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Abstract

Advanced capabilities in noninvasive, in situ monitoring of parameters

related to sweat serve as the basis for obtaining real-time insights into

human physiological state, health, and performance. Although recently

reported classes of soft, skin-interfaced microfluidic systems support power-

ful functions in this context, most are designed as single-use disposables. As

a result, associated waste streams have the potential to create adverse envi-

ronmental impacts. Here, we introduce materials and fabrication tech-

niques that bypass these concerns through biodegradable microfluidic

systems with a full range of features, including measurement of sweat rate

and total loss, and colorimetric analysis of biomarkers. The key components

fully degrade through the enzymatic action of microorganisms in natural

soil environments, or in industrial compost facilities, to yield end products

with beneficial uses as fertilizers and species to improve soil health. Detailed char-

acterization of the constituent materials, the fabrication procedures, the assembly

processes, and the completed devices reveal a set of essential performance parame-

ters that are comparable to, or even better than, those of non-degradable coun-

terparts. Human subject studies illustrate the ability of these devices to acquire

Received: 7 July 2022 Revised: 10 August 2022 Accepted: 13 August 2022

DOI: 10.1002/eom2.12270

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. EcoMat published by The Hong Kong Polytechnic University and John Wiley & Sons Australia, Ltd.

EcoMat. 2023;5:e12270. wileyonlinelibrary.com/journal/ecomat 1 of 18

https://doi.org/10.1002/eom2.12270

 25673173, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12270 by N
orthw

estern U
niversity, W

iley O
nline L

ibrary on [20/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-2980-3961
mailto:jrogers@northwestern.edu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ecomat
https://doi.org/10.1002/eom2.12270
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feom2.12270&domain=pdf&date_stamp=2022-08-30


accurate measurements of sweat loss, sweat rate, pH, and chloride concentra-

tion during physical activities and thermal exposures.
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1 | INTRODUCTION

Recent advances in materials and device designs form the
foundations for soft, low-modulus, and thin wearable
devices that directly interface with human skin for medi-
cal diagnosis and human physiological performance
monitoring.1 As a relatively underexplored biofluid for
biomedical evaluations, sweat is particularly interesting
for its rich range of chemical constituents including elec-
trolytes, metabolites, organic compounds, hormones, and
proteins and for its capability for noninvasive collection.2

Emerging classes of skin-mounted devices exploit some
combination of soft microfluidic structures, electronic
components, and chemical sensors to enable real-time
assessments of physiological health via the measure-
ments of sweat loss, sweat rate, and biomarker
concentrations.3

Previously reported ‘skin-like’, sometimes referred to as
‘epidermal’, microfluidic systems rely primarily on polydi-
methylsiloxane (PDMS), a silicone elastomer, as the main
constituent material because of its excellent biocompatibil-
ity, chemical stability, gas permeability, optical transpar-
ency, skin-compatible mechanical properties, and ease of
fabrication via the methods of soft lithography.4,5 These
devices typically serve as single-use platforms, due to practi-
cal considerations in cleaning and sterilization for re-use.
Although silicones are non-toxic, their covalently cross-
linked structures and their high levels of chemical and ther-
mal stability yield highly inert, non-biodegradable materials
that can remain in the environment for decades or hun-
dreds of years.6 Recently launched commercial devices rely
on other classes of non-biodegradable materials, also in a
single-use format.7 As a result, an emerging concern is in
proper management of waste streams created by discarded
devices. The development of alternative, biocompatible and
biodegradable materials and suitable fabrication methods
for soft microfluidic systems are, therefore, of high interest.

The following introduces materials, fabrication approaches,
and assembly techniques for soft, microfluidic systems
that can fully biodegrade naturally in the soil or in indus-
trial composting facilities to yield environmentally bene-
ficial end products. The materials and methods are
distinct from those in related platforms reported recently,
thereby providing engineering schemes to achieve sys-
tems with biodegradation capabilities that can be applied

in not only microfluidics but also other skin-interfaced
wearable systems. Demonstration vehicles support capa-
bilities for in situ sweat capture, storage, and biomarker
analysis, with performance characteristics comparable to
those of non-degradable counterparts.8–10 Detailed stud-
ies encompass key material characteristics, including
mechanical, chemical, optical, and thermal properties,
and the associated methods for forming high-precision
microfluidic structures in ways that align with large-scale
manufacturing practice in preparation for future mass
production of consumer products. Trials with human
subjects illustrate use in practical scenarios.

2 | RESULTS AND DISCUSSION

2.1 | Soft, environmentally degradable
microfluidic devices for measurement of
sweat rate and total loss and for
colorimetric analysis of biomarkers

The microfluidic device platform relies almost entirely
(>90% by mass) on a set of constituent materials that
are fully degradable through the enzymatic action of
microorganisms, in a manner aligned with commercial
industrial compostability standards (EN 13432), within
90 days to leave no visible or toxic residues. The mate-
rials can also biodegrade in natural soil environments,
at rates that depend on the microorganism population,
temperature, humidity, pH and other factors. In all
cases, unlike more standard polymeric microfluidic and
injection molded devices, the end products of this degra-
dation process are CO2, water and biomass, with poten-
tial uses as soil nutrients and energy sources. The
following uses the term biodegradable to encompass
natural processes as well as those in industrial compost-
ing facilities.

The resulting devices are soft and thin, capable of
gently conforming to the skin, as an interface for capture,
storage, and sensing of biomarkers in sweat. Inlets on the
skin-facing side of the device allow sweat, as it emerges
from the surface of the skin, to flow into a sealed collec-
tion of microchannels, microvalves, and microreservoirs
that enable assessments of sweat rate and total sweat loss
and, in the examples described in the following, that
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support colorimetric chemical assays for determining the
pH and concentration of chloride in the collected sweat
(Figure 1A). The key advance reported here is in the use
of constituent materials and assays that are biodegradable
and the development of suitable fabrication techniques
that can serve as a versatile solution to other wearable
systems with biodegradability demands, aligned with

large-scale manufacturing practice for future mass
production.

