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a b s t r a c t

Noninvasive methods for precise characterization of the thermal properties of soft biological tissues
such as the skin can yield vital details about physiological health status including at critical intervals
during recovery following skin injury. Here, we introduce quantitativemeasurement and characterization
methods that allow rapid, accurate determination of the thermal conductivity of soft materials using
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thin, skin-like resistive sensor platforms. Systematic evaluations of skin at eight different locations and
of six different synthetic skin-mimicking materials across sensor sizes, measurement times, and surface
geometries (planar, highly curvilinear) validate simple scaling laws for data interpretation and parameter
extraction. As an example of the possibilities, changes in the thermal properties of skin (volar forearm)
can be monitored during recovery from exposure to ultraviolet radiation (sunburn) and to stressors
associated with localized heating and cooling. More generally, the results described here facilitate rapid,
non-invasive thermal measurements on broad classes of biological and non-biological soft materials.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1.1.

Skin is a critical, multi-purpose organ within the integumen-
tary system [1]. Accounting for 12–15 percent of the total body
weight, the skin serves many purposes such as a: (1) protective
barrier against pathogens and microbes, (2) sensory interface to
the surrounding environment (i.e. touch, heat, cold, pain), and (3)
physiology regulator (hydration, sweat, hair, Vitamin D synthesis,
and temperature etc.) [2]. Devices, particularly wearable systems,
for measuring the thermal properties of the skin can provide vital
information about physiological health status. Designs that (1)
minimize the mechanical mismatch at the skin–device interface,
(2)maximize conformal contact between skin and device, (3) elim-
inate any constrains in natural motions of the skin, (4) avoid any
thermal load on the skin and (5) operate in a physically imper-
ceptible, non-irritating manner are particularly attractive [3–12].
Recent reports describe approaches to such skin-like, or ‘epider-
mal’, devices and outline their capabilities for precision, continu-
ous measurements of hydration, cutaneous wound healing, blood
flow, temperature, thermal conductivity and thermal diffusivity
[13–24].

The following describes the development, validation and appli-
cation of advanced methods for using such devices in a transient
plane source (TPS) mode [25] to yield the thermal conductivity
in a computationally efficient, accurate manner that avoids ex-
perimental uncertainties associated with previous approaches. An
application example focuses on characterization of erythema as a
sign of skin injury. Erythema is a physiological phenomenon char-
acterized by a reddening of the skin caused by vasodilation of near-
surface capillaries that appears following exposure to heat/cold
stresses, pressure, infection, inflammation, allergic reaction, and
prolonged exposure to solar radiation (sunburn) [25]. Results
show that the near-surface thermal conductivity changes in a
manner that can be used for non-invasive monitoring of erythema
recovery, of utility for diagnostic and prognostic purposes.

2. Materials and methods

2.1. Fabrication of the sensor and its operating principles

The device architecture consists of a resistive sensor formed
with photolithographically defined serpentine metal wires (15–
20 µm wide; Cr/Au 8/100 nm thick), as reported previously (see
supporting information, SI, for complete fabrication guidelines). An
expanded view illustration and a microscope image are inFig. 1a.
The resistive sensors have circular layouts with radii selected be-
tween 0.5 and 2.0 mm. The wire connecting the resistive sensor
to the power source has a serpentine geometry consistent with
design rules in epidermal electronics (100 µm wide; Ti/Cu/Ti/Au
8/550/8/25 nm thick) [3–12]. Encapsulating layers of polyimide
(∼4 µm thick; Dow Chemical Co.) above and below place the
sensing element in the neutral mechanical plane of the assem-
bly, thereby shielding it from strain-induced resistance changes

[3–12]. An ultra-soft (shore-A 00 with ∼60 kPa Young’s modulus),
thin film of silicone (50 ± 10 µm thickness; Ecoflex, Smooth-
On) chemically adheres to both sides of the device to produce
a reusable and mechanically conformal system compatible with
deployment on flat or curvilinear surfaces. As a visual example of
the high degree of conformality to surfaces, separate digital images
display a representative device wrapped around the 4th digit of
a left hand, and woven through three parallel, transparent glass
rods (rod radii: 1.3 mm) in an over-under-over surface lamination,
Fig. 1b–c, respectively.

During operation, the sensor acts as a thermal actuator upon
application of direct electrical current (Keithley 6220, A Tektronix
Co.). The device connects to the current source by bonding to
a conductive ribbon (250 µm spacing, 3M) and small PC board
(∼2.5 cm × 5 cm). With thermal actuation, the resistive sensor
undergoes self-heating where the resistance of the sensor linearly
increases with temperature per the coefficient of resistance of the
metal (Au), Figure S3. Direct conversion between resistance and
temperature is achieved by device calibration. Each device is cali-
brated by measuring its resistance at five different temperatures,
then plotting temperature vs. resistance to determine the slope. An
infrared camera (FLIR One) is used to determine temperature.

