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Light‑driven complex 3D shape 
morphing of glassy polymers 
by resolving spatio‑temporal stress 
confliction
Jong Hyeok Lee1, Jun‑Chan Choi 2, Sukyoung Won 1, Jae‑Won Lee2, Jae Gyeong Lee1, 
Hak‑Rin Kim 2* & Jeong Jae Wie 1*

Programmable 3D shape morphing of hot‑drawn polymeric sheets has been demonstrated using 
photothermal local shrinkage of patterned hinges. However, the hinge designs have been limited 
to simple linear hinges used to generate in‑plane local folding or global curvature. Herein, we 
report an unprecedented design strategy to realize localized curvature engineering in 3D structures 
employing radial hinges and stress‑releasing facets on 2D polymeric sheets. The shape and height of 
the 3D structures are readily controlled by varying the number of radial patterns. Moreover, they are 
numerically predictable by finite elemental modeling simulation with consideration of the spatio‑
temporal stress distribution, as well as of stress competition effects. Localized curvature engineering 
provides programming capabilities for various designs including soft‑turtle‑shell, sea‑shell shapes, 
and saddle architectures with the desired chirality. The results of local curvilinear actuation with 
quantifiable stress implies options to advance the applicability of self‑folded architectures embodying 
coexisting curved and linear geometric surfaces.

Self-folding of two-dimensional (2D) flat sheets is currently an area of interest for achieving programmable shape 
morphing into three-dimensional (3D) objects with minimized mechanical  joints1,2. Recently, the transformation 
of 2D sheets into 3D geometry has been achieved using various external stimuli including  light3–7,  heat1,8–11, mag-
netic  fields12–16, and  chemicals17–22. In particular, bi-axially stretched thermoplastic polymers have been widely 
researched for self-folding due to the simple and low-cost actuation process used. This process is initiated by 
harmless near-infrared (NIR)  light23–27. The bi-axially hot-drawn polymer sheets shrink at a temperature above 
that required for the polymer glass transition Tg, by recovering random polymer conformation of pre-stretched 
polymer chains for entropy gain. Printing of ink patterns facilitates selective contraction of polymer films by the 
localized absorption of photonic energy in the printed regions. Through this photo-triggered strain engineer-
ing, high strain deformation of rigid glassy polymers has been demonstrated to generate angular  structures23,26. 
Moreover, global curvature can be controlled by such as gradients of  color28 and the density and coverage of 
 inks27. Prediction of the photo-triggered 3D morphing has been achieved by analyzing the shrinkage effect of 
films only at hinge regions, and most previous research has been limited to control of simple folding-based shapes 
or to formation of gradually varying global  curvature23–25,28–31.

In this study, we demonstrate a design strategy for facile construction of centro-symmetric or chiral 3D struc-
tures. This strategy is intended for engineering of local and global curvilinear strain by systematic investigation 
of stress convolution effects using simple radial hinge patterns and rigid facets. For example, programmable 
curvilinear morphing at a desired height is readily available by designing the size of facets and the number of 
hinges without intricate patterns, without gradients in material properties (i.e. crosslink density), and without 
patterned light irradiation. In order to achieve reliable 3D shape morphing, rigid facets were introduced as stress 
dissipation regions. The photo-triggered 3D morphing effects were systematically discussed according to pre-
determined pattern conditions, such as the total number of hinges, symmetry of hinges, and the existence and 
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size of the facets. Furthermore, we implemented finite element modeling (FEM) simulation with considerations 
of spatio-temporal stress distribution and their stress competition effects. The FEM simulation revealed hidden 
mechanisms of a strain re-distribution effect in non-patterned regions, which is associated with the structuring 
of the final 3D curvature. Interestingly, analytical computation using the FEM simulation results could be used 
to predict photo-triggered birefringence. This was confirmed by experimental visualization of the photo-actuated 
polystyrene (PS) films with polarizing optical transmittance images. Based on the systematic experimental results 
and the computational analysis for pre-designed hinge patterns, complex bio-mimetic 3D shapes could be suc-
cessfully implemented. These included soft-turtle-shell and sea-shell shapes, for which the film actuation behav-
iours in the non-inked regions were as important as those in the inked, photo-actuating regions. Such actuation 
behaviours were also important in the formation of the final global 3D shapes. Furthermore, construction of 
saddle-like anticlastic architectures was achieved by selection of the desired chirality by introducing stress-releas-
ing chiral patterns. The light-triggered manipulation of local curvilinear strain with quantifiable stress provides 
a significant step toward design of complex, self-foldable, 3D architectures with coexisting curved, and linear 
geometric surface. The selective shape morphing, thereby, offers potential opportunities in shape-reconfigurable32 
and  deployable33 structures, tunable photonic  devices34, 4D  printing35, and soft  robotics34.

