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A programmable and skin temperature–activated 
electromechanical synergistic dressing for effective 
wound healing
Guang Yao1,2,3*, Xiaoyi Mo1, Chenhui Yin1, Wenhao Lou1, Qian Wang1, Sirong Huang1, 
Linna Mao1, Sihong Chen1, Kangning Zhao4, Taisong Pan1,2,3, Lin Huang5*, Yuan Lin1,2,3*

Mechanical regulation and electric stimulation hold great promise in skin tissue engineering for manipulating 
wound healing. However, the complexity of equipment operation and stimulation implementation remains an 
ongoing challenge in clinical applications. Here, we propose a programmable and skin temperature–activated 
electromechanical synergistic wound dressing composed of a shape memory alloy-based mechanical metamaterial 
for wound contraction and an antibacterial electret thin film for electric field generation. This strategy is success-
fully demonstrated on rats to achieve effective wound healing in as short as 4 and 8 days for linear and circular 
wounds, respectively, with a statistically significant over 50% improvement in wound closure rate versus the 
blank control group. The optimally designed electromechanical synergistic stimulation could regulate the wound 
microenvironment to accelerate healing metabolism, promote wound closure, and inhibit infection. This work 
provided an effective wound healing strategy in the context of a programmable temperature-responsive, battery-
free electromechanical synergistic biomedical device.

INTRODUCTION
Skin wound management, especially for wounds with diminished 
healing ability caused by extreme external injuries or chronic 
illnesses, represents a central concern in clinical care and remains 
a notable problem in public health (1, 2). According to a recent 
global survey by the World Health Organization, acute or chronic 
wound problems plague over 305 million people worldwide (3). 
Chronic wound management results in long-term physical and 
mental suffering because of the protracted treatment courses and a 
rapidly growing global economic burden. For example, more than 
25 billion dollars is spent annually on wound management in the 
United States alone, and projected worldwide expenditure would 
reach 80 billion dollars by 2024 (4, 5). With the tremendous advance-
ments of modern biomedical technology, numerous potential phar-
macological or nonpharmacological therapies have been developed 
to manipulate the wound repair process (6, 7). Nevertheless, most 
drugs can either exert an insignificant effect on wound healing or 
induce severe side effects such as allergies and nausea (8). The 
cell-based strategies such as growth factor–mediated therapy emerged 
as a promising approach for promoting skin wound healing (9, 10), 
which is still in the preclinical stage and faces the challenges of 
being easily contaminated, inactivated, and degraded. Nonphar-
macological physical therapies, including mechanical regulation, 

electrostimulation, ultrasound, etc., have been approved by the 
U.S. Food and Drug Administration (FDA) and recognized as 
effective approaches with biosafety for damage repair and tissue 
regeneration (6,  11–14). These noninvasive approaches have the 
potential to manipulate the biological microenvironment to control 
endogenous cell behaviors, activate cell-related gene expression, 
promote the proliferation and differentiation of tissue cells, and 
actively stimulate tissue regeneration (15–17). However, clinically 
available nonpharmacological stimulations rely on large-sized 
extracorporeal equipment, primarily limited by professional equip-
ment operation and complex implementation (18, 19). Therefore, 
noninvasive, efficient, cost-effective, and convenient approaches are 
always desired for treating skin wounds.

Wound dressings have been extensively used to treat skin wounds 
since they have the advantages of easy use, reducing the risk of 
infection, and painless removal (20). To further promote wound 
healing, most existing strategies of wound dressings mainly focus 
on the biochemical functions such as delivery and trigger of biologi-
cally active agents (21). Still, they are often associated with the high 
cost and complex processes of the loading and controlled activation 
of the bioactive agents. Recently, to achieve rapid wound closure, 
the principal goal of skin wound management, sophisticated 
nonpharmacological wound dressings providing electrostimulation 
or mechanical regulation have been delicately developed and demon-
strated outstanding effectiveness (22,  23). The efficient wound 
closure effect of the electrostimulation can be attributed to electric 
field–facilitated relevant cell migration, proliferation, and differen-
tiation for promoting wound healing metabolism (24). On the other 
hand, mechanical regulation can generate contractile strains to 
enhance vascularization for nutritional supply, lower scar volume, 
and avoid keloid incidence (25–27). However, the reported discrete 
electrostimulation based on piezoelectric and triboelectric wearable 
devices must be driven by the regular or irregular spontaneous 
motions of organisms (28, 29), limiting the healing effect of the wound 
site without experiencing frequent activities. Electrical intervention 
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based on electrets has been applied for wound healing and fracture 
repair, and the voltage decay of the external static electric field limits 
the long-term operation (30, 31). In addition, mechanical contrac-
tion regulation can inhibit or promote vascularization depending 
on the strain magnitudes. A recent in vitro study also revealed that 
extracellular matrix has a positive significant overall effect in vascu-
larization at ~10% strain during tissue regeneration (32). As a 
generic physical technology, negative pressure wound therapy 
(NPWT) has become widely adopted for a broad range of treatment 
goals. For wound treatment, the NPWT is recommended to be used 
within an effective therapeutic pressure range of −50 to −150 mmHg 
(33, 34). However, how to generate a suitable contraction force 
based on a minor strain is an urgent problem. Simultaneously, there 
was very little in-depth research to address personalized customiza-
tion to manipulate orderly healing of different-shaped wounds. 
Thus, combining the effect of electrostimulation and mechanical 
contraction regulation, avoiding their limitations by designing new 
electromechanical synergistic dressings (EMSDs) so as to accelerate 
wound healing more effectively has been a pressing issue.

