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Abstract

Pneumatically actuated soft robots address many challenges with interfacing with delicate objects, but these
actuators/robots are still bulky and require many hours to fabricate, limiting their widespread use. This article
reports a novel design and manufacturing method for ultrathin soft robots and actuators (*70 lm) using a laser-
cutting machine that cuts/welds sheets of thermoplastic polyurethane (TPU) from a 2D CAD drawing. Using
this method, five different soft actuators (e.g., bending, rotating, contracting) are designed, fabricated, and
characterized with both planar and nonplanar motions. Furthermore, we show how stacking multiple sheets of
TPU enables rapid fabrication of multifunctional actuators. Finally, a portable four-arm swimming robot is
designed and fabricated without any assembly steps. This rapid fabrication method enables soft robots to go
from concept to operational within minutes, and creates a new subclass of soft robots suitable for applications
requiring a robot to be ultrathin, lightweight, and/or fit within small volumes.
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Introduction

Soft Robotics is an emerging field with great potential for
interfacing with delicate objects.1,2 Soft actuators are made

of soft and compliant materials such as polymer/metal com-
posites,3–5 elastomers,6,7 and hydrogels.8,9 These soft ma-
chines operate based on pneumatic,7,10,11 electrical,3,12,13

chemical,14,15 and optical16 actuation mechanisms. Of these,
soft pneumatic actuators are particularly interesting due to their
low cost, simple operation, and relatively long lifetimes.7,17,18

Generally, soft pneumatic actuators comprise a series of
interconnected inflatable chambers, which are made from
elastomers, fabrics, or a combination of both types of these
materials. The geometry and material properties of these
chambers dictate the motion of the pneumatic actuators, on
actuation. Fabrication of these actuators is usually achieved
by rapid casting with two-part mixtures of liquid elastomer
precursors into three-dimensional (3D)-printed molds with or
without manually embedded fabrics. Although this process is
relatively simple compared with other manufacturing meth-
ods for soft and hard robotic actuators, the full process of
creating a new design for an actuator can take several hours,

since it requires the following steps: (1) design geometry in a
3D CAD, (2) 3D print mold, (3) prepare and degas elastomer,
(4) cast and bake elastomer (with or without fabric layers),
and (5) de-mold and bond parts of an actuator. Furthermore,
fabricating thin (<0.5 mm) actuators is particularly chal-
lenging since currently typical 3D-printed parts do not pro-
vide sufficient resolution, and de-molding such thin features
can be difficult. In fact, producing small-scale soft actuators
requires the use of more specialized design and fabrication
methods.19

Thin soft actuators can be fabricated by means of soft
lithographic techniques,20–22 photolithography,23 and mi-
crocasting.24 Alternatively, Ikeuchi and Ikuta have fabricated
thin actuators using membrane microembossing by excimer
laser ablation (MeME-X).25 These methods, although ef-
fective, are laborious and time-consuming, limiting their
adoption to a broader community. Paek et al. have proposed a
simple fabrication method for the development of small-scale
soft actuators, based on dip-coating of cylindrical templates.19

A drawback to the simplicity of this method, however, is that
only a limited number of designs can be fabricated easily.
Abovementioned methods focused on design and fabrication
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of 3D small-scale actuators. Alternatively, planar designs can
be utilized to develop more compact and smaller actuators.

Peano muscles could be considered among the first designs
for development of more compact actuators.26,27 Veale et al.
have fabricated and modeled linear Peano actuators made of
plastic, reinforced plastic, and textile/silicone composites.27

Park et al. proposed the idea of flat pneumatic artificial mus-
cles.28 These planar air chamber actuators were fabricated in
silicone rubber, using a two-stage molding process, while the
chambers were fabricated by the application of a release spray
over a mask.28,29 Another set of works by Niiyama et al. has
introduced pouch motors, which are made of sheets of plastic
films fabricated by heat stamping and heat drawing sys-
tems.30,31 They demonstrated that both linear and rotary mo-
tions can be achieved using pouch motors. Subsequently, Chang
et al. have optimized the size of a linear pouch motor for gait
rehabilitation.32 Motivated by the concept of a planar actuator,
Yap et al. developed actuators made from layers of fabric em-
bedded in a latex balloon.33 Sung and Rus have demonstrated
how robot joints can be fabricated using the print-and-fold
process.34 The 2D design of foldable joints and robots can
provide a framework for design of soft planar actuators.

