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Abstract:

The development of untethered soft robots capable of locomotion in response to environmental
stimuli is important for biomimetics, drug delivery, and non-minimally invasive surgery.
Reversible thermoresponsive hydrogels, which swell and shrink in the temperature range of (30-
60 °C), provide an attractive material class for operating such untethered soft robots in human
physiological and ambient conditions. Crawling has been demonstrated previously with
thermoresponsive hydrogels but needs a patterned or ratcheted surface to break symmetry for
unidirectional motion. Here, we demonstrate a new locomotor mechanism for unidirectionally
crawling gels driven by spontaneous asymmetries in contact forces during swelling and deswelling
of segmented active thermoresponsive poly (N-isopropyl acrylamide) (pNIPAM) and passive
polyacrylamide (pAAM) bilayers with suspended linkers. Experiments demonstrate consistent
unidirectional movement of hydrogel crawlers across multiple thermal cycles on flat, unpatterned
surfaces. We explain the mechanism using finite element simulations and varying experimental
parameters such as the number of segments, linker size, and design. We compare and validate
experiments, image analysis, and models to elucidate design and engineering principles. We
anticipate that this mechanism could be widely applied and adapted to create a variety of shape-

changing and smart locomotors.

One-Sentence Summary:

By manipulating the geometry and number of bilayer segments of a multisegmented gel robot, we
generate asymmetric contact forces to realize unidirectional crawling on an unpatterned surface

over multiple thermal stimulation cycles.



INTRODUCTION

Stimuli-responsive, untethered, soft robots that can locomote in aqueous environments can
have important biomedical applications. (1-3) Compared to tethered robots that utilize fluidic or
pneumatic signals to control their motion, untethered robots are mass-producible, maneuverable
in tight spaces, and do not require wiring or external power sources. (4) Stimuli-responsive
hydrogels, which can undergo volumetric phase transitions in response to stimuli such as heat,
light, pH, biochemicals, electric, and magnetic fields are attractive materials for structuring
untethered robots. (3—8)

Previously, researchers have used hydrogels to create a range of shape changes and
transformer hydrogels such as grippers, fluidic actuators, and valves. (3, 9—/7) An important class
of stimuli-responsive hydrogels is reversibly-thermoresponsive poly(N-isopropylacrylamide)
(pPNIPAM). These hydrogels undergo tunable lower critical solution temperature (LCST)
transitions in the human physiological and ambient temperatures up to 50 °C. LCST transitions of
these polymers can be tuned by varying molecular and blending with compatible copolymers or

mixing with ionic liquids. (12, 13)

Researchers have utilized various techniques, including molding, 3D printing, and
stereolithography, to create micro and mesostructured pNIPAM structures, including those capable
of locomotion. For example, Maeda et al. used the Belousov—Zhabotinsky (BZ) oscillatory
reaction for differential swelling as an actuation mechanism at a constant temperature. (/4)
Elsewhere, researchers have used these stimuli-responsive hydrogel bilayers to create a variety of

crawling mechanisms. (/5-19) However, it is challenging to break symmetry (a fundamental



requirement of directed locomotion) using swelling and deswelling cycles as needed for directed
locomotion. Consequently, previous attempts at creating bilayer hydrogel crawlers have utilized
patterned substrates on ratcheted surfaces or constrained channels to break symmetry and direct
motion, limiting these robots' applicability. Also, prior work has relied on inherently simple single-

segment bilayer designs, often limited by fabrication processes. (19)

