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Mechanical deformation of polymer networks causes molecular-level motion and bond
scission that ultimately lead to material failure. Mitigating this strain-induced loss in
mechanical integrity is a significant challenge, especially in the development of active and
shape-memory materials. We report the additive manufacturing of mechanical metama-
terials made with a protein-based polymer that undergo a unique stiffening and strength-
ening behavior after shape recovery cycles. We utilize a bovine serum albumin-based
polymer and show that cyclic tension and recovery experiments on the neat resin lead
to a ~60% increase in the strength and stiffness of the material. This is attributed to the
release of stored length in the protein mechanophores during plastic deformation that
is preserved after the recovery cycle, thereby leading to a “strain learning” behavior. We
perform compression experiments on three-dimensionally printed lattice metamateri-
als made from this protein-based polymer and find that, in certain lattices, the strain
learning effect is not only preserved but amplified, causing up to a 2.5x increase in the
stiffness of the recovered metamaterial. These protein—polymer strain learning meta-
materials offer a unique platform for materials that can autonomously remodel after
being deformed, mimicking the remodeling processes that occur in natural materials.

strain learning | protein | mechanical metamaterial | additive manufacturing | shape memory

Biological materials such as bone and spider silk undergo stress-induced remodeling pro-
cesses that enhance their mechanical properties. Bone can form stiffness gradients in
response to force mechanotransduction (1-5) and unspun spider silk proteins are under
constant shear stress during the fiber-forming process to enhance the strength of the fil-
aments (6-11). Engineered materials that can mimic the stress-responsive features of these
natural systems could enable autonomous materials that strengthen in response to mechan-
ical cues from the environment for applications in the aerospace and medical fields (12).
However, traditional synthetic thermosets are limited in their ability to adapt to mechanical
forces, and in many cases, the materials become weaker or more brittle after mechanical
deformation (10). Bonds cleavable via homolytic scission or dynamic covalent reactions
can provide mechanisms for stress relaxation, but these materials do not necessarily afford
a thermoset with improved mechanical strength (13). Alternatively, reactive strand expan-
sion also provides a molecular-scale mechanism for dissipating stress within a network by
utilizing polymers that can release their “stored length” (14-19). All of these approaches
are effective for mitigating stress and damage within a cross-linked polymer network, but
to the best of our knowledge, have not led to stress-induced enhancement of mechanical
properties that is analogous to biological systems.

Protein-based synthetic materials can replicate some of the features of natural systems,
but the processability of proteins into functional materials with defined 3D form factors
can be challenging. Silk protein can afford materials with excellent mechanical character-
istics, however, its propensity to aggregate in solution can hamper its processability via
additive manufacturing processes (20). Alternatively, bovine serum albumin (BSA) is a
globular protein that is highly processible due to its compact globular shape and high
degree of solubility. BSA has recently been developed into resins for vat photopolymeri-
zation to afford shape-morphing bioplastic constructs (21, 22). Resin formulations com-
prising BSA and poly(ethylene glycol) diacrylate (PEGDA) were used to fabricate
protein—polymer networks with defined 3D geometries. In these networks, BSA func-
tioned as mechanophores, but rather than triggering a chemical reaction in response to
mechanical force as traditional mechanophores do, they released their stored length when
subjected to mechanical deformation. Upon the application of a mechanical load, the
unfolding of these globular proteins in the network conferred an energy dissipation mech-
anism that introduced plasticity into the material and a greater resistance to failure.
Furthermore, the original object shape was then recovered via heat or hydration. With
small strains, a strain stiffening effect was observed due to protein unfolding. However,
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Significance

We established a strain

learning mechanical
metamaterial that can not only
recover after plastic deformation
but also become stronger and
stiffer in response to the applied
loads. We demonstrate that
shape-memory protein-polymer
networks can unravel to release
their stored length and, after
recovery, will reconfigure to
accommodate higher loads.
These materials are incorporated
into lattice frameworks using
additive manufacturing which are
then shown to become up to 2.5x
stiffer after being crushed to 80%
strain and recovered. This strain
learning behavior enables the
creation of metamaterials

that are “teachable” and can
autonomously remodel in
response to applied loads, similar
to the processes that occur in
natural materials.
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the strain stiffening behavior was limited to small deformations
up to 20% compressive strain, beyond which visible signs of
mechanical damage to the material were observed. Thus, at large
strains, the shape-recovered objects were always mechanically
weaker than the original structure.