Although the two-dimensional (2D) design of the Peano
actuators or pouch motors makes them very compact and thin
in their relaxed state, their zero-volume chambers expand to a
relatively large volume, on inflation, due to the designs
having a large surface area. This large inflation could po-
tentially limit the application of these actuators in situations
requiring operation in small spaces such as transcatheter
therapies or search and rescue missions. One approach to
address this issue is to design 2D actuators that can actuate
with relatively small strains and moderate rotations.

In this article, we explore the 2D pattern of soft actuators that
can operate under this actuation mechanism. In addition, we

present a simple and effective method for rapid fabrication of thin
soft actuators by simultaneously cutting and laser welding35 a
stack of thin films made of thermoplastic polyurethane (TPU,
Supplementary Table S1; Supplementary Data are available
online at www.liebertpub.com/soro). This approach uses inex-
pensive and commercially available materials and tools for cre-
ating these thin actuators (as thin as 70lm) and soft robots. Both
the manufacturing method and design of the proposed actuators
in the current work are different from those of pouch mo-
tors.30,31 Pouch motors have two main layers, namely the actu-
ator and structure layer. The actuator layer is a thermoplastic film,
whereas the structure layer, which acts as a scaffold of the ac-
tuator, is made of a stiff material (e.g., plastics).30,31 The actuator
layer is fabricated by means of heat stamping and heat drawing
systems. These methods only bond the thermoplastic films and
cannot cut the actuator pattern. Thus, the fabrication method
requires a cutting step by means of laser cutter or cutting plotter.
Moreover, there is an assembly step to bond/glue the actuator
layer to the structure layer. In contrast, the proposed actuator in
the current work is made of one material (thermoplastic film), and
both cutting and welding of the films comprising the actuator
occur in one step, using a laser cutter (Supplementary Table S2).

Using this method, we propose several different types of
thin actuators, whose various motions occur in-plane and out-
of-plane. The trajectory of these actuators is modeled using
the finite element method (FEM), which is in agreement with
acquired experimental data. Furthermore, we demonstrate the
use of thin soft grippers for pick-and-place applications and a
swimming soft robot.

Methods

Actuators were made from commercially available TPU
films with a thickness of *37 lm (Stretchlon� 200 High

FIG. 1. Fabrication process. (a) Four lay-
ers of thermoplastic polyurethane are heat
pressed to conformal contact. (b) A laser
beam cuts the layers with a desired pattern.
(c) The inflated chamber is bounded by one
and three layers on its sides; the asymmetry
of the stiffness leads to a bending motion.
Color images available online at www
.liebertpub.com/soro
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Stretch Bag Film) and a heat press (Power Heat Press QX-A1)
and a laser cutter (Universal Laser System VLS2.3), as illus-
trated in Figure 1. Four layers of polyurethane film were heat
pressed for 2 min at the temperature of *77�C. The pressure
knob was manually adjusted such that the films did not form a
permanent bond. The multilayer film was cut/welded into the
desired pattern using a laser cutter (100% speed, 500 pulses per
inch, and 80% power). The actuators were inflated using a
precise fluid dispenser (Nordson EFT, Ultimus I) and the ac-
tuator motion was recorded by a Canon 5DMark III full frame
camera fitted with a 100 mm/f2.8 IS macro lens. The actuation
pressure was measured using a 015D44R Honeywell pressure
sensor. FEM (using ABAQUS software) was used to simulate
the deformation of the soft actuators using 3D shell elements
and a hyperelastic material model. Considering the symmet-
rical shape of the actuators, only half of the actuators were
modeled using symmetrical boundary conditions. An ABB
robotic arm (6 DOF ABB, IRB120) was used to demonstrate
the pick-and-place tasks (Supplementary Data; Supplementary
Data are available online at www.liebertpub.com/soro).

