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Untethered operation remains a fundamental challenge in soft robotics. Soft robotic actuators are
generally unable to produce the forces required for carrying essential power and control hardware
on-board. Moreover, current untethered soft robots often have low operating times given soft actuators’
limited efficiency and lifetime. Here, we 3D print cylindrical handed shearing auxetics (HSAs) from
single-cure polyurethane resins for use as scalable, motorized soft robotic actuators for untethered
machines. Mechanical characterization of individual HSAs confirms their auxetic behaviors and suitability
as actuators. HSA pairs of opposite handedness are assembled to form multi-degree-of-freedom legs
for untethered quadrupeds. We explore several leg designs to understand the role of length and auxetic
pattern density on overall motion and blocked force generated. Finally, we demonstrate untethered
locomotion with two soft robotic quadrupeds. We find that our taller soft robot is capable of walking at
2 body lengths per min (BL min™) for 65 min, all while carrying a payload of at least 1.5 kg. We compare
our soft robots’ capabilities to those of previously reported untethered, terrestrial systems and find that
our motorized HSAs lead to the second highest operating time with an above average velocity. We
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1 Introduction

Soft robots are physically intelligent machines constructed from
soft, deformable materials that enable continuous, bioinspired
motions and passive adaptability in unstructured environments.
A foundational design decision in soft robotics is actuator selec-
tion: it dictates the materials, manufacturing methods, and power
requirements needed to realize the final system."”” However, the
limitations of current soft robotic actuators remain a pressing
challenge for the field. In particular, their auxiliary hardware
requirements,” poor energy efficiency,® and relatively low force
output’ continue to stymie advances in untethered soft robots
capable of long-term operation.®

Fluidic, electrostatic, and thermomechanical actuators remain
popular in soft robotics." Commonly used fluidic actuators
require hardware components like pumps, pressurized canisters,
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embodied intelligence and adaptive, physical learning.

and valves for actuation,”’® whose weight and rigidity pose chal-
lenges for untethered performance."*® Electrostatic actuators like
dielectric elastomer actuators (DEAs) generate rapid, energy-
efficient actuation,'” but they require high operating voltages from
amplifiers that are non-trivial to miniaturize and integrate in
untethered soft robots.'®*' Thermomechanical actuators, like
liquid crystal elastomers (LCEs)** and shape memory alloys
(SMAs)***?** that change shape via (Joule) heating, exhibit high
actuation forces and high work capacity. However, they display slow
reversibility and low energy efficiency. Moreover, each of these
actuation strategies presents unique fabrication challenges that
often limit them to single degree-of-freedom (DOF) motions like
bending, volumetric expansion, or uniaxial contraction. To bypass
the shortcomings of soft actuators, many have returned to using
conventional motors for actuation.>>>° For example, strategically
threaded, motorized tendon cables pull on soft robot bodies to
actuate them. Recent work has even used motorized, cable tendon
actuation for untethered soft robot walking.*® Still, while tendon-
driven actuators are prone to developing slack that decouples body
dynamics from motor activity and complicates control, conven-
tional motors - despite their rigidity - stand out as a robust, energy-
efficient approach for soft robotic actuation.

More recently, a novel class of deformable architected
materials called handed shearing auxetics (HSAs)*' was
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Fig. 1 3D printed HSAs for untethered soft robots. (a) A CAD rendering of the untethered soft robot shows the overall assembly, including four
HSA-based legs, 16 servo motors, and on-board electronics and batteries enclosed within the robot's shell. (b) Photographs of a miniature HSA
(0.3x scaling) show the part before (out-of-focus, in the background) and after processing (foreground). (c) 3D printed HSAs are shown at 1x, 0.75x,
0.5x%, 0.3%, and 0.15x scalings. The inset in the upper right corner is a magnified view of the 0.15x HSAs, which can be printed but with supports that are
difficult to remove without damaging the HSA. Scale bars are 20 mm (a and c¢) and 10 mm (b).

