes, sizes, and mechanical proper-
ties. It was capable of gripping a strawberry, a green vege-
table, a piece of sushi, a piece of broccoli, a piece of bread, a
pudding, a wine glass, a plastic box, and a bag of instant
noodles, as shown in Figure 5 and Supplementary Movie S2.
When gripping the plastic box, the gripper was able to grip it
from inside, which was different from the previous gripping
tasks. When gripping the object with a larger size than the
‘‘palm’’ such as the bag of instant noodles, the gripper was
capable of increasing the open width, thereby realizing the
gripping of larger objects.

Moreover, the combination of the KiriSPAs was capable
of generating new capabilities to enhancing the existing
soft gripper properties. A two-finger gripper and a one-finger
gripper based on KiriSPAs were fabricated to validate the
gripping performance in a confined environment, as shown in
Figure 6a. A strawberry was positioned inside two acrylic
walls. The distance between the two walls was 35 mm, which
was very difficult for the ‘‘palm’’ to approach the strawberry.
When gripping the strawberry, KiriSPAs were first pressur-
ized to induce the stretching deformation for approaching
the strawberry. The combination motion of stretching and
bending was then induced to grip the strawberry. The input
pressure was not increased once the strawberry is pinched.
Thus, the folds did not trap and damage the strawberry.

Finally, the KiriSPAs were depressurized to pick the
strawberry out of the confined environment. In addition, we
also demonstrated the gripping performance of the one-finger
gripper when the strawberry was stuck between two walls. In
this case, the KiriSPA was actuated to approach the straw-
berry and wrapped around it for a stable grasp (shown in

FIG. 5. The three-finger
soft robotic gripper for grip-
ping various objects: (a)
strawberry; (b) green vege-
table; (c) sushi; (d) broccoli;
(e) bread; (f) pudding; (g)
wine glass; (h) plastic box;
and (i) instant noodles.
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Fig. 6b). The strawberry was positioned on the finger and the
folds may not trap and damage the strawberry.

Soft planar robotic manipulator with vacuum suction
cup. Soft robotic manipulators are not only with the ability
to safely interact with the environment due to their inherent
compliance, but are capable of being compliant and posses-
sing more DoFs, which allows them to execute highly dex-
terous tasks in the confined environment. Three KiriSPAs
can be connected in series using two 3D-printed fixture parts
to form a soft deformable planar robotic manipulator. Two
gripping experiments within a confined environment were
conducted to validate the soft planar robotic manipulator’s
ability to navigate through obstacles.

The primary purpose of these two experiments is to test
whether the soft planar robotic manipulator can advance the
suction cup to reach various positions through the confined
environment for picking objects. A suction cup was attached
to the distal part of the manipulator as the end effector for
gripping the objects (shown in Supplementary Movie S3).
The proximal end of the soft planar robotic manipulator was

fixed to an aluminum bar near the entrance of the confined
environment. Figure 7 depicts the manipulator advancing
from the entrance to the target objects in the confined envi-
ronment. First, the vacuum suction cup was advanced to
reach the neighboring area of the target object by the com-
bined motion of bending and stretching. The internal pres-
sures in both the left and right ACs of the distal KiriSPA were
then slightly modulated to make the vacuum suction cup
tightly contact the surface of the target object.

It is difficult to realize this function using the existing soft
bending actuators because a little air leak will result in failure
to gripping the target objects. Fortunately, KiriSPAs are able
to provide multiple deformation modes and we can posi-
tion the suction cup perpendicular to the surface of the target
object. The contact force can be generated to push the suction
cup to the object’s surface, which can significantly improve
the success rate of the gripping operations. In addition, it is
difficult for the thin film-based SPAs32,38 to achieve these
picking tasks due to their limited initial length and maximum
inflated length. Compared with these actuators, the initial
length of the beam-shaped KiriSPAs can be customized

FIG. 6. The soft robotic
gripper for gripping the ob-
ject in the confined envi-
ronment: (a) pinching the
strawberry and (b) wrapping
around the strawberry.

FIG. 7. The soft planar robotic manipulator with vacuum suction cup for picking objects in the confined environment:
(a) gripping target-1 and (b) gripping target-2.
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according to different applications. Finally, the manipulator
was controlled to take the target objects out of the confined
environment by reducing the supplied air pressure.

Quadruped crawling robot with stretchable limbs. We
designed and fabricated a quadruped crawling robot, combined
with four KiriSPAs as limbs, further demonstrating the KiriSPA’s
advantages. The crawling robot’s body was made of 3D-printed
acrylonitrile butadiene styrene material. Each AC inside each
limb can be independently controlled. Thus, this crawling robot
is capable of lifting any one of its four limbs off the ground
and leaves the other three legs planted to provide stability. The
crawling robot was actuated by pressurizing the limbs in se-
quence. Figure 8 shows the walking gait of the quadruped robot.

