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Geckos, which can walk upside down on vertical and underneath horizontal surfaces, owe this ability to the hier-
archical structures under their toes. These structures are responsible for substantial adhesion and, at the same time,
for quick detachment by mechanical stimulus through leg movements. Inspired by such stimuli-responsive systems
in nature, we developed an artificial, photocontrollable microstructured transport device. Through tunable ultra-
violet light illumination, the adhesive ability of this bioinspired transport device is reduced up to a factor of 2.7
in terms of adhesive forces and is quickly recovered when the light stimulus ceases. This bioinspired photocontrol-
lable device has been used in a pick-up and drop-down system for transporting planar and three-dimensional solid

objects.

INTRODUCTION

Highly dynamic attachment and detachment movements are crucial
for the legged locomotion of numerous animal species in nature. To
allow the locomotion of animals across a surface, two opposing re-
quirements must be achieved: While ensuring substantial adhesion
when touching down with the foot, quick detachment is required
when the foot needs to move forward. It is well established that, in
this process, a hierarchical surface topography plays the main role
(1-4). For example, geckos have fibrillar setae that branch out into
spatula-shaped nanostructures. This fibrillar hierarchical structure
has a nonsticky default state that can be switched to adhesive state
through the action of the shear force using leg movements (5). This
mechanical stimulus induces fibrillar structures to rearrange them-
selves and establish an adhesive contact with the substrate. Inspired
by such stimuli-responsive adhesive systems in nature, artificial,
switchable adhesive micro/nanostructures can be produced. The stim-
ulus enabling surfaces to switch from an adhesive to a nonadhesive
state or vice versa can be mechanical (6-8), magnetic (9, 10), or
thermal (11-13). Besides these, light is a stimulus that can be
controlled very quickly and precisely (e.g., in time, intensity, and
wavelength), it is a very attractive stimulus for developing bioinspired
photoresponsive reversible adhesive systems.

Such a material would need to be prepared from a light-responsive
material. One class of materials consists of azobenzene-containing
cross-linked liquid crystalline elastomers (LCEs) (14). The azobenzene
moiety can rapidly alter its molecular dimension, when illuminated
with 320- to 380-nm ultraviolet (UV) light, depending on the substit-
uent of the azobenzene. This dimensional change is a consequence of
a reversible trans-cis isomerization; the film can then recover its initial
shape either by illumination with light wavelengths of 420 to 480 nm
(visible light) or by thermal stimuli. As a consequence of the orienta-
tional changes of azobenzene-containing liquid crystal phases, macro-
scopic deformations of the material can be triggered. Therefore, these
photoresponsive materials have been used as muscle-like force actua-
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tors and light-driven robots (15-17). Recently, it was shown that po-
rous azobenzene-containing LCEs demonstrate a higher degree of
photoinduced macroscopic deformations than pore-free LCEs while
retaining similar force actuation properties (18).

The utilization of LCEs in bioinspired microstructured dry adhesives
is still a challenge for applications. Previous attempts of LCEs for adhe-
sion control used the thermoresponsive features of LCEs (11, 12). These
attempts required stimuli high above room temperature at up to 60° to
90°C, which restricts the applicability of the material for technology.

Here, we demonstrate a bioinspired photocontrollable microstruc-
tured transport device (BIPMTD). It was designed to use the LCEs as
a photocontrolling unit, which would operate at moderate tempera-
tures in combination with a microstructured adhesive top layer made
of polydimethylsiloxane (PDMS). Through illumination of UV light,
the BIPMTD minimizes its contact area and corresponding adhesive
ability. Without the need for a complicated pneumatic/electronic
controlling system or any other stimulation, the BIPMTD can recover
its initial adhesive state when the UV light illumination ceases. More-
over, the tunable parameters of UV light enable a controllable adhe-
sive ability for BIPMTD. These features provide different utilization
possibilities for BIPMTD e.g,, pick-and-drop systems for solid objects
or robotic designs.

RESULTS
The BIPMTD consisted of three layers: (i) on the surface, mushroom-
shaped adhesive microstructures (MSAMSs) protruding from a PDMS
layer; (ii) a porous photoresponsive LCE film underneath; and (iii) a
PDMS backing layer sealing the LCE film from below (Fig. 1A). The
adhesive microstructures and backing layer, made of PDMS, were
tightly interconnected to each other through the porous LCE film be-
tween them. As an adhesive surface, MSAMS was used, which has
been shown previously to have a superior strong but reversible adhe-
sion compared with other bioinspired microstructures made of the
same material (19-21). The MSAMS pillars were 70 um in height,
45 um in width at the top, and 35 pum in diameter at the base. Indi-
vidual MSAMS pillars covered 50% of the apparent surface area (Fig. 1,
B and C). Each three layers—the PDMS under MSAMS, LCE film,
and sealing PDMS—have a thickness of 100 um.

