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Deciphering, Designing, and Realizing Self-Folding
Biomimetic Microstructures Using a Mass-Spring Model
and Inkjet-Printed, Self-Folding Hydrogels

Chunxiao Cui, Jie Yin, and Li-Hsin Han*

Flat, organic microstructures that can self-fold into 3D microstructures are
promising for tissue regeneration, for being capable of distributing living
cells in 3D while forming highly complex, biomimetic architectures to

assist cells in performing regeneration. However, the design of self-folding
microstructures is difficult due to a lack of understanding of the underlying
formation mechanisms. This study helps bridge this gap by deciphering

the dynamics of the self-folding using a mass-spring model. This numerical
study reveals that self-folding procedure is multi-modal, which can become
random and unpredictable by involving the interplays between internal
stresses, external stimulation, imperfection, and self-hindrance of the folding
body. To verify the numerical results, bilayered, hydrogel-based micropatterns
capable of self-folding are fabricated using inkjet-printing and tested. The
experimental and numerical results are consistent with each other. The above
knowledge is applied to designing and fabricating self-folding microstructures
for tissue-engineering, which successfully creates 3D, cell-scaled, and
biomimetic microstructures, such as microtubes, branched microtubes, and
hollow spheres. Embedded in self-folded microtubes, human mesenchymal
stem cells proliferate and form linear cell-organization mimicking the

cell morphology in muscles and tendons. The above knowledge and

study platforms can greatly contribute to the research on self-folding

human tissues that were permanently
damaged due to trauma or diseases. It
has been found that microstructures with
3D shapes, biochemical properties, and
mechanical properties that closely mimic
the extracellular microenvironments in
the human body are crucial towards suc-
cessful tissue regeneration.l In the native
tissues, the extracellular matrix (ECM)
consists of various proteins and poly-
saccharides that form a complex network
of pores, channels, and irregular cavities
(Figure 1). Within these structures are
living cells that perform bioactivities to
maintain the tissue’s function.’l Organic
microstructures that resemble such ECM
may promote cell proliferation, cell—cell
organization, migration, and gene-expres-
sion that lead to the regeneration of
desired tissues.?24

Despite the great potentials, fabrication
of 3D microstructures for tissue-engi-
neering applications remains challenging.
Conventional microfabrication methods,

microstructures and applications to tissue regeneration.

1. Introduction

Recent emerging fields in the healthcare industry, particularly
the Regenerative Medicine, have shown the growing needs of
microstructures that are made of organic compounds and at the
length-scale of biological cells (1-100 pm).l! These microstruc-
tures are being developed as implants aiming at regenerating
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such as photolithography, are suitable for

assembling metals and metallic oxides

into 2D microstructures but are subop-

timal for processing organic compounds
constructing 3D ECM mimicking microstructures.’! Additive
manufacturing, such as 3D printing and stereolithography,'f]
is capable of creating 3D organic structures. Some of these
methods, such as digital micromirror device (DMD) stereo-
lithography and two-photon stereolithography,® can fabricate
3D scaffolds with subcellular size feature down to a micro-
meter to sub-micrometer scale. However, the need to uniformly
populate 3D scaffolds with living cells presents a major chal-
lenge to additive manufacturing methods. To incorporate living
cells, scaffolds fabricated by the above methods will be treated
with cell infiltration, in which cells are seeded from outside the
scaffolds and are left to diffuse or migrate into the microstruc-
tures. However, the cell-scale, small features in the fabricated
scaffold could easily hinder the diffusion and migration of
cells, 127! preventing the cells from reaching the inner parts of
a 3D scaffold consisting of the microstructures (Figure 1B,D).
This difficulty in cell distribution can lead to acellular zones
in a scaffold, making it difficult to repair a sizable body defect
at the length scale of organs or limbs.®l 3D bioprinting may
circumvent this problem by mixing cells with the printing
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Figure 1. A,C) Self-folding method enables uniform cell-delivering in 3D and facilitates cell-cell organization formation, which may lead to functional
tissues. B,D) In contrast, scaffolds of prefabricated, cell-size 3D microstructures, such as micropores and channels, can obstruct cell delivery.

biomaterial.’l However, despite being uniformly distributed,
the cells printed with the biomaterial can be confined within
a tight space formed by the biomaterial. In such a case, it can
become difficult for the cells to spread, migrate, form cell—cell
organization, or produce ECM.[1%

Emerged in recent years, self-folding of 3D microstructures
from 2D flat micropatterns!™ provides a promising way for over-
coming the aforementioned challenges in regenerative medicine.
Through folding, rolling, or wrinkling, these flat microstructures
can transform into 3D, biomimetic microstructures, including
tubular, spherical, or more complex 3D shapes that resemble the
architectures of ECMI (Figure 1). To enable a 2D microstruc-
ture to self-fold, the most common method is by assembling a
microstructure with layers of different polymers that perform
distinct levels of volume expansion (or contraction) in response
to environmental stimuli,™! such as pH value, temperature,
or the presence of specific chemicals.'?*>™ This mismatched
volume change produces internal stresses across the layers,
which bends the microstructure and induces self-folding.

