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Turing pattern–based design and fabrication of
inflatable shape-morphing structures
Masato Tanaka1†*, S. Macrae Montgomery2†, Liang Yue2, Yaochi Wei2, Yuyang Song1,
Tsuyoshi Nomura3, H. Jerry Qi2*

Turing patterns are self-organizing stripes or spots widely found in biological systems and nature. Although
inspiring, their applications are limited. Inflatable shape-morphing structures have attracted substantial re-
search attention. Traditional inflatable structures use isotropic materials with geometrical features to achieve
shape morphing. Recently, gradient-based optimization methods have been used to design these structures.
These methods assume anisotropic materials whose orientation can vary freely. However, this assumption
makes fabrication a considerable challenge by methods such as additive manufacturing, which print isotropic
materials. Here, we present a methodology of using Turing patterns to bridge this gap. Specifically, we use
Turing patterns to convert a design with distributed anisotropic materials to a distribution with two materials,
which can be fabricated by grayscale digital light processing 3D printing. This work suggests that it is possible to
apply patterns in biological systems and nature to engineering composites and offers new concepts for future
material design.
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INTRODUCTION
Turing patterns (Fig. 1, A and B) (1) are self-organizing patterns
with stripes or spots and are widely found in biological systems
and nature at multiple spatial scales, such as lizard skin (2), fish
skins (3, 4), and sand dunes (5). In his seminal work (1), Turing
described how patterns can be formed autonomously from a homo-
geneous initial state through a process governed by reaction-diffu-
sion equations. In Turing’s model, a pattern-forming system
consists of two diffusible species, one promoting the production
of both species and the other one inhibiting the production of the
first. Both species diffuse and thus influence their own and the
other’s concentrations, forming stripes or spots in the concentra-
tion field. The Turing pattern is regarded as a standard mathemat-
ical model and is one of the universal strategies for pattern forming
in nature (4), not only in living biological organisms but also in
nonliving systems such as patterns on sand surfaces. Figure 1A
shows different Turing patterns using the same governing equations
but different parameter values (4). Furthermore, by modifying the
reaction-diffusion equations, patterns seen in biological systems can
be replicated (Fig. 1B) (6, 7). Inspired by the vast versatile Turing
patterns that are formed autonomously, it is intriguing to find
their implications in engineering, such as additive manufacturing
(AM) andmaterial design. However, applying Turing pattern to en-
gineering problems has been very limited. Recently, Petrovic
et al.(8) used Turing patterns to reconstruct orientation-controlled
line and space patterns with thermally optimized vector fields. On
the basis of this idea, Turing patterns have been used to inhomogen-
ize microstructures on global structures. Dede et al. (9) designed
fluidic microchannels with Turing patterns, and Zhou et al.(10)

extended them into microchannel reactor designs. Nomura et al.
(11) have also designed steer pathways for continuous fiber compos-
ites by optimizing the local orientation of the fiber direction. Fol-
lowing these studies, Ichihara and Ueda (12) applied the Turing
pattern mechanism for path planning in fused filament fabrication
three-dimensional (3D) printing of short fiber reinforced compos-
ites to enhance mechanical properties and have achieved promising
results. Although these early works are promising, using Turing pat-
terns for material design has not been explored.

Inflatable shape-morphing structures that can easily change to
complicated shapes with a simple pressure input have attracted sub-
stantial research attention in science and engineering to realize
complex functions in a variety of fields, including soft robots (13–
16), medical equipment (17), and wearable assistive devices (18).
Traditional inflatable structures are designed and manufactured
with isotropic materials such that shape morphing is controlled
by their initial geometrical features (19), stitching or sealing along
curvilinear paths (20–22), Kirigami pattern (23), or using multiple
materials through complicated fabrication (24–26). Some recent
works developed shape-morphing surface-based structures
through changing the local curvature of the surface by controlling
in-plane anisotropic deformation via, e.g., elastic bilayers (27), tem-
perature-responsive hydrogels (28), network of tubular air channels
(29), or liquid crystal elastomer with locally controlled mesogen
alignment (30). These approaches require either local geometrical
features (such as local grooves) or active materials with anisotropic
actuations, which also increase the fabrication complexity and limit
the achievable design space. The design of inflatable shape-morph-
ing structures thus often relies on a designer’s experience and
knowledge combined with trial-and-error manufacturing to arrive
at a desired final shape when inflated. Machine learning–based
methods have been used to design material distributions to
achieve targeted deformed shapes (31–34). However, most of the
designs are limited to 1D or 2D. Recently, numerical shape and ori-
entation optimization using gradient-based methods (19, 28, 30) in-
volving nonlinear physical simulations has been used to determine

1Toyota Research Institute of North America, Toyota Motor North America, Ann
Arbor, MI 48105, USA. 2The GeorgeW.Woodruff School of Mechanical Engineering,
Georgia Institute of Technology, Atlanta, GA 30332, USA. 3Toyota Central R&D Lab-
oratories Inc. , Bunkyo-ku, Tokyo 112-0004, Japan.
†These authors contributed equally to this work.
*Corresponding author. Email: masato.tanaka@toyota.com (M.T.); qih@me.gatech.
edu (H.J.Q.)

Tanaka et al., Sci. Adv. 9, eade4381 (2023) 10 February 2023 1 of 9

SC I ENCE ADVANCES | R E S EARCH RESOURCE



the design parameters. In these methods, it is assumed that the ma-
terial is anisotropic, and the orientation of anisotropy can vary
almost freely within the structure. However, this assumption
makes fabrication of these structures a major challenge. For
example, Aharoni et al. (30) used photomasks with designed pat-
terns to align the mesogens of liquid crystal elastomers. However,
for each design, a photomask should be made first. In addition,
such an approach may have challenges when applied to nonflat
surfaces.

