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In brief

The multi-functional e-skin composed of
self-locking chitosan film and conductive
metal-organic framework film is designed
and fabricated to integrate the detection
of multiple physiological signals,
including lactic acid, glucose, and
motion. The utilization of the transformer
neural network in data analyses achieves
precise recognition of the signal and
meanwhile differentiation of multiple
stimuli is realized. This approach
represents a significant leap in e-skin
technology, enhancing its capability for
comprehensive health monitoring.
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THE BIGGER PICTURE Multi-functional e-skin replicates the tactile and sensory functions of human skin,
providing enhanced sensitivity and adaptability compared to conventional sensors. This makes it valuable
for applications in healthcare monitoring, prosthetics, and human-machine interfaces. However, fabrication
of e-skin capable of achieving different sensing abilities is challenging. Previous approaches involve the
engagement of diverse sensing materials, but this leads to complex and costly fabrication process, and
many devices fail to demonstrate high performance. In addition, difficulty exists in signal differentiation,
particularly for simultaneous detecting multiple stimuli. Here, a high-performance multi-functional metal-
organic framework (MOF) film-based e-skin on chitosan film that integrates the detection abilities of biomol-
ecules, motion, electrocardiogram, etc. is prepared, and precise signal differentiation is achieved by adopt-
ing deep learning, using transformer neural networks in data analyses.

SUMMARY

Electronic skin (e-skin) mimics the sensing abilities of human skin and offers sensitivity and flexibility, which
has garnered attention for medical health monitoring. Nonetheless, limitations in the properties of active ma-
terials and signal-to-noise ratio hinder the implementation of multi-functional detection such as integrating
biomolecular sensing, motion detection, and electrocardiography in a single device. Here, we introduce a
strategy of preparing a multi-functional e-skin that utilizes a composite material combining self-locking chi-
tosan and conductive metal-organic framework film, achieving high-performance motion detection and bio-
molecular sensing. The integration of deep learning, specifically transformer neural networks, aids in recog-
nizing subtle facial micro-expressions. A sensing array is crafted by utilizing a rapid assembly method that
supports discerning more attributes with heightened precision.

7-16

INTRODUCTION practical applications in diverse fields, including robotics,

sports science, and healthcare. Moreover, researchers have

Electronic skin (e-skin) has emerged as a transformative technol-
ogy capable of sensing both physiological (internal) and environ-
mental (external) stimuli analogous to human skin." In particular,
multi-functional e-skin can mimic the tactile and sensory capabil-
ities of human skin, providing remarkable sensitivity and versa-
tility.>® E-skin has recently been evolved in terms of device
dimensions, functionalities, and stability, making it suitable for

recently been focused on potential applications of e-skin in
biomarker detection'”'® and human mechanosensation.> ' The
selection of sensing active materials is of importance for e-skin,
and it is challenging to design a high-performance e-skin capable
of sensing different stimuli within one individual device. The iden-
tification of signals from multi-functional e-skin is also difficult.”®
The prevalent approach to producing multi-functional e-skin
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involves the integration of diverse sensing materials; however, this
method is often associated with complex and costly fabrication
processes, and many of these materials fail to demonstrate high
performance.?'**” Most of the substrates are conventional elasto-
mers (e.g., polydimethylsiloxane [PDMS], Ecoflex),?*> while the
elastomers lack permeability to air and sweat vapor, which will
lead to skin irritation during body sensing and affect the signal
due to sweat accumulation.?® As for active material, conductive
metal-organic frameworks (MOFs) have emerged as a promising
alternative due to their unique properties, including electrochem-
ical properties, open-access pore structures, and high customiz-
ability,”** Nonetheless, the advancement of MOFs is impeded by
challenges in fabricating stable and continuous MOF films with
designed microstructures. The synthesis of MOF films typically re-
lies on methods such as drop casting the MOF dispersion solu-
tion, which tends to dilute the concentration of MOFs and reduce
the active surface area. Adhesion between active film and sub-
strate becomes a concern.’>” Alternatively, the electrodeposi-
tion method is often employed, but it is more complex and
costly.?®

