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Structural multi-colour invisible inks with
submicron 4D printing of shape memory polymers
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Four-dimensional (4D) printing of shape memory polymer (SMP) imparts time responsive

properties to 3D structures. Here, we explore 4D printing of a SMP in the submicron length

scale, extending its applications to nanophononics. We report a new SMP photoresist based

on Vero Clear achieving print features at a resolution of ~300 nm half pitch using two-photon

polymerization lithography (TPL). Prints consisting of grids with size-tunable multi-colours

enabled the study of shape memory effects to achieve large visual shifts through nanoscale

structure deformation. As the nanostructures are flattened, the colours and printed infor-

mation become invisible. Remarkably, the shape memory effect recovers the original surface

morphology of the nanostructures along with its structural colour within seconds of heating

above its glass transition temperature. The high-resolution printing and excellent reversibility

in both microtopography and optical properties promises a platform for temperature-

sensitive labels, information hiding for anti-counterfeiting, and tunable photonic devices.
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4D printing1–3 brings together the design flexibility of
3D printing with stimuli responsive properties of its
constituent materials. It continues to generate

excitement in diverse fields, e.g., soft robotics4–6, drug delivery7,8,
flexible electronics9,10 and tissue engineering11. Commonly used
printing methods for 4D printing include direct ink writing3,12,
Polyjet13,14, Digital Light Processing (DLP) lithography15,16 and
Stereolithography (SLA)17,18. The material and lithographic
challenges inherent to these methods limit the minimum feature
size of printed structures to ~10 μm19. At an order of magnitude
smaller, submicron scale features that interact strongly with light
have yet to be systematically explored in 4D printing.

The motivation to improve print resolution is fuelled by
applications in optics, e.g. structural colour generation20,21,
temperature-sensitive passive labels and colorimetric pressure
sensors, all of which require submicron resolution and precision.
Traditionally, different structures such as gratings22,23, thin films
and multilayers24,25, localised resonance structures26,27 generate
fixed colours without the use of pigments. Recently, dynamically
reconfigurable colours have gained interest, where optical
responses of nanostructures can be tuned either by changing the
refractive index28–30 or dimensions31,32 of the structures. Of these
methods, tuning the dimensions of the optical devices by shape
memory polymers (SMPs) is of interest due to their relatively
short response times (seconds to minutes depending on actuation
temperature33). Distinct from the pattering of SMPs through
nanoimprinting34–36 and self-assembly37–39, our use of 3D
printing introduced here will lead to direct patterning of complex
structures at will, bringing together fields of mechanical and
optical metamaterials with local control of properties, e.g., col-
ours40, phase and Young’s modulus.

To print finer 3D structures, we develop a new resist suited for
two-photon polymerization lithography (TPL)6,41,42. Here,
photo-initiators in a liquid resin are excited by a two-photon
absorption process within the focal region of a femtosecond laser.
Polymerisation and crosslinking then ensue. Printed features as
small as ~10 nm can be achieved under specific conditions43. Due
to the high resolution it provides, TPL has been used to print
different stimuli responsive materials such as hydrogels6,44, liquid
crystal elastomers41,45, magnetic nanoparticles embedded
resists46,47, silicon functionalized monomers48 and other exam-
ples printing49. Recently, hydrogel photoresists have been used
for tunable photonic devices. Marc et al.50 used a cholesteric
liquid crystals (LC)-based hydrogel resist to change colours at
microscale. In their work, colours were tuned within a limited

range by changing the intrinsic periodicity of chiral LC. Tao
et al.51 demonstrated a hydrogel based reconfigurable photonic
crystals exhibiting colour shifts in the presence of humidity. In
contrast to previous works reporting colour shifts, our work
investigates submicron 4D printing where large and rapid visual
responses are achieved as nanostructures recover from a flattened
(colourless) state to an upright (colourful) state. The visual effect
is analogous to a letter written in multiple colours of invisible ink
where secret information is revealed, e.g., with the application of
heat. We tackled two key challenges in (1) developing and
characterising new stimuli responsive resists suitable for TPL, and
(2) designing and fabricating robust 3D photonic structures
capable of rapid recovery after being flattened.

In this work, we meet these challenges by additive manufacturing
of SMP for programmable colour generation. We developed and
characterised a SMP photoresist suited for TPL based on Vero
Clear13, which is an optically transparent thermosetting polymer
resin containing acrylate functional group. We performed resolu-
tion tests achieving ~300 nm half pitch gratings and measured the
thermodynamic properties of the new resist to determine an opti-
mal composition for robust mechanical performance. A range of
structural colours were achieved by controlling the geometry of the
crosslinked SMP structures at the submicron level. We realised
colour switching behaviour by heating and deforming (i.e., pro-
gramming) the printed structure at a temperature higher than the
glass transition temperature (Tg). Remarkably, the deformed
nanostructures exhibited excellent recovery when heated above its
composition-adjustable Tg. This reversibility in both structural
features and optical responses demonstrate significant promise for
submicron scale additive manufacturing of SMPs.