Self-folding microstructures provide the following advantages
for tissue-engineering applications. First, it enables a uniform,
3D cell-distribution, as the user can distribute and culture cells
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uniformly atop the unfolded microstructures, and then activate
the self-folding leading to a cell-embedded 3D scaffold
(Figure 1A,C). Second, 3D scaffolds of complex, biomimetic
shape become much easier to produce. For example, to engi-
neer a microvessel that is very thin and long in comparison with
the typical size of cells, the user can culture blood vessel cells
onto a flat, long and bilayered microrectangles that self-fold into
a microscopic tube mimicking the microvessels (Figure 1A,B).
Third, from the perspective of ease-to-use, flat and self-folding
microstructures can be easily adapted by a physician or biologist
that is familiar with the standard techniques for culturing cells
in 2D, such as on a Petri-dish or multi-well plate, which helps
accelerate the clinical application of regenerative medicine.
Accurate prediction of 2D to 3D shape transformation is
essential to the self-folding micropatterns’ designing, which
determines the shapes of the resulting 3D microstructure. In
previous studies, the design of the self-folding body is often
based on a bilayered cantilever beam model™ to predict the static
equilibrium curvature after folding. The simple model assumes a
symmetric and unidirectional folding of the bilayered structure.
However, self-folding is rather a complicated dynamic process
and sensitive to the external perturbation, thus it could exhibit
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Figure 2. A) Based on the simple cantilever beam model (Equation (1)), a flat and bilayered microrectangle consisting of two layers of different expan-
sion rates is expected to fold longitudinally and become a short tube. B) In reality, self-folding of bilayered microrectangles is more complex. B, lower
left) The rectangles mostly transform into long tubes or B, lower middle and right) helical tubes. B, top right) The folding results of helical tubes are
bi-modal, in which the twisting can be either left-handed or right-handed. C) These phenomena were repeatedly observed in our study. Scale Bars: all
100 pum. In this mass-spring method (MSM), a deforming body was simulated by a finite number of mass-points, which formed cubic units. Neighboring
mass-points were coupled by virtual springs of spring constant k,, ky, or k., to simulate elasticity. Each virtual spring was coupled with a virtual damper
of damping ratio ¢ (not shown), which simulated internal frictions. Each cubic unit was also assigned with a volume spring k, that resisted a change to
the cubic unit’s volume, which simulated Poisson’s effect. D) The spring-constants were properly assigned to maximize the accuracy of MSM model.

asymmetric folding, intermediate folding, and rich multi-modal
shape transition resulting in distinct self-folded shapes even
from the same preset 2D micropatterns, as demonstrated in our
studies (Figure 2) as well as from other groups.'®! Such discrep-
ancy and rich self-folding phenomena are far beyond the simple
classical bilayer folding model. In addition, the underlying
mechanism for rich dynamic shapes remains unclear’®! and
largely unexplored. Furthermore, we anticipate the self-folding
from more complex micropatterns and 2D geometry to be more
random and difficult to predict. Thus, a fundamental under-
standing of the self-folding dynamics is highly demanded to shed
important light to guide the formation of shape-transforming
microstructures, as well as to their biomedical applications.

In this study, to bridge the above knowledge gaps, we
developed a numerical model to understand the complicated
dynamics of self-folding of a 2D bilayered body that undergoes
a heterogeneous volume expansion. We conducted experiments
to validate the modeling results and later applied the results to
designing self-folding tissue-engineering scaffolds. The numer-
ical model was a mass-spring model (MSM) that allowed simu-
lating, in real-time, the release of strain energy, the change of
internal stresses, and the subsequent deformation of the 3D
body. The modeling results revealed that the transition from
the initial 2D micropattern to the final 3D shape can involve
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multiple intermediate, distinct phases, which are found to be
unstable and prone to being disrupted by stimuli from external
forces. The modeling also indicated that, for 2D micropatterns
with certain shapes, the shape-transformation is multi-modal
and has more than one possible way to release strain energy,
such that the same micropatterns may transform into different
3D microstructures. These simulation results were verified by
physical models, in which two different biopolymers of distinct
swelling rates were inkjet-printed into bilayered micropatterns
that performed self-folding in water. Finally, the knowledge
learned from the modeling was applied to fabricating self-
folding micropatterns that transformed into biomimetic 3D
shapes that resemble various types of tissues in human body.

2. Discrepancy with Classical Bilayer
Folding Model

The bending of classical bi-strip model assumes a thin and long
rectangle cantilever consisting of two layers of materials, which
perform distinct rates of volume expansion or contraction
(Figure 2A). Under mismatched deformation between the
two layers, it self-folds into a bended structure with its virtual
diameter Dy given by!'!
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where k'’ is the total thickness of the bilayered film after expan-
sion/contraction (( = hy (1+ oq) + hy(1+ @), by and h, are the
initial thicknesses of the two layers, ¢4 and o, are the expansion
rates of the two layers (negative for contraction), and E; and E,
are the Young’s moduli of the two layers after expansion/
contraction. The above model assumes that the folding of the
bilayered rectangle is always symmetric, unidirectional, and in
the longitudinal direction, as illustrated in Figure 2A.