The soft gripper was controlled using four solenoid valves
(VQ110U-5M). To synchronize the operation of the soft
gripper with that of the robot, we used four digital outputs
of the robot control system to actuate the gripper, and ABB
RAPID programming language was utilized to control both
the robot and its soft gripper.

Results

Fabrication of soft thin actuators using a laser cutter

The method for producing thin actuators started with heat
pressing films of TPU to ensure they were flat and in con-
formal contact without creating a permanent bond between
the layers (Fig. 1a). Next, a laser cutting machine was used to
create the desired shape of the actuator. Conveniently, the
sheets of the polyurethane are welded by the laser cutting
machine. A single pass of the laser beam, therefore, both cut

FIG. 2. Bending actuator type I. (a) Sequence of images
showing the bending motion of actuator type I. (b) Com-
paring the ultimate bending configuration of the actuator
with that of FEM simulation. (c) Comparison between the
simulated and experimental lateral displacements of the thin
ACTUATOR. FEM, finite element method. Color images
available online at www.liebertpub.com/soro

FIG. 3. Bending actuator type II. (a) Asymmetric 2D
profile for actuator type II. (b) Sequence of images showing
the bending motion of actuator type II. (c) Comparing the
ultimate bending configuration of the actuator with that of
FEM simulation. (d) Comparison between simulated and
experimental lateral displacements of the thin ACTUATOR.
Color images available online at www.liebertpub.com/soro
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and bonded the edges of the actuator, forming a sealed thin
actuator, which was functional immediately after the cutting
process (Fig. 1b). Variation of the parameters for the lamination
step (i.e., heat press temperature, pressure, and time) and the
laser cutting step (i.e., speed, power, and pulse per inch) affects
the performance of the thin actuator. We, therefore, charac-
terized these parameters to yield two-layered actuators that, on
average, can hold *10 psi for a square (20 · 20 mm) geome-
try (Supplementary Note S1 and Supplementary Fig. S1). The
tensile test data of TPU film is shown in Supplementary Figure
S2 and Supplementary Table S3.

One conventional method to produce a bending actuator is
to create an asymmetrical profile, which can be achieved by
making one side of the actuator thicker or less compliant than
the other side.21 As a result, an actuator bends on inflation due
to the asymmetric stiffness and strain on its sides (Supple-
mentary Note S2). Figure 1 demonstrates this principle using a
four-layer actuator (actuator type I), with in-plane symmetry
(Supplementary Video S1 and Supplementary Fig. S3). The
inflated actuator was bounded by single- and triple-layered
films (Fig. 1c), which led to the asymmetry across the actu-
ator. All four layers were laminated together and subsequently
laser cut/welded at the same time. While the actuator can work
with one thicker layer as well, using the four-layer fabrication
method has the advantage that the actuator is able to actuate
bidirectionally. The motion of this actuator is shown in
Figure 2a, and the actuation mechanism was further eluci-
dated by simulations. Supplementary Fig. S4 demonstrates the
effect of geometrical parameters on the bending displacement
of actuator type I. Alternatively, the aforementioned asym-
metrical profile could be achieved directly by the geometry of
the actuator. Figure 3a depicts such a geometry that comprised
several pockets connected only on one side (actuator type II).

It must be noted that actuator type II is symmetrical through
its thickness and thus has two layers of TPU on each side.
Supplementary Note S3, discusses the effect of pressure and
size on the blocking force of this actuator. In contrast to ac-
tuator type I, the motion of this actuator occurred in-plane
(Fig. 3b and Supplementary Video S2).

