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a  b  s  t  r a  c t

We designed,  fabricated,  and tested a sweat-based  conductivity  sensor  device  toward  a real-time,  non-

invasive  physiological  condition  monitoring  device  for  humans. Sweat  collector,  conductivity  sensor,  and

the  interfacing  circuit were  developed  and combined  to  form  a  wearable device.  Polydimethylsiloxane

(PDMS)  based  sweat collector  was fabricated  to  collect  sweat  from  skin using the  hydraulic pumping

action  of sweat glands.  PDMS  sweat  collectors were prepared  using 3D printed plastic  molds. The inter-

facing  circuit  was designed  based  on the  results of  the  conductivity  sensor  that  was  characterized by

the  Electrochemical  Impedance  Spectroscopy.  Human  testing was performed to prove  the  feasibility of

the  proposed sweat sensing system for  the  real-time  non-invasive  monitoring  of human  sweat. The first

reading  from the  device  was  obtained in 7–20  min  depending on the  subject  and the  location  of the

electrodes.  Sweat rate  plateaued after  a  consistent  work load of exercise, as  was expected. The sweat

conductivity  decayed  after  the  first  readings  due to  the  initial  mineral  content  of the  skin. Finally, an

increasing trend  in sweat  conductivity  was observed  which  may  be due to  subjects’ changing  hydration

level.
© 2015  Elsevier B.V.  All  rights  reserved.

1. Introduction

As one of the most readily accessible human biofluids, sweat

can be used to provide information about one’s electrolyte concen-

trations [1,2]. Hypohydration and hyperhydration have received

the greatest attention but, as Maughan and Shireffs wrote, if the

desired goal is to provide individualized hydration and rehydration

prescriptions it is  as important to  monitor the plasma osmolal-

ity [3]. The American College of Sports Medicine Position Stand on

Exercise and Fluid Replacement states that, “Because there is  con-

siderable variability in sweating rates and sweat electrolyte content

between individuals customized fluid replacement programs are

recommended.” [4].  Sweat is hypotonic when compared to plasma

but the actual composition varies as the result of many factors

including sweat rate, acclimation and diet [3].  Currently, blood

serum analysis is  considered to be the gold standard method of
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electrolyte concentrations. However, this technique is highly inva-

sive and is impractical for real-time, on-the-field assessment of

hydration during competition [5,6].  Alternately, real-time sampling

of sweat has become a  possibility as a  potential proxy measure for

plasma, although further work is needed to establish validity.

Using sweat as a biomarker has recently drawn attention and

several studies have been carried out to explore the potential of

sweat sensing [2,7,8].  Approaches include, but are not limited to,

optical detection with porous fabrics [7],  attachable tattoo paper

with Ion  Selective Electrodes (ISEs) [9], and incorporating organic

dyes [8].  Recently, Electrochemical Impedance Spectroscopy (EIS)

has been successfully utilized for conductometric sensing applica-

tions [10–13].  Conductometric-based sensors offer simplicity and

ease of manufacturability making the technique very popular in

sensing devices such as biomedical diagnostic probes, sensors for

environmental monitoring, and microfluidic biosensors [10,14,15].

Recent growth in wrist watch-based wearable devices, such as

Fitbit®,  G-watch, and heart-rate monitors [16–18], has led  several

researchers to focus on the development of a  wearable device that

can measure other physiologic processes during exercise [19,20].

http://dx.doi.org/10.1016/j.snb.2015.12.034
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Previous work includes monitoring of body temperature, heart rate,

accidental falls, and movement [20–22]. The idea of using wearable

devices for monitoring sweat electrolyte concentration is a  fairly

new but emergent concept, primarily targeting collegiate and pro-

fessional athletes. De Rossi and his colleagues proposed a  device

that measures sweat rate by  integrating two humidity sensors on

a textile substrate whereby differential outputs were used to cal-

culate the sweat rate [23]. Diamond’s group fabricated an optical

sweat-based pH sensor by  incorporating a  pH sensitive dye with a

micro-LED/photodetector pair [7].