The thickness of the micropattern b’ and the thickness ratio
between the top and bottom layer h;/h, determine the folding
diameter. However, our previous studies showed that micropat-
terns of the same printed thickness, which gave the same folding
diameter, can perform dramatically different self-folding. This
inconsistency between the experiments and the classical bilayer
folding model has been repeatedly observed in this work (e.g.,
Figure 2B). Figure 2B shows that two polymers of different
swelling rates in water were assembled into bilayered micro-
rectangles which self-folded into microtubes in the presence of
water. The width, length, and layer thickness of the microrec-
tangles were changed to tune the diameter of the microtubes.
The folding diameters (Dy) of the microtubes roughly matched
the estimation of Equation (1). However, instead of folding in the
longitudinal direction and becoming a short tube (as Figure 2A
and Equation (1) assumes), the microrectangles self-folded into
either a straight long tube (Figure 2B, lower-left) or a helical tube
(Figure 2B, lower-middle and lower-right), depending on the
micropattern dimensions (length, width, and layer thickness).
Moreover, the self-folding results of microrectangles (straight
tubes or helical tubes) and the helix angles (¢) of the helical
tubes were found to be correlated with the ratios between the
width, length, and folding diameter of the microtube (Figure 2B,
bottom). Most interestingly, the folded helical tubes exhibited
both left-hand and right-hand chirality (Figure 2B). This bi-modal
folding indicates that the release of strain-energy during the self-
folding of microrectangles has more than one possible route,
which causes unpredictable self-twisting direction. Asymmetric
folding of rectangular structures as such has been reported
elsewhere, but the underlying mechanism remains largely
unclear.'®! For micropatterns that are more complex than the
microrectangles, we anticipate the final shape of self-folding to
be more random and difficult to predict. To reveal the underlying
mechanism, next, we will use a mass-spring model to understand
the self-folding dynamics of shape-transforming microstructures
and compare with further experiments as discussed later.

3. MSM to Study the Dynamics of 2D to 3D
Shape Transformation

3.1. Deciphering the Dynamics of Self-Folding Using MSM

To simulate a complex deformation such as the self-folding of
multilayered micropatterns, one may use either a continuum
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mechanics based algorithm, such as finite element method
(FEM),[”] or a lump-mass algorithm, such as MSM.[¥l The
former is a continuum model based on rigorous constitu-
tive equations.'”l In contrast, a lump-mass algorithm such as
MSM approximates a continuum body by a finite number of
mass-points that are connected by virtual springs. An MSM-
based lump-mass algorithm was selected for this study for the
following reasons.

A continuum mechanics algorithm can accurately predict the
shape transformation of a wide range of materials, from metals
to complex living tissues. However, such modeling demands a
rigorous description of the boundary conditions that is often
incompatible with arbitrary and unpredicted events. In addi-
tion, it remains challenging to converging under sophisticated
multi-body contact and fluid-structures interactions, such as
the collision between folding bodies and drag resistance force
from water during folding in solution. For folding deformation,
a continuum mechanics algorithm also requires the users to
model the body by a large deformation context that demands
extensive computation efforts, such as the total Lagrangian
explicit dynamic (TLED) algorithm for FEM.?% These issues
render the continuum mechanics algorithm time-consuming
and inefficient for simulating a 2D to 3D shape transformation
involving contacts and fluid-soft-structure interactions during
folding.

In contrast, in a lump-mass model such as the MSM algo-
rithm, a deforming body is approximated by concentrated
mass-points that are connected by virtual springs. The spring-
constants are assigned to provide internal stresses between the
mass-points in response to deformation, simulating the elas-
ticity of the body.'83l External forces from collisions, frictions,
and drags are applied directly to the mass-points. The shape
transformation of the 2D body is calculated simply by applying
Newton’s second Law, i.e.,, F = MA, to the mass-points, gener-
ating motions of the mass-points and subsequently the shape
transformation of the deforming body. In comparison with
continuum models, the lump-mass model has the advantages
of being highly flexible, easy to use, and efficient in simulating
large deformation.

3.1.1. Modeling Young's Modulus, Internal Damping,
and Poisson’s Ratio
Our MSM model was based on established algorithms/!82P21]
and implemented in MATLAB (version 2019a). Details of mode-
ling are provided in Section S1.1in the Supporting Information.
In this model, a 2D body undergoing self-folding was simulated
by a number of cubic units (Figure 2C,D). Each vertex of the
cubic units was assigned with a mass-point with its mass deter-
mined by the material’s density.

Adjacent mass-points were coupled by virtual springs,
which determined the body’s Young's modulus. The virtual
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springs between the nearest neighbor mass-points had spring
constant of k,, and the ones between the second and third
nearest neighbor mass-points had spring constants of k;, and
k., respectively (Figure 2C, a, b, c-Springs). The values of k,, ky,
and k. (unit: N m™) were regulated by the following relations:
k,=oa+ B k, = o, and k. = 3/8 B, with the values of & and 8
being selected to obtain the desired Young’s modulus. In simu-
lating an isotropic object, former studies!'®>2!l established that
the above confinements to k,, k;,, and k. maximize the accuracy
of the MSM algorithm in comparison with continuum models.

Internal friction is a key element in the modeling of poly-
meric materials such as hydrogel. To simulate the effects of
internal frictions, each virtual spring was assigned with a
virtual damper of damping-ratio ¢ that was between 0 and 1.
This value determined whether the body would oscillate during
self-folding, with { = 0 allowing nonstop oscillation and =1
eliminating oscillation.[?2

Poisson’s ratio determines the ability of a body to resist a
change to the volume.?’] To simulate the Poisson’s effect and
create a tunable Poisson’s ratio,'®d in addition to the virtual
springs, each cubic unit was introduced with an isotropic
spring that resists a change of the unit’s volume by a spring
constant k, (Figure 2C, Volume Spring). In each unit, the dif-
ference between the unit’s current volume v, and the unit’s
equilibrium volume vycqy (at which all linear springs in the
unit are relaxed) was calculated (Av, = vy — Vy.equi)- This value
was converted into an isotropic force k, Av,, from the isotropic
volume spring, between the cubic unit's mass center and
the unit's mass-points. The direction of the isotropic force,
i.e., contracting or expanding, was determined by the sign of
Av,—contracting if Av, > 0 and expanding if Ay, < 0. The con-
stant k, determines the magnitude of the isotropic force and
thus the simulated body’s Poisson’s ratio. For example, when
simulating a cubic block as shown in Figure 2D, increasing
the value of k, from 0 to 0.3 increased the Poisson’s ratio from
=0.25 to 0.35.

