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SKIN-CONFORMAL SENSORS

RELATED DOCUMENTS

[0001] This patent document claims benefit under 35 U.S.
C. §119 of U.S. Provisional Patent Application Ser. No.
62/023,684, entitled “Skin-Conformal Sensors” and filed on
Jul. 11, 2014, and with two Appendices; this provisional
patent document and its appendices are fully incorporated
herein by reference.

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with Government support
under contract FA9550-12-1-0190 awarded by the Air Force
Office of Scientific Research. The Government has certain
rights in this invention.

OVERVIEW

[0003] Aspects of the present disclosure are believed to be
applicable to a variety of different types of devices, systems
and arrangements involving sensors and microstructures that
interface with a subject. In certain embodiments, sensors are
pressure sensors, and the device can be a wearable device for
mobile healthcare systems. Additionally, the microstructures
can include conductive, insulative, or semiconductive mate-
rials. The microstructures can provide contact between the
electronic devices and human skin which can be important for
skin-adaptability and detections of bio-signals that can pro-
vide clinically-valuable information. The microstructures can
allow for conformability on non-flat surfaces, for the above
described skin/healthcare and to other applications, and
enhancement in the signal-to-noise ratio of the retrieved sig-
nals. Additionally, certain pressure sensors, consistent with
various aspects of the present disclosure, are capable of mea-
suring pulsations of internal jugular venous pulses stemming
from a human neck. This capability allows for integration into
a simple, portable transmitter and receiver, and can allow for
expeditious diagnosis of cardiovascular and cardiac illnesses.

[0004] Various aspects of the present disclosure are
directed toward a sensor device, in the form of apparatuses
and methods, that includes an upper portion including a plu-
rality of layers including at least one sensor (such as a pres-
sure sensor), and a lower portion including a layer of micro-
structures. The microstructures can interface with skin of a
subject and interlock the skin with the at least one sensor.
Additionally, in certain embodiments, the microstructures
and the at least one pressure sensor are configured to measure
at least one of pulsations of venous pulses or arterial pulses of
the subject, temperature of the subject, and electrocardiogram
and/or electroencephalogram (EEG) of the subject. The
skilled artisan would appreciate that the upper portion and
lower portion refer to remote and skin-interfacing portions of
the sensor device, respectively. Further, the microstructures
can be configured to enhance the measurement of at least one
of pressure pulses or waveforms that arise from venous pulses
or arterial pulses of the subject, temperature of the subject,
electrocardiogram and/or EEG parameters obtained from the
subject, pulsations of venous pulses or arterial pulses of the
subject, breathing, temperature of the subject, and electrocar-
diogram ofthe subject. Additionally, certain implementations
of apparatuses and methods optionally include circuitry that
collects pressure data from the at least one pressure sensor,
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and a wireless transmitter that transmits the pressure data to a
remote device, and the microstructures include an adhesive
portion to stick to the subject.

[0005] Incertain other related embodiments, the upper por-
tion includes another set of microstructures that are three-
dimensional (e.g., pyramidal) in shape and have a height and
width of less than 100 um and are spaced apart by less than
100 um. For example, in some aspects, the microstructures
can have a height of 3 pm, a width of 6 um, and are spaced
apart by approximately 4 um. Further, the upper portion can
include another set of microstructures that are pyramids in
shape, and the other set of microstructures form a dielectric
layer.

[0006] Certain microstructures, consistent with the various
aspects of the present disclosure, can be hair-like structures
having various shapes and stiffness. The microstructures can
be symmetric or asymmetric structures. Optionally, the
microstructures can be configured to adhere to surfaces, and/
or enhance adhesion to the subject. In certain more specific
embodiments, the microstructures are of various shapes con-
figured to enhance adhesion. Additionally, certain micro-
structures can include a flat region on top of a hair-like struc-
ture. The pressure sensors can also include resistive pressure
sensors or capacitive pressure sensors. Further, the micro-
structures can be configured to enhance lateral force measure-
ments of the subject, and the microstructures are configured
and arranged to allow transduction of the lateral force. The
microstructures can also enhance friction measurements of
the subject. Further, the microstructures can be uniformly or
non-uniformly distributed across the lower portion or of dif-
ferent heights.