The microfluidic layer consists of a low-modulus ther-
moplastic copolyester elastomer (�5.3 MPa) patterned
through a multi-step molding process. This layer bonds
to a transparent film of cellulose via an acrylic pressure-
sensitive adhesive to seal and encapsulate the system.

FIGURE 1 Soft, environmentally biodegradable microfluidic devices for sweat capture, storage and biomarker analysis. (A) Exploded

view schematic illustration of the key layers and components of a representative device. TPC: thermoplastic copolyester elastomer.

(B) Optical image of a device that includes a microfluidic channel for sweat volume and rate measurement, and reservoirs with colorimetric

assays for pH and chloride analysis. The color evolution of both assays occurs over physiologically relevant ranges of chloride and pH in

human sweat. (C) Finite element analysis results and respective optical images of the devices on silicone skin phantoms during stretching

(25%), bending (radius of curvature 35 mm), and twisting (90�)
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Laser structuring this thin (�90 μm), high-modulus
(�1.75 GPa) film into an open but interconnected geome-
try reduces the bending stiffness and elastic modulus of the
completed device. The result allows significant levels of flex-
ibility and stretchability to enable a conformal, non-
irritating and water-tight interface to the skin with a thin
(�150 μm), low modulus (�17 kPa) dual-sided adhesive.
Sweat passes from defined collection areas (�60 mm2) into
the microchannels through the action of natural pressure
generated by eccrine sweat glands.

Choices of microfluidic designs and material geome-
tries consider various factors, including the volume of
sweat that can be collected, the mechanical stability of
the microchannels and microreservoirs against mechani-
cal collapse and the system-level mechanics of the com-
pleted device. The devices reported here exploit microfluidic
layers with thicknesses of �750 μm and microchannels/
microreservoirs/microvalves with depths of �330 μm. An
independent, serpentine microchannel in the middle of the
device allows monitoring of sweat rate and loss up to a vol-
ume of �20 μl. As shown in Figure 1B, green food dye near
the inlet facilitates visual evaluation of the extent of filling of
this microchannel with sweat during use. The dye consists
primarily of chlorophyll, which degrades after use into color-
less, non-fluorescent chlorophyll catabolites via a bio-
metabolism process, leaving no toxic intermediates.11–13 Two
additional sets of microchannels and microreservoirs support
measurements of the pH and the concentration of chloride
in sweat via colorimetric chemical assays. Digital image pro-
cessing techniques allow for quantitation.

Unlike pH assays that use various hazardous chemicals,8

the systems reported here rely on anthocyanin, a natural
indicator extracted from red cabbage. Degradation occurs
through the action of enzymes such as β-glucosidase,
polyphenol-oxidase, and peroxidase, which are produced by
microorganisms, to yield various phenolic acids, amino acids,
proteins, and other quinones.13–15 This indicator is unique in
its combination of good sensitivity, reversibility, biodegrad-
ability, and proven compatibility with other analytes that can
be found in sweat.16 The chloride assay uses the reagent sil-
ver chloranilate, dispersed in polyhydroxyethyl methacrylate
(pHEMA) methanolic suspension. PHEMA is a highly bio-
compatible hydrogel that is widely used in biomedical
applications,17 degradable by macrophage cell lines.18 Copo-
lymerizing HEMA with different methacrylates or reducing
the molecular weight both enhance the degradability.17 Silver
chloranilate is not biodegradable, but it is non-toxic and is
commonly used in environmental-friendly analytical proce-
dures for spectrophotometric determination of chloride.19 As
silver chloranilate only makes up 0.03 wt% of the constituent
materials, its effects on the biodegradability of the entire sys-
tem are minimal because this percentage lies well below cri-
teria for compostability standards.20 The demonstrated color

evolution in Figure 1B corresponds to physiologically rele-
vant levels of chloride and pH in human sweat. Each of the
reservoirs for pH and chloride detection has a capacity of
�1.8 ± 0.1 μl. The circular posts in these reservoirs prevent
mechanical collapse that might otherwise occur upon impact
or application of pressure. Capillary bursting valves (CBVs)
integrated into the microchannel network passively direct
sweat through the system in a sequential fashion that enables
chronometric sampling of sweat, as described previously.21

Finite element analysis (FEA, using mechanical prop-
erties of constituent materials described subsequently) of
stress–strain distributions and associated photographs
highlight the mechanical behaviors of devices bonded to
silicone skin phantoms (2.5 mm-thick, 130 kPa) during
stretching (25%), bending (radius of curvature 35 mm),
and twisting (90�) (Figure 1C). These deformations signif-
icantly exceed those in most practical scenarios for use,
including those described subsequently. The color scale
corresponds to strain distributions over the device area,
except for narrow strain concentrations in the thermo-
plastic elastomer layer that occur near the patterned slits
of the cellulose layer (results with full color scale appear
in Figure S1, Supporting Information). Under these
mechanical distortions, the maximum principal strains
are �0.4% and �18% for the cellulose and thermoplastic
elastomer, respectively. The peak interfacial stresses at
the surface of the skin phantom reach 20 kPa, approxi-
mately equal to the sensory perception threshold of
human skin (Figure S2, Supporting Information).10,22

2.2 | Materials selection and fabrication

The constituent materials for biodegradable microfluidic
devices must satisfy a range of requirements for mechani-
cal, chemical, optical, and thermal properties, as well as
for process compatibility and mass manufacturability.
Ideal candidates for the microfluidic layer constituents
should possess the following key attributes: (1) chemis-
tries to allow biodegradation in natural or industrial envi-
ronments; (2) low elastic moduli to enable comfortable
and reliable bonding to the skin; (3) high surface energy
to ensure adhesive wetting and robust bonding to the seal-
ing layer; (4) low water absorption and permeability to cap-
ture and store sweat without significant loss; (5) pure white
color to serve as a reference background for accurate color
analysis; (6) low processing temperatures to allow compati-
bility with soft lithography; (7) ease of fabrication and scal-
ability to enable cost-effective mass production.