A wearable device for physiological activity monitoring can be

broken down into three parts; data collection, data processing, and

transmission [19]. Sweat monitoring, in  particular, can be  detailed

into the following steps: (1) collecting sweat, (2) sensing the sweat

analyte, (3) circuit interface, (4) data processing, and (5) transmis-

sion.

In this paper, we present a  conductivity sensor based sweat

sensing system packaged as a  wrist watch. The prototype col-

lects sweat from the forearm, reads the conductivity value and

transmits the data wirelessly to a smart phone via a  Bluetooth®

transceiver. The results show that the proposed system has a poten-

tial ground-breaking ramification as it opens the gate for assessing

real-time sweat electrolyte status of athletes during practice and

competition.

2. Results and discussion

2.1. Sweat collector

The human body secretes sweat through eccrine sweat glands

mainly to regulate the body temperature [24].  There have been

many different methods used to  measure the density and distri-

bution of eccrine sweat gland distribution in humans. Scientists

have used thermal, exercise, pharmacological, electrophysiologi-

cal, and pharmacological stimuli to assess sweat. No matter the

methodology utilized, it is  clear that there is  a large distribution in

eccrine sweat glands density specific to regional anatomical sur-

face areas. For example, the volar surfaces of the hand and foot

have the highest reported densities approximating greater than

500 glands/cm2; the skin of dorsal forearm, from which we sam-

pled, has an approximate density of 135–145 glands/cm2 [25].  If

the sweat excreted through the sweat glands to the skin pores can

be directed to a collection channel, it can then be analyzed for com-

position. One of the established techniques is  to use a  Macroduct

sweat collector [26].  The idea is  to have a small hole on a  plas-

tic piece where sweat is guided through a  plastic tube. We have

used this idea to create our own design using a  moldable plastic

polymer called polydimethylsiloxane (PDMS) which is a  biocom-

patible material that is used in microfluidics applications [27,28].

The elastic modulus of PDMS is  close to  human skin’s elastic modu-

lus, which makes PDMS more compatible and comfortable to wear

on the skin. Sweat content analysis is traditionally performed by

collecting sweat via whole body wash down technique [29] or using

absorbent pads [30–34]. It is  known that covering the sweat collec-

tion area prevents sweat from evaporating resulting in lower local

sweat rates and alterations in sweat content, which is  known as

hydromeiosis, and can be minimized with Macroduct sweat col-

lectors [35]. This method was the basis of our  design, where a

hole on the PDMS is used to guide the sweat into the sweat col-

lection and analysis channel tubing. Although PDMS is permeable,

lab on a chip applications mostly employ PDMS as the building

platform as it is practically inert in  terms of interactions with bio-

logical liquids and constituents [36,37]. Teflon tubing, commonly

used in microfluidics devices, was used to guide the sweat as an

outlet.

PDMS molds are created by mixing the curing agent with PDMS

solution in a  10 to  1 ratio. The solution is mixed for 5 min. The

newly formed mixture is then poured into the desired 3D  mold

(4 cm × 4 cm square with a height of 1 cm)  that was printed using a

Flashforge 3D printer and ABS as the building material and placed

in  the vacuum chamber. 3D molds were treated with Methyl ethyl

ketone (MEK, or  known as butanone) to  enhance PDMS curing.

PDMS curing agent contains tetramethyl tetravinyl cyclotetrasilox-

ane  that  crosslink with PDMS by radical polymerization. However,

ABS contains butadiene that has C C bonds. These bonds react with

free radicals in the PDMS crosslinker and significantly reduce even

prevent PDMS radical polymerization [38,39].  MEK, on the other

hand, contains C O  bonds that do not react with the radicals from

crosslinkers. Consequently, MEK  coating prevents the cross-linkers

from reacting with the butadiene, which allows the curing process

to proceed. The vacuum chamber process is done until the PDMS

becomes bubble free and transparent. The mold is then placed in

the oven to bake at 70 ◦C  for 2–3 h.  Once baked and taken out of the

oven, the solid PDMS is removed from the 3D mold.