Here, we describe how we can use systematic and asynchronous changes in robot
morphology, driven by varying temporal swelling and deswelling of connected gel segments, to
break the spatial (fore-aft) symmetry of contact forces and direct motion on flat surfaces without
needing constrained environments or ratcheted substrates. Remarkably, as we show, symmetry is
spontaneously broken due to asymmetries in contact surface forces caused by the structural design
of the robot. Our innovation involves three new principles, (a) The use of gel segments of different
thicknesses and lateral dimensions to induce spatiotemporal asymmetries in swelling and
deswelling, (b) the use of a suspended linker with different stiffness and patterns to study the
parameters that influence robot displacement, and (c) varying experimental parameters like the
number of bilayer segments and linker pattern to the dependence of robot actuation. We fabricated
our robots by direct ink writing (DIW), a 4D printing technique that uses pressure-based extrusion
for layer-by-layer assembly of multiple materials and characterized them over multiple heating
and cooling cycles. We also simulated the thermo-chemo-mechanical behavior of the hydrogel
robots using finite element analysis to investigate the mechanism of locomotion. Our studies
suggest a mechanism for designing a new class of untethered stimulus-responsive locomotors, and
our approach that leverages 3D printing and simulations provides significant tunability, scalability,

and versatility. (10, 20-28)



DESIGN AND FABRICATION OF MULTISEGMENTED BILAYER GEL ROBOTS

Crawling via cycles of musculoskeletal traveling waves—i.e., kinematic and dynamic
phase differences along a fore-aft body axis—provides a common and effective means of
locomotion for various organisms as a combination of nervous signals, musculoskeletal
deformation, and environmental factors and indeed many biological locomoting systems, such as
inchworms and snakes, exhibit traveling waves along their bodies to produce motion; (29, 30-36).
Here, we propose a new strategy that exploits the geometry of actuators by engineering
morphological asymmetries in lateral dimensions and thickness of bilayers to generate the requisite
fore-aft phase differences during swelling deswelling without the need to use independent stimuli.
We do this by designing morphological gradients along the fore-aft axis of the soft robotic chassis;
these gradients in morphology lead to a gradient in actuator dynamics, ultimately instantiating a

wave-like locomotor gait that only requires a single input.
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Figure 1. Fabrication and design of multisegmented robots with the linker. (a) 3D printing
process, (b) Sacrificial layer dissolution, and (¢) Thermal actuation. (d) Variation of linker
morphology (e) Thermal cycling of robot and varying the contact force distribution to increase
robot actuation distance. The area shaded blue describes the cooling half-cycle and red the heating
half-cycle.

We designed multisegmented robots with two bilayers of different morphology connected
by a linker (Figure 1). The bilayers are composed of a thermally responsive swelling gel (active
material) and a non-swelling gel (passive material). We used a thermoresponsive monomer N-
isopropylacrylamide (NIPAM) with a lower critical solution temperature (LCST) of 32 °C as our
active ink and acrylamide (AAM) for our passive ink. We modified our monomer inks to enable
direct ink writing, an extrusion-based 3D printing technique for shear-thinning gel inks. Our inks
were monomer dispersions in water mixed with Laponite® (nano-clay rheological modifier) and
crosslinked the mixture after printing by UV exposure. (28, 37) One key innovation central to
symmetry breaking is a suspended central linker that connects the bilayer segments. We developed
a sacrificial ink composed of a pure Laponite® aqueous solution that supports a second gel layer
during fabrication. We subsequently dissolved this sacrificial layer to create the suspended linker.
Since Laponite® does not crosslink during UV curing, the layer dissolves readily when the active
layer swells (Figure 1b). We utilized a two-nozzle printer and switched one of our inks out of the
printer head during the fabrication to allow printing with our third ink. For this, we had to control
the print path precisely, particularly the order we printed the different segments in layer 1, to give
us enough time to conduct the switch. We started with AAM and sacrificial inks in the two printer
heads and printed the sacrificial layer first. Then, while the printer was using the printer head with