The motions for both these types of actuators with in- and
out-of-plane bending were simulated using FEM (Supple-
mentary Note S4 and Supplementary Fig. S2); the simulation
agreed with the experimental data (Figs. 2b, c and 3c, d). The
FEM model showed that the level of strain for both actuators
was relatively low (<15%), compared with conventional soft
pneumatic actuators, which typically require (>50%). These
simulations also visualized the distribution of strain, showing
that the majority of the actuator was undergoing even lower
levels of strain (<5%). These low levels of strain suggest that
the mechanism of bending for these actuators was primarily
dependent on folding of the walls of the chambers. This be-
havior is different than most soft pneumatic actuators, which
rely on large (>50%) levels of strain of the chamber walls.7 In
comparing the designs of these two types of actuators, actu-
ator type II (Fig. 3c) had a lower and more uniform strain
distribution for nearly the same degree of bending. The
bending displacement of these actuators under different
pressure inputs is shown in Supplementary Figures S3 and
S5. The soft actuators can be considered nonlinear springs,
where the stiffer the actuator the more force it can generate.
Supplementary Figures S3, S5, and S8 simulate the defor-
mation of the actuators versus the input pressure, and have the
potential to provide insight into the stiffness and generated
force of the actuators, in future analysis. Supplementary
Figure S6 shows the blocking force of bending actuator type
II under different pressure inputs and sizes.

FIG. 4. Other types of actuators. (a) Schematic and prototype of a rotary actuator (300� rotation). (b) Schematic unit cell
and prototype of an axial actuator (unactuated and actuated states). (c) Schematic and prototype of a biaxial actuator
(unactuated and actuated states). Color images available online at www.liebertpub.com/soro
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Alternate designs for thin soft actuators

So far, we have detailed the design and fabrication of
in-plane and out-of-plane bending actuators. However, the
design of functional soft robots/machines with complex
motions requires other types of actuators, such as rotary and
linear actuators (Supplementary Figs. S7–S9). Using the
method described above, these types of actuators can be
simply fabricated just by changing the design of the 2D CAD
file used to laser cut the actuators.

The design of a rotary actuator was motivated by the working
principle of the Bourdon tube, which generally consists of a
curved tube with a flattened cross-sectional area.36 Typically,
Bourdon tubes have a rectangular cross section where the longer
side is parallel to the normal of the plain of the curved tube. On
inflation, the cross section tends toward a nearly round shape
causing the tube to straighten and extend.36 The relationship
between the tip displacement and the internal pressure is com-
monly used to measure the pressure of a system.36 However,
recently, Bourdon designs have been utilized for hydraulic ac-
tuators for microelectromechanical systems (MEMS),36 and soft

surgical robots.36,37 Leveraging this design principle, we used
the laser cutter to fabricate a soft thin rotary actuator with cir-
cular and spiral curves. The cross section of a conventional
Bourdon tube is longer out-of-plane than in-plane, whereas our
actuators were longer in-plane (Supplementary Fig. S7). Con-
sequently, on inflation, the thin rotary actuator that we fabricated
curled, whereas the conventional Bourdon tube straightens
(Supplementary Note S5). Figure 4a demonstrates how a spiral
curve acts as a rotary actuator (Supplementary Video S3). On
inflation, the actuator could rotate up to 300� at a pressure of
*31.03 kPa (4.5 psi).