In this work, a multi-functional MOF film-based e-skin that in-
tegrates the detection of physiological signals such as lactic acid
(LA), glucose (GL), motion, and electrocardiogram (ECG) is pre-
pared. Conductive MOF (Cu-2,3,6,7,10,11-hexahydroxytriphe-
nylene [HHTP)) film is prepared on a chitosan substrate using
the induction effect of pre-deposited oxide nanomembranes
via atomic-layer deposition (ALD),?® achieving adhesion, unifor-
mity, and conformality. In the composite, Cu-HHTP enhances
the conductivity and sensitivity of the e-skin for health moni-
toring, with machine learning aiding in micro-expression detec-
tion. Additionally, Cu-HHTP demonstrates biosensing perfor-
mance for LA and GL, offering high sensitivity, low detection
limits, and broad linear ranges. The mechanisms of both sensing
models have been studied, and the results indicate that the alter-
ations in the carrier transfer path and the redox reactions facili-
tate motion detection and biomolecular sensing, respectively.
In particular, the active sites of MOF film during biosensing are
investigated, elucidating the outstanding biomolecular sensing
performance.

RESULTS AND DISCUSSION

Fabrication and characterization of MOF e-skin for
multi-functional sensing

To fabricate MOF e-skin, a self-locking chitosan film is first
achieved from crab shells by several steps and then conductive
Cu-HHTP film is conformally grown on the chitosan film (Note S1;
Figures S1-S3). The schematic diagram in Figure 1A presents an
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overview of the composite sample structure, with the left inset
displaying the scanning electron microscope (SEM) image of
Cu-HHTP on the substrate. SEM image and the corresponding
energy dispersive spectroscopy (EDS) mapping results in Fig-
ure S4 illustrate the conformable growth of Cu-HHTP film on chi-
tosan film. The high C, N, O, Zn, and Cu concentrations confirm
the existence of MOF film, while the ZnO nanomembrane as the
induction layer negligibly exists (Figures S5). Additionally, from
the transmission electron microscopy (TEM) images in Figure S6
(larger magnification) and the right insets of Figure 1A (lower
magnification), it is evident that Cu-HHTP grows tightly on the
substrate, facilitated by the presence of the ZnO nanomembrane
with induction effect.®® As an advanced e-skin, the fabricated
sample exhibits flexibility and customizability, enabling adaptive
interfacial properties to human skin, depicted in Figure 1B. In
addition, the size of MOF particles is ~200 nm, while the MOF
film exhibits a roughness smaller than the particle size (Fig-
ure S7), implying a smooth and uniform structure for enhanced
sensing performance.?? It is worth noting that the dual-sided na-
ture of the current MOF e-skin (Note S2; Figure S8) substantially
augments its biosensing capabilities. "

The mechanical properties of the e-skin are studied. Figure 1C
shows a typical stress-distance curve of MOF e-skin. Corre-
sponding elastic moduli map of MOF e-skin calculated from
the Derjaguin, Muller, and Toporov (DMT) model is shown in
the inset of Figures 1C,?* which is in the order of GPa. The simu-
lated strain and stress curve of MOF e-skin with a curvature
radius of 10 mm is plotted in Figure S9, and a linear strain-stress
plot can be observed. However, a break is noticeable due to the
different elastic moduli of MOF film and chitosan film. Here, the
maximum strain in the MOF film is less than 5%, and the integrity
of the e-skin under such deformation can be proved by addi-
tional stretching test (Figure S10). The reproducibility and me-
chanical property under different relative humidities (Figure S11)
lay a foundation for the practical application of MOF e-skin.*?
More detailed structural characterizations of MOF e-skin can
be found in Note S3 and Figures S12-S15. When functioning
as a biosensor and being adhered to the forehead, the MOF
e-skin can detect LA and GL at different voltages because unsta-
ble sites within the MOF facilitate redox reactions (Figure 1D). As
amotion sensor, when placed around the thorax, the MOF e-skin
can be used as an ECG sensor, recording pulse waves, i.e., per-
cussion peaks (P), tidal peaks (T), and diastolic peaks (D) (Fig-
ure 1E).*® Furthermore, variations in the strain of the e-skin can
be identified based on the output current (Figure 1F). More
importantly, we can verify these three stimuli by the amplitude
of the output current, as the current response from the strain
is much smaller compared with those from biomolecules

Figure 1. Fabrication and performance of MOF e-skin

(A) Overview of the fabrication process of MOF e-skin. Lower left inset is the SEM image of MOF e-skin. Right insets are TEM images with different magnitudes.

