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challenge for epidermal bioelectronics is 
mechanical tolerance, that is, the ability 
to withstand mechanical deformations, 
which is a vital parameter to preserve 
signal fidelity in an inherent dynamic and 
stretchable epidermal system.[9–13] While 
mechanical tolerance has been demon-
strated in monitoring electrophysiological 
signals,[14–16] it is more challenging to 
achieve mechanically tolerant biosensors 
that convert biochemical information to 
detectable signals, due to the difficulty in 
realizing invariance of surface bioreac-
tions under deformation. Developing rigid 
biosensing area integrated with stretch-
able connectors has been proven as one 
way to circumvent this difficulty.[17–19] 
However, in order to realize intrinsically 
stretchable biosensors, it is necessary to 
achieve mechanical tolerance of surface 
bioreactions.

Redox enzymatic cascade reaction 
(RECR) comprises sequential enzyme-
catalyzed chemical transformations.[20,21] 
In a single reaction vessel, the direct 
transportation of highly reactive inter-
mediates between sequential enzymes 
suppresses side reactions and diffusional 

loss, resulting in high yields, cost effectiveness, and green syn-
thesis.[22,23] Due to these advantages, RECR is widely used for 
epidermal biosensing, such as glucose biosensors based on 
glucose oxidase enzyme (GOx)/Prussian blue nanoparticles 
(PB NPs) couples, lactate biosensors based on lactate oxidase 
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Epidermal bioelectronics open a window to monitor human 
health status via a non-invasive, real-time, and user-friendly 
way.[1–4] Recent years have witnessed their success in healthcare 
with increasing applications on epidermal electrophysiology 
and metabolites in perspiration.[5–8] One necessity as well as a 
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enzyme (LOx)/horseradish peroxidase (HRP) couples, and 
methyl salicylate biosensors based on salicylate hydroxylase/
tyrosinase enzyme couples.[24–26] Therefore, it is important to 
have a fundamental understanding of how mechanical defor-
mation affects RECR and develop a general strategy to achieve 
mechanically durable RECR.

In this work, through both simulations and experiments, we 
clarify that the increase in reactant (H2O2) transportation dis-
tance and its diffusion loss are two factors accounting for the 
cascade reaction efficiency drop in traditional stretchable flat 
electrodes. In contrast, wavy bioelectrodes with adaptive cur-
vature exhibit stable performance resistant to both dynamic 
and static deformations. The wavy polydopamine(PDA)-
polypyrrole(PPy)/enzymes/PB NPs/Au bioelectrodes in our 
experiments, prepared via a pre-stretching electrodeposition 

method, are further used as human epidermal biosensors. 
This biosensor exhibits stable metabolite monitoring when the 
human subject undergoes different movement gestures. A wide 
range of bioreactions can be incorporated into our mechanically 
tolerant epidermal biosensors based on adaptive curvature engi-
neering, thus providing a durable and non-invasive platform 
for metabolite monitoring for soft healthcare bioelectronics.

The RECR we use in this work consists of two successive 
reactions. The first is the catalytic oxidation of glucose or lac-
tate by GOx or LOx enzymes, simultaneously producing H2O2 
in the presence of O2. The second is the catalytic reduction of 
H2O2 by PB NPs, which transfers electrons to the electrode 
(Figure  1a).[27,28] These two kinds of catalysts are uniformly 
distributed on a flat or wavy stretchable bioelectrode. For a flat 
bioelectrode under strain, one would expect that the elongation 

