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Light-Fueled Polymer Film Capable of Directional Crawling,
Friction-Controlled Climbing, and Self-Sustained Motion on
a Human Hair

Ming Cheng, Hao Zeng,* Yifei Li, Jianxun Liu, Dan Luo, Arri Priimagi, and Yan Jun Liu*

Recent efforts in stimuli-responsive soft materials have enabled wirelessly
controlled actuation with increasing degrees of freedom, yielding miniature
robots capable of various locomotion in open environments such as on a
plane or inside fluids. However, grand challenges remain in harnessing
photomechanical deformation to induce locomotion and control of friction
during the movement, especially for robotic actuations within constrained
spaces. Here, the authors report a centimeter-long polymer strip made of a
liquid crystal network that is capable of versatile light-fueled motions along a
human hair. The soft polymer robot can translocate directionally upon
temporally modulated excitation and climb vertically through friction control
with light. A self-oscillating strip is demonstrated to continuously translocate
along the hair upon a constant light stimulus, and its gaiting is associated to
the smoothness of the hair surface. The results offer new insights to
small-scale photo-actuator, mechanical control, and automation in soft micro
robotics.

1. Introduction

Soft material-based robotics is one of the fastest developing
frontiers in today’s research and technology, driven by the
demands in medical treatment, human-safe interaction, bio-
sensing, and extreme task execution.[1–4] Soft robots adopt the
flexibility in material composition, providing a high degree of
freedom of deformation and opportunities to tackle encountered
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environmental hurdles, which surpasses
the performances of conventional bulky
machines made of rigid materials.[5] Such
adaptivity in robotic motion will be crucial
in challenging spaces with ever-decreasing
dimensions, such as blood vessels and mi-
crochip channels, and new solutions for
motions in constrained spaces are perti-
nent to medical and biological purposes.[6–8]

To reduce the size of the soft robots and
avoid extra drag and unpredictable friction
generated within the small area, conven-
tional bulky pneumatic and wire-controlled
dielectric actuators should be replaced with
stimuli-responsive soft materials.[9–11] Such
materials can be, for instance, thermally
actuable bilayers, soft magnets, responsive
hydrogels, humidity-sensitive thin films,
or liquid crystal networks (LCNs).[12–16]

They all display large shape-change in re-
sponse to suitable stimulus, thus providing

access to wireless control, structural miniaturization, and vivid
mimics of the shape-morphing and locomotion of natural
species. Diverse types of micro-sized soft robots with a sophisti-
cated control of locomotion in the open space environment have
been reported. These include caterpillar-like motion on a plane,
cilia-type collective motions, sperm-like swimming in a fluid,
and magnetically driven jellyfish in a tank, to mention but few
examples.[17–20]

Regarding the architectural complexity and motion versatility,
the level of responsive-material-based soft robotics has been ele-
vated through many recent technological developments.[21,22] Di-
rect laser writing, 4D printing, sophisticated monitor/control sys-
tems, and advances in multi-stimuli-responsive materials have
brought complex structures with versatile morphological change
and high degrees of freedom of actuation into reality.[23–26] How-
ever, when entering a tiny constrained spacing such as confine-
ment on a thread or interior of a thin tube, the robotic motion
will be greatly hampered, albeit functioning efficiently in open
space. This is because the environment suppresses the achiev-
able modes of deformation, thus limiting the efficiency of loco-
motion. Special attention on forces such as active stress, friction,
and drag, is thus required in robotic design in order to obtain
efficient locomotion.[27,28]

Intriguingly, nature provides a plethora of examples on adap-
tation to and movement in confined spaces. For instance, cater-
pillars possess sophisticated skills of navigating on a thin tree
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Figure 1. Versatile locomotion modes of the light-driven robot. a) Chemical structures of the constituents of the LCN. b) Schematic drawing of splay-
aligned LCN actuator upon light illumination and in the dark (left), and photographs of the corresponding LCN strip (right). c) In crawling mode, the
robot translocates along the hair upon temporally modulated light excitation (time: t). d) Friction controlled mode enables locking and slipping between
two legs, through change of light beam position (P). e) Self-oscillating mode allows self-sustained walking upon a constant light field. All scale bars: 5
mm. Insets in (c), (d), and (e) schematically show the ways of the implementation of light beam.

branch. Such a locomotive talent is ensured by two physical ca-
pabilities: sequential actuation of muscles (inching or wave-like
movement), enabling an efficient transformation of body defor-
mations into step lengths, and efficient gripping on substrate that
ensures the soft body to fix steadily on one end while translocat-
ing on the other end.[29] These natural talents reflect two grand
challenges for soft micro robotics, which are sophisticated shape-
change and reversible control of friction. Among the state-of-the-
art stimuli-responsive-material-based soft robots, although inch-
ing and travelling-wave motions have been reproduced on top of
a flat surface,[17,30] they both failed in dynamic control of friction.
Furthermore, only few examples demonstrating the possibility
to adapt into constrained spacing, such as the squeezing move-
ment inside a tube, exist.[31–33] It is important to further explore
robotic motion in low-dimensional environments and investigate
the means to achieve versatile locomotion modes of a tiny soft
robot.

