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NIR–vis–UV Light-Responsive High Stress-Generating
Polymer Actuators with a Reduced Creep Rate

Xinglong Pan, Rob C. P. Verpaalen, Huiyi Zhang, Michael G. Debije, Tom A. P. Engels,
Cees W. M. Bastiaansen,* and Albert P. H. J. Schenning*

Untethered, light-responsive, high-stress-generating actuators based on
widely-used commercial polymers are appealing for applications in soft
robotics. However, the construction of actuators that are stable and reversibly
responsive to low-intensity ultraviolet, visible, and infrared lights remains
challenging. Here, transparent, stress-generating actuators are reported based
on ultradrawn, ultrahigh molecular weight polyethylene films. The composite
films have different draw ratios (30, 70, and 100) and contain a small amount
of graphene in combination with ultraviolet and near-infrared-absorbing dyes.
The composite actuators respond rapidly (t0.9 < 0.8 s) to different
wavelengths of light (i.e., 780, 455, and 365 nm). A maximum photoinduced
stress of 35 MPa is achieved at a draw ratio of 70 under near-infrared light
irradiation. The photoinduced stress increases linearly with the light intensity,
indicating the transfer of light into thermally induced mechanical contraction.
Moreover, the addition of additives lead to a reduction in the plastic creep rate
of the drawn films compared to their nonmodified counterparts.

1. Introduction

Reversible stress changes play important roles in energy conver-
sion devices and living organisms, including in piezoelectric de-
vices, wings of birds, and the heartbeats of animals.[1–3] Various
stress-generating actuators have been fabricated using respon-
sive materials, such as hydrogels, shape memory alloys, and liq-
uid crystalline polymers, which are driven by various external
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stimuli including light.[4–11] These stress-
generating actuators exhibit potential in
soft robot applications.[12,13] Light-driven ac-
tuators have attracted considerable atten-
tion owing to their reversible response
and wireless operation with high spa-
tial/temporal control.[14–18] However, most
of these actuators are driven by UV–vis
light (UV) which often causes degrada-
tion of the polymers or harm to their
environment.[19–25] Near-infrared and visi-
ble lights have lower photon energies, and
consequently are less damaging.[3] To make
use of these wavelengths, carbon nanotubes
and graphene are appealing, enabling the
conversion of visible and NIR lights into
heat.[26]

Commodity polymers, like polyethylenes
and polyamides, are produced worldwide
on huge scales, and provide robust mechan-
ical properties at relatively low costs, and

hold potential for the development of actuators on a simi-
larly large scale.[27] Currently, commodity polymers are often
combined with hydrogels or liquid crystals to fabricate bilayer
actuators. However, it would be more attractive from a pro-
cessing point of view to directly dope commodity polymers
with stimuli-responsive additives to create robust, single-layer
stimuli-responsive soft actuators. Recently, ultradrawn, ultrahigh
molecular weight polyethylene (UHMWPE) films[28] containing

H. Zhang
Supramolecular Polymer Chemistry Group
Department of Chemical Engineering and Chemistry
Eindhoven University of Technology
Den Dolech 2, 5612 AZ, Eindhoven, The Netherlands
Dr. T. A. P. Engels
DSM Material Science Center
Urmonderbaan 22, 6167 RD, Geleen, The Netherlands
Dr. T. A. P. Engels
Department of Mechanical Engineering
Eindhoven University of Technology
Den Dolech 2, 5612 AZ, Eindhoven, The Netherlands
Prof. C. W. M. Bastiaansen
School of Engineering and Materials Science, Queen Mary
University of London
London, E1 4NS, UK
Prof. A. P. H. J. Schenning
Institute for Complex Molecular Systems
Eindhoven University of Technology
Den Dolech 2, 5612 AZ, Eindhoven, The Netherlands

Macromol. Rapid Commun. 2021, 42, 2100157 2100157 (1 of 7) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmarc.202100157&domain=pdf&date_stamp=2021-05-03


www.advancedsciencenews.com www.mrc-journal.de

Figure 1. a) Transmission spectra of PE-BZT-GN-QR films with a draw ratio of 30 sandwiched between two quartz glass slides. The inset is a photograph
of the PE-BZT-GN-QR film sandwiched between two quartz glass slides in front of magnolia blossom, used to demonstrate the transparency of the
PE-BZT-GN-QR film. b) Definitions for the coefficients of positive and negative thermal expansion (CTE) of ultradrawn PE films. c) Chemical structures
of graphene (GN, simplified chemical structure), BZT, and NIR dye (QR).