introduced as an alternative means to motorized soft robotic
actuation. Cylindrical HSAs couple rotational and exten-
sional motion in a manner that enables actuation via servo
motors.*'** HSAs were first fabricated by rotary laser cutting
extruded tubes of thin-walled Teflon, or polytetrafluoroethylene
(PTFE).>"*? The poor reproducibility of rotational laser cutting
and limited processability of PTFE tubes motivated the direct
manufacturing of HSAs by 3D printing.”* In this early work,
HSAs were printed by digital projection lithography (DLP)
using expensive industrial printers and proprietary two-part,
dual-cure polyurethane resins whose processing requirements
limited the overall sizes at which HSAs could be fabricated.
Overall, HSAs have been exclusively used for soft robotic
grippers and tethered demos that use heavy, high-torque servo
motors for actuation.*'

Here, we introduce a strategy for 3D printing HSAs of
scalable form factor for untethered soft robot locomotion
(Fig. 1). HSAs are 3D printed using a desktop DLP printer and
single-cure, polyurethane resins. We demonstrate that the use
of single-cure resins with minimal post-processing enables the
printing of miniaturized HSAs that maintain their shearing
auxetic behavior at decreasing scale.*® We print HSAs for three
multi-DOF soft robotic leg designs based on 2 x 2 assemblies of
HSAs with opposite handedness, characterizing their range of
motion and generated block force. Finally, we demonstrate
untethered locomotion in two soft quadrupeds using different
leg designs. The HSA legs’ high force output enables our soft
robot to carry a total payload of up to 1.5 kg, including a
microcontroller and lithium ion battery (Fig. 1a). Using a non-
optimized gait, we demonstrate a maximum walking speed of
0.031 body lengths per second (BL s~ ') and an overall operation
time of 65 min.

2 Results and discussion

In this work, we 3D print HSAs from a single-cure polyurethane
resin (E-Rigid PU Black, EnvisionTec) for one-step fabrication
via DLP (D4K Pro, EnvisionTec, see Fig. 1b, c and Fig. S1, ESIt).
This single-cure resin simplifies and expedites HSA fabrication
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while allowing for miniaturization to new length scales
(Fig. 1c). In previous work, using dual-cure polyurethane resins
to 3D print HSAs required manual cleaning steps between
printing and thermal curing.*® Any residual resin trapped
within the printed HSAs’ fine features polymerized during the
second thermal curing step, constraining the mobility of the
HSAs’ living hinges that give rise to its shearing auxetic
behavior. Therefore, smaller HSA features were difficult to
properly print with dual-cure resins, and the overall size scale
of printable HSAs was limited. Importantly, previous DLP
methods for HSA fabrication involved expensive industrial
DLP printers that are not accessible to the broader research
community.*?

The auxetic behavior of HSAs depends on deformable living
hinges (or flexure joints) tiled throughout their structure. To
accommodate high strain for large shape change, the living
hinges should be printed from a photopolymer resin that
exhibits a high elongation at break. Their geometry must
facilitate large strains as well; living hinges that are too thick
will increase effective stiffness, reduce actuation strain, and
increase the force required for elongation.*’** We selected the
polyurethane resin for this work largely for its high elongation
at break (173%, see Table S1, ESIt). The single-cure polyur-
ethane resin also possesses a shore hardness of D73 and tensile
strength of 20.6 MPa. These mechanical properties are compar-
able to resins previously used to print HSAs.**

When considering HSAs as actuators for untethered soft
robots, their size raises important considerations because it
dictates the torque needed to actuate them. HSAs’ living hinges
become thinner as they are scaled to smaller sizes, and the
torque required to actuate them decreases with HSA thickness.
A servo motor’s size and mass generally increase with the

Table 1 Scaled HSA variants and their parameters

HSA scale  Length (mm) Diameter (mm)  Wall thickness (mm)
1x 102 25 1.6
0.75x 76 19 1.2
0.5x% 51 13 0.8
0.3 30 8 0.5