In this study, we present a small-scale light-driven polymer
film capable of versatile locomotion on a single human hair. The
photoactive film is composed of a LCN strip actuator, hanging on
the hair through two punctured holes on each side of the strip.
Upon temporally modulated light excitation, cyclic changes of the
body length occur, yielding translocation via stick–slip motion,
where the walking directionality is determined by the friction
bias raised from the microscopic ratcheted structures of the hair
surface. Dynamic control over the friction is obtained by man-
ual scanning of the light beam along the robot body, providing
vertical climbing capacity. Self-oscillatory movement is triggered
by the interplay between the bending strip and continuous exci-
tation of a laser beam, while light shadowing provides negative
feedback mechanism to sustain the motion. Such self-oscillation

allows for autonomous locomotion upon irradiation with a con-
stant light field within the constrained environment. The walking
gaits (standard deviation of walking steps) reflect the smoothness
of the hair surface, distinguishing, e.g., between clean and con-
ditioned hair and providing a qualitative tool to examine the hair
quality.

2. Results

2.1. System Concept

To realize a soft micro robot, the deformable body is made of
light-responsive LCN (Figure 1a), an inherently thermorespon-
sive artificial muscle whose macroscopic deformation is triggered
photothermally and is dictated by anisotropic thermal expansion
resulting from anisotropic alignment of the mesogens within the
polymer network.[34,35] Photograph and cross-polarized images
of the fabricated LCN film are shown in Figure S1, Supporting
Information. To achieve caterpillar-like deformation, a splayed
molecular orientation is adopted in the LCN film, as shown in the
schematic drawing in Figure 1b. Such alignment yields efficient
mechanical bending towards the planar-oriented surface upon
temperature elevation (Figure S2, Supporting Information).[36]

For the light response, Disperse Red 1 acrylate (DR1a) is co-
valently linked to the polymer network, yielding light absorp-
tion, photothermal heat generation, and resultant macroscopic
deformation.[37] The absorption spectra and light-induced tem-
perature elevation of a free-standing LCN strip are given in Fig-
ures S1b and S3, Supporting Information, respectively. Note that
we intentionally polymerize the strip such that it is bent at room
temperature (Figure 1b, top), so that it first straightens and then
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Figure 2. LCN photomechanics on the hair. a) Photographs of a strip de-
forming upon irradiation on a hair thread. The strip is hanging on the hair
through two holes punctured on an aluminum accessory. Inset shows the
photograph of the punctured hole. The robot body length is denoted as L
and the strip-hair angle as ϕ. b) Changes in L and ϕ as a function of light
intensity I. c) Photographs of the straightening of the LCN strip upon light
illumination, exerting forces Fa on the lateral directions. d) Light-active
force measurements under different excitation intensities. Details of the
measurement setup are given in Figure S7, Supporting Information. All
scale bars: 5 mm.

bends to the opposite side upon illumination (Figure 1b, bottom).
Further details on the sample preparation are given in Experi-
mental Section.

To confine and translocate the photoactive film on a single hu-
man hair, two holes were punctured on the two sides of the LCN
strip, and the film was hung on the hair through these holes (see
Experimental Section for further details). Interaction between
elastic force raised by LCN photoactuation and friction exerted
by the hair surface yields versatile locomotion modes, which in-
clude directional crawling upon temporally modulated light (Fig-
ure 1c), friction controlled walking (or climbing) through beam
scanning (Figure 1d), and self-oscillation-induced autonomous
walking (Figure 1e), as will be elaborated in the following sec-
tions.

2.2. Photoactuation on Human Hair

An LCN actuator may deform freely into versatile 3D morphing
geometries by taking advantage of the complexity of patternable
director fields.[38] However, when attached from two sides on a
linear thread such as human hair, the shape change becomes
constrained. Taking the hair direction as a longitudinal axis in
cylindrical coordinates (Figure S4, Supporting Information), the
radial distance r is restricted to 0 < r < Ls/2, where Ls is the dis-
tance between the two holes in a straightened strip, which we
denote as maximum effective strip length. Influenced by gravity,
the azimuthal angle 𝜑 of the strip plane approaches zero as the
hair is hanging horizontally. Although 𝜑 may vary during vertical
climbing as the robot may rotate around the hair axis, such an-
gular change doesn’t affect the translocation along the hair direc-
tion. Hence, the key for locomotion is the change of body length,
L, upon one on–off illumination cycle, as shown in Figure 2a. By
increasing the light intensity (488nm), L increases from 8 mm
(light off) to about 13 mm (≈200 mW cm−2), as shown in Fig-

ure 2b. Repeating the process by cyclic light excitation may trans-
form the body shape change into net displacement. Note that, ac-
companied with increasing L, the strip-hair angle, ϕ (Figure 2a)
decreases from above 80° to about 10°. A drop in ϕ raises the fric-
tion at the robot-hair interface, which is important for dynamic
friction control and vertical climbing capacity. Also, the mate-
rial used for hole construction affects the interaction between
the strip and the hair thread, and holes punctured on an alu-
minum foil attachment (inset of Figure 2a) and directly drilled
on LCN (Figure 1d) are adopted for different locomotion pur-
poses. Strips with different Ls (11–17 mm) exhibit similar pho-
tomechanical properties regarding the change of bending angle
and body length, as shown in Figures S5 and S6, Supporting In-
formation.

