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ABSTRACT

Shape memory polymers (SMPs) have potential applications in areas such as wearable electronics,
implantable biomedical devices, and soft robotics. However, most SMPs suffer from low energy
densities, which limits the maximum load that can be sustained during actuation. Recent work has shown
that periodically incorporating directional hydrogen bonds can enable high energy density SMPs by
forming stable strain-induced supramolecular nanostructures. In this work, we show that modifying the
polymer molecular design by incorporating additional weaker H-bonding units allows tuning of the SMP
actuation temperature (from 60 to 25 °C) while maintaining almost 80% of the energy density of the
original polymer. Moreover, these modifications enable self-healing at accessible temperatures (~70 °C).
By combining high energy density shape memory behavior with self-healing properties, we realized rapid
healing of large (i.e., centimeter scale), macroscopic damages (e.g., knife punctures), which were unable
to heal in similar polymers without high energy density or the shape-memory-assisted self-healing
(SMASH) behavior. As a comparison, previously reported lower energy density SMPs only showed
healing of submillimeter-sized scratches or punctures. The self-healing SMP was used to fabricate a force
sensor that exhibited self-healing ability, high cyclability, and high sensitivity. Our work demonstrates
that the incorporation of periodic dynamic bonds and the resulting formation of strain-induced
supramolecular structures are promising mechanisms for the design of tunable, high energy density shape
memory polymers for applications in smart, self-healing wearable devices with superior performance and

durability.



INTRODUCTION

Shape memory polymers (SMP), which can readily switch from a temporary shape to a permanent shape
when exposed to external stimuli, are promising materials for emerging applications such as wearable
electronics, smart biomedical devices, soft robotics, and space-deployable structures.!') In addition,
SMPs have the potential to replace alternatives such as shape memory alloys due to their low production
cost, light weight, processability, and high shape recovery.l®! However, many reported SMPs face

challenges including low energy density, limited toughness, and insufficient recovery stress.!®!"

Cooper et. al have reported an SMP design to overcome the above drawbacks by periodically
incorporating strong H-bonding units into the polymer backbone to form strain-induced long-range order

[411] Since then, Liu and his coworkers have developed other high

of supramolecular nanostructures.
energy density SMPs incorporating this strategy, but they all have high glass transition temperatures
(Ty).'*P1 Since actuation is initiated when the supramolecular nanostructures are disrupted above T,
this results in high actuation temperatures and prevents actuation at physiologically safe temperatures

14,15

(near 37 °C). Moreover, increasing the polymer T limits the self-healability of the SMPs !'*'*], which is

undesirable for two reasons. First, making SMPs self-healable can improve their durability in wearable

16-21

electronic and soft robotic applications.!'*2!! Second, previous reports have shown that shape memory

behavior can aid in self-healing, by enabling automatic and rapid closure, but these reports have been

limited to low energy density materials and minor damages such as scratches and indentation.!!>!8:22-26]

In this work, we design a set of shape memory polymers, abbreviated as PPG-MPU-PA | «, (Figure 1A)

with varying ratios of strong (MPU, 4,4'-methylenebisphenyl urea)?’*! and weak (PA, p-

phenylenediamide) dynamic bonds®” to tune T}, (from -7 to 39 °C) and polymer dynamics. These SMPs
have tunable actuation temperatures and self-healing capabilities, while also maintaining high energy
density. We observe a strong relationship between actuation temperature and Ty in the PPG-MPUx-PA «
polymers, suggesting control of T, as a key molecular design parameter for the development of high

energy density in these SMPs.

Moreover, we hypothesized that the combination of high energy density shape memory behavior and
accessible terminal flow temperatures would enable rapid self-healing from large-area puncture damages,
which was only possible previously with capsule and vascular based self-healing mechanisms.?!3%
Normally, the self-healing rate of polymers, based on reversible dynamic bonds, is limited by the rate of

bulk chain diffusion or open sticker diffusion and thus require a longer healing time for larger damages,



3334 While Cooper et al. recently have shown the methods for the

and in some cases never recover.
potential of multiple layers realignment during self-healing, these methods fail for larger damages when
layers are not in initial contact.!** Furthermore, Rodriguez et al. showed combining shape memory

behavior with conventional self-healing abilities (i.e., shape-memory-assisted self-healing, SMASH!!>))

163637 However, the extent of self-healing

facilitated the closure of small scratch and nanoindentation.!
was limited to minor scratches, primarily because the low energy density of the SMP means that it is
unable to actuate large fractured pieces, preventing the closure of the macroscopic wounds. Here, we
show using high-energy density and excellent shape recovery SMP enable the polymer to quickly return
to its original shape by the shape memory effect after large damage (centimeter size), followed by
subsequent annealing to repair cracked interfaces. The best performing polymer, that exhibited shape-
memory effects near room-temperature and fastest healing rate, PPG-MPUj 7-PAy 3, can fully self-heal
from a puncture that is 40 mm in length and 6 mm in width created by a twisting blade as well as a 1 cm
by 1 cm puncture created by a screwdriver after healing for 36 hours at 70 °C. The high energy density
SMP enables the deformed creases near the puncture to pull the fractured pieces back to the original
location and make contact. Conversely, a similar polymer, PPG-MPUj s-PA, s, which exhibits faster
traditional self-healing but lacks shape memory behavior at room temperature, is unable to heal from the
same large damage, even with long healing times. Finally, we use PPG-MPUj7-PAo; to design a self-
healing pressure sensor to show the potential for these materials in wearable electronics and smart

biomedical devices.

