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RESULTS

Heart rate and temporal dynamics of arterial blood flow
The key features of a thin, stretchable wireless optoelectronic system
that exploits NFC technology to monitor heart rate through measure-
ment of backscattered light from an infrared (IR; 950 nm, AlGaAs)
LED with a silicon (PIN) photodetector are highlighted in Fig. 1. A
block diagram of the functional components is presented in Fig. 1A. A
wireless link established by magnetic induction between coils associated
with the device and an external reader (that is, any NFC-enabled smart-
phone, tablet, etc.) enables power delivery to and data transmission
from a bare die NFC platform (2.38 mm x 2.38 mm,; thickness of
~100 pm) (fig. S1). This chip (SL13A, ams AG) monolithically inte-
grates components for ISO 15693 logging logic, 8K-bit data storage,
temperature sensing, analog-digital conversion (ADC; 10-bit resolu-
tion with a single input and 25-Hz sampling rate), and power man-
agement based on voltage rectification and stabilization. The latter
provides dc power to the LED and to a photodetector and amplifier in
a trans-impedance configuration (fig. S2 and table S1). The ADC dig-
itizes the output of the photodetector, and the logging logic enables
wireless data transmission. Images of a representative device (16 mm @)
and its functional subsystems are presented in Fig. 1 (B to E). The
interconnects (widths of 60 to 90 um and thicknesses of 5 um) adopt
serpentine shapes in accordance with design rules in stretchable elec-
tronics. The circular loop antenna (inner and outer diameters of 1.2
and 1.6 cm, respectively) exploits 14 turns of copper lines with widths
and thicknesses of ~70 and 5 um, respectively (Fig. 1E). The antenna has
an inductance and resistance of 5.9 microhenrys (LWH) and 51 ohms at
13.56 MHz, respectively, and an equivalent Q factor of 9.8 (fig. S3A).

All metal traces include encapsulating layers of polyimide above
and below to physically and electrically insulate the copper and to
place it at the neutral mechanical plane. With thin elastomeric sub-
strates and encapsulating layers, these optimized layouts enable system-
level elastic responses to large strain deformations. In practice, finite
element analysis (FEA) guides the selection of layouts for the NFC
die and other chip-scale components, and the shapes and configurations
of the serpentine interconnects (see the Supplementary Materials for
more details). An iterative optimization process involves (i) identifying
locations of strain concentrations in all components for various ap-
plied strains and implementing modifications in layout/geometry to
reduce these strains and (ii) ascertaining potential entanglement of
interconnects and contact between components during mechanical
deformation and making adjustments in configuration to avoid such
issues. These procedures in mechanical design are constrained, of course,
by considerations in circuit design. The outcome in Fig. 1B corresponds
to several such design iterations. The deformed device layouts for
applied strains of 10, 20, and 30%, obtained by FEA and experiments,
respectively, are shown in Fig. 1 (F and G). The distribution of the
maximum principal strain is also shown in Fig. 1F. The elastic stretch-
ability is ~10%, assuming a 0.3% yield strain for the copper. For 30%
stretching, the maximum principal strain in copper is ~1.8% (in inter-
connects) and is much lower than the fracture strain (~5%) of cop-
per. The device continues to function properly even when stretched
up to 30% (fig. S4).

An exploded-view schematic illustration of a device mounted on
the forearm is presented in Fig. 2A. Here, an ultrathin (~25 pm) med-
ical adhesive (acrylic adhesive, Scapa Healthcare) bonds the device
face down to the skin (Fig. 2B). The distance between the LED and the
photodiode sets the characteristic depth associated with backscattered
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light that arrives at the photodiode. The device shown here uses a
distance of 2.5 mm to yield depths that allow sufficient optical ab-
sorption by the blood and, at the same time, adequate signal levels for
operation of the LED at modest current levels (~4 mA). These power
levels can be provided by a standard, NFC-equipped smartphone
(Galaxy Note 4, Samsung), as shown in Fig. 2C. The phase responses
measured at different distances to the primary coil of up to 20 mm are
shown in fig. S5A. The device, in practice, allows operation with a
smartphone over distances of up to roughly 2 cm, even under defor-
mation. Improved range is possible with high-power transmission
systems.

Arterial pulse waves temporally modulate the backscattered light
to provide important information on the hemodynamic status of the
patient. The sampling rate, 25 Hz, which is enabled by the NFC chip
used here, although modest when compared to conventional wired
hardware, allows sufficient resolution for many purposes. For example,
measured signals that correspond to 13 cardiac beat cycles are shown
in Fig. 2D. The data reveal the systolic peak (that is, the maximum
pressure generated by the systolic ejection) and the dicrotic notch, as
highlighted in Fig. 2E. In this example, a second notch is also visible,
likely because of multiple reflections associated with blood flow (18).
Proper calibration of the device based on measurement of the diastolic
and systolic pressure by a standard oscillometry technique yields es-
timates of the mean arterial pressure (MAP). The MAP can be calculated
as Piastolic + 0.33 X (Pyystolic — Paiastolic)» Which is roughly equivalent to
the area under the arterial pressure curve, divided by the duration of
the beat and averaged over several beats (19-21I). In this manner,
changes in MAP can be tracked by measuring the change in the max-
imum and minimum values of the pressure. Fourier analysis shows
the different components of the signal (Fig. 2F), where the fundamental
frequency corresponds to the heart rate (~90 beats per minute in
this case). At the same time, the temperature of the skin can also be
monitored wirelessly by using the internal temperature sensor asso-
ciated with the NFC chip. Data indicate only minor changes in tem-
perature during operation, with a peak of ~37°C (fig. S6).