Axial and biaxial actuators were fabricated by laser cutting
lattice-type patterns with unit cells that incorporated these
types of curved features. Axial actuators were developed from
a linear array of semicircle curves, with an S-shaped unit cell
(Fig. 4b). This unit cell is known as a horseshoe serpentine
lattice, which has been used for many applications, such as
stretchable electronics.38,39 On inflation, each semicircular
curve curled, thus decreasing the overall length of an S-shaped
unit cell (Supplementary Video S4). Changing the shape and
total number of unit cells allowed us to modify the overall

FIG. 5. Development of a soft
gripper. (a) Schematic of a bidi-
rectional soft actuator and design of
its working principle. (b) Images of
the unactuated, open, and close
configurations for this thin ACTU-
ATOR. (c) Images depicting how
these different configurations grasp
objects for the pick-and-place task.
CW, clockwise; CCW, counterclock-
wise. Color images available online
at www.liebertpub.com/soro
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displacement of the linear actuator. For instance, a linear ac-
tuator with 15 U cells generated approximately a 20 mm dis-
placement at a pressure of *48.2 kPa (7 psi), suggesting each
unit cell displaced *1.3 mm (Fig. 4b). The developed axial
actuator was extended to a biaxial actuator (Fig. 4c) creating a
2D serpentine pattern. A unit cell for a biaxial actuator was
made by rotating the S-shaped unit cell by 90� and joining it to
itself (Supplementary Video S5). The overall displacement of
each axis was linearly proportional to the number of S-shaped
unit cells used in that direction. For example, the biaxial ac-
tuator in Figure 4c, which has 15 and 6 U cells along the x and
y directions, respectively, contracted about 20 and 7.4 mm at a
pressure of *48.2 kPa (7 psi).

To further demonstrate the versatility of thin actuators, we
showed that actuator type I can function as a bidirectional
actuator simply by inflating between its different layers.
Specifically, inflating the chamber bounded by layers 1 and 2
resulted in a clockwise motion, and inflating the chamber
bounded by layers 3 and 4 resulted in a counterclockwise
motion (Fig. 5a). By combining two of these bidirectional
actuators with a robotic arm, we created a soft gripper
capable of performing pick-and-place tasks (Supplemen-
tary Note S6, Supplementary Videos S6, S7, and Supple-
mentary Fig. S10). Figure 5b and c shows the unactuated,
open, and close configurations of the gripper, as well as the
images taken during the pick-and-place operations for
different objects. In its open configuration, at a pressure of
*41 kPa (6 psi), the gripper successfully lifted an object
(2.66 g), which was 30 times heavier than its own weight
(0.098 g).

Swimming robot

As a final demonstration of this fabrication method, we
designed and fabricated a four-arm swimming robot. The 2D
CAD file of the robot was directly fabricated into a robotic
swimmer in one step without requiring any assembly. Each
arm had two degrees of freedom (DOFs) and consisted of two
bending actuators. The first actuator (actuator type II with in-
plane bending motion) acted as the arm of the swimmer, and
the second actuator (actuator type I with out-of-plane
bending motion) acted as the fin (Fig. 6a). The palm of this
robot was a circular balloon that connects the fin to its arm.
When actuated, the palm inflated more than the rest of the
arm, due to its large and circular surface area, allowing it to
serve as the point of contact of the robot to the water and
ensuring the arm stays level with the surface of the water
during actuation. Because of its light weight (0.62 g) and
large surface area, the robot floated in both its actuated and
unactuated states.

The robot was powered by a portable actuation system that
included a battery, minicompressor, microcontroller, and a
three-way valve (Supplementary Fig. S11 and Supplemen-
tary Note S7). To demonstrate that the swimming motion is
not due to the momentum of the exhausted air, we designed
two versions of the robot. Supplementary Figure S12 shows a
schematic of the same swimming robot in Figure 6a, but with
actuators that are mirrored so the robot swims in the opposite
direction; the mirrored robot swam in the opposite direction,
confirming the hypothesis (Supplementary Video S8).
Figure 6b and c shows the unactuated and actuated con-
figurations of the forward swimming robot (Supplementary

Video S9); it should be noted that the robot is upside down
(i.e., laying on its back) to better visualize the motion of the
actuators.