An important issue for BIPMTD was to determine whether and to
which degree a photostimulus would lead to a geometrical deforma-
tion of the BIPMTD, translating into a change in the adhesive force.
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For this purpose, force measurement tests with six samples were per-
formed with and without UV light illumination. The outer edges of
the BIPMTD samples with dimensions of 10 mm x 1.5 mm x 0.37 mm
were fixed onto a glass slide, with the MSAMS pillars pointing up-
ward. However, the middle of the BIPMTD samples was unattached,
thereby allowing it to move in a direction perpendicular to the surface.
A sapphire glass sphere (@ = 1 mm) was attached to a force sensor
controlled by a micromanipulator. This glass sphere was then brought
into contact on top of the MSAMS pillars by applying a preload of 6 mN
(see the Supplementary Materials for details). In this way, characteristic
force-time data could be acquired for the adhesive contact between the
glass sphere and flat BIPMTD sample (Fig. 2A). Normal adhesion (no
UV light illumination) was measured by separating the glass sphere
from the MSAMS surface by driving the micromanipulator in a perpen-
dicular direction away from the BIPMTD surface with a speed of
200 um/s. To test the adhesive performance of the BIPMTD sample
under a photostimulus, the glass sphere was again brought into con-
tact with the microstructured surface by using the same preload of 6 mN.
A narrow-pass UV light source was used to illuminate the BIPMTD
samples (Fig. 2B). Subsequently, the glass sphere was separated from
the BIPMTD surface under UV light illumination.

The adhesive force measurement (Fig. 2A) showed that the normal
adhesion force (no UV) was, on average, 0.73 + 0.23 mN. When the
UV light source was switched on, a light-driven load was observed; the
final adhesion under UV light stimulation decreased, on average, to
0.27 + 0.03 mN (Fig. 2B). When the UV light was turned off again,
the expansion of LCE ceased and the BIPMTD displayed a self-shape
recovery without any illumination or additional thermal stimulation
(see movie S1).

Next, we examined whether controlling the intensity of the light
stimulus could be used to adjust the strength of the adhesion. There-
fore, the intensity dependence of the geometrical deformation of the
BIPMTD was observed by tracing the movement of a reference point
in the middle of the sample under different UV light transmission
conditions (Fig. 2C and movie S2). Furthermore, the corresponding
light-driven forces and adhesive forces were measured (Fig. 2, D
and E). These experiments were performed by using band-pass inter-
ference filters with 25, 50, and 90% UV light transmissions between
the light source and the BIPMTD. The expansions of the film at the
reference point were recorded after 30 s of the UV light illumination
through the corresponding filters.

After illumination with UV light of controlled intensity, the geo-
metrical deformations in the middle of the BIPMTD sample with re-
spect to a reference point were calculated to be 61.4, 122.9, 150.3, and

Fig. 1. Microscopy images of the BIPMTD. (A) The BIPMTD consists of three layers:
(1) a PDMS layer with protruding MSAMS, (2) a porous LCE film, and (3) a PDMS
backing layer for the integration of the LCE layer within the BIPMTD. (B) Scanning
electron microscopy image of the MSAMS pillars at the top of the BIPMTD. (C) Lateral
view on the individual MSAMS pillars.
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181.5 um for 25, 50, 90, and 100% (no filter) UV light transmissions,
respectively. In addition, the engineering strain values were obtained
by measuring the lateral length before and after UV light stimulations
(see the Supplementary Materials). The engineering strains were
0.0045, 0.019, 0.0252, and 0.031 for 25, 50, 90, and 100% UV light
transmissions, respectively. By using these strain values, the angles
of the curvature were calculated as 41.99° 88.58°, 96.06°, and 97.86°
for 25, 50, 90, and 100% UV light transmissions, respectively (see fig. S3
for the model and calculations).

To quantify the influence of the light intensity during the deforma-
tions, we also measured the corresponding light-driven forces and ad-
hesion forces (Fig. 2, D and E). The light-driven forces were obtained
after a preload of 6 mN was applied. These light-driven loads were
6.39 + 0.07, 7.14 £ 0.09, 8.67 * 0.06, and 12.14 + 1.05 mN for 25,
50, 90, and 100% (no filter) UV light transmissions, respectively
(Fig. 2D). It was found that a higher transmission of UV light induced
a higher preload applied onto the BIPMTD in contact with the glass
sphere. The adhesion forces corresponding to these light-driven load
measurements were plotted as relative adhesion to normal adhesion
(UV off, 1.0). These relative adhesion values were 0.93 + 0.12, 0.83 +
0.14, 046 + 0.2, and 0.23 + 0.02 mN for 25, 50, 90, and 100% (no
filter) UV light transmissions, respectively (Fig. 2E). The one-way
analysis of variance (ANOVA) Tukey’s test results in comparison to
normal adhesion values were P = 0.614, P = 0.594, P = 0.03, and P <
0.01 for the measurements under 25, 50, 90, and 100% UV light trans-
missions, respectively.

