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Epidermal Impedance Sensing Sheets for Precision
Hydration Assessment and Spatial Mapping
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Abstract—This paper presents a class of hydration monitor
that uses ultrathin, stretchable sheets with arrays of embedded
impedance sensors for precise measurement and spatially multi-
plexed mapping. The devices contain miniaturized capacitive elec-
trodes arranged in a matrix format, capable of integration with skin
in a conformal, intimate manner due to the overall skin-like physi-
cal properties. These “epidermal” systems noninvasively quantify
regional variations in skin hydration, at uniform or variable skin
depths. Experimental results demonstrate that the devices possess
excellent uniformity, with favorable precision and accuracy. Theo-
retical models capture the underlying physics of the measurement
and enable quantitative interpretation of the experimental results.
These devices are appealing for applications ranging from skin care
and dermatology, to cosmetology and health/wellness monitoring,
with the additional potential for combined use with other classes of
sensors for comprehensive, quantitative physiological assessment
via the skin.

Index Terms—Depth profiling, epidermal electronics, hydration
sensing, multiplexing, spatial mapping.

I. INTRODUCTION

HUMAN skin is composed of complex structures in which
water influences synthetic pathways for lipids [1] and

DNA [2], and defines mechanical characteristics [3] and elec-
trical properties [4], as well as the overall appearance and sur-
face texture [5]. Decreases in skin hydration levels can lead
to eczema, acne, itching, and cracking of the stratum corneum
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(SC), all of which can increase skin roughness and compromise
its ability to prevent transdermal water loss (TEWL). Accurately
measuring hydration levels of the skin can, therefore, be impor-
tant in dermatology and cosmetology as a means for analyzing
various disease states (e.g., eczema, psoriasis, atopic dermatitis,
and ichthyosis) [6]–[9] and assessing factors (e.g., environmen-
tal, age, stress, and hormone) [10]–[13] that can be associated
with abnormal skin responses. Hydration can also determine the
effectiveness of medical therapies [9], [14]–[16], and cosmetic
treatments [17]–[20].

Skin hydration levels are typically characterized by measure-
ments of electrical impedance [4], [21], [22], thermal conduc-
tivity [23], spectroscopic properties [24]–[26], and mechanical
characteristics [27], [28]. Impedance, however, represents one
of the most direct indications, due to the strong influence of
water content on conductivity and permittivity of the skin. In-
strumental simplicity, low cost, and minimally invasive opera-
tion with commercially available tools existing in both single
point [29]–[32] and multipoint mapping [33]–[35] formats pro-
vide further advantages over other measurement methods. The
precision of the measurement, however, depends critically on
the effectiveness of contact between the soft, curved, and tex-
tured surface of the skin and the rigid, planar metal electrodes
that are typically used [29]. As a result, such devices often in-
corporate pressure sensors to facilitate application of specific,
repeatable levels contact force during measurements [29]. Such
sensors help minimize, but do not eliminate, problems in irre-
producibility that arise from uncontrolled variations in contact
properties [36], thereby resulting in random fluctuations in the
device output. Furthermore, redistribution of water within the
SC as a consequence of mechanical stress of compression forces
on the skin surface tends to alter the skin hydration [37]–[39],
and thus affects the accuracy of hydration measurement.

We recently reported a hydration sensor technology based on
differential impedance measurements using a soft, conformal
system designed to offer mechanical properties well matched to
the epidermis itself [40]. This class of “epidermal” sensor en-
ables spontaneous contact with the skin, driven by van der Waals
forces alone, without application of pressure, thereby leading to
precise, completely noninvasive hydration determination, with
minimized common-mode disturbances. One limitation of our
previously described sensor is that, as with commercially avail-
able meters, hydration levels are measured only in a single,
confined area, due to the small number of sensing electrodes. A
concept for a epidermal device capable of hydration mapping
was recently described [40]. This work builds on those ideas
and provides systematic experimental and theoretical studies of
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all essential aspects of device operation. The resulting systems
noninvasively quantify regional variations in skin hydration, at
uniform or variable skin depths, in modes that are mechanically
invisible to user, due to the epidermal physical properties of the
devices. In addition, we report theoretical models, supported by
systematic experimental data that can account for the under-
lying physics of the measurement, and also aid in quantitative
interpretation of the results. The results demonstrate highly uni-
form device response with irregularities that primarily reflect
the skin variations. The collective sensor output can be used
for continuous hydration imaging with characteristic measure-
ment depths defined by the frequency and the geometry of the
electrodes [41]–[43]. Choices of design parameters of the ar-
ray, such as the electrode sizes, spacings, and numbers of pairs
of electrodes, define the spatial resolution. With modest effort,
spatial coverage of the device can be further expanded while
maintaining conformal skin attachment with maximized sensi-
tivity to skin impedance. These attributes suggest that this type
of technology, particularly when combined with other classes
of sensors in a single system, can be integrated intimately with
the epidermis, providing valuable, wide-ranging applications
in human healthcare and wellness evaluation via quantitative
measurements through the skin.

