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Epidermal Thermal Depth Sensors

Epidermal Electronic Systems for Measuring the Thermal
Properties of Human Skin at Depths of up to Several

Millimeters

Surabhi R. Madhvapathy, Yinji Ma, Manish Patel, Siddharth Krishnan, Chen Wei,
Yajing Li, Shuai Xu, Xue Feng, Yonggang Huang,* and John A. Rogers*

Monitoring the composition, blood flow properties, and hydration status

of human skin can be important in diagnosing disease and tracking overall
health. Current methods are largely limited to clinical environments, and they
primarily measure properties of superficial layers of the skin, such as the
stratum corneum (10—40 pm). This work introduces soft, skin-like thermal
depth sensors (e-TDS) in designs that seamlessly couple with human skin
and measure its thermal properties with depth sensitivity that can extend

up to 6 mm beneath the surface. Guidelines for tailoring devices to enable
measurements through different effective depths follow from a systematic set
of experiments, supported by theoretical modeling. On-body testing validates
the physiological relevance of measurements using the e-TDS platform, with
potential to aid the diagnosis of deep cutaneous and systemic diseases. Spe-
cific demonstrations include measurements that capture responses ranging
from superficial changes in skin properties that result from application of a
moisturizer, to changes in microvascular flow at intermediate depths induced
by heating/cooling, to detection of inflammation in the deep dermis and sub-

1. Introduction

Biophysical/chemical measurements per-
formed through the skin represent
attractive modalities for the noninvasive
assessment of a wide range of bodily struc-
tures and functions.l!!' Deriving insights
into physiological processes that extend
beyond the uppermost layers of the epi-
dermis (=100 um thickness) by capturing
parameters related to deep tissue inflam-
mation, core body temperature, or core
body hydration remain as key challenges.?
Quantitative techniques such as corneom-
etry and laser Doppler flowmetry can apply
only to immobilized patients and they
require specialized, expensive equipment.
Methods such as ultrasound, computer-
aided tomography (CT), and magnetic
resonance imaging (MRI) require long

cutaneous fat in an incidence of a local bacterial infection, cellulitis.

measurement times, clinical expertise for
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interpretation, high cost, and they can involve risks associated
with irradiation.l’! Clinical visual inspection often leads to high
misdiagnosis rates for pathologies that appear similar at the
surface of the skin. Thus, there is a continued need for inex-
pensive and robust point-of-care sensors capable of capturing
broader insights into human physiology and disease.

Measurements of the thermal properties of the skin with
thin, skin-interfaced device platforms are attractive because
they can be accomplished in a noninvasive manner, without sig-
nificant motion artifacts or direct input of electrical current into
the skin.’! Thermal conductivity (k) and thermal diffusivity (c)
are useful parameters as they lend insight into a wide range of
physiological characteristics including tissue composition, local
blood flow, and tissue hydration.’! The transient plane source
(TPS) technique can capture these properties in a real-time
fashion, with capabilities in depth profiling which follow from
the governing physics of thermal diffusion and conduction.”!
Advanced device embodiments in thin, elastomeric forms facili-
tate such measurements on human skin, yet prior studies focus
only on measurements of superficial layers (=5 pm to 1 mm),
thereby limiting applications to the skin surface.l>>8]

In this work, we present soft, skin-like sensors that evaluate
k at different depths of skin and tissue up to 6 mm beneath the
surface. The epidermal sensors presented here are conformal to
the skin, soft, stretchable, reusable, and noninvasive. The good
adhesion and conformity of the device to the skin assist in effi-
cient heat transfer between the sensor and the skin. Studies of
heat transport reveal optimized measurement conditions and
sensor designs for controlled levels of depth sensitivity. Specifi-
cally, experimental and theoretical investigations on well-defined
material structures that mimic the skin establish key parameters
that provide the framework for a tunable depth-sensing system.
Use of these sensors in various investigations with human sub-
jects yields insights into physiological changes in the skin via
thermal property measurements. The results, which represent
the first demonstrations of a noninvasive, skin-interfaced sensor
with capabilities for large measurement depths, have the poten-
tial to uncover important physiological and clinical parameters
in ways that bypass limitations of other approaches.

2. Results and Discussion

2.1. Device Structure and Operation Using a Single-Layer Model

Each epidermal thermal depth sensor (e-TDS) consists of a thin
metal trace (Au, 5-10 um width) in a circular, coil geometry
(radius R), with a pair of serpentine interconnects (Au, 100 pm
width and length =2R, with resistance < 100 Q) and corre-
sponding bond pads for external wiring (Figure 1a,b). Layers
of polyimide (PI) on top and bottom electrically insulate these
traces. A thin layer of silicone elastomer serves as a substrate
that allows repeated cycles of conformal contact and release
from surfaces of samples under test. The detailed fabrication
process is discussed in the “Experimental Section.”

