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ABSTRACT: Skin is a vital biological defense system that protects the
body from physical harm with its unique mechanical properties
attributed to the hierarchical organization of the protein scaffold.
Developing a synthetic skinlike material has aroused great interest;
however, replication of the skin’s mechanical response, including
anisotropic softness and strain-stiffening, is difficult to achieve. Here, to 0 60 80 100420 140 160 180 200
mimic the mechanical behaviors of skin, a reprocessable bottlebrush
copolymer elastomer was designed with renewable and rigid cellulose £
as backbones; meanwhile, poly(n-butyl acrylate)-b-poly(methyl meth-
acrylate) (PBA-b-PMMA) diblocks were designed as the grafted side
chains. The so-made elastomers were subjected to a step-cyclic tensile
deformation, by which the internal structures became oriented
nanofibers and endowed stress—strain behaviors pretty much similar
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to those of the real skin. Overall, our research work currently undertaken would be of great importance in the development of a

series of biomimetic skinlike polymer materials.
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B INTRODUCTION

Significant research has been conducted to program the
physical properties of human and animal tissue'™® into
synthetic materials for essential use in smart robots,” wearable
devices,'" and bionic prostheses.'' As a biological defense
system, skin is the largest organ in humans and animals that
quickly stiffens during deformation to protect the body from
injury.'”"®> Among the three layers of skin (epidermis, dermis,
and subcutaneous tissue), only the dermis layer supports skin’s
mechanical response,”'*~"” which exhibits a highly nonlinear
curve and a unique two-stage stress—strain variation during a
uniaxial tensile deformation.'®™*" The first stage is a low-
modulus “toe” region, where crimpled collagen fibers unravel
while the second stage is a high-modulus region where the
collagen fibers are oriented and slide against each other."*"
The unique and universal mechanical performance of human
and animal skins is correlated with routine living activities. On
the one hand, the “toe” region is beneficial for a rapid and swift
movement that consumes minimal energy; on the other hand,
the high-modulus region is responsible for protecting the
underlying tissues. Therefore, the goal of this study is to
synthesize a series of materials that mimics skin’s two-stage
deformation, and the broad crossover state between the soft
“toe” and strain-stiffening regions.

Many viscoelastic polymer networks have the potential to
imitate skinlike mechanical characteristics,"”**~*’ for example,
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rubber mimics skin indentation*® and thermoplastic polyur-
ethane mimics skin friction.”” Recently, bottlebrush copolymer
elastomers have received extensive attention due to their
unique molecular conformation and mechanical behavior, but
very few reports have demonstrated bottlebrush elastomers as
potential materials for mimicking skin’s tensile stress—
strain.”® *° Nevertheless, Sheiko et al. designed self-assembled
linear-bottlebrush-linear ABA-type triblock copolymer elasto-
mers that could mimic the stimuli-responsive structural
coloration and mechanical response of chameleon skin.*®
The bottlebrush B block provided a low modulus for the
polymer network, while the microphase separation between
the linear and brush blocks enhanced its strain-stiffening
behavior.’® However, the mechanical strength of these
thermoplastic elastomers was considerably low compared to
that of ordinary skin. Recently, we have reported the synthesis
of chemically crosslinked elastomers consisting of rigid
cellulose backbone chains and elastic grafted polyisoprene
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(PI) side chains that mimicked the microstructure and
mechanical properties of resilin and human skin.”**” Although
the mechanical response for these elastomers could match
modulus and strength of human skin, an obvious drawback of
less processability remained due to chemical crosslink.