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Mechanical characterization of HSAs. (a) Force versus extension data from tensile extension tests are shown for 1x, 0.75x, 0.5%, 0.3x HSAs. Data
for three HSAs are provided for each scaling, with one plot from each set shown in bold color for improved visibility. (b) Force versus extension data from
cyclic extension tests are shown for one HSA of each scale over 200 cycles at a rate of 10 mm s~* for 1.0x and 0.75x HSAs and 1 mm s~* for 0.5x and

0.3x HSAs. The 1st, 2nd, and 200th cycle are indicated in each plot.

maximum output torque it can produce. Thus, HSAs should be
scaled such that they can be actuated by servo motors with a
minimized mass and footprint. We 3D printed HSAs of various
sizes, scaled to 1x, 0.75x%, 0.5%, and 0.3x the form of straight
HSA designs reported previously®® (Fig. 1c). The geometric
parameters of each HSA scaling are provided in Table 1.
While HSAs can be printed at scalings between 0.3x and
0.15x (Fig. 1c), removing print supports for HSAs below
0.3x scaling resulted in damage to the part. Printing failed
for HSA scalings below 0.15 x.

HSAs are mechanically characterized via strain to failure and
cyclic extension tests to study their tensile and hysteretic
behavior, respectively (Fig. 2 and Fig. S2, ESIf). As HSAs are
scaled to smaller sizes, we expect that living hinges of decreas-
ing thickness will bend and facilitate elongation under lower
forces. We also anticipate that thinner HSAs will exhibit lower
effective stiffness and fail at relatively higher strains. These
trends are observed in the force-extension data shown in
Fig. 2a, which indicate that the force required to extend an
HSA and the strain at failure both decrease with decreasing
HSA scaling. We observe that individual hinges or members of
the HSA structure begin to fail at higher extensions before
ultimate failure (Fig. S3a, ESIf). When we normalize force by
HSA thickness and plot versus strain, we qualitatively see that
0.75%, 0.5x, and 0.3x HSAs exhibit similar stiffness and that
all HSAs begin to fail around strains of 0.6, regardless of scaling
factor (Fig. S3b, ESIT).

Results from cyclic extension tests are shown in Fig. 2b up to
200 cycles. These data reveal the HSAs’ viscoelastic behavior,
with strain-induced weakening resulting in the hysteresis loops
observed for increasing cycle count. Similar viscoelastic beha-
vior in HSAs has been reported previously.*® Table S2 (ESIT)
provides the cycle count at which individual members of the
HSA structure began to fail and the cycle count of ultimate

This journal is © The Royal Society of Chemistry 2022

failure. Individual links in the 0.3x HSAs began to fail before
the 200th extension cycle. This did not significantly affect their
global mechanical behavior. From these results, it is also likely
that slight plastic deformation in the living hinges is contribut-
ing to this hysteretic mechanical response. Hysteretic force-
extension behavior was observed for HSAs of all scalings and
reached a steady-state after approximately 100 cycles in each.
Overall, these results demonstrate that our printed HSAs can
repeatedly undergo high strains for soft robotic actuation.

Miniaturizing HSAs opens opportunities for directly actuat-
ing soft robots with micro servo motors. These servo motors
have a reduced physical foot print and low mass, both of which
are appealing for designing untethered soft robots whose pay-
loads should be minimized. From the mechanical characteriza-
tion results and our insights into the printed HSAs’ general
performance, we selected 0.5x HSAs as the basis for our
motorized soft actuators. We reasoned that this scaling would
provide successful multi-DOF actuation with lightweight
servos, reducing power draw and increasing energy-efficiency
for maximum operation time. The thin walls of the 0.3 x HSAs
presented concerns of the limits on their maximum loading
and long-term robustness, while the 0.75x and 1x HSAs
qualitatively required torques that surpass those that micro
servos can generate.