To understand the physics of heat transport associated with
these devices, consider measurements on a homogeneous,
semi-infinite substrate (silicone, whose thermal properties are in
the range of those of human skin) doped with a thermochromic
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dye that changes its color from black to pink at T = 25 °C.
Injecting direct current (DC) electrical power into the sensing
coil, with power per unit area of g, at some initial time, creates an
increase in temperature throughout a localized area of material.
The corresponding changes in color occur with spatiotemporal
characteristics that reflect the thermal physics (Figure 1lc—e).
Specifically, the heat spreads with time, downward into the
substrate and radially in the plane by similar distances due to
the isotropic nature of heat conduction in this material system
(see Video S1 in the Supporting Information). Wiring and data
acquisition are described in the “Experimental Section” and
Figure S1 (Supporting Information). Finite element analysis
(FEA) (Figure 1f~h) quantitatively captures the observed behav-
iors and their dependence on the thermal conductivity and diffu-
sivity (k and «) of the material and the value of 4. The tempera-
ture of the sensing coil (T) increases from its initial value by an
amount AT that depends on time (t) after initiation of thermal
actuation. AT depends linearly on g for all materials and heating
conditions investigated in this work (Figure S1, Supporting
Information). As a result, linear thermal analysis by FEA can
used to extract k from the measured AT, given known values of
o, R, t, and q (details on TPS measurements and FEA fitting are
in the “Experimental Section”). All FEA simulations consider the
thermal properties of each layer of the e-TDS, including the PI
encapsulation and elastomer substrate.

Unlike silicone and other standard materials, human skin
can display large variations in thermal properties, and thus
the values o and k are generally unknown.%4% This work con-
siders k as the most relevant thermal parameter to characterize
human skin because it is linearly related to physiological prop-
erties such as skin water content and, by comparison to ¢, it can
be extracted with higher accuracy using fits to FEA.*d During
the initial rise in temperature after thermal actuation, both o
and k affect the thermal response; at longer times, when AT
reaches a quasi-steady-state value, only k is important. For prac-
tical applications outlined here, the e-TDS operates in this latter
regime (when t > t,;,, typically a few tens of seconds for skin).
In addition to FEA, an analytical scaling law that relates o to AT
reveals that knowledge of o is not necessary for accurate extrac-
tion of k from AT measured for t > t,;, (Figure S2 and Table S1,
Supporting Information). Specifically, calculations show that in
this quasi-steady-state regime, AT varies by <5% for values of o
across the full physiological range. The following studies focus
on measurements in this regime.

2.2. Depth Sensitivity of e-TDS Using a Multilayer
Model for Human Skin

Human skin is inhomogeneous and comprises three layers.
The outermost layer is the epidermis and acts as a water-
proof barrier. Beneath it, the dermis consists of collagen
and imparts the mechanical strength of skin. Finally, deeper
subcutaneous tissue contains fat and additional connective
tissue. Each layer exhibits different oo and k due to varia-
tions in composition, blood flow, and water content.5>62d AJ]
of these layers affect, to different degrees, the AT measured
by an e-TDS. Studies reported here approximate the skin as
a bilayer system to simplify analysis and allow assessment
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Figure 1. Principle of operation of epidermal thermal depth sensors (e-TDS). a) lllustration of the layers of a representative e-TDS. b) Optical image
and magnified view of an e-TDS with a coil of radius R. c) Image of an e-TDS printed onto silicone (Ecoflex) mixed with a thermochromic pigment that
turns from black to pink for temperatures above 25 °C. Image is taken at ambient temperature T = 22 °C, before the heater is turned ON (¢ =0 s).
Image of the same sensor as in panel (b) for an applied power density of g =10 mW mm™ at d) t = 22.5 s and e) t = 60 s. f) Cross-sectional view of
FEA results for an e-TDS with R = 1.5 mm, and an applied power density of g =10 mW mm=2att=0s, g) t=22.5 s, and h) t = 60 s. The red shaded
region indicates the area of silicone that is at T > 25 °C.

of the choice of e-TDS designs and measurement conditions
on AT, all in the context of extracting accurate values of k. In
this treatment, the epidermis and dermis (E+D) form the top
layer (the epidermis is 0.1 X as thick as the dermis)['% and the
subcutaneous fat constitutes the bottom layer. A test bilayer
sample of tailored formulations of poly(dimethylsiloxane)
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(PDMS) can approximate the thermal properties of human
skin and fat (Figure 2a). In particular, silicone A (Syl-
gard 170 (S170), Dow-Corning, k, = 0.47 W m* K!
and oy =0.14 mm? s7'1)) has thermal properties similar to those
of human skin (E+D, k = 0.25-0.45 W m~! K-164912)) and sili-
cone B (Sylgard 184 (S184), Dow-Corning, kg =0.21 W m™ K~!
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Figure 2. Dependence of depth sensitivity (h,,,) on radius of the e-TDS.

