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Inspired by the underwater color and tex-
ture variations of cuttlefish,[11] various 
stimuli-responsive materials (SRM) with 
biomimetic submerged SCs including 
liquid crystalline elastomers,[12] cholesteric 
liquid crystals[13] and hydrogel[14,15] have 
been developed. Among them, owing to the 
good biocompatibility, tunable toughness, 
high water content and reversible volume 
change, pH-responsive hydrogel (PRH) 
has been extensively studied that enables 
the sensing or display application through 
the transformation of shape in the solu-
tion.[16,17] For instance, Zhu et al. developed 
a pH-responsive device by coating acrylic 
acid (AAC) and acrylamide (AAm) via in 
situ copolymerization onto Papilio Paris 
wings having lamellar structure, which pro-
vided the photonic crystals (PCs)-based pH 
sensor.[18] In addition, Park et al. presented 
a 3D display based on multi-order reflection 

SCs with P2VP hydrogel. This display exhibits distinct reflective 
colors upon pH-induced swelling and deswelling of P2VP (pKa ≈ 
4).[19] Nevertheless, these methods for preparing macroscopic SCs 
either require immobilized templates or complex post-processing 
methods, which can’t be applied to microscopic polychromatic 
SCs. Importantly, the morphing of these PRH structures was only 
achieved at pH ≈4 or ≈9, which is not suitable for a neutral pH 
biomedical application (pH ≈ 7.4).[19,20] Therefore, it remains chal-
lenging to develop a new technique to print arbitrary SCs with a 
novel pH-responsive hydrogel at the microscopic scale.

Fortunately, the femtosecond direct laser writing (fs-DLW) 
technique via two-photon polymerization (TPP) has been demon-
strated as an emerging method for manufacturing arbitrary struc-
tures with a sub-micron lateral resolution,[21–24] thus enabling the 
fabrication of 4D photonic structures with stimuli-responsive 
materials.[25] fs-DLW has obvious advantages of true 3D program-
mable ability and submicron printing resolution, representing a 
more effective strategy to construct complex functional micro-
architectures.[26,27] In addition, 4D printing of microscopic SCs 
by employing fs-DLW has already been adopted for the construc-
tion of humidity-sensitive micro-actuators[28] and shape-memory 
grid structures,[29] in addition to magnetism-switching photonic 
crystals.[30] Although these reported SCs exhibited a controllable 
change in terms of polychromatic or morphology under air con-
ditions, they are not sufficient for the identification and tracking 
of microrobots or actuators in solution conditions. Recently, 
4D micro-printing of high-resolution, polychromatic, and  

Biomimetic stimuli-responsive structure colors (SCs) can improve the visu-
alization and identification in the micro functional structure field such as 
information encryption/decryption and smart actuators. However, it is still 
challenging to develop the ability to 4D print arbitrary submerged colorful pat-
terns with stimuli-responsive materials at the microscale. Herein, a hydrogel 
photoresist with feature resolution (98 nm) for the fabrication of 4D micro-
scopic SCs by the femtosecond direct laser writing method is developed. 
The 4D printed woodpile SCs are grouped as pixel palettes with various laser 
parameters and they spanned almost the entire color space. The coloring 
mechanism of diffraction gratings is not only investigated by optics micros-
copy and spectroscopy but also supported by simulation. Moreover, the 4D 
printed hydrogel-integrated amphichromatic fish constructions and pixelated 
painting can visually discolor reversibly by regulating the solution pH. This 
finding promises an ideal coloring method for sensors, anti-counterfeiting 
labels, and transformable photonic devices.

Research Article

1. Introduction

In recent years, with the rapid development of micro functional 
structure fields such as information encryption/decryption[1,2] 
and smart actuators,[3] there is an increasing demand for various 
stimuli-responsive structure colors (SCs) to improve the visu-
alization and identification in different conditions.[4–7] However, 
some existing stimuli-responsive SCs can only achieve switching 
of structure and optical properties in air conditions, and can’t 
achieve responsive SC changes under complex solutions.[8–10] 
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morphology-controllable submerged PRH-based SC devices by 
using fs-DLW is scarcely involved but highly desirable.

