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4 ABSTRACT: This work explores the feasibility of coupling two
5 different techniques, the impedance and the transient plane source
6 (TPS) principle, to quantify the moisture content and its
7 compositional parameters simultaneously. The sensor is realized
8 directly on textiles with the use of printing and coating technology.
9 Impedance measurements use the fluid’s electrical properties, while
10 the TPS measurements are based on the thermal effusivity of the
11 liquid. Impedance and TPS measurements show equal competency
12 in measuring the fluid volume with a lowest measurable quantity of
13 0.5 μL, enabling ultralow volume passive measurements for sweat
14 analysis. Both sensor principles were tested by monitoring the
15 drying of a wet cloth and the measurements show perfect
16 repeatability and accuracy. Nevertheless, when the biofluid property changes, the TPS sensor does not reflect this information
17 on its readings, whereas, on the other hand, impedance can provide information on compositional changes. However, since the
18 volume of the fluid changes simultaneously, one cannot differentiate between a volume change and a compositional change from
19 impedance measurements alone. Therefore, we show in this work that we can apply impedance to measure the compositional
20 properties; meanwhile, the TPS measurements accurately carry out volume measurements irrespective of the interferences from its
21 compositional variations. To prove this, both of these techniques are applied for the quantification and composition monitoring of
22 sweat, showing the capability to measure moisture content and compositional parameters simultaneously. TPS measurements can
23 also be an indicator of the local temperature of the medium confined by the sensor, and it does not influence the fluid parameters.
24 Compiling both impedance and thermal sensors in a single platform triggers smart wearable prospects of metering the liquid volume
25 and simultaneously analyzing other compositional changes and body temperature. Finally, the repeatability and stability of the sensor
26 readings and the washability of the device are tested. This device could be a potential sensing tool in real-life applications, such as
27 wound monitoring and sweat analysis, and could be a promising addition toward future smart wearable sensors.

28 KEYWORDS: textile, biofluid, printed, moisture content, composition analysis, sweat monitoring, ionic concentration,
29 temperature measurement, washability

30 Charles Darwin wrote in the 1800s “It is not the strongest
31 of the species that survives, nor the most intelligent, but
32 the one most responsive to change”. Nowadays, the health care
33 system has been transiting from physical hospitals toward
34 virtual hospitals where the patients themselves carry mini-
35 aturized versions of medical labs, i.e., wearable sensors that do
36 not interrupt the human being’s normal life. Physical, chemical,
37 and biological human body responses become the primary
38 analytes for future health monitoring in medical systems.
39 Although health-monitoring smartwatches and activity-tracking
40 health bands have been exhibiting growing potential for
41 commercialization, biofluid-based sensor patches are yet to be
42 matured for health markets. Peripheral body biofluids such as
43 sweat and wound swabs are analytes containing human body
44 responses that assist the vital learning of the physiological and
45 psychological aspects of human health in a noninvasive
46 manner. Hydration monitoring,1 perspiration analysis,2 stress
47 monitoring,3 early detection of cystic fibrosis,4 and thermal-

48comfort detection are some of the major health-tracking
49proposals of sweat volume and analyte-based wearables.
50McColl et al. utilized moisture-level tracking to optimize
51wound dressing management,5 and many other studies report
52on wound exudate analysis to make effective wound-healing
53monitoring.6,7 There are also reports for numerous feasibility
54studies employing wound discharge pH to monitor the healing
55progress,8,9 and other researches have shown the exudate
56impedance changes as a pointer for infection detection.10,11

57The analytical studies based on the biofluids largely depend on
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58 the quantification of biomarkers such as volume,12,13 ionic
59 concentration,14−16 bacterial presence,10,17 pH,9,18 and similar
60 parameters.
61 Most of the reported studies in the literature took advantage
62 of monitoring the electrical properties for determining the
63 aforementioned biomarkers, whereas these biomarkers are
64 generally tracked individually without any cross-sensitivity in
65 laboratory conditions. Bacterial detection in (simulated)
66 wound exudate is conducted on a defined volume of the test
67 liquid,19 and the perspiration analysis assumes a uniform sweat
68 rate. Wearable sweat analyte-monitoring studies have been
69 reported, focusing on the sportsman’s biochemical and
70 physiological account to optimize the performance. However,
71 recent studies emphasize the necessity of volume measure-
72 ments for comprehensiveness.20,21 Such errors can also occur
73 during the practical measurements of pH of the biofluids.22

74 Many wearable sensors in the literature have been originally
75 designed to sense a predefined volume of the test fluid but may
76 lose accuracy when exposed to an unknown volume. Moisture
77 content tracking on wearable applications suffers from
78 measurement errors due to the variations in electrical
79 properties of the body fluids.23−25