AAM, we switched the sacrificial ink with NIPAM. We used the same nozzle which we cleaned

during the print for the two swapped inks to ensure no misalignment.
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Figure 2. Tuning actuation time and curvature of bilayers by varying thickness ratio during
thermal cycling. (a) Experimental images and simulation snapshots of the bending of the 0.8 mm
pNIPAM-0.4 mm pAAM bilayer with respect to normalized actuation time (t=t/tc of bilayers
(tc=(lc?) /Do, lc=1 mm; Do=5%10-° m?/s) taken during one thermal cycle of cooling at 25 °C (i-
iii) and heating at 60 °C (iv-v) 80. Both bilayers fully swell by (@i) T = 80. The bilayers deswell
beyond their cured state and achieve negative curvature by the end of heating (v) T =160. Scale
bar indicates 10mm, and the color legend indicates the polymer volume fraction from simulations;
smaller numbers indicate more swelling. The polymer volume fractions at cured state, fully
swollen at 25 °C, and fully deswollen state are 0.67, 0.59, and 0.72, respectively. (b) Radius of
curvature of the 0.8 mm pNIPAM-0.4 mm pAAM bilayer (BlI1) and 0.8 mm pNIPAM-0.8 mm
pAAM bilayer (BI2) observed over normalized actuation time for cooling (blue area) and heating
(red area) half-cycles compared to the fitted model. Shading along each experimental plot
represents a standard deviation with a sample size of three. (¢) Normalized actuation time by
varying thickness ratio, B=Apnipam/Apaam, and normalized permeability, D/Do. The black dots
indicate the experimental parameters used for the fabrication: More details about experiments on
other bilayers, modeling, the parameters used, and graphs are in the Supporting Information.

After printing, we cured and crosslinked the robot for 200 s at 0.4 W/cm?> holding our
probes approximately 3 cm from the structure. After curing, we swelled our robot at room
temperature to dissolve the sacrificial ink and set it up for actuation tests. We investigated the
response of multiple robots while changing linker morphology and the number of segments to
understand the influence of different engineering parameters on the morphology and displacement

of the robots (Figure 1c-e).



RESULTS

The swelling and deswelling rate of bilayers can be tuned

We first characterized the transient swelling-induced bending behavior of rectangular bilayers with
varying dimensions over a thermal cycle (heating and cooling half-cycles) by measuring the
curvature. We used 10 mm x15 mm rectangular bilayers with two thicknesses of the pAAM layer
(0.4 mm, 0.8 mm) and four thicknesses of the pNIPAM layer (0.4 mm, 0.8 mm, 1.2 mm, and 1.6

mm).

We plotted the radius of curvature of our bilayers during the heating and cooling cycle against
normalized time 7= ¢/t where & =I[c?/Do, =1 mm; Do=5X10-"m?/s. Our thinnest bilayer, 0.4
mm pNIPAmM-0.4 mm pAAM, equilibrated the fastest with the highest curvature during the cooling
cycle, followed by the 0.8 mm pNIPAM-0.4 mm pAAM bilayer. The thicker bilayers with (0.8
mm, 1.2 mm, 1.6 mm) pNIPAM and 0.8 mm pAAM equilibrated in similar time ranges and
curvatures, 1.6 mm pNIPAM bilayer having the smallest curvature (Figure 2 a, b and Fig S2).
We observed that during the cooling half-cycle, swelling time varied widely from (7 =50-110) for
different bilayers. This variation is due to the bilayers with thicker pNIPAM taking longer to
achieve equilibrium swelling. During the heating half-cycle, the bilayers deswelled twice as fast

(t =150-180). (38) We summarize the thermal cycling data on the rest of the bilayers in Fig. S2.

We applied finite element analysis (FEA) of the swelling and deswelling induced transient bending
of the bilayers to determine the swelling and deswelling properties of the hydrogels (Table S1).
We described the rapid deswelling of pNIPAM by modifying the constitutive model to include
two different diffusivities for the swelling and deswelling process. Details of the finite element
simulations and procedure for parameter calibration are in the SI. We next applied FEA to

investigate the effects of material and geometric properties of the bilayer on the actuation time,



defined as the time required to reach 63.2% of the equilibrium bending curvature (Figure 2¢). The
actuation time was most sensitive to the diffusivity of the pNIPAM and the bilayer thickness ratio.
Bilayers with a smaller thickness ratio and a larger diffusivity for the active material produce

shorter actuation times.