AM or 3D printing demonstrates considerable potential to con-
struct optimized structures derived from computational design.
Compared with traditional subtractive manufacturing processes,

3D printing can place materials in 3D pixels (voxels) to fabricate
a wide range of structures with rich geometries. Recently, pro-
grammed 3D shape or 4D printing is emerging as a new paradigm
in AM and receiving increasing attention because it provides the as-
printed structures with the ability to transform into new shapes or
to alternate functions or stiffness over time according to environ-
mental stimuli such as air pressure, heat, humidity, electric
current, or light (35–37). Therefore, 3D printing can be ideal for
fabricating inflatable shape-morphing structures. However, it is
challenging to achieve 3D printed anisotropic materials whose ori-
entation of anisotropy can vary freely. Extrusion-based AM
methods, such as direct-ink write, can achieve anisotropic

Fig. 1. Overview of the Turing pattern–based design and fabrication of inflatable shape-morphing structures. (A) Turing patterns generated by the same reaction-
diffusion equations with different parameter values (4) [reproduced with permission from the American Association for the Advancement of Science (2010)]. (B) Patterns
seen in biological systems can be replicated bymodified reaction-diffusion equations (6, 7) [reproduced with permission from Springer Nature (1995) and Taylor & Francis
(2006)]. Map puffer image credit: cbimages/Alamy Stock Photo. Blue-spotted puffer image credit: Aquascopic/Alamy Stock Photo. (C) The gap between design using
orientation distribution of anisotropic materials and existing 3D printing technologies. (D) The integrated design framework that streamlines material orientation design
optimization, converting material orientation distribution into a Turing pattern consisting of two materials (one stiff and one soft), and 3D printing the design with a
Turing pattern into inflatable shape-morphing structures using a highly efficient g-DLP printing.
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properties (36, 38), but it is challenging to vary the anisotropy freely
from voxel to voxel. Digital light processing (DLP) technology is a
high-speed, high-resolution method. In this technology, an ultravi-
olet (UV) light pattern is irradiated toward a transparent membrane
window at the bottom of a vat of photocurable polymer resin
(Fig. 1B, right). The light pattern causes a thin layer of the liquid
resin between the transparent window and a movable build plate
to solidify rapidly. The build plate is then moved upward, allowing
the fresh liquid resin to refill. Then, a new image is projected into
the resin vat. This process is repeated until the entire part volume
has been formed. However, in this approach, the material is largely
isotropic in the build plane. Although a magnetic field can be used
to align short fibers coated with magnetic nanoparticles to create
locally controlled anisotropy (39, 40), achieving voxel-level
control of anisotropy would be extremely challenging, as it requires
frequently rotating the magnetic field to align the fibers toward the
anisotropic orientation direction. Recently, a grayscale DLP (g-
DLP) was developed that allows printing materials with markedly
different mechanical properties within a single layer (41). Thus, it
is possible to make neighboring voxels have a marked difference in
mechanical properties, but each voxel is still isotropic. It is therefore
still a large gap between the anisotropic material–based design and
3D printing (Fig. 1C).

Here, we present a methodology of using Turing patterns to
bridge this gap. Specifically, we use the Turing pattern to convert
a design with continuous anisotropic material distributions to a
binary distribution with two materials, one stiff and one soft. This
is achieved by replacing the anisotropic diffusion tensors with the
material orientation tensors in the reaction-diffusion equations, and
the obtained Turing pattern can be used for 3D printing. We
develop an integrated framework that streamlines material orienta-
tion design optimization, converting material orientation distribu-
tion into a Turing pattern consisting of two materials and 3D
printing the design with the Turing pattern into an inflatable
shape-morphing structure using a highly efficient single-vat g-
DLP (Fig. 1D) (41). We demonstrate this by designing inflatable
shape-morphing tubular structures, which can be used for soft
robotic fingers. This research represents a practical method for
using the Turing pattern for material design in structure and func-
tional applications. It also suggests that it is possible to apply pat-
terns in nature and biological systems to engineering composites
and may offer new concepts for future material design.

RESULTS
Overview of the integrated design and manufacturing
approach
Figure 1D shows an overview of our integrated framework of the
streamlined digital design and manufacturing of shape-morphing
inflatable structures. In step 1, we set the distance between two
edges as an objective function to be minimized for a target shape.
We assume that thematerial is anisotropic and its orientation can be
locally adjusted at each material point. In step 2, we optimize the
distribution of material orientations using a gradient-based optimi-
zation method incorporated with nonlinear shell finite elements to
morph the structures into the desired shape upon inflation. This
results in the targeted shape. In step 3, the anisotropic reaction-dif-
fusion equations are used to generate the Turing pattern consisting
of two materials. The anisotropic diffusion coefficients in the

reaction-diffusion equations are replaced by the orientation
tensors derived from the orientation optimization step. In step 4,
the generated binarized Turing pattern is passed as a computer-
aided design file for g-DLP 3D printing. In our g-DLP 3D printing
system, the formulated UV curable resin can provide a variable stiff-
ness from stretchable elastomer to glassy polymer that can be mod-
ulated by the light intensity (see the “Materials for DLP printing”
section and section S1). Last, we obtain the shape-morphing inflat-
able structures that can morph into desired shapes with a simple air
pressure.