Herein, we develop a new solvent-free hydrogel recipe that 
allows 4D printing of programmable microscopic photonic 
structures by the fs-DLW techniques, utilizing a modified pH-
sensitive hydrogel with a resolution of 100 ± 2 nm. Thanks to its 
rapid responsivity to solution pH within 480  ms, the hydrogel-
constructed SC device could be reversibly switched between 
the swelling and deswelling operation in a more biocompat-
ible environment (pH ≈ 7) than previously reported (Figure 1). 
Additionally, we have systematically investigated the influence 
of layer numbers, writing speed, laser power, rod width, height, 
and interval on the SC displays. On this basis, the presentation 
of the SC device could be readily designed to cover almost the 
entire red–green–blue (RGB) color space in the CIE 1931 chro-
maticity diagram. Moreover, fundamental optics microscopy/
spectroscopy and finite-difference time-domain (FDTD) grant us 
a deeper understanding of the underlying mechanism of color-
switching of SC devices. Last but not least, by regulating the 
solution pH, the hydrogel-integrated amphichromatic fish and 
pixelated paintings could visually discolor in a reversible manner. 
The current approach to pH-responsive microscopic SC device is 
convinced to be profound guidance for the researchers occupied 
in identifiable and traceable features in the microscopic domain.

2. Results and Discussions

2.1. TPP Lithography of the pH-Responsive Biocompatible Hydrogel

Different from the reported use of a solvent to dissolve the solid 
thickener polyvinylpyrrolidone (PVP),[31] the hydrogen bond 

between PVP and AAC was used to directly dissolve the PVP 
by ultrasonic method without any other solvents (Figure 2a, S1, 
Supporting Information), which can increase the photoreactive 
group densities and the viscosity. As shown in Figure S2, Sup-
porting Information, our prepared precursor is homogeneous 
and transparent without any solid particles. It is worth men-
tioning that all components in the formulation were entirely 
commercially available to provide maximum accessibility and 
avoid additional chemical modification. Compared with sol-
vent-based hydrogel precursors (Figures S3 and S4, Supporting 
Information), we can see a better resolution with our new sol-
vent-free PRH under the same printing script. Although only 
present in small concentrations, the photoinitiators can excite 
free radicals through two-photon absorption, which caused 
the polymerization of monomers and crosslink. We devel-
oped three hydrogel photoresists with different photoinitiators 
4,4′-bis(diethylamino) benzophenone (EMK), diphenyl(2,4,6-
trimethylbenzoyl) phosphine oxide (TPO), and 7-diethylamino-
3-thenoylcoumarin (DETC). The scanning electron microscope 
(SEM) images show the free-hanging lines produced between 
two blocks become thinner and thinner as the direct writing 
speed increases from 200 to 500 µm s−1. The thinnest free-
hanging wire was 96 ± 5 nm for the precursor using EMK, 102 ±  
9 nm for the precursor using TPO, and 125± 6 nm for the pre-
cursor using DETC (Figure S5a, Supporting Information). But 
the ridges at the turning points in the pyramids are consider-
ably larger when TPO is the photoinitiator than when EMK is 
used.[32] So, the EMK was chosen as the ideal photoinitiator to 
ensure the fs-DLW structure with excellent structural integrity 
(Figure S5b, Supporting Information). To explore the min-
imum print resolution of our hydrogel materials, printing 2D 
line grating is a common method.[29,33] As shown in Figure S6,  

Small 2022, 2204630

Figure 1.  Schematic illustration of the color and shape changes of 4D printed microstructures using a pH-responsive hydrogel (PRH). The printed 
woodpile structures show a significant structural color in pH < 7 solutions. The deformation of the structures at pH > 7 solutions render it color 
changed, where it remains in a reversible color after changing the pH of the solution back. The electrostatic repulsion forces between carboxylate ions 
in acrylic acid (AAC) repel other molecular chains, resulting in a significant expansion of the polymer grid in the basic solution.
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Supporting Information, the minimum linewidth is 175  nm 
(Figure S6, Supporting Information), which is larger than the 
suspended line but is also better than that of other stimuli-
responsive hydrogel material.[34]