Another aspect of the light stimulus is that it can be also used to
create an adhesive contact. In this experiment, the BIPMTD and the
glass sphere (diameter, 1 mm) were placed apart, but at a distance
smaller than the one expected for the light-driven deformation (50 um),
where the sphere was fixed and connected to the force sensor (Fig. 3).
Then, UV light illumination was applied, which caused the BIPMTD
to bend toward the sphere and thus close the gap between itself and
the sphere, leading to an adhesive contact. This setup allowed the
quantification of the contact bridging and adhesive forces before de-
tachment of two surfaces. When the distance between the BIPMTD
and the glass sphere closed, the rest of the expansion reflected as com-
pression force, which corresponds to a preload (Fp. = 1.3 mN) for an
adhesive contact. When the UV light was turned off, the BIPMTD
started to contract again and the glass sphere detached from the
MSAMS surface, thereby resulting in an adhesive force peak (Fg, =
0.85 mN). Repeatedly turning on/off of the UV light source led to ad-
hesive contact building and detachment without the need for illumi-
nation with visible light to induce the cis-trans photoisomerization of
azobenzene units in the LCE.

DISCUSSION

The three-layered design of the BIPMTD enabled an easy integration
of the LCE film inside the PDMS matrix. Interconnecting low surface
energy PDMS layers through porous framework minimized possible
disjunction problems, because the BIPMTD had to undergo many
cycles of shape changes (22, 23). Moreover, this design allowed
defect-free ejection of the multilayered composite material from the
production template.

The UV light stimulation had several influences on the BIPMTD.
As indicated by a previous work (18), the LCE film used has a meso-
gen alignment perpendicular to its surface area. In this ordered meso-
genic phase, azobenzene moieties have trans isomeric state in the LCE.
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Under UV light illumination, the azobenzene moieties in the trans
state photochemically isomerize into the cis state. This photo-
isomerization disrupts the ordered liquid crystal mesogen alignment,
because the cis state demonstrates a nonmesogenic state due to its
bend molecular geometry (14). Therefore, the LCE experiences a
shape change inside the BIPMTD through the photoisomerization
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of azobenzene. This change of the LCE film induces an elongation
along the length inside the BIPMTD, which was fixed from its outer
edges on the glass slide. Because of the fixed position of edges of the
BIPMTD on the glass slide, the elongation of the LCE generates an
expansion of the BIPMTD in perpendicular direction to glass slide
surface. This expansion reduces the adhesive contact area between
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Fig. 2. Mechanical control of the BIPMTD under UV light stimulation. (A) Typical adhesive force measurement. A preload was applied to bring the two surfaces into
contact. Under UV light illumination, an extra load was obtained (UV-driven). (B) Comparison of adhesive forces with and without UV light stimulation. The adhesive force
difference between these two cases is statistically significant. (C) Influence of light transmission on the BIPMTD was observed by comparing a reference point before (t = 0 s;
white point and the dashed line under it) and after 30 s (yellow point and the dashed line under it) under UV light illumination through band-pass interference filters.
(D) Influence of light transmission on the preload. (E) UV light transmission influence on the adhesion of the BIPMTD. The adhesive forces under 25, 50, 90, and 100% (no filter)
UV light transmissions are displayed relative to the average of normal adhesion force in (B).
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the glass sphere and the BIPMTD: The number of the MSAMS pillars
in the area of the firm contact to the glass sphere is minimized. Thus,
the expansion generates a compressive force perpendicular to the film
in contact to the glass sphere. This force induces MSAMS pillars to be
partially squeezed, peeled off, and detached from the round glass sur-
face (Fig. 4).

