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During periods of activity, sweat glands produce pressures associated with osmotic effects to drive liquid
to the surface of the skin. The magnitudes of these pressures may provide insights into physiological
health, the intensity of physical exertion, psychological stress factors and/other information of interest, yet
they are currently unknown due to absence of means for non-invasive measurement. This paper introduces a thin, soft wearable microfluidic system that mounts onto the surface of the skin to enable precise
and routine measurements of secretory fluidic pressures generated at the surface of the skin by eccrine
sweat glands (surface SPSG, or s-SPSG) at nearly any location on the body. These platforms incorporate an
arrayed collection of unit cells each of which includes an opening to the skin, an inlet through which sweat
can flow, a capillary bursting valve (CBV) with a unique bursting pressure (BP), a corresponding microreservoir to receive sweat and an outlet to the surrounding ambient to allow release of backpressure. The
BPs systematically span the physiologically relevant range, to enable a measurement precision approxiReceived 16th May 2017,
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DOI: 10.1039/c7lc00525c
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mately defined by the ratio of the range to the number of unit cells. Human studies demonstrate measurements of s-SPSG under different conditions, from various regions of the body. Average values in healthy
young adults lie between 2.4 and 2.9 kPa. Sweat associated with vigorous exercise have s-SPSGs that are
somewhat higher than those associated with sedentary activity. For all conditions, the forearm and lower
back tend to yield the highest and lowest s-SPSGs, respectively.
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Emerging capabilities in thin, soft skin-mounted electronic
technologies enable precise continuous monitoring of
many clinical parameters related to physiological status.1,2
The associated potential for improvements in human
healthcare are significant, beyond anything that can be
realistically envisioned with conventional rigid devices that
couple to the wrist or the chest with bands or straps. Many
classes of skin-like, or ‘epidermal’, electronic systems are now
available in research labs and early commercial forms, including clinical-quality sensors for electrocardiography,3 electromyography,4 temperature,5 blood flow,6 blood oximetry,7 hydration8 and many others.9–12 Recent work qualitatively
extends the capabilities of such skin-interfaced platforms
through the addition of soft, ‘epidermal’ microfluidic systems
that can capture, store and chemically analyze sweat naturally
released from the surface of the skin.13–16 These devices, with
or without electronic functionality, softly seal to the skin in a
manner that allows sweat glands to pump sweat into microfluidic networks where various measurements can be
performed. Demonstrations include sweat rate, total sweat
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loss and pH, along with the concentration of glucose, lactate,
chloride and creatinine.17–19 Advanced designs allow time sequential sampling and storage of sweat for purposes of capturing temporal changes in sweat chemistry.14 Alternative advanced technologies for continuous sweat analytics use
absorbent pads or gels, without microfluidic structures, primarily for electrochemical analysis. Possibilities range from
concentrations of metabolites such as glucose,11,20–22 lactate,23 and alcohol24 to electrolytes such as sodium,25,26 chloride,27 calcium,28 to various heavy metal ions.29 Glucose in sweat
is proportional to blood glucose, with the potential to serve as a
biomarker for diabetes;30,31 lactate is related to sweat generation
rate and is a function of metabolic activity;32–34 chloride concentration is a diagnostic for cystic fibrosis35 and it provides important insights into overall electrolyte balance; heavy metal ions
can yield an early indication of exposure to toxic metals.
Although significant research activity focuses on measurement
of these and other chemical species, the physical characteristics
associated with the underlying processes of sweating have not
been studied due to lack of suitable metrology methods.
Sweat glands operate by osmotic pressures produced by
differences in osmolality between plasma and sweat.34 Specifically, the concentrations of sodium and chloride in sweat
are higher than those in the plasma, thereby producing pressure that induces flow of sweat from the glands through
ducts that terminate at the skin surface. Using conventional
techniques, the secretory pressure of the sweat glands (SPSG)
can be difficult or impossible to determine under natural
conditions. In 1969, Schulz et al. used an external, lab-scale
manometer connected to a micropipette inserted into the
sweat duct to measure the SPSG at this location on
immobilized human subjects during sweating induced by introduction of pilocarpine into the skin by iontophoresis.36
The mean values of pressures determined in this manner are
∼40 kPa, with a remarkably broad range, from ∼3 to ∼70
kPa. Although simple engineering models of flow through
the microfluidic structures of the glands and ducts suggest
that such pressures are reasonable based on observed sweat
rates,34 additional examples of experimental studies cannot
be found in the literature, likely due to difficulties associated
with the measurements. The development of convenient approaches to determine s-SPSG in real-time, during normal activities across a range of body locations could rekindle interest in the physical metrology of sweating, where pressure,
combined with cumulative and instantaneous flow rates,
could provide interesting insights into exercise physiology.
The following introduces a thin, soft, skin-mounted microfluidic device for measuring the SPSG at the surface of the
skin (s-SPSG) from small, well-defined collections of sweat
glands. The device uses an arrayed collection of microfluidic
structures, each with a capillary bursting valve (CBV) selected
with a different bursting pressure (BP) across a physiologically relevant range. Here, each CBV passes liquid only if the
pressure of the flow exceeds that of the BP, as defined by its
engineered geometry. In an array of CBVs, each with a
slightly different BP, the largest/smallest BPs that are
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smaller/larger than the s-SPSG define the pressure to within
an uncertainty determined by the difference between these
two BPs. A simple platform based on this concept yields capabilities that allow, to our knowledge, the first measurements of s-SPSG associated with naturally occurring sweat
under realistic scenarios. Studies based on human subjects
and different parts of the body under various conditions provide an initial set of data on the physiological and physical
aspects of sweat generation and flow.

