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A non-contact wearable device for 
monitoring epidermal molecular flux

Jaeho Shin1,2,24, Joseph Woojin Song1,3,4,5,24, Matthew Thomas Flavin1,6,24, Seunghee Cho1,24, 
Shupeng Li7,24, Ansen Tan1,3,4, Kyung Rok Pyun1, Aaron G Huang1,8, Huifeng Wang3,4, 
Seongmin Jeong2, Kenneth E. Madsen1,9, Jacob Trueb1, Mirae Kim3,4, Katelynn Nguyen1, 
Angela Yang10, Yaching Hsu8, Winnie Sung1, Jiwon Lee11,12, Sooyeol Phyo11,13, Ji-Hoon Kim2,14, 
Anthony Banks1,8, Jan-Kai Chang1,8, Amy S. Paller10, Yonggang Huang1,7,15 ✉, 
Guillermo A. Ameer1,3,4,16,17 ✉ & John A. Rogers1,3,4,8,10,18,19,20,21,22,23 ✉

Existing wearable technologies rely on physical coupling to the body to establish 
optical1,2, fluidic3,4, thermal5,6 and/or mechanical7,8 measurement interfaces. Here we 
present a class of wearable device platforms that instead relies on physical decoupling 
to define an enclosed chamber immediately adjacent to the skin surface. Streams of 
vapourized molecular substances that pass out of or into the skin alter the properties 
of the microclimate defined in this chamber in ways that can be precisely quantified 
using an integrated collection of wireless sensors. A programmable, bistable valve 
dynamically controls access to the surrounding environment, thereby creating a 
transient response that can be quantitatively related to the inward and outward fluxes 
of the targeted species by analysing the time-dependent readings from the sensors. 
The systems reported here offer unique capabilities in measuring the flux of water 
vapour, volatile organic compounds and carbon dioxide from various locations on  
the body, each with distinct relevance to clinical care and/or exposure to hazardous 
vapours. Studies of healing processes associated with dermal wounds in models  
of healthy and diabetic mice and of responses in models using infected wounds  
reveal characteristic flux variations that provide important insights, particularly in 
scenarios in which the non-contact operation of the devices avoids potential damage 
to fragile tissues.

The skin forms our primary interface with the environment, and the 
movement of chemical species into and out of the skin surface can 
substantially influence health. These fluxes include water, an abundant 
species in the body and the atmosphere, as well as volatile organic com-
pounds (VOCs), carbon dioxide (CO2) and other medically important 
compounds9–12. Imbalanced outward water-vapour fluxes often indicate 
dysfunction in cutaneous homeostasis9, whereas certain pathologies 
and infections at wound sites can be linked to the emissions of vapour-
ized chemicals10,11. Inward fluxes of substances provide valuable insights 
into the effects of atmospheric chemicals on health13. Existing wear-
able devices use microfluidic networks for precise monitoring of the 
time-dependent flow of liquids, such as sweat14,15, from the surface of the 
skin; but these and other approaches do not apply to gases. We present 

a compact, wireless platform designed for continuous, quantitative 
monitoring of gaseous fluxes into and out of the skin at sequential 
time points through repeated cycles of transient measurements. The 
capabilities of the platform derive from the time-dependent modula-
tion between open and closed modes of a defined microclimate imme-
diately adjacent to the skin, in contrast to existing static systems16–19. 
The non-contact proximity operation principle contrasts with that of 
conventional wearable devices that require direct physical contact 
with the body. This technology can provide unique insights for clinical 
decision-makers managing conditions such as dermatological diseases 
and dermal wounds, as well as an improved understanding of underly-
ing pathophysiologies. Moreover, the device enables the monitoring 
of hazardous atmospheric chemicals that enter the body through the 

https://doi.org/10.1038/s41586-025-08825-2

Received: 13 May 2024

Accepted: 21 February 2025

Published online: 9 April 2025

 Check for updates

1Querrey-Simpson Institute for Bioelectronics, Northwestern University, Evanston, IL, USA. 2Center for Advanced Molecular Recognition, Korea Institute of Science and Technology, Seoul, South Korea. 
3Department of Biomedical Engineering, Northwestern University, Evanston, IL, USA. 4Center for Advanced Regenerative Engineering, Northwestern University, Evanston, IL, USA. 5Chan 
Zuckerberg Biohub Chicago, Chicago, IL, USA. 6School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA, USA. 7Department of Mechanical Engineering, 
Northwestern University, Evanston, IL, USA. 8Wearifi Inc, Northfield, IL, USA. 9Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL, USA. 10Department of Dermatology, 
Northwestern University Feinberg School of Medicine, Chicago, IL, USA. 11Center for Climate and Carbon Cycle Research, Korea Institute of Science and Technology, Seoul, South Korea. 12Division 
of Energy and Environment Technology, Korea Institute of Science and Technology, Seoul, South Korea. 13Department of Materials Science and Engineering, Korea University, Seoul, South Korea. 
14Department of KHU-KIST Convergence Science and Technology, Kyung Hee University, Seoul, South Korea. 15Department of Civil Engineering, Northwestern University, Evanston, IL, USA. 
16Department of Surgery, Northwestern University, Chicago, IL, USA. 17International Institute for Nanotechnology, Northwestern University, Evanston, IL, USA. 18Department of Materials Science and 
Engineering, Northwestern University, Evanston, IL, USA. 19Department of Dermatology, Northwestern University, Evanston, IL, USA. 20Department of Neurological Surgery, Northwestern University, 
Evanston, IL, USA. 21Department of Chemistry, Northwestern University, Evanston, IL, USA. 22Department of Chemical Engineering, Northwestern University, Evanston, IL, USA. 23Department  
of Electrical Engineering and Computer Science, Northwestern University, Evanston, IL, USA. 24These authors contributed equally: Jaeho Shin, Joseph Woojin Song, Matthew Thomas Flavin, 
Seunghee Cho, Shupeng Li. ✉e-mail: y-huang@northwestern.edu; g-ameer@northwestern.edu; jrogers@northwestern.edu

https://doi.org/10.1038/s41586-025-08825-2
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-08825-2&domain=pdf
mailto:y-huang@northwestern.edu
mailto:g-ameer@northwestern.edu
mailto:jrogers@northwestern.edu


376 | Nature | Vol 640 | 10 April 2025

Article
skin. We describe these applications along with the engineering and 
physics behind the system, enabling quantitative analysis of the skin 
flux and related intrinsic parameters from the measured data.