Optimization design of material orientation distribution
In the orientation optimization step, we consider the structure as a
thin shell. A transversely isotropic model is used to represent that
the material has only one preferred direction (in the shell plane).
The following six components (a11, a22, a33, a12, a23, and a13) of a
symmetric orientation tensor a are regarded as design variables

½a� ¼
a11 a12 a13
a12 a22 a23
a13 a23 a33

2

4

3

5 ð1Þ

These components are not independent and subject to the first,
second, and third tensor invariant conditions I1, I2, and I3 as follows

I1 ¼ trðaÞ ¼ a11 þ a22 þ a33 ¼ 1 ð2Þ

I2 ¼
a22 a23
a23 a33
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I3 ¼ detðaÞ ¼ 0 ð4Þ

The second and third invariant constraints can be further real-
ized by (42)

a2ij ¼ aiiajj for ði; jÞ ¼ fð1; 2Þ; ð1; 3Þ; ð2; 3Þg ð5Þ

The above orientation tensor is then used to rotate the elastic
tensor C t of the transversely isotropic material, which is defined
by assuming a unidirectional fiber-reinforced composite with
Young’s modulus Ef = 122 MPa and Em = 0.7 MPa, Poison’s ratio
νf = 0.49 and νm = 0.49, volume fraction Vf = 0.5 and Vm = 0.5, re-
spectively (see the “Models” section and section S2 for details).

In the optimization process, we assume that only the material
orientation tensor (Eq. 1) is adjusted at individual material points
in the structure and the elastic tensor C t is constant. To reduce the
computational load, we further assume that the material orienta-
tions are designed element-wise in the finite element method
(FEM) simulations. The overall optimization can be summarized
as follows

Minimize
aijðxÞ

JðuÞ ð6aÞ

Subject to aijðxÞ [ ½δij � 1; 1� ð6bÞ

g1 :¼ a11 þ a22 þ a33 � 1 ¼ 0 ð6cÞ
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g2 :¼ a2ij � aiiajj ¼ 0 for ði; jÞ ¼ fð1; 2Þ; ð1; 3Þ; ð2; 3Þg ð6dÞ

where J is the objective function, x is the position vector in a fixed
design domain, and u is the displacement field obtained by FEM
simulation. To avoid the numerical instability during optimization
that often occur in the angular or vector representations due to the
cyclic behavior of trigonometric functions (42), we relax the first
tensor invariant constraint condition (Eq. 6c), i.e., I1 is allowed to
be less than one, as g1 ≤ 0. More technical issues regarding orienta-
tion optimization are discussed in detail in (10, 42). We simulate the
inflation of thin-shell structures using the geometrically nonlinear
FEM (see the “Models” section and section S3 for details). The total
Lagrangian formulation is used to allow for large displacements and
finite rotations. Internal pressure is modeled as a follower force that
always acts in the normal direction of the surface with a uniform
magnitude (43).

Conversion of material orientation distribution to
Turing pattern
As schematically shown in Fig. 1C, there is a gap between material
orientation design and 3D printing, as each pixel in 3D printing is
isotropic. We use the Turing pattern to create a binarized hard-soft
material distribution that is equivalent to the anisotropic material
field in the thin wall of inflatable structures. Here, the binarized
Turing pattern is generated by solving the anisotropic reaction-dif-
fusion equations (9), which have two unknowns, U and V, that can
be interpreted as two interacting chemical substances (in our case,U
and V represent stiff and soft materials and each volume fraction is
0.5, respectively). The anisotropic reaction-diffusion equations are
given by

@U
@t
¼ r � ðDurUÞ þ RuðU;VÞ ð7aÞ

@V
@t
¼ r � ðDvrVÞ þ RvðU;VÞ ð7bÞ

where ∇ denotes gradient operator, Ru(U,V ) and Rv(U,V) are inter-
active reaction terms, Du and Dv are anisotropic diffusion coeffi-
cients. The reaction terms Ru(U,V) and Rv(U,V) are defined as

RuðU;VÞ ¼ auU þ buV þ cu � duU ð8aÞ

RvðU;VÞ ¼ avU þ bvV þ cv � dvV ð8bÞ

where au, bu, cu, du, av, bv, cv, and dv are constants. The diffusion
coefficients Du and Dv are written in an anisotropic form with a
unit direction vector n as

Du ¼ ðLu � WuÞn� nþWuI ð9aÞ

Dv ¼ ðLv � WvÞn� nþWvI ð9bÞ

where I is the second-order identity tensor, ⊗ represents dyadic
product operator, Lu and Lv are the diffusion coefficients in the n
direction for Du and Dv, respectively, and Wu and Wv are the diffu-
sion coefficients in the direction perpendicular to n. Lu, Lv,Wu, and
Wv can be designed to control the Turing pattern, such as filling

space. Details on obtaining Lu, Lv, Wu, and Wv can be found in
the “Models” section and section S4.

Note that both n⊗n and a (in Eq. 1) are symmetric orientation
tensors. We thus connect the material orientation field with the
Turing pattern using

n� n ; a ð10Þ

Here, we have the connection between the material orientation
field and direction of Turing pattern. Namely, the material orienta-
tion tensor n⊗n at every point defines the anisotropic diffusion co-
efficients Du and Dv at the corresponding point. By replacing n⊗n
with a, solving Eqs. 7a and 7b produces a Turing pattern that cap-
tures the optimizedmaterial orientation field defined by a. Thus, the
continuous material orientation field is converted to binarized
stripe pattern using dehomogenization technique, which is a post-
processing procedure that aims to restore stiffness and preferred di-
rection of the corresponding anisotropic material. The final
properties of the binarized stripe pattern are determined by the
law of mixtures as described in section S2.

The reaction-diffusion equation is solved in undeformed shape
using multiphysics solver COMSOL (COMSOL Inc., Burlington,
MA, USA) until a stable pattern is obtained. Figure 2A shows a con-
verted Turing pattern on a tube shell. The same pattern is flattened
for a better view. Here, dark regions represent the hard material and
are called fibers thereafter. As it can be seen, there is no obvious
anisotropy in the pattern. We attempt to quantify the similarity
between the optimized anisotropic pattern and the solved Turing
pattern in the fig. S3.