Results and discussion
Thin, soft microfluidic devices for measuring secretory
fluidic pressures generated at the surface of the skin by
eccrine sweat glands
The devices consist of three layers of soft, elastomeric materials: a uniform capping layer, a microfluidic layer with microchannels, microreservoirs, CBVs, inlets (to the skin) and outlets (to the surrounding ambient) and an adhesive layer with
openings to the skin that align with the inlets (Fig. 1a–d). The
devices adhere to the skin to a degree that does not allow lateral propagation of sweat or other forms of leakage, up to
s-SPSG values of ∼15 kPa (Fig. S1†). Conformal contact of the
adhesive layer effectively prevents any significant lateral flow
of sweat from regions away from the defined openings.15
When a sweat pore is blocked by the device, it is reabsorbed
into the sweat duct. Each inlet connects to a microfluidic
channel that leads to a CBV (Fig. 1c) as an entry point to a corresponding microreservoir. An outlet at the opposite side of
the microreservoir eliminates backpressure would otherwise
result from trapped air. If the s-SPSG is higher than the BP,
then flow occurs and the microreservoir fills with sweat. If the
s-SPSG is lower than the BP, then flow does not occur and the
microreservoir does not fill with sweat (Fig. 1e and f). Evaluation of filling patterns across an array of such structures with
CBVs that have BPs distributed throughout a physiologically
relevant range allows for direct assessment of the s-SPSG.
Fabrication details are in the method section and Fig. S2.†
Bonding between the channel and capping layer occurs by
completing the curing process (10 min at 70 °C in an oven)
with the two layers in contact.37 The contact angle of water
on PDMS processed in this manner is 120.6° ± 0.5° (Fig. S3†).
This parameter is critical in the design of CBVs. The three
circular posts in each chamber prevent collapse.
Arrays of CBVs for measuring sweat pressure
In vitro experiments determine the BPs of CBVs with a range
of channel widths between 20 μm to 100 μm (Fig. S4a and
b†), thereby establishing the relationship between width and
BP (Fig. S4b†). Pilot tests with various such platforms on the
skin of healthy young volunteers define a relatively narrow
range of s-SPSG values, i.e. from 2.1 to 2.3 kPa (Fig. S4c and
d†), for use with subjects in the studies described subsequently. The final device designs include 12 CBVs, each with
a different BP, with widths from 10 μm to 120 μm at increments of 10 μm (Fig. 2a). Each CBV leads to a separate
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Fig. 1 a) Schematic illustrations and optical images (inset) of soft, skin-mounted microfluidic systems for measuring the secretory pressure from
sweat glands, at the surface of the skin. Inset: Photograph of a device on the skin b) perspective view illustration of a device with 12 capillary bursting valves. Insets: Optical images of device a twisted (left) and bent (right) state. c) Perspective view illustration of a single capillary bursting valve
integrated onto the skin, with a representative sweat gland. d) Exploded view illustration of a device and its interface with the skin. Top view illustrations of microfluidic channels partially filled with blue-dyed water for cases of a e) valve that is not yet burst and f) a valve that has burst. Scale
bar represents 10 mm in a and b.

