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Photo-responsive liquid crystal
network-based material

with adaptive modulus for haptic
application
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Artificially created tactile feedback is in high demand due to fast developments in robotics, remote
control in medicine, virtual reality, and smart electronics. Despite significant progress, high-quality
haptic feedback devices remain challenging mainly due to the lack of stability and spatiotemporal
resolution. In this work, we address these issues by the application of dynamic coatings, based

on photo-responsive liquid crystal network (LCN) material. This material adapts upon an external
stimulus (UV light with a power intensity of 50-90 mW/cm?) that changes its elastic properties (87%
decrease of the modulus for 90 mW/cm? power intensity of 365 nm UV light). Localized change of
adaptive modulus with very high resolution (2 pm) was demonstrated.

Touch feeling belongs to the 5 human senses and it is implemented via force/position and pressure receptors
of the skin, related to manipulation, perception, and communication. It helps us to interact with, and navigate
through the environment (physical or virtual). Touch supplies information about shape, hardness, roughness,
texture, and temperature via direct contact with an object.

Artificially created sense of touch or tactile feedback is an area of haptic technology or kinesthetic
communication'. Demand for such technologies is appearing due to fast developments in robotics, remote
control in medicine, virtual reality, and smart electronics’.

Materials and devices for haptic application of such technologies as mechanical vibration*, responsive
polymers>® microelectromechanical system (MEMS)’, Peltier elements?®, lasers’, ultrasound'’, pneumatics'!, air
jets'?, surface acoustic waves', electrostatics'* etc.

Despite significant progress, high-quality haptic feedback devices remain challenging mainly due to the lack
of stability and spatiotemporal resolution. One way to address these issues is the application of dynamic coat-
ings. They adapt upon an external stimulus that changes their properties and provide on-screen tactile feedback
at the position of touch by localizing it with a high resolution (micrometers) in various perception forms, such
as surfaces that change their topography'® or switch between “dry” and “wet”'®. Direct change of the material
provides a real rather than simulated sensation of touch.

In this work we study such dynamic coatings with adaptive modulus based on a liquid crystal network
(LCN)'18, which is a widely studied material for active surfaces'. It permits predefining, freezing and subse-
quent tuning the molecular order, which, in turn, influences the macroscopic properties of the material?*-?.
Low molar mass liquid crystal (LC) acrylates® are an attractive choice as building blocks for LCNs, as they are
easy to orient and more applicable for coatings, especially for those with complex geometries, due to their low
processing viscosity. As soon as the desired molecular alignment is established during the coating process, the LC
monomers are cured by photopolymerization fixing the molecular organization in a network structure. Triggered
manipulation of the molecular order changes the polymer properties such as wettability, elastic modulus, glass
transition temperature, density etc. Artificially created adaptive modulus materials** are known and based on
molecular rearrangement upon application of an external stimulus such as heat, light, or electricity. LCN-based
photoactive materials are intensively studied®~*2. Almost invariably, their photo-responsiveness relies on the
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Figure 1. Absorption spectra of 6 um thick LCN films without (a) and with dye (b) in dark and after UV
illumination with 1-5 min duration. Power is ~ 50 mW/cm?*

usage of azobenzene-containing molecules® either covalently incorporated into the network structure or as guest
additive. These examples comprise a shape-memory LCN-based material capable of dynamic modulus change
upon photoactivation, previously developed by our group®'. Such effect was obtained due to the incorporation
of a low amount (2 wt%) of azobenzene-containing diacrylate in the LCN structure. Reversible isomerization
of this photo-responsive agent, triggered by light with wavelengths close to azobenzene stereoisomers absorp-
tion maximum, ~ 365 nm (trans to cis) and ~ 450 nm (cis to trans), leads to molecular oscillations, distortion of
the molecular order, free volume generation and, finally, photo-softening®. Excess free volume is energetically
unfavorable’?, thus the effect disappears when an external stimulus is removed. Modulus change can be amplified
by dual-wavelength illumination*, which leads, however to substantial overheating and is less convenient for
practical usage. One potential way to overcome this issue is to incorporate a small amount of fluorescent dye®. It
emits photons with wavelength within cis-azobenzene absorption band after excitation with 365 nm light which
was explored for temporal free volume generation®”.

