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In brief

Yang et al. present an ion dynamics-
dependent strategy for sweat
identification, utilizing an inkjet-printed
organic electrochemical transistor
(OECT) array. The OECT array generates
differentiated dynamic electrochemical
responses for specific sweat
components, enabling the construction
of ion dynamics-based fingerprints.
Through system-level integration and Al
algorithm assistance, the device enables
wireless sweat monitoring and
biochemical fingerprint identification for
personal health monitoring.
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THE BIGGER PICTURE Sweat offers a wealth of insights into our body’s condition, from hydration balance to
markers of certain diseases. However, effectively monitoring sweat is challenging due to its complex mix of
ions and molecules. Current sweat monitoring devices tend to rely on selective sensors with specific bio-
recognition elements (e.g., ion-selective membranes [ISMs] and enzymes) to selectively bind with certain
ions or molecules. However, the complex chemical modifications in these sensors, along with susceptibility
to interference and signal drift, limits their broader application. This work leverages intrinsic ion dynamics
within an organic electrochemical transistor (OECT) array to detect and analyze sweat content. Assisted
by an Al algorithm, this device can interpret ion patterns in collected sweat to give health insights. This
advancement in sweat sensing facilitates non-invasive wearable health monitors, providing an effective
tool for personal wellness and clinical diagnostics.

SUMMARY

Sweat contains physiological information for non-invasive health monitoring. However, the complexity of sweat
components makes signal decoupling challenging; this traditionally relies on selective sensors to detect spe-
cific biomarkers and manual analysis for decoupling, which are susceptible to interference and signal drift. In
this study, we present an intrinsic ion dynamics-dependent sweat identification strategy by combining an ink-
jet-printed customized organic electrochemical transistor (OECT) array with artificial intelligence (Al) algo-
rithms. The OECT array comprises two types of channel films, featuring 3D-interconnected porous (3D-IP)
structures with facilitated ion transport and tabular porous (TP) structures with enhanced electron transport.
The designed OECT array achieves a differentiated dynamic electrochemical response for specific sweat com-
ponents, thereby constructing ion dynamics-based fingerprint information for sweat identification. Integrated
with flexible peripheral circuitry and a convolutional neural network, the OECT array can distinguish six samples
of artificial sweat and four samples of real sweat with accuracies of 95.0% and 98.0%, respectively.

INTRODUCTION as omnipresent physiological regulators, play integral roles in

modulating blood pH, pressure, and cellmembrane permeability.”
Sweat, with its abundant physiological information, is a valuable = The ion composition in sweat provides insights into a broad spec-
and non-invasive modality for health monitoring.” lons, serving  trum of internal bodily information.> Recent advancements in the
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Figure 1. Design of the ion dynamics-differentiated intelligent sweat fingerprint-sensing system
(A) Comparison between a conventional wearable sweat-sensing system (left) and our intelligent sweat fingerprint sensing system (right).
(B) Schematic of our inkjet-printed ion dynamics-differentiated OECT array and a multichannel sweat sensing system.

modification of biorecognition elements (e.g., enzymes, anti-
bodies, ion-selective membranes [ISMs], etc.) that can enable a
sensor to selectively detect the specific biomarker in sweat
have accelerated the development of sweat sensing and identifi-
cation systems.“’6 To obtainion information from sweat, ISMs can
be modified on electrodes to create potential interface changes by
selectively binding ions from sweat, allowing sensors to specif-
ically detect certain ions and gather comprehensive ion informa-
tion through different modifications.”~'° However, such modifica-
tions necessitate complex chemical designs and additional
coating processes, and the introduced interfaces resulting from
these modifications can lead to instability of the sensor signals. "
Furthermore, the reliance on absolute and relative signal decou-
pling schemes is often compromised by the crosstalk from com-
plex targets.'? Additionally, extensive data from multiple sweat
sensors mainly depend on manual analysis (i.e., the process of hu-
man intervention in calibrating sensor data and associating them
with specific conditions), and deciphering the complex and subtle
sweat signals remains labor intensive (Figure 1A)."*'* Therefore, it
is imperative to develop a paradigm for sweat sensing and identi-
fication with the merits of modification-free, interference-resistant,
and intelligent analysis for practical applications.

Organic electrochemical transistors (OECTs) are attractive
ion-sensing components due to their intrinsic ionic-electronic
coupling characteristics, signal amplification capability, and solu-
tion operability.'®'® In OECTs, under the influence of gate voltage,
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ions migrate through the conductive polymer channel film, leading
to dedoping and current changes.'” Different microstructural
characteristics, such as porosity and crystallinity, significantly in-
fluence ion migration, resulting in differential ion dynamics and
disparate dynamic sensing responses.'®?? These dynamic
sensing responses provide features containing ion information,
making them less susceptible to interference.® However, the
ion dynamics of OECTs have not yet been leveraged effectively
as sensing characteristics, and there remains a lack of effective
strategies for constructing channel materials that exhibit specific
or multiple ion dynamics.”* Moreover, the features of ion dy-
namics are difficult to extract using traditional analysis schemes.
Artificial intelligence (Al) algorithms can help extract target fea-
tures from implicit information and train models for recognition,
thereby enabling the decoupling of complex and obscure ion dy-
namics information.?*’ Furthermore, for wearable real-time
monitoring applications, a comprehensive system-level integra-
tion considering device packaging, peripheral circuitry, and user
interfaces is still needed.*®

Here, we present an Al-assisted sweat-sensing device using an
inkjet-printed ion dynamics-differentiated OECT array (Figures 1A
and 1B). The device utilized the ion-electron coupling dynamics of
OECTs to detect ions in sweat and map the dynamic response
curve into multivariate sweat fingerprints to be classified
using Al. Inkjet-printed OECTs with porous poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) channels (i.e.,
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Figure 2. Design of the inkjet-printing process and construction of two types of porous films

(A) Schematic of the inkjet printing process.