Here, we present a flexible and seamlessly attachable EMSD, 
which consists of a shape memory alloy (SMA)–based mechanical 
metamaterial grid and an antibacterial electret electrostatic thin 
film (EEF) for applying electromechanical synergistic stimulations 
to effectively promote wound healing. Biocompatible SMAs have 
been authorized for biomedical applications by FDA, which can be 
triggered to provide a sufficient actuation force with a minor strain 
for drawing the epithelial tissues (35,  36). According to linear or 
circular wounds, the SMA metamaterial grid can be programmed to 
render appropriate contraction force based on a minor contractile 
strain (~10%). The patterned antibacterial EEF can promote the 
healing process by strengthening the endogenous electric field. 
In vivo studies on rats under the EMSD treatment showed significantly 
accelerated wound healing in as short as 4 and 8 days for linear and 
circular wounds, respectively. Compared to the blank controls, the 
wound closure rate of the EMSD stimulation group was improved 
by more than 50%, superior to most current nonpharmacological 
physical stimulation approaches. Mechanism study revealed that 
the electromechanical synergistic stimulation could enhance the 
secretion of relevant typical growth factors including epidermal 
growth factor (EGF), transforming growth factor– (TGF-), and 
vascular endothelial growth factor (VEGF), to regulate wound 
microenvironment for promoting healing metabolism and wound 
closure. This work provided a programmable, battery-free, and skin 
temperature–activated electromechanical synergistic therapy for 
effective wound treatment.

RESULTS
Working principle and characterization of the EMSD
The EMSDs applied for linear and circular wound healing were 
defined as EMSD for linear wounds (EMSD-L) and circular wounds 
(EMSD-C), respectively. As shown in Fig. 1A, the flexible sandwich-
structured EMSD consists of four layers: an SMA metamaterial layer 
triggered by skin temperature to provide mechanical contraction 
force, a polarized polytetrafluoroethylene (PTFE) EEF generating 
an electrostatic electric field, and two flexible Ecoflex encapsulation 
layers to fit the nonplanar skin surface seamlessly. The detailed 
fabrication procedure of EMSDs is included in fig. S1. The SMA 
metamaterials and EEF can be designed to render contraction and 

external electric fields according to a linear or circular wound. 
Mounting together, the programmable EMSDs were prepared to 
accelerate wound healing (Fig. 1B). The EMSD-L comprises an 
anisotropic metamaterial grid and a rectangular EEF (a rectangular 
negative electrode and a rectangular ring positive electrode), while 
the EMSD-C consisted of an isotropic metamaterial grid and a 
circular EEF (a circular negative electrode and a circular ring posi-
tive electrode). The EMSD-L only achieves the uniaxial stretching 
property because of its mechanical designs, while the EMSD-C can 
be biaxially stretched in vertical and horizontal directions. The 
overall dimensions of the EMSD-L and EMSD-C in their initial 
state are approximately 37 × 27 × 0.2 mm3 and 28 × 28 × 0.2 mm3, 
respectively (Fig. 1C, left). In addition, the EMSDs could be subjected 
to very large deformation, such as being twisted multiple turns 
(Fig. 1C, middle). Skin temperature can trigger the stretched and 
twisted EMSDs to restore the initial state and ensure contraction 
force on linear or circular skin wounds (movies S1 and S2). Figure 1C 
(right) showed the experimental setup for EMSD-driven linear and 
circular incisional wound healing. A three-dimensional microscope 
was used to examine the uniformity and height information of the 
multilayered components. The top- and the side-view scanned 
images are shown in Fig. 1D. The cross-sectional height profile taken 
along one scanning line further quantified the multilayered geome-
try. The overall thickness of the EMSD is ~217 m, and the thick-
ness of the PTFE electret film, the SMA grid, and the Ecoflex 
encapsulation layer are 59, 93, and 65 m, respectively (Fig. 1E). To 
confirm the biocompatibility of the packaged EMSD, mouse fibro-
blasts were cultured on the encapsulated device surface and in a 
reference cultural dish for 3 days to examine and compare the cell 
attachment, proliferation, and morphology. Cells in both media ex-
hibited similar density and equivalent morphology, and the 
fluorescence staining results showed that the cells could spread and 
form intact cytoarchitecture in both groups (Fig. 1F). In addition, 
the relative viability of cells on encapsulation material was more 
than 98% within 3 days, comparable to the cells cultured in the 
culture dish (Fig. 1G). These results confirmed that the encapsulated 
EMSD is noncytotoxic and biocompatible.