3.1.2. Approaching Mechanical Isotropy

Before using the MSM for simulation, we first examined
whether the model is capable of approaching a mechanically iso-
tropic object as the results from former studies showed.!32>21
To do so, a cubic body was created by assembling the cubic
units according to three different lattice systems defined as
<1,0,0>, <1,1,0>, and <1,1,1>, as illustrated in Figure 2D. Simu-
lated normal forces were applied uniformly in the z-axis direc-
tion, to the top and bottom surface of the cubic bodies, which
caused the cubic bodies to extend longitudinally, while short-
ening laterally following Poisson’s effect. The Young’s modulus
(E) and Poisson’s ratio (v) of the cubic body were calculated
following standard mechanics formula.” The results showed
that the accuracy of the MSM algorithm was sufficient for
yielding E and v values across the three lattice directions with
less than 0.8% error. For example, when using k, = 0.3, =1x
10° N m'and f=1x10° N m™! (for spring constant k,, ki,
and k), the modeling yielded E = 43.3411 + 0.2978 kPa and
v = 0.3513 + 0.0027, with less than 0.8% variation across the
three different lattice systems.
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3.1.3. Self-Folding of Microrectangle is a Two-Phase Procedure

The MSM model was first applied to simulate the self-folding
of a simple, bilayered microrectangle (Figure 3). The mechan-
ical properties of the simulated microrectangles followed the
data from the experiments (E = 40 kPa and v = 0.35). A bilay-
ered rectangle of 125 um in width and 500 pm in length was
constructed by cubic units of 5 x 5 X 5 um size. In our experi-
ments, the total thickness of each layer increase by the number
of stacking of microdroplets. Each microdroplet increased the
thickness of the micropattern by about 1.3 um, as measured
by a confocal microscope (data not shown). The MSM model
was developed accordingly. For example, for the self-folding rec-
tangles in Figure 5A, each layer was printed by four stacks of
microdroplets, leading to layers of roughly 5 um in thickness.
In simulating the self-folding of such a microrectangle, there-
fore, the thickness of each simulated layer was set to 5 um. The
lower layer of the rectangle was set for 59% swelling by length,
and the top layer for 34% swelling by length. The damping ratio
between mass-points ({) was tuned between 0.1 and 0.9 (in
which range the model is allowed to oscillate) to examine the
effect of {'value on shape transformation.

In our experiment, the inkjet-printed micropattern was often
incubated in an aqueous environment for several days before
self-folding was activated. During the incubation, the micropat-
tern was kept flat by a binding layer, which was coated on the
substrate to retain the micropattern, so that living cells could
have enough time to settle and spread on the micropattern.
The binding layer was dissolved at a desired moment to acti-
vate self-folding, using a method that will be explained in a later
section. Due to the accumulation of swelling stress, upon being
released, the micropattern rapidly self-folded into a 3D structure
(Video S1, Supporting Information). To model such preaccumu-
lation of swelling stress and sudden release, in our MSM model
the equilibrium length of the linear springs, l.q,;, was increased
for each cubic unit, by 59% for the lower layer and 34% for the
upper layer, during a narrow period at the beginning of the sim-
ulation (<1% of total simulation time). This caused the springs
to push apart the mass-points and the bilayered rectangle to
deform. Besides the internal forces, resistant forces from the
surrounding fluid (water), which decelerates self-folding, were
applied to the mass-points at the surface of the bilayered rec-
tangle according to the velocity of the mass-points, following the
classical fluid mechanics formula for drag forces.*”!

The simulations revealed that the self-folding of the microrec-
tangles is a two-phase procedure consisting of a primary folding
and a secondary folding. In the primary folding, strain energy
from swelling caused the microrectangle to perform a dual-
curvature deformation, in which the rectangle folded simulta-
neously along both the lateral and the longitudinal direction. As
the folding continued, the lateral folding gradually dominated
and the rectangle transformed into a half-tube that was long
and axially symmetric, with roughly 110 um D¢ and 360 um
folding circumference (Cy) = 7 x Dy. At this point, the rectangle
reached an equilibrium and the deformation ceased (Figure 3A,
labeled by “*,” also see Video S2 in the Supporting Information
(0-7 s) for the folding process). To test whether this equilib-
rium was stable, an external disturbance (a simulated impulse
of 10 ms duration) was applied to an arbitrary mass-point
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Figure 3. A) MSM modeling of a bilayered microrectangle. The modeling results revealed that the self-folding includes two phases: primary folding and
secondary folding. In the primary folding, the bilayered microrectangle self-folds by the lateral direction and remains symmetric (“*”). The secondary
folding is activated by either a disturbance or an introduction of imperfection to the model (“%” and “§"). In the secondary folding, in the presence of
self-hindrance, the microrectangle transforms into a helical tube, by either the left-handed or right-handed direction (“i”). Whereas, in the absence of
self-hindrance, the helical tube continues to twist until becoming a short tube (“i”). B,C) The changes of helical angle and strain energy throughout

the modeling. Shortly after the primary folding, a small disturbance was introduced to the model for both “1” and “t.”Self-hindrance is enabled on “i”
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Self-hindrance interrupts the self-twisting and leads to a helical tube.