(B) Demonstration of high-precision, customizable inkjet-printed PEDOT:PSS patterns. Scale bar of the printed school logos: 2 mm.

(C) Temporal evolution of contact angles of PEDOT cocktail solution and pure PEDOT:PSS solution.

(D) Schematic of the two types of porous film formation processes, including cocktail solution injection, water evaporation, EG evaporation (3D-IP film formation),

and DMSO post treatment (TP film formation).

(legend continued on next page)
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3D-interconnected porous [IP] and tabular porous [TP] films) were
investigated. The 3D-IP-OECT presents a facilitating ion intercala-
tion, resulting in faster ion dynamics. The TP-OECT, with its com-
pressed porous channel, displayed slower ion dynamics. These
disparities in ionic-electronic transport were exploited to
construct the ion dynamics-differentiated OECT array using a
customized inkjet-printing process. A multichannel flexible wire-
less peripheral system was developed to collect real-time sweat
fingerprint data based on ion dynamics. To uncover the obscured
information from complex sweat fingerprints, a convolutional neu-
ral network (CNN) model was established, achieving high accu-
racy in identifying six samples of artificial sweat with varying ionic
composition (95.0%) and four samples of real sweat from different
volunteers (98.0%).

RESULTS

Inkjet printing process for constructing the porous films
As illustrated in Figure 2A, the inkjet printer droplets fuse into the
porous film with customized patterns via non-contact additive
manufacturing. We optimized the printing process and found
that a substrate temperature of 60°C and droplet spacing of
20 pum provided the best pattern uniformity and precision (Fig-
ure S3; Note S1). Highly customized and high-precision
(<70 um) PEDOT:PSS patterns can be manufactured within mi-
nutes (Figure 2B). To manipulate the microstructure of printed
PEDOT:PSS films, a composite ink comprising PEDOT:PSS,
high-boiling-point ethylene glycol (EG), and octylphenol polye-
thoxylate (Triton X-100) surfactant were employed. The static
and time-dependent contact angles were measured to investi-
gate the ink-wetting behavior and solvent evaporation dynamics
(Figures 2C and S4). Compared to the pure PEDOT:PSS
aqueous solution (28.6°), the initial contact angle of the cocktail
ink (16.8°) decreases and exhibits more stable dynamic contact
angle variations during the evaporation process. The well-known
“coffee ring effect,” usually observed during the solvent volatili-
zation of pure PEDOT:PSS dispersion, was inhibited via the
Marangoni effect, triggered by the addition of the high-boiling-
point solvent of EG and Triton X-100, which leads to a stable
volatilization process for creating a macroscopically uniform
film (Figure S5),29:°

To understand the mechanism and process of microscale
porous film formation, a schematic is shown in Figure 2D. The
PEDOT:PSS was initially dispersed in a mixture of water, EG,
and Triton X-100. The water evaporated rapidly when the sub-
strate was heated to 60°C, while the EG evaporated more slowly
due to its much lower saturated vapor pressure and high boiling
point of 197.3°C. This solvent evaporation discrepancy triggered
local PEDOT:PSS aggregation and phase separation from wa-
ter-dispersed components, leaving an IP film; i.e., a 3D-IP film.
Afterward, DMSO was used to treat the 3D-IP film, inducing
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the collapse of its 3D pores to form a tabular architecture by
partially dissolving PSS, which acted as the agglomerant for
the PEDOT:PSS concrete wall and resulting in formation of the
TP film.*" Atomic force microscopy (AFM) was utilized to charac-
terize the microstructure and pore dimension of the 3D-IP film
and TP film, as illustrated in Figures 2E and 2F. The 3D-IP film ex-
hibits a 3D-IP structure in a pore size range of ~10-30 nm with a
depth of ~26 nm. In contrast, the TP film showed a compressed
TP structure in a pore size range of ~20-30 nm with a pore depth
of ~16 nm. This tighter structure enhances the contact between
PEDQOT regions, providing more conductive pathways for elec-
trons. The crystallinity and orientation of the 3D-IP and TP films
were then characterized by grazing incidence wide-angle X-ray
scattering (GIWAXS). The GIWAXS pattern in Figure 2G for the
3D-IP film displays a broad diffraction ring centered around
1.3 A”, indicative of its amorphous nature. In comparison, the
TP film exhibits a distinct enhancement in the out-of-plane
diffraction peak situated around 0.5 A~ besides the amorphous
diffraction ring. This peak confirms an improved vertical ordering
along the (100) crystallographic plane within the film. The high-
resolution transmission electron microscopy (HR-TEM) images
in Figure 2H also resolve the amorphous feature of 3D-IP films
and local crystallization of TP films, with the discernible
0.31 nm lattice spacing of the TP film corresponding to the
(020) crystal plane, indicative of -7t stacking along the in-plane
direction.®?