0°C

a) Schematic illustration of an e-TDS mounted on a bilayer silicone sample

designed to characterize the depth sensitivity of the measurement. b) Change in temperature (AT) as a function of time for an e-TDS with R=1.5 mm
and g =3 mW mm™2 The thickness of the silicone A layer (h) increases in the direction indicated by the arrow. c) AT at t = 60 s as a function of h. The
procedure to calculate the 5% threshold for depth sensitivity (hy,,,) is described in the inset of the panel (c). d) hy,, as a function of R determined
from FEA simulations. The red dotted line represents the limiting value of h,,, for an infinitely large e-TDS at a measurement time of 60 s. The dotted
line represents an analytical fit of the FEA calculations with adjusted R-squared = 0.998. e) Cross-sectional schematic image showing the parameters
used for the FEA simulations, and the corresponding temperature contour maps for t = 60 s measurement time and g = 10 mW mm=2, for varying R.

and o = 0.11 mm? s7'°?)) has thermal properties comparable
to subcutaneous fat (k = 0.18-0.23 W m~ K-112)),

The maximum depth below the surface (k) up to which
that the e-TDS can sense thermal properties depends on
the sensor design (R) and measurement conditions (t) for a
fixed bilayer system (ka, kg, 0n, and o) (as discussed in the
“Experimental Section” on FEA modeling, h,,,, also depends
on the nature of heat transport into the air) Measurements
with a given e-TDS (R = 1.5 mm and ¢ = 3 mW mm™) on
silicone bilayer samples with various thicknesses of silicone A
(h) reveal the functional dependence of the response on h,,
(Figure 2b). The AT versus t curves captured from such sam-
ples overlap with measurements on a semi-infinite substrate of
silicone A (AT,) when h > h,,,. We consider AT at t = 60 s >
tmin (and hence the quasi-steady-state regime) for all values of
h, extracted from the sensors’ AT versus h output (Figure 2c),
for the purpose of analyzing k. The largest value of h for which
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AT is larger than AT, by 5% (Equation (1)) defines h,,,. In
particular,

- 5%
AT, ?

1)

The 5% threshold corresponds to the maximum relative
standard error (RSE) in measurements of AT,. Three-fold measure-
ments of AT}, for every e-TDS of radius R yield the RSE, as given by
UREN

AT,

A

RSE = )
where 0,1, is the standard deviation of AT, (1/ \/g)O'ATA is the
standard error for the three data points, and AT, is the mean of
the data. The RSE varies from 0.1% to 4.6% for R = 0.5-4.5 mm
at t = 60 s. In addition, RSE remains nearly constant for a
fixed R in the range of powers studied (e.g., for R = 0.75 mm,
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Figure 3. Dependence of the depth sensitivity on the measurement time. a) AT as a function of time for an e-TDS with R = 1.5 mm and q =
3 mW mm=2. b) AT at t =22.5, 180, and 300 s as a function of h extracted from panel (a). c) hp. as a function of measurement time for an e-TDS with
R =1.5 mm. The dashed line represents an analytical fit of the FEA calculations with adjusted R-squared = 0.994. d) Cross-sectional schematic image
showing the parameters used for FEA simulations. e) Corresponding cross-sectional temperature contour maps for R=0.5 mm and g =10 mW mm2

at measurement times of t = 1, 60, and 300 s.

g = 2-7 mW mm=, RSE = 0.22-0.23%). These findings are
consistent with mean and standard deviation values that are
linearly dependent on gq.

Using approaches similar to those described above, hy,,, can
be determined for R between 0.5 and 4.5 mm (Figure S3, Sup-
porting Information). The results show that h,,,, approaches a
limiting value as R — oo, which corresponds to the case where
lateral heat flow is negligible and the system is approximately
1D, with heat flow predominantly into the depth of the mate-
rial. Temperature contour maps derived from FEA modeling
confirm this behavior (Figure 2e). Large values of R facili-
tate measurements of properties of deep layers of skin. The
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available anatomical measurement area can, however, limit the
practical size of R. In such cases, other parameters to adjust
Pmax can be useful, as described in the following.

