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New Concepts Statement

Morphogenesis refers to the coupling of the progressive growth and structure formation
that commonly occurs when soft biomaterials are confined by harder surfaces. Translating
this behavior into the synthetic realm would enable fabrication of biomimetic materials
whose forms can be dynamically fashioned for optimal functionality. We develop a new
model for the progressive growth of gels localized between various walls to determine how
confining surfaces control the shape and mechanical properties of the grown materials. The
model describes a "parent" gel swollen by monomers, and the subsequent polymerization,
cross-linking and inter-chain exchange involved in growing a random copolymer network.
The studies reveal that these growing gels replicate the feedback between mechanics and
morphology in biological growth, where mechanical forces guide the structure formation,
which introduces new mechanical forces that act on subsequent growth. We demonstrate
how physical patterning of growing gels can produce Young’s moduli that are order of
magnitude greater than the parent network. Our findings provide guidelines for tailoring
the shape and mechanical properties of “growing” materials, and introduce new approaches
to matching form and function in synthetic systems.
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Abstract

By modeling gels growing in confined environments, we uncover a biomimetic feedback
mechanism between the evolving gel and confining walls that enables significant control over the
properties of the grown gel. Our new model describes the monomer adsorption, polymerization
and cross-linking involved in forming new networks and the resultant morphology and mechanical
behavior of the grown gel. Confined between two hard walls, a thin, flat “parent” gel undergoes
buckling; removal of the walls returns the gel to the flat structure. Polymerization and cross-linking
in the confined parent generates the next stage of growth, forming a random copolymer network
(RCN). When the walls are removed, the RCN remains in the buckled state, simultaneously
“locking in” these patterns and increasing the Young’s modulus by two orders of magnitude.
Confinement of thicker gels between harder or softer 3D walls leads to controllable mechanical
heterogeneities, where the Young’s modulus between specific domains can differ by three orders
of magnitude. These systems effectively replicate the feedback between mechanics and
morphology in biological growth, where mechanical forces guide the structure formation
throughout stages of growth. The findings provide new guidelines for shaping “growing materials”

and introducing new approaches to matching form and function in synthetic systems.
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I. Introduction

Morphogenesis refers to the coupling of structure formation and progressive growth in
biological matter. Due to the crowded environments presented in the biological realm, the growth
of soft biomaterials commonly occurs in the presence of confining boundaries formed by
neighboring matter (e.g., the extracellular matrix, vascular channels, muscle, and bone). Due to
the latter boundaries, structures grow under local mechanical stresses, which continue to guide the
structural evolution of the biomaterial. The dynamic link between growth and mechanical forces
leads to an inherent coupling between form and function in biology, with the emerging forms being
sculpted over time to meet the ultimate functionality. This beneficial coupling is not commonly
seen in the development of synthetic materials, which typically cannot undergo self-sustained,
continuous growth. Recently, however, researchers developed biomimetic polymer gels that can
continue to absorb monomers and cross-linkers from fluidic surroundings to form additional mass
and propagate the growth of the network.'"* Also, there has been work on formation of 3D shapes
of gels due to confinement>®. Here, we develop a computational approach to simulate the
progressive growth of these gels (Fig.1) and investigate how neighboring surfaces control the
developing shapes and enhance the utility of the grown material. These systems are seen to
replicate the feedback between mechanics and morphology in biological growth, where
mechanical forces guide the structure formation, which templates further growth and introduces
new mechanical forces that guide subsequent growth. The findings provide new guidelines for
shaping “growing materials” and thus introducing new approaches to matching form and function
in synthetic systems.

We previously developed an analytical model® to investigate the growth of gels from an

initial polymer network (“parent”). The model revealed how growth can be tailored to create
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samples of specified size and mechanical properties. We now translate the analytical model into a
lattice-based computational technique, which we refer to as the “gel lattice spring model”
(gLSM)."1%ja the gL.SM, we explicitly simulate the adsorption, polymerization and cross-linking
of monomers, and the formation of new networks in the “parent” gel. We can vary the properties
of individual elements in the gel to introduce levels of structural heterogeneity not readily
achievable in analytical models. Consequently, we can probe and visualize gel growth in the
presence of confining boundaries that mimic constrained environments affecting development
within living systems.

Figures 1A-C depict the scheme for gel growth described in our analytical model® for
unconstrained growth. In Stage 0, the primary (parent) gel is placed into a liquid composed of
monomer and cross-linkers. This “monomer solution” can diffuse into the gel and cause it to swell
(Fig. 1B). As the last step of Stage 0, this swollen gel equilibrates to reach its final size.

Stage 1 starts with the polymerization of the monomers adsorbed at the end of Stage 0.
This polymerization leads to the formation of the secondary chains, which then cross-link to form
a distinct, new network within the primary gel. At this point, the secondary chains can undergo
exchange reactions with the primary gel to form a random copolymer network (RCN). Note that
during the latter crosslinking process, we calculate the amount of sol (a mixture of disconnected,
small gel-like pieces and uncross-linked chains) and remove them from our final RCN (Fig. 1C).