2.2. Models for finite element analysis of thermal transport

Finite element analysis (FEA) modeling exploits commercial
software ABAQUS [26] to capture the thermal response of the de-
vice on flat and curved-cylindrical samples. Inputs for FEA include
approximations in conjunction with known and experimentally
determined parameters. The known and experimental parame-
ters include: (1) the thickness, and thermal conductivity (k) and
diffusivity (α) of the two encapsulation layers, polyimide (4 µm
thick, k = 0.52 W/mK, α = 0.32 mm2/s [17,27]) and Ecoflex (50
µm thick, k = 0.21 W/mK, α = 0.11 mm2/s [17]), and (2) the
temperature change (∆T ) due to thermal actuation across select
time points (i.e. ∆T at 2 s, 20 s, and 40 s etc.). FEA inputs also
include: (A1) approximate resistive sensor area, and (A2) room
air convection coefficients and (A3) the thermal diffusivity (α)
of the sample materials, which are assumed from literature or
commercial standards. In the case of A1, the resistive sensor is
treated as a circular surface with homogeneous outer contour and
power. The FEA with and without the round resistive sensor ap-
proximation differs by only 1%,Fig. 2a–b. This approximation is
valuable because it reduces the computation time. In the case of A2,
a simple bench-experiment involving two different devices aids
in the determination of the appropriate convective heat transfer
coefficients that correspond to airflow over the device. Briefly,
the first device, encapsulated with the normal Ecoflex thickness
(50µm), is laminated directly on a large, thick (10mm), flat sample
of Ecoflex (i.e. sample is considered a semi-infinite plane). Two
different airflow environments (controlled and uncontrolled) are
used when collecting experimental measurements: (1) controlled
(i.e. a glass enclosure is placed over the device, protecting it from
the low forced-flow of roomair conditioning), and (2) uncontrolled

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Device components and validation. (a) Schematic illustration of the resistive
sensor device layers. (b) Digital image of resistive sensor device laminated on the
ring finger of Subject’s left hand. Inset: Opticalmicroscope image of actuator/sensor
demonstrating the pattern of the resistivewire (scale bar 250µm). (c) Optical image
of two devices with different actuator/sensor sizes threaded between a series of
three transparent glass rods such that the device is draped over the two outermost
rods and positioned under the middle most rod.

(i.e. the forced convection airflow from standard room air con-
ditioning is allowed to flow over the device). The second device,
encapsulated on both the top and bottom sideswith excess Ecoflex
such that a semi-infinite plane can be considered for both sides
of the device, allows for an effective air convection coefficient
of 0 W/m2 K during heating. All other experimental conditions
are the same for both devices. FEA is used to evaluate the point
of minimum error (%) for both airflow environments considered
with device 1 to determine the appropriate air convection coeffi-
cients. Based on minimum error FEA simulation, 6 W/m2 K is the
thermal coefficient for the ‘‘controlled’’ airflow case (this value is
used in all FEA simulations unless otherwise noted) and 15 W/m2

K is the thermal coefficient for the ‘‘uncontrolled’’ airflow case,
Fig. 2c–d.

The error between FEA and experimental data is minimized
with respect to k for a given α. Here the error is defined as

Error =

√
1

ttotal

∫ ttotal

0

(
∆TExp − ∆TFEA

∆TFEA

)2

dt, (1)

where ∆TExp and ∆TFEA are temperature increases in the experi-
ment and FEA, respectively, and ttotal is the total measuring time.
2-dimensional (2D) error surfaces, with α (mm2/s) on the y-axis
and k (W/m K) on the x-axis, show the points of minimum error,
Figs.3and S2.

2.3. Description of scaling law and related approximations

FEA techniques require considerable computing time when
used as the basis for parameter extraction. The value of these
methods for routine data analysis or for gaining insights into the
thermal physics is limited. An alternative uses an analytical scaling
law established based on the model illustrated in Figure S1. The
model approximates the device geometry as a uniformcircular disk
with equal power distribution, and it neglects the effects of air con-
vection and the encapsulation layers (polyimide and Ecoflex). For
a constant power density q (power per unit area), the temperature

Fig. 2. Determination of the air convection coefficient. (a) Simulated plot of the
change in temperature as a function of time (s) showing good agreement between
FEA that considers the actual sensor shape (red line) vs. a sensor shape approx-
imated as a circle (black line). (b) A top-view illustration of the actual (left) and
approximated (right) sensor shapes, and a side-view illustration of a sensor atop a
sample (bottom). (c) Illustrations showing the experimental set-ups for validation
of air convection approximations. (d) Plot of simulated error % as a function of air
convection (W/m2K) for both ‘covered’ (black line; 6 W/m2/K) and ‘un-covered’
(dotted line; 15W/m2K) interpreted fromexperiment data-sets. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

change (∆Tp) at any point in the cross-section (Point P in Figure
S1b) is obtained as