II. PRINCIPLE AND SENSOR DESIGN

Hydration mapping is conducted directly on the skin using
multiplexing impedance measurements with epidermal devices.
Similarity in measurement principles of epidermal devices and
commercial hydration sensors (CHS) allows direct conversion
of measured skin impedance to hydration level provided by the
CHS. In particular, both the conductivity and permittivity of
the skin change with hydration levels due to primarily varia-
tions in the electrical contributions from free and bound water
in the skin [44]. Individually isolated capacitive electrodes al-
low multiplexed operation with relatively simple measurement
systems.

A. Epidermal Impedance Sensors for Spatial
Hydration Mapping

Fig. 1 shows images and schematic illustrations of an epider-
mal skin hydration mapping sensor that consists of 64 channels
of planar electrode pairs designed to quantify skin impedance
across an area of 15 × 15 mm2 . Each pair of electrodes includes
an inner circular disk and an outer annulus, equally distributed
across the overall area of the device, in an 8 × 8 array for-
mat. Circular electrodes in a given row act as current sources
that share a common current supply; annulus electrodes in a
given column provide current sinks that are connected in series.
As a result, any electrode pair can be individually selected for
impedance measurement. Fig. 1(f) provides a cross-sectional il-
lustration of two adjacent electrodes that form direct contacts to
the skin. The associated electrical field penetrates the skin but is
mostly confined within the SC region, for the electrode geome-
tries and frequencies of applied current explored here. Devices
used for measuring skin hydration over large areas with uniform
or different skin depths (by use of different geometries and/or

Fig. 1. (a) Optical micrograph of an epidermal hydration mapping system.
(b) Representative pair of sensors, showing central circular electrode pads with
radii rc and surrounding concentric ring electrodes with inner and outer radii
(rai and rao ). (c) Two electrodes on a hydration depth-profiling sensor with
different rc to allow measurement at a different skin depth. (d) A fabricated
device under a stretching deformation. (e) A fabricated device under bending
and twisting. (f) Diagram of skin integration and measurement principle.

frequencies, as described subsequently) adopt similar designs
and are referred to as epidermal hydration mapping sensors and
depth profiling sensors, respectively. In particular, inner circular
electrodes have fixed radii rc throughout the mapping array [see
Fig. 1(b)], while radii of the circular electrodes on the depth pro-
filing sensors are varied between rows to alter the distribution of
electrical field within the skin [see Fig. 1(c)]. The device con-
figured for depth profiling does so across the area of the array,
where different electrode pairs measure to different character-
istic depths. Depth profiling at a single location, with a single
electrode pair, can be achieved by scanning the measurement
frequency. The electrodes terminate at circular bonding pads
aligned vertically and horizontally near the edge of the overall
system, and are joined through serpentine interconnects in mesh
layouts. The latter design feature provides epidermal mechanics
when the system is implemented on soft, thin elastomeric sub-
strates. Physical isolation between inner and outer electrodes
allows each pair in the array to be individually selected with
minimal crosstalk, for mapping in a simple, multiplexed mode.

The fabrication processes are similar to those recently re-
ported for related devices [40]. Briefly, a sacrificial layer of
polymethylmethacrylate (PMMA; 500 nm thick) and a layer
of polyimide (PI; 1 μm thick) are spin-cast onto a silicon (Si)
wafer [see Fig. 2(a)]. Serpentine interconnect traces consist of
photolithographically patterned bilayers of Cr (5 nm) and Au
(400 nm). A subsequent coating of PI (1 μm) [see Fig. 2(b)]
electrically insulates the top surfaces. Selected regions of PI are
removed by reactive ion etching (RIE) to form via contacts
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Fig. 2. (a) to (j) Schematic illustration of steps for fabricating epidermal
hydration sensors. (k) to (p) Epidermal hydration sensor mounted on the skin
of the forearm. This sequence of images shows the device, undeformed (k), and
uniaxially stretched along the horizontal (l), vertical (m), diagonal right (n),
and diagonal left (o) directions. Here, the device adheres to the skin by van der
Waals interactions alone, thereby allowing it to be easily peeled from the skin
using tweezers (p).