Results
Design of radial hinge patterns on bi‑axially pre‑strained PS film. The variation of radial hinge 
patterns on the 2D bi-axially pre-strained PS sheets provided programmable 3D curvature morphing via the 
NIR (λ = 600 to 1,600 nm) induced photothermal effects at the hinges. When the glassy pre-strained PS was 
heated above the PS Tg (~ 105 °C), PS sheets were subjected to shrinkage stress to recover a random polymer 
conformation due to entropy penalty. Undesired thermally conducted deformation of the non-inked region was 
minimized due to a large temperature deviation between the hotplate setting temperature (90 ºC) and high Tg 
of PS (105 ºC) as well as a fast heating rate by NIR exposure. Decent deformation of radial inked patterns in the 
bi-axially pre-strained polymer sheet was demonstrated in the hotplate-assisted photothermal system. With heat 
treatment in a 130 °C convection oven, an entire 5 × 5  cm2 polymer sheet exhibited 60% linear shrinkage (84% 
areal shrinkage), as shown in Fig. 1a. The drastic segmental change in conformation is visualized in Fig. 1b by 
presenting the optical transmittance of the PS films (before (■) and after (●) thermal treatment), with rotation 
of the films between parallel and crossed polarizers. Ideally, a PS film stretched along a bi-axially orthogonal 
direction with uniform strain should be optically isotropic for normal incident light without optical transmit-
tance under the crossed polarizer condition. This should be true for any angle of rotation of the film. However, 
Fig. 1b shows that the commercially available pristine PS film has retardation that caused it to exhibit optical 
anisotropy. This might originate from the discrepancy between the amount of bi-axial stretching that occurred 
during manufacture of the PS film. The optical axes of the birefringent bi-axially pre-strained pristine film were 
parallel with the pre-strained directions (Spx and Spy). After the thermally induced process of PS-film shrinkage 
was completed, the birefringent characteristics disappeared, as evident from the isotropic optical transmittance 
for both parallel and crossed polarizers. This dramatic optical change is indicative of the release of residual stress 
within the PS film during the dimensional shrinking at the polymer Tg

23–25,27–31,36. In our work, the birefringent 
behaviour of the pre-strained PS film was utilized as a visual tool for analyzing the morphing of the 3D curvature 
during photo-triggered strain engineering, which will be discussed in detail.

In our experiment, bi-axially pre-strained PS films were cut into circles with diameter of 4 cm, of which 
the uniform NIR intensity was secured from the Gaussian profile of the beam spot. On the flat PS films, inked 
radial patterns were printed with a general desk-top printer to demonstrate the localized heat-induced shrinkage 
effect. To investigate systematically the effects of localized shrinkage on centro-symmetric circular 3D curvature 
morphing, the number of the radial hinges was varied from 1 to 12, as shown in Fig. 1c. The angle of each hinge 
was 20°, regardless of the number of hinges. Hence, the surface coverage density of hinge patterns along the 
radial direction remained constant at a fixed radial hinge number while the inter-hinge distance was minimum 
at the center of the PS film. Moreover, the overall surface coverage density of the hinges over the entire surface 
area, systematically increased with higher pattern numbers. To explore the stress convolution and relaxation 
from the hinges and facets, we also introduced a non-inked round facet pattern at centers of varied diameter 
(D = 0, 1, 1.5, or 2 cm).

For contactless photothermal actuation, unpolarized NIR at 0.4 W cm−2 was used to irradiate the ink-pat-
terned PS film while it was on a hotplate at elevated temperature. Before the NIR light exposure, the samples were 
pre-heated on the hotplate for 30 s for thermal equilibrium. In our experiment, the hotplate was set at 100 °C, 
but the actual surface temperature measured at the top layer of the pristine PS film by a forward-looking infrared 
(FLIR) camera was 91 °C (Fig. 1d), indicating ambient cooling. Under this condition, in the case of a PS sheet 
without an inked pattern, the thermally induced shrinkage effect did not occur after NIR irradiation, as shown 
in Supplementary Fig. 1. This is because the film temperature did not reach the PS Tg (~ 105 °C). Conversely, 
the temperature of the PS sheet was elevated to over 110 °C when the black ink was printed over an entire PS 
sheet due to effective NIR absorption by the black ink. The spatially resolved surface temperature profile was 
recorded after 2 s of NIR irradiation. Despite the aforementioned uniform NIR irradiation conditions, the 
surface temperature distribution has a clear gradient because of heat conductance and heat capacitance effects 
within the film, as well as the effect of heat dissipation into the ambient air. Without introducing any specifically 
designed hinge patterns, after 9 s of NIR irradiation, the PS film exhibited crumpling behaviour that originated 
from non-uniform thermal and stress convolution effects.

Centro‑symmetric curvilinear 3D curvature morphing with photo‑triggered strain engineer-
ing. As shown in Fig. 2a, the time-resolved thermal images of the PS sample show controlled 3D shape mor-
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phing with 8 radial hinge patterns and a 2 cm central round facet. The PS film was placed on the hotplate and the 
patterned surfaces were subjected to an effective local increase in temperature due to the NIR irradiation, as evi-
dent from the FLIR camera results. However, NIR-induced shape morphing was not observed during the initial 
4 s of NIR irradiation. After continuous NIR irradiation over 4 s, the surface temperature of the ink-patterned 
regions exceeded the PS Tg while non-inked regions still had surface temperatures below the PS Tg. This localized 
glassy-rubbery phase transition resulted in localized shrinkage effects beneath the inked patterns, which drove 
the 3D shape morphing. The thermal shrinkage stress of the hinges was restricted along the radial direction by 
the adjacent glassy non-inked regions. Due to this interface effect, the thermal shrinkage of the hinges was more 
effective along the tangential direction than along the radial direction. Accompanying this interface-induced 
anisotropic shrinkage effect within the alternating patterned regions, the non-inked central facet area made 

Figure 1.  Design of the radial patterns and facets on bi-axially pre-strained PS films. (a) Global shrinkage of the 
pre-strained PS sheet by heat treatment in an oven at 130 °C (scale bar: 2 cm). (b) Polarization map of bi-axially 
pre-strained PS film with parallel and crossed polarizers by optical microscope. (c) Schematic illustration of the 
radial patterns (the number of radial patterns from 1 to 12) and circular facet design (the diameter of circular 
facets from 0 to 2 cm). (d) Exposure of NIR light to 2D patterns for 20 s on the pre-heated hotplate at 90 °C. The 
graph indicates the temperature range of the center of the pre-heated substrate.
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a significant contribution to the generation of reliable 3D curvilinear deformation by preserving rigid stress-
dissipating regions during folding-up of the radially patterned regions. The final structure from 3D-morphing 
was obtained after NIR irradiation for 14 s. The surface temperature of non-inked regions was measured to be up 
to 93 °C, lower than the PS Tg. This was a centro-symmetric circular 3D shape, unlike the result for the PS film 
sample with ink printed over its entire surface (see Supplementary Fig. 1).

