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Discrete model
Here, we propose a discrete model to better understand the mechanics of the kirigami
structures. A schematic of the discrete model is shown in Fig. S3. In the discrete model,
each square (side length a) is considered to be a rigid body with mass M and moment of
inertia J . Each square has three degrees of freedom: two translational displacements, u
and v, and one rotational angle, θ. Note, θ0 is the initial angle. Each hinge (connecting
two squares) is modeled by three linear springs: a longitudinal spring with stiffness Kl,
a shear spring with stiffness Ks, and a torsional spring with stiffness Kθ. Based on the
discrete model, the equations of motion of a square at site (n, m) are
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where F ext
u and F ext

v are the external forces along the x and y axes, respectively, and M ext

is the external moment.
To investigate the static behavior of the system, we remove the inertial terms on

the left side of the governing equations. By introducing the normalized displacements
U = u/a and V = v/a, and stiffnesses K1 = Ks/Kl and K2 = Kθ/(Kla

2), we obtain the
dimensionless governing equations of the (n, m)th square:
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The assembly of Eq. (4)-(6) for all (n, m) yields the dimensionless governing equation
of the whole system

F̄int(u) + F̄ext = 0 (7)
where F̄int(u) and F̄ext are two vectors obtained by assembling the normalized internal
and external forces of all the squares in the system, respectively. Since Fint(u) nonlinearly
depends on the displacement vector u = [u1 v1 θ1 ... uN vN θN ]T , we employ the Newton-
Raphson method to numerically solve Eq. (7). To this end, we first define a function
G(u) = Fint(u) + Fext. Then, the solution of Eq. (7) can be approximated using the
following algorithm:

uj+1 = uj −
[
∇G|uj

]−1
G(uj) (8)

where ∇G|uj
is the gradient of G evaluated at u = uj, corresponding to the global

stiffness matrix.

Static behavior of kirigami squares: a parametric study
We perform the following analysis to further reduce the number of design parameters
for the actual kirigami body. From fundamental structural mechanics, the equivalent
longitudinal, shear, and torsional springs of a thin hinge can be described invoking classical
rod and cantilever beam models as follows

Kl = EA/Lh

Ks = 3EI/L3
h

Kθ = EI/Lh ,

(9)



where E is the the Young’s modulus, Lh is the length of the hinge, and A and I are the
area and second moment of area of the hinge’s cross section, respectively. Considering a
rectangular cross section with base b and height h, we have A = bh and I = bh3/12. Sub-
situting them into Eq. (9) and recalling the definition of K1 and K2, the two normalized
stiffnesses can be rewritten as

K1 = h2/(4L2
h)

K2 = h2/(12a2) .
(10)

Based on Eq. (10), the normalized stiffnesses are purely linked to the geometrical prop-
erties of the kirigami structure, including the length of the hinge Lh, the height of the
hinge’s cross section h, and the side length of the square a. This result indicates that
the mechanical behavior of the kirigami structures can be tuned via a few geometrical
properties. In the following, we will rely on the Newton-Raphson algorithm (i.e., Eq. (8))
to investigate the static deformation of kirigami structures, which will be exploited to
provide useful guidelines for the design of the kirigami soft robot.

Tensile deformation

We now consider a kirigami structure consisting of 4 × 14 squares with θ0 = π/4 (i.e.,
initially closed), which is under tensile stretching as shown in Fig. S4A. The external
forces F̄, remaining in the positive x direction, are applied to the two squares located
in the last column and highlighted in green. Boundary conditions are imposed on the
two squares located in the first column and highlighted in black, with degrees of freedom
denoted as (U1, V1, θ1) and (U2, V2, θ2). Specifically, a boundary condition is imposed by
setting U1 = V1 = U2 = 0. The extension of the structure is defined as

ε = l − L

L
× 100% (11)

where l and L are the original and deformed lengths of the structure, respectively. In
Figs. S4B-C, we plot the extension ε as functions of the normalized force |F̄| for various
pairs of the normalized stiffnesses (K1, K2). Specifically, we set K2 = 0.02 and vary K1
from 0.01 to 1 in Fig. S4B, while we set K1 = 0.2 and vary K2 from 0.01 to 0.05 in
Fig. S4C. From a visual inspection, we observe that, under the same loading conditions,
ε increases significantly as K2 decreases. However, ε varies much less in response to the
change in K1, especially when K1 is in the range of [0.1, 0.5] (a realistic range to achieve
in experiments). As a result, if our goal is to maximize the extension, we need to set K2
as low as possible, which implies a short height of the hinge cross section h and a large
side length of the square a.