Multi-DOF actuators are readily constructed from HSAs in
2 x 2 configurations in which neighboring HSAs possess an
opposite handedness.*'~** Building on this design, we explored
three 0.5x HSA assemblies as motorized soft robot legs
(Fig. 3 and Fig. S4, ESIt). The three leg designs - 0.5x leg,
stilted 0.5x leg, and elongated 0.5x leg (Fig. 3a and b) - allow
us to investigate the effect of HSA length and auxetic pattern
density on leg performance. The stilted 0.5x legs are similar to
the 0.5x legs, except that the ends are extended by elongating
the solid ends of the individual HSAs. The elongated 0.5 x leg is

Soft Matter, 2022, 18, 8229-8237 | 8231
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Fig. 3 HSA-based soft robotic legs. (a) Renderings of the base, stilted, and elongated HSAs used to construct the three HSA legs are shown, indicating
the length of the extended ends (or stilts) and elongated auxetic pattern region. (b) The photograph shows the 0.5x leg (left), stilted 0.5x leg (center), and
elongated 0.5x leg (right) with the foot pointing upward. Scale bar is 20 mm.

lengthened by increasing the HSA pattern density along the
length of the cylinder. The stilted and elongated 0.5x legs
have the same length (Fig. 3a). Each multi-DOF leg weighs
45 + 1 g (n = 3) and is comprised of four HSAs and four micro
servo motors (Power HD 1440A).

As shown in Fig. 4 and Movies S1-S3 (ESIT), the HSA legs are
capable of executing various complex motions, including con-
tractile, extending, directional bending, and twisting motions.
The servo rotations required to execute each are shown in
Fig. 4a, and close-up views of contractile actuation strokes are
provided in Fig. S5 (ESIY). In this free displacement context, we
qualitatively see that both of the longer HSA legs extend, bend,
and twist to a greater extent than the shorter one (Fig. 4b-d).
Multi-DOF motions that we demonstrate in the HSA legs have
not been achieved in previous untethered soft robots, whose
actuators have been limited to simpler, often single-DOF
motions'4,12,14,16,19,21,22,30,35737

The blocked force generated by each leg design is measured as
a function of servo rotation (Fig. 5). The peak blocked force is
determined once a servo is rotated to a new angle; the steady
blocked force is recorded after a 30 s hold. We observe that the
maximum blocked force generated by the 0.5x leg, elongated
0.5x leg, and stilted 0.5x leg are 17.1 &+ 1.2 N, 18.2 &+ 5.4 N, and
20.9 + 4.2 N, respectively. Thus, while the elongated legs produce
higher blocked forces with the same servo motors, we qualitatively
find that the stilted legs are more robust than the elongated leg
design. A higher density of the HSA pattern in the elongated 0.5x
leg reduces overall leg stiffness and increases the likelihood that
the leg will fail at a living hinge after extended operation times.
We also observe that the forces generated by the legs are suffi-
ciently high to cause the servo motors to fail themselves before the
printed HSAs do. Considering their overall weight (see Table 2),
the legs’ high force output speaks to their suitability for use in
untethered soft robot locomotion.

We constructed two untethered soft robotic quadrupeds
using 0.5x legs (Fig. 6a) and stilted 0.5x legs (Fig. 6b). The

8232 | Soft Matter, 2022, 18, 8229-8237

quadrupeds weigh up to 910 g, with their battery packs repre-
senting the largest fraction of their weight (Table 2). Each soft
robot is operational with a payload of up to 1.5 kg according to
operation tests with additional weights placed onboard.

The gait for the quadrupeds is developed based on the
principles of simultaneous actuation of diagonally opposite
legs as seen in nature,*® where the center-of-mass is contained
within a bounding polygon formed by the distal ends of the
end-effectors to prevent tipping over due to an unsupported
center-of-mass.>® The unique challenges of designing and
optimizing a gait for these soft robots stem not only from the
HSAs’ compliance, but from the non-instantaneous and
lifespan-variant responses of the HSAs to an applied servo
rotation. Determining an appropriate time delay between steps
to ensure their full completion is crucial to achieve a smooth
gait. For both robots, a uniform time step of 100 ms was
satisfactory. Finally, as is always the case with terrestrial
locomotion, the contact friction between the legs and the
substrate the robot walks on must be balanced to prevent
slipping or excessive friction that would prevent the ground
reaction forces from driving the robot forward. For untethered
locomotion, we designed the gait pattern shown in Fig. 7. For
walking in a single direction, we use three actuation modes:
extension, contraction, and forward bending.