To understand the mechanisms of dynamic 3D shape morphing, analysis of the spatially resolved stress effects 
is essential in order to account for the tension applied at the non-inked regions. This is induced by the anisotropic 
shrinkage effect occurring in the adjacent patterns. This spatial stress competition effect at interfaces results in 
temporal non-linear strain evolution for 3D curvilinear shape morphing. In the previous case of simple, linear 

Figure 2.  Time-resolved 3D shape morphing by photo-triggered curvilinear strain engineering. (a) 
Experimental results of the thermal images obtained by the FLIR camera (the scale bar: 2 cm). (b) FEM 
simulation results showing the temporal shape morphing and surface temperature distribution. Shown is PS 
film with a radial pattern (N = 8) and a non-patterned central facet region (D = 2 cm). The enlarged final image is 
presented to describe the formation of anticlastic curvature in the patterned regions by spatial stress competition 
effects between patterned and non-patterned regions. See Supplementary Movie 1 in the Supporting 
Information.
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folding-based, shape  morphing23–25,28–31, the effects from such spatial stress competition could be ignored because 
the dimensions of the linear hinge regions were highly localized, causing negligible conflict in the spatial stress.

To model the dynamic variation of complex 3D curvilinear morphing, we established an FEM method that 
considered the effects of spatio-temporal stress tensor reorganization within the shape morphing film. At every 
simulation step (using fine time intervals of 0.25 s), the relative spatial stress tensors were computationally 
obtained with respect to the previous simulation time step. During this computation, a finite amount of the 
temperature-dependent localized shrinkage effect was considered to be the perturbation source determining the 
temporal 3D shape morphing of the next time-step in the simulation. At each step, temperature re-distribution 
within the film was analyzed along the lateral and depth directions by accounting for heat conductance, heat 
capacitance, and heat dissipation effects toward the environmental boundaries. Based on the spatial temperature 
distribution computation, the temperature-dependent material parameters were updated for each time step 
of the simulations. More detailed information on the simulation conditions is presented in the Materials and 
Methods section. Similar to the experimental results, the 3D shape morphing in the FEM simulation caused 
by NIR-induced local photothermal effects, started at the 4 s time mark (Fig. 2b). Despite the complex stress 
re-distribution effects within the PS film, the temporal shape evolution at 14 s predicted by the FEM model was 
in good agreement with the experimental results. For the sample with a non-inked central facet, the final struc-
ture by the simulation also exhibited a centro-symmetric circular 3D curvature. Furthermore, both simulation 
and experiments demonstrated opposite signs of curvature along the tangential direction of the radial axes at 
the hinge pattern regions, as shown in the zoomed-in image of Fig. 2b. Interestingly, an anticlastic curvature 
was formed below the inked regions. This was because of the stress competition effects at the aforementioned 
glassy-rubbery interfaces, along with increase in the Poisson’s ratio (approaching 0.5)37 by the localized heating 
above the Tg. The dynamic 3D morphing shape (oblique view) and photo-triggered stress distribution (top view) 
produced by the simulation, are presented in Supplementary Movie 1.

Mechanisms of even–odd effects of hinge patterns and rigid facets. Unlike the conventional nar-
row linear hinge folding mechanism, centro-symmetric circular 3D curvature morphing requires significantly 
larger hinge areas, resulting in complex temporal stress distributions associated with the final 3D curvature 
structure. To elucidate the effects of the pattern geometry on the morphing of the centro-symmetric circular 
3D curvature, FEM simulations were performed according to the total number (N) of radial hinge patterns, 
which modify the relative coverage density of the hinge regions and inversion symmetry of the patterns (even–
odd effects). The presence of the central facet was also considered (identical NIR irradiation conditions). Fig-
ure 3 shows the FEM simulation results for the pattern-dependent 3D curvature formation, depicting the time-