Mechanical constraint-driven steering deformation

We now introduce two mechanical constraints in the structure, which are located at the
center of the bottom row and highlighted in red, as shown in Fig. S5A. The “Mechanical
constraints” refers to the local constraints provided by responsive materials that locally
inhibit the opening of the kirigami squares, causing the kirigami to bend. In the simula-
tion, the torsional stiffness of the hinge connecting the two mechanical constraints are set
to a very high value, i.e., 1000 times larger than the torsional stiffness of the other hinges.
This effectively prevents the rotation of the squares associated with the mechanical con-
straints. We consider the same boundary conditions, but the external force F̄ is allowed to



change its direction during deformation. For simplicity, we introduce a single parameter
λ to control the direction of F̄, which relates α to γ by a linear relation: γ = λα, where
α is the angle between the horizontal line and a line perpendicular to the deformed last
column (denoted as n), and γ is the angle between F̄ and n. Clearly, λ = 0 corresponds to
the case where F̄ remains horizontal, and λ = 0 corresponds to the case where F̄ is always
perpendicular to the last column during deformation. We also define α as the steering
angle of the structure. In Fig. S5B-C, we show the effects of three different parameters
(K1,K2,γ) on the steering angle α. We observe that α increases dramatically as K2 and
γ decrease, while it is less affected by K1. As a result, if our primary goal is to achieve
large steering angles for a given γ, we need to design the kirigami body with a small K2,
which again implies a short height of the hinge cross section h and a large side length of
the square a.

Finite element results
We conducted finite element analysis using ABAQUS to understand the bending of the
robots when subjected to an inflated pneumatic actuator. Numerical simulations were
conducted with ABAQUS static analysis with a symmetric model with respect to the
plane parallel to the kirigami layer.

First, we set up a model with a half tube simulating the behavior of the pneumatic
actuator. We modeled a capped cylindrical tube with wall thicknesses using the same
parameters in the experiments. The wall of the tube is modeled as an HGO hyperelastic
anisotropic material which is used to model similar actuators in previous work (66). The
strain energy density of HGO materials is defined as:

W = C10(I1 − 3) + k1

2k2

[
exp

[
k2(I4 − 1)2

]
− 1

]
(12)

where I1 is the first invariant of a given deformation gradient F and I4 is the forth invariant
with respect to a fiber direction a. I4 can be computed using the Cauchy-Green tensor
C = FFT :

I4 = a · (C · a) (13)
C10, k1, and k2 are fitting parameters for the model with k2 having very little impact on
the results of the fitting and is taken as k2 = 0.01. Here, C10 represents the modulus of
the matrix material, which in our pneumatic actuator is just a silicone rubber, while k1
represents the degree of anisotropy, which arises due to the fibers (kevlar). The parameters
for the pneumatic actuator are calibrated by comparing the extension of the actuator
under various applied pressures, using both simulations and experiments. As shown in
Fig. S6A, the best fit uses parameters C10 = 14 kPa and k1 = 350 kPa. Note, the value
for C10 is consistent with previous reported values for Ecoflex 30 using a hyperelastic
material model. In Fig. S6B, we place the actuated tube at the indicated pressure in the
finite element model together with the experimental images to compare their length.

The two ends of the pneumatic actuator are rigidly constrained to a kirigami layer
comprising rotating squares. In Fig. S6, we show the finite element results of the robot
inflating as pressure is applied. Here the kirigami layer is modeled as neo-Hookean ma-
terial with one fitting parameter, C10. Since the silicone rubber for the kirigami layer is
different from the pneumatic actuator, we need to recalibrate the material constant for
the kirigami layer. To do so, we extract the extension of the entire robot in both experi-
ments and simulations and find the best fit is achieved using C10 = 20 kPa. Using these
parameters, the FEA matches experimental data well, as shown in Fig. S6C. In Fig. S6D,



we compare experimental images of the robot FEA results at indicated pressures. The
finite element analysis is seen to match the deformation of the entire robot accurately.