Oximetry for peripheral vascular disease assessment

The addition of a red (625 nm, InGaAlIP) LED to this platform allows
quantitative measurement of tissue oxygenation and its temporal
variations, which is important to monitor peripheral blood circulation.
Here, an astable oscillator switches current flow between the red and
IR LEDs at frequencies set by the R;C; and R,C, tanks, where R; and
R, and C; and G, are the resistors and capacitors, respectively, that
connect the LED to the bipolar transistors (Fig. 3, B and C, table S2,
and movie S1). In this simple time-domain multiplexing strategy, back-
scattered amplitudes for both red and IR can be captured using a
single photodetector and a trans-impedance amplifier identical to that
of the previously described device. The rectangular loop antenna ex-
ploits five turns of copper lines with widths and thicknesses of 200 and
5 um, respectively. The antenna has a size of 3.4 cm x 2.8 cm and
exhibits an inductance and a resistance of 1.7 uH and 11 ohms at
13.56 MHz, respectively, resulting in a Q factor of 13.5 (fig. S3B). The
larger size of this design compared to the circular one provides stronger
coupling with the primary coil (fig. S5B). The switching currents, which
bias the IR and red LEDs, corresponding to estimated power consump-
tions of 10 and 5 mW, respectively, are shown in fig. S7A. The total
stretchability of this system, which is obtained from FEA, is larger than
30% (fig. S8) despite the increased complexity in electrical design. A
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Fig. 1. Wireless epidermal optoelectronics. (A) Block diagram of the system, including its NFC wireless components for wireless power transfer and
data communication. An external set of reader electronics delivers power to the device through magnetic inductive coupling. This power activates
the optoelectronic components, the analog/digital (A/D) converter, and the NFC hardware for wireless transmission of the output of the photodetector
back to the reader, where it is recorded for further processing. (B) Image of a complete device configured to measure heart rate. (C to E) Magnified
sections of (B). The system includes an IR LED and a photodetector (C), an amplifier and resistors for conditioning (D), and an inductive coil (E). (F) FEA at
the system level reveals the displacement and strain distributions for uniaxial strains up to 30%. (G) Corresponding images of the device. The inset
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highlights a highly deformed region for both modeling and experiment. The system functions properly even at the highest strains illustrated here.
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Fig. 2. Wireless epidermal optoelectronic system with a single LED and photodetector designed for heart rate and MAP tracking. (A)
Exploded-view illustration of the device construction. (B) Image of a device mounted on the skin while deformed by pinching. (C) Image of the device
during wireless operation with a smartphone, for both power deliver and data communication. (D) Wireless measurement results during recording on the
forearm. (E) Magnified view of the red dashed box in (D), with an inverted y-axis scale, for ease of viewing. The systolic peak and the dicrotic notch, evident
in these data, correspond to the maximum pressure generated during the systolic ejection and to the closing of the aorta, respectively. The MAP relates
to the area under the pulse waveform. (F) Fourier transform of the signal in (D). The graphs show three harmonics, the first one of which corresponds

to the beat rate (~1.5 Hz or 90 beats per minute).

black textile (22) coated with an ultrathin low-modulus (E = ~5 kPa)
silicone elastomer (Silbione RT Gel 4717, Bluestar Silicones) serves
as a robust, reusable substrate that facilitates soft adhesion to the skin
and, at the same time, blocks external light that would otherwise inter-
fere with the measurement (Fig. 3D). The output data are continuously
collected without movement artifacts (fig. S9). Physical deformation
of the device can affect the absolute values of the measured photo-
response. Nevertheless, the ratios of responses from multiple LEDs
and the changes relative to a baseline value are largely invariant, as
illustrated in the results in fig. S10.