Additional studies reveal the dependence of h,, on t, using
the same bilayer silicone structure and an e-TDS with R =
1.5 mm and g = 3 mW mm™2. Figure 3a shows the results of
measurements of AT as a function of t with samples that have
different values of h. FEA results are in good agreement with
measurements, as in Figure 3b. In particular, h,,,, increases
with increasing t (Figure 3c) and eventually reaches a lim-
iting value as t — oo when the system achieves steady state
(Figures 3d,e). Values of ¢ should be chosen above t,,;, to avoid
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Figure 4. Summary of the essential features that define the depth sensitivity of the measurement. a) Schematic illustration of the bilayer system used
for these studies. b) FEA calculations of h,,, as a function of t for different R and c) scaling law for critical depth as a function of R and t. The equation
is a numerical fit (represented by the dotted line) with the adjusted R-squared = 0.996. d) Scaling law for constant C; as a function of h/R to determine
Keftective- The equation is a numerical fit of the calculations (shown as a dotted line) with adjusted R-squared = 0.997.

uncertainties introduced by a. The upper bound for ¢ based on
practical considerations is in the range of a few minutes.

The dependence of h,,, on R and t is shown in Figure 4.
FEA calculations of h,,, in Figure 4b indicate that the e-TDS
can sense thermal properties at depths up to 6 mm. To aid
in optimization of e-TDS design, an FEA-derived scaling law
can be formulated that relates h,,,, to t and R (Figure 4c). In
the derivation of the scaling law (see the Supporting Informa-
tion) the encapsulation layers and the substrate for the sensor
are not considered explicitly, nor is the effect of air convection
(Figure S4, Supporting Information). For a circular sensor
placed on a bilayer system, as shown in Figure 4a, the relation-
ship between h,,,, R, and t is provided in Equation (3) and
Figure 4c

Thus, to measure the thermal properties of the top layer in a
bilayer sample, the e-TDS must be designed such that h,, < h.

Adv. Funct. Mater. 2018, 28, 1802083
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Similarly, for measuring the thermal properties of the bottom
layer, hy,ay > h.

2.3. Extraction of an Effective Thermal Conductivity, kegective

The aforementioned analysis mainly concerns the depth sensi-
tivity of the measurement. In this section, the focus pertains to
extraction of thermal properties for the bilayer silicone system
at different depths using the measured AT values. Extracting ky
and kg is difficult, due to large fitting uncertainties associated
with multiple free parameters (Figure S5, Supporting Informa-
tion). Instead, consider a single effective parameter, Kqgecives fOT
the bilayer system, as

keffective = ClkA + (1 - Cl )kB (4)

C; is a constant that follows the scaling law given by
Equation (5) and Figure 4d

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Experiments on human skin. a) Optical image of a dual e-TDS system with device radii R; = 0.75 mm, and R, = 3.5 mm. Image of such a
system mounted on b) relaxed and c) stretched human skin demonstrating flexibility and conformity. d) Measurement of skin thermal conductivity (k¢

fective (W m™" K1) before (closed symbol) and 15 min after (open symbol) application of petrolatum for four different subjects with g, =3 mW mm

-2

and g, =1 mW mm™2 for t = 60 s. Percentage change in kegecive after application of petrolatum is noted above the symbols. €) kefrective (W m™' K1)
(t=60s, g =3 mW mm=2and g, =1 mW mm2) for e-TDS 1 and 2 before and 10 min after the application of heat using a hot pack on the front
of the human arm for four different subjects (denoted by different symbols). The heating period is shaded in red. f) kefective (W m™' K7') (t =60 s,
g1 =3 mW mm=2and g, =1 mW mm) for e-TDS 1 and 2 before and 10 min after cooling the skin on the front of the arm using a cold pack for four
different subjects (denoted by different symbols). Cooling period is shaded in blue. g) Measurement of kefreciive (W m™' K™') taken 4 days apart (t=60's,
g1 =5 mW mm=2and g, =1 mW mm~2) on a cellulitis lesion, the perilesional area, and contralateral leg using the double-heater e-TDS along with
corresponding images. Measurements of cellulitis were taken on one subject. The lesion on day 1 and day 4 is outlined in red.
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5
ks "oy  R*'R ©)

For known values of ky, kg, o, and og (for R = 1.5 mm and
t =60 s), C; depends only on h/R (Figure 4d). From Figure 4d,
for R = 1.5 mm, a large value of h leads to C; — 1, and thus
Ketrective — ka (Figure S6, Supporting Information). At large h, the
spread of heat from the e-TDS is localized to the top layer, and
ks dominates the value of kegeive- For small values of h, C; —
0 and kegeciive — kg, consistent with a measurement depth that
significantly exceeds h. Thus, for a known value of h, a sensor
with small R and ¢ such that h,,, < h enables measurement of
ks, whereas a sensor with sufficiently large R and t such that h,,,,
> h enables measurements of kp. These observations suggest a
device platform that includes a pair of e-TDS, with one config-
ured for sensitivity to the top layer, and the other to the bottom.

