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Autonomous alignment and healing in multilayer soft
electronics using immiscible dynamic polymers

Christopher B. Cooper'f, Samuel E. Root'{, Lukas Michalek’, Shuai Wu?, Jian-Cheng Lai',
Muhammad Khatib?, Solomon T. Oyakhire', Renee Zhao?, Jian Qin', Zhenan Bao'*

Self-healing soft electronic and robotic devices can, like human skin, recover autonomously from
damage. While current devices use a single type of dynamic polymer for all functional layers to ensure
strong interlayer adhesion, this approach requires manual layer alignment. In this study, we used two
dynamic polymers, which have immiscible backbones but identical dynamic bonds, to maintain interlayer
adhesion while enabling autonomous realignment during healing. These dynamic polymers exhibit a
weakly interpenetrating and adhesive interface, whose width is tunable. When multilayered polymer films
are misaligned after damage, these structures autonomously realign during healing to minimize
interfacial free energy. We fabricated devices with conductive, dielectric, and magnetic particles that
functionally heal after damage, enabling thin-film pressure sensors, magnetically assembled soft robots,

and underwater circuit assembly.

elf-healing allows soft electronic devices
to recover from various forms of dam-
age, such as punctures, scratches, and
slices, to improve device robustness and
lifetime. Previous work has demonstra-
ted self-healing polymers that use a range of
dynamic bonds, such as hydrogen bonding
(1-3), metal-ligand coordination (4-6), or dy-
namic covalent bonds (7). These polymers are
generally insulating, thus, to make functional
electronic devices, they are embedded with
conductive or dielectric materials (e.g., par-
ticles, nanowires, nanotubes, flakes, etc.) to
achieve the desired bulk electrical properties
while retaining the soft mechanical properties
of the self-healing polymer matrix. These self-
healing composites can recover not only their
original mechanical properties upon healing
but also their electrical conductivity (8).
Many self-healing devices have been re-
ported, including aquatic skin, field-effect
transistors, light-emitting capacitors, battery-
based sensors, and advanced multifunctional
sensing platforms (9-1I). As the complexity of
devices has increased, it has become necessary
for self-healing to simultaneously occur be-
tween multiple layers with different functions.
This concept was shown for an electronic skin
that integrated multiple functional compo-
nents, but thick layers and careful manual
alignment were needed to ensure functional
self-healing between all layers (8). A similar
problem was encountered for self-healing tran-
sistors, which saw a decreased drain current by
almost one order of magnitude, owing to im-
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perfect alignment of the source and drain
electrodes (12).

Self-healing devices have required manual
alignment after damage to properly align dif-
ferent functional components, which is im-
practical for thin devices (<~100 um) (10). When
the fractured surfaces of a multilayered device
are brought back into contact, even slightly
misaligned layers can limit functional recov-
ery. This issue stems from the use of only a
single type of self-healing polymer throughout
the device. Although using the same polymer
for all functional components ensures strong
interlayer adhesion, there is no selectivity
during healing between different functional
components to drive realignment.

‘We demonstrate a multilayered self-healing
device composed of a pair of self-healing poly-
mers with identical dynamic bonds but im-
miscible polymer backbones. When misaligned
after damage, these multilayer structures have
composition gradients that drive directional
chain diffusion to enable autonomous realign-
ment. Moreover, the similar dynamic bonds
between the polymers enable strong interfacial
adhesion between the otherwise immiscible
layers. We prepared conductive and insulat-
ing composites to form thin-film pressure
sensors, magnetically assembled soft robots,
and underwater circuits, which readily self-
heal after mechanical damage. The minimal
interlayer diffusion between the polymers also
prevents diffusion of the embedded particles,
which preserves each layer’s electronic func-
tion and prevents damage-induced mixing.