Results
Two-photon polymerization lithography of shape memory
polymer. We designed structures consisting of a base layer with
submicron-scale grids on top of it, as shown in Fig. 1. Due to the
interaction of these nanostructures with light, i.e., scattering and
interference, the 3D printed structures function as colour filters,
preferentially transmitting certain wavelength ranges of an inci-
dent white light illumination. Colours depend sensitively on the
geometric parameters of the grid, i.e., grid height h2, and grid
linewidth w1, while it is less sensitive to pitch w2 and the thickness
of the base layer h1. By printing in SMP, we realise a 4D effect,
with the ability to change its geometry and optical properties in
response to temperature variation as a function of time.

Heat to Th Cool to Tl

Stress applied

Recover

Deform

Illumination

Transmittance

w1

w2

Heat to Th

Illumination

Transmittance

Fig. 1 Schematic of colour and shape change of a constituent nanostructured element of the “invisible ink” 3D printed in shape memory polymer
(SMP). The as-printed structures with upright grids (left) function as a structural colour filter that transmits only a limited wavelength range of visible light.
Deformation of the structures at elevated temperature flattens the nanostructures (right) rendering it colourless, where it remains in an invisible state after
cooling to room temperature. Heating recovers both the original geometry and colour of nanostructures, leading to a submicron demonstration of 4D
printing.
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To achieve the shape memory effect, the print is first deformed
at a temperature Th higher than the SMP’s glass transition
temperature. While keeping the external load, the temperature is
decreased to Tl (<Tg) as the print transitions from a soft rubbery
state to a stiff glassy state. Here, in the altered flattened geometry
the print loses its colour, rendering the print “invisible”. The
temporary configuration is achieved at Tl after releasing the
external load as the polymer chains are “frozen” at its glass state.
The print finally recovers to its original geometry and colour
when heated back to Th where the polymer chains regain the
entropic elasticity.

A Vero Clear14 based SMP photoresist was developed (see
Methods section and Supplementary Fig. 1 for the preparation
process). To test the resist, we placed a droplet of it onto a fused
silica glass substrate and exposed using in the commercial TPL
system Nanoscribe GmbH Photonic Professional GT using the
“dip-in” configuration40,52,53. During exposure, photo-initiators
at the focal point of the objective are activated by two-photon
excitation from the femtosecond pulsed laser at 780 nm
wavelength, leading to polymerisation of the resist into solid
structures. After exposure, the uncured resist was removed using
a development process (see Methods section for details). The
characterisation of the photoresist is provided in Supplementary
Information part 2. With the characterised resist, we were able to
print samples with linewidth of ~280 nm (Supplementary Fig. 2e)
and conservative minimum resolvable pitch of 600 nm (i.e. 300
nm half pitch, Supplementary Fig. 2f). This resolution for additive
manufacturing of a SMP is an order of magnitude higher than
traditional high-resolution printing methods such as DLP15,16

and SLA17,18.

Characterisation of colours. We next investigate the different
colours achieved by the grid structure shown in Fig. 1 and how it
depends on the various design parameters. As h1 only affects the
phase of light and does not contribute to the change of colour, it
is fixed at ~4 μm by fixing the laser power (35 mW), write speed
(2 mm/s) and number of writing layers (10 layers) to raise the
grids above the substrate making it easier to compress. The two
parameters h2 and w1 can be varied by controlling the write
speed, laser power and number of grid layers. See Supplementary
Information part 3 on a discussion of laser power and write speed
to get different colours. Figure 2a shows a transmittance optical
micrograph of a colour palette as a function of write speed w1 and
nominal height h2 for a range of laser power (30–35 mW) and
fixed pitch w2 (see Table S1 for the fabrication parameters). The
corresponding transmittance spectra for Fig. 2aI were measured
using a CRAIC microspectrophotometer and mapped onto the
CIE 1931 chromaticity diagram in Supplementary Fig. 4,
demonstrating a reasonably wide range of colours. To study the
effect of pitch w2 on colour, we fabricated structures of constant
nominal height h2 of 1.8 μm and varied its pitch. The transmit-
tance spectra for structures with different pitches are shown in
Supplementary Fig. 5a (see the corresponding SEM images in
Supplementary Fig. 5b–h). When w2 is 1 μm, the adjacent lines
are fused together during the polymerisation process, and pro-
duce a nearly transparent patch. When w2 is 3 μm, the gaps are
too wide, leading to low colour saturation. Thus, a gap of 2 μm
was chosen for the remainder of our studies. Here the minimum
resolvable pitch w2 is larger than that in Supplementary Fig. 2f,
which could be caused by the proximity effect while printing
multilayer girds. It should be noted that the experimental
obtained colour gamut in Fig. 2a can be further extended by
decreasing the pitch w2 to increase the colour saturation.

Figure 2b shows representative SEM images for grids with
different nominal heights at a fixed write speed of 1 mm/s and

laser power of 30 mW (black rectangle in Fig. 2a). Generally, the
central region of the grid remains stable with increasing height of
the grid, while the corners start to collapse due to resist shrinkage
and lack of support structures. The collapsed structures account
for nonuniformity in colour at the edges of the square patches in
Fig. 2a. As both the laser power and write speed were kept
constant, the linewidth of the grid does not change with
increasing nominal height as shown in the top view SEM images
in Fig. 2b. Both the linewidth w1 and height h2 for the grid
structure in the black box are plotted in Fig. 2c. The height
increases at an interval of 100 nm per layer, which is less than the
nominal layer height (300 nm as shown in Table S1) as a result of
shrinkage during the writing and development (rinsing) process.