An illustration of the sweat conductivity sensor prototype is

given in  Fig. 1a. A  tube is inserted through a  hole that is  punched at

the center of the PDMS mold. Sweat is  collected through the hole

and the tube by hydraulic pressure from sweat glands. The PDMS is

in contact with the user’s skin, and the pressure difference allows

the sweat to travel upwards through the tube. Although capillary

forces are also present in  the tubing, the main force is  the sweat

secretion from the sweat glands, which acts as a  hydraulic pump.

Therefore, the increasing pressure in the tube will not have signif-

icant effect on sweating mechanisms. Moreover, the tubing is kept

short (few centimeters) to  just allow sweat draining. Two  conduc-

tivity sensor wires were placed into the tube using a needle as a

thread, from the side of the mold, with one wire above the other

(as shown in  Fig. 1). Due to  the nature of the manual insertion, there

will be slight device to  device variation in terms of the locations of

the wires. However, since each device is characterized and cali-

brated individually, this variation will not cause issues. The PDMS

mold is placed into a wristband with a  metal frame that is  harvested

from a  commercial LED watch [40]. The interface circuitry (built on

an in-house printed circuit board, PCB) is also placed on top of the

PDMS sweat collector. A 22 gauge Teflon tubing is  pushed close  to

the end (but not all the way) to  allow sweat go through the punched

hole as illustrated in Fig. 1.

The hole to the PDMS was  created by a  1.2 mm puncher. The

outer and inner diameters of the 22 gauge Teflon tubing were

Fig. 1. 3D model of the  sweat sensor prototype. Inset shows the overall design

including  the wrist watch metal frame and wrist band, PDMS sweat collector, and

the  PCB. PDMS directly touches the skin allowing sweat glands to  secrete the sweat

through the collection hole and the tubing. As the sweat goes through the tub-

ing,  it passes through two wires which are connected to  the PCB to  measure the

conductivity of the sweat.
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Fig. 2. A representative human sweat collection data using the PDMS sweat col-

lector. Sweat rate decreases as the  subject’s sweating starts to reach a  plateau. A

healthy 23 year-old male subject exercised on  an exercise bike at  his 80% maximum

work load. Sweat volume was  measured by manually recording sweat levels on the

graded tube with markers at every 5 mm.

1.27 mm and 0.64 mm,  respectively. The slight difference between

the Teflon tubing outer diameter and the PDMS hole (1.2 mm  vs.

1.27 mm)  makes sure a tight fit exists to prevent any sweat leak-

age. The tubing was not pushed all the way (kept at 3 mm  above the

skin) to the skin to  avoid any skin irritation from the tube. The thick-

ness of the PDMS was 10 mm.  It  is  important to  note here that only

the sweat glands that are under the hole will contribute to fill the

tube as other sweat glands under the PDMS will be blocked caus-

ing hydromeiosis [35]. The approximate number of sweat glands

in  the area (1.2 mm diameter hole) is 1.5 considering the average

sweat gland density of 140 glands/cm2 for  the dorsal forearm [25].

This will ensure at least one sweat gland is present under the hole.

Although making the hole size bigger would allow more sweat

glands to fill the hole, bigger holes mean more sweat is  needed

in the tube before it reaches the electrodes. Therefore, we  selected

the smallest hole size possible to allow us having at least one sweat

gland to contribute to the channel.

The wrist watch sweat collector itself was tested for its perfor-

mance on healthy male (n =  4) and female (n =  1) subjects. The sweat

collector was marked at every 5 mm.  Subjects biked at their 80%

maximum work load. The time that sweat reached each marker

point was recorded and the sweat volume at that moment was

calculated using the dimensions of the tubing (0.64 mm  inner diam-

eter). The tubing was kept about 35 mm long and the excess sweat

was allowed to drip from the end of the tubing. Fig. 2 shows a

representative result of a  23 year-old male subject. It takes approx-

imately 15 min  for the sweat to  appear in the tubing where sweat

is visible. This is partly due to  the distance of about 1 cm where

sweat travels in  the PDMS until it reaches to the tubing that is

outside the PDMS sweat collector for visual inspection. This ini-

tial volume is approximately 5.6 �l which would have taken only

few minutes considering the sweat rate is  on the order of 2  �l/min.