Molecular design of immiscible dynamic polymers

We selected polydimethylsiloxane (PDMS) and
polypropylene glycol (PPG) as model immiscible
backbone polymers because they are flexible,

temperatures (T ppms = —125°C and Ty p,,
—75°C) and different bulk surface free ener-
gies (yppums * 21 mJ/m? and yppg = 31 mJ/m?)
(13, 14). To minimize the effect of film micro-
structure on self-healing properties, we in-
corporated a combination of bisurea bonds
formed from both 4,4’-methylene bis(phenyl
isocyanate) (MPU) and isophorone diisocyanate
(TIU) into each polymer, which has been shown
to produce amorphous, self-healing films with-
out nanoscale aggregation (I, 15-17). The
strong directional binding of the MPU units
incorporate elasticity into the network, while
the weaker binding interactions of the IU units
provide a stress-dissipation mechanism to im-
prove bulk toughness and prevent formation
of microstructures. For both synthesized poly-
mers, we tuned the MPU:IU ratio and the aver-
age backbone molecular weight (14,) to achieve
healing dynamics between 30° and 100°C
with solid-like properties at room tempera-
ture, which are necessary for device fabrica-
tion and stability. The PDMS-based polymer,
hereafter referred to as PDMS-HB, has an
average M, of 5 kDa for the PDMS backbone
repeat units, an MPU:IU molar ratio of 0.3:0.7,
and an overall number-averaged molecular
weight (M,,) of 46 kDa [dispersity (D) ~ 1.5].
The PPG-based polymer, hereafter referred to
as PPG-HB, has an average M,, of 0.75 kDa for
the PPG backbone repeat units, an MPU:IU
ratio of 0.5:0.5, and an M,, of 10 kDa (D ~ 1.7)
(Fig. 1, A and B, and table S1).

We confirmed the lack of larger microstruc-
tures by small-angle x-ray scattering (SAXS),
which gave characteristic domain spacings of
between 6 and 9 nm (Fig. 1C and table S1).
Moreover, both polymers exhibit a crossover
between the storage and loss modulus between
75° and 85°C (Fig. 1D and table S1) and glass
transition temperatures well below room tem-
perature (Tgppms-up < —80°C, Ty ppg-uB =
—-35°C; fig. S1), which enables experimentally
accessible healing dynamics. PPG-HB has less
than one-fifth the M;, of PDMS-HB but similar
mechanical and thermal properties, which is
consistent with previous work that has found
that polyethers destabilize hydrogen bond for-
mation and require higher density to achieve
a given mechanical property (2). The differ-
ence in surface energies between PDMS-HB
(23 mJ/m?®) and PPG-HB (44 mJ/m?®) was ex-
perimentally confirmed by contact angle mea-
surements (fig. S2 and tables S1 and S2) (18).

We characterized the self-healing behavior
of PDMS-HB and PPG-HB by adapting a re-
cently reported technique, wherein disks of
polymer are healed on a parallel plate rheom-
eter with a contact area defined by a polytet-
rafluroethylene (PTFE) sheet with a hole (Fig.
1E) (2, 19). After annealing, the plates were
pulled apart at a constant rate to generate stress-
displacement curves, similar to those obtained
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Fig. 1. Design and characterization of a pair of dynamic polymers—
PDMS-HB and PPG-HB—with immiscible backbones and identical hydrogen
bonding units. (A) Schematic showing the principle of surface tension-
mediated realignment and healing of a fractured multilayer laminate. The
difference in surface energy between the two polymer backbones (type A and
type B) drives realignment, while the dynamic bonds in both polymers promote
interlayer adhesion for device performance. (B) Chemical structures of the

two immiscible dynamic polymers used in this study, PDMS-HB and PPG-HB. x,
mole fraction of MPU; n, average number of monomers in the backbone segment
between dynamic bonds. (C) SAXS curves showing the amorphous structure

of PDMS-HB (black) and PPG-HB (pink) with domain sizes of ~6 to 9 nm.