After calibrating the material parameters for each component of the robot, control
modules are simulated as mechanical constraints in the FEA as rigid plates restricting
rotation of various squares, similar to experiments. A rigid plate (E=10 GPa) is placed in
rigid contact with the squares that are restricted. We also place vertical columns under
the kirigami layer (same as experiments). Friction between the pneumatic actuator and
the columns are defined using hard contact and standard Coulomb friction. The contact
and friction from the columns constrain the pneumatic actuator close to the center line
of the actuated kirigami layer, representing the bending behavior of the entire robot
under mechanical constraints. Fig. S8A shows snapshots of both experimental and FEA
data under the same applied pressure (15 kPa). Fig. S8B shows that the bending angle
predicted by FEA agrees closely with experiments up to 15 kPa. After 15 kPa, there is
significant contact and deformation in the finite element model and convergence becomes
difficult in the static model. Experiments and FEA are shown in Fig. S8C and D.

Kirigami design considerations
The kirigami robot body can be constructed of any number of squares along its length
(NL) and width (Nw). The initial angle of opening of the squares θlin and the hinge
thickness t also influence the mechanical response of the system. During actuation, the
pneumatic actuator extends, forcing the squares in the kirigami to rotate and open. This
opening consists of two stages: The first stage is rotation dominated. The extension of
the kirigami can be found as (56):

δ = 2l(cos θ − cos (θlin − θ)) (14)

with each square in the system being rotated by θ.
In a system with Nw × NL squares (as illustrated in Fig. S7A), the initial width and

length of the robot are:

w = (Nw − 1)2l cos θlin (15)
L1 = L2 = (NL − 1)2l cos θlin (16)

When a mechanical constraint with a size of Nd is inserted in the robot, it constricts
the rotation of Nd − 1 squares along one edge during opening of the kirigami layer. As
illustrated in Fig. S7B, for a prescribed rotation of all other squares in the system, the
width w′, length of the side with the mechanical constraint L′

1, and length of the side
without the mechanical constraint N ′

2 can be found as:

w′ = (Nw − 1)2l cos (θlin − θ) (17)
L′

1 = (NL − Nd − 2)2l cos (θlin − θ) + (Nd − 1)2l cos θlin (18)
L′

2 = (NL − 1)2l cos (θlin − θ) (19)

By observing both experimental images and numerical simulations (Fig. S8A and B),
the robots when bent can be approximated as an annular sector. With this assumption,
we derive the bending angle α as:



α = L′
2 − L′

1
w′ = Nd − 1

Nw − 1
cos (θlin − θ) − cos θlin

cos (θlin − θ)

α = Nd − 1
Nw − 1(1 − 1

λ
)

(20)

The extension λ of the kirigami is related to the rotation of the squares θ (56):

λ = cos (θlin − θ)
cos θlin

(21)

We plot the prediction using the annular sector model of bending angle with vari-
ous lengths of mechanical constraints as shown in Fig. S7 and S8. The experimental
results are shown in Fig. S11. Our model can quantitatively predict the bending angle
at low pressure for different constraint sizes, and qualitatively describe the effect of other
geometric parameters.

In order to maximize the bending angle of the robot, the robot should minimize
the number of squares in the width direction Nw, maximize the number of mechanical
constraints along an edge, and maximize the extension of the robot. In the experiment,
we fabricate kirigami squares with three different sizes (4×10, 4×14, 6×14). We attach
rigid mechanical constraints, which mechanically constrain the rotation and opening of
the kirigami platforms (Fig. S12). In practice, the minimum number of squares we can
have along the width of the robot is 4, in order to attach the pneumatic actuator to the
kirigami robot. The experimental results show that the kirigami with a size of 4×14 can
generate the largest bending angles (Fig. S12). We therefore choose these dimensions for
the robot. It is also worth noting that the number of squares in the length direction, NL,
has little effect on the bending angle (Fig. S13).

The last consideration is to maximize the strain. For the rotating square system,
the force-displacement curve has two distinct region: an initial rotation-dominated region
and later an extension-dominated region. The force increases drastically in the extension
region. During both experiments and numerical simulations, we observe buckling of the
pneumatic actuator at larger air pressures. This buckling behavior is undesired, since
the robot should walk straight when no mechanical constraints are present. However,
limiting the actuation to lower air pressure means less extension of the robot is achieved
each actuation cycle, providing less bending with mechanical constraints. To maximize
the extension and bending of each cycle, the parameters of the kirigami are chosen to
maximize the strain at which the deformation transitions from rotation dominated to
extension dominated. In order to maximize the critical strain, the initial rotation of the
rotating squares needs to be minimized (θlin being close to zero) and the hinge thickness
needs to be as small as possible (56). In this work, θlin is chosen to be 5◦ to make molding
of the rotating squares possible. We also confirm the effect of the hinge thickness by
testing two samples with hinge thickness of 1.0 mm and 1.7 mm. The force-strain curves
of the two samples are measured using a universal testing machine as shown in Fig. S10.
The system with smaller hinge thickness has a much larger critical strain: The critical
strains for the two samples with hinge thickness of 1.0 mm and 1.7 mm are 27% and
12.5%, respectively.