The UV-visible (UV-vis) spectra reveal the molecular aggre-
gate structure, as shown in Figure 2I. It depicts a reduction in
the absorption peak at 227 nm, indicative of diminished PSS-
related absorption in the transition from a 3D-IP to a TP film.
The amplification of the peak at 278 nm in the TP film spectrum
corresponds to an increase in - stacking interactions among
PEDOT chains.*® In addition, the variation in S 2p in X-ray photo-
electron spectroscopy also supports the reduction of PSS in TP
film (Figure 2J). These spectral changes agree with the observed
morphological and X-ray diffraction analyses, which could be
attributed to the DMSO-triggered PSS segregation, thus facili-
tating the contraction of the 3D porous structure.® In contrast,
spin-coated PEDOT:PSS films made from the same cocktail so-
lution exhibited a dense and amorphous structure, as shown in
Figures S7 and S8. This further validates the uniqueness of the
inkjet printing approach to fabricate the porous film.

Device design and electrical characterization of inkjet-
printed OECTs

The OECTs are constructed based on the porous PEDOT:PSS
films as channel and inkjet-printed Ag electrodes as gate, source,
and drain electrodes, as shown in Figures 3A and 3B. The Ag sur-
face of the gate electrode was chlorinated to form an Ag/AgCl
nonpolarizable electrode to reduce the voltage drop at the
gate. Furthermore, a polyvinyl butyral (PVB) protective layer was

(E) AFM image of the 3D-IP film. Inset: the depth histogram follows a Gaussian distribution with a center of 26.0 nm.
(F) AFM image of the TP film. Inset: the depth histogram follows a Gaussian distribution with a center of 16.2 nm.

(G) GIWAXS pattern of the 3D-IP film and TP film.

(H) HRTEM image of the 3D-IP film and TP film.

(I) UV-vis spectrum of the 3D-IP film and TP film.

(J) X-ray S 2p photoelectron spectra of the 3D-IP film and TP film.
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Figure 3. Device design and electrical characterization of fully printed OECTs with two operating modes
(A) The device structure design of the inkjet-printed OECT: anatomy (left) and assembly (right).

(B) Photo of the inkjet-printed OECT array. Scale bar: 1 cm. The inset shows a micrograph of the device. Scale bar: 400 um.
(C) Transfer characteristic curve of the 3D-IP-OECT.
(D) Transfer characteristic curve of the TP-OECT.
(E) The current response curve of the 3D-IP-OECT under different Na* and K* concentrations. The curve shows a fast near-right-angle response even when the

ion concentration is low.

(F) The current response curve of the TP-OECT under different Na* and K* concentrations. The curve shows a slow arc-shaped buffer zone response when the ion
concentration is low. Vpg = — 0.1, Vgs = 0.4 V.
(G) The current response value as a function of the logarithmic ion concentration. The slope of the linear fit is used as the sensitivity.
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employed to shield the gate electrode from undue oxidation while
maintaining a stable potential.*'* Before testing, poly(dimethyl)
siloxane (PDMS) was 3D printed as an insulation layer and a
fixed-size reservoir as a dedicated vessel for the electrolyte.

Figures 3C and 3D displayed the typical depletion-mode
transfer characteristic curves of the 3D-IP-OECT and TP-
OECT, where the TP-OECT exhibits a higher switching range
and a larger voltage window than the 3D-IP-OECT. Notably,
the threshold voltages for these two OECTs were calculated as
0.54 V and 0.72 V, respectively (Figure S13). The on-off ratio
and transconductance (9,,), which reflect the switching and
amplifying capabilities of OECT, are reported in Figure S14.
The 3D-IP-OECT achieved an on-off ratio of 325.6 + 182.8,
whereas the TP-OECT demonstrated a higher ratio of 966.1 +
174.5. The g, of the 3D-IP-OECT is 5.4 + 0.5 mS, and that of
the TP-OECT could reach 10.8 + 0.7 mS. The performance com-
parison with other inkjet-printed OECTs is summarized in
Table S1, which highlights the on-off ratio and g,, our device.
The single-pulse response characteristics are shown in Fig-
ure S16; the 3D-IP-OECT exhibits a faster response speed of
0.40 s than the TP-OECT with 0.74 s, validating the disparity in
ion intercalation capability between the two thin films.