The field of bioresorbable electronics, as a subset of
the broader area of transient electronics, relies on a range
of materials for substrates and encapsulation layers,
including silk fibroin,23,24 wax,25 collagen,26 poly(lactic-
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co-glycolic acid) (PLGA),27,28 polyanhydride,29 polycapro-
lactone (PCL),30,31 and poly(1,8-octanediol-co-citrate)
(POC).32 Each of these materials dissolves completely
and harmlessly by hydrolysis in biofluids within weeks or
months, but none satisfies all of the requirements listed
above and most are not currently in mass production.
Alternatively, biodegradable materials for food packag-
ing, textiles, consumer goods, and agriculture are in
increasing demand.20,33,34 Industrial composting facilities
exploit microorganisms to decompose these materials
into CO2, water, and biomass, the latter of which can be
used as a nutrient and energy source to produce natural
raw products (Figure 2A). The most common

biodegradable materials available on a commercial scale
include poly(lactic acid) (PLA), polyhydroxyalkanoate
(PHA), starch blends, and polybutylene-based polymers, such
as polybutylene succinate (PBS), polybutyrate-adipate-
terephthalate (PBAT), and other synthetic polyesters.35–41

Among these and other biodegradable materials, thermo-
plastic copolyester elastomers (TPCs), including the com-
mercial APINAT™ BIO Biodegradable compounds
(Trinseo), satisfy all of the requirements for the sweat
microfluidic systems described here.42 These polymers
incorporate hard, crystalline polyester segments as ther-
mally stable components, and soft, long-chain amor-
phous polyether segments that define the elastomeric

FIGURE 2 Material processing schemes, degradation mechanisms and fabrication methods. (A) Biodegradation process of

biodegradable materials in natural soil environments, or in industrial compost facilities. (B) Pictures and chemical structures of a

biodegradable thermoplastic copolyester elastomer (TPC) for the microfluidic layer and a cellulose film with an acrylic pressure-sensitive

adhesive (PSA) for the sealing layer. (C–E) Illustration of the steps for device fabrication: (C) fabrication of a silicon master mold, a PDMS

replica mold, and a molded TPC film; (D) fabrication of a TPC microfluidic layer; (E) assembly of a device by adding filter papers and

colorimetric assays to the TPC microfluidic layer, bonding the cellulose sealing layer on top, and mounting onto a skin-compatible adhesive

on the bottom
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properties (Figure 2B). The labile ester bonds in these
materials are susceptible to attack from enzymes excreted
by microorganisms, yielding small molecules that can be
absorbed by microbial cells and can be further utilized by
the microorganisms in processes that depend on tempera-
ture and other factors.43 Compounding the TPC material
with small amounts of titanium dioxide-based white pig-
ment yields a near-white color, without altering its biode-
gradability. Titanium dioxide is commonly used in paint,
sunscreen, food coloring, and photocatalytic degradation of
pollutants.44,45 In the environment, titanium dioxide usually
has low solubility and is stable once particle aggregates
form in soil, but it can be consumed by microorganisms
through trophic transfer.46 The rates of degradation increase
with dissolved organic matter and clay in the soil.47

The top sealing layer must be optically transparent to
allow for visual and/or colorimetric assessments of sweat.
Most biodegradable polymers involve crystalline compo-
nents that strongly scatter light. An exception is cellulose
(NatureFlex™ NVS film, FUTAMURA) as shown in
Figure 2B. Cellulose originates from wood pulp sourced
from harvested crops and wood. Enzymes from microor-
ganisms, such as cellulases, can break down the β-1,4 gly-
cosidic bonds in cellulose.48,49 An acrylic pressure-
sensitive adhesive (PSA, S9500, Avery Dennison) lami-
nated onto the cellulose film bonds films of this material
to the microfluidic layer to create a sealed microfluidic
assembly. In the first phase of degradation of this PSA,
side groups of the acrylic copolymers such as amide,
nitrile, or alkyl groups bound by ester bonds cleave from
the C C backbone via hydrolytic enzymatic reactions
produced by microorganisms. In the second phase, the
C C backbone breaks down through aerobic metabolism
pathways.50 The TPC, cellulose, and PSA all conform to
the same commercial industrial compostability standard
EN 13432 and can be degraded at industrial composting
facilities within 90 days.

Figure 2C–E presents a schematic illustration of the
process for molding the microfluidic layer of TPC. Melting
TPC pellets on a stainless steel plate on the bottom platen
of a hydraulic press, placing another stainless steel plate on
top once the temperature reaches the set point at 160�C,
then applying a 2 kN embossing force for 5 min by pressing
the top platen, and finally releasing the force and cooling
the assembly back to room temperature creates a film with
thickness defined by a shim (Figure 2C). The microfluidic
structures follow from embossing the surfaces of films pro-
duced in this manner using PDMS molds defined by casting
and curing against a patterned silicon wafer (Figure 2C, D).
Heating for 4 h at 160�C melts the film to facilitate flow into
the features of relief on the PDMS, without significant
applied pressure. A 0.5 mm-thick shim placed on the PDMS
replica mold defines the thickness of the device. Data from

differential scanning calorimetry (DSC) of the TPC appear
in Figure S3, Supporting Information.

Mechanically punching inlets in the resulting TPC
microfluidic layer and placing filter papers and colori-
metric assays into the microreservoirs prepare the
device for the final assembly step (Figure 2E). Enhanc-
ing the surface energy of the TPC layer by exposing it to
a corona discharge and UV induced ozone, and then
laminating a film of cellulose with PSA (20 μm) on top
and incubating at 75�C for 48 h forms a sealed micro-
fluidic system. Mounting the assembled device onto a
skin-compatible adhesive completes the fabrication pro-
cess. Details appear in the Experimental Section.

2.3 | Characterization of biodegradable
microfluidics

Figure 3 summarizes the results of various physical mea-
surements of the constituent materials and the completed
devices. The stress–strain behavior of a film of TPC
(1 mm in thickness; Figure 3A, B) indicates a high strain
to failure (�600%), a low elastic modulus (�5.3 MPa),
and a yield strain of �18%. These features facilitate non-
destructive demolding of delicate microfluidic structures
during the fabrication process, support a comfortable inter-
face to the skin, and allow for elastic recovery following
deformations associated with wear. Stress–strain cycling
tests at various peak strains indicate small mechanical hys-
teresis at low strains (<20%), and significant increases with
increasing strain (Figure 3B). The cellulose film shows a
strain to failure of �20%, a yield strain of 1.5%, and an elas-
tic modulus of 1.75 GPa (Figure 3C).