As mentioned earlier and illustrated in Figure 1b, the ini-
tial shape of the LCN strip is selected to be bent without irra-
diation. This can be obtained by photopolymerizing at elevated
temperature,[36,39] 50 °C in our case. Such initial bending allows
for the formation of a semi-circle geometry when ceasing the
light (Figure 2a), while photomechanical actuation induces de-
formation toward the opposite side to straighten the structure,
thus exerting light-active forces Fa on both sides along horizon-
tal directions (Figure 2c). These forces were measured to be in the
range of hundreds of μN in an LCN strip with 13 × 2 × 0.05 mm3

dimensions. As shown in Figure 2d, Fa first peaks rapidly, then
decreases gradually (presumably due to light-induced softening
of the material), and finally reaches an equilibrium value Feq in
a longer time span (>10 s), governed by the dynamic elasticity
when the active material is compressed by the sensor (see Fig-
ure S7, Supporting Information, for further details). Feq increases
with increasing irradiation intensity and at the same time, the ac-
tivation time 𝜏on, determined by the period between light onset
and the initial peak in the force curve, drops from 1 s (50 mW
cm−2) to about 0.4 s (150 mW cm−2). Upon ceasing the irradi-
ation, the strip relaxes in about 6 s (Figure S7c, Supporting In-
formation). The key message from these experiments is that the
light-active force in LCN can be triggered cyclically and the speed
of force generation (determined by thermal capacity) is rather
fast compared to the deformation kinetics (influenced by iner-
tia and external friction) of the material (Figure S8, Supporting
Information), where both light-induced deformation and relax-
ation take place in about 4 s. The speed difference between ac-
tive force generation and the deformation promises overcoming
static friction, thus possibly enabling slipping locomotion on the
hair.

2.3. Directional Crawling

An LCN film was hung on a horizontal hair thread through two
holes punctured on aluminum foil as accessory. Upon tempo-
rally modulated (on-and-off) light excitation, the film translocated
unidirectionally along the hair from left to right, as shown in
Figure 3a. The motion direction is determined by the hair orien-
tation, always from the root to the tip of the hair, independent of
robot or light incident angles. To find out the reason for such di-
rectionality, we measured the static friction coefficient 𝜇 between
the robot and the hair using an inclined plane method (statis-
tics on the different locations of one identical hair). As shown in
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Figure 3. Directional walking on a horizontal hair. a) Photograph of the robot movement during one excitation cycle. Inset: Schematics of the ratcheted
hair surface. Scale bar: 2 mm. b) SEM image of a hair skin segment. Scale bar: 5 μm. Inset: Lateral force measurement on the hair along forward (root-
to-tip) and backward (tip-to-root) scanning directions. c) Displacement tracking of front and back legs and center of mass position along the horizontal
direction. Excitation: 488 nm, 130 mW cm−2, and 3 s on and 4 s off. d) Schematics of the stick–slip locomotion gaits. e) Displacement of the center
of mass dm and change of body length ΔL upon three actuation cycles. f) Velocities of two legs during stick–slip motion derived from (e). Details of
calculation are given in Experimental Section.

Figure S9, Supporting Information, 𝜇 is about 0.26 along the tip-
to-root direction and reduces to 0.18 in the opposite direction.
This friction anisotropy is attributed to the layered cellular struc-
ture forming ratcheted cuticles, as shown by the scanning elec-
tron microscope (SEM) image in Figure 3b. Each cuticle cell is
0.3–0.5 μm thick and 5–10 μm in lateral spacing.[40] A lateral force
FL measured by atomic force microscope (AFM) exhibits a clear
directionality, as shown in the inset of Figure 3b, providing fur-
ther evidence of such anisotropy. Details of AFM measurement
are given in Figure S10, Supporting Information, and the Exper-
imental Section.

The front and back leg edge positions together with the center
of mass are tracked during locomotion under cyclic light excita-
tion (130 mW cm−2, 3 s on and 4 s off), as shown in Figure 3c.
Both legs translocate from the root-to-tip direction, thus exhibit-
ing an increase of walking distance d as a function of time t. A
positive slope in the d–t curve indicates forward movement while
a zero slope indicates sticking to the hair and ceasing the translo-
cation. The slipping and sticking gaits are alternated between the
front and back legs, as shown in Figure 3e and derived from ve-
locity data in Figure 3f. Negative slope, that is, movement from
the tip-to-root direction, is seldom observed, as shown in Figure
S11, Supporting Information. The net displacement is thus dom-
inated by forward slipping which ensures translocation by stick–
slip gait motion, as summarized schematically in Figure 3d (see
stick–slip gait motion mechanics in Supporting Information for
further details). Figure 3e gives the net displacement of the center
of mass dm by comparing it with the change of body length within
three actuation cycles. Upon each cycle, the film translates the
body length change ΔL into a step length Sl, via alternating the

moving velocity of the two legs (Figure 3f; Movie S1, Supporting
Information).