80 To avoid the cross-sensitivity on sweat rate measurements in
81 thermal-comfort monitoring, Sim et al. developed a watchlike
82 device that uses expensive and high-power-consuming complex
83 methodologies to perform accurate sweat rate sensing. This
84 system consists of heaters, humidity sensors, actuators, and a
85 diaphragm-enclosed frame, which are limited to be a wrist
86 watchlike instrument and are not suitable for any other
87 wearable textile applications mentioned before.25 Similarly,
88 sweat rate measurements performed with the help of
89 microfluidic channels integrated with the heater and two
90 thermocouples at the sides are reported elsewhere. The sweat
91 in the channels flow through the heater, and the temperature
92 difference between the thermocouple indicates the sweat
93 rate.13 There were also attempts to carry out sweat rate
94 measurements with the help of humidity sensors. Two
95 identical humidity sensors were arranged at a differential
96 distance from the skin, where a gasket was used to maintain
97 definite spacing from the skin.26 There are also sweat
98 collection devices built to quantify sweat loss and they use
99 microchannels reported in previous studies.27,28 A recent study
100 developed a novel methodology for early detection of cystic
101 fibrosis, and here the researchers use potentiometric measure-
102 ments to monitor the sweat chloride content in the biofluid.
103 This work also studied sweat rate measurements with the help
104 of an additional sweat collecting device to attain error-free
105 measurements.15 These kinds of electrochemical potential
106 quantifications on wearables are not affected by the fluid
107 volume above the required threshold to perform measure-
108 ments. Current approaches utilize the active stimulation of the
109 sweat glands with exercise to produce an adequate volume of
110 sweat (more than 10 μL) to be able to perform the analysis.
111 This, however, is often not feasible for wearable functionalities
112 especially for patients, infants, and elderlies. Besides, many of
113 these sweat measurement/collecting devices use channels,
114 pumps, and relatively complex poly(dimethylsiloxane)
115 (PDMS)-based microfabrication strategies, the downside of
116 which are high power consumption, long-time heating, high
117 cost, and not being feasible to be integrated into textiles. On
118 the other hand, laboratory-based testing applied for wearable
119 systems often assumes a definite volume of the wound exudate
120 or sweat rate to quantify its biomarkers. Contrarily, the

121moisture content (volume) measurements of the biofluids are
122carried out assuming identical electrical properties of the
123liquids, which is not always the case. Therefore, erroneous
124measurements are achieved, which can only be solved when
125both volume sensing and ionic concentration measurements
126are independent of each other.
127The selectivity toward biomarkers, their reproducibility, and
128difficulties in integrating conformal fluid monitoring sensors
129into textiles still have bottlenecks, spanning from the sensor
130fabrication to sensing principles and the optimal integration of
131multiple techniques in a wearable platform. Conventional
132sensor fabrication uses glass or ceramic substrates applying
133microfabrication techniques, such as photolithography, sputter-
134ing, and etching, and the processing involves high-temperature
135curing above 300 °C.29,30 These sensors are unconformable to
136the human body, and mechanical mismatch with the skin elicits
137motion artifacts and end-user inconvenience. Multistimulant
138sensible skinlike devices,31,32 wearable human emotion
139monitoring patches,3 breathable and stretchable temperature
140sensors,33 thermal principle-based moisture monitoring
141sensors, and many more have been developed over the last
142few years to surpass the shortcomings of conventional systems.
143All of these major studies are promising ones but focus on
144clean room-based microfabrication of flexible devices on
145polyamides, PDMS, etc. However, complicated sensor
146fabrication steps, limited substrate selectivity, and the necessity
147for huge investment in the production facilities are certain
148disadvantages. Development of low-temperature processable
149functional inks and compatible high-speed printing techniques
150launched opportunities for mass production of conformable
151functionalities onto flexible substrates. Although microfabrica-
152tion techniques are superior for feature size, printing opens up
153adaptability in terms of substrate, cost, and production speed.34

154Printing is an additive manufacturing technique that simplifies
155the production steps and reduces production waste. The
156compatibility of printing the sensors on textiles shows massive
157opportunities for textile-based wearable applications. A few
158studies on multiparameter-sensing smart bandages,35 activity
159trackers,36 and imaging modality on brassiere for cancer
160detection37 have been reported. However, it still remains for
161printed sensors on textiles to explore in detail the wearable
162biophysical and biochemical measurements for health and
163comfort.
164This article addresses the research problems related to
165wearable biofluid monitoring as specified before. Generally, the
166wearable biofluid tracking sensors encounter uncertainty
167between the volume of the liquid and the concentration of
168the ions/biological contents present in it, especially in
169electrical property-based sensors. When it comes to the
170volume-based electrical parameter-detecting moisture sensors,
171the accuracy in measurement is substantially affected due to
172the presence of ions/metabolites. Similarly, electrical property-
173based health-monitoring wearables are adversely affected due
174to the unknown volume of the body fluid. To circumvent these
175shortcomings, the proposed work in this article attempts to
176club two measurement techniques for accurate and precise
177quantification of biofluid and its biomarkers without
178disruption. Impedance-based health monitoring in wearables
179has been reported in previous studies.1,38 It is a widely
180accepted fluid-sensing technique adopted as one of the
181measurement techniques in this work. Prof. Gustafsson
182developed the transient plane source (TPS) method in 1979,
183as an alternative technique to measure the thermal
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184 conductivity of materials.39 Based on this work, Schönfisch et
185 al. presented the moisture content assessment on textiles
186 applying the TPS method and the sensor consisted of a
187 cleanroom microfabricated heater on polyamide foil.40 The
188 initial part of this article focuses on the inclusion of the TPS
189 and impedance sensors into a single wearable textile platform.
190 Selection of textile as the sensor substrate ensures conform-
191 ability and feasibility for all range of wearable applications. As
192 textile-compatible fabrication techniques, screen printing41 and
193 ultrasonic spray coating42,43 for sensor fabrication ensured the
194 conservation of textile wearability attributes. The final printed
195 sensor system on textile combines the impedance and TPS
196 technique, and both are compared for the moisture content
197 (biofluid volume) measurement over a wide range, even with a
198 smallest measurable quantity of 0.5 μL, which allows for
199 passive ultralow volume sweat analysis. This work investigated
200 the prospect to use sweat volume and composition analysis
201 without interference. The sensor system is designed and
202 applied for multiple biomarker detection, and it results in
203 accurate computations without any interference. Coupled with
204 biofluid monitoring, the human body’s temperature is a highly
205 pertinent biomarker to be tracked for wearables. Besides the
206 fluid measurements, the TPS sensor system could manage to
207 perform passive temperature tracking, which is also shown in
208 this work. Finally, as the proposed sensors are fabricated on
209 textiles, the washability of the sensors is desirable. Therefore,
210 washing tests are performed, showing this printed sensor
211 system’s potential for long-term applications in wearables.