Figure 1.  Theoretical studies of the mechanical tolerance of cascade reactions on bioelectrodes with different geometries. a) Scheme of cascade 
bioreactions on a film where glucose (Glu) and O2 species diffusing from bulk solution are catalyzed by glucose oxidase enzyme (GOx) in the film, 
producing H2O2. The reduction of H2O2 is catalyzed by Prussian blue nanoparticles (PB NPs), which transfer electrons to the electrode at the applied 
potential. b) Reactant diffusion on flat and curved geometries when exposed to strain. The diffusion pathway is elongated on the flat bioelectrode, 
while that on the wavy bioelectrode remains the same due to the relaxation of curvature to accommodate the strains. The instant curve angle θ of 
wavy bioelectrode changes accordingly when exposed to strains. c) The dependence of diffusion pathway changes Δd (color) and instant curve angle 
θ (z axis) on the bioelectrode initial curve angle θ0 and exposed strains Δl. d,e) Simulation results of equilibrium concentration profiles of H2O2 in 
the film for bioelectrodes with θ0 = 0o and θ0 = 180o under both 0% and 50% strain. f,g) Simulated H2O2 concentration profiles along the dashed line 
in (d) and (e), respectively, under different strain. Simulated H2O2 flux gradient decreases upon stretching for flat bioelectrodes with θ0 = 0o, while it 
remains stable for wavy bioelectrodes with θ0 = 180o. h) Simulated current signal decreases on flat bioelectrodes with θ0 = 0o, while signal keeps stable 
on wavy bioelectrodes with θ0 = 180o.
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of elastomer lengthens the H2O2 diffusion pathway, that is, 
the surface distance along the bioelectrode between GOx and 
PB NPs (Figure  1b), which would reduce the accessibility of 
PB NPs to H2O2 and may ultimately influence the current 
response. While for a wavy bioelectrode under strain, its initial 
curvature can relax to accommodate the strain. As a result, the 
length of the diffusion pathway that approximates to the arch 
length remains almost unchanged (Figure 1b). When the wavy 
period is fixed (about 2  µm according to experimental data), 
the curvature of the surface can be represented by the instant 
curve angle θ. Theoretically, we obtain the change in diffusion 
pathway length Δd as a function of the strain and initial curve 
angle θ0 based on simple geometry analysis (Equations (S1)–(S5) 
and Figure S1, Supporting Information).
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at which θ is zero. Figure  1c shows the change of diffusion 
pathway length Δd (color) and instant curve angle θ (z axis) as 
a function of strain (x axis) and initial curve angle θ0 (y axis) 
according to Equations  (1) and (2). Evidently, with increasing 
strain, pathway length remains unchanged as long as θ remains 
positive. Once the θ decreases to zero, further increasing the 
strain of electrodes leads to a growing diffusion pathway. This 
threshold strain Δl* raises with increasing initial curvature. 
Thus, compared with flat bioelectrodes, wavy bioelectrodes 
with adaptive curvature can sustain much larger strain without 
changing the surface distance of the diffusion pathway.

To verify this conjecture and further explore the mass 
transportation and flux-limiting properties of RECR during 
stretching, we conduct simulations for both flat and wavy bio-
sensors with different initial curvatures. Our simulation model 
relies on the following simplifications: the three free species, 
namely glucose, O2, and H2O2, obey Fick’s diffusion laws, and 
reactions among them are isothermal.[29–31] GOx and PB NPs, 
about 50 nm in size, are alternately and uniformly distributed 
on the film with separation distances of about 100 nm based on 
SEM images. 2D cross-section concentration profile is used to 
represent 3D concentration profile. Glucose and O2 diffusing 
from the bulk solution are consumed at GOx, which produces 
H2O2 in situ. This reaction is modeled as a two-substrate 
Michaelis–Menten “ping-pong” type process. A similar model 
is applied for the H2O2 reduction at PB NP, which is found to 
be diffusion-limiting due to low concentrations of H2O2 in the 
film. The current signal reflects the reaction rate at PB NP. The 

whole process is described by the reaction-diffusion equations 
(S6)–(S8) in Supporting Information, which are integrated 
numerically to obtain the stable concentration profiles of glu-
cose, O2, and H2O2, and the current signal. The simulation 
details including all parameters used are given in Figure S2 and 
Table S1, Supporting Information.[30,32]

For both types of bioelectrodes, our simulation data shows 
high (low) H2O2 concentration near the GOx (PB NPs) region, 
since GOx (PB NPs) is the source (sink) for H2O2 (Figure 1d,e). 
Similarly, low concentrations of glucose and O2 are found near 
GOx, which is the sink of the two species (Figure S3, Sup-
porting Information). For flat bioelectrodes, upon stretching, 
the concentration profile of H2O2 becomes significantly more 
dispersed due to the increase in distance between the source 
and the sink (Figure  1d). Such stretching of the H2O2 profile 
upon increasing strain can be seen more clearly by the meas-
ured concentration along a contour line (white dashed line in 
Figure 1d) crossing the centers of PB NPs (Figure 1f). Similar 
behavior can also be found for glucose and O2 (Figure S3, Sup-
porting Information). These changes are accompanied by the 
current signal decrease upon stretching, showing a 50.4% drop 
when exposed to 50% strain (Figure 1h).