a-(

2.4. Experiments on Human Skin
Using the FEA predictions in Figure 4, an ideal system of

this type for studying human skin consists of e-TDS 1 with
Ry =0.75 mm (hp, (t = 60 s) = 1.42 mm) and e-TDS 2 with

Adv. Funct. Mater. 2018, 28, 1802083

1802083 (7 of 11)

R, = 3.5 mm (b, (t = 60 s) = 2.66 mm), for sensitivity to
E+D and to subcutaneous fat, respectively (Figure 5a). Based
on the application, or part of body under examination, values
of R and t may be selected to achieve a relevant value of
himax- The dual e-TDS design chosen here may not be appro-
priate for every application, but is applicable to many loca-
tions of the body where the thickness of the E+D is =1 mm.
The e-TDS is conformal and stretchable! as shown in
Figure 5b,c to ensure effective thermal coupling to the skin
(Figure S7 in the Supporting Information describes mechan-
ical stability). Operating the e-TDS consecutively eliminates
active interference. Passive interference can be minimized
by separating the peripheral edges of the two e-TDSs by an
amount greater than hy,, of e-TDS 1 (error less than 1% in
AT). Further sources of measurement error, such as sample
curvature, roughness, and local air convection, are dis-
cussed in the Supporting Information (Figures S8 and S9,
Supporting Information).

A selection of on-body tests demonstrates the clinical
relevance of Kegective Of human skin. For all experiments, the
maximum AT is less than 10 °C. The values of k for healthy
biological tissues are invariant to surrounding temperature,
over a relevant range.' The good agreement between our

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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simple models, which assume time-invariant constitutive
properties, and the measured data suggests that active body
processes do not play a significant role for the skin system
being investigated. The following experiments use healthy,
normal skin of the same subject as a reference for quantifying
changes in thermal properties. This reference point, for intro-
duced changes, corresponds to the same location just before
the relevant changes are introduced, and for other cases, the
contralateral location on the body. Thus, changes in thermal
properties are measured on an individual basis, eliminating
the need for absolute comparisons to a single reference point.
Three consecutive measurements yield error bars to account
for effects of air convection and human motion. In some
cases, the error bars are too small to be visualized beyond the
symbols (i.e., <1%).

The first studies examine the effect of petrolatum (Vaseline
and Unilever), an occlusive moisturizer.’” Measurements
involve four subjects evaluated before, and 15 min after the
application of =5 mg cm™2 of petrolatum to the forearm. In all
cases, Kefrective €xtracted from e-TDS 1 increases by 15-25%,
while the value extracted from e-TDS 2 remains nearly
unchanged. These results suggest modulation of the properties
only of superficial tissue, the stratum corneum (=100 um).
The finding that kjeyolaum = 0.19 W m™ K (determined
using e-TDS 1, see Figure S10, Supporting Information)
indicates that the e-TDS does not measure a change due
to the thermal properties of petrolatum, but rather to an
increase in kegrective DY prevention of transepidermal water loss
(TEWL), consistent with previous studies using conventional
devices for measuring TEWL.[1>¢]

Measurements that involve localized skin heating and
cooling (Figure 5e,f) illustrate the ability to determine kegrective
at intermediate depths (=500 um to 1 mm). The former involves
application of a hot pack (average temperature = 46-48 °C,
HotHands Super Warmers) to the front of the arm for 10 min.
Recording kegeqive Defore, immediately after, and at two con-
secutive 10 min intervals after the heating period captures the
responses of the skin to the applied heat. The kegecive deter-
mined from e-TDS 1 increases dramatically after heating,
consistent with increased blood flow. e-TDS 2 also measures a
significant rise in Kegrecives DUt to a lesser extent than e-TDS 1,
thereby suggesting the depth of tissue affected by the hot
pack is larger than that affected by petrolatum. Over time,
Keffective approaches its initial value. Localized cooling induces
dermal changes due to constriction of blood flow. After 10 min
of cooling, the front of the arm with a cold pack (average
temperature = 9-11 °C, Instant Cold Pack, Primacare), meas-
urements of Kefrecive from e-TDS 2 indicate changes smaller
than those from e-TDS 1 for all four patients. The results sug-
gest that the effects of localized cooling occur mainly in the
dermis, similar to the case for heating.