In our current study, we have synthesized well-designed
bottlebrush cellulose-graft-diblock copolymers (Cell-g-PBA-b-
PMMA) via an atom-transfer radical polymerization utilizing a
halide-exchange technique, in which cellulose is the rigid
backbone and poly(n-butyl acrylate)-b-poly(methyl methacry-
late) (PBA-b-PMMA) diblock copolymer side chains are
grown from the cellulose.”” In these bottlebrush copolymers,
microphase separation occurs due to immiscibility between
PBA and PMMA blocks, leading to the formation of PMMA
hard domains dispersed in the PBA matrix. The advantage of
these bottlebrush graft copolymers over simple diblock
copolymers is that the soft PBA matrix is strung together
through rigid cellulose backbones and further connected by
physically cross-linked PMMA domains, yielding a fully
conjugated system integrating softness and rigidity (initial
softness and strain-adaptive stiffening). The hard PMMA
domains would contribute to the tensile strength, while the
soft PBA matrix to the low modulus and recovery.*® As a result,
extending and aligning the hard PMMA domains into fiber-like
structures allow mimicking of skin’s anisotropic mechanical
response.””* Tt should be emphasized that PMMA forms
physical cross-linking points, which enable skinlike materials
liable to process in various shapes and sizes.

B EXPERIMENTAL SECTION

Synthesis of Bottlebrush Cell-g-PBA-b-PMMA Copolymer
Elastomers. The synthesis of Cell-g-PBA-b-PMMA has just been
reported in a short communication.”® It is emphasized that when
cellulose-graft-poly(n-butyl acrylate) (Cell-g-PBA) was considered to
play the role as the macromolecular initiator to initiate the
polymerization of the second monomer, methyl methacrylate
(MMA), a halide-exchange technique must be employed for the
successful synthesis of bottlebrush Cell-g-PBA-b-PMMA copolymers.

Thermogravimetric Analysis (TGA). TGA thermograms were
collected using a TG209 F3 Tarsus thermogravimetric analyzer
(NETZSCH Instrument) with a heating rate of 20 °C/min under a
nitrogen atmosphere from room temperature to 100 °C. Samples
were held at 100 °C for 30 min, and then cooled to 40 °C again at a
rate of 20 °C/min. Subsequently, the samples were heated from 40 to
800 °C with a programmed temperature increment of 10 °C/min.

Dynamic Mechanical Analysis (DMA). Dynamic mechanical
properties were conducted using a DMA Q800 (TA Instruments)
under a nitrogen atmosphere. The DMA measurements were carried
out using dog-bone specimens (2 mm X 0.3 mm X 35 mm) and
heated from —90 to 200 °C at a heating rate of 3 °C/min while
maintaining a constant 1 Hz frequency in the tensile mode. Note that
a 0.2% strain was applied in the tests.

Mechanical Properties Test. The films for the mechanical
properties test were prepared by dissolving the copolymers in THF
and then casting them in a Teflon mold. All film samples were
annealed at 150 °C for 24 h and then cut into dog-bone specimens
with a width of 2 mm, length of 35 mm, and thickness of 0.3—0.5 mm.
The tensile deformation tests were performed on a Suns Model
UTM2502 machine kept at a relatively constant ambient temperature
(23 £ 1 °C). The cross-head speed was S mm/min. The tensile
deformation curves for the processed bottlebrush Cell-g-PBA-b-
PMMA copolymer elastomers mimicking the mechanical properties of
skin were obtained after the step-cyclic tensile deformation, and the
elastic recovery (ER) values were derived from the stress—strain
curves of the step cycles.>”*
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Small-Angle X-ray Scattering (SAXS). The SAXS measure-
ments on the pristine and processed film samples were collected on a
Marl65 CCD detector at beamline BL16B1 at the Shanghai
Synchrotron Radiation Facility (SSRF). The wavelength of the X-
ray was 0.124 nm. The sample-to-detector distance was 2001 mm.
The SAXS patterns were corrected for background scattering.

Transmission Electron Microscopy (TEM). The internal
microstructures of the pristine and processed bottlebrush cellulose-
graft-diblock copolymers were observed using a Hitachi HT7700
TEM operating at an acceleration voltage of 80 kV. The samples were
cut into slices of approximately 70 nm using a microtome at —120 °C,
and the slices were collected on copper meshes. Subsequently, the
copper meshes carrying the slices were exposed to ruthenium
tetroxide (RuO,) vapor for staining of 2 h.