Figure 3.  FEM simulation results of 3D curvature formation. (a)–(b) Four and five radial patterns without a 
central facet region. (c)–(d) Four and five radial patterns with central facet regions. Shown are even-numbered 
and odd-numbered radial patterns for samples with and without non-patterned central facet regions (D = 2 cm). 
For each set, there is an oblique view of the NIR-induced 3D shape morphing, top views of spatial stress maps, 
and a color map depicting the surface height distribution (top to bottom images, respectively).
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resolved shape morphing upon exposure to NIR actinic light, corresponding stress map, and a color map for the 
surface height profile. Note that the pre-strained axes (Spx and Spy) of the PS film, before NIR-induced actuation, 
were parallel to the x- and y-axis, respectively. Hence, the pre-strained axes were parallel with the radial pattern 
directions when N = 4. Without the central facet, the temporal and final 3D shape morphing that was actuated 
with the radial inked pattern of N = 4, was highly symmetric. This also resulted in symmetric stress and height 
distributions, as shown in Fig. 3a. However, the FEM results for N = 5 (Fig. 3b) show asymmetric behaviour in 
terms of strain, internal stress, and height distribution, as indicated with the dashed red circle in Fig. 3b. These 
observations can be further generalized to the even–odd effects of radial pattern numbers. As evident from the 
experimental results shown in Supplementary Fig. 2, the 3D shape morphing becomes more symmetric with 
an even-numbered pattern than with odd-numbered patterns owing to the nature of their inversion symme-
try. However, the symmetry is no longer sustainable even for even-numbered patterns when the total pattern 
number increases. Unlike the computational results, the experimental conditions were not ideal, deviating from 
the uniform NIR irradiation, NIR-absorption, and temperature-dependent viscoelasticity typical of polymeric 
films. The FEM results shown in Fig. 3a and b indicate that the highly increased internal stress distribution was 
concentrated near the center of the round-cut PS film and generated asymmetric stress conflict in the odd-num-
bered pattern cases. In addition, the initial experimental pre-strained amounts between the bi-axial directions 
were different, as indicated in Fig. 1b, whereas the simulations assumed uniform PS film pre-stretch along the 
bi-axial directions. Thus, the temporal asymmetric deformations (in experiments) accumulated until the final 
structuring, which resulted in the catastrophic failure of 3D shape morphing in cases of larger hinge numbers. 
These non-ideal deviations became more severe for odd numbers of hinges than for even numbers of hinges.

These undesired catastrophic failures could be mitigated by the introduction of central non-inked facets. As 
evident in Fig. 3c and d, the central stress is effectively dissipated around the glassy central facet region. Hence, 
the anisotropic shrinkage effects no longer generated highly concentrated stress convolution in the center region, 
resulting in morphing of the centro-symmetric circular 3D curvature. Importantly, symmetric behaviours could 
be obtained for both odd and even numbers of hinges. Similar to the computational analysis (Fig. 4a and Sup-
plementary Fig. 3), the experimental results (Fig. 4b and Supplementary Fig. 2) also show more reliable sym-
metric curvilinear morphing for both types of hinges. Due to the practical experimental conditions, distorted 
final 3D shapes were obtained with the smaller facets, or with larger number of hinges slightly deviating from 
the simulation results. However, the centro-focused stress conflict could effectively be alleviated using a facet of 
greater diameter. The centro-symmetric 3D curvilinear morphing was thus viable for large hinge numbers, as 
evident from Supplementary Fig. 2 and Supplementary Movie 2.

Figure 4.  Three-dimensional curvature formation according to the number of radial patterns with facet. (a) 
FEM simulation results for each sample condition and (b) experimental results (from the left to right, the top 
view images of the ink-patterned PS films with non-inked central facet region before NIR-induced actuation; 
top view images of the NIR-actuated films. The optical transmittance (It) images are as observed between 
crossed polarizers, and their side view images (of actuated samples turned upside down). From top to bottom, 
images are shown of samples with radial patterns with 3–8 arms with central facet region (D = 2 cm). The scale 
bar indicates 2 cm.
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As discussed for the computational and experimental results, the stress competition effects between the 
thermally actuating radial hinges and the non-inked regions, are extensively involved in the global shape control 
of the centro-symmetric 3D curvilinear morphing. The thermal actuated hinges generate tensile effects on the 
non-inked regions, and this causes re-distribution of the spatial strain axes in the non-inked regions as well. 
This was experimentally visualized using optical transmittance under crossed polarizers, as shown in Fig. 4b 
and Supplementary Fig. 4. In the experimental images, the incident beams at the hinges were blocked by the 
printed ink patterns, and the transmittance levels in the facet region and the non-inked radial pattern regions 
varied according to re-distributed strain axes from pre-strained axes. Under our experimental conditions, the 
optical transmittance in the non-inked regions decreased when the spatial stain axis was re-distributed towards 
the polarizer axis, which revealed a tensile stress effect by adjacent hinges.

Figure 4a and Supplementary Fig. 5 present the optical transmittance images produced by the simulation. 
To compute the spatial transmittance level, the re-distributed strain axes for both the hinges and the non-inked 
regions, were extracted from the FEM simulation results. In addition, the spatial retardation amounts were cal-
culated, reduced from the initial PS film condition. As shown in Fig. 1b, after sufficient thermal shrinkage, the 
optical retardation of the PS films disappeared. For simplicity of simulation, we assumed a linear relationship 
between the spatial shrinkage in the FEM simulation and the reduced optical retardation (∆Γ<0). Then, the 
spatial optical transmittance (It) could be expressed as  follows38,

where Φ is the azimuthal angle between the polarizer axis and the re-distributed strain axis, and Γi (~ 1.59 rad 
obtained from experimental measurement) is the optical retardation of the initial PS film. In Supplementary 
Fig. 5, the ∆Γ-dependent gray map images indicate high decrease of retardation at the localized hinge regions 
by the NIR irradiation, although we assumed that there were heat-flow effects within the PS film. Except for the 
boundary regions of the hinges, the gray map image shows negligible ∆Γ variation in the non-inked regions. 
However, the gray map images depicting the Φ-dependent function value (Eq. 1), show that there are significant 
pattern-dependent variations in the non-inked regions, indicating close stress interaction between the non-inked 
and hinge regions. Remarkably, the final sets of computational optical transmittance images (Supplementary 
Fig. 5) matched well with the experimental results illustrated in Supplementary Fig. 4.

