
Vol.:(0123456789)1 3

Advanced Fiber Materials (2020) 2:265–278 
https://doi.org/10.1007/s42765-020-00046-8

RESEARCH ARTICLE

Facile and Low‑Cost Fabrication of a Thread/Paper‑Based Wearable 
System for Simultaneous Detection of Lactate and pH in Human Sweat

Gang Xiao1 · Jing He1 · Yan Qiao1 · Feng Wang2,3 · Qingyou Xia2,3 · Xin Wang4 · Ling Yu1 · Zhisong Lu1  · 
Chang‑Ming Li1,5

Received: 28 February 2020 / Accepted: 3 June 2020 / Published online: 23 June 2020 
© Donghua University, Shanghai, China 2020

Abstract
Wearable devices have received tremendous interests in human sweat analysis in the past few years. However, the widely 
used polymeric substrates and the layer-by-layer stacking structures greatly influence the cost-efficiency, conformability and 
breathability of the devices, further hindering their practical applications. Herein, we report a facile and low-cost strategy 
for the fabrication of a skin-friendly thread/paper-based wearable system consisting of a sweat reservoir and a multi-sensing 
component for simultaneous in situ analysis of sweat pH and lactate. In the system, hydrophilic silk thread serves as the 
micro-channel to guide the liquid flow. Filter papers were functionalized to prepare colorimetric sensors for lactate and pH. 
The smartphone-based quantitative analysis shows that the sensors are sensitive and reliable. Although pH may interfere the 
lactate detection, the pH detected simultaneously could be employed to correct the measured data for the achievement of a 
precise lactate level. After being integrated with a hydrophobic arm guard, the system was successfully used for the on-body 
measurement of pH and lactate in the sweats secreted from the volunteers. This low-cost, easy-to-fabricate, light-weight 
and flexible thread/paper-based microfluidic sensing device may hold great potentials as a wearable system in human sweat 
analysis and point-of-care diagnostics.

Keywords Wearable sensors · Thread/paper-based microfluidics · Sweat analysis · Point-of-care diagnostics · Multi-sensing 
system

Introduction

Skin is the soft outer covering the whole human body that 
protects us from pathogenic microbes and harmful elements 
in the ambient environment. On its surface, vital biological 
signals including body temperature, heart rate, blood pres-
sure, and biopotentials could be monitored for the assess-
ment of the overall health [1–3]. In order to grasp the health 
status more accurately, it is necessary to have deeper infor-
mation at the molecular level. Sweat is a biofluid produced 
by the eccrine glands, which can be secreted to the skin 
surface via the dermal ducts for the regulation of body tem-
perature. During the sweat secretion, a variety of biomarkers 
including ions, biometabolites, hormones and peptides are 
absorbed into sweat from the surrounding cells and the inter-
stitial fluid [4]. It has been reported that sweat lactate con-
centration is closely correlated to the exercise intensity and 
tissue hypoxia degree [5, 6]. Sweat pH is also an indicator 
relevant to body hydration, which is critical for the fitness as 
well as the skin diseases [7]. Therefore, monitoring of sweat 
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lactate and pH should be of great importance to assess the 
physiological status of human body under high-temperature 
environment or during vigorous exercise.

Wearable sensing devices are ideal for the sweat anal-
ysis because of their flexibility and conformability with 
skin, allowing for the close attachment to the sweat gen-
eration sites [8, 9]. In the past few years, many wearable 
systems have been developed for the analysis of glucose, 
lactate, chloride ions, sodium ions, calcium ions, ethanol 
and caffeine in human sweat [10, 11]. Among them, various 
polymers, such as polydimethylsiloxane (PDMS) [12, 13], 
poly(methyl methacrylate) (PMMA) [14], silicon wafer [15] 
and biomedical adhesives, are usually utilized as skin-con-
tacted substrates to fabricate patch-type wearable microflu-
idic sensors via sequential stacking of microchannel, active 
and covering layers. Generally, a complex micro-fabrication 
process and expensive instruments are needed to precisely 
control the locations and sizes of the microchannels and the 
holes in each layer. Special attentions should also be paid to 
the integration of the devices to avoid the mismatch of the 
holes and the channels in the neighbored layers. The layer-
by-layer deposition of functional layers on the substrates 
may raise the thickness of the patches, further affecting the 
conformability to the human skin and the mechanical tol-
erance to repeated body motions [16, 17]. Moreover, the 
polymeric substrates are normally impermeable to gas and 
humidity, which may remarkably hinder the natural breath of 
human skin. Undoubtedly, the above drawbacks greatly limit 
the practical applications of the patch-type wearable sensing 
devices in sweat analysis. It is highly desirable to design a 
low-cost and easy-to-fabricate wearable system with excel-
lent flexibility, great skin-conformability and superior gas-
permeability for the on-body sweat analysis during vigorous 
exercise.