DESCRIPTION OF THE FIGURES

[0007] Various example embodiments may be more com-
pletely understood in consideration of the following detailed
description in connection with the accompanying drawings,
in which:

[0008] FIG. 1A shows a sensor device in accordance with
various embodiments;

[0009] FIG. 1B shows a sensor device with microstructures
on a lower portion of the sensor device in accordance with
various embodiments;

[0010] FIG. 1C shows an example of microstructures on a
lower portion of a sensor device in accordance with various
embodiments;

[0011] FIG. 2 shows example circuitry of a sensor device
used to collect physiological signals in accordance with vari-
ous embodiments of the present disclosure;

[0012] FIGS. 3A-F show examples of radial artery pulse
waves and characterizations of the capacitive response, in
accordance with various embodiments;

[0013] FIGS.4A-4C show examples of cross-sectional pro-
files of the sensor devices with different geometries of micro-
structures in accordance with various embodiments;

[0014] FIGS. 5A-5E show representations of pressure-re-
sponse curves of radial artery pulse using different weight
percent of a PDMS curing agent in accordance with various
embodiments; and

[0015] FIGS. 6A-6G show neck anatomy and measure-
ments of pulses on contact sites of a neck of a subject with
varying effective leaning angles in accordance with various
embodiments.

[0016] While various embodiments discussed herein are
amenable to modifications and alternative forms, aspects
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thereof have been shown by way of example in the drawings
and will be described in detail. It should be understood, how-
ever, that the intention is not to limit the invention to the
particular embodiments described. On the contrary, the inten-
tion is to cover all modifications, equivalents, and alternatives
falling within the scope of the disclosure including aspects
defined in the claims. In addition, the term “example” as used
throughout this application is only by way of illustration, and
not limitation.

DETAILED DESCRIPTION

[0017] Aspects of the present disclosure are believed to be
applicable to a variety of different types of apparatuses, sys-
tems and methods involving sensors and microstructures to
interface with skin of a subject. In certain implementations,
aspects of the present disclosure have been shown to be par-
ticularly beneficial when used in the context of collecting
physiological data from a subject using the sensors and
microstructures, or with microstructures that are hair-like
structures having various shapes and stiffness to enhance
adhesion to the subject. While not necessarily so limited,
various aspects may be appreciated through a discussion of
examples using such exemplary contexts.

[0018] According to various example embodiments,
aspects of the present disclosure are directed to a sensor
device that can conform to the subject’s skin to enhance
adhesion and, thereby, increase accuracy in physiological
data measured from the subject. The humanbody and/or other
subject’s skin consists of many non-flat surfaces and fine
topology. This inconsistency in surfaces of the skin can make
it difficult to create a conformal contact on the skin. Confor-
mal skin contact between a sensor device and skin ofa subject
can be used for collecting physical data, e.g., pulsation, tem-
perature, and electrocardiogram or electroencephalogram
(EEG). Some conformal-contact devices can include the use
of substrates for conformal contact with skin. For example, a
sensitive pressure sensor and integrated-multifunctional
device using a stretchable network can be used. Despite the
performance and conformity of such devices, a skin-attach-
able device that is simple to fabricate and robust for practical
remote diagnosis can present challenges to manufacture and/
or materialize. For instance, the fabrication process is com-
plicated and some of the materials involved are delicate.
[0019] Embodiments inaccordance with the present disclo-
sure can include use of manufactured microstructures on a
sensor device. The microstructures can be hair-like structures
with various shapes and stiffness. For example, the micro-
structures can be bio-inspired. In some instances, Gecko-
inspired structures can be used as an effective interfacial
skin-adhesive layer for electrocardiography (ECG) measure-
ments and for drug-delivery systems. Other interesting inter-
facial systems of ‘bio-mechanics’ and ‘mechano-transduc-
tion’ can be found in nature, such as gears of insect legs, cerci
of crickets for flow sensing, wing-locking structures of
beetles, and cochlea in the inner ear, in which all of these
examples involve ‘microhair structures’ to allow sensing and
transferring of various mechanical forces.