B RESULTS AND DISCUSSION

Mechanical Properties of Bottlebrush Cellulose-
graft-diblock Copolymer Elastomers Mimicking
Human or Animal Skin. A series of bottlebrush copolymers
(Cell-g-PBA-b-PMMA) consisting of a cellulose backbone
chain with grafted diblock copolymer side chains (PBA-b-
PMMA) were synthesized by successive atom transfer radical
polymerization (ATRP) utilizing a halide-exchange technique.
The synthetic formulae, characteristics, and schematic of the
chain structure of Cell-g-PBA-b-PMMA samples can be found
in Table 1 of our recent paper’” and in Figure la (inset),

Table 1. Mechanical Properties of Cell-g-PBA-b-PMMA
Copolymers Relative to Human and Animal Skins

sample E (MPa)“ s E, (MPa)
Cell0.9-BA19.5SkMMA13.4k 1.1 0.64 59
Cell1.0-BA19.5SkMMA10.2k 0.8 0.47 2.1
Celll.2-BA19.5kMMA4.7k 0.3 0.29 0.5
human abdominal skin 0.4 0.52 1.2

“The structural modulus E ~1/(ny,(n, + 1)) and nonlinear strain-
stiffening parameter ff = (R})/RZ%,, are fitting parameters in

-2
R+ U

3

The apparent Young’s modulus can be determined either as the

tangent of a stress—strain curve at A — 1 or from the fitting equation
at A =1as Ey = E/3(1 + 2(1 — p)72).%

E _
O’true(ﬁ) = ;(;LZ -1 1)

1+2(1

where Celll.0-BA19.5SkMMA10.2k, for instance, is defined by
BA and MMA molecular mass values, respectively, and the
cellulose mass percent content follows “Cell”. Meanwhile, a
linear diblock copolymer, poly(n-butyl acrylate)-block-poly-
(methyl methacrylate) (PBA-b-PMMA, BA23.1kMMA10.9k),
was also synthesized as a control (Figure S1 in the Supporting
Information), in which the glass transition temperature (T,) of
the PBA block is —46.4 °C and that of PMMA is 108.7 °C,
measured by differential scanning calorimetry (DSC). The far
apart Ty’'s of PBA and PMMA blocks for both Cell-g-PBA-b-
PMMA and PBA-b-PMMA demonstrate the successful syn-
thesis of bottlebrush cellulose-graft-diblock copolymers.*
The thermal stability for bottlebrush copolymers (Cell-g-
PBA-b-PMMA) is also evaluated by thermogravimetric analysis
(TGA). The TGA and derivative thermogravimetry (DTG)
curves for cellulose, Cell-BiB, Cell-g-PBA, and Celll.2-
BA19.5kMMA4.7k are shown in Figures la and S2,
respectively. It can be seen that the thermal degradation of
cellulose occurs in the range of 260—390 °C using a one-step
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Figure 1. Dynamic thermomechanical behavior and skinlike stress—strain behavior of bottlebrush Cell-g-PBA-b-PMMA copolymers. (a) TGA
curves and (b) changes in the storage modulus (E’), loss modulus (E”), and loss tangent (tand). (c) Mimicking skin’s mechanical properties for
bottlebrush cellulose-graft-diblock copolymer elastomers, illustrated by monotonic nominal stress—strain curves (solid lines) of Cell0.9-
BA19.SkMMA13.4k (orange), Celll.0-BA19.SkMMA10.2k (green), and Cell1.2-BA19.5SkMMA4.7k (magenta) after cyclic tensile deformation of 6,
4, and 7 cycles, respectively (dash-dot lines for pristine samples). (d) Monotonic nominal stress—strain curves for human skin (skin from the
thoracic and abdominal area,” and abdominal skin near the median line, and abdominal skin 8 cm lateral of the median line.*° (e) Monotonic
nominal stress—strain curves for the animal skin (dorsal skin longitudinal along the animal axis of Xenopus laevis,"" and harbor seal skins.** (f)

Fitting (black lines) of step-cycled Cell-g-PBA-b-PMMA copolymers using an elastic model.** The stress in all of the plots represents engineering
stress.

