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Binder-free printed PEDOT wearable sensors 
on everyday fabrics using oxidative chemical  
vapor deposition
Michael Clevenger1†, Hyeonghun Kim1†, Han Wook Song2, Kwangsoo No3, Sunghwan Lee1*

Polymeric sensors on fabrics have vast potential toward the development of versatile applications, particularly 
when the ready-made wearable or fabric can be directly coated. However, traditional coating approaches, such as 
solution-based methods, have limitations in achieving uniform and thin films because of the poor surface wettabil-
ity of fabrics. Herein, to realize a uniform poly(3,4-ethylenedioxythiophene) (PEDOT) layer on various everyday 
fabrics, we use oxidative chemical vapor deposition (oCVD). The oCVD technique is a unique method capable of 
forming patterned polymer films with controllable thicknesses while maintaining the inherent advantages of 
fabrics, such as exceptional mechanical stability and breathability. Utilizing the superior characteristics of oCVD 
PEDOT, we succeed in fabricating blood pressure– and respiratory rate–monitoring sensors by directly de-
positing and patterning PEDOT on commercially available disposable gloves and masks, respectively. Those 
results are expected to pave efficient and facile ways for skin-compatible and affordable sensors for personal health 
care monitoring.

INTRODUCTION
With the upsurge of interest in health monitoring systems and 
noninvasive human/machine interfaces, wearable and stretchable 
electronic devices have been extensively studied in the past decade 
(1–6). In particular, wearable sensors that are capable of extracting 
important bioinformation such as body temperature (5), blood 
pressure (BP) (3), or respiratory patterns (6) from the human body 
without the aid of medical experts and immobile instruments have 
demonstrated particular promise for the development of future 
portable health care systems. While the development of these sensory 
devices are specifically tailored and specialized depending on which 
types of bioinformation are being analyzed, or where the intended 
location of the sensor is being placed, the flexibility and robustness 
of these sensors must be ensured to guarantee the compatibility of 
the device on any location of the human body and the prolonged 
service despite undergoing the mechanical stress and strain caused 
by daily motion (1–6).

In an effort to provide flexibility, elastomers such as polyimide, 
polydimethylsiloxane, or fabrics have been adopted as device 
substrates (1–6). Among them, fabrics have shown tremendous advan-
tages in remarkable stability, skin compatibility, and breathability 
and in being lightweight (7–9). Moreover, if a sensor is able to be 
directly fabricated onto ready-made wearables, such as clothes, gloves, 
or disposable masks, then one can monitor their health status with 
minimized inconvenience. However, owing to the rough nature of 
the fabric surface, high porosity, and surface hydrophobicity, the 
formation of a uniform sensing film on the fabric has been regarded 
as a daunting task compared to developing films on flat and rigid 
substrates. This issue is especially noticed when using solution-
processed conductive polymers, which are one of the most commonly 

used materials for wearable sensors, because the thin-film formation 
of the materials relies on a liquid-phase deposition technique and 
its processing requirements such as surface wetting. Solution-based 
techniques, such as in situ chemical polymerization (10–12), dip-
coating (13–16), or drop-casting methods (17, 18) have been used 
for coating a polymeric film onto a fabric. However, these conven-
tional methods have been limited because of the requirements of 
suitable surface wettability and required chemical functional groups 
on the fabrics for binding liquid-phase monomers or dispersed 
polymers in a solvent. In addition, the harsh conditions required for 
the liquid-based methods, such as necessary acid treatment or 
annealing processing temperatures higher than 150°C (14, 19), have 
become another factor limiting the types of candidates for sensor 
substrates. Furthermore, the usage of additives, such as binders, 
that are often used for improving conformability of versatile fabrics, 
ultimately failed to maintain the inherent advantages of the fabrics 
(e.g., breathability or skin compatibility), as well as ultimately lower 
the conductivity because of the insulating nature of the binder (20–22).