microreservoir and corresponding inlet, adhesive opening
and outlet. As example, images in Fig. 2b show CBV #1, #5
and #9, which have widths 120, 80 and 40 μm, respectively.
For human testing, a colorimetric indicator of sweat inserted
into each microreservoir allows rapid visual readout (Fig. 2c).
As an example of operation, if the sweat pressure is suffi-

ciently high to burst CBV #5 and but not #6, then microreservoirs #1–#5 fill, and change in color from blue to pink,
but #6–#12 remain empty (Fig. 2d and e, S5a and b†). The
s-SPSG of the skin is determined as the highest BP among
the burst CBVs, i.e. #5 in this example. The volume of the
channel that leads to the CBV is only 0.1 μl (Fig. S5c†). Even

Fig. 2 a) Top view illustration of microfluidic channels with 12 different CBVs, each designed with a different BP by control of the width of the
channel. b) Scanning electron microscope images of the CBVs #1, #5 and #9. c) Optical image of a device with cobalt chloride (CoCl2) in 2%
pHEMA at the center of each chamber. Optical image of a device d) before bursting of the CBVs and e) after bursting of CBVs #1–#5. Scale bars
represent 100 μm in b and 10 mm in c and e.
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modest rates of sweating fill this volume quickly. If the flow
of sweat stops at the valve, the surface area of the sweat open
to the chamber is only 0.01 mm2. As a result, the amount of
sweat available to generate vapor is extremely small. The total
volume of the chamber is ∼0.8 μl. Previous studies indicate
that the sweat rate from the skin under the device for typical
conditions is approximately 0.6 μl per min per gland. When
the s-SPSG is higher than the BP, the sweat quickly fills the
chamber. No observable condensation occurred in any of the
chambers during the time of testing.
Experimental measurement and mechanics modeling of BPs
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The Young–Laplace equation describes the BP for a rectangular channel as38,39

(1)
where σ is surface tension of liquid, θA is the critical advancing contact angle of the channel,

by use of an alcohol wipe immediately before mounting the devices, as a means to eliminate oils and other contaminants.
The skin temperature in all cases was within a range from 30 to
37 °C, typical of exercise.40 The estimated temperature related
changes in BP are, therefore, within 3% of the nominal value,
and can be neglected.
Analysis of scanning electron microscope images allows
accurate determination of the channel dimensions (Table S1†).
The critical advancing contact angle follows from measuring
the angle at the moment when a drop just starts to move
across the surface of a tilted PDMS slab.41 The advancing contact angle of water on PDMS is 125° ± 2°, which is slightly
larger than the stationary contact angle, 120.6° (Fig. S3c†).
Imperfections in the fabrication process lead to slight
rounding of the edges at the exit regions of the CBVs, thereby
increasing the effective width of the channel (Fig. 3b). For
CBVs with rounded edges, the position of advancing interface
marked by θe (0 ≤ θe ≤ β, Fig. S6a†) is undetermined, and
the bursting pressure given by eqn (1) becomes

is the min[θA + β, 180°],

β is diverging angle of the channel, b and h are the width and
height of the diverging section, respectively. The surface tension of sweat and, therefore, the BPs can be affected by the
presence of oils and other substances from the skin, as well as
temperature. All reported tests involved preparation of the skin

(2)

where be = b + 2re(1 − cos θe), re is radius of rounding edge,
and

. The bursting pressure BP varies as

Fig. 3 Experimental measurements and numerical calculations of bursting pressures of CBVs. a) Scanning electron microscope images of the
edges of representative CBVs. b) Calculated values of the bursting pressure term from wall according to the θe. c) Images from numerical
simulations of flow past a bursting valve. d) Bursting pressure of CBVs from experimental tests and theoretical calculations with and without the
effects of rounding. Scale bars represents 100 μm in the upper image in a.
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the advancing interface moves, and the final critical bursting
pressure BPcr is determined by maximizing eqn (2) with respect
to the advancing interface position θe. Because the second term
) is independent of θe,

of eqn (2) (defined as
we focus on the first term (defined as

. For β

> π − θA (as in real application), BPb can be written as
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(3)

(4)