RESULTS

Our previous work has shown that the formation of strain-induced supramolecular structures can be used
to achieve one-way shape memory polymers with high energy density, using polypropylene glycol (PPG)
and 4,4’-methylene biphenylurea (MPU).*! Here we modify the PPG-MPU structure by incorporating p-
phenylenediamide (PA) units along the backbone in place of MPU at varying molar fractions (Figure
1A). We found that tuning their ratios allowed us to optimize the shape memory actuation temperature
and self-healing properties to enable shape-memory assisted self-healing (SMASH), which allows

polymer films to rapidly and autonomously recover from large puncture damages (Figure 1B).
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Figure 1. Molecular design of PPG-MPU,-PA . polymers. A) Schematic and chemical structure of the

PPG-MPU;-PA .« polymers. They combine strong H-bonding MPUs (4,4'-methylenebisphenyl urea) with

weak H-bonding PAs (p-phenylenediamide) along a polypropylene glycol (PPG) backbone. B) Schematic
of shape-memory assisted self-healing (SMASH) mechanism in periodic dynamic polymers. After
damage, high energy density shape memory behavior, enabled by the formation of strain-induced
supramolecular structures, facilitates rapid closure of the damaged areas back into contact. Subsequent
annealing of the polymer film enables traditional, diffusive self-healing to repair interfacial cracks for full

recovery of the polymer film.

We synthesized a set of seven polymers with varying MPU:PA molar ratios as indicated in Table 1 and
verified successful polymerization by 'H nuclear magnetic resonance (NMR) and gel permeation
chromatography (GPC) (Table 1, Figure S1-9). Differential scanning calorimetry (DSC) traces of the

polymers showed a clear and non-linear increase in the glass transition temperature (T, ) with increasing



molar fraction of MPU (Figure 2A, Table 1). The T trend partially follows that predicted by the

empirical Fox equation for amorphous blends and random copolymers, given by:

1 X 1-x
_ XMPU + MPU (1)

Tg,x Tg,x=1 Tg,x:O

where T x—4 is the T; of PPG-MPU o, Ty x—¢ is the T, of PPG-PA; and Ty , is the predicted T of a
PPG-MPU,-PA .« polymer (Figure 2B). We also performed Fourier-transform infrared spectroscopy
measurements (FTIR) on the PPG-MPU,-PA .« polymers, which show the transition from urea-dominated
to amide-dominated C=0 and N-H stretches from xmpy= 1 to xmpy = 0 (Figure 2C-D).3%3°1 Above xmpu =
0.3, the PPG-MPU,-PA |« polymers exhibited robust mechanical properties, including high stretchability,
tensile strength, and toughness. (Figure 2E-F, Table 1, Figure S10). The polymers exhibited strain
hardening between 200-300% strain and stress whitening into an opaque film above ~500% strain
(Figure 2G). In addition, the films often fractured into tendrils instead of necking to a clean break
(Figure 2H) and exhibited notch insensitivity (Figure S10). All of these observations are consistent with
the formation of strain-induced supramolecular structures reported previously.[¥ Moreover, from 2D x-ray
diffraction (XRD) data, we observed that all of the strained xmpu= 1, 0.9, and 0.7 films showed increased
intensity of urea-urea H-bond stacking peak perpendicular to the strain direction compared to parallel to
the strain (Figure S11). This suggests that the polymer backbones align parallel to the strain while the

urea groups stack into supramolecular nanostructures oriented perpendicular to the strain.

Table 1. Characterization of PPG-MPU-PA .« polymers.

Glass Crossover Tensile Actuation | Measured
. Toughness,
XMPU M Transition Temp., Strength, Temp., Energy
Sample Name XMPU b Ur
(NMR) | (kDa) Temp., Ty Txc c Toct Density,
(MPa)
(°C) (°C) (MPa) (°C) (MJ/m%)
PPG-PA1 0 0 8 1.4 -7 25 - - - -
PPG-MPUo.1-PAo. 0.1 0.10 13 1.4 0 25 - - - -
PPG-MPUo3-PAo7 0.3 0.32 11 1.5 1 49 - - - -
PPG-MPUo.s-PAos 0.5 0.53 9 1.5 7 65 15+£2 162 +£22 - -
PPG-MPUo.7-PAo 3 0.7 0.72 14 1.5 15 80 20+ 1 232+ 58 25-35 25
PPG-MPUo.9-PAo.1 0.9 0.92 11 1.4 25 105 31+1 456 +20 35-45 2.4




PPG-MPU 1.0 1.0 10 1.1 40 145 48+ 13 872 + 81 50-60 3.2

- The test wasn’t conducted due to low Tg.

T,c: Was defined as the temperature at the half point of the actuation process; equations included in the

key parameters below.
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Figure 2. Thermal and mechanical properties of PPG-MPU.-PAx polymers. A) DSC traces xmpy =0
(brown, top), xmpu = 0.1 (dark orange), xmeu = 0.3 (orange), xmpu = 0.5 (light orange), xmpu = 0.7 (yellow),
xmpu = 0.9 (teal), and xmpu = 1.0 (dark teal, bottom). B) Glass transition temperatures (T ) extracted from
the DSC data as a function of MPU mol fraction. The black dashed line shows the predicted values using
the empirical Fox equation. C-D) FTIR spectrum of the urea and amide region for PPG-MPU,-PA «
polymers. (E) Stress-strain curves (F)and zoomed low strain region for xmpu = 0.5, 0.7, 0.9, and 1.0. G)
Image of PPG-MPU, 7-PAy 3 whitening at 500% tensile strain. H) Image of fracture behavior of PPG-
MPUj 7-PAy 3 during tensile testing (~550% strain).