Design and operating principles
Demonstrations of this epidermal flux sensor (EFS; Fig. 1a) focus on 
water vapour, VOCs and CO2—important indicators of skin barrier 
function9, body homeostasis20,21, environmental safety13 and wound 
healing22,23. The device, a compact module, can be coupled to various 
skin locations (Fig. 1b). It features three main subsystems: (1) a cham-
ber with sensors to measure concentrations of targeted species in the 
chamber (cc) and skin properties; (2) a programmable valve to modulate 
chamber ventilation, thereby influencing cc; and (3) an electronic circuit 
for operation, data acquisition and wireless communication with a user 
interface (a smartphone). Sensors suspended in the chamber capture 
dynamic changes in cc before and after valve actuation. Additional sen-
sors at the base of the chamber measure the temperature, electrical 
impedance and thermal conductivity of the skin, providing contextual 
information. Weighing only 11 g, the EFS operates for at least one day 
without requiring a recharge. Figure 1c illustrates the overall device 
structure. Supplementary Note 1 provides further details on the third 
subsystem and hardware components.

A thin electromagnetic coil in the valve actuates a permanent mag-
netic disc to switch the chamber between open and closed states across 
a bistable magnetic potential created by soft magnets (Fig. 1d). When 
open, basal flux passes in or out depending on the concentration gra-
dient across the skin and the ambient air. Rapid valve closing (<10 ms) 
yields dynamic changes in cc, dictated by the flux into or out of the 
skin. Figure 1e shows the time-dependent cc values of water vapour 
due to transepidermal water loss (TEWL) and ethanol vapour due to 
inward diffusion from a concentrated ambient environment. Cyclic 
valve actuation renders opposite variations in cc, corresponding to 
the outflux and influx of these gases. The initial change in cc immedi-
ately after valve closure ( c t∂ /∂ tc =0

) reflects the natural flux density, f 
(Fig. 1f). To precisely calculate f, spatiotemporal non-uniformities in 
the microclimate and the occlusive effect of the EFS must be compen-
sated for.

The compensation scheme and quantitative analyses rely on a 
computational model. Figure 1f (bottom) displays simulations of the 
flux-density profiles in the microclimate during the first few seconds 
after valve closure. The findings establish an empirical relationship 
that is valid across practical ranges (equation (1)):

͠f k V S c t= ( / × ∂ /∂ ) (1)tc =0

where ͠f  is the flux density before valve closure, k is the correction 
coefficient, V is the chamber volume and S is the skin area. Simulations 
indicate that the k for water vapour is 0.92. Supplementary Note 2 pro-
vides the measurement, design and operating principles. Measure-
ments rely on stable skin–chamber coupling, maintained through the 
engineering solutions described in Supplementary Note 3.

Epidermal flux of water
The epidermal flux of water vapour represents a crucial aspect of over-
all homeostasis20,21. This flux (fw) includes contributions from TEWL 
(fTEWL), the direct diffusion of water across the epidermis and through 
the stratum corneum and the evaporation of sensible and insensible 
sweat (fse) released from eccrine and/or apocrine glands16 (Fig. 2a). 
Regardless of the source, fw is proportional to the difference in water 
concentration across the epidermis and a reference point in Nilsson’s 
zone, where diffusion dominates over convection24,25. This reference 
point can be set to a location of the valve opening, 6 mm above the skin 
surface, which lies in the typical Nilsson’s zone thickness (between 

approximately 6 and 12 mm)24. Under the quasi-steady state, Fick’s 
first law applies to fw:

f
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R R
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Δ
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where R is the effective diffusive resistance, consisting of contributions 
from the epidermis (Rs w

) and the air above the skin to the reference 
level (Raw

), ∆c represents the water vapour concentrations difference 
between the dermis (csw

) and the reference level (caw
). The value of csw

 
is equivalent to the saturated value at skin temperature (Ts)26. Figure 2b 
depicts an equivalent resistance circuit model, where Rsw

 and Raw
 act 

as resistors in series. The contributions of TEWL (RTEWL) and sweat 
evaporation (Rse) form Rsw

 as a parallel connection. Supplementary 
Note 2 presents empirical validation of the steady state of the chamber 
microclimate.

As depicted in Fig. 2b (right), the flux path through the open-state 
EFS chamber differs from that of bare skin. The chamber and valve 
geometries define the diffusive resistance of this path (Rdw

). This leads 
to a modified flux expression of equation (3).

f
c

R R
=

Δ
+ (3)w

s dw w

where fw
 is the f ͠  for water vapour. Water vapour diffusion through 

6 mm of air with a diffusivity27 of Dw = 24 mm2 s–1 yields R = 250 s ma
−1

w
. 

Rigorous simulations indicate that Rdw
 consists of two segments, Rd1w

 
and Rd2w

, on the basis of the sensor position, such that R R R+ =d1 d2 dw w w
. 