Thread, a material twisted by two or more filaments, has 
a long history in textile industry. Recently, it has been used 
as a versatile material for the fabrication of microfluidic 
diagnostic systems due to its low cost, good flexibility, light 
weight, and excellent liquid wicking ability [18, 19]. The 
gaps between the twisted filaments can function as capil-
lary channels to transport liquids along the thread without 
external pumps [20–22]. In comparison to the conventional 
microfluidics, the liquid can be definitely confined in the 
thread region without the need to construct micro-scale 
channels and hydrophobic barriers [23]. Moreover, the 
basic microfluidic functions like mixing, separation and 
networking could be achieved through twisting and knot-
ting of several threads [24–26]. Due to the great advantages, 
the thread-based microfluidic systems have been designed 
to rapidly type blood samples and detect proteins/nucleic 
acid [27–29]. As the building block of clothes, thread ful-
fils the requirements of wearable devices on flexibility and 
skin-affinity. It could be incorporated in the next-to-skin 

clothing via sewing, weaving, knotting and stitching [30]. 
Very hydrophilic cotton yarns have been stitched on the 
superhydrophobic textile substrates to produce the fluidic 
networks for the high-efficient sweat transport and removal 
from the artificial skin [31, 32].

The filter paper is composed of disorderly stacking cel-
lulose fibers with abundant hydroxyl (–OH) active groups, 
which render it a very promising substrate for the immobi-
lization of bioactive substances. Recently, filter papers have 
been successfully used as the substrates to adsorb enzymes 
and reagent molecules for the fabrication of various types 
of paper-based colorimetric sensors [27]. Hydrophilic thread 
has also been incorporated with paper-based colorimetric 
sensors to fabricate microfluidic platforms for quantitative 
detection of glucose, nitrite ions and uric acid [33–35]. Since 
both thread and filter paper possess excellent flexibility, air 
permeability, and biodegradability, the microfluidic thread/
paper-based analytical device (μTPAD) could be integrated 
with textiles to prepare wearable systems for human sweat 
analysis.

Herein, a low-cost, highly conformable and skin-friendly 
wearable system was fabricated using very simple tools, a 
needle and a pair of scissors, for the in situ detection of 
lactate and pH in human sweat. The system contains cotton 
pads, hydrophilic silk threads and filter papers, which func-
tion as the sweat reservoir, liquid-transport microchannels 
and colorimetric sensors, respectively. To achieve the trans-
port of sweat from the reservoir to the paper-based sensors, 
two hydrophilic silk threads are twisted and knotted to form 
a Y-shaped structure for efficient separation of the liquid 
sample. For easy signal readout, a homemade smartphone-
based platform was established to capture images and quan-
titatively analyze the color change caused by the analytes. 
After evaluating its sensing performance with artificial 
sweat, the system was integrated with an arm guard to dem-
onstrate its capability for non-invasive in situ monitoring of 
lactate and pH in sweat perspired from volunteers during 
severe exercise.

Experimental Section

Materials and Reagents

Lactic acid (85 wt% in  H2O), lactate colorimetric assay kit 
containing assay buffer, enzyme mix, substrate mix and 
lactate standard, and Whatman@ filter paper (pure cellu-
lose paper, Grade 1) were purchased from Sigma-Aldrich 
(Shanghai, China). Universal pH indicator solution (in iso-
propanol, the pH sensing range 3.0–10.0), urea and acetic 
acid were bought from Adams-beta Co. Ltd (Shanghai, 
China). Glucose, uric acid, ascorbic acid, NaCl,  NH4Cl, and 
NaOH purchased from the Aladdin Chemical Reagent Co., 
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Ltd. (Shanghai, China). All other reagents were of analytical 
grade and directly used in the present study without further 
purifications. Deionized water was generated by a Millipore 
water purification system.

The smooth surface of the Nylon fibers may lead to the 
yarn untwisting in the sewing and device fabrication process. 
Natural cotton thread needs pre-treatment to remove the wax 
on the surface of cellulose. In the present work, we chose 
super-hydrophilic silk thread provided by State Key Labora-
tory of Silkworm Genome Biology (Southwest University, 
Chongqing, China) to serve as the flow channels. The silk 
thread can be used directly and the hydrophilicity could be 
maintained for a long time. Superhydrophilic cotton pads are 
produced by Unicharm, Japan.