[see Fig. 2(c)]. An additional patterned bilayer of Cr/Au
(5 nm/200 nm) forms the electrodes [see Fig. 2(d)]. Patterned
etching through entire stacked layers by RIE defines the open
mesh layout [see Fig. 2(f)]. Eliminating the sacrificial PMMA
layer by immersion in acetone for 5 min at 100◦ C enables
removal of the device with a water-soluble poly(vinyl alco-
hol) (PVA) tape (Wave Solder Tape 5414, 3M Company) (see
Fig. 2(g)]. Layers of Ti/SiO2 (5/40 nm) [see Fig. 2(h)] de-
posited onto the backside allows chemical bonding to a thin,
low-modulus silicone substrate (Solaris, Smooth-On, Inc.) [see
Fig. 2(i)]. Finally, the PVA tape on the device is removed by

water [see Fig. 2(j)], to yield an integrated device with excellent
stretchability [see Fig. 1(d)] and flexibility [see Fig. 1(e)].

B. Conformal Contact of Epidermal Hydration
Sensors to the Skin

The epidermal hydration mapping sensors can be integrated
onto the skin using a previously introduced physical lamination
process followed by rinsing in water to remove the temporary
carrier substrate [45] resulting in intimate and conformal skin
contact (see Fig. 2(k)]. Devices mounted in this way exhibit
excellent compliance and ability to follow skin motions without
constraint or delamination (see Fig. 2(i)–(o)]. Devices with com-
paratively thicker silicone substrates (e.g., 50 to 100 μm) provide
sufficient mechanical toughness, and only slightly compromised
mechanics, to allow repeated measurements by removing and
reattaching to the skin [see Fig. 2(p)]. These reusable devices
are fixed at one corner with a small piece of surgical tape, which
also partially attaches to the skin. The tape facilitates device
handling and improves the consistency of the measurement.

III. EXPERIMENTAL SETUP AND METHODS

A. Epidermal Impedance Sensors for Spatial
Hydration Mapping

The circular electrodes in mapping sensors for uniform skin
depths involve concentric designs [see Fig. 1(b)], consisting of
inner disks (rc) (200 μm in radius) surrounded by rings (inner
radius rai: 300 μm, outer radius rao : 450 μm). For sensors de-
signed for various skin depths, rc increases from 60 to 200 μm
with a step of 20 μm across the array, while rai and rao are
fixed at 300 and 400 μm, respectively [see Fig. 1(c)]. In both of
these two cases, each electrode pair is 2 mm away from its near-
est neighbors. The electrodes connect to corresponding bonding
pads (diameter: 1.2 mm, spacing: 2 mm) through serpentine
traces (width 55 μm; ∼225 μm radii of curvature). The circu-
lar geometries of the electrodes offer symmetries that facilitate
theoretical analysis. Similar layouts are common in the types of
conventional, rigid macroscale electrodes found in CHS [29],
[30].

B. Multiplexing Impedance Analyzer
for Hydration Measurement

An LCR meter (E4980 A, Agilent Technologies) equipped
with multiplexing measurement capability serves as a system
for quantifying the response of the sensors [see Fig. 3(a) and
(b)]. Here, the meter sequentially provides an ac voltage (Vin ;
2 V peak to peak) at frequencies between 20 Hz and 2 MHz to
each channel [A1 to A8; labeled horizontally from right to left in
Fig. 3(b)] of the hydration sensor through a row scanning mul-
tiplexer (multiplexer1, ADG 708, Analog Devices). The output
voltage Vout of each channel [B1 to B8; labeled vertically from
top to bottom in Fig. 3(b)] is scanned by the meter with a column
multiplexer (multiplexer2, ADG 708, Analog Devices). A com-
puter controlled I/O card (USB-8451, National Instruments) se-
lects pins (a1 to a3, b1 to b3) in the multiplexers that correspond
to channels A1 through A8 and B1 through B8. These channels
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Fig. 3. (a) Image and (b) diagram of the hydration measurement setup, with
multiplexed acquisition. (c) and (d) Images of use of an epidermal hydration
sensor and a commercial hydration sensor. (e) Application of an epidermal sen-
sor on a phantom skin model for in vitro characterization of sensor response.
(f) Image and (g) diagram of a microfluidic device for determining the mea-
surement depth of the sensor. (h) Voltage distribution among different columns
on an epidermal sensor. Here, column 5 provides a current injection channel.
Voltage presented on other columns arises from capacitive coupling of ac signals
between columns. (i) Frequency response of a representative epidermal sensor
at various hydration levels.