Water uptake and barrier properties are important
for collecting and storing sweat with minimized absorp-
tion and evaporative losses. Figure 3D indicates that the
sweat absorption of TPC (�2% by weight) is slightly
lower than that of PDMS (�2.5%).8,51 The absorption of
the cellulose films is �40% in 3.5 h, which is signifi-
cantly larger than TPC and PDMS, but the overall
effects are small due to the thin geometry of the sealing
layer. The sweat absorption of these materials over 50 h
appear as an inset. The cellulose film (�45 μm) has a
water vapor transmission rate (WVTR) of 113 g�mm/
(m2�day), which is �3.4 times lower than the WVTR of
PDMS (382 g�mm/(m2�day)).52 Since the permeation rate
decreases with film thickness,53 evaporative losses during
sweat capture and storage can be further reduced by stack-
ing two films of cellulose to yield a bilayer with thickness of
�90 μm. Details are in Figure S4, the Supporting Informa-
tion, and the Experimental Section. The optical transpar-
ency of the bilayer is indistinguishable from that of the
single layer (Figure 3E).
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As mentioned previously, the process for bonding the
TPC to the cellulose via the PSA layer involves surface
treatment to overcome the relatively low surface energy
of these materials.54 Figure 3F shows that the contact
angle of the unmodified surface of TPC is �110�. Expo-
sure to a corona discharge and UV-induced ozone ren-
ders the surface hydrophilic, which enhances the wetting
of the PSA against the TPC surface, thus increasing the
contact area and bonding strength.55 Proper operation of
the CBVs requires, however, recovery of the hydrophobic

surface properties of the TPC (Figure S5, Supporting
Information). Aging in different environmental condi-
tions (75�C vs. RT, 25% RH) leads to recovery within sev-
eral hours (Figure 3F). The contact angle of the cellulose
laminated PSA is �103�, also hydrophobic (Figure S6,
Supporting Information).

Adhesive lap shear testing of the bond between cellu-
lose and TPC indicates a significant increase in strength
after surface treatment (Figure 3G). Appropriate dwell
times (e.g., 9 h) during initial contact can also enhance

FIGURE 3 Characterization of biodegradable microfluidic systems constructed with TPC and cellulose. (A) The stress–strain behaviors

of a sample of TPC during tensile tests. The shaded area represents a 95% confidence interval across five tests. (B) Stress–strain behaviors of

similar samples across various strains (5%, 10%, 15%, 20%, and 30%). The shaded areas represent 95% confidence intervals across five cycles

at each strain. (C) The stress–strain behavior of a sample of cellulose during tensile tests. The shaded area represents a 95% confidence

interval across five tests. (D) The low water absorption of biodegradable TPC compared with PDMS enables stable sweat collection and

storage. The inset shows the sweat absorption of these materials over 50 h. (E) UV–visible spectroscopy results showing the transmittance of

a 1-layer cellulose film and a 2-layers cellulose film. (F) Water contact angle of a sample of TPC at 75�C and room temperature at various

times after corona and UV/ozone treatment. (G) Lap shear tests of the bonding between a cellulose film and a substrate of TPC at various

conditions. The shaded areas represent 95% confidence intervals across five tests. (H, I) Stress–strain behaviors of sweat microfluidic devices

with cellulose sealing layers with and without slits during 3-point bending (H) and tensile (I) tests. The insets show the test setup and the

laser-patterned cellulose film design in magenta
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FIGURE 4 Microfluidic structure design and demonstrations of filling guided by capillary bursting valves (CBVs) for chrono-sampling

in sequences of reservoirs. (A) Scanning electron micrographs of microfluidic structures on a silicon master mold, a PDMS replica mold, and

a layer of TPC. (B, C) Optical images and scanning electron micrographs of three CBVs with indicated channel widths and diverging angles.

(D) Optical images demonstrating the working principle of CBVs for chrono-sampling by sequentially filling the channels using dyed

artificial sweat. (i) empty device; (ii) filling of the middle microchannel with green dyed artificial sweat; (iii, iv) filling of the microreservoirs

on the right with blue dyed artificial sweat guided by capillary bursting valves; (v, vi) filling of the microreservoirs on the left with orange

dyed artificial sweat guided by capillary bursting valves

8 of 18 LIU ET AL.
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bonding by allowing the adhesive to flow to conform to
surface irregularities for improved contact.56 Increasing
the dwell from 9 to 48 h at elevated temperature (75�C)
further maximizes the bonding strength (green curve
vs. red curve, Figure 3G), but extended times at room
temperature can lead to decreases (yellow curve vs. black
curve, Figure 3G). The elevated temperature may reduce
the viscosity of the PSA and improve its flow. The highest
shear strength is achieved when treating the biodegrad-
able TPC with corona and UV/ozone, followed by incu-
bating the bonded assembly at 75�C for 48 h (red curve).
The bonding strength remains at room temperature for at
least 5 h (blue curve), which is sufficient for maintaining
stable adhesion before, during, and after initiation of use.
Extending the storage time to 1 week at either 75�C (cyan
curve) or room temperature (purple curve) can maintain
sufficient bond strength for proper use. The robust bond
between the cellulose and TPC ensured reliable opera-
tion, without any loss of adhesion, leakage of fluids or
other interfacial modes of failure.

Because the cellulose has a much higher elastic mod-
ulus than the TPC, this material significantly influences
the effective bending and tensile modulus of the devices.
Cutting narrow features in the cellulose around the mid-
dle microfluidic channel dramatically reduces the ability
of the cellulose layer to resist deformations, thus
decreasing the effective modulus of the devices, to facili-
tate comfortable and reliable bonding to the skin. The
results of Figure 3H–I show that these features decrease
the overall bending modulus by �13%, and the tensile
elastic modulus by �93%. A magnified view of the setup
for the 3-point bending tests and the patterns of cuts in
the cellulose layer appear in Figure S7, Supporting
Information.

