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Mechanical Programming of Soft Actuators
by Varying Fiber Angle
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Abstract

In this work we investigate the influence of fiber angle on the deformation of fiber-reinforced soft fluidic actuators.
We demonstrate that, by simply varying the fiber angle, we can tune the actuators to achieve a wide range of
motions, including axial extension, radial expansion, and twisting. We investigate the relationship between fiber
angle and actuator deformation by performing finite element simulations for actuators with a range of different
fiber angles, and we verify the simulation results by experimentally characterizing the actuators. By combining
actuator segments in series, we can achieve combinations of motions tailored to specific tasks. We demonstrate this
by using the results of simulations of separate actuators to design a segmented wormlike soft robot capable of
propelling itself through a tube and performing an orientation-specific peg insertion task at the end of the tube.
Understanding the relationship between fiber angle and motion of these soft fluidic actuators enables rapid
exploration of the design space, opening the door to the iteration of exciting soft robot concepts such as flexible and
compliant endoscopes, pipe inspection devices, and assembly line robots.

Introduction

In recent years, significant attention has been devoted to
the study of soft, fluidic actuators, because of their com-

pliance, easy fabrication, and ability to achieve complex
motions with simple control inputs.1–6 These unique cap-
abilities have led to a variety of innovative potential appli-
cations in the areas of medical devices,7,8 search and rescue
devices,9 and assistive robots.10 One of the most well-known
and widely used pneumatic soft actuators is the McKibben
actuator,11–13 which upon pressurization produces a simple
axial contraction and radial expansion motion. This actuator
has been studied in detail and has been shown to have many
uses.14–16 However, in order to increase the applicability of
soft robots, it is desirable to have access to a library of ac-
tuators capable of producing a much wider range of motions.
In an effort to increase functionality in soft actuators, mul-
tiple McKibben actuators have been combined to produce
more complex twisting motions.7,17 Furthermore, bending
motions have been achieved using PneuNets2–5 and flexible
microactuators,18 and a wider range of motions, including
extension, twisting, and bending, has been demonstrated by
using fillers (paper or fabric) in elastomer composites,4 fiber-
reinforced elastomers,18 and combinations of elastomers with

different stiffnesses.19 However, in order to simplify and
accelerate the design of soft robots, there is still a need to
develop actuators that can be easily fabricated and designed
and easily programmed to produce a wide range of motions,
and that can be used as building blocks to realize more
complex motions, such as locomotion and burrowing.

We looked to nature for inspiration for the realization of
such actuators and noted that fiber-reinforced structures are
ubiquitous. For example, nemertean and turbellarian worms
have an outer layer of helically arranged collagen fibers to
limit the elongation and contraction of the worm’s body,20,21

and the walls of arteries are strengthened with a helical ar-
rangement of collagen fibrils.22 Moreover, fiber-reinforced
structures in nature often function as actuators. Examples
include the body of the earthworm,23 the tube feet of star-
fish,24 and soft muscular systems of the human body, such as
the heart.7 Furthermore, we notice that the nonlinear theory of
anisotropic tubes25–28 and, more recently, simple kinematics
models29,30 have shown that pressurized fiber-reinforced
hollow cylinders are capable of many motions, including
axial extension, radial expansion, and twisting.

In this article, we aim to design a mechanically program-
mable soft actuator whose response can be tuned via how
fibers are oriented in its construction. We explore numerically
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and experimentally the response of fluidic-powered cylin-
drical elastomeric actuators, with fibers wound in a helical
pattern around the outside of the actuator, as shown in Figure
1a and 1c. While previous work has demonstrated that this
type of fiber-reinforced actuator is capable of many types of
motions,7,8,11–18 here we study in detail the effect of fiber
angle (the angle between the horizontal axis and the fiber) on
actuator motion. Our results indicate that, by simply varying
the fiber angle, we can design actuators that change in length,
change in radius, and twist about their axis, as shown in Figure
1b. We also demonstrate that, by using multiple families of
fibers (i.e., fibers arranged at different angles), we can expand
the actuator design space and have greater flexibility in the
type of actuator we can create. We show that these systems
can be efficiently designed using numerical simulations,
which enable rapid exploration of the design space. Further-
more, by combining actuator segments in series, as shown in
Figure 1d, for example, we can achieve combinations of
motions tailored to specific tasks, such as peristaltic loco-
motion and burrowing.