are physically isolated, but capacitively coupled. At any given
time, only one row and one column are selected by the multiplex-
ers. Thus, the impedance analyzer measures only the impedance
associated with the electrode pair that lies at the crossing point
defined by the selected row and the column. Other electrode
pairs are electrically isolated from the impedance analyzer by
the multiplexers. The LCR meter converts the corresponding
Vout to an impedance value by comparing the amplitude and
the phase of Vout to Vin , while preventing significant capacitive
coupling to neighboring channels [see Fig. 3(h)]. Repeated row
scanning followed by column scanning allows individual ad-
dressing of all of the electrode pairs in the device. The collected
impedance values can be combined to yield spatial maps.

C. Experimental Methods and Materials

Experimental evaluations involve in vitro and in vivo test-
ing. Both the magnitude and phase of the sensor impedance
can be used to quantify skin hydration [40]. However, only the
impedance magnitude is presented, to reflect the collective ef-
fects of changes in skin conductivity and permittivity due to
hydration variations [46]–[48]. In vitro studies use a thickness-

controlled microfluidic setup to evaluate the dependence of the
effective measurement depth, defined by the depth beyond which
the sensor impedance ceases to increase, on electrode geometry
and sensing frequency [41]–[43]. The uniformity of the sensor
response is characterized in air and on a phantom skin sam-
ple [49], [50] made of a combination of water, agar, polyethy-
lene, sodium chloride, sodium azide, and TX 151 (Oil Center
Research). The agar provides a solid matrix; polyethylene and
sodium chloride set the permittivity and conductivity; sodium
azide is used as a preservative. The addition of TX-151 alters
the mechanical properties of the phantom skin, resulting in a
gelatin-based material that can be molded to form a planar sur-
face with hydration levels and electrical properties comparable
to the human skin. The thickness-controlled microfluidic setup
and the phantom skin serve to characterize different aspects of
device operation: depth profiling and uniformity in response.
The platforms either have stacked layers or electrical properties
similar to skin. These structures are not, of course, complete
skin replicas with similar detailed properties, which leads to
some limitations in their use.

In vivo studies are conducted by attaching epidermal hydra-
tion mapping sensors to the skin of the ventral forearm and
then measuring impedance changes associated with hydration
levels across the array at sweeping or fixed frequencies. The
epidermal sensors can be easily removed from the skin upon the
completion of array scanning to avoid accumulation of water
vapor underneath the device from TEWL, which can otherwise
decrease the skin impedance. Repeated measurements without
removal are less instructive due to such effects, as reported in
evaluations using other technologies [30], [51], [52]. Sweep-
ing the frequency of the applied voltage reveals the frequency-
dependent impedance changes associated with hydration levels
across the array. Hydration measurements are typically con-
ducted at frequencies with maximum observed sensitivity, based
on in vitro control experiments using the microfluidic setup.
With in vivo demonstrations, patterns of hydration manually de-
fined on the skin by local application of moisturizing lotions
(Intensive Rescue Moisture Body Lotion, Vaseline, Inc.) are
revealed by hydration mapping with arrayed sensors. Measure-
ment results are quantitatively converted to hydration levels by
calibration against a CHS (MoistureMeterSC Compact, Delfin,
Inc.) [29], which measures skin impedance at an excitation fre-
quency of 1.25 MHz and is widely considered as a reliable tool
for skin hydration assessment [12], [29], [53], [54].

IV. RESULTS AND DISCUSSION

A. In Vitro Characterization of Depth Profiling Sensors

Systematic studies reveal the dependence of the measured
impedance on frequency and geometry. Test structures that con-
sist of molded PDMS with microfluidic chambers whose heights
hD varies from 10 to 60 μm [see Fig. 3(f) and (g)] provide a
platform to approximate, in a rough sense, the structure of hu-
man skin. Semipermeable cellulose membranes (Spectra/Por
Dialysis Membrane, Spectrum Laboratories, Inc.) with thick-
nesses (hSC) of ∼20 μm seal the chambers, to prevent leak-
ing of phosphate buffered saline solutions introduced through
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Fig. 4. Changes in impedance as a function of microfluidic chamber height at
a frequency of (a) 15 kHz, (b) 250 kHz, (c) 500 kHz, and (d) 1.25 MHz with
inner electrode radii changed from 60 to 200 μm. In vitro impedance mapping
using an epidermal hydration sensor (e) in air and (f) on a phantom skin sample,
both recorded at 15 kHz.