One clinical application for this technology is as a diag-
nostic aid for cellulitis. Cellulitis is a potentially fatal infec-
tion of the deep dermis and subcutaneous tissue, with
14 million cases annually resulting in more than 600,000
yearly hospital admissions.*? However, 30-40% of cellulitis
cases are misdiagnosed given similar clinical presentations
of common mimicking conditions that do not require anti-
biotics (e.g., venous stasis dermatitis).*? Currently, there is
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no existing laboratory or imaging tool approved for the diag-
nosis of this common condition. Studies reported here sug-
gest the ability of the e-TDS system to detect changes in the
deep dermis and subcutaneous fat (Figure 5g) in one case
of cellulitis. Measurements with e-TDS 1 and 2 applied to
the center of a cellulitis lesion, its perilesional area, and the
corresponding location on the healthy, contralateral leg (as
an internal control) allow the study of cellulitis on a single
patient. Values of Keeciive determined with e-TDS 1 show
no apparent temporal changes in the thermal conductivity
at the lesion or perilesional area (kjesion and kperilesional)- BY
contrast, e-TDS 2 shows evidence of inflammation, since
kcontralateral < kperilesional < klesion' kcontralateral on daY 1 and day
4 remains constant for e-TDS 2, but not for e-TDS 1. The
thermal properties of the superficial E+D vary greatly on a
scale of days due to ambient conditions and hydration state,
so this disagreement between K gnyatateral for day 1 and day
4 for e-TDS 1 is not unexpected. The deep dermis and fat,
however, do not display variations in thermal properties to
this extent because they are insulated from ambient changes
by the epidermis. On day 4 of measurement, k.o, and
kperilesiona] aPProaCh kcontralatetalr suggesting healing, which
is also apparent from the optical image on day 4. These
results indicate a clear decrease in erythema and lesion size
in contrast to the image taken on day 1 (the lesion diameter
decreases from =2.5 cm to =1 cm). The ability to measure
thermal properties of tissue at different depths may improve
diagnostic discrimination of conditions such as cellulitis
(minimal superficial or epidermal change but significant
deep dermal subcutaneous fat change) with mimickers such
as venous stasis dermatitis (greater epidermal inflammation).
Depth profiling human skin is thus essential to the clinical
applications of e-TDS, as different skin conditions have dif-
ferent thermal characteristics.

3. Conclusion

The findings reported here suggest that e-TDS technology
enables monitoring of thermal properties of human tissue
at depths of up to =6 mm. Detailed studies of the thermal
physics associated with the measurement quantify the key
design parameters that define the depth sensitivity, thereby
allowing controlled, and targeted measurements for various
skin conditions. Capabilities of the e-TDS system include
detection of subtle changes in skin hydration, microvas-
cular blood flow, and composition as a function of tissue
depth. Depth sensitivity to subcutaneous fat may create new
opportunities for diagnostics across a wide range of cuta-
neous and systemic diseases, and the noninvasive, reusable
nature of the devices promotes at-home use for long-term
monitoring.?¢#2] The e-TDS platform may offer a valuable
alternative to invasive diagnostic approaches and costly
imaging techniques.

Opportunities for future work include the development of a
wireless system for control and data extraction and expanded
clinical studies on patients with various diseases to further
define the diagnostic relevance of thermal depth sensors. In
certain unique anatomical locations, the epidermis, dermis, and
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subcutaneous fat have a total thickness of <6 mm, thereby ena-
bling interrogation of tissues beneath the skin. Such locations
include the eyelid (<2 mm in thickness) or areas overlying bony
prominences (e.g., trochanter, sacrum, or ischium, <4 mm in
thickness).['®! Thus, these sensors could be useful in assessing
the joint space or bone for signs of infection (osteomyelitis) or
bleeding (hemoarthrosis).

4. Experimental Section

FEA to Determine Critical Depth: The commercial software ABAQUS
was used to study the thermal response of the e-TDS device on
the surface of single-layer or bilayer samples. Here, the e-TDS was
a resistive sensor encapsulated by a layer of Pl (1.6 um thickness;
kpy = 0.52 W m™ K" and o = 0.32 mm? s7'1®11) on both sides and
printed on a layer of Ecoflex (100 um thickness; kecofiex = 0.21 W m™ K~
and Ocofiey = 0.11 mm? s71[%0)) that contacted the sample, as illustrated
in Figure la. Figure S2a (Supporting Information) and Figure 4a
show FEA models of the e-TDS (the resistive sensor was approximated
as a circle with the same outer contour and total power) placed on
single-layer and bilayer samples, respectively. The air convection
coefficient was 6 W m=2 K™! as determined from Figure S8 (Supporting
Information). The following two FEA models were compared to study
the depth sensitivity: (1)) the bilayer sample (top layer: silicone
A, thickness h, ky = 0.47 W m™" K determined by measurement of
the pure, single-layer sample, and oy = 0.14 mm? s found from
literature;['”l bottom layer: silicone B, kg = 0.21 W m~' K determined
by measurement of the pure, single-layer sample, o = 0.11 mm? s
found from literaturel®) as in Figure 4a; and (2)) the single-layer sample
(pure silicone A) as shown in Figure S2a (Supporting Information). The
definitions of the sensitivity and critical thickness (h,,) for FEA are the
same as those for the scaling law. Figure ST1a,b shows the sensitivity as
a function of h for different R and t. Figure 4c shows that h,,, and thus
sensitivity increase with R and ¢.