The walking velocity v and the step length Sl are influenced
by parameters such as excitation intensity and strip length Ls,
and both larger Ls and stronger irradiation lead to increased Sl
(Figures S12 and S13, Supporting Information). A short pulse of
excitation yields insufficient deformation and thus limited ΔL.
A longer pulse yields large deformation but also increases the
time span needed for the completion of one actuation cycle. The
light on-light off periods of 3 s and 4 s, respectively, were found
to yield maximum velocity (Figure S14, Supporting Information).
Intriguingly, the locomotive performance is sensitive to the mate-
rial of which the holes are made of. A comparison of performance
between robots with holes punctured on aluminum accessories
and directly on the LCN actuator is shown in Figure S15, Sup-
porting Information. The one with LCN holes exhibits smaller
Sl, which is attributed to increased friction between the LCN and
the hair surface (Figure S9, Supporting Information). The hole
size has a negligible effect on the walking velocity, as shown in
Figure S16, Supporting Information. However, we adopted a hole
size 2–3 times of the hair diameter (80–120 μm), in order to avoid
unpredicted hurdles due to structural defects or random dust.

2.4. Light-Fueled Climbing

Along the direction determined by the ratcheted hair surface, a
strip with accessory aluminum holes can climb up a ramp with
slope 𝛾 , as shown in Figure 4a. Similar to the previous case,
the robot slips on the hair surface and uses the friction bias to
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Figure 4. Climbing on the hair. a) Photographs of an LCN strip walking on a 7° ramp for one actuation cycle. The strip is accessorized with aluminum
holes. Excitation: 488 nm, 130 mW cm−2, and 3 s on and 4 s off. Ls = 13 mm. Insets show the schematic of hair surface, displacement on the slope,
d, height of the robot, h, and ramp angle, 𝛾 . b) Change of h upon temporally modulated excitation (488 nm, 130 mW cm−2, and 3 s on and 4 s off)
at different ramp angles. c) The step length Sl of locomotion on different slopes. Error bars indicate standard deviation for n = 10 measurements. d)
Photographs of an LCN strip climbing on a vertical hair by light scanning (from bottom to top, 488 nm, about 400 mW cm−2). e) Height evolution during
the vertical climbing. Ls = 10 mm. f) Snapshots of the vertical climbing. Scale bars: 5 mm.

overcome the gravity upon temporally modulated light excitation
(3 s on; 4 s off). Elevation in height during walking on different
slopes is given in Figure 4b and further elaborated in Figure S17,
Supporting Information. On a ramp with an angle of 1° or 2°, the
robot exhibits the same stick–slip gait motion as on the horizontal
hair thread, where no backward slipping is observed (Figure 3c;
Figure S17a,b, Supporting Information). Starting from a 3° incli-
nation, the tendency for slipping backward increases (Movie S2,
Supporting Information), the more so the higher the 𝛾 (Figure
S17d–j, Supporting Information). The slipping occurs simulta-
neously on the two legs, as indicated in Figure 4a, which reduces
the efficiency of transferring the cyclic body deformation into for-
ward movement. As a result, the mean Sl drops with elevating
𝛾 , and vanishes at around 10° (Figure 4c). Further increase in 𝛾

leads to a continuous slipping, as shown in Figure S17m, Sup-
porting Information. To further enhance the light-fueled climb-
ing capacity, we removed the aluminum accessories and punc-
tured the two holes directly into the LCN strip to increase the fric-
tion coefficient (Figure S9, Supporting Information, measured
upon the same hair). In this case, the film can self-lock even
on a vertical hair and unlock to translocate upon certain light
actuation.

Herein, the second locomotion mode is realized by dynamic
control of friction via scanning the light beam along the robot
body. This specific treatment in spatial light field brings about
climbing capacity on a 90° ramp. Photographs in Figure 4d
present the climbing steps in one scanning cycle. First, the light
beam centered at the segment around the bottom hole bends the

LCN and decreases ϕ (Figure 2a). The reduced ϕ raises the fric-
tion at the robot-hair interface, allowing the robot to fix on the
vertically hung hair. By scanning the beam along the body to the
middle segment, the straightened body raises the center of mass
upward. Finally, when the light hits the upper portion and bends
the strip, the upper leg is locked (small ϕ), while the middle and
bottom segments relax, lifting the mass of the rest of the body.
Scanning of the beam has thus provided a facile way to locally
control the friction at the robot-hair interface. For further infor-
mation see light switchable friction mechanism in Supporting
Information. Based on friction switching, cycling the scanning
light excitation process manually enables climbing in vertical di-
rection, which is independent of the hair orientation. The height
elevation data is depicted in Figure 4e and Movie S3, Support-
ing Information, and sequential photographs during the climb-
ing process are shown Figure 4f.