wan
L

(Video 2, Supporting Information). The impulse was applied
between the seventh and eighth seconds in the video. Inter-
estingly, the impulse broke the equilibrium and triggered a
secondary phase of folding, in which the half-tube began to
twist and transformed into a helical tube, while maintaining
the same Dy and Cf (Figure 3A, labeled by “I,” also in Video S2
in the Supporting Information after eighth second). More
importantly, this secondary folding was found to be bi-modal,
in which the direction of twisting (right-handed or left-handed)
could be changed by altering either the direction of the impulse
or the mass-point to receive the impulse (Figure 3A, labeled
by “t”). Other than external disturbance, a model’s internal
imperfection, which makes the model not perfectly symmetric
or uniform, can also lead to secondary folding. When imperfec-
tion was introduced, such as randomizing the spring constants,
masses, or the mass-points’ positions by 0.1%, the transition
between the primary and secondary folding became automatic,
taking place without a disturbance (Video S3, Supporting Infor-
mation). Besides, we found that changing damping ratio ¢
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vs “*¥”). C, “i") The self-twisting releases more strain energy from the folding microrectangle.

between 0.1 and 0.9 had negligible effects on the above results.
For simplicity, we used {'= 0.5 for the following simulations.

3.1.4. Longitudinal Folding is Energetically Preferred

To understand how the strain energy evolves in self-folding,
in this batch of simulation, we omitted the collision between
mass-points and allowed the simulated body to overlap with
itself, which means that we disabled the self-hindrance. In
such a case, the twisting of half-tube continued until the helical
structure transformed into a short tube (Figure 3A, labeled by
“t,” also in Video S4, Supporting Information). Tracking on the
strain energy of virtual springs showed that self-folding into
a short tube (Figure 3C, labeled by “7”) leads to significantly
lower strain energy than maintaining the half tube/helical tube
(Figure 3C, labeled by “*”). Therefore, it is energetically pre-
ferred for a microrectangle to transform into the short tubes
rather than a long tube or a helical tube (Figure 3C).

© 2020 Wiley-VCH GmbH
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3.1.5. Wider Rectangles Perform Two-Phase Self-Folding, Narrower
Rectangles Perform Single-Phase Self-Folding

Keeping the folding circumference C¢ unchanged (by keeping
layer thickness and swelling ratio unchanged) and the self-hin-
drance disabled, we next studied how the dimensions of micro-
rectangle influence self-folding. The simulation was repeated
with the width being changed in reference to Cp. The results
indicated that all microrectangles self-folded into short tubes at
the end. However, the number of phases, one or two, during
self-folding is determined by the ratio between the folding
circumference Cy and the width of postswelling rectangle w’
(Figure 4A). If the width after swelling W’ exceeds about 20%
of C¢ (w/C¢> 0.2), the self-folding approached the shorter tube
by first folding laterally (Figure 4A bottom row), which led to
a long tube, and then twisting into a short tube. In contrast, if
w’" becomes less than 20% of C; (w'/Cy < 0.2), the self-folding
started with the longitudinal folding and directly transformed
the microrectangle into the short tube (Figure 4A top row). Lat-
eral folding, which produces a shorter tube, was shown to be
energetically preferred for the folding rectangle regardless of
the value of w'/Cy. In all the two phases self-folding cases, the
secondary folding was bi-modal and could be either left-handed
or right-handed.

3.1.6. Self-Hindrance Determines the End Point of Self-Folding

Collisions between different parts of the micropattern inter-
rupt the above self-folding. To examine this effect, we repeated
the above simulation with self-hindrance being enabled. In the
simulation with self-hindrance, once mass-points collided with
each other, the twisting in the secondary folding stopped, with

the helical angle stopping at ¢. This angle was correlated to the
ratio of width postswelling (w') to the folding circumference
(Cf) (Figure 4B, also in Video S2 in the Supporting Informa-
tion). For example, for the microrectangles that became half-
tube in the primary folding (w’/Cr = 0.5), the helical angles
were roughly 61.5°. When the width of the rectangle became
wider (e.g., w'/C¢ = 1.0), the self-hindrance took place earlier
and caused a much smaller helical angle, leading to a straight
tube (¢ =~ 0°). In contrast, the microrectangle with a narrower
width (e.g., w'/Cr = 0.4) was able to twist by a larger helical
angle (¢ =~ 777°) before being stopped by self-hindrance.

4. Experiments to Validate the Modeling Results

The above numerical model deciphered the complex dynamics
behind self-folding of microrectangle. To verify the above mod-
eling results, we conducted experiments by inkjet-printing 2D
bilayered micropatterns made of hydrogels.