In the last step of Stage 1, the RCN is placed in a bath that is identical to the initial monomer
solution as in Fig. 1B. The RCN gel swells as monomeric units from the solution are incorporated
into the network. This swollen gel now forms the medium for Stage 2 and so on.

Alternatively, we also carried out an analytical model that forms a different network,

namely, the interpenetrating polymer network (IPN).3 Using our analytical model, * we found that

Page 4 of 36



Page 5 of 36

Materials Horizons

chains in the primary network within the swollen IPN (Stage 1) are relatively stretched. This
stretching is entropically unfavorable and hinders uptake of monomer and cross-linker during
further stages of growth. In contrast, the chain-exchange reactions between the primary (green)
and secondary (red) networks (Fig. 1) relieve the tension from chain stretching. In addition, the
exchange reaction leads to the formation of a considerable quantity of sol and hence, the RCN
remains soft. As a result, the RCN provides the distinct advantage that the gel network can grow
multiple times.? Consequently, we focus on the RCNs in the following studies.

Using our computational gLSM 7-10, we examine gel growth at hard surfaces, and within a
soft matrix. These situations mimic the constraints in biological environments and the confining
walls in manmade devices. Consequently, the findings can provide insight into the feedback
between local mechanical stresses and the evolving structure in biological morphogenesis, and
yield guidelines for adapting morphogenesis to fabricate materials where form is dynamically
fashioned for optimal functionality.

It is important to note that schemes other than the ones cited above have led to successful
gel growth.!-16 For example, researchers embedded photo-active iniferter groups into the parent
gel. With the application of light, the iniferters draw on monomers and cross-linkers from the
surrounding solution to initiate a photo-controlled radical polymerization (photo-CRP) and thereby
grow a ““child” within the parent network.!! Researchers also harnessed structurally tailored and
engineered macromolecular (STEM) gels as a foundation for synthesizing growing gels.!>'4 The
system is comprised of a primary cross-linked “scaffold” containing latent active sites (inimers),
which are used to initiate the polymerization and incorporation of the secondary chains in the

initial scaffold. The STEM gel properties and functionality can be modified through these
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secondary chains (or the controlled attachment of organic molecules, proteins, or nanoparticles),
which differentiate the grown gel from the initial scaffolds.
Below, we detail the governing equations in the gL.SM and validate the model by

comparison with results obtained from the analytical theory.

I1. Methodology
In these simulations, a gel is represented by a set of hexahedral elements so that their
vertices form a lattice, and the lattice nodes move due to elastic and osmotic forces from the
adjacent elements. To model the process of gel growth in successive stages, we utilize our
theoretical methodology that was formulated in ref 3. Below, we describe the theoretical model,
and then describe the incorporation of the theoretical framework into the gel lattice spring model
(gLSM) for computer simulations. The primary network is characterized by the cross-link density,

¢y, and the polymer volume fraction in the un-deformed state, ¢. The un-deformed primary

network is then swollen by immersing in a bath containing the secondary monomer and cross-
linker. The degree of swelling of the primary un-deformed gel in the monomer solution (before

)1/3

polymerization and cross-linking) at equilibrium is denoted /4. Note, 4y = (VO /Vipi) =, where

Vo 1s the volume of swollen primary gel and V},,; is the volume of the as-prepared (un-deformed)

primary gel. This degree of swelling characterizes the growth of the Stage 0 gel. The number
fraction of cross-linkers in the imbibed secondary monomers is given by « . When equilibrated,
the size of the swollen primary gel is fixed, and the absorbed monomeric units undergo a reversible
chain-growth polymerization reaction, and the resulting polymer chains exhibit the Flory
molecular weight distribution (MWD).!” The polymer chains further undergo simultaneous cross-

linking and inter-chain exchange with the primary polymer network to form Stage 1 random
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copolymer network (RCN). After removal of the sol fraction, the sample is swollen in the same
monomer solution as before, and the stage of growth is considered to be complete. The degree of

)1/3

swelling given by 4; = (Vl IVini ) ~, where 1] is the gel sample volume after the first stage of

growth, characterizes growth of the gel during Stage 1 .
For the primary polymer network, the equilibrium degree of swelling in the secondary
monomer solution is determined by the balance of elastic and osmotic forces. The total elastic

stress of the equilibrated sample, oy, , is balanced by the Flory-Huggins osmotic pressure due to
the monomers, 7g (@) :

Ttor = 7FH (9) (1)
To calculate the elastic stress in the gel, o,; in eq. (1), we use the neo-Hookean model,'#2° which
describes the elastic stress in a polymer network as a function of deformation. For the primary
network, the elastic stress is given by o, = 0,;(cy,4) = ¢ A73 (4% =1/2) . Here, the degree of
swelling A4 characterizes the deformation of a swollen gel. The elastic stress o,; depends on the

cross-link density ¢ of the polymer network. The expression for o,; can also be formulated’

in terms of the volume fraction ¢ = ¢Oﬁ_3 .