The mean Sl is about 0.8 mm in a 10 mm long strip, and the
climbing velocity 4.6 mm min−1 (scanning period about 10s, Fig-
ure 4e). Among different-sized robots, the change of body length
ΔL is largely transferred into forward step Sl in each actuation cy-
cle, indicating minimal backward slipping (Figure S18a,b, Sup-
porting Information). The strip length Ls affects the maximum
ΔL as well as the climbing speed, as both ΔL and Sl increase
with sample size (Figure S18c, Supporting Information). How-
ever, an overly long strip (>15 mm) tends to get stuck by twist-
ing around the hair because of the structural instability raised
by the high aspect ratio of the strip (Figure S18d, Supporting
Information).
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2.5. Walking by Self-Oscillation

The above studies required temporally or spatially modulated
light beams for achieving the locomotion. However, for au-
tonomous robotics it is important to be devoid of spatial
and temporal modulation of the light source and instead use
a constant light field for inducing the locomotion.[37,41] This
strategy is of significance for autonomation, because it re-
quires no specific information of the device location a priori.
Such strategy can be realized using a self-oscillation process,
in which the actuator sustains periodic motion upon a non-
periodic external stimulus through a built-in negative feedback
mechanism.[42–45] Several pioneering examples have shed light
on this direction, such as a wave-like walker,[37] rolling rod
for mass transport and weightlifting, and continuous rotating
Möbius ring,[46–48] all serving as primary examples for a truly au-
tonomous robot without human interference. Along this line,
the following demonstration of self-walking on a human hair
presents an untethered robot capable of an elementary form of
autonomy.

A long strip (23 mm) accessorized with aluminum holes is
hung on a horizontal hair thread. A continuous laser beam (488
nm, spot diameter: 2 mm) is set to 2 mm distance below the hair
such that the beam direction coincides with the hair direction
to induce the self-oscillation (Figure 5a). In each oscillating cy-
cle, the light first hits the right side of the strip. As a result, the
irradiated segment bends toward the direction opposite to its ini-
tial bending, causing the illuminated part of the strip to move up
from the beam position. Hence the light beam propagates further
to the left along the strip, causing other LCN segments to bend.
At the same time, the previously illuminated segments relax in
the dark, allowing the structure on the right side to revive and
start to shadow the left segments. Eventually, the right segment
is excited by the beam again, and left segments relax due to being
shadowed, and a new cycle starts.

Accompanied with the self-oscillation, a cyclic change in the
body length occurs. Both leg holes slip on the hair, as recorded
by the strip profile evolution in Figure 5b. The positions of the
left and right holes along the x-axis, dl and dr (inset of Figure 5a)
are tracked together with the laser spot position, dspot, for a time
span of four oscillating cycles, as shown in Figure 5c. Both legs
have the possibility to slip in forward and backward directions,
but with much larger tendency towards the left side (hair root-
to-tip) due to the friction anisotropy. Note that this self-walking
directionality is independent from the incident light direction or
robot orientation, thus we ascribe it to the hair friction anisotropy.
As the oscillation is indicated by the spot position (the deforming
segment) with respect to the strip body, a relative spot position 𝜂s
is defined as dspot/Lb, where Lb is the instant body length (Fig-
ure 5d). The spot travels more than 50% of the strip span, self-
oscillating with a periodicity of ca. 3.5 s under 67 mW laser power
(see Figure S19c, Supporting Information, for self-oscillation at
different laser powers). However, the change of body length (Lb)
oscillates with a different periodicity as the 𝜂s, as attested by the
fact that during four self-oscillation cycles there are only three cy-
cles of length change. Such asynchrony could be due to the fact
that the slipping of each leg hole occurs spontaneously at random
time instances, once the accumulated elastic force is sufficient to
overcome the static friction.

Facilitated by the self-oscillation, the film strip is capable of
continuous navigation upon a constant laser beam irradiation,
as shown by the photographs in Figure 5e and Movie S4, Sup-
porting Information. The self-walking performance is sensitive
to the applied laser power, as depicted in Figure 5f. When low
power is used (about 30 mW), the actuation is insufficient, ren-
dering minimal ΔL and Sl for translocation (Figure S19b, Sup-
porting Information). Increasing the laser power boosts up the
ΔL and Sl together with the locomotion velocity. Further increase
of the power first saturates and then drops the velocity (Figure
S19, Supporting Information). This is due to the fact that an ele-
vated excitation straightens the strip profile, thus reducing theΔL
(or Sl) in each deformation cycle (see snapshot of self-oscillating
strips upon different light fuel powers in Figure S20, Support-
ing Information). The maximum velocity is recorded by using 58
mW laser power as shown in Figure 5g.