Design of μTPAD for Human Sweat Analysis

As shown in Scheme 1, the microfluidic thread/paper-based 
analytical device (μTPAD) contains a sweat reservoir and 
a microfluidic sensing component. Two cotton pads and 
a thread form the sweat reservoir, which can store human 
sweat at a volume of 31.5 ± 2.0 μL for immediate analysis. A 
1.0 cm × 0.5 cm cotton pad and a 0.2 cm × 0.3 cm cotton pad 
are fixed on two sides of a hydrophobic fabric, respectively. 
The former directly contacts with skin to effectively harvest 
the sweat secreted from human body. The latter exposes to 
the outer environment for easy linking up with the micro-
fluidic sensing component. A silk thread is sewed across the 
fabric with the jersey stitch method to connect the two pads, 
guiding the sweat from the skin side to the outer side. A 
double-sided adhesive is used as a substrate for the fabrica-
tion of a thread-based microfluidic sensing component. Two 
pieces of functionalized filter papers are attached abreast on 
the double-sided adhesive to serve as colorimetric sensors 
for lactate and pH, respectively. Two silk threads are twisted 
to produce a Y-shaped structure, in which the bifurcated 

ends are in contact with the filter papers. The rest end of the 
twisted threads passes through the adhesive tape, connecting 
with the 0.2 cm × 0.3 cm cotton pad. In practical applica-
tion, the sweat reservoir and the adhesive tape-based sensing 
component are linked up via the connecting pads to allow 
the sweat flowing from the absorbent cotton pad to the filter 
papers. The connecting pad on the sensing component was 
located at the border of the lower surface of a double-side 
tape so that its edge could be easily seen from above. When 
we fix the sensing component, the upper and bottom con-
necting pads could be matched very well to ensure the good 
connection between the components.

Fabrication of Paper‑Based Lactate and pH Sensors

Filter papers were cut into small round pieces with the diam-
eter of 5 mm. To ensure the high-performance lactase sens-
ing, a Lactase Assay Kit was employed to prepare the filter 
paper-based colorimetric sensor. In brief, the enzyme mix, 
substrate mix and assay buffer in the kit were successively 
dropped onto a filter paper at the volume of 3, 2.5 and 3 μL, 
respectively, followed by air-drying for ~ 10 min. The prin-
ciple for the lactate detection is shown as below:

With the assistance of lactate hydrogenase, lactate is 
oxidized to form hydrogen peroxide, which reacts with the 
substrates to generate colorimetric products. As to the pH 
sensor, 3 μL of Universal pH Indicator containing 100 μΜ 
NaOH was dropped onto a filter paper, drying at room tem-
perature for ~ 10 min. The color of the Universal pH Indica-
tor can change from red to green in the pH range of 3.0–10.0. 

Lactate + O2

hydrogenase
→ Pyruvate + H2O2,

H2O2 → O2 + 2H+
+ 2e−.

Scheme 1  Design of a thread/paper-based wearable system coupled with a smartphone for in-situ sweat analysis
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The functionalized papers were stored at 4 °C and directly 
used in the following experiments.

Preparation of Artificial Sweat

Artificial sweat was prepared according to the standard ISO 
3160-2, containing 20 g/L NaCl, 17.5 g/L  NH4OH, 5 g/L 
acetic acid and 15 g/L lactate [36]. The pH of the artificial 
sweat was adjusted to 4.0, 5.0, 6.0, 7.0, and 8.0 with 0.1 mM 
NaOH or 0.1 mM HCl. To obtain samples containing vari-
ous concentrations of lactate, different amount of lactate 
powder was spiked into the artificial sweat without chang-
ing the amounts of the other reagents. During the measure-
ments, the artificial sweat was added onto the cotton absor-
bent pads, followed by an incubation at room temperature 
for 10 min. The liquid wicks into the thread and gradually 
flows to the paper-based sensing components, resulting in 
the color changes of the filter papers. All experiments were 
conducted at room temperature (20–25 °C).

Signal Readout with a Smartphone‑Based System

A smartphone-compatible light shielding box was manu-
factured with the 3D printing technique to avoid the light 
interference from the environment (Fig. S1 in ESI). The 
smartphone’s build-in light source and camera were applied 
to collect the images of the paper-based sensors. The RGB 
values were obtained with a smartphone-based software 
(Color Grab, Loomatix Ltd.) to quantitatively evaluate the 
color change caused by the analytes in sweat.