Robot actuation-two-segment robot with a flexible pNIPAM linker

We utilized the characterization data from the thermal cycling of the various pNIPAM-pAAM
bilayers and the model parameters to design multisegmented gels with asymmetries in contact
forces. We used a smaller (0.8 mm pNIPAM-0.4 mm pAAM) bilayer and a larger (1.2 mm
pNIPAM-0.4 mm pAAM) bilayer connected by a suspended pNIPAM linker. Geometric details
on all our robots are in Fig. S4-6. After curing and sacrificial structure dissolution, we thermally
cycled the robot in water by switching the temperature to 60 °C for the heating half-cycle and

25 °C for the cooling half-cycle.

During the cooling half-cycle, the robot was allowed to swell at room temperature. We
observed that the mismatch in swelling properties and thickness ratio of active and passive
hydrogel in bilayers caused swelling-induced bending in both bilayer segments, which resulted in
forward translation of the robot. The two bilayers had different curvatures, with the thinner bilayer
having a higher curvature. The flexible linker swelled and sagged to touch the underlying surface
along with the outer edge of both the bilayers. Once we switched the actuation cycle to heating,
the robot recovered from the swollen-bent state rapidly because of the faster deswelling kinetics
of the active hydrogel. Further heating resulted in pNIPAM deswelling beyond its cured state
length and caused the bilayers to bend with a curvature in the opposite direction compared to

swelling.
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Figure 3. Thermal cycling of two versions of the two-segment robot. (a-c) With a flexible
pNIPAM linker: (a) Experimental images of robot across one thermal cycle- The cooling half-
cycle: (i) Cured state, (ii) Intermediate state, (iii) Swollen state. The heating half-cycle of the robot:
(iv) Intermediate state, (v) Collapsed state of robot and displacement. (b) Experimental images of
the robot observed at the end of each cycle of five complete thermal cycles. (¢) Plot of the
percentage robot displacement normalized by robot length over five cycles at the end of each
thermal stimulation cycle. The robot crawls 12.0 mm in 5 cycles, i.e., 4.4 % body length/cycle.
Here, body length is the cured state length of the robot ; (d-f) With a stiff pAAM linker. (d) Same
as (a). (e) Experimental images of the robot observed at the end of each partial cycle
(heating/cooling) of three complete thermal cycles. (e) Same as (c), but for three cycles. The robot
with the stiff linker crawls 9.3 mm in 3 cycles, i.e., 5.6 % body length/cycle. Bars in (¢) and (f)
indicate a standard deviation with a sample size of three.

The final curvature of the robot segments varied slightly with each cycle, likely due to differences

in the reorganization of the molecular chains of the crosslinked polymer and differences in
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hydrogen bonding that occur between heating and cooling. (40) The two bilayers deswelled
asynchronously from their swollen state curvature during this cycle. This deswelling was coupled
with asymmetry in geometry and the rapid collapse of the middle segment and resulted in a forward

translation of the robot (Figure 3a).

We subjected the robot to five thermal cycles, as shown in Figure 3b, and measured and plotted
the displacement of the robot against each cycle. We observed that our robot crawled consistently
in the direction of the larger bilayer, moving 4.4 % body length/cycle. We confirmed consistent
unidirectional motion by performing a statistical study that involved stimulating the robot over 20

cycles of heating and cooling. (Fig. S4c)