Mechanical metamaterials are architected constructs that exploit
deformation, stress, and mechanical energy to engineer the con-
stituent material properties. These materials rely on geometric
designs to distribute mechanical loads, e.g., across lattice frame-
works, to improve their deformability, recoverability, and stiffness
relative to the constituent properties of the monolithic material
(23, 24). Herein, we show that the integration of protein mech-
anophores that can release their stored length into 3D printed
lattice geometries can afford mechanical metamaterials that become
stiffer via a strain learning mechanism (Fig. 1). Thus, these meta-
materials are designed across the molecular and macroscales to
enable a hierarchical response to mechanical force.

Results and Discussion

Strain Learning Behavior via BSA Unfolding. A typical thermoset
becomes stiffer as the number of cross-linking junctions increases,
but this enhancement also comes with a decrease in the extensibility
of the material (i.c., a decrease in toughness) (25). However, uniaxial
tensile experiments on dogbone samples with varying ratios of
BSA/PEGDA showed an unusual behavior in these materials: As
the concentration of BSA junctions in the network increased, so
did the Young’s modulus and the elongation at break (Fig. 24). We
analyzed how the presence of BSA junctions in a polymer network
affected the bulk mechanical properties by 3D printing three
different compositions of BSA/PEGDA resins with weight ratios
of 25/75, 50/50, and 75/25. All BSA/PEGDA samples exhibited
improved mechanical properties relative to the neat material
network. The BSA/PEGDA 75/25 showed a clear yield point
followed by a plateau region representing the plastic deformation
of the material. Thus, these protein—polymer thermosets enhance
their tensile toughness with increasing amounts of protein, which
is attributed to the release of protein stored length.

The experimental results were supported with coarse-grained
molecular dynamics simulations of the BSA/PEGDA networks
comprising the same mass ratios of BSA to PEGDA. Given the
huge computational resources of the all-atom model of BSA, we

developed a simpler coarse-grained model (S7 Appendix, Fig. S3).

The Go-like model (26-28) allows for bond breaking and the
uniaxial deformation of the material was considered at a constant
volume and strain rate of 100% ns™'. These simulations showed
that the strain at the onset of material failure (the point where 20
bonds are broken) was 110, 124, and 147% for BSA/PEGDA
compositions of 25/75, 50/50, and 75/25, respectively. The sim-
ulations correlate closely with the values from the uniaxial tensile
experiments and confirmed that BSA content improves the
mechanical properties of these networks. While BSA has approx-
imately 30 surface lysines, it is difficult to quantify the degree of
functionalization of the proteins in these resins. Interestingly, our
simulations show that the onset of material failure is independent
of the number of PEG chains bound to the surface of the protein
(between 11 and 25).

Understanding the protein’s behavior within the network, we
devised a strain learning regimen for these materials. By examining
the stress—strain curve of BSA/PEGDA 75/25, we opted to subject
them to varying strains: one below the yield point (12.5%) and others
above (25, 50, 75, and 100%). Leveraging the hydration-induced
shape memory feature of these materials (21, 22), we applied the
respective strain, restored their shape (99% recovery) via hydration
and dehydration of the samples, and then reapplied stress until failure
(Fig. 2D). When the load applied to the network is below the yield
point of the material, the mechanical properties (elastic modulus,
elongation-at-break, and yield point) remain unchanged after shape
recovery. On the contrary, if the applied force exceeds the yield point
and enters the plastic region, the properties are modified due to the
unfolding of the protein. Regardless of the force applied, once the
yield point is exceeded, the shape-recovered dogbones demonstrated
an elastic modulus and yield strength nearly doubled in value. For
example, when a strain of 25% was applied, a modulus of 309 + 21
MPa and a yield strength of 22 + 1.1 MPa was obtained. After shape
recovery (by immersing the sample in water and then dehydrating
under ambient conditions), the elastic modulus and yield strength
increased to 492 + 23 MPa and 35 + 1.2 MPa, respectively, repre-
senting a ~60% increase in the properties. The enhanced mechanical
properties are attributed to the reconfiguration of the unfolded BSA
after shape recovery.