light-responsive azobenzene dyes with long aliphatic tails were
reported.[29,30] It was shown that fast responding (<1 s) photoac-
tuators with maximal actuation stresses up to 60 MPa can be
produced at low strain (<0.1 %).[29–31] Moreover, it was shown
that photoactuators containing UV stabilizers such as 2-(2H-
benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) have a similar
performance.[31] The operating mechanism of these UV light-
responsive actuators is the photothermal effect in combination
with a negative thermal expansion coefficient of the oriented and
chain extended polymer.[29–31] However, there is continuous and
rapid stress decay in these stress-generating actuators due to the
innate stress relaxation.

Ultradrawn UHMWPE fibers and films exhibit irreversible
creep deformation at static loading conditions and exhibit stress
relaxation at a fixed strain, especially at prolonged time scales
and at elevated temperatures.[32–34] This response is induced
by the combined reversible visco-elastic and irreversible visco-
plastic deformations over time,[35] which is difficult to reduce in
polyethylene-based systems and limits their performance. Con-
sequently, developing robust high stress-generating commodity
polymer actuators that can be addressed with near-infrared (NIR)
and/or visible lights remains challenging.

Recently, we reported on stretched 3D anisotropic UHMWPE
composite actuators containing graphene, BZT, and NIR dye
additives.[36] Film strips cut parallel to the stretching direction
showed no obvious bending while the films cut perpendicular
to the stretching direction bent.[36] In this work, we report on
stress-generation along the stretching direction of these oriented
UHMWPE composite films. The ultradrawn films have a high

visible (vis) light transmission (≈80% at 550 nm) and a fast (t0.9
< 0.8 s), reversible stress change (10–35 MPa) at different illu-
mination wavelengths, including NIR (780 nm), blue (455 nm),
and UV (365 nm) lights. The maximum photoinduced stress in
the films is ≈35 MPa at an extremely low strain of ≈0.03% under
NIR light irradiation. Remarkably, the addition of additives led
to a reduction in the plastic creep rate of the drawn films com-
pared to their nonmodified counterparts. The fast, stable, and re-
versible light-responsive performance of PE-BZT-GN-QR films at
various illumination wavelengths make them potentially attrac-
tive as stress-generating actuators.

2. Results and Discussion

To prepare the NIR–vis–UV responsive actuators, PE compos-
ite (PE-BZT-GN-QR) films were fabricated via solution-casting
and subsequent solid-state film drawing following our proto-
col reported earlier (Figure S1, Supporting Information).[36] In
the composite films, three light-responsive additives were used:
(2-(2H-benzotriazol-2-yl)-4, 6-ditertpentylphenol, BZT) to absorb
UV light and improve the visible light transmission of ultradrawn
films (Figure 1a);[28] graphene as a NIR–vis–UV light-absorbing
additive to improve the thermal conductivity of the actuator;[37]

and a dye to absorb NIR (650–850 nm), visible (400–480 nm),
and UV (<400 nm) light simultaneously (Figure 1c; Figure S2,
Supporting Information).[38] In addition, BZT is beneficial in dis-
persing both the GN and NIR dye.[36] Photographs taken from the
PE composite films demonstrate optical transmission is retained
after adding BZT and graphene (Figure 1a; Figure S2, Supporting
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Figure 2. Stress relaxation curve of a) pristine, ultradrawn UHMWPE films and b) ultradrawn UHMWPE (PE-BZT-GN-QR) films with graphene, UV, and
NIR dyes with draw ratios of 30 upon pulsed illumination. c,d) Magnification of the stress relaxation curves in the time interval between 2000 and 3500
seconds. The pink, blue, and violet regions represent NIR, visible, and UV light irradiation, respectively. The horizontal red dashed line represents the
stress at ≈2050 s, which is used to obtain the stress decay (∆ stress) over time.

Information). It should be noted that ultradrawn PE films exhibit
anisotropic coefficients of thermal expansion (CTE) (Figure 1b),
with a large, draw ratio-dependent negative CTE parallel to the
drawing direction.[39] Thus, ultradrawn drawn UHMWPE com-
posite films contract along the drawing direction when heated by
absorption of light.