The Flory-Huggins osmotic pressure is given by

7En(9) =4+ In(1= ) + 7y #°] @)
Here, ¢ is the volume fraction of the monomers in the primary polymer network. The osmotic
pressure in eq. (2) depends on the Flory-Huggins parameter y ,, , which describes interactions

between the primary and the secondary monomeric units. Note that the monomer solution is

comprised solely of the secondary monomers, without any other solvent. As described above, the



Materials Horizons

absorbed monomers then undergo chain-growth polymerization reaction, and the resulting
polymer chains exhibit the Flory molecular weight distribution (MWD). Then, the primary
network and the newly formed polymer chains undergo inter-chain exchange and cross-linking to
form the stage 1 random copolymer network (RCN). The calculations related to polymerization
and cross-linking are based on our previous study 3 and given in detail in the SI.

Below, we briefly discuss the change in the stress balance calculations for the growth of
RCN networks. In the process of simultaneous cross-linking and inter-chain exchange, the network
exchange leads to the formation of a single network of cross-linked random copolymers consisting

of the primary and secondary monomeric units. As a result, there is only one contribution to the
elastic stress o, characterized by the single cross-link density cl(RCN) . The sol fraction, Sl(RCN) ,

removed from the network also contains the primary and secondary monomeric units. The

RCN RCN
(5 ana 55V

calculations of ¢ and are discussed in the SI.

After the first stage of growth, the size of the stage 1 RCN gel is determined by the

following equation for the force balance
R
0 ("M, 21 29) = mpuld" (D.y D ()] 3)
Here, ¢(1)(ﬂ) = (l—Sl(RCN ))¢0}L_3 is the volume fraction of the primary monomeric units after

removal of the sol fraction, and w(l)(l) =(- SI(RCN))(I —dolo 3 WAy / /1)3 is the volume fraction

of the secondary monomers incorporated into the Stage 1 RCN. As described above, A is the

degree of swelling of the primary network. The osmotic pressure in eq. (3) depends on the volume

fraction of both primary and secondary monomeric units:

e (@) ==[g+y +In(==p)+ 26" @)
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The RCN is in the un-deformed state after each stage of growth due to the inter-chain exchange.
The amount of primary monomers in the RCN decreases from stage to stage because of the removal
of the sol fraction.

The incorporation of the above theory into the computational gL.SM approach is described
in the SI. Using the results of the gLSM, we plot the growth of the initial parent network (in Fig.

1D) and the equilibrium Young’s modulus (Fig. 1F). The latter values depend on the Flory-

Huggins parameter y ,,,,, which describes interactions between the primary and secondary
monomers. The value of y pm affects the amount of secondary units that are adsorbed. Using the

value of y, =0.33, we characterize how the degree of swelling (Fig. 1E) and the equilibrium
Young’s modulus (Fig. 1G) for Stage 1 RCN changes as a function of the cross-linker fraction,
« . Note that the gLSM results reproduces the analytical results obtained from the above egs. (1 —
4).
I11. Results and Discussion

The number of hexahedral elements along the directions X,Y,Z are given by
L,,L,,andL, , respectively. To validate our computational approach, we compare results
obtained from the theory and gLSM simulations with a sample size of L, xL,xL, (where
L, =L, =L, =3) for the degree of swelling of the RCN at Stages 0 and 1. In Fig. 1C-D the solid

black circles representing results from the gLSM simulations lie on top of the line obtained from
the analytical calculations. The plots show that the gLSM results are in quantitative agreement
with results from the analytical model.

The parameters used in the gLSM simulations representing the gel properties of the Stage

0 gel are taken from3° ¢, =0.139 and ¢, =1.3x107. The spatial discretization of the undeformed
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(initial) sample is chosen as uniform along the X,Y,Z directions, and is given by
dX=dY=dZ =1, the time step of the simulations is chosen to be® dr=0.001, and the

dimensionless kinetic coefficient was set at A, =1000. For the polymerization and cross-linking

of the stage 1 gel, we use the rate of polymerization to depolymerization to be 7, /y_=5x10° .

Three distinct values of the fraction of cross-linker were used for different simulation scenarios :

a=0.004, 0.1, 0.4 . We explicitly state the value of « where the simulation results are

described. The results are presented in dimensionless simulation units. The units of modulus

(stress) in physical units is given by oy =kgT /vy =135.33MPa where k, is the Boltzmann’s
constant, 7 is chosen to be 20°C and v¢ =0.018 is the molar volume of water. The unit of length

257! which gives l[p =40um and 7y =1s.

and time is chosen such that®?! D =[,% /£, =2x107>cm
The simulations proceed through the following steps. The Stage 0 sample is prepared by
swelling the parent gel in a bath containing a monomer solution. The gL.SM equations for Stage 0

are used to model the dynamic swelling of the sample until it reaches the final equilibrium state.

The volume fraction of absorbed monomers, i/, at this swollen, equilibrated state are then utilized
to build the Stage 1 RCN network by polymerizing and cross-linking the y monomers (see

equations in secs. S1 and S2 in the SI). Equations described in S3 is then used to simulate the
behavior of the Stage 1 RCN network after the chain-exchange and removal of the sol fraction
have occurred. Note that the gel equations are not evolved during this process of polymerization
and cross-linking.

