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ABSTRACT: Shape memory polymers are promising materials in many emerging applications due to their large extensibility and
excellent shape recovery. However, practical application of these polymers is limited by their poor energy densities (up to �1 MJ/
m3). Here, we report an approach to achieve a high energy density, one-way shape memory polymer based on the formation of
strain-induced supramolecular nanostructures. As polymer chains align during strain, strong directional dynamic bonds form,
creating stable supramolecular nanostructures and trapping stretched chains in a highly elongated state. Upon heating, the dynamic
bonds break, and stretched chains contract to their initial disordered state. This mechanism stores large amounts of entropic energy
(as high as 19.6 MJ/m3 or 17.9 J/g), almost six times higher than the best previously reported shape memory polymers while
maintaining near 100% shape recovery and �xity. The reported phenomenon of strain-induced supramolecular structures o�ers a
new approach toward achieving high energy density shape memory polymers.

� INTRODUCTION
Many emerging applications, such as soft robotics, deployable
hinges or space structures, sealants, and smart biomedical
sutures and devices require high energy density, one-way shape
memory materials capable of large-strain and hysteresis-free
shape recovery.1�5 Shape memory polymers (SMPs) are a
promising choice due to their excellent shape recovery and
�xity, large extensibility, low density, and ease of processing.6
Furthermore, SMPs can be integrated with 3D or 4D printing,
can be patterned or programmed into complex shapes, and
exhibit locally controlled actuation, which greatly enhances
their potential for broader application.7�9 However, SMPs
ubiquitously su�er from poor energy density (<1 MJ/m3),10

limiting their use where performing mechanical work is
required.

SMPs reversibly alternate between a temporary deformed
state and an initial undeformed state through application of a
stimulus, such as heat or light. Stabilization (or �xing) of the
temporary state requires a controllable molecular level change
(e.g., glass or melting transition,11�15 dynamic networks,16�21

strain-induced crystallization,22�25 or liquid crystal phase

transition26�28) that can be selectively activated and
deactivated. Upon deactivation, SMPs return to their original
undeformed state, driven by the relaxation of deformed chains
between network junctions (e.g., topological entanglements,
chemical cross-links, or secondary interpenetrating networks)
that preserve the material’s memory of its initial state via stored
entropic energy.29

Achieving high energy density SMPs that simultaneously
possess high recovery stress and large recoverable strain poses
a signi�cant challenge.6 In general, the recovery stress
generated by an SMP as it returns to its initial state is
determined by the stored entropic energy in the network,
which is controlled by the density and strength of network
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junctions.10 Since junction density in an entangled network is
predetermined by the entanglement molecular weight of the
polymer, SMPs generally store entropic energy on the same
order of magnitude as their entanglement plateau modulus
(�1 MPa), providing an upper limit on the achievable recovery
stress.30 A high degree of chemical cross-linking can increase
junction density (and thus increase recovery stress) but
signi�cantly reduces stretchability, decreasing overall energy
density. Dynamic bonds o�er a potential solution because their
ability to break and reform allows for chain sliding, while still
increasing junction density.31,32 However, if the dynamic
bonds are too weak, recovery stress is minimally increased. If
the dynamic bonds are too strong, their behavior resembles
that of a cross-linked network with low stretchability.17 Strain-
induced crystallization in SMPs has also improved energy
density, but the formation of crystallites during extension is
di�cult to control.22,23,25 While composite materials (e.g.,
polymer-CNT) have been reported with higher energy
densities, these composites have signi�cantly worse shape
�xity and recovery (<50%) and low recoverable strain (<50%),
creating hysteresis issues.33 To date, none of these mechanisms
have produced high energy density SMPs that simultaneously
possess high recovery stress and large recoverable strain.

This work addresses this challenge by reporting a novel
shape memory mechanism based on the formation of strain-
induced supramolecular structures by polymer chains with
dynamic bonds. Under strain, polymer chains align into stable
and hierarchically organized supramolecular nanostructures,
trapping the stretched polymer chains in a highly elongated
state. Accordingly, large amounts of energy are stored (19.6
MJ/m3 or 17.9 J/g), six times higher than the best previously
reported SMPs, while maintaining near 100% shape �xity and
recovery.

� RESULTS AND DISCUSSION
The polymer employed here (denoted hereafter as PPG-MPU,
Mn = 10 kDa, �M = 1.1, Figure 1a) was synthesized through a
simple, one-pot synthesis of diamine-terminated poly-
(propylene glycol) (PPG) macromonomers (Je�amine D400,
Mn = 0.4 kDa) and 4,4�-methylenebis(phenyl isocyanate),32

which incorporates 4,4�-methylenebis(phenyl urea) (MPU)
units into the polymer backbone, similar to other systems with
bisurea-based dynamic bonds.21,34,35 PPG-MPU has a high
loading of these MPU hydrogen-bonding units (�38 wt %)
and thus a large density of strong network junctions and much
higher Tg of 50 °C (Figure S1) compared to PPG (�75 °C).36

Furthermore, both reagents are common components of the
polyurethane industry and produced in millions of tons per
year, giving PPG-MPU an estimated raw materials cost of less
than $5/kg (see Note S1), making it attractive for large-scale
applications.