Initial studies show that the ultradrawn PE-BZT-GN-QR films
outperform films lacking one or more of the additives: these latter
films have lower visible light transmission and/or lower photoin-
duced actuation stress than the PE-BZT-GN-QR films (Figures
S2 and S3, Supporting Information).[28,40] The stress-generation
curves of ultradrawn PE and PE-BZT-GN-QR films are shown
in Figure 2a,b. The stress-generation curves of PE-BZT-GN-QR
films were measured without light illumination as the control
experiment (Figure S4, Supporting Information). The stress of
pristine PE films decreases during the measurement with and
without light illumination (Figure 2a,c). This continuous, gradual
decay of stress is caused by the inherent time-dependent stress re-
laxation of these highly oriented PE systems.[35] In Figure 2b, PE-
BZT-GN-QR films exhibit similar stress relaxation as the pristine
PE film during the first 1000 s. However, upon periodic NIR illu-
mination from 1000 to 1800 s the stress decreased. This overall
decrease during the NIR illumination is caused by temperature-
induced chain mobility, in which both the reversible visco-elastic
and irreversible visco-plastic contributions are accelerated by the
temperature increase.[30] Having almost reached a plateau, the
PE-BZT-GN-QR films showed fast (t0.9 < 0.8 s) and repeatable
actuation stress upon pulsed exposures to NIR, blue, and UV
lights (Figure 2b,d). There is no obvious stress decay (∆ stress ≈

0 MPa) of PE-BZT-GN-QR films either during or between light
exposures from 2050 to 3600 s (Figure 2d) while there is a contin-
uous stress decay (∆ stress ≈ 2.2 MPa) in pure PE film (Figure 2c)
regardless of illumination conditions. This indicates a reduced
stress relaxation in the PE-BZT-GN-QR film, and the relaxation
in PE-BZT-GN-QR films will be explored in some more detail
later in comparison to the pure PE films.

The effects of light intensity and draw ratio on the actuation
stresses of the PE-BZT-GN-QR composite films were character-

ized at different wavelengths and light intensities over more than
5000 s (Figure 3). These results reveal that PE-BZT-GN-QR films
with a draw ratio of 30 exhibit fast (t0.9 < 0.8 s) and reversible ac-
tuation stress change under NIR, blue, and UV light irradiation,
and that the actuation stress increases with the light intensity
(Figure 3a–c). The actuation stress under NIR and UV light irradi-
ation is greater than that under blue light due to the greater light
absorption of NIR and UV light (Figure 1a). The maximum actu-
ation stress of PE-BZT-GN-QR with a draw ratio of 30 under NIR
irradiation is about 10 MPa. When increasing the draw ratio, the
photoinduced actuation stress reaches a maximum (35–40 MPa)
at a draw ratio of 70 and then decreases to 30 MPa at a draw ra-
tio of 100 (Figure 3 and Figure 4). The increase in photoinduced
stress at draw ratios between 30 and 70 could be attributed to
an increasing CTE of PE-BZT-GN-QR films (Figure S5, Support-
ing Information),[41] although the thickness of films decreased
with the draw ratios. The subsequent decrease in actuation stress
at draw ratios between 70 and 100 could originate from the de-
creasing absorbed energy caused by the decreasing thickness of
films at higher draw ratios. It was explained that the photoin-
duced stress (∆stress) is proportional to the CTE, photoinduced
temperature (∆T), and Young’s modulus (E) of the drawn com-
posite films. The ∆stress decreases while the CTE and E increase
with the draw ratios, with a corresponding decrease in ∆T. Since
∆T is related to the absorbed light energy, a decreasing ∆T in-
dicates decreasing absorption of light energy, a consequence of
the reduced film thickness at higher draw ratios. Interestingly,
the photoinduced stress maintains a fast and reversible response
with reduced relaxation relative to the pristine PE system, within
the testing light intensity range after preillumination (NIR illu-
mination between 1000 and 1800 s).