Fabrication of Epidermal Thermal Depth Sensors: Spin-coating
(3000 rpm) a thin (=200 nm) layer of poly(methyl methacrylate) (PMMA
A4, MicroChem) onto a carrier substrate (e.g., silicon wafer, glass
slide, or glass wafer) followed by baking at 180 °C for 3 min formed a
sacrificial release layer. Next, spin-coating a film of poly(amic) acid (PI-
2545, HD MicroSystems) onto the same substrate at 5000 rpm, followed
by baking on a hot plate at 90 °C for 30 s, then at 150 °C for 5 min, and
finally at 250 °C for 1 h in a vacuum oven yielded a =1.6 um thick layer of
Pl as electrical insulation. Electron beam evaporation formed a bilayer of
Ti (20 nm) and Au (100 nm). Photolithography and wet etching defined
metal traces for the devices.

Spin-coating and curing poly(amic) acid using the conditions
mentioned above formed an upper insulation layer. These two layers
of PI placed the metal in the neutral-mechanical plane, thereby
minimizing strains due to bending/stretching. Photolithography
and reactive ion etching (O, plasma, March RIE) patterned the Pl in
geometries that match those of the metal traces. Immersion in acetone
dissolved the PMMA sacrificial layer, to allow removal of the structures
from the carrier substrate onto the surface of a piece of water-soluble
tape (Water-Soluble Wave Solder Tape, 3M). Sputter deposition of
=70 nm of SiO, onto the reverse side of the structure created a reactive
surface for chemical bonding. Separately, spin-coating (1000 rpm,
100 um) a low modulus formulation of silicone (Ecoflex, Smooth-On)
onto a glass slide coated with a thin layer of PMMA produced a thin,
soft elastomer support. Exposure to UV light functionalizes the surface
of the silicone with —OH groups for bonding to the SiO,-coated
surface of the sensor structure. Immersion in boiling water dissolved
the water-soluble tape. Drying the sensors by baking in an oven at
70 °C and pressure bonding using a hot iron set to 193 °C of thin
cables (ACF, Elform) as connections to a current source completed the
fabrication process.
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Transient Plane Source Measurements: The TPS measurements
used a commercial constant current source (Keithley 6220) to set the
thermal power per unit area, g. The resultant heating led to changes
in resistance, Ar, determined by corresponding changes in voltage,
AV, recorded with a digital multimeter (National Instruments). The
measured Ar allowed determination of AT through the temperature
coefficient of resistance (TCR) of Au. Each sensor was carefully
calibrated against measurements using an infrared (IR) camera to
determine the TCR (Figure S1, Supporting Information). After applying
heating current for the measurement time, application of low current
for the same time cooled the sensor down such that AT = 0 °C.
Typical applied currents for the g used in this study were <1.5 mA.
However, because of the Pl electrical insulation layer, and Ecoflex
substrate, no current enters the skin.

Heat Transport Studied with Thermochromic Pigment/Ecoflex: A single
sensor (R = 1.5 mm) laminated onto a substrate of Ecoflex mixed with
thermochromic pigment (Temperature Activated Thermochromic Bi-Color
Powder Pigment, Atlanta Chemical Engineering) defined the experimental
layout in Figure 1c—e and the parameters for the FEA temperature
maps assume the thermal conductivity kgjcone = 0.21 W m™ K
and Ogjicone = 0.11 mm? 571,181 respectively. This thermochromic pigment
changed the color from black to pink at or above 25 °C. The experiments
involved observations in an ambient laboratory environment (T = 22 °C)
and g =10 mW mm=.

Fabrication of Bilayer PDMS Structures: Mixing the base and curing
agent at a ratio suggested by the vendor (10:1; Sylgard 184, Dow
Corning) followed by curing at room temperature for =24 h yielded
the silicone B elastomer. All experiments used the same 15 mm
thick cylindrical sample of silicone B with diameter d = 100 mm
to maintain a constant sample temperature approximation. The
conditions for constant sample temperature were thickness > 2</at
and d > 2(2Jat +R), which were maintained. Synthesis of silicone A
(Sylgard 170, Dow Corning) involved a separate mixing step for the
individual base and curing agent for 3-5 min, followed by combining
the two components together at a ratio of 1:1 for an additional 3 min.
The specific gravity of silicone A provided by the vendor multiplied
by the volume of a cylindrical sample (d = 100 mm) of height h
determines the masses of mixture required to create different h of
silicone A, producing the measurement samples. The thicknesses
of these samples ranged from 0.5 to 10 mm in steps of 1.0-.5 mm.
Curing occurred at room temperature for =24 h. Measurements with
digital calipers with 0.01 mm resolution yielded the thicknesses of
these silicone A samples. Physically laminating a film of this type
onto the silicone B substrate formed the bilayer silicone A/silicone B
structures for testing. The reversible van der Waals adhesion allowed
repetitive lamination and removal of such films to yield a collection of
samples with only a single silicone B substrate. A shallow plastic dish
covered the devices during measurements to minimize effects of air
convection.