(B) Flexibility and designability of synthesized MOF e-skin.

(C) The stress-distance curve of MOF e-skin. Inset is the atomic force microscopy (AFM) image obtained from the DMT model.
(D) I-t curves of biosensing results of MOF e-skin. Top: |-t curve of MOF e-skin with 5 mM GL added at 2.1 V. Bottom: |-t curve of MOF e-skin with 5 mM LA added

at2.7 V.
(E
F

I-t curve of MOF e-skin with different strains applied.

I-t curve of MOF e-skin for ECG detection. P, percussion wave; T, tidal wave; D, diastolic wave.

(
(G) I-t curve of MOF e-skin with 1% strain, 1 uM GL, and 1 uM LA applied sequentially. Insets demonstrate corresponding sensing mechanisms.
(

H) Confusion matrix for the recognition of five types of micro-expressions of the transformer neural network for the test dataset.
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Figure 2. Biosensing performance and mechanism of the MOF e-skin

(A) CV scans of MOF e-skin at diverse scan rates.

(B) The oxidation peak current and the reduction peak current plotted as functions of the square root of the scan rate, derived from (A), where error bars indicate

standard deviation.

(C) Calibration plot of GL sensing. Inset is calibration plot of LA sensing. The error bars indicate standard deviation.
(D) I-t curve of the MOF e-skin for the continuous addition of 1.0 MM GL/LA and 0.1 mM of various interferents at applied potentials of 2.1 (lower panel) and 2.7 V

(upper panel).

(E) I-t curve of the MOF e-skinin 0.1 M PBS with 5.0 mM GL at 2.1 V. 5 mM GL is added to the solution after 24 h to test the performance recovery. Inset is the SEM

images of MOF e-skin before and after continuous sensing test of 24 h.

(Figure 1G). The proposed mechanisms underlying the sensor’s
operation are illustrated in the insets of Figure 1G. For a conduc-
tive MOF, carrier transfer occurs via two primary methods:
through-bond or through-space.***° When tensile strain is
applied to the MOF e-skin, the previously disordered pathway
is aligned and integrated to create a conductive highway for
electron transportation, leading to an increased current. Biomol-
ecular sensing, on the other hand, relies on the redox reaction
between biomolecules and active sites. In this context, a
hydrogen atom from GL (LA) is transferred to *OH via an elec-
tron-proton-coupled transfer process, resulting in the formation
of *H,0.” This reaction exposes the free active sites of Cu-HHTP
and facilitates the desorption of H,O, which benefits the redox
reaction and causes the increased current.®%%¢

Using transformer neural network for micro-expression
recognition

We have adopted the neural network to assist in analyzing the
output data of the e-skin. The transformer, a deep-learning model
known for its ability to capture complex dependencies in sequen-
tial data,®’ is applied to processing signal sequences and it en-
hances the recognition accuracy of complex motion patterns.
As demonstrated in Figure 1H, our system identifies various mi-
cro-expressions with high prediction accuracy. Here, the y axis
represents the actual expression, while the x axis displays the pre-
dicted expression. We can differentiate between pout, cry, and
smile. However, a few laugh expressions are mistakenly predicted

4 Device 3, 100650, April 18, 2025

as open mouth due to similar facial movements. This underscores
the pattern recognition capabilities of e-skin. In addition, we notice
that deep-learning technology can help to decouple the e-skin’s
responses from motion and biomolecules (Figure S16).