∆Tp =
Rq
2k

∫
∞

0
J0
( rpx

R

)
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[
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(
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x
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where R is the radius of the resistive sensor, rp and z are the
coordinates of P (Figure S1b), J0 and J1 are the Bessel functions of
the first kind with zero- and first-orders, respectively, and erfc is
the complementary error function [28]. The average temperature
change of the resistive sensor (z = 0, rp < R) is

∆T =
1

πR2

∫ R

0
2πrp∆Tpdr

=
2qR
k

∫
∞

0

{
[J1 (x)]2erf

(
x

√
αt
R2

)}
dx
x2

, (3)

where erf is the error function. Therefore, the normalized tempera-
ture change, ∆Tk/(qR), and the normalized time, αt/R2, satisfy the
following scaling law

∆Tk
qR

= f
(

αt
R2

)
. (4)

2.4. Experimental procedures for measuring the thermal conductivity

In the current study, three different device sizes (R = 0.5 mm,
1.5 mm and 2.0 mm) are used across three different durations
of heating (i.e. thermal actuation for t = 2 s, 20 s and 40 s),
at a power density of 3 mW/mm2 unless noted otherwise. To
reduce the influence of air convection, a glass dish (∼200 mm
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Fig. 3. Comparison of different heater sizes. (a–c) Plots of the change in temperature (∆T ; ◦C) as a function of transient heating time (s) at intervals of 2 s (red line), 20 s
(black line), and 40 s (blue line) overlaid as an example of the high degree of reproducibility across measurement of a static surface for radius, R = 0.5 mm (a), R = 1.5 mm
(b), and R = 2.0 mm (c). (d–l) 2D error surface plots of thermal diffusivity (α; mm2/s) vs. thermal conductivity (k; W/m K) over transient heating times of 2 s, 20 s and 40 s
and heater radii R = 0.5 mm ((d), (g), and (j), respectively), R = 1.5 mm ((e), (h), and (k), respectively), and R = 2.0 mm ((f), (i), and (l), respectively). Measurements were
collected while laminated on a silicone substrate (Ecoflex, 10 mm thick, 60 mm diameter, cured at 70 ◦C × 24 h) at a power density of 3 mW/mm2

. . (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

diameter × ∼100 mm deep) is placed over both the device and
the sample area during data collection. The recorded data consist
of temperature changes (∆T , ◦C) inferred from measured changes
in resistance as a function of time before and after thermal ac-
tuation. In all cases, the temperature remains constant prior to
actuation, it increases during actuation and then decreases after
actuation ceases, as inFig. 3and Figure S2. Sample surface types
include six different polymeric skin-mimicking substrates (either
flat or curved) as well as directly on skin (measurements taken
on volunteers). All measurements are collected in triplicate and
error is reported as the standard deviation of the corresponding
experimental variation for each dataset (c.f. Figure S4).

2.4.1. Preparation of samples with flat surfaces
Thermoplastic molds are used to create sample disks (radius

30 mm, thickness 10 mm), large enough to be considered as
semi-infinite planes when used for data collection, composed of
skin-mimicking polymeric materials. The thermal conductivities
are well established for the selected materials, also their k val-
ues are similar to those seen for different layers of biological
skins [17,29,30]. The six materials include: polyisobutylene (PIB;
BASF), Sylgard 184, and Sylgard 170 (S184, S170; Dow Chemical
Co.), Ecoflex (EF; Smooth-On), low density polyethylene (LDPE;
Sigma Aldrich), and polyacrylic (PA; Plastics Inc.).

2.4.2. Preparation of samples with curved surfaces
Casting and curing (70 ◦C for 24 h) liquid silicone (S184) pre-

polymers in cylindrical thermoplastic molds yield curved samples
with curvature ratios, r/R, of 2.6, 4.8 and 7.2, where r is the radius
of the cylindrical mold and R is the radius of the resistive sensor,
Fig. 4a.

2.4.3. Measurements of the thermal conductivity of skin
Measurements involve application of devices (R = 1.5 mm)

onto the anterior bicep, volar forearm, mid cheek, lateral aspect
of neck, nose, palm, edge-most shoulder region, and ankle of two
healthy volunteers (Subject 1: 33 yo female; Subject 2: 33 yo
male) for a thermal actuation period of 2 s at a power density of
3mW/mm2. Gently cleaning the skinwithmedical grade isopropyl
alcohol pad prepares the skin formeasurement. Values of k derived
from application of FEA and the scaling law appear in Table S2.