Oxidative chemical vapor deposition (oCVD) has recently 
emerged as an innovative and unique method for synthesizing 
conductive polymer films with superior conductivity (23–25). Func-
tionally, the conductive polymer films are synthesized through the 
polymerization of a vaporized monomer and oxidizing agent. The 
vapor-phase reagents uniformly coat the whole surface of any 
substance regardless of surface morphology and wetting properties, 
enabling highly uniform polymer layers on virtually any substrates. 
The outstanding step coverage facilitated by the oCVD technique 
has been a breakthrough for a wide range of research fields such as 
light-emitting diodes (26), lithium-ion batteries (27), or redox-flow 
batteries (28), where oCVD polymers have been conformally coated 
on vertically aligned nanowires or porous media. However, for 
wearable sensors, there has been limited progress to date.

Herein, we use the oCVD technique for creating a conformal 
poly(3,4-ethylenedioxythiophene) (PEDOT) layer on multiple 
fabrics (nylon, polyester, and cotton) and disposable wearables 
(commercially available glove and mask) for sensory devices without 
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any binders or additives. The oCVD technique is capable of creating 
a highly conductive PEDOT film where thickness is readily controllable 
from ~10 nm to thicker than 1 m by varying the deposition time. 
Moreover, the mechanical stability, breathability, and lightness of 
fabrics are consistent even after the PEDOT coating, implying that 
oCVD PEDOT is notably promising as an active material for potential 
wearable devices. On the basis of the unique properties associated 
with oCVD-deposited PEDOT, we fabricate prototype resistive 
sensors by directly printing PEDOT on a commercially available 
disposable glove and mask, made of polymer fabrics such as 
polypropylene or polyester. The sensors successfully demonstrate 
capabilities of extracting BP information and respiratory rates in 
real time with remarkable precision. This is the first report proving 
the usability of the oCVD method on fabric-based sensors, thus 
paving the way for developing versatile health care devices.

RESULTS
Schematic of oCVD and characterization of oCVD PEDOT 
deposited on fabrics
The oCVD technique offers clear advantages over solution-based 
polymer-coating methods because of its ability to conformally coat 
complex geometries regardless of surface functionalities (e.g., 
hydrophobicity). Shown in Fig. 1A, a schematic of the oCVD chamber 
illustrates the gas-phase deposition process. EDOT monomers are 
vaporized and metered into the chamber via a needle valve, in 
which the monomers react with sublimated FeCl3 (oxidizing agent). 
The structure of the oCVD reactors is further described in fig. S1. 
Through step-growth polymerization, PEDOT chains are deposited 

onto the upside-down substrate. The substrates can be mounted in 
a way in which shadow masking is possible to selectively exposed 
areas. An example of this can be viewed in Fig. 1B, where a Purdue 
“P” was patterned onto polyester fabric via oCVD deposition of 
PEDOT, as well as line patterns onto medical gauze.

Figure  1C shows Fourier-transform infrared (FTIR) spectra. 
Comparison between PEDOT films deposited on fabric and Si 
substrates shows clear similarities of peak locations, indicating that 
oCVD PEDOT was well synthesized on fabric. The peak located at 
a wavelength of ~1550 nm is related to C═C stretching indicative of 
standard PEDOT films in the thiophene ring and is observed in 
PEDOT on both fabric and Si substrates. Peak presence at ~1425 nm 
on both fabric and Si substrates indicates both C─C and C─H 
bonds, characteristic of PEDOT films. The additional presence of 
the C─O bond located at ~1350 nm is shared between the films 
deposited on both substrates. Strong peaks shown at ~1080, 1110, 
and 1160 nm represent prominent C─O─C bonding, indictive of 
the ethylenedioxy group. In short, FTIR spectra of oCVD PEDOT 
films identified the characteristic chemical bonds of C═C, C─C, 
C─H, S, and C─O─C, which are coincided with previous works, 
solidifying the claim of successful PEDOT deposition on a fabric 
substrate (29, 30).