The dynamic sensing curve, which captures both current varia-
tion and time characteristics to reflect microscopic ion dynamics
on a macroscopic scale, was used to evaluate the sensing perfor-
mance of the 3D-IP-OECT and TP-OECT. The 3D-IP-OECT shows
a sharp current response with nearly right-angle shapes under
different Na* and K* concentrations ranging from 0.01 to
100 mM (Figure 3E), which demonstrates the fast ion intercalation
in the 3D-IP film. The TP-OECT exhibits a slow current response
with arc shapes, especially at low concentrations, which demon-
strates the slower ion intercalation in the TP film (Figure 3F). These
differences in the dynamic response curve can be used to reflect
the intrinsic ion characteristics from different dimensions. Further-
more, the response current was fitted against the logarithm of ion
concentration, expressed as the current change per decade (dec)
of ion concentration, demonstrating good linearity and sensitivity,
as illustrated in Figure 3G. For the 3D-IP-OECT, the sensitivities of
K* (218 uAdec™ ') and Na* (228 pA dec™ ") were lower compared to
the TP-OECT, which exhibited sensitivities of 790 uA dec " for K*
and 716 pA dec™' for Na*. When compared with other OECT-
based ion sensors (Figure 3H; Table S2), our device shows higher
sensitivity for ion detection, which is important for distinguishing
subtle differences in ion concentrations within complex
fluids.”>*

The structure-property interrelationships of the 3D-IP-OECT
and TP-OECT areillustrated in Figures 3land 3J. The porous struc-
ture of the 3D-IP film facilitates electrolyte permeation and interac-
tion with the PEDOT:PSS film, resulting in direct dedoping of the
inner surface of the pores. The 3D-IP architecture enhances longi-
tudinal ion transport while inhibiting lateral electron transport. As a
result, the device exhibits a rapid ion response rate and reaches
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the off-state limit with a small voltage (~0.6 V). In contrast, the
TP film with compressed configuration favors efficient lateral
charge transport but suppresses the ion migration from the elec-
trolyte. This necessitates higher energy input for ion intercalation,
indicating a higher potential and an elevated driving force, resulting
in a slower ion response rate and a larger off-state voltage (~0.8 V).
These conclusions are confirmed by the electrochemical imped-
ance data presented in Figure S17. The performance and dispar-
ities in their electrical properties highlight the differences in the
structure and ion transport dynamics of 3D-IP and TP films, laying
a foundation for the development of differentiated sensor arrays.

To evaluate the reliability of OECTs fabricated using inkjet
printing technology, we tested their cycling stability and flexibility
(Note S8). The cyclic switching stability of OECTs at a sensing
gate voltage of 0.4 V is shown in Figure 3K. After 100 pulse cy-
cles, the on-off ratio of the device remained at 97%. The stable
performance observed over 1,000 cycles of large-voltage-win-
dow (—0.4 V-0.8 V) cyclic voltammetry testing, with 82.6%
capacitance retention (Figure S18). Cyclic bending tests with a
2 cm outer bending radius revealed that the resistance changes
of the printed OECTs are less than 20% after 10,000 cycles
(Figure S19). The output characteristic curves obtained at
bending radii of 30, 20, and 10 mm closely overlapped with those
under flat conditions, demonstrating negligible impact on device
functionality (Figure 3L). The reproducibility of the printed OECT
devices is demonstrated by the uniform performance across a
large-area array (8 x 4 configuration; Figure S20).

lon dynamics-differentiated OECT sensing arrays and
systems

Based on the designed 3D-IP-OECTs and TP-OECTs, we built a
flexible sweat-sensing system for real-time sweat data collec-
tion. This system consists of the inkjet-printed OECT array, a mi-
crofluidic module, an adapter circuit board, a wireless multi-
channel test circuit board, and a mobile app (Figure 4A). The
system-level block diagram of the system is shown in Figure 4B,
including the modules of signal generation, transduction, trans-
mission, and visualization.

To more comprehensively capture the sweat fingerprint infor-
mation, four 3D-IP-OECTs and four TP-OECTs were configured
into 2-, 4-, 6-, and 8-layer printed PEDOT:PSS as channels (Fig-
ure 4C)."° As the thickness of the channel layer increases, the
OECT sensing unit takes longer to reach its channel saturation
status, resulting in a gradual transition from the right-angle curve
to the arc-shaped curve. Combining the channel structure- and
thickness-dependent sensing behaviors, the differentiated
OECT array reveals the internal information of sweat and forms
the ion dynamics-based fingerprint.

Figure 4D illustrates the response curves of the ion dynamics-
differentiated OECT array at 1 mM K" concentration. The OECT
units on the left side of the array show fast response curves
close to the right-angle shape due to the larger pore structure

(H) Performance comparison of sensitivity and on-off ratio for OECT-based ion sensors.

(I) Schematic of ion-electron coupling transport of the 3D-IP-OECT.
(J) Schematic of ion-electron coupling transport of the TP-OECT.

(K) Stability of the inkjet-printed OECT tested in an ambient environment. After several voltage-switching cycles, the device can still maintain good performance.
(L) Output characteristic curve of the TP-OECT at bending radii of 30, 20, and 10 mm and flattening.
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Figure 4. Design of flexible sensing systems and ion dynamics-differentiated OECT arrays
(A) Schematic of the flexible microfluidic-integrated wireless multichannel sensing system.
(B) System-level block diagram showing signal generation, transduction, transmission, and visualization from the microprogrammed control unit to the OECT

sensor array and then to the user interface.

(C) Schematic of the inkjet printing customized differentiated array with different ion intercalation dynamics.
(D) Comparison of the response curves of 8 differentiated OECTs at a concentration of 1 mM K*. On the left, they are close to a near-right-angle response, and on

the right, they are close to an arc-shaped response.