Then we also discuss the resolution and structural integrity 
of PRH with different ratios of AAC to PVP. For all precursors, 
the free-hanging lines produced between two blocks become 
thinner and thinner as the writing speed increases from 200 
to 500 µm s−1. When the amount of PVP added is very small, 
such as the weight ratio of AAC:PVP is 4:1, the width of the 
free-hanging line is stronger, but the structural integrity is very 
good (Figure 2b). When the ratio of AAC:PVP is reduced to 2:1, 
the width of the free-hanging line is reduced to 100 ± 2  nm. 
As the weight of PVP in the formulation was further increased, 
the laser power required to maintain structural integrity was 
higher. When the ratio of AAC:PVP is 1:1, the width of the free-
hanging line is 116 ± 12 nm, which is not much different from 
the ratio of 2:1 (Figure 2c). Nevertheless, the two-photon polym-
erization (TPP) of AAC:PVP = 1:1 hydrogel photoresist can’t be 

triggered at 6 mW power. The surface of the pyramid structure 
prepared by the ratio of AAC:PVP = 1:1 is not complete. So, 
the high resolution obtained is very relevant for the free rad-
ical polymerization process, the PRH with AAC:PVP = 2:1 is 
the ideal suitable formulation to ensure an excellent structural 
integrity of fs-DLW structures.

The printed structure by our PRH exhibited excellent pH-
responsive properties because the pendant acidic (carboxylic) 
groups exhibited weak and strong electrostatic repulsions in 
acid and alkaline solutions, respectively (Figure 1). In order to 
quantify the realistic deformation range of the pH-responsive 
structure during the expanded–contracted state, the expan-
sion ratio (εe and εc) is defined as the ratio of the length dif-
ference between the expansion state or contracted state to 
the contracted length, as shown in Figure S7, Supporting 
Information.[25] Therefore, the expansion ratio can reflect the 
relative deformation capacity of the structures. As shown in  
Figures S8–S10, Supporting Information, the typical relative 
expansion ratio (RER) of both cubic plate and single rod of the 
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Figure 2.  Schematic of the TPP process. a) The PRH includes AAC and PVP as the monomer, PETA as the crosslink, and EMK as the photoinitiator. 
b) Free-hanging lines were produced between two blocks and pyramids using the PRH with different ratios of AAC:PVP. The laser power was adjusted 
according to the integrity of the free-hanging lines. c) The curves about the line width change with the writing speed for PRH with different ratios of 
AAC:PVP. All data were averaged using 3 measurements of individuals and the error bars were calculated as the standard deviation from the mean.
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PRH was measured to be 45%. From the SEM images of the 
suspended line in the alkali condition (Figure S11, Supporting 
Information), we can see that the expansion rate of the single 
suspended line is 42.9% in the swelling environment, which is 
similar to the result we observed with an optical microscope. 
The SEM images and experimental observation also reveal that 
this PRH has good homogeneity and isotropic swelling char-
acteristics once the solution pH is greater than 7 (Figure S9a,  
Supporting Information), which has more advantages in 
terms of biocompatibility. According to the analysis of the Cell 
Counting Kit-8 (CCK-8) test, the total cell viability with our 
PRH at different time points was all higher than 96%, which 
was not significantly different from the control (Figure S12, 
Supporting Information). To evaluate the fatigue resistance 
of the printed PRH, the expansion ratio of the cubic plate is 
measured with multiple expansion and contraction cycles  
(Figure S9b, Supporting Information), validating the good rep-
etition performance of the PRH. By changing the laser pro-
cessing parameters, the expansion ratio can be quantitatively 
regulated. As shown in Figure S13, Supporting Information, 
not only is the response speed of the cubic structure by the 
new PRH we developed reduced down to a sub-second level 
(480 ms), but also the response speed of the complex woodpile 
structure can be maintained in the sub-second level (850 ms).