Two mechanisms are expected to account for such a perfor-
mance drop on the flat bioelectrode. First, the detected current 
is proportional to the H2O2 reduction rate catalyzed by the PB 
NPs. Based on Fick’s law of diffusion, the contact concentration 
gradient of H2O2 on the PB NPs surface determines the flux 
rate of H2O2 into the PB NPs region, which equals the reac-
tion rate at equilibrium condition. The concentration gradient 
decays following a monotonic function of distance. Stretching 
increases the distance between the enzyme and PB NPs; hence, 
it also decreases the contact concentration gradient of H2O2 on 
PB NPs. Our simulation results show that along the contour 
line, the contact H2O2 concentration gradient indeed decreases 
upon stretching (Figure 1f). Second, H2O2 generated in the bio-
layer diffuses both toward the PB NPs and the bulk solutions.[33] 
Stretching increases the exposed areas of reaction interface to 
bulk solution. Since the H2O2 generation rate is insensitive to 
the strain (vide infra), this leads to more diffusion loss of H2O2 
to the bulk and correspondingly less H2O2 consumption at the 
PB NPs due to the mass conservation.

As a comparison, we also conduct the simulations for wavy 
bioelectrodes with initial curvature of 180o (Figure 1e). In con-
trast with the flat bioelectrodes, we find the concentration pro-
file to be only distorted but not dispersed upon stretching. In 
particular, the measured concentrations as well as their gra-
dient along the contour line are strain-independent (Figure 1g). 
This leads to 99.7% preservation of initial current signal under 
as much as 50% strain (Figure 1h). Such a robust resistance to 
mechanical stretching is due to the aforementioned adaptive 
curvature mechanism, keeping the surface diffusion pathway 
unchanged and maintaining similar exposed surface area 
with equivalent H2O2 diffusion loss. Therefore, the adaptive  
curvature engineering provides an effective strategy to con-
struct a mechanically tolerant RECR platform for epidermal 
biosensors.

The above theoretical prediction is experimentally validated 
with bioelectrodes of wavy geometry. Wavy bioelectrodes are pre-
pared by a controllable pre-stretching electrodeposition method 
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(Figure 2a,b; Figure S4, Supporting Information). First, Au with 
pre-designed pattern and a thickness of 40  nm was thermally 
evaporated on poly(dimethylsiloxane) (PDMS) under 50% ten-
sile state. PB NPs were then electrodeposited on the gold elec-
trode using K3Fe(CN)6 and FeCl3 in acid solutions. After that, 
GOx (LOx) were controllably immobilized via one-pot electro
polymerization of dopamine (for higher enzyme adhesion) and 
pyrrole (for better conductivity) with the presence of enzymes 
in the solution. The mild polymerization condition in a neutral 
buffer solution helps to maintain enzyme activity.[34] During 
co-deposition of these monomers on electrodes, enzymes were 
captured in situ on the electrode. After biofunctionalization, 
the polymer/enzymes/PB NPs/Au/PDMS film was released 
from the 50% strain states. Due to the difference in interfa-
cial mechanical properties,[35,36] uniform wrinkles are observed 

along the pre-stretching direction, as revealed by optical images 
(Figure S5, Supporting Information). These wrinkles can be 
viewed as wave structure with a periodic width of 1.5 ± 0.4 µm 
and height of 0.7 ±  0.2 µm as characterized by optical profilo
metry (Figure  2c,d). SEM images of the polymer/enzymes/PB 
NPs/Au/PDMS film also reveal wrinkled structures where parti-
cles are uniformly distributed on the curved surface (Figure 2e). 
These characterization results indicate wavy bioelectrodes have 
been fabricated by pre-stretching electrodeposition.