In the present study, we demonstrate a strong amplification (280% for a coating on a glass surface) of modulus
change due to the incorporation of a fluorescent dye in the material structure. We also demonstrate the transla-
tion of the adaptive modulus effect from a free-standing film to a coating and localize it in a designed location
of the sample. We envision that this unique approach enables the enhanced performance of haptic communi-
cation devices due to the possibility of fine-tuning the elasticity change (via UV power intensity control) and
complex haptic information communication due to very high resolution (~ 2 um). We believe that our findings
permit a significant step toward the real-life application of haptic technology as such coatings can be applied
to modify objects, enabling them with a haptic communication feature. Finally, the localization of modulus
change on designed locations on the surface is essential for the communication of spatially resolved complex
haptic information.

Results and discussion

Changing LCN-based material properties via incorporation of fluorescent dye. We prepared a
LCN, with the composition shown in Fig. 6, in the presence and absence of fluorescent compound 7 to deter-
mine its influence on the isomerization reaction of the azobenzene moiety. We have chosen a material with a
chiral-nematic molecular order. Due to the helicoidal organization of the mesogens with the helix axis orthogo-
nal to the film/coating surface, an in-plane isodeformation occurs upon a change of the molecular order. Con-
sequently, the azobenzene moieties are predominantly aligned with their transition moment in the plane of the
film/coating, which enhances their absorption of incoming light.

Absorbance spectra, recorded before and after UV illumination are shown in Fig. 1. As the fluorescent dye is
strongly absorbing below 400 nm (see Fig. 2), we did not analyze the trans azobenzene absorbance region. The
data indicate that the trans to cis conversion for the dye-free LCN film is 4.8 times larger than for the sample with
dye. Hence, there is coexistence of considerable amounts of the trans and cis azobenzene-containing mesogens
at equilibrium conditions (reached within 5 min).

The coexistence of trans and cis azobenzene is an indication of intense oscillatory transitions between stere-
oisomers induced by combined irradiation with UV (from LED) and blue light (from fluorescent dye). Indeed,
this reaction is reversible and, consequently, should be considered as a dynamic process. It leads to a stronger
plasticizing effect of polyacrylate chains and amplification of the photo-softening effect (Fig. 2).

Importantly, only a small fraction (~2%) of 365 nm light is transmitted through the sample coating at equilib-
rium for the dye-containing sample, while for the dye-free sample it is as high as ~ 20% (Fig. S1 and supplemen-
tary video 2). These observations signify that the dye-containing LCN film, placed in between the light source
and human skin, in a real-life application drastically reduces the harmful impact of UV irradiation.

Amplification of bulk modulus change. We performed dynamic mechanical analysis on the samples
with and without the fluorescent dye. In the absence of an external stimulus their elasticities are similar and
in the range of 1.6-1.8 GPa at room temperature (Fig. 3a). Under UV illumination a clear contrast in elas-
tic properties for the samples was observed. Specifically, for the dye-containing sample the modulus decreases
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Figure 2. Amplification of photo-softening effect by incorporation of blue-emitting fluorescent dye (excitation
and emission spectra are shown) in LCN structure. LCN films, containing azobenzene units (in yellow),
connected from both sides to polyacrylate chains (in red) remain rigid in a normal state. Upon UV illumination
of dye-free film, azobenzene units are predominantly in the cis state. The low oscillation frequency induces the
moderate formation of free volume and softening of the material. During UV illumination of the dye-containing
film, additional blue light emission results in simultaneous triggering of both the forward and backward
isomerization reactions. This leads to a higher frequency of molecular oscillations and induces a larger free
volume increase and change in material elasticity. For clarity, helicoidal structure of LCN is not shown. See
supplementary video 1 for a real-life demonstration of the changing mechanical properties of the dye-containing
material.
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Figure 3. Storage modulus of chiral-nematic LCN films with and without fluorescent dye under UV
illumination with 3 min intervals and power ~ 50 mW/cm? (a). Modulus-temperature relation (without
illumination) for the identical sample (b). Storage modulus change of dye-containing chiral nematic LCN film
using different UV power intensities (c¢) and corresponding temperature changes (d).
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Figure 4. Force curves of chiral-nematic LCN coatings without dye (al-a3) and with dye (b1-b3) on a glass
substrate in dark (al and b1), under UV illumination with power ~90 mW/cm? (a2 and b2) and 2 min after
switching off UV light (a3 and b3).

by ~970 MPa. For dye-free sample this effect is more moderate: a decrease of ~230 MPa is observed. Hence,
the addition of fluorescent dye leads to significant amplification of the modulus change in line with our initial
assumption. Both response time and relaxation time (restoring initially high modulus value) are within 15 s
indicating that mechanical equilibrium is reached faster than photochemical equilibrium. Sequential photoacti-
vation leads to a repetitive identical decrease of the modulus for both samples.

