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Supplementary Text

Section S1. Mathematical Modeling of light-powered multifunctional artificial muscle

In order to understand the deformation mechanism of multifunctional artificial muscle directly,
we presented the model of the light-driven multifunctional artificial muscle. To simplify our model,
we ideally considered that the parameters of density, specific heat capacity and melting point were
stable and their values were unchangeable during the laser heating process.

In the simulation, we regarded the heat source at the irradiating section as a Gaussian heat source,
whose energy distribution was defined as follows (42) :
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where 7 is the absorption rate of the material to laser, p is laser power, w is set as the radius of laser
spot, a set (a/2, b) represents the two-dimensional coordinates of the laser spot center.

The boundary conditions for thermal diffusion in the artificial muscle structure are presented in
Fig. S4. Meanwhile, we simply assumed the heat energy was wholly absorbed by the
multifunctional artificial muscle, i.e., g, = q(x,y). q; and g5 were the heat flux due to the thermal
convection; g, and q, were the thermal radiation. Thus, the thermal boundary condition for the
surface exposed to light was: kVT = qy, — q; — q5; and the other surface was: kVT = g3 + q4, with
k being the thermal conductivity of LCE, VT being the temperature gradient along the normal
direction of surface.

The thermal convection over the two surfaces of multifunctional artificial muscle was assumed
to satisfy the nature convection condition. The heat flux of ¢, and g5 in the irradiated and non-
irradiated surfaces was represented as: q; = he(Typper — Troom) aNd q3 = he(Tiower — Troom)
respectively, where T,,,per and Ty, Were the temperature of upper surface and lower surface,
respectively; T,,.m represented room temperature; h,. was the convection coefficient, which was
estimated to be 20 Wm2K1. The upper and lower surfaces of multifunctional artificial muscle also
radiated heat energy into the ambient environment, which were governed by g, and g, in upper
surface and lower surface, respectively. The radiation loss was assumed to satisfy the Stefan-
Boltzmann law. Thus, the heat fluxes were given by: q; = e0(Typer — Tibom) and g, =

eo (T er — Tt om) OVer the upper and lower surfaces. We also assumed the nut-brown artificial
muscle was a black body and set the emissivity as: ¢ = 1. The Stefan-Boltzmann constant was set
as: 6=5.67x10% Wm2K™*,

Based on theory of heat conduction, the temperature field of the artificial muscle structure (i.e.,
inner LMPA rod and outside tubular LCE): T = T(x,y, t) was governed by the heat conduction
equation:
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where p is mass density, ¢ is specific heat capacity, k is the thermal conductivity and 72 denotes
Laplace operator.

In the model, the heat transfer with steady heat source flowing through a multi-layered structures
caused the temperature change of multifunctional artificial muscle. Basically, the surface heat of
LCE at irradiating section conducted inward by heat conduction. When the heat reached the LMPA
surface, it continued to diffuse in LMPA by heat conduction due to the temperature difference. The
conducted heat could trigger the rise of temperature in LMPA, and LMPA would melt when the
temperature exceeds the melting point of LMPA. According to the heat conduction equation (2)
mentioned above, the temperature distribution of multifunctional artificial muscle and inner LMPA
is presented in Figs. S5 and S6, respectively.

The main parameters of LCE and LMPA in simulation can be seen in Table S1. In order to
achieve the liquid-solid transformation of LMPA, we mainly set temperature-dependent Young’s
modulus in simulation, which can be seen in Table S2. The values of Young’s Modulus and Poisson
Ratio of LCE adopted in the numerical simulations can be seen in Table S3.



Section S2. Mechanical analysis of bending deformation of multifunctional artificial muscle

In the simulation, we could observe that the LMPA at the laser irradiation section melted when
the temperature exceeded the melting point of LMPA. In order to study the deformation mechanism,
we built the model as shown in Fig. S7. When the laser was irradiated on the surface of LCE, the
contracting force (£) in the LCE generated along with the macroscopic shrinkage deformation.
The compressive force F would be applied on the surface of LMPA rod by the static friction
between two surfaces. Here, we assumed that the value of F was equal to the value of F’ (i.e., F =
F’). The joule heat generated at the surface of LCE would melt the LMPA under the LCE film via
thermal conduction. The multifunctional artificial muscle generated bending deformation when the
un-melted LMPA at the irradiating section would not bear the action of F.