Varying the morphology of the linker-two-segment robot with a stiff linker

We printed a second robot with the same bilayer specifications but replaced the original fully
pNIPAM linker with a passive pAAM linker to investigate the design parameters that we can use
to manipulate contact forces. We hypothesized that the stiffness of the linker would strongly
influence the linker morphology and, consequently, the gait and contact forces of the robot. The
robot was first thermally stimulated over three cycles, as shown in (Figure 3d). During the cooling
half-cycle, the robot swelled up with the smaller bilayer curling more than the larger one, and the
whole robot displaced minutely in either direction. However, the stiff linker held its shape and
remained suspended between the bilayers. We observed that the smaller bilayer anchored as the
larger bilayer leg deswelled during the heating cycle and displaced ahead by around (5.6 % body
length/cycle) (Movie S1). Like our previous robots, we conducted a statistical study on the robot.
We confirmed that our robot crawled consistently in the direction of the larger bilayer over 20

cycles of thermal stimulation (Fig. S4d).
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Explaining the crawling mechanism using Finite Element Analysis

We obtained insight into our experimental findings by performing finite element analysis of the
robot's behavior during thermal cycling. The constitutive model by Chester et al. assumed that the
hydrogel was in a dry polymer state at the beginning of the simulation. (39) In contrast, the
hydrogels are fabricated in a partially swollen state by direct ink writing. To achieve this initial
swollen configuration, we simulated the free swelling of both the pNIPAM and pAAM materials
at a reference temperature of 50 °C as described in the SI. The effects of gravity and buoyancy
were prescribed by applying a body force, b, = Apg, where Ap = 100 kg/ m3 is the difference in
the density between the polymer and water and g is gravitational acceleration. We discretized the
bottom surfaces of all three segments of the robot (Fig. S12) using contact surface elements. We
assumed a rigid surface underneath the segments with a Coulomb friction coefficient, f; = 0.1, to
prevent interpenetration and to describe the frictional sliding of the robot during the temperature

cycle.

We lowered the temperature from 50 °C to 25 °C at a rate of 1.67 °C/min and held it at 25°C for
2.45 hours, then heated it to 60 °C at 0.58 °C/min and held it at 60 °C for 2 hours, to simulate the
actuation experiments. This caused the thermally responsive pNIPAM to swell during cooling and
deswell during heating (SI). The swelling strain mismatch between the active pNIPAM and
passive pAAM hydrogel caused the bilayer segments to curl downwards during cooling, pushing

the pNIPAM linker into contact with the surface.

12
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Figure 4. Finite element analysis of the two-segment robot. With a flexible linker: (a)
Temporal snapshots of crawling upon cooling and heating. (b) A plot of the x-displacement of the
center of the bilayers and the linker versus normalized time for cooling (blue area) and heating
(red area) half-cycles. (¢) A plot of the normal force exerted by different segments on the contact
surface versus normalized time. With a short and stiff linker: (d) Temporal snapshots of smaller
bilayer moving towards the larger bilayer upon cooling. (e) A plot of x-displacement of the outer
edges of the bilayers versus normalized time. (f) A plot of the normal force on the contact surface
exerted by the bilayers versus normalized time.

The left edge of the smaller bilayer moved to the right, and the right edge of the larger bilayer
moved to the left (Figure 4a). The opposing motion of the bilayer segment resulted in a minimal
0.1 % translation of the center of the linker of the robot. The mismatch in the deswelling strain

between pNIPAM and pAAM caused the robot to bend upward during heating. The bending of the
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larger bilayer and deswelling of the linker pulled the robot to the right causing a net displacement

of 1.1 % body length over the thermal cycle. (Figure 4b).