procedure, displaying a maximum degradation temperature at transition temperatures of PBA and PMMA blocks (Typgs =
366 °C and yielding a residual mass of 13 wt %. Thermal —25.4 and Typypya = 151.1 °C) and confirm PBA and PMMA
stability of Cell-BiB is significantly deteriorated due to cellulose microphase separation in the grafted side chains (see inset in
acylation modification, reducing the maximum degradation Figure 1a). Therefore, soft PBA blocks with low T, can endow

temperature to 274 °C and the degradation range to 220—320 elasticity, while hard PMMA blocks with high T, endow
°C with a residual mass of 20 wt %. This result can be stiffness and strength to bottlebrush Cell-g-PBA-b-PMMA

explained by the introduction of a relatively unstable copolymers. A second feature detected is that the storage
brominated alkyl unit in cellulose. On the other hand, the modulus broadly covers from 117 to 16.6 MPa in a wide
thermal stability of cellulose-graft-diblock copolymers is temperature range from —2.7 to 123 °C, which allows its
significantly improved, for example, the maximum degradation practical applications at ambient temperatures (E' = 80 MPa at

temperatures for Cell-g-PBA and Celll.2-BA19.5kMMA4.7k 23.5 °C). The above thermal and thermomechanical behaviors
increase to 401 and 398 °C, respectively. In addition, the onset for the synthesized bottlebrush Cell-g-PBA-b-PMMA copoly-

degradation temperatures for both samples are also much mers warrant our further study of their skinlike mechanical
higher than those of cellulose and Cell-BiB. Together, the TGA properties.
and DTG curves for Cell1l.0-BA19.5kMMA10.2k and Cell0.9- Figure 1c—f shows tensile responses of bottlebrush Cell-g-

BA19.5kMMA13.4k are also summarized in Figure S3, proving PBA-b-PMMA copolymer elastomers along with various
that bottlebrush Cell-g-PBA-b-PMMA copolymers have animal and human skins (Figure 1d,e)."”**™** The dash-dot

significantly enhanced thermal stability and could serve as lines represent the stress—strain curves of the as-prepared
superior elastomers in many end uses. bottlebrush Cell-g-PBA-b-PMMA copolymer elastomers, in
The dynamic thermomechanical behavior of bottlebrush which the “toe” and “tough” regions are not observed in

Cell-g-PBA-b-PMMA copolymers was examined by dynamic Cell0.9-BA19.5kMMA13.4k and Cell1.0-BA19.5kMMA10.2k
mechanical analysis (DMA). The DMA curves in Figure 1b and the “tough” region is not observed in Celll.2-
show the changes in the storage modulus (E’), loss modulus BA19.SkMMA4.7k. After physically reprocessing the samples

(E”), and loss tangent (tand), with increasing temperature for through cyclic tensile deformation, they demonstrate both
Cell0.9-BA19.5kMMA13.4k at a heating rate of 3 °C/min “toe” and “tough” regions, which mimic skin’s mechanical
under a nitrogen atmosphere in a tensile mode. Two distinct performance (solid lines in Figure 1c). This cyclic deformation
tand peaks are first observed, which correlate with the glass leads to the reconstruction of the internal nanosized
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Figure 2. Physical processing of Cell0.9-BA19.SkMMA13.4k and 2D SAXS patterns. (a) Step-cyclic nominal stress—strain curves, (b) changes in
the true plastic strain, &y, and true elastic strain, &y, with maximum true strain, ey, in each cyclic step and (c) change in the elastic recovery with
maximum strain in each cyclic step during the step-cyclic tensile deformation for Cell0.9-BA19.SkMMA13.4k. The critical strain at point C is
marked in (b). Two-dimensional (2D) SAXS patterns for pristine samples (d—f) and the processed samples by step-cyclic tensile deformation (g—
i). Olive color double-head arrow at the right side indicates the tensile direction. Scale bar in (d) is applicable to all other SAXS patterns.