Small-angle X-ray scattering (SAXS) of the networks showed the
nanoscale behavior within these protein—polymer networks upon
compression and recovery (Fig. 2F). A feature corresponding to the
length scale of BSA (at approximately Q = 0.115 Al corresponding

Mechanical

State 1

force recovery

State 2

Shape

State 3

Fig. 1. Overview of the strain learning process, which utilizes 3D printed BSA/PEGDA networks that exhibit shape memory behavior. The strain learning
behavior requires two steps. First, a mechanical force is applied to transform the shape of the object from state 1 to state 2. The plasticity of these materials
is a consequence of the BSA junctions that release their stored length in the presence of a mechanical load. Then, the shape recovery process is performed
to transform the object from state 2 to state 3. While the original shape is recovered, the proteins do not necessarily recover their native globular form, which
leads to enhanced mechanical properties. The 3D printed lattice geometry (altered based on the computer-aided design) serves to minimize the mechanical

damage by efficiently distributing stress across the entire structure.
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Fig. 2. Characterization of BSA/PEGDA networks before and after mechanical loading shows the release of the stored length in the protein junctions. (4) Uniaxial
tensile experiments were performed on dogbone samples of PEGDA, BSA/PEGDA compositions of 25/75, 50/50, and 75/25. (B and C) Coarse-grained molecular
dynamics simulations of the BSA/PEGDA networks with the same composition as the tensile specimens. The number of polymer chains per protein were varied
in the simulations from 11 to 25, but this variation did not have a significant effect on the response of the proteins to applied strain. (D and E) Dogbone samples
of BSA/PEGDA 75/25 were pulled to the different strains shown. The original dogbone length was recovered after submerging in H20 and dehydrating the
sample, and then, the uniaxial tensile experiment was repeated. Samples with strains higher than 12% showed a higher modulus in the second cycle. (F) SAXS
was performed on BSA/PEGDA 75/25 samples to compare the as-printed bioplastic (control), the compressed bioplastic, and the recovered bioplastic.

to 5.5 nm in real-space) in the initial sample is no longer seen after
compression, exhibiting a reduction in molecular order upon defor-
mation as schematically depicted in (Fig. 1, State 2). Interestingly,
shape recovery (via hydration and subsequent dehydration) recovers
this feature with even greater intensity than initially present (Fig. 1,
State 3). The peak corresponding to 5.5 nm re-emerging after hydra-
tion recovery suggests that the BSA is refolding to a globular form
that is comparable in size to its native state. The reduction and
re-emergence of the feature are repeatable after an additional cycle
of compression and hydration recovery (S Appendix, Fig. S10A).
In contrast, thermal shape recovery (via heating at 120 °C) does
not recover this scattering peak, and instead, the scattering profile
indicates disordered aggregates of denatured BSA molecules
(81 Appendix, Fig. 10B). Thermal shape recovery at this temperature
promotes denaturation and protein refolding does not occur.
Therefore, the compression samples can only be cycled twice using
thermal recovery before catastrophic sample failure occurs, while
the samples recovered via hydration and drying could be cycled ten
times.