Fig. 3b shows

versus θe for β = 90°, θA = 120° and re/b =

0.01, 0.125, 0.25, 0.5, 1.0. The peak points marked by stars correspond to the critical (BPb)cr determined by maximizing BPb with
respect to interface position θe. It is also shown that the critical
bursting pressure decreases with increasing rounding radius
re/b, and the model degenerates to Young–Laplace equation
when re/b = 0. The analytical solution is verified with 2D numerical simulations (Fig. 3c and S5b†) and the predicted BPs
for different CBV widths show better consistency with the
measured values in vitro tests compared to the model that
does not consider the rounded edges (Fig. 3d and S7†).
Uncertainties in measuring s-SPSGs
Uncertainties in the measured s-SPSGs involve contributions
from slight variations in the critical dimensions of the CBVs
and from spatial heterogeneity in the characteristics of sweat
glands across the skin. Concerning the first, in vitro tests reveal that percentage variations in the BPs for nominally identical CBVs lie in the range of ∼10% (Table S1†). The second
contribution arises from a device architecture that uses 12
separate inlets, each of which captures sweat from a different
region of the skin. In tests involving 25 min of cycling exercise, devices with identical CBVs for all inlets (Fig. S8a†)
show bursting in 10 (out of 12), 11 (out of 12) and 1 (out of
12) CBVs with BPs of 1.7, 1.9 and 2.0 kPa, respectively (Fig.
S8b†). In this case, 1.9 kPa corresponds to the s-SPSG of the
region. The device with separate CBVs at 1.7, 1.9, 2.0 kPa
and higher BP will yield a s-SPSG of 1.9 with 84% probability.
The effect of different behaviors of individual sweat glands
and variations in their density contribute in a minor way to
uncertainties in the s-SPSG determined from regions with
statistically meaningful numbers of glands.
This type of uncertainty can be avoided with a device design that includes a single inlet (Fig. S9†) and a single, interconnected microfluidic structure. Here, the first CBV has the
lowest bursting pressure and largest width. The BP increases
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monotonically, by virtue of decreasing widths, in a clockwise
direction around an interconnected array. The sweat fills the
system up to the CBV that has a BP larger than the s-SPSG.
For certain applications, this design might provide an attractive
alternative to the system in Fig. 1. The disadvantage is that sweat
flow from a single region must be sufficient to fill the device up
to the point of a CBV that does not burst. All in situ measurements of s-SPSG used the device design with separate inlets.
In situ measurement of the s-SPSG in various human subject
studies
Human testing involved evaluations on healthy young adult
volunteers during exercise with three different types of fitness
equipment (stationary bikes, elliptical trainers and treadmills)
and in at-rest sessions in a sauna room. The studies included
devices mounted on the forearm, upper arm, chest, upper back,
lower back and thigh (Fig. 4a), with pressure measurements after 20 min in each scenario. The pressures correspond, then, to
the maximum values during this interval. The inlet areas are
each 7 mm2. Since the densities of sweat glands at the forearm,
upper arm, chest, upper back, lower back and thigh are 108,
102, 91, 106, 132 and 102 glands per cm2, respectively,42 the
number of sweat glands per inlet is 7–9. Experiments with devices that have inlets with diameters of 2, 3 and 4 mm, in both
exercising on an elliptical machine and sitting in a sauna room,
show comparable s-SPSGs (Fig. S10†). Additional control experiments to examine the effects of compensatory sweating that
arise from blockage of sweat glands by the adhesive involved
devices that have diameters of 30, 40 and 50 mm mounted on
forearm, upper arm and chest, as summarized in Fig. S11a.† Although the 40 mm case yielded the highest SPSG and the 50
mm yielded the lowest (Fig. S11b†), the variations are small
and statistically insignificant; they likely arise from biological
variabilities in sweat gland physiology and density.
From the fundamental physics of pressure-driven fluid
flow, the pressure differential from the end of the duct to the
outside air is proportional to sweat flow rate.43 Studies confirm the secretory pressure of sweat glands tends to increase
with sweat rate.36 Our measurements of s-SPSGs and sweat
rate at the forearm is consistent with such behavior, although
the data exhibit some scatter (Fig. S12†).
During cycling, the s-SPSG is lowest at the upper arm and
lower back (1.8 ± 0.1 kPa) and highest at the thigh (3.2 ± 0.3
kPa). During elliptical exercise, the s-SPSG is lowest at the
lower back (1.8 ± 0.1 kPa) and highest at the forearm (5.6 ±
0.5 kPa). Averaged from six positions across the body, the elliptical exercise and the sauna produce the highest (from 5.6
± 0.5 to 1.8 ± 0.1 kPa) and lowest (from 3.2 ± 0.3 to 1.8 ± 0.1
kPa) pressures (Fig. 4c). As an attempt to explain these differences, consider that the pressure generated at the location of
a sweat gland is given by
P = σRTΔC