2.4 | Microfluidic structures and
capillary bursting valve designs for
sequential sampling of sweat

Scanning electron micrographs of the microfluidic struc-
tures show that the complex geometries of the silicon
master transfer with high fidelity to the PDMS mold,
and then to the TPC, with negligible variations in fea-
ture dimensions (Figure 4A). The designs of the CBVs
follow from consideration of the characteristic bursting
pressures (BPs) in rectangular channels given by the
Young–Laplace equation.57 Details of the working
mechanisms and calculations appear in Figure S5, Sup-
porting Information. Figure 4B, C show optical images
and scanning electron micrographs of three CBVs
(labeled channel #1–3) with channel widths and diverg-
ing angles indicated. The edges at the exit regions of the

CBVs are sufficiently sharp to eliminate any noticeable
effect on the bursting pressures (Figure 4C). Figure 4D
illustrates the filling of the middle microchannel (ii) and
each set of microchannels and microreservoirs (right:
iii-iv; left: v-vi) with dyed artificial sweat. The reservoirs
fill sequentially, in an order that follows the bursting
pressures, without any mixing or cross-contamination,
as expected.

2.5 | Quantitative colorimetric analysis
of pH and chloride

Sweat loss, rate, pH, and chloride concentration provide
insights into human physiological state, health, and per-
formance, specifically in the context of conditions such as
dehydration status, homeostasis regulation, and electro-
lyte balance.54,58 Colorimetric methods enable simple,
rapid, and in situ analysis of sweat constituents in a man-
ner that bypasses the cost, complexity, and physical bulk
associated with electronic measurement schemes. As
mentioned previously, assessments of chloride concentra-
tion rely on the reagent silver chloranilate dispersed in
pHEMA methanolic suspension and drop-cast into the
microreservoirs. Reaction with chloride in sweat pro-
duces distinct changes in color that correlate with chlo-
ride concentration across a physiologically relevant range
for sweat.59 Colorimetric measurements of pH rely on
reactions of anthocyanin, also mentioned previously, that
produce reddish-pink colors in acidic solutions, blue-
violet hues in neutral ones, and green to yellow colors in
basic conditions.60 Calibration curves follow from digital
images of standard samples corresponding to physiologi-
cally relevant levels of chloride (25, 50, 75, and 100 mM)
and pH (4.5, 5, 5.5, 6, 6.5, and 7) captured with a Color-
Checker as a color balance reference (Figure S9, Support-
ing Information).

Accurate extraction of small differences in color from
these images follows from algorithms based on the CIE-
LAB color space, referred to as L�a�b�, which represents
the lightness of the color (L�, black at 0 and white at
100), the green-red opponent colors (a�, negative values
toward green and positive values toward red), and the
blue-yellow opponent colors (b�, negative values toward
blue and positive values toward yellow). Compared to
assessments in the RGB color space (Figure S9B, Support-
ing Information) this approach provides enhanced reli-
ability in practical scenarios where lighting intensity is
not well controlled. Previous work used chroma

(C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�ð Þ2þ b�ð Þ2

q
) as the color analysis parameter for

analyzing biomarker concentrations.61 Differences in
color associated with different biomarker concentrations
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are, however, not only affected by the chromatic colors
(a�, b�) but also the overall lightness (L�). Upon satura-
tion, especially at low concentrations, the chromatic color

remains constant and most of the changes in color result
from changes in lightness. A metric that captures both
chromatic colors and lightness is ΔE�

ab (Equation 1):

FIGURE 5 Quantitative colorimetric analysis of sweat pH and chloride concentration. (A–D) Standard calibration curves from an image

processing algorithm and corresponding ultraviolet (UV)–visible spectroscopy results for various physiologically relevant levels of pH (A, B)

and chloride concentration (C, D). The color intensity corresponds to the distance metric ΔE�
ab from the CIELAB color space, plotted as a

function of chloride concentration and pH values. The color evolution in the standard calibration curves (A, C) and the presented color for

each spectrum (B, D) correspond to the color exhibited at the detection reservoir in the device. The error bars in (A, C) represent one

standard deviation of the three measurements of chloride concentrations or pH values corresponding to each standard level. (E, F)

Colorimetric analysis of pH assay response as a function of time. Optical images of a device with 4 inlets (E) and extracted, averaged RGB

color information at certain time points (F) during a 2-h period after the introduction of pH standard solutions with various pH values

(5, 5.5, 6, and 6.5 for each group of reservoirs)
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ΔE�
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L�
n�L�

0

� �2þ a�n�a�0
� �2þ b�n�b�0

� �2
q

ð1Þ

as the distance between the measured point (L�n, a
�
n, b

�
n)

and the background point (L�0, a
�
0, b

�
0).

Figure 5A shows standard calibration curves and cor-
responding results of ultraviolet–visible spectroscopy
(UV–vis) for pH (A, B) and chloride (C, D). The value of
ΔE�

ab depends on the chloride concentration and pH. As
lightness values can be affected by shadows or other non-
ideal illumination conditions, calculations of ΔE�

ab follow
after compensation for the background (Figure S10, Sup-
porting Information), as described in the Experimental
Section. The resulting ΔE�

ab values decrease linearly with
increasing pH (R2 = 0.985) and chloride concentration
(R2 = 0.999). Details appear in Figure S11–12, the Sup-
porting Information, and the Experimental Section. The
UV–vis results show similar trends. Furthermore, color
information from the pH detection reservoirs (Figure 5E,
F) during a 2-h period after the introduction of pH stan-
dard solutions (5, 5.5, 6, and 6.5 for each group of reser-
voirs) for a device with four separate inlets indicates that
the color responses stabilize in about 15min. Previous
work demonstrates that the chloride assay develops color
in less than 3 min.9

2.6 | Sweat collection, biomarker
detection, and in situ chrono-sampling in
human trials

Figure 6 summarizes examples of using these biodegrad-
able sweat microfluidic systems in trials with human sub-
jects, for mounting on the upper arm and chest while
running on a treadmill and resting in a sauna (Figure
6A). The experiments involve the chest and the upper
arm, simply as two representative convenient locations
for mounting. Data acquisition involves digital image cap-
ture with a smartphone. Automated algorithms extract CIE-
LAB color values from the images, perform background
calibration, and then convert the color values to pH and
chloride concentration, without the need for color reference
markers used in previous work.8,51