Here, we considered the first case: the melting cross-sectional area of LMPA was smaller than
the un-melted cross-sectional area at the irradiating section. The geometric relationship of cross
section of LMPA rod could be seen in Fig. S8. In this case, the melting section, we assumed, was
bow-shaped sturcture. Here, £ was the semicircular angle of a bow-shaped section, R was the radius
of LMPA rod. Thus, The distance between the center point of cross section of LMPA rod and

centroid of bow-shaped structure was expressed as (43):
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The moment of inertia of bow-shaped structure was described as follows (43, 61):
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The moment of inertia of cross section of LMPA rod was given by:
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The ordinate value of the centroid of un-melted cross section of LMPA rod was represented as:
R2(2B-sin2B) 4Rsin3p
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The area of cross section of LMPA rod was expressed as:
Al = T[RZ. (7)
The area of melted bow-shaped cross section was described by using:
R?(2B-sin2p)
Ay =——7F—— (8)
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Thus, the cross-sectional area of un-melted LMPA rod was given by:
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Hence, the moment of inertia of un-melted cross section of LMPA rod was calculated by the
following equation:
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The distance between the centroid of bow-shaped structure and solid-liquid boundary of it was
obtained by:
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The bending moment of LMPA rod triggered by actuating force of LCE tubular actuator was
given by:

Vimax = Rcosf —y. = Rcosf +
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Hence, the stress of LMPA rod at bending moment should meet the following condition:
o, ==+ M{—m > [a,]. (13)

Thus, the relationship between actuating force of the LCE and the angle of the melted area was
be rewritten as:
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Another case should not be ignored: the melting cross-sectional area of LMPA was larger than

the un-melted cross-sectional area at the irradiating section, as shown in Fig. S9. The cross section

of un-melted LMPA was nearly approximated as a bow-shaped structure. In Fig. S9, a was the

semicircular angle of a bow-shaped section, R was the radius of LMPA rod. Thus, the distance

between the center point of cross section of LMPA rod and the centroid of bow-shaped structure
was expressed as (43):

; _ 4Rsin®a
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The area of bow-shaped structure was given by:
A= M (16)

The bending moment of LMPA rod triggered by actuating force of LCE tubular actuator was

expressed as:
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The moment of inertia of bow-shaped structure was given by:(2, 3)
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Meanwhile, the distance between arch centroid and solid-liquid boundary of bow-shaped
structure was expressed as:



, 4Rsin3a
Ymax = L' — Rcosa = 3Ca—sizd) Rcosa. (29)
The multifunctional artificial muscle would generate bending deformation when the stress o of
LMPA rod at bending moment was larger than the maximum allowable compressive stress [oL],

I.e.
F M max
Thus, the relationship between the actuating force of the LCE and the angle of the un-melted area
(i.e., cross section of bow-shaped structure) was rewritten as:
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Section S3. Deformation recovery of multifunctional artificial muscle.

In the experiment, we vertically fixed an artificial muscle (length: 50 mm) on a clamp. Then a
laser beam with an irradiating power of 1.3 W was applied on one side of artificial muscle at 0 s.
After irradiated for about few seconds, the artificial muscle generated bending deformation and
reached the maximum bending angle at 8 s. Then the artificial muscle sustained the maximum
bending angle without any recovery. At 16 s, two laser beams were applied on both sides of bending
position of artificial muscle. By alternately or simultaneously irradiating the bending position, the
artificial muscle recovered to upright state again at 32 s. The whole deformation process can be
seen in Fig. S20 or Movie S14.

Section S4. Comparison of bending stiffness and load bearing capacity of multifunctional
artificial muscle

A structure’s stiffness usually indicates its ability to maintain its shape under external load. To
facilitate the evaluation of bending stiffness, we use the slope of force—displacement curve to define
the stiffness k of multifunctional artificial muscle. The equation of bending stiffness can be seen as
follow (44):

k==, (22)

where F is the applied external force and & is the corresponding displacement caused by the external
force. In the experiment, one end of the artificial muscle was horizontally fixed and the other end
was free. Meanwhile, F was applied on the free end of multifunctional artificial muscle with its
direction perpendicular to the longitudinal direction of multifunctional artificial muscle.