(D) Rheological characteristics of PDMS-HB (black) and PPG-HB (pink)
showing the crossover between the storage modulus (G', solid squares) and
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loss modulus (G", open circles) around 75° to 85°C. This crossover point
corresponds to the onset of flow in the bulk materials. (E) Schematic of the
experimental setup of the self- or interfacial healing between two polymers.
The recovery in tensile strength (F), max displacement (G), and interfacial work
(H) for self-healed PDMS-HB (black squares), self-healed PPG-HB (pink circles),
and PDMS-HB healed with PPG-HB (purple triangles). Each point is averaged
over three samples, with a healing time of 30 min at the specified temperature.
Optical microscope images of a spin-coated film of PDMS-HB and PPG-HB

(50 wt %) immediately after casting (I) and after annealing at 70°C for

24 hours (J) and 168 hours (K), and the corresponding AFM nanomechanical
images (L to N). Phase separation increases with increased annealing time. The
modulus of neat PDMS-HB and PPG-HB measured by AFM are 1 and 20 MPa,
respectively, suggesting that the pink regions are PPG-rich.
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Fig. 2. The interface between two immiscible dynamic polymer networks
with identical dynamic bonds. (A) AFM characterization of the modulus gradient
across the interfaces of bilayer films prepared by gently hot pressing (~20 kPa)
at (i) 50°C, (i) 70°C, and (iii) 100°C, before (top) and after (bottom) annealing for
24 hours at 70°C. The higher-modulus region corresponds to pure PPG-HB (pink),
and the lower-modulus region corresponds to pure PDMS-HB (dark gray). Fitted
interfacial profiles obtained from the AFM images (iv) immediately after hot
pressing and (v) after annealing for 24 hours at 70°C, showing that the interfaces
are at thermodynamic equilibrium. (B) Coarse-grained molecular dynamics
simulation snapshots for equilibrated interfaces with (i) eag = 0.97, (ii) a5 = 0.99,
and (iii) eag = 0.995. Inset shows chains at the interface with two different polymer
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backbones (A beads, black; B beads, pink) and identical dynamic bonds (X beads,
blue). Table gives the relative energetic attraction between different bead types.
(iv) Fitted interfacial profiles obtained from the equilibrated simulations. (v) Dynamics
of the fitted interfacial width during simulation while approaching equilibrium.

(C) (i) Schematic of the field-theoretic model, showing two polymer backbones

(A, gray; B, pink) with a repulsive yag interaction, an identical dynamic bond (X, blue)
with an attractive exx interaction, and a chain length of N. (ii) Interfacial profiles
predicted by the field-theoretic model for different values of yag normalized by chain
length: 2/N (orange), 3/N (green), 8/N (teal), 16/N (blue), and 32/N (purple). (iii)
Sticker volume fraction across the interface for the same g values, showing that
dynamic bonds cluster at the interface with increasing yag.
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on an extensometer (figs. S3 and S4). We re-
peated this process for different temperatures
in 10°C steps and monitored healing by track-
ing the recovery in the tensile strength (Fig.
1F), the max displacement (Fig. 1G), and the
interfacial work (i.e., the area under the stress-
displacement curve; Fig. 1H) as a function of
healing temperature (fig. S3). In all cases, we
observed a plateau at higher temperatures in-
dicative of full healing. Both PDMS-HB and
PPG-HB were fully healed after 30 min at ~80°
to 90°C, consistent with their terminal flow
onset temperatures (Fig. 1D and table S1). These
results are also consistent with experimental
work on interfacial healing of metallosupra-
molecular polymers as well as theoretical and
computational predictions (20-22).

We next evaluated the interfacial healing
between PDMS-HB and PPG-HB, which have
identical dynamic bonds but immiscible poly-
mer backbones. The self-healing of two poly-
meric interfaces involves wetting between the
two-dimensional (2D) interfaces and then cre-
ation of a 3D interphase that propagates with
macromolecular diffusion and possibly poly-
mer reentanglement to restore bulk properties
(28). Neumann et al. found that for self-
healing of metallosupramolecular polymers,
full healing was achieved only when the 3D
interphase reached widths on the order of
~100 nm (20). We hypothesized that the use of
similar dynamic bonds would enable wetting
and adhesion of the 2D interface, while the
difference in surface free energies between
PDMS-HB and PPG-HB would limit the width
of a 3D interphase, approaching the limiting
case of two fully immiscible polymer blends
(24, 25). Compared with the self-healing cases,
the PDMS-HB:PPG-HB interface exhibited
reduced healing, even at 100°C, when both
samples exhibit rapid dynamics and liquid-
like behavior. The tensile strength recovered
almost immediately to ~70% of the PDMS-HB
pristine interface, indicative of good wetting
between the surfaces. However, both the max
displacement and interfacial work recoveries
remained lower (<20%) than the healed sam-
ples with two pieces of identical polymers (Fig.
1, F to H).