Application demonstrations

Biomolecular sensing tested with MOF e-skin

On the basis of biocompatibility and breathability (Note S4;
Figures S17-519), MOF e-skin is used as biomolecular sensors
for both GL and LA. To quantitatively assess the electrochemical
activity of the MOF e-skin, the active area of the composites was
evaluated by using Ks[Fe(CN)g] as an electrochemical probe.*®>°
The cyclic voltammetry (CV) scans of the MOF e-skin, depicted in
Figure 2A, exhibit both oxidation and reduction peaks across
different scan rates. Notably, as the scan rate increases from 20
to 140 mV s”, the peak currents for both oxidation and reduction
rise correspondingly. The active area (A) of the electrode materials
can be calculated by using the Randles-Sevcik equation:*°

lpeak = (2.69 X 105)|'13/2A|:)1/2CV1/27

where n represents the number of transferred electrons, and D
and C denote the diffusion coefficient and the bulk concentration
of Kz[Fe(CN)g], respectively. According to the slope of the peak
current versus the square root of the scan rate (Figure 2B), the
calculated A for the MOF e-skin is 0.133 cm?. This active area
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enhances the contact between electrode and active species in
the electrolyte and facilitates interfacial electron transfer, thereby
improving the electrochemical performance of the MOF e-skin.*®
Subsequently, the sensing ability of MOF e-skin toward GL and
LA are examined (Note S5; Figures S20-S23), and the derived
calibration plots are shown in Figure 2C. The inset of Figure 2C
demonstrates an ultrahigh GL sensitivity of 11,480 pA mM ™"
cm~2 and a wide linear range of 0.001-2 mM (linear regression
equation, Y = 0.00142X+0.4161; correlation coefficient, R? =
0.99). With the larger concentration of GL, the linear range can
be extended to 20 mM, with a linear regression equation Y =
0.0419X+2.141, R? = 0.99 (Figure S24). Furthermore, the limit
of detection (LOD) of GL is calculated by using the equation
LOD = 36/S, where 6 is the standard deviation and S is the sensi-
tivity, and thus an LOD of 0.335 uM is obtained. Here, first-prin-
ciples calculations based on periodic density functional theory
(DFT) were used to analyze the sensing mechanism of the GL
biosensor, and detailed model structures and calculations are
shown in Note S5 and Figures S25-528.

For assessing the performance of the sensor, the anti-interfer-
ence capability is critical. The upper panel of Figure 2D illustrates
the I-t curve of the MOF e-skin upon the sequential addition of
1 mM GL, followed by 0.1 mM of various interferents, including
tromethamine (THAM), urea, NaCl, KCI, and citric acid (CA),
and concluding with an additional 1.0 mM GL. The results high-
light that these interferents elicit a minimal current response
when compared to GL, thereby demonstrating the sensor’s
anti-interference capability. Given that LA operates within the
same interference milieu as GL, its resistance to the same set
of interferents is tested, affirming comparable anti-interference
efficacy (lower part of Figure 2D). Long-term stability is a critical
attribute for sensors. In this work, the long-term performance of
the MOF e-skin is assessed at 2.1 V in 0.1 M PBS containing
5mM GL. As depicted in Figure 2E, the current response remains
stable over a 24-h period without noticeable deterioration, indi-
cating the MOF e-skin’s long-term stability. Because of its recov-
ery capability, the MOF e-skin continues to exhibit a current
response to 5 mM GL even after 24 h of evaluation. The insets
of Figure 2E, which display the morphologies of the MOF
e-skin before and after a 24-h sensing test, reveal no discernible
changes, further showing its remarkable stability. With the same
method, the LA sensor shows an outstanding stability and recov-
ery capability within 24 h (Figure S29). Furthermore, the repro-
ducibility of the sensor was assessed by detecting 1 mM GL
with the same sensor on five separate occasions, and the sensor
was thoroughly washed in water after each test. As illustrated in
Figure S30, the consistency of the response current, shown by a
relative standard deviation (RSD) of 1.35%, attests to the sen-
sor’s reproducibility. This is attributed to the efficient adsorp-
tion-desorption process for GL molecules.>> When compared
to other MOF-based GL sensors, the MOF e-skin exhibits
improved performance in terms of linear range, sensitivity, stabil-
ity, RSD, and LOD, as summarized in Figure S31.%'~