Interestingly, the walking gaits are sensitive to the local hair
surface condition. For instance, upon identical excitation the
robot does not repeat the same gait even on the same hair thread
(Figure S21, Supporting Information). This is due to the random-
ness of naturally grown surfaces, as indicated by the friction co-
efficient measurement upon random segments of one identical
hair (Figure S9d, Supporting Information). Note that, although
the friction strength is randomly scattered, the friction bias al-
ways exists along all hair segments and among different hair
types, which plays the key to dictate the walking directionality.
The frequency of getting stuck also depends on the hair treat-
ment (Figure S22, Supporting Information). The same strip gets
stuck much more frequently on an untreated hair thread, less
on an ethanol-cleaned hair and the least on a conditioned hair
with smoothest surface. See the SEM images of different hair
surfaces in Figure S23, Supporting Information. Such sensitiv-
ity may suggest that the LCN robot can be used as a qualitative
tool to detect the smoothness of the hair. To prove this princi-
ple, a raw hair is treated with ethanol throughout the length and
then with hair conditioner only in the middle segment, forming a
three-section walking path, as schematically shown in Figure 5h.
On such path, the self-walking strip translocates in five distinct
conditions: I) both legs on the clean hair; II) front leg enters the
conditioned area, back leg on the clean area; III) both legs on the
conditioned area; IV) front leg on the clean area, back leg remains
on the conditioned area; and V) both legs again on the clean area.
The d–t curves of a self-walking robot under different-power exci-
tations are shown in Figures S24–S26, Supporting Information.
In all cases it is observed that the conditioned zone (III) is the
smoothest region for the self-propelled movement. To enhance
the visualization of step deviation between the different regions,
the front leg displacement is recorded within a frame of refer-
ence at a constant speed v, where v = 0.51 mm s−1 is chosen as
the mean speed of the entire walking span. As shown in Figure
S27, Supporting Information, one oscillation indicates one cycle
of body length change, and the step length Sl is measured for the
translocation in the forward direction within such cycle. Note that
the mean Sl doesn’t correlate with the hair treatment, as shown
by the comparison between the different-power excitations (Fig-
ures S24–S26, Supporting Information). However, the standard
deviation (s.d.) of Sl among series of walking event depends on
the smoothness of the hair surface. As shown in Figure 5h and
further elaborated in Figures S24–S26, Supporting Information,
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Figure 5. Self-walking on the hair. a) Snapshots of an LCN film during one self-oscillation cycle. Sl = 23 mm; 488 nm, 58 mW, spot size 2 mm. Insets:
instant strip profiles and indication for measured instant body length, Lb, displacement of left (dl) and right (dr) legs, and spot position, dspot. The blue
circle indicates the illuminating spot on the strip. b) Evolution of the strip profile during one self-oscillation cycle. c) Tracking of the left and right leg
displacements and center of mass position within four self-oscillation cycles. Sl = 23 mm; laser power 58 mW. d) Change of body length ΔL and ratio
between spot distance and instant body length, dspot/Lb, during the measurement shown in (c). e) Snapshots of a self-oscillating strip self-walking on
a horizontal hair. Laser power 58 mW. f) Self-oscillation-propelled walking under different laser powers, and the corresponding mean velocities (g). h)
Sensing of hair condition. Schematic drawing of the hair surface treatment and the five areas encountered during the robot walking (top), and standard
deviation (s.d.) of Sl within different walking zones (bottom). The s.d. data is taken for n = 10 (I), n = 5 (II), n = 10 (III), n = 5 (IV), and n = 10 (V),
measurements. Laser power 60 mW. Scale bars: 5 mm.

the smallest s.d. is always observed at the smoothest region (con-
ditioned, III), suggesting that by gathering statistic information
of the walking event, the self-walking robot can in principle act as
a preliminary probe to examine the quality of human hair surface.

3. Discussion

Gravitational influence leads to a hanging configuration of the
soft robot, thus no standing-up walking above the hair thread
is possible during slipping movement. However, gravity plays a

trivial role in LCN actuation, as shown in Figure S28, Supporting
Information. The robot, in principle, is not restricted in one
specific walking path. Through built-in hook structure, the strip
can easily be replaced and access other linear walking paths
(Figure S29, Supporting Information). The light driven locomo-
tion can be extended to other thread materials without friction
anisotropy. As shown in Figure S30 and Movie S5, Supporting
Information, the same friction control strategy through bending
of LCN segments can introduce forward and backward walking
on a horizontal thread made of optical fiber, electric wire, or

Adv. Sci. 2021, 2103090 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2103090 (7 of 10)



www.advancedsciencenews.com www.advancedscience.com

braided rope. However, to improve the locomotion efficiency on
other low-dimensional constrained environments requires repli-
cating asymmetric surfaces onto the robot,[49,50] or to develop
a more effective switching strategy for controlling the friction.
The present photomechanical bending of the LCN segments
for vertical climbing requires adjustment between the hole
size and the thread dimension. A large hole leads to slipping
down from the thread, and a small hole introduces extra friction
hurdle for robot translocation. Other methods based on control
of material properties, such as light-switchable surface topology
and phase transitions, can be applied to manually control the
adhesive/friction forces that drive the robotic movement.[51,52]

Regarding the device scale-up, one-step synthesized LCN en-
counters difficulties in increasing the film thickness, due to the
fact that mesogens would need to be filled within a cell less
than about a hundred microns in thickness, in order to guar-
antee good LC alignment. Other smart materials or methods
like two-step synthesized liquid crystal elastomer,[53] two-way
shape-memory materials,[54] hydrogels,[55,56] or layered LCNs,[57]

may serve as viable alternatives. Since all robots share the same
physics, the presented locomotion strategies on a human hair
can be extended to other material systems.

