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BIONSENSORS

Battery-free, wireless sensors for full-body pressure

and temperature mapping
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Thin, soft, skin-like sensors capable of precise, continuous measurements of physiological health have broad potential
relevance to clinical health care. Use of sensors distributed over a wide area for full-body, spatiotemporal mapping of
physiological processes would be a considerable advance for this field. We introduce materials, device designs, wire-
less power delivery and communication strategies, and overall system architectures for skin-like, battery-free sensors
of temperature and pressure that can be used across the entire body. Combined experimental and theoretical inves-
tigations of the sensor operation and the modes for wireless addressing define the key features of these systems.
Studies with human subjects in clinical sleep laboratories and in adjustable hospital beds demonstrate functionality
of the sensors, with potential implications for monitoring of circadian cycles and mitigating risks for pressure-induced

skin ulcers.

INTRODUCTION

Thin, soft, skin-like electronic devices that exploit wireless, near-field
communication (NFC) technologies offer simple, battery-free platforms
for the continuous monitoring of physiological health (I1-6). Applica-
tions range from those in hospital care and clinical medicine to physical
rehabilitation, fitness/wellness tracking, awareness and cognitive state
assessment, and human-machine interfaces (7, 8). Although use of an
individual device on a targeted region of the body enables clinically va-
lidated measurement modalities in electrophysiology, temperature,
pressure, blood oximetry, and others, using multiple separate devices
across different anatomical locations simultaneously could expand the
possibilities to enable measurements across the body for tracking of
position-dependent body processes, disease states, and/or external
stimuli (8, 9).

Mapping the skin temperature and pressure in specific areas of the
body can facilitate the determination of human health status and provide
predictive information to prevent disease. For example, temperature
variations during sleep can be used to gauge the circadian phase, with
important implications for the characterization and treatment of common
sleep disorders associated with delayed sleep-wake phase, advanced
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sleep-wake phase, and jet lag (10-12). In addition, sustained pressures
associated with prolonged durations in a given posture can lead to pres-
sure ulcers, with rates of incidence that correspond to 4.5 to 7% of hos-
pitalized patients and involve substantially increased costs of care and
lengths of stay at the hospital (13-15). Measuring pressure at the skin
interface while lying on a bed could provide critical information in this
context, as an alert for the need for preventive action to avoid skin sores,
irritation, and decubitus ulcers. Recent studies (16-18) report pressures
measured over time at four skin locations and relate these data to the
development of skin ulcers, but in nonideal physical formats and with
limited spatial resolution. Traditionally, these sleep and pressure studies
occur in research laboratories and require invasive technology (such as
rectal probes), capture only a single or small number (2 to 8) of mea-
surement sites on the skin, or use an infrared (IR) imaging system to
examine bare regions of the skin (19-24). Precise measurement and di-
agnosis require alternative methods for accurate mapping of temperature
and pressure across the body at high spatial resolution.

Here, we use NFC power delivery and data communication to a
central acquisition/control system with long-range readers and rapid
scanning through a large-scale collection of devices mounted on the
body to provide continuous streams of data that can be assembled into
spatiotemporal maps of physiological processes. Alternative approaches,
ranging from bed-integrated sensors (25) to visual inspection meth-
odologies (26) to single-point measurements of skin hydration (27), have
some value, but none can track, as an example, key pressure or tempera-
ture ulcer-related variables at fixed locations across the body, over time,
in large-scale, array-based formats.

RESULTS

Large-scale distributed arrays of wireless sensors for full-body
spatiotemporal mapping

Figure 1A shows a conceptual schematic illustration of the system. Here,
65 wireless, skin-like, sometimes known as “epidermal,” NFC devices
are mounted on the skin over the human body for measuring parameters
of interest in real time, using a multiplexed, wireless scheme and one or
more reader antennas. On the basis of the known locations of the de-
vices, time-dependent data captured in this manner can be rendered as
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Fig. 1. Concept illustrations, exploded view schematic diagrams, and photographs of wireless, battery-free epidermal sensors used for full-body monitoring. (A)
lllustration of a collection of thin, conformable skin-mounted sensors distributed across the body, with continuous, wireless transmission of temperature and pressure
data in a time-multiplexed fashion. (B) Top-view photograph (scale bar, 8 mm) of a representative sensor [red, near-field communication (NFC) microchip and tem-
perature sensor; blue, designed silicon membrane pressure sensor; green, external resistor; black, polydimethylsiloxane (PDMS) for encapsulation of sensor]. (C)
Exploded view schematic illustration of the device structure. (D) lllustration of 65 wireless sensors mounted across the body, with corresponding photographs of
devices at representative locations in insets. (E) Photographs of sensors at different locations on the front and back of the body. Red and green dashed boxes correspond
to (D). (F) Photograph of 65 sensors that were used for experiments (scale bar, 16 mm).

spatiotemporal color plots mapped onto the body shape. Figure 1B pro-
vides a photograph of a representative device, consisting of a small-scale,
unpackaged integrated circuit chip that provides the NFC commu-
nication capability, along with subsystems for wireless energy harvesting,
temperature sensing, and analog-to-digital (A/D) conversion (ams AG;
NFC die SL13A, 100 pum thick, 2.38 mm x 2.38 mm); a pressure sensor
that exploits the piezoresistive response of an ultrathin layer of mono-
crystalline silicon patterned into a spiral shape (diameter, 6.6 mm; width,
250 um); and a simple resistor (0.6 mm x 0.3 mm x 0.3 mm) selected to
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ensure that the response of the pressure sensor falls into a range
compatible with the A/D converter.

A detailed, exploded view schematic illustration in Fig. 1C sum-
marizes the layouts of these components, their interconnections with
one another, and their integration with a magnetic inductive loop
antenna that serves as a wireless interface to an external reader. The
construction involves a multilayer stack of (i) an NFC chip, a loop
antenna (Cu, ~5 um thick; diameter, 16 mm; width, 75 pm), and a
silicon pressure sensor; (ii) thin films of polyimide (PL; ~1.2 um thick) as
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electrical insulators; (iii) an overcoat and a base of polydimethylsiloxane
(PDMS; ~1 MPa) as encapsulation; and (iv) a biocompatible skin ad-
hesive (Scapa; thickness, ~50 um; low modulus, ~17 kPa). The overall
soft, deformable construction affords skin-compatible mechanics, as de-
scribed in the context of related devices with simple authentication
functionality (28). The thin geometry of the PDMS base (~50 pm thick)
minimizes the thermal equilibrium time of the temperature sensor with
the skin. A hole in the tape that is aligned to the temperature sensor
provides additional advantage in this sense. The PDMS overcoat is com-
paratively thick (50 to 300 um) to provide robust, physical protection
from the environment. Figure 1 (D to F) shows schematic illustrations
and photographs of a large collection of devices positioned for full-body
coverage.

Fundamental characteristics of skin-like wireless
temperature and pressure sensors

Figure 2 summarizes the results of experimental measurements and
modeling results for the key device characteristics. Temperature sensing
used a resistance thermometer detector (SL13A) integrated into the
NEC chip (29, 30). The properties of the temperature sensor are defined
by (i) the accuracy and precision of measurement, (ii) the effective
thermal mass of the overall device, and (iii) the response time. After a
simple calibration procedure (fig. S1), wireless recordings under con-
trolled conditions at a sampling rate of a few hertz matched those
obtained at the same location using an IR camera (fig. S2, A to C; sen-
sitivity, 0.05°C) with differences of less than 0.04°C. Even during tem-
perature transients, the data captured in these two ways were similar to
within an average of +0.2°C (fig. S2, D to J), thereby defining the
precision of the sensor.

The thermal mass is an important parameter that influences the
time response and determines the magnitudes of any perturbations
to the natural skin temperature associated with the presence of the
device. The overall area of a typical device is ~214 mm?®. In a spatially
averaged sense, the materials include Cu (10 pug/mm?; heat capacity, C =
386 kg "K' and density, p = 8920 kg:-m ™), PDMS (340 pg/mm?; C =
1380 J-kg "K' and p = 970 kg'm ), PI (3 ug/mm? C = 1090 Jkg "K'
and p = 1490 kg:m ), and Si (6 pg/mm* C = 710J-kg "K' and p =
2330 kg'm ). The calculated thermal mass per unit area of Cu, PDMS,
PI, and Si are 0.4, 46.9, 0.4, and 0.4 pJ-mm™>K ", respectively. The total
thermal mass per unit area of the device is, therefore, 48.1 uJ-mm™2K .
Although this number is considerably higher than that associated
with the most advanced, wired epidermal temperature sensors (1.5 to
30 wW-mm >K™') (31-34), it is lower than that of the skin itself (C =
3391 Jkg "K', p = 1109 kg:-m >, and thickness = 1 mm yield a thermal
mass of ~380 pJ-mm 2K ™). Thermal imaging (Fig. 2A) indicated that
the presence of the device does not perturb the natural temperature of
the skin in the mounting location or in nearby regions.