We next characterized the rheological properties of the PPG-MPU,-PA | polymers under oscillatory
strain (1 rad/s) between 25-145 °C (Figure 3A). Both PPG-PA o and PPG-MPUj ;-PAo ¢ behave as
viscoelastic liquids at room temperature, consistent with their lower T, values of -7 °C and 0 °C,
respectively. Increasing the mol fraction of MPU leads to a clear increase in glassy behavior at lower
temperatures, with PPG-MPUg 7-PA3, PPG-MPUj9-PA,.1, and PPG-MPU o exhibiting a glassy plateau
(G’ ~ 10? Pa) in the storage modulus (G”) at room temperature. Plotting the storage modulus versus

temperature shifted by T, (Table 1) shows that the end of the glassy plateau occurs earlier in PPG-MPUj o
relative to T, (Figure 3B). All polymers showed a crossover (G” = G”) into terminal flow at sufficiently

high temperatures (T,.), indicating the potential for diffusive self-healing enabled by the diffusion and




recovery of open dynamic bonds and individual chains across the damaged interface. Previous
experimental work has shown that this terminal flow temperature (T,.) is roughly equivalent to the self-
healing temperature, which is the lowest temperature required for the polymer to be self-healed measured
on rheometer.®3). T, increased with increasing xmpu (Figure 3C), with PPG-MPU; o showed the highest
T,c of 145 °C, and consequently the slowest self-healing at room temperature or elevated temperature. By
decreasing the xmpu to 0.9, T, decreased to 105 °C and decreasing xmpu to 0.7 further lowered T, to

80 °C, which enables more accessible self-healing conditions as demonstrated later in the paper.

We next characterized the microstructures of the hot-pressed PPG-MPU,-PA |« films by small-angle x-ray
scattering (SAXS) and atomic force microscopy (AFM). SAXS scattering data for each polymer was
fitted using a broad peak model commonly used for empirical determination of characteristic length scales

in hydrogels or dynamic polymers with clustered domains,"*"! given by:

_ Ip I Iz
1D = i T iaar T T s @

where the first two terms are the first and second broad peaks (at different g-regimes) and the last two
terms are the background scattering (Figure S12, Table S1). The parameters qo and q; provide the
average interdomain spacing between clusters in each peak while the correlation lengths, & and &,

describe the extent of interdomain positional correlations, or equivalently, the variance in interdomain

spacings for each peak (i.e., full width at half maximum, FWHM = %).
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Figure 3. Rheological and microstructural characterization of PPG-MPU,-PA . polymers. A)
Temperature sweeps of the storage (G’, solid symbols) and loss (G”, open symbols) moduli for PPG-
MPU,-PA « polymers measured at 1 rad/s. Vertical dashed lines mark the terminal flow onset temperature
(Txc)- B) Storage modulus plotted versus temperature shifted by T, for xmeu = 0.7, 0.9, and 1.0. Vertical
dashed lines mark where the glassy plateau ends. C) Terminal flow onset temperatures for different xmpeu
fractions extracted from the temperature sweeps. Lorentz-fitted low-q (large domain) regime peaks D)
and high-q (small domain) regime peaks E) for PPG-MPU,-PA |« polymers. AFM height images for F)
xmpu = 0.7 (root-mean square roughness, Rq=0.23 nm) , G) 0.9 (Rg=10.21 nm), and H) 1.0 (Rq=0.32

nm), showing amorphous morphologies with a slightly increasing roughness.

The fitted SAXS data for the polymers exhibited two broad peaks at low and high g, corresponding to
large (qo= 0.03 A', =20 nm) and small (q; = 0.32 A", =2 nm) domain sizes, respectively (Figure 3D-E).
For xmpyu above 0.5, these peaks were relatively similar. However, PPG-MPUj3-PA, 7 showed decreased
large-domain aggregation, while both PPG-MPUj1-PA¢y and PPG-PA o showed almost no aggregation at
either length scale. Consistent with the SAXS data, AFM images of PPG-MPUg 7-PAo 3, PPG-MPUjo-
PAy.1, and PPG-MPU o, were almost featureless with a slight increase in roughness with increasing xmpu

(Figure 3F-H). Polymers with lower fractions of MPU were slightly sticky and could not be measured by
AFM.



We next measured the shape memory properties of our polymers based on the following key parameters
(Figure 4A):

e [, : initial length of the polymer

o lgy : fixed length of the polymer after stretching and releasing

® lring : final length after heating

®  Tprog : programming temperature during initial straining

lrixtlfinal

e T, : actuation temperature defined when [(T,¢;) = >

® 0, : actuation load
® 0y max: recovery stress (i.e., 04 Where 4.4 = 0)

® & max: recovery strain (i.e., the maximum contraction when g, = 0)

lfix_ lfinal
fix

® &40 : contraction strain achieved during actuation defined as

We tested the samples by straining the polymers to 300%, releasing them, and then heating under a fixed
actuation load o to extract values of lgiy, lrinar> Tace, and €4¢¢ (Video SO1). We then repeated this
procedure for different values of o4 (from 0 to ~20MPa) and T4 (relative to Ty) (Figures S13-15).
All three SMPs exhibited good shape fixity (~0.9) and shape recovery (~0.9) for g, = 0 (Figure S16).1*!
Moreover, a clear nonlinear relationship between o, and &, is observed (Figure 4B), in which &,
monotonically decreases from ~0.6 to 0 as o,.; increases from 0 to ~13-18MPa for all three polymers. At

low 04ct, €qct approaches its maximum value of 0.75 (for an initial strain of 300%).