Design and performance of the SMA metamaterial grids
The designs of the SMA metamaterial gird for the linear wound 
(SMA-L) and the circular wound (SMA-C) rely on network con-
struction in a periodic lattice topology (37–39). The unicellular 
building blocks, partially enlarged block elements (pink dotted 
frames), and various designs of the SMA-L and SMA-C are illustrated 
in Fig. 2 (A to D). For the twofold symmetric SMA-L, the unicellu-
lar bottom length, the distance between the middle corner, and the 
thickness of the unicellular wall are 1.8, 0.6, and 0.18 mm, respec-
tively. The adjustable angle between the bevel and bottom and the 
bevel length are defined as  and l, respectively. The l is determined 
by the cosine relationship of , the distance between the middle 
corner, and the unicellular bottom length (Fig. 2A). The relation-
ship between the unicellular parameters and the nondimensional 
Young’s modulus of the grid with similar configuration has been 
reported in previous works (40), and the nondimensional Young’s 
modulus along the x axis and y axis was defined as Ex/ESMA and 
Ey/ESMA, respectively. As the  increases in the range of 5° to 85°, 
the Ex/ESMA decreases and the Ey/ESMA increases monotonously, 
respectively (fig. S2 and note S1). In addition, finite element analysis 
(FEA) results show that  = 50° is the critical point of the elastic 
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strain threshold (8%) when the tensile strain is 10% (fig. S3). 
Because the Ex/ESMA decreases monotonously as the  increases, 
considering the suitable stretchability and contraction force, the  
of the SMA-L was designed to be 50°, 60°, and 70°, and the corre-
sponding l is 0.93, 1.2, and 1.75 mm (Fig. 2B). As shown in Fig. 2C, 
for the sixfold rotationally symmetric SMA-C, the unicellular 
construction exploits a triangular lattice pattern, and one side of the 
triangle consists of two arcs and three straight lines, where the two 
straight lines at the port serve as the common part of the two-block 
elements to connect lattice nodes. The width and radius of the arc 
are 0.12 and 0.41 mm, and the width and length of the straight line 
are 0.24 and 1.18 mm, respectively. The arc angle as the only variable 
is defined as . Researchers have reported the relationship between 
the unicellular parameters and the grid’s nondimensional Young’s 

modulus. As the  increases in the range of 90° to 180°, the E/ESMA 
of the SMA-C decreases monotonously, and the 120° grid has the 
most significant stress in the elastic strain region under 10% tensile 
strain (41). In this experiment, the  was designed to be 110°, 120°, 
and 130°, respectively (Fig. 2D, fig. S4, and note S1).

FEA and experimental results of the SMA metamaterial grids 
under a series of tensile distances are shown in Fig. 2E and fig. S5. 
FEA results of the metamaterial grids under 0 and 10% tensile 
deformation (the 60° SMA-L was stretched 4 mm along the x axis, 
and the 120° SMA-C was biaxially stretched 3 mm) demonstrated that 
the strain was evenly distributed on the unicellular building blocks. 
Commercial uniaxial and biaxial tensile systems were then used to 
test the corresponding experimental mechanical response of the 
stretchable SMA-L and SMA-C, respectively. Similar deformation 

C

D E F

G

BA

Fig. 1. Working principle and characterization of the EMSD. (A) Schematics of the overall EMSD-L and EMSD-C (top). Exploded illustration of the device components, 
essential materials, and multilayer structures (bottom). (B) Working principle of wound treatment by programmable and skin temperature–activated EMSDs. (C) Optical 
images of the initial state (left), twisted state (middle), and experimental setup for wound treatment (right) of the EMSDs. (D) Top- and side-view three-dimensional 
microscope images of the multilayer structures. (E) Height profile along the pink line in (D) showing the height of multilayer components. (F) Fluorescence images of 
stained fibroblasts cultured on a regular cell culture dish and the Ecoflex. (G) Comparison of normalized cell viability for 3 days showing excellent biocompatibility of the 
packaged device. All data in (G) are presented as means ± SD.
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behaviors were observed in FEA and experimental results. The 
strain (3%) subjected by the mechanical grid was consistently smaller 
than the failure strain (8%) when the SMA metamaterial grids were 
stretched up to 10% deformation, showing their good stretchability 
within the designed deformation range. Then, the uniaxial stretch-
ing force of various designed SMA-L was tested under different 
ambient temperatures (20°, 25°, 30°, 35°, 40°, 45°, and 50°C) with a 
loading rate of 0.02 mm/s (Fig. 2F). The unicellular construction 
of the twofold symmetric nature renders an anisotropic property, 
which means that the SMA-L can be uniaxially stretched along the 
x axis. For the 50°, 60°, and 70° SMA-L, the x axis–stretching 
distances were 0.3, 4, and 4 mm, while the y axis–stretching distances 
were 0.3, 0.3, and 0.3 mm. The SMA-L cannot be stretched in both 
the x axis and y axis directions when  is 50° owing to its design 
characteristics (figs. S2 and S6). The stretched force increased as the 
ambient temperature rises because of the temperature response 
characteristics of the SMA. The contraction forces were calculated 
by the difference between the force value at 20°C and these values at 
different temperatures (Fig. 2G). The sharp increase (30° to 35°C) 
can be attributed to the phase transformation of the SMA (42, 43). 