To study the influence of write speed on the structure, Fig. 2d
shows representative SEMs for structures with different write
speeds and constant nominal height inside the red box in Fig. 2a
and the measured dimensions are summarised in Fig. 2e. The
linewidth decreases from 630 nm to 285 nm as the increase of
write speed from 0.5 mm/s to 1.1 mm/s, while the height of the
grid decreases from 1990 nm to 980 nm. Supplementary Fig. 6
shows the SEM images and measured dimensions for structures
with different laser power in Fig. 2a. The effect of write speed and
laser power on the structure size can be attributed to the roughly
relation curing spot size ~laser power2/write speed. With
increasing write speed and decreasing laser power, the energy
received per unit area decreases, leading to less polymerisation
and an effectively smaller curing spot size, resulting in a narrower
linewidth and shorter structures.

Though we have previously reported high aspect ratio pillars as
colour generating structures53,54, this is the first time that we are
experimenting with grid structures. The grid structures provide
greater mechanical stability needed in this study. To gain
some understanding of the colour generating nature of this design,
we measured the transmittance spectra of the grid structures inside
the black box and performed finite difference time domain (FDTD)
simulations to obtain the spectra (Fig. 3a). A comparison of the
measured and simulated data is provided in Supplementary Fig. 8.
The simulation results show a good qualitative agreement with the
experiment. The discrepancies could arise from the idealised
structures used in the simulations that do not account for rounded
edges. A redshift effect of the spectrum position is observed in
Fig. 3a and shown by the dotted arrows. The simulated near-field
electric field phase and amplitude for one structure (fabricated with
the laser power of 30mW, write speed of 1mm and nominal grid
height of 2.7 μm) at wavelength of 490 nm and 710 nm (corre-
sponding to the marked dip and peak of the spectrum in Fig. 3a) are
shown in Fig. 3b, c, respectively. The incident planewave passes
through the base layer without scattering. After propagating
through the submicron grids, the wave front is delayed compared
to the wave fronts that pass through the air gap. As seen in the
near-field phase plot in Fig. 3b, the regions within and directly
above the grid lines appear to accumulate phase faster than the
region in between. The interference of these two regions of
transmitted light causes some focusing and redistribution of the
energy flow of light (see corresponding electric field amplitude of
the near field in Fig. 3c). For the peak and dip positions, the
constructive interferences occur at different parts above the
structure. The far-field energy distribution can be obtained by
performing the near-field-to-far-field transform. Figure 3d, e
present the normalised far-field electric field amplitude within the
objective collection angle (CA) for the dip and peak position
respectively, corresponding to experimental observation with
objective lens adopted in our experiment (the NA= 0.2, CA=
11.5°). The integration of the far field electric intensity within the
collection angle results in the transmittance spectra dip and peak
shown in Fig. 3a.
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As discussed in Fig. 2, write speed and laser power affect both
linewidth w1 and grid height h2. To study the influence of w1

alone on colour, we simulated the spectra for a fixed height h2 of
0.9 μm and varied the linewidth w1 (Fig. 3f). As the linewidth
increases from 200 nm to 500 nm, the transmittance dip redshifts
from 450 nm to 600 nm, resulting a shift of the transmitted colour
from yellow to blue. This effect could be risen from the increase
of effective refractive index as the increase of w1. See
Supplementary Information part 10 for a detailed discussion
about this relation. The redshift effect of the measured spectra as
the increasing of laser power and decreasing of write speed in
Supplementary Fig. 9c could be explained by the increase of
effective refractive index. This result suggests that one could also

achieve large colour variation simply by varying the width of the
structures.

Submicron scale shape memory effect. To study the shape
memory effect of the submicron scale structure, we printed a
colour palette (Fig. 4aI), with a fixed nominal height of 1.8 μm,
but varied the laser power and write speed from 30mW to 35
mW horizontally with a step of 0.5 mW and 0.6 mm/s to 1.1 mm/
s vertically with a step of 0.05 mm/s respectively. Doing so also
generates a broad range of colours due to variation in both width
and height of the structures. The structures were then heated
above its Tg to 80 °C using a heat gun. Under the high
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Fig. 2 Optical and scanning electron micrographs (SEM) of as-printed structures. a Optical transmittance micrographs of a printed colour palette for a
constant pitch of 2 μm but varying write speed and nominal height h2 for a range of laser power (I–VI laser power 30–35mW respectively). b SEM images
of grid structures with different nominal height h2 for constant write speed of 1 mm/s and laser power of 30mW. c Measured grid linewidth w1 and height
h2m as a function of nominal height; d SEM images for grid structure with different write speeds for fixed nominal height of 2.7 μm and laser power of
30mW. e Measured grid linewidth and height as a function of write speed. Values in c and e represent mean and the error bars represent the standard
deviation of the measured values (n= 5).
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temperature, a stress of ~500 kPa was applied using a metal block
on the surface of the structure. Then the sample was cooled down
to room temperature in air (in ~30 s) with the metal block
maintained. Upon removal of the load, the deformed structures
appear transparent as shown in Fig. 4aII. All the colours were
recovered when the sample was heated up again to 80 °C by the
heat gun (Fig. 4aIII). The recovery process occurs within seconds
due to the rapid response of the SMP. The detailed setup of this
programming process is provided in Supplementary Fig. 10. We
compared the spectra of three different colours (marked as 1–3 in
Fig. 4a) before and after the programming and recovery pro-
cesses, shown in Fig. 4b. The spectra of the original and recovered
colours are almost identical except for a small but systematic
blueshift, indicating a good recoverability of our 4D printing. The
compressed structure exhibited high transmittance ~80% across
the visible spectrum, leading to a transparent appearance devoid
of colour.