Figure 7a shows a sequence of images of the forward
swimming motion for a single cycle, where a cycle consists of
an inflation and deflation phase. Since the flow rate of the
compressor was relatively low (<250 mL/min), the arms of
the robot bent gradually and therefore produced little thrust.
During the deflation phase, however, the arms returned to
their original position more quickly, creating a relatively

FIG. 6. Development of a swimming robot. (a) Schematic
design of swimming robot for generating forward swimming
motions. (b, c) Unactuated and actuated configurations in
forward motion mode. Color images available online at
www.liebertpub.com/soro
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greater thrust than during the inflation phase. Therefore, the
inflation phase served as the recovery stroke, and the defla-
tion phase served as the power stroke for this swimming
robot. Figure 7b shows the pressure inside the robot during
the inflation and deflation phases. The graph shows that the
inflation occurred in a near-linear manner over 1 s, while the
deflation occurred exponentially, dropping 95% of its pres-
sure in *500 ms. Figure 7c shows the displacement of the
robot for the deflation and inflation phases over a series of
seven cycles. Initially during the first three cycles, the robot
had a near-zero movement during its inflation phase and a
progressively increasing displacement during its deflation
phase. After the initial three cycles, the inflation phase has a
baseline displacement of *14 mm. Over the seven cycles,
the average velocity of the robot was 6.7 mm/s (Fig. 7d),
starting from 5 mm/s and increasing to 8.4 mm/s during the
seventh cycle. The soft robot was able to pull a load of 127 g,
204 times its own weight.

Discussion

The described method for fabrication of thin actuators has
several advantages over conventional fabrication methods:
(1) Simple design of geometries. Conventional methods

require designs to be made in 3D CAD and then translated
into molds for 3D printing. Thin actuators only require a 2D
layout and can be directly cut onto thermoplastic films. (2)
Arbitrary 2D geometries. Since the laser cutter can be pro-
grammed to cut almost any geometry, thin actuators of var-
ious sizes and shapes can be rapidly tested for discovering
novel motions. (3) Rapid Fabrication. The bonding between
the thermoplastic films occurs immediately in the proposed
method. Therefore, fabrication of novel thin actuators can be
done within minutes, compared with several hours with
conventional methods. (4) Versatile thickness. Since the
process utilizes prefabricated films that can be obtained with
high quality and uniformity, therefore, one can fabricate
planar actuators with a thickness much smaller than what can
be achieved by 3D molding. (5) Composite material inte-
gration. Materials with different properties can easily be di-
rectly laminated to achieve desired motions or properties. (6)
Scalability. An array of thin actuators can be made from a
single sheet of laminated films, and is only limited by the area
of the laser cutter and heat press. This article demonstrates
several designs for effective actuators, but we have found that
designs that are symmetric in both thickness and geometry
tend to yield ineffective movement (i.e., simple expansion),
and that materials with elastic properties are needed to

FIG. 7. Analysis of swimming motion. (a) Sequence of swimming motion for one cycle. (b) Pressure inside the robot
during the inflation and deflation periods. (c) Horizontal displacement of robot during the inflation and deflation phases. (d)
Total displacement after seven cycles (14 s). Color images available online at www.liebertpub.com/soro
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actuate repeatedly. Moreover, the proposed fabrication method
is limited to cutting/welding thin sheets of thermoplastics and
therefore limited in the types of materials able to be utilized. In
addition, since this method cuts planar sheets, direct fabrication
of 3D actuators is not possible, but manual assembly of planar
actuators into a 3D robot should be feasible.

Soft pneumatic actuators are particularly useful in appli-
cations that require the actuators to be lightweight and/or fit
within small volumes. We envision such applications to be
transcatheter surgical grippers, wearable actuators, and un-
tethered battery-powered mobile (e.g., walking, flying, and
swimming) robots. Currently, the major limitation with thin
actuators is that their overall force is low. This limitation of
force can be improved by use of superior composite materials
with higher young’s modulus, toughness, and strength, such
that higher pressures can be applied. This work provides a
framework for future studies on other geometric designs to
produce different types of motions and to optimize the ac-
tuation lifetimes and efficiency.
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