As is the temperature at which the phase transition begins, and Af is 
the temperature at which the phase transition ends. In this experi-
ment, the As and Af of the NiTi-based SMA are about 24° and 33°C, 
respectively. The contraction force data at 35°C (~skin temperature) 
extracted from Fig. 2G are shown in Fig. 2H, which are 4.5, 2, and 
0.5 N (x axis) and 3.5, 3.9, and 5.9 N (y axis) for the SMA-L of 50°, 
60°, and 70°, respectively. As  increases, the x axis deformation 
resistance decreases, and the y axis deformation resistance increases, 
coinciding with the previously reported results (40). Simultaneously, 
the SMA-L is easy to stretch and retract in the x axis direction but 
has a prodigious equivalent elastic modulus in the y axis direction 
(fig. S2). This unconventional performance ensures the contraction 
and closure of the linear wound while avoiding unnecessary force 
along the incision direction to delay wound healing. Considering 
the suitable stretchability and contraction force, a 60° SMA-L was 
chosen for the linear wound contraction (Fig. 2I). For comparison, 
The SMA-C has similar biaxial tensile response properties in both 
the x axis and y axis, which can be attributed to the sixfold rotationally 
symmetric structure (Fig. 2, J and K). The contraction force extracted 
from Fig. 2K at 35°C of 110°, 120°, 130° are 0.51, 0.83, and 0.9 N 

A B
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E

Fig. 2. Design and performance of the SMA metamaterial grids. (A) Schematic illustrations of the unit cell and partially enlarged block elements of the SMA-L. 
(B) Optical images of SMA-L with different . (C) Schematic drawings of the unit cell and partially enlarged block elements of the SMA-C. (D) Optical images of SMA-C with 
different . (E) Experimental (EXP) and FEA results for the SMA-L and SMA-C at 0 and 10% strain. (F) The uniaxial tensile force of SMA-L in the temperature range of 20° to 
50°C with intervals of 5°C. (G) The contraction force of the SMA-L extracted from (F). (H) The SMA-L contraction force at 35°C. (I) A 60° SMA-L was chosen for the linear 
wound treatment. (J) The biaxial tensile force of SMA-C in the temperature range of 20° to 50°C with intervals of 5°C. (K) The contraction force of the SMA-C extracted from 
(J). (L) The SMA-C contraction force at 35°C. (M) The circular wound area was reduced to 90% when the 120° SMA-C was used. All data in (F), (G), (J), and (K) are presented 
as means ± SD, and the round symbol and the square symbol in Fig. 2 (F, G, J, and K) represent the x axis and y axis data, respectively.
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(x axis) and 0.38, 0.85, and 0.56 N (y axis) (Fig. 2L). Considering the 
similar biaxial contraction force, a 120° SMA-C was chosen for 
further animal studies. The wound area (0.8 cm in diameter) was 
reduced to around 90% when the SMA-C was used (Fig.  2M). 
Fracture limits of the SMA were tested to evaluate the feasibility of 
the practical application (fig. S7). The fracture limits are 14, 37, and 
61.5% for 50°, 60°, and 70° SMA-L, respectively, and the fracture 
limits are 14, 17.3, and 18% for 110°, 120°, and 130° SMA-C, respec-
tively. For both grids, the fracture limit increases monotonically 
during tensile deformation as the angle increases. Then, the EMSDs 
were worn on a human arm to simulate application scenarios, which 
can fit the skin surface and be worn stably and twisted (fig. S8). In 
addition, the actual application scenario of the EMSDs is a three-
dimensional curved surface, and the average radius of the intervention 
site is approximately equal to 5 cm. On the basis of the calculation 
and FEA simulation results, the difference in contraction mechanism 
on the three-dimensional and flat surfaces is slight (fig. S9).