These results suggest that healing between
the samples is thermodynamically restricted
because of a lack of macromolecular diffusion
across the interface. To further test this hy-
pothesis, we spin-coated a film of PDMS-HB
and PPG-HB (50 wt % blend) from a homoge-
neous solution and then annealed the sample
at 70°C for various lengths of time. Optical
microscope images (Fig. 1, I to K) and atomic
force microscopy (AFM) images (Fig. 1, L to N)
showed increasing phase separation with in-
creased annealing, with coarsening occurring
across all measured length scales. These ob-
servations suggest that PDMS-HB and PPG-HB
are thermodynamically immiscible and explain
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the limited healing observed between the two
polymers. In addition, we measured interfacial
healing between PDMS-HB and PPG-HB at
70°C for longer healing times and showed that
minimal additional healing occurred (fig. S5).
This finding implies that increased healing at
higher temperatures (Fig. 1, F to H) arises not
from faster polymer dynamics but rather from
increased miscibility.

Interface between two immiscible
dynamic polymers

To further test this hypothesis, we character-
ized the interface between PDMS-HB and
PPG-HB through a combination of experiments,
simulation, and theory. We laminated two layers
of PDMS-HB and PPG-HB together by gently
hot pressing (~20 kPa of pressure; fig. S6) at
different temperatures and then measured cut
interfaces by AFM before and after annealing
at 70°C (26, 27). Tracking changes in the mod-
ulus revealed an interface between PDMS-HB
and PPG-HB (Fig. 2A), whose width we mea-
sured quantitatively by fitting to a sigmoidal
function (Eq. 1), analogous to the analytic so-
lution by Helfand and Tagami for the interface
between two immiscible polymers (24)

_ 1
0(2) = 1+ e ===/

1

0(2) is the volume fraction of one polymer as a
function of position, 2, is the location of the
interface, and & is a measure of the inter-
facial width. The fitted interfacial widths (&)
increased with increasing hot-pressing tem-
perature with values of 13 + 1,23 + 1, and 39 +
1 nm for 509 70° and 100°C hot-pressed films,
respectively (Fig. 2A and fig. S7). However, if
subsequently annealed at the same temper-
ature, all films exhibited similar interfacial
widths (Fig. 2A and fig. S7) of 23 + 1,26 + 2,
and 20 + 1 nm for the initially 50°, 70°, and
100°C hot-pressed films, respectively. These
observations suggest that the interfaces are at
thermodynamic equilibrium during hot pres-
sing and annealing. Moreover, these interfaces
were all measured at room temperature, with-
out rapid quenching, which means that the
interfacial width (and thus the interlayer ad-
hesion) can be programmed at a specific tem-
perature and then locked in place by cooling
the chains into a Kinetically trapped state. To
demonstrate this concept, we performed an
interfacial healing experiment at 100°C for
30 min with an additional annealing step at
70°C for 30 min (fig. S8). Consistent with the
decreased interfacial width measured after
annealing, the interfacial work between the
two polymers decreased with the additional
annealing step.

We also estimated the interdiffusion depth
of PDMS-HB into bulk PPG-HB by performing
x-ray photoelectron spectroscopy (XPS) on in-
terfaces healed for 30 min at 70° and 100°C and

then mechanically separated at room temper-
ature. We saw a clear decrease in the Si/C ratio
with increased sputtering, which allowed us to
estimate the molar fraction of PDMS-HB as a
function of depth from the interface (figs. S9
and S10). This yielded an interfacial width (§)
of 7 nm at 100°C and 2 nm at 70°C. The in-
creased interfacial width at higher temperature
matches the trend observed through AFM.