Our previous work has shown that polymer chains with
periodically placed and directional dynamic bonds assemble
spontaneously into supramolecular nano�bers if their overall
number-average molecular weight (Mn) is below the polymer’s
critical molecular weight of entanglement (Mc).

37 Here, we
exploit this understanding to design a high energy density SMP
whose Mn > Mc (Mc, PPG � 5�6 kDa).38,39 Initially (i.e., no
strain), PPG-MPU adopts an amorphous structure without the
presence of large supramolecular aggregates due to topological
entanglements. When strained, polymer chains align, and the
dynamic bonds reassemble into large, ordered supramolecular
nanostructures (Figure 1b). These nanostructures trap the
polymer backbones in a highly stretched state, increasing the
amount of stored entropic energy compared to other reported
SMPs. Furthermore, a high junction density of entanglements
and dynamic bonds preserves the initial state of the polymer,

Figure 1. Achieving high energy density in shape memory polymers using strain-induced supramolecular structures. (a) Combining a �exible
backbone polymer (polypropylene glycol, PPG) with a strong and directional hydrogen-bonding unit (methylene bisphenylurea, MPU) creates a
tough and stretchable polymer with high network junction density. (b) When the polymer is stretched from its initial amorphous state, the
alignment of the polymer chains induces the formation of supramolecular structures from the directional hydrogen bond as shown by the insets.
The creation of these structures stabilizes the chains in a temporary state. Upon heating, the supramolecular structures disassemble and the �lm
rapidly contracts to its initial state.
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allowing for full recovery to its original state upon heating.
Thus, these strain-induced supramolecular cooperative assem-
blies enable high recovery stress and energy density without
sacri�cing extensibility, shape recovery, or shape �xity.
Throughout this paper, we use both “supramolecular” and
“dynamic” to describe the noncovalent bonds formed between
urea groups, as the former highlights the intermolecular (or
interchain) nature of the bond formation, while the latter
underlines the ability of these interactions to reversibly
associate and dissociate (distinct from the more speci�c class
of dynamic covalent bonds).

Shape Memory Properties. PPG-MPU exhibited clear
shape programmability as shown in Figure 2a, in which the
polymer is stretched over 300% into a �xed state and then
returns to its original length after heating to 70 °C. The
pristine stress�strain curve (Figure 2b, Figure S2) highlights
the polymer’s high tensile strength (70 MPa), modulus (1.2
GPa), extensibility (500%), and toughness (270 MPa). The
high extensibility of �exible polymers with dynamic bonds has
been attributed to the continual breaking and reforming of
dynamic bonds, which enables chain sliding.31,32 Two
additional interesting phenomena were observed during tensile
testing (Figure 2c). First, the polymer �lm changes from
transparent to opaque white above �300% strain, indicating
the emergence of large domains similar to the formation of
large nematic domains in liquid crystals or stress whitening in
semicrystalline polymers.40,41 This coincides with strain
hardening as seen by the slope increase in the stress�strain
curve at 300%. Additionally, instead of necking to a clean
break, PPG-MPU often fractures by way of many tendrils

ripping apart, with lengths up to 1 cm. This observation is
consistent with the formation of large and highly connected
supramolecular domains and helps to explain the high
stretchability of PPG-MPU compared to other polymers that
possess a high weight percent of dynamic bonds but exhibit
poor extensibility.42

Next, we characterized the one-way shape memory behavior
of the polymer through dynamic mechanical analysis.
Remarkably, PPG-MPU exhibited a maximum recovery stress
(�r,max) of 13.1 ± 0.4 MPa (Figure 2d, Figure S2) and a
maximum recoverable strain (�r,max) of 300% (Figure 2e),
corresponding to an estimated volumetric energy density
(E = 1/2�r,max�r,max) of 19.6 ± 0.6 MJ/m3. Furthermore, PPG-
MPU has a shape �xity and recovery of Rf = 0.93 ± 0.05 and Rr
= 0.99 ± 0.01, respectively (Figure 2e, Figure S2), allowing it
to undergo multiple shape memory cycles with minimal
hysteresis (Figure S3). Additionally, the low density (�1.09 g/
cm3) of PPG-MPU leads to a high speci�c energy density of
17.9 J/g, approximately 460 times the energy density of
skeletal muscle (0.039 J/g).43

The combination of large extensibility with high recovery
stress gives this polymer high energy density (almost six times
greater than the previous highest energy density reported for
an SMP25) as plotted in Figure 2f. Importantly, this high
energy density is achieved simultaneously with high shape
�xity and shape recovery (x-axis of Figure 2f, where unity is
ideal). Each polymer in Figure 2f is classi�ed based on the
molecular level change that stabilizes the temporary state (e.g.,
strain-induced crystallization, glass or melting transition,
dynamic networks, or liquid crystal, Table S1).