Grayscale DLP 3D printing
The complex Turing patterns generated are then printed by g-DLP
3D printing, which can efficiently fabricate multimaterial structures
using a single vat of resin (41). A special ink is designed to allow
high stretchability at low light intensity and high stiffness at high
light intensity (see the “Materials for DLP printing” section and
section S6 for stress-strain behaviors of these materials). Because
the same ink is used for printing, there is no interface between
soft and stiff material. This combination of excellent interfacial
strength, tunable material properties, and high stretchability
makes this material system ideal for the fabrication of inflatable
composite structures. Because the obtained Turing pattern is
based on shell elements, it is a surface pattern. For 3D printing, it
is extruded in the radial direction to form a fiber pattern network
within a hollow, uniform cylinder, which has the inner and outer
diameters of 5.75 and 7.85 mm, respectively. The extruded
pattern (or the fiber network) is then embedded in the middle of
a thick layer of matrix material with a thickness of 2.65 mm, as
shown in Fig. 2B. The tube geometry with embedded Turing
pattern fiber network is then sliced. The fiber regions represent
the stiffer material and thus are bright; the matrix regions are soft
and thus are gray (Fig. 2C). The slices images with different bright
and gray regions are then used for DLP printing. Because of the
small diameters of the tubes, six tubes can be printed simultane-
ously (Fig. 2D). More tubes can be printed simultaneously if neces-
sary. Figure 2E shows a printed tube. Overall, the Turing pattern is
visible because of the difference in the refractive index of the stiff
and soft materials, but the surface of the tube is smooth. As the
tube is inflated, the tube bends as designed. Because the soft
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material has more deformation, a surface texture with the Turing
pattern is obtained. These surface textures have the advantage for
grabbing soft objects, as discussed below.

Examples of implementation
By using the above-discussed design and 3D printing process, we
present three different designs to demonstrate the capability of
using Turing patterns for inflatable structures. Figure 3 shows
designs for three target-inflated shapes: C shape, S shape, and 3D
C shape, all of which are inflated from simple straight tubes. The
C shape involves a simple bending upon inflation, the S shape in-
volves two localized bending toward two different directions, and
the 3D C shape involves bending and twisting. The total length of
the inflation samples are 46.0, 66.0, and 65.4 mm for the C-shape
design, S-shape design, and the 3DC-shape design, respectively. For
g-DLP 3D printing, the stiff material is printed using 100% of light
intensity (7.4 mW/cm2) or 0% grayscale. For simplicity, this mate-
rial is named G0 material. Likewise, the light with 60% brightness
(or 40% grayscale) is used to fabricate the matrix material (named
G40). As shown in the Supplementary Materials, the G0 material is
in a glassy state, and the G40 matrix is in a rubbery state at room
temperature; the modulus of the G0 material is 60× higher than
that of the G40 material.

The second column in Fig. 3 shows the anisotropic orientation
fields obtained from the optimization procedure for each design.

Each line represents the local orientation vector for a shell
element, and the lengths of all these vectors are equal. The orienta-
tion vectors are then passed into the anisotropic reaction-diffusion
equation used to generate the Turing patterns as described in the
“Conversion of material orientation distribution to Turing
pattern” section. This procedure generates the final fiber pattern
for the targeted design as seen in the third column in Fig. 3. For
C-shape and S-shape designs, because their deformations are in
the plane, only half tubes are designed. For the 3D C-shape
design, the Turing pattern on the entire tube is designed, so it is
wider. Although the pattern in Fig. 2A does not show apparent an-
isotropy, we overlay color maps representing the angle of the local
orientation vector with respect to the positive y axis on the flattened
patterns to gain insight. In Fig. 3A, the yellow region represents ori-
entation vectors closer to −90°, which leads to a horizontal-domi-
nated Turing pattern in that area. Outside this region, vectors in the
green area have a more vertical orientation, which leads to a corre-
sponding shift in the dominant direction of the fibers. This example
illustrates how the optimized orientation vectors affect the layout of
the fibers through the evolution of the reaction-diffusion equations.
In Fig. 3 (B and C), there are sharp transitions in the color, which
signifies that the optimization procedure converged on a design
with a discontinuity in the orientation field. However, the continu-
ous Turing pattern indicates that this discontinuity has no negative
impact on the fiber pattern. The reaction-diffusion procedure easily
smooths over this sharp transition.

As we inflated these tubes, they deformed to the targeted shape
(the fourth column) with pattern textures clearly visible on the
surface, verifying that the orientation vectors had the desired
effect on the reaction-diffusion procedure. To confirm that the ob-
tained shape changes are due to the patterns, we conducted FEM
simulations (for model details, see the “Models” section and
section S7). The simulation results confirm that the heterogeneous
design of the Turing pattern provides the driving force for the tubes
to deform into the desired shapes. Surface textures such as small
bulges due to the soft material are also captured by the simulations.
Movie S1 shows the inflation of each tube and their comparison
with FEM simulations. Quantitative comparisons of the actuated
shapes and an example of more intricate optimized deformation
are provided in the sections S8 and S9, respectively.

Applications of the designed inflatable structures
As discussed above, the printed structures have a simple tubular
shape but can be inflated into different configurations based on
the embedded Turing patterns. Here, we demonstrate the potential
applications of the inflatable shape-morphing structures.