2.4.4. Measurements following the development of erythema
The erythema recovery studies involve measurements of

changes in the thermal properties (surface temperature in ◦C, k
and ∆T ) of Fitzpatrick Type 1 skin as a function of recovery time
following erythema induced by solar radiation (sunburn), heat-
stress (induced via medical grade heating pad; Sunbeam Health
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Fig. 4. Thermal conductivity measurements on curved surfaces. (a) Schematic
representation of heater radius (R) compared to the radius (r) of the surface under
study. (b) Plot of the change in temperature after 2 s of transient heatingwith heater
radius R = 0.5mm on a series of curved silicone substrates (r/R = 2.6, 4.7, 7.2, and
∞). Values above each column represent the average thermal conductivity of each
silicone surface (W/m K). (c) Representative example of fit between experimental
result (r/R = 5.2; black curve) compared to FEA (red curve) over a 2 s period of
transient heating. (d) Plot of the error % observed as a function of r/R. The inset is
an expanded view of the plot between r/R = 0 to r/R = 20. (For interpretation of
the references to color in this figure legend, the reader is referred to theweb version
of this article.)

at Home Heating Pad, ∼50 ◦C), and cold-stress (induced via ice
pack; homemade ice pouch enclosed in plastic bag),Fig. 5. Gen-
tly cleaning the skin with medical grade isopropyl alcohol pad
prepares the skin for measurement. A device with R = 2.0 mm,
operatedwith a thermal actuation period of up to 60 s and a power
density of 2mW/mm2, serves as the basis for the assessments. Note
that the 60 s measurement time for skin characterization is longer
than the 40 s thermal actuation interval for synthetic samples. The
calculation of k remains the same regardless of the 40 s vs 60 s time
interval. Here, the additional measurement time simply provides a
clearer visualization of the differences in ∆T across sample times.

3. Results and discussion

3.1. Measurement time, procedures for parameter extraction and de-
vice dimensions

Systematic studies of the influence of procedures for model-
ing and parameter extraction, measurement time (i.e. duration of
thermal actuation), and device size reveal key considerations in
accurate determination of k. Evaluation and discussion of these
contributions appear in the following.

3.1.1. Measurement time
As previously stated, thermal actuation of the resistive sensor

causes an increase in its temperature. The temperature increases
rapidly for short durations (i.e. 2 s) of thermal actuation (mea-
surement time) and increases incrementally at longer durations
(i.e. >40 s) of thermal actuation with the latter resembling a
pseudo steady-state system of ∆T as a function of time (i.e. ∆T
appears to reach a stable non-changing value after long periods of
time; however, it is known that the transient plane source system
does not reach a true steady-state, hence use of the phrase: pseudo
steady-state). For example, consider the temperature profile for
experimental data collected using a resistive sensor (R = 1.5 mm)

on a flat Ecoflex surface at q = 3mW/mm2, over the course of three
separate time points: 2 s, 20 s, and 40 s. At 2 s, the temperature
increases (∆T ) by 5.65 ± 0.01 ◦C. At 20 s, ∆T = 10.62 ± 0.02 ◦C,
and at 40 s, ∆T = 11.68 ± 0.02 ◦C,Fig. 3b. The k’s determined by
FEA at each time point are 0.22 ± 0.02 W/mK, 0.22 ± 0.01 W/mK,
and 0.22 ± 0.00 W/mK at 2 s, 20 s, and 40 s, respectively. The gen-
eral shape of the temperature profiles across all sample datasets
are similar (i.e. sharp increase in∆T at shortermeasurement times
followed by incremental differences in ∆T at longer measurement
times) and the influence of ∆T at a given time point on k extracted
from FEA is small. However, while the value of k does not change
significantly as a function of measurement times between 2 s and
40 s, the shape of the 2D error surface shifts from amore horizontal
to a more vertical position, see for exampleFig. 3e, h, and k. This
shift occurs because, in general, α can be considered as the ratio
of the time derivative of temperature to its curvature; thus, α is
a measure of ‘thermal inertia’ such that the effect of α diminishes
as a function of longer heating times [31]. This phenomenon leads
to calculations that depend mainly on k and less on α at long
measurement times when the sample surface is a semi-infinite
plane.Table 1provides a compilation of k determined by FEA at
2 s, 20 s, and 40 s, for the six-different skin-mimicking materials,
which closely resemble values reported in literature [32–36].