On‑Body Sweat Collection and Analysis

The sweat reservoir was sewed on a hydrophobic arm guard 
according to our design for on-site collection of human 
sweat. We chose an arm guard to incorporate the as-pre-
pared wearable system because of the following two rea-
sons: (1) the arm normally perspires faster than the rest of 
the body surface [37, 38]; (2) it should be much easier for 
the wearer to replace the sensing component located at the 
arm rather than back, forehead and leg. The system could 
also be integrated with clothing to analyze sweat secreted 
from other parts of human body according to the practi-
cal requirements. The adhesive tape-based sensing compo-
nent was exactly adhered to ensure the liquid flow along the 
thread from the sweat reservoir to the sensors. The adhesive 
tape-based part can be replaced during the practical appli-
cations to achieve continuous monitoring of human sweat. 
Four healthy male volunteers were selected to wear the arm 
guard during exercise. Their sweats were in-situ analyzed 
after 10, 25 and 40 min of running to demonstrate the capa-
bility of the device for on-body measurement. After each 
test, the tape-based part was removed from the arm guard for 

smartphone-based analysis. Simultaneously, tissue papers 
were employed to absorb sweat from the connecting pad of 
the reservoir. The constant updating of fresh sweat in the 
device can guarantee the accuracy of the next round of test. 
To verify the reliability of the as-prepared system, commer-
cially available pH meter (CLEAN LEAU pH 30) and lactate 
colorimetric assay kit (Sigma-Aldrich) were used to meas-
ure the pH value and lactate level, respectively, in human 
sweat for comparison. For the sweat pH measurement, the 
pH tester was directly contacted with the cotton absorbent 
pad on the inner side of the arm guard, which harvested the 
sweat sample from a volunteer. As to the lactate test, the 
sweat was collected from the volunteer’ arms and directly 
measured following the kit manual.

Results and Discussion

To verify the performance of the paper-based colorimet-
ric sensors, an absorbent pad and a paper-based sensor are 
connected with a hydrophilic silk thread to form a simple 
μTPAD with a single channel for the separate detection of 
lactate and pH in artificial sweat. We use a homemade smart-
phone-based platform to analyze the experimental results 
and present them in a model including R, G and B values 
(Fig. S1 in ESI). Firstly, the same paper-based sensor with 
orange color was measured independently for seven times to 
verify the reliability of the homemade signal readout system. 
The standard deviations of the R, G and B values are only 
1.38, 1.83 and 0.98, respectively (Fig. S2 in ESI), showing 
the satisfactory consistency of the smartphone-based sys-
tem. Secondly, the color analysis process was performed 
under various light conditions to prove the significant influ-
ence of the ambient light on the RGB values obtained with 
the smartphone (Fig. S3 in ESI). Hence, the shielding box 
in the designed signal readout system is necessary for the 
accurate and precise color analysis of the paper-based sen-
sors. Thirdly, the effect of capture angle on the results was 
also investigated. The same paper-based sensor was inserted 
into the shielding box at the angle of 0°, 5°, 10°, 15°, 20° 
and 30°, respectively, with the smartphone fixed at the top. 
There is no significant difference on the RGB values at the 
angle ranging from 0° to 10° (Fig. S4 in ESI). In the practi-
cal application, the paper-based sensor is normally placed 
horizontally (less than 10°) in the light shielding box, which 
ensures accuracy of the measurement.

In order to further verify the reproducibility of the thread/
paper-based colorimetric sensing device, five artificial sweat 
samples with the identical lactate concentration and pH 
value were measured using the as-prepared devices inde-
pendently. Results show that the R/G/B values maintain at 
quite stable levels, respectively (Fig. S5 in ESI), indicat-
ing the excellent consistency between devices. Before the 
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quantitative measurements of lactate and pH in artificial 
sweats, the preparation of the paper-based sensors was opti-
mized by adjusting the reaction time and reagent amount to 
obtain the best sensing performance (Fig. S6 and S7 in ESI).

For the lactate testing, a series of artificial sweats con-
taining different concentrations of lactate were dropped on 
the absorbent pads to trigger the enzyme-catalyzed color 
alteration. After the reaction, a noticeable color alteration 
can be observed from the images (Fig. 1a). As the lactate 
concentration increases, the color of the sensor gradually 
changes from orange to brown. Interestingly, it is found 
that the colorful substances tend to aggregate at the edge 
of the filter papers, forming an orange or a brown ring. This 
phenomenon may be caused by the continuous flow of the 
liquid from the thread into the paper, which carries the pre-
deposited reagents to the edge of the paper. The difference 
on the color intensity between the sensors treated with 0 
and 25 mM lactate was compared in terms of the R, G and 
B values, respectively. Although statistical alterations can 
be observed in all groups (Fig. 1b), the B value exhibits 
the most significant difference. Therefore, the application 
of B value in quantitative measurement of lactate may pos-
sibly provide the highest sensitivity to the test. As shown in 
Fig. 1c, the B value is negatively correlated to the lactate 
concentration in the range of 0 to 25 mM  (R2 = 0.92), which 
matches well with the lactate concentration (5–20 mM) in 
human sweat [7, 41]. The assay possesses a limit of detec-
tion of 0.98 mΜ (3σ/slope of the analytical curve, where σ 
is the standard deviation of negative control) and the sen-
sitivity of -3.07 mM−1. The results indicate that the micro-
fluidic thread/paper-based lactate sensor could be used as 
a reliable device to determine the lactate concentration in 
human sweat.