Once the Stage 1 RCN is formed, we utilize the equations mentioned in section S3 in the
SI to model the dynamical evolution of the Stage 1 gel until it reaches final equilibrium

configuration. Specifically, the nodes are evolved using eq. S3.6 while the forces are calculated
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using (see eqgs. (S3.19) and (S3.22)) and the mobility is evaluated using (see eq. (S3.23)). When
only a fraction of the gel elements in Stage 0 undergo polymerization and cross-linking, the
elements contributing to the Stage 1 RCN gel are evolved with the relative deformation tensors
and the RCN related dynamical equations, while the elements without the RCN are evolved with
the equations of the Stage 0 gel.

In modeling confined samples, we utilized the Morse potential to represent the repulsion
between the hard walls and freely swelling gel nodes. Specifically, we utilized the calculation of
node-to-node forces as given in ref.>2. The parameters used for the Morse potential are provided
in the SI.

Below, we use this computational approach to compare the systems’ behavior when gels
of different sizes and shapes grow in the absence or presence of bordering walls. In particular, we
determine the effects of confinement on systems of increasing complexity: thin, square samples;
rectangular layers; mechanically patterned thin gels; and thicker gels bounded by hard or soft
walls. As we show below for thin gels, growth to Stage 1 can trap the formation of non-equilibrium
structures, even when shape-defining walls are removed. Analogous to biological
morphogenesis,!>2329 the stresses are seen to play a vital role in directing the process of growth.

A. Confinement between hard surfaces: Stage 0 for a square gel layer

We consider a square flat gel in the as-prepared un-deformed state with the degree of

swelling A;,; =1. The sample size is 35x35x2 elements in X,Y,Z directions, respectively. At

Stage 0 in the absence of confinement, the swollen primary gel also is a square flat layer with the

degree of swelling Ay =1.3187 as the solvent is uniformly distributed in the sample.

The shape of the Stage 0 gel changes drastically if before swelling, we introduce two hard

walls at the faces X =0 and Y =0 of the as-prepared primary gel. We require gel nodes on these

10
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surfaces to remain fixed in space, and thereby prohibiting their motion. In the course of swelling,
these two immobile gel surfaces cause a spatially non-uniform distribution of solvent. The degree
of swelling close to the constrained surfaces is less than that at the free boundaries, which are in
contact with the solvent, and hence, the gel loses its initial square shape.

The constrained surfaces generate an uneven distribution of stress within the swelling gel.
As a result, the parent gel morphs into a buckled structure (Fig. 2A) to diminish stress in the
material. Such buckling has been predicted and observed when swollen polymer gels are confined
by a hard surface33¢ or purposefully planned through site-specific swelling.” The colors in the

plot indicate the local volume fraction of polymer ¢, which is an effective measure of stress in the
sample (high stress at high values of ¢). The polymer volume fraction (and stress) is highest at

the bound edges since the gel anchored at the wall is constrained from expanding. The center of

the sample shows the lowest @, as seen in Fig. 2A.

The structural evolution of the confined parent gel goes through an intermediate,
kinetically unstable state where any small perturbation pushes the system into the buckled structure
(Fig. S2). If the confining walls are now removed from the Stage 0 morphed sample, the primary
gel eventually returns to a relaxed flat state, which has a lower free energy than the buckled
structure (Fig. 2B).

If now unconstrained growth occurs on a free, flat parent, the resulting Stage 1 layer would
also assume a flat geometry, i.e., the growth occurs without a shape change (Fig. S3). The flat
layers can still be altered by changing the cross-link density in the sample. An increase in the cross-
link density leads to a decrease in the degree of swelling and in the mesh size within the gel (Fig.

S3).

B. Confinement between hard surfaces: Stage 1.

11
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With the walls remaining fixed in place, we initiate Stage 1 growth by polymerizing and
cross-linking the species that diffused into the parent gel during its swelling and buckling. The
fraction of cross-linker was chosen to be o =0.4. After the chain-exchange and removal of the
sol fraction, the Stage 1 RCN sample (Fig. 2C) effectively replicates the form of the confined
parent network. When the walls are removed at this stage, however, the gel does not relax back to
a flat configuration but remains in the buckled state (Fig.2D). The growth fixes an energetically
unfavorable, deformed shape into a stable configuration. The shape of the flat parent gel can be
refashioned into other geometries with the introduction of different siding (e.g., walls on three or
all four sides). While the free parent gel is mutable in this manner, the progeny is not.

The distortion induced in the confined parent gel is more pronounced in the progeny, as
indicated by Fig. 3A. The maximum height in the diagonal cross-section for the Stage 1 (confined
or released) is 1.45 times greater than the height for the parent. Thus, the shape of the confined
parent gel templates and amplifies the morphology of subsequent growth. In a manner of speaking,
the system encompasses “memory” since the buckled shape in Stage 0 under confinement is stored
in the system and recalled to regulate the next stage of development during gel growth.

For the relaxed Stage 1 RCN grown under confinement, the distribution of solvent in the
sample (Fig. 2D) affects the variation in local mechanical properties, i.e., the Young’s modulus

shown in Fig. 3B (see SI Fig. S4).