3.1.2. Sensor size
The size of the resistive sensor is also important to consider in

determining k, as illustrated in a series of measurements using de-
vices with R of 0.5 mm, 1.5 mm and 2.0 mm and thermal actuation
times of 2 s, 20 s, and 40 s. In general, the 2D error surface plots
suggest that the error in FEA simulated k is largest for the smallest
device (R = 0.5mm),Fig. 3d–l, compared to theminimumerror for
k values determined using the two larger devices (R = 1.5mmand
2.0mm), which have similarminimumerror results. To explain the
improvedminimum error for the larger sensor size observed in the
2D error surface plots, two additional components are considered.
First, the FEA input includes consideration of a 50µm thick bilayer
encapsulation of Ecoflex, but the impact of the encapsulation layer
is not weighted based on the sensor size. Thus, increasing error
with decreasing heater sizemay be attributed to the encapsulation
layer. For example, at R = 0.5 mm, the ratio of the encapsulation
thickness to the device radius is significant (i.e. 50 µm/500 µm
∼10% vs. 50 µm/1500 µm ∼3.3%, and 50 µm/2000 µm ∼2%),
thereby resulting in uncertainties associated with uncertainties
in the thickness and wear of the Ecoflex encapsulation layer.
Second, because conduction scales linearly with (device) surface
area, when a larger resistive sensor size is considered in FEA, the
temperature is averaged over a larger area. As a result, the effect
of in-plane (x–y-direction) heat dissipation diminishes relative to
heat conduction into the material (z-direction) as the sensor size
decreases. As a visual demonstration, thermal actuation (t =∼ 5 s,
R = 2.0 mm, q = 2 mW/mm2) is used to compare thermal images
of two device sizes, Figure S5. Similar results are observed across
the skin-mimicking sample types, which are tabulated inTable 1.
All results for k are in excellent agreement with previous literature
reports and commercial values [32–36].

3.2. Scaling law

The scaling law, introduced in Eq.(4), is of interest as a straight
forward method to yield k without the need for laborious FEA
simulations (or the need to analytically solve the heat equation).
Plots of ∆Tk/qR vs. αt/R2 with corresponding FEA overlay allow
for initial evaluation of the scaling law, Figure S1. The plotted
scaling law and FEA profiles are in excellent agreement with each
other, thereby validating that the scaling law could be a suitable
alternative for determination of k. To further evaluate scaling
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Fig. 5. Monitoring erythema. (a) Plot of∆T (◦C) as a function of transient heating time collected from the right volar aspect of the forearmprior to sunburn induced erythema,
and at four-time intervals post erythema: 5 h, 19 h, 45 h, and 70 h. (b) Plot of∆T (◦C) as a function of transient heating time intervals over the course of 360 h post erythema.
The black data points represent the temperature recorded from the resistive device prior to transient heating, and the values in white represent k calculated based on the
scaling law. (c) Digital images of the right volar aspect of the forearm at time intervals from just prior to erythema through 360 h post erythema. (d) Digital images of the left
volar aspect of the forearm at time intervals from just prior to erythema (via heat-stress) through 110 m post erythema. (e) Plot of ∆T (◦C) as a function of transient heating
time on the left volar aspect of the forearm prior to erythema induced via 20 min of heat-stress, and at five-time intervals: 0 min, 15 min, 30 min, 60 min, and 110 min post
heating. (f) Plot of ∆T (◦C) as a function of transient heating time over the course of 170 min (at 60 min and 20 min prior to heating and up to 110 min post heating). The
black data points represent the temperature recorded from the resistive device prior to transient heating, and the values in white represent k calculated based on the scaling
law. (g) Digital images of the left volar aspect of the forearm at time intervals from just prior to erythema (via cold-stress) through 60min post erythema. Images were taken
immediately before the time thermal measurements were collected. Erythema via cold-stress was induced through 20 min of incubation with a frozen ice-pack. (h) Plot of
∆T (◦C) as a function of transient heating time on the left volar forearm prior to erythema induced via 20min of cooling, and at five-time intervals: 0 min, 15min, 30min, 40
min, and 60 min post cooling. (i) Plot of ∆T (◦C) as a function of transient heating time over the course of 80 min (at 20 min and 5 min prior to heating and up to 60 min post
cold-stress). The black data points represent the temperature recorded from the resistive device prior to transient heating, and the values in white represent k calculated
based on the scaling law. All images were taken immediately prior to the time of thermal measurement. All measurements were collected using a resistive sensor device
with radius R = 2.0 mm and power density of 2.0 mW/mm2 with 60 s thermal actuation intervals. Error bars throughout are based on at least 4 separate measurements
collected within a 4 min time window.

law reliability, the 6 skin-mimicking materials are used for data
collection at three different actuation times (2 s, 20 s, and 40
s) and three resistive sensor sizes (R = 0.5 mm, 1.0 mm, and
1.5 mm), enabling the direct comparison of the k values calculated
by both the scaling law and FEA,Table 1and Table S1, respectively.
Here, k is reported as a narrow range instead of a single value to
exemplify the effect of differences in α. Specifically, while α values
for the current skin-mimicking materials have been reported, we
acknowledge that there could be variation in the exact value of
α across sample batches. To account for these differences, we
allow α to vary by ±10% from the literature value. As a result, the
reported k values represent the lower and upper bounds of α. The