To confirm the mechanical flexibility of PEDOT films, we 
conducted bending tests on fabric samples coated with various-
thickness oCVD PEDOT films deposited at different substrate 
temperatures. For the bending test, the samples were bent 180° to 
generate high stress and strain on the fabrics, and their sheet 
resistances were measured every cycle. Values of sheet resistance 
(Rs) were then converted to the comparable term conductivity, 
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Fig. 1. Characterization of oCVD PEDOT. (A) Schematic of the oCVD process. (B) Photo image of patterned oCVD PEDOT on fabrics: polyester (left) and gauze (right). 
(C) FTIR spectra of oCVD PEDOT–deposited on silicon and polyester substrates. a.u., arbitrary units. (D) Conductivity and bendability of oCVD PEDOT–deposited on polyester 
with different thicknesses and deposition temperatures. (E) Breathability test of bare and oCVD PEDOT–coated fabric. Photo credit: Hyeonghun Kim, Purdue University.
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which is regarded as nominal compared to standard conductivity 
measurements on flat surfaces, using the equation  = 1/(Rs × t) 
with the film thickness t. PEDOT deposited on fabric was shown to 
maintain its conductive performance more than 100 bending cycles 
(Fig. 1D). This exemplifies PEDOT’s excellent mechanical flexibility 
and resilience to bending and strain cycles that typical wearable 
fabrics would undergo.

Comparing PEDOT films (~200 nm thick) deposited at various 
temperatures, the conductivity of PEDOT notably increases with 
higher substrate temperatures. To investigate the temperature effect 
in more detail, we investigated the conductivity of PEDOT, grown 
on flat glass substrates at various deposition temperatures from 50° 
to 130°C. From this investigation, fig. S2 demonstrates that the 
conductivity increases linearly below 100°C. FTIR (fig. S3) and 
atomic force microscopy (fig. S4) analysis of the films substantiate 
that high deposition temperatures lead to a longer conjugation 
length and larger grain-like structures of oCVD PEDOT films, both 
of which are eligible factors to increase the conductivity of the polymer 
(30–32). Moreover, the uniform coverage of the oCVD PEDOT on 
fabrics could be achieved even as the thickness of the polymer is up 
to 1 m (fig. S5).

A breathability test was conducted to determine whether the air 
permeability of the fabrics is compromised because of the coated 
PEDOT film on the fabric. The test consisted of covering and sealing 
vials filled with deionized water with bare fabric or oCVD PEDOT–
deposited fabric of varying thicknesses. The vials were then heated 
via a hot plate to encourage water evaporation. The resulting water 
vapor would then permeate through the fabrics into the surrounding 
environment. To track the amount of water released, we measured 
the mass of the water at specific intervals across 48 hours. The 

relationship of remaining water mass in the vials to time can be 
shown in Fig. 1E. From the figure, the rate of evaporation for bare 
fabric can be found to be ~0.036 g hour−1. oCVD PEDOT’s rate 
was found to be ~0.031 g hour−1, showing a negligible change in 
breathability from bare fabric to oCVD PEDOT–deposited fabric. 
Among oCVD PEDOT fabrics, no clear difference is seen between 
fabrics of varying thicknesses, showcasing oCVD PEDOT’s ability 
to maintain fabric breathability regardless of film thickness. This 
consistent high breathability indicates the enhanced versatility of 
oCVD PEDOT for wearable devices as film thickness can be adjusted 
per application without having to consider the effect on breathability.

Comparison between oCVD PEDOT and  
solution-processed PEDOT:PSS
To visualize the clear benefits of the oCVD deposition technique 
over traditional solution-based processing, we applied oCVD 
PEDOT and solution-processed PEDOT:polystyrene sulfonate (PSS) 
(deposited via dip coating) on three different fabric types: nylon, 
polyester, and cotton. We selected a standard PEDOT:PSS solution 
as a representative material for a solution process, considering its 
same polymer backbone structure as oCVD PEDOT. As shown in 
Fig. 2A, the oCVD process succeeded in coating uniform films on 
all the fabrics. However, the dip-casting process failed at uniform 
coating on hydrophobic fabrics like nylon and polyester. While there 
is a slight increase in wettability for PEDOT:PSS deposited on cotton 
fabrics, the resulting films are still highly nonuniform as evidenced by 
the uneven coloration indicating thickness variation across the film.