[0020] The sensor devices can be formed of an upper por-
tion containing at least one sensor and a lower portion that
includes a layer of microstructures to interface with skin of
the subject and interlock the skin with the at least one sensor.
The sensor device can include flexible pressure sensors with
signal amplification from the microstructures. For example,
using a sensor device in accordance with the present disclo-
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sure canresult in approximately twelve times enhancement in
signal-to-noise ratio (SNR) via contact between the sensors
and the irregular surface of the epidermis as compared to a
sensor device that does not include microstructures. In addi-
tion, the microstructure layers, which can include polydim-
ethysiloxane (PDMS) microhair-structured interfacial layers,
can provide a non-invasive conformal attachment to the skin
with biocompatibility.

[0021] Forexample, the microstructures can allow for con-
formability on non-flat surfaces and enhancement in the sig-
nal-to-noise ratio of the retrieved signals. In some embodi-
ments this can be accomplished by incorporating
biocompatible PDMS microstructures onto a pressure sensor
fabricated on substrates. The microstructures allow for
mechanical interlocking between the sensors and skin. For
example, the microstructures can result in an approximate
twelve times increase in the signal-to-noise ratio in the gen-
erated capacitive signals. Further, surprisingly, sensor
devices in accordance with the present disclosure are capable
of measuring pulsations of internal jugular venous pulses
stemming from a human neck. This capability allows for
integration of the sensor device into a portable transmitter and
receiver, and can allow for expeditious diagnosis of cardio-
vascular and cardiac illnesses.

[0022] In various embodiments, the sensor device option-
ally includes circuitry including a wireless transmitter. A
sensor device with a wireless transmitter is capable of mea-
suring signals from the deep-lying internal jugular venous
pulses (JVPs). The unique waveforms ofthe JVPs can include
clinical information that may be used for preliminary diag-
nosis of heart failure. For example, the JVP waveform can be
associated with diagnostic and pathognomic of clinical con-
ditions such as arrhythmias, right heart hemodynamics, or
pericardial disease. Further, elevated JVP in patients with
heart failure can be associated with increased risk of hospi-
talization for heart failure and/or hospital admission death.
Almost one out of every three deaths results from cardiovas-
cular disease. However, the absolute JVP pressure and/or
signals can be difficult to measure. Although several pressure
sensors have been reported for measuring radial artery wave
forms, more clinical values for heart disease diagnosis have
been realized with detection of the deep lying JVP and its
waveform. Traditionally, JVP is detected by visual inspec-
tion, or non-invasive crystal microphone, cardiac MRI, or
echocardiography. However, such traditional detection can be
error-prone, time-delayed, complicated, and/or expensive.
Real-time monitoring of JVP waveforms can provide valu-
able information for initial screening to people suffering from
heart diseases or recovering from a heart surgery. Sensor
devices, in accordance with the present disclosure, can be
used for real-time monitoring of JVP.

[0023] Turning now to the figures, FIG. 1A shows an
example sensor device 100 in accordance with various
embodiments. The sensor device 100, in various embodi-
ments, can be a fabricated sensor that can be used as a wear-
able electronic to monitor arterial tonometry or pulses in the
neck (e.g., the waveforms of JVPs from the epidermis above
subcutaneous vein). For example, the sensor device can be
used to obtain valuable information related to cardiovascular
diseases.