2.2. Polychromatic Structure Colors

Different 2D microstructures have been reported for printing 
responsive photonic crystals in the air,[35] The 3D woodpile struc-
ture was chosen because of its simple construction, rapid pat-
terning, and high mechanical stability.[33,36] After summarizing 
the prior art regarding DLW of color responsive components in 
Table S1, Supporting Information, our work has a high resolu-
tion of DLW using the acrylic-based hydrogel-based photoresists, 
the minimum feature size of the previously reported DLW cross-
linked acrylic copolymer was 500  nm. Our work also enables 
the fabrication of arbitrary 3D polychromatic structures using a 
single material, with pH-dependent color modulation under sub-
micrometer size. As shown in Figure 3a, the woodpile structure 
consists of orthogonal grating stacks, where dxy and dz represent 
the lateral and axial constants of the woodpile structure, w and 
h represent the width and height of the constituent rods. This 
polymeric woodpile structure (Figure  3b) with various dxy and 
dz parameters was directly written by using a femtosecond laser 
two-photon lithography system and formulated PRH. We investi-
gate the different colors achieved by the blocks with the woodpile 
structure and how these colors depend on the various designed 
parameters. A series of transmittance optical micrographs of the 
color palette was obtained at a range of laser power (6, 8, and 
14 mW). From the SEM image of the woodpile structure observed 
from the side view (three different SCs within the black box are 
plotted in Figure 3e), it can be seen that the rod width and rod 
height of the woodpile increase with the printing laser power, but 
the aspect ratio remained almost unchanged (Figure  3c,d). The 
two parameters dxy and dz can be varied by using MATLAB to 
create different 3D models. To study the effect of dxy and dz on 
color, we fabricated structures with a constant writing speed of 
300 µm s−1. When dz is smaller than 0.8 µm, the adjacent lines 
merge during the polymerization process, resulting in a series 

of nearly transparent patches at different dxy. When dz is bigger 
than 1.2 µm, the gap between two layers is too large, causing  
only yellow and blue to display with the variation of dxy. Thus, 
dz = 1.0 µm was chosen for our following study. The SEM images 
(Figure S14, Supporting Information) of the top and side view 
show detailed woodpile structures with dxy ranging from 0.7 to  
1.2 µm. A detailed feature size of 308  nm width of the rod has 
shown in Figure S15, Supporting Information, which further 
demonstrates that this size is more suitable for 2D grating 
models. We map the color coordinates of Figure 3e to the CIE 1931 
chromaticity diagram, demonstrating a fairly wide range of colors 
(Figure  3f), spanning almost the entire red–green–blue (RGB) 
color space. Itten’s Color Wheel consists of three primary colors 
(red, yellow, and blue), three secondary colors (orange, green, and 
purple), and six tertiary colors; and twelve printed color pixels 
with corresponding colors encircled the wheel (Figure S16, Sup-
porting Information). Also, as shown in Figure S17, Supporting 
Information, the structural color also changes with the change of 
the horizontal angle. When the horizontal angle reaches about 
15°, the diffraction color changes significantly.

2.3. Coloration Mechanism of SCs

To better understand the color generation of this design, we 
measured the transmission spectrum of the woodpile struc-
ture and performed FDTD simulations to obtain the spectrum 
(Figure 4a). As shown in Figures S18 and S19, Supporting 
Information, the refractive index n and extinction coefficient 
k of the PRH at both swelling or deswelling states were fitted 
based on the measured Δ and Ψ using the Cauchy dispersion 
function.[29,37] The simulation results show a good qualitative 
agreement with the experiment. A red-shift effect of the spec-
tral position is observed in Figure 4a. Since the increase in the 
number of layers only improves the purity and contrast of the 
SC, there is no color change with the increase in the number 
of layers (Figure S20, Supporting Information). When a beam 
of polychromatic light is incident on the woodpile structure, 
the transmitted beams are diffracted by the different layer. 
As shown in Table S2, Supporting Information, diffraction 
orders and corresponding colors of gratings are calculated by  
Equation (S9), Supporting Information, with different structural 
parameters. The simulated near-field electric field phase and 
amplitude for one periodic woodpile structure (fabricated with 
the laser power of 8 mW, write speed of 300 µm s−1, and the dz 
of 1.0 µm) at the wavelength of 430 and 600 nm are shown in 
Figure 4b and Figure S21, Supporting Information, respectively. 
The wavelength of 430 and 600 nm corresponds to the marked 
peak and dip of the spectrum in Figure 4a. The incident plane 
waves are assumed to pass through the glass substrate without 
scattering. After propagating through the woodpile structure, 
the wavefront is delayed compared to the wave fronts that pass 
through the water gap. As shown in the near-field phase plot 
in Figure 4b, the regions inside and directly above the rod line 
appear to accumulate phase faster than the middle region. The 
interference of these two transmitted light regions results in 
some focusing and redistribution of the optical energy flow 
(see the corresponding near-field electric field amplitude in  
Figure S21, Supporting Information), which results in 
strong coupling between orthogonally polarized waves at 
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the wavelength of 430  nm. For the peak and dip positions, 
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 transformation. Figure 4c 
shows the normalized far-field electric field amplitude within 
the objective collection angle (CA) for the dip (600  nm) and 
peak position (430  nm), respectively, corresponding to the 
experimental observations of the objective lens adopted in our 
experiment (the CA = 23.6°). The integration of the far-field 