Simple rectangular channels were created on fabric using both 
oCVD PEDOT and PEDOT:PSS to compare the spatial uniformity 
between the oCVD PEDOT and solution-based PEDOT:PSS films 
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(a detailed method is described in the Supplementary Materials 
with fig. S6). In this case, channel length was varied between 6 and 
30 mm while channel width was kept constant. As shown in Fig. 2B, 
oCVD PEDOT clearly follows standard channel-length modulation 
practices, as the resistance scales linearly with channel length with 
minimal error among multiple samples. However, PEDOT:PSS 
fabric showed a much larger variation in resistance and the lack of 
a linear trend with the channel length, indicating that the solution-
based coating does not yield uniform conductance of the film grown 
on fabric, compared to the oCVD PEDOT. It is expected that any 
polymer solutions are difficult to be uniformly coated on various 
substrates because of the material-dependent wettability issues. In 
contrast, the vapor-phase oCVD process is capable of uniform 
polymer coating virtually on any type of substrates including fabric, 
thus having greater benefits for fabricating fabric-based devices.

Scanning electron microscopy (SEM) images of oCVD PEDOT 
and PEDOT:PSS deposited onto polyester fabrics are shown before 
and after bending in Fig. 2C. SEM images were taken to confirm the 
conformality of oCVD PEDOT films on fabric threads versus the 
nonuniformity consistently observed in PEDOT:PSS throughout this 
study. The threads in PEDOT:PSS films are substantially bridged by 
the PEDOT:PSS coating, reducing the open pore ratio of fabric and 
critically limiting the breathability. oCVD PEDOT, on the other 
hand, shows clear conformality, both before and after 100 bending 
cycles. PEDOT:PSS, however, shows notable film tearing and sepa-
ration from threads after bending, leading to overall lack of unifor-
mity and performance of PEDOT:PSS when compared to oCVD 
PEDOT. The notable uniformity difference between oCVD PEDOT 
and PEDOT:PSS could be also identified for nylon and cotton fabrics 
as shown in fig. S6.

To confirm the mechanical flexibility of oCVD PEDOT, we 
conducted bending tests to examine the change in overall resistance, 
and therefore conductivity of oCVD PEDOT films throughout 
bending. The results were compared to those of traditional solution-
processed PEDOT:PSS. From the plot in Fig. 2C, it can be seen that 
throughout bending, oCVD PEDOT maintains its nearly identical 
resistance level, and therefore conductivity with only a 4% deviation 
across all cycles from its initial measurement. PEDOT:PSS, however, 
showed a 400% increase in resistance, indicating consequential amounts 
of degradation. The occurrence of this degradation can be clearly 
explained by the tendency for PEDOT:PSS films to tear and 
separate, as shown in Fig. 2D. The mechanical flexibility and reliable 
conductivity performance of oCVD PEDOT, despite undergoing 
multiple bending cycles, highlights the efficacy of the oCVD vapor-
phase deposition technique and its ability to conformally coat complex 
geometries with high film uniformity.

Wearable sensors using oCVD PEDOT
The oCVD PEDOT having demonstrated exceptional conformability 
on fabrics, and stability has much potential to be implemented as an 
active material for sensor applications. Here, we fabricated proto-
type wearable sensors by directly depositing oCVD PEDOT onto 
commercially available disposable gloves and masks. Figure 3A 
demonstrates a schematic and a photograph (inset) for a pressure 
sensor printed on a glove of which thread consists of a mixture of 
polyester and polyethylene. The tip of the index finger was covered 
by patterned oCVD PEDOT of 1.5  cm of length and 0.5  cm of 
width. The ends of the PEDOT were then connected with copper 
electrode tape connected to a source meter.