Motion sensing tested with MOF e-skin

To explore the motion-sensing capabilities of the MOF e-skin,
a series of measurements were conducted, encompassing
bending, stretching, and other evaluations, with the results pre-
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sented in Figure 3. Figure 3A demonstrates the bending status of
the MOF e-skin as it conforms to tubes of varying diameters (Fig-
ure S32). A decrease in tube diameter indicates an increased de-
gree of bending and results in a larger stretching in MOF e-skin
and an increase in current (as detailed in the inset of Figure 3A).
The calibration curve for bending sensitivity is described by the
equation Y = 0.0488 + 0.076X, R? = 0.99. Additionally, the corre-
sponding calibration curve for stretching sensing is represented
by the equation Y = 0.2711 — 0.2303X, R? = 0.99 (Figure 3B). The
long-term stability of the MOF e-skin was assessed through a se-
ries of loading/unloading tests extending over more than 800 cy-
cles at a maximum strain of 4%. The MOF e-skin exhibits negli-
gible variation throughout the testing period, as illustrated in
Figure 3C. Here, the highest current response in each panel is
normalized to 1 for comparison. The left and right insets of Fig-
ure 3C display the current variations of the sensor from 83 to
286 s (left) and from 673 to 676 s (right), respectively. The consis-
tency of the observed curves indicates the suitability of the MOF
e-skin for potential applications. Figure 3D presents an ampli-
fying I-t curve of the MOF e-skin with a quick pressure stimulus
where response time of ~80 ms was measured (Figure S33). In
addition, a designed pattern of the e-skin can be adhered to
the human throat to distinguish various spoken words. As
demonstrated in Figure 3E, the utterance of the word “hello”
with increasing volumes results in a distinctive I-t curve charac-
terized by an increased current. Similarly, other words such as
“Fudan” and “morning” result in specific current responses, as
illustrated in Figures S34A and S34B. Notably, even for actions
such as swallowing (Figure S34C), the MOF e-skin consistently
provides repeatable and prompt responses. Furthermore, MOF
e-skin presents an outstanding ability to detect micro-expres-
sion. As shown in Figures 3F and S34D, when MOF e-skin is
stuck near the mouth and eyes, clear current responses can
be observed when micro-expressions appear.

Micro-expression recognition tasks of MOF e-skin

We conducted data analysis and processing by using the trans-
former neural network architecture on the sensing signals of mi-
cro-expressions (Figure 4A; Note S6). Our task predicts various
expressions (cry, laugh, smile, pout, and open mouth) from elec-
tric current waveform graphs, framed as a sequential signal clas-
sification problem (Figure 4B). The transformer architecture is
selected for its ability to capture features across long se-
quences.®” We built a transformer-based model using Pytorch,
adapting the similar coding of the vision transformer (ViT).“®
The model processes these signal embeddings through several
layers of transformer blocks within the neural network architec-
ture, with each block containing self-attention and feedforward
neural networks, outputting probabilities for each category via
a classification head. Due to the high manual signal collection
costs, we employed displacement and noise addition for data
augmentation. For instance, the data in Figure 4C have been
augmented through shifting horizontally along the time axis.
More displacement examples are shown in Figure S35A, and
methods combining noise addition and displacement are shown
in Figure S35B. Signal trimming is applied to remove noise from
device startup and shutdown. The trimmed micro-expression
signal examples can be observed in Figure 4D. These methods
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are suitable for micro-expression signals because temporal
shifts do not compromise the accuracy of micro-expression
information, and the addition of noise enhances network gener-
alization across various environments. The test history in
Figures 4E and 4F elucidate that the model achieves high accu-
racy and low training errors after 1,000 rounds, and the training-
set learning curves and the confusion matrices are shown in
detail in Figures S36 and S37. The model performance pre-
sented in a confusion matrix (Figure 1H) indicates micro-expres-
sion classification. To illustrate the practical application of the
current approach, a demonstration of the sensing and recogni-
tion process is presented in Figure S38.