We analyzed the covering shrinkage, height, and excess area ratio of 3D structures to evaluate quantitatively 
the effectiveness of the radial hinge patterns. Symmetric curvature depends on the number of radial lines and the 
inner facet diameter. When the initial area (A0) of the sample was reduced to A by NIR actuation, the shrinkage 
in percent (100 × (A0—A)/A0) was calculated using NIH ImageJ software, using a top-down image. Note that 
the initial sample area was 12.6  cm2 for all 4 cm circular PS samples. As evident from Fig. 5a, we confirm that 
the larger central facets provide enhanced linearity for the shrinkage against hinge numbers. The linearly pro-
portional correlation is indicative of uniform shrinkage from each pattern by effective stress dissipation through 
the facets. Because the shrinkage from the top-down image is the source of the height increase during the 2D 
to 3D shape morphing, substantial shrinkage may correspond with the extreme height of an actuated sample 
as the number of hinges increases. The average height of the 3D structure was calculated from three points in 
a side-view image, as shown in Fig. 5b. As expected, the absence of a central facet resulted in both non-linear 
shrinkage-hinge number correlations, as well as to difficulty with height control. Moreover, asymmetric height 
was observed for the samples without facets, while the presence of larger central facets allowed more uniform 
height after actuation. Interestingly, the presence of central facets resulted in saturation of the height, which 
means that the height of the final 3D structure could be programmed using the facet diameter. Because the height 
increase resulted from out-of-plane actuation, this height saturation effect indicates greater in-plane shrinkage at 
higher numbers of hinges. The in-plane shrinkage was localized at the hinges and this shrinkage stress was mainly 
dissipated at the hinge-facet interfaces. Hence, the vertices of hinges produced polygon-shaped deformation of 
the circular facet. By connecting each vertex of the hinges, we obtained an area of polygons (AP) and the excess 

(1)It ∝ sin
2(2�) · sin2

(

Ŵi +�Ŵ

2

)

Figure 5.  Analysis of radial hinge pattern effectiveness. (a) Shrinkage of shape-morphed films evaluated from 
a top-down view. (b) Height of shape-morphed films measured from side-view. (c) Excess area ratio of shape-
morphed films calculated from the top-down view (D: diameter of the central facet).
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area (AE) needed to calculate the excess area ratio (percentage, represented as 100 × AE /AP). As summarized in 
Fig. 5c, the excess area rapidly decreases with higher number of hinges. Therefore, by considering the discussions 
on shrinkage, actuated height, and excess ratio, uniform and symmetric polygonal shaping of initially circular 
facets was achieved, along with 3D structures of programmable height.

Complex 3D shape morphing: bio‑mimetic shapes and saddle shapes. Based on the results from 
evaluating pattern effectiveness, we realized bio-mimetic 3D curvature morphing through combinations of pat-
terns involving radial hinges and round facets. The pattern design shown in Fig.  6a has eight radial hinges 
printed at four corners of a square PS sheet (4 × 4  cm2). After uniform NIR irradiation, this sample was deformed 
via 3D self-structuring to form a soft-turtle-shell curvature. The top shell surface of the 3D-morphing final 

Figure 6.  Construction of complex 3D shapes using localized curvilinear deformation with radial hinge 
patterns and facets. (a) Soft-turtle-shell structure and (b) sea-shell structure. See Supplementary Movies 3 and 
4 of the time-resolved shape morphing and spatial-stress distribution of both samples. For each set, the upper 
images show the experimental samples before and after the NIR-induced actuation. The optical images with 
crossed polarizers are presented after actuation to visualize the re-distribution of strain axes. The bottom images 
are the FEM simulation results demonstrating temporal 3D shape morphing and induced stress distributions.
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structure possessed a gradually varying curvature and its polarizing image also showed a highly symmetric 
optical transmittance pattern. In Fig. 6a, the FEM simulation results show time-resolved 3D morphing and the 
photo-triggered stress distribution. The example of the photo-triggered complex 3D morphing of a soft-turtle-
shell structure shows that highly deformed shape morphing localized at four corners could also make 3D global-
shaped architecture in the non-inked region.

The radial hinge patterns (N = 6) and central facets (D = 0.75 cm) in Fig. 6b, were designed on two connected 
(1.5 cm diameter) circular boundary conditions for sea-shell 3D morphing. Interestingly, the global curvature 
formed in each round region and the folding-like actuation co-existed in the final sea-shell 3D morphing, as 
shown in the time-resolved simulations of Fig. 6b. Unlike the folding actuation achieved by the previous sharp 
line  hinges23–25,28–31, the folding actuation in Fig. 6b occurred in the non-inked region, clearly demonstrating the 
effects of stress propagation from the hinge interfaces. Hence, consideration of the photo-triggered interfacial 
stress effect in the non-inked regions, is indispensable for explaining 3D morphing, as with the previously dis-
cussed radial patterns. The FEM analysis presented again provides excellent agreement with the experimental 
sea-shell 3D morphing result. For both types of bio-mimetic 3D complex-shape morphing, the time-resolved 
simulations are presented in Supplementary Movie 3 and 4. Finally, we introduced modified radial hinges for 
realization of more complicated 3D curvature engineering. Figure 7a depicts a design with modified radial 
patterns (32 lines, internal angle of line is 5°, interval of lines is 11.25°, and diameter of inner black circle is 
0.33 cm) and a side-view image after actuation. Also shown is its optical transmittance image between crossed 
polarizers. In contrast with the single radial patterns discussed with Supplementary Fig. 2, Fig. 7a shows the 
interface regions between two radially patterned areas and two triangular facet areas. Thus, the photothermal 
shrinkage was restricted along the interfaces by the non-inked facets and the stress conflict at two centers of 
two radial patterns was released by forming a Viking-helmet-like 3D curvature during NIR-induced actuation 
(see Supplementary Movie 5). The edges of the radial patterns have larger deformation at the air interface, while 
larger radius of curvature was observed with facet interfaces due to the aforementioned stress dissipation. The 
triangular 3D morphing of the triangular facets suggests wide geometric potential for the design strategies using 
hinge and facet combinations.