We then investigate the mechanical tolerance of wavy bio
electrodes for their electrical properties. Wavy bioelectrodes 
with width of 1 mm and length of 3 cm show stable conductivity 
under stretching (resistance changes of less than 20 Ω under 
50% strain), comparable to bare gold electrodes (Figure  2f). 
Fe(CN)6

3−/Fe(CN)6
4− is used as the redox probe to characterize 

Figure 2.  Preparation and characterization of wavy bioelectrodes prepared by the pre-stretching electrodeposition method. a) Biolayer modification of 
prestretched Au/PDMS electrode. (i,ii) PB NPs were electrodeposited on electrode via cyclic voltammetry in precursors. (iii,iv) Polymer with enzymes 
trapped were modified on electrode through electropolymerization of dopamine and pyrrole via cyclic voltammetry in monomer and enzyme mixture. 
b) Schematic structure of wavy bioelectrodes where enzymes and PB NPs are distributed on the wavy Au electrode. c,d) Profile of wavy bioelectrodes 
with wrinkles characterized by profilometry, which exhibit an average width of 1.5 ± 0.4 µm and height of 0.7 ± 0.2 µm. e) Morphology characterization 
of wavy PDA-PPy/GOx/PB NPs/Au bioelectrodes. f) Resistance changes of wavy bioelectrodes prepared by electrodeposition (PB NPs/Au and PDA-PPy/
GOx/PB NPs/Au) and drop-casting methods (chitosan [CS]/GOx/Au, alginic acid–poly(diallyldimethylammonium chloride) [Alg-PDDA]/GOx/Au and 
Nafion/GOx/Au). g) Electrochemical stability of wavy bioelectrodes by CV and EIS when exposed to different tensile strains.
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electrochemical activity via cyclic voltammetry (CV). The 
wavy bioelectrodes show typical redox peaks with peak-width 
variations of less than 6.3% when stretched up to 50% strain 
(Figure 2g). The electrochemical impedance spectroscopy (EIS) 
shows variation of 3.3% under 50% strain, indicating a stable 
electrochemical interface upon stretching (Figure  2g inset). 
We note that electrodeposition with good controllability and 
uniformity helps to preserve the conductive network of thin 
gold film compared to drip-dry modification methods, as seen 
from the large resistance changes under stretching for chi-
tosan/GOx/Au, alginic acid–poly(diallyldimethylammonium 
chloride)/GOx/Au, and Nafion/GOx/Au electrodes (Figure  2f; 

Figure S6, Supporting Information). Detailed descriptions are 
given in Supporting Information.

Before testing the mechanical tolerance of biosensors, the 
immobilization matrix has been optimized by tuning the pre-
cursor composition, namely dopamine (DA) and pyrrole (Py), 
to maximize their full potential for biosensing performance. 
The mussel-inspired DA with high binding strength to bio-
molecules and metals allows for high enzyme-loading and 
good adhesion of the biolayer to the curved gold surface.[37,38] 
Increasing the DA monomer component therefore confers 
a higher adhesive function to the polymer, which contributes 
to better enzyme-loading (Figure  3c). Meanwhile Py helps to 

Figure 3.  Experimental evidence of mechanical tolerance of wavy PDA-PPy/GOx/PB NPs/Au bioelectrodes. a) Experimental setup for metabolite 
sensing under dynamic and static tensile states. b) Stable biosensing performance of a wavy bioelectrode compared with the performance drop for a 
flat bioelectrode under dynamic stretching. c) The optimization of PPy to PDA ratio for optimal biosensing performance. d) Steady response current of 
wavy bioelectrodes under different static tensile states. Corresponding calibration curve is given in the inset. e) The biosensing sensitivity of wavy and 
flat glucose biosensors when exposed to different strain. f) The biosensing sensitivity of wavy and flat lactate biosensors when exposed to different 
strains. g) The robustness of biosensing performance and the conductivity (inset) of wavy biosensors after repeated stretching. h) Linear detection 
range of wavy glucose biosensors (concentration range from 5 µm to 6 mm).
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enhance the conductivity of biolayer.[39,40] An optimal Py com-
ponent in the polymer helps to enhance film conductivity, as 
confirmed by the EIS curves (Figure S7, Supporting Informa-
tion). Hence, a biolayer prepared with a Py:DA molar ratio of 
1:5 (PPy-PDA1:5) has been found as the optimal bio-matrix for 
biosensors.

The mechanical tolerance of bioelectrodes has been meas-
ured by dynamic and static tensile testing. The setup includes 
two peristaltic pumps to keep the cyclic fluidic flow on the bio
electrodes and a stretching holder to apply the strain (Figure 3a) 
(setup details given in Supporting information). After injecting 
glucose/lactate in the beaker under stirring, the glucose/lactate 
solution flows to the biosensor fixed on the stretching holder. 
With the injection of 0.5  mm glucose, both wavy and flat bio-
sensors show increase in steady currents, confirming the capa-
bility of glucose sensing based on cascade GOx and PB NPs 
couples (Figure  3b). Dynamical strain with stretching rate of 
10% per minute is then applied. The current response of the 
flat biosensor shows a prominent decrease of 53.7% while that 
of the wavy biosensors shows negligible fluctuations within 5% 
(Figure 3b).