Results and Discussion

To characterize the effect of fibers on the response of the
actuators, we begin by studying them numerically using
finite element analysis. Such an approach facilitates accu-
rate modeling of the system, incorporating material prop-
erties and the effect of the fiber reinforcement. It also
enables much more rapid exploration of the design space
compared with fabricating and experimentally characteriz-
ing multiple actuators, and therefore can be effectively used
to design actuators tailored to specific tasks. We used the
commercial finite element package Abaqus, version 6.12-1
(SIMULIA, Providence, RI), to run simulations for actuators

with a range of different fiber angles, varying from 0� (cir-
cumferential fibers) to 90� (axial fibers) (see Supplementary
Video S1; see also Supplementary Data for details of how the
simulations were performed; Supplementary Data are avail-
able online at www.liebertpub.com/soro). During the simu-
lations, we monitored (1) the change in the radius of the
actuator (b/B), (2) the change in length of the actuator (kz = l/
L), and (3) the amount by which the actuator twists about its
longitudinal axis (s) (see Supplementary Data for details on
how to extract these quantities from the simulations).

We first focus on actuators with a single family of fibers
(i.e., all fibers have the same orientation), and in Figure 2a we
plot kz, b/B, and s as a function of the applied pressure for
fiber angles varying from a = 0� to a = 90�. As expected, for
a = 0�, corresponding to circumferential fibers, the motion of
the actuator is constrained only in the radial direction, and so
we see in the plot of axial extension versus pressure that
maximum axial extension occurs for this angle. As a is in-
creased from 0�, radial expansion increases and axial ex-
tension decreases until finally, at a = 90� (axial fibers), we
have maximum radial expansion and no axial extension. We
also see that for fiber angles in the 50�–90� range, the axial
stretch is nonmonotonic, as the length of the actuator first
decreases and then increases as pressure increases. Finally,
by plotting twist per unit length as a function of pressure, we
note that at 0� and 90�, the fibers are arranged symmetrically,
and so there is no twist about the axis. We also see the un-
intuitive result that twist peaks around 30�.

To verify the finite element results, we compared numerical
predictions and experimental data for two actuators charac-
terized by a = - 3� and a = 70� (see Supplementary Video S2).
From the finite element analysis, we expect that these actuators
will exhibit contrasting behavior upon pressurization. Upon
completion of the fabrication (see Supplementary Data for

FIG. 1. Fiber-reinforced soft ac-
tuators. (a) The actuators consist of
an elastomeric matrix surrounded
by a helical arrangement of fibers.
(b) The actuators can expand, ex-
tend, or twist upon pressurization.
(c) A combination of finite ele-
ment modeling and experimental
characterization is used to explore
the motions that can be achieved.
(d) Combining actuator segments
in series, we can achieve combina-
tions of motions tailored to specific
tasks. For example, we can combine
extending and expanding segments
to create a robot capable of navi-
gating through a pipeline. Color
images available online at www
.liebertpub.com/soro
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details), we pressurized each actuator to 62.05 kPa and took
pictures of the actuator during the loading process. By tracking
markings on the actuator (see Fig. 2b and 2c), we could ana-
lyze the change in radius and length. To obtain values for the
twist, we placed a camera underneath the actuator and used

markings to track the center and four points on the circum-
ference of the bottom of the actuator.

In the same way as for the finite element simulations, we
plotted the axial stretch, circumferential stretch, and twist per
unit length, as functions of pressure (see Supplementary Data