Figure 6B shows a photograph of a subject wearing a
sweat microfluidic device while running on a treadmill.
Figure 6C, D present images of devices on subject #1 dur-
ing exercise (C) and sauna exposure (D) at various times
during the study. The results for subject #2 appear in
Figure S13, Supporting Information. Subjects reported no
sense of discomfort or limitation in body movement. The
position of the filling front of the middle microchannel,
along with its characteristic dimensions, determines the
sweat loss as a function of time and the average sweat

rates for the region of the skin that aligns with the open-
ing in the skin adhesive and corresponding inlet at the
base of the device. The colors in the reservoirs define the
pH and chloride concentration. Figure 6E, F show the
sweat loss as a function of time measured from subject
#1 during exercise (E) and sauna exposure (F). For this
subject, running on a treadmill typically initiates sweat-
ing after �15 min and continues until all of the reservoirs
fill within �30 min. Sitting in a sauna requires �30 min
to initiate sweating, and complete filling occurs �55 min.
As physiological sweat rates range from 12 to
120 μl h�1 cm�2,62 with a sweat collection area of
60 mm2 (corresponding to �60 sweat glands in upper
arm and �12 sweat glands in chest),63,64 the sweat rate is
expected to be from 0.12 to 1.2 μl/min. The average sweat
rate measured in the study is 0.97 μl/min during exercise
and 0.22 μl/min in the sauna. Referring to a form of Poi-
seuille's law as described elsewhere,10 for channels with
dimensions of 330 μm in depth, 300 μm in width, and
�200 mm in length, the flow rate of sweat through the
microfluidic channel for monitoring sweat rate/loss is
174.6 μl/min at an applied pressure of 2 kPa, a physiologi-
cally relevant pressure for sweat glands.9 This rate is signifi-
cantly greater than the measured sweat rate in these
studies, indicating a negligible effect of backpressure and
fluidic drag on flow of sweat into the device.

Measurements of concentrations of chloride (Figure
6G) in this sequence of microreservoirs indicate that the
average concentrations are 27 ± 2.5 mM (reservoir #1,
�18 min) and 33 ± 2.4 mM (reservoir #3, �24 min) in
exercise, 37 ± 0.1 mM (reservoir #1, � 49 min) and 39
± 3 mM (reservoir #2, � 52 min) in sauna exposure. The
average chloride concentrations (�30 ± 2.5 mM in exercise;
�38 ± 2.4 mM in sauna) are consistent with normal values
(10–100 mM).65 The pH values (Figure 6H) show little
dependence on time for both exercise (5.2 ± 0.1; reser-
voirs #1–#3) and sauna exposure (5.2 ± 0.1; reservoirs
#1-#3). The average pH values are within the typical range
(4.7–6.6)66 and the absence of time dependence is consis-
tent with previously published studies.67–69 Although the
#4 reservoirs were filled for both exercise and sauna
exposure, due to insufficient time for the pH colori-
metric assays to stabilize before the bursting of all the
valves, only the pH values in the first 3 reservoirs
were evaluated (Figure 6H). Designs that involve only
a single outlet channel positioned after the last reser-
voir avoid this limitation.

Compared with sauna exposure, exercise induces a
higher average sweat rate, lower chloride concentrations,
and negligible pH variations (Figure 6I). Previous litera-
ture shows the reduction of skin temperature during
exercise, which is most likely due to vasoconstriction.70

Thermal exposure, on the other hand, increases the skin
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temperature to close to 40�C.71–73 The higher chloride
concentrations in sauna sweat are consistent with previ-
ously reported results that suggest that sweat chloride
increases with increasing skin temperature.74,75 The

lower chloride concentrations in exercise sweat could
also be the result of dilution effect caused by greater
sweat production.76 The chloride assay does not show sig-
nificant temperature dependence in its response over a

FIGURE 6 Human trials during physical exercise and thermal exposure. (A) Schematic illustration indicating the sequence of

procedures for human trials and data capture. (B) Photograph of a subject wearing a sweat microfluidic device on the upper arm during running on

a treadmill run. Images of sweat microfluidic devices applied to subject #1 during exercise (C) and sauna exposure (D) at various times during the

study. Sweat loss as a function of time measured from subject #1 during exercise (E) and sauna exposure (F). Chloride concentration (G) and pH

value (H) corresponding to each reservoir obtained by colorimetric image processing. (I) Comparison of average sweat rate (0.97 μl/min vs. 0.22 μl/
min), chloride concentration (30 ± 2.5 mM vs. 38 ± 2.4 mM), and pH level (5.2 ± 0.1 vs. 5.2 ± 0.1) during exercise and sauna exposure. The error

bars represent one standard deviation across three measured chloride concentrations or pH values in each reservoir
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range relevant to the surface of the skin.77 Data collected
from subject #2 shows similar trends (Figure S13, Sup-
porting Information).

3 | CONCLUSIONS

This paper introduces a collection of biodegradable mate-
rials, fabrication methods, assembly techniques, design
schemes, and device architectures for soft, skin-interfaced
microfluidic systems capable of monitoring sweat loss,
sweat rate, pH, and chloride concentration. The technol-
ogy exploits a thermoplastic copolyester elastomer for the
microfluidic layer, a cellulose film and pressure sensitive
adhesive as a sealing layer, and carefully selected chemi-
cal reagents as colorimetric assays. The resulting plat-
forms can fully degrade in natural soil or composting
facilities to organic compounds that can act as plant
nutrients, thereby eliminating environmental stresses
from discarded devices. The mechanical, chemical, opti-
cal, and thermal properties of these biodegradable mate-
rials are well suited for these applications, as an
alternative to previously reported non-degradable
options. The multi-step soft lithography fabrication pro-
cess yields high-precision surface relief structures for
rapid prototyping of intricate microfluidic architectures.
Human subject trials during both treadmill exercises and
sauna exposures demonstrate the ability of these devices
to track sweat rate, sweat loss, and provide colorimetric
readout of pH and chloride concentration without loss of
adhesion, leakage of fluids, or other modes of failure,
thus obtaining information on dehydration status,
homeostasis regulation, and electrolyte balance.