We further evaluate the response of biosensors with suc-
cessive injection of glucose under different static stretching 
states, and steady current curves are presented in Figure  3d. 
When gradually increasing the strain to 50% with 10% strain 
increment each time, the wavy biosensors show comparable 
steady current curves with sensitivity variations within 7.0%. 
In contrast, flat biosensors show a current drop of 40.3% when 
strained up to 50% (Figure 3e). To further prove the generality 
of wavy biolayer strategy, wavy lactate biosensors also exhibit 
stable sensitivity with variations of 4.9% in current response, 
compared to flat biosensors with a current drop of 51.8% when 
exposed to 50% strain (Figure 3f). Both dynamic and static ten-
sile testing validate the mechanical tolerance of wavy biosen-
sors. Moreover, biosensors can sustain repeated stretching, 
as evident in their stable biosensing performance (variations 
of less than 7.4%) even after 100 stretching cycles with 50% 
strain (Figure  3g). Hence, wavy bioelectrodes exhibit stable 
sensing performance resistant to dynamic, static, and repeated 
stretching conditions.

The above experimental results are in good accordance 
with simulation prediction. For traditional flat bioelectrodes, 
stretching elongates the distance between the enzyme and 
PB NPs, which lengthens the H2O2 diffusion pathway and 
increases the diffusion loss of H2O2, finally leading to cur-
rent decrease. In comparison, wavy bioelectrodes can relax 
the instant curvature to accommodate the strain and avoid 
these adverse effects on cascade bioreactions, contributing to 
mechanically-tolerant RECR.

To further corroborate this, we design a colorimetric bio-
sensing system where localized H2O2 diffusion is avoided. In 
this system, GOx is immobilized in the film while HRP is dis-
persed in the solution. o-dianisidine in the solution is used as 
the colorimetric indicator. Here, H2O2 produced in the film dif-
fuses to the solution, where it is reduced catalytically by HRP, 
producing oxidized o-dianisidine with colorimetric response. 
The colorimetric reaction mechanism and testing procedures 
are similar to literature,[41] as explained in Supporting Infor-
mation. Vigorous stirring enhances the diffusion process and 

homogeneity of the solution. We find that the colorimetric 
responses of both flat and wavy biosensors are not affected by 
the tensile state (Figure S8, Supporting Information). This sug-
gests that, in the colorimetric system, as the biosensing film is 
fully immersed in the solution, strain has little effect on the dis-
tance between GOx on the film and HRP in the solution, thus 
preventing a decrease in cascade efficiency. Besides, strain-
insensitive colorimetric response indicates that H2O2 genera-
tion is insensitive to the strain. Comparison of electrochemical 
and colorimetric systems indicates that invariance of reactant 
transfer pathway is an important factor to preserve cascade bio-
reaction efficiency.

We note that conductivity also influences the electrochemical 
biosensing performance.[11,18] To investigate this, we use a rheo-
stat in series with the biosensor to quantitatively evaluate the 
impact of the electrode resistance on biosensing performance. 
We observe that a gradual increase of rheostat resistance leads 
to performance decrease (Figure S9a, Supporting Information). 
Based on the fitted curve (Figure S9b, Supporting Informa-
tion), we estimate a resistance change of 5 kΩ ± 0.5 kΩ for flat 
electrode under 50% strain (Figure S10, Supporting Informa-
tion) would account for 15% to 20% current decrease. There-
fore, apart from reactant transfer, conductivity is another factor 
that results in performance decrease in flat bioelectrodes. In 
contrast, wavy biosensors show robust conductive networks 
with negligible resistance of less than 20 Ω upon 50% strain 
(Figure  2f) and can sustain 1000 stretching cycles (Figure  3g 
inset). Therefore, wavy bioelectrodes maintain stable cascade 
bioreaction efficiency and robust electrochemical interfacial 
conductivity under strain. These two advantages synergisti-
cally contribute to a durable RECR platform for a wide range 
of applications involving mechanical deformation such as epi-
dermal bioelectronics.