FIG. 2. Actuators with one family of fibers. (a) Finite element results showing extension (kz), expansion (b/B), and twist
per unit length (s) as a function of the applied pressure for a range of different fiber angles. Note that we define the positive
fiber orientation to be in the clockwise direction. Positive fiber orientation induces twist in the counter-clockwise direction
(negative twist). However, here we are interested in comparing the magnitude of the twist for different angles, and so we
plot the magnitude of the twist (rather than magnitude and direction). (b) Photographs from experimental characterization
(left) and snapshots from finite element simulation (right) for an actuator with fiber angle a = - 3�. Both front views (top)
and bottom views (bottom) are shown. (c) Photographs from experimental characterization (left) and snapshots from finite
element simulation (right) for an actuator with fiber angle a = 70�. (d) Comparison between finite element simulations and
experiments for two actuators with fiber angle a = - 3� and a = 70�. The error bars on the experimental results show the
standard deviation from the mean result obtained by pressurizing each actuator three times. As in Figure 2a, the magnitude
of the twist is plotted here, rather than magnitude and direction. Color images available online at www.liebertpub.com/soro
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for details). The results are reported in Figure 2d. In the case
of a = - 3�, we see excellent agreement between experi-
mental and numerical results. For a = 70�, the match is very
good at lower pressures, with some deviation at higher
pressures due to the highly nonlinear response exhibited by
the actuator. In particular, for a = - 3� we see that the actuator
twists about its axis and extends axially, with little change in
the radial dimension. In contrast, for a = 70� the actuator
twists, expands radially, and undergoes slight axial contrac-
tion in response to pressurization. Finally, we note that the
discrepancies between the numerical and experimental re-
sults are likely due to imperfections in the experiments, and
end effects that lead to nonuniform deformations. Having
verified the finite element results, we can use the graphs in
Figure 2a to design an actuator that maximizes or minimizes
extension, expansion, or twist. Also, by combining the results
from the three graphs, we can design actuators with specific
characteristics, such as an actuator that maximizes twist
while minimizing change in radius, or one that maximizes
twist and extension.

Although varying the fiber angle of an actuator yields a
range of different motions, there are some motions that are
more difficult to achieve than others. For example, a pure
extending actuator requires a fiber angle of 0�, but achieving
this in practice is difficult due to variations in the fabrication
process. To overcome this issue, we can add a second family
of fibers to the first one. This second family of fibers can
be arranged at any angle, leading to a variety of different
motions that can be achieved. However, note that if we
arrange the two families of fibers symmetrically, there is no
twist; the actuator purely extends or expands. We demon-
strate this by characterizing an actuator with fibers arranged
at a1 = 3� and a2 = - 3� (see Supplementary Videos S3 and
S4). We see in Figure 3a that the behavior in the axial and
radial directions is very similar to the case with only one
family of fibers (axial extension and slight radial expan-
sion), but now the new family of fibers cancels the twist.

As well as yielding an actuator that does not twist, adding a
second family of fibers also expands the design space for this
class of actuators. For instance, we can fabricate multiple
actuators that have similar twist per unit length as a function
of pressure, but different behavior in the axial and radial
directions (see Supplementary Videos S5 and S6). We per-
formed a range of finite element simulations and identified a
pair of actuators that exhibit this behavior: an actuator
with fibers at a1 = 17� and a2 = - 67�, and one with fibers at
a1 = 60� and a2 = - 11�. In Figure 3b, we compare the re-
sponse, both experimental and numerical, of these two ac-
tuators. We see that the two actuators have almost the same
curve for twist as a function of pressure and neither sees much
change in radius. However, one actuator extends upon pres-
surization, while the other contracts. So we see that adding an
extra family of fibers expands the design space, giving us
greater flexibility in the type of actuator we can create.

The actuators presented here have potential to be used in a
wide variety of applications. For example, we can combine
them to fabricate a device capable of propelling itself through
a tube with a 90� bend in it and performing an orientation-
specific peg insertion task at the end (see Supplementary
Video S7). To design such devices, we took inspiration from
the peristaltic locomotion of the earthworm.23 The earth-
worm uses longitudinal and circumferential muscles to con-

tract the segments of its body sequentially, enabling it to
move forward. Therefore, we assembled four actuators in
series, as shown in Figure 4a, with segments 1, 2, and 3
responsible for propelling the device through the tube and
segment 4 designed to twist the prongs into the holes.

More specifically, actuator segments 1 and 3 were required
to expand and anchor the device in the tube, and so we chose
to arrange the fibers symmetrically at 70� and - 70� to
achieve a balance between maximum expansion and ease of
fabrication. To choose the dimensions of the actuators, we
took advantage of finite element analysis. Considering a tube
with an inner diameter of 13 mm, we performed a range of
finite element simulations and found that an actuator with an
outer diameter of 8 mm, a wall thickness of 1 mm, and fibers
symmetrically arranged at angles of 70� and - 70� would
expand to give an outer diameter of 14.5 mm at a pressure of
100 kPa, and this would be sufficient to act as an anchor. In
contrast to the anchoring segments, the function of segment 2
was to achieve extension and move the device forward, and
so we arranged the fibers symmetrically at 7� and - 7�. The
actuation sequence required for forward locomotion is shown
in Figure 4b. Each segment of the device is actuated inde-
pendently. When we actuate segment 1, it expands and an-
chors the device in the tube. Segment 2 extends to move the
device forward. Segment 3 expands to anchor the device in
the forward position, and we can then depressurize segments
1 and 2. It is key to note that, since all of the segments are
completely soft, the bend in the tube is easily negotiated (see
Figure 4b center). This would be much more difficult to
achieve if rigid components were used.