SEM images (Fig. 4c) of structure 2 were taken at the three
states (as printed, after compression and after recovery) showing
the change in nanostructure geometry and revealing the under-
lying mechanism of colour variation. The original grids appear as
regular squares, with light scattering and colour generating
properties, as explained above. However, the compressed
structures appear as irregular quadrangles, with the pits in grid
completely closed up due to buckling and collapsing of the walls
of the grid into a fish-scale pattern. This configuration is expected
to result in weak scattering in the visible spectrum, due to the
reduced height of the structures and lack of clear structure
definition.

As the structures have been squeezed to the point of contact
between surfaces, one would have predicted that this deformation
was irreversible. Experience with collapsed nanostructures from
capillary forces teaches us that the stiction Van der Waals forces

will keep these nanostructures together55. Yet, once heated above
Tg again, the grids recover to regular squares again due to the
shape memory effect. The top view of structure 2 during the
programming process is given in Fig. 4c, in which the linewidth
before deformation and after recovery matches well, indicating a
good shape recovery effect. It should be noted that as there was
no support on the edges of grids, the walls along the edge might
have been too thin to overcome the stiction forces and could not
recover, as shown in the tilted view SEM image in Fig. 4cIII. This
irreversible damage account for some of the dark corners and
edges of the recovered structures in Fig. 4aIII.

To further understand the programming process, Fig. 4d shows
spectra for a structure programmed into different degree of
flatness, and the corresponding SEM images are given in Fig. 4e.
When the structure is slightly flattened (Fig. 4eII), the grids
configuration is similar to the original one (Fig. 4eI), and there
are only gentle shifts of both colour and spectrum (Fig. 4d). While
the structure is further flattened, the gaps between the grids are
filled (Fig. 4eIII–IV), leading to high transmittance of light
wavelength in the whole visible range and a transparent
appearance (Fig. 4d). The robustness of the programming process
is checked in Fig. 4f by programming a structure for four times,
the spectra for recovered structures in different cycles match well,
indicating a good repeatability of the shape memory effect. To
quantify the influence of stress on the programming process and
determine the breaking point, we performed an additional
programming process (Supplementary Information part 12) using
a nanoimprint machine, which enables more control and a wider
range of pressures (Supplementary Fig. 11a). As the applied stress
increases to 26 psi (~179 kPa), the structure turned colourless
(Supplementary Fig. 11b). While a high stress of up to 196 psi
(~1351 kPa) leads to the irreversible collapse around the edges
(Supplementary Fig. 11c). Note that further in situ micron and
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Fig. 3 Finite difference time domain (FDTD) analysis of the grid structure. a Measured and FDTD simulated transmittance spectra of structures with
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resonance dip respectively). Marked positions λ1= 490 nm and λ2= 710 nm are used for FDTD field analysis in Fig. 3b–e. b, c Cross section view of near-
field normalised electric field phase and amplitude for a grid structure (laser power: 30mW, write speed: 1 mm/s, nominal grid height: h2= 2.7 μm) at dip
transmittance 490 nm and peak transmittance 710 nm wavelength respectively (|E/Einc| represents the normalised electric field amplitude). d, e Top view
of far-field normalised electric field amplitude for the above grid structure at dip transmittance 490 nm and peak transmittance 710 nm wavelength
respectively; the white circle represents collection field for the microscope used in this work (NA= 0.2, CA= 11.5°). f Simulated transmittance spectra for
structures with different linewidth w1 (the colours of the spectrum lines were mapped from the corresponding spectra).
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nano scale compression experiments56 at controlled temperatures
will need to be conducted to directly determine the relation
between stress and strain during deformation of the structure.
Based on this programming process, the repeatability of the shape
memory process was further checked, and no obvious change of
colour was observed even after 10 programming cycles (Supple-
mentary Fig. 11b). To further increase the number of program-
recovery cycles (e.g., beyond 1000 cycles), other specific chemicals
such as monomers with strong π–π interactions and massive
chain entanglements57 could be considered in future studies.

To demonstrate the potential application, we printed an image
of an art piece by one of the authors, depicting an octopus in
foreground with a mountainous landscape in the background
(Fig. 4gI). This image comprised 52 × 52 pixels with each pixel
designed as 10 μm. The print was then programmed into a
transparent featureless image as shown in Fig. 4gII, using the
process in Supplementary Information part 11. Here both the
octopus and its surrounding have become invisible. Upon
heating, the painting recovers to its original state again as shown
in Fig. 4gIII. This demonstration could offer a simple way to
monitor whether a material has been subjected to high
temperatures, which is of importance in the transportation of
sensitive goods. Supplementary Fig. 12 presents the SEM images
of the top left corner of the original painting. In Supplementary
Fig. 12a, different parts were printed by different nominal heights,
resulting in different colours in Fig. 4g. To make the whole

structure stable, the lines along two adjacent write fields were
written twice, leading to wider lines comparing to lines within
one write field as shown in Supplementary Fig. 12b. The grids
near the boundaries are stretched to be wider, which results in
slightly different colour along the boundaries of different write
fields. To overcome this issue, some more stable photoresist with
higher stiffness and less shrinkage should be developed in the
future.