As shown in the inset of Fig. S17A, the force sensor pressed the end of the LCE tubular actuator
at a constant speed of 1 mm/min until it was moved downwards about 2 mm, then the force-
displacement relationship of the artificial muscle was recorded. Output force F for the three
different diameters (2 mm, 2.4 mm, and 2.9 mm) linearly increased as the displacement increased
from 0 mm to 2 mm. At a displacement of 2 mm, the force dramatically increased from 3 mN to 15
mN when the diameter of the LCE tubular actuator increased from 2 mm to 2.9 mm.

Fig. S17B shows the output force of the multifunctional artificial muscle with different outside
diameters (2 mm, 2.4 mm, and 2.9 mm), which was recorded by a force sensor that moved
downward with a uniform speed of 1 mm/min. The force of the multifunctional artificial muscle
increased from 0 mN without delay. The output force of the multifunctional artificial muscle
increased as the displacement increased from 0 mm to 2 mm. With the increase of displacement,
the force—displacement curve of the artificial muscle became evidently nonlinear. At a displacement
of 2 mm, the force dramatically increased from 284 mN to 1288 mN when the diameter of the
multifunctional artificial muscle increased from 2 mm to 2.9 mm.

Fig. S17C compares the bending stiffness of multifunctional artificial muscle and LCE tubular
actuator with different radiuses. Bending stiffness k under radius of 2 mm, 2.4 mm, and 2.9 mm
was 3 mN/mm, 6 mN/mm, and 14.6 mN/mm, respectively, for LCE tubular actuator and 200



mN/mm, 474 mN/mm, and 1086 mN/mm, respectively, for multifunctional artificial muscle. The
bending stiffness of the multifunctional artificial muscle was improved about 133-fold with a
diameter of 2 mm, 158-fold with a diameter of 2.4 mm, and 155-fold with a diameter of 2.9 mm.
Thus, increasing the diameter of the LCE and embedding high stiffness LMPA can effectively
improve the bending stiffness of the artificial muscle.

A comparison of load-bearing force of the multifunctional artificial muscle and LCE tubular
actuator with different diameters is presented in Fig. S17D. Load-bearing force F under the radius
of 2 mm, 2.4 mm, and 2.9 mm was 1.5 mN, 3 mN, and 7 mN, respectively, for the LCE tubular
actuator and 284 mN, 494 mN, 1266 mN, respectively, for the multifunctional artificial muscle.
Hence, the load-bearing force can be significantly improved by increasing the diameter and
embedding high stiffness LMPA in LCE tubular actuator.

Section S5. The test of resistance change of LMPA under different temperatures.

In order to study the influence of temperature on resistance of LMPA, we prepared a sample by
encapsulating a LMPA rod (length: 30 mm, diameter: 1 mm) in fluororesin. Then a prepared sample
was placed on a hot plate, whose temperature was increased from 40 °C to 150 °C with an interval
of 10 °C. Thus, the resistance of sample in thermal equilibrium state was obtained by precision
source/measure unit (Keysight B2912A). Here, we ignored the influence of thermal expand
coefficient of fluoroethylene resin on resistance of LMPA for a low thermal coefficient of
expansion. As shown in Fig S22A, the resistance change (Ar/r) increased from zero to 6.7% by
increasing the temperature from 40 °C to 150 °C. If we shortened heating length of sample, the
resistance change of the sample would decreased. Particularly, if the heating length of the sample
was shortened to 2 mm, i.e., one fifteenth of the original length, the resistance change (AR/R) of the
sample under ideal condition would also be one-fifteenth of the original value (Fig. S22B) based
on the equation of

LAy 14
AR/R = [15(% = —(Ar/r). (23)
In experiments, the laser spot diameter was about 2 mm. Thus, we could roughly estimate the
resistance change of multifunctional artificial muscle based on the data presented in Fig. S22B.
According to the data, resistance change of multifunctional artificial muscle was below 0.5%
whether it was owing to temperature or phase transition of LMPA.



PDA-coated Tubular LCE

LMPA rod

Fig. S1. Structure of multifunctional artificial muscle. A prefabricated LMPA rod (melting point
is 100 <C) was embedded in PDA-coated LCE-based tubular actuator (scale bars: 2.5 mm).