We show that the C-shape inflatable structures can be used as
robotic fingers to grab objects like a pair of chopsticks. Here, we
used a pair of inflatable composites and installed them on a light-
weight connector fixed on the flange of an Epson C4 6-axis robot
(Epson, Suwa, Nagano, Japan) as shown in Fig. 4A. The two inflat-
able composites have the same Turing pattern designed to bend in C
shape upon inflation. For these tests, the length of the C shape is
increased to 68.15 mm, and the light dose is increased to make
the actuators more effective grippers. When pressure is applied to
the actuators, the composite pair bend toward each other to grasp an
object. When the clutch is tight, the pressure is held constant to
maintain the shape of the fingers to firmly hold the object. Then,
the robot moves and carries the object to a designated destination.

Fig. 2. Fabrication of Turing pattern inflatable structures using g-DLP 3D
printing. (A) Converted Turing pattern on a tube shell and the flattened image
of the same pattern. (B) Designed Turing pattern in tubular form. The hardmaterial
serves as fiber embedded in the soft material matrix. (C) Computer-aided design
data with the Turing pattern are sliced with grayscale patterns in individual layers
for g-DLP printing. (D) Six tubes are simultaneously printed. (E) Printed tube in
undeformed state. (F) Printed tube upon inflation.
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Upon arrival, the fingers are gradually deflated to release the object.
In Fig. 4A, the two fingers (each one weighs 4.02 g) could carry a
research tube containing 12.8 ml of solution with cap on weighing
24.26 g in total. The textures on the surface of the soft fingers due to
the Turing patterns are beneficial because they improve the gripping
performance by creating extra contact area. Compared to our C-
shape design (payload ratio of 3.0×), works that report the weight
of the payload relative to the gripper report a maximum payload
ratio of up to 7.3× (44) or worse: 4.5× (45), 3.3× (46), and 0.1×
(47). Similarly, the measured value of force per total volume for
our C-shape design is measured to be 94 mN at 53 kPa or 0.028
mN/mm3. This is within the range of 0.0069 to 0.339 mN/mm3

that we estimated from other works with similar soft actuators
(44, 48–51). Therefore, according to both metrics reported here,
our C-shape design shares similar inflation force properties to
those previously reported in the literature.

Figure 4B shows that the robotic fingers can grasp a very soft
lattice while barely deforming it, demonstrating that our soft inflat-
able structure can handle very gentle objects, which is often a desir-
able property for soft grippers. The inset in Fig. 4Bi shows the lattice
being crushed by a small 7.2-g wrench. The lattice has a stiffness of 2
kPa and will buckle under a mass of only 5 g. Movies S2 and S3 show
the grabbing processes for the water tube and soft lattice,
respectively.

DISCUSSION
Although Turing patterns are widely seen in nature and biological
systems, they have not been widely studied in engineering or, in par-
ticular, in material design and AM. In this work, we used the Turing
patterns to bridge the gap between material orientation–based op-
timization design and 3D printing. The Turing patterns convert the

orientation distribution of anisotropic materials into the binary
hard-soft material patterns by coupling the material orientation
with the directional tensor of anisotropic diffusivity. The inflated
structures show desired shape morphing, indicating that the gener-
ated Turing patterns have successfully translated one type of mate-
rial design (material orientation design) to a different one (stiff-soft
material pattern design). These promising results also lead to many
interesting scientific questions for future studies. First, the mecha-
nism of this successful translation is yet to be understood. Although
the obtained Turing patterns show some connection with the aniso-
tropic orientations, it is unclear how these patterns lead to similar
deformation given by the anisotropic materials. One possible reason
is that anisotropic diffusion leads to a pattern with more stiff mate-
rials being placed in one direction than another, in a similar manner
as the material orientation distribution. Second, some information
during the Turing pattern conversion is lost. We found that for the
obtained Turing pattern, the properties of stiff and soft materials
different from the fiber and matrix materials in orientation distri-
bution design can be used to obtain a similar shape morphing. On
one hand, this is understandable, as the reaction-diffusion equa-
tions represent a different physics. On the other hand, this also in-
dicates that the obtained Turing pattern represents a more general
design. We found that by using different modulus ratios between
the stiff and soft materials, we could obtain the similar shape
morphing (see section S10). Third, it is also intriguing to determine
whether we can decipher the Turing pattern to obtain the original
material distribution through analyzing the pattern without con-
ducting FEM simulations. This could have important implications
for other future research. For example, can we decipher the Turing
patterns seen in biological systems and investigate whether they
have any connections to the functions of these systems? It should
be noted that the actuated shapes in this work are relatively
simple. However, this does not prevent from illustrating the use
of the Turing pattern to guide the material design. In addition,
we believe that more intricate shapes can be realized when the
more complex designs are available. In summary, this work repre-
sents a practical framework for using the Turing patterns to guide
the design of materials for structural and functional applications.
The promising results indicate that the Turing pattern can serve
as a biomimetic strategy for future material designs.

MATERIALS AND METHODS
Materials for DLP printing
The resin used in this work was a combination of urethane acrylates
[EBECRYL 8413, Allnex, Inc. (North America), Alpharetta, GA,
USA], isobornyl acrylate (Sigma-Aldrich, St. Louis, MO, USA),
and 2-hydroxyethyl acrylate (Sigma-Aldrich) in a weight ratio of
1:3:1. Photoinitiator Irgacure 819 and photoabsorber Sudan I
were added with 1 and 0.05 weight %, respectively. This formula
allows the photocured material to have a high stretchability at low
degree of cure (DoC) and high stiffness at high DoC. A more de-
tailed chemical depiction is provided in the fig. S1. The mechanical
behaviors of the printed materials at different light intensities were
characterized using an electromechanical load frame (C41.103,
MTS Systems Corporation, Eden Prairie, MN, USA). The stress-
strain curves are shown in fig. S4.