A universal pH indicator was immobilized on the filter 
papers to fabricate the sensors for the sweat pH measure-
ment. Since the original color of the indicator is orange, 
the reaction cannot induce obvious color alteration on the 
paper due to the weak acid/neutral nature of the human 
sweat (three images on the left of Fig. 2a). In order to clearly 
monitor the infiltration of sweat into the filter paper, a trace 
alkaline (100 μΜ NaOH) was complemented into the pH 
indicator solution, leading to a color change from orange 
to light green (three images on the right of Fig. 2a). After 
adding samples with pH 8.0 onto the sensor, a prominent 
color change from green to orange could be observed. The 
phenomena clearly show the efficient reaction of sweat with 
the pH indicator molecules in the filter paper-based sensor 
(Fig. 2b). The smartphone-based analysis was further con-
ducted to obtain the RGB values of the sensors. It can be 
seen from Fig. 2c that the most significant color difference 
between the samples with pH 4.0 and 8.0 can be obtained 
using the G value. Thus, for the analysis of sweat pH, G 
value was collected in the following experiments. The pH 
of human sweat has been reported to vary from 4.0 to 8.0. 
The performance of the thread/paper-based pH sensor was 
evaluated with artificial sweats at pH 4.0, 5.0, 6.0, 7.0 and 
8.0, respectively. The inset images in Fig. 2d show the sensor 
colors after reactions. There is a linear correlation between 
the G value and the sweat pH in the range from pH 4.0 to 
8.0 with  R2 of 0.99 and the sensitivity of 10.43. Because the 
dynamic range and the sensitivity can meet the requirements 
of the pH measurement in human sweat, the as-prepared pH 
sensing component was incorporated with the above-tested 
lactate sensor to prepare the multi-sensing component for 
human sweat analysis.

Sweat contains a wealth of chemical information that 
could possibly interfere with the colorimetric sensing. In 

Fig. 1  a Thread/paper-based 
lactate sensors after reacting 
with artificial sweat samples 
containing 0, 3, 6, 12, 25, 50 
and 100 mM lactate, respec-
tively; b R, G and B values of 
the sensors after measuring 
artificial sweat samples (pH 6.0) 
containing 0 and 25 mM lactate, 
respectively; c Plots of B value 
against lactate concentration 
in artificial sweat. The data 
obtained from three independ-
ent experiments are presented as 
the mean ± standard deviations
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Fig. 2  a Thread/paper-based pH 
sensors before/after measur-
ing artificial sweats at pH 4.0 
and pH 8.0, respectively; Left: 
Sensors prepared with universal 
pH indicator only; Right: Sen-
sors prepared with universal 
pH indicator + 100 μΜ NaOH; 
b The color-changing process 
during the measurement of an 
artificial sweat sample with a 
pH of 8.0; c R, G and B values 
of the thread/paper-based pH 
sensors after measuring arti-
ficial sweat samples at pH 4.0 
and pH 8.0, respectively; d Plots 
of G value against pH value of 
the artificial sweat. Insets show 
the digital images of the thread/
paper-based pH sensors after 
reacting with artificial sweats at 
pH values of 4.0, 5.0, 6.0, 7.0 
and 8.0, respectively. The data 
obtained from three independ-
ent experiments are presented as 
the mean ± standard deviations

Fig. 3  Interferences of 50 μM 
ascorbic acid (A.A.), 50 μM 
uric acid (U.A.) and 200 μΜ 
Glucose (Glu.) on the colori-
metric measurement of lactate 
(a) and pH (b) in the artificial 
sweat samples; Effects of ambi-
ent temperature on colorimetric 
measurement of lactate (c) and 
pH (d) in the artificial sweat 
samples. The data obtained 
from three independent 
experiments are presented as 
the mean ± standard deviations. 
*p < 0.05, two-tailed t-test, in 
comparison to the 20 °C group
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the present study, interferences of several main components, 
including ascorbic acid, uric acid and glucose, on the colori-
metric measurements of lactate and pH in human sweat were 
explored. It should be noted that all those components were 
spiked into the artificial sweat at the concentrations nor-
mally found in the healthy human sweat [40, 41]. As shown 
in Fig. 3a, b, the presence of ascorbic acid (50 μM), uric 
acid (50 μM), and glucose (200 mM) does not significantly 
affect the thread/paper device-based sensing of lactate and 
pH in artificial sweat, respectively. Even with the changes of 
other components in human sweat, the as-prepared system 
could still provide reliable lactate and pH data. As is well 
known, the rate of an enzyme-catalyzed reaction greatly 
relies on the temperature. The ambient temperature may 
possibly influence the performance of the as-prepared sweat 
sensors, in particular the lactate sensor. Since the dynamic 
curves in Figs. 1 and 2 were obtained at room temperature 
(20–25 °C), the 20 °C group was selected as the control to 
estimate effects of ambient temperature on measurements 
for both lactate and pH. As expected, statistical difference 
on B value (p < 0.05, in comparison to the 20 °C group) can 
be observed at 4, 10 and 50 °C for the lactate sensing. In the 
temperature range of 20–40 °C, the color intensity is main-
tained at a stable level (Fig. 3c). As to the pH detection, the 
G value keeps stable in a wide temperature range (10–50 °C) 
(Fig. 3d). The experimental data strongly suggest that the as-
prepared lactate and pH sensing system could be practically 
used for human sweat analysis under normal circumstances.