Transferred MOF e-skin array

To advance the study of MOF e-skin integration with trans-
former neural networks, incorporating an array is recommen-
ded, as an extensive array can enhance the ability to detect a
wider range of physical properties from objects with greater pre-
cision. In the experiment, in order to transfer MOF film to target
substrate for fabrication transferred e-skin array, we devised a
multi-layered structure to facilitate the detachment of the MOF
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the interfacial layer, remains chemically
inert throughout the fabrication process,
facilitating the preservation of the integ-
rity of the MOF film. The third layer, which
is the induction layer, participates in the MOF film formation pro-
cess. Here, poly(3,4-ethylenedioxythiophene)/poly(styrenesul-
fonate) (PEDOT/PSS) layer, ALD Al,O3; nanomembrane, and
ALD-ZnO nanomembrane are used as sacrificial layer, interfa-
cial layer, and induction layer, respectively.?® The optical micro-
scopy image of the multi-layered structure is exhibited in the
inset of Figure 5A, and the obtained free-standing Cu-HHTP
film via this approach is shown in Figure S39 with the large
lateral size. The SEM image in Figure 5B demonstrates the
dense and uniform structure of the free-standing MOF film,
with the inset providing a magnified view. Figure 5C depicts
the design of MOF e-skin array prepared by a transferring pro-
cess and a top view of a single enlarged MOF e-skin unit is
shown in the inset. Upon transfer onto a chitosan film substrate,
a transferred MOF e-skin is achieved (Figure 5D). It is evident
that the transferred MOF e-skin exhibits current response
upon the addition of 5 mM LA in 0.1 M PBS at a potential of
2.7V, as wellas 5 mM GL in 0.1 M PBS at a potential of 2.1 V
(Figure 5E). This response is slightly lower than that of the pre-
vious normal MOF e-skin, likely due to minor damage incurred
during the transfer process. Additionally, subjecting the
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Figure 4. Applying transformer model in micro-expression analysis: From architecture to performance metrics

(A) Transformer model architecture for processing motion signals, with the multi-head attention, and muiltilayer perceptron module components.
(B) A signal triggered by five micro-expressions: cry, laugh, smile, pout, and open mouth.

(C) Data augmentation is employed to enhance the model’s generalization capabilities.

(D) Five sets of examples of micro-expression signals, with each set consisting of a unique micro-expression depicted in (B).

(E and F) The learning progression of the model across the number of epochs: raising accuracy (E) and decreasing test loss (F).
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Figure 5. Fabrication and characterization of transferred MOF e-skin array

(A) Fabrication process of the free-standing MOF film. Inset is an optical microscopy image of the free-standing Cu-HHTP film.

(B) SEM image of the free-standing Cu-HHTP film. Inset is SEM image with larger magnification.

(C) Schematic of MOF e-skin array. Inset is photograph of a single transferred MOF e-skin on chitosan film.

(D) Optical microscopy image of single transferred MOF e-skin. Inset is the schematic of the structure of transferred e-skin.

(E) I-t curve of transferred MOF e-skin with the addition of 5 mM GL in 0.1 M PBS at a potential of 2.1 V (red line) and I-t curve of transferred MOF e-skin with the

addition of 5 mM LA in 0.1 M PBS at a potential of 2.7 V (blue line).
(F) I-t curve of transferred MOF e-skin with 5% strain applied three times.

transferred MOF e-skin to a 5% strain three times results in sta-
ble and reproducible current responses, further highlighting its
multi-functional sensing capabilities (Figure 5F).

Conclusions and outlook

This work presents an approach for developing a multi-functional
MOF e-skin by utilizing ALD-assisted assembly to grow dense and
uniform Cu-HHTP film on chitosan film. The fabricated MOF e-skin
demonstrates multi-functional sensing capabilities due to its com-
posite structure. It can independently detect biomolecules (e.g.,
GL and LA) and various motion signals (e.g., micro-expression, hu-
man movement, and ECG signals), and the sensing mechanisms
are investigated separately with the help of theoretical calculation.
The device showcases rapid response, high repeatability, and
remarkable sensitivity across both biomolecular and mechanical
sensing modes. By leveraging the transformer neural network,
the MOF e-skin can isolate the individual I-t curves for responses
from biomolecule and motion and identify different micro-expres-
sions by analyzing the output current. We developed a releasing
and transferring process that can be used to fabricate the sensor
array with the capability to detect a broader spectrum of objects
with increased accuracy in the future.