(5)

where σ is the osmotic reflection coefficient, R is the ideal
gas constant, T is the temperature of the body, and ΔC is the
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Fig. 4 In situ measurements of s-SPSG from various body positions during different exercising routines and thermal exposure. a) Mounting positions on the body; forearm, upper arm, chest, upper back, lower back and thigh, b) optical images of the measurement of s-SPSG from cycling exercise from various positions on the body. Measured pressures c) from different conditions (cycling, exercising at elliptical, treadmill and thermal
exposure) and regions of the body from a 34 year old male volunteer d) from three different volunteers during cycling exercise. Scale bar represents 10 mm in b.

difference in concentration between sweat and plasma, which
defines the osmolality.34 The measured concentrations of
chloride in sweat generated by cycling and sitting in a sauna
are 65 ± 2 and 66 ± 2 mM, respectively. These values are identical, within experimental uncertainties, and therefore cannot
account for the observed differences in pressure. Another possibility is that physical movement of the muscles and surrounding tissues, and other physiological processes such as
vasodilation associated with vigorous exercise, can increase
the s-SPSG. Measurements using devices placed on the forehead and behind the ear, where motion effects are minimal,
show s-SPSG values lower than those on other regions of the
body (Fig. S13†). The acceleration from the movement of
body could, conceivably, affect the behavior of the CBVs and
therefore measured pressure.44–46 Control experiments
performed with devices mounted on PDMS substrates that
moved rapidly and deformed by stretching and compressing,
while applying constant fluid pressure to the CBVs (Fig. S14†),
show an absence of motion related effects on the operation of
the CBVs. The small volume of sweat in the inlet channels
(0.1 μl) helps to minimize such inertial effects (Fig. S5c†).
The overall SPSGs lie between 1.8 ± 0.1 and 5.6 ± 0.5 kPa.
These values are smaller than those (41.4 ± 18.6 kPa) reported
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previously in tests that require introduction of a micropipette
into the sweat duct while artificially stimulating sweat with a
chemical inducing agent (pilocarpine). These differences are
likely due to the combined effects of pressure drops along the
duct and differences between natural and induced sweating.
From cycling tests, all three subjects produced the highest
s-SPSG at the thigh and upper arm (3.2 ± 0.3 kPa), at the
chest and lower back (4.3 ± 0.3 kPa) and at the upper arm
and lower back (5.6 ± 0.5 kPa). One subject produced the lowest s-SPSG at the lower back (1.8 ± 0.1 kPa) and two others at
the thigh (1.8 ± 0.1 kPa) (Fig. 4d). The wide range suggests
that this parameter might have utility in studies of exercise
physiology. For example, muscles produce 90% of the metabolic heat during exercise47 and increases in body temperature trigger vasodilation and sweating.48 Because the sweat
pressure follows from interactions between sweat and
plasma in blood, variations in body temperature and blood
flow might contribute to differences in s-SPSG.49,50 These effects, and those related to age (i.e. the oldest subject produced the smallest range (1.8 ± 0.1–3.2 ± 0.3 kPa) from six
positions across the body and the lowest average s-SPSG
(2.4 ± 0.5 kPa)), might be interesting to explore in future
work.
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Conclusions
In summary, the results presented here show that arrays of capillary bursting valves in epidermal microfluidic devices can
serve as platforms for convenient, routine measurements of
secretory fluidic pressures generated at the surface of the skin
by eccrine sweat glands. These systems can be non-invasively
applied to nearly any region of the body, without irritation or
discomfort or constraint in activity. Systematic experimental
and theoretical studies establish a basis for quantitatively using
these devices in a range of scenarios. Investigations with volunteer subjects illustrate measurement capabilities in a variety of
sweating conditions, across different body locations and individuals. These measurements, particularly when coupled with
analysis of key biomarkers in sweat, provide many opportunities for future studies of sweat physiology.