Since the orientation of a clothing-attached device may 
change greatly in the process of wearer’s movements, effects 

of the orientation on the sweat flow in the thread channels 
should be investigated before the practical use. A cotton res-
ervoir, a connecting pad and the thread were woven into a 
hydrophobic fabric according to the design in Scheme 1. To 
avoid the liquid filtration into the fabric during the trans-
fer process, the wearable system should be prepared with 
hydrophilic threads and a hydrophobic fabric. The contact 
angles of the silk thread and the fabric are 45.6° ± 6.5° and 
132.7° ± 1.5°, respectively (Fig. 4a), showing their distinct 
wettability. A double-sided adhesive is used as a substrate 
for the fabrication of the removable sensing patch. A con-
necting pad and two sensing components were adhered on 
each side of the substrate. Two threads were twisted and 
knotted to form a Y-shape channel for the connecting of 
the connecting pad and the two paper-based sensing com-
ponents. The lengths of the thread from the cotton reser-
voir to the connecting pad, from the connecting pad to the 
knot, and from the knot to the filter paper are 1.0, 0.8 and 
0.5 cm, respectively (Fig. 4c). Additionally, the cost of the 
skin patch is quite low (about US $ 0.37) because it is made 
of inexpensive materials like papers and adhesive tapes. The 
time for the dye moving from the reservoir to the paper was 
recorded to represent the flowing capability of liquids in the 
thread-based channels woven in the fabric (Fig. 4c–f). The 
devices placed vertically with the sensors up and down have 
the flowing time of 211.0 ± 43.7 and 183.3 ± 31.8 s, respec-
tively. For the devices placed horizontally with the sensors 
toward left and right, the flowing durations are 193.3 ± 27.5 
and 190 ± 17.6 s, respectively (Fig. 4h). Statistical analysis 
indicates that the change of the device orientations does not 

Fig. 4  a Contact angle images corresponding to the hydrophilic silk 
threads and the hydrophobic fabric. b Illustration of the different ori-
entations of the microfluidic thread/paper-based devices; c–g A series 
of images extracted from a video illustrating transport of brown dye 
from the reservoir pad to the paper sensing components (The pink 
pendant was utilized as a reference object in the images); From c to 

f: Vertical-up, vertical-down, horizontal-left and horizontal-right 
placement, respectively; g Horizontal-right placement of a device 
sewed with a short-stitch method; h Duration for the transport of the 
dye from the reservoir pad to the paper sensing component. The data 
obtained from three independent experiments are presented as the 
mean ± standard deviations
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cause significant alteration on the liquid flowing capabil-
ity. Meanwhile, the connecting pads located on the sweat 
reservoir and the sensing component could tightly link up 
to efficiently transfer the liquid (Fig. 4c–g and Fig. S8 in 
ESI). We also considered the effect of the stitch method on 
the liquid transport rate. As shown in Fig. 4f, g, the thread 
sewed in the fabric with the short-stitch manner also does 
not obviously change the liquid flowing time in compari-
son to the one prepared with long-stitch approach. It has 
been reported that the liquid flow is tightly associated with 
the orientation and shape of the thread due to the existence 
of gravity and the channel size among the fibers [42, 43]. 
Although the vertical-up and vertical down groups show the 
slowest and fastest average flow velocity, respectively, there 
is no statistically significant difference among all groups. 
This phenomenon may be due to the relatively short length 
(2.3 cm) of the thread-based channel and variation of each 
thread. On the basis of the findings, it can be concluded that 
the flowing capability of the thread is not affected by the ori-
entation and the stitch method in our system. The response 
time of the as-prepared system contains the sweat transport 
time and the color development time, which are measured 
to be ~ 3.2 min and 10.0 min, respectively (Fig. S9 in ESI). 
Therefore, the total response time of the system should be 
about 13.2 min.