The current change, recorded at a bias of 0.1 V, was investigated 
under a wide range of pressures (Fig. 3, B to E). The sensitivity tests 
were conducted by pressing the PEDOT film with a weight-loaded 
slide glass. The current markedly increased by 1400% when 1.8 kPa 
of pressure is applied to the center of the PEDOT film (Fig. 3B). 
Even when undergoing a minute pressure of 200 Pa (the inset of 
Fig. 3B), a significant response was still observable (200% change). 
The current drops, occurring from the moment of pressing and 
releasing, were attributed to transitory charge generation caused by 
the triboelectric effect between the glass and the PEDOT surface 
(fig. S8) (33). In general, the triboelectric phenomenon takes place 
in a short moment (<10 ms) and rapidly reaches an equilibrium state. 
Therefore, as shown in fig. S8, the sensing response (current variation, 
recorded at the equilibrium state) was not appreciably disturbed by 
the triboelectric effect. The sensitivity is defined as (∆I/I0)/P, 
where I0 is the initial current and ∆I is the current change (%) 
induced by applying pressure (P). The oCVD PEDOT sensor demon-
strated a notable sensitivity of 8 kPa−1, which is enough to use the 
oCVD-based fabric sensor for the measurement of various bio-
information from the human body (Fig. 3C). As a important figure 
of merit for pressure sensors, we also measured the operation rates 
of the PEDOT sensor. The response time is defined as the time 
period required for the current level to reach 90% of the saturation 
state as pressure is applied, while the recovery time is the time period 
to reach 10% of the saturation level after the pressure is removed 
(Fig. 3D). Response and recovery times of 260 and 30 ms, respec-
tively, were recorded while applying and releasing an approximate 
pressure of 1.8 kPa. It should be noted that the performance of oCVD 
PEDOT sensors is comparable to previously reported resistive devices 
based on conductive polymers (table S1) (34–47), even without 
any additives or sophisticated device structure in our sensors.

The working principle of the oCVD PEDOT sensor is described 
in Fig. 3F. As with other typical fabrics, the glove consists of “warp” 
and “weft” threads, one of which wraps the other in the vertical 
direction. When the oCVD process is initiated, the gas-phase 
monomers and oxidizing agents cover every open facet of the yarn, 
and the PEDOT layer uniformly coats the exposed surfaces. In 
contrast, the adhered region between warp and weft (denoted as the 
shaded region), which is too compact to permit the access of the gas 
molecules, is not coated by the conductive PEDOT film and still 
remains a nonconductive region. With no pressure applied, the 
selective surface covering makes the current flow in the fabric only 
through the internal path on each thread. When pressure is applied, 
the flexible PEDOT-coated threads are structurally deformed as 
shown in the right of Fig. 3F. Compared to the unpressured state, 
the deformation increases the contact area of the PEDOT films 
between the warp and weft, which creates an additional current 
path. In this case, the current flows not only through a single thread 
but also through multiconductive paths from the crossover between 
threads. This is the operational mechanism of the oCVD PEDOT–
based fabric sensor where the overall conductivity is proportional to 
the applied pressure (Fig. 3C). Moreover, the elasticity of polymers 
is high enough to rapidly restore the crossover state to an un-
pressured state once the pressure is removed, enabling the fast 
recovery behavior as shown in Fig. 3E.

On the basis of the high sensitivity and fast response rates, the 
oCVD PEDOT sensor was expected to qualify for tracking BP infor-
mation. The pressure range (<2 kPa), used for investigating the 
sensitivity of our sensor, is much lower compared to an actual BP 
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that is in a range of 10 to 16 kPa (80 to 120 mmHg). However, the 
pivotal goal of the glove sensor in this research is to identify a BP 
pattern measuring the associated pressure changes from a pulse at 
the wrist or neck under a mild pressing condition. Using this mild 
pressure condition, a user is equipped with the device with minimal 
inconvenience, unlike conventional cuff-type BP instruments that 
compress an arm or wrist until blood flow is blocked. Pang et al. 
(48) used an ultralight strain-gauge sensor and fixed it gently on a 
wrist to monitor a BP pattern. They succeeded in tracking the 
pattern information in real time with minimized discomfort although 
the recorded pressure value was in a range of 500 Pa, much less than 
that of the actual BP. Likewise, we targeted to measure BP patterns 
under a similarly mild pressing condition, for which we chose the 
polyethylene fabric because of its readily deformative characteristic 
under low pressures.