[0024] The sensor device 100 can include an upper portion
and a lower portion. In various embodiments, the upper por-
tion includes a plurality of layers including at least one sensor.
The at least one sensor can include at least one pressure
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sensor. The pressure sensors can be resistive pressure sensors
and/or capacitive pressure sensors.

[0025] The lower portion includes a layer of microstruc-
tures. The microstructures, sometimes herein referred to as
“microhairs”, can include hair-like structures. The micro-
structures can interface with skin of a subject and interlock
the skin with the at least one sensor. In various embodiments,
the microstructures can adhere to surfaces, such as enhancing
adhesion to the subject. The subject can include a patient, a
human, an animal, and a moving object, among other sub-
jects. For example, the microstructures can include an adhe-
sive portion to stick to the subject.

[0026] The sensor and microstructures can be used to mea-
sure a variety of physiological signals. For example, the
physiological signals can include pulsations of venous pulse
or arterial pulses of the subject, temperature of the subject,
and electrocardiogram and/or electroencephalogram (EEG)
of the subject. The microstructures, in various embodiments,
can increase the contact between the skin and the at least one
sensor as compared to a sensor device without the microstruc-
tures. For example, the microstructures can enhance mea-
surements, such as pressure pulses or waveforms that arise
from venous pulses or arterial pulses of the subject, tempera-
ture of the subject, and electrocardiogram and/or EEF param-
eters obtained from the subject. The enhancement, in some
embodiments can include an enhanced lateral force measure-
ment of the subject. For example, the microstructures can
allow for transduction of the lateral force. Alternatively and/
or in addition, the microstructures can enhance friction mea-
surements of the subject.

[0027] In accordance with various embodiments, the sen-
sor device 100 can include circuitry configured to collect
pressure data from the at least one pressure sensor. Further,
the sensor device can include a wireless transmitter to trans-
mit the pressure data collected to a remote device.

[0028] As illustrated by FIG. 1B, in some embodiments the
microstructures 108-1, 108-2 . . . 108-N (herein generally
referred to as “microstructures 108 for ease of reference) can
be a variety of shapes. For example, the hair-like structures
can have various shapes and stiffness. The shapes, in some
embodiments, can enhance adhesion to the subject. For
example, the microstructures 108 can be symmetric and/or
asymmetric in shape and can include conductive, insulative,
or semiconductive materials.

[0029] The microstructures 108 can be distributed on the
lower portion 104 in a variety of manners. For example, the
microstructures 108 can be uniformly distributed, non-uni-
formly distributed, and/or have varying heights.

[0030] Inanumber of embodiments, the upper portion 102
of the sensor device 100 optionally include another set of
microstructures 106. The other set of microstructures 106 can
be pyramids in shape. For example, the other set of micro-
structures 106 can have a height and width ofless than 100 um
and are spaced apart by less than 100 um. For example, in
some aspects, the other set of microstructures 106 can have a
height of 3 um, a width of 6 um, and are spaced apart by
approximately 4 um. The other set of microstructures 106 can
form a dielectric layer, or a conductive layer.

[0031] Asillustrated by FIGS. 1A and 1B, the sensor device
100 can include a bandage-like electrical pressure sensor
containing microstructures 108 (e.g., microhair structures)
having various aspect ratios (ARs) (where: AR=1/2R, where1
is the height and R is radius of microhair structures). For
example, the sensor device 100 can be divided into two parts.
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First, the upper portion 102 of the sensor device 100, in some
embodiments, is comprised of five consecutive layers of a
polyethylene naphthalene (PEN) thin foil (12 pm), a chro-
mium (Cr, 4 nm)/gold (Au) electrode layer (50 nm), a poly-
vinyl alcohol (PVA) adhesion layer (20 nm), followed by a
pyramidal-shaped PDMS layer (e.g., the other set of micro-
structures 106, 6 um in width, 3 pm in height, and a spacing of
3.8 um). For example, such a microstructured dielectric layer
can allow for enhanced sensitivity, reduced hysteresis and for
full-stretchable devices. Such a concept can be applied to
resistive pressure sensors. In addition, the thin PEN substrate
and PDMS can allow for flexibility and biomedical compli-
ance with the surface of the subject (e.g., human skin).
[0032] Second, the lower portion 104 of the sensor device
100 can contain laminated microstructures 108 (e.g., micro-
hair structures, 30 um in diameter, and different heights with
AR of 3, 6, and 10) on the PVA side of the Au/Cr/PEN/PVA
stack. The two halves 102, 104 can be laminated together with
the Au on the lower portion 104 in contact with the PDMS 106
on the upper portion 102 and sealed using medical tape. In
some examples, the medical tape can have a thickness of 18
um. The medical tape allows for uniform adhesion of the
capacitive active layer and enhancing the sensor’s stability
upon bending or deforming (such as the bending illustrated
by FIG. 1B).