In our previous pattern examples, we focused on self-structuring of the centro-symmetric 3D morphing 
by employing the stress-releasing facets. Figure 7b depicts a pre-designed scheme of the chiral radial hinge 
patterns introduced for resolving the stress-conflict effect. The hinge patterns have counter-clockwise or clock-
wise chirality consisting of 20 equiangular spirals with a 0.7 cm central black circle. After the photo-triggered 
engineering, the oblique images of Fig. 7b showed chirality selection of saddle-like 3D morphing, according to 
the chirality of the radial patterns. We discussed the effect of the localized anticlastic curvature formation in 
Fig. 2b. In Fig. 7b, Poisson’s effect resulted in the construction of global anticlastic curvature in the 3D shape 
having two orthogonal curvatures with opposite signs. Distortion of the chiral strain axis by the spiral hinges in 
the non-inked regions was observed, as evidenced by an optical transmittance image with crossed polarizers. 
The chiral saddle-like 3D morphing suggests that the introduction of chiral hinges provides an effective way of 
resolving the stress conflict effects during the photo-triggered 3D shape morphing from the 2D sheets. Conse-
quently, we are assured that introducing a simple radial hinge pattern design is capable of realizing a variety of 
3D curvilinear shape morphing.

Figure 7.  Construction of 3D saddle structures using localized curvilinear deformation with modified radial 
hinge patterns. (a) Achiral radial patterns to induce an achiral saddle (Viking helmet architecture) and (b) chiral 
radial patterns to induce a chiral saddle architecture (left: counter-clockwise, right: clockwise). The scale bars 
indicate 1 cm.
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Discussion
We demonstrated photo-triggered curvilinear strain engineering to achieve complex 3D structures from 2D 
glassy polymeric films. As a model system, we employed radial hinges and circular facets by printing black ink 
on bi-axially pre-strained PS films for photothermal stress induction and distribution, respectively. The number 
of radial patterns and diameter of the stress-distributing facet allowed the control of the spatial stress, which 
affected the pattern shape via shrinkage, height, and excess area ratio. When the coverage density of the radial 
patterns was too large for localized photo-shrinkage, or if the odd numbered patterns were employed without 
facets, catastrophic failures were observed due to high stress interactions or asymmetric spatial stress, respec-
tively. Due to the introduction of round facets, stress convolution effects were mitigated and the target centro-
symmetric 3D shapes were successfully constructed, with selection of polygonal geometry and height. The final 
3D structures predicted through the spatio-temporal FEM simulation were a good match with the experimental 
results that evolved dynamically during photo-actuation. To visualize the strain axis re-distribution effect that 
resulted from the spatial stress competition effects, we measured optical transmittance with crossed-polarizers, 
and again, successful prediction was achieved by the FEM simulation. By sophisticated design of hinge and facets 
using various boundary conditions, we implemented complex bio-mimetic 3D morphing that included soft-
turtle-shell and sea-shell structures, in both experiments and FEM simulations. Furthermore, local and global 
anticlastic curvature engineering was achieved with the selection of achiral, clockwise, and counter-clockwise 
chirality for 3D saddle architectures. Photothermal morphing of the PS sheets secured resultant configuration 
owing to high Tg. Consequently, we expect that deployable  structures33 through curvilinear strain-engineering 
will be produced with consistency with use of commercial PS, based on the localized curvature predicted by FEM 
simulations. In addition, recoverable soft materials such as liquid crystal  elastomers39, shape memory  polymers34, 
and  vitrimers40 will be eligible for reversible actuation. This curvilinear strain-engineering design strategy and 
spatio-temporal stress analysis will enable expanded complexity of actuation in applications requiring shape-
reconfigurable scaffolds, tunable photonic devices, 4D printing, and soft robots.

Methods
Photo‑triggered curvilinear strain engineering. Two-dimensional radial patterns were printed onto 
0.25 mm-thick bi-axially pre-stretched PS sheets (Grafix, Shrink film KSF-C) using a desktop laser printer (HP 
MFP M277dw). The patterned PS sheets were cut into 4 cm-diameter circular shapes with a non-inked inner 
facet (facet diameter = 0, 1, 1.5, or 2 cm). The number of radial hinge patterns was systematically varied from 1 
to 12. The NIR-triggered shape morphing of the PS sheets was conducted on a hot place at 100 °C (Misung Sci-
entific, HS 180) after 30 s of equilibrium for temperature stabilization. The localized shrinkage of the PS sheets 
in the ink-patterned areas occurred upon exposure to 0.4 W cm−2 NIR light (UNIX, UIM-250) within 1 min, 
resulting in autonomous shape morphing into 3D architectures. The localized temperature elevation of the PS 
sheets was measured using FLIR camera (FLIR Systems, Inc.). The optimal NIR exposure of 14 s resulted in the 
3D structure from the 2D polymer sheet without unexpected crumpling and/or burns from overheating (see 
Supplementary Fig. 6). Young’s modulus of PS glassy-rubbery region was measured in by dynamic mechanical 
analyzer (DMA) (see Supplementary Fig. 7).