C. Growth in rectangular samples

The swollen pinned square gel displays just one prominent buckle, which is stabilized
during the growth process (Fig 2). It is known that long strips of gel that are attached to a hard
surface can exhibit a periodic buckling pattern when swollen.3%-33:3438 The same mechanism that

produced the buckling instability in Fig. 2 can be used to modulate the shape of grown RCN gels

12
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by varying aspect ratio of the primary gel and boundary constraints. To demonstrate the latter
behavior, we consider rectangular primary gel samples, which are three or four times longer than
the square gel in Fig. 2. During Stage 0, the samples swell in the monomer solution with no
boundary constraints. After polymerization, cross linking and chain-exchange, the boundary
constraints are applied, and the sample containing the grown RCN are put back into the monomer
solution to complete Stage 1 of growth. The fraction of cross-linker was chosento o =0.1.

Figure 4 shows Stage 1 grown rectangular RCN samples, where the primary parent gels
are three (Fig 4A and 4C) and four (Fig 4B and 4D) times longer than that for the square gel in
Fig. 2. The samples presented in Fig. 4 are still attached to the confining walls. For the cases shown
in Figs 4A and 4B, the primary gels were attached to a hard surface along the long axis at ¥ =0.
Figures 4A and 4B show that the Stage 1 grown RCN gels exhibit distinct buckles, with the longer
sample in Fig. 4B displaying three such waves. As seen in other example of confined swollen gels
3031 "the buckling pattern has a characteristic wave length as evident from Fig. 4E,*® which shows
the Z coordinate of nodes along the top, unconstrained edge of the sample in Fig 4B.

The introduction of additional confining wall at X =0 leads to a slightly different bucking
patterns in Stage 1 grown RCN gels as shown in Figs 4C and 4D. At lengths further away from
the additional confining surface, however, the influence of this wall is diminished, and the system
again exhibits regular periodicity as seen in Fig. 4E.

The RCNs in Fig. 4 are grown from a flat layer at Stage 0, and the constraints are only
introduced in the Stage 1 system. If the constraints are subsequently removed, the grown RCN will
relax back to the flat shape, effectively recalling the shape of the parent (see supplementary movie
1). Conversely, if the parent gel is attached to a hard surface and buckles during Stage 0, then the

grown RCN retains the periodically buckled pattern when the constraints are released (see

13
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supplementary movie 2). Again, the grown RCN shows “memory” effects as the system replicates
the before-growth structure of the parent.
D. Structural patterning during Stage 1 growth

Just as the pinning of walls affects the mechanical behavior (see Fig. 2), the sample can be
structurally patterned to tailor the buckling patterns’®. Thus, the structural patterning and
concomitant growth can be harnessed to create materials with specified morphology and
properties. In living systems, morphological patterns are generally formed in conjunction with the
growth process, i.e., patterning and growth occur simultaneously. One form of structural patterning
involves spatial variations between hard and soft tissue. In the cases described below, the fraction
of cross-linkers « in Stage 1 RCN is set higher in one region than the other and the entire sample
experiences Stage 1 growth. In this way, structural patterning and growth of the gel are occurring
simultaneously. Thus, the gels described here, capture the scenario when growth and development
evolve in a dynamically changing landscape, where the stiff region affects the morphology of the
soft domains, which in turn influence the shape of the hard region. The findings can reveal how
the two biomimetic processes (growth and morphological evolution) can be dynamically
interconnected to tailor the design of synthetic structural materials.

To facilitate comparisons with the examples in section III1.B, we focus on square-shaped
gels that are bound by two hard walls. Specifically, we assume that the parent gels swell freely
during Stage 0 so the RCN gels are formed in flat samples. Then, the sample faces along X =0
and Y =0 are fixed to hard surfaces, and the RCN gels swell to complete Stage 1 of growth.

After Stage 0, the secondary monomers are distributed uniformly throughout the parent
network. We assume, however, that during cross-linking of the secondary polymers at Stage 1,

one half of a sample encompasses four times the amount of cross-linker than the rest of the sample.

14
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Experimentally, this form of patterning could be achieved through photo-induced polymerization
and cross-linking, where one half of the sample is irradiated for a longer period than the other!-?4,
As a point of reference, Fig. 5A shows the Stage 1 RCN gel with a uniform distribution of

the secondary cross-links for ¢ =0.1 that is bound by the X =0 and Y =0 walls. The colors

indicate the spatial distribution of the total volume fraction of polymer in gel the ¢,,, . Similar to

Fig 2C, the confinement introduces bucking along diagonal of the sample. The bucking pattern is

symmetric, as evident in Fig 5D which shows the nodal displacements in the Z direction, d,, in

the middle plane of the gel sample. Figure 5D also shows that the gel is buckled upward along the

diagonal (blue corresponds to positive d, ), whereas the areas in the upper left and lower right

corners are buckled downward (red corresponds to negative d_ ). To characterize the elastic strain

in different parts of the sample, in Fig 5G we plot the average strain /Tl (see the SI) as a function

of time ¢ in the four quadrants of the sample, as marked by circles in Fig 5D. The highest strain is
observed in quadrant 1, which experiences the effects of both walls (see blue line in Fig 5G). The
plots also indicate that buckling occurs directly after the initial swelling of the RCN gel during
Stage 1 of growth, as indicated by the peaks in the curves just after =0 (Fig 5G).