Fig. 3. Design of inflated shapes. Different target shapes, corresponding Turing
patterns, physical prototypes, and FEM simulations for (A) C shape, (B) S shape, and
(C) 3D C shape.
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g-DLP printing and inflation tests
An in-house–built DLP printer was used in this study. The printer
consists of a projector (PRO4500, Wintech Digital, Carlsbad, CA,
USA) and a z-motion stage (LTS150, Thorlabs Inc., Newton, NJ,
USA). The resin reservoir has an oxygen-permeable sheet to allow
easy separation. During printing, we kept the exposure time cons-
tant for each layer and solely adjust the light intensity, which can be
individually controlled at each pixel. The dim regions were exposed
to the projection every 25 μm, but the bright regions were only
exposed every 50 μm to avoid overpenetration of the light. To
inflate the composite structure, a syringe nozzle (22 gauge) was in-
serted and glued to the prefabricated hole on the left end of the
structure using the same resin used during printing as shown in
Fig. 2E. For inflation tests, samples were inflated at constant pres-
sure using a Fisnar DC200 precision valve controller (Fisnar, Ger-
mantown, WI, USA). The pressure used for the C-shape design was
50 kPa, the S shape was 50 kPa, and the 3D C shape was 90 kPa. For
gripper experiments, the volume of air was manually controlled
using a 50-ml syringe for each tube.

Models
A transversely isotropic material model was used in the inverse sim-
ulation. The material constants in the elastic tensor for the model
were calculated on the basis of unidirectional fiber-reinforced com-
posites (52). The elastic tensor was rotated as the material orienta-
tion (fiber direction) changes (see section S2 for details). In the
orientation design optimization step, this transversely isotropic ma-
terial model was used in nonlinear three-node shell finite elements
(see section S3 for details) in an in-house developed FEM and op-
timization design package (see section S3 for details). In the aniso-
tropic reaction-diffusion model, Lu, Lv, Wu, and Wv in Eqs. 9a and
9b can be further decomposed to control the Turing patterns. For
details, see section S4. The effects of these parameters on the final
pattern and deformation performance are studied in fig. S2. The
commercial FEM simulation package ABAQUS\Explicit (Dassault
Systemes Simulia Corp., Johnston, RI, USA) was used to simulate
the inflation process of the designed structure with the Turing pat-
terns. To model the inflation process, we used a fluid cavity inter-
action with mass flux and 3D shell structure simulations using
reduced integration quad and tri elements (S4R and S3). A Neo-
Hookean hyperelastic constitutive model was used in these

Fig. 4. Demonstration of robotic fingers. (A) Pick and place of cube-shaped object. (B) Pick and place of a soft light-weight lattice without deforming it.
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simulations. For details, see section S7. The sensitivity of the actu-
ated shape on the chosen properties is studied in fig. S7.

Supplementary Materials
This PDF file includes:
Sections S1 to S10
Figs. S1 to S7
Table S1
Legends for movies S1 to S3
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S3

REFERENCES AND NOTES
1. A. M. Turing, The chemical basis of morphogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci.

237, 37–72 (1952).
2. A. Fofonjka, M. C. Milinkovitch, Reaction-diffusion in a growing 3D domain of skin scales

generates a discrete cellular automaton. Nat. Commun. 12, 2433 (2021).
3. S. Kondo, R. Asai, A reaction-diffusion wave on the skin of the marine angelfish poma-

canthus. Nature 376, 765–768 (1995).
4. S. Kondo, T. Miura, Reaction-diffusion model as a framework for understanding biological

pattern formation. Science 329, 1616–1620 (2010).
5. P. Ball, In retrospect: The physics of sand dunes. Nature 457, 1084–1085 (2009).
6. H. Meinhardt, P. Prusinkiewicz, D. R. Fowler, The Algorithmic Beauty of Sea Shells (The Virtual

Laboratory, Springer-Verlag, 1995), xi, 204 p.

7. A. R. Sanderson, R. M. Kirby, C. R. Johnson, L. Yang, Advanced reaction-diffusionmodels for
texture synthesis. J. Graph. Tools 11, 47–71 (2006).

8. M. Petrovic, T. Nomura, T. Yamada, K. Izui, S. Nishiwaki, Thermal performance optimization
in electric vehicle power trains by locally orthotropic surface layer design. J. Mech. Des.
140, 111413 (2018).

9. E. M. Dede, Y. Q. Zhou, T. Nomura, Inverse design of microchannel fluid flow networks
using Turing pattern dehomogenization. Struct. Multidiscipl. Optim. 62, 2203–2210 (2020).

10. Y. Zhou, D. J. Lohan, F. Zhou, T. Nomura, E. M. Dede, Inverse design of microreactor flow
fields through anisotropic porous media optimization and dehomogenization. Chem. Eng.
J. 435, 134578 (2022).

11. T. Nomura, A. Spickenheuer, K. Yoshikawa, A. Kawamoto, Y. Iwano, Design and fabrication
of lightweight automotive parts with continuous fiber composite using topology opti-
mization and tailored fiber placement. Trans. Soc. Automot. Eng. Japan 51,
20197030 (2020).

12. N. Ichihara, M. Ueda, 3D-print infill generation using the biological phase field of an op-
timized discrete material orientation vector field. Compos. B Eng. 232, 109626 (2022).

13. M. Tanaka, H. Noguchi, Structural shape optimization of hyperelastic material by discrete
force method. Theor. Appl. Mech. Japan 53, 83–91 (2004).