Temperature-related modulus changes are minor (Fig. 3b) for the investigated power range. Sample illumi-
nation with the sequentially increasing power of UV light leads to a rising storage modulus change in line with
UV intensity (Fig. 3¢). Relative change of the modulus is most significant for the first illumination event which
is related to the relaxation of initially present stresses in the polymer structure. The temperature rises linearly
with irradiation intensity (Fig. 3d). Linear changes in temperature and modulus as functions of power permit
prediction and precise control of the material elasticity by will.

Translating adaptive modulus from free-standing film to a coating. The prospect of transferring
the concept of reversible modulus change from bulk material to a coating was studied via AFM. For this purpose,
force-indentation curves of LCN coatings on glass surfaces with the same composition as for bulk modulus
measurements were recorded. Identical measurements were conducted for the sample with and without dye in
dark, during UV illumination (~90 mW/cm?), and after switching off UV light (Fig. 4).

For the same applied force (stress), an increase in tip indentation (strain) during UV light is observed for
both samples. After illumination, the indentation recovers back to its initial level. These data reflect the evolu-
tion of elastic modulus as it is inversely proportional to strain. It is also an indication of the photo-softening
effect on the investigated surfaces. Modulus values calculated from these data prove substantial amplification
of elasticity reduction by the presence of the fluorescent dye in the LCN coating. Indeed, modulus decreased
by 31% and 87% for the samples without and with dye respectively. Accordingly, we have demonstrated 280%
amplification of modulus change due to the presence of the fluorescent dye in the material. Such modulus change
(from 2.2 to 0.3 GPa) can be sensed by human®”. The temperature during illumination is estimated to be 38 °C
and 33 °C for the samples with and without dye respectively, which proves that modulus change occurs due to
the photo-softening effect.

Remarkably, we observed a significant modulus change regardless of the direction of applied force. Indeed,
during bulk modulus measurements using DMTA, the free-standing LCN film was stretched perpendicularly to
the helix director. While for AFM experiments, the force was applied parallel to the helix axis (perpendicularly to
the surface). Such tolerance to the direction of the applied force can be explained by the concept of free volume.
It is known for LCNs that during photoactivation the intermolecular spaces increase®. This enables plasticized
polyacrylate main chains to be deformed in any direction.

UV penetration depth could become an issue for the thicker samples (due to the strong absorbance of trans-
azobenzene and the fluorescencent dye). However, similar changes of the modulus upon illumination for the
dye-containing film were observed by AFM and DMTA signifying that the UV light reaches throughout the
entire sample.

The increasing lag between retraction and extension curves during photoactivation indicates amplification
of adhesion upon illumination. For the dye-containing sample, this effect is much more pronounced (at 0.2
uN the lag is 45.2 nm and 25.7 nm for the sample with and without dye respectively). Indeed, a lower modulus
increases the indentation depth and therefore the contact area between the AFM tip leading to higher adhesive
forces and adhesive work.
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Figure 5. Modulus distribution on dye-containing LCN film before (al) and during (a2) UV illumination
with the photomask. Corresponding AFM camera images (b1 and b2), showing the AFM cantilever and the
photomask pattern, which appears under UV illumination. Schematic representation of the set-up used (c).
Dimensions of the LCN coating and the photomask are depicted in red. Scale bars: 10 pm (al and a2) and
100 um (b1 and b2).

Localization modulus change. To enable complex and instructive haptic information transfer, patterned
modulus change is a prerequisite. We, therefore, studied localized softening effects by means of AFM via record-
ing a force map under UV illumination. By using a photomask containing 15 pm linear patterns (Fig. 5¢), we
could guarantee the presence of illuminated and “dark” areas (Fig. 5) and measure corresponding modulus val-
ues for a 25 x 25 um region of the coating surface. The modulus of the same area was recorded before and during
illumination (Fig. 5a).