α values relevant to this work are: S170: 0.11–0.17 mm2 s, LDPE:
0.14–0.20 mm2/s, EF: 0.09–0.13 mm2/s, PIB: 0.08–0.12 mm2/s,
and PA: 0.09–0.13 mm2/s [17, 30a-e]. In some cases, the k values
observed between the scaling law (SL) and FEA are similar such
as for S170 at 2 s (FEA: 0.42 ± 0.03 W/mK vs SL: 0.41 ± 0.03
W/mK), 20 s (FEA: 0.52 ± 0.02 W/mK vs SL: 0.51 ± 0.02), and 40 s
(FEA: 0.55 ± 0.01W/mK vs. SL: 0.54 ± 0.01W/mK). In other cases,
the average k values deviate slightly but remain within the values
reported by literature such as for S184 at 2 s (FEA: 0.21 ± 0.02
W/mK vs SL: 0.24 ± 0.02 W/mK), 20 s (FEA: 0.21 ± 0.01 W/mK
vs SL: 0.24 ± 0.01 W/mK), and 40 s (FEA: 0.22 ± 0.01 W/mK vs SL:
0.25 ± 0.01 W/mK). Deviations in the latter case are anticipated
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Table 1
Thermal conductivity values obtained by single point FEA compared to thermal conductivity values obtained using the
Scaling Law at transient heating times of 2 s, 20 s, and 40 s for 6 synthetic samples: Sylgard 170 (S170), low density
polyethylene (LDPE), Ecoflex (EF), Sylgard 184 (S184), polyisobutylene (PIB) and polyacrylic (PA).

FEA vs. SL t = 2 s; (W/m K) t = 20 s; (W/m K) t = 40 s; (W/m K) Literature (W/m K)

S170 FEA 0.39–0.45 0.50–0.54 0.54–0.56 0.4–0.48 [15,34]SL 0.38–0.44 0.49–0.53 0.53–0.55

LDPE FEA 0.35–0.40 0.37–0.39 0.38–0.40 0.33–0.4 [40]SL 0.36–0.41 0.38–0.40 0.39–0.41

EF FEA 0.20–0.24 0.21–0.23 0.22–0.23 0.21 [15]SL 0.23–0.27 0.24–0.26 0.25–0.26

S184 FEA 0.19–0.23 0.20–0.22 0.21–0.22 0.18–0.27 [15,41]SL 0.22–0.26 0.23–0.25 0.24–0.25

PIB FEA 0.17–0.21 0.17–0.19 0.18–0.19 0.12–0.19 [15,32]SL 0.19–0.23 0.19–0.21 0.20–0.21

PA FEA 0.20–0.24 0.23–0.24 0.24–0.25 0.19–0.24 [15,33]SL 0.23–0.27 0.26–0.27 0.27–0.28

and may be explained by the difference in initial approximations
incorporated with FEA compared to the scaling law. Recall that the
scaling law does not account for the encapsulation bilayers of PI
and Ecoflex or the effects of the small, albeit measurable, airflow
generated by room air conditioning. As a result of the overall excel-
lent agreement between the scaling law and FEA, the scaling law
is used hence force for determining k on curves surfaces, healthy
skin and during erythema recovery.

3.3. Measurements on samples with curved surfaces

Most biological samples have curved, non-planar surfaces. A
relevant parameter in this context is the radius ratio, r/R, where r is
the radius of curvature of the sample at the measurement location
and R is the radius of the device (Fig. 4a). For example, the radius of
a forearm of a healthy, medium-sized adult is∼80mm, such that a
device with R = 1.5mmhas a radius ratio of∼53. For the neck of a
typical adult (r = 60mm), the radius ratio is 40. Values for an index
finger (6.5), a toddler’s forearm (∼25) [37], or the index finger of
a toddler (5) [38] lie in the lower range. Experimental studies to
determine k across this range establish the effects of curvature
on the measurement. Specifically, a device with R = 0.5 mm
applied to cylinders of S184 with r = 1.3 mm, 2.4 mm and 3.6
mm results in radius ratios of 2.6, 4.8 and 7.2,Fig. 4b. Parameter
extraction using the scaling law yield k = 0.18 ± 0.01 W/mK,
which is within ±0.02 W/mK compared to the k measured from
S184 with a flat surface (r/R = ∞; 0.16 ± 0.00 W/mK). Data
collection involve recording the ∆T (◦C) immediately following
thermal actuation for 2 s. Analysis by FEA and application of the
scaling law on data collected from curved S184 samples yields k,
Fig. 4b. An example of temperature plotted as a function of time
(t = 2 s) for a representative sample (r/R = 2.6) is provided in
conjunction with an FEA overlay inFig. 4c. In the limit of small r/R,
the sample itself is sufficiently small/thin such that the effect of
the bottom side of the sample surface is not negligible. Simulations
reveal the errors in extracted parameter values as a function of r/R
(Fig. 4d). For a radius ratio 2.6, the simulated error is 10%. Based on
the simulation inFig. 4d, we estimate that the smallest radius ratio
that can be approximated as a semi-infinite sample is 5 because
the error at an r/R of 5 is 5%, which is similar to the accuracy limit
seen with commercial measurement of k using the transient plane
source method [39].