For this device, Rd1w
, Rd2w

 and Rdw
 are 0.6, 5.4 and 6 ks m–1 and invariant 

across the practical epidermal and atmospheric conditions (Fig. 2c). 
The flux density contour in the graph visualizes the occurrence of the 
Rdw

. A higher Rdw
 than Raw

 yields a lower fw
 than fw, indicating an occlu-

sion effect. However, the effects of the occlusion on the skin itself are 
negligible (Supplementary Note 4).

Compensation for the occlusive effect involves the sequential appli-
cation of equations (2) and (3). First, fw

, ccw
 and Rd2w

 yield caw
, as in 

equation (4).

c c f R= + (4)a c w d2w w w


This result defines ∆c, along with csw
, the value derived from skin- 

temperature measurements. Substituting ∆c and fw
, along with Rdw

, 
into equation (3) gives Rsw

. Finally, substituting Rsw
, ∆c and Raw

 yields 
fw, the natural flux density. Supplementary Note 5 details computational 
and benchtop studies.

Because fw is proportional to ∆c, which varies according to atmos-
pheric conditions, Rsw

 better represents the intrinsic skin properties 
than does fw. When the evaporation of sweat is negligible (R = ∞se ), Rsw

 
measures the skin barrier properties (RTEWL), which are largely deter-
mined by the skin barrier at the stratum corneum. Measurements of 
the electrical impedance of the skin (rs) provide information about the 
onset of perspiration and, thus, the contribution of Rse to Rsw

. Figure 2d 
illustrates that rs determined using a sensor at the underside of the 
chamber wall identifies three stages of perspiration: absent, insensible 
and sensible sweating. Collectively, these measurements guide reliable 
skin barrier assessments across various conditions and scenarios, 
including multi-day monitoring in hospital or home settings (Fig. 2e,f). 
Supplementary Note 6 details the perspiration-detection capability.

As a simple example, Fig. 2e shows the recovery of Rsw
 after the par-

tial removal of the stratum corneum from five healthy adults. The ini-
tial Rsw

 of the forearm decreases from 25 ks m–1 to about 7 ks m–1 on 
average after 30 tape-stripping cycles to remove the stratum corneum. 
Recovery of Rsw

 follows a characteristic time of 15.2 days, a period that 
is similar across participants and consistent with the 14-day stratum 
corneum turnover timescale28. Furthermore, the fw value strongly 
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measurements of water flux. a, Epidermal water flux ( fw) and its contributions 
from transepidermal water loss ( f TEWL) and evaporation of sweat ( fse).  
b, Resistance model of epidermal water transport. The effective diffusive 
resistances, RTEWL and Rse, form R ws  as a parallel connection. R wa  and R wd  are 
constants. c, Computational analysis results indicate that R wd  and its constituent 
segments, R wd1  and R wd2 , are invariant to R ws . The coloured contour shows flux 
density. d, An exponential decrease in the skin impedance (rs) follows from 
different levels of perspiration. The skin barrier assessment is valid when there is 
no perspiration (marked as absent). e, R ws  recovery after partial removal of the 
SC (n = 5 participants). f, Comparisons of fw to measurements with conventional 
clinical devices (TEWL, Aquaflux) indicate linear correlations (r = 0.98). Data are 
presented as the mean of three repeated measurements for each apparatus, with 

error bars indicating the full range of measurement results. Location, 3 cm below 
the antecubital fossa. Clinical (psoriasis, atopic dermatitis, ichthyosis and xerosis) 
and healthy normal conditions are shown in red and blue, respectively (n = 14 
participants). g–j, The fluid balance was monitored by measuring the water flux. 
g, Time-series data for determining fw at six representative skin regions. The 
periodic positive variations allow for flux measurements. h, Agreement between 
the estimated epidermal water loss (Esum) and BML of a human participant for two 
perspiration settings (n = 2). The data in blue were obtained from the recordings  
in g. The error bars indicate the instrumental tolerance of the digital scale (±5 g).  
i, Collective data from five measurements of three participants (r = 0.99): 181 cm, 
88 kg, male (participant 1); 168 cm, 66 kg, male (participant 2); 157 cm, 51 kg, 
female (participant 3). j, A reduced set of skin regions (anterior thigh and 
posterior lower leg, filled data points) yields a similar level of correlation (r = 0.99).
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correlates (r = 0.98) with results from a condenser-type instrument 
used for healthy and impaired skin conditions, including psoriasis, 
atopic dermatitis, ichthyosis and xerosis (Fig. 2f). Supplementary 
Note 7 summarizes additional capabilities.

This type of flux assessment also has relevance for monitoring fluid 
homeostasis. In healthy adults, insensible water loss accounts for about 
15% of the total water loss from respiration, perspiration, urination and 
defecation29, with contributions of up to 50% in severe cases in neo-
nates20. Continuous measurements of epidermal water flux are there-
fore important for managing fluid balance30. Figure 2g–j summarizes 
the unique capabilities of the EFS in this context. Simultaneous record-
ings with devices at six regions of the body capture the fw every 3 min 
(Δt) for 3 h. For reference, separate measurements quantify body mass 
loss (BML) every 15 min. Without water intake and excretion, BML rep-
resents insensible water loss. The estimated epidermal water loss (Ej) 
as a function of time is calculated by accumulating fluxes ( fj

i) weighted 
by the regional skin area (Aj) (equation (5)). The superscript and sub-
script denote the measurement order and skin region:

∑E t f A= Δ (5)j
i

j
i

j

Figure 2g displays the absolute humidity values (ccw
) in the chamber, 

offset for visual clarity. Periodic flux measurements associated with 
valve actuations resemble features in Fig. 1e, with additional transients 
due to motion artefacts during BML measurements. Baseline eleva-
tions, including the one indicated by the dashed rectangle, result from 
brief perspiration episodes triggered by emotive stimuli, most notably 
on the forehead, which has the highest sweating rate31.