The main delay at this point comes from the initial warming of the

body before the sweating starts. The sweat rate was then calculated

by taking the derivative of the sweat volume vs. time data set and

plotted in  Fig. 2.

It is  important to note that Fig. 2 does not represent a  con-

tinuous sweat rate monitoring as this experiment was  only used

to  determine the local sweat rate baseline. Therefore, only a  few

data points were observed to  have an idea on the sweat rate and

the viability of the sweat collector itself. As  the subject kept the

same load of exercise, the sweat rate decreased until a  steady

state value was  reached. This is  mainly due to  the sweat ducts

reaching a steady state secretion level that balances the core tem-

perature of the body with respect to  the work load, which is well

understood and observed [41–43].  It must further be noted that

the sweat rate was  only measured on the forearm and therefore

cannot be generalized to reflect the whole body sweat rate. It

is evident that more sites on the body should be measured to

get a better correlation since sweat rate and composition varies

throughout the body, which is  outside the scope of this current

study.

2.2. Impedance analysis of the conductivity sensor

The most common approach for calculating conductivity is  to

apply an external voltage source to the sample and measure the

electric current. In the case of measuring the conductivity of  liq-

uid samples, several effects play an important role on the accuracy

of the experiment such as double-layer effect, electrode polariza-

tion (also known as Faraday’s impedance), and the charge-transfer

limitation [44,45]. When an electrode emerging into an electrolyte

solution, two  layers with opposite polarity are formed due to  the

interaction between the ions and electrodes, which are called inner

and outer Helmholtz planes (IHP and OHP). In the IHP (∼1 nm), the

absorbed ions are attached to  the surface of electrode closely [46].

The OHP (∼10 nm), on the other hand, acts as a  transition region

between the electrode and the electrolyte [46].  These two planes

form the double-layer capacitance. Also, electrodes are  polarized

when the solution is  excited with an external electric field where

ions are diffused onto the electrodes altering the conductivity at

the electrode-liquid interface. These effects can be modeled with

an equivalent circuit model based on Randle’s circuit as shown in

Fig. 3b inset [11]. The double-layer effect and electrode polarization

can be represented as a double-layer capacitance, Cdl, and a Faradic

impedance, ZF. Double-layer capacitance mainly depends on the

electrode’s material, geometry, and concentration of  the electrolyte

[45].  It should be noted that since double-layer capacitance is used

to model the effect of IHP and OHP, it behaves like a Constant Phase

Fig. 3. Bode plot from the EIS for the conductivity sensor with artificial sweat sample. Inset shows the Randel’s model circuit. An  artificial sweat sample was used on  the

device  at room temperature. (a) Bode plot; (b) Nyquist plot.
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Element (CPE) instead of an ideal capacitor, where its impedance

value can be expressed as [46]:

ZCPE =
Q

(jω)
n (1)

where Q is the capacitance value, ω is the angular frequency and n

is a factor that is  smaller than 1.  When n is  equal to  1, the equation

represents an ideal capacitor.

Faradic Impedance, also known as Warburg impedance, can be

given as:

ZF = ZW =
Wor

√
ω(1 − j)  coth(Woc

√

jω)
(2)

where Wor and Woc are Warburg coefficients for finite length diffu-

sion with a reflective boundary and ω is  the angular frequency for

the excited signal [45]. As the frequency increases, the Warburg

impedance decreases the effect of electrode polarization. Addi-

tional components can be added to form a  modified Randel’s model

to include higher order effects such as electrode passivation [11].

These effects were not  considered in this study. Rsol is  defined as

the solution resistance.

The excitation signal for the conductivity measurement must

be carefully selected to  minimize the effects of Randle’s circuit

components such as unstable reading, corrosion of electrodes, and

electrolysis. EIS is primarily used to  characterize the frequency

response of a conductivity sensor to determine the equivalent cir-

cuit model parameters. Since a  pair of electrodes was used to

detect human perspiration, double-layer capacitance and polar-

ization effects would have an impact on  the measurements. Our

previous study showed that the double-layer capacitance is  around

30 ± 2 pF for Silver wires [11]. An EIS was performed to find the opti-

mum excitation frequency, where these effects were minimized.