The relatively small thermal mass and overall construction also
yield sensor response times that are only limited by the dynamics of
thermal diffusion from the skin, through the base PDMS, and into the
embedded temperature sensor in the NFC chip. As shown in Fig. 24, a
sensor cooled to 23°C and placed on the ventral side of the right forearm
can be used to quantify the time for thermal equilibration between the
skin and the sensor as a function of a representative design characteristic
(thickness of the base PDMS). For thicknesses of 50, 100, and 200 um,
the equilibration times are 0.8, 1.5, and 2.5 s, respectively, as determined
by wireless data acquisition at a sampling rate of 25 Hz. These values
were consistent with those determined by finite element analysis (FEA;
fig. S3) and the experiment (Fig. 2B). As the thickness of the bottom
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encapsulation layer decreases, the steady-state temperature of the chip
approaches that of the adjacent material (33.89°, 33.81°, and 33.66°C for
50-, 100-, and 200-um-thick bottom encapsulation layers, respectively).
In addition, a device with a 50-um-thick bottom encapsulation layer
reaches the steady-state temperature faster than those with layers that
have thicknesses of 100 or 200 um. Such capabilities are sufficient to
capture thermal transients relevant to most naturally occurring body
processes, including respiration. A device mounted onto the skin of
the upper lip, with the sensing region aligned to the base of the nostril,
showed cyclical variations in temperature from 35.5°C during exhala-
tion to 35.1°C during inhalation with results captured at a sampling rate
of 6 Hz in an ambient laboratory environment and time-synchronized
with respiration at four breaths per 10 s (Fig. 2, C and D).

The pressure sensor provides additional measurement functionality
in the same device platform. Here, a spiral structure constructed from a
thin, monocrystalline membrane of silicon (fig. S4, A and B) serves as
the pressure-sensing element through its piezoresistive properties, in
which the resistance changes with mechanical strain. The spiral shape
facilitates stable operation on the surface of the skin due to enhanced
uniformity in pressure-induced distributions of strain compared to those
associated with simple, linear designs (fig. $4, C and D). Figure 2E shows
the strain distributions obtained by FEA for pressure applied to devices
with and without a thin overlayer of polyethylene terephthalate (PET;
thickness, 5 pm; modulus, ~4.5 GPa) in the region of the silicon spiral
structure, each deployed on the skin modeled with different characteristic
moduli. The PET reduces the magnitude of the response and enhances
the uniformity of the pressure distribution, providing a simple means
for adjusting the range of sensitivity through material choices and de-
vice designs. For skin moduli of ~100 and ~200 kPa (35, 36), the strain
distributions in the silicon are comparable (~15% differences in average
strain). The mechanism of strain generation and resistance change
under uniform normal force (~10 kPa) arises mainly from Poisson effects
associated with the encapsulating PDMS layers and consequent stretch-
ing of the spiral silicon structure, as opposed to bending deformations
(fig. S5). The strain induced by applied pressure is insensitive to that
associated with any initially bent state (fig. S6).

A simple empirical calibration procedure defines the connection be-
tween wireless measurements from a device and the actual pressure.
Here, the PDMS layers protect the device while allowing soft, conformal
contact to the skin (Fig. 2F). A voltage divider (Fig. 2G) converts the
change in resistance into a voltage output for analog input to the A/D
converter via the internally rectified output voltage of the NFC chip
(Vext)> @ negative supply or ground at the chip (V), the analog input
of the chip (Sex), an external tuning resistor (R;), and the pressure
sensor (Ry), according to:

(Vext X RO) + (Vss X RZ)
R, + R,

(1)

Sext =

The chip requires the analog input (Scy) to the A/D converter to lie
between 0.3 and 0.6 V. Proper selection of the tuning resistor (R,)
ensures this condition for an operating range of interest. Measuring
transient pressures—for example, a finger contact—may require a dif-
ferent external tuning resistor (R,) than measuring large, sustained
pressures—for example, human’s weight. External force applied to
a device via finger poking, touching, and holding yielded expected re-
sponses (Fig. 2H). For a given design, calibration procedures allow
for accurate measurement across a range of pressures with negligible
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Fig. 2. Physical properties and measured responses of the sensors. (A) Infrared (IR) photograph of several sensors on the forearm of a human subject for measurement of
temperature response time between the skin and sensor. (B) Measured and computed temporal responses of devices constructed with different thicknesses of an insulating elas-
tomeric support, with enlarged view (right) of a region highlighted by the red dashed box. (C) Photograph of a device mounted on the upper lip of a human subject during respiration.
(D) Temperature fluctuation wirelessly recorded (sampling rate, 6 Hz) with the device shown in (C), with enlarged view (right) of a region highlighted by the red dashed box. Cycles of
inhalation (green arrow) and exhalation (red arrow) are evident. (E) Schematic diagram of the mechanics and finite element analysis (FEA) results for the maximum principal strain
(enlargement of red dashed box, right) across the spiral-shaped thin silicon pressure sensor with and without the polyethylene terephthalate substrate. (F) Photographs of a sensor mounted
on left forearm (left) and pressed with a fingertip (right). The inset shows a magnified view to highlight the conformal contact with the skin. (G) Equivalent circuit diagram of the pressure
sensing part of the device. (H) Pressure fluctuation wirelessly recorded (sampling rate, 6 Hz) with a device on the left forearm during application of various forces with the fingertip (green
dashed box, poking; black dashed box, touch; red dashed box, holding). The frame on the right corresponds to the red dashed box on the left, with inset photograph (scale bar, 4 cm).
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hysteresis (fig. S7). Under continuous
pressure (holding), the device has Ry =
29.3 kilohms and R, = 220 kilohms.
The measured voltage range (0.4 to 0.6 V)
and corresponding resistance change (fig.
S7A, AR/R, ~1.2%) indicate pressures of a
few kilopascals (poking, ~6 kPa; touching,
~3.2 kPa; holding, ~4.1 kPa; Fig. 2H).

Long-range wireless
communication and power
delivery and multiplexed readout
Because a typical sensor requires rela-
tively small power for operation [standby,
2 uA at 1.5V (~3 uW); operating, 150 pA
at 1.5 V (~225 uW)], a standard smart-
phone can be used as a reader over dis-
tances of a few centimeters (Fig. 3A,
movie S1, and fig. S8) (37). Full-body cov-
erage can be accomplished with one or
more large-scale loop antennas and ex-
ternal radio frequency (RF) power sup-
plies (P, typically a few watts; movie S2).
The operating range depends on the sizes
and numbers of reader antennas, the RF
power supplied to them, the sizes of the
sensor antennas, and their angular orien-
tation relative to the reader (38). Increas-
ing the tilt angle of the sensor changed
the maximum distance over which the
signal can be detected only slightly for
devices at the edge of the antenna; those
at the center and corner regions show de-
creases in this distance by ~25% for the
60° tilt compared to the 0° tilt cases (fig.
$9). Using two separate reader antennas
next to each other allowed for full-body
coverage (Fig. 3, B and C). For this multi-
plexed operation, communication and
power delivery occurred to 65 separate
sensors in a time sequential manner, con-
tinuously, such that all 65 sensors were
read within 3 s. In addition, the NFC plat-
form relies on the ISO/IEC 15693 standard,
with a 10-bit analog-digital converter.
Digital operation and sequential data
acquisition across the array of devices min-
imize electronic noise and the influence of
external or device-to-device electromag-
netic interference.

Figure 3D and fig. S10 show measure-
ments of range for various locations at
different power levels. In all the cases,
the central region of the antenna supports
the longest range. The range Z for a sensor
oriented parallel to the reader antenna

(0° tilt) was 12 and 32 cm for RF power P of 4 and 12 W, consistent
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Fig. 3. Electromagnetic considerations in operating range and area coverage. (A) Sequence of photographs showing
short-range readout from the skin-mounted sensor using a smartphone. Inset photograph is a diagram of the operational
principles. (B) Photograph of dual-antenna system configured for full-body readout on a mattress, with inset of a subject lying
on top of a ~5-cm-thick pad that covers the antennas. Subject: 27 years of age, male, 90 kg. (C) Diagram of use of such a
system for time-multiplexed readout of a large collection of wireless sensors. (D) Graph of experimental measurements of
operating range for an antenna (yellow rectangle in the XY plane) with dimensions of 800 mm x 580 mm x 400 mm, at radio
frequency (RF) powers of 4, 8, and 12 W. (E) Computed magnetic field strength as a function of vertical distance (z) away from
the XY plane at various RF powers. (F and G) Magnetic field distribution in XZ plane (F) and YZ plane (G).