A clear contrast with a gradual transition of ~ 2 um between low and high modulus zones was observed in
coherence with illuminated and dark regions of the sample (Fig. 5a2). The same area, recorded in dark has a
homogeneously distributed high modulus zone. These data indicate a spatially restricted photo-softening effect
with high (micrometer scale) resolution. Hence, by tuning the size and shape of photomask patterns, desired
haptic information can theoretically be communicated.

It should be noted, that despite the clear contrast between low and high modulus, the average modulus values
of the sample region that is covered by the mask during the exposure procedure are lower than those measured
for the samples in absence of any irradiation. This is related to partial illumination of these regions due to dif-
fraction, scattering, and light reflection from the cantilever surface (which is in nanometer-scale proximity to
the analyzed spot).

The difference in absolute modulus values recorded for force mapping (Fig. 5) and single force (Fig. 4) experi-
ments is related to high (125 s™!) and low (0.25 s™') strain rates applied respectively, as elastic modulus is higher
for larger strain rates®.

Conclusions

In the present study, we developed adaptive modulus surfaces based on chiral-nematic LCN. The material is
significantly photo-softened (87% decrease of the modulus for a coating on glass) by bringing covalently con-
nected azobenzene-containing moieties into an oscillating mode by exposure with low-intensity UV light (~ 90
mW/cm?) triggering trans to cis isomerization. The backward, cis to trans, reaction is simultaneously triggered
by additional exposure to blue light, due to the presence of a small amount (0.5%) of fluorescent dye avoiding
the use of two light sources. Due to a substantial amount of trans isomer at the thermodynamic equilibrium,
only a small fraction of 365 nm light (~ 2% for a 10 um sample) is transmitted, which reduces the harmful effect
of UV light upon human contact. Moreover, higher energy efficiency and minor overheating were achieved
in comparison to previously studied dual-wavelength illumination of dye-free samples. In addition, we have
demonstrated successful localization of modulus change with a high resolution (around 2 um). We envision that
our original approach enables the fabrication of haptic devices with enhanced performance in the near future.

Materials and methods
Materials. Figure 6 shows the mixture used to produce an adaptive modulus LCN material.

Monomers 1 to 3 were obtained from Merck UK. Monomer 4 was obtained from BASF. Monomer 5 was
custom-synthesized by Syncom (Groningen, the Netherlands). Photoinitiator 6 was purchased from Ciba Spe-
cialty Chemicals. Fluorescent dye 7, 2,5-bis (5-tertbutyl-benzoxazol-2-yl) thiophene, was obtained from Sigma
Aldrich. Polymer films and coatings were fabricated using a mixture containing 21.9 (or 22.4 for the reference
sample) wt% monomer 1, 40.6 wt% monomer 2, 31 wt% monomer 3, 4 wt% monomer 4, 2 wt% monomer 5, 1
wt% photoinitiator 6 and 0.5 (or 0 for the reference sample) wt% fluorescent dye 7. The constituents were mixed
by dissolving in dichloromethane.

Sample preparation. Glass substrates are cleaned by a 5-min dip in acetone and 2-propanol sequentially
while stirring followed by flushing with demi water and drying with a nitrogen flow. A1051 (Sunever, Nissan
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Figure 6. Applied materials. Liquid crystal monomers (1-3), polymerizable chiral dopant (4), polymerizable
azobenzene (5), photoinitiator (6), fluorescent dye (7).

Chemical, Japan) was used to obtain a planar alignment of the liquid crystal monomer mixture. It was spin
coated on cleaned glass followed by baking at oven for 90 min at 180 °C. Gentle manual rubbing on a velvet cloth
gave the substrate the surface structure needed for desired LC alignment. A cell provided with alignment layers
was capillary filled with the LC monomer mixture and subsequently cured by UV exposure at 42 °C for 30 min
with an intensity of 400 mW/cm? using a mercury lamp (EXPR Omnicure $2000) equipped with a cut-off filter
transmitting light >400 nm to prevent premature isomerization of the azobenzene group during polymerization.
The samples were post-cured at 120 °C to ensure full cure of the acrylate monomers.

Sample characterization. UV-Vis spectroscopy was performed on a LAMBDA™ 750 UV/Vis/NIR spec-
trophotometer (PerkinElmer) equipped with a 150 mm integrating sphere. Sample films with a thickness of 6
um were illuminated with 365 nm LED (Mouser Electronics) between measurements with intensity ~ 50 mW/
cm? and 1-5 min duration.