3.4. Measurements of the thermal conductivity of healthy skin

Applying devices to eight locations (ankle, anterior bicep, mid
cheek, volar forearm, lateral aspect of neck, nose, palm, edge-most
shoulder region) across two healthy adult volunteers (Subject 1

(Sub1): 33 yo female; Subject 2 (Sub2): 33 yo male) and analyzing
the data using the scaling law and FEA yields corresponding values
of k. Thermal diffusivity is selected as 0.15 mm2/s because it is a
value typical for healthy skin [20], however, α is known to deviate
from this value across skin locations and types. To account for
this deviation, all k values within ±10% of α = 0.15 mm2/s are
considered and are reported here as a ‘k-range’. The k-range (based
on α ±10%) and radius of curvature (Rc) for the eight skin locations
appear in Table S2 for both volunteers. In all cases, the deviation in
k across α±10% is small. For Sub2 the lowest values of k appear at
the nose (k = 0.34 W/mK) and the palm (k = 0.35 W/mK), while
the ankle and shoulder exhibit relatively large values (k = 0.46
W/mK). The remaining six locations for Sub2 have k values that fall
between 0.34W/mKand0.46W/mKwith an average of 0.40± 0.04
W/mK. The lowest k for Sub1 is at the palm (k = 0.35 W/mK) and
ankle (k = 0.36 W/mK), while the highest occurs at the forearm
and neck (k = 0.47 W/mK). The remaining six locations for Sub1
have k values that fall between 0.35 W/mK and 0.47 W/mK with
an average of 0.42± 0.04W/mK. In all cases, the k values extracted
using the scaling law agreewell with those determined by FEA, and
with representative literature reports for skin Table S2 [15–23,40].

3.5. Assessing erythema recovery time

Currently, visual inspection of skin redness (intensity and sur-
face coverage) is themost commonmethod to determine erythema
severity and recovery. This method, while visually informative, is
qualitative. Thus, new characterizationmethods are needed to bet-
ter quantify erythema recovery. Here, ∆T and k (calculated from
the scaling law) are compared side-by-side to visual inspection
of erythema to evaluate the potential of our resistive sensor to
enable numerical quantification during recovery.Measurements of
recovery involve skin exposed to: (1) one hour of sun (i.e. sunburn)
on right forearm, (2) a heating pad over the left forearm for 20min,
and (3) an ice-pouch over the left forearm for 20 min (volunteer is
a healthy, 33 yo femalewith Type I skin according to the Fitzpatrick
scale (always burns, never tans)) [41]. In each case, measurements
performed prior to the skin stressor (UV radiation, heat and cold)
establish baseline values for the temperature (Tskin) and k of the
skin, and the increase in temperature (∆Tskin) induced by 60 s of
thermal actuation using a device with R = 2.0 mm radius at a
power density of 2 mW/mm2.

For case 1 (solar radiation), exposure involves placing the right
forearm of the volunteer under direct sunlight for 1 h (UV-index
9, Urbana, IL, June 3rd, 2017, 12-1:00PM). Immediately afterward
(t = 0 h), the Tskin,∆Tskin, and k are 36.50± 0.02 ◦C, 5.83± 0.04 ◦C,
and 0.46 ± 0.01 W/mK, respectively, are comparable to the base-
line values of 36.60 ± 0.02 ◦C, 5.75 ± 0.08 ◦C, and 0.46 ± 0.00
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W/mK. A non-blistered, evenly distributed, red color, correspond-
ing to a common sunburn, appears 3–5 h after exposure (Fig. 5c,
image 2). By visual inspection (see digital images of forearm in
Fig. 4c), the degree of erythema is high at t = 5 h, then decreases
slowly over the course of 15 days to return to the normal pale
color of Fitzpatrick Type I skin. The lowest ∆Tskin, and k occur at
t = 5 h (4.76± 0.14 ◦C and 0.57± 0.02W/mK, respectively) when
erythema, by visual indication, is the greatest. These values show
monotonic trends until t = 93 h (∼4 days) when the erythema
is faint in appearance, and the ∆Tskin, and k (6.08 ± 0.10 ◦C, and
0.44 ± 0.01 W/mK, respectively) resemble the baseline values.
The ∆Tskin, and k from 93 h–360 h remain nearly constant. The
value of Tskin changes very little throughout the erythema recovery,
maintaining an average of 36.57±1.01◦C. The result suggests that
surface skin temperature may not strongly correlate with ery-
thema recovery, and that ∆Tskin, and k provide more meaningful
measurements in this context, (Fig. 5a–b).