Figure 2h compares the summation of Ej across all regions (Esum) with 
BML data from Fig. 2g (blue). The early inflexion reflects accelerated 
water loss from sweating. The data in red represent experiments with 
reduced sweating. Measurements from three participants reveal strong 
agreement between Esum and BML (r = 0.99; Fig. 2i), suggesting a propor-
tionality between epidermal and respiratory water fluxes, consistent 
with previous studies32. Figure 2j demonstrates that measurements at 
fewer locations (anterior thigh and calf) yield similar results (r = 0.99), 
demonstrating simple and accurate whole-body insensible water-loss 
assessment. The filled and hollow points represent Esum from all and 
a reduced number of locations, respectively. Supplementary Note 8 
provides further details.

VOCs, CO2 and exogenous agents
Various VOCs and CO2 contribute to the skin flux through the skin 
microbiome33 and cutaneous respiration34, respectively. Likewise, 
environmental VOCs can flow into the skin13. Measuring both inward 
and outward fluxes yields unique, complementary insights. Figure 3a, 
for example, illustrates applications in epidermal hygiene and envi-
ronmental safety enabled by bilateral flux measurements (Fig. 3b).

Inadequate skin hygiene and skin disorders can cause the unregu-
lated proliferation of microorganisms in the genera Corynebacterium, 
Staphylococcus and Propionibacterium34, increasing outward VOC 
flux (fVOC) from bacterial degradation of biogenic precursors34. Daily 
measurements near the axilla of 11 ethnically diverse adults who limited 
their washing for 5 days show gradual (57% on day 1 (D1), 218% on D2) 
and accelerated (691% after perspiration on D3) increases in fVOC com-
pared with D0 (Fig. 3c). Washing on D4 reduces fVOC to near D0 levels, 
supporting the idea that precursor secretion and microflora prolifera-
tion contribute to fVOC (refs. 35,36). Gender-based comparisons show 
differences consistent with previous studies37 (Fig. 3d). Supplementary 
Note 9 details statistical analyses and variations among people from 
different ethnic and gender groups.

Moreover, the flux of VOCs and the release of CO2 can attract hae-
matophagous insects38. An integrated CO2 sensor enables precise 

measurements of transcutaneous CO2 flux ( ftco2
), as shown in Fig. 3e. 

Together these channels enable a comprehensive assessment of 
hygienic status. The ftco2

 also enables the non-invasive estimation of 
arterial CO2, requiring episodic use of bulky stationary systems at spe-
cialized facilities39. The long-term continuous ftco2

 monitoring made 
possible by wearable systems such as the EFS would be of benefit in 
various medical contexts, including for determining metabolic anom-
alies, such as acidosis39.

Inward flux measurements serve complementary purposes. The 
entry of exogenous atmospheric substances ( fx i ) through the skin can 
pose health hazards13,40 The x and i denote substance and inward  
flux, respectively. Figure 3f illustrates the concept of transepidermal  
chemical diffusive resistance (Rsx

), a measure of skin barrier function 
against substances, such as concentrated solvent vapours in industrial 
settings. Differing from Rsw

, Rsx
 accounts for specific chemical effects 

on the skin. The compensation scheme described previously applies  
to yield k, Rdx

, fx
͠ , cΔ  and subsequently Rsx

 and fx i  as in the case of  
water vapour, with adjustments for material diffusivity and the inver-
ted concentration gradient. For example, ethanol diffusivity in air  
(DEthanol = 16 mm2 s–1)41 yields a k = 0.81. For xenobiotic solvents, csx

 can 
be assumed to be zero42. Supplementary Note 5 details this scheme.

One analysis measures the inward flux of concentrated ethanol 
vapour (about 200 ppm) on the volar forearm, which is of interest 
because of the potential of ethanol to enhance the penetration of other 
compounds43. The experiments compare bare skin, skin after tape 
stripping of the stratum corneum and skin with an aluminium foil bar-
rier. In Fig. 3g, the valve closure causes no ccEthanol

 change for the 
aluminium-covered skin, whereas the bare skin displays a distinct 
decrease, indicating that the ccEthanol

 variation reflects the fEthanoli . The 
graphs are offset for clarity. Figure 3h compares Rsw

 and RsEthanol
 across 

three conditions. Unlike Rsw
, which shows a constant value over con-

secutive measurements, RsEthanol
 increases and converges to certain 

levels after about 20 min of exposure. The RsEthanol
 values in Fig. 3h  

correspond to these saturation values. For bare skin, the saturation 
RsEthanol

 is about one-third of Rsw
, consistent with reports of higher 

ethanol permeabilities in the skin44. Skin with partially removed stratum 
corneum has a higher RsEthanol

. This could result from ethanol dissolving 
into, rather than permeating, the stratum corneum, which is lipid-rich, 
ethanol-soluble membrane44. This same mechanism could also explain 
the RsEthanol

 saturation.
Radiative forms of energy, such as ultraviolet (UV) light exposure, 

pose a different kind of environmental hazard to the skin that can also 
be quantified through skin flux. Figure 3i shows that fVOC increases with 
UV dosage. Cellular analysis of the oxidative tissue damage after UV 
irradiation captures 8-OHdG, a biomarker for oxidized DNA (Fig. 3j), 
suggesting that reactive oxygen species are generated in the irradiated 
skin. Reactive oxygen species can degrade cellular and intra-cellular 
biomolecules, producing volatile by-products that could contribute to 
detectable VOCs45,46. These results demonstrate that fVOC measurement 
enables the analysis of UV-induced oxidative stress in skin tissues. An 
exploratory investigation of the chemical composition of UV-induced 
skin VOCs identifies more than ten chemical species that are probably 
involved in complex photochemical pathways. The Methods section 
and Supplementary Note 10 provide the experimental and analytic 
details.