microstructures, which will be discussed below. Visually
comparing these processed samples to tissue reveals that
Cell0.9-BA19.SkMMA13.4k behaves most closer to the skin as
shown in Figure 1d,e. Cell1.0-BA19.5kMMA10.2k and Cell1.2-
BA19.5kMMA4.7k show relatively modest mechanical
strengths and high elongations at break, but they are still
able to mimic the mechanical properties of some types of skins,
such as those on the back of rats and on the abdomen of
pigs.%'44 As a control, the stress—strain curve for linear PBA-b-
PMMA diblock copolymer (BA23.1kMMA10.9k) is shown in
Figure S4. Although its molecular mass (Figure S5) is close to
that of the grafting side chains of Cell1.0-BA19.5kMMA10.2k,
the mechanical strength is far inferior to that of Celll.O0-
BA19.SkMMA10.2k. This comparison indicates that the
underlying bottlebrush architecture plays a key role in
achieving skinlike mechanical responses. Previous studies
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showed that the nonlinear elasticity of biological network
and gel and polymer network is universal in a certain strain
range.*’ To better quantify the resulting mechanical properties
of the processed Cell-g-PBA-b-PMMA copolymers, we utilize a
fitting model that characterizes the nonlinear “toe” region for
elastic systems shown as dotted lines in Figure 1£*
Importantly, the fitting equation precisely fits the entire elastic
“toe” region and extracts two elastic parameters: Young’s
modulus (E,) and strain-stiffening parameter (), which,
respectively, describe the initial slope of the curve and the
subsequent nonlinear curvature. The structural modulus E is
determined by the density and conformation, and the strain-
stiffening parameter # depends on the potential extensibility of
the network. Thus, the model proves that the bottlebrush
cellulose-graft-diblock copolymer elastomers have a similar
nonlinear elasticity to a biological network. These extracted

https://dx.doi.org/10.1021/acsami.0c21494
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Figure 3. SAXS intensity profiles and variation of interdomain distances. I(q) vs q for (a) pristine and (c, meridian direction) the processed Cell1.2-
BA19.SkMMA4.7k, Cell1.0-BA19.SkMMA10.2k, and Cell0.9-BA19.5kMMA13.4k copolymers. Changes in the interdomain distances, d; and d,,
with the number-average molecular mass of the grafted diblock copolymer chains for (b) pristine and (d) the processed bottlebrush Cell-g-PBA-b-

PMMA copolymer elastomers.

parameters from the Cell-g-PBA-b-PMMA copolymers (Figure
lc) along with representative animal skin (Figure 1d) and
human skin (Figure le) are shown in Table 1. We emphasize
that all polymers, including plastics, rubber, elastomers, filled
rubber composites, etc., do not mimic the two-phase
mechanical performance of human or animal skin. Typically,
the “toe” region does not exist for polymers and the “tough”
region occurs at a much large strain for soft rubbers with
embedded fibers, which are both distinct from the performance
of the skin.