The use of a commercially available thermoplastic
material as the microfluidic layer offers process compatibil-
ity with scalable manufacturing methods such as injection
molding for mass production. The selected biodegradable
constituent materials and corresponding fabrication tech-
niques can easily be adopted or modified by researchers or
by companies to build other types of wearable platforms
with superior biodegradability. Additional work will focus
on optimizing and automating the entire process, as the
basis for continuous manufacturing of standardized devices
on an industrial scale using low-energy and low-cost
methods. Other future directions are in the development of
additional biodegradable colorimetric chemistries for assess-
ments of other important biomarkers in sweat. The simplic-
ity of these wearable devices in terms of both usage and
manufacturing, and more importantly, their capabilities to
biodegrade in a short period of time to help mitigate envi-
ronmental issues suggest prospects for wide-spread, person-
alized devices for health monitoring in hospital and home
settings alike.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of microfluidic molds

Spin coating KMPR 1010 (MicroChem, MA, USA) at
3000 RPM for 30 s formed a �10 μm-thick layer of nega-
tive photoresist on a silicon wafer (4-inch diameter;
2 mm thick). Soft baking on a hot plate for 5 min, expos-
ing to a laser maskless aligner (Heidelberg MLA150) with
a 375 nm diode laser beam at 3700 mJ cm�2 for 30 min,
hard baking for 5 min, and then developing in AZ917MIF
for 5 min created patterns of photoresist in geometries to
define the microfluidic structures. Deep reactive-ion etch-
ing (DRIE) created trenches in the exposed regions of the
silicon wafer to a depth of 330 μm (STS Pegasus ICP-
DRIE; SPTS Technologies Ltd.). A profilometer (Dektak
8) confirmed the depth of the microchannels. The last
step in the DRIE process formed a thin film of polytetra-
fluoroethylene (PTFE) to facilitate release of cured PDMS
molds via processes of soft lithography. Subsequently, plac-
ing the silicon master mold into a laser-cut acrylic con-
tainer, pouring a mixture of white dye (Reynolds Advanced
Material, IL, USA, 5 wt%) and PDMS precursor (10:1 base
to curing agent; Sylgard 184, Dow Corning, MI, USA), fol-
lowed by degassing in a desiccator for 30 min and curing
for 5 h at 75�C yielded a PDMS replica mold.

4.2 | Fabrication of TPC microfluidic
layers

Pre-drying biodegradable TPC pellets in air at 85�C for
2 h and storing the material in a desiccator cabinet at
RT, 20% RH eliminated water absorption that can other-
wise occur during exposure to the ambient environment
before processing. Melting pellets at 160�C on a stainless
steel plate for 10 min, applying a 0.5 MPa pressure for
5 min using a hydraulic press (Carver, Inc.), and then
releasing the pressure and cooling the assembly to room
temperature created a 1 mm-thick TPC film. A shim
used during this process defined the thickness. Placing
the film on a PDMS mold, pressing with a stainless steel
plate, and then heating at 160�C for 4 h allowed the
TPC film to soften and slowly fill into the microfeatures
of relief on the surface of the PDMS. A 0.5 mm-thick
shim placed on the PDMS mold defined the device
thickness.

A CO2 laser system (Universal Laser Systems VLS
2.30, 30 W, 10.6 μm) cut the resulting piece of TPC into
an oval shape to define the overall outline of the device.
A mechanical punch tool defined 1 mm diameter holes
through the TPC, as inlets for sweat to pass from the skin
into the sealed microfluidic structure.
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4.3 | Development of colorimetric assays
for chloride and pH

Suspending 150 mg of red cabbage powder in 5 ml of de-
ionized (DI) water yielded the colorimetric pH assay solu-
tion. Drop casting 0.9 μl of this solution onto filter papers
(Sigma Aldrich, MO, USA) placed in the microreservoirs,
drying in a desiccator for 10 min, drop casting another
0.9 μl and drying for another 15 min completed the pH
assays. The three posts in the reservoirs prevent mechani-
cal collapse that might otherwise occur upon impact or
application of pressure. The colorimetric chloride assay
solution consisted of 50 mg of silver chloranilate (Green
Room Board CO., NC, USA) dispersed in 200 ml of 2 wt%
polyhydroxyethylmethacrylate (Sigma-Aldrich, MO,
USA) methanolic suspension. Vortexing the solution
immediately before application ensured a uniform sus-
pension. Drop casting delivered 0.3 μl of the assay into
the microreservoirs for chloride sensing. The two posts in
the reservoirs prevent mechanical collapse while prevent-
ing air bubble trapping during sweat flow.

4.4 | Processes for assembling
microfluidic devices

A picosecond laser micromachining system (Protolaser
R4, LPKF, 8 W, 515 nm, 1.5 ps) formed slits in films of
cellulose. Exposing the TPC to a corona discharge
(SpotTEC; Tantec) for 1 min, followed by exposing both
the TPC and the laser-patterned cellulose film to
UV/ozone (UVO; Jelight Model 144A) for 5 min, and
finally exposing the TPC layer to corona again for 1 min
enhanced the surface energy of the films and prepared
them for bonding. Laminating the cellulose film with the
acrylic PSA facing the TPC layer, pressing onto the
assembly for 10 s, and then incubating at 75�C for 48 h
led to strong bonding and a robust, sealed microfluidic
system. Corona treating the bottom of the TPC layer for
30 s enabled strong bonding of the laser-patterned skin-
compatible adhesive (PC2723U, Scapa Healthcare).

4.5 | Finite-element analysis of devices
under mechanical loading

3D FEA with the commercial software Abaqus enabled
evaluation of the mechanical response of devices
mounted on skin phantoms (2.5 mm-think, 130 kPa) to
stretching, bending, and twisting. The results included
deformed configurations and strain distributions under
different levels and types of loading. Eight-node 3D solid
elements were chosen for the TPC and skin phantoms,

and four-node shell elements for the cellulose. The TPC
and the skin phantom were modeled as incompressible
elastomeric materials with Mooney-Rivlin hyperelastic
behavior and elastic moduli ETPC = 5.3 MPa and ESkin-phantom
= 130 kPa, respectively. The cellulose was modeled with
linear elastic behavior and an elastic modulus E

Cellulose

= 1.75 GPa and Poisson's ratio νCellulose = 0.39. For
stretching, displacements corresponding to 25% stretch-
ing were applied to the ends of the skin phantom. For
bending, the bottom surface of the skin phantom was
pressed against a rigid cylinder of 35 mm radius. For
twisting, the two ends of the skin phantom were twisted
by 90� relatively.