The SAXS measurements indicated consistent structural recovery
via hydration for both compression and tensile experiments
(SI Appendix, Fig. S11). We additionally observed that tensile defor-
mation of the sample caused the material to become oriented along
the stretching axis. The degree of orientation, calculated with a
tensor approach method (1 is perfectly aligned, 0 is fully isotropic)
for a Q-range of 0.089 t0 0.150 A™" at sample-to-detector distance
of 370 mm (29), depended upon the tensile strain. The first cycle
of tensile stretching (75% strain) led to a degree of orientation of
0.170, and the second cycle (50% strain to break) led to a 0.123
degree of orientation. Interestingly, upon hydration recovery and
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drying of the sample, the network returned to a nearly isotropic
state, showing at most 0.005 degree of orientation over the same
Q-range after recovery from either deformation cycle and for the
as-printed sample. These data further suggest protein unfolding
during mechanical deformation (Fig. 1, State 2) and protein refold-
ing during the shape recovery (back to Fig. 1, State 3).

Metamaterial Design for Energy Dissipation in Shape Memory
Bioplastics. We fabricated lattice-based metamaterials that exhibit
varying degrees of stress-induced stiffening depending on their
architecture, thereby capitalizing on the strain hardening observed
in the constituent material. We used three lattice architectures—
octet-truss (OT), truncated octahedron (TO), and twisted truncated
octahedron (TTO) (Fig. 3) and printed them using the BSA/PEGDA
75/25 mixture as it demonstrated the best mechanical performance.
The lattices were each made with three different relative densities
of p=6,9, and 12%. The OT lattice has been extensively studied
in the literature, as has the TO lattice (also known as a Kelvin cell)
(23,30-32). The TTO lattice was initially developed as a tensegrity
architecture capable of sustaining a prestress (33, 34), but it should
be noted that this and other works on this architecture using additive
manufacturing (35, 36) are not prestressed and thereby do not
constitute a true tensegrity.

We performed uniaxial compression at quasistatic strain rates (€ =
107) on each of the lattices to characterize their strength, stiffness,
and failure resistance after load-recovery cycles. It is well understood
that the strength, stiffness, and energy dissipation depend strongly
on the relative density, but these metrics do not capture the uniform-
ity of the deformation in the lattice, which thereby affects the unfold-
ing of the protein under an applied load. Fig. 34 shows how the

https://doi.org/10.1073/pnas.2407929121
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Fig. 3. Uniaxial compression experiments were performed on 3D printed OT, TO, and TTO lattices. (A) The images show that with increasing strain, the energy
is dissipated differently based on the lattice design. The front face of the lattices in the optical images was colored with a black marker pen to provide contrast.
(B) A plot that compares stress vs. strain curves for OT, TO, and TTO lattices with a density of 6%. (C) A plot that shows the stress vs. strain curves for TTO lattices

with a density of 6, 9, and 12%.

energy is dissipated differently based on the lattice design. While the
stress-strain responses of the lattices are similar—with a characteristic
linear region, plateau region, and densification region—the OT and
the TO lattices are not able to dissipate energy uniformly and expe-
rience a collapse in their top and bottom layers. This is because the
beams of these lattices undergo buckling which causes a softening
response and thereby a localization of deformation in a layer. This
metamaterial localization causes high stress and corresponding dam-
age at the material level in the collapsed beams. Reducing the density
of these lattices reduces the amount of plastic deformation experi-
enced by the slender beams, thereby promoting their resistance, but
it does not mitigate the issue of localized failure. The TTO lattice
uniquely does not experience any localization and has a uniform
deformation throughout its structure even up to 80% strain. This
behavior is observed regardless of relative density and only occurs
with this lattice geometry.

The Young’s modulus of lightweight materials is known to
depend strongly on density. For lattices, there is an approximate
scaling relationship of E'= CEp™, where Cis a scaling coefficient,
E, is the constituent material modulus, and 7 is a scaling coeffi-
cient that is generally between 1 and 2 depending on the fraction
of the lattice that carries load in tension/compression vs. in bend-
ing (37). For lattices with a relative density higher than ~5%, the
nodes of the lattice significantly affect the load-carrying pathways
such that any “bending” or “stretching” scaling assumptions are
incorrect (31). The modulus-density scaling coefficients for the
OT and TO lattices observed here are both m = 1.6 to 1.7, which
matches well with previous observations for these lattice architec-
tures in this density range whose properties are largely affected by
nodal stress concentrations. Interestingly, the scaling coeflicient

https://doi.org/10.1073/pnas.2407929121

for the TTO lattice is m = 0.75, but it should be noted that this
is a misleading quantity because the mechanical efficiency (i.c.,
the C value) is low (S Appendix, Fig. S12). These scaling coefh-
cients are all also highly approximate due to the limited density
range of specimens studied here.