On-Body Experiments: Each subject gave full informed consent
before participating in on-body experiments. Nine different subjects
participated across the four unique on-body tests. For all tests, chosen
values of q (and thus applied current, I) ensured that AT,_¢ ; <10 °C.
The first test served to demonstrate detection of superficial (epidermal,
=100 pm) changes using the e-TDS system. Four healthy/normal
subjects (female, age 23; male, Age 22; female, age 27; and male, age
23) participated in this experiment. Subjects sat still in a laboratory
setting during the test. A commercial occlusive moisturizer, petrolatum
(Vaseline and Unilever) served to induce changes in hydration level in
the stratum corneum and epidermis. Placing the dual e-TDS system
first on each subject’s bare forearm allowed measurement of thermal
properties. First, e-TDS 1 measured AT as a function of t for a duration
of 60 s, followed by a 60 s cooling period when the sensor was OFF,
allowing the sensor to return to its initial temperature. Then, e-TDS
2 measured AT as a function of ¢ for the same duration (60 s), followed
by a cooling period of the same time (60 s). Repeating measurements by
e-TDS 1 and e-TDS 2 three times each produced the data, with symbols
as the mean of the data and error bars representing the standard
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deviations. The e-TDS system was peeled off the forearm (pen marks on
the forearm denoted the location of the dual e-TDS system). Applying
5 mg cm2 of petrolatum to each subject’s volar forearm and waiting
for 15 min allowed for a sufficient increase in hydration. Laminating
the dual e-TDS system on the subjects’ volar forearm according to the
corresponding marked locations and repeating the measurements for
both e-TDS 1 and e-TDS 2, three times each, completed the experiment.
In Figure 5d, the symbols represent the mean of the data for each
individual subject, and the error bars represent the corresponding
standard deviations.

The next test involved changes in blood flow due to application of
commercial heating and cooling packs to induce changes in blood
flow at intermediate depths (dermis, 100 um to 1 mm). Four healthy/
normal subjects (female, age 26; male, age 22; female, age 23; and
male, age 18) were participated in the heating pack study for blood
vessel dilation and four other healthy/normal subjects (male, age 30;
female, age 23; female, age 21, and male, age 18) participated in the
cooling pack study for blood vessel constriction. Subjects sat relatively
still in a laboratory environment during the tests. The procedure for
heating/cooling pack studies was identical, as described here. The
dual e-TDS was applied to the front of each subjects’ arm. Pen marks
identified the location of the device on the skin. In the same way for
the first on-body experiment, e-TDS 1 measured AT as a function of
t for a duration of 60 s, followed by a 60 s cooling period when the
sensor was OFF, allowing the sensor to return to its initial temperature.
Then, e-TDS 2 measured AT as a function of t for the same duration
(60 s), followed by a cooling period of the same time (60 s). The sensors
were removed from the arm. The commercial heating or cooling pack
was placed on the location marked by pen for 10 min. Removing the
heating or cooling pack and laminating the sensors back onto the skin
according to the marked location prepared the subject for subsequent
measurements. Measurements taken immediately, 10 min, and 20 min
after removal of the hot/cold pack from the skin completed the study.
In this case, measurements were only taken one time for each time
interval (for both e-TDS 1 and 2) because the effects of the hot/cold
pack were transient, as the data in Figure 5e,f show evidence that the
skin returns to normal over time, as expected. However, because four
randomly chosen subjects showed similar trends for both tests, the
results were consistent.

The final test involved measurements on a cellulitis lesion. Only one
subject participated in the study since cellulitis is not an induced change,
in contrast to the studies mentioned above. The subject (male, age 30)
had cellulitis on his left leg (thigh). The subject removed hair from the
area of the cellulitis lesion using a pair of tweezers to ensure conformal
contact between the device and skin. Measurements taken on 1 day,
and 4 days following comprised the study. Measuring AT as a function
of t on the two separate days with e-TDS 1 and e-TDS 2 sequentially,
three times each, on the center of the cellulitis lesion, perilesional area,
and contralateral leg produced the data in Figure 5g. Images of the
contralateral leg, and the cellulitis lesion taken on the two separate days,
also appear in Figure 5g.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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