Comprehensive wound monitoring
As with UV-induced skin damage, wounds create an outward flux 
owing to altered skin barrier function and pathogenic processes47. 
These fluxes provide insights into wound status (Fig. 4a). Experiments 
with models of healthy mice and mice with type 2 diabetes during 
re-epithelialization capture different flux behaviours. Figure 4b shows 
the time evolution of chamber concentrations of water and VOCs from 
an excisional dermal wound on the back of a healthy mouse. Although 
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Fig. 3 | Epidermal flux of VOCs, CO2 and exogenous agents. a, Modes of  
VOC and CO2 fluxes at the skin, associated with epidermal hygiene status  
and environmental safety. b, Example of outward (top) and inward (bottom) 
epidermal VOC fluxes. c,d, Epidermal flux for hygiene assessment. c, Changes 
in epidermal VOC flux density by skin hygienic status. Data are the minimum, 
maximum, first and third quartiles, mean (X), median (horizontal bar) and 
outliers (circles) (n = 11 participants). d, Comparison between male (n = 6) and 
female (n = 5) participants. Data are mean ± s.d. e, Time-series data associated 
with the outward flux of CO2, corresponding to higher and lower diffusive 
resistances. f–h, Epidermal flux and environmental skin assaults. f, Concept  
of transepidermal chemical diffusive resistance. g, Changes in the ethanol- 
vapour concentration in the chamber microclimate for cases with and without 
an aluminium barrier. h, Comparison of the diffusive resistances of water (R ws ) 

and ethanol (RsEthanol
) for three skin conditions: with and without aluminium 

barrier and with compromised SC. i,j, Epidermal outward flux of VOCs in 
response to radiative assaults. i, VOC flux increase after UV irradiation of 
mouse skin (n = 3 mice). j, Increasing cellular oxidative stress marker (8-OHdG) 
activity with increasing irradiation dosage. Left, the 8-OHdG activity in mice 
(n = 3 biologically independent mice per condition). Data are mean ± s.d. Right, 
representative, stained dissection images. The arrows indicate the damaged 
cells. A repeated measures analysis of variance (ANOVA) (d.f. = 10) (c) or one- 
way ANOVA (d.f. = 2) (i and j) followed by post hoc pairwise comparisons using 
the least-significant difference method with 95% confidence intervals were 
used for analysis. The P values and effect sizes (Cohen’s d, parentheses) are 
shown in the graphs. Scale bar, 100 μm.
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Fig. 4 | Monitoring of outward VOC and water flux for applications in wound 
healing. a, Compromised skin barriers in wounds result in elevated outward  
and inward epidermal fluxes. SB, stratum basale; SS, stratum spinosum.  
b, Transitions of water vapour (left) and VOC (right) flux values throughout the 
wound-healing process in healthy mice. c, Normalized recovery parameters  
and VOC flux changes for healthy (top, n = 7) and type 2 diabetic (bottom, n = 7) 
mice. The time axis is shared. The vertical dashed lines mark the completion of 
healing. Data are mean ± s.e.m. BR, barrier restoration; WC, wound closure.  
d, Visual transition of the wound sites. Image diameter, 10 mm. e, Comparison 
wound-healing pathways in healthy and diabetic mice by water vapour flux ( fw) 
analysis. f, Immunofluorescence analysis of delayed keratinocyte terminal 
differentiation in the diabetic group. Left, representative stained dissection 

images of the wound tissues obtained from biologically independent samples of 
healthy (n = 12, n = 6 per condition) and diabetic (n = 16, n = 8 per condition) mice. 
Green, CK14; red, FLG. Scale bar, 50 μm. Right, post-closure FLG activity increase 
compared with wound closure and barrier restoration changes. The barrier 
restoration and wound closure are derived from the bottom section of c. The 
FLG intensity was analysed using 48 (n = 8 per condition) diabetic samples. Data 
are mean ± s.e.m. g, Early increases in the VOC flux ( f VOC) indicate the healthy and 
anomalous inflammatory phases of the healthy (n = 6) and diabetic (n = 6) mice. 
The dashed line is the native level. Data are mean ± s.e.m. h, Wound infection 
monitoring capability. Onset and exponential increase in VOC emission from 
infected wounds in mice (n = 7 mice). The blue line shows the efficacy of the 
disinfection intervention. Data are mean ± s.d. from three measurements.
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fw gradually decreases to a baseline level characterized by healthy skin, 
fVOC temporarily increases during the early stages of recovery before 
gradually returning to the baseline. These fluxes thus convey correlated 
yet independent information.

Figure 4c summarizes the healing processes of these two groups 
through fVOC, barrier restoration and wound closure. The latter two 
normalized parameters (p∼) are calculated by equation (6):

∼p
p p

p p
=

−

− (6)
0

n 0

where p is Rsw
 for barrier restoration and wound area for wound closure, 

with n and 0 denoting healthy skin and pristine wound, respectively. 
On average, wound closure takes 13 and 27 days for the healthy and 
diabetic groups, respectively, consistent with previous reports48 
(Fig. 4d).