We next sought to model this process in a
general manner by conducting coarse-grained
molecular dynamics simulations of the inter-
face between two identical polymers contain-
ing identical dynamic bonds but immiscible
backbones (Fig. 2B) (28, 29). We periodically
spaced dynamic bonding beads along the poly-
mer backbone with increased interaction en-
ergy (eg = 5¢) relative to the backbone beads
(ep = 1g). Following previous simulations of
homopolymers, immiscibility of the backbones
was introduced by decreasing the interaction
energy between distinct backbone beads from
eap = le (self-healing) to e, = 0.95¢ (entirely
immiscible) (30). Independently prepared
slabs of the two polymer species were brought
together in the melt state and allowed to
interdiffuse over time until the interface
reached a thermodynamic equilibrium (Fig.
2B). Throughout the simulation, the inter-
facial width was tracked as a function of
time by fitting Eq. 1 to the extracted density
profiles (Fig. 2B). Consistent with experi-
ments, we observed a sigmoidal density profile
and that the equilibrium interfacial width
(measured as a correlation length by fitting
to Eq. 1) decreased with increasing backbone
immiscibility.

Finally, we developed a field-theoretic de-
scription of the interface between two im-
miscible polymer backbones (denoted by A or
B monomers) with the same dynamic bonding
units (denoted by X monomers). The model
predicts the monomer density profiles for an
incompressible melt of AX and BX block co-
polymers of the same chain length N, whose
interactions are dominated by a pairwise, re-
pulsive y parameter between A and B mono-
mers (yap) and a pairwise, attractive parameter
between X monomers (exx) (Fig. 2C). With
increasing yap, analogous to decreasing tem-
perature in experiments, we observed a de-
crease in the interfacial width between the
polymers (Fig. 2C). In addition, we also ob-
served an increase in sticker clustering at the
AX-BX interface with increasing y,g (Fig. 2C),
where stickers at the interface reduced the
system free energy by minimizing the number
of A-B contacts. This is further supported by
the fact that the density profiles are almost
independent of exx (fig. S11).

The combination of experiments, simulation,
and theory suggest that with increasing tem-
perature, the interface between two immiscible
dynamic polymers is governed by a decreasing

4 of 7

€707 ‘81 1SN3ny U0 AJISIOATU[) PIOJUBIS J& TI0°90USIOS MM //:sd1IY WOI) pIpRO[UMO(]



RESEARCH | RESEARCH ARTICLE

A Pristine

PDMS-HB
PPG-HB

Cross-linked
PDMS

Fig. 3. Autonomous alignment and healing between immiscible dynamic
polymers in a multilayered film. Cross-sectional optical microscope images of
(A) the pristine hot-pressed multilayer laminate, (B) the damaged and misaligned
laminate, and (C) the healed and realigned laminate after annealing for 24 hours
at 70°C. A small amount of blue dye was added to PPG-HB for optical contrast, which
appears pink in dark-field images at higher magnifications. The cross-linked

X parameter (yap) between the polymer back-
bones, which increases the interfacial width. In
addition, dynamic bonds cluster at the inter-
face to reduce contacts between the immiscible
backbones. When normalized by estimated
radius of gyration, Rg, values for PDMS-HB and
PPG-HB (~6 and ~3 nm, respectively, assum-
ing homopolymers with similar M), the inter-
facial widths measured experimentally by AFM
are larger than those observed in simulations
or predicted by theory (31). However, the nor-
malized interfacial widths obtained by XPS are
well within the observed values. We attribute
the larger interfacial widths measured by AFM
to finite tip-size broadening during the inden-
tation measurement but note that the impor-
tant qualitative trends remain consistent across
experiments, simulation, and theory (32). More-
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over, the consistency between experiments,
simulation, and theory suggests that these
models could be used to screen polymer back-
bones and dynamic bonding linkers for desir-
able mechanical and healing properties.

Autonomous alignment and healing of
multilayered polymer films

We next tested the healing of multilayer films
of PDMS-HB and PPG-HB. We hypothesized
that the reduced interfacial healing between
the polymers would enable autonomous re-
alignment of the films after damage. Taking
advantage of the immiscibility of PDMS-HB
and PPG-HB, we stacked alternating films
with a thickness of ~100 um and hot pressed
them to a final film with a thickness of ~70 um
and 11 alternating layers, with individual thick-

Healed
24h at 70°C

Cut location

SR, @
Y 2

Misalignment,

o

Time (t/tgy)

PDMS substrate (bottom layer) was unable to heal and marks the damage site.