4.1. Verifying the Simulation Results

A high precision inkjet-printing platform was developed to
deliver microdroplets of biomaterial-inks (about 160 pL per
drop) onto a glass substrate, forming ink-spots of 140 pm
diameter, where the droplets were assembled into predesigned
micropatterns. Each micropattern consisted of two layers of
distinct biomaterial-inks, with the biomaterial-ink of higher
swelling rate (Gel-COOH-MA, 59%) forming the bottom layer
and the biomaterial-ink of lower swelling rate (Gel-MA, 34%)
forming the top layer. The thickness of each layer, which deter-
mined the curvature of self-folding, was controlled by the

Self- - ; . Secondary .
hindiance Initial Primary Folding Folding w'/ ¢ (/)
02  90.0°
(A) No
&4 90.00
0 77
(B) Yes — 5 615

None

Figure 4. MSM modeling on bilayered microrectangle: the ratio between postswelling width (w’) and folding circumference (C;) determines the folding
results: A) Without self-hindrance, all microrectangles fold into short tubes. The w’/C; ratio determines the number of phases self-folding undergoes:
one phase when w’/C;< 0.2 (top row), two phases when w’/C;> 0.2 (bottom row). B) With self-hindrance, the helical angle ¢ is a function of the w’/C¢

ratio. Larger w’/Cs ratio results in a smaller helical angle.
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number of ink-drops per inch. This arrangement enabled the
micropatterns to fold away from the glass slide when being
swollen by water. As-printed micropatterns were crosslinked
in a photoinitiator contained organic solvent by an exposure to
ultraviolet light (365 nm, 2 mW cm™2, 5 min). Details of the
inkjet printing are provided in the Supporting Information.
Having established the inkjet-printing platform, we pro-
ceeded to examine the accuracy of the mass-spring model
on simulating the self-folding of bilayered microrectangles
(Figure 5A,B). The biomaterial-inks were printed into micro-
rectangles of 140 um width and various layer thicknesses,
which led to microtubes of various self-folding circumference
Cr. Upon a rinse in phosphate buffer saline (PBS), these micro-
rectangles were released from the glass slide and self-folded
into microscopic tubes (Figure 5A). MSM that resembled

(A) (B)
'[Ci=1 = 1 ~
w/ G 3 w/ =1
o Straight
E ot i (¢=0)
\ $=50
w'/ C;
=05 -
Helical, Bi-modal

(€

Dt

Ink spots

W'/ Cf: 1.0

Figure 5. Validating simulation results with experiments. A,B) Self-folding
of inkjet-printed microrectangles. A) The helical angle ¢ was correlated
to the ratio between postswelling width (W) and folding circumference
(Cy). ¢~ 0° when w'/C;~ 1, leading to straight tubes (top). ¢ ~ 50° when
w'|Cr = 0.5, leading to helical tubes. The self-folding was bi-modal—the
twisting of helical tubes was either right-handed (middle) or left-handed
(bottom). B) This result validated the accuracy of the MSM model.
C,D) Self-folding of a micropattern made of 20 drop-spots. The ratio of
postswelling width (w") to folding circumference (C) determined the
final 3D shape. The micropattern became a porous sphere when w'/C¢
=~ 0.2 but a scorpion-like shape when w’/C; =~ 1. Results from the mod-
eling and experiments were consistent with each other. Scale bars for
A,C,D) 200 um, insets: 100 um.
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the inkjet-printed microrectangles was created and tested
(Figure 5B). The results from simulation were consistent
with the results from the inkjet-printed micropatterns. Both
the experimental and simulated results showed the follows:
1) postswelling, if the width of microrectangle (w’) was similar
to the C; of the microtube, the microtube approached a long
and straight tube; 2) if w’ was less than C; the microtube
became a helical tube; 3) decreasing the w'-to-Cy ratio increased
the helical angles ¢; and 4) when the micropattern was laterally
symmetric, the microrectangles performed bi-modal, chiral
twisting, which resulted in either right-handed or left-handed
twisting (Figure 5A vs 5B).

4.2. Self-Folding of More Complex Micropatterns

Having validated the accuracy of the numerical model on
predicting the self-folding of microrectangles, we continued
to test on more complex micropatterns (Figure 5C,D and
Figure 6) and found the experimental and simulated results
fitting with each other. For example, a new micropattern con-
sisting of 20 drop-spots was fabricated as shown in Figure 5C.
The w'-to-Cyratio of this micropattern (in which w’ represented

(A)

Multi-Modal

= Primary
(Unstable)

B)
* N |
_> —_
9
Primary

(Unstable)

Secondary (Stable)

(

Multi-Modal

o

N
e
-

Secondary (Stable)

Figure 6. Self-folding of A) hollow square-like and B) cross-like micropat-
terns, in which w’/Cr~ 0.9. The MSM model predicted the self-folding to
be multi-modal and capable of generating three different 3D microstruc-
tures. Most of these microstructures were identified in the inkjet-printing
experiments (right column). All scale bars: 100 um
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the postswelling width of drop-spot) was found capable of
causing dramatic change to the final 3D microstructure. When
the thicknesses of the two layers were adjusted to provide
=~0.2 w'-to-Crratio (Figure 5D, top), the direction of self-folding
for each rectangle was longitudinal, and the micropattern
self-folded into a porous sphere that resembles the isotropic
tissue compartments, which are commonly seen in the lungs,
cartilage, and fat tissues (also see Figure 1B). In contrast, when
the thicknesses of the layers were decreased by fivefold, which
increased the value of w’/Ct to 1, lateral folding became domi-
nant and the micropattern self-folded into a “scorpion-like” 3D
structure instead of the porous sphere (Figure 5D, bottom).