inlets/outlets at the periphery. The resulting overall cham-
ber heights (hD + hSC) are then varied from 30 to 80 μm.
Depth profiling hydration sensors that exploit different electrode
radii attach to the cellulose membrane. Measurements of the
impedance using various sensor geometries for different cham-
ber heights reveal the effective depth of hydration assessment.
As shown in Fig. 4(a)–(d), the electrodes respond to the changes
of chamber heights differently. The dependence on height is
determined by the measurement frequencies and the electrode
radii, with the former representing the dominant effect for the
systems explored here. For example, at a frequency of 15 kHz,
all electrodes exhibit decreasing impedance with hD up to 40 μm
[see Fig. 4(a)]. When including the hSC , the effective measure-
ment depth corresponds to a value greater than 60 μm. This
depth decreases quickly with frequency. At 250 kHz, most elec-
trodes show impedances that cease to depend on hD greater than
20 μm, equivalent to a 40 μm effective measurement depth [see
Fig. 4(b)]. The impedance shows no appreciable change with
height at frequencies of 500 kHz and 1.25 MHz, indicating an
effective measurement depth less than 20 μm.

The influence of the electrode radii is most prominent at low
frequencies. For example, at 15 kHz, the impedance associated
with electrodes that have radii rc of 80 μm show height inde-
pendent responses for heights above 35 μm. Electrodes with
rc of 200 μm exhibit impedances that decrease steadily up to
heights of 60 μm. This observation indicates that increasing the
radii of the inner electrodes while fixing the radii of outer annu-

lus electrodes increases the effective measurement depth. These
in vitro depth profiling results demonstrate the ability to de-
fine measurement depths by suitable selection of measurement
frequency and electrode spacing.

B. In Vitro Characterization of Sensor Uniformity

Measurements of the impedance of individual sensors in air
and on planar phantom skin samples define the uniformity of the
responses [see Fig. 3(e)]. As is evident from the data of Fig. 4(e)
and (f), the hydration mapping sensor shows highly uniform be-
havior. When the sensor is exposed to air, the average impedance
of the sensors is∼91.6 MΩ with a standard deviation of 0.3 MΩ,
or 0.36%. While on the phantom skin, the average impedance
reduces to 274.9 kΩ with variations within 1%. These levels of
uniformity exceed those observed in later evaluations on real
skin, suggesting that the influence from the skin contours and
the intrinsic nonuniformities in hydration across the measured
regions of the skin [55], [56] contribute in a significant way to
observed variations of impedance among electrodes. In addition,
the variation (0.36%) of electrode impedance in air indicates mi-
nor inconsistencies introduced during the fabrication processes
and potentially within the experimental setup. The uniformity
of the hydration sensors can be further improved by applying
reference detection and optimizing the fabrication processes as
well as the experimental setup.

C. In Vivo Frequency Dependence of Impedance

The amplitude of the impedance measured at each of the
sensor channels changes monotonically with the level of skin
hydration, throughout the RF range from 15 kHz to 2 MHz.
Representative responses of a single sensor channel appear in
Fig. 3(i). As the hydration level changes from 56 to 120 (arbi-
trary units from the CHS), the impedance amplitude decreases
from 1.81 to 0.57 MΩ at 15 kHz and from 2.25 to 2.02 kΩ
at 2 MHz. Furthermore, at a fixed hydration level of 80, the
impedance amplitude decreases with increasing frequency, from
1.2 MΩ at 15 kHz to 2.15 kΩ at 2 MHz. These trends on the
skin coincide with the reported dielectric behavior of aqueous
electrolyte solutions [57]–[60], in which electrical conductivity
is relatively stable throughout the measured frequency range,
while the permittivity decreases with increasing frequency until
the frequency reaches that characteristic of the dipolar polariza-
tion time. The results also indicate that changes in impedance
with hydration are most substantial at low measurement fre-
quencies (e.g., 15 kHz) where the capacitive components of
the complex impedance are large. Decreased sensor impedance
at higher hydration levels can be attributed to an increase in
electrical skin conductivity and permittivity [32], [44]. Water
molecules in the skin create ionic pathways for charge trans-
port, increase the density of dipoles, and improve the flexibility
of keratin in the SC, all of which leads to enhanced ability of
the skin to store electrical energy and respond more readily to
applied electrical fields [61].