Step-Cyclic Tensile Deformation Physical Process to
Accomplish Skinlike Mechanical Properties. The nominal
stress—strain curves shown in Figure 1 illustrate that
bottlebrush Cell-g-PBA-b-PMMA copolymers can have quite
different mechanical behaviors compared to pristine samples.
This transformation is simply accomplished by applying a
physical procedure, called a step-cyclic tensile deformation.””*’
Figure 2a displays cyclic steps of stress—strain curves for
Cell0.9-BA19.5kMMA13.4k with the strain of each cycle
designed as 20, 40, 60, 80, and 100%. Both stress-softening,
called the Mullins effect,*® and hysteresis are observed in each
cycle caused by irreversible permanent plastic deformation. As
shown in Figure 2b, the maximum true strain (&) of each
cycle can be separated into irreversible true plastic strain (gy,)
and reversible true elastic strain (gg,). The irreversible true
plastic strain (gy,) increases linearly with the true strain (ey),
while there exists a critical strain at point C (ey = 0.59) for
reversible true elastic strain (gg,), which is possibly correlated
with the deconstruction of PMMA phase domains at the high
strain range.”” The irreversible plastic deformation keeps
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rearranging the internal microstructures in each cycle, leading
to the gradually enhanced elastic recovery, as demonstrated in
Figure 2c. The elastic recovery increases from 65 to 85%,
approaching 90% as predicted at the maximum strain of 120%
and indicated by the pink dotted line. Therefore, after
processing the pristine samples by the step-cyclic tensile
deformation, the obtained bottlebrush copolymer elastomers
exhibited different mechanical behaviors as shown in Figure 1c,
which mimic that of human and animal skins.
Internal-Oriented Microstructures Resulted from
Step-Cyclic Tensile Deformation Process. The skinlike
mechanical performance may be attributed to the unique
internal microstructures in the processed bottlebrush copoly-
mer elastomers. To prove this, small-angle X-ray scattering
(SAXS) was performed. Figure 2d—i shows the respective 2D
SAXS patterns for Celll.2-BA19.SkMMA4.7k, Celll.0-
BA19.SkMMA10.2k, and Cell0.9-BA19.SkMMA13.4k in pris-
tine and step-cyclic tensile deformation samples. The SAXS
patterns displayed in Figure 2d—f are isotropic, indicating that
the internal microstructures are randomly oriented in the
samples. The SAXS patterns displayed in Figure 2g—i for
Celll.0-BA19.5kMMA10.2k and Cell0.9-BA19.5SkMMA13.4k
show two arcs on the meridian direction, while for Celll.2-
BA19.5kMMA4.7k the SAXS pattern does not show any visible
orientation, indicating that the short PMMA block might not
provide sufficient relaxation time for maintaining the oriented
microstructures. The meridian arcs in the SAXS patterns for
Celll.0-BA19.5kMMA10.2k and Cell0.9-BA19.5kMMA13.4k
samples demonstrate that the microdomains are actually
oriented perpendicular to the stretching direction, marked by
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an olive color double-head arrow on the right side. The
orientation of cellulose backbones could not be detected using
SAXS due to their low content. The oriented microstructures
in the processed bottlebrush Cell-g-PBA-b-PMMA copolymer
elastomers are strongly proved to be responsible for mimicking
the mechanical properties of skin.

To obtain quantitative information, the integrated SAXS
intensity profiles are extracted from the 2D SAXS patterns
shown in Figure 2. The SAXS intensity profiles (I(q) vs q) for
pristine Celll.2-BA19.5kMMA4.7k, Celll.0-BA19.5kM-
MA10.2k, and Cell0.9-BA19.SkMMA13.4k copolymers are
shown in Figure 3a, while the SAXS intensity profiles along the
meridian and equator direction for the processed copolymers
are shown in Figures 3c and S6, respectively. All of the
intensity profiles exhibit a primary SAXS peak at q,;, which is
related to the interdomain distance for their cylindrical
microstructure.”” Besides the primary peak for each profile, a
weak secondary shoulder is visible on each profile marked as
q,- The secondary peak looks relatively clear for Celll.2-
BA19.SkMMA4.7k with the respective q, and g, values of 0.22
and 0.55 nm™}, corresponding to the interdomain distance of
28.9 and 11.5 nm. Typically ordered microstructures, such as
lamellar or hexagonal types, cannot be assigned by the
relationship between these two values. Therefore, it is
predicted that two types of interdomain distances in the
samples might exist, which is observed by TEM in a later
section. For the pristine and processed bottlebrush copoly-
mers, the SAXS profiles do not show obvious differences in
shape. The subtle changes in the microstructures due to tensile
deformation are further analyzed by plotting the changes in the
interdomain distance among these samples. Figure 3b,d shows
the changes in the two interdomain distances, d, and d,, with
the number-average molecular mass of the grafted diblock
copolymer chains for the pristine and the processed
bottlebrush Cell-g-PBA-b-PMMA copolymer elastomers. It
can be seen that the interdomain distances, d; and d,, both
increase with increasing graft molecular mass, with a more
significant increase in d; than in d, (Figure 3b). The cyclic
tensile deformation also alters d; although the d, remains
constant, as d; becomes larger for the microstructures
perpendicular to the meridian direction than for the equator
direction (Figure 3d). The enlargement in d; along the
meridian direction can be gradually enhanced by increasing the
PMMA block length, which is caused by the slow relaxation
time of the hard PMMA block.