Fig. 6 shows overlaid stills from video recordings of our two
soft robots (see Movie S$4, ESIt) walking along a concrete sidewalk
using the gait shown in Fig. 7. Here, the bottoms of HSA legs were
covered in gaffer tape that provided grip for locomotion. The
overlaid stills show the soft robots with the 0.5x legs (Fig. 6a) and
stilted 0.5x legs (Fig. 6b) at 0 s, 100 s, and 225 s. We clearly
observe a general forward walking in both robots. Since we use the
same servo rotation patterns with legs that do not perform
identically, the soft robots do not perfectly walk straight forward
(e.g., we see the shorter soft robot moving closer towards the
camera in Fig. 6a). Still, even on uneven terrain, the soft robots
successfully walk with a forward trajectory.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Multi-DOF leg actuation. (a) The servo rotations (to 90°) required to execute a range of linear (contract and extend), bending (left, backward,
forward, and right bends), and twisting motions (counter-clockwise (CCW) and clockwise (CW)) are shown. (b—d) The corresponding actuation motifs are
shown in the (b) 0.5x leg, (c) extended 0.5x leg, and (d) stilted 0.5x leg. The photographs are stills from Movies S1-S3 in the ESI.{ The front two servos as
seen on the legs in the photographs correspond to the bottom two servo rotations in (a). Scale bars are 20 mm.
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Fig. 5 Blocked force characterization. Plots of the blocked force versus
servo rotation angle are provided for the 0.5x leg (left), elongated 0.5x leg
(center), and stilted 0.5x leg (right). The peak and steady blocked force
measurements are represented by the dark grey and colored symbols,
respectively. Upward triangles represent forces measured upon rotating
servos from 0 to 90°, while downward triangles indicate forces measured
from 90 to 0°. Shaded error bands indicate standard deviation (n = 3).

We analyzed the speed and operating time of our soft robots,
two important properties for untethered soft robotic systems.
On concrete, the shorter and taller soft robots traversed
approximately 200 mm and 340 mm in 100 s, respectively. We

This journal is © The Royal Society of Chemistry 2022

Table 2 Weight breakdown of untethered HSA walker

Component Weight (g)
HSA leg (x4) 45-48 (x4)
Mounting plate 40

Top shell 145
Fasteners (nuts, bolts, washers) 60
Micro-controller battery 145

Servo battery 264
Electronics and wiring 64

Total 898-910

also studied the robots walking on neoprene rubber sheets
using high grit sandpaper on the bottom of their legs. On this
softer substrate, the taller soft robot traversed approximately
177 mm in 32 s, while the shorter walked approximately 50 mm
in 40 s. Thus, the highest walking speed was measured at
0.031 BL s * for the longer legged soft robot walking on the
concrete sidewalk. We attribute the taller soft robot’s faster
walking speed to the larger range of motion its extended legs
provide (see Fig. 4b and d). Finally, we measured the soft
robot’s untethered operating time. The taller soft robot can
walk for 65 min with its 6 V 2200 mA h NiMH battery. Given the
soft robots’ high payload capacity, we expect operating time can

Soft Matter, 2022, 18, 8229-8237 | 8233
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Fig. 6 Untethered soft robotic quadrupeds. Untethered HSA-based soft robots constructed with the (a) 0.5x legs and (b) stilted 0.5x legs are shown
walking on a concrete sidewalk. Overlays of the quadrupeds are shown at 0 s, 100 s, and 225 s of the walking sequence. Stills are taken from Movie S4 in

the ESI.1 Scale bars are 50 mm.
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Fig. 7 7-Step sequence for one gait cycle. The actuation sequence of
each leg is shown at each step in the gait cycle, with actuation states of
rest (neutral), extend, contract and forward bend combined in a series that
produces forward walking.

be significantly improved with the addition of more battery
packs or batteries with a higher capacity.