In Fig. 5B, the left half of the Stage 1 RCN gel encompasses four times more secondary
cross-links, & = 0.4, than the right half, o =0.1 As a result, the left half is stiffer and less swollen
than the right one. The buckling pattern becomes asymmetric relative to the central diagonal of the

sample (Fig. 5E). The out-of-plane displacements d_ of the stiffer part are lower in the bottom left

corner, which is most perturbed by the confining walls, than those in Fig 5D. The highest

displacements, both positive and negative, are now shifted to the right, (relative to Fig. 5) and are

15
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localized in the softer part of the sample (Fig SE). Correspondingly, the average strain /Tl is greater

in the softer quadrants (2 and 4) than stiffer ones (1 and 3) as seen in Fig SH.

When the softer and stiffer parts in Stagel RCN are switched in position (Fig 5C), the
qualitative behavior is quite similar to that observed in Fig. 5B. Namely, the soft part exhibits
higher out-of-plane displacements (Fig 5F) and greater average strains (Fig 5I) than the stiffer part
of the sample. Now, however, the peak in the buckle height is shifted to quadrant 1 (as opposed to
being in quadrant 4 in Fig. 5B).

Relative to the structure in Fig. 5A, the patterned, mechanically stiffer regions in Figs 5B
and 5C effectively “iron out” the wrinkles in those areas, and the wrinkles are shifted to the softer
domains of the gel. Notably, forming layers that encompass both well-defined corrugations and
flat domains is useful in a range of applications,* but is difficult to achieve. For example, this
form of patterning might require two separate rolling devices (as in the case of thin metallic sheets),
one roller to form the flat surface and another to introduce the corrugations.*! These simulation
results indicate a means of controllably “growing” analogous patterned, heterogeneous surfaces.

When the gel systems in Fig 5 are detached from the hard walls, the parent gel for the case
in Fig 5A relaxes to the flat shape, while the parent gels for the cases shown in Figs 5B and 5C
reflect the patterning introduced at Stage 0 and assume a double roll shape** (see SI Fig. S5)
Additionally, we show the final equilibrium shapes obtained for different boundary constraints —
the swelling of the flat grown RCN gel when three sides of the gel are constrained by walls, and

when all four sides are constrained (see SI Fig. S6).

E. Growth of blocks in layered structures

16
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The ability to grow micro- to macroscopic gels that bridge separated surfaces or encase
distinct regions addresses a number of technological challenges, from healing damaged devices,
to creating a new connection between individual units or providing a protective coating for
exposed surfaces. The schematics in Figs. 6A and 6D illustrate the two different cases considered
here; green marks the regions in the parent gel where growth of the RCN gel takes place. As before,
the parent gel is swollen in monomer solution (Stage 0). Stage 1 growth is initiated by selective
polymerization and cross-linking in the specified areas (a process that can be experimentally
achieved by using a photomask with the appropriate shape) and the subsequent chain-exchange.

The formed RCN gel can be softer or stiffer depending on the fraction of cross-linkers «
in the solution. To complete Stage 1, the entire gel sample is placed in the initial solution to swell
the material to equilibrium. Figures 6B and 6E show cross-sections of the resulting samples with
softer RCN at a =0.1; Figures 6C and 6F correspond to Stage 1 samples with stiffer RCN at
a = 0.4 . The color bar indicates the local volume fraction of polymer, with red marking the highest
and blue indicating the lowest. As seen from the figures, the total volume fraction of polymer in

the stiffer grown RCNs is much higher that than in the softer primary gel, specifically, ¢, , = 0.281

tot

for a=0.1 and ¢, =0.512 for a=04.

ot

Notably, the relative location of the growing material is a determining factor in the final
morphology of the system (Fig. 6). Whether the growing material at the edges is soft or hard, the
central grown area resembles a solid brick, whereas the outer primary gels appear “pinched” as
these regions respond to stresses imposed by the grown inner domains. For the parameter values
used for these simulations, the Young’s modulus of the grown RCN-containing layers is
approximately three orders of magnitude higher than Young’s modulus of the primary gel matrix.

Specifically, Young’s modulus of the matrix is 0.33 MPa, whereas the maximum value of
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Young’s modulus of the grown softer gel is 20.8 MPa and that for the grown stiffer RCN gel is
103.1 MPa.

Given the bio-mimetic nature of our approach, the simulations provide guidelines for
growing materials with a cartilage-like or even a bone-like mechanical properties within soft
“tissue” of a polymer gel. More generally, these studies reveal how the relative growth of the softer
or harder domains affects the morphology of neighboring layers. Moreover, the non-growing and
growing parts can be viewed as having different growth rates, with the rate in the “non-growing”
region being significantly slower than the rapid rate in the growing part. Thus, the simulations can
also be used to expose morphological changes in neighboring areas that have substantially different
rates of growth.