[0033] FIG. 1C shows an example of microstructures on a
lower portion of a sensor device in accordance with various
embodiments. In some embodiments, the surface of the
microstructures configured to interface with a surface of the
subject’s skin can include a variety of shapes. For example, as
illustrated by FIG. 1C, the microstructures can include a flat
disc-like shape on the surface of the microstructures config-
ured to interface with the surface of the subject’s skin. In
some instances, a porous film can be on the tip of the micro-
structures to form the flat disc-like shape.

[0034] In addition, the various embodiments described
herein may be combined in certain embodiments, and various
aspects of individual embodiments may be implemented as
separate embodiments. For instance, aspects of FIG. 1A and/
or FIG. 1B can be used to perform aspects of FIG. 2. Further,
the sensor devices illustrated by FIGS. 1A-1B can be used to
obtain the various results illustrated by FIGS. 3-6. And, in
various aspects, the microstructures can include a variety of
shapes and/or sizes.

[0035] FIG. 2 shows example circuitry of a sensor device
used to collect physiological signals in accordance with vari-
ous embodiments of the present disclosure. As shown in FIG.
2, a capacitance and/or resistance is measured by sensor
circuitry and the microstructures of the sensor device. The
sensor circuitry, in various embodiments, can include at least
one resistive pressure sensor and/or at least one capacitive
pressure sensor. The capacitance and/or resistance (e.g.,
physiological signals) measured by the sensor circuitry and
microstructures (e.g., microhair structures) can optionally be
conditioned, in various embodiments. The signal condition-
ing can include amplification, filtering, and/or digital conver-
sion, among other conditioning. For example, the signals
measured by the sensor circuitry and indicative of the capaci-
tance and/or resistance can be amplified, such as by the ampli-
fier illustrated in FIG. 2. Sensors, that include a top electrode
and bottom electrode, measure a physiological response (e.g,,
a physiological signal) based on a capacitance (and/or resis-
tance) change. The amplified signals can be converted, in
various embodiments, to a digital signal. As a specific
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example, to determine the change in capacitance and/or resis-
tance as a function of the applied pressure, a capacitance to
digital converter (CDC) circuit interfaces with the sensor
(e.g., sensor circuitry), collects the capacitance and/or resis-
tance signals (e.g., readings/measurements by the sensor cir-
cuitry), and converts the capacitance and/or resistance signals
to digital signals.

[0036] A processor circuitry, such as a microcontroller cit-
cuitand/or a digital signal processor (DSP), is programmed to
control the CDC circuit and read sensor data (e.g., at a rate of
90 Hertz (Hz)) in a digital form. For example, the processor
circuitry can receive the measured signals (e.g., from the
CDC) and determine a change in capacitance and/or resis-
tance. The change can be determined using two or more
signals. Although the example circuitry of FIG. 2 illustrates
the signals being converted to digital form, embodiments in
accordance with the present disclosure are not so limited. For
example, the microcontroller can process signals in digital
and/or analog form. For further information regarding vari-
ous sensors including, e.g., pressure sensors, reference may
bemadeto U.S. Pat. Nos. 8,764,670 and 8,764,668, which are
incorporated herein by reference for the specific and general
teachings of sensing arrangements.