14. D. Rus, M. T. Tolley, Design, fabrication and control of soft robots. Nature 521,
467–475 (2015).

15. K. Suzumori, S. Endo, T. Kanda, N. Kato, H. Suzuki, A bending pneumatic rubber actuator
realizing soft-bodied manta swimming robot, in Proceedings of the 2007 IEEE International
Conference on Robotics and Automation, Rome, Italy, 10–14 April 2007.

16. S. Kriegman, S. Walker, D. Shah, M. Levin, R. Kramer-Bottiglio, J. Bongard, Automated
shapeshifting for function recovery in damaged robots. arXiv:1905.09264 [cs.RO] (22 May
2019) .

17. P. W. Serruys, P. de Jaegere, F. Kiemeneij, C. Macaya, W. Rutsch, G. Heyndrickx,
H. Emanuelsson, J. Marco, V. Legrand, P. Materne, J. Belardi, U. Sigwart, A. Colombo,
J. J. Goy, P. van den Heuvel, J. Delcan, M. A. Morel, A comparison of balloon-expandable-
stent implantation with balloon angioplasty in patients with coronary-artery disease.
N. Engl. J. Med. 331, 489–495 (1994).

18. P. H. Nguyen, W. L. Zhang, Design and computational modeling of fabric soft pneumatic
actuators for wearable assistive devices. Sci. Rep. 10, 9638 (2020).

19. M. Skouras, B. Thomaszewski, P. Kaufmann, A. Garg, B. Bickel, E. Grinspun, M. Gross, De-
signing inflatable structures. ACM Trans. Graph. 33, 1–10 (2014).

20. E. Siefert, E. Reyssat, J. Bico, B. Roman, Bio-inspired pneumatic shape-morphing elasto-
mers. Nat. Mater. 18, 24–28 (2019).

21. E. Siefert, E. Reyssat, J. Bico, B. Roman, Programming curvilinear paths of flat inflatables.
Proc. Natl. Acad. Sci. U.S.A. 116, 16692–16696 (2019).

22. E. Siefert, E. Reyssat, J. Bico, B. Roman, Programming stiff inflatable shells from planar
patterned fabrics. Soft Matter 16, 7898–7903 (2020).

23. L. Jin, A. E. Forte, B. Deng, A. Rafsanjani, K. Bertoldi, Kirigami-inspired inflatables with
programmable shapes. Adv. Mater. 32, 2001863 (2020).

24. B. Goo, C. H. Hong, K. Park, 4D printing using anisotropic thermal deformation of 3D-
printed thermoplastic parts. Mater. Des. 188, 108485 (2020).

25. J. H. Pikul, S. Li, H. Bai, R. T. Hanlon, I. Cohen, R. F. Shepherd, Stretchable surfaces with
programmable 3D texture morphing for synthetic camouflaging skins. Science 358,
210–214 (2017).

26. Q. Zhang, X. Kuang, S. Weng, L. Yue, D. J. Roach, D. Fang, H. J. Qi, Shape-memory balloon
structures by pneumatic multi-material 4D printing. Adv. Funct. Mater. 31, 2010872 (2021).

27. W. M. van Rees, E. Vouga, L. Mahadevan, Growth patterns for shape-shifting elastic bilayers.
Proc. Natl. Acad. Sci. U.S.A. 114, 11597–11602 (2017).

28. J. Panetta, F. Isvoranu, T. Chen, E. Siéfert, B. Roman, M. Pauly, Computational inverse design
of surface-based inflatables. ACM Trans. Graph. 40, 1–14 (2021).

29. A. Nojoomi, J. Jeon, K. Yum, 2D material programming for 3D shaping. Nat. Commun. 12,
603 (2021).

30. H. Aharoni, Y. Xia, X. Zhang, R. D. Kamien, S. Yang, Universal inverse design of surfaces with
thin nematic elastomer sheets. Proc. Natl. Acad. Sci. U.S.A. 115, 7206–7211 (2018).

31. C. M. Hamel, D. J. Roach, K. N. Long, F. Demoly, M. L. Dunn, H. J. Qi, Machine-learning based
design of active composite structures for 4D printing. Smart Mater. Struct. 28,
065005 (2019).

32. S. Wu, C. M. Hamel, Q. Ze, F. Yang, H. J. Qi, R. Zhao, Evolutionary algorithm-guided voxel-
encoding printing of functional hard-magnetic soft active materials. Adv. Intell. Syst. 2,
2000060 (2020).

33. X. Sun, L. Yue, L. Yu, H. Shao, X. Peng, K. Zhou, F. Demoly, R. Zhao, H. J. Qi, Machine learning-
evolutionary algorithm enabled design for 4D-printed active composite structures. Adv.
Funct. Mater. 32, 2109805 (2022).

34. A. E. Forte, P. Z. Hanakata, L. Jin, E. Zari, A. Zareei, M. C. Fernandes, L. Sumner, J. Alvarez,
K. Bertoldi, Inverse design of inflatable soft membranes through machine learning. Adv.
Funct. Mater. 32, 2111610 (2022).

35. Q. Ge, H. J. Qi, M. L. Dunn, Active materials by four-dimension printing. Appl. Phys. Lett.
103, 131901 (2013).

36. A. S. Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Mahadevan, J. A. Lewi, Biomimetic 4D
printing. Nat. Mater. 15, 413–418 (2016).

37. X. Kuang, D. J. Roach, J. Wu, C. M. Hamel, Z. Ding, T. Wang, M. L. Dunn, H. J. Qi, Advances in
4D printing: Materials and applications. Adv. Funct. Mater. 29, 1805290 (2019).

38. S. Y. Weng, X. Kuang, Q. Zhang, C. M. Hamel, D. J. Roach, N. Hu, H. J. Qi, 4D printing of glass
fiber-regulated shape shifting structures with high stiffness. ACS Appl. Mater. Interfaces 13,
12797–12804 (2021).