Conceptually, the robot made of LCN actuator is not stan-
dalone. Similar to most robots driven by external stimuli,[4,7,22]

the entire robotic system requires a light source, data acqui-
sition device, and position controller to operate—all of which
locate outside of the actuating material. While roboticists fo-
cus in controlling the machinery of the robot to maximize
the motion precision, material scientists aim at integrating all
the signal processing required within the material itself, to
yield new concepts for autonomous soft robotics based on, for
instance, physical intelligence[58] or feedback loops[59] in the
stimuli-responsiveness. Increased crosstalk between these disci-
plines/approaches is expected to strongly promote the develop-
ments of both fields.

To conclude, we report three locomotion modes on human
hair by using light-driven soft micro-robots based on LCN actu-
ator. The locomotion includes inching-like directional crawling
assisted by the friction bias of natural hair, locking-and-slipping
vertical climbing by using light switchable friction, and a travel-
ing wave typed self-walking that reflects the hair surface smooth-
ness. The friction anisotropy on the hair surface or optical control
of friction over the asymmetric robotic geometry bring direction-
ality into motion, which together with photomechanical deforma-
tion allows to transfer the change of body length into step length
and induce locomotion. This study intends to tackle the technical
challenges related to sophistication of stimuli-responsive shape-
change by giving photoactuation examples through temporally,
spatially modulated illuminations and constant light field excita-
tion without any temporal or spatial modulation. The study of-
fers new concepts for soft micro-robotics in constrained opera-
tion environments and alternatives for automation in small-scale
devices.

4. Experimental Section
Materials in Brief: The LCN photoactuators were photopolymer-

ized from a monomer mixture that contained 78.5 mol% of LC

monomer 4-methoxybenzoic acid 4-(6-acryloyloxyhexyloxy)phenyl es-
ter (Synthon Chemicals), 20 mol% of LC crosslinker, 1,4-Bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (Synthon Chemicals),
0.5 mol % Disperse Red 1 acrylate (Merck), and 1 mol% of photoinitia-
tor (2,2-dimethoxy-2-phenylacetophenone, Sigma Aldrich). All molecules
were used as received.

LCN Film Fabrication: Two glass substrates (10 × 10 cm2, 1 mm thick)
were cleaned by sonication in acetone and dried under air flow. One glass
substrate was spin-coated with polyimide FPI-2011 (Fisher; 1500 RPM,
1 min), followed by baking at 70 (30 min) and 200 °C (60 min), to ensure
homeotropic LC alignment. The other substrate was spin coated with poly-
imide DL-5260T (Dalton; 1500 RPM, 1 min), followed by baking at 70 (30
min) and 200 °C (60 min), then rubbed unidirectionally, to ensure planar
LC alignment. Then, the coated substrates were cut into 2 × 3 cm2 pieces.
Two of these pieces were fixed together with UV glue (Norland, NOA65)
using 50 μm spacer particles (Thermo scientific) to define the cell thick-
ness. The monomer mixture was melted and infiltrated into the cell by
capillary forces on a hot plate set at 80 °C. After filling, the cell was cooled
down to 50 °C (5 °C min−1) and stabilized for 20 min. Then, UV irradiation
(360 nm, 60 mW cm−2, 5 min) was used to polymerize the structure. After
that the cell was opened and strip-like actuators were cut from the film.

Robot Fabrication: Different strip dimensions were cut from the film
to fabricate the light-fueled robots: 10, 13, 15, 17 mm strip length for hori-
zontal walker, 7, 10, 13 mm for the vertical climber, and 23 mm for the self-
oscillation-driven walker. All strips had the same width of 1.5 mm. For hole
fabrication, a focused femtosecond laser beam was used to puncture the
holes on a 10 μm thick aluminum foil. The hole sizes were tuned by chang-
ing the focal distance, and examined under microscope. Two aluminum
foil pieces (about 1.5 × 2 mm2) with holes in the center were glued to the
LCN strip, one to each edge, to form the robot. The strip was trimmed in
order to keep the same strip length after inclusion of the aluminum acces-
sory. For vertical locomotion, two holes (200–400 μm in diameter) were
directly punctured onto the LCN film by using a thumbtack. When hang-
ing on the vertically hung hair, a moderate light intensity (100 mW cm−2)
was illuminated onto the strip to create elastic deformation, locking the
robot on the hair, thus eliminating down slipping.

Optical Characterization: Absorption spectra were measured with a
UV–Vis spectrophotometer (Cary 60 UV–Vis, Agilent Technologies). Opti-
cal images and movies were recorded by using Nikon (D7100) and Canon
5D Mark III camera with a 100 mm lens. Thermal images were recorded
with an infrared camera (FLIR T420BX, close-up 2× lens, 50 μm resolu-
tion). Light from a continuous laser (488 nm, Coherent Innova 300C) was
coupled into a multi-mode optical fiber (400 μm core, Thorlabs), the out-
put beam was collimated by a lens before shining onto the robot.

Hair Preparation: Hair samples were collected from one of the au-
thors. Raw hair was the as collected one without washing for few days;
Cleaned hair was the raw one treated with ethanol bath cleaning (10 s);
conditioning was done by immersing the cleaned hair into hair conditioner
for 5 min, followed by rinsing with milli-Q water.