212 ■ MATERIALS AND METHODS
213 Sensor Fabrication. The textile substrate used in this work is a
214 polyester woven fabric (100% PES, washed and fixated, kw11401)
215 from Concordia Textiles (Valmontheim, Belgium) with an average
216 roughness of 6 μm. Silver paste (flexible silver paste) was purchased
217 from Gwent group (Pontypool, U.K.), which has already been proven
218 for its flawless performance in flexible device applications.41 A water-

219based dielectric ink Tubicoat and the insulation ink Tubiguard was
220supplied by the CHT group, Tübingen, Germany.
221TPS Moisture Sensor Fabrication. The TPS moisture sensor is
222directly fabricated on the textile substrate without a planarization
223layer. A coil heater is designed with track width and an interturn
224spacing of 500 μm and is screen-printed onto the textile surface (see
225 f1Figure 1B). The heater design is printed using silver paste and cured
226at 160 °C for 20 min in a box oven to make it conductive and to
227remove all of the ink additives from the printed silver. The resultant
228heater structure has resistance in the range of 75−150 Ω at room
229temperature. Following this, a thin layer of Tubiguard formulation is
230ultrasonically spray-coated on the top of the printed silver heater.
231During spray coating, the heater area was left exposed and the textile’s
232remaining area was masked with a foil. After coating, the Tubiguard
233layer is cured at 160 °C for 20 min in the box oven. The heater design
234used for sweat monitoring was smaller than the one mentioned here.
235The track width and spacing is set to 400 μm for the smaller heater.
236Impedance Moisture Sensor Fabrication. The impedance sensor
237is fabricated on the textile substrate next to where the TPS sensor is
238printed. The textile substrate is blade-coated with a Tubicoat
239formulation layer to obtain a better feature size of printed electrode
240fingers. This sandwich architecture enhances the dielectric properties
241of the sensor. The coated layer was cured at 130 °C for 15 min in a
242box oven. Interdigitated electrodes of area 20 × 10 mm2 are designed
243for the moisture sensor (see Figure 1A). The electrodes with a finger
244width and an interspacing of 400 μm are prepared by screen printing
245onto the coated side of the textile substrate, and silver paste is applied
246as the conductive electrode material. The printed silver electrode is
247cured in a box oven at 120 °C for 10 min. As a top layer for the
248sensor, the Tubicoat material is deposited by ultrasonic spray coating.
249The Tubicoat formulation is diluted to 5 wt % in water and kept in an
250ultrasonic bath for 5 min to make a homogeneous and fine dispersion.
251Ultrasonic spray coating of the diluted Tubicoat material underwent
252multipass coating for adequate thickness. During this step, the TPS
253sensor was masked with a foil to avoid the deposition of Tubicoat
254over it.
255Agilent 4284A precision LCR meter from Hewlett Packard and
256PXIe-4139, a source measure unit from National Instruments, are
257used for the impedance and TPS sensor measurements, respectively.