Effect of the length of LCE strips in the control modules
For the control module (integrated with CNT-LCE) shown in Fig. 3C, which enables the
robot to steer closer to stimuli, the length of the CNT-LCE strip is a critical parameter.



When no external stimuli (heat or light) are present, the square units can freely rotate
and open (e.g., room temperature). The CNT-LCE strip should not constrain the rotat-
ing and opening of the squares. However, when the control module is subjected to the
stimuli (e.g., high temperature), the CNT-LCE strip contracts, and the contractile force
should constrain the rotation of the squares, causing the kirigami body to bend. In the
experiments, we design CNT-LCE strips with three lengths, 35 mm, 45 mm, and 55 mm
(Fig. S21). The force-strain relationship of the square units (integrated with a CNT-LCE
strip) is measured at different temperatures from 24◦C to 145◦C. As shown in Fig. S21B,
at room temperature (24◦C), the square units with a 35 mm length CNT-LCE strip are
undesirably constrained. The 35 mm length is too short for this type of control module.
In contrast, even at high temperatures (e.g., 145◦C), the 55 mm CNT-LCE strip cannot
generate a sufficient constraint on the motion of the squares (Fig. S21C). We therefore
select the CNT-LCE strip with 45 mm length (Fig. S21D), which appropriately generates
mechanical constraints at high temperatures but not at low temperatures. Similarly, for
the control module that causes the robot to steer away from external stimuli (Fig. 3D),
we choose the LCE strip with 45 mm length (Fig. S23).

Operational principle of the mechanical bistable valve
The operating principle of the bistable valve is shown in Fig. 7A. In the initial state, the
membrane blocks the air tube inside the top chamber, preventing the flow of air. As a
result, the pressurized air flows into the pneumatic actuator, causing it to extend. The
pressure in the top chamber gradually increases. When the pressure in the top chamber
reaches the critical value Pc, the membrane snaps. When this occurs, the air in the tube
is no longer blocked, enabling it to flow out of the device and into the atmosphere. The
pneumatic actuator therefore deflates. The pressure of the actuator versus time (measured
experimentally) is plotted in Fig. 7B, showing the desired periodic pressure variation in
the actuator. Note, the minimum pressure is 12 kPa, because a small amount of air is
still pumped into the actuator during the deflation process. The elongation of the robot
at this pressure is small (< 10 %).

Fluid control system
In some of the experiments (e.g., the pressure-extension measurements of Fig. 3), it is im-
portant to precisely control the pressure of the pneumatic actuator as a function of time.
For this purpose, a customized fluid control system was built (Fig. S9), following the
design of Ref. (67). The system includes a microcontroller (Arduino Mega 2560), solenoid
valves and manifold, compact air pump, pressure sensors, MOSFET (metal oxide semi-
conductor field-effect transistor), power regulators, switches, and a linear potentiometer.
The pressurized air is generated by the air pump, regulated via pulse-width modulation
(PWM), and measured by the pressure sensors. For the static experiments (measurement
of the extension of actuator and the bending angle of the kirigami body), the fluid control
system is used manually (i.e., the air pressure is changed via the linear potentiometer).

Total cost of the soft autonomous robot
The estimation of the cost is based on the weight of each component of the soft robot
and other costs (tube fitting, rods, pin etc). We use 190 g silicone rubber, 40 g R11, 10 g
LCE. The total cost of the robot is approximately 50 dollars.



Figures

Figure S1: The conventional sensing, control and actuation feedback loop. In
order to sense and respond to the environment, most robots use multiple traditional
mechatronic devices that can be rigid, bulky, expensive and incompatible with soft ma-
terials.



Figure S2: The feet underneath the robot enable it to move forward due to
anisotropic friction between the ground and robot. When the pneumatic actuator
is inflated, the rear feet act as stationary points and the front of the robot moves forward.
Once the pneumatic actuator is deflated, the front feet are stationary, pulling the entire
body forward. A displacement (of approximately 1 cm) can be generated after one cycle.
Scale bar: 2 cm.



Figure S3: Schematic for discrete model. Each hinge connecting two squares is
modeled by three linear springs: a longitudinal spring, a shear spring, and a torsional
spring.