Since the work done by the polymer is given by W = a,.¢€4¢¢, the area under the solid line in Figure 4B
corresponds to the measured energy density (in MJ/m?) for each polymer. In addition, the x-intercept and
y-intercept of the plot correspond to the commonly reported values of recovery stress, 0y 14, and

recovery strain, &. 4y, respectively. A common assumption is that the ideal energy density is given by:

Eigear = 1/2 Or max€rmax (3)

This equation assumes ideal Hookean spring behavior and is analogous to calculating the area under the
dashed lines plotted in Figure 4B. Thus, the difference between the measured energy density from the
ideal energy density allows us to quantitatively characterize the extent to which each polymer network
deviates from an ideal spring (Figure 4C, Note S1). The ideal energy densities (~5-6 MJ/m?) are
approximately twice that of the measured energy densities (~2-3 MJ/m®). Comparing both the ideal

energy densities and the recovery stresses of the xmpy = 1.0, 0.9, and 0.7 polymers with other previously

10



reported shape memory polymers highlights the improved performance of the SMPs in this work, which
is enabled by the use of strain-induced supramolecular structures (Figure 4D, Table S4)[13.24.28:41-58]
Furthermore, the low energy density from previously reported shape memory polymers hindered the
realization of SMASH of large-sized damage areas, with the most significant damage dimension being

below 1 mm. (Figure 4D, Table S5)!!5:16:23:26.37.54.59-71]

A B y T \
. l A . leix — lrina B —— X=1.0, Tg (40 <C)
ot lrix £ 061 —— X=08, Tg (25°C) ]
leix T = — x=0.7, Tg (15 °C)
b lrina fix g 9
Heat =@~ ] o 041
_b g c
- g S
ot g 0.2
&)
’ | lfinat = S .k
— - VOact > 0.04, ; :
B . Tact 0 5 10 15 20
c b Temperature E Actuation Load, o, (MPa)
7 5 T T T T r -
a Measured 6.31 627 | “E 10; This o4 1 ,
£ 6/ 88 ldeal 2 Wore = K 2018
] - _—
= 51 4{% > 14 %)
2 4 \ & o o* =15
= 3,20\ 0O 0.1 *
o 34 2 0. N
a) \ 2.39 2.47 ) 5
&2 ‘ < -
= (5 0.01 1 10{——x=10
ui 14 = —+—x=09
ol = 3 ’ . ; : .)(=0»? . . . '
1 0.9 0.7 0.1 1 10 0 2 4 6 8 10 12
XMPU G Recovery Stress, o, ..., (MPa) H Actuation Load, o, (MPa)
_075] ' x=07 £ 20/ o Ihd " ZaN
8 ——Tg-15 (0°C) = : 1 \
: ] T (15°C) %
£ \ 9 15+
B 2 \ Tg+10(25°C) ] bE-
w o
2 : ——Tg+20(35°C) 2 4 ol
S L -
& 025 n 3 ——X=1.0 W, 1.4 MIm*
E g 54 0.24 —+x=09.W_, 07MIm?
g X =07, W, 0.8 MJ/m*
0.00- . : = . == e e
0 4 8 12 10 0.9 0.7 0 2 4 6 8 10 12

Actuation Load, oact MPa XMPU Actuation Load, o, (MPa)
Figure 4. Shape memory performance characterization of PPG-MPU,-PA . polymers (xvpu =1,
0.9, 0.7) A) Demonstration of shape memory performance characterization using a PPG-MPU, 7-PAy 3
film with l¢jy, lfing, and o4 marked (left). Illustration of length versus temperature during heating
(right). The material initially contracts from l¢;y t0 lrinq; as temperature increases. B) Actuation strain
versus actuation load of xmpu = 0.7 (yellow), xmpu = 0.9 (teal), and xmpu = 1.0 (dark teal) (n=1) C)
Measured energy density (area under solid line in C, solid left) and ideal energy density E;4.4; (area
under dashed line in C, striped right) for the xmpu = 1.0, 0.9, and 0.7 polymers. D) Ideal energy

density Ejgeq; verus recovery stress of xmpu = 0.7, xmpu = 0.9, xmpu = 1.0 and previous reported SMPs
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(grey square) and SMASH SMPs (black box). E) Actuation temperature shifted by T,; versus actuation
load for the xmpu = 1.0, 0.9, and 0.7 polymers. F) Actuation strain versus actuation load of PPG-MPUj 7-
PAo3 with programming temperatures of Tp.og = Ty — 15 °C = 0 °C (blue), Tprog = Ty = 15 °C (light
blue), Tyrog = Ty + 10 °C = 25 °C (orange), and Tpyrog = Ty + 20 °C = 35 °C. (red). G) Recovery stress
values for xmpu = 1.0, 0.9, and 0.7 films initially strained to 300% (n = 2). Temperature numbers indicated
in the figure represent the temperature where the maximum stress was observed. H) Normalized actuation

work at a specific g, versus actuation load of xmpu = 1.0-0.7.