Spatio‑temporal FEM simulation. The computational analysis of pattern-dependent 3D shape mor-
phing was performed using an FEM simulation (COMSOL Multiphysics, COMSOL Inc.). The temporal evolu-
tion of the spatial stress tensor distribution and its dynamic 3D curvilinear deformation was calculated with time 
intervals of 0.25 s in order to consider the stress competition effect between the inked and non-inked regions, 
as well as the temperature-dependent material parameter variations during pattern-dependent selective heat-
ing. At each time step of the FEM simulations, the spatial temperature conditions for the hinges and non-inked 
regions were analyzed along the lateral and depth directions, considering the thermal conductivity and thermal 
capacitance of the PS film. In addition, the spatial thermal shrinkage effects and the stress-competition between 
adjacent mesh elements were obtained at each time step for calculation of the next time step of the simulation. 
Among the temperature-dependent material parameters, Young’s modulus and Poisson’s ratio were adopted 
from the material library of COMSOL Multiphysics. The temperature profiles of Fig. 2 show that non-inked 
regions still remain at glassy state up to the moment of the final 3D structuring but the inked regions undergo 
phase transition to a rubbery state. For the simulation, the Poisson’s ratio value varying from 0.347 at 25 °C to 
0.410 at 135 °C is applied. The heat dissipation effects from the PS films toward the environmental boundaries 
were reflected by considering the air convection as a heat transfer coefficient of 100 W m−2 K−1 where the initial 
air temperature condition at each simulation time step of the FEM analysis was reset at 90 °C. Between each time 
interval of the FEM simulation, temperature re-distribution of the air near the PS film was computed. In consid-
eration of these temperature-dependent simulation conditions, we are able to confirm that FEM results matched 
well with the experimental results of the photo-triggered curvilinear 3D morphing. The surface temperature 
profile of the inked layer was experimentally measured (see Supplementary Fig. 8) as a function of the time of 
exposure to NIR irradiation, and then applied in the FEM simulation.

Received: 20 November 2019; Accepted: 11 June 2020

References
 1. Felton, S. M. et al. Self-folding with shape memory composites. Soft Matter 9, 7688–7694 (2013).
 2. Felton, S., Tolley, M., Demaine, E., Rus, D. & Wood, R. A method for building self-folding machines. Science 345, 644–646 (2014).



11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10840  | https://doi.org/10.1038/s41598-020-67660-9

www.nature.com/scientificreports/

 3. Ikeda, T., Nakano, M., Yu, Y., Tsutsumi, O. & Kanazawa, A. Anisotropic bending and unbending behavior of azobenzene liquid-
crystalline gels by light exposure. Adv. Mater. 15, 201–205 (2003).

 4. Lendlein, A., Jiang, H., Jünger, O. & Langer, R. Light-induced shape-memory polymers. Nature 434, 879–882 (2005).
 5. de Haan, L. T. et al. Accordion-like actuators of multiple 3D patterned liquid crystal polymer films. Adv. Funct. Mater. 24, 1251–

1258 (2014).
 6. Zhang, L., Liang, H., Jacob, J. & Naumov, P. Photogated humidity-driven motility.  Nat. Commun. 6, 7429 (2015).
 7. Zhao, Z. et al. Origami by frontal photopolymerization.  Sci. Adv. 3, e1602326 (2017).
 8. Luo, J. K. et al. Fabrication and characterization of diamond-like carbon/Ni bimorph normally closed microcages. J. Micromech. 

Microeng. 15, 1406–1413 (2005).
 9. Luo, J. K. et al. Modelling and fabrication of low operation temperature microcages with a polymer/metal/DLC trilayer structure. 

Sens. Actuators A Phys. 132, 346–353 (2006).
 10. Suzuki, K., Yamada, H., Miura, H. & Takanobu, H. Self-assembly of three dimensional micro mechanisms using thermal shrinkage 

of polyimide. Microsyst. Technol. 13, 1047–1053 (2007).
 11. Xu, W. et al. Self-folding hybrid graphene skin for 3D biosensing. Nano Lett. 19, 1409–1417 (2019).
 12. Iwase, E. & Shimoyama, I. Multistep sequential batch assembly of three-dimensional ferromagnetic microstructures with elastic 

hinges. J. Microelectromech. Syst. 14, 1265–1271 (2005).
 13. Boncheva, M. et al. Magnetic self-assembly of three-dimensional surfaces from planar sheets. Proc. Natl. Acad. Sci. USA 102, 

3924–3929 (2005).
 14. Mohr, R. et al. Initiation of shape-memory effect by inductive heating of magnetic nanoparticles in thermoplastic polymers. Proc. 

Natl. Acad. Sci. USA 103, 3540–3545 (2006).
 15. In, H. J., Lee, H., Nichol, A. J., Kim, S.-G. & Barbastathis, G. Carbon nanotube–based magnetic actuation of origami membranes. 

J. Vac. Sci. Technol. B Microelectron Nanom. Struct. Process. Meas. Phenom. 26, 2509–2512 (2008).
 16. Ahmed, S., Ounaies, Z. & Frecker, M. Investigating the performance and properties of dielectric elastomer actuators as a potential 

means to actuate origami structures. Smart Mater. Struct. 23, 094003 (2014).
 17. Lee, H., Xia, C. & Fang, N. X. First jump of microgel; actuation speed enhancement by elastic instability. Soft Matter 6, 4342–4345 

(2010).
 18. Ma, Y. et al. Polyelectrolyte multilayer films for building energetic walking devices. Angew. Chem. Int. Ed. 50, 6254–6257 (2011).
 19. Wu, Z. L. et al. Three-dimensional shape transformations of hydrogel sheets induced by small-scale modulation of internal stresses. 