The EIS in this study was performed using an Agilent 4294A

precision impedance analyzer. The frequency sweep range was

between 40 Hz and 10 MHz. The results are shown in  Fig.  3.  At

low frequencies, the solution polarization dominates the measure-

ment resulting a  high impedance value. As frequency increases,

the effect of electrode polarization becomes negligible since the

polarity of the external field switches too fast. When the fre-

quency goes too high (typically in  the MHz  range), the double-layer

capacitance starts shorting the whole circuit causing a  high fre-

quency dispersion of the measurement. Physically, the external

field switches its polarity before the inner and outer Helmholtz

planes are discharged, hence no current flows through the device.

In the mid-frequency region, the impedance is practically indepen-

dent of frequency. From the results of EIS, 100 kHz was  chosen as

the optimal measurement frequency to eliminate any frequency

dependent deviation where both polarization and double-layer

capacitance effects are minimal.

2.3. The interfacing circuit

With a goal toward a  wearable device, an interfacing circuit was

developed and fabricated on a  PCB. The circuit consists of an oscil-

lator that provides the excitation signal, sweat conductivity sensor,

and a microcontroller with Bluetooth transceiver, as shown in Fig. 4.

An operational amplifier based relaxation oscillator was imple-

mented to provide the 100 kHz AC signal (as chosen from the

impedance analysis results) for conductivity measurement. The

op-amp configuration works as a  relaxation oscillator which has

negative and a positive feedback loops, constructed by  (C1 − R1)

and (R2 − R3), respectively. When the output of the oscillator is

switched, it will change the positive input instantaneously. Yet the

voltage on the negative input will change slowly because of the

charging/discharging of the series RC circuit on the negative feed-

back, hence creating a  hysteresis. Once the voltage on the capacitor
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Fig. 4. The circuit diagram of the overall conductivity sensing platform.

reaches its threshold, the output will switch again. Compared to a

traditional ring oscillator, relaxation oscillators offer larger tuning

ranges and easier implementations [47].  The frequency of the oscil-

lator output (denoted by f) is determined from:

f  =
1

2 ln 3R1C1
(3)

It should be noted that since the input of the oscillator is controlled

by  the resistor divider (R2 − R3), the relaxation oscillator is  suscepti-

ble to temperature variations comparing to crystal oscillator-based

configurations [48].  Temperature compensation would be needed

such as employing opposite temperature coefficient circuit compo-

nents or  dynamic threshold switched-resistor designs in the case

of significant environmental temperature changes [49].  We  have

performed our experiments in room temperature to eliminate the

need of temperature compensation.

The conductivity sensor was modeled as a resistor in parallel

with a  capacitor. R3 was  selected to be 4 k� according to the con-

centration range (detailed in Section 2.4). A 1 k� reference resistor

R2 was  used in series with the conductivity sensor to form a  voltage

divider. The effect of C2 can be neglected at 100 kHz. Therefore, the

voltage at node X is directly proportional to  the resistance of  the

sweat which can be related to the resistivity or  conductivity.

A PIC16F1823 microcontroller was used to read the voltage val-

ues at node X in Fig. 4. The operation clock of the microcontroller

is  set to  0.5 MHz  (2 �s). The signal was sampled by the ADC (Ana-

log to Digital Converter) of the microcontroller every microsecond.

Maximum value in  every 10 �s (the period of the oscillator circuit)

was selected to  make sure the logic 1 is properly obtained. The

microcontroller is  connected to the HC-06 Bluetooth transceiver

for wireless transmission of the data reading to a  Windows Phone

(HTC PM23300). Data processing was done at the monitoring ter-

minal to  convert the voltage value into conductivity by  using

the pre-characterized voltage-conductance and the measured cell-

constant. The sweat conductivity sensor and PCB were packaged

together to form a wrist-watch type wearable device. Photographs

of the device are shown in Fig. 5.  The roughness on the PDMS edges

is due to the surface tension of PDMS during the curing process in

which PDMS rises at the edges in  the mold. This roughness does

not  affect the measurements since the sweat collection occurs on

the bottom (flat and smooth) surface of the PDMS. The top of  the

PDMS is only used for placing the PCB.