(E) Photographs of the flexible system worn on the wrist and a portable mobile app. Scale bar: 4 cm.
(F) Photographs of the entire system worn on the back of the human body demonstrate its system-level conformal characteristics. Scale bars: 8 cm (left)and 2 cm

(right).

and thinner channel layer. In contrast, the OECT units on the
right side present slow response curves close to the arc shape
because of the smaller pore structure and thicker channel layer.
The eight units in the array display a consistent linear response
to Na* and K* concentrations ranging from 0.01 to 100 mM
(Figures S25-S27), indicating good uniformity. The differential
response to Na* and K* of eight units (Figure S28) demonstrates
the potential of the OECT array to identify sweat. Thus, this
approach enables an electrical readout ion dynamics-differenti-
ated array, akin to gel electrophoresis utilized in protein analysis,
which can be used for sweat component differentiation (Note S4).

In the flexible sweat-sensing system, the sensing curves of
eight OECTs could be collected simultaneously through the mi-
crofluidic module and the differentiated OECT array, sent to

external equipment via wireless transmission, and displayed on
the mobile app (Figure S29). The flexible system weighs 7.86 g
without the battery, and the complete system with the lithium-
ion battery weighs 16.13 g (Figure S30). When worn on the wrist
or shoulder, the device conforms to the contour and operates
normally under arbitrary deformation (Figures 4E and 4F). The
system could undergo a total of 600 cycles of sweat measure-
ment under environmental conditions without obvious deteriora-
tion of sensing performance (Figure S32).

Al-assisted sweat fingerprint identification

To understand the sweat fingerprint information captured by the
flexible sensing system, we adopted an Al algorithm to analyze
the multivariate signals. As illustrated in Figure 5A, six distinct
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Figure 5. Al-assisted sweat identification

(A) Schematic of sweat fingerprint extraction by the flexible sensing system. The typical sweat fingerprint pattern of artificial sweat C is illustrated. Each pixel

represents time data related to ion dynamics in a sensor.
(B) Schematic of the CNN model for sweat identification.

(C) Identification accuracy of artificial sweat during 300-epoch iterations for the training and testing data.

(D) Confusion matrix for test data of 6 samples of artificial sweat. The overall identification accuracy is 95.0%.

(E) Sankey diagram of SHAP analysis depicting the relative contribution of different sensors to sweat classification.

(F) Identification accuracy of real sweat samples during 200-epoch iterations for the training and testing data.

(G) Confusion matrix for testing data of 4 samples of real sweat collected from 4 volunteers. The overall identification accuracy is 98.0%.
(H) Stacked bar plot of sensor importance evaluated by SHAP analysis, showing their contribution to each real sweat sample.

samples of artificial sweat with varying ionic compositions to
simulate physiological differences (labeled A-F) were first loaded
into the flexible sensing system, and the corresponding sensing
current-time (I-T) curves from eight sensors in the differentiated
OECT array were collected (Figure S34). Each sample of artificial
sweat was measured repeatedly 100 times, forming a dataset of
600 measurements. To collect the ion dynamics-based signals
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and reduce the computational burden, 10 discrete time-depen-
dent data points were extracted from the sensing I-T curves of
each sensor (Note S5; Figure S35), and a total of 80 discrete
data points were obtained for each measurement, which were
then arranged into an 8 x 10 sweat fingerprint pattern represent-
ing the sweat (Figures 5A and S36-S42; Table S4) for training the
Al model.
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We chose to use a CNN algorithm with two convolutional
layers, two max-pooling layers, and one fully connected layer
(Figures 5B; Note S6) for analyzing the 2D temporal data.*’
The training and testing data were selected randomly at a ratio
of 8:2 from the artificial sweat fingerprint dataset. After 300
epochs of training, the identification accuracy for the training
and testing data gradually converged (Figure 5C). The confu-
sion matrix of the testing set is illustrated in Figure 5D, verifying
the model’s performance in classifying six samples of artificial
sweat with an average accuracy of 95.0%. To verify the impor-
tance of the multidimensional ion dynamics-based features
provided by the OECT sensor array, we also trained models us-
ing data from each individual OECT sensor within the array (Fig-
ure S43). The data obtained from individual sensors were rela-
tively singular and limited, making them more susceptible to
external interference and resulting in generally poor predictive
capability (~65%-78% accuracy after training). This highlights
the role of the OECT array’s multidimensional ion dynamics-
based information in enhancing robustness and improving
identification accuracy. To assess the impact of each individual
sensor’s features on the final prediction results, we employed
Shapley additive explanation (SHAP) for model evaluation.
SHAP analysis is designed as a game theory approach in deter-
mining a sensor’s individual contribution to the prediction and
shows the relative significance in the model.*> As demon-
strated in Figure 5E, the SHAP analysis revealed that each
sensor in the array contributed to the model’s prediction capa-
bilities for each class, indicating that each sensor contained
non-overlapping information beneficial to the model, thereby
enabling the array-based model to achieve enhanced anti-
interference capability and robustness.