We also investigated how T, changes with Ty for PPG-MPU o, PPG-MPU9-PAo.1, and PPG-MPUj 7-
PAgs. All polymers were observed to actuate 10-20 °C above their respective T, with higher
temperatures required for actuation for higher g,.; (Figure 4E). This finding suggests that all three
polymers actuate via a similar mechanism, in which the strain-induced supramolecular assemblies are
disrupted 10-20 °C above T, with higher temperatures needed to disrupt the assemblies held at higher
stress, since the stress acts to stabilize the stretched chain state. Moreover, these results highlight the
importance of incorporating PA units into the polymer backbone, which adjusts T, and subsequently
tunes T, while maintaining high energy density as shown in Figure 4C. Thus, PPG-MPU;  actuates at
50-60 °C, PPG-MPUgo-PAy, at 35-45 °C, and PPG-MPU 7-PAy 3 at 25-35 °C. The lower T,; for PPG-
MPUo-PAy.1 and PPG-MPUj 7-PAy 3 can be used in situations where actuation near physiological

temperature is desired, such as in biomedical devices or wearable electronics.

We also investigated the effect of T, ; on shape memory performance (Figure 4F). When initially
strained at 20 °C above its Ty, PPG-MPUj7-PA3 showed significantly reduced actuation strain. We
attribute this decrease in performance to the inability to form supramolecular structures at higher
temperatures, supported by the previous data (Figure 4E) that suggests the strain-induced supramolecular
structures begin to dissociate at Ty + 20 °C and cause actuation even under the highest loads tested. In
addition, we found that decreasing T4 below T, did not change the energy density curve.

We initially hypothesized that the introduction of PA units, which are weaker hydrogen bonding units,
into the polymer backbone would decrease the recovery stress ;. 1,4, However, we observed the
opposite effect, with PPG-MPU o showing the lowest 0.y, 0f 13.2 £ 1.72 MPa and PPG-MPUj7-PAo 3
showing the highest 0, ;45 0f 18.4 £ 1.76 MPa (Figure 4G, Figure S17). This trend can be understood
by considering how the network storage modulus of the polymers varies with temperature. While all three
polymers exhibit actuation 10-20 °C above T (Figure 4E), the storage modulus of PPG-MPU ¢ begins to
decay at Ty + 10 °C, while the storage moduli for PPG-MPUo-PA¢.1 and PPG-MPUj7-PA, 3 are stable

12



and higher up to Ty + 20 °C (Figure 3B). Since the recovery stress reaches a maximum for all of the

polymers at temperatures above T, + 10 °C, this decay in the network strength is likely responsible for the

decreased recovery stress of PPG-MPU; .

Finally, we also calculated the actual work output (W = &,.; 0,.¢) for different o,.; for each polymer,

which is particularly important for the development of practical devices, which commonly actuate against

a constant force. Figure 4H shows the normalized plot of v

versus d,.;. While PPG-MPU |  has the

max

highest W4, compared to PPG-MPUg9-PAo.1 and PPG-MPUjy 7-PAy 3, PPG-MPU( 7-PA¢ 3 can maintain
its maximum work output at higher loads. We attribute this improved performance to the more stable

network modulus of PPG-MPUj 7-PAg 3 at higher temperatures (Figure 3B), since actuation at higher
loads occurs at Ty + 20 °C (Figure 4E).
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Figure 5. Shape-memory-assisted self-healing (SMASH) of macroscopic punctures and pressure
sensor demonstration using PPG-MPUj7-PA 3. A) Films of PPG-MPUj s-PA s (control, low energy
density at R.T., 0.06 mm thickness) and PPG-MPUj 7-PA¢ 3 (high energy density at R.T., 0.06 mm

thickness) were folded (at 50 % of their initial length, 3.0 cm) onto a PTFE sheet and then heated to
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measure their shape memory recovery (i.e., unfolding) back to their initial state. Only the high energy
density SMP, PPG-MPUjy 7-PAy 3, is able to unfold when heated. B) Image of a punctured PPG-MPU s-
PAys film (control, low energy density and healing) with a 1.5 mm diameter hole created from twisting a
scalpel into the polymer after damage (top), after 10 s of heating with a heat gun from 30 cm distance
(middle), and after 36 hours at 70 °C (bottom). C) Image of a punctured PPG-MPUj 7-PAy 3 film (high
energy density and healing) with a 2 mm diameter hole created from twisting a scalpel into the polymer
after damage (top), after 10s of heating with a heat gun from 30 cm distance (middle), and after 36 hours
at 70 °C (bottom). D) Image of a PPG-MPUy 7-PAo 3 film (marked with a marker to improve visibility of
the damage) with a 1 cm diameter hole created from a scalpel and a screwdriver into the polymer after
damage (top), after 10s of heating with a heat gun from 30 cm distance (middle), and after annealing for
36 hours at 70 °C (bottom). E) Self-healing data measured by rheometer for PPG-MPUj 7-PA¢ 3 showing
the recovery in tensile strength for different temperatures with a constant healing time of 30 minutes. The
inset shows a schematic of the measurement set-up in which two pieces of polymer are healed with a
controlled contact area defined by a PTFE sheet with a hole in it. F) Image of PPG-MPUj 7-PAo 3
patterned with laser-induced graphene (LIG) lines transferred from polyimide films. G) Cyclic pressure
sensor data up to 5 N before (black solid line) and after (red dashed line) self-healing at 70 °C for 24
hours for 10 cycles. H) Pressure sensor performance before (solid lines) and after (dashed lines) self-

healing at 70 °C for 24 hours for different loads.