Figure  3G demonstrates regular pulse patterns, which were 
measured by placing the fabric sensor onto the radial artery located 
in the wrist. The radial artery pulse consists of two particular com-
ponents (Fig. 3H); one (P1) is caused by the main BP from the first 
beat of the pulse, and the other (P2) represents the reflected peak 
wave from the secondary beat. The radial artery augmentation 
index (AI), defined as a ratio of the peak intensities (P1/P2), has been 
studied as an indicative sign for diagnosing cardiovascular diseases. 

The AI estimated from the oCVD PEDOT sensor was 0.55, within 
the normal range of a healthy 20- to 30-year-old individual (49–51). 
In addition, the oCVD PEDOT sensor succeeded in extracting the 
BP patterns from the neck to measure carotid artery pressure. The 
carotid AI value (0.38) was slightly lower than that of radial artery 
pulse and consistent with reported clinical trials (51). Those results 
substantiate the capability of the glove sensor to extract meaningful 
BP information from multiple points in the human body without 
the aid of medical experts and immobile instruments. To test the 
stability and endurance of our sensors, we submitted PEDOT-coated 
fabrics to repeated standard use tests and abrasion cycles. The 
standard use test consisted of applying our sensor to the skin in 
concurrence with the typical use outlined for the BP sensor. For the 
abrasion cycles, the surface of the PEDOT film was repeatedly 
rubbed against the skin to examine the potential of wear. Each of 
these tests was conducted across 200 cycles, where the current 
change was recorded after pressure removal at a voltage of 0.1 V.  
The results, which can be viewed in fig. S9, showed no degradation 
of base current after undergoing all 200 cycles of abrasion and 
standard use, showcasing the endurance capabilities of our sensors.

Respiratory rate is a crucial physiological indicator capable of 
diagnosing severe respiratory diseases such as cardiopulmonary arrest, 
chronic heart failure, or pneumonia. In particular, with a marked surge 
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of coronavirus diesease 2019, handy and affordable sensors equipped 
with disposable masks have been extensively demanded. In this re-
gard, we fabricated the oCVD PEDOT sensor on a conventional, 
commercially available, disposable mask, consisting of two nonwoven 
fabrics (a mixture of Spandex and polypropylene) and a melt-blown 
filter (polypropylene) interposed between them (Fig. 4A). It should 
be noted that the oCVD technique provides an exceptional capability 
to directly form a uniform and thin patterned PEDOT film (~100 nm) 
on the mask without any secondary assembling processes.

Figure 4B compares current change, recorded at a bias of 0.1 V, 
before and after 5-min exercise (running). The signal of the mask 
sensor is susceptible to environmental conditions and the facial shape 
of the subject. Besides, the base current is expected to gradually shift 
during long-term use. Therefore, for the practical use of the sensor, 
the current fluctuation, affected by the exterior reasons, should be 
corrected on the basis of a proper signal processing algorithm to 
automatically extract respiratory information. The procedure for 
the data processing is described in the Supplementary Materials 
with fig. S11  in more detail. The initial rate was 16 to 20  min−1, 
which is raised up to 40 to 42 min−1 after running. The pattern was 
completely restored after enough rest time (>10 min). A single breath 
pulse for each state is described in Fig. 4 (C and D). For both normal 
and running states, inhalation caused a current drop that is recovered 
during exhalation. The period was shortened from 3.0 to 3.8 s to 
1.4 to 1.5 s after exercise, and the amount of current change for each 
cycle was far beyond the noise level of our sensor, ensuring a precise 
measurement. With the standard respiratory rate for an adult being 
between 12 and 20 min−1, and the abnormal rate being either below 
12 min−1 or above 25 min−1 (52–55), by showcasing the clear change 
in rate from 16 to 20 min−1 to 40 to 42 min−1 after running and then 

a decrease back to 12 to 14 min−1, the mask sensor has shown the 
capability to measure the respiration rate and to detect the difference 
between normal and abnormal ranges, which is an important factor 
in identifying potential illnesses associated with abnormal respiratory 
rate including, but not limited to, lung degradation, anxiety, fever, 
and cardiac conditions (52–55).