To demonstrate the system’s identification ability with real
sweat samples, we collected sweat from four volunteers of
different genders and ages under fixed collection conditions.
Each sample of real sweat was measured 25 times, resulting in
a dataset of 100 measurements that was split randomly into
training and testing sets at a 1:1 ratio. As shown in Figure 5F,
the model gradually converged within 200 epochs. The confu-
sion matrix in Figure 5G confirms the model’s effective recogni-
tion of real sweat samples, achieving an overall recognition rate
of 98.0%. The relevance of each feature was evaluated using
SHAP analysis as well (Figure 5H). It was established that S4,
S5, and S6 were the most influential sensors in predicting real
sweat samples, with each sensor in the array contributing to
the overall performance of the final model. These results demon-
strate that the Al-assisted sweat identification system can effi-
ciently sense and distinguish the information from both artificial
sweat and real sweat samples, effectively decoupling intrinsic
patterns from complex sweat components.

Next, we demonstrated the potential application of this Al-as-
sisted sweat identification system in disease diagnosis (Note
S7). Cystic fibrosis, a genetic disease that can cause extensive
damage to the lungs, digestive system, and other organs, is
currently diagnosed through a clinical gold-standard test by de-
tecting the chloride ion concentration in sweat.*® To test our sen-
sor’s ability to decouple this particular ion information, CI- levels
were set at 80 mM for artificial sweat samples A, B, and C,
mimicking sweat from patients with cystic fibrosis, and 40 mM
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for samples D, E, and F as control. Based on the artificial sweat
fingerprint dataset, a binary classification task was conducted to
distinguish the cystic fibrosis disease with an accuracy of 98.3%
(Figure S44).

DISCUSSION

We presented an Al-powered sweat-sensing device for the
identification of sweat fingerprints using an inkjet-printable
ion dynamics-differentiated OECT array. By using the differen-
tial ion screening capabilities of OECT channels with distinct
microstructures, we tailored the printing process to customize
the channel layer. We developed a porous 3D-IP film and TP
film exhibiting ion intercalation-dominated behavior and elec-
tron transfer-dominated behavior, respectively. Based on these
distinct structures, we designed an OECT array capable of
discerning differential ion dynamics, obtaining specific sensing
fingerprints for various sweats. As a complete system, the
OECT array is integrated with a flexible integrated circuit, a mo-
bile app, and a microfluidic channel, facilitating real-time, multi-
channel detection of sweat. Integration with a CNN algorithm
enabled the identification of sweat samples, underscoring the
potential of this system for sweat signal decoupling and human
health monitoring.

This sweat fingerprint sensing technology offers a non-inva-
sive solution for health monitoring, disease identification, and,
potentially, personal identification. The properties of the
OECTs, rather than external modifications, contribute to
their enhanced stability. The differentiated ion dynamics design
provides information for sweat identification, endowing this
approach with anti-interference capability. Further studies
across broader users are needed to validate its utility, and
the training of a more universal model should account for fluc-
tuations in sweat composition. Extensive datasets will be
necessary to enhance the model’s robustness and adaptability
for real-time sweat analysis. The scalability and low-cost
potential of inkjet printing support the technology’s market ap-
peal. With optimized ink formulation and printing conditions,
the printed devices may be further miniaturized to tens of mi-
crometers, with the overall system footprint reduced to just a
few square centimeters. This would reduce the required sweat
sample volume, facilitating the development of a larger sweat
fingerprint database for enhanced model accuracy. The device
currently relies on a flexible yet external Al-powered analysis
process. Integrating a compact Al model directly onto the
device’s hardware could enhance its real-time processing
and portability, further advancing the device toward market
readiness.

METHODS

Materials and reagents

PEDOT:PSS solution (1.1 wt % in H,0), PVB, PBS, multiwalled
carbon nanotubes (MWCNTSs), F-127, Triton X-100, DMSO,
and EG were purchased from Sigma-Aldrich. Transparent
silver ink (CP 12) was purchased from Mifang Electronic Tech-
nology (China). PDMS, NaCl, and KCI were purchased from
Sinopharm.
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Inkjet-printing porous films

The composition of the PEDOT:PSS cocktail ink includes a com-
mercial PEDOT:PSS solution, 6 vol % EG, and 3 vol % Triton
X-100. After repeated vigorous stirring for 1 h and ultrasonication
for 2 h, the ink was left to stand for half an hour, filtered with a
0.22 um filter needle, and injected into the inkjet bag. The inkjet
printing process was carried out using a microelectronic printer
(MP1200, Mifang Electronic Technology) with a 16-channel
printing nozzle, which can achieve continuous ink jet of 10 pL
ink droplets. To ensure printing accuracy, only a single nozzle
is used for printing. Individual droplets are observed through
the printer stroboscopic camera (Figure S2). The substrate
was cleaned ultrasonically with deionized water, ethanol, and
EG; dried with nitrogen; and treated with oxygen plasma for
100 s. Optimal printing droplet spacing (25 um) and substrate
temperature (60°C) were utilized to ensure high precision and
film formation, which is discussed in Note S1. The PEDOT:PSS
film formed after printing was thermally annealed at 120°C to
obtain a 3D-IP film. To obtain the TP film, the 3D-IP film was
post treated by repeatedly dropping DMSO onto the film at
120°C for 30 min.