Methods
Device fabrication
Spin coating KMPR 1010 (Microchem, MA, United States) at
3000 rpm for 30 s formed a 15 μm thick layer of photoresist
on a silicon wafer. After photolithography and development,
deep reactive ion etching (STS Pegasus ICP-DRIE, SPTS Technologies Ltd) created trenches to a depth of 90 μm on the surface of the wafer. Next, spin coating formed a thin layer of
PMMA (Microchem, MA, United States) on the mold to facilitate release of the cured PDMS. Pouring a prepolymer to PDMS
(10 : 1 base : curing agent, Sylgard 184, Dow corning, MI,
United States) on the mold, spin coating at 200 rpm and partially curing (70 °C oven for 15 min) formed the channel layer
(thickness ∼400 μm). Color change associated with water contact of a solution of 100 mg mL−1 cobaltĲII) chloride (CoCl2)
dissolved in 2% polyhydroxyethylmethacrylate (pHEMA, wt%)
hydrogel (Sigma-Aldrich, MO, United States) introduced into
each of the microreservoirs by pipetting facilitated visualization of their filling with sweat (Fig. S5a†). Small volumes, i.e.
0.3 μl, of sweat changed the color of the indicator from blue to
pink, sufficient for easy observation by eye (Fig. S5b†). A similar spin casting and partial curing process, but at 400 rpm on
a bare wafer, yielded the capping layer (thickness ∼200 μm). A
1 mm diameter circular punch formed holes at the inlets of
the channel layer. A 8 mm diameter circular punch defined a
hole through the channel and capping layers at the center of
the device. Completing the curing process with the capping
and channel layers in contact bonded the aligned pre-cured
capping layer and fully-cured microfluidic channel layer. Corona treatment of the bottom surface of the device allowed
bonding of an adhesive layer with a 3 mm diameter circular
hole at the center (PC2723U, Scapa Healthcare). The openings
for the inlets have diameters of 1 mm.

Lab on a Chip

surements of BPs. The artificial sweat consisted of an aqueous solution of 22 × 10−3 M of urea, 2.2 × 10−3 M of glucose,
3.8 × 10−3 M of potassium, 31 × 10−3 M of sodium, 58 × 10−3
M of chloride, and 5.2 × 10−3 M of calcium (Sigma-Aldrich,
MO, USA). The microfluidic control system supplied pressure
to the liquid using an air pump and while measuring the
pressure of the liquid (Fig. S5†). After setting a desired pressure using the microfluidic control system, and maintaining
this pressure for ∼10 s, observation by eye identified the
threshold for bursting of the valve.
In situ measurement of secretory pressure from human trials
Testing involved healthy young adults as volunteers during
normal physical activity with no additional human-subject
risk. All subjects provided their consent prior to participation. Rubbing with an alcohol wipe prepared the skin to ensure robust adhesion to the device. The exercising routine included cycling, elliptical and treadmill machines for 20 min
at an approximate constant working load at room temperature (20 °C). The thermal exposures involved sitting at rest in
a dry sauna at 50 °C for 20 min. For measuring sweat rate,
we used a hydrophilic foam dressing and evaluated the
weight of foam before and after exercise.
In vitro measurement of chloride concentration
A colorimetric chloride assay kit defined the chloride concentration (Sigma-Aldrich, MO, United States). The chronosampling device introduced in a previous study captured
sweat during exercising and thermal exposure.14 Dilution of 3
μl of sweat with 27 μl deionized water produced samples for
analysis. Mixing 3 μl of sample with 27 μl of solution from
the assay kit allowed colorimetric analysis based on spectroscopic measurements (NanoDrop) of the absorbance at a
wavelength of 620 nm. Prepared solutions of 25, 50, 75, 100
and 125 mM sodium chloride served to set the standard
curve for determining chloride concentration.
Contact angle measurement
A contact angle goniometer (VCA-Optima XE, MA, United
States of America) yielded static contact angles and critical
advancing angles of de-ionized water on PDMS. An automated dispenser yielded 1 μl droplets for these
measurements.
Image acquisition
A scanning electron microscope (SEM, S-4800-II, Hitachi, Tokyo, Japan) and a digital microscope (VHX-5000, KEYENCE,
Osaka, Japan) produced micrographs of the devices.
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