The SAXS arcs in the meridian direction shown in Figure
2h)i can be used to quantitatively assess the degree of
orientation of the microstructures in the processed samples.
For this purpose, the azimuthal intensity profiles need to be
extracted from the SAXS patterns. Figure 4 shows the
azimuthal intensity profiles taken at the primary SAXS peak
position g, for six SAXS patterns in Figure 2. All pristine
samples show flat azimuthal intensity profiles in Figure 4a,
indicating that no structural orientation exists in these samples.
However, the processed samples Celll.0-BA19.5SkMMA10.2k
and Cell0.9-BA19.5SkMMA13.4k do show two main peaks
approximately at 0 and 180° on their azimuthal intensity
profiles. The processed sample Celll.2-BA19.5SkMMA4.7k
does not show these peaks due to the rapid relaxation of the
grafted side chains. The degree of orientation can be
characterized by the orientation parameter (P,), while the
orientation factor (cos’p),, can be calculated using the
following equation
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Figure 4. Azimuthal intensity profiles and the change in the
orientation parameter. Azimuthal intensity profiles taken at the
primary peak position from SAXS patterns for (a) pristine and (b) the
processed bottlebrush Cell-g-PBA-b-PMMA copolymer elastomers.
The intensity dip in the angle range of about 120—150° is due to the
beamstop holder. (c) The change in the orientation parameter with
the molecular mass of the PMMA block.
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where I(¢) is the SAXS intensity at the azimuthal angle ¢, and
the orientation parameter (P,(cos¢)) is defined as

(By(cos ¢)) = (3(cos” ¢) — 1)/2 3)

The obtained (P,) for the processed Celll.0-BA19.5kM-
MA10.2k and Cell0.9-BA19.SkMMA13.4k are 0.34 and 0.41,
respectively. The orientation parameter, (P,), increases with
the molecular mass of the PMMA block (Figure 4c).
Therefore, the orientation of the microstructures in the
processed samples as detected by SAXS is indeed not so
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weak as seen from these (P,) values. Due to the cyclic tensile
deformation process, the microdomains in these bottlebrush
copolymer elastomers are highly oriented and are preserved
after the release of tensile stress. Eventually, the oriented
nanofiber microstructures in the bottlebrush copolymer
samples endow mimicking skin’s mechanical properties. It is
noted here that the PMMA block does play a key role in
preserving the orientation of the nanofiber microstructures,
which is attributed to the high T, of the PMMA block. After
the cyclic tensile deformation steps, the PMMA microdomains
produce a plastic deformation that is permanent, resulting in
oriented nanofiber microstructures.

Transmission electron microscopy (TEM) was further used
to reveal the internal nanofiber microstructures of the
processed bottlebrush Cell-g-PBA-b-PMMA copolymer elas-
tomers. Figure 5 shows the typical TEM micrographs for

|

100 nm

processed

Figure 5. TEM micrographs and schematic illustration of the
microstructures. Different TEM magnitudes for the processed
bottlebrush copolymer Cell0.9-BA19.5kMMA13.4k with observation
perpendicular to the tensile direction (I) and parallel to the tensile
direction (II). Schematic illustration of the microstructures for (g)
pristine and (h) the processed bottlebrush Cell-g-PBA-b-PMMA
copolymer elastomers. The yellow double-head arrow indicates the
tensile direction.

Cell0.9-BA19.5kMMA13.4k. When perpendicular to the tensile
direction, the TEM micrographs shown in Figure SI do not
show any obvious orientation for the cylinder-like micro-
structures. However, the TEM micrographs in Figure SII do
show two-sized microstructures that are perpendicular to the
tensile direction. The large microdomains represent the
cylinder structures for the bottlebrush copolymers and the
small ones represent the nanofiber-like PMMA domains, which
also correspond to the primary and secondary SAXS peaks (g,
and q,) in Figure 3. TEM micrograph for the pristine
bottlebrush copolymer Cell0.9-BA19.SkMMA13.4k does not
show obvious microdomain orientation (Figure S10), which is
similar to that in Figure SL