At positions near the antennas, the peak magnitudes and the non-

with the scaling law. Comparison calculations of the corresponding  uniformities of the field distributions tended to increase with decreasing

magnetic field strengths are shown in Fig. 3E and fig. S10 (C and D).
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size (Fig. 3, Fand G, and fig. S11). For distances z > ~20 cm, the largest
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antenna offered higher and broader
coverage compared to the other options.
For all cases (P = 4, 8, and 12 W), the
computed range for the large (800 mm x
580 mm x 10 mm), medium (649 mm x
165 mm x 10 mm), and small (300 mm x
300 mm x 10 mm) antennas were com-
parable to experimental observations
[Fig. 3D and figs. S10 (A and B) and
S11, respectively]. A very large antenna
(1600 mm x 580 mm x 10 mm) was con-
sidered, but the field strength was insuf-
ficient for ranges relevant to applications
explored in human subject trials (fig. S12).
For full-body coverage, using two separate,
large reader antennas (800 mm x 58 mm X
10 mm) placed parallel in the xy plane
and operated in a time-multiplexed man-
ner was preferable. Simulation and ex-
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formed studies with human subjects in
a clinical sleep laboratory (photographs
of clinical setup in fig. S13). First, 65 sen-
sors were distributed across the body of a
healthy 27-year-old male subject (Fig. 4A).
As shown in Fig. 4 (B and C), two custom
large-scale antennas constructed using
small-diameter copper tubes (800 mm X
580 mm x 10 mm) residing under a pad
(topper, ~5-cm thickness) were placed on
top of the mattress (fig. S13). Full-body
temperature mapping occurred 20 times
per minute, continuously, during the
course of the sleep study (9 hours). Wire-
lessly recorded temperatures are shown in
Fig. 4 (D to F) and figs. S14 and S15. As
expected, the core region of the body had
a temperature of 2° to 3°C higher than the
periphery (distant area from the heart). In
most cases, body temperature begins to
decrease at the onset of sleep (~60 min) and reaches a minimum value
2 to 3 hours before waking (39). Full-body heat maps assembled using
the measured temperature data (Fig. 4, G to I, and fig. S16) confirm that
the lowest body temperature occurred 2 to 3 hours before waking in
our study.

To test the reliability of the sensors, devices mounted on the skin
were monitored over a period of 3 days during which the subject parti-
cipated in normal daily activities, including showering. Devices exhibited
stable, reliable performance in measuring temperature and remained
adhered to the skin (fig. S17A). Further confirmation of performance
stability involved application of thermal stimuli (heat gun) on days 0

Han et al., Sci. Transl. Med. 10, eaan4950 (2018) 4 April 2018

Fig. 4. Wireless, full-body thermography on a human subject in a clinical sleep laboratory. (A) Diagram of the
locations of 65 sensors on the human body. (B) Photograph of the bed in the sleep laboratory, with a pair of readout
antennas (red dashed boxes) located underneath a soft pad on the mattress. (C) Photograph of a subject lying on
the mattress. Subject: 27 years of age, male, 90 kg. (D to F) Graphs of temperature averaged over local body regions
during the 7 hours of the study. The gray shaded sections indicate sleep. The black dashed boxes indicate changes in
temperature occurring 2 to 3 hours before waking. Number of sensors for average neck, 4; forehead, 3; behind the
ears, 4, thigh, 10; arm, 4; leg, 10; forearm, 6; chest, 5; back, 8; waist, 7; shoulder, 4. (G) Maps of temperature distributions
across the body just before the subject falls asleep, (H) 2 hours before waking, and (I) shortly after waking.

and 2 (maximum temperature, 33°C; sampling rate, 1 Hz), as well as
on days 1 and 3 (maximum temperature, 30°C; sampling rate, 1 Hz),
to verify proper operation over an extended period (fig. S17B).

Full-body pressure measurement in a hospital bed
Measuring pressure on the skin while lying on a bed could provide crit-
ical information as an alert for the need for preventive action to avoid
skin sores, irritation, and decubitus ulcers. According to recent studies
(16-18), pressures over 32 to 60 mmHg are problematic in this context.
Comorbidities such as diabetes could lower thresholds depending on
the site.
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To test the ability of our wireless
sensors to detect pressure at different
anatomical locations in a hospital en-
vironment, we mounted 29 NFC pres-
sure sensors on the dorsum of a healthy
human subject with specific positions
as indicated (Fig. 5, A and B). Pressure
data were wirelessly recorded (sampling
rate, 4 Hz) with the healthy human sub-
ject at supine angles of 0°, 30°, and 60° on
an adjustable hospital bed (Fig. 5, C and
D). Increased average pressure on the
shoulder, buttocks, and dorsum was seen
with increasing angle of the bed [Fig. 5 (E
to H), fig. S18, and the raw data shown in
figs. S19 to 21]. Color maps for pressures
at various body positions are shown in
Fig. 5 (I to K). The recorded pressures
aligned with expectation and were con-
sistent with literature data obtained using
a measuring sheet with conventional
wired sensors (40). In addition to average
and time-integrated values, the sensors
could capture changes in pressure in real
time, associated with minor movements
of the subject, thereby offering additional
utility in sleep monitoring (fig. S19).

Additional experiments to
compare against

existing technologies

As summarized in Figs. 6 and 7, we
conducted additional human (male, 54
and 32 years old; mass, 62 and 61 kg)
experiments to compare our results with
those obtained using gold standard
clinical techniques, including IR skin
thermography, rectal probes, and wired
pressure sensors. Through Fig. 6 and
figs. S22 and $23, the results correspond
to temperature recordings for 480 min
over two nights during the subject’s ha-
bitual sleep period, in the supine position
using 10 sensors. Figure 6 (A to C) and
fig. S22 (A and B) summarize the setup
in a clinical sleep laboratory at Carle
Hospital, the configuration of the sensors,
and various representative results. A
large-range reader system captured tem-
perature readings from eight wireless
sensors attached to the back (shoulder,
1 to 3; thoracic, 4 to 6; lumbar, 7 and 8).
Readings from the forehead (9) and
right and left biceps (10 and 11) were
collected using a smartphone, also every
15 min for 8 hours. Simultaneously, the
temperature of these same regions was
measured with an IR camera as a point
of comparison. A commercial rectal
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Fig. 5. Wireless, full-body pressure mapping on a human subject in a hospital bed. (A and B) Diagram and photographs
of the locations of 29 sensors on the back side of the body. (C and D) Photograph of an angle-adjustable bed in a hospital, with
dual-antenna setup for continuous pressure monitoring. (E) Photograph of a subject (27 years of age, male, 90 kg) lying on the
bed in the supine position. (F) Corresponding results of pressure measurements averaged over the body region. Number of
sensors for average arm, four; leg, four; shoulder, four; buttock, three; dorsum, four; lumbar, three. Error bar: SD, one set.
(G and H) Photograph of a subject and pressure measurements for the supine angle of 60°. (I) Maps of pressure dis-
tributions across the body in supine position 0° after 1000, (J) 2000, and (K) 3000 s.
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Fig. 6. Summary of comparative studies of temperature measurements on a human subject in a clinical sleep
laboratory: first night. (A) Schematic illustration and photographs of the locations of sensors for temperature measure-
ment, the associated reader equipment, and the subject lying on the bed in the supine position. (B) Thermal IR photograph
of the subject. (C) Rectal probe equipment as a reference. (D) Temperature in the shoulder region captured using
wireless sensors. The graph on the right shows temperature measured using the rectal probe (data with individual sensor).
(E and F) Temperature in the thoracic and lumbar regions captured using wireless sensors (data with individual sensor).
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probe measured the subject’s core
temperature.

Figure 6 (D to F) and fig. $22C sum-
marize data collected during the first
night. Figure 6D shows wirelessly re-
corded temperature values from the
shoulder along with readings from the
rectal probe. The blue and yellow high-
lighted regions correspond to the sub-
ject using the restroom and stretching,
respectively. Expected changes in skin
temperature coincide with these events.
The inset shows that measurements with
the rectal probe exhibit similar features.
Overall, the data in Fig. 6 (E and F) and
fig. S26 (A to C) indicate that the tem-
perature gradually decreases from an ini-
tial value until the subject uses the restroom
(240 min), with similar trends from the
wireless skin temperature sensors and the
rectal probe. Figure S22C summarizes tem-
peratures of the forehead and the biceps
recorded using the IR camera and the
wireless sensors. The modest differences
(less than 0.5°C) here are due mainly to
slight spatial offsets (~1 cm) between the
location of the IR measurement and that
of the wireless sensors. Because the sub-
ject slept in the supine position and the
bed provided insulation over the back,
fluctuations in temperature are greater
on the front side of body than the back,
as might be expected. Figure S23 sum-
marizes the setup and the measurement
results for the second night. Compared
to the first night, (i) the subject remained
asleep for nearly 8 hours, and (ii) an addi-
tional wireless sensor was attached on the
neck, adjacent to the carotid artery, to bet-
ter approximate the core temperature.
Detailed results of second night are shown
in the Supplementary Materials.