Figure 1. Sensor production flow. (A) Screen printing heater design on textiles. (B) Ultrasonic spray coating of the Tubiguard layer. (C) Blade
coating Tubicoat. (D) Screen printing interdigitated electrodes (IDEs). (E) Ultrasonic spray coating of Tubicoat. (F) Final sensor on textiles.
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258 Theory of Operation.39,40,44−46 Impedance Sensor. The
259 electrical impedance measurement of the moisture is based on
260 tracking the changes in the sensor’s electrical resistance and reactance
261 when its surface comes in contact with the moisture. The proposed
262 sensor consists of conductive interdigitated electrodes (IDEs) covered
263 with a moisture-responsive dielectric medium. The moisture sensor’s
264 electrical model suggests that the moisture layer’s intrinsic
265 conductivity contributes to a change in the electrical resistance of
266 the sensor.47 Many moisture-sensing devices reported in the literature
267 thus use fluid resistivity as the sensing parameter to quantify the fluid
268 volume. However, the presence of moisture also produces variations
269 in the permittivity of the dielectric sensing layer, resulting in a
270 proportional impedance change.48 In addition to this, the changes in
271 the impedance occurring at the interface of the liquid and the sensing
272 layer also add up to the total impedance, Z, and are summed up as in
273 eq 1

Z
fC

R
1

2
=

Π
+

274 (1)

275Here, R is the resistance, C is the capacitance, Z is the impedance, and
276f is the frequency.
277TPS Sensor. The sensor’s thermal measurements are established
278around a metallic heating element driven to Joule heating. As the
279heating element heats up, the temperature-induced resistance change
280is related by the renowned equation

R R T(1 )t( ) 0 α= + Δ
281(2)

282where R0 is the initial resistance, R(t) is the resistance at any instant t,
283and α is the temperature coefficient of resistance (TCR). The graph
284plotted with resistance against temperature is a straight line, and the
285slope is the product of α and R0. The proposed work investigates
286moisture sensing using a thin-film heater, applying the transient plane
287source method for the measurements. The measurement is performed
288using a system that precisely monitors the change in temperature as
289the heater is triggered for a short heating pulse. When the heating
290sensor attains a higher temperature, it forms a thermal interface with
291the surroundings and the corresponding interfacial heat transfer is
292explained by the heat equation. The solution for the one-dimensional

Figure 2. SEM cross section of impedance (A) and TPS sensors (B) and EDX and FTIR for the sensing layer of the impedance sensor (C and D,
respectively).
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293 heat equation relates the change in temperature (ΔT) of the heater as
294 a function of thermal effusivity (e) and time, as can be seen in eq 349

T f e t( , )Δ =295 (3)

296 where the thermal effusivity (e) is defined as the ability of a medium
297 to exchange heat with its surroundings and is determined as the
298 square root of the product of volumetric heat capacity and thermal
299 conductivity, as shown in eq 4

e Cvλ=
300 (4)

301 where Cv and λ stand for volumetric heat capacity and thermal
302 conductivity, respectively.
303 A short pulse of a defined power heats up the heater. The
304 subsequent rise in temperature is in inverse proportion to the thermal
305 effusivity of the contact medium. When the dry heater plane becomes
306 wet, the heat energy is quickly transported from the sensor plane to
307 the surrounding medium. As the heat energy is rapidly extracted by
308 the water content, the sensor’s rise in temperature exhibits less
309 steepness in contrast to the sensor under dry conditions. The thermal
310 effusivity of water is approximately 250 times higher than that of air,
311 facilitating high sensitivity toward the presence of moisture of the
312 sensor. The magnitude of the abovementioned effusivity of the water-
313 content-induced temperature drop can be obtained from eq 5 that
314 relates resistance and temperature. The variations in resistance
315 produce changes in the applied voltage as can be seen from the
316 equation below.49

V I R t( )Δ = Δ
317 (5)

318 ■ RESULTS AND DISCUSSION
319 Flexible and Printed Sensors on Textiles. As described
320 in the Materials and Methods section, the impedance sensor is
321 composed of IDEs and a sensing medium. The sensor
322 performance in terms of sensitivity and resolution is dependent
323 on the spacing between the interdigitates and the feature size
324 of the electrode fingers. The interdigitated electrode spacing
325 and feature size are limited mainly due to the printing process,
326 substrate, and ink composition. Such sensor fabrication on
327 textiles is often hindered due to the difficulties in fabricating
328 IDEs on textile substrates using conventional microfabrication
329 techniques. This work employed screen printing as a method
330 for the deposition of IDEs on textiles. Screen printing is known
331 for its reproducibility and good aspect ratio of the printed
332 structures. The architecture of the sensor layer buildup is
333 clearly observed from the scanning electron microscopy

f2 334 (SEM) cross section of the sensor given in Figure 2. The
335 SEM images show that the IDEs printed on the textile
336 substrate are rather well reproduced and the feature size of 400
337 μm line width is attained on the textile substrate. The presence
338 of organic compounds and silicon in the sensing material is
339 confirmed using energy-dispersive X-ray (EDX) spectroscopy
340 (Figure 2C). Fourier transform infrared (FTIR) spectroscopy
341 (Figure 2D) confirms that the sensing material consists of a
342 polyurethane matrix and that the silicon dioxide is in the
343 dispersed phase. Polymers, especially polyurethane, are
344 moisture-sensitive materials and have been applied before for
345 humidity-sensing applications.50,51 Ceramic oxides alone serve
346 as moisture-sensing materials, and their polymer composites
347 improve their dielectric properties.
348 The intrinsic moisture conductivity, absorbed and adsorbed
349 moisture on the polymer composite, changes the sensor’s
350 dielectric and resistive properties. The sensor’s exposure to
351 moisture results in a thin conductive moisture film on the top
352 of the sensing layer, which contributes to impedance changes.
353 The sensing layer’s absorption phenomena lead to the