Finally, biosensors are demonstrated in human epidermal 
metabolite sensing. Steady current testing shows that wavy 
bioelectrodes exhibit a linear detection range for glucose from 
5 µm to 6  mm (Figure  3h) with a detection limit of 1 µm, 
useful for detecting perspiration glucose with a physiological 
range of 10–200 µm and blood glucose up to 4–6  mm.[42] The 
reliability of our biosensors was further confirmed by no sig-
nificant difference (p > 0.05) when comparing our results with 
that of commercial glucose meter when testing 4  mm glucose 
in buffer solution (Figure S11, Supporting Information). Simi-
larly, we obtain lactate biosensors with a linear detection range 
from 1 to 660 µm by using LOx as the biosensing molecules 
(Figure S12, Supporting Information). As a proof of concept, 
the biosensing device is attached to a person’s neck, a sweat-
producing area (Figure  4a). The biosensing device comprises 
an electrode layer on elastomer, polymer/enzyme/PB NPs layer, 
parafilm for insulation, and a silk film for adhesion. Ag/AgCl 
reference electrodes with stable potential under stretching have 
been prepared by electric-chlorination of wavy silver electrodes 
with optimized parameters, as described in Figure S13, Sup-
porting Information. To eliminate the difference between PBS 
solution and real sweat, we use sweat as the buffer solution to 
obtain calibration working curves for sweat glucose testing. As 
seen from the chronoamperometric response, the wavy PDA-
PPy/GOx/PB NPs/Au shows a linear detection range from 
5 to 1000 µm based on a steady current at 100 s (Figure  4b).  
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The responsive range covers a significant concentration range of 
glucose in perspiration for monitoring diabetes. The selectivity 
of sweat sensors is verified by the negligible response of non-
target metabolites, ensuring low interference from other metab-
olites in sweat (Figure  4c). Sweat glucose testing results show 
that glucose concentrations in the perspiration of five healthy 
persons are in the range of 20 to 100 µm (Figure 4e), which is in 
accordance with reported ranges in the literature,[42] and when 
the subject moves into different gestures, the wavy biosensor 
shows stable biosensing data while the flat biosensors show 
significant performance variations, confirming the mechanical 
tolerance feature of the wavy biosensors (Figure 4d). To test the 
feasibility of sensing sweat glucose for diabetes monitoring, 
we use healthy and diabetic rats by comparing the concentra-
tion trends between their blood and sweat glucose, as described 
in Supporting Information. The sweat glucose in the diabetic 
rat shows a significantly higher concentration than that of the 
healthy rat, corresponding to blood glucose concentration trends 
(Figure 4f) in diabetic (400–600 mg dL−1) rats, and ≤150 mg dL−1 
in healthy rats.[43] All these results validate the reliability of wavy 
PDA-PPy/GOx/PB NPs/Au bioelectrodes as a mechanically 
tolerant biosensing platform, which can be used for real-time, 
non-invasive, and continuous epidermal diabetes monitoring.

In short, through both theoretical simulation and experi-
mental verification, our research shows that the adaptive cur-
vature engineering can be utilized to achieve the mechanical 
tolerance of redox enzyme cascade reaction. Simulation reveals 
that the elongation of reactant transfer pathway and increase of 
reactant diffusion loss are key reasons for the performance drop 

in the flat bioelectrodes under stretching. In contrast, wavy bio-
electrodes are capable of relaxing curvatures to maintain reac-
tant transfer pathways as well as diffusion loss, preserving the 
performance under strain. This is rationalized in wavy PDA-
PPy/GOx/PB NPs/Au biosensors prepared by a one-pot pre-
stretching electrodeposition method. The wavy bioelectrodes 
sustain both static strain and dynamic stretching, exhibiting 
only 7.0% biosensing performance variations for glucose and 
4.9% for lactate when exposed to 50% strain. In comparison, 
flat bioelectrodes exhibit a performance drop of 40.3% (glucose) 
and 51.8% (lactate) under the same 50% strain. Finally, wavy 
bioelectrodes with stable biosensing performance have been 
demonstrated for sweat metabolite monitoring on human neck 
with different movement gestures. Such epidermal biosensors 
in principle can be incorporated with many other bioreactions, 
providing a reliable platform for durable and non-invasive per-
ception of human health status.
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