3D microstructures that were much more complex than
microscopic tubes were formed when the ink-spots were
organized into slightly more complex forms of micropatterns
(Figure 6). These complex micropatterns were found to perform
more unpredictable self-folding. For example, for a micropattern
that resembled a hollow square (Figure 6A), the simulation
predicted the micropattern to perform a multi-modal folding.
Such folding included one primary folding and three distinct
secondary foldings, leading to three different types of 3D micro-
structure. Two of these microstructures were identified from our
inkjet-printed results (Figure 6A, right). Likewise, when the ink-
spots were assembled into a cross-like pattern (Figure 6B), the
simulation predicted three possible final 3D microstructures,
and all three microstructures were observed from the inkjet-
printed results (Figure 6B, right). The lack of experimental
evidence for some of the simulated results might stem from
a lower probability for certain imperfection (which determines
the secondary phase of self-folding) to take place. For tissue-
engineering applications, such multi-modal self-folding may be
utilized as a tool to create scaffolds of more diverse morphology,
such as the scaffold to regenerate a bone network. On the other
hand, multi-modal self-folding may be considered as a pitfall to
avoid, if identical 3D microstructures are desired.

4.3. Effects of External Forces and Boundary Conditions
on Self-Folding

One unique advantage the of mass-spring model is the ease to
apply arbitrary forces and boundary conditions, allowing the
user to apply more realistic conditions to the simulated body.
In the above studies, reactive forces that decelerated the folding
motions were applied to the superficial mass-points to simu-
late drags by water. External forces may also come from other
boundary conditions. For example, the self-folded 3D micro-
structure may be permanently bound to the substrate for a
lab-on-chip application. Flows from the water surrounding the
micropattern could also influence self-folding.

Using the numerical model, we found that the disturbance
from the surrounding water can sometimes be necessary to
achieve a desired self-folding. For example, we simulated the
self-folding of a tubular network micropattern (Figure 7A). In
this pattern, different regions had been assigned with different
folding circumferences, which were Cy for narrow rectangle
region and Cy, for wider rectangle region (Cq: Cp, = 1:2), respec-
tively. In the absence of disturbance, the micropattern was
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Phase 1
S.E.=2.71n) S.E.=2.58n)
A
f
—>
Anchored — P
S.E.=6.18n) S.E.=5.47n)

(D)
f/
->

Figure 7. The MSM simulation showed that the self-folding of a complex
micropattern might be trapped in an energy pitfall and yield an unwanted
3D shape. This energy pitfall, fortunately, can be overcome by applying
external forces to force the 3D microstructure to refold and transform
into a different 3D shape. This figure shows two examples. A) A branched
micropattern with folding circumferences Cy for the center region and
Cq, for the ends (Cq: Cp, = 1:2) performed unwanted-folding at the ends,
which trapped the self-folding at a strain energy (S.E.) pitfall of 2.71 nj
(Phase 1). This unwanted folding can be rescued by applying an external
force “f” in the longitudinal direction (along y-direction), which refolds
the side tubes and transform the side tubes, into new structures of
2.58 nJ energy state (Phase 2). B) Similar effects happened on a micro-
tubular bridge with two ends anchored on the substrate. Simulation
results showed that the micropattern could be wrinkled and trapped at an
energy pitfall (6.18 n)) without further deformation. Applying an agitation
(“f™ along z-direction) may force the wrinkled structure to transform into
the bridge-like microtube (S.E. = 5.74 n)). These effects have been found
in our experimental models as shown in (C,D), in which unwanted self-
folding was corrected by refolding the micropattern using external forces.
All scale bars: 200 um.

predicted to self-fold into the 3D microstructure with unwanted,
nontubular ends (Figure 7A, Phase 1). This state was found
energetically stable, which means the self-folding had been
trapped in an energy pitfall with strain energy of 2.71 nJ, and
the microstructure would not perform further deformation.
Fortunately, flow from the surrounding water (external force
“f” along y-direction in Figure 7A) may overcome this energy
pitfall and force this 3D structure to refold into a branched
microtube (with lower strain energy of 2.58 n] comparing to
phase 1 folding) that mimics an interface between arterial and
venous capillary vessels (Figure 7A, Phase 2). In our experi-
ments, such a folding pitfall was observed and could be fixed
by pipetting water next to the structure (Figure 7C). Likewise, a
microrectangle anchored to the substrate on the two ends can
easily become wrinkled (Figure 7B, Phase 1) and trapped at this
energy pitfall (with strain energy of 6.18 nJ) without further

© 2020 Wiley-VCH GmbH
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(A) Inkjet Printing (B)
Gel-MA PY
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F-Actin Nuclei

Figure 8. A) Schematic of cell seeding and micropattern self-folding. Cells are seeded on the inkjet-printed bilayer micropatterns for a day, and
micropatterns with cells are released from the substrate for self-folding. B,C) Encapsulating human mesenchymal stem cells in self-folding microtubes.
B) The MSCs were seeded on the microrectangles, which was released from the substrate 1 day after 2D cell culture. C) After being cultured in 3D for
3 days, MSCs in the microtube became uniformly distributed along the tube, with cell nuclei and cytoskeleton (F-actin) self-aligned by the direction of
the microtube. D-G) Self-folding micropatterns forming biomimetic microstructures were designed by the MSM algorithm and fabricated by inkjet-
printing. D) These biomimetic microstructures include branched tubes, E) hierarchical branched tubes, F) spheres, and G) porous spheres. Scale bars:

B) 100 um; C) 50 um; D) 500 um; E) 1 mm; F,G) 200 um.