As shown in Fig. 8, we compared the velocity and operating time
of our motorized soft robots with those reported for other unteth-
ered soft robotic systems®'?14716:19:21,22,24,29,30,35-3740-42 (gee Table
S3, ESIT). The data points in Fig. 8 also indicate the type of actuation
used in each: LCE, SMA, DEA, electroactive polymer (EAP),
combustion-powered, fluidic, and motorized. Ideally, untethered
soft robots would have high walking speeds and long operating
times, but we see that current untethered soft robots are either fast
or capable of extended operation - not both. To the best of our
knowledge, our taller untethered HSA-based quadruped has the
second highest operating time of all untethered soft robots pre-
viously reported. One of the first untethered, pneumatically actuated
soft robots to be reported has the longest operating time."* Overall,
compared to motorized untethered soft robots, our soft robot’s

8234 | Soft Matter, 2022, 18, 8229-8237
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Fig. 8 Comparing operating velocity and operating time in untethered soft
robots. The taller, untethered soft robot presented here is marked by the green
star and compared with other terrestrial untethered soft robots. Actuation
strategies used in each soft robot are classified by symbol shape and color.

locomotion speed is on par with a reported isoperimetric roller
robot.>* A motorized tendon-actuated untethered soft robot® per-
formed significantly faster, albeit for under a third of the
operating time.

3 Conclusions

We present a strategy for developing an untethered soft robot
based on 3D printed, motorized auxetic actuators. We extend

This journal is © The Royal Society of Chemistry 2022
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HSA fabrication to small form factors with a desktop DLP 3D
printer and a single-cure polyurethane resin that allows for a
reduction of HSA fabrication time and cost. Mechanical
characterization of 3D printed HSAs indicates that these
actuators exhibit handed shearing auxetic behavior and are
appropriate for use as soft robotic actuators. Assemblies of
miniaturized HSAs are printed to form multi-DOF legs that
we electrically drive with micro servo motors and demon-
strate to generate significant force for untethered locomo-
tion. We built two untethered soft robotic quadrupeds using
two different leg designs that are capable of walking on
uneven surfaces. We demonstrate the second highest operat-
ing time reported for untethered, terrestrial soft robots and
an above average walking speed. We attribute this to the use
of micro servo motors and the ability to carry large payloads
(e.g., large batteries) with our printed HSA legs. Moving
forward, we see several opportunities for improving the
performance of our untethered soft robots. First, higher
capacity or additional batteries can be brought onboard to
increase operation time. Faster, higher-torque servos could
increase walking speed, so long as they maintain suitable
energy requirements, size, and mass. Our observations high-
light the need to continue optimizing the quadrupeds’ gaits
as another way to increase walking speed. We expect that
improving locomotion will involve utilizing the HSA legs’
twisting and off-axis bending modes. Finally, our soft robots’
performance can be improved through optimized HSA design
(e.g., via topology optimization).

Our methods can open opportunities for creating untethered
soft robots with long operating times and efficient actuation.
Motorizing soft robots built from architected materials like HSAs
provides a streamlined path to practically integrating the actua-
tion, control, perception, and power capabilities next-generation
soft robots will require.> We anticipate that future embodiments
of the soft robots we present here — which have the payload
capacity to bring new sensors,® cameras, and other hardware
on-board - will facilitate new, fundamental experiments with
soft machines that are both physically and computationally
intelligent.