electric intensity within the CS results in the transmittance 
spectra dip and peak shown in Figure 4a.

Woodpiles with different constants can be freely positioned and 
concatenated into a single object to enable color printing of 3D 
structures. To demonstrate the ability to print arbitrary and com-
plex 3D color objects at the microscopic level, we fabricated micro-
scopic models of fish (Figure 4d) and owl (Figure S22, Supporting 
Information) composed of woodpile structures. The fs-DLW format 
layout was generated by using MATLAB to create a 3D model of 

Small 2022, 2204630

Figure 3.  Polychromatic structure colors underwater and scanning electron micrographs (SEM) of woodpile structures. a) Schematics illustration of the wood-
pile structure. b) The SEM image of the woodpile structure. c) SEM image of the variation of rod width and height with different laser power, keeping the dz = 
1.0 µm and dxy = 1.0 µm. d) Variation curves of rod width and height under different laser powers. The data of rod width and height were averaged using 3 
measurements of individuals and the error bars were calculated as the standard deviation from the mean. e) Optical transmittance micrographs of printed color 
palette for a constant pitch of 25 µm but different dxy and dz at a range of laser power (6, 8, and 14 mW, respectively). Optically characterized NA is 0.65. f) The 
calculated color coordinates of Figure 3c are mapped onto the CIE 1931 chromaticity diagram, indicating the color gamut achieved from the woodpile structures.
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fish with different dxy of the woodpile structures. The optical micro-
graphs in Figure 4d, and Figures S15 and S23, Supporting Informa-
tion, show that the woodpile fish have a robust shape and structure, 
exhibiting polychromatic colors. Furthermore, we successfully fab-
ricated the pixelated structures with two different constants of dxy = 
0.7 (yellow) and 1.0 µm (blue) under a fixed dz = 1.0 µm and scan-
ning speed of 300 µm s−1. The letters U, S, T, and C are represented 
in Figure  4e, which demonstrates a simple application using the 

fs-DLW technique with our PRH. The image of each letter consists 
of 5 × 5 pixels, and each pixel is designed to be 20 µm.

2.4. pH-Triggered Switching of SCs

The pendant carboxylic groups exhibited weak and strong 
electrostatic repulsions in acid and basic solutions,  

Small 2022, 2204630

Figure 4.  Finite difference time domain (FDTD) analysis of the SCs. a) Measured and FDTD simulated transmittance spectra of structures with different 
dxy (from the black dashed rectangle in Figure 3c ranging from 0.7 to 1.2 µm). Marked positions λ1 = 430 nm and λ2 = 600 nm are used for FDTD field 
analysis in Figure 4b,c and Figure S16, Supporting Information. b) Cross-section view of nearfield normalized electric field phase and amplitude for a 
cycle of woodpile structure (laser power: 8 mW, write speed: 300 µm s−1, dxy = 1.0 µm, dz = 1.0 µm) at dip transmittance 600 nm and peak transmit-
tance 430 nm wavelength, respectively. The white box area represents one periodic woodpile structure. c) Top view of far-field normalized electric field 
amplitude for the above grid structure at dip transmittance 600 nm and peak transmittance 430 nm wavelength, respectively; the white circle represents 
the collection field for the microscope used in this work (CA = 23.6°). d) The fish structure with the woodpile. e) Optical transmittance micrographs 
of two printed color palettes for a constant pixel of 25 µm but varying dxy and dz for a range of laser power.
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respectively.[38] With the swelling or deswelling of the wood-
pile structure, the color of the fish and owl can also switch 
rapidly (Figure 5a, and Figure S22 and Movie S1, Supporting 
Information). As we before mentioned in Figures S10 and 
S11, Supporting Information, the PRH material we prepared 

has about 45% expansion ratio for simple block structures 
or suspended lines in alkaline conditions. To further inves-
tigate the pH-triggered swelling or deswelling of the sub-
micron scale woodpile structure, we printed a color palette 
(Figure  5b) with a fixed laser power of 8  mW and a write 