When the device reaches the end of the tube, we then want
it to insert the two prongs at its front into two holes. Since the
prongs are typically misaligned (see Figure 4c), we actuate
segment 4, whose fibers are arranged asymmetrically, at an
angle of 10�, to achieve a balance of extension and twisting.
As shown in Figure 4c, the prongs easily twist into the holes
and we can use segments 1, 2, and 3 to adjust the position of
the device if necessary. Since the device has intrinsic passive
compliance, even if the front segment is not exactly centered
in the tube, the prongs still find their way into the holes.

Conclusions

We have shown that, by simply varying the fiber angle of
fluidic-powered fiber-reinforced soft actuators, we can tune
their response to achieve a wide range of motions. Finite
element simulations accurately model the relationship be-
tween fiber angle and output motion, and we can use the
results of these simulations to guide the design of soft actu-
ators and greatly accelerate the design process. Future chal-
lenges in this area will include optimization of the simulations
to reduce computation time while still maintaining accuracy,
inclusion of dynamic effects in the simulations, refinement of
the fabrication procedure, and the development of analytical
models for use in real-time controllers. We highlight the
utility of knowledge gained from the simulations by me-
chanically programming multiple soft actuator segments and
combining them in series to create a wormlike soft robot that
can navigate through a pipe and complete a simple insertion
task. The ability to understand how tailoring of the fiber angle
influences the motion of the soft actuators enables rapid ex-
ploration of the design space for this class of soft actuators and
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FIG. 3. Actuators with two families of fibers. (a) Photographs from experimental characterization (left), snapshots from
finite element simulation (center), and comparison between finite element and experimental results (right) for an actuator
with fibers symmetrically arranged at a1 = 3� and a2 = - 3�. The error bars show the standard deviation from the mean
result obtained by pressurizing each actuator three times. (b) Photographs from experimental characterization (left) and
snapshots from finite element simulation (right) for an actuator with fibers at a1 = 17� and a2 = - 67�. (c) Photographs
from experimental characterization (left) and snapshots from finite element simulation (right) for an actuator with fibers
at a1 = 60� and a2 = - 11�. (d) Comparison between finite element and experimental results for an actuator with fibers at
a1 = 17� and a2 = - 67� and an actuator with fibers at a1 = 60� and a2 = - 11�. The error bars show the standard deviation
from the mean result obtained by pressurizing each actuator three times. Color images available online at www.liebertpub
.com/soro
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the iteration of exciting soft robot concepts such as flexible
and compliant endoscopes, pipe inspection devices, and as-
sembly line robots, to name but a few.
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Supplementary Data

Finite Element Modeling

All finite element simulations were performed using the
commercial finite element software Abaqus (SIMULIA). The
elastomer was modeled as an incompressible neo-Hookean
material. A shear modulus of 240 kPa was found by fitting a
neo-Hookean model to a stress–strain curve for a cylindrical
specimen of Elastosil M4601 (Wacker Chemie AG) under
uniaxial compression, and a dogbone-shaped specimen
(ASTM standard) under uniaxial tension, as shown in Sup-
plementary Figure S1. The Kevlar fibers were modeled as a
linearly elastic material using the manufacturer’s specifica-
tions: diameter 0.1778 mm, Young’s modulus 31.067 · 106

kPa, and Poisson’s ratio 0.36. Each actuator had inner radius
6.35 mm, wall thickness 2 mm, and length 165 mm. The

density of fiber distribution was approximately 0.36 mm of
fiber per mm2 of elastomer. For the elastomer, 20-node
quadratic brick elements, with reduced integration (Abaqus
element type C3D20R), were used, and 3-node quadratic
beam elements (Abaqus element type B32) were used for the
fibers. The accuracy of the mesh was ascertained through a
mesh refinement study and perfect bonding between the fibers
and the elastomer was assumed (the fibers were connected to
the elastomer by tie constraints). Each simulation required
16,000 elements and 30,000 nodes. Quasi-static nonlinear
simulations were performed using Abaqus/Standard. One end
of the actuator was held fixed, and a pressure load of 62 kPa
was applied to the inner surface of the actuator.