4 Methods

3D printing HSAs and HSA assemblies

HSAs and HSA pairs are designed and modeled in Rhino 7
(Robert McNeel & Associates) and Solidworks 2021 (Dassault).
All HSAs are 3D printed using commercially available E-Rigid
PU Black (EnvisionTec), a single-cure polyurethane resin, on a
desktop DLP printer (D4K Pro, EnvisionTec). The print orienta-
tion and supports are specified on Envision One RP software
(EnvisionTec), and HSAs are oriented horizontally on the build
platform to optimize support for the structure and reduce
fabrication time (Fig. S1, ESIT). The resins are used as received.
All parts are cleaned and processed according to the manufac-
turer’s specifications.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

HSA mechanical characterization

HSAs are mechanically characterized by tensile and cyclic
extension tests. HSAs are individually mounted to an Instron
tensile testing system via custom 3D printed fixtures (Tough
PLA filament, Ultimaker 3) such that one end of the HSA is
fixed to the Instron and the other is mounted to a rotational
bearing (Grainger) to enable free rotation® (Fig. S2, ESIf).
Before testing, each HSA is pre-cycled 10 times to an actuation
strain of 25% at a rate of 10 mm s~ for the 1x and 0.75 x HSAs,
and 1 mm s~ ' for the 0.5x and 0.3x scale HSAs. For tensile
tests, HSAs are elongated to failure at an extension rate of
1 mm s . For cyclic extension tests, 1x and 0.75x HSAs are
cyclically extended at a rate of 10 mm s * for 1000 cycles or
until complete HSA failure (see Table S2, ESIt), while 0.5x and
0.3x HSAs are cyclically tested at a rate of 1 mm s . The
different actuation rates reflect the typical actuation rates in an
untethered HSA soft robot.

HSA leg assembly and characterization

Each HSA leg is constructed from two HSA pairs. HSA pairs are
printed in 2 x 1 configurations consisting of two oppositely
handed HSAs. Each free end of the HSA is glued (Gorilla Glue
cyanoacrylate adhesive) to individual micro servo motors
(Power HD 1440A) via 3D printed adapters that mate the spline
of the servo to the inner-diameter of the HSA. The assembled
2 x 2 HSA legs are then fixed to a 3D printed mounting plate
(Tough PLA filament, Ultimaker 3).

HSA legs are prepared for blocked force testing by first pre-
cycling them 10 times between rest and maximum actuation
(i.e., at a servo rotation of 90° or —90° depending on the
associated HSA’s handedness) over a 3 min period. During
blocked force testing, an adapter suspends the HSA leg over a
digital scale (McMaster Carr) that is in contact with the leg’s
distal end, or foot (see Fig. S5, ESIt). Each servo is actuated
equally, in 10° steps from 0° to 90° to 0°, for a total of 18 steps
with a 30 s period between each actuation. This process is
performed for 3 different legs per leg design.

Untethered soft robot assembly and operation

The untethered soft robotic quadruped consists of four HSA
legs mounted to a custom 3D printed body plate (Tough PLA
filament, Ultimaker 3). An Arduino Uno microcontroller con-
trols the walker, and the 16 servos are driven by a PCA9685
servo driver (Adafruit) that communicates with the microcon-
troller via 12C. The microcontroller and servo driver are housed
underneath a custom 3D printed shell (Tough PLA filament,
Ultimaker 3). Power is supplied separately to the Arduino Uno
and the PCA9685 via a 3S LiPo battery (Zeee Power) and a 6 V
NiMH battery pack (Pololu). The LiPo battery and NiMH battery
pack are mounted under the shell and underneath the body
plate, respectively. The overall dimensions of the walker are
177 mm X 160 mm X 104 mm with the 0.5x HSA legs and
177 mm x 160 mm x 134 mm with both of the elongated leg
designs. The gait for the untethered soft robotic walker is
programmed in the Arduino IDE (Arduino). The walker is
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operated on a concrete sidewalk on Northwestern University’s
campus and a flat, neoprene surface. Operating speeds are
determined from video footage of the quadrupeds walking.

Comparing untethered soft robot performance

Walking speeds of untethered, terrestrial soft robots are col-
lected from references listed in Table S3, ESL.{ Operating times
for each are collected and/or estimated from reported data.
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