Fig. 5(a)–(d) show changes in impedance with hydration at
frequencies of 15 kHz and 1.25 MHz, for all sensor channels. As
the hydration increases, the conductivity and permittivity of the
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Fig. 5. Hydration map recorded with an epidermal sensor at a measurement
frequency of 15 kHz, for skin with known hydration level between (a) 112 and
(b) 45. A different measurement with similar map for skin with known hydration
levels of (c) 114 and (d) 40 recorded at 1.25 MHz, calibrated hydration levels
recorded with selected electrodes in an epidermal sensor at (e) 15 kHz and
(f) 1.25 MHz, with comparison to results from a commercial sensor.
(g) Impedance variation of all electrode pairs on row 4 and column 4 of the
epidermal sensor at a constant hydration level of 45 and a frequency of 15 kHz
of six repeated measurements.

skin both increase, leading to a decrease in the real (resistive)
and imaginary (capacitive) parts of the complex impedance. The
result is a monotonic decrease of skin impedance. The magni-
tude of the change in impedance diminishes with increasing
frequency. For example, the impedance decreases by 71.1% and
5.4% at 15 kHz and 1.25 MHz, respectively, when the hydra-
tion level increases from 40 to 114. These observations suggest
that the sensitivity is best at low frequencies (e.g., 15 kHz) for
the range examined. The impedance values measured from in-
dividual channels vary by 5% across the array, indicating good
uniformity in sensor response. As shown subsequently through
in vitro measurements on phantom skin samples and in air, these
variations mostly arise from skin contours underneath the sensor
and intrinsic variations in hydration over the measured regions
of the skin, with additional effects of slight variations associated

with the fabrication processes. The data indicate that impedance
values can be converted into hydration levels using a simple lin-
ear relationship [40], whose coefficients can be calculated using
two reference hydration levels and the corresponding impedance
values (amplitude and/or phase). The converted results shown
in Fig. 5(e) and (f) exhibit excellent agreement with the CHS.
Results of six repeated measurements obtained by removing the
device and reattaching it to the skin are consistent and vary
within ∼3% [see Fig. 5(g)]. These changes are much smaller
than those associated with observed variations in hydration [up
to ∼70%, in Fig. 5(a) and (b)].

D. Modeling Results

Analytical study can be used to reveal the frequency and ge-
ometry dependence of electrode impedance. Each stacked skin
layer can be equivalent to a parallel RC circuit with capacitance
C and resistance R, both of which can be obtained from the
electric field in the skin. The electric potential ϕ in an electrical
field formed by a concentric pair of circular electrodes can be
written as

∂2ϕ

∂r2 +
1
r

∂ϕ

∂r
+

∂2ϕ

∂z2 = 0 (1)

where r is the radial distance from the central axis of elec-
trodes and z is the depth from the electrode/skin interface. As a
result, the electric potentials on inner circular and the outer an-
nulus electrodes can be obtained through Hankel transform [62],
resulting in the determination of the potential difference Δϕ be-
tween the electrodes, as well as the charge Q on each electrode
in a form

Q = −2πε

∫ r1

0

∂ϕ

∂z
|z=0,0<r<r1 rdr (2)

which in turn determines the capacitance C as C = Q/Δϕ.
The resistance can be approximately related to the capacitance
by RσSC = εSC/(C) = L/A, where σSC is the conductivity of
stratum corneum, L the effective length of the dielectric material
layers, and A the area of electrodes. Thus, the impedance of the
electrodes can be obtained as

|Z| =
2

πεSC

√
σ 2

S C
ε2

S C
+ 4π2f 2

·
∫ ∞

0

⎧⎪⎪⎪⎨
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1
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[
J1(ξrc)
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r2
ao − r2

ai
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· εD tanh (ξhSC) tanh (ξhD) + εSC

εD tanh (ξhD ) + εSC tanh (ξhSC)

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

dξ.

(3)

In the case of in vitro experiments, we have rc , rai , and rao
much larger than hSC and hD . Thus, equation (2) can be sim-
plified as

|Z| ≈ 2χ

π (εDhD + εSChSC)

.