[0037] Additionally, depending on the physiological sig-
nals that are measured, the capacitive and/or resistive change
is correlated with a physiological response, and the data is
output by the processor circuitry. This sensor data can be
wirelessly transmitted to a remote device (e.g., a computer),
which can be visually displayed.

Experimental Results

[0038] In a number of embodiments, various microhairs
with different ARs and rigidity can be designed. These
designs include sensors with flat bottom layers (AR=0) and
microhair-structured sensors with ARs of 3, 6, and 10. The
microhairs can be 30 um in diameter and arranged in hexago-
nal arrays, along with a spacing ratio (9,) of 3 (§,=1,/2R,
where 1, is the gap between hairs and R is radius of hairs), as
shown in FIG. 1B.

[0039] FIGS. 3A-3D show radial artery pulse waves and
characterization of the capacitive response, in accordance
with various embodiments. Radial artery pulse waves can be
measured using four different types of sensor devices and the
collected data can be plotted, as illustrated in these figures.
The four different sensor devices can include distinct geom-
etries including a first sensor device with a flat PEN surface
(e.g., illustrated by FIG. 3A), a second sensor device with
PDMS microhair structures with AR 3 (e.g., illustrated by
FIG. 3B), a third sensor device with PDMS microhair struc-
tures with AR 6 (e.g., illustrated by FIG. 3C), and a fourth
sensor device with PDMS microhair structures with AR 10
(e.g., illustrated by FIG. 3D). The pulse data can be measured
from an identical contact spot, as denoted with an arrow in the
inset images of FIGS. 3A and 3B. This can minimize the
variance between the signal retrieval from the four distinct
sensors. The pulsations of the radial artery can be monitored
using a wireless measurement system, which is comprised of
acomputer-based user interface viaan RF Modules (XBEE2)
and a wireless transmitter. The magnitudes of the retrieved
pulse waveforms can be amplified upon increasing the AR of
the microhair structures (FIG. 3A-D). For example, the right
inset of the FIGS. 3A-3D illustrates the sensitivities of the
different sensor devices, as measured by a function of the
capacitance and/or resistance change over applied pressure.
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Surprisingly, approximately 12 times increase in the signal-
to-noise ratio (SNR) can be observed when the pulse was
measured using AR 10 microhair sensor (~32.42) as com-
pared to the measurement with a flat device (~2.67). SNR can
be calculated using the following equation:

SNR=avg(AC, 0/ Opaselines

where avg(AC,, ) is the average capacitance and/or resis-
tance change of the maximum radial pulse, and o, ;... 15 the
standard deviation of the baseline. The sensitivity (S)
obtained using a force gauge with a pressure-sensitive pad (64
mm?) can remain unchanged for all sensor devices and can be
calculated to be around 0.55-0.58 kPa™" (FIG. 3A-D). A slight
decrease in the sensitivity and a larger hysteresis may be
observed when using a sensor with high AR microhairs
(AR=10, as illustrated by FIG. 3D), which can be mainly due
to the slower recovery time ofhigh AR elastic microhairs that
are more susceptible to collapse upon higher pressure levels
as compared to those of lower AR microhairs. Nonetheless,
the sensitivities of the four sensors with different hair geom-
etries can exhibit similar values. This can be attributed to the
fact that sensitivity is a measurement dependent on the rate of
change of the applied pressure, while the magnitude of the
waveforms of the radial artery pressure is affected by the
effective contact area between the sensor devices and the
surface of skin above the subcutaneous artery. The sensitivity
can be defined as the slope of the pressure-response curve:

S=B(AC/Co)idp=(1/C,)-0C/dp,

where p denotes the applied pressure, and C and C,, denote the
capacitances (and/or resistances) with and without the
applied pressure, respectively. In the case of radial artery
pulse wave represented by the change in capacitance (AC),
the interpreted signals can be dominated by the ratio of the
effective contact area (A_,) between the sensors and the con-
tacted skin right above the subcutaneous artery and the actual
area of the fabricated devices (A,), as represented by the
equation:

AC=CySP, physical(Ae/Ao)a

where P, .., is the continuing pressure arising from the
human body such as the carotid pulse (approximate A130
millimeter of mercury (mmHg)), radial artery pulse (approxi-
mate A35 mmHg), or JVPs (approximate A15 mmHg).