354emergence of the changes in interface impedance and
355capacitive and resistive changes on the dielectric sensing
356layer. The abovementioned electrical quantities contribute to
357the sensor impedance drop, which is proportional to the
358volume of the test liquid. These sensing mechanisms can be
359explained using the Cole−Cole plot for impedance-based
360 f3moisture sensors, as shown in Figure 3A. This plot is in

361agreement with that of the sensor reported in the literature,
362which uses a polymer−ceramic composite layer for humidity
363sensing.44 A low volume of the moisture content and high
364humidity levels have shown nearly the same Cole−Cole plots,
365paving a way for predicting the different mechanisms
366contributing to the impedance change.
367Also, printed heaters can be used as thermal sensors for the
368TPS-based moisture volume measurements. The plot (Figure
3693B) of the normalized voltage change vs the square root of
370time shows a sheer difference in the slope for wet and dry
371sensor surfaces. This slope is used as a parameter to quantify
372the water content on the surface of the sensor. Here, the TPS
373measurement is envisaged in such a way that spatial sensitivity
374is limited to the regime of the biofluid content on worn clothes

Figure 3. Cole−Cole plot for impedance sensor for different fluid
volumes (A) and transient heating of a sensor at two conditions (B).
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375 and external ambient influences are needed to be segregated.
376 This is achieved with the help of restricting the penetration
377 depth of the heat pulse by setting the transient heating time
378 (more details can be found in the Supporting Information).
379 This work used a transient heating time of 1 s. This can be
380 further optimized based on the end application. Prolonged
381 transient heating leads to noise disturbances, consumes more
382 power, and the sensor takes a long time to return to its initial
383 condition. The printed heater has a circular coil-like structure
384 made of conductive material. As the width of the heater coil
385 and the spacing between them decreases, the initial resistance
386 of the heater increases. The impact of the initial resistance on
387 the sensitivity of the sensor is mentioned in the previous
388 section. The heater coil feature size and the spacing between
389 them are desired to be small to enhance the sensor sensitivity
390 and repeatability. The cross-sectional image of the sensor given
391 in Figure 2B shows the layer formation on the textile substrate.
392 The printed heater sensor is encapsulated with a thin layer
393 coating that acts as a protection layer for the conductive tracks,
394 hindering the shunting between heater tracks during fluid
395 testing.
396 Moisture Content Monitoring. This section investigates
397 the feasibility of moisture volume measurements in textiles
398 with the help of two different techniques. The sensors are
399 characterized and tested for their performance in terms of
400 work, sensitivity, precision, repeatability, and comparison of
401 one with the other.
402 A moisture content measurement is performed using both
403 the thermal- and impedance-based sensing approaches, and a
404 comparison is made between them. In both approaches, the
405 experiments are initiated in a dry condition. Briefly, 1−250 μL
406 of the test liquid is dropped onto the sensor surface in discrete
407 volumes. The impedance measurements exhibit a drop at lower

f4 408 frequencies, as shown in Figure 4A, whereas at higher
409 frequencies, the impedance remains almost constant, which is
410 as expected for resistive-capacitive circuits. As the volume of
411 the test liquid increases, the corresponding impedance drops
412 from a few megaohms to a few hundred ohms. Likewise, the
413 thermal principle (TPS) was also assigned for moisture volume
414 measurement. The printed heater is allowed to transiently heat
415 up for 1 s, and the presence of moisture induces variations in
416 the temperature rise of the heater. The presence of moisture
417 segregates the heat quickly from the heater surface, and this
418 heat transfer in turn reduces the heat buildup on the moist
419 heater surface. The transient heating time of 1 s and the
420 applied power are kept constant for the experiments. After
421 every transient heating cycle, the heater remains idle for 30−
422 100 s while it returns to its initial condition (which depends on
423 how high the heating temperature is). The slope of the heating
424 curve is observed to drop with increasing moisture content, as
425 seen in Figure 4B, and this can be explained based on the
426 section theory of operation.
427 The relationship of the sensor output signal as a response to
428 the stimulus needs to be characterized, and this is known as the
429 sensor transfer function. The impedance sensor transfer
430 function is defined by measuring the impedance variations
431 with moisture volume at a frequency of 100 Hz. At the same
432 time, the TPS principle-based sensor is characterized by
433 measuring the slope of the normalized voltage vs the square
434 root of the time (√t) heating curve. The slope is calculated
435 between a transient heating time of 0.5 and 0.8 s0.5. The curve
436 plotted between impedance and the liquid volume is best fitted
437 to a third-order exponential decay function with an adj R2

438value of 0.999, whereas the plot of the TPS sensor is best fitted
439to a first-order exponential decay function with an adj R2 value
440 f5of 0.991 (Figure 5). The sensitivity of the sensor can be
441calculated from the derivative of the transfer functions (F1 for
442impedance, F2 for thermal) and are given by eqs 6 and 7.

xdF1/d 11956.9e 300390.6e

315.38e

x x

x

( /4.6) ( /0.86)