We next sought to demonstrate the application of these high energy density shape memory polymers and
hypothesized that the combination of high energy density shape memory and self-healing properties could
enable recovery from large macroscopic damages through a combination of autonomous self-closing and
self-healing. We first demonstrated the importance of the high energy density in the process of shape
recovery after sample damage by folding a control sample of PPG-MPU,s-PA s (low energy density) and
a sample of PPG-MPUj 7-PA, 3 (high energy density). Without sufficient energy density, the low energy

density control sample failed to return to the original shape (Figure SA).

The unfolding of a folded or bent film to its original state is similar to the SMASH process of recovering
from a large damage and here serves as a proxy to identify both which polymers could exhibit SMASH
behavior and why SMASH behavior improves with higher energy density. To a first approximation, the
size of the folded or bent region scales with the perimeter of the damage (proportional to the hole radius)
while the size of the region being lifted scales with the area of the damage (proportional to the hole radius
squared). Thus, for larger hole sizes, more work must be done by the damaged perimeter to bring the

pieces back into contact. To demonstrate this, based on the experiment shown in Figure SA, we also
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folded PPG-MPUj 7-PA, 3 films at different positions and measured its ability to unfold itself when

heated, suggesting a maximum hole radius for puncture recovery of ~2.1cm (Figure S18).

These results suggested the PPG-MPUj s-PAo s would be unsuitable for SMASH, which we tested by
damaging a sample of PPG-MPUjs-PAy s, with a scalpel to generate a 1-2 mm hole (Figure 5B). The
damaged area remained unchanged after annealing at 70 °C for 36 hours (Figure 5B). On the other hand,
the folded film experiments suggested that PPG-MPUg 7-PAo 3 would have sufficient energy density to
exhibit SMASH behavior at large length scales. Indeed, after being punctured to form a 1-2 mm hole,
PPG-MPUj7-PA¢ 3 was able to self-close the puncture within 10 seconds of heating, benefitted from the
high energy density together with the excellent shape recovery of ~ 90%. (Video S2). The punctured film,
after self-closing, was fully healed after annealing at 70 °C for 36 hours, despite having a higher terminal
flow temperature of 80 °C and thus slower diffusive self-healing than PPG-MPU, 5-PA s (Figure 5C,
Figure S19).When the healed sample was subsequently subjected to strain, the film broke far away from
the healing location in the undamaged region and exhibited similar mechanical properties to the pristine
film, suggesting it had fully recovered (Figure S19). To further demonstrate the robustness of the
SMASH behavior in our high energy density SMP, we increased the damage area to a >1 cm hole and
showed that the material was also able to fully heal (Figure SD). While SMASH has been used to heal
minor scratches and notches (Table S5), the significantly higher energy density of our SMP, compared to
previously reported SMPs, enables self-healing of larger punctures of centimeter size, which was

previously unachievable.

We characterized the diffusive self-healing behavior by allowing PPG-MPUj.7-PA, 3 to heal through a
small hole on a PTFE film on a rheometer for 30 minutes, following a previously reported procedure,
enabling us to quantify the self-healing ability under different temperatures (Figure SE, Figure S19).17273
The polymer demonstrated highly efficient self-healing at elevated temperatures, as evidenced by the high
tensile strength shown for temperatures at and above 70 °C, consistent with the terminal flow temperature
of 80 °C (Figure 3A). The SMASH behavior of the PPG-MPU, 7-PA 3 was also shown to be reliable and
reproducible - when the material was punctured in a consistent way multiple times, over 90% of the
punctures were healed successfully (Figure S19). This high-level of the SMASH capability makes PPG-
MPUjy.7-PAo 3 an ideal candidate for stretchable electronics and soft robotics. To demonstrate this
capability, we patterned laser-induced-graphene onto the PPG-MPUj 7-PA 3, to fabricate an array of force
sensors (Figure 5F). We demonstrate the excellent cyclability of resistance change for a single sensor and

show that the sensor maintains the same performance after being cut and self-healed for 24 hours at 70 °C
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(Figure 5G). Furthermore, the sensor also shows sensitivity across a wide force range, from 0.5 N to 8 N

(Figure SH).

DISCUSSION AND CONCLUSION

This work demonstrates the use of high energy density shape memory polymers for self-healing films that
can recover from large, macroscopic punctures and tears. Importantly, this SMASH capability is achieved
by tuning the actuation and self-healing temperatures of periodic dynamic polymers, which form strain-
induced supramolecular structures. We achieve this tunability by substituting strong hydrogen bonding
polyurea units with weaker polyamide units to control the glass transition temperature of the bulk films.
In addition, this research presents a detailed methodology to measure SMP energy density and deviation
from ideal spring-like behavior, which can be used for other SMP materials. The combination of self-
healing and shape memory effects in these materials allows them to repair large structural damages
without the need for human intervention and may enable SMPs to have broader applications in wearable

soft electronics and medical devices.
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EXPERIMENTAL SECTION

Materials

Diamine-terminated poly(propylene glycol) (HoN-PPG-NH;) macromonomers were obtained from
Huntsman (Jeffamine D400, M,= 0.4 kDa). All other chemicals and solvents were purchased from

Sigma-Aldrich. All reagents were used as received without further purification.