Nat. Commun. 4, 1586 (2013).
 20. Palleau, E., Morales, D., Dickey, M. D. & Velev, O. D. Reversible patterning and actuation of hydrogels by electrically assisted 

ionoprinting. Nat. Commun. 4, 2257 (2013).
 21. Arazoe, H. et al. An autonomous actuator driven by fluctuations in ambient humidity. Nat. Mater. 15, 1084 (2016).
 22. Yang, Y., Terentjev, E. M., Wei, Y. & Ji, Y. Solvent-assisted programming of flat polymer sheets into reconfigurable and self-healing 

3D structures. Nat. Commun. 9, 1906 (2018).
 23. Liu, Y., Boyles, J. K., Genzer, J. & Dickey, M. D. Self-folding of polymer sheets using local light absorption. Soft Matter 8, 1764–1769 

(2012).
 24. Liu, Y., Mailen, R., Zhu, Y., Dickey, M. D. & Genzer, J. Simple geometric model to describe self-folding of polymer sheets. Phys. 

Rev. E 89, 042601 (2014).
 25. Liu, Y., Miskiewicz, M., Escuti, M. J., Genzer, J. & Dickey, M. D. Three-dimensional folding of pre-strained polymer sheets via 

absorption of laser light. J. Appl. Phys. 115, 204911 (2014).
 26. Lee, Y., Lee, H., Hwang, T., Lee, J.-G. & Cho, M. Sequential folding using light-activated polystyrene sheet. Sci. Rep. 5, 16544 (2015).
 27. Hubbard, A. M., Mailen, R. W., Zikry, M. A., Dickey, M. D. & Genzer, J. Controllable curvature from planar polymer sheets in 

response to light. Soft Matter 13, 2299–2308 (2017).
 28. Liu, Y., Shaw, B., Dickey, M. D. & Genzer, J. Sequential self-folding of polymer sheets. Sci. Adv. 3, e1602417 (2017).
 29. Mailen, R. W., Liu, Y., Dickey, M. D., Zikry, M. & Genzer, J. Modelling of shape memory polymer sheets that self-fold in response 

to localized heating. Soft Matter 11, 7827–7834 (2015).
 30. Mailen, R. W., Dickey, M. D., Genzer, J. & Zikry, M. Effects of thermo-mechanical behavior and hinge geometry on folding response 

of shape memory polymer sheets. J. Appl. Phys. 122, 195103 (2017).
 31. Mailen, R. W., Dickey, M. D., Genzer, J. & Zikry, M. A. A fully coupled thermo-viscoelastic finite element model for self-folding 

shape memory polymer sheets. J. Polym. Sci. Part B Polym. Phys. 55, 1207–1219 (2017).
 32. Xiong, J. et al. Self-restoring, waterproof, tunable microstructural shape memory triboelectric nanogenerator for self-powered 

water temperature sensor. Nano Energy 61, 584–593 (2019).
 33. Chen, T., Bilal, O. R., Lang, R., Daraio, C. & Shea, K. Autonomous deployment of a solar panel using elastic origami and distributed 

shape-memory-polymer actuators. Phys. Rev. Appl. 11, 064069 (2019).
 34. Park, J. K. et al. Remotely triggered assembly of 3D mesostructures through shape-memory effects. Adv. Mater. 31, 1905715 (2019).
 35. Sydney Gladman, A., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L. & Lewis, J. A. Biomimetic 4D printing. Nat. Mater. 15, 413 

(2016).
 36. Zhang, Q. et al. Origami and kirigami inspired self-folding for programming three-dimensional shape shifting of polymer sheets 

with light. Extreme Mech. Lett. 11, 111–120 (2017).
 37. Robertson, C. G., Bogoslovov, R. & Roland, C. M. Effect of structural arrest on poisson’s ratio in nanoreinforced elastomers. Phys. 

Rev. E. 75, 051403 (2007).
 38. Yang, D. K. & Wu, S. T. Fundamentals of Liquid Crystal Devices 73–82 (Wiley, London , 2006).
 39. Ware, T. H., McConney, M. E., Wie, J. J., Tondiglia, V. P. & White, T. J. Voxelated liquid crystal elastomers. Science 347, 982–984 

(2015).
 40. Yang, Y., Pei, Z., Li, Z., Wei, Y. & Ji, Y. Making and remaking dynamic 3D structures by shining light on flat liquid crystalline 

vitrimer films without a mold. J. Am. Chem. Soc. 138, 2118–2121 (2016).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (NRF-2016R1D1A1B03931678, 2019R1A2C1005531, and 2019M3D1A2103919).

Author contributions
J.J.W. and H.-R.K. originated the concept and directed the project. J.H.L., S.W., and J.G.L. performed the pattern 
designs and experiments. J.-C.C. and J.-W.L. conducted the FEM simulation and shape analysis. J.H.L., J.-C.C., 
S. W., H.-R.K., and J.J.W. wrote the paper. All authors participated in discussion of the research.

Competing interests 
The authors declare no competing interests.



12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:10840  | https://doi.org/10.1038/s41598-020-67660-9

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-67660 -9.

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

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons 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://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-67660-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Light-driven complex 3D shape morphing of glassy polymers by resolving spatio-temporal stress confliction
	Anchor 2
	Anchor 3
	Results
	Design of radial hinge patterns on bi-axially pre-strained PS film. 
	Centro-symmetric curvilinear 3D curvature morphing with photo-triggered strain engineering. 
	Mechanisms of even–odd effects of hinge patterns and rigid facets. 
	Complex 3D shape morphing: bio-mimetic shapes and saddle shapes. 

	Discussion
	Methods
	Photo-triggered curvilinear strain engineering. 
	Spatio-temporal FEM simulation. 

	References
	Acknowledgements