For two cases (a = 80� and a = 90�), the quasi-static simula-
tions were unstable at higher pressures. Therefore, dynamic
simulations were performed for these actuators using Abaqus/
Explicit and quasi-static conditions were ensured by monitor-
ing the kinetic energy and introducing a small damping factor.
The chamber of the actuator was modeled as a fluid-filled
cavity, and thermal expansion was used to increase the vol-
ume of air inside the cavity. The resulting pressure in the
cavity was output, as were the coordinates of the nodes on the
outer surface of the actuator, as before.

Calculating radial stretch, axial stretch, and twist

To calculate the average radial stretch, axial stretch, and
twist per unit length of the actuator as a function of the ap-
plied pressure, the coordinates of each node on the outer
surface of the actuator were output and we focused on the
nodes located on two diametrically opposite longitudinal
lines, as shown in Supplementary Figure S2a. If we denote
with Li and Ri a pair of nodes located on these two lines and
characterized by the same initial longitudinal coordinate (i.e.,
ZRi

0 ¼ ZLi

0 ), then the stretch in the radial direction can be
calculated as

b

B

� �
i

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(XRi �XLi )2þ (YRi � YLi )2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(XRi

0 �XLi

0 )2þ (YRi

0 � YLi

0 )2
q (S1)

where (XA
0 , YA

0 , ZA
0 ) and (XA, YA, ZA) denote the coordinates

of node A in the undeformed and deformed configuration,
respectively. Moreover, the axial stretch for each pair of
nodes can be calculated as

kzi
¼ ZRi � ZRi� 1

ZRi

0 � ZRi� 1

0

(S2)

Finally, as shown in Supplementary Figure S2b, the twist
can be calculated as

h¼ tan� 1 XR0 �XR0

0

YR0 � YR0

0

 !
(S3)

Note that in calculating the average values for the actuator
of the radial and axial stretch, only the middle two-thirds of

SUPPLEMENTARY FIG. S1. Stress–strain curve for
Elastosil under (a) uniaxial compression and (b) uniaxial
tension. The blue line corresponds to the experimental data
and the red line to the fit using the neo-Hookean model with
an initial shear modulus, l = 240 kPa.



the actuator were considered, in order to minimize boundary
effects (see Supplementary Figs S3 and S4).

Fabrication

The actuator mold was designed in Solidworks and 3D
printed using an Objet Connex 500 printer (Stratasys) (see
Supplementary Fig. S5a). The mold was assembled and held

together firmly with clamps. Elastosil M4601 (Wacker
Chemie AG) was poured into the mold (Supplementary Fig.
S5b), and degassed in a vacuum chamber for a couple of
minutes. A cylindrical metal rod was inserted into the mold to
create the core of the actuator. The rod slotted into a round
indentation at the bottom of the mold and a 3D printed cap held
the rod in place at the top of the mold (Supplementary Fig.
S5c). The Elastosil was left overnight at room temperature to

SUPPLEMENTARY FIG. S2. Extracting extension, expansion, and twist from the finite element (FE) simulations. (a)
Pairs of diametrically opposite nodes are used to calculate the radial stretch. Pairs of nodes along the length of the actuator
are used to calculate the axial stretch. (b) The coordinates of a node on the bottom face of the actuator are tracked to
calculate the twist.

SUPPLEMENTARY FIG. S3. FE simulations. Measuring change in length (kz). (a) Snapshots of the actuator at
P1 = 0 kPa and P2 = 62 kPa. (b) Axial stretch of the actuator at each pressure increment, plotted as a function of the
longitudinal coordinate Z0. Only the results shaded in gray were used to calculate the average values of the length, in order
to minimize boundary effects.



cure. The next day, the plastic mold was removed. Kevlar fiber
was wound in a helical pattern around the outside of the ac-
tuator (Supplementary Fig. S5d). Ridges on the surface of the
mold left grooves on the actuator, which defined the path for
winding the fibers. In this way, we had precise control over the
fiber angle.