To understand the differences in recoverability of the lattices at
different densities, we must understand the role of the nodes as stress
concentration points and of the strain in beams during bending.
The sharp intersection between beams in a lattice naturally results
in stress concentration. In high-density lattices, the proximity of the
nodes amplifies their stress concentration effect, while low-density
lattices carry load more optimally in tension or bending of their
beams according to the rigidity of their topology (31). The smaller
diameter beams in low-density lattices also experience a lower strain
for the same amount of bending. This is directly reflected in the poor
cyclic recoverability of all lattices at high relative density, which nec-
essarily experience higher and less uniform local strains for the same
global applied strain. The local strains will cause the constituent
chains to unfold and harden, but if the strain exceeds the failure
strain of the material, it will lead to damage. The differing levels of
cyclic recoverability can thereby be understood in the context of a
competition between local damage and global strain hardening of
the constituent. Although our blends are capable of dissipating
energy due to protein unfolding, they do not dissipate the energy
uniformly throughout the material, and this can lead to failure.

As a comparative control experiment, we printed the TTO lattice
using only PEGDA (87 Appendix, Fig. S13). As with BSA/PEGDA
75125, an increase in modulus was observed with increasing lattice
density. However, an important difference is that the PEGDA-only
networks did not demonstrate an increase in stiffness when a second

pnas.org
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Fig. 4. Strain learning in multicycle compression test results for OT, TO, and TTO lattices. (A) Compressive moduli after 3 compression-recovery cycles. Each
lattice, with a density of 6, 9, or 12% was compressed to 80% strain, recovered via hydration for 30 min, and dried for 48 h, before the next cycle of compression-
recovery was performed. (B) Percent recovery for OT, TO, and TTO lattices with different densities.

cycle of compression was applied. In the case of density of p = 12%
PEGDA-only sample, the structural integrity was lost during the
first compression cycle.

Discussion

The 3D printed lattices showed mechanically induced stiffening after
shape deformation and recovery. Strain learning experiments were
performed to analyze the degree of shape recovery, the enhancement
in modulus due to protein remodeling, and the number of cycles
before lattice failure (Fig. 4). All the lattices were compressed to 80%
strain and then recovered to 95% of their original size after a 30-min
immersion in water followed by dehydration (Fig. 4B). Interestingly,
the compression modulus increases from the first cycle to the second
cycle as a consequence of the network structure remodeling that
occurred as the BSA unfolded under mechanical load (Fig. 4A4). Thus,
the protein junctions present in the network release their stored
length at the molecular scale to enable large deformations of the
lattice at the macroscale. The presence of the permanent chemical
cross-links in the network from the polymerized PEGDA provides
the shape memory. It is possible that refolding of the proteins may
also facilitate shape recovery during the hydration step since proteins
have been observed to spontaneously refold in solution and in hydro-
gels (38—41). Our SAXS data (Fig. 2F) suggest that the proteins
refold into globular structures with approximately 5.5 nm spacing
after shape recovery. However, the enhanced mechanical stiffness that
we observe (Fig. 4B) suggests that the proteins are not refolding back
into their original state. Instead, the proteins are likely misfolded into
globular conformations that ultimately strengthen the material. Of
the three lattice designs tested, the TTO lattice with 6 and 12%
showed the best performance with ~2.5-fold enhancement in the
modulus between the first and second compression cycles (Fig. 4 and
SI Appendix, Table S2). For the TTO lattice with density 9%, the

modulus was similar between the first and second compression cycles.