No ACs were pressurized in the initial state of the crawling
robot and one actuation sequence consisted of six steps: (i)
Sequential pressurization of AC-4 and AC-6, Limb-2 and
Limb-3 were successively lifted from the ground and bent
forward to contact the ground (Fig. 8a). (ii) Simultaneous
pressurization of AC-1, AC-3, AC-5, and AC-7 and depres-
surization of AC-4 and AC-6 pushed the crawling robot
forward with Limb-2 and Limb-3. At this point, the reac-
tion forces generated by the frictional force propelled the
robot to move forward while the Limb-1 and Limb-4 were
pulled to the bent state (Fig. 8b). (iii) Simultaneous depres-
surization of AC-3 and AC-5 made the Limb-2 and Limb-3
recover to the straight state (Fig. 8c). (iv) Sequential de-
pressurization of AC-1 and AC-7 and pressurization of AC-2

FIG. 8. The walking gait of the quadruped crawling robot: (a–f) cycles of pressurization and depressurization of ACs that
result in walking locomotion. (The number of ACs highlighted with orange represents pressurization, and the number of
ACs highlighted with gray represents depressurization.) AC, air channel.

FIG. 9. The quadruped
crawling robot moving over
an obstacle: (a–f) cycles of
pressurization and depressur-
ization of ACs that drive the
robot walking through the
obstacle.
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and AC-8, Limb-1 and Limb-4 were successively lifted from
the ground and swung from back to front (Fig. 8d).

(v) Simultaneous pressurization of AC-1, AC-3, AC-5, and
AC-7 and depressurization of AC-2 and AC-8 pushed the
crawling robot forward with Limb-1 and Limb-4 (Fig. 8e).
(vi) Sequential depressurization of AC-3, AC-5, AC-1, and
AC-7 made the crawling robot recover its initial state
(Fig. 8f). The actuation sequence was repeated to generate
the crawling locomotion.

To demonstrate the potential of the crawling robot with
KiriSPAs to accomplish tasks that would be difficult or im-
possible with the existing bending SPAs, we drove the robot
moving over an obstacle: a box with a similar height to the
robot (shown in Fig. 9a). In this condition, the robot cannot
directly walk over the obstacle without collision. To over-

come the obstacle, four limbs of the crawling robot were
stretched by supplying the same initial air pressure before we
propelled the robot to the obstacle (shown in Fig. 9b). After
that, the height of the crawling robot grew over the obstacle.
The actuation sequence mentioned above was then conducted
to drive the robot walking through the obstacle (illustrated in
Fig. 9c–f). The video of this crawling robot walking over the
obstacle is available as Supplementary Movie S4.

Flipping locomotion. The ability to induce bidirectional
bending motions and the combined motions of bending and
stretching makes the KiriSPA suitable to generate flipping
locomotion. The flipping robots consisted of one or two
KiriSPAs and two vacuum suction cups (shown in Fig. 10).
Two suction cups were used as the grippers and integrated

FIG. 10. The soft robot with flipping locomotion based on one or two KiriSPAs for transition between two surfaces:
(a) 45� ; (b) 90�; (c) 135�; (d) 180�; (e) 225�; (f) 270�; (g) 315�; and (h) 360�.
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with both ends of the flipping robot. We demonstrated the
robots’ ability to flip consistently over a flat acrylic surface
and transition between surfaces. One suction cup was at-
tached to the wall surface and the other was free in the initial
state. Next, the corresponding AC was pressurized to drive
the robot flipping to the required direction.

The supplied air pressure values were then slightly mod-
ulated to make the free suction cup tightly contact the wall
surface. After that, the free suction cup was actuated by
supplying the vacuum pressure, which allowed it to firmly
grip the wall surface. Then, the other suction cup was re-
leased and repositioned for the next flipping gait or to tran-
sition between two surfaces. To evaluate the performance of
the flipping robots, a series of experiments were conducted to
validate the robots’ ability to transition between surfaces.
Two acrylic walls were positioned with the angles of 45�,
90�, 135�, 180�, 225�, 270�, 315�, and 360�. From the ex-
perimental results, the flipping robot with one KiriSPA was
capable of transitioning the walls with the angle of 225� to the
maximum extent, and the robot with two KiriSPAs was able
to transition between the walls with all the intersection angles
(shown in Supplementary Movie S5).

Conclusions and Future Work

A new method of designing SPAs based on Kirigami
patterning is presented in this article. The Kirigami-inspired
design approach has demonstrated its versatility and effi-
ciency in providing various deformation behaviors when air
pressures were supplied. Moreover, we demonstrated that
two or more KiriSPAs can be combined to potentially expand
the capabilities of the existing soft actuators in a variety of
soft robotic applications including soft robotic grippers, soft
planar robotic manipulators, quadrupedal soft crawling ro-
bots, and soft flipping robots.

Currently, the KiriSPA is without the ability to change its
stiffness during the working procedures. The stiffness vari-
able mechanism will be proposed and integrated with the
KiriSPA in our future work, without affecting the multiple
deformation behaviors of the KiriSPA, which further en-
hances the functionalities of SPAs.
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