We plotted the normal force acting on the two bilayer segments and linker to understand the
mechanism for forward translation of the hydrogel robot (Figure 4¢). We calculated this by
summing the nodal normal forces on the contact surface of an individual segment. The normal
force scales with the magnitude of the friction force by the inverse of the Coulomb friction
coefficient. Initially, the normal force was largest for the larger bilayer because it is the most
massive segment in the robot. During cooling, the bending of the bilayers pushed on the linker,
which caused it to experience the largest normal force and thus the largest friction force. The
normal force acting on the bilayers decreased approximately by 50%. At the same time, the normal
force increased by more than four times actor for the linker, which caused it to act as an anchor
and the center of both bilayers to move towards the linker. Both bilayers first straightened and then
curled upward, lifting the linker from the contact surface as we heated the robot to 60 °C. The
larger bilayer was displaced by -0.1 mm during heating, while the smaller bilayer was displaced
by 0.63 mm (Figure 4a). Once again, the larger bilayer experienced the largest friction force of
the three segments and acted as an anchor, allowing the smaller bilayer and linker to slide to the

right, producing a net forward motion (Movie S2).

We performed two additional finite element simulations to validate the hypothesis for the
mechanism of the robot locomotion. We changed the sequence of robot locomotion by changing
the frictional anchoring of the robot. First, we switched the positions of the smaller and larger
bilayers to produce net motion in the opposite direction. Having the larger bilayer on the left
relocated the anchoring point during heating to the left and caused the smaller bilayer to slide to

the left, producing a net motion to the left. The stroke (net motion) of the robot was the same in
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magnitude ,but opposite in direction as the baseline case, and the friction force acting on the larger
and smaller bilayers and the linker were the same as for the baseline case. We observed the same
behavior in our experiments when we turned our flexible linker robot around and thermally
stimulated it, and observed it crawl in the opposite direction (Movie S3). We elaborate more on

these studies in the SI (Fig. S14).

Next, we changed the design of the robot by replacing the pNIPAM linker with a passive hydrogel
linker that was four times shorter than the original linker and three times stiffer than pAAM and
simulated the motion during cooling (Figure 4d). The bending of the bilayers during cooling lifted

the linker from the contact surface, creating an asymmetric arch.

The point of contact of the larger bilayer, point Y, was displaced by 2.1 %, while the point of
contact of the smaller bilayer, point X, was displaced by a substantially larger amount, 20.3%, in
the opposite direction (Figure 4e). The normal force was larger at point Y for the larger, more
massive bilayer than at the contact point X for the smaller bilayer. This asymmetry in contact
forces caused point Y to act as an anchor, and the robot translated to the right during the cooling
period (Figure 4f). While we did not use a material of a similar stiffness ratio or bilayers of similar
lengths, we observed the same trend of the robot displacing ahead by 7.6 % body length in our
experiments when we switched our linker from a flexible pNIPAM to a stiff pAAM one (Figure

3d).
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Figure 5- Robot displacement with varying bilayer segments and linker morphology: (a)
Experimental images of the three-segment robot at the end of each heating and cooling half cycle
over three consecutive cycles. (b) Experimental displacement of the robot over three thermal
stimulation cycles. The robot moves 7.8 % body length/cycle. (¢) Experimental images of the four-
segment robot at the end of each heating and cooling half cycle over three consecutive cycles. (d)
Experimental displacement of the robot over three thermal stimulation cycles. Robot moves 12.2 %
body length/cycle.
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Investigating the impact of the linker and bilayer morphology on robot gait

We characterized the morphology and displacement behavior of our gel robots by varying two
additional factors, the linker pattern and the number of large/small bilayer segments. We
redesigned the linker from the fully pNIPAM or pNIPAM composition described above and shown
in Figure 3 to a combination of alternating pAAM and pNIPAM strips, as shown in Figure 5. We
also varied the number of large and small bilayer segments of the robots from two to three and
four (Figure 5). We stimulated our robots across multiple thermal cycles, and the results are

discussed below.
Three-segment robot with a striped linker

This gel robot depicted in Fig. S5a consisted of two small and one large bilayer segment connected
by a linker composed of five strips of pAAM and six stripes of pNIPAM. Like the previous gel
robots consisting of one small and one large bilayer segment connected by a uniform linker, we
observed that the two smaller bilayers achieved different curvatures in the swelling cycle and
equilibrated faster than the larger bilayer. This asymmetry in the morphology of the bilayers
resulted in the robot undergoing minimal unidirectional translation at the end of the cooling half-
cycle. We observed that the linker sagged a bit, barely touching the surface because of pNIPAM
swelling; the pAAM strips maintained the mechanical integrity of the linker (Figure 5a). After
reaching equilibrium, we switched the temperature for the heating cycle. We observed a stick-slip
motion due to uneven contact forces between the larger and smaller bilayer segments that caused

a larger displacement within the 5-minute interval.