PNAS 2024 Vol. 121 No.45 2407929121

Across the three lattice designs, we observed the modulus to decrease
during the third cycle, which is attributed to reduced ductility and
the onset of damage in these materials once the original globular
proteins were unfolded (SI Appendix, Fig. S14).

The synergy of protein mechanophores with 3D printed lattice
architectures enables thermoset materials with unique mechanical
responses to deformation. BSA is often a model protein employed
in many contexts, and here, it served as a well-folded, single-chain
globular protein that was incorporated into polymer networks
during a vat photopolymerization process. The excellent solubility
of this protein in aqueous solutions and the presence of surface
lysines for functionalization contribute to its performance as a
resin component for 3D printing.

An unexpected feature of these networks was the improvement
in mechanical properties as the number of BSA junctions increased.
Typically, as the number of junctions in a thermoset increases, there
is an overall decrease in the toughness of the material. We observed
that as the BSA concentration in the protein—polymer network
increased, both the modulus and the strain at failure (and therefore,
toughness) increased. Thus, these large globular proteins do not
operate as traditional network junctions. We posit that other glob-
ular proteins with similar solubility and surface functionality should
also demonstrate protein—polymer networks that exhibit unique
mechanical responses based on protein primary, secondary, and
tertiary structure. While naturally occurring proteins may fit this
purpose, engineered proteins could hold the key to truly unlock the
potential for these 3D printed protein—polymer networks.

Materials and Methods

Materials. Tris(2,2’-bipyridyl)-dichlororuthenium (I1) hexahydrate [Ru(bpy);Cl]
(99.95%), poly-(ethylene glycol) diacrylate (Mn = 700 g/mol), and sodium per-
sulfate (SPS) were purchased from Sigma Aldrich. BSAwas purchased from Nova
Biologics. All the reagents were used as received.

https://doi.org/10.1073/pnas.2407929121
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BSA-Based Resin Preparation Protocol. The BSA-based resins were prepared
according to the previously reported procedure2?.

3D Printing. A Formlabs Form 2 printer was used to fabricate the 3D printed
constructs, with 405 nm lightand 250 mW intensity. 3D constructs were designed
with Autodesk Fusion. The resin was poured into the resin tank, and the bioplastic
constructs were then printed in Form 2's Open Mode with a layer height of 50 pm.
Upon completion of the print, samples were removed from the build plate, rinsed
in DI water to remove any uncured resin, and then air-dried for 48 h or 72 h. No
post-curing process was needed.

Simulation Methods. In this section, we show the coarse-grained model of the
protein BSAstarting from atomistic simulations, which we compared to the coarse-
grained model. We then show how we were able to incorporate the protein model
into a gel model with breakable bonds that could be uniaxially deformed. In sup-
plementary information, we show in detail how these simulations were carried out.

SAXS. Scattering experiments were measured on a Xenocs Xeuss 3.0 (Xenocs,
Grenoble, France) instrument with a copper radiation source. Bioplastic samples ini-
tially 0.85 mm in thickness were measured as is, compressed, recovered by water,
compressed-recovered-compressed, and compressed-recovered two full cycles by
water. Also, we measured samples throughout the same two compression-recovery
cycles, but recovered by heat rather than water (S/ Appendix, Fig. S10). Three spots on
each sample were tested and averaged. For each spot, scattering at sample-to-detector
distances of 50, 370, 900, and 1,800 mm were collected for counting times of 90,
180, 270, and 450's, respectively, in line eraser mode for full 2-D data collection. A
set of data using tensile, rather than compressive, strain cycling was also collected
(SI Appendix, Fig. S11). Tensile specimens originally 1 = 0.01 mm in thickness were
tested as is, strained to 75% strain, recovered by water, successively tensile strained
for an additional 50% strain, and then recovered by water. One spot per sample at
sample-to-detector distances of 50, 370, 900, and 1,800 mm were collected for count-
ing times of 270, 540,810, and 1,350s, respectively. 2-D data were then reduced to
1-Dand merged, subtracting background signal of the empty beam. Data processing
was completed with XSACT software (Xenocs, Grenoble, France).
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