The liquid storage capacity of the sweat reservoir, the 
dead volume of the Y-shaped microfluidic thread and the 
volume required for the tape-based sensing component 
were measured as 31.5 ± 2.0, 5.8 ± 0.4 and 13.5 ± 0.9 μL, 
respectively, by weighing the mass enhancement of the 
devices after saturation with pure water (Fig. S10 in ESI). 
The sweat stored in the reservoir is more than 2.3 times of 
the volume required for the pH and lactate sensing. Vari-
ous factors should be taken into account in the dimension 
design of each component in the system. For the sensing 
paper, its shape and size should match analyzing zone of the 
smartphone-based software. The liquid storage capability 

and the time needed for the color development should also 
be involved in the design of the sensing component. As to 
the reservoir, the human perspiration rate, liquid storage 
capability of the cotton pad, the sweat volume needed for 
the sensing component, and the skin contact location should 
be considered. The selection of thread is also very critical for 
the μTPAD. The ideal thread should have excellent wicking 
capability, minimal liquid residual, and great compatibility 
with conventional woven techniques. From dozens of threads 
we selected the silk thread provided by State Key Labora-
tory of Silkworm Genome Biology (Southwest University, 
China), since it has better liquid wicking property over a lot 
of cotton threads. Since the thread/paper-based microfluidic 
system was directly exposed to the ambient atmosphere, the 
water evaporation during the sensing process should not be 
neglected. The weight loss of a water-saturated reservoir 
coupled with a tape-based sensing component was real-
time monitored at 20 and 30 °C for the estimation of water 
evaporated. The volume of water in the system reduces very 
rapidly for both 20 and 30 °C group. After 50 min, the water 
stored in the reservoir is depleted. In our experiments, the 
simultaneous measurements of pH and lactate in both artifi-
cial sweat and real human sweat were completed at 20–25 °C 
in 10 min, during which the loss of sweat should be identical 
(Fig. S11 in ESI). Thus, the pH value and lactate concentra-
tion obtained with the as-prepared system should still be 
accurate. However, it has to be noted that the detection time 
and the ambient temperature should be strictly controlled 
during the measurement to ensure the collection of accurate 
data.

In our design, the lactate and pH need to be measured 
simultaneously with a single device. The chemical crosstalk 
during the detection of multiple analytes must be identi-
fied. Firstly, a series of samples containing 0, 3, 6, 12 and 
25 mM lactate at a constant pH of 6.0 were prepared to 
study the inference of lactate levels on the pH detection. 
It can be found in Fig. 5a that the measured pH values are 

Fig. 5  a Effect of lactate concentration on the detection of pH value 
in the artificial sweat; b effect of pH on the detection of lactate in the 
artificial sweat; c comparison of the measured (red triangle) and cor-

rected (green dot) lactate concentrations at different pH values. The 
data obtained from three independent experiments are presented as 
the mean ± standard deviations
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quite stable without obvious deviations. The change of the 
lactate level does not affect the pH assay in artificial sweat. 
Then, a series of artificial sweats containing 25 mM lactate 
with the pH ranging from 4.0 to 8.0 were tested using the 
as-prepared microfluidic thread/paper-based multi-sensing 
systems, respectively. After analyzing with the smartphone 
and calculating based on the calibration curve, the meas-
ured lactate concentrations were plotted against pH values 
in Fig. 5b. The rise in the pH leads to a gradual enhance-
ment on the measured concentration of lactate, indicating 
the strong interference of pH on the detection of lactate. 
The paper-based lactate assay is an enzyme-catalyzed reac-
tion system, in which the enzyme activity is greatly depend-
ent on the environment pH. The interference due to the pH 
change seems to be unavoidable. Actually, at different pH, 

the calibration curve used to calculate the lactate concen-
tration should be distinct because of the alteration of the 
enzyme activity. Fortunately, there is a linear relationship 
between the sensitivity of the calibration curve and the sam-
ple pH value (Fig. S12). Therefore, the corrected calibration 
equation of lactate concentration can be calculated with the 
pH measured from the samples. As shown in Fig. 5c, the 
corrected data are much more precise than the measured 
ones. In order to eliminate the pH interference on the lac-
tate sensing, the measured pH value should be employed to 
correct the data for the achievement of precise results in the 
following on-body tests. The approach was reported by Lee 
et al. to correct the sweat sensing results obtained with an 
electrochemical device [39].