[0040] Thevalidity of the obtained trend using sensors with
four different geometries of microhairs (from flat to ARs of 3,
6, and 10) can be verified through statistical analysis of the
capacitance and/or resistance change obtained from the artery
pulse. FIG. 3E represents the average capacitance change that
can be obtained respective to the artery pulse from the four
different types of sensor devices. That is, FIG. 3E shows
statistical data of the capacitive changes by applying different
amounts of shear forces (<0.63N/em?) to the different sensor
devices. The error bars represent the standard deviations. For
example, data can be measured using 16 devices (four for
each type) and averaged after performing measurements five
times for each single device by removing and reattaching for
each measurement. The trend is in agreement with those of
FIG. 3A-D. For example, a slightly larger capacitive change
(average 1.6%) can be added to the signal when the device is
attached with applied shear force of 0.63 N/cm?. In addition,
two separate modes can be used for measuring the radial
artery pulse using different amounts of loads (1 & 2 kilopas-
cal (kPa), respectively) when attaching the microhair-struc-
tured sensors to the skin. A slightly larger capacitive change
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can be obtained when the load is 2 kPa, which can be attrib-
uted to the conformal contact of the microstructures to the
skin as a result of the increased compressive force.

[0041] FIG. 3F shows the response and relaxation times of
the capacitive pressure sensors with the step stimuli of load-
ing and unloading 10 kPa for 2 seconds. The sensor devices
can illustrate immediate response with an applied pressure,
and using sensor devices that include PDMS micro-pyramid
and an air-gap with dielectric constants (€,,~1.0 and
Eppars~3.0). A delay (<0.03 seconds) may be observed for
the device with ahigh AR microhair structures (AR 10) due to
the elasticity of PDMS microhairs. However, the pressure
sensing capability may not be affected, as the sensor devices
can illustrate stability after a cycling test (comprised of load-
ing and unloading of applied pressure at 10 kPa for 1 second
and up to >3,000 times), maintaining the sensitivity of ~0.56
kPa~" and accurately detecting capacitance change of arterial
pressure (~0.45 pF) without affecting the microhair structure
arrays.

[0042] FIG. 4A shows cross-sectional profiles of the fabri-
cated sensors with different geometries of microstructures
(flat surface of PEN and 30 pm diameter micropillar arrays of
PDMS with AR 3, 6, and 10), which can be used to estimate
the effective contact area between the sensors and the skin of
subject, such as a pig. The cross-sectional images can be
taken by fixing the sensors and pig skin onto a sample holder,
and mounting the sample holder onto a perpendicularly con-
trollable stage with a force sensor. A load of approximately 1
kPa can be applied to the sensor to visualize the contact
between the microhair structures and the skin. From the
images of capacitive pressure sensors with flat geometry and
microhair structures with (low) ARs of 3 and 6, both macro-
and micro-sized voids can be observed between the sensors
and the skin. These voids can prevent optimal contact of the
effective area (A, ;) in between the devices and the skin. To
better contrast the difference inthe A_;with and withoutusing
the (high) AR microhair structures of 10 in a capacitive sensor
system, magnified cross-section images of the interface
between the fabricated sensors and hierarchically rough sur-
face of skin can be taken, as displayed in FIG. 4B. Whereas
the sensor with AR 10 microhair structures can contact the
skin with conformity, micro-scale voids can be prevalent for
the case of the flat sensor. Further, the percentage of skin
coverage can be estimated by quantifying the black and white
pixels of the optical images shown in F1G. 4A, and the results
can include: flat (approximately 25%), AR 3 (approximately
52%), AR 6 (approximately 72%), and AR 10 (approximately
98%), as illustrated by FIG. 4C.