[
Z3

(
rao

rc
,
rai

rc

)
+ Z1

(
rao

rc
,
rai

rc

)
εDhDhSC

εSCr2
c

]
(4)
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where rc is radius of inner circular electrode, rai and rao the
inner and outer radii of outer annulus electrodes, hSC and hD the
depths of the SC and deep tissue layer, εSC and εD the permit-
tivity of SC and deep tissue layer, respectively. In addition, χ =
(σ2

SC/ε2
SC + 4π2f 2)−1/2 and the nondimensional functions Z3

and Z1 are given by

Zm (a, b) =
∫ ∞

0

[
J1 (η) − aJ1 (aη) − bJ1 (bη)

a2 − b2

]2
dη

ηm
(5)

where f is the frequency conducted in the measurements, J1 is
the Bessel function of the first kind. Equation (4) analytically
gives the dependence of impendence on all material parameters,
thicknesses, geometry, and frequency.

For in vivo experiments that involve a thick deep tissue layer,
i.e., hD � hSC , the impedance can then be written as

|Z| ≈ 2χ

πεSCrc
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ε2
D

)
hSC
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[
Z1

(
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where Z1 and Z2 are given in (5) and

Y (a, b, c) =
∫ ∞

0

[
J1 (η) − aJ1 (aη) − bJ1 (bη)

a2 − b2

]2
dη

η + c
.

(7)
The permittivity of the SC and deep tissue layer decreases

as the frequency increases and the opposite holds for the con-
ductivity [63]. For frequencies between 15 kHz to 1.25 MHz,
εSC/ε0 and εD/ε0 decrease from 1.47 × 103 and 3.79 × 102

to 7.48 × 104 and 2.34 × 103 , respectively, whereas σSC in-
creases from 1.62 × 10−4 to 1.97 × 10−2 S/m. For electrodes
with rc = 100 μm, rai = 300 μm, rao = 400 μm, and for
hSC = 20 μm, the modeling result of the frequency dependence
of the sensor impedance shown in Fig. 6(a) indicates that the
sensor impedance decreases consistently with hydration levels
at all simulated frequencies between 15 kHz to 1.25 MHz. The
result also indicates that the sensor has higher sensitivity at
lower measurement frequencies, which is consistent with the
experimental data. As shown in Fig. 6(b), the impedance in
(3) versus the chamber height hD agrees well with the in vitro
experiments (shown in the same figure) for an interfacial ca-
pacitance of 0.25 [64] at frequencies varied from 15 kHz to
1.25 MHz. The geometry dependence of the sensor impedance
at various frequencies appears in Fig. 6(c), in which the sen-
sor impedance decreases monotonously with decreasing elec-
trode spacing (hSC = 20 μm, rai = 300 μm, rao = 400 μm,
and varying rc). When rc increases from 60 to 200 μm, the
impedance decreases by 29.6%, agreeing well with the in vitro
experimental data shown also in Fig. 6(c). In addition, both the
measurement frequencies and the sensor geometry influence the
effective measurement depths of the sensor (see Fig. 6(b)–(d)],
in a manner consistent with experiments. The effective mea-
surement depths (hD + hSC) of the sensor are close to 50 μm
at 15 kHz at rc = 60 μm; at rc of 180 μm, the effective depth is

Fig. 6. (a) Simulated sensor impedance as a function of hydration (indicated by
different levels of ρsc ) at frequencies from 15 kHz to 1.25 MHz. (b) Simulated
sensor impedance (labeled with S.) of as a function of chamber heights at
frequencies from 15 kHz to 1.25 MHz, with comparison to in vitro experimental
results (labeled with E.). (c) Simulated sensor impedance (labeled with S.) as
a function of electrode spacing at frequencies from 15 kHz to 1.25 MHz and
a chamber height of 30 μm, with comparison to in vitro experimental results
(labeled with E.). (d) Simulated sensor impedance as a function of chamber
height for electrode radii between 60 to 180 μm, at a frequency of 15 kHz.

greater than 80 μm, again compatible with in vitro studies. The
simulated results indicate that the measurement frequency and
sensor geometry can both affect sensor impedance and the ef-
fective measurement depths. Measurements of hydration levels
at different skin depths, therefore, can be achieved by adjusting
the frequency and geometry.