Figure 2. Mechanical and shape memory characterization of PPG-MPU. (a) Images of PPG-MPU in its initial state, stretched over 300% to a
temporary state and then heated to its recovered state (from top to bottom). The scale bar is 1 cm for all images. (b) Pristine stress�strain curve of
PPG-MPU at a strain rate of 200% per minute. The shaded area under the curve shows the material’s high toughness of 270 MPa. (c) When
strained above 300%, PPG-MPU transitions from transparent to opaque white, characteristic of the formation of large domains (left). When
strained to failure, PPG-MPU fractures into multiple tendrils (right). The scale bar is 1 cm for both images. (d) Representative recovery stress
versus temperature for PPG-MPU at 300% strain. (e) Representative free strain recovery experiment on PPG-MPU from 300% strain. (f) Literature
comparison of the estimated energy density (y-axis) and the product of shape �xity and recovery (x-axis) plotted for di�erent SMPs (see Table S1).
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20 MPa, similar to the experimentally observed recovery stress
of 13.1 MPa.

In addition, we can use the estimated entropic energy
required to achieve this high level of chain extension to
determine the minimum enthalpic gain needed to stabilize the
extended chains (�G = �H � T�S < 0). From eq 1, we
estimated the entropic change to be 0.12 J/cm3 K, which
implies a minimum enthalpic gain of �15 kJ/mol. Previous
studies have estimated the enthalpy associated with each urea�
urea hydrogen bond to be a similar value (�15 kJ/mol).45,46

Since MPU forms between two and four urea�urea hydrogen
bonds, the estimated enthalpic gain from bond formation is 2�
4 times higher (�30�60 kJ/mol) than the required minimum
amount, suggesting that the observed level of stored entropic
energy is reasonable (�25�50% of the maximum based on the
bond strength of MPU). This analysis supports the attribution
of PPG-MPU’s high energy density to the additional entropic
energy stored due to the strain-induced formation of
supramolecular nanostructures.

Structural Characterization. To better understand the
molecular and microstructural origins of PPG-MPU’s advanta-
geous shape memory properties, we collected 2D transmission
small-angle X-ray scattering (SAXS) images of the polymer
bulk �lm at 0% and 500% strain (Figure 3a,b). The strained
�lm exhibits a much higher intensity and markedly anisotropic

scattering pattern, similar to scattering patterns of oriented,
uniaxially deformed polyethylene.47,48 The high-intensity
regions lie in line with the stretching direction, suggesting
that periodic structures orient perpendicular to strain as
indicated in the inset. Averaging the intensity parallel to the
stretching direction shows a consistent increase in intensity
with increasing strain across the entire q-range below 0.2 Å�1

(Figure 3c). Furthermore, we can estimate the change in
anisotropy as a function of strain by calculating Herman’s
orientation parameter ( f), with the stretching direction de�ned
as the 0° axis:49

�= � � �f 1
2

(3 cos 1)2
(3)

where <cos2 �> is the mean-square cosine given by
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The inset of Figure 3c plots the orientation parameter as a
function of strain, with f = 0 representing an isotropic state and
f = 1 representing perfect alignment perpendicular to strain.
Anisotropy increases with increasing strain, reaching almost 0.4
at 500% strain, a value similar to that of cold-drawn
polyethylene.48 These data support the hypothesis that, during

Figure 4. Hierarchical nanostructure formation in highly strained PPG-MPU. (a) Schematic of hierarchical assembly. From left to right: (i) A bulk
�lm of PPG-MPU is strained. (ii) Long, �bril shaped regions >10 �m in length (green) and �100 nm in width (orange) emerge parallel to strain.
(iii) These long �brils are comprised of stacked layers of nano�bers oriented perpendicular to strain that are �8 nm in diameter (purple) and
separated by amorphous connecting regions. Each nano�ber is composed of multiple aligned nanorods. (iv) Nanorods are formed from stacked
urea�urea hydrogen bonds (4.5 Å, yellow) between MPU units on the chain. The formation of these strain-induced supramolecular nanostructures
traps stretched PPG backbone chains (�2 nm, red) in an elongated state, resulting in a desirable shape memory behavior. (b) Polarized optical
microscope images of a stretched PPG-MPU �lm. The orientation of the cross polarizer is shown in the top left. (c) Height AFM image of PPG-
MPU at 500% strain. Dashed white box indicates the zoomed region. (d) Zoomed height AFM image shown in 3D (top). Height pro�le along the
center of the �bril showing periodic �ber cross sections (bottom). For all parts, white arrows indicate the stretching direction.
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