Discussion
SMPs based 4D printing is widely studied due to its wide
accessibility of materials and simple way of programming. In this
work, we used TPL to pattern the characterised SMP photoresist,
extending the resolution to 300 nm scale. The resolution of the
SMP photoresists are already very high, but it is not yet at the
resolution capabilities of the TPL system. Further improvements
in resolution could be achieved by tweaking its composition,
bringing it to the level of commercially available photoresist
such as IP-Dip (~100 nm feature size58,59). Due to the shape
memory effect at submicron scale, both microtopography and
optical properties of the structures can recover well. In some
situations where it is not very convenient or even possible to
apply load and heat, other methods to induce strain can be
considered, e.g., voltage, light and magnetic field to achieve
contactless and precise control of the programming. Also, micron
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spectra of three different grid structures (marked as number 1, 2, 3 in Fig. 4a) as printed, after programming and after recovery. c Tilted (30° tilt angle) and
top view of SEM images before and after programming and after recovery. d Measured spectra and e SEM images for a structure programmed into
different degree of flatness. f Measured spectra of a grid structure for four programming cycles. g The painting as printed, compressed, and recovered,
respectively.
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and submicron scale mechanical tests56,60,61 considering the
degree of polymerisation62, alignment of the polymer chains63,
and size effects64 should be implemented to understand the
micromechanical behaviour of the print. These limitations could
be tackled in future work.

In conclusion, we demonstrated the concept of submicron scale
4D printing of shape memory polymer with the application for
multi-colour invisible inks by two-photon polymerization litho-
graphy of the custom-tailored photoresist. Due to the flexible
tunability of the design variables by additive manufacturing,
different colours can be easily obtained by varying the printing
parameters such as laser power, write speed and nominal height
of grids. The printed structures can switch colour stably and
rapidly by the programming process. Though there are some key
challenges in this area, we believe that this approach opens up
potential applications of 4D printing in fields that require high-
resolution structures and precision such as optics and sensors.

Methods
Preparation of photoresist. 0.9 g of 2-hydroxy-3-phenoxypropyl acrylate (HPPA)
and 0.1 g of Bisphenol A ethoxylate dimethacrylate (BPA) were mixed together and
stirred by a vibration generator system for 5 min to get homogeneous solution. 20
mg of diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO) was added to this
solution and stirred by a magnetic rotor for 1 h to get the elastomer resist. The
elastomer resist was mixed with Vero Clear at different mass fractions and stirred
for 5 mins to get the SMP photoresist. The photoresist was kept in brown glass
bottle at 22 °C to avoid polymerisation before printing. Vero Clear was purchased
from Stratasys, while HPPA, BPA and TPO were purchased from Sigma-Aldrich.
The chemicals were used as received.

Two-photon polymerization lithography. Before writing, a fused silica substrate
(25 × 25 × 0.7 mm3, refractive index= 1.46) was cleaned with IPA solution in
ultrasound for 2 mins. The substrate was baked at 120 °C for 10 mins on a hotplate,
then cooled to room temperature. Then the substrate was spin coated with TI
PRIME adhesion promoter (MicroChemicals GmbH, Germany) at 2000 rpm for
20 s. The substrate was again baked at 120 °C for 2 mins on a hotplate, then cooled
to room temperature. A drop of photoresist was placed onto the coated side of the
substrate, then the substrate was transferred to a two-photon lithography system
(Photonic Professional GT, Nanoscribe GmbH, Germany). A ×63 NA1.4 oil
immersion objective lens in Dip-in Laser Lithography (DiLL) configuration was
used. The laser power and write speed were set to 30–40 mW and 0.5–2 mm/s,
respectively. After writing, the substrate was immersed in propylene glycol
monomethyl ether acetate (PGMEA) for 5 mins, isopropyl alchohol (IPA) for 2
mins and deionized water for 1 min to remove the uncured resist. The substrate
was blown with a N2 gun to remove the water, then cured with UV exposure of
365 nm and ~1 J/cm2 for 10 mins (UVP® CL-1000® Ultraviolet Crosslinkers, USA).
Finally, the substrate was kept in a clean container for 2 days to release residual
stress.

Materials characterisation. The dynamic mechanical analysis tests were con-
ducted on a DMA tester (TA Instruments, Q800 DMA, U.S.) in the tension film
mode. After erasing thermal history at 80 °C for 5 min, DMA tests started from 80
to 0 °C at a cooling rate of 3 °C/min. For the test of pure elastomer, the test was
started at 40 °C to avoid rupture. The dimensions of the testing samples were 6
mm × 15 mm × 0.5 mm and was prepared by curing the photoresist in a Teflon
mould in the UV oven with a power of ~1 J/cm2 for 10 mins.

The uniaxial tensile experiments were conducted on the DMA tester (TA
Instruments, Q800 DMA, U.S.). The samples were prepared by the same method as
above. The test was conducted using the stress control mode with a stress rate of 2
MPa/min. The temperature was controlled to be 20 °C higher than the glass
transition temperature (Tg) for each composition.