To identify the working principle of the mask sensor in more 
detail, we conducted additional electrical measurements (fig. S10) 
that emulate the working environment of the mask sensor. For a 
case where the sensor is placed on a compact glass slide and its two 
ends fixated (fig. S10B), the vertical pressing (1 kPa) on the sensor 
did not cause a substantial current rise (fig. S10C), contrary to the 
glove sensor (Fig. 3). For the glove sensor, which is much more sen-
sitive to applied vertical pressure, the current increment is attributed 
to the contact resistance variation between the warp and weft threads, 
accompanied by the structural deformation of those threads. How-
ever, the nonwoven outer fabric in the mask, which is previously 
compressed during its manufacturing process, consists of too 
compactly stacked threads (the inset of fig. S10A) to be transformed 
under mild pressure. Thus, the mask sensor was relatively insensitive 
to the applied vertical pressure.

Instead, if the two ends of the sensor were only attached to glass 
substrates while the center part was free-standing as shown in fig. 
S10D, then the pressure applied on the center of the fabric caused 
the current drop (fig. S10E) of which the amount of variation was 
8.5 times more than that of the first case (fig. S10, B and C). The 
underlying principle of the current change for the second case is 
based on the elongation of the fabric induced by the pressure. The 
electrical resistance of the PEDOT-coated outer nonwoven fabric, 
consisting of compactly stacked threads, is determined by the 
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combination of the internal resistance of each PEDOT-coated 
thread and the contact resistance between them. During the elongation, 
some of the conjunction points between threads are disconnected, 
bringing about a depression of charge transport through the 
interthread path that is related to the contact resistance; thus, the 
pronounced current drop that appeared during the pressing.

When the mask is equipped and fixated around the face, an air 
gap exists around the nostrils and mouth. The softness of fabrics 
allows shrinkage and recovery of the space accompanied by the 
instant structural deformation of the mask during repeated respira-
tion. Considering the inhalation process, the air gap is gradually 
curtailed, and the center of the mask is bent inward (the bottom of 
Fig.  4A), which is similar to the deformation described in fig. 
S10D. As discussed above, some conjunction points between the 
PEDOT-coated threads are detached during the elongation caused 
by the inhalation, resulting in an incremental change of the contact 
resistance between the PEDOT layers. As exhalation initiates, the 
deformation and change in conductivity from the induced gap are 
recovered to that of the normal condition. Thus, a repeatable 
breathing pattern can be electronically recorded by the real-time 
measurement of resistance of the PEDOT-coated layer.

DISCUSSION
Herein, we explored the conformability of the oCVD method on 
multiple fabrics (nylon, polyester, and cotton). The vapor-phase 
injection of reactants enables a uniform coating on any substrate 
regardless of their porosity or hydrophobicity. The thickness of the 
coating is controllable from 10 to thicker than 1000 nm by varying 
deposition time and temperature. Notably, compared to a dip-casting 
method using the PEDOT:PSS solution, the oCVD PEDOT’s 
bendability was exceptionally superior while maintaining the inherent 
advantages of fabrics such as breathability. On the basis of the 
outstanding features of oCVD PEDOT as an active material for 
wearable devices, we fabricated two prototype sensors by directly 
patterning and depositing PEDOT on a commercially available 
disposable glove and mask. The glove sensor successfully served as 
a precise pressure sensor, capable of extracting BP information from 
the radial or carotid artery by simply touching the wrist or neck. 
The respiratory rate–monitoring sensor, printed on the disposable 
mask, was able to monitor breathing patterns in real time. To the 
best of our knowledge, this is the first report of vapor-printing 
sensors directly fabricated on ready-made masks. The utilization of 
the oCVD technique, paired with the conjugated polymer PEDOT, 
has proven to be certainly advantageous in terms of strong adhesion 
between the sensing layer and wearable fabrics, contrary to conven-
tional approaches of which the sensory parts need to be prepared 
separately first and then assembled later on the resulting wearable. 
Therefore, the oCVD process is a groundbreaking addition toward 
the development of wearable devices in ready-made clothes (or 
masks) that can monitor personal health care information without 
the aid of medical experts and immobile instruments.