2.4. Artificial sweat trials

Sweat composition values vary considerably and should be

interpreted in  the context of sweat gland activity or  whole body

sweat rate. However, sweat sodium concentration ranges from 20

to 100 mmol/L; sweat chloride concentration ranges from 26 to

80 mmol/L, and sweat potassium concentration ranges from 2.5

to 6 mmol/L [25,50].  Other compounds or metabolites found in

plasma can also be found in discharged sweat in varying concen-

trations: lactic acid (10 mmol/L), bicarbonate (15–20 mmol/L), urea

(15–25 mg/dL), protein (15–25 mg/dL), glucose (0.2–1.2 mg/dL),
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Fig. 5. Photograph of the  main parts of the wearable device. Inset shows the overall

prototype.

and ammonia (0.5–8 mmol/L) [50]. In order to  determine the via-

bility of a sweat conductivity sensor, artificial sweat can be used

so controlled experiments can be conducted rather than relying on

real human sweat, which can vary significantly.

According to the European Standard number EN1811: 2012,

artificial sweat is concocted by  dissolving sodium chloride (NaCl),

potassium chloride (KCl), urea, and lactic acid into deionized water

(with resistivity of 18.3 M� cm). NaCl, KCl, and lactic acid were

bought from VWR  International, Inc. Urea was supplied from Fisher

Scientific, Inc. The weight/volume ratios were 0.5% of NaCl, 0.1% of

KCl, 0.1% of lactic acid, and 0.1% of urea. The resulting concentra-

tions were 85 mM  for NaCl, 13 mM  for KCl, 17 mM for lactic acid,

and 16 mM  for urea. The standard concentration of artificial sweat

is defined as the sum of these four constitutes, which is  131 mM.

This total concentration can be considered an average or dehydra-

tion situation that would vary from subject to subject [50–53].

Subsequently, other concentrations of artificial sweat were pre-

pared by diluting the standard concentration of artificial sweat. The

range for the concentration of artificial sweat was  selected to be

13.1–131 mM.  The proportion of constitutes was  kept at the same

ratios but the total concentration was varied. For  example, for a

diluted artificial sweat that has a total concentration of 13.1 mM

electrolytes, its constituents are 8.5  mM for NaCl, 1.3  mM for KCl,

1.7 mM  for lactic acid, and 1.6 mM for urea. It should be noted that

human sweat contains other compounds besides these four com-

ponents in artificial sweat, such as calcium, magnesium, minerals,

and oils, which could cause slight deviations on the measurements

during the real sweat experiments. Since the concentration of those

minor compounds is low in  human sweat, measuring those four

major compounds was found to be sufficient for this study.

Different concentrations of artificial sweat were manually

injected into the sweat conductivity sensor to  characterize the

device. A Horiba LaquaTwin conductivity sensor was  used to

calibrate the device. The cell constant was  calculated to be

40 cm−1. In order to calibrate the microcontroller readings to the

commercial sensor readings (Fig. 6), linear fit lines were used

as the following (fit parameters are given in Fig. 6 caption).

Considering both functions are in the form of y  =  ax + b with dif-

ferent a and b  values (GHoriba (concenration) = a1 concentration +  b1

and GDevice (concenration) =  a2 concentration +  b2),  calibrated con-

ductivity was defined as GC = AGDevice − B, where A =  a1/a2 and

B = b2a1/a2 − b1.  With the current calibration scheme, it can be  seen

in Fig. 6 that commercial device data (black circles) matches with

the  calibrated device data (blue squares). Calibration parameters A

and B are calculated as −16.3 and −63.1, respectively.