deformation. An agitation from the surrounding fluid (external  wrinkling and transform the microstructures into a bridging
force “f” along z-direction in Figure 7B), which forced the entan- ~ microtube with strain energy of 5.47 nJ as desired. Such a pheno-
gled structure to refold, may rescue the microstructures from  menon was also observed in our experiments (Figure 7D).
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5. Applying MSM to Designing Self-Folding
Microstructures for Tissue Engineering
Application

Tissues in our body consist of various kinds of 3D micro-
structures. The above self-folding approach can be applied
to assembling organic compounds suitable for tissue engi-
neering into these 3D microstructures. As a proof of concept,
human mesenchymal stem cells (MSC) were seeded onto the
gelatin-based, microrectangles of 1.2 w'-to-C; ratio on a glass
slide (Figure 8B) and incubated in standard MSC culture
media, under 37 °C and 5% CO,. One day after cell seeding,
the microrectangles were detached from the glass slide using
PBS and allowed to self-fold into microscopic tubes. By 4 days
post cell-seeding (which were 3 days after self-folding), MSCs
became uniformly distributed along the tube, with cell nuclei
and F-actin self-aligned by the direction of the microtube, as
shown by confocal microscope images (Figure 8C). Analyzing
the confocal images by cross-sections of the tube (Figure 8C,
a’-a’, b'-b’, and ¢’-¢') showed that the tube with embedded MSCs
had a 30-50 um inner diameter, which was comparable with
the typical size of MSC (15-30 um).?%! Without self-folding,
populating such a microtubular scaffold with cells is often dif-
ficult, as cells can easily block the microstructures as reported
elsewhere.’>?] Experimental details about biomaterial prepa-
ration (synthesis of Gel-MA and Gel-COOH-MA), printing
procedures (printing, crosslinking, and self-folding), and cell
seeding, culturing and staining are provided in the Supporting
Information. Since MSCs were capable of differentiating into
the phenotypes of cells in muscles and tendons,?8! microtubes
as such are promising building blocks to regenerate muscles
and tendons. These building blocks are also promising for
housing other types of cells and regenerating other kinds of
linear tissues, including microvessels, nerve bundles, and lym-
phatic conduits.

Besides microtubular structures, the human body contains
more complex 3D microstructures, including branched tubes,
hollow spheres, and interconnected pores. We applied the
numerical model to designing the 2D micropatterns that could
self-fold into these biomimetic microstructures, followed by
using the inkjet printer to fabricate these micropatterns. The
inkjet-printed micropatterns performed expected self-folding.
To make the self-folding of these micropatterns more repeat-
able and predictable, the micropatterns were printed such that
different zones of the micropatterns had a w'-to-C; ratio that
was either close to 1 (which locally produce a straight tube-like
structure) or less than 0.2 (which had negligible self-twisting).
This minimized the effect of multi-modal folding, as previously
explained in Figure 4. By combining two types of microrectan-
gles that had distinct length, width, and folding circumference
Cy, the inkjet-printing created branched microtubes that resem-
bled a branched nerve or microvessel (Figure 8D). Combining
more than two types of microrectangles, as shown in Figure 8E
(also in Video S5, Supporting Information), led to a tree of
microtubes with a hierarchical and branched structure. Such a
branched structure may support the regeneration of a network
of microvessels or nerves.

The above simulation-based design and the inkjet-printing
based microfabrication were also used to produce spherical
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microstructures. These structures resemble the shapes of
porous, random, and isotropic tissues that can be found in
cartilages, bones, and fats. For example, microspherical struc-
tures were fabricated by printing the ink-spots into micropat-
terns that resembled an unfolded hollow polyhedron, such as
unfolded hexahedron and unfolded icosahedron (Figure 8F,G).

6. Conclusion

Still in its infancy, the technology of self-folding microstruc-
tures is particularly promising for creating biomimetic micro-
structure as scaffolds for tissue regeneration. The development
of this technology, however, requires more fundamental under-
standing of how heterogeneous volume change determines the
shape-transformation of the deforming body. Here we helped
bridge this knowledge gap by creating the above MSM algo-
rithm, which is mathematically simple and yet flexible for
simulating highly complex microstructures. By simulating the
deformation of the self-folding body in real-time, we learned
that the shape transformation of the self-folding body is a two-
phase procedure. In the primary phase, the self-folding body
releases the majority of strain energy and performs mostly
predictable deformation. In the secondary phase, the self-
folding undergoes fine-tuning, such as twisting, which may
significantly change the overall shape. Most interestingly, the
secondary phase of self-folding may undergo multi-modal
shape-transformation, which transforms identical folding
bodies into dramatically different 3D shapes. Finally, the self-
hindrance of the self-folding body interrupts deformation and
determines the final shape of the self-folding body.

To validate the modeling results, we conducted experi-
ments by using photo-crosslinkable polymers of distinct
water-swelling rates. A high-precision inkjet printer was used
to pattern the polymers into bilayered micropatterns that
resembled the shapes of the numerical models. A simple cell
study using human MSC was conducted as a proof of concept.
These micropatterns performed self-folding in water, leading
to tubular, spherical, and more complicated structures that
resemble the topography of living tissues, such as branched
tubes. Multi-modal self-folding was observed in experiments,
which verified the prediction by the numerical models. We
expect that the above knowledge, the MSM-based model, and
the inkjet-printing platform to greatly contribute to the research
on self-folding microstructures, as well as applications to regen-
erative medicine.

7. Experimental Section

Detailed explanation on the mass-spring model, the MATLAB-based
coding for the model, and experiments are provided in the Supporting
Information.

Supporting Information

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