Figure 4e summarizes qualitative differences in the two wound- 
healing pathways captured by fw. By this metric, skin barrier function 
with healthy mice tracks the wound closure process. By contrast, the 
diabetic group fails to recover the barrier function by the wound clo-
sure point (twc), with post-closure barrier restoration over the next 
3 weeks. Figure 4f suggests a link of this delayed restoration with 
impaired keratinocyte differentiation associated with hyperglycae-
mic conditions49. Filaggrin (FLG) is a hallmark of the matured stra-
tum granulosum50, where the tight junctions form the secondary skin  
barrier mechanism51. Mice in the diabetic group after twc (D30) lack FLG 
activity, whereas the haematoxylin and eosin (H&E) staining results 
support formation of the stratum granulosum, suggesting the presence 
of immature stratum granulosum that is unable to restore healthy skin 
barrier function. As shown in Fig. 4f, FLG activity restores along the 
post-closure barrier restoration period, aligning with the fw data. These 
findings demonstrate that flux measurements can reveal physiological 
anomalies in a non-contact manner without disrupting the wound bed 
or interfering with the healing process. Supplementary Note 11 offers 
additional analysis.

Inflammation, an essential stage in healing, can lead to the produc-
tion of various molecular markers, some of which contribute to VOC 
flux11,22,52. The transient increase in this parameter early in the healing 
process in healthy mice aligns with the expected timing of the inflam-
matory response53. By contrast, measurements suggest anomalous 
behaviour of the increase in VOC flux in diabetic mice, aligning with a 
dysregulated inflammatory response (Fig. 4g). Bacterial growth and 
biofilm formation at infected wounds can also contribute to the release 
of VOCs11,23,54, as demonstrated in a study using mice with infected 
wounds. Results indicate that whereas the fVOC values of the control 
group remain low, the infection group shows an approximately 100-fold 
increase 2 days after the introduction of bacteria (Fig. 4h). Antibacterial 
treatment reduces fVOC close to control levels and significantly lowers 
bacterial burden (28,000 colony forming units (CFU) μl–1) compared 
with untreated infected wounds (210,000 CFU μl–1). The Methods sec-
tion and Supplementary Note 12 cover further details, including the 
study of an ex vivo porcine wound model. Collectively, these results 
indicate that unsupervised EFS users can assess wound-healing status, 
such as tissue integrity, wound closure and bacterial infection, by track-
ing the fw and fVOC evolutions and identifying an abrupt exponential 
increase in fVOC.

Outlook
The technology introduced here has broad implications in clinical care, 
and particularly for vulnerable populations, such as infants, patients 
and older people with immature, damaged or diminished skin bar-
riers. (Supplementary Note 13). These and other individuals could 
also benefit from data to guide triage, treatment and monitoring of 
chemical or radiative burns or ozone-associated skin damage. Further 

engineering improvements, including dressing-embedded form fac-
tors, could enhance clinical use by enabling conformal yet conservative 
skin coupling (Supplementary Notes 14 and 15). Measurements of VOC 
and CO2 fluxes could also benefit the general population by enabling 
disease control and monitoring of exposure to hazardous environmen-
tal agents other than ethanol. As outlined in Supplementary Note 16, 
future developments could enable the production of EFSs with high 
chemical selectivity for detailed wound-healing diagnostics or the early 
detection of various diseases affecting internal organs.
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Methods

Device fabrication
Soft magnet. Magnetite nanoparticles (50–100 nm, Merck) mixed 
and dispersed thoroughly in a prepolymer to polydimethylsiloxane 
(PDMS; Sylgard 184, Dow; 10:1 mixing ratio) at 20 wt% served as the 
base material for the soft magnet component of the programmable, 
bistable valve assembly. Degassing the mixture, spin-coating it on a 
Petri dish for 30 s at 400 rpm and then thermally curing at 50 °C for 12 h 
completed the process. A laser cutting process defined the required 
annulus shapes (inner diameter, 8.4 mm; outer diameter, 14.2 mm) for 
integration into the valve.

Circuit. A flexible printed circuit board with a planar electromagnetic 
coil formed the platform for mounting a Li-polymer battery (130 mAh) 
and various commercial electronic components, including sensors 
for water vapour (BME280, Bosch) VOCs (BME680, Bosch) and CO2 
(STC31-R3, Sensirion). Supplementary Note 1 presents details on the 
circuit architecture.

Device assembly. A 3D printing process (Form 3+, Formlabs) defined 
the frame of the system to house the circuit–battery assembly and 
the soft magnet structures and magnetic plunger. A mechanical lock-
ing mechanism joined the top and bottom frames to complete the 
enclosure.

Data acquisition and analysis
A secured data-management server mediated the upload, archiving 
and downloading of raw measurement data from EFS devices con-
nected to the server by a custom smartphone application. Custom 
Python (v.3.11.0) and Microsoft Visual Basic for Application (v.7.1) 
codes implementing the analysis principles were used subsequently 
to process the downloaded raw data in the form of Jason files to derive 
the measurement results. Supplementary Note 2 covers the analysis 
principles in detail.

Benchtop studies
Uncured PDMS resin was used to bond PDMS membranes with various 
thicknesses to the lids of a small container with a circular opening at 
the centre. Liquid water or gaseous substances filled the container 
for different experimental settings. We measured the temperature at 
the centre of the PDMS membrane and transmembrane permeation 
in the form of gaseous fluxes. To measure the influx, we used a device 
that interfaced with the side of the membrane facing the interior of 
the container. Supplementary Notes 8, 14 and 16 provide information 
on experimental details.

Human participant studies
Inclusion and ethics. All individuals participated voluntarily and infor-
med consent was obtained before the experiments. The selection of 
participants was based solely on their suitability for research objectives. 
Research protocols were approved by the Institutional Review Board 
at Northwestern University (STU00220121-MOD0002).