E. Responses of Depth Profiling Hydration Sensors
to Hydration Changes

In vivo measurements involve evaluations at a fixed frequency
of 15 kHz, where the impedance depends strongly on hydra-
tion levels and the electrode spacing controls the measurement
depth. As illustrated in Fig. 7(a)–(c), the impedance varies sys-
tematically with electrode spacing and with hydration levels.
For example, at a fixed hydration level of 47.8, the impedance
decreases consistently with the radii of the inner circular elec-
trodes rc from 1.7 to 0.25 MΩ when rc varies from 60 to
200 μm in Fig. 7(c), indicating a strong expected geometry
dependence. In addition, as the hydration level decreases from
96 [see Fig. 7(a)] to 47.8 [Fig. 7(c)], the differences between
impedances measured using electrodes with rc of 60 μm and
200 μm diminish, suggesting that the effect of geometry depen-
dence is more prominent at low hydration levels. Fig. 7(d) shows
that the hydration determined by CHS changes from 64 to 114
shortly after the application of lotion, and then decreases back to
56 over the next ∼35 min. Sensors with electrodes that have rc
of 60 and 140 μm follow the same trend. By contrast, electrodes
with rc of 200 μm reveal an initial impedance that is larger than
the final impedance, indicating that the hydration levels mea-
sured by these electrodes are higher than the original values.



HUANG et al.: EPIDERMAL IMPEDANCE SENSING SHEETS FOR PRECISION HYDRATION ASSESSMENT AND SPATIAL MAPPING 2855

Fig. 7. Measurement results obtained with a depth profiling epidermal hydra-
tion sensor operating at a frequency of 15 kHz, for hydration levels of (a) 96,
(b) 63, and (c) 47.8 when the radii of the inner circular electrodes (rc ) changes
from 60 to 200 μm. (d) Impedance of selected electrodes at 15 kHz with com-
parison to results from a commercial sensor.

These results are consistent with the in vitro experiments; they
suggest that electrodes with rc of 60 and 140 μm follow the
hydration levels in the SC, while electrodes with rc of 200 μm
may partially capture the hydration levels below the SC, where
the improvement of the barrier function of the SC after applying
the lotion could increase the hydration level by minimizing the
rate of TEWL.

F. Skin Hydration Imaging

In multiplexed array formats, epidermal hydration sensors
can reveal spatial gradients in hydration across the surface of
the skin. As a demonstration, variations in hydration level are
intentionally created through application of lotion in horizontal
and vertical lines. The skin absorbs the lotion, to change the hy-
dration level in the skin itself. Spatial patterns in the application
of lotion create corresponding spatial variations in hydration,
thereby providing situations similar to those during transdermal
drug delivery [65], atopic eczema [66], and wound and burn
healing processes [67], in which hydration levels in the skin
are nonuniform. To minimize the variations of impedance be-
tween electrodes due to skin contours, experimental results are
shown as relative impedance changes (see Fig. 8) obtained by
subtracting impedance values measured prior to and 1 min af-
ter applying the lotion. The average impedance decrease over
most of the area is ∼1.9 MΩ, indicating large increases in hy-
dration. Areas that are free of lotion show impedance changes
of ∼0.2 MΩ, consistent with expected minimal changes in hy-
dration. Regions between lines of applied lotion [see Fig. 8(b)]
exhibit impedance changes of ∼1.2 MΩ, perhaps due to some
lateral diffusion of the lotion. A result using depth profiling de-
vices with layouts of Fig. 1(c) also reveals impedance changes
consistent with the patterns of lotion [see Fig. 8(c)]. Here, the
overall impedance increases from top to bottom, as expected
based on differences in electrode geometries. Some nonsystem-

Fig. 8. Demonstration of depth profiling and spatial mapping with epidermal
devices. Lotion was selectively applied to the skin in patterned geometries
(illustrations in the insets) of (a) a vertical line, (b) two horizontal lines, and
(c) a vertical line.

atic variations are also observed, due to likely nonuniformities
of the skin itself. As any endogenous and exogenous patterns
on the skin can potentially change the localized skin hydration
due to underlying changes of water barrier function. The ability
of the hydration mapping sensor to identify spatial gradients in
hydration indicates a capacity for recognizing these invisible
patterns.

V. CONCLUSION

The sensor technology introduced here provides a soft, “skin-
like” device that can integrate with the skin intimately and non-
invasively to quantify the regional hydration levels. The spatial
sensitivity and ability to monitor large areas can be achieved by
scaling the electrode spacing and number, in a straightforward
manner that requires no significant changes in sensor design
measurement setups. Epidermal impedance mapping devices
provide appealing means to monitor biophysical signals over
large areas. The data acquisition electronics can be reduced
in size [40] and, potentially, be integrated into the epidermal
platform itself. Also, stretching, bending, and other mechanical
deformations can alter the capacitance of the electrode pairs,
in a manner that could affect the assessment of hydration. One
possible solution involves a differential measurement mecha-
nism based on an additional pair of reference electrodes that
are decoupled from the skin but located adjacent to the sensing
electrodes.
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