(D to F) Simulation snapshots showing how an initially misaligned and separated
laminate aligns and heals over time. (G) Misalignment distance (8), normalized by the
chain Ry, decreases linearly with simulation time, normalized by the time to diffuse one
chain Rg (th), until alignment is achieved. The slope of 0.1 corresponds to a
realignment rate of 0.1Rg per tz,.

nesses ranging from 3 to 15 um (Fig. 3A). The
resulting film was placed on a cross-linked
PDMS substrate and then cut in half. Figure
3B shows the misalignment between the al-
ternating layers as well as the cut extending
into the cross-linked PDMS substrate. During
healing, the layers autonomously realigned and
reformed sharp and alternating interfaces be-
tween the PDMS-HB and PPG-HB (Fig. 3C).
The misaligned cut in the cross-linked PDMS
(which was not able to self-heal) remains vis-
ible. When the same type of dynamic polymer
was used for both layers, autonomous realign-
ment during healing was not observed (fig. S12).

The phenomenon of autonomous realign-
ment and healing in multilayer structures was
also observed in our coarse-grained simula-
tion model. In the simulation, polymer surfaces
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Fig. 4. Demonstration of functional layer recognition and healing in soft
electronic devices based on dynamic polymer composites. (A) Schematic
of a pressure sensitive capacitor with electrodes made from a PPG-HB:carbon
black 4:1 weight ratio composite, and dielectric layers made from a PDMS-HB:
SrTiO3 4:1 weight ratio composite. Dark-field optical images of the cross sections
of the initial capacitor (B), the capacitor after fracture showing layer
misalignment (C), and the healed device after realignment during annealing for
24 hours at 70°C (D). (E) Initial (top) and healed (bottom) pressure-sensing
performance as a time series. Capacitance was monitored while cyclically
applying pressures ranging from O to 80 kPa. (F) Capacitance versus pressure
showing the linear dependence of the capacitance on pressure, with minimal
change in drift and hysteresis between the initial (top) and healed (bottom)
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sensor. (G) Series capacitance and resistance as the device is cut and healed at
room temperature, and after annealing at 70°C. (H) Schematic of core-shell
magnetic fibers made from a PPG-HB:NdFeB flake 1:4 weight ratio composite and
PDMS-HB. (I) Magnetic assembly of the core-shell fibers. (J) Thermal welding
of the assembled fiber at 70°C for 5 min with a heat gun. (K) Images of the
welded device bending, twisting, and stretching to show mechanical robustness.
(L) Schematic of double core-shell fibers with separate electrically conductive
(PPG-HB:Ag flake 1:1 weight ratio composite) and magnetic (PPG-HB:NdFeB flake
1.4 weight ratio composite) layers with PDMS-HB shells. (M) Images of the
underwater circuit assembly of the LED. (N) Current-voltage sweeps of the initial
device (dashed black), after room temperature underwater healing (solid red),
and after annealing at 70°C for 72 hours (solid blue).
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fused together with an initial misalignment
(denoted 6) and then selectively interdiffused
and steadily realigned until reaching complete
alignment (Fig. 3, D to G, and fig. S13). The
correspondence between simulation and ex-
periment suggests that this phenomenon can
be generalized to other pairs of polymers to
simultaneously achieve strong interlayer ad-
hesion and selective interlayer healing.