Figure S4: Effects of K1 and K2 on the tensile deformation of a kirigami struc-
ture. A. Schematic of a 4 × 14 kirigami under tensile deformation (the dashed box
indicates the initial position of the kirigami). Boundary condition U1 = V1 = U2 = 0
is applied to the squares in black, and horizontal forces F̄ are applied to the squares in
green. B. Extension ε of the kirigami as functions of the normalized force |F̄| against
different values of K1 with K2 = 0.02. C. Extension ε of the kirigami as functions of the
normalized force |F̄| against different values of K2 with K1 = 0.2.



Figure S5: Effects of γ, K1, and K2 on the steering deformation of a kirigami
structure embedded with mechanical constraints. A. Schematic of a 4×14 kirigami
structure under constraint-driven steering. The two mechanical constraints highlighted
in red are located at the center of the bottom row. The external force F̄ is allowed to
change its direction during steering deformation, and the degree of the direction change
is controlled by γ. B. Steering angles α of the kirigami as functions of the normalized
force |F̄| against different values of γ with (K1, K2) = (0.2, 0.02). C. Steering angles
α of the kirigami as functions of the normalized force |F̄| against different values of K1
with γ = 0.1 and K2 = 0.02. D. Steering angles α of the kirigami as functions of the
normalized force |F̄| against different values of K2 with γ = 0.1 and K1 = 0.2.



Figure S6: Calibration of the parameters used in FEA. A. Extension of pneumatic
actuator as a function of pressure for both experiments (points) and finite element analysis
(solid curves). Parameters for the pneumatic actuator are as follows: C10 = 14 kPa, k1 =
350 kPa. B. Comparison of the pneumatic actuator as measured experimentally (white)
and simulated via FEA (red). C. Extension of robot (including pneumatic actuator and
kirigami layer) under various applied pressures for both experiments (points) and FEA
(solid curves). Parameters for the kirigami are as follows: C10 = 20 kPa. D. Comparison
of the actuated robot as measured experimentally (white) and via FEA (red). Scale bar
in B and D: 2 cm.



Figure S7: Simplified geometric model for predicting actuating bending angle.
A Illustration of geometric parameters of unactuated robot. B Illustration after actuation.
C Prediction of bending angle for robots with single constraint of various lengths via FEA
(dash lines) shows consistency with experimental results (dots)..



Figure S8: FEA of robot with rigid mechanical constraints. A The actuated
robot with one mechanical constraint of various lengths, showing experiments (optical
images) and FEA (in red). B Bending angle of the robot as a function of pressure for
both experiments (points) and FEA (solid curves). C-D Same data as in A-B, but now
multiple adjacent mechanical constraints are used (instead of the monolithic mechanical
constraints of A-B).



Figure S9: A custom fluid control system. This system consists of an air pump, micro-
controller, solenoid valve, switches, potentiometers, MOSFET, pressure sensors, pressure
gauge, and power adapters. The pressurized air can be generated by the air pump, regu-
lated by the solenoid valve through pulse width modulation, and measured by the pressure
sensors and pressure gauge.



Figure S10: The effect of the hinge thickness of the kirigami. A: We measure the
force-strain relationship of the kirigami platform with different hinge thicknesses (1.0 mm
and 1.7 mm). The force is initially small, since the extension of the kirigami is ini-
tially rotation dominated. Later, at the “critical strain”, the extension becomes stretch-
dominated. The smaller hinge thickness (1.0 mm) gives a larger critical strain. B: The
kirigmai (1.0 mm hinge thickness) extends when the pneumatic actuator is inflated. C:
The kirigami (1.7 mm hinge thickness) bends when the pneumatic actuator is inflated.
This is due to buckling of the pneumatic actuator. Scale bar in B and C: 2 cm.



Figure S11: The bending angle of the kirigami when using different types of
mechanical constraints. A. Optical images and B. bending angle (α) vs. pressure
measurements, which show the effect of different sizes and types of mechanical constraints
on the bending angle. Scale bar in A: 2 cm.



Figure S12: The effect of the geometry of the kirigami. In the experiments, three
kirigami designs with different geometries (4x10, 4x14, 6x14) are tested. Multiple types
of rigid mechanical constraints are attached to the kirigami body. The bending angle of
the kirigami is measured. A. Experimental images of the kirigami after inflation of the
pneumatic actuator to a pressure of 25 kPa. B. The bending angle α of the kirigami as
a function of pressure. The 4×14 design of the kirigami can generate the largest bending
angle. Scale bar in A: 2 cm.