( /42.21)

= − −
−

− −

−
443(6)

xdF2/d 0.000598e x( /4.6)= −
444(7)

445where x is the volume of the test fluid. Both the proposed
446impedance and TPS sensors have a least measurable volume of
4471 μL for the test fluid. The impedance-based moisture sensor
448however has the potential to measure even smaller volumes, as
449is illustrated in Figure 4A, where the impedance drops a few
450orders of magnitude when the dry sensor becomes wet by 1 μL
451volume of the test liquid. The stability of the sensor readings
452can be evaluated by repeatedly measuring the value of the
453impedance for a particular volume of the test liquid. The
454accuracy of the sensor is evaluated from recurring readings for
455 f6each test volume shown from 0 to 250 μL volume in Figure 6.

Figure 4. Moisture volume measurement from 1 to 250 μL.
Impedance sensing (A) and TPS sensing (B).
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456 Slight deviations in the sensor readings mostly arise from the
457 dynamic spread of the liquid drop and its evaporation. The rate
458 of evaporation increases with spreading due to the increase in
459 the surface-to-volume ratio of the liquid drop. The accuracy of

460the measurements points out the necessity of another relevant
461attribute, which is the reproducibility of the sensor measure-
462ments in different cycles.
463The reproducibility of the sensor readings over repeated
464measurements is also investigated. This is an inevitable feature
465for wearable sensors as it is directly correlated to health
466diagnosis. Some minor misfits are observed between the sensor
467readings of the repeated cycles, even at the regime of larger
468volumes of the test liquid. The root cause for these variations is
469attributed to the difference in the spreading of the liquid on the
470sensor surface. It is observed that both impedance and thermal
471measurements are influenced by the area of the liquid surface
472coverage. To overcome this limitation, an even surface
473distribution of the test fluid is a mandate. The improved
474wearable sensor system could be designed in such a way that
475the sensor is implemented to measure the volume of the liquid
476contained in a textile or a similar material layer coated or
477spread over the sensor surface, which is also shown in the next
478section. This modified sensor system can thus eliminate the
479aforementioned systemic errors, which are shown as drying of
480the wet textile sample.
481Monitoring the Drying of a Textile Sample and the
482Sensors’ Reproducibility. The primary goal of the proposed
483sensors is to measure the volume of the moisture content
484present in the wearables, which are wet by the secreted body
485fluids, and is further quantified and analyzed. The moisture
486volume assessment is made by monitoring the variations in the
487impedance and thermal measurements over a period of time
488where a piece of textile placed over the sensor surface is made
489wet and set to dry. Here, phosphate saline buffer (PBS) is
490applied for biofluids as it is widely recognized and used in
491 f7biosensor testing.2,11,35,52−54 Figure 7 shows the temporal
492evolution of (A) the impedance measurements of the sensor at
493a constant frequency and (B) the slope of the transient heat
494curve for thermal measurements. The sensor readings in the
495below demonstrated experiment for tracking the drying of a
496wet textile exhibited excellent reproducibility over repeated
497cycles of measurements, as is evident in the results. This
498feature counts as proof for the sensors’ functionality to
499measure moisture volume, its accuracy, and reliability for real-
500life applications.
501It can be noted here that both the sensor systems are tested
502and verified for over a wide input full scale, even with capacity
503for ultralow volumes. Both sensors are highly sensitive to
504moisture changes and have good repeatability irrespective of
505the fact that there are minor mismatches due to nonuniform
506wetting issues.
507Synergetic Action of Impedance and Thermal (TPS)
508Sensors for Sweat Monitoring. As shown in the above
509section, both sensors show consistent and reliable sensing
510characteristics for volume measurements. However, wearable
511moisture sensors coupled with biomarker detection would be a
512pivotal novel functionality for comprehensive personal health
513management. For example, bacterial detection in wound
514exudate and chloride ion monitoring of sweat along with its
515accurate volume measurements lead to an all-inclusive fluid
516 f8assessment. Figure 8 shows the sensor impedance dependency
517on different test liquid compositions like demi water, tap water,
518and phosphate buffer (PBS). The impedance readings show a
519completely unique sensing behavior for the test fluid where the
520impedance changes in response to both volume and its
521composition. This drives the impedance sensor into the
522perspectives of biofluid composition analysis to understand

Figure 5.Moisture-sensing characteristics for the impedance sensor at
100 Hz (A) and TPS sensor (B).