Figure 7 shows the results of tests of
wireless pressure sensors, with compari-
son to readings obtained using a commer-
cial, wired sensor. As shown in Fig. 7 (A
and B), seven wireless sensors were
mounted on the back (shoulder, #1 and
#2; dorsum, #3 and #4; lumbar, #5 to #7)
using the same experimental setup as
for the temperature tests. Figure 7 (C to
E) shows some resulting data for the sub-
ject in the supine position. As expected,
the bony prominences of the shoulder
produced the highest pressures (shoulder
pressure, 46 to 59 mmHg, wireless sensors
#1 and #2). The error bars correspond
to the range of changes associated with
motion during the study. The dorsum
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Fig. 7. Summary of comparative studies of pressure measurements on a human subject in a clinical sleep laboratory.
(A) Schematic illustration and photographs of the positions for measurements of pressure using wireless sensors and a
commercial, wired device (reference). (B) Photograph of the subject lying on the mattress with antenna embedded. (C)
Pressure measured from the shoulder regions using wireless sensors and a reference device (measured at intervals of
1 min for 3 hours, data with individual sensor; error bar: SD, three sets). (D) Pressure measured from the dorsum region using
wireless sensors and a reference device (measured at intervals of 1 min for 3 hours, data with individual sensor; error bar:
SD, three sets). (E) Pressure measured from the lumbar region using wireless sensors and a reference device (measured
at intervals of 1 min for 3 hours, data with individual sensor; error bar: SD, three sets).

region yielded lower pressures than shoulders (dorsum pressure, 38 to
48 mmHg, wireless pressure sensors #3 and #4), and the lumbar region
exhibited the lowest pressures (lumbar pressure, 31 to 42 mmHg,
wireless pressure sensors #5 to #7). In all cases, the wireless pressure
measurements are consistent with those from the commercial reference
sensor and with previously published clinical studies (40-44). These
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clinical, comparative tests show that
the performance characteristics of our
wireless sensors are similar to those of
commercial devices, including systems
used for clinical care. The standard
approaches, however, have significant dis-
advantages. IR thermography can only
measure from exposed regions of the skin,
and the results often suffer from signifi-
cant motion artifacts. Rectal probes are
typically not acceptable for routine use,
especially in sleep studies, because they
can disrupt normal patterns of sleep.
Currently available pressure sensors re-
quire wired readout, and they do not pro-
vide soft interfaces to the skin.

From these proof-of-concept experi-
ments, we conclude that it is feasible to
use these wireless sensors in a home
setting because (i) the devices are simple
to use, mounting and adhering to the
body in a familiar manner much like a
bandaid; and (ii) the external electronics
are adapted from standard, commercially
available platforms currently in wide-
spread use as radio frequency identifica-
tion (RFID) tag readers in theme parks,
sports stadiums, libraries, and other sim-
ilar locations. A demonstration of com-
patibility of the sensors with a gate-type
RFID system (FEIG) is shown in fig. S24.
Integration of such technology into the
mattress of a bed is straightforward.

DISCUSSION

This paper demonstrates capabilities for
full-body pressure and temperature mon-
itoring using wireless, skin-adherent sen-
sors in healthy human subjects in sleep
laboratory and hospital settings. These
thin, skin-like devices can precisely mea-
sure local pressure and temperature, as
validated through computational model-
ing and comparison to experimental
controls. Simultaneous wireless operation
of 65 distinct sensors on discrete locations
across the limbs, torso, neck, and head
illustrates the possibilities for full-body
pressure and temperature monitoring.
Single or multiple large-scale loop anten-
nas interfaced to RF power delivery and
data acquisition electronics allow multi-

plexed operation with a range of tens of centimeters. The thin, soft con-
struction of the devices and their battery-free operation allow their
integration with the skin in a comfortable, physically “imperceptible”
fashion with the ability to function for multiple days, including through-
out a range of normal daily activities such as showering, without any
irritation associated with mechanical or thermal loads.
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Several clinical and engineering considerations favor a network of
skin-deployed pressure and temperature sensors, especially those that
are precise and accurate and locked to specific targeted regions of the
body in ways that are difficult or impossible to reproduce with other
approaches. For example, bed-integrated sensors cannot follow patient
movements and therefore are unable, with certainty, to track pressure or
temperature at any given anatomical location. In addition, their ac-
curacy is compromised by additional confounders such as bed linens or
mattresses. The results presented here illustrate advantages of wireless,
skin-like sensors compared to these and other alternatives, such as IR
temperature sensing, in two clinically relevant applications. The first
is in full-body thermography for monitoring circadian phase, with
potential in sleep studies, tumor detection, and hypothermia therapy.
The second is in full-body pressure measurements that can serve as
warning systems to prevent exposure to excessive, prolonged pressures
that can lead to skin sores and decubitus ulcers. The basic sensor plat-
forms are compatible with many additional types of functionality,
including, but not limited to, measurements of electrophysiology,
blood oximetry, core temperature, heart and respiration rate, and pho-
toplethysmography. Exploiting these modalities and combining them
with other sensing and actuating functionality represent promising
directions for additional research. In the home setting demonstration,
other modes of operation could involve readers along hallways or door-
ways, or integrated into chairs, using the frame as a support for the
antenna and the base or back of the chair for the electronics.

The cost structures and methods of integration allow one-time, dis-
posable modes of use, thereby increasing the breadth of clinical scalability
and facilitating maintenance. For example, multiple sterilized sensors can
be deployed and disposed of after use on an individual patient, thereby
negating the need for expensive bed maintenance and laborious steriliza-
tion procedures of the sensors between uses. In addition, the sensors can
function across multiple clinical scenarios including the intensive care
unit, outpatient nursing homes, and assisted living locations. In all cases,
the sensors move with the patient and are therefore compatible with
transfers for radiological tests, physical therapy, or bathroom use—
circumstances that can lead to deleterious pressures. A network of sensors
has the ability to survey the entire patient, over time, with the potential
to significantly reduce the nursing labor required.

Ongoing work focuses on scaled clinical studies with statistically
significant numbers of actual patients, as an extension of the proof-
of-concept demonstrations reported here. The results of such studies
will provide insights into means for using data collected using the plat-
forms introduced here to improve health outcomes. In terms of tech-
nology development, advanced wireless techniques and antenna designs
may enable significant increases in operating range and decreases in re-
quired power, thereby overcoming some practical limitations associated
with the range (~30 to 40 cm) and power (several watts) reported here.
Improved sensitivity in detection may allow the use of thin metal films in
place of the silicon membranes for the pressure sensors, with the potential
to reduce the costs and improve the mechanical robustness.

MATERIALS AND METHODS

Study design

Here, we designed, fabricated, and tested wireless, flexible, skin-adherent
sensors and antenna systems for pressure and temperature monitoring
using NFC technology. The temperature sensor uses a resistance-based
measurement system embedded in the NFC chip itself. The pressure
sensors use spiral-shaped silicon membranes, for which changes in
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pressure induce changes in resistance associated with the piezoelectric
effect. Studies with human subjects defined the accuracy and precision
of the measurements in practical settings, as well as capabilities for con-
tinuous monitoring across multiple sites across the body. Approvals
were obtained from the Carle Foundation Hospital and University of
linois Institutional Review Boards. Human subject studies involved
monitoring pressure and temperature during sleep in hospital settings.
We also tested multiplex antenna systems in several configurations. The
flexible sensors were compared to commercial temperature (IR camera,
rectal probe) and pressure (FlexiForce device) measurement systems.

Fabrication of wireless NFC sensors

The fabrication began with spin-coating a layer of PI (1.2 pm; Micro-
system) on a copper foil (Cu; 5 um), as the first step in defining the loop
antenna. Laminating the sheet, with PI side down, onto a glass slide
coated with PDMS (Sylgard 184, Dow Corning; mixed at a 30:1 ratio
of base to curing agent by weight, ~1 MPa) prepared the structure for
photolithography and wet etching to create the loop (diameter, 16 mm;
width, 75 pm). Another layer of PI (1.2 um) uniformly spin-cast on top
served as an encapsulation layer. Photolithography and dry etching
[RIE; 20-sccm (standard cubic centimeter per minute) O,, 200 mtorr,
150 W, 900 s] created small vias through the PI at each end of the loop
for electrical connection. Electron beam evaporation formed another
layer of Cu (1 pm). Photolithography and wet etching defined traces
and contacts through the vias. Spin-casting yielded an additional coat-
ing of PI (1.2 um). Electron beam evaporation, photolithography, and
dry etching (RIE; 20-sccm CF,, 50 mtorr, 100 W, 10 min) defined a hard
mask of SiO, (50 nm). Further dry etching (RIE; 20-sccm O,, 300 mtorr,
200'W, 1800 s) removed the exposed regions of the PI to create openings
for electrical connection to the NFC die. A cellulose-based, water-
soluble tape (Aquasol Corporation, ASWT-2) enabled retrieval of the
resulting structure from the PDMS/glass substrate. Electron beam evap-
oration of a uniform layer of Ti/SiO, (5 nm/100 nm) onto the backside
of this structure followed by exposure to ultraviolet-induced ozone
facilitated strong bonding to a base layer of PDMS. After removal of
the water-soluble tape, application of an In/Ag-based solder (Indium
Corporation, 290, 180°C) established a mechanical and electrical in-
terface between a thin (1 to 2 pm) NFC bare die, the loop antenna, and
traces that lead to the components for pressure sensing.

A separate set of fabrication steps outlined below yielded a p-doped
thin membrane of silicon in the shape of a spiral on a film of PET (SKC
Corporation) for the pressure sensor. Silver epoxy (Ted Pella Corpora-
tion) bonded this sensor and external resistor (0.6 mm x 0.3 mm x
0.3 mm) to corresponding electrode pads. An additional layer of PDMS
formed a top overlayer. Cutting through this layer and the base layer
defined a disc shape with a slightly larger radius than the loop antenna.