To validate the reliability and accuracy of the thread/
paper-based sweat analysis system, commercially available 
pH meter and lactate colorimetric assay kit were utilized 
to measure the sweat sample from the same volunteer after 
exercise for 10, 25 and 40 min for comparison. As shown 
in Table 1, comparable data could be obtained with both 
commercially available methods and μTPAD. The results 
strongly prove that the as-prepared μTPAD could be used as 
a reliable system for the pH and lactate analysis in human 
sweat. The μTPAD was fixed on a hydrophobic arm guard to 
further demonstrate the feasibility of the devices for in situ 
multicomponent analysis in human sweat. The function-
alized arm guards were worn on the volunteers’ left arms 
to perform the in situ detections. After each test, the tape-
based sensing component was removed from the fabric and 
analyzed with the smartphone-based system immediately. 

Table 1  Comparison of the sweat pH/lactate concentrations measured 
using commercially available approaches and the as-prepared μTPAD

Exercise time (min) Commercially available 
methods

μTPAD

pH
 10 4.7 4.9
 25 6.5 6.1
 40 7.4 6.9

Lactate
 10 14.7 mM 16.5 mM
 25 11.7 mM 12.7 mM
 40 10.3 mM 8.3 mM

Fig. 6  a An arm guard-inte-
grated device after the on-body 
measurement; b the correspond-
ing image and data obtained 
with a smartphone; c pH values 
and d lactate concentrations for 
four healthy male volunteers 
tested after 10, 25 and 40 min 
of running. The data obtained 
from three independent 
experiments are presented as the 
mean ± standard deviations
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The R, G and B values are obtained to calculate the lactate 
concentration and pH value (Fig. 6a). During the on-body 
assay, the sweats secreted from the volunteers after 10, 25 
and 40 min of running were analyzed by simply replacing 
the adhesive tape-based sensing component. To ensure the 
accuracy of each round of test, tissue papers were attached 
on the connecting pad of the reservoir for constant updating 
of fresh sweat during the intervals of the tests. During the 
exercise process, the sweat pH of four healthy subjects varies 
in the range from 5.1 to 6.8, which is exactly the sweat pH 
range of a health human (Fig. 6b). The deviation of the pH 
value may be attributed to the change of the perspiration rate. 
Simultaneously, the lactate concentrations were monitored 
with the same systems and the final data were corrected 
using the measured pH values. The lowest and the high-
est lactate concentrations are 6.7 ± 0.7 and 20.3 ± 2.9 mM, 
respectively. Both of them fall in the healthy range of sweat 
lactate levels (5–20 mM). Interestingly, with the proceeding 
of the running, a reduction trend on the lactate concentra-
tion can be observed for all volunteers (Fig. 6c). This phe-
nomenon has also been found in a previous works and the 
continuous perspiration-induced dilution of lactate has been 
used to explain the decreasing trend [5, 7]. The as-prepared 
wearable sweat analysis system contains two components: 
the sweat reservoir and the sensing component. The former 
is a reusable part and the latter is a disposable component. 
The sweat reservoir fabricated on the arm guard can be 
washed and reused (Fig S13 in ESI). 

Conclusions

In summary, we develop a low-cost, light-weight and skin-
conformable microfluidic thread/paper-based multi-sensing 
system using a needle and a pair of scissors for rapid and 
accurate in situ monitoring of human sweat pH and lactate. 
The system consists of a liquid reservoir for sweat collec-
tion and storage as well as a colorimetric multi-sensing 
component for the sensitive detection. Two threads were 
twisted and knotted to form a Y-shaped structure for the 
transfer and separation of sweat samples from the reservoir 
to the paper-based pH and lactate sensors. During the liquid 
transfer process, the flowing capability in the thread is not 
affected by the orientation and channel shape. The pH sensor 
shows a linear detection range from pH 4.0 to 8.0 with the 
sensitivity of 10.43. The lactate sensor possesses a dynamic 
range from 0 to 25 mM and the sensitivity of − 3.07 mM−1. 
Both of them can be used as reliable devices for the sweat 
analysis. Although the detection of lactate can be influenced 
by the sweat pH alteration, the pH detected simultaneously 
could be employed to correct the measured data for the 
achievement of the precise lactate concentration. Finally, 
the great feasibility of the system for the on-body analysis Ta
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was demonstrated by in-situ measuring pH and lactate con-
centrations in the sweats secreted from the volunteers after 
10, 25 and 40 min of running. In comparison to the existing 
colorimetric wearable devices for sweat analysis, the as-pre-
pared thread/paper-based microfluidic system is much easier 
to be fabricated and demonstrates better conformability, air/
humidity permeability, and biodegradability (Table 2). This 
work not only extends the applications of the thread-based 
microfluidic device to human sweat analysis, but also pro-
vides a very promising approach to fabricate thread-based 
wearable systems for point-of-care diagnostics.
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