[0043] Inaddition to the cross-sectional analysis, the struc-
tural properties of skin can be investigated using atomic force
microscopy (AFM) and optical microscopy. In general, skin
can have a morphologically dual-level rough surface with
micro and nano levels. The roughness of the examined skin,
such as pig skin, can range from a minimum 1.9 nm to a
maximum of 90 um to 240 um (average roughness of approxi-
mately 18 pm, moisture-dependent) (via both AFM and opti-
cal microscopy). The detection of bio-pulsations can be due
to microscale contractions and expansion of the skin, such
that nanoscale roughness ofthe skin is rendered negligible. In
some instances, such as with the pig skin, the microhair-
structured arrays with AR of 10 (height=300 um) may pro-
vide full coverage on the macroscopically rough surface of
the skin via mechanical interlocking (load of approximately 1
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kPa) as illustrated in FIGS. 4A and 4B, consequently leading
to an optimal A, for amplified capacitive signals.

[0044] FIGS. 5A-5E show representations of pressure-re-
sponse curves of radial artery pulse using different weight
percent (wt %) of a PDMS curing agent. The effect of micro-
hair structure’s rigidity toward the sensitivity of the capaci-
tive pressure sensors can also be investigated. The same
geometry of microstructures (with AR 10) can again be used,
while varying the elastic modulus (E). In specific, two sets of
devices (4 for each set for statistical analysis) can be fabri-
cated by varying the mixing ratio of the curing agent for the
PDMS microhair structures. For the first set of devices, 10 wt
% of curing agent can be used (E,q,,., approximately 1.9
MPa, e.g., hard microhair structures); while for the second set
of devices, 5 wt % of curing agent can be used (Es,,, ., approxi-
mately 0.4 megapascal (MPa), e.g., soft microhair struc-
tures). FIGS. 5A and 5B represent the pressure-response
curves of radial artery pulse using 10 wt % and 5 wt % PDMS
curing agent, respectively. The sensors can be measured using
the same method as shown in FIG. 3. From FI1G. 5A-C, it can
be observed that the pulse waves retrieved from the soft
microhair devices have a smaller capacitive change than those
of the hard microhair devices, with an approximate 20%
decrease in capacitance change. Surprisingly, the soft micro-
hair devices can exhibit relatively low sensitivity (approxi-
mately 0.35 kPa~") as compared to that of the hard microhair
devices (0.55-0.58 kPa™*) in FIGS. 3 and 5A. Furthermore,
the devices with different geometries can exhibit similar sen-
sitivities, despite a noticeable gap in the magnitude of capaci-
tance changes (a detailed reasoning for this unusual behavior
is also addressed further herein). FIG. 5D shows the response
and relaxation times of the three sets of microhair devices by
applying a step stimuli through subsequent loading and
unloading of an applied pressure of 10 kPa for 2 seconds. For
the soft microhair pressure sensor, a negative change in
capacitance can be observed during the measurement of the
relaxation and steady-state (<0.3 seconds), which can be
attributed to the viscoelastic behavior of the soft microhair
structures.

[0045] The surprising discrepancy in the sensitivities
exhibited between the soft and hard microhair-structured
pressure sensors, as based on two different mixing ratios of
PDMS curing agent (5 and 10 wt %), can be explained by a
mechanical analysis of buckling generation in the microhair
arrays with an AR of 10. The buckling load (P_,) that a
microhair structure can withstand can be expressed as a rela-
tionship of geometrical and material properties:

P~ By 161187,

where I is the moment of inertia (I=-R/4), R is the radius, and
Y4z 18 the AR of