Fabrication of p+-doped silicon pressure sensors

The fabrication, with details in the Supplementary Materials, began with
p-doping the top silicon layer of silicon on insulator wafer. Undercut
etching of the buried oxide layer followed by transfer printing integrated
this silicon membrane onto a film of PET (thickness, 5 um) coated with
a layer (thickness, 1.5 um) of epoxy (SU-8, MicroChem Corporation).
Photolithography, followed by wet and dry etching, formed a spiral
shape in the silicon. Electron beam evaporation, photolithography,
and wet etching defined patterns of metal (Cr/Au; thicknesses, 13 and
150 nm) for contacts to the ends of the spiral. Spin-casting a layer of PI
(thickness, 1.2 um) and selective etching yielded an electrically insulat-
ing encapsulation layer with openings aligned to the metal contacts.
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Characterization of the temperature sensors

A volunteer (male, 29 years old) reclined in a chair with his left forearm
gently secured to the armrest. A wireless sensor placed on the ventral side
of the left forearm provided continuous measurements of temperature.
An IR camera placed 41 cm from the forearm, focused on the sensor as
shown in Fig. 24, yielded data for comparison. Additional tests with simi-
lar setups used three separate sensors laminated on the back of the hand.
Here, measurements occurred during exposure to a temperature con-
trolled heat gun (Milwaukee Corporation, 8988-20), as shown in fig. S2.

Tests of temperature changes associated with respiration
The studies involved a volunteer (male, 29 years old) seated on a chair
with a wireless sensor laminated on the skin of the upper lip, just below
the nostril. In an ambient laboratory environment, the measurements
showed smooth oscillations between 35.5° and 35.1°C, time coincident
with cycles of respiration, at a rate of four breaths per 10 s.

Characterization of the pressure sensors

The studies involved a volunteer (male, 29 years old) reclined in a chair with
his left forearm gently secured to the armrest. An encapsulated pressure
sensor placed on the ventral side of the left forearm, as shown Fig. 2F,
captured variations associated with force applied with a fingertip. Qual-
itatively, the response correlated to the magnitude of the force, with larger
values for poking and smaller ones for gentle touch and transients that
correlated to the time duration of the applied force. Continuous pressure
led to constant response. The resistances of the silicon pressure modules
(Ry = 29.3 kilohms) and the additional resistors (R, = 220 kilohms),
together with the results of calibration in fig. S7A, can be used to determine
the forces. The specific value of 29.3 kilohms in this circuit depends on
various aspects of the fabrication of the silicon structures, but it is identical
to within 2 kilohms or 7% of the mean value associated with devices built
in a single batch in our academic clean room facilities. The resistance of a
sensor structure (R;) with an unperturbed resistance of R as a function of
pressure can be approximated with an effective gauge factor (G), according to

R1 = RO(1 + Ge) (2)

Here, the average strain along the length of the silicon membrane, €, follows
from FEA for 10-kPa pressure, as shown in fig. S25 (pressure applied locally
on the device). The value of G extracted in this manner for the case of Ry =
29.3 kilohms is in the range of ~50, comparable to intrinsic values expected
for boron-doped silicon (2, 41).

Measurement of the response time of pressure sensor

The response time to applied force can be quantified with a vibrating
actuator stage and function generator (fig. 526). Figure S26A shows a
schematic illustration of the placement of a wired silicon membrane
pressure sensor and an actuator tip that can vibrate at selected frequencies
(5, 15, 25, and 35 Hz). This platform provides reference data (resistance
and voltage measurements) that are independent of the NFC electronics.
The response time is in the range of a few tens of milliseconds, compa-
rable to the peak sampling rate of our test electronics (fig. S26, C and D)
and to recently reported metal, polymer, and carbon nanotube-based
wired sensors (42-46).

Approaches for simultaneous measurement of temperature
and pressure

The thermal sensor is insensitive to pressure because it is contained
within the NFC chip via its internal functionality. Measurements show

Han et al., Sci. Transl. Med. 10, eaan4950 (2018) 4 April 2018

that the reading from this sensor does not depend on pressure, across a
clinically relevant range, as might be expected based on the high-modulus,
rigid nature of the chip. The pressure sensor has some finite-temperature
response, but this part of the response can be easily removed by calibration
procedures based on the readings from the temperature sensor. In this
manner, the two sensors can yield separate, decoupled measurements of
temperature and pressure. Relevant information appears in fig. S7.

Use in a clinical sleep laboratory

The studies involved a volunteer (male, 27 years old) with 65 wireless
sensors mounted at locations across his entire body. Measurements
were performed while sleeping on a mattress with a pair of reader antennas
underneath in a sleep study laboratory at Carle Hospital (Carle and Uni-
versity of Illinois Institutional Review Boards, Carle IRB: 13113, UIUC
IRB: 15112). Each sensor transmitted data for 0.045 s every 3 s from
10 p.m. to 7 a.m.

Use in a hospital room

The studies involved a volunteer (male, 29 years old, 90 kg mass) with
29 wireless sensors mounted at locations across his back. Measurements
were performed to determine the pressure between his body and the
mattress. As with the sleep studies, two large antennas embedded in
the mattress allowed pressure measurements across the body for
0.25 s every 7.25 s during the experiments (~10 min).

Electromagnetic simulations

The FEA was adopted in the electromagnetic simulations to calculate
the magnetic field distribution around reader antennas with different
sizes (300 mm x 300 mm X 10 mm, 649 mm X 165 mm x 10 mm, and
800 mm x 580 mm x 10 mm). The simulations used the commercial
software ANSYS HFSS, in which tetrahedron elements were used in
the solution with adaptive meshing convergence (47). The default
adaptive convergence condition, together with a spherical surface
(1200 mm in radius) as the radiation boundary, ensured computational
accuracy. The material parameters include the relative permittivity
(g,), relative permeability (i), and conductivity (c) of the Cu, that is,
€_cu=1, th_ca = 0.999991, and 6¢, = 5.8 x 107 S/m.

Additional sleep study experiment comparing with
existing technology

Additional sleep studies involved 2 days with a volunteer (male, 54 years
old, 62-kg mass) and 10 wireless sensors and a reference (Geschwenda,
Data Thermal II model KD-2300) mounted at locations across the
body. Measurements were performed while sleeping on a mattress with
areader antenna underneath in a sleep study laboratory at Carle Hospital.
Each sensor transmitted data every 15 min for 8 hours. The pressure
study involved a volunteer (male, 32 years old, 61-kg mass) with seven
wireless sensors and wired pressure sensors (FlexiForce A201; thickness,
0.208 mmy; length, 197 mm; width, 14 mm; sensing area, 9.53 mm)
mounted at locations across the body. Each pressure sensor transmitted
data every 1 min for 3 hours, repeated three times.

Statistical analysis

Data are presented as single values unless noted in the figure cap-
tion. Figures 5 and 7 show average values with the SD noted in the
figure caption. Figure 4 also shows average values. Temperature de-
viations appear in fig. S2. Statistical analysis was not performed be-
cause of the small number of trials in this set of proof-of-concept
experiments.
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Materials and Methods

Fig. S1. Process for calibrating the temperature sensors.

Fig. S2. Operation of calibrated wireless temperature sensors during rapid changes in
temperature, with comparison to results obtained using an IR camera.

Fig. S3. Thermal FEA results as a function of thickness of the bottom PDMS layer.

Fig. S4. Photograph and structure schematic of silicon membrane, with comparison of
pressure sensors with different shapes using FEA.

Fig. S5. Mechanism of strain generation in the sensor under uniform normal pressure.

Fig. S6. Effect of bending on the pressure sensor.

Fig. S7. Characterization of the boron-doped silicon pressure module.

Fig. S8. Screen view of temperature monitoring with a smartphone application in real time.
Fig. S9. Measurements of the effect of orientation under three power settings and
representative positions.

Fig. S10. Measurements of operating distance for sensors placed at various locations inside
each antenna with different power levels.

Fig. S11. Distributions of the magnetic field along the vertical direction for constant power
(12 W) and different antenna sizes.

Fig. S12. Simulation of field strength of different antenna sizes and multiplexed operation.
Fig. S13. Embedded antenna setup for sleep studies at Carle Hospital.

Fig. S14. Results of sleep studies conducted with arrays of temperature sensors on the front of
the body.

Fig. S15. Results of sleep studies conducted with arrays of temperature sensors on the back of
the body.

Fig. S16. Color heat maps of the entire body constructed from temperature data collected
using NFC sensors.

Fig. S17. Results of the sensors’ lifetime during 3 days of continuous wear.

Fig. S18. Results of wirelessly recorded data obtained while lying at a supine angle of 30°.
Fig. $19. Graphs of pressure measurements in a hospital bed while lying at a supine angle of 0°
(data with individual sensor).

Fig. S20. Graphs of pressure measurements obtained in a hospital bed while lying at a supine
angle of 30° (data with individual sensor).

Fig. S21. Graphs of pressure measurements obtained in a hospital bed while lying at a supine
angle of 60° (data with individual sensor).

Fig. $22. Summary of comparative studies of temperature measurements in a clinical sleep
laboratory: first night.