Figure 5.  pH responsive structure and colors change. a) Measured optical micrographs show the color change of red and blue woodpile fish in original, 
deformed, and recover status, respectively. In order to avoid the limitation of the substrate on the structure’s expansion and contraction and to fix the 
structure on the substrate, the different structures were fabricated on elongated cylindrical bases with 10 µm high. b) Different colors in original or 
deformed status were observed by the objective lens (CA = 23.6°) in transmittance mode (the laser power was kept at 8 mW, and the dz was varying 
from 0.8 to 1.2 µm with a step of 0.1 µm in the transverse direction, and the dxy was varying from 0.7 to 1.2 µm with a step of 0.1 µm in the vertical 
direction). The support micropillars with a semidiameter of 4 µm are added to prevent the structures in (a) and (b). c) Comparison of measured spectra 
in original and deformed status for three different grid structures (marked as I, II, and III in Figure 5b). d) Measured spectra of four swelling-deswelling 
cycles of red woodpile fish. Scale bars represent 10 µm. e) The butterfly painting deforms as the pH of the solution change. The support micropillars 
with a semidiameter of 10 µm are added to prevent the structures detached from the substructure.
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speed of 300 µm s−1 but varied the dxy and dz from 0.7 to  
1.2 µm horizontally with a step of 0.1 and 0.8 to 1.2 µm ver-
tically with a step of 0.1 µm, respectively. The solution was 
then changed to a weakly alkaline environment (pH > 7) with 
0.1 m NaOH solution added drop by drop, the overall wood-
pile structure also expanded by about 45% and the palette 
color changed rapidly, respectively. When the environment 
was changed back to acidic by the dropwise addition of 0.1 m 
HCl solution, all colors were recovered (Figure  5b). Due to 
the complex woodpile structure and overall large volume, the 
recovery process occurs in ≈850 ms. We compared the spectra 
of three different colors (labeled I, II, and III in Figure  5b) 
before and after the swelling and recovery process, as shown 
in Figure 5c. The spectra of the original and recovered colors 
are nearly identical, indicating the good recoverability of our 
4D printed hydrogel structures. The robustness of the wood-
pile fish structure was checked in Figure  5d by program-
ming its swelling and deswelling four times, the spectra for 
recovered structures in different cycles match well, indicating 
good repeatability of the woodpile structure. To demonstrate 
potential applications, we printed artwork images with blue 
butterflies, just like the “hidden digit” method used for color-
blindness testing (Figure  5e original and Movie S2, Sup-
porting Information). The image consists of 16 × 16 pixels, 
each designed to be 8 × 8 µm2, which shows a distinct but-
terfly in its original state. The painting was then swelled into 
a “hidden” image (Figure  5e deformed) by adding the basic 
solution. The blue butterfly disappeared because the color of 
the butterfly and its surroundings changed. The pH of the 
solution was adjusted to <7 by adding 0.1  m HCl solution, 
and the painting returned to the “display” state. A similar 
“hidden digit” approach can also be used to encrypt QR codes 
or DM codes as shown in Figure S24, Supporting Informa-
tion. Herein, we demonstrate optical changes in pixel pat-
terns triggered by solution pH, a simple application for visual 
identification using our new PRH-printed submerged SCs.

3. Conclusion

To sum up, a novel solvent-free PRH was successfully pre-
pared. By controlling the geometry of the woodpile struc-
ture at the submicron level, a series of submerged SCs was 
achieved, spanning nearly the entire RGB color space in the 
chromaticity diagram. The simulated spectra were obtained 
using the diffraction grating mechanism by the FDTD, which 
was in good agreement with the experimental results. The 
color-switching behavior was successfully achieved through 
the expansion of the woodpile structure when the pH of 
the solution was greater than the ionization threshold. This 
approach will open up potential applications of 4D printing 
with PRH in the information encryption/decryption and anti-
counterfeiting label fields.

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