The viscosity tests were conducted on a Discovery Hybrid Rheometer (DHR2,
TA instruments Inc., UK) with an aluminium plate geometry (20 mm in diameter),
with frequency ranging from 10 to 4000 Hz. The temperature was precisely
controlled to be 22 °C by a Peltier system. The plate gap was set as 100 μm.

The SEM images was taken with a JSM-7600F Schottky Field Emission
Scanning Electron Microscope (JEOL, Japan) using a voltage of 5 kV. Before the
test, the samples were sputtered with gold in vacuum for 60 seconds with a current
of 40 mA at the control gas manual mode.

The height of the structures was measured by a Profilometer KLA Tencor D-
600 (KLA Inc., U.S.). The scan speed was 0.01 mm/s and the stylus force was 1 mg.

The refractive index of the photoresist needed for FDTD simulation was
measured by an EP4 Ellipsometer (ACCURION, Germany). A wafer substrate was
cleaned with IPA and then baked on a hotplate at 130 °C for 10 min. Then the
resist was spin coated on the substrate with a speed of 7000 rpm for 1 min. Then

the substate was baked again on the hotplate 130 °C for 3 min. Afterwards, the
sample was used for the measurement of the ellipsometry angles Δ and Ψ of the
photoresist. The refractive index n and extinction coefficient k were fitted based on
the measured Δ and Ψ using the Cauchy dispersion function as shown in
Supplementary information part 8.

Optical measurements. Transmittance spectra were measured using an objective
lens (NA= 0.2, CA= 11.5°) on an optical microscope (Nikon Eclipse LV100ND)
with a CRAIC 508 PV microspectrophotometer and a Nikon DS-Ri2 camera.
Samples were illuminated with a halogen lamp. The spectra (transmittance mode)
are normalised to the transmittance spectrum of fused silica glass, which is mea-
sured under the same conditions as for the sample.

Numerical simulation. FDTD simulation to calculate the theorical spectra was
conducted with a commercial software (FDTD, Lumerical Solutions). The
dimension profile for the simulation was obtained from the SEM images and the
Profilometer. In FDTD simulation, planewave was injected from bottom of grids
and base layer, then electric field and corresponding power components were
collected and followed by a near-to-far-field transform process. The final spectra
were obtained by integration of the energy within the collecting angle of the
objective lens used in measurement.

Data availability
All data are available from the corresponding author upon reasonable request.

Received: 3 August 2020; Accepted: 19 November 2020;

References
1. Ge, Q., Qi, H. J. & Dunn, M. L. Active materials by four-dimension printing.

Appl. Phys. Lett. 103, 131901 (2013).
2. Ge, Q., Dunn, C. K., Qi, H. J. & Dunn, M. L. Active origami by 4D printing.

Smart Mater. Struct. 23, 094007 (2014).
3. Gladman, A. S., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L. & Lewis, J. A.

Biomimetic 4D printing. Nat. Mater. 15, 413 (2016).
4. Truby, R. L. & Lewis, J. A. Printing soft matter in three dimensions. Nature

540, 371 (2016).
5. Zhang, Y. F. et al. Fast‐response, stiffness‐tunable soft actuator by hybrid

multimaterial 3D printing. Adv. Funct. Mater. 29, 1806698 (2019).
6. Hippler, M. et al. Controlling the shape of 3D microstructures by temperature

and light. Nat. Commun. 10, 232 (2019).
7. Malachowski, K. et al. Stimuli-responsive theragrippers for chemomechanical

controlled release. Angew. Chem. Int. Ed. 53, 8045–8049 (2014).
8. Breger, J. C. et al. Self-folding thermo-magnetically responsive soft

microgrippers. ACS Appl. Mater. Interfaces 7, 3398–3405 (2015).
9. Zarek, M. et al. 3D printing of shape memory polymers for flexible electronic

devices. Adv. Mater. 28, 4449–4454 (2016).
10. Su, J.-W. et al. 4D printing of a self-morphing polymer driven by a swellable

guest medium. Soft Matter 14, 765–772 (2018).
11. Kuribayashi-Shigetomi, K., Onoe, H. & Takeuchi, S. Cell origami: self-folding

of three-dimensional cell-laden microstructures driven by cell traction force.
PLoS ONE 7, e51085 (2012).

12. Kuang, X. et al. 3D printing of highly stretchable, shape-memory, and self-
healing elastomer toward novel 4D printing. ACS Appl. Mater. Interfaces 10,
7381–7388 (2018).

13. Mao, Y. et al. Sequential self-folding structures by 3D printed digital shape
memory polymers. Sci. Rep. 5, 13616 (2015).

14. Ding, Z. et al. Direct 4D printing via active composite materials. Sci. Adv. 3,
e1602890 (2017).

15. Ge, Q. et al. Multimaterial 4D printing with tailorable shape memory
polymers. Sci. Rep. 6, 31110 (2016).

16. Zhang, B. et al. Self-healing four-dimensional printing with an ultraviolet
curable double-network shape memory polymer system. ACS Appl. Mater.
Interfaces 11, 10328–10336 (2019).