Fig. S2. Sample of tubular LCE, PDA-coated tubular LCE, and multifunctional artificial
muscle in A, B, and C, respectively. In (A-C), the scale bars are 15 mm.
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Fig. S3. Chemical component, fabrication process, and actuation performance of an LCE film.
(A) RM257 was the liquid crystal mesogen, EDDET was the chain extender, and PETMP was the
crosslinker. (B) Monodomain LCE was obtained by stretching loosely crosslinked LCE to align
liquid crystal mesogen and then exposed under UV irradiation to stimulate the second crosslinked
process. (C) The actuation strain of LCE under different temperatures (the length of 2" crosslinked
LCE test sample was five times length of it in polydomain state). To quantitatively characterize the
actuation of the LCE film, we defined the actuation strain along length direction as e = (L — [)/L %
100%, where L and | were the lengths of LCE film in the initial and actuated states, respectively.
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Fig. S4. Two-dimensional model and heat boundary conditions of multifunctional artificial
muscle in simulation. (A) The two-dimensional model of multifunctional artificial muscle adopted
in simulation. The laser spot was applied on the middle of upper surface. The length (a) of the
model was 30 mm; the inner diameter and outside diameter (b) of LCE were 1.4 mm and 2.4 mm,
respectively; the diameter of LMPA was 1.4 mm. (B) Associated heat fluxes at the upper surface
and lower surface. go was the heat flux converted from the incoming light; q: and gs were the heat
fluxes due to thermal convection; gz and g4 were the thermal radiation.
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Fig. S5. Influence of irradiating power on the temperature distribution of multifunctional
artificial muscle in simulation. (A-F) Temperature distribution of artificial muscle under different
irradiating powers in simulation.
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Fig. S6. Influence of irradiating power on the size of melting section of LMPA. (A-D)
Temperature distribution of rod-like LMPA by concealing PDA-coated LCE tubular actuator in
simulation. The grey color represents the temperature above 100 °C, which also means the LMPA

being in melting state.
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Fig. S7. Deformation mechanism of multifunctional artificial muscle. (A) The structure of
multifunctional artificial muscle. (B) The structure change and actuating force of multifunctional
artificial muscle under laser irradiation. (C) The compressive force F applied on the surface of
LMPA via static friction. Before deformation, Actuating force in LCE induced by laser irradiation
was applied on surface of LMPA via the function of static friction. Meanwhile, the heat generated
on the surface of LCE also heated the LMPA at the laser irradiating section via heat conduction.
Thus, the LMPA would melt when the temperature exceeded its melting point. With the increase
of the actuating force and melting section, the multifunctional artificial muscle was easy to generate
bending deformation.
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Fig. S8. Schematic illustration of LMPA rod with small melted area at laser irradiation
section. (A) The actuating force of LCE was applied on surface of LMPA by the function of static
friction. (B) The equivalent form of (A). The direction of F was through the centroid of cross section
of un-melted LMPA at A-A’. (C) The cross section of LMPA rod at A-A’.
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Fig. S9. Schematic illustration of LMPA rod with large melted area at laser irradiation section.
(A) The actuating force of LCE was applied on surface of LMPA by the function of static friction.
(B) The equivalent form of (A). The direction of F was through the centroid of cross section of un-
melted LMPA at A-A’. (C) The cross section of LMPA rod at A-A’.
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Fig. S10. Influence of irradiating time on actuating force of PDA-coated LCE-based tubular
actuator. In the test, two ends of PDA-coated LCE tubular actuator were fixed on testing machine.
Laser spot was applied on the middle of PDA-coated LCE tubular actuator. Meanwhile, we kept
the laser power unchangeable, and only changed the irradiating time from 5 to 30 s.
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Fig. S11. Surface of PDA-coated LCE-based tubular actuator before/after irradiation.
Actuating force cycle test of PDA-coated LCE tubular actuator under the laser irradiation of 1.0 W
(inner diameter: 1.4 mm, outsider diameter: 2.4 mm) with a testing time of 3600 s. The inset shows
the surface of PDA-coated LCE tubular actuator before and after cycle test (scale bars: 10 mm).