The macroscopic mechanical properties of the films were acquired using dynamic mechanical thermal analysis
(DMTA) (Q800 Dynamic Mechanical Analyzer from TA Instruments) at a frequency of 1 Hz. For this, a sample
of 10x 3% 0.01 mm dimensions was fixed at both ends in clamps and characterized in a strain-controlled mode.
365 nm LED (Mouser Electronics) is used to provide monochromatic light with power is ~ 50 mW/cm? Tem-
perature was monitored remotely using an infrared camera (Fluke Ti-32).

Atomic force microscopy images and force measurements were recorded in tapping and contact mode,
respectively, using a Cypher Environmental Scanner (ES) equipped with a closed cell and a normal sample stage.
Force measurements were carried out using a super luminescent diode in order to reduce the signal-to-noise
ratio. Silicon (100) AC160TS(-R3) probes (Oxford Instruments, spring constant k=8.77-29.51 N/m) were used
for all measurements and calibrated using the ‘Get Real” function in the Igor Pro software. It should be noted
that spring constants below 20 N/m were desirable for proper measurements. 365 nm LED (Mouser Electronics)
embedded in home-made 3D printed holder was used to provide monochromatic light with power ~ 90 mW/cm?.
Temperature was monitored remotely by reproducing experimental conditions outside the AFM compartment
using an infrared camera (Fluke Ti-32). Processing of the images were done to enhance the contrast using plane
fit and flattening at order 1 using Gwyddion v2.60. For the AFM force spectroscopy (AFM-FS), force-distance
curves were recorded in a 20 X 20 pm area by approaching and retracting the cantilever tip to the sample on
various spots before, during and after illumination with 365 nm light at a constant velocity of 1 um/s. Additional
force maps of 30 x 30 um (128 x 128 pixels) were recorded before and during illumination with 365 nm light at
a scan rate of 0.39 Hz and a Z-rate of 125 Hz. All AFM measurements were acquired in air and at the machine’s
temperature (~ 30 °C). For our AFM force-distance curves and maps, we employed Sneddon’s model for cone-
shaped AFM tips in order to fit the experimental data and obtain the elastic modulus of the sample:

2 E

F=—x

2
= 1= VSZ * tana * 8 (Eq.X)

where F is the applied force, E; is the elastic modulus, V is the Poisson’s ratio and a the opening angle of the
AFM tip and § the indentation depth.

Scientific Reports |

(2022) 12:19512 | https://doi.org/10.1038/s41598-022-24106-8 nature portfolio



www.nature.com/scientificreports/

Data availability
The datasets generated and/or analysed during the current study are not publicly available due funding restric-
tions but are available from the corresponding author on reasonable request.

Received: 20 July 2022; Accepted: 10 November 2022
Published online: 14 November 2022

References

1. Biswas, S. & Visell, Y. Emerging material technologies for haptics. Adv. Mater. Technol. 4, 1900042 (2019).

2. Giri, G. S., Maddahi, Y. & Zareinia, K. An application-based review of haptics technology. Robotics 10, 29 (2021).

3. Escobar-Castillejos, D., Noguez, J., Neri, L., Magana, A. & Benes, B. a review of simulators with haptic devices for medical training.
J. Med. Syst. 40, 1-22 (2016).

4. Pyo, D, Ryu, S., Kim, S. C. & Kwon, D. S. A new surface display for 3D haptic rendering. Lecture Notes in Computer Science
(including subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics) 8618, 487-495 (2014).

5. Torras, N. ef al. Tactile device based on opto-mechanical actuation of liquid crystal elastomers. Sens. Actuators A 208, 104-112
(2014).

6. Torras, N., Zinoviev, K. E., Esteve, J. & Sdnchez-Ferrer, A. Liquid-crystalline elastomer micropillar array for haptic actuation. J.
Mater. Chem. C 1, 5183-5190 (2013).

7. Kanda, K., Okubo, T., Shima, M., Fujita, T. & Maenaka, K. Tactile device based on piezoelectric MEMS by using a polymer/PZT
laminated structure. IEE] Trans Sens Micromach 137, 284-289 (2017).