Data Collection: For robot position tracking, a yellow filter was added
to the camera to block wavelengths < 500 nm. The walking process was
recorded and the movie was analyzed with a video analysis software (Ki-
novea). The d–t data was extracted with 1/30 s time intervals. To calculate
the velocity, d–t data were first smoothed by using the smooth function in
MATLAB (R2019a, span = 15). Subsequently, a time derivation resulted in
the set of data for velocity (v–t).

Atomic Force Microscopy: The topographic and lateral friction signals
of the hair surface were measured with an AFM (Witec alpha300A) in con-
tact mode. The hair was placed horizontally, with ratcheted cuticles being
perpendicular to the scanning directions. A 25 × 25 μm2 measuring area
was meshed into 512 scanning lines, for which the cantilever scanned in
both forward and backward directions (1 second per line). The topographic
profiles were determined by the tip displacements in the vertical direction.
The profile images showed consistency between forward and backward
scanning directions, indicating the accuracy of topological measurement.
During the scanning, any encountered friction would cause a lateral de-
flection of the tip and torsional deformation of the cantilever, and a feed-
back voltage was automatically applied to the piezoelectric cantilever to
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compensate such deformation. Hence, such applied voltage signal was
proportional to the friction, serving as a quantitative probe for the lateral
friction between the tip and hair surface.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work is supported in part by National Natural Science Foundation
of China (Grant No. 62075093), China Postdoctoral Science Foundation
(2020M672697), Guangdong Innovative and Entrepreneurial Research
Team Program (Grant No. 2017ZT07C071), Guangdong Basic and
Applied Basic Research Foundation (Grant No. 2019A1515110864),
and Shenzhen Science and Technology Innovation Commission
(Grant No. GJHZ20180928155207206, JCYJ20170817111349280, and
JCYJ20180305180635082). The work is also supported by the European
Research Council (Starting Grant PHOTOTUNE, Agreement No. 679646),
the Academy of Finland (the Flagship Programme on Photonics Research
and Innovation, PREIN, No. 320165, and a postdoctoral grant No. 316416
and 326445). The authors acknowledge the assistance of SUSTech Core
Research Facilities.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
liquid crystal network, locomotion, micro robots, photo-actuation, self-
oscillation, soft actuators

Received: July 18, 2021
Revised: August 11, 2021

Published online:

[1] G.-Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi, R. Full,
N. Jacobstein, V. Kumar, M. McNutt, R. Merrifield, Sci. Rob. 2018, 3,
eaar7650.

[2] K. B. Justus, T. Hellebrekers, D. D. Lewis, A. Wood, C. Ingham, C.
Majidi, P. R. LeDuc, C. Tan, Sci. Rob. 2019, 4, eaax0765.

[3] M. Sitti, Nat. Rev. Mater. 2018, 3, 74.
[4] M. T. Tolley, R. F. Shepherd, B. Mosadegh, K. C. Galloway, M. Wehner,

M. Karpelson, R. J. Wood, G. M. Whitesides, Soft Rob. 2014, 1, 213.
[5] D. Rus, M. T. Tolley, Nature 2015, 521, 467.
[6] Y. Kim, G. A. Parada, S. Liu, X. Zhao, Sci. Rob. 2019, 4, eaax7329.
[7] Z. Wu, J. Troll, H.-H. Jeong, Q. Wei, M. Stang, F. Ziemssen, Z. Wang,

M. Dong, S. Schnichels, T. Qiu, P. Fischer, Sci. Adv. 2018, 4, eaat4388.
[8] Y. Alapan, U. Bozuyuk, P. Erkoc, A. C. Karacakol, M. Sitti, Sci. Rob.

2020, 5, eaba5726.
[9] S. I. Rich, R. J. Wood, C. Majidi, Nat. Electron. 2018, 1, 102.

[10] L. Hines, K. Petersen, G. Z. Lum, M. Sitti, Adv. Mater. 2017, 29,
1603483.

[11] S. Palagi, P. Fischer, Nat. Rev. Mater. 2018, 3, 113.
[12] X. Zhang, Z. Yu, C. Wang, D. Zarrouk, J.-W. T. Seo, J. C. Cheng, A. D.

Buchan, K. Takei, Y. Zhao, J. W. Ager, Nat. Commun. 2014, 5, 2983.
[13] G. Z. Lum, Z. Ye, X. Dong, H. Marvi, O. Erin, W. Hu, M. Sitti, Proc.

Natl. Acad. Sci. U. S. A. 2016, 113, E6007.
[14] H. Lee, C. Xia, N. X. Fang, Soft Matter 2010, 6, 4342.
[15] K. Kwan, S. Li, N. Hau, W.-D. Li, S. Feng, A. H. Ngan, Sci. Rob. 2018,

3, eaat4051.
[16] M. Pilz da Cunha, S. Ambergen, M. G. Debije, E. F. G. A. Homburg,

J. M. J. den Toonder, A. P. H. J. Schenning, Adv. Sci. 2020, 7, 1902842.
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