Fig. S12. Comparison of tubular LCE coated with thick PDA layer and that with thin PDA
layer under same irradiating power (1.8 W). (A) Tubular LCE coated with thick PDA layer
easily generating smoking or scorch (here, the samples were immersed in dopamine/Tris base buffer
solution for about a week). (B) Tubular LCE coated with thin PDA layer hardly generating smoking
or scorch. (here, the samples were immersed in dopamine/Tris base buffer solution for about 24 h).
In the tests, the samples of PDA-coated tubular LCE were suspended between two objects, and two
ends of samples were fixed on the two objects.



Fig. S13. Influence of irradiating power on tubular LCE coated with thick PDA layer (the
samples were immersed in dopamine/Tris base buffer solution for about a week). (A) Tubular
LCE coated with thick PDA layer easily generating smoking or scorch under a high irradiating
power of 2.0 W. (B) Tubular LCE coated with thick PDA layer hardly generating smoking or scorch
under a low irradiating power of 1.3 W. In the tests, the samples of PDA-coated tubular LCE were
suspended between two objects, and two ends of samples were fixed on the two objects.
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Fig. S14. Heating time of multifunctional artificial muscle under different irradiating powers.
In test, the irradiating time, we defined, was heating time.
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Fig. S15. Cooling time of multifunctional artificial muscle under different irradiating powers.

In test, the time when the temperature decreased from the maximum to 100 °C (the solidifying point
of LMPA) was defined as cooling time.
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Fig. S16. Differential scanning calorimetry (DSC) curves of LCE film. (A) DSC curve of 2"

crosslinking LCE. (B) DSC curve of 1% crosslinking LCE. The glass-transition temperature of the

film was obtained by calculating the position of the midpoint between the onset and offset points

(two intersections of the three fitted lines, shown in red). Meanwhile, 2™ crosslinking LCE presents

monodomain state and 1% crosslinking LCE presents polydomain state.
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Fig. S17. Comparison of bending stiffness and load-bearing capacity of multifunctional
artificial muscle and PDA-coated LCE-based tubular actuator under different outside
diameters. (A and B) Output force as a function of displacement of multifunctional artificial muscle
and PDA-coated LCE-based tubular actuator, respectively. (C and D) Comparison of bending
stiffness and output force of multifunctional artificial muscle and PDA-coated LCE-based tubular
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Fig. S18. Comparison of load bearing capacity of multifunctional artificial muscle and PDA-
coated LCE tubular actuator. (A) Multifunctional artificial muscle lifting a weight of 0.2 kg. (B)
LCE tubular actuator could not bear a weight of 0.2 kg. In (A, B), the scale bars represent 10 mm.
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Fig. S19. Stress—strain curves of multifunctional artificial muscle and PDA-coated LCE-based
tubular actuator.



Fig. S20. The demonstration of deformation recovery of multifunctional artificial muscle. One
end of multifunctional artificial muscle (diameter: 2.4 mm; length: 50 mm) was fixed, and the other
end was free. Two laser beams of 1.3 W was applied on both sides of bending position of artificial
muscle. By alternately or simultaneously irradiating the bending position, the artificial muscle
finally recovered to upright state.
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Fig. S21. The thickness change of PDA-coated LCE film under the irradiating power of 1.8
W. To quantitatively characterize the thickness change of PDA-coated LCE film before and after
irradiated by laser, we defined the strain of thickness change as e= (h — H)/H x 100%, where H
and h were the thicknesses of LCE film in the initial and actuated states, respectively. When the
laser was applied on the surface of LCE film at 1.5 s, the film thickened along the thickness
direction. The thickness of film at the irradiating section reached the maximum value at 3 s. After
the laser was turned off at 3 s, the LCE film began to recover along the thickness direction. The
whole actuating process was recorded by camera (Nikon, D7500) and analyzed by ImageJ. Hence,
the thickness change of LCE film could be calculated by above equation. Based on the measured
data, the thickness could increase to 42% when the laser was turned off at 3 s, and the thickness
change recovered to zero (i.e., original thickness) at 9 s.
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Fig. S22. Resistance change of LMPA with temperature. (A) Resistance-temperature curve of
30 mm-length LMPA rod that was wholly heated by hot plate in test. Ar/r represents the resistance
change of 30 mm-length LMPA rod. (B) Resistance-temperature curve of 30 mm-length LMPA rod
that was only heated by 2 mm-length hot plate in ideal condition. Particularly, if the heating length
of the sample was shortened to 2 mm, i.e., one fifteenth of the original length, the resistance change
(4R/R) of the sample under ideal condition would also be one-fifteenth of the original value based