8. Choi, C. et al. Surface haptic rendering of virtual shapes through change in surface temperature. Sci. Robot. https://doi.org/10.
1126/scirobotics.abl4543 (2022).

9. Lee, H. et al. Mid-air tactile stimulation using indirect laser radiation. IEEE Trans. Haptics 9, 574-585 (2016).

10. Hoshi, T., Takahashi, M., Iwamoto, T. & Shinoda, H. Noncontact tactile display based on radiation pressure of airborne ultrasound.
IEEE Trans. Haptics 3, 155-165 (2010).

11. Wu, Y. C,, Chen, E W, Liao, T. T. & Chen, C. T. Force reflection in a pneumatic artificial muscle actuated haptic system. Mechatron-
ics 61, 37-48 (2019).

12. Sodhi, R., Poupyrev, I, Glisson, M. & Israr, A. AIREAL: Interactive tactile experiences in free air. ACM Trans. Gr. (TOG) 32, 1-10
(2013).

13. Tamon, R,, Takasaki, M. & Mizuno, T. Generation of drawing sensation by surface acoustic wave tactile display on graphics tablet.
SICE J. Control Meas. Syst. Integr. https://doi.org/10.9746/jcmsi.5.2425,242-248 (2021).

14. Liu, G, Lv, S., Wang, X. & Sun, X. Performance of the rotation gesture based on electrostatic tactile feedback devices. Interact.
Comput. 00,2022 (2022).

15. Liu, D., Tito, N. B. & Broer, D. J. Protruding organic surfaces triggered by in-plane electric fields. Nat. Commun. 8, 1-6 (2017).

16. Helene Gelebart, A. et al. Photoresponsive sponge-like coating for on-demand liquid release. Adv. Func. Mater. 28, 1705942 (2018).

17. Fang, G.]. et al. Athermal photofluidization of glasses. Nat. Commun. 4, 1-10 (2013).

18. Lee, K. M. & White, T. J. Photochemical mechanism and photothermal considerations in the mechanical response of monodomain,
azobenzene-functionalized liquid crystal polymer networks. Macromolecules 45, 7163-7170 (2012).

19. Astam, M. O., Zhan, Y,, Slot, T. K. & Liu, D. Active surfaces formed in liquid crystal polymer networks. ACS Appl. Mater. Interfaces.
15, 10 (2022).

20. Tang, R. et al. Optical pendulum generator based on photomechanical liquid-crystalline actuators. ACS Appl. Mater. Interfaces. 7,
8393-8397 (2015).

21. Ware, T. H., McConney, M. E., Wie, J. ]., Tondiglia, V. P. & White, T. J. Actuating materials. Voxelated liquid crystal elastomers.
Science 347, 982-984 (2015).

22. Lei, L. et al. Synthesis of well-defined PS-based Azo-liquid crystals with control of phase transitions and photo-behaviors for liquid
crystal networks with photomechanical deformation. Polymer (Guildf) 203, 122749 (2020).

23. Hikmet, R. A. M. & Broer, D. ]. Dynamic mechanical properties of anisotropic networks formed by liquid crystalline acrylates.
Polymer (Guildf) 32, 1627-1632 (1991).

24. Zhang, Y. et al. Modulus adaptive lubricating prototype inspired by instant muscle hardening mechanism of catfish skin. Nat.
Commun. 13, 1-11 (2022).

25. Lu, X. et al. Liquid-crystalline dynamic networks doped with gold nanorods showing enhanced photocontrol of actuation. Adv.
Mater. 30, 1706597 (2018).

26. Yu, H., Ikeda, T., Yu, H. & Ikeda, T. Photocontrollable liquid-crystalline actuators. Adv. Mater. 23, 2149-2180 (2011).

27. Ryabchun, A., Lancia, F. & Katsonis, N. Light-fueled nanoscale surface waving in chiral liquid crystal networks. ACS Appl. Mater.
Interfaces 13, 4777-4784 (2021).

28. Pang, X. et al. Photodeformable azobenzene-containing liquid crystal polymers and soft actuators. Adv. Mater. 31, 1904224 (2019).

29. Mehta, K. et al. Modeling of surface waves in photo-responsive viscoelastic liquid crystal thin films under a moving light source.
Mech. Mater. 147, 103388 (2020).