Synthesis of PPG-MPU.,-PA .. polymers

Diamine-terminated poly(propylene glycol) (H,N-PPG-NH,) macromonomers (Jeffamine D400, M,,= 0.4
kDa) were placed at 90 °C under vacuum for 2 hours to remove trace water. Using PPG-MPU 7-PAo 3 as
an example, terephthaloyl chloride (TC, 148.7 mg, 0.7 mmol) and 4,4’-Methylenebis(phenyl isocyanate)
(MDI, 427.8 mg, 1.9 mmol) were dissolved in 10mL of dichloromethane (DCM) and stirred in an ice
bath. Ho,N-PPG-NH; (1.0 g, 2.50 mmol) and triethylamine (TEA) (~0.7 g, 6.9 mmol) were added in
another round-bottom flask and dissolved in DCM (10 mL) in an ice bath. The molar ratio of each
chemical was calculated by 1.0:1.05 amine:isocyanate functional groups and greater than 1:2 TC:TEA.
The solution of H,N-PPG-NH; and TEA solution was slowly added to the flask with TC and MDI. After
allowing the ice to melt to reach room temperature slowly, the reacting mixture was stirred at room
temperature for 48 hours under the nitrogen environment. The solution was evaporated to viscous liquid
and hexane was added slowly to precipitate the polymer. The polymer was rinsed three times in hexane.
To remove salt, the polymer was dissolved in methanol and precipitated in water three times. The

polymer was rinsed with water and dried at 100 °C in vacuo for 24 hours.

Size exclusion chromatography

Size exclusion chromatography (SEC) analysis was performed using a Tosoh EcoSEC Ambient (Room
Temperature)-GPC equipped with two TSK gel GPC columns (G3000Hhr and G4000Hhr; 7.8 mm L.D. x
30 cm, 5 um) calibrated with a conventional calibration curve using monodisperse polystyrene standards.
Tetrahydrofuran (THF) (40 °C) was used as a carrier solvent at the flow rate of 1.0 mL/min. Samples were
prepared at 1 mg/mL in THF, except for PPG-MPU o, which was first dissolved in CHCI; (5 mg/mL) and

then diluted with THF to reach a concentration of around 1 mg/mL.

Mechanical characterization methods

Room temperature tensile tests were conducted on an Instron 5565 Instrument at a constant strain rate of
200 % per minute. Rectangular samples with approximate dimensions of 10 mm x 4 mm x 0.1 mm were
cut from the substrate and loaded onto the extensometer with pressurized grips using double-sided tape to

improve sample-grip adhesion and prevent slipping as needed.
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Rheological characterization methods

Dynamic mechanical analyses were conducted using an Ares G2 Rheometer with an 8 mm parallel plate
set-up in a temperature-controlled convection oven. Samples were cut into 8mm diameter discs with a
thickness of ~0.1 mm. Frequency sweep tests were collected from 100 rad/s to 0.1 rad/s at designated
temperatures with an applied strain of 1% under a constant axial force of 0.1 N. Temperature sweeps were
performed in 10 °C steps with a wait time of 180 s between steps to allow the sample temperature to
equilibrate. For MPU fractions above xmpu = 0.5, frequency sweeps at temperatures below 70 °C were
taken with an applied strain of 0.1% to remain with the linear viscoelastic regime, and temperature steps
were taken every 5 °C. To ensure full contact between the sample and the plates, a pre-conditioning step
was used, in which the sample was heated above terminal flow and a frequency sweep was performed

from 100 rad/s to 0.1 rad/s under a small force between 0.1-0.5 N.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was conducted using a TA instruments Q2000 DSC.
Approximately 10 mg of polymer were placed in sealed aluminum pans and lids. Samples were ramped
from -90 °C to 150 °C at a rate of 10 °C/min. Glass transition temperatures were extracted using TA

TRIOS software.

Small-angle x-ray scattering methods

Small-angle x-ray scattering (SAXS) was conducted in transmission mode on bulk polymer films at
beamline 4-2 at Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC National Accelerator
Laboratory (SLAC, Menlo Park, CA). Bulk polymer films were tested as free-standing films with a
thickness of 0.1 mm. The x-ray wavelength was 0.827 A (beam energy 15 keV) with a sample-to-detector
distance of 3.512 m. The Pilatus 1M fast detector was used for 2D scattering data acquisition and
reduction into 1D scattering intensity profiles was done using customized code at the beamline. For each
sample, 10 frames of 1 second exposure were averaged to improve the signal-to-noise ratio.
Measurements were performed in ambient air. All fitting was done using a dual annealing optimization

method in Python.

X-ray diffraction analysis (XRD)

X-ray diffraction analysis was conducted on a Bruker D8 Venture single-crystal X-ray diffractometer.
The instrument was equipped with a micro-focus X-ray tube with a Cu-source (CuKa, A = 1.54178 A) and
equipped with a Photon 100 CMOS detector. The instrument was set up such that the polymer film
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samples were mounted and centered perpendicular to the incident beam, and the detector was placed at 20
= ( © at a sample-to-detector distance of 70 mm. Hot pressed bulk polymer films, with a thickness of ~ 10
um, of PPG-MPU, o, PPG-MPUjo-PAy.1, and PPG-MPUj 7-PAy 3 were tested as unstrained samples.
Similar films of PPG-MPU, o, PPG-MPUj¢-PAy.1, and PPG-MPU 7-PA¢ 3 were strained to 600% on the
DMA at their respective glass transition temperatures, which were placed in a Styrofoam box with dry ice
to prevent actuation. The strained films were clamped to the mount rigidly during measurements. All
XRD experiments were carried out at room temperature with static exposure time of 300 seconds each.
All data were analyzed using Bruker Apex 4 software. 1D scattering intensity profiles were calculated by
integrating 2D data of each strained sample from gamma of 165-170° (perpendicular to the strain) and 75-
80° (parallel to the strain). FWHM data was analyzed using OriginPro Quickpeaks function on the
smoothed plots.