F. Growth of an inclusion

To cover the range of potential mechanical heterogeneities in the grown materials, we
simulated the system’s behavior when the spatially localized “seeds” are embedded near the top
of a flat, free-standing, swollen gel.* In this context, the word “seeds” refers to localized, embedded
regions that selectively undergo grown. The initial placement of the seeds in a parent gel is
indicated by the black squares in Fig 7. This particular case allows us to investigate growth of a
soft material embedded in a soft, deformable network.

The cross-link density in the parents (Stage 0) and embedded seeds are initially set to the
same value, ¢,. The entire sample (Stage 0) is immersed in solution and swollen by the uptake of
monomer and cross-linkers. Stage 1 growth occurs solely within the seeds where the fraction of
crosslinks is & =0.004 .

As seen in Fig. 7, the subsequent increase in the polymer concentration and volume in the

seed region causes the newly formed network to protrude from the surface (above the black
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squares). The color bar indicates that the new layer bulges not only upward, but also outward,
maximizing the volume available for growth and counteracting the restrictive forces from the
bounding, non-growing domain (in green). The less cross-linked parent layer is also deformed by
the localized expansion of the seeds. These findings and structural features show qualitative
agreement with experiments!-># where photomasks were used to selectively irradiate only the seed
regions, localizing the optically catalyzed polymerization, cross-linking and resultant growth
solely to these illuminated regions. Additionally for comparison, we show the swelling of an
uniformly cross-linked primary Stage 0 gel prepared in the shape of the grown RCN 1 gel (see SI

Fig. S7).

Conclusions

These studies were inspired by the growth of biological tissue, which typically evolves in
the presence of neighboring walls due to the spatial crowding characteristic of the local
environment. To probe the effect of confining walls on the growth and structural evolution of
biomimetic materials, we developed a computational approach to model the growth of polymer
gels in the absence and presence of such neighboring surfaces. The initial parent gel was immersed
and swollen in a liquid monomer, thereby forming Stage 0 growth. We showed that confinement
plays a critical role on the Stage 0 sample and subsequent growth of the random copolymer
network (RCN) from this parent. In particular, if the RCN is grown on a flat Stage 0 surface, and
then confined by walls, this RCN will buckle due to the competition between the constraining
forces from the wall and the elastic and osmotic forces in a swelling network. If the confining

walls are removed, the RCN returns to the initial flat structure of the Stage 0 parent.
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If the Stage 0 is confined, it undergoes buckling due the competition of the latter forces.
When Stage 1 growth occurs in this deformed body of parent gel, the underlying layer effectively
templates the subsequent growth of the RCN. If the walls are removed at this stage, the RCN
remains buckled. If, however, the RCN grows on a flat parent and is subsequently confined, the
resulting buckling disappears when the walls are removed at this stage. In essence, the RCN
exhibits a “memory” effect; removal of the walls from the grown RCN returns the morphology of
initial structure of the Stage 0 parent. In both cases, the Young’s modulus of the RCN could be
two orders of magnitude greater than that for the parent depending on the amount of cross-linker
in the monomer bath.

When a thicker gel was grown between 3D walls, the Young’s modulus of the grown RCN
was three orders of magnitude greater than that for the parent material under elevated content of
cross-linker in the bath. In the two cases considered here, the growing portion (shown in green in
Figs. 6A and 6D) displayed a higher crosslink density than the non-growing material since cross-
linking monomers were absorbed from the solution in the formation of the RCN. The high stress
imposed by the more cross-linked harder gel causes the bounding, softer network to be “pinched”
at the interfaces. If the growth occurs in the central block, then the ends become pinched and if the
growth occurs at the outer pillars, the central domain becomes pinched. Hence, the location of the
growing domain dictates the morphology of the entire slab. These results also show that selective
localization of the growth provides a means to generate well-controlled structural heterogeneity in
one sample. This mode of fabricating mechanically patterned, three-dimensional networks can
potentially be more effective than binding together mechanically different components to form

heterogeneous structures.
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The scenario involving growth from a parent embedded within a soft gel also highlights
useful design rules. Namely, localizing or arranging the growing seeds into appropriate patterns
can permit new forms of additive manufacturing, where 3D printing can be augmented by
purposeful designs that grow into the desired structures.

In the context of self-healing materials, the results suggest approaches for creating coatings
that fill existing fissures. Additionally, if the container housing the materials system is sufficiently
large to accommodate growth above, below and at the sides of the non-growing domains, then
growth of the RCN provides protective coating to hinder further damage.