At each end of the actuator, the fiber was looped around a
few times and tied. These knots were held in place by ap-
plying a small amount of Sil-Poxy (Smooth-On, Inc.). The
actuator was then removed from the rod using IPA as a lu-
bricant. The ends of the actuator were plugged with Sil-Poxy,
and a vented screw was inserted at one end. The Sil-Poxy was
allowed to cure for 24 h. Each actuator had an inner radius of
6.35 mm and a wall thickness of 2 mm. The same materials
and a similar procedure were used to fabricate the smaller
actuators shown in Figure 4. We used a 3D printed mold of
diameter 8 mm and a rod of diameter 6 mm. Sil-Poxy was
used to plug the ends of each actuator, and silicone rubber
tubing was inserted at one end to provide the air supply. The
actuators were glued together with Sil-Poxy.

Experimental Characterization

To characterize the deformation of the actuators, each
actuator was pressurized to 62.05 kPa, in increments of
6.89 kPa, and the deformation was measured at each incre-

ment. Each actuator was pressurized and depressurized three
times, and the results were averaged. To measure the ex-
tension and expansion of the actuator, a photograph was
taken at each pressure increment with a Canon EOS Rebel
T2i camera. Sample photographs are shown in Supple-
mentary Figures S6a and S7a. Black lines were marked on
the actuator, and the coordinates of the edges of these lines
were tracked using Matlab. The coordinates of the markers
were used to calculate the radius and length at points along
the actuator (using Eqs. S1 and S2) as shown in Supple-
mentary Figures S6b and S7b. The results were averaged to
get the mean expansion and extension, as shown in Sup-
plementary Figures S6c and S7c. Results for the lines near
the ends of the actuator were not included, in order to
minimize boundary effects.

To measure the twist, the camera was placed underneath
the actuator. Lines were marked on the bottom of the actu-
ator, and again, the actuator was pressurized in increments of
6.89 kPa, and a photograph was taken at each increment, as
shown in Supplementary Figure S8a. The twist was calcu-
lated by using a Matlab script to track the position of four
points on the circumference of the actuator. The twist was
calculated for each of these points and the results were av-
eraged. The results are shown in Supplementary Figure S8b
and S8c. The twist was normalized by calculating twist per
unit length, defined as s¼ h

kzL
.

SUPPLEMENTARY FIG. S4. FE simulations. Measuring change in radius (b/B) (a) Snapshots of the actuator at
P1 = 0 kPa and P2 = 62 kPa. (b) Radial stretch of the actuator at each pressure increment, plotted as a function of the
longitudinal coordinate Z0. Only the results shaded in gray were used to calculate the average values of the radius, in order
to minimize boundary effects.



SUPPLEMENTARY FIG. S6. Experiments: Measuring the change in length (kz) of an actuator with fiber angle a = - 3�.
(a) Photographs of the actuator at P1 = 0 kPa and P2 = 62.05 kPa. An alignment feature (which did not interfere with the
motion under investigation) was used at the bottom of the actuator. (b) Axial stretch of the actuator at each pressure
increment, plotted as a function of the longitudinal coordinate. Only the results shaded in gray were used to calculate the
average values of the length, in order to minimize boundary effects. (c) Average value of the axial stretch, plotted as a
function of pressure.

SUPPLEMENTARY FIG. S5. Actuator fabrication. (a) A metal rod and 3D-printed mold are used to mold the Elastosil.
(b) Elastosil is poured into the mold. (c) The rod is inserted into the mold and held in place with a 3D-printed cap. (d) The
mold is removed and Kevlar fiber is wound around the outside of the actuator. (e) The actuator is capped with Sil-Poxy.



SUPPLEMENTARY FIG. S7. Experiments: Measuring the change in radius (b/B) of an actuator with fiber angle a = 70�.
(a) Photographs of the actuator at P1 = 0 kPa and P2 = 62.05 kPa. An alignment feature (which did not interfere with the
motion under investigation) was used at the bottom of the actuator. (b) Radial stretch of the actuator at each pressure
increment, plotted as a function of the longitudinal coordinate. Only the results shaded in gray were used to calculate the
average values of the radius, in order to minimize boundary effects. (c) Average value of the radial stretch, plotted as a
function of pressure.

SUPPLEMENTARY FIG. S8. Experiments: Measuring the twist (h) of an actuator with fiber angle a = 70�. (a) Pho-
tographs of the actuator at P1 = 0 kPa and P2 = 27.58 kPa. (b) Magnitude of the twist at each point on the circumference of
the actuator at different levels of applied pressure. (c) Average value of the twist magnitude, plotted as a function of
pressure.