Design and performance of the EEF
Endogenous wound electric fields, induced when the epithelial 
layer is damaged and the transepithelial potential is disrupted, 
can promote epithelial cells to initiate directional migration for 
reepithelialization. Applying external electric fields in the default 
direction of wound healing have been recognized as a promising 
approach to strengthening endogenous electric fields and increas-
ing the healing rate (33, 34) (Fig. 3A). In contrast, applying reversed 
EF direction against the default wound healing direction will not 
enhance wound healing or hinder normal wound healing be-
havior (fig. S10). Five configurations of EEF were prepared for the 

configuration optimization, and the EEF configuration with the 
positive electrode outside and negative electrode inside was cho-
sen for further animal experiments (fig. S11 and note S2). Here, the 
patterned EEF was used as the source of the external electric field. 
The EEF for the linear wound was composed of a 10 mm  by 
2 mm rectangular negative electrode and a rectangular ring pos-
itive electrode. The outer and inner rectangle dimensions of the 
positive electrode are 15 mm  by 10  mm and 11 mm  by 4  mm, 
while the EEF for the circular wound (EEF-C) contained a circular 
negative electrode (  =  3 mm) and a circular ring positive elec-
trode. The diameter and inner diameter of the positive electrode 
are 12 and 6 mm. Optical images of the linear and circular incision-
al wound and experimental setup for EEF-driven wound healing are 
shown in Fig. 3 (B and C), respectively. The negative EEF electrode 
(−1 kV) was directly placed above the wound, and the positive EEF 
electrode (+1 kV) was placed to surround the damage. This poten-
tial is maintained until the skin regeneration process is completed. 
To evaluate the effectiveness of electric field penetration, Ansys 
Maxwell finite element solver (AMFES) was used to estimate the 
electric field strength at the wound site. AMFES simulation result 
showed that the patterned electrodes could generate a uniform 
electric field in its covered area (Fig. 3, D and E). The electric field 
rapidly attenuated within the first 2 mm into the skin and slowly 
decayed to a low value of ~0.2 V/cm at 10-mm depth inside epider-
mis and dermis (Fig. 3F), which is sufficient to increase the speed of 
epithelial migration into the wound (44, 45). The AMFES simula-
tion suggested that the EMSD implemented stable and effective 
electric field stimulations into the skin when applied to the wound 
area. In our design, the EEF electrodes were directly placed above 

A

F G H

B C

D E

Fig. 3. Design and performance of the EEF. (A) Schematics of the external electric field to enhance the wound-induced endogenous electric field for effective wound 
healing. (B) Optical images of the linear incisional wound and experimental setup for EEF-driven healing. (C) Optical images of the circular incisional wound and experimental 
setup for EEF-driven healing. (D) AMFES simulated electric field distribution inside a linear wound. (E) AMFES simulated electric field distribution inside a circular wound. 
(F) AMFES simulated electric field strength as a function of the depth into the tissue extrapolated from (D) and (E). (G) Bacterial colony formation of E. coli on the EEF and 
an unpolarized PTFE film (control). (H) Antibacterial efficiencies under different conditions. All data in (H) are presented as means ± SD. CFU, colony-forming unit.
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the wound to generate an electric field that could penetrate the dermis 
and to strengthen the endogenous electric field for enhanced wound 
healing. The antibacterial efficiency of the EEF was investigated by 
using Escherichia coli (ATCC 8739) as the model bacteria (46, 47). 
The EEF was placed on the bottom in the first dish, and an unpo-
larized PTFE film was placed into another dish as the control. The 
E. coli stains initially containing bacteria (~7 × 103 colony-form-
ing units/cm2) were aerobically cultivated in two dishes at 37°C to 
the stationary phase with Luria-Bertani medium for 24 hours 
(Fig. 3G). The viable counts in the EEF dish and polyethylene film 
dish were 1.6 × 105 and 22, respectively (Fig. 3H), which indicated 
that the EEF has nearly 99.99% killing efficiency to E. coli. Thus, 
the electrostatic field induced by patterned EEF can promote the 
healing process by strengthening the endogenous electric field and 
inhibit infection through antibacterial function.

DISCUSSION
Wound healing by EMSD intervention and 
mechanism studies
As shown in Fig. 4A, the skin response to injury occurs in three 
overlapping cascade but distinct stages: the (i) inflammation stage, 
(ii) tissue formation stage, and (iii) remodeling stage (6). The in-
flammation stage occurs immediately after tissue damage to remove 
devitalized tissues and invade bacteria to prevent infection. The 
new tissue formation stage consists of related cellular proliferation 
and migration, new blood vessel and scab formation, and wound 
closure to restore the epithelium’s barrier function. Last, the re-
modeling stage is characterized by the reorganization of disorganized 
collagen induced by migrated fibroblasts in the reepithelialized 
wound site. To study the influence of the as-prepared EMSD-L on 
the wound healing process, first, linear full-depth skin wounds 
(~1 cm long) on the nape and the dorsum of rats were created as the 
wound model (fig. S12). The linear wound healing performance was 