When the UV light is turned off, the expansion of LCE ceases and
the BIPMTD recovers its initial shape without any illumination of vis-
ible light. This self-shape recovery of the BIPMTD may arise because
of (i) the elastic energy stored during the elongation in the plane and
the contraction in thickness of the LCE in the surrounding PDMS and
(i) the absorption of UV light by the azobenzene LCE layer, which
initiates the cis-trans isomerization thermally. The high UV absorp-
tion ability of azobenzene units in LCE led to an internal temperature
increase inside the BIPMTD (fig. S4). The thermally driven cis-trans
isomerization is known to be slower than the trans-cis photo-
isomerization. In the micrometer-sized of the LCE layer, the thermal
cis-trans isomerization of azobenzene may occur faster in comparison
to macroscale because of the higher inertia of the latter (24, 25). The
relative thickness of the LCE layer and the PDMS layers is designed to
allow a material to be elastic enough to recover its shape quickly and,
at the same time, contribute isomerization of the azobenzene from cis
to trans state thermally. Because the PDMS is a good heat insulator
(26), diftusion of heat is slow, and thus, this surrounding of LCE layers
contributes to thermal cis-to-trans isomerization. Therefore, this shape
recovery is fast: It starts as soon as the light source is turned off. De-
spite light-induced internal temperature increase, the external thermal
stimuli were minimized by using narrow-pass UV light source and a
glass slide between the BIPMTD samples during the measurements
and imaging.

By tuning the percentage of UV light transmission, the light-driven
load enabled a controllable adhesive contact area and the corresponding
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Fig. 3. Force-time diagram during a contact building between the BIPMTD and
a fixed glass sphere connected to a force sensor. At a distance of 50 um, the UV
light illumination allowed the BIPMTD to expand and build a contact to a glass
sphere (@ = 1 mm) while demonstrating adhesive preload (Fye). When the UV source
was turned off, the BIPMTD started to contract, detach from the glass sphere, and
demonstrate an adhesive force peak (Faqn).
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adhesive forces. The mechanical measurements show conclusively that
a light-driven force induced a higher preload, leading to a lower ad-
hesion of the BIPMTD. Higher light transmissions induced higher
forces acting perpendicular on the adhesive contact, disrupted the firm
adhesive contact by increasing the number of peeling off, and
detached MSAMS pillars from the glass sphere surface. This feature
of the BIPMTD means that it not only is an on-off actuator but also
can be easily fine-tuned by the applied light intensity. The strain and
angle of curvature values indicated that this UV illumination led to
lengthening of the material and the corresponding angle of curvature,
as the BIPMTD was fixed at its edges. The statistical analysis of adhe-
sion test showed that the critical angle of curvature for significant ad-
hesion change is predicted to start between 88.58° (50% transmission)
and 96.06° (90% transmission) of curvature.

To demonstrate the adhesive contact building via photostimulus,
we brought the BIPMTD, which was fixed onto the UV light source,
to 50-um distance to a 1-mm glass sphere that was on a PDMS surface
(Fig. 5A and movie S3). With the UV light illumination, the BIPMTD
came into contact with the sphere. When the UV light illumination
stopped, the BIPMTD lifted the sphere up from the PDMS surface.
The BIPMTD was driven laterally above an MSAMS structured
PDMS surface. Under UV light illumination, the sphere was brought
into contact to the MSAMS surface and released when the UV light
illumination was turned off.

Thus, the photocontrollable adhesive ability of the BIPMTD should
enable it to be used as a pick-and-drop device (Fig. 5B). For this pur-
pose, the BIPMTD was fixed onto a glass slide and attached onto the tip
of a UV light source. A circular glass cover slide was engaged with the
BIPMTD and has been lifted up (Fig. 5B, i to iv, and movie S4). When
the UV light source was turned on, the contact area decreased because
of the expansion of the BIPMTD. This led to the partial detachment of
the MSAMS from the glass cover slide surface. Furthermore, the
BIPMTD could be used to handle much larger three-dimensional
(3D) objects. For example, an empty Eppendorf tube could be lifted
and dropped via control of the UV light illumination (Fig. 5B, v to viii,
and movie S5). Without using any complicated and expensive manip-
ulation setups, the BIPMTD has versatility for transporting planar and
3D solid objects.

To summarize, photocontrollability enables the BIPMTD to either
create an adhesive contact or trigger a detachment from the different
substrates, depending on the setup. In addition, the BIPMTD does not
require stimulation to recover its initial shape because of its muscle-
like structure. Previous temperature-responsive LCE-based adhesive
systems demonstrated limited applicability because of very high tem-
perature working ranges for real-world applications. However, the