Fig. 6. Device data measured from the output of the microcontroller (in Volts) is

calibrated using the commercial sensor data. Linear fit lines, GHoriba (concenration) =

a1 concentration +  b1 and GDevice (concenration) = a2 concentration +  b2 were used for

fits  with the following values: a1 = 0.0636, b1 =  1.7, a2 =  −0.0039, b2 = −63.0999. R2

and root mean squared error (rmse) values for the commercial sensor data are 0.9817

and  0.367, respectively, and 0.9801 and 0.0234 for the device data, respectively. (For

interpretation of the  references to  color in text near the reference citation, the reader

is  referred to the web  version of this article.)

Fig. 7. Subject wearing the proposed device performing exercise.

2.5. Real-time human sweat measurements

Real-time human sweat testing was performed at Central Michi-

gan University. As required by the Institutional Review Board (IRB)

at CMU, subject consent was  obtained. A total of 4 subjects rode

a stationary exercise bike in the laboratory at room temperature

while wearing the proposed device. A representative image of one

subject is  shown in Fig. 7.  The maximal aerobic work load was set

to  80%, which corresponding to an average heart rate of  144  bpm

for this particular test subject shown in Fig. 7.

The efficiency of the sweat collector depends on the sealed con-

tact of the PDMS on the skin. In the case of unsealing, created

pressure on the peripheries of the sweat glands area that are not

covered by PDMS will be lost causing the collected sweat leak  on

the opposite side of the sweat flow. This leakage would alter the

data acquired afterwards. Therefore, a proper sealing method was

investigated. As shown in  Fig. 7, PDMS sweat collector was tightly

strapped on the forearm. Subjects shaved their arms if needed.

Additional probing wires were all stabilized to minimize the move-

ments of the sweat collector. There were few failed attempts on

sealed contacts of the sweat collector at the beginning phases of

the experiments. However, once optimized, the efficiency of  the

sweat collection was  100% on 4 subjects.
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Fig. 8. A representative real-time human subject data. The subject used an exercise

bike.  The subject was  not allowed to intake any liquids during the trial. Raw data

were  filtered by using a  moving average to show the trends. Sweat reached the

electrode wires around minute 7 and there was a  slight increase in conductivity

after 10 min  that can be associated with degradation in hydration level.