17. Zhao, T. et al. 4D printing of shape memory polyurethane via
stereolithography. Eur. Polym. J. 101, 120–126 (2018).

18. Choong, Y. Y. C., Maleksaeedi, S., Eng, H., Wei, J. & Su, P.-C. 4D printing of
high performance shape memory polymer using stereolithography. Mater.
Des. 126, 219–225 (2017).

19. Zhang, B. et al. Highly stretchable hydrogels for UV curing based
high-resolution multimaterial 3D printing. J. Mater. Chem. B. 6, 3246–3253
(2018).

20. Xu, T. et al. Structural colors: from plasmonic to carbon nanostructures. Small
7, 3128–3136 (2011).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20300-2 ARTICLE

NATURE COMMUNICATIONS |          (2021) 12:112 | https://doi.org/10.1038/s41467-020-20300-2 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


21. Gu, Y., Zhang, L., Yang, J. K., Yeo, S. P. & Qiu, C.-W. Color generation via
subwavelength plasmonic nanostructures. Nanoscale 7, 6409–6419 (2015).

22. Laux, E., Genet, C., Skauli, T. & Ebbesen, T. W. Plasmonic photon sorters for
spectral and polarimetric imaging. Nat. Photon. 2, 161 (2008).

23. Duempelmann, L., Luu-Dinh, A. L., Gallinet, B. & Novotny, L. Four-fold color
filter based on plasmonic phase retarder. ACS Photon. 3, 190–196 (2015).

24. Chung, K. et al. Flexible, angle-independent, structural color reflectors
inspired by morpho butterfly wings. Adv. Mater. 24, 2375–2379 (2012).

25. Kats, M. A., Blanchard, R., Genevet, P. & Capasso, F. Nanometre optical
coatings based on strong interference effects in highly absorbing media. Nat.
Mater. 12, 20 (2013).

26. Zhao, Q., Zhou, J., Zhang, F. & Lippens, D. Mie resonance-based dielectric
metamaterials. Mater. Today 12, 60–69 (2009).

27. Kumar, K. et al. Printing colour at the optical diffraction limit. Nat.
Nanotechnol. 7, 557 (2012).

28. Cetin, A. E., Mertiri, A., Huang, M., Erramilli, S. & Altug, H. Thermal tuning
of surface plasmon polaritons using liquid crystals. Adv. Opt. Mater. 1,
915–920 (2013).

29. Dong, W. et al. Wide bandgap phase change material tuned visible photonics.
Adv. Funct. Mater. 29, 1806181 (2019).

30. Franklin, D. et al. Polarization-independent actively tunable colour generation
on imprinted plasmonic surfaces. Nat. Commun. 6, 1–8 (2015).

31. Millyard, M. G. et al. Stretch-induced plasmonic anisotropy of self-assembled
gold nanoparticle mats. Appl. Phys. Lett. 100, 073101 (2012).

32. Cataldi, U. et al. Growing gold nanoparticles on a flexible substrate to enable
simple mechanical control of their plasmonic coupling. J. Mater. Chem. C 2,
7927–7933 (2014).

33. Yu, K., Ge, Q. & Qi, H. J. Reduced time as a unified parameter determining
fixity and free recovery of shape memory polymers. Nat. Commun. 5, 1–9
(2014).

34. Jang, J.-H., Koh, C. Y., Bertoldi, K., Boyce, M. C. & Thomas, E. L. Combining
pattern instability and shape-memory hysteresis for phononic switching. Nano
Lett. 9, 2113–2119 (2009).

35. Wang, Z. et al. Programmable, pattern‐memorizing polymer surface. Adv.
Mater. 23, 3669–3673 (2011).

36. Xu, H. et al. Deformable, programmable, and shape‐memorizing micro‐optics.
Adv. Funct. Mater. 23, 3299–3306 (2013).

37. Fang, Y. et al. Reconfigurable photonic crystals enabled by pressure-responsive
shape-memory polymers. Nat. Commun. 6, 7416 (2015).

38. Fang, Y. et al. Reconfigurable photonic crystals enabled by multistimuli-
responsive shape memory polymers possessing room temperature shape
processability. ACS Appl. Mater. Interfaces 9, 5457–5467 (2017).

39. Ding, T. et al. Revealing invisible photonic inscriptions: images from strain.
ACS Appl. Mater. Interfaces 7, 13497–13502 (2015).

40. Liu, Y. et al. Structural color three-dimensional printing by shrinking photonic
crystals. Nat. Commun. 10, 1–8 (2019).

41. Zeng, H. et al. High‐resolution 3D direct laser writing for liquid‐crystalline
elastomer microstructures. Adv. Mater. 26, 2319–2322 (2014).

42. Wang, H., Wang, H., Zhang, W. & Yang, J. K. Toward near-perfect diffractive
optical elements via nanoscale 3D printing. ACS Nano 14, 10452–10461 (2020).

43. Wang, S. et al. Sub-10-nm suspended nano-web formation by direct laser
writing. Nano Futures 2, 025006 (2018).

44. Nishiguchi, A. et al. 4D printing of a light-driven soft actuator with programmed
printing density. ACS Appl. Mater. Interfaces 12, 12176–12185 (2020).

45. Zeng, H. et al. Light‐fueled microscopic walkers. Adv. Mater. 27, 3883–3887
(2015).

46. Bozuyuk, U. et al. Light-triggered drug release from 3D-printed magnetic
chitosan microswimmers. ACS Nano 12, 9617–9625 (2018).