Overall, the finding provide bio-inspired guidelines for simultaneously fashioning the form
and mechanics of synthetic materials. Much as the coupled control over mechanical and spatial
variation is beneficial for biological functionality, such purposefully designed heterogeneous

materials can exhibit new useful materials’ properties.
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Figure captions

Figure 1. Schematic of the (A) as-prepared primary polymer network (in green) (B) Stage 0
primary network swollen in a liquid containing monomers and crosslinkers (red disks). The
absorbed secondary monomers undergo polymerization, cross-linking, and inter-chain exchange
with the primary network (not shown) to form a stage 1 random copolymer network (RCN). (C)
Schematics of the swollen Stage 1 RCN in the same monomer solution as in Stage 0. The green
and red lines depict the primary and secondary polymer chains respectively. (D) The equilibrium

degree of swelling A, and (F) Young’s modulus £ of the Stage 0 primary gel as a function of
the polymer-monomer interaction parameter y ,, . (E) The relative degree of swelling 4; / 4y and

(G) Young’s modulus E for Stage 1 of growth of the RCN as a function of the cross-linker fraction

a at ¥, =0.33 . InFigs. (D)-(G), the lines represent the steady state numerical solution obtained

using Mathematica™ and the symbols denote the numerical solutions obtained using the gLSM
simulation. The model parameters are provided in the main text. For the remainder of the paper,
gLL.SM simulations were conducted using one of the parameter values indicated by the red symbols.
Figure 2. Shape changes due to gel swelling in square shaped gels of size 35x35x2 due to
confining boundaries at the left and bottom surfaces. (A) The swollen “buckled” configuration of
the Stage 0 gel. Upon release of the boundary constraints, the Stage 0 gel goes from the buckled
(A) to the flat (B) configuration. (C) The final swollen configuration of the grown Stage 1 RCN
gel at @ = 0.4 where growth of Stage 1 was done starting with the buckled configuration (A) of

the Stage 0 gel. Upon release of boundary constraints, the Stage 1 RCN does not relax back to a
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flat state but stays buckled (D). The color bars represent the volume fraction ¢ of the primary gel

in (A)-(B), and the total volume fraction ¢, of the stage 1 RCN gel in (C)-(D).

Figure 3. (A) The displacement d_ in the vertical direction of the middle layer of the gel elements

with respect to a flat reference state where the mid-layer has the value of Z =1.0 for the Stage 0
gel, and Z =1.3187 for the Stage 1 gel as a function of the index of the diagonal gel nodes. (B)
The Young’s modulus E of the Stage 1 gel after release of constraints for the sample shown in

Fig. 2D.

Figure 4. Buckling due to confinement during swelling in rectangular shaped Stage 1 RCN gels at
a =0.4 when grown from freely swollen flat Stage 0 primary gels. (A)-(D) shows the swollen
buckled configuration of the grown Stage 1 RCN gel. The gel sizes are 105x35x2 in (A) and (B),
and 140x35x2 in (C) and (D). The bottom surfaces of the Stage 1 gels were fixed to a wall in
(A) and (C) whereas the both left and bottom surfaces were fixed to walls in (B) and (D). The color

bars represent the total volume fraction ¢,, of the Stage 1 RCN gels in (A) - (D). (E)- (F) The
displacement d_ in the vertical direction of the mid-layer of the gel elements with respect to a flat

reference state where the mid-layer has the value of Z =1.3187 for the Stage 1 gel as a function

of the index of the gel nodes along the X-direction and for the edge nodes in the Y- direction.

Figure 5. Buckling due to patterning and confinement bound by the X =0 and Y =0 walls during
swelling in square shaped Stage 1 RCN gels of size 35x35x2 when grown from freely swollen
flat Stage 0 primary gels. In (A), the gel has uniform distribution of the secondary cross-links at
a =0.1. In (B), the left half of gel has & =0.4, while the right half has & =0.1. In (C), the left
half of gel has & =0.1, and the right half has & =0.4 . The colors indicate the spatial distribution

of the total volume fraction of polymer in gel the ¢, . (D)-(F) The heat-map of the displacement
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d, along the vertical direction of the mid-layer of the gel elements with respect to a flat reference
state where the mid-layer has the value of Z =1.3187 for the Stage 1 gel as a function of the
index of the gel nodes along the X and Y direction. In (G) and (I) , the average strain Zl is shown
as a function of time for the central gel elements of the quadrants labeled by 1,2,3,4.

Figure 6. The schematics in (A) and (D) show the two different patterns for gel growth. The green
regions mark the regions in the parent gel where Stage 1 growth takes place. The hollow mesh
region shown in blue denotes the region of the parent gel that do not participate in Stage 1 growth.
In (B) and (E), the sample cross-sections are shown for the resulting Stage 1 gels with softer RCN
at ¢ =0.1. In (C) and (F), the sample cross-sections are shown for the resulting gels with stiffer
RCN at a =0.4. The color bar indicates the local volume fraction of polymer in the Stage 0 gel,

with red marking the highest and blue indicating the lowest. The total volume fraction ¢,, for the

regions where Stage 1 growth takes place is 0.281 for B) and E) and 0.512 for C) and F).

Figure 7. (A) Top and (B) Side views of the Stage 1 RCN gel with the patterned growth. The Stage
0 primary gel swells uniformly to a brick-like shape (not shown). The regions marked by the black
squares undergo growth at o = 0.004 . The time evolution of swelling of the gel sample shows that
the patterned regions swell and protrude out from the gel surface. The color bar shows the volume
of the gel elements with the minimum and maximum of 2.09 and 51, respectively, i.e., an increase

in volume of about 25 times.
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