Fig. 523. Summary of the experimental setup and data collected in comparative studies of
temperature measurements in a clinical sleep laboratory: second night.

Fig. S24. Demonstration of a gate-type reader system and antenna.

Fig. S25. Strain distributions at the silicon layer induced by local pressure.

Fig. S26. Measurements of response time obtained using a vibrating actuator stage and a
function generator.

Fig. S27. Mechanical response of an encapsulated sensor on a phantom skin under stretching,
bending, and twisting.

Movie S1. Recordings from a single sensor captured using NFC between an epidermal device
and a smartphone through a prosthetic.

Movie S2. Recordings from four sensors simultaneously using a large-scale (800 mm x 580 mm x
400 mm) RF antenna through a prosthetic.
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operation.



Fig. S13. Embedded antenna setup for sleep studies at Carle Hospital.
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Fig. S21. Graphs of pressure measurements obtained in a hospital bed while lying
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Fig. S22. Summary of comparative studies of temperature measurements in a
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Fig. S25. Strain distributions at the silicon layer induced by local pressure.
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Movie S1 (.avi format). Recordings from a single sensor captured using NFC
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Materials and Methods

Procedure for fabricating temperature and pressure sensors.

1.

2.

10.

11.

12.

13.

14.

15.

16.

Cut a commercial Cu film to the size of a glass slide (76 x 51 mm, microscope slide).
Spin coat with polyimide (PI, poly (pyromellitic dianhydride-co-4,4" -oxydianiline), amic
acid solution, Sigma-Aldrich) at 3,000 rpm for 30 s.

Bake at 110 °C for 30 s.

Bake at 150 °C for 5 min.

Bake at 250 °C under vacuum for 1 hr.

Spin coat a glass slide with PDMS (Sylgard 184, 10:1, 1000 rpm, 30 s), to a thickness of
25 pum.

Bake at 110 °C for 10 min.

Affix the Cu/P1 bilayer onto the PDMS-coated glass slide.

Photolithographically pattern (365 nm wavelength; iron oxide mask; Mark Suss MJB3) a
layer of photoresist (PR; Clariant AZ4620, 3000 rpm, 30s;) to define the geometry of the
loop antenna. Develop in aqueous base developer. (AZ 400K, diluted 2:1)

Etch Cu with Cu etchant.

Remove PR with acetone. Rinse with IPA.

Spin coat with P1 at 3,000 rpm for 30 s.

Bake at 110 °C for 30 s.

Bake at 150 °C for 5 min.

Bake at 250 °C under vacuum for 1 hr.

Pattern PR (AZ4620) to define via holes.



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

31.

Reactive ion etch (RIE; March CS-1701, 200 mTorr, 20 sccm O2, 150 W, 15 min) to
open the vias.

Remove PR with acetone. Rinse with IPA.

Deposit 1 um Cu by electron beam evaporation.

Pattern PR (AZ4620) to define the bridge interconnect and the electrodes.

Etch Cu with Cu etchant.

Remove PR with acetone. Rinse with IPA.

Spin coat with P1 at 3,000 rpm for 30 s.

Bake at 110 °C for 30 s.

Bake at 150 °C for 5 min.

Anneal at 250 °C under vacuum for 1 hr.

Deposit 100 nm SiO by electron beam evaporation.

Pattern PR (AZ4620) for perimeter of NFC coil structure.

Reactive ion etch (RIE; March CS-1701, 200 mTorr, 20 sccm O2, 180 W, 50 min) to
remove the SiOz

Prepare a glass slide with PMMA coating. (3000 rpm, 30 s, thickness; 10pum)

Bake at 180 °C for 3 min.

Spin coat the glass slide with PDMS. (Sylgard 184, 30:1, 1000 rpm, 30 s, thickness; 50
Hm)

Bake at 110 °C for 15 min.

Transfer device with water-soluble tape to a glass slide coated with PMMA and PDMS.

Apply FLUX WORTHINGTON; 334436) on the electrodes.



32.  Solder the NFC chip, resistor, and silicon membrane pressure sensor to appropriate
locations.

33. Encapsulate by spin-coating with PDMS (Sylgard 184, 30:1, 300 rpm, 30 s).

34.  Cut through the top and bottom layer of PDMS around the perimeter of the device.

35.  Add adhesive tape on the bottom of the device by oxygen-plasma treatment.

Fabrication procedure of p+ doping silicon based pressure module.
1. Clean a silicon on insulator (SOI) wafer by immersion in concentrated HF for 10 s, in
piranha solution (a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H202), 3:1

ratio) for 3 min, and then in concentrated HF for 10 s.

2. Perform solid state doping of the silicon by exposure to a boron source at 1000°C for 25
min.
3. Clean the wafer again using the process of step 1.

4. Photolithographically pattern holes in a layer of photoresist (PR S1805, 3000 rpm, 30 s)
and then develop in aqueous base developer. (MIF 917).

5. Remove the exposed silicon by RIE (50 mTorr, 40 sccm SFg, 100W, 1 min).

6. Etch the SiO> layer by immersion in concentrated HF for 30 min.

Substrate preparation

7. Spin coat a layer of PDMS (Sylgard 184, 10:1, 3000 rpm, 30 s) on a glass slide.

8. Attach a PET film (thickness; 25 um) on PDMS.

9. Spin coat a layer of photodefinable epoxy. (SU-8 2007, Microchem Corp, 3000 rpm, 30
s, thickness; 1.5 pm)

10. Bake at 65°C for 1 min.



11. Bake at 95°C for 2 min.

Transfer printing

12. Retrieve the top Si layer onto the surface of a PDMS stamp.

13.  Transfer print the Si layer onto a prepared PET film.

14. Bake at 95°C for 2 min.

15. Remove PR with acetone. Rinse with IPA.

Silicon isolation

16. Photolithographically pattern a layer of PR (5214, 3000 rpm, 30 s) and develop in MIF
917. This pattern defines the spiral shape.

17. Remove the exposed silicon by RIE (50 mTorr, 40 sccm SF6, 100 W, 1 min).

18. Remove PR with acetone. Rinse with IPA.

19.  Photolithographically pattern a layer of PR (nLOF 2070, 2500 rpm, 30s) and develop in
MIF 917. This pattern defines the contact electrodes.

20. Etch residual oxide by immersion in BOE (NH4F : HF =10 : 1) for 15s.

21. Deposit 13/150 nm of Cr/Au by electron beam evaporation.

22.  Perform lift-off by immersion in acetone.

23.  Spin coat PI at 3000 rpm and 30 s.

24, Bak at 150 °C for 1 hr.

25.  Photolithographically pattern a layer of PR. (electrodes) MORE DETAILS?

26. Etch PI with RIE (200 mTorr, 20 sccm Oz, 150 W, 15 min).

27. Remove PR with acetone. Rinse with IPA.



Temperature measurement and calibrations.

Figure S1 shows the results of tests to define calibration factors for the output of a
wireless sensor. As in fig. S1A, the tests involved placing a sensor on an anodized Al plate on a
hotplate. Measurements from the sensor and readings from an IR camera were collected as the
temperature changed from 25°C to 50°C. Each sensor required a slightly different calibration
factor, defined by a single multiplier that converts the wireless reading to a value that matched

that from the IR camera, as shown in fig. S1D.

Pressure measurement and calibrations.

Detailed characterization of the pressure sensor appears in fig. S7. A commercial force
gauge (Mark-10, Resolution: +0.25%) fixed on a Z-stage controller with a 6.6 mm diameter,
circle-shaped tip provides a controlled source of pressure as shown in inset image of fig. S7TA. As
the tip delivers force uniformly across the pressure sensor, a fractional change in resistance of the
silicon spiral structure (AR/R) occurs in a systematic manner.

The stability of operation is important to consider. Experimental studies defined the
linearity of the response, the response speed and the extent of hysteresis (fig. S7B). Data in fig.
S7A summarizes the results, which showed expected changes in resistance with pressure, time
and cycles of loading/unloading. Changes in resistance associated with changes in temperature or
bending radius are important to understand. Figure S7C presents the changes in resistance
associated with temperature changes between 25 and 50 °C. For a range relevant to skin
temperatures (red box), the resistance change is 0.5%, which corresponds to ~2 kPa pressure on a
flat surface. Figure S7TD summarizes changes in resistance as a function of bending radius. For

most cases of relevance to mounting on the body (red box), the bending induced change in



resistance is 0.8%, which corresponds to ~3 kPa pressure on a flat surface. In practice, the
temperature and degree of bending associated with mounting on the body set a baseline from
which additional changes in resistance can be associated with pressure. Further, the temperature
reading from the device can be used to compensate the pressure measurement for any effect of

changes in temperature.

FEA for the thermal simulation of the encapsulated NFC device.