Figure S13: The bending of the kirigami as a function of the location of rigid
mechanical constraints. A 1x4 rigid mechanical constraint is placed at different lo-
cations. The bending angle is measured after the pneumatic actuator is pressurized to
25 kPa. Scale bar in A: 2 cm.



Figure S14: Reversible actuation of LCEs and CNT-LCE composites. A. When
the LCE film is heated, it can contract due to a nematic-isotropic phase transition. The
LCE can fully recover to its initial shape after cooling. B. When the CNT-LCE film is
subjected to intense light, the CNT-LCE composite contracts due to the photothermal
effect. The actuation is reversible: the CNT-LCE fully recovers when the light is switched
off. Scale bar in A and B: 2 cm.



Figure S15: The actuation strain and cycling tests of LCE (A, C) and CNT-LCE
(B,D). The actuation strain (ϵ) is defined as ϵ ≡ (L− l)/L×100%, where L is the length
of the LCE at room temperature and l is the length of the LCE at high temperature.
The actuation strain increases with the environmental temperature. Scale bar in A and
B: 2 cm.



Figure S16: The optical image (A) and infrared/thermal image (B) of the robot
under light irradiation A. The CNT-LCE composite strips have relatively higher tem-
perature than the robot body, indicating the CNT-LCE composite strips can absorb light
and convert to heat. Scale bar in A: 2 cm.



Figure S17: The optical image (A) and infrared/thermal image (B) of the robot
under the heat source A. The temperatures of CNT-LCE composite strips and robot
body are comparable. Scale bar in A: 2 cm.



Figure S18: The response of CNT-LCE under different lighting conditions. A.
Actuation strain as a function of time for the CNT-LCE film. In the experiment, the light
is switched on for 240 s and then switched off (360 s). The light intensity can be varied
by changing the distance between the light source and the sample (420 mm, 320 mm, and
270 mm). The actuation strain gradually increases when the light is switched on. After
100 s, the actuation strain reaches a constant value, corresponding to the steady state.
When the light is switched off, the actuation strain drops to 0 within 160 s. B. The
maximum surface temperature of the CNT-LCE film during the experiments.



Figure S19: The mechanical properties of the CNT-LCE film under differ-
ent temperatures. A. The force-displacement relationship of the CNT-LCE films
(45 mm×15 mm ×1 mm) under different temperatures. The maximum force decreases
from 50 N to 10 N when the temperature is elevated from 24 ◦C to 145 ◦C. B. The stress-
strain relationship of the CNT-LCE under different temperatures. Both the strength
and the stretchability of the CNT-LCE are decreased when the temperature is gradually
increased.



Figure S20: The mechanical properties of the pristine LCE film under differ-
ent temperatures. A. The force-displacement relationship of the pristine LCE films
(45 mm×15 mm ×1 mm) under different temperatures. The maximum force decreases
from 60 N to 10 N when the temperature is elevated from 24 ◦C to 150 ◦C. B. The stress-
strain relationship of the CNT-LCE under different temperatures. Both the strength
and the stretchability of the CNT-LCE are decreased when the temperature is gradually
increased.



Figure S21: Effect of the length of the CNT-LCE strip in the control modules.
A. Schematic of squares with CNT-LCE strips at different temperatures. B. A strip
of length 35 mm is too short to allow free rotation of the kirigami at room tempera-
ture (24 ◦C). C. A strip of length 55 mm is too long to constrain the rotation of the
squares, even at high temperature (145 ◦C). D. The length of the CNT-LCE strip is set
to be 45 mm. At 25 ◦C, the pulling force gradually increases when the temperature is
increased, which means the CNT-LCE strip constrains the rotation of the squares at high
temperatures.



Figure S22: The repeatability of the control module. The experimental measure-
ments of the bending angle α as a function of the applied pressure under twenty different
inflation/deflation cycles at high temperature (145 ◦C).



Figure S23: Effect of the length of the LCE strip in the control modules. A.
Schematic of squares with LCE strips under different environments (temperatures or
exposure of the solvent toluene). B. At room temperature, the pristine LCE cannot
prevent the opening of the squares. C. When the temperature is increased, the pristine
LCE strip contracts and generates tension. When the kirigami is stretched, the force at
25% strain gradually increases to above 1.8 N (the force at 25 percent strain under 24◦C)
when the temperature of the LCE is increased, which means that the pristine LCE can
constrain the rotation of the squares. D. When the LCE strip is exposed to solvents,
the LCE contracts due to a nematic-isotropic phase transition. The LCE can thereby
generate force and constrain the rotation of the squares.