Enhancing the scalability of the e-skin for mass production
and incorporating self-healing and adaptive materials could
bring this technology closer to becoming a ubiquitous tool in
both consumer and clinical settings. With advanced machine-
learning models, the MOF ekin could evolve into an intelligent
system capable of autonomously analyzing complex physiolog-
ical data and providing real-time feedback, elevating healthcare
and advancing human interaction technologies.
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METHODS

Materials

Shells of Chinese hairy crabs, portunid crabs, were used as the
starting material in this study. Cu(CHzCOO),-H,O (>97%),
HHTP (>97%), dopamine hydrochloride (=97%), ascorbic acid
(=>99.99%), Nafion (5 wt. %), D(+)-glucose monohydrate (AR,
>99.7%), NaOH (AR, >99.7%), NaCl (AR, >99.7%), potassium
ferricyanide (Kz[Fe(CN)e], AR, >99%) and KCI (AR, >99.7%)
were purchased from Aladdin (Shanghai, China). Sinopharm
Chemicals provided 2-methoxyethanol (AR, >99.5%), zinc
acetate dihydrate (Zn(CH3COOQ),-2H,0, AR, >99.7%), and
LA (AR, >99.7%). Titan supplied methanol (AR, >99.5%), N,
N-dimethylformamide (DMF, AR, >99.5%), and ethanol
(AR, >99.7%). Sigma-Aldrich provided PEDOT/PSS (1.3 wt. %
dispersion in H,O, conductive grade) and methylimidazole (MI,
AR, >99.7%). Sigma-Aldrich supplied polyethylene (PE) film,
polyimide (PI) film, PDMS film, and glass slides. Dulbecco’s modi-
fied Eagle’s medium (DMEM) (calcein-acetoxymethyl ester, AR,
>99%) was bought from Corning. Penicillin (100x) and strepto-
mycin were bought from Beyotime, China. Fetal bovine serum
(AR, >99%) was bought from GIBCO, Australia. The Millipore sys-
tem was used to purify the de-ionized (DI) water for all experiments.
The cell viability of human oral keratinocyte (HOK) cells and CCK-8
assay kit were measured using calcein-AM/propidium iodide (Be-
yotime, China).

Preparation of the self-locking chitosan film
The crab shells were subjected to an ethanol and water wash. Sub-
sequently, the shells were treated with 1 M HCI at room



doi.org/10.1016/j.device.2024.100650

Please cite this article in press as: Ke et al., Deep-learning-enhanced metal-organic framework e-skin for health monitoring, Device (2024), https://

Device

temperature for 24 h to remove any residual calcium minerals. The
shells were thenrinsed and treated with 5 wt % NaOH atroom tem-
perature for 12 h to remove any remaining protein. This step was
repeated twice. The pigments were then extracted from the crab
shell chitin by using ethanol at room temperature for 12 h. The pu-
rified chitin was then immersed in a dilute acetic acid solution
(pPH = ) for 12 h to facilitate fibrillation of the chitin fibrils. The
mixture of crab-shell chitin and acetic acid solution (0.8 wt. % solid
content) was blended at 15,000 rpm for several minutes using a
high-speed blender to produce a uniform chitin-nanofiber slurry.
This slurry was then diluted with distilled water to a concentration
of 0.1 wt % and filtered under vacuum using a nylon-membrane fil-
ter with 2 0.45-um pore size. The resulting wet film was prepressed
at 50°C under 3 MPa for 6 h to strengthen the fiber networks. This
was followed by treatment with a concentrated NaOH solution (50
wt. %) at 90°C for 12 h to promote interdigitation. Then, the film
was washed several times with DI water and cut into a square
shape with scissors. Finally, the film was rinsed and hot-pressed
at50°C under 3 MPa for 12 h to obtain the final water-resistant film.

ALD-assisted deposition of ZnO nanomembrane

ZnO nanomembrane was prepared by ALD on chitosan film.
The preparation process was performed at a temperature of
150°C in a custom-designed reactor, and diethylzinc (DEZ)
and DI water were utilized as the precursors. The ALD cycle
is composed of a DEZ pulse (70 ms), waiting time (2 s), N, purge
(30 s), DI-water pulse (50 ms), waiting time (2 s), and N, purge
(80 s). In the current study, the ZnO nanomembrane with 300
ALD cycles (~50 nm) was deposited.