While the scope of our paper was the development of low-cost 
disposable sensors, which were intended to limit any potential spread 
of contagious diseases and therefore did not require a washing 
capability, the challenge of longevity is definitely of great consider-
ation. Because most polymers are typically not known for their 
resistance to large amounts of direct water and detergent contact 
like general electrical components, the initial focus of this research 

was made on manufacturing one-time sensors. However, we are 
considering potential methods to mitigate this challenge through 
the examination of gas-phase passivation, film thickness modulation, 
or composite film generation compatible with the oCVD process 
using additional substances better suited for increased longevity 
when facing washing cycles. We believe that the progress would 
broaden the application of the CVD polymer technique into versatile 
wearable electronic applications.

MATERIALS AND METHODS
oCVD process
oCVD PEDOT thin films were deposited on glass, silicon (Si), and 
fabric substrates using a custom reactor (fig. S1) that is an enclosed 
sealed chamber that maintains conditions to allow for vapor-phase 
polymerization. EDOT (97%; Sigma-Aldrich) monomer vapors were 
metered into the chamber using a needle valve after being heated to 
130°C to vaporize. Iron chloride oxidizing agent (FeCl3, reagent 
grade; Sigma-Aldrich), stored in a crucible in the main chamber, 
was sublimated by heating the crucible to 180°C at a ramping rate of 
approximately 10°C/min. The working pressure was maintained as 
2 × 10−3 torr through the adjustment of the flow rate of the needle 
valve. Once both the vaporized monomer and the oxidizing agent 
were introduced and a consistent chamber pressure was achieved, 
the deposition was initiated by opening the main shutter that covers 
the substrate. The substrate was maintained at a constant specified 
temperature (30° to 100°C), dependent on the sample, and the 
thickness was controlled by varying the deposition time. Last, the 
PEDOT-coated samples were rinsed with methanol (J.T.Baker) for 
10 min to remove unreacted FeCl3 and EDOT monomers and dried 
in a vacuum desiccator to completely evaporate the methanol solvent. 
Once completely dried, PEDOT-coated silicon samples were 
measured for thickness using a FilmSense FS-1 Ellipsometer. This 
thickness measurement was used as the nominal thickness for all 
PEDOT-coated fabric samples deposited concomitantly with the 
silicon samples (56, 57). Comparing the nominal thickness with the 
cross-sectional SEM images, directly obtained from PEDOT-coated 
nylon samples (fig. S12), revealed less than a 5% difference in thickness 
and therefore clearly validated the indirect thickness monitoring 
approach used in this study.

PEDOT:PSS coating on fabrics
Fabrics, precleaned by isopropyl alcohol (IPA), were dip-casted into a 
PEDOT:PSS solution (PH 1000, Ossila) for 30 min to adsorb the 
required amount of polymers. The samples were then annealed on 
a 50°C hot plate for 30 min and stored in a vacuum desiccator for a 
day to eliminate the residual solvents.

Materials characterization
Functional groups on PEDOTs were analyzed by FTIR spectroscopy 
(Nexus 670 ThermoNicolet Spectrometer) with an Attenuated 
Total Reflection accessory. PEDOT films on fabrics were observed 
using a Thermo Fisher Scientific Teneo scanning electron micro-
scope. The breathability test consisted of filling vials with 3 ml of 
deionized water. The fabric samples were then placed over the top 
opening of the vials and sealed around the edge through rubber 
banding. The vials were then placed equidistant from each other on 
a hot plate heated to 120°C. Breathability was then calculated via the 
change in total mass from the evaporation of the water across the test.
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Sensor fabrication and characterization
After deposition of PEDOT on fabrics (disposable glove and mask) 
with a prepatterned shadow mask, two separated copper electrode 
tabs were bonded on the conductive polymer. Silver paste and carbon 
tape were interposed between the copper and polymer films to more 
tightly fix them and minimize electrical noise. The sensor measure-
ments were conducted using a source meter (Agilent 4155B). Alligator 
clips were used to connected the sensor with the source meter, and 
the measurement was implemented at a bias of 0.1 V.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj8958
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