Film characterization

Two-dimensional GIWAXS measurements were conducted on a
XEUSS WAXS system (Xenocs, France) with an X-ray wave-
length of 1.5418 A and an incidence angle of 0.2°. Pilatus
300 K (Switzerland) was used as a 2D detector. An atomic force
microscope (Bruker, Germany) in a tapping mode with a silicon
probe (the elastic coefficient of the cantilever was 40 N/m) was
used to characterize the film morphology. The molecular valence
bond information was investigated by UV-vis absorption spectra
(Shimadzu, UV2600 spectrophotometer, Japan) and Raman
scattering spectra with a 532 nm laser (Horiba, HR Evolution,
France). X-ray photoelectron spectra were acquired on an
AXIS Supra X-ray photoelectron spectrometer (Kratos Analyt-
ical, UK) using 150 W monochromatized Al Ko radiation. The
appearance of the film formed by the inkjet printing was
observed and recorded using optical microscopy (Olympus
BX53M, Japan). The HR-TEM images of the films were carried
out by a JEM-2100F microscope (JEOL, Japan).

Electrochemical tests

Electrochemical tests were performed using the traditional
three-electrode method. Inkjet printing of PEDOT:PSS on
fixed-sized Au electrode was used as the working electrode,
Ag/AgCl was used as the reference electrode, platinum (Pt)
wire was used as the counter electrode, and 1x PBS was
used as the electrolyte. The electrochemical tests were per-
formed on an electrochemical workstation (CHI 660E). Specif-
ically, electrochemical impedance spectroscopy was employed
with an amplitude of 5 mV, and the range of frequency was 0.01-
100,000 Hz.

OECT construction

Asiillustrated in Figure S11. OECT was constructed using a fully
printing method. The electrodes were printed using transparent
silver ink. There were two layers of Ag as electrodes. Each layer
needed to be annealed at 120°C for 30 min after printing. The
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width to length ratio (W/L) of the channel is 4, where the length
is 0.5 mm and the width is 2 mm. The PEDOT:PSS film was then
printed on the reserved channel positions. The gate Ag elec-
trode was then chlorinated (dropping 0.1 M FeCl3 solution for
30 s), and 6 pL of PVB mixed solution (containing 79.1 mg of
PVB, 50 mg of NaCl, 1 mg of F-127, and 0.2 mg of MWCNTs dis-
solved in 1 mL of methanol) was drop coated on the surface to
shield the gate electrode from undue oxidation while maintain-
ing a stable potential. Furthermore, a 3D-printed PDMS insula-
tion layer was covered to confine the electrolyte contact to the
PEDOT:PSS channel region and ensure no direct contact be-
tween Ag and the electrolyte solution. The PDMS base and
curing agent were mixed at a weight ratio of 10:1, and the
mixture was extruded using a 60-um-diameter needle to ensure
sufficient precision. A fixed-size PDMS water reservoir to store
the electrolyte was also 3D printed. Approximately 20 uL of PBS
was dropped into the PDMS reservoir to connect the gate and
channel.

Electrical and OECT characterization

The current-voltage (I-V) curves, transfer characteristic curves,
and output characteristic curves of individual OECTs were
measured by a micromanipulator probe station integrated with
a semiconductor analyzer (Keithley 4200 SCS). Each device un-
derwent three pre-testing cycles to reach a stable state before
actual testing. For better clarity, all Ipg values were taken as ab-
solute values. The conductivity (o) of the film was defined as
Equation 1, where W is the width of the channel, L is the length
of the channel, and d is the thickness of the film. The d was deter-
mined by AFM (Bruker, Dimension Icon, Germany) with tapping
mode, and the resistance (R) was calculated by the |-V curves:

1 W w

p =P S Hgl (Equation 1)

g =
The g, of the OECT can be as expressed as Equation 2, and
the maximum g, was used to represent the device performance:

wa
L
Wd
TMC*WDS\ (Vbs <Ves — Vr)

uC|Vas — Vr| (Vos>Vas — Vr)
— a/DS —

9m = Wes

(Equation 2)

The Vt was determined by plotting the square root of the Ips as
afunction of Vgs. The linear portion of the slope with the maximum
magnitude is extrapolated, and the intersection with the x axis
gives the V1.

To evaluate the ion-sensing capability of a single OECT, we
conducted continuous ion-sensing experiments using 10 plL
solutions of different ion concentrations (0.01-100 mM). The
solutions were rapidly added and removed to ensure continuity
of the sensing curves. Vgs was set to 0.4 V to ensure long-
term stability and good sensitivity, and Vpg was set to —0.1 V.

Flexible sensing system construction
The completed system construction includes the fabrication of
an ion dynamics differentiation array, microfluidic chamber
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construction, and connection to peripheral flexible circuits. First,
a differentiated OECT sensor array was constructed using
different layers of 3D-IP-OECTs and TP-OECTs. The Ag elec-
trodes at the device interface were designed to be thickened
for stable electrical connection. Second, an adapter circuit
board was designed to connect the device array to the peripheral
flexible circuit (Figure S21). The pins of the adapter circuit and
the device were connected using conductive silver paste and
cured at 150°C. The adapter circuit board and the peripheral cir-
cuit were connected via gold fingers, allowing for multiple inser-
tions and replacements of devices. To fabricate the microfluidic
chambers, the PDMS base and curing agent were mixed at a
weight ratio of 10:1, and then PDMS microfluidic chambers
were formed by inverting custom molds. The PDMS was used
to seal the chambers at 80°C, with flexible capillary tubes con-
nected at both ends of the chamber for liquid injection and
drainage. The peripheral circuit board, customized according
to OECT requirements, was powered by a 3.7 V soft pack
lithium-ion battery and integrated with components such as a
microprocessor, digital-to-analog converter, and analog-to-dig-
ital converter (Figure S24). Low-power Bluetooth was used for
wireless communication, allowing simultaneous testing of the
transfer characteristics, output characteristics, and I-T curves
of eight devices in the array, with results displayed on a custom-
ized app (Figure S29). During routine sensing tests, I-T curves
were used for testing, and when specific liquids were injected
into the microfluidic chambers, the APP interface provided
real-time feedback on the response of the OECT array, enabling
real-time monitoring and analysis.