An HTC PM23300 Windows Phone was used as the monitor-

ing terminal. All received data were recorded and converted into

conductivity values. Results are plotted in Fig. 8. Raw  data was

filtered by performing data averaging where every 3 data points

were averaged. There was an average latency of 7 min  for sweat to

reach the sensing area. It must be noted that this latency is much

lower than the sweat rate tests (15 min) because the sensing wires

were inserted within the collection channel allowing the device

sense the conductivity earlier. Since the subject was  not allowed

to intake any fluids during the experiment, a slight conductiv-

ity increase was observed (transition data points are  labeled in

Fig. 8) and the measured conductivity values range from 3.6  mS/cm

to 5.6 mS/cm, which is consistent with previous sweat conductiv-

ity measurements [1,11].  The initial high conductivity and sudden

decay reading at the beginning of the first minutes of readings was

consistent with other experiments [11,54,55]. This phenomenon

can be attributed to the sample contamination resulting from the

salts and minerals on the skin prior to exercise. Previously, an ele-

vated mineral content was found in the collected sweat in the first

hours of exercise, which is  consistent to  what had previously been

reported [54]. However when the skin was cleaned prior to exer-

cise, this mineral content was lower, suggesting that the initial

abnormal high conductivity value is likely due to  minerals found

on the skin before the exercise. We  made sure to clean the skin

with DI water prior to exercise and let the skin air dry to minimize

the previous skin content. As the exercise continues, an increase in

conductivity was observed (after 10 min), hinting increasing sweat

conductivity concentration. Although sweat conductivity does not

change unless exceeding maximum capability of sweat glands to

harvest ions from sweat, this slight increase in conductivity may

be correlated to subject’s hydration state during the exercise due

to the combined sweating and lack of proper fluid intake. Sweat

composition changes during dehydration process as the body con-

serves water to ensure central blood volume is  maintained so blood

pressure does not fall. This would tend to increase the concentra-

tion of sweat electrolyte as the amount of water “donated” by the

body to sweating decreases and is reallocated to ensure plasma

volume is maintained [56].  As the concentration changes, the con-

ductivity of sweat electrolyte would therefore change. Moreover,

as  the sweat rate increases, electrolyte reabsorption in the sweat

gland ducts decreases leading to increased electrolyte loss with

sweating [38,60,61]. Excessive exercise or activity causes sweat

becoming more “salty” resulting an increase in  the conductivity of

sweat [11,62]. The measured sweat conductivity (around 4 mS/cm)

corresponds to a sodium concentration of 23 mM,  which is con-

sistent with the results observed from sodium ISE [1].  It proves

that the proposed sweat sensing system could monitor the con-

ductivity level of one’s perspiration without any other external

instrument.

During the exercise, the different skin temperature would affect

the temperature of sweat electrolyte, which eventually alter the

conductivity measurement. It was  shown in [11] that the temper-

ature change affects the measured conductivity in artificial sweat.

The temperature would affect the activity coefficient of sweat elec-

trolyte based on Debye-Huckel limiting law and the disassociation

of weak electrolyte. Therefore, on a  separate experiment, we have

monitored the temperature inside the tube using a  K-type thermo-

couple. The sensing tip of the thermocouple was punched inside the

PDMS channel. A microcontroller was connected with the thermo-

couple to read and display the temperature data. We found out that

as the subject starts exercising, a  thermal equilibrium was  quickly

established at room temperature. The temperature inside the tube

was found to be  stable at  28 ◦C during the entire measurement as it

rose from 23 ◦C. Building upon the fact that a thermal equilibrium

quickly established in our experiments, we conclude that the tem-

perature should not be an issue for the conductivity measurement

in this study. However, if the environmental temperature varies

significantly, the thermal equilibrium would change dramatically

thus  resulting in temperature drifting of the conductivity measure-

ment. In this case, a  temperature sensor, like the thermocouple, will

be necessary for the system to  provide the real-time information

for the microcontroller. The microcontroller can compensate the

temperature drifting based on the pre-determined conductivity-

temperature function.

3. Conclusions

In  this paper, we reported the design, fabrication and test-

ing of a  wearable sweat conductivity sensing device. The system

was proven to achieve wireless non-invasive monitoring of human

sweat conductivity without the usage of external instruments. A

PDMS-based sweat collector was  proposed and its functionality

was demonstrated. EIS study reveals the electrochemical dynam-

ics of the conductivity measurement for sweat electrolytes. The

interface circuit was designed and implemented to facilitate the

electrochemical dynamics of the sweat conductivity sensor. The

sweat collector, conductivity sensor, and the interfacing circuit on

PCB  were packaged together to form a  wearable device.

The minimum required volume to obtain measurements

depends on the size of the collection channels or tubes. It  is  rea-

sonable to compare different sweat sensors for the minimum time

to  get their first reading. It  took around 10 min  in [1] and 17  min

in [2].  In  our study, it took around 7–20 min  to  get the first read-

ing. The concentrations of sweat compounds as well as the rate

of sweat are highly individual and vary significantly depending on

gender, fitness level, diet, environment, and the exercise or work

load involved [25,33,37,57–59].  Therefore, a direct comparison on

cross studies does not give conclusive results.

The artificial and human sweat experiments demonstrated very

promising results for the device, which, potentially, provides a

great contribution to  the wearable device research area regard-

ing to sweat sensing. This proof-of-concept for a  device allowed

us to measure sweat conductivity and hopefully will lead to  esti-

mates of sweat osmolality. With further validation of  the device

and the addition of a sweat rate sensor, we may then investigate

the relationship between conductivity and hypo or hyperhydra-

tion. Also, in  order to get an estimation of a full body dehydration,

body mass loss measurement sensors could be combined with cur-

rent conductivity sensor. For a  sweat-based hydration device, it

must be calibrated individually as the sweat profile would change

person-to-person.
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