According to SAXS and TEM results, the internal micro-
structures for the bottlebrush Cell-g-PBA-b-PMMA copolymer
elastomers are proposed and illustrated in Figure Sg,h. On the
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one hand, the cellulose backbone chain of the bottlebrush
molecules confines the grafted side chains (PBA-b-PMMA
diblocks) to the volume of a cylinder. On the other hand,
microphase separation caused by the incompatibility of PBA
and PMMA blocks results in self-assembling to form PMMA
hard microdomains, which can serve as strong physical
crosslinking points in the system. Prior to the tensile
deformation (the pristine sample, Figure Sg), the large
microdomains composed of bottlebrush molecules and the
small PMMA hard microdomains are isotropically dispersed in
the system, while after cyclic tensile deformation (the
processed sample, Figure Sh), the cellulose backbones are
aligned along the tensile direction. Due to the restriction of the
grafted side chains of the diblock by cellulose backbones, the
side chains prefer to orientate perpendicular to the tensile
direction, so do the small nanofiber-like PMMA hard
microdomains. Therefore, the large bottlebrush cylinder
microdomains and the small PMMA microdomains are both
aligned in the same direction perpendicular to the tensile
direction, consistent with the appearance of SAXS arcs in the
meridian direction shown in Figure 2.

SAXS and TEM results show that the cyclic tensile
deformation induces anisotropic nanofiber structures. Sim-
ilarly, the mechanical properties of the processed bottlebrush
copolymers change to be anisotropic, and the monotonic
nominal stress—strain curves in the machine direction and the
transverse direction are illustrated in Figures S7—S9. The
elongation at break in the transverse direction is longer than
that in the machine direction of the processed bottlebrush
Cell-g-PBA-b-PMMA copolymer elastomers. For Celll.0-
BA19.5kMMA10.2k and Cell0.9-BA19.5SkMMA13.4k, the
breaking strength in the transverse direction was lower than
that in the machine direction, which was attributed to the
oriented nanofiber PMMA domains and cellulose backbones.
However, there is no orientation occurring in the system due
to the good elastic recovery of Celll.2-BA19.5kMMA4.7k,
which resulted in little difference between the transverse and
machine direction curves. This result is consistent with the
microstructure of the skin because the mechanical properties of
the skin are also anisotropic. The collagen fibers in the dermis
are parallel to the direction of the Langer’s line, and so the skin
strength is high along the Langer’s line and the skin
perpendicular to the Langer’s line can stretch longer.'>'**

B CONCLUSIONS

In summary, we designed and synthesized reprocessable
bottlebrush cellulose-graft-diblock copolymer elastomers (cel-
lulose-graft-poly(n-butyl acrylate)-b-poly(methyl methacry-
late), Cell-g-PBA-b-PMMA), which would be able to perfectly
mimic the mechanical properties of human and animal skins.
Thermogravimetric analysis (TGA) showed that these
elastomers had sufficient thermal stability, providing a
fundamental basis for future practical applications. The
immiscibility of the two components PBA and PMMA in the
grafted side chains led to self-assembly of PMMA, which finally
formed physical crosslinking points, enabling the vast increase
of tensile strength of the elastomers. These processable
bottlebrush copolymer elastomers allowed forming objects
with desired shapes, which was essential for elastomer
recycling, impossible in chemically cross-linked networks.
Furthermore, by step-cyclic mechanical processing simply at
room temperature, the mechanical behavior of the processed
bottlebrush Cell-g-PBA-b-PMMA copolymer elastomers could
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amazingly behave very similar to that of human and animal
skins. The hard PMMA and soft PBA microdomains acted
likely as the rigid and elastic components in skins, endowing
the elastomers with sufficient tensile strength and elasticity.
The complementary small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) both together
verified the orientation of the internal nanofiber micro-
structures in the processed elastomers, making it possible
that after simple step-cyclic tensile deformation, the bottle-
brush Cell-g-PBA-b-PMMA copolymer elastomers could
exhibit similar mechanical behaviors to those of skin. These
materials are essential to advance the future development of
biomimetic polymer materials.
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