Acclimatization protocol. Before the device was attached, each par-
ticipant remained quiet in a resting state for 15 min in an ambient labo-
ratory atmosphere. Data acquisition began 15 min after the device was 
mounted, again with the participant in a resting state.

Device comparison. For experiments in Fig.  2f, Aquaflux (Biox 
Systems) and EFS were used to examine the same skin area three 
times each. Each measurement session consisted of an acclimatiza-
tion period followed by three consecutive measurements at 5-min 
intervals. For Aquaflux, the participant waited for the same 5-min  
period in a resting position. The study involved alternating the session 

order for each participant to eliminate the potential effects of session  
order.

Ethanol influx test. The participant placed the forearm wearing the 
EFS in an acrylic box and underwent an acclimatization protocol. Rub-
ber clay sealed the arm opening. Ethanol vapour filled the container 
through the inlet of the container, and the EFS started the measure-
ments after the injection ended. During the measurement period, 
a separate VOC sensor monitored the vapour concentration inside 
the container to control the concentration below the recommended  
exposure limit55 of 1,000 ppm.

Animal studies
Study design. Sample size was not predetermined. The number of 
experiments was determined on the basis of the maximum available 
resources. The adequacy of the sample size was justified through 
statistical analyses. Randomization and blinding were not used in  
this study.

Animals. Diabetic (BKS.Cg-m +/+ Leprdb, 000642; homozygous for 
Leprdb) and healthy (C57/BL6J) mice aged 8–12 weeks were obtained 
from Jackson Laboratory. The sex of the mice was assigned as male 
by the vendor.

Ethics. The Institutional Animal Care and Use Committee (IACUC) at 
Northwestern University approved the in vivo animal studies under 
protocols IS00018748 and IS00000373, and animal studies were con-
ducted in compliance with these protocols. The housing conditions 
complied with IACUC standards, maintaining a 14-h light and 10-h dark 
cycle, ambient temperatures of 18–23 °C (approximately 65–75 °F) and 
humidity levels between 40 and 60%.

UV irradiation. The UV-induced VOC test involved exposing the skin 
of mice to UV irradiation (λpeak = 302 nm), emulating sunburn caused 
by atmospheric UV exposure, which is primarily caused by UV-B56. The 
distance between the UV source (UVP EL series, Analytik Jena) and the 
mouse skin calibrated the irradiance to 2.4 mW cm–2. Supplementary 
Note 10 covers a more detailed protocol.

Mouse wound model. The wound-creation process began with shav-
ing the fur from the dorsal side of each mouse, after which the dermis 
was excised using a 6-mm diameter punch biopsy (Acuderm). Sub-
sequently, 6-0 nylon sutures (Ethicon) were used to add a sterilized 
annulus acrylate splint (inner diameter, 10 mm; outer diameter, 12 mm) 
around the wound to prevent skin contraction. Laser-cut annulus  
occlusive dressings (TegaDerm, 3M) were used to protect the splint 
and outer skin. Fluxes were measured to monitor the wound-healing 
process. Three blinded observers used ImageJ (v.1.54m) to estimate 
the percentage of wound closure. The wound beds were infected with 
a suspension of Staphylococcus aureus (2.25 × 106 CFU), a bacterial spe-
cies that is the leading cause of wound infections in humans57, on D5 of 
wound creation to maintain an aseptic environment during the acute 
inflammation phase. The disinfection treatment involved removing 
dead tissues and contamination at the wound bed using cotton swaps 
soaked with a commercial wound-cleansing solution (Vashe Wound 
Solution, Urgo Medical North America). Supplementary Note 12 covers 
a more detailed protocol.

Tissue processing and immunofluorescence staining. Animals were 
euthanized 8, 14, 25, 30, 37, 40 or 44 days after wound creation or imme-
diately after UV exposure in the wound-healing study and UV-induced 
skin damage analysis. A 10-mm biopsy punch (Acuderm) was used 
to excise the regenerated wound tissue. The tissue was fixed with  
4% paraformaldehyde and embedded in paraffin. The embedded  
tissues were sectioned and stained for keratin-14 (1:1,000, Abcam), 



FLG (1:50, Santa Cruz Biotechnology) and 8-OHdG (1:100, Abcam) 
and with H&E. Secondary antibodies conjugated to Alexa Fluor 488 or  
Alexa Fluor 555 (Invitrogen) were used. Control samples included those 
stained with the secondary antibody without primary antibody. ImageJ 
(v.1.54m) was used to quantify the fluorescence intensity.

Statistics
Regression fitting. A generalized reduced-gradient non-linear  
optimization algorithm was used for regression fitting. We used an 
inverse exponential, linear, negative exponential model for data in 
Fig. 2d–f,i,j.

R2 and r values. All regression fitting results presented as R2 values 
calculated using the standard R2 formula. Regression fitting results for 
the comparison of two matrixes are presented as the Pearson’s r values 
calculated using the direct method58.

Confidence intervals. Data from five or more participants inferring 
the trend of a population are presented as confidence intervals with 
a 95% confidence level, calculated using the Student’s t-distribution 
method59.

ANOVAs. A repeated measures ANOVA (Fig. 3c) and a one-way ANOVA 
(Fig. 3i,j) were used to analyse the data, after which post hoc pairwise 
comparisons using the least-significant difference method were  
applied. The analyses derived P values under 95% confidence inter-
vals. Effect sizes (Cohen’s d) were calculated by dividing the difference  
between means by the pooled standard deviation60.