then investigated in four groups fed under the same conditions. 
As schematically displayed in Fig. 4B (left), the rats in the EMSD-L 
group were stimulated by an electromechanical synergistic device. 
Rats solely stimulated by SMA-based mechanical dressing (MD) 
and EEF-based electrical dressing (ED) for linear wound healing 
were divided into the MD-L and ED-L groups, respectively. In 
addition, the blank control (BC) group without a wearable device 
was defined as the BC-L group. All groups were subjected to the 
same linear wound surgery procedure, and the rats were labeled as 
EMSD-Ln, MD-Ln, ED-Ln, and BC-Ln (n = 1, 2, 3, 4). After surgery 
and before euthanasia, the wound healing process was documented 
once every 2 days, accompanied by replacing the EEF (Fig. 4B, right, 
fig. S13). This wound healing model was associated with only minor 
soft tissue trauma and a flexible dressing without affecting normal 
daily activity (movie S3). On day 0, with the linear wound model 
construction, the linear wound dehisced because of the loose skin of 
the rodent rats in the four groups. For the EMSD-L group, the linear 
wound started to close and a small amount of scab formed at the 
incision site on day 2, indicating that the healing process underwent 
the inflammation and tissue formation stages. On day 4, the gradual 
decrease in the wound line length and wound scab reflected the 
complete wound closure of the new tissue formation stage. The 
wound healing has entered the remodeling phase starting at day 6, 
marked by the blurring of the incision wound line. Similar wound 
healing processes were observed from the MD-L, ED-L, and BC-L 
groups, indicating that the EMSD did not alter the natural wound 
healing procedure. In both MD-L and ED-L groups, the scab began 
to form at day 2 and slowly evolved until day 4. However, during the 
entire 6-day monitoring period, the wound healing has been at the 
stages of inflammation and tissue formation since the wound line 
persisted and the scab was not eliminated. The skin at the linear 
incisional wound site in the different groups was collected at day 6 
postintervention to further analyze the microscopic healing effect 

A B C

Fig. 4. Cascade stages of wound repair and linear incisional wound healing. (A) Three classic stages of wound healing: (i) inflammation, (ii) tissue formation, and (iii) 
remodeling. (B) A series of images on the wound area over time of the EMSD-L group, MD-L group, ED-L group, and BC-L group (F) (n = 4). Schematics on the left show 
the device setup of each group. (C) H&E stains of skin at the wound site.
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by hematoxylin-eosin (H&E) staining (Fig. 4C). The wounds in 
the EMSD-L groups achieved reepithelialization formation and 
were in the remodeling phase, whereas the MD-L and ED-L groups 
exhibited granulation tissue at the wound site. In contrast, the 
epidermis was utterly absent in the BC-L groups. Obviously, the 
EMSD-L significantly accelerated wound healing by promoting 
wound closure and accelerating healing metabolism compared to 
the control (MD-L, ED-L, and BC-L) groups. These results revealed 
the synergistic effect of mechanical regulation and electrostimula-
tion on accelerating wound healing in rats.

To quantify the closure rate and explore the biological mechanism 
under the EMSD-C intervention, the wound healing performance 
was further explored on circular (0.8 cm in diameter) full-thickness 
skin wounds (fig. S12). Similar to the treatment grouping of linear 
wounds, the rats were divided into four groups: EMSD-C, MD-C, 

ED-C, and BC-C (Fig. 5A, left). All groups were subjected to the 
same circular wound surgery procedure. The rats were labeled as 
EMSD-Cn, MD-Cn, ED-Cn, and BC-Cn (n = 1, 2, and 3), and the 
wound healing process was documented once every 2 days (Fig. 5A, 
right, and fig. S14). The series of images demonstrate that the circu-
lar wound healed much faster and formed a smaller amount of scab 
under an EMSD-C intervention. In contrast, the MD-C, ED-C, and 
BC-C groups showed delayed healing, attributed to the fact that 
EMSD-C accelerated the healing process from inflammation, to 
new tissue formation, to remodeling phase. The quantified wound 
closure rate over time is shown in Fig. 5B, and there was no substan-
tial difference at day 2 for all groups. From day 4, the gap of closure 
rate between the EMSD-C group and control groups was gradually 
widening, and the closure rate of the BC-C group is much lower 
than those of the other three groups. The final wound closure rate 

A

D

F

B

C

E

G

(days)

(days)

n.s.

Fig. 5. Circular incisional wound healing and biological mechanism. (A) A series of images on the wound area over time of the EMSD-C, MD-C, ED-C, and BC-C groups 
(F) (n = 3). Schematics on the left show the device setup of each group. (B) Wound closure rate over time of the wound area from different groups. (C) Final wound closure 
rate for different groups. (D) H&E stains of skin at the wound site. (E) Wound closure rate of the EMSD-C compared to the reported results by the mechanical regulation 
or electric stimulation (mechanical contraction parameters, voltage, and frequency) (48–52). Mechanical regulation and electric stimulation are represented by M and E, 
respectively. (F) IHC staining images of multiple growth factors including EGF, TGF-, and VEGF. (G) IHC score of the various growth factors expressed in different groups 
(n = 3). All data in (B) and (G) are presented as means ± SD. In box plots (C), the dot is the mean, the centerline is the median, box limits are the lower quartile (Q1) 
and upper quartile (Q3), and whiskers are the most extreme data points that are no more than 1.5 × (Q3 − Q1) from the box limits. n.s., not significant (P > 0.05); **P < 0.01 
and ***P < 0.001.
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for different groups is shown in Fig. 5C. The average values mea-
sured after 8 days revealed that the closure rate of the EMSD-C 
group was 96.8 ± 2.9%, significantly higher than those of the control 
groups (79.9 ± 3% for MD-C, 76.4 ± 4% for EC-C, and 45.9 ± 7% for 
BC-C). The skin at the circular incisional wound site in the different 
groups was collected at day 8 postintervention for histological 
examination by H&E staining (Fig. 5D). Histological analysis re-
vealed that the wound of the EMSD-C groups achieved reepithelial-
ization in the center of the wounds treated with the EMSD-C, 
exhibiting an intact new epidermis that was tightly connected to the 
granulation tissue underneath. In the MD-C and ED-C groups, the 
connection between the new epidermis and granulation tissue was 
loose, indicating weaker healing than in the EMSD-C group. For 
comparison, the epidermis was utterly absent in the BC-C group. 
Our electromechanical synergistic system rapidly achieved over 
96% closure rate and superb reepithelialization effect within 8 days, 
which obviously exceeded other reported mechanical regulation or 
electric stimulation approaches based on similar rat models (48–52) 
(Fig. 5E).