Fig. 4. Influence of the molecular shape change of azobenzene units in the LCE
layer to the adhesive contact of the BIPMTD. Because of the shape change of
azobenzene units by photoisomerization, the BIPMTD expands onto the glass sphere
surface and its contact area decreases with the gradual detachment of adhesive
pillars.
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Fig. 5. BIPMTD can be used as a pick-and-drop structure for real-world applications. (A) Demonstration of the transportation of a glass sphere (3 = 1 mm) through
contact building caused by UV illumination of the BIPMTD (i to iv) (see also movie S3). On a flat surface, UV light enabled the BIPMTD to expand and come into contact with
the glass sphere, which was on a flat PDMS film (i to ii). After lateral transportation of the glass sphere by BIPMTD above the MSAMS structured surface with a micro-
manipulator, the expansion of the BIPMTD brought the sphere into contact with the structured surface when illuminated by UV light (iii to iv). (B) The BIPMTD was used
as a pick-and-drop device for a circular glass slide (i to iv) and an Eppendorf tube (v to viii): bringing into contact (i and v), picking up (i and vi), turning on the UV (iii and vii),

and dropping (iv and viii) (see also movies S4 and S5).

BIPMTD provides an easy, residue-free, photoswitchable adhesion,
based on the MSAMS surface made of PDMS, which is a versatile
material for a vast range of applications. Therefore, we believe that
the BIPMTD is suitable for the transportation of planar and nonpla-
nar objects of different sizes for technological areas ranging from ro-
botics to the industrial micromanipulation tools.

MATERIALS AND METHODS

Fabrication

The template for MSAMS pillars was produced using Gecko-Tape
(Gottlieb Binder GmbH) and a two-step molding method (27): A
PDMS prepolymer mixture (10:1 base-curing agent, to produce
PDMS layer with an elastic modulus of 1.8 MPa; Sylgard 184, Dow
Corning) was poured into the template (28). An azobenzene LCE film
produced according to a previous work (18), with a porosity of 28% and
an effective elastic modulus of 180 kPa, was placed on the pillars. The
PDMS prepolymer mixture was also applied on top of the LCE film to
produce a backing layer. This structure was then cured at 70°C for
2 hours (for more details, see fig. S1 and the Supplementary Materials).

Images

The images were acquired with a digital microscope (VHX-1000,
Keyence) and a scanning electron microscope (TM-3000, Hitachi
Ltd.). The geometrical deformation calculations of the BIPMTD
through light transmissions were performed with the Image] 1.47v
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software (National Institutes of Health). The movies were recorded
with an optical stereomicroscope (Leica MZ 12.5, Leica GmbH), a
camera (piA1900-32gc, Basler Vision Technologies), and Exilim EX-
F1 (Casio Computer Co. Ltd.).

Force measurements

The force measurements were performed using a custom-made system
described in the Supplementary Materials and fig. S2. The light sources
(A = 365 nm; LED Pen, Honle UV Technology) were located at the
opposite side of the glass sphere and had an intensity of 500 mW
cm . For the transmission experiment, three different short-pass filters
were used, which allowed the transmission of UV light (25% transmis-
sion: XB07, Horiba Scientific; 50% transmission: 03FCG001, Melles
Griot; 90% transmission: 03SWP402, Melles Griot). The images and
the deflection of the BIPMTD under UV light illumination were
determined with an optical stereomicroscope (Leica MZ 12.5, Leica
GmbH) and a camera (piA1900-32gc, Basler Vision Technologies)
connected to it.

Statistical analysis

In Fig. 2 (B, D, and E), the mean values were plotted; the cor-
responding SDs were displayed by error bars. Eight measurements
were performed for each data point. Data obtained from preload
and adhesion experiments were statistically analyzed with one-way
ANOVA Shapiro-Wilk normality tests using the SigmaPlot 12.5
software (t test; SPSS Inc.).
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SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/2/2/eaak9454/DC1

Movie S1. The volume change of the BIPMTD under UV light illumination.

Movie S2. The observation of the BIPMTD illuminated for 30 s through different UV filters with
transmissions of 25, 50, 90, and 100% (no filter).

Movie S3. Transportation of a glass sphere (@ = Tmm) through UV light-driven volume change
of the BIPMTD.

Movie S4. Demonstration of the BIPMTD as a pick-and-drop material for a circular glass slide
with a diameter of 15 mm and a thickness of 0.12 mm.

Movie S5. Demonstration of the BIPMTD as a pick-and-drop material for an empty Eppendorf
tube (XC63.1, Carl Roth GmbH + Co. KG) with a volume of 1.5 ml.

Fig. S1. Fabrication steps for obtaining the BIPMTD.

Fig. S2. Custom-made setup for adhesion measurement of the BIPMTD under UV light
illumination.

Fig. S3. The model for calculation of the angle of curvatures after UV illumination on the
BIPMTD.

Fig. S4. Observation of temperature changes of BIPMTD and PDMS samples during UV light
illuminations.

Fig. S5. Continuous UV light illumination of the BIPMTD in contact to a force sensor.
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