Software tools. SPSS (v.24) and Microsoft Excel (v.16.94) were used for 
the ANOVA test and the other statistical analyses, respectively.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data presented in this study, except for human participant data, are 
available at Dryad (https://doi.org/10.5061/dryad.bk3j9kdp7)61. Human 
participant data including protected health information constitutes 
a limited dataset defined by HIPPA (Health Insurance Portability and 
Accountability). Completely de-identified human participant data can 
be provided upon request with a detailed description of the intended 
use at large to advance science and health. Requests sent to the cor-
responding author ( J.A.R.) by email will be subject to executing a data 

use agreement with Northwestern University, which can take up to one 
month. Source data are provided with this paper.

Code availability
Custom analysis codes used in this study are available at Zenodo 
(https://doi.org/10.5281/zenodo.14884409)62.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data was collected from a customized Bluetooth protocol-based App.

Data analysis The raw data in the form of csv or jason files were initially processed using custom Python 3.11.0 and Microsoft Visual Basic for Application 
7.1 codes. All data (https://doi.org/10.5061/dryad.bk3j9kdp7) and custom analysis code (https://doi.org/10.5281/zenodo.14884409) are 
available in the public repository. Additional software involved in data analysis include ImageJ 1.54m, SPSS 24, and Microsoft Excel 16.94.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

Custom analysis code (https://doi.org/10.5281/zenodo.14884409) and data presented in this study (https://doi.org/10.5061/dryad.bk3j9kdp7), with the exception 
of human subject data, are available in the public repository. Human subject data including protected health information constitutes a limited data set defined by 



HIPPA (Health Insurance Portability and Accountability). Completely de-identified human subject data can be provided upon request with a detailed description of 
the intended use at large to advance science and health. Requests sent to the corresponding author (Prof. John A. Rogers) via email (jrogers@northwestern.edu) 
will be subject to executing a data use agreement with Northwestern University, which can take one month or less.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The selection of participants was based solely on their suitability for research objectives. For stratum corneum restoration 
testing, we included adults without consideration of their sex or gender for tests. For insensible water loss monitoring and 
hygiene monitoring, equal number of male and female adults were selected based on significant differences in sex or gender 
that have been previously reported and are described in relevant sections.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

The selection of participants was based solely on their suitability for research objectives. In the study we included adults 
without consideration of their race or ethnicity for all tests with the exception of hygiene monitoring, where an equal 
number of adults from three ethnic groups were selected based on significant differences that have been previously reported 
and presented in relevant sections.

Population characteristics Adults ranging in age from 18 to 70 years participated in this study.

Recruitment All subjects were recruited randomly without bias from Northwestern University campus in Evanston or Chicago, IL, USA.

Ethics oversight Study protocols were approved by the Northwestern Institutional Review Board (STU0020121-MOD0002).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not pre-determined. The number of experiments was determined based on the maximum available resources. The adequacy 
of the sample size was justified through statistical analysis, including ANOVA and t-tests. For human subject studies, sample size was 5 stratum 
corneum restoration, 14 for instrumental comparison, 3 for fluid homeostasis monitoring, and 11 for hygiene monitoring. For animal tests, 
sample size was 3 for UV-induced VOC monitoring, 7 for normal wound monitoring, 7 for diabetic wound monitoring, and 7 for infected 
wound monitoring. For immunofluorescence analysis, 12 for UV-induced VOC study, for wound healing studies, 18 for normal and 48 for 
diabetic. 

Data exclusions No data was excluded.

Replication For all experiments, unless otherwise stated in the manuscript, at least three experiments were either replicated or conducted independently 
and we confirm that all replication attempts fell within the acceptable error range. 

Randomization This is not relevant to this study. We conducted a prospective, observational single-arm study to evaluate the performance of our sensors. 
Thus, randomization was not necessary or appropriate.

Blinding No blinding was performed. Blinding was not used in this study because it did not involve experiments where bias was a concern.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 



Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used FLG/Filaggrin antibody (AKH1): sc-66192, Santa Cruz Biotechnology. Anti-Cytokeratin 14 antibody: ab119695, Abcam. 8-OHdG 

antibody (15A3): ab62623, Abcam.

Validation The antibodies were validated by the manufacturers as follows.  
"Filaggrin Antibody (AKH1): sc-66192 is a mouse monoclonal IgG1 kappa light chain antibody that detects Filaggrin protein of human 
origin by western blotting (WB), immunofluorescence (IF), and immunohistochemistry with paraffin-embedded sections (IHCP).  Anti-
DNA/RNA Damage antibody: ab62623 is a mouse monoclonal antibody that is used in DNA/RNA Damage IHC and 
immunofluorescence. All our  antibodies undergo standard validation and biophysical testing to ensure specificity and where possible 
includes testing across various applications using positive and negative cell lines, primary cells, cell treatments, and tissue 
microarrays. We believe this sets the minimum quality standard for antibody validation."  
"Rabbit Recombinant Monoclonal Cytokeratin 14 antibody: ab119695 is suitable for IHC-P, ICC/IF, Flow Cyt (Intra), WB, IHC-Fr, mIHC 
and reacts with Human, Mouse, Rat samples. KO Validated: Knock-out (KO) validation is a robust technique used to confirm antibody 
specificity by testing the antibody of interest in a cell line or tissue that has been engineered to not express the target protein. They 
were also validated using primary and secondary controls." 

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Diabetic (db/db) (BKS.Cg-m +/+ Leprdb) mice aged 8-12 weeks and healthy (C57/BL6J) mice aged 8-12 weeks were obtained from the 
Jackson Laboratory, USA.

Wild animals This study did not involve wild animals.

Reporting on sex Sex was not considered in the design of the study. The sex of the mice was assigned as male by the vendor.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight The Institutional Animal Care and Use Committee (IACUC) at Northwestern University's Center for Comparative Medicine (CCM) 
approved all animals and procedures prior to experimentation (IS00018748 and IS00000373).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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