To understand the accelerated wound healing mechanism 
driven by the EMSD intervention, multiple growth factors related 
to wound healing, including EGF, TGF-, and VEGF, were studied 
(23). At the end of day 8, skin in different groups was collected and 
measured by immunohistochemistry (IHC) to evaluate the distri-
bution of these key growth factors to understand the EMSD inter-
vention mechanism (Fig. 5F and fig. S15). IHC staining images 
displayed an overall expression distribution of various growth 
factors, which were represented by the dark brown color. In general, 
the IHC results showed the secretion of EGF, TGF-, and VEGF in 
group EMSD-C were significantly enhanced compared to the 
ED-C, MD-C and BC-C groups. Finally, integrated optical density 
(IOD) curve analysis was conducted to quantify the expression 
intensity of growth factors (29, 53) (Fig. 5G). The average IODs of 
group EMSD-C were 0.24, 0.23 and 0.20 for EGF, TGF-, and 
VEGF, respectively, which were higher than those of groups MD-C 
(0.21, 0.21, and 0.19), ED-C (0.22, 0.22, and 0.18), and BC-C (0.19, 
0.20, and 0.17). Obviously, the EGF, TGF-, and VEGF expression 
of the EMSD-C group exhibited a statistically significant enhance-
ment compared with those of the BC-C group. Moreover, the EGF 
expression in the MD-C and ED-C groups was higher than that of 
the BC-C group, suggesting that both mechanical regulation and 
electrostimulation can promote reepithelialization. In addition, com-
pared with the BC-C group, the MD-C group and ED-C group can 
separately express higher VEGF and TGF-, indicating that me-
chanical regulation and electrical stimulation play essential roles in 
angiogenesis and healing metabolism, respectively. These findings 
illustrate that the electromechanical synergistic effect had a more 
extraordinary ability to remodel the new epidermis and accelerate 
healing metabolism toward effective wound healing.

In this work, we present an electromechanical synergistic system 
as an effective therapeutic strategy for accelerating linear and circu-
lar wound healing. The flexible and noninvasive EMSD could render 
appropriate contraction by a programmable SMA metamaterial 
triggered by skin temperature and strengthen the endogenous electric 
field via a patterned antibacterial EEF. By optimizing the geometry 
of the EMSD, the seamlessly attachable device could provide ~10% 
contractile strain and a sufficient electrical field intervention at a 
depth of 10 mm in tissues. The wound healing performance was 
examined and compared among the EMSD, ED, MD, and blank 

groups of rats that were subjected to the wound surgery procedure 
and fed under the same conditions. In vivo studies demonstrated an 
effective wound healing in as short as 4 and 8 days for linear and 
circular wounds, respectively, with a statistically significant ~50% 
improvement in wound closure rate versus the nonintervention 
controls. This outstanding wound therapeutic effect surpassed 
most other reported nonpharmacological approaches. Further-
more, the mechanical contraction could enhance the secretion of 
VEGF to accelerate angiogenesis, while more TGF- induced by 
electric stimulation led to the promotion of healing metabolism. 
Together, they synergistically promoted reepithelialization and 
resulted in a rapid wound repair. In general, our development pro-
vided a successful example of temperature-triggered and battery-
free electromechanical synergistic intervention for biomedical 
applications. More broadly, it holds great promise to address per-
sonalized customization for manipulating orderly healing of irregu-
lar wounds.

MATERIALS AND METHODS
EMSD fabrication and encapsulation
The detailed fabrication process of the EMSD including a stretch-
able SMA metamaterial grid and a patterned EEF is depicted in 
fig. S1. A Ti/Ni SMA foil (~100 m) was adhered flatly on the heat 
release tape, and laser cutting technology was used to prepare the 
SMA-L and SMA-C, respectively. These SMA grids were immersed 
in Ecoflex gel, taken out, and suspended to cure naturally. EEFs 
patterned by laser cutting technology were aligned and embedded 
on the Ecoflex when it was not fully cured.