30. Sanchez-Somolinos, C. Light-sensitive azobenzene-containing liquid crystalline polymers. in Polymers and Polymeric Composites:
A Reference Series. Polymers and Polymeric Composites: A Reference Series. https://doi.org/10.1007/978-3-642-37179-0_63-2
1-31 (Springer, Berlin and Heidelberg, 2020).

31. Wen, Z. et al. Unique two-way free-standing thermo- and photo-responsive shape memory azobenzene-containing polyurethane
liquid crystal network. Sci. China Mater. 63, 2590-2598 (2020).

32. White, T. J. Photomechanical effects in liquid crystalline polymer networks and elastomers. J. Polym. Sci. Part B Polym. Phys. 56,
695-705 (2018).

33. van Oosten, C. L., Bastiaansen, C. W. M. & Broer, D. J. Printed artificial cilia from liquid-crystal network actuators modularly
driven by light. Nat. Mater. 8, 677-682 (2009).

34. Kumar, K., Schenning, A. P. H. ], Broer, D. J. & Liu, D. Regulating the modulus of a chiral liquid crystal polymer network by light.
Soft Matter 12, 3196-3201 (2016).

35. Harrison, J. M., Goldbaum, D., Corkery, T. C., Barrett, C. J. & Chromik, R. R. Nanoindentation studies to separate thermal and
optical effects in photo-softening of azo polymers. J. Mater. Chem. C 3, 995-1003 (2015).

36. Fourati, M. A., Maris, T., Skene, W. G, Eraldine Bazuin, C. G. & Prud’homme, R. E. Photophysical, electrochemical and crystal-
lographic investigations of the fluorophore 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene. J. Phys. Chem. B 115, 12362-12369
(2011).

37. Tiest, W. M. B. & Kappers, A. M. Cues for haptic perception of compliance. IEEE Trans. Haptics 2, 189-199 (2009).

38. Liu, D. & Broer, D. J. New insights into photoactivated volume generation boost surface morphing in liquid crystal coatings. Nat.
Commun. 6, 1-7 (2015).

39. Yiu, P. M,, Yuan, H,, Gu, Q., Gao, P. & Tsui, O. K. C. Strain rate and thickness dependences of elastic modulus of free-standing
polymer nanometer films. ACS Macro Lett. 9, 1521-1526 (2020).

Scientific Reports|  (2022) 12:19512 | https://doi.org/10.1038/s41598-022-24106-8 nature portfolio


https://doi.org/10.1126/scirobotics.abl4543
https://doi.org/10.1126/scirobotics.abl4543
https://doi.org/10.9746/jcmsi.5.2425,242-248
https://doi.org/10.1007/978-3-642-37179-0_63-2

www.nature.com/scientificreports/

Acknowledgements

This research was financially supported by Meta (Facebook Reality Labs). We also thank The Netherlands Organi-
zation for Scientific Research (NWO OCENW.KLEIN. 10854, START-UP 8872) and the European Union’s Hori-
zon 2020 Research and Innovation Programme under the Marie Sklodowska-Curie Grant Agreement 956150
(STORM-BOTS) for financial support. We would also like to show our gratitude to Dr. Lu Lu and Dr. Junren
Wang for the fruitful discussions. We are also grateful to Dr. Thierry Slot for manufacturing the LED controller,
Tom Bus for SEM measurements and Prof. Stefan Meskers for the fluorescent dye spectra measurements. Finally,
we thank Larysa Kurylo for her help with the figures.

Author contributions

LK. performed experiments and wrote the manuscript, J.V.D.T. performed AFM measurements, N.C. supported
the design parameters with respect to the applications, D.J.B. designed the concept of the project, D.L. designed
the concept of the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-24106-8.

Correspondence and requests for materials should be addressed to D.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:19512 | https://doi.org/10.1038/s41598-022-24106-8 nature portfolio


https://doi.org/10.1038/s41598-022-24106-8
https://doi.org/10.1038/s41598-022-24106-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Photo-responsive liquid crystal network-based material with adaptive modulus for haptic application
	Results and discussion
	Changing LCN-based material properties via incorporation of fluorescent dye. 
	Amplification of bulk modulus change. 
	Translating adaptive modulus from free-standing film to a coating. 
	Localization modulus change. 

	Conclusions
	Materials and methods
	Materials. 
	Sample preparation. 
	Sample characterization. 

	References
	Acknowledgements