For case 2 (heat-stress), placing the left forearmof the volunteer
under a heating pad (∼50 ◦C) for 20 min creates a thermal stress.
The left forearm is measured directly following the heat-stress
(Time, T = 0 min) at which time the skin is homogeneously
light red in color suggesting moderate erythema (Fig. 5d, image
2). The average ∆Tskin and k at T = 0 min (4.57 ± 0.03 ◦C, and
0.58± 0.00W/mK, respectively)measured immediately afterward
are lower than the respective baseline values (baseline at t = −20
min: 5.87± 0.21 ◦C, and 0.45± 0.02W/mK). The skin temperature,
however, is higher than baseline, consistent with expectation (at
t = 0 h, Tskin = 34.59 ± 0.20 ◦C compared to t = −20 min
and −60 min with Tskin = 32.99 ± 0.20 ◦C). Visual inspection
indicates that the erythema decreases significantly within 15 min
following removal of the heat source (Fig. 5d, image 3). This re-
sult corresponds well with the change in thermal properties; for
example, the ∆Tskin and k at T = 15 min are 5.39 ± 0.13 ◦C
and 0.49 ± 0.01 W/mK, respectively, and the skin temperature
decreases to 33.51 ± 0.20 ◦C. Visually, full erythema recovery
occurs within 45 min (Fig. 5d, image 4). By contrast, the thermal
properties recover to baseline values only after 2 h (Fig. 5e–f).
Similar to case 1, the results suggest that skin temperature is a
poor indicator erythema recovery, and that ∆Tskin and k are more
informative.

For case 3 (cold-stress) and ice-pouch rests over the left forearm
of the volunteer for 20 min. The average ∆Tskin and k at t = 0 min
(5.63 ± 0.09 ◦C, and 0.47 ± 0.01 W/mK, respectively), when the
skin is bright red, are approximately the same as baseline values
(baseline at T = −5 min: 5.67 ± 0.15 ◦C, and 0.47 ± 0.01 W/mK,
respectively; baseline at T = −20 min: 5.87 ± 0.02 ◦C, and
0.45± 0.00W/mK), (Fig. 5g, image 2). Immediately after removing
the ice-pack (T = 0 min) the skin temperature is lower than
baseline (at T = 0 hr, Tskin = 24.59 ± 0.20 ◦C compared to
T = −5 min with Tskin = 32.39 ± 0.20 ◦C and −20 min with
Tskin = 31.88 ± 0.23 ◦C). At t = 6 min the erythema visually
appears to be resolved (Fig. 5g, image 3). At this point, ∆Tskin
is 5.67 ± 0.10 ◦C; Tskin is 28.35 ± 0.25 ◦C at t = 10 min and
k = 0.47 ± 0.01 W/mK. The skin temperature returns to baseline
within ∼30 min (Tskin = 30.21 ± 0.23 ◦C at t = 20 min, Tskin =

33.57 ± 0.23 ◦C at t = 40 min, and Tskin = 33.81 ± 0.23 ◦C
at t = 60 min). The values of ∆Tskin and k show no significant
changes throughout the recovery (Fig. 5h–i). Visually, the erythema
is nearly completely resolved in less than 5 min. These results
suggest that ∆Tskin and k may have limited value in monitoring
erythema recovery following exposure to cold-stress compared to
heat-and solar-stress. The visual imagery and numerical ∆T and k
values compared above provide the initial groundwork that now
enables this mode of thermal sensing to be further investigated as
a non-invasive, highly conformal evaluation tool during additional
studies of erythema recovery across various skin types and skin-
stress intensities.

4. Conclusions

The thin, skin-like resistive sensors presented here build on
existing concepts in epidermal electronics, and are used, in con-
junction with FEA, to validate scaling laws for data interpretation
and extraction of thermal conductivities of skin and non-biological
softmaterials. The quantitativemeasurement and characterization
methods described in this report for determination of thermal
conductivity are successfully employed to evaluate the thermal
properties of skin during recovery from exposure to ultraviolet
radiation (sunburn) and to stressors associatedwith localizedheat-
ing and cooling. These results provide a foundation to extend the
use of the resistive sensors and scaling laws to facilitate rapid,
noninvasive thermal measurements on broad classes of biological
and non-biological soft materials, as well as the opportunity to
further study skin injury in clinically relevant settings.
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