To elucidate the relationship between the photoinduced stress
and light intensity, the absorbed energy of the PE-BZT-GN-QR
film with a draw ratio of 30 was calculated (Figure 4; Figures
S6 and S7, Supporting Information).[30] The results reveal that
photoinduced actuation stresses increase linearly with the ab-
sorbed energy at all wavelengths, indicating that the films gener-
ate photoinduced stresses originating from the negative CTE of
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Figure 3. Photoinduced stresses of PE-BZT-GN-QR composite films with different draw ratios (30, 70, and 100) under different incident light intensity
irradiation as a function of the testing time after NIR illumination (1000–1800 s). The red, blue, and purple curves represent the photoinduced stress
under NIR (780 nm), blue (455 nm), and UV (365 nm) irradiations. The regions with different colors represent the incident light intensity which is shown
below curves and its unit is mW cm−2.

Figure 4. a–c) Photoinduced actuation stress of PE-BZT-GN-QR with draw ratios of 30, 70, and 100 as a function of absorbed energy at different
wavelengths. The five dots correspond to the different incident light intensities.

ultradrawn UHMWPE. The difference in slopes of actuation
stress versus absorbed energy for the different wavelengths in-
dicates a small difference in the light conversion efficiency of
the additives. It was observed that surface melting took place
when employing high-intensity UV irradiation, supporting the
photon-to-heat conversion hypothesis (Figure S8, Supporting
Information).[42,43]

To illustrate the mechanism of the fast and reversible stress
change with a reduced creep rate in PE-BZT-GN-QR films, the
creep deformation (see Experimental Section) was characterized
at different stresses and temperatures (Figure 5). Sherby–Dorn
plots characterize the creep rates of PE and PE-BZT-GN-QR films

(Figure 5a; Figure S9, Supporting Information). It was observed
that PE-BZT-GN-QR films exhibit lower plateau creep rates (�̇�p)
than neat PE films at comparable draw ratios at the same stresses
and temperatures. This behavior confirms the reduced relaxation
observed during the light actuating measurements. Evaluating
the initial strain levels upon application of the load during the
creep tests showed that the PE-BZT-GN-QR films have higher
moduli compared to neat PE films (Figures S10 and S11, Support-
ing Information), indicating a greater degree of orientation in
these films. X-ray measurements reveal that there is no obvious
difference in the initial ordering of the crystal morphology (as ev-
idenced by the long period derived from SAXS) and only a slight
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Figure 5. a) Sherby–Dorn plots (log creep rate vs strain) of PE and PE-BZT-GN-QR films with a draw ratio of 70 at different temperatures. b) Logarithmic
plateau creep rate of PE films as a function of reciprocal temperature (1/T). c) Logarithmic plateau creep rate of PE-BZT-GN-QR films as a function of
reciprocal temperature (1/T) and the unit of the reciprocal temperature is K–1.

difference in orientation (as evidenced by Herman’s orientation
function) of undrawn PE and PE-BZT-GN-QR films (Figure S12,
Supporting Information). It is known that crystals assume prefer-
ential orientations with respect to the thickness of the film upon
solution-casting of UHMWPE films.[44] This results in the c-axis
of the crystal orienting perpendicular to the subsequent drawing
direction and can be described as a negative pre-orientation of
the chains. Drawing of UHMWPE is known to be an affine defor-
mation process,[45] and hence the larger negative pre-orientation
of the as-cast PE films may explain the difference in postdraw
moduli. We cannot conclusively define the origin of the observed
difference in mechanical responses but do not pursue it further
as it is outside the scope of the current investigation. Based on
these observations, it can be concluded that the light-responsive
UHMWPE actuators are performing mechanically as well as, or
even better than, their neat counterparts.

The stress-generating actuators based on PE-BZT-GN-QR
films are compared with other actuators using the specific ac-
tuation stress, defined as the actuation stress divided by the ma-
terial density (Figure S13a, Supporting Information).[2,11,29,46–49]

The multi-wavelength responsive actuators in this work exhibit
almost 100 times higher specific actuation stresses than natural
muscle, and also outperform dielectric elastomers, liquid crys-
talline actuators and piezo polymers. On the other hand, the cur-
rent actuators display a fast and stable actuation with a low base-
line drift-to-stress ratio (Figure S13b, Supporting Information)
and similar or higher actuation stresses in comparison to ori-
ented PE/azobenzene composites actuators,[29,30] which are only
driven by UV and blue light.