Figure S24: The repeatability of the robot’s trajectory. The trajectory of the robot
for 20 experiments with the same light conditions (The power of the light is 600 W and
the distance between the light and robot is set to 320 mm).



Figure S25: The soft robot steers itself in a dynamic light environment. The soft
robot (integrated with control module 3) steers itself and moves toward the light as the
light sources are sequentially switched on and off. Scale bar in A: 5 cm.



Figure S26: Swelling mechanism of responsive materials (PDMS or hydrogels).
A. We attach the flexible strip with responsive materials (PDMS/hydrogel) onto the
kirigami platform. The squares can freely open when there are no stimuli (solvents/water)
present in the environment. B. If the control modules are subjected to solvents or water,
the responsive materials swell, generating tension in the strip, preventing the square units
from rotating and opening.



Figure S27: The control module can sense and respond to water. A. The control
module (integrated with hydrogel) is submerged in water for 2 hours and then attached
to the robot. The swollen hydrogel locally prevents the squares from opening when the
pneumatic actuator is pressurized. Consequently, the robot bends in the same direction
as the module. B. Bending angle α as a function of the applied pressure in different
conditions (with water or without water). Scale bar in B: 2 cm.



Figure S28: The control module can sense and respond to toluene. A. When
the module is exposed to toluene, the silicone strip constrains the opening of the squares,
causing the kirigami body to bend. In the experiment, we submerge the strip in toluene
for 15 minutes and then reattach the strip to the robot. B. Experimental measurements
of the bending angle α as a function of the applied pressure under different conditions
(with toluene, without toluene). Scale bar in B: 2 cm.



Figure S29: Autonomous changes to trajectory in response to water. A. The
schematic and experimental images show that the robot can autonomously steer when
exposed to water. When no water is present, the robot moves straight. B. The trajectory
(displacement and steering angle) of the robot in different conditions (without water or
with water in the environment). Scale bar: 5 cm.



Figure S30: Autonomous changes to trajectory in response to solvents (toluene).
A. The schematic and experimental images show the trajectory of the robot when it is
exposed to toluene. B. The trajectory (displacement and steering angle) of the robot
without and with toluene. Scale bar: 5 cm.



Figure S31: “Truth tables” that relate inputs (i.e., the stimuli in the envi-
ronment) to outputs (i.e., trajectory) for several different control modules.
The distance between the robot and the energy source is 200 mm to prevent
overheating from occurring too rapidly.



Figure S32: “OR” response of the robot. A. A single CNT-LCE module (Fig. 3C)
acts like a logical “OR”. B. The experimental images of the robot under different light
and heat conditions. When the robot is subjected to light or heat, the control module is
activated, causing the robot to bend to the left. C. Measurements of bending angle α as
a function of the applied pressure under different light and heat conditions. Scale bar in
B: 2 cm.



Figure S33: The trajectory caused by an “OR” module of the previous figure.
A. The truth table of the “OR” response. B-C. Experimental images and trajectories,
respectively, of the robot with different heat or light inputs. Scale bar in B: 5 cm.



Figure S34: “NOR” response of the robot. A. For the “NOR” response, we attach
a “mechanical lock” module and a CNT-LCE module (i.e., Fig. 3C) to the body of the
robot. B. The experimental images of the robot under different light and heat conditions.
With no stimuli present (A = B = C = D = 0), the mechanical lock causes the robot to
bend to the right. When the CNT-LCE control module is subjected to heat or light from
the left, the activation of the module cancels the effect of the mechanical lock, causing
the robot to move straight ahead. C. Measurements of bending angle α as a function of
the applied pressure under different light and heat conditions. Scale bar in B: 2 cm.



Figure S35: “AND” response of the robot. A. For the “AND” response, we attach
a mask control module to the exterior of a CNT-LCE module (Fig. 3C). B. The exper-
imental images of the robot under different light and heat conditions. When the robot
is exposed to only heat or light from the left side, (A = 1, B = C = D = 0 or A = 0,
B = 1, C = D = 0), the CNT-LCE cannot be actuated because the mask blocks the
stimulus. Therefore the robot moves straight ahead. If the robot is exposed to both heat
and light (A = B = 1, C = D = 0), the mask becomes transparent, allowing light to pass
through it to actuate the inner CNT-LCE module. As a result, the robot bends to the
left. C. Measurement of the bending angle α as a function of the applied pressure under
different light and heat conditions. Scale bar in B: 2 cm.