Further heating resulted in pNIPAM deswelling beyond its cured state length and caused the
bilayers to bend with a negative curvature compared to that during swelling. We thermally

stimulated our robot initially for three cycles, as shown in Figure Sb, and measured and plotted
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the displacement of the robot against each cycle. Our robot crawls unidirectionally with
approximately 7.8 % body length/cycle displacement towards its smaller bilayer (Movie S4). We
also performed a statistical study on this gel robot over 20 cycles to confirm consistent
unidirectional motion (Fig. S5¢) and compared its displacement to a similar bilayer segment robot
with a flexible pNIPAM linker (Three-segment robot with a flexible pNIPAM linker) (Fig. S6).
These studies confirm that the contact force is distributed differently from the three-segment robot
with an alternating linker because the linker sags and touches the surface excessively. The two
ends of the robot have less asymmetry, which causes the displacement to reduce the robot

locomotes the only 3.9. % (Movie S5).

Four-segment robot with a striped linker

This gel robot depicted in Fig. S5b consisted of two small and two large bilayers segments
connected by a linker composed of two strips of pAAM and three strips of pNIPAM. We observed
that the smaller bilayers deswelled and lifted from the surface during the heating half-cycle, the
larger bilayers staying anchored at the starting point. As the gel robot swelled during the cooling
half-cycle, the asymmetric deswelling of the two pairs of bilayers caused the smaller pair of
bilayers to bend and anchor on the surface. At the same time, the expanding pNIPAM in the linker
pushed the now unanchored, larger bilayers ahead, displacing the robot by 12.2 % body
length/cycle (Figure Sc, Movie S6). We confirmed consistent unidirectional motion towards the
larger bilayer by conducting a 20-cycle statistical study on our robot like our previous robots.
Importantly, we observe a trend in that the displacement increases with increasing asymmetry in
contact forces, which we can tune by varying the linker morphology and bilayer segments (Fig.

S5d).
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DISCUSSION

We describe and validate a new mechanism for untethered unidirectional crawling for
multisegmented gel robots on flat unpatterned substrates. The mechanism relies on a spatial
morphological gradient along the fore-aft axis that in turn leads to temporal asymmetry and,
ultimately, asymmetry in contact forces of gel segments and linkers, leading to unidirectional
locomotion. Using a model gel robot consisting of two bilayer segments with either a stiff or
flexible linker, we investigate the mechanism experimentally by thermal cycling and compare the
results to FEA simulations. These studies help us calculate the asymmetry of the contact forces
during swelling and deswelling half-cycles in different parts of the gel robot, which drive
asymmetry in anchoring and release of the segments to produce a net displacement. We also
demonstrate that we can tune and increase the magnitude of the displacement by varying linker
morphology and the number of bilayer segments. We believe that exploiting morphology to tune
distributed spatiotemporal dynamics of soft robots holds promise for the next generation of

autonomous shape-changing devices and chemo-bio-thermo-mechanical soft locomotor robots.