Atomic force microscopy experiments
Height and phase images were collected via atomic force microscopy (AFM) on a Nanoscope 1111
Multimode AFM in tapping mode with Tap300AI-G probes (radius < 10 nm). All images and statistical

distribution extraction were processed using Gwyddion software.

Self-healing experiments

Self-healing experiment of bulk film: PPG-MPUj7-PAo 3 and PPG-MPU,s-PA, s were prepared by hot-
pressing at 100 °C for at least 5 minutes to achieve a thickness of approximately 0.3 mm. 16-gauge
needles (diameter = 1.651 mm), surgical grade scalpels #11, or a screwdriver (diameter ~1 cm) were used
as the sharp objects to create punctures on each film. The damaged films were gently heated using a heat
gun placed 30 cm away for 10 seconds. All samples were placed on a clean surface (glass/PTFE film)

without intervention and allowed to anneal in a 70 °C oven.

Self-healing experiments measured on rheometer: Two PPG-MPUj7-PA, 3 samples were placed on an
Ares-G2 rheometer equipped with 25 mm parallel plate and a convection oven, and the samples were
separated with a thin PTFE film that had a ~0.5 mm diameter hole in the center. Two samples were
allowed to self-heal under a constant axial force of 0.1 N for 30 minutes at different temperatures. The
degree of self-healing was measured as the parallel plates were pulled apart. The self-healing data at

90 °C consisted of only one data point because for other points the samples were completely healed and

triggered the force limit on the instrument.

Shape memory experiments
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PPG-MPU o, PPG-MPUjo-PAy.1, and PPG-MPUj 7-PAy 3 were hot pressed between two PTFE thin films
at 140 °C, 110 °C, and 100 °C, respectively, for at least 5 minutes for a thickness between 0.1 and 0.2
mm. The hot-pressed films were cut into strips approximately 2-3 mm wide and with a length at least
three times their width. These films were loaded onto a TA Instruments Q800 Dynamic Mechanical
Analyzer (DMA) equipped with tension film geometry. The shape memory test began by ramping
temperature to a given temperature with a ramp rate of 2 °C/min. The film was strained to 300% at a
strain rate of 50 %/min. The strained film was held at 300% strain for 30 minutes, after which it was
allowed to self-relax under 0 MPa stress for 5 minutes. Following self-relaxation, the film was subjected
to a test-specific stress for an additional 5 minutes to reach equilibrium. Finally, the film was heated up to

100 °C with a heating rate of 5 °C/min.

Recovery stress experiments

PPG-MPU o, PPG-MPUjo-PA¢.1, and PPG-MPUj 7-PAy 3 films were prepared by the sample method
mentioned in the Shape memory experiments section. These films were loaded on the tension film
geometry in a TA Instrument Q800 DMA. First, the temperature was equilibrated to each sample's glass
transition temperature. (40 °C, 25 °C, 15 °C for PPG-MPU, o, PPG-MPUj9-PAy.;, and PPG-MPUj 7-PA 3
respectively) The film was then strained to 300 % at a strain rate of 50 %/min and maintained at 300 %
strain for 30 minutes. Subsequently, the film was allowed to self-relax under 0 MPa stress for 5 minutes.
At the end of this period, the film's length was recorded, and the film was held at a constant length. All
the steps above were carried out at each polymer’s respective glass transition temperature. As the film
was heated to 100 °C with a heating rate of 5 °C/min, the stress was monitored. The highest stress value

was reported as the recovery stress.

Film folding experiments

Two PPG-MPUj7-PA¢ 3 films and four PPG-MPUjs-PAg s were prepared by hot pressing at 110 °C (PPG-
MPUj 7-PAy3) or 100 °C (PPG-MPUj s-PAys) for 5 minutes then cut into similar rectangle sizes of 30 x 4
x 0.06 mm. Each film weighs ~20 mg. The films were held between two sheets of PTFE films to prevent
any adhesion, then the films can be folded over onto the PTFE using a pair of tweezers. The setup and
process’s sideview can be found in Figure S18. Then the folded film was be placed onto an 80 °C hotplate
to initiate the shape memory process. The strain and compression caused by the folding process will
attempt to lift the folded part against the gravity back to the flat shape. The length of the folded part is

free to move while the section of the folding crease is held in place.

Self-healing pressure sensor demonstration
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Films of PPG-MPUj.7-PA 3 were prepared by drop casting 100 mg/mL solutions in CHCI3 onto SiO»
wafers treated with a monolayer of octadecyltrichlorosilane (OTS) to allow for easy removal of the film
and dried for over 12 h at room temperature and then again at 70 °C for at least 24 h. Laser-induced
graphene (LIG) was prepared by laser engraving of a polyimide film (Kapton®, Electrical-Grade,
obtained from McMASTER-CARR) by an Epilog Fusion M2 CO2 Laser following a reported method.!”*!

A laser power of 7.5 W and a raster speed of 30% were used.

The pressure sensor was prepared by first transferring LIG from polyimide (PI) film onto a film of PPG-
MPUjo.7-PAo 3 by hot-pressing the films at 70 °C for 1 minute. Copper electrodes were connected to the
LIG using silver paste and cured overnight at 70 °C. Resistance measurements for the pressure sensor
were done with a Keithley 2601B Source Meter, sourcing 10 mA and a simple voltage divider setup.
Forces between 0.5-10 N were cycled during testing. The self-healing of the sensor was checked by
cutting the device in half with a blade, healing the electrodes at 70 °C for 24 hours, and then remeasuring

the sensor performance.
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