39. R. M. Erb, R. Libanori, N. Rothfuchs, A. R. Studart, Composites reinforced in three dimen-
sions by using low magnetic fields. Science 335, 199–204 (2012).

40. J. J. Martin, B. E. Fiore, R. M. Erb, Designing bioinspired composite reinforcement archi-
tectures via 3D magnetic printing. Nat. Commun. 6, 8641 (2015).

41. X. Kuang, J. Wu, K. Chen, Z. Zhao, Z. Ding, F. Hu, D. Fang, H. J. Qi, Grayscale digital light
processing 3D printing for highly functionally graded materials. Sci. Adv. 5,
eaav5790 (2019).

42. T. Nomura, A. Kawamoto, T. Kondoh, E. M. Dede, J. Lee, Y. Song, N. Kikuchi, Inverse design
of structure and fiber orientation by means of topology optimization with tensor field
variables. Compos. B Eng. 176, 107187 (2019).

43. M. J. Poldneff, I. S. Rai, J. S. Arora, Design variations of nonlinear elastic structures subjected
to follower forces. Comput. Methods Appl. Mech. Eng. 110, 211–219 (1993).

44. Y. Fei, J. Wang, W. Pang, A novel fabric-based versatile and stiffness-tunable soft gripper
integrating soft pneumatic fingers and wrist. Soft Robot. 6, 1–20 (2019).

45. D. Gonzalez, J. Garcia, R. M. Voyles, R. A. Nawrocki, B. Newell, Characterization of 3D printed
pneumatic soft actuator. Sens. Actuators A Phys. 334, 113337 (2022).

46. G. Zhong, Y. Hou, W. Dou, A soft pneumatic dexterous gripper with convertible grasping
modes. Int. J. Mech. Sci. 153–154, 445–456 (2019).

47. L. Ge, L. Dong, D. Wang, Q. Ge, G. Gu, A digital light processing 3D printer for fast and high-
precision fabrication of soft pneumatic actuators. Sens. Actuators A Phys. 273,
285–292 (2018).

48. G. Alici, T. Canty, R. Mutlu, W. Hu, V. Sencadas, Modeling and experimental evaluation of
bending behavior of soft pneumatic actuators made of discrete actuation chambers. Soft
Robot. 5, 24–35 (2018).

49. D. Drotman, S. Jadhav, M. Karimi, P. de Zonia, M. T. Tolley, 3D printed soft actuators for a
legged robot capable of navigating unstructured terrain. in Proceedings of the 2017 IEEE

Tanaka et al., Sci. Adv. 9, eade4381 (2023) 10 February 2023 8 of 9

SC I ENCE ADVANCES | R E S EARCH RESOURCE



International Conference on Robotics and Automation (ICRA), Singapore, 29 May–3
June 2017.

50. J. Fras, M. Macias, Y. Noh, K. Althoefer, Fluidical bending actuator designed for soft octopus
robot tentacle. in Proceedings of the 2018 IEEE International Conference on Soft Robotics
(RoboSoft), Livorno, Italy, 24–28 April 2018.

51. Y.-F. Zhang, N. Zhang, H. Hingorani, N. Ding, D. Wang, C. Yuan, B. Zhang, G. Gu, Q. Ge, Fast-
response, stiffness-tunable soft actuator by hybrid multimaterial 3D printing. Adv. Funct.
Mater. 29, 1806698 (2019).

52. J. Qu, M. Cherkaoui, Fundamentals of Micromechanics of Solids (Wiley, 2006), xiii, 386 p.

53. P.-S. Lee, K.-J. Bathe, Development of MITC isotropic triangular shell finite elements.
Comput. Struct. 82, 945–962 (2004).

54. K. Svanberg, The method of moving asymptotes – A new method for structural optimi-
zation. Int. J. Numer. Methods Eng. 24, 359–373 (1987).

Acknowledgments
Funding: This project was partially supported by Toyota Motor North America Inc. H.J.Q. also
acknowledges an AFOSR grant (FA9550-20-1-0306; B.-L. “Les” Lee, Program Manager), a fund

from HP Inc. Author contributions: M.T.: Writing—original draft, conceptualization, software,
and methodology. S.M.M.: Writing–original draft, formal analysis, investigation, and software.
L.Y.: Writing—review and editing and methodology. Y.W.: Methodology and investigation. Y.S.:
Conceptualization and supervision. T.N.: Software, methodology, and supervision. H.J.Q.:
Writing—original draft, resources, funding Acquisition, and conceptualization. Competing
interests:M.T., T.N., and Y.S. are coinventors on a provisional patent application for the process
of numerical generation of anisotropic Turing patterns, filed by Toyota Motor Engineering and
Manufacturing North America Inc. (no. 17/493,088; filed 4 October 2021). The authors declare
that they have no other competing interests. Data and materials availability: All data needed
to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials.

Submitted 16 August 2022
Accepted 10 January 2023
Published 10 February 2023
10.1126/sciadv.ade4381

Tanaka et al., Sci. Adv. 9, eade4381 (2023) 10 February 2023 9 of 9

SC I ENCE ADVANCES | R E S EARCH RESOURCE


	INTRODUCTION
	RESULTS
	Overview of the integrated design and manufacturing approach
	Optimization design of material orientation distribution
	Conversion of material orientation distribution to Turing pattern
	Grayscale DLP 3D printing
	Examples of implementation
	Applications of the designed inflatable structures

	DISCUSSION
	MATERIALS AND METHODS
	Materials for DLP printing
	g-DLP printing and inflation tests
	Models

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