Sweat samples

Six samples of artificial sweat samples (A-F) were customized by
Dongguan Xinheng Technology, with the primary differences be-
ing the concentrations of three key ions: Na*, K*, and ClI~. NaCl
concentrations were set at 59.5, 64.5, 69.5, 19.5, 24.5, and
29.5 mM for the six samples, while the KCI concentrations
were 15, 10, 5, 15, 10, to 5 mM, respectively. In addition,
CaCl, (2.5 mM) and NH,4CI (0.5 mM) were kept constant across
all samples. As the clinical gold standard for diagnosis, a high
ClI- concentration in sweat (>60 mM) indicates that cystic fibrosis
is likely to be diagnosed. To simulate different conditions, CI~
levels were set at 80 mM for samples A, B, and C, mimicking
sweat from patients with cystic fibrosis, and 40 mM for samples
D, E, and F, representing normal sweat from healthy individuals.
Other components, including glucose (50 uM), lactic acid
(10 mM), and uric acid (5 mM), were added to all samples to
mimic the complex composition of real sweat and introduce
potential interfering substances.

A real human sweat sample was collected from 4 volunteers
(3 males and 1 female, aged 20-29 years). Volunteers were in-
structed to avoid overeating, drinking alcohol, and intense exer-
cise for 24 h before sampling. The following morning, after fast-
ing and performing 30 min of aerobic exercise, sweat was
collected from the volunteers’ backs. After sampling, impurities
in the sweat were removed using a 0.45 um filter, and the sam-
ples were stored in a refrigerator at 2°C. This study was
approved by the ethics committees of Peking University
(approval number IRB00001052-23101).
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Sweat sensing test

To achieve stable sweat sensing and discrimination functionality
in our system and to minimize external signal interference, we
employed a micro syringe pump, a 20-mL syringe, and a rigid cir-
cuit board to conduct sensing experiments (Figure S31). To
ensure the proper functioning of all components in the system,
a minimum of 0.5 mL of sweat is needed for injection into the
PDMS microchamber. During the sweat sensing tests, sweat
was injected and extracted at a constant rate of 0.05 mL/s.
Initially, deionized water was injected as the background fluid,
and the system was run for 100 s to stabilize the baseline.
Subsequently, 1 mL of the target sweat was introduced, and
the system was allowed to respond for 100 s. The liquid was
then extracted, and the chamber was flushed with 5 mL of deion-
ized water for 100 s to restore the baseline. This process marked
the completion of one round of the sweat sensing experiment,
and subsequent rounds followed a similar procedure.

Machine learning algorithm

A MATLAB program developed in house was employed to pre-
process the signals and train the CNN model. The CNN model
was developed on a local computer with an individual graphics
processing unit module (Nvidia RTX 3060). The signal was
denoised by the wavelet filter and then segmented into fixed-
length sequences. Further, the sensing data are normalized to
extract the data points, which are detailed in Note S5. In
summary, the sweat fingerprint figures consisting of ion
dynamics-related 8 x 10 data arrays were extracted by
analyzing the time constants of different response stages.

The sweat fingerprint figures were fed into a CNN model for the
sweat classification task. First, the data are imported and divided
into training (80%) and testing (20%) sets. Subsequently, the
data are normalized and reshaped into a suitable format for
CNN input. The network architecture comprises convolutional
layers followed by batch normalization and rectified linear unit
activation functions along with max-pooling layers for spatial
downsampling. The fully connected layer and softmax layer are
employed for classification, with the final layer providing proba-
bilities for each class. The training process utilizes the adaptive
moment estimation optimization algorithm with specified param-
eters, and the model is trained over multiple epochs. In our CNN
model, the batch size in the learning model was set to 128 for
extracting the feature. The iterative learning rate (LR) was calcu-
lated as

LR = factorlT/dp-percd| . | g (Equation 4)

where T is the time at the corresponding training process, and
the LR, is the initial LR (0.001). The factor is the LR drop factor
(defined as 0.1 after 250 periods of training). The max epoch is
defined as 300. Performance evaluation is conducted on both
training and testing sets, with the accuracy calculated and
confusion matrices generated for further analysis, which is
detailed in Note S6.

SHAP analysis is designed as a game theory approach in
determining a sensor’s individual non-overlapping contribution
to the prediction and shows the relative significance in the model
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instead of building the absolute contribution to sweat identifica-
tion. When evaluating a sensor, we sum the SHAP values of the
10 features it contains as the total SHAP value of a sensor for the
classification result.
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