Figure S36: The polydomain LCE changes its transparency when the tempera-
ture is increased A. At room temperature, the polydomain LCE is opaque. B. At high
temperature, the LCE is transparent due to a nematic-isotropic phase transition. Scale
bar in B: 2 cm.



Figure S37: “NAND” response of the robot. A. For the “NAND” response, we use a
“mechanical lock” module, “mask” module, and CNT-LCE module. B. The robot bends
to the right when subjected to only heat or light from the left side (A = 1, B = C = D
= 0 or A = 0, B = 1, C = D = 0). However, if the robot is exposed to both heat and
light, the mechanical constraints on the two sides cancel one another, causing the robot
to move straight ahead. C. Measurement of the bending angle α as a function of the
applied pressure under different light and heat conditions. Scale bar in B: 2 cm.



Figure S38: The trajectories caused by a “NAND” response. A. The truth table
of the “NAND” response. B-C. Experimental images and trajectories, respectively, of
the robot with different heat or light inputs. Scale bar in B: 2 cm.



Figure S39: “XOR” response of the robot. A. In this case, two identical control
modules are distributed symmetrically along the two sides of the robot body. B. When
one side of the control module is subjected to light or heat, the body of the robot bends
toward the stimulus. If the control modules on both sides are active, their effects cancel,
causing the robot to move straight ahead. C. Measurement of the bending angle α as a
function of the applied pressure under different light and heat conditions. Scale bar in B:
2 cm.



Figure S40: An infrared / thermal image of the environment with multiple
external stimuli.



Figure S41: Additional thermal images of the electronics-free soft robot in dif-
ferent environments.



Figure S42: The robot can sense and respond to light from the top.



Figure S43: Fabrication of the pneumatic actuator. The pneumatic actuator
is fabricated following a conventional molding-casting process. The silicone precursor
(Ecoflex 30) is poured into the 3D printed mold and cured. Then, a kevlar fiber is
wrapped on the surface of the cured silicone tube. After that, we encapsulate the kevlar
fiber by pouring another layer of the silicone precursor. Two caps are finally glued to the
tube and we insert an air tube at one end.



Figure S44: Fabrication of the rotating squares kirigami platform. The rotating
squares kirigami platform is fabricated following a conventional molding-casting process.
The silicone precursor (Dragonskin 10) is poured into the 3D-printed mold and cured.



Figure S45: Connecting the kirigami body and pneumatic actuator. A. Schematic
shows how the actuator and kirigami body are connected to each other. B. All the squares
can be freely opened when pressure is applied to the pneumatic actuator. The actuator
does not buckle when the applied pressure is 25 kPa. Scale bar in B. 2 cm.



Figure S46: The detailed structure of control module 1. This control module
consists of two layers of the silicone kirigami (red), two rigid rods, and a CNT-LCE strip.



Figure S47: The detailed structure of control module 2. This control module
consists of two layers of the silicone kirigami (blue), four 3D-printed beams, two rigid
rods, and a LCE strip.



Figure S48: The detailed structure of control module 3. This control module
consists of two layers of the silicone kirigami (green), sixteen 3D-printed beams, four rigid
rods, and two CNT-LCE strips.



Figure S49: The detailed structure of control modules 4 and 5. This control
module consists of two layers of the silicone kirigami (pink), two rigid rods, and a woven
strip integrated with hydrogel or PDMS.



Figure S50: The detailed structure of control module 6. This control module con-
sists of a layer of the silicone kirigami (orange), and a 3D-printed mechanical constraint.



Figure S51: The detailed structure of control module 7. This control module
consists of four layers of the silicone kirigami (yellow), and four 3D-printed beams, two
rigid rods, and a polydomain LCE.



Figure S52: Integration of the control modules. The silicone kirigami of the control
module (blue) is attached to the kirigami layers (gray) of the soft robot. Eight pins are
inserted into the holes of the kirigami to connect the control module and robot.

Movie S1. Modularity of multiple types of control units.

Movie S2. Soft robot (without control modules) moves straight.

Movie S3. Soft robot steers trajectory closer to heat or light.

Movie S4. Soft robot steers trajectory away from heat or toluene.

Movie S5. Soft robot steers trajectory directly toward light.

Movie S6. “NOR” response.

Movie S7. “AND” response.

Movie S8. “XOR” response.

Movie S9. Autonomous motion of soft robot with multiple control modules.

Movie S10. Soft robot autonomously changes its trajectory.
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