3. Conclusions

Highly transparent, stress-generating actuators were fabricated
using solution-casting and solid-state drawing of UHMWPE
films containing graphene and both UV and NIR absorbing dyes.
The resulting stress-generating actuators are fast (<0.8 s) and
can be repeatedly and reversibly driven with NIR, blue, and UV
lights. The maximum specific actuation stress (35–40 MPa) was
achieved at a draw ratio of 70. The stable photoinduced stress with
reduced stress relaxation was obtained due to the reduced chain
slip in the plastic region of ultradrawn composite films. Calcu-
lation suggests that these actuators can be driven by sunlight

(Figure S14, Supporting Information). This makes the compos-
ite films based on widely used polyethylene attractive as robust
(sun) light-driven high stress generating actuators for a manifold
of applications.

4. Experimental Section
Materials: UHMWPE with a Mw ≈ 4 × 106 Da was provided

by DSM (Geleen, The Netherlands). 2-(2H-benzotriazol-2-yl)-4, 6-
ditertpentylphenol (BZT), quaterrylene bisimide based derivative (NIR
dye), and an antioxidant (Irganox 1010) were purchased from BASF (Ger-
many). Graphene nanoplates (size < 2 µm, specific surface area ≈ 750 m2

g−1) were purchased from Sigma-Aldrich. Paraffin oil and xylene were ob-
tained from Thermo Fisher Scientific Incorporated and Biosolve BV (The
Netherlands), respectively. All reagents were used as received.

Fabrication: BZT (2 wt% to UHMWPE), the antioxidant Irganox 1010
(0.1 wt% to UHMWPE), GN (0.1 wt% to UHMWPE), and the NIR dye (3
wt% to UHMWPE) were added to xylene (200 mL) and ultrasonication
was used for 1 h to disperse the graphene. UHMWPE powder (2 g) was
added to the suspension and degassing performed using ultrasonication
for 30 min. The suspension was transferred to a silicon oil bath (≈125 oC)
and stirred until the Weissenberg effect was observed. The solution was
left at an elevated temperature for 1 h to dissolve UHMWPE completely,
and the solution was then cast into aluminum trays. The cast films were
fixed to avoid excessive shrinkage during drying. After drying for several
days in a fume hood at room temperature films were cut into small strips.
Ultradrawing of the dried films was performed at 120 oC to different draw
ratios (30, 70, and 100) which are defined by the ratio of the film length
after to before drawing.

Analytical Techniques: The (polarized) transmission spectra of films
were measured on a UV-3102 PC spectrophotometer in the wavelength
range of 300–1200 nm at a film-detector distance of about 85 cm with
and without a linear polarizer. The films were coated with paraffin oil to
reduce the surface light scattering and sandwiched between two quartz
glass slides. The stress relaxation was measured on a dynamic mechanical
analysis device (DMA 850, TA Instruments) at a prestrain of 1%. The stress
relaxation was measured for at least 1800 s. The samples were illuminated
with LEDs at different wavelengths in the UV (365 nm), vis (455 nm), and
NIR (780 nm). First, the ultradrawn samples were pre-illuminated with
LED light pulses with a duration of 20 s and an off-time of 20 s from 1000
to 1800 s. Subsequently, a second, pulsed LED illumination procedure was
used for 20 s with an off-time of 20 s. The response time (t0.9) was de-
fined as the time the signal takes to reach 90% of the maximum actuation
stress (Figure S15, Supporting Information). The LEDs were provided by
THORLABS (M365L2, M455L4, and M780L3) and the distance between
LEDs and samples was about 10 cm. The creep of ultradrawn samples as
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a function of time was measured at different stresses and temperatures
on a DMA 850 (TA Instruments). In this particular case, the LED light
was switched off and the creep was measured in the dark. Sherby–Dorn
plots[50] (creep rate vs creep strain) were constructed and an exponen-
tial decay function fit describing the strain changes over time was used
to smoothen the curve. The coefficient of thermal expansion was mea-
sured under iso-stress modes with a constant heating rate (3 oC min−1)
from 0 to 60 oC. The thermal conductivity was characterized using the
Angstrom method as previously reported.[28,40] The absorbed energy was
calculated by the integration of absorption spectra and the LED’s spectra.
The LED’s spectra were characterized by a Labsphere SLMS 1050 integrat-
ing sphere connected to an International Light RPS900 diode array detec-
tor. The temperature of the samples was measured using an IR camera
(Fluke).

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