Cell immunofluorescence staining
Mouse fibroblasts were cultured on the Ecoflex and reference dishes 
for 3 days, and they both went through the same procedure and 
were cultured under the same conditions. Then, the sample was 
first fixed with 2 to 4% formaldehyde for 15 min and rinsed with 
prewarmed phosphate-buffered saline (PBS) three times. The 
samples were then stained with Texas Red-X Phalloidin (100 nM) 
and Hoechst (50 nM) at 37°C for 30 min. After staining, the cells 
were rinsed three times with prewarmed buffer and imaged using a 
Nikon A1RS confocal microscope.

FEA and experimental mechanical characterization
The FEA mechanical properties of SMA grids were evaluated by the 
ABAQUS software. The Young’s modulus and Poisson’s ratio were 
set to 67 GPa and 0.327, and the meshes were refined to ensure 
computational accuracy. Then, the strain distribution of SMA grids 
with different stretching lengths was studied. Analysis results showed 
that the strain distributed at all the SMA grids with different stretch-
ing lengths are smaller than the fracture strain of 8%. A commercial 
mechanical machine was used to test the experimental mechanical 
response of the stretchable SMA metamaterial grids under different 
ambient temperatures (20°, 25°, 30°, 35°, 40°, 45°, and 50°C) with a 
loading rate of 0.02 mm/s (figs. S5 and S7).

Electric field simulation
The AMFES was used to simulate electric field distributions of the 
patterned antibacterial EEF. In the simulation domain, the electro-
static saltwater solution was created with the permittivity of 81 to 
simulate tissues and body fluids.
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Antibacterial characterization
The antibacterial efficiency of the EEF was investigated by using 
E. coli (ATCC 8739) as the model bacteria. The E. coli stains were 
aerobically cultivated at 37°C to the stationary phase with Luria-
Bertani medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 
1 mM NaOH). To analyze quantitatively, the density of the bacteria 
was estimated by at least six fluorescence images. The absorbances 
of the overnight suspensions were obtained via ultraviolet-visible 
(UV-vis) spectroscopy at 600 nm.

Animals and diets
Six-week-old male Sprague-Dawley rats were subjected to the same 
linear or circular wound surgery procedure and fed under the same 
conditions. Briefly, all Sprague-Dawley rats were housed in separated 
cages in a temperature-controlled room (22°C) with a 12-hour light/ 
12-hour dark cycle with free access to water and rodent feed. All 
animal experiments were performed following the standard pro-
tocol approved by the University of Electronic Science and Tech-
nology of China (1061420210617007).

Wound healing modeling and device application
The anesthesia was first induced by inhalation of 2 to 5% isoflurane 
and maintained with 2% isoflurane. Following anesthesia, rats were 
fixed in the prone position. The hair of the experiment area from 
the dorsal portion of all the Sprague-Dawley rats was shaved with 
electric hair clippers, and then the hair removal cream was evenly 
applied to the back. After 5 min, the back was cleaned with PBS 
solution. The back of the rats was scrubbed with iodine scrub and 
then alcohol before surgery. Two full-thickness excisional linear 
(1 cm) or circular (0.8 cm in diameter) skin wounds were created 
along the back of each rat. The EMSDs were stretched (~10%) and 
directly placed above the wound, and the biocompatible double- 
sided tape was used to fix the wound edges and device edges (fig. S12). 
The EMSD has the properties of easy use and painless removal, and 
the wound healing process was documented once every 2 days.

H&E staining of skin
Skin samples were collected from the back of rats after EMSD, ED, 
and MD treatment. Control skin on the back of the rat with no 
treatment was also collected at the same time points. Tissues were 
fixed with 4% formaldehyde, and slices were prepared at 3 m for 
H&E staining. H&E slides were observed directly using an inverted 
optical microscope.

IHC properties of skin
Frozen skin samples of 10-m thickness were fixed with cold 
acetone for 5 min and washed with cold PBS. IHC staining was 
performed to evaluate the level of VEGF, EGF, and TGF-. The 
procedure of IHC of formalin-fixed paraffin-embedded skin samples 
was employed. Mouse anti-VEGF (NB100-664, Novus), anti-EGF, and 
rabbit TGF- (NBP1-80289, Novus) were used at dilutions of 1:100, 
1:100, and 1:200, respectively, as the primary antibodies, respectively.

Statistical analysis
Statistical analysis was performed by two-tailed unpaired Student’s 
t tests for final wound closure rate for circular wounds. In box plots, 
dot is the mean, center line is the median, box limits are the lower 
quartile (Q1) and upper quartile (Q3), and whiskers are the most 
extreme data points that are no more than 1.5 × (Q3 − Q1) from the 

box limits. n.s., **, and *** represent nonsignificant (P > 0.05), 
P < 0.01, and P < 0.001, respectively. In general, P value less than 
0.05 indicates a significant difference.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl8379

View/request a protocol for this paper from Bio-protocol.
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