Figure 6. Impedance and TPS sensors’ multiple readings for each
liquid volume tested ranging from 0 to 250 μL.
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523body health responses. However, this also raises a question
524about the uncertainty arising from the simultaneous influence
525of the biofluid composition and volume on the impedance
526measurements. As the sensor testing goes beyond the
527laboratory conditions from having defined volumes of the
528test liquid to continuously varying and unknown volumes of
529the biofluids, the uncertainty in impedance measurement
530comes into action.
531The composition and volume of biofluids such as sweat vary
532depending on physical activities and physiological and
533psychological factors. In wearables, it is vital to closely monitor
534both the ionic composition and the volume of sweat. To
535address this matter of contention, the sensor system should be
536competent to quantify the volume of the sweat without any
537considerable interference from its composition and vice versa.
538The sweat used is prepared on the basis of European standard
539EN1811.55,56 The sweat pH is adjusted to 6.5 with dilute
540sodium hydroxide. The sweat ionic concentration is varied in
541the physiologically relevant range. The concentration of
542sodium chloride (NaCl) is varied to different molarities, and
543different volumes of each are tested to see the feasibility of the
544sensor to be used for such applications. A few millimolar
545concentrations of sodium chloride ions in the test sweat
546produced a significant change in the impedance of the sensor
547 f9(Figure 9A). Similarly, a magnificent change in the impedance
548is observed when the volume of the test sweat changes from
5490.5 to 100 μL, whereas different fluid compositions are
550observed to have no significant influence on the TPS
551measurements of the sweat (Figure 9B). Relative to previous
552experiments, a more compact heater is used for the sweat-
553monitoring experiments. Smaller and closer tracks are used for
554the sweat experiments to reduce the errors from nonuniform
555heating. Minor misfits in the TPS readings of different
556concentrations, especially at higher volumes, are due to the
557difference in the fluid dropping and its spreading. To prove
558this, the sensor is tested with different concentrations of sweat
559in equal volumes and is dropped on a thin tissue placed on the
560heater surface. There was no difference observed, and all of the
561readings were identical (Supporting Information, Figure S-2).
562Compiling both impedance and TPS sensors in a single
563platform develops more accurate and smart wearable prospects
564of metering liquid volume and the simultaneous analysis of
565other electrical properties. The proposed sensor platform has a
566sensitivity to respond to a fluid volume of 0.5 μL or possibly
567less. Therefore, the synergistic operation of the two sensors in
568a combined platform enables the impedance sensor to track
569any compositional changes, such as ionic composition, in the
570sweat and the thermal sensor to determine their volume.
571Temperature Monitoring as a Complementary
572Functionality. Temperature variations of the body or a
573specific body part guide disease diagnosis, activity tracking, and
574infection detection. This is considered one of the most
575important biomarkers for wearables. Metals have a positive
576temperature coefficient of resistance (TCR), and their
577resistance changes based on the temperature and its TCR.
578Wearable temperature sensors employing metal-coil-like
579structures have shown good sensitivity and accuracy.57 The
580printed silver structures in this work exhibit a TCR of
5810.001628, which is comparable to previously reported values.58

582The heater structure’s initial resistance is proportional to the
583 f10temperature of its medium, and Figure 10A indicates that the
584resistance increases in proportion to the temperature of the
585sensor-enclosed oven. Figure 10A shows that the sensor has a

Figure 7. Drying of a wet textile monitored with impedance (A) and
TPS sensors (B) shown over repeated cycles.

Figure 8. Impedance analysis for different fluids.
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586 sensitivity of 0.158 Ω/°C and excellent linear transfer function
587 characteristics. As illustrated in Figure 10B, for the TPS
588 measurement, H(t) represents the duration for which a
589 transient heat pulse is applied and C(t) is the cooling time
590 where C(t) ≫ H(t). The initial resistance (R0) of the heater at
591 the time of applying the heat pulse is proportional to the
592 ambient temperature (T0). Therefore, the difference in the
593 initial resistances of the heater measured at heat pulses
594 indicates sensor medium-temperature variations.59 Thus, the
595 TPS measurement mode can be beneficially exploited to
596 estimate an additional functionality, namely, the monitoring of
597 the body temperature, if the body is cohesive enough to the
598 sensor. Body fluid volume, electrical properties, and temper-
599 ature measurements together pave the way for a synergic effect
600 applicable for a myriad of wearable entreaties. Such synergetic
601 action of the textile sensor patch could address the possibility
602 of a smart bandage for wound monitoring. The wound exudate

603detection could help with the wound dressing removal and
604redressing, reducing the chances of infections. Infections,
605however, need to be detected at the earliest and wound
606exudate bacterial growth can be identified with impedance
607spectra analysis.60,61 In conjunction with this, the temperature
608measurements at the wound site could guide health
609practitioners about the wound-healing progress.62−64 Similarly,
610it is a highly germane model for sportswear to have a
611temperature indicator along with the sweat rate and sweat
612analysis.2,59

613Washability of the Sensor. The washability of the
614wearable sensor is a vital aspect that makes the sensor system
615applicable in real-life scenarios. The sensor design architecture
616and material selection are crucial for the withstandability of the
617sensor during washing cycles. The impedance sensor is
618designed in such a way that the interdigitated electrodes are
619sandwiched in between the sensing layer medium. The sensing
620layer is based on polyurethane, which is compatible with

Figure 9. Experimental results of sweat monitoring. The response to
volume and NaCl concentrations in sweat tested with the impedance
sensor (A) and the TPS sensor (B). The impedance measurement is
affected by both the NaCl concentration and the moisture content,
whereas the thermal measurement is only influenced by the moisture
content.