4.6 | Characterization of mechanical
properties

Tensile testing (Mark-10) of TPC samples in dogbone
geometries (ASTM D638) and cellulose samples in rect-
angular shapes (ASTM D882) yielded stress/strain rela-
tionship for strains from 0% to 600% and 0% to 20%,
respectively. The strain rate was 10 mm/min. A linear fit
of data for strains from 0% to 18%, and 0% to 1.5% deter-
mined Young's modulus of these two materials, respec-
tively. Cyclic testing of TPC samples at various strains
(5%, 10%, 15%, 20%, and 30%) and 0.5 mm/min yielded
the yield strains. The materials experienced 5 cycles at
each strain. Tensile (Mark-10) and 3-point bending
(DMA; TA Instruments RSA G2) tests of microfluidic
devices constructed using cellulose layers with and with-
out slits yielded the tensile elastic moduli and bending
moduli, respectively. The results confirmed the effective-
ness of the laser-patterned cellulose layer. In the tensile
tests, the devices were stretched at 0.5 mm/min until fail-
ure of the adhesive bonding between the TPC and the
cellulose layer. In the 3-point bending tests, the middle
parts of the devices were pressed to reach a displacement
of 5 mm. Strips of TPC and cellulose were bonded with a
12 mm � 12 mm overlapping area using different proces-
sing conditions and fixed to aluminum plates. Applying
tensile forces at both ends and dividing the forces by the
overlapping areas yielded the lap shear strengths.

4.7 | Measurements of absorption and
barrier properties

Measuring the change in weight of bulk samples of cellu-
lose, TPC and PDMS (control group) submerged in artifi-
cial sweat yielded data on the sweat absorption rate. The
samples were stored at room temperature in capped scintil-
lation vials filled with artificial sweat (Stabilized Artificial
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Eccrine Perspiration; Pickering Laboratories), removed
periodically, gently dried of surface water (using Kim
Wipes), and weighed on a microbalance. Measuring the
change in weight of a PDMS container filled with a cylin-
der of hydrogel and fixed onto a glass slide using epoxy
with a capping layer of a film under test defined the
water vapor permeability. The films evaluated in this way
included PDMS (�50 μmt thickness), cellulose (�45 μm
and � 90 μm thicknesses). Each sample was weighed on
a microbalance every few hours until the weight was
stabilized.

4.8 | Characterization of optical
properties

A UV–vis spectrophotometer (LAMBDA 1050; Perkin
Elmer) enabled transmittance measurements of cellu-
lose films in a range of wavelengths from 200 to 800 nm.
A different UV–vis spectrophotometer (Nanodrop 2000;
ThermoFisher) yielded absorbance measurements of pH
and chloride standard solutions at various physiologi-
cally relevant levels in a range of wavelengths from
400 to 700 nm. Each measurement used 2 μl of assay
solutions.

4.9 | Characterization of thermal
properties

Differential scanning calorimetry (Netzsch) enabled mea-
surements of the thermal properties of the TPC. Samples
(5 mm � 2 mm) were heated in an aluminum pan from
�80 to 200�C at 10�C/min in a carrying gas atmosphere
of nitrogen, flowing at 50 ml/min. An empty aluminum
pan served as the reference. Heat flow data were col-
lected for each experiment, and the baseline signal was
subtracted from an empty sample experiment performed
immediately prior.

4.10 | Measurements of contact angle

Samples for contact angle measurements included
untreated TPC films, and TPC films after exposure to a
corona discharge (SpotTEC; Tantec) for 1 min, UVO
(UVO; Jelight Model 144A) for 5 min, and corona again
for 1 min, followed by aging at different environmental
conditions (75�C vs. RT, 25% RH) for various times. A
contact angle goniometer (VCA-Optima XE, MA, USA)
enabled static contact angle measurements of DI water.
An automated dispenser produced 0.5 μl drops of water
for these measurements.

4.11 | Image acquisition

A digital optical microscope (VHX-5000, KEYENCE, Osaka,
Japan) and a scanning electron microscope (SEM, EPIC
Hitachi SU8030, Tokyo, Japan) produced micrographs of
the devices.

4.12 | Color analysis and image
processing algorithm

Calibration curves were determined from digital images
of standard samples corresponding to physiologically rel-
evant levels of chloride (25 , 50, 75, and 100 mM) and pH
(4.5, 5, 5.5, 6, 6.5, and 7) with a 24-color card (X-rite Col-
orChecker Classic Nano) for color correction. A DSLR
camera (Canon 90D) served as an imaging tool for cap-
turing the images. The processing algorithm first
extracted the CIELAB color values from the images, then
performed a background calibration, and finally con-
verted the calibrated color values to pH and chloride con-
centrations. For background calibration, brightness values of
the device at regions near the reservoirs were measured as a
function of the coordinates along a line. Each line of the
measured background was fit to a linear form using the
least-squares method. The resulting linear curves were then
subtracted from the background and the reservoir brightness
values to obtain constant background brightness values. After
background calibration, ΔE�

ab values were calculated from
each reservoir to define the standard calibration curves.

4.13 | Human trials

Testing involved two healthy, consenting adults as volun-
teers. The mounting locations (upper arm, forearm, or
chest) were cleaned with an alcohol gauze pad before
attaching the biodegradable microfluidic devices. Sub-
jects ran on a treadmill for �30 min or rested in a porta-
ble sauna for �55 min. The studies were conducted on
different days. Digital images were captured using smart-
phone cameras every few minutes during the trials for
sweat loss/rate calculations and colorimetric analyses.
The CIELAB color values from each reservoir were
extracted from the images. After background calibration,
the calibrated color values were converted to the pH and
chloride concentrations.
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