1

1 (Ary 14
on the equation of AR/R = M = 11—5 (Ar/r). In the ideal condition, the resistance of LMPA
that was not heated by hot plate, we assumed, was unchangeable.
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Fig. S23. Resistance change with deformation for multifunctional artificial muscle. One end
of multifunctional artificial muscle (diameter: 2.4 mm; length: 50 mm) was fixed, and the other end
was free. In bending process, a laser beam of 2.0 W was applied on the middle surface of the
multifunctional artificial muscle. In recovery process, two laser beams of 1.3 W were applied on
both sides of bending position of artificial muscle. By alternately or simultaneously irradiating the
bending position, the bending behavior and resistance were monitored simultaneously.
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Fig. S24. Test system for resistance of multifunctional artificial muscle. Resistance data of
multifunctional artificial muscle was collected by precision source/measure unit (Keysight
B2912A), whose minimum measurement resolution: 10 fA/100 nV.



Table S1. Values of parameters adopted in the numerical simulations.

Parameter Description Value
ki Thermal cIi)g%uct1V1ty of 0.6 Wm'K! (Assumed)
c Specific Heat of LCE 1700 J kg! K'! (Assumed)
or Thermal expansion 1
coefficient of LCE -0.006 ~ 0 K (measured)
he Natural convection 10 Wm2K™!' (Assumed)
coefficient
P Density of LCE 1200 Kgm™ (Measured)
V1 Poisson’s ratio of LCE 0.49 (Assumed)
E; Young’s Modulus of LCE 0.5 MPa (Assumed)
k> Thermal conductivity of -l
LMPA (Room temperature) 3.5 WK (Assumed)
D> Density of LMPA 9750 Kgm™ (Measured)
o2 Thermal expansion 1
coefficient of LMPA >e-6 K (Assumed)
C2 Specific heat of LMPA 350 J kg! K'!' (Assumed)
%) Poisson’s ratio of LMPA 0.3 (Assumed)




Table S2. Values of Young’s Modulus and Poisson Ratio of LMPA adopted in the numerical

simulations
Young’s Modulus/pa Poisson’s Ratio Temperature/°C

100000000 0.3 20

10000000 0.3 30

1000000 0.3 50

300000 0.3 80

1 0.3 180

1 0.3 300

1 0.3 500




Table S3. Values of Young’s Modulus and Poisson Ratio of LCE adopted in the numerical
simulations.

Young’s Modulus/pa Poisson’s Ratio Temperature/°C
500000 0.49 20
500000 0.49 30
500000 0.49 50
500000 0.49 80
500000 0.49 180
500000 0.49 300

500000 0.49 500




Movie S1. Deformation locking property of multifunctional artificial muscle (1.

Movie S2. Reversible bending deformation of PDA-coated LCE-based tubular actuator (1x).
Movie S3. The stress distribution of multifunctional artificial muscle under the irradiating
power of 2.0 W in simulation (0.2x).

Movie S4. The temperature distribution of multifunctional artificial muscle under the
irradiating power of 2.0 W in simulation (0.2%).

Movie S5. Bending angle of multifunctional artificial muscle can be increased by increasing
irradiating time (1.

Movie S6. Bending direction of multifunctional artificial muscle can be adjusted by changing
laser irradiating direction (3.

Movie S7. Demonstration of multifunctional artificial muscle possessing any number of
bending joints (3%).

Movie S8. Demonstration of complicated shape of multifunctional artificial muscle by
irradiating different positions and from different directions (1x).

Movie S9. Shape transformation of multifunctional artificial muscle under the irradiating
power of 1.2 W (1x).

Movie S10. Demonstration of deformation locking property of multifunctional artificial
muscle with the melting point of 47 °C (1X).

Movie S11. Demonstration of deformation locking property of multifunctional artificial
muscle with the melting point of 82 °C (1X).

Movie S12. Demonstration of deformation locking property of multifunctional artificial
muscle with the melting point of 100 °C (1X).

Movie S13. Demonstration of the multifunctional artificial muscle lifting and carrying a 100-
g object assisted by a robot arm (3.

Movie S14. Demonstration of deformation recovery of multifunctional artificial muscle (3x).
Movie S15. The thickness change of PDA-coated LCE film under light stimuli (1X).
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