Figure 10. Resistance reading of the sensor inside an oven with the
help of a multimeter, where the box oven temperature is set to vary
from 22 to 28 °C (A) and illustration of TPS measurements while
ambient temperature varies over time (B).
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621 washing. The TPS sensor buildup is made in a way that the top
622 face of the heater structure is spray coated with Tubiguard, to
623 form a nonabsorbent layer.
624 Additionally, a few TPS sensors are also fabricated with both
625 sides of the sensor having Tubiguard layers. The washing tests
626 are conducted based on the ISO 6330 standards, where each
627 washing cycle is carried out at 40 °C and has a duration of 70
628 min each. Every sensor undergoes five such washing cycles.

f11 629 Washability results in Figure 11A show almost identical

630 responses for the impedance measurements of the sensor
631 before and after performing the washing tests. However, there
632 is a slight offset that is supposed to arise from minor damages
633 that occurred during washing, which can be addressed by
634 increasing the thickness of the dielectric layer and adding cross
635 linking-agents to this polymeric ink. Heaters having encapsu-
636 lation layers on both sides show better performance after
637 washing tests than those with the protective coating only on
638 one side, as shown in Figure 11B.

639■ CONCLUSIONS AND FUTURE STUDIES

640In this article, an approach for a wearable biofluid monitoring
641system is described, combining two concurrent principles for
642the first time to the best of our knowledge. The article
643emphasizes the development of wearable techniques to carry
644out precise quantification of peripheral body biofluid and its
645biomarkers in a nonintrusive manner. Wearable sensors based
646on electrical parameters often suffer from cross-sensitivity of
647different biomarkers. This work applies two different measure-
648ment techniques: one based on electrical impedance and the
649other, the TPS principle, on thermal properties, combined for a
650comprehensive independent sensing node. The sensor system
651demonstrates consistent and repeatable moisture volume
652measurements and is also deployed to monitor the drying of
653wet textiles. The sensor system demonstrates the smallest
654measurable volume of 0.5 μL sweat, which assures the method
655to be promising for health monitoring. Along with volume, the
656sweat’s compositional variations also induced changes in the
657impedance readings. The TPS sensor measures the volume of
658sweat accurately without any interference from the composi-
659tional variations. The sweat solution volume was varied with
660simultaneous variation in the NaCl concentration over a range
661of 0.005−0.1 M, and the proposed sensor system accurately
662tracked and measured both without any disruption. The sensor
663system is conceived such that it can work reciprocally toward
664better wearable applications.
665The printed sensors on textiles incorporating this dual-
666sensing technique exclusively address some of the critical
667challenges in terms of the selectivity of biomarkers, moisture
668content measurement, wearability, and economic viability.
669Additionally, the TPS measurement system possesses the
670capacity to track the temperature of the medium and the textile
671sensor with a sensitivity of 0.158 Ω/°C. Besides the
672possibilities toward biofluid volume measurement, biomarker
673detection, and passive body temperature measurement, this
674work also accounts for promising results toward washing
675compatibility. The selection of the right materials and smart
676device engineering ensure the sensor’s withstandability during
677washing and provide a promising feature. As most of the
678research articles focusing on wearable sensors utilize flexible
679foil as the substrate, this work ensures the direct fabrication of
680sensors on textiles. Screen printing and ultrasonic spray coating
681were applied to deposit different material formulations, and
682this enables the mass production of the conformable sensors at
683a reduced cost.
684The developed dual sensor system can be worthwhile in real-
685life applications such as smart wound dressings, wearable
686health bands, and sports wearables. To address such end-
687application requirements, the sensor system needs to be ready
688for on-body measurements. In future studies, the authors
689would address body measurements where the sensors also
690need to be integrated together with a wearable readout system.
691Depending on the end-application, the sensor buildup
692architecture may change from side-by-side placement to a
693stack type. Additionally, for the TPS sensor, transient heating
694needs to be optimized in such a way that it measures only the
695moisture in textiles and does not get influenced by that from
696the human body. The sensor system needs considerations in its
697design and material selection in such a way that the errors that
698could be induced by body movements and other variabilities
699need to be kept as minimal as possible. Similarly, the
700experimental results also show the possibilities of the sensor

Figure 11. Impedance sensor monitoring the drying of a paper tissue
before and after five washing cycles (A) and resistance change of the
heater structures compared before and after washing cycles (B).
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701 system to handle volumes even less than 0.5 μL. Future studies
702 must also check the viability to test even lower volumes by
703 improving the printing line-width resolution that could make
704 the heater coil and the electrode fingers even closer and
705 thinner. This helps to get better sensitivity and repeatability of
706 the sensor measurements. In addition, it would be beneficial if
707 the sensor interface layer to fluids has a more efficient wetting
708 behavior, which could be made possible with a thin hydrophilic
709 coating or by integrating a textile layer on the sensor surface.
710 This would add a more interesting perspective for more
711 accurate and repeatable measurements. To conclude, this work
712 demonstrated an innovative approach for the accurate analysis
713 of human body fluids in wearable textiles and can progressively
714 evolve as a step forward in smart wound monitoring and sweat
715 analysis applications.
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