47. Wang, X. et al. MOFBOTS: metal–organic‐framework‐based biomedical
microrobots. Adv. Mater. 31, 1901592 (2019).

48. Xia, X. et al. Electrochemically reconfigurable architected materials. Nature
573, 205–213 (2019).

49. Spiegel, C. A. et al. 4D printing at the microscale. Adv. Funct. Mater. 30,
1907615 (2019).

50. Del Pozo, M. et al. Direct laser writing of four-dimensional structural color
microactuators using a photonic photoresist. ACS Nano 14, 9832–9839
(2020).

51. Tao, Y., Xiong, W., Deng, C., Liu, J. & Lu, C. Bio-mimic four-dimensional
printing of nanostructured interactive hydrogels. Preprint at https://arxiv.org/
abs/2006.04019 (2020).

52. Wang, H. et al. Off‐axis holography with uniform illumination via 3D printed
diffractive optical elements. Adv. Opt. Mater. 7, 1900068 (2019).

53. Chan, J. Y. E., Ruan, Q., Ng, R. J. H., Qiu, C.-W. & Yang, J. K. Rotation-
selective moiré magnification of structural color pattern arrays. ACS Nano 13,
14138–14144 (2019).

54. Lim, K. T., Liu, H., Liu, Y. & Yang, J. K. Holographic colour prints for
enhanced optical security by combined phase and amplitude control. Nat.
Commun. 10, 25 (2019).

55. Duan, H., Yang, J. K. & Berggren, K. K. Controlled collapse of high‐aspect‐
ratio nanostructures. Small 7, 2661–2668 (2011).

56. Zhang, X. et al. Theoretical strength and rubber-like behaviour in micro-sized
pyrolytic carbon. Nat. Nanotechnol. 14, 762–769 (2019).

57. Kong, D. & Xiao, X. High cycle-life shape memory polymer at high
temperature. Sci. Rep. 6, 33610 (2016).

58. Seniutinas, G. et al. Beyond 100 nm resolution in 3D laser lithography—Post
processing solutions. Microelectron. Eng. 191, 25–31 (2018).

59. Urbancová, P. et al. IP-Dip-based woodpile structures for VIS and NIR
spectral range: complex PBG analysis. Opt. Mater. Express 9, 4307–4317
(2019).

60. Chakravartula, A. & Komvopoulos, K. Viscoelastic properties of polymer
surfaces investigated by nanoscale dynamic mechanical analysis. Appl. Phys.
Lett. 88, 131901 (2006).

61. Haque, M. A. & Saif, M. In situ tensile testing of nanoscale freestanding thin
films inside a transmission electron microscope. J. Mater. Res. 20, 1769–1777
(2005).

62. Jiang, L. J. et al. Two-photon polymerization: investigation of chemical and
mechanical properties of resins using Raman microspectroscopy. Opt. Lett. 39,
3034–3037 (2014).

63. Zhao, X. et al. Bioinspired ultra-stretchable and anti-freezing conductive
hydrogel fibers with ordered and reversible polymer chain alignment. Nat.
Commun. 9, 1–8 (2018).

64. Ushiba, S. et al. Size dependent nanomechanics of coil spring shaped polymer
nanowires. Sci. Rep. 5, 17152 (2015).

Acknowledgements
J.K.W.Y. acknowledges funding support from the National Research Foundation (NRF)
Singapore, under its Competitive Research Programme award NRF-CRP20-2017-0004
and NRF Investigatorship Award NRF-NRFI06-2020-0005. B.Z. acknowledges the
National Natural Science Foundation of China (No. 51903210), Natural Science Basic
Research Program of Shanxi (Program No. 2020JQ-174), the Fundamental Research
Funds for the Central Universities (No. 31020190QD015). H.Y.L. acknowledges funding
support from Singapore Ministry of Education T2MOE1720.

Author contributions
W.Z. conceived the idea, designed the experiments, characterised the photoresists, and
fabricated the samples with the assistance from Hao W.; H.T.W. performed the FDTD
simulation. J.Y.E.C., H.L., B.Z., Y.F.Z., K.A., X.Y. and A.S.R. assisted the fabrication and
characterisation. J.K.W.Y. supervised the research in discussion with H.Y.L. and Q.G. All
authors contributed to writing and revision of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20300-2.

Correspondence and requests for materials should be addressed to H.W. or J.K.W.Y.

Peer review information Nature Communications thanks Christopher Barner-Kowollik
and the other anonymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20300-2

8 NATURE COMMUNICATIONS |          (2021) 12:112 | https://doi.org/10.1038/s41467-020-20300-2 | www.nature.com/naturecommunications

https://arxiv.org/abs/2006.04019
https://arxiv.org/abs/2006.04019
https://doi.org/10.1038/s41467-020-20300-2
https://doi.org/10.1038/s41467-020-20300-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Structural multi-colour invisible inks with submicron 4D printing of shape memory polymers
	Results
	Two-photon polymerization lithography of shape memory polymer
	Characterisation of colours
	Submicron scale shape memory effect

	Discussion
	Methods
	Preparation of photoresist
	Two-photon polymerization lithography
	Materials characterisation
	Optical measurements
	Numerical simulation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