MATERIALS AND METHODS

Ink preparation

We formulated hydrogel inks compatible with the DIW 4D printing process mentioned in Figure
1a by modifying the rheological properties of our inks to make them shear thinning. We used the
nano clay Laponite® as a rheology modifier for this purpose. (/0) We used acrylamide (AAM) for
the passive ink and N-isopropylacrylamide (NIPAM) for the active ink. We prepared a sacrificial

ink with only Laponite® and water to print the supporting layer.
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We blended Laponite® XLG (BYK USA Inc.) with deionized (DI) water, a 0.12 mg/mL solution
of methacryloxyethyl thiocarbamoyl rhodamine B (Polysciences, Inc.) dye solution for the active
ink. We homogenized it in the planetary mixer (Mazerustar KK-250S, Kurabo Industry Ltd.). We
used a 0.5 mg/mL solution of methylene blue (Sigma Aldrich) dye for the passive ink for macro
imaging. After this, we added the NIPAM monomer (Scientific Polymer Products Inc.) and the
UV photoinitiator Irgacure 2959 (BASF) to the Laponite® solution for the active ink. For the
passive ink, we added AAM monomer (Sigma-Aldrich), Irgacure 2959, and the crosslinker N, N'-
methylenebisacrylamide (BIS, Sigma-Aldrich) to the Laponite® solution. Final concentrations of
the inks were: Active Ink- (DI water-84.6 %; NIPAM-8.5 %; Laponite® -6.8 %; Irgacure-0.2) and
Passive Ink- (DI water-83 %; AAM-7.9 %; Laponite® -6.6 %; Irgacure-0.8; BIS-1.7 %). We
homogenized the inks again in the planetary mixer. We made the sacrificial ink by homogenizing
an 8 % solution of Laponite®. We let all our inks age for a day for the desired rheological

properties. We show the microstructures of the ink in Fig. S1b.

Bilayer transient actuation study

After curing, we placed each group of samples in a 20 cm x 10 cm clear plastic box. We added
750 mL of DI water at room temperature to the box and used a broad-spectrum UV light source to
excite the fluorescent dye in the structures. We observed each group for over 8 hours. After the
bilayers were at equilibrium at 25 °C, we heated it to 60 °C at 1.75 °C/min and imaged it with a

DSLR camera (Canon).

Finite element analysis

We used finite element analysis to investigate the crawling mechanism of the two-segment robot
with a flexible linker. We applied the thermo-chemo-mechanical model of thermoresponsive

hydrogels by Chester et al. (39), implemented as a user-defined element (UEL) subroutine in
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ABAQUS, to describe the coupled thermo-chemo-mechanical behavior of the pNIPAM and
PAAM hydrogels. (47) Additional details of the constitutive model and its implementation can be

found in (SI).

Briefly, the model assumes an additive decomposition of the free energy density constituted of a
mechanical part, described by the compressible Neo-Hookean potential, and a mixing part given
by the Flory-Huggins potential. (42) Further, to describe the stress-coupled transport of water into
the hydrogel, Chester et al. (39) also assume a linear constitutive relationship between the fluid
flux and gradient of chemical potential while the balance law for fluid content takes large
deformation into account. Performing 3D finite simulations of coupled thermo-chemo-mechanical
problems is computationally expensive; thus, we performed 2D plane-strain finite element
simulations. The model contains seven parameters: the shear modulus, bulk modulus, temperature-
dependent Flory-Huggins interaction parameters, swelling and deswelling diffusivities, the atomic
volume of solvent, and reference chemical potential. We have listed the material parameters for
both hydrogels in Table S2 and S3. We obtained the shear moduli of the hydrogels from

rheological characterizations done in a previous study. (/0)

Thermal cycling of robots

After curing and sacrificial layer dissolution, we thermally cycled the robots in water on a hot plate
(Thermofisher) by switching the temperature to 60 °C for the heating half-cycle and back to 25 °C
for the cooling half-cycle. We generated all the figures in the main text using a three or five cycle
on our robots. For the statistical study of robot displacement shown in Fig. S4-6, we stimulated
the robots over ten thermal cycles, turned them around, and stimulated it for ten more thermal

cycles. All our robot crawling studies were done on silicon wafers and in triplicate.
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