Fabrication of MOF e-skin

A defined mixture of 324 mg of HHTP, 10.5 mg of
Cu(CH3COO0)5-H,0, and 20 mL of methanol was introduced
into a 50-mL glass vial, which was then properly sealed. Subse-
quently, an ALD-ZnO nanomembrane-coated chitosan film was
carefully placed within the same vial. The vial was heated to a
temperature of 65°C for a period of 24 h. Upon the vial’s comple-
tion of the heating process and subsequent cooling to room tem-
perature, the samples were carefully collected and washed with
a moderate amount of ethanol. For sensor device, Au patterns
(50 nm) deposited by E-beam evaporation with shadow mask
were used as electrodes.

Synthesis of the MOF powder

MOF powder was prepared for subsequent comparison. A defined
mixture of 32.4 mg of HHTP, 10.5 mg of Cu(CH3COO),-H,0, and
20 mL of methanol was introduced into a 50-mL glass vial, which
was then properly sealed. The vial was heated to a temperature
of 65°C for a period of 12 h. Upon the vial’s completion of the heat-
ing process and subsequent cooling to room temperature. The
product was centrifuged, followed by three cycles of ethanol
washing, prior to being subjected to vacuum drying at 60°C for a
duration of 24 h.

Fabrication of free-standing MOF film and transferred
device

A uniform PEDOT/PSS layer with a thickness of approximately
10 um is spun-coated onto the slide substrate as a sacrificial
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layer, followed by a 6-h solidification at 90°C. Al,O3 nanomem-
brane was then deposited by ALD on the sacrificial layer. The
preparation process was performed at a temperature of 120°C
in a custom-designed reactor, and trimethylaluminium (TMA)
and DI water were utilized as the precursors. The ALD cycle is
composed of a TMA pulse (60 ms), a waiting period (2 s), an N»
purge (30 s), a DI-water pulse (60 ms), a waiting period (2 s), and
an N, purge (30 s). In this work, the Al,O3 nanomembrane was
deposited on substrates with 200 ALD cycles. The following
step is the deposition of ZnO nanomembrane with 300 ALD cy-
cles. Then, the sample was carefully placed within the same
vial. The vial was heated to a temperature of 65°C for a period
of 12 h. Upon the completion of the heating and subsequent
cooling to room temperature, the sample was carefully collected
and washed with a moderate amount of ethanol. Finally, the free-
standing Cu-HHTP film was peeled off by using DI water. As a
substrate, chitosan film was prepared separately. Au patterns
(50 nm) were deposited by sputtering on chitosan film with
shadow mask and used as electrodes. The free-standing Cu-
HHTP film was then transferred onto the chitosan film with elec-
trodes. The device was pasted on the surface of human skin and
wires were used for signal output.

Structural characterizations

The sample morphologies were characterized by using field-
emission SEM (Gemini 560, Zeiss). More details of structural
characterizations can be found in Note S7.

Electrochemical characterizations

The electrochemical activity measurements were conducted us-
ing solutions prepared with 0.1 M PBS, pH 7.2. The experiments
to assess the electrochemical properties were conducted by us-
ing a Zennium X instrument (Zahner Instrument, Germany), em-
ploying a three-electrode configuration. An Ag/AgCl electrode
(immersed in saturated KCI solution) served as the reference
electrode, and a graphite rod served as the counter electrode.
The test samples were affixed to the platinum electrode clamp
using Nafion to enhance the sample-clamp connection.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be
directed to and will be fulfilled by the lead contact, Gaoshan Huang
(gshuang@fudan.edu.cn).

Materials availability
This study did not generate new and unique reagents.

Data and code availability

All data and original code required to evaluate the conclusions in this article are
provided within the article and supplemental information. The output data of
the sensor within the datasets are provided as a demo datasets in Data S1
(Data S1.zip). The corresponding Python coding environment setup informa-
tion is in Data S2 (Data S2.zip). The transformer model, along with the code
for model training and testing, is included in Data S3 (Data S3. zip) and Data
S4 (Data S4.zip), respectively. A README.md file is provided in Data S5.zip
to assist users in understanding the background, functionalities, depen-
dencies, and detailed instructions on installation, usage, and execution of
the code.
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