ABAQUS commercial software(47) was used to study the thermal response of the
encapsulated NFC sensor on a forearm. The thickness of the encapsulated NFC device is much
smaller than the encapsulation layer (PDMS) such that thermal properties of the encapsulated
NFC device can be neglected. A transient FEA model of the encapsulation layer, as in fig. S3A,
with an initial temperature of 23°C (the same as the ambient temperature), constant temperature
boundary (the same as the forearm temperature, 34°C) at the bottom surface, and material
properties of PDMS (thermal conductivity k=0.15 Wem K™, heat capacity c=1380 Jekg K1,
and density p=970 kgem3)(31), was established. Figure 2B gives the chip temperature versus
time with a fixed 300 um-thick top encapsulation layer and several bottom encapsulation layer
thicknesses (50, 100, and 200 um). Figure S3B-E shows the temperature distribution at the cross-
section, the chip and the top surface at several times (0, 0.1, 0.2, 0.5, 1 and 5 sec) and bottom
encapsulation layer thicknesses (50, 100, and 200 um). As the thickness of the bottom
encapsulation layer decreases, the steady-state temperature of the chip approaches that of the
adjacent material (33.89 °C, 33.81 °C, and 33.66 °C for 50, 100, and 200 pm-thick bottom

encapsulation layers, respectively). In addition, a 50 pm-thick bottom encapsulation layer



reached the steady-state temperature faster than 100 um- or 200 pum-thick bottom encapsulation

layers.

Theory for the thermal response time of the encapsulated device.

As shown in fig. S3A, an encapsulated device involves layers of PDMS on the top and
bottom surfaces. The in-plane dimensions of these layers are much larger than the thickness,
such that the heat flux is mainly along the thickness direction, which can be represented by a
one-dimensional heat transfer model

2
oar__oT_,

FaC (Fa. S1)

where T is the temperature, a =k/pc is the thermal diffusivity of PDMS, and the coordinate X is

along the thickness direction. The initial temperature of the PDMS is assumed to be the same as

the ambient temperature

T T

initial (Eq. S2)

t=0

The skin provides a constant temperature T, at the bottom of the PDMS

skin

T T

skin (Eq 83)

x=0

Numerical analysis suggests that natural convection at the top surface of the PDMS has a

negligible effect and can be approximated by a thermal isolation condition

oT

0 =0
ox (Eq. S4)

X=H;+H,



Eqgs. S1-S4 give the temperature of the encapsulated NFC device ( X = H,) versus time as

72(2n-1)°kt
. 4 Taveion? . | m(2n=1)H
Tsensor :Tskin _(Tskin _Tinitial )z : doelrte) Sln{ ZEHl + 2'2)1

o | @

with T.

initial

=23°C, T

S|

in =34°C, H, =300um, and material properties of PDMS as k = 0.15
Wem K™, ¢ = 1380 Jekg 'K, and p = 970 kgem~3. Figure 2B shows the temperature at the

device (H,=300um) versus time with different H, (50um,100um and 200pm).

The sensor response time is defined by the time at which the sensor temperature change

(T

sensor

T ) reaches 99% of the temperature difference between the skin and ambient
temperature (T, — T, )- The sensor response time is 1.6s, 2.4s and 4.0s for H, =50pm,100um,

and 200um, respectively.

FEA of the pressure sensor under uniform pressure.

ABAQUS commercial software(47) was used to study the deformation and strain in the
pressure sensor on skin under uniform pressure. Pressure sensors [200 nm-thick Si (elastic
modulus 130 GPa and Poisson’s ratio 0.27) with or without a 5 um-thick PET layer (elastic
modulus 4.5 GPa and Poisson’s ratio 0.35)] were encapsulated by two PDMS layers (300 um at
top and 50 pm at bottom, elastic modulus 145 kPa and Poisson’s ratio 0.5), which were then
mounted on a skin substrate (elastic modulus 100-200 kPa and Poisson’s ratio 0.5), and subjected
to 10 kPa uniform pressure on the top surface as fig. S5A.

Figure S5B shows the strain distribution at the top, middle, and bottom of PET (through

the thickness) for uniform pressure (~10 kPa) applied over the entire top surface (device and



skin). For the device with PET, the strain distributions at the top, middle and bottom are
approximately the same, which suggests that the device (with PET) is mainly stretched, not bent.
The strains (in the x-direction, fig. S5A) in fig. S5B are ~10°, which are much larger than the
strain ~10°° that would result in PET (elastic modulus 4.5 GPa) when subjected directly to 10
kPa pressure. Instead, the pressure in the z-direction (fig. S5A) causes PDMS to expand in the x-
direction due to the Poisson’s effect. The expansion of PDMS is much larger than that of Si and
PET because the modulus of PDMS s at least 4 orders of magnitude smaller than those of Si and
PET. This expansion leads to stretching of silicon in the x-direction, thereby inducing a change

in resistance due to pressure (rather than bending).

This conclusion is further validated by the strain distributions in fig. S5C-D for the
hypothetical case of zero Poisson's ratio for PDMS. The strain in PET becomes much smaller
than that of the reference case for non-zero Poisson's ratio of PDMS, which further confirms that
the strain in the device with PET results mainly from stretching in the x-direction (due to the
Poisson effect in PDMS). The strain distribution in the PET was insensitive to the Poisson's ratio
of the skin. In conclusion, the mechanism of strain generation and resistance change under
uniform pressure applied to a device on the skin is dominated by Poisson effects associated with

the encapsulating PDMS and consequent stretching of the PET.

FEA for the mechanics simulation of the encapsulated device.

ABAQUS commercial software(47) was used to study the mechanics response of the
encapsulated sensor on a phantom skin. The device (coil [1.2 um-thick PI (elastic modulus 2.5
GPa and Poisson’s ratio 0.34) / 5 pm-thick Cu (elastic modulus 119 GPa and Poisson’s ratio 0.34)

/ 1.2 um-thick PI], chip (100 um-thick Si), serpentines (1.2 pum-thick Pl / 2 um-thick Cu / 1.2



pm-thick PI) and pressure sensor (5 um-thick PET / 200 nm-thick Si)) is encapsulated by two
PDMS layers (300 pm at top and 50 um at bottom), which are then mounted on a phantom skin
substrate (70 x 50 x 5 mm, PDMS with elastic modulus 145 kPa and Poisson’s ratio 0.5) through
a 50 pm-thick Scapa tape layer (elastic modulus ~17 kPa and Poisson’s ratio 0.5). Figure S27
shows the FEA results of the deformed shape of the device under different types of external
loads (stretching, bending and twisting). The stretching strain is defined as the percentage
elongation of the phantom skin. The bending and twisting angles are defined as the relative in-
plane and out-of-plane angles of rotation between the two ends of the phantom skin. The
stretching strain, bending and twisting angles are 30 %, 180° and 90°, respectively, for the three
types of external loads. The corresponding maximum strain in the copper layer, as shown in fig.
S27B, is below the fracture limit (5%) under all the three loading conditions. For 30% stretching
strain, the interfacial stresses between the encapsulated NFC device and phantom skin (fig. S27C)

are within 20 kPa.(35) (threshold normal skin sensitivity)

FEA of the pressure sensor under bending.

Figure S6A shows the flat device and the skin substrate, where the geometric and
material parameters are the same as those in supplementary materials (FEA of the pressure
sensor under uniform pressure), subjected to 10 kPa pressure. To study the effect of bending, the
skin (with the device) was bent to a curvature 1/50mm without pressure (fig. S6B), and then
10kPa pressure was applied (fig. S6C). The strain in Si due to bending (fig. S6B) is much larger
than that for the flat skin with pressure (fig. S6A) because Si is far from the neutral mechanical

plane. For 10 kPa pressure applied to the bent state (fig. S6C), the induced strain distribution in



Si is very close to that for a flat state (fig. S6A) (~ 7% difference for the average strain). This

result suggests that any initial bending has little effect on the additional strain due to pressure.

The influence of power and angle 0 on operating range.

The magnetic flux ¢ through the sensor with an angle 6 relative to the reader antenna is

1,ab,/P/R [ 1 1 } (Eq. S6)

#~ Aaror cos@ﬁ\/m 217’ 017’
where Asensor IS the area of the sensor, Z is the distance between sensor and reader antenna, a, b
and P are the half width, half-length and power of the reader antenna, respectively, R is the
impedance of the input port and wo is the permeability of the vacuum. For a critical magnetic flux,
Eq. S6 leads to the scaling law between the power and range in Eq. 3. Fora =32 cm and b =
42.6 cm, the range in the experiment is Z = 12 cm for power P =4 W and Z = 32 cm for power P

=12 W, which satisfy approximately this scaling law. For points around the center and Z much
larger than the a and b, the above formula gives ¢oc00549\/52*3, the operation range is
insensitive to angle change 6 and the power P of the reader antenna. For example, the cosine
term in this formula indeed gives 50% loss of magnetic flux at 60° compared to 0°. In order to
maintain the same magnetic flux ¢ at a fixed power P, the operation range Z at 6= 60° is only
reduced to ~80% of that at 6= 0°, and this reduction (to ~80%) agrees well with the experiments.
Similarly, in order to maintain the same ¢ at a fixed angle 0, the operation rage at P=4W is only

reduced to 91% of that at P=12W, and this reduction (to 91%) also agrees well with the

experiments.
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Fig. S1. Process for calibrating the temperature sensors. (A) Image of the calibration process.
An anodized Al plate, heated from 25°C to 50°C on hot plate, served as a substrate support for
each sensor. Comparisons involved temperature readings from an IR camera and each sensor,
operated in a wireless mode. (B) IR camera image during calibration. This image shows that the
anodized Al plate and the sensors have similar temperatures. (C) Measured temperatures from an
uncalibrated sensor and the IR camera. (D) Temperatures after application of a calibration factor

determined from the average slope of the measured data.
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Fig. S2. Operation of calibrated wireless temperature sensors during rapid changes in
temperature, with comparison to results obtained using an IR camera. (A) Measurements of
temperature using an NFC sensor under temperature controlled conditions. (B, C) Measurements

of temperature using an NFC sensor and an IR camera on the skin. The results show differences



less than 0.04 °C, thereby defining the precision of the measurement. (D) IR camera image of
calibrated NFC temperature sensors mounted on healthy human skin. After 10~15 min of steady
state operation, the sensors receive thermal stimulus from a stream of heated air (heat gun).
Comparisons involve temperatures determined using the IR camera and the sensors. (E-G) The
measurements yield similar temperatures (G-J) The differences between the NFC sensor (T) and
IR camera (To) results indicate some differences, likely due to spatial non-uniformities in

temperature, with a magnitude of ~0.2°C.
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Fig. S3. Thermal FEA results as a function of thickness of the bottom PDMS layer. (A)
Schematic illustration of the device structure used in the simulations. FEA results for

temperatures at the NFC chip, the top surface, and for the characteristic thermal diffusion time



are shown for several thicknesses of the bottom PDMS (H3); (B-C) 50 um, (D) 100 pum, and (E)
200 um. The top PDMS layer was 300 um thickness as physical protection of the sensor.
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Fig. S4. Photograph and structure schematic of silicon membrane, with comparison of
pressure sensors with different shapes using FEA. (A) Image of a spiral shaped silicon
membrane on a PET film (Scale bar: 2 mm). (B) Schematic illustration of the structure of the
pressure sensing module. Pressure-induced strain distributions in the Si layer for (C) circle

design and (D) line design.



A 10kPa

\1' \l' ‘1’ ‘1’ \L ‘1’ \L ‘1’ PDMS: ~ 145 kPa, 350 uym
10kPa 300um  10kPa I PeT:~ 4.56Pa, 5 um

vV : vy .~ si:~130G Pa, 200 nm
< o

Skin: ~100 kPa, 2 mm

-
16.5mm z
2mm
Skin X

B Strain of PET in x-direction, non-zero Poisson's ratio

Strain
0.004 %
0%
Top PET Middle PET Bottom PET
C strain of PET in x-direction, Top PET
Strain
i 0.004 %
0%
Reference Zero Poisson's ratio (PDMS) Zero Poisson's ratio (skin)

D Strain of PET in x-direction, Bottom PET

Strain
i 0.004 %
0%

Reference Zero Poisson's ratio (PDMS) Zero Poisson's ratio (skin)




Fig. S5. Mechanism of strain generation in the sensor under uniform normal pressure. (A)
Schematic diagram of a pressure sensor under uniform normal pressure. (B) Strain distributions
at the top, middle and bottom surface of the PET for the reference case in the x-direction. Strain
distributions at the (C) top and (D) bottom surface of the PET for the hypothetical case of zero

Poisson's ratio for the PDMS and skin.
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Fig. S6. Effect of bending on the pressure sensor. (A) A reference state of 10 kPa pressure
applied to a flat device and skin. (B) Flat skin is bent onto a cylinder with 1/50mm-1 curvature.
(C) 10 kPa pressure is applied after (B).
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Fig. S7. Characterization of the boron-doped silicon pressure module. (A) Resistance change
of the silicon membrane under various forms of pressure. (B) Resistance change as an applied
pressure increases from 0 kPa to 30 kPa followed by release. (C) Data on the temperature
dependence of the resistance of the silicon membrane. The red dotted box indicates a range
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Fig. S8. Screen view of temperature monitoring with a smartphone application in real time.

The red box indicates the measured temperature of the skin: 32.2°C.
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sleep study at Carle hospital

Fig. S13. Embedded antenna setup for sleep studies at Carle Hospital. (A-C) Images of a
mattress embedded with two custom antennas for full-body coverage. (D) Image of a participant

with 65 NFC temperature sensors lying on the mattress for the sleep study.
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Fig. S14. Results of sleep studies conducted with arrays of temperature sensors on the front

of the body. (A) Schematic illustration of the locations of 37 temperature sensors on the front



side of the body. (B-H) Temperature measurements during a 9-hour sleep study. The blue
highlighted region indicates the period of sleep. The black box indicates the time period of

minimum body temperature, which occurs at 2~3 hours before waking up.
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Fig. S15. Results of sleep studies conducted with arrays of temperature sensors on the back
of the body. (A) Schematic illustration of the locations of 28 temperature sensors on the front



side of the body (B-H) Temperature measurements during a 9-hour sleep study. The blue

highlighted region indicates the period of sleep.
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Fig. S16. Color heat maps of the entire body constructed from temperature data collected
using NFC sensors. Full body heat color maps (A) 1 hour and (B) 3 hours after falling asleep.
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Fig. S17. Results of the sensors’ lifetime during 3 days of continuous wear. (A) Optical
images of the NFC sensor on a healthy human's back each day. (B) Graph of temperature

recorded using the adhered NFC sensor daily.
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Fig. S18. Results of wirelessly recorded data obtained while lying at a supine angle of 30°.
Red box highlights supine angle. (A) Photograph of the subject lying on the hospital bed. (B)
Result of the pressure recorded at each body position (the number of sensors for average, arm: 4,

leg: 4, shoulder: 4, buttock: 3, dorsum: 4, lumbar: 3, error bar: standard deviation, 1 set).
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Fig. S19. Graphs of pressure measurements in a hospital bed while lying at a supine angle
of 0° (data with individual sensor). (A) Schematic illustration of the position of the 29 NFC
pressure sensors across the (B) arm, 15~18 (C) leg, 22~29 (D) shoulder, 4~7 (E) buttock, 19~21
(F) dorsum, 8~11 (G) lumbar, 12~14; head, 1; neck, 2~3.
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Fig. S20. Graphs of pressure measurements obtained in a hospital bed while lying at a

supine angle of 30° (data with individual sensor). (A) Schematics illustration of the position of



the 29 NFC pressure sensors across the (B) arm, 15~18 (C) leg, 22~29 (D) shoulder, 4~7 (E)
buttock, 19~21 (F) dorsum, 8~11 (G) lumbar, 12~14; head, 1; neck, 2~3.
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Fig. S21. Graphs of pressure measurements obtained in a hospital bed while lying at a

supine angle of 60° (data with individual sensor). (A) Schematics illustration of the position of
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the 29 NFC pressure sensors across the (B) arm, 15~18 (C) leg, 22~29 (D) shoulder, 4~7 (E)
buttock, 19~21 (F) dorsum, 8~11 (G) lumbar, 12~14; head, 1; neck, 2~3.
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Fig. S22. Summary of comparative studies of temperature measurements in a clinical sleep
laboratory: first night. (A) Picture of the subject’s limb with a wireless sensor attached on the
upper arm. (B) Picture of the process of wireless measurement of limb temperature using a
smartphone. (C) Temperature of the forehead and the upper bicep regions captured using
wireless sensors and IR thermography (data with individual sensor).
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Fig. S23. Summary of the experimental setup and data collected in comparative studies of
temperature measurements in a clinical sleep laboratory: second night. (A) Schematic
illustration of the locations for temperature measurement using wireless sensors, IR camera, and
rectal probe. (B) Temperature in the shoulder region captured using wireless sensors. (C, D)
Temperature in the thoracic and lumbar regions captured using wireless sensors. (E)
Temperature of the forehead, the neck and the upper bicep regions captured using wireless

sensors and IR thermography.
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Fig. S24. Demonstration of a gate-type reader system and antenna. (A) Picture of human
subject with 45 sensors walking through a gate-sized HF loop antenna with associated reader
electronics. The red light indicates that the system is successfully communicating with the
sensors. (B) Summary of data that illustrates recognition of all 45 sensors and their unique serial
numbers.
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Fig. S25. Strain distributions at the silicon layer induced by local pressure. Computations
for an applied force of 10 kPa suggest a gauge factor of ~50.
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Fig. S26. Measurements of response time obtained using a vibrating actuator stage and a
function generator. (A) Schematic illustration of the placement of wireless and wired pressure
sensors under a vibrating actuator tip. (B) Image of the experimental equipment. (C-D) Results

of the response time experiment (blue shad area: pressed time).
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Fig. S27. Mechanical response of an encapsulated sensor on a phantom skin under
stretching, bending, and twisting. Strain distributions (A) at the top PDMS and (B) at the
copper and silicon layers. (C) Interfacial stresses between an encapsulated NFC device and

phantom skin with normal stresses and shear stresses.



SUPPLEMENTARY VIDEQOS

Movie S1. Recordings from a single sensor captured using NFC between an epidermal
device and a smartphone through a prosthetic.

Movie S2. Recordings from four sensors simultaneously using a large-scale (800 mm x 580
mm x 400 mm) RF antenna through a prosthetic.