A standard procedure to assess peripheral vascular diseases uses an
inflating cuff placed around the bicep to occlude venous (but not ar-
terial) blood flow (fig. S11). This procedure provides a means for
in vivo evaluation of the device performance. Data captured wirelessly
from the forearm using an NFC reader (AMS Inc.) at a distance of
0.7 cm for 240 s are shown in Fig. 3E, corresponding to 120 s of oc-
clusion (highlighted in gray) with 60 s of rest and recovery before
and after. A narrow temporal range appears in Fig. 3F. Extraction of
the high- and low-voltage values allows separation of data corresponding
to light from the IR and red LEDs, respectively. A low-pass filter (0.5 Hz,
10th-order Butterworth digital filter) eliminates high-frequency noise.
Here, the slope of the baseline evaluated during the resting period (60 s)
accounts for eventual drift, which is subtracted from the entire data set.
Noise assessment of the device measured in vitro on a phantom device
defines a resolution limit of 50 uM (more details can be found in
Materials and Methods and in figs. S12 and S13). Variations in the
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concentration of oxyhemoglobin (AO,Hb) and deoxyhemoglobin
(AHHD) follow the computed ratios of the photodetector responses
during red and IR illumination, using standard procedures with a
modified Beer-Lambert law (see Materials and Methods for more de-
tails). Results before, during, and immediately after venous occlusion,
along with the total hemoglobin variation (AtHb = AO,Hb + AHHDb)
obtained with a standard, wired, bulk commercial oximeter (IMAgent)
and the wireless epidermal device, are shown in Fig. 3 (G and H). The
IMAgent oximeter uses laser diodes that emit at wavelengths of 830
and 690 nm, coupled to separate optical fibers for light delivery to the
skin. A fiber bundle collects backscattered light and delivers it to photo-
multiplier tubes (PMTs) for detection. Additional details appear in the
experimental section. Postprocessing of raw data obtained from the
IMAgent and the epidermal devices yields separate in vivo oxygena-
tion parameters for the period during the venous occlusion. Despite
the differences between these two systems, that is, in the illumination
conditions (noncollimated versus collimated light source) and in the
detector configurations (bare die photodetector versus fiber bundle
and PMT), the curves reveal similar trends and similar values for the
variations in hemoglobin concentration. In a practical sense, the anal-
ysis of oxygenation is most straightforward when the system is located
on a relatively flat surface of the body. Previous studies explored the
dependence of the differential pathlength factors (DPFs) as a function
of body location using frequency-domain or time-domain near-IR (NIR)
systems. Analysis must use these location-specific DPFs. Alternatively,
the system can be calibrated against a standard measurement. We note
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Fig. 3. Wireless epidermal optoelectronic system with two pulsed LEDs and a single photodetector to monitor peripheral vascular disease. (A)
Image of an epidermal wireless oximeter that includes a red LED, an IR LED, a photodiode, and associated electronics all in a stretchable configuration
mounted on a soft, black textile substrate coated with a low-modulus silicone elastomer. (B) Schematic illustration of the circuit of the device. An astable
oscillator switches current between the two LEDs to allow time-multiplexed measurement of both wavelengths with a single photodetector. The R;C; and
R,G, tanks set the frequency of the oscillator. GND, ground. (C) Images of the device operating during activation of the red LED (top) and the infrared LED
(bottom). (D) Image of the device mounted on the forearm. (Inset) Schematic illustration of the operating principle. (E) Functional demonstration in a
procedure that involves transient vein occlusion (gray box in the graph). An inflating cuff on participant’s bicep temporarily occludes venous blood flow
set to a pressure slightly below the arterial pressure (50 mmHg). (F) Magnified view of the red dashed box in (E). (G and H) Measurements obtained by

a commercial oximeter and an epidermal device, simultaneously recorded from adjacent regions of the forearm. NIRS, NIR spectroscopy.

that skin coloration and body location can affect the overall signal
levels, but not the ratios and, therefore, not the oxygenation.

UV dosimetry using color-responsive materials

In another use case, similar device platforms can interrogate changes in
optical properties of materials designed to offer colorimetric responses
to parameters of interest. As an example, a UV dosimeter can be con-
structed by coating a film that contains a UV-responsive dye (CR234-
BT2B, Spectra Group Inc.) on top of a device similar to that in Fig. 3. A
stretchable, epidermal system of this type (components listed in table
S3) appears in Fig. 4 (A and B), where a thin layer of a transparent
silicone elastomer (~300 um) serves as the substrate and a UV-sensitive
dye in a silicone matrix (~500 pm) covers the entire device. In this case,
the dye changes from blue to transparent upon exposure to UV light,
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where a dose of ~8 J/cm? causes a complete change (Fig. 4C). The
working principle is illustrated in Fig. 4D. Here, both LEDs emit in
a direction parallel to the plane of the device, such that the photo-
detector responds largely to the amount of light that passes through
the UV-sensitive layer in an in-plane transmission mode. Representa-
tive measured signals are presented in Fig. 4E, where the high voltages
(near 550 mV) and low voltages (near 400 mV) correspond to illumi-
nation by the red and IR LEDs, respectively. Consistent with the spectral
characteristics of the dye, the transmittance in the red (640 nm)
increases strongly with increasing UV dose, whereas that in the IR
(950 nm) remains constant, such that the latter can be used as a
reference. The ratio of the two signals (IR and red) defines a metric
to determine the dose (Fig. 4F) in a manner that reduces sensitivity to
external illumination conditions, wireless power delivery, and other
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