Demonstration of functional healing for
soft electronics

To demonstrate that the use of alternating
layers of immiscible dynamic polymers could
promote alignment during the healing of a
thin (~10 to 100 um) multilayered electronic
device, we investigated the functional healing
of a pressure-sensitive capacitor (Fig. 4A). The
capacitor was made from alternating layers
of homogeneous composites of PDMS-HB
embedded with dielectric strontium titanate
(SrTiO3) microparticles (20 wt %) and PPG-HB
embedded with conductive carbon black nano-
particles (20 wt %). Figure 4, B to D, shows
microscope images of a cross section of the
parallel plate capacitor in the pristine, dam-
aged, and healed states. Even when misaligned
after damage, the multilayer capacitor re-
aligned during healing and recovered its sen-
sing capability, exhibiting quantitatively similar
pressure-sensing performance when subjected
to the same cyclic loading conditions (Fig. 4, E
and F). We also monitored the change in the
series capacitance and resistance immediately
after damage (Fig. 4G). Only a partial recovery
of the capacitance was observed at room tem-
perature, and microscope images of the edge
of the device showed misaligned layers (Fig.
4C). However, after heating, the layers almost
completely realigned (Fig. 4D), and the device
recovered 96% of its initial capacitance. Me-
chanical recovery was also confirmed by man-
ually applying a tensile force to the sample,
resulting in fracture of the underlying sub-
strate while maintaining integrity of the
healed layers (fig. S14).

As an additional demonstration of the util-
ity of this pair of selectively weldable dynamic
polymers, we fabricated core-shell fiber struc-
tures with composites containing magnetic
NdFeB microflakes (~10 pm, 80 wt %) em-
bedded in PPG-HB as the core material and
PDMS-HB as the shell material (Fig. 4H). These
fibers are magnetized along their longitudinal
directions with an impulse magnetizer (1.5 T).
When cut into pieces, the fibers’ motion could
be controlled with an external magnetic field
to achieve rigid body rotations for reassem-
bling without any manual alignment. When
close in distance, these fibers exhibited a mag-
netic attractive force that induced a contact
pressure to promote selective welding of the
layers (Fig. 41 and movie S1). After thermal
welding at 70°C, the magnetically assembled
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fibers could withstand bending, twisting, and
stretching deformations (Fig. 4, J and K). In
contrast to single-component magnetic self-
healing, which achieves macroscopic assembly
of pieces but lacks the precision for microscop-
ic alignment, this work shows that we can
simultaneously employ two alignment mecha-
nisms: magnetically guided macroscopic
alignment and interfacial-tension mediated
microscopic alignment (33-36).

Building on this demonstration, we fabri-
cated multilayered magnetic wires with a con-
ductive core, an insulating shell, a magnetized
layer, and an outer encapsulating shell (Fig. 4L).
Two wires with opposite magnetic orienta-
tion were assembled to make a light-emitting
diode (LED) circuit. Upon cutting the wires
into four pieces, the circuit could be reas-
sembled by adding the components into a
glass vial filled with water, where the magnetic
forces guided the assembly of the wire to achieve
almost instantaneous electrical healing, illumi-
nating an LED (Fig. 4M, fig. S15, and movie S2).
The magnetic forces guided the alignment of
the two terminals of the LED in the correct
orientation with respect to the voltage source
(+3 V) and ground. Comparison of current-
voltage sweeps showed comparable turn-on
voltages before and after healing (Fig. 4N),
with full mechanical and electrical healing
achieved after thermal annealing at 70°C
for 72 hours.

In this study, we achieved autonomous align-
ment during the self-healing of multilayered
soft electronic devices by using two immiscible
dynamic polymers, whose different backbones
enabled interfacial tension-mediated realign-
ment after damage. We used the same dy-
namic bond in both polymers to maintain
strong interlayer adhesion required for a stretch-
able device. The interfacial width between
the polymers, which subsequently determines
the interlayer adhesion, can be programmed
by annealing temperature. Simulation and
theory results suggest that this design concept
can be readily extended to other molecular sys-
tems. We fabricated thin-film healable pressure
sensors, magnetically assembled and welded
structures, and self-healable underwater circuits
that autonomously realign during healing to
demonstrate the capabilities of this approach.
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Editor's summary

One advantage of using soft materials for robotic devices is that there is greater scope for self-healing, but a challenge
for multilayer devices is to ensure realignment after damage. Cooper et al. present a method for healing multilayered
and functional polymer materials by showing how a combination of dynamic hydrogen-bonding interactions and

phase separation between different polymeric building blocks can be leveraged to achieve simultaneous autonomous
realignment and healing of multilayered polymer films. This approach can restore both the mechanical and functional
properties of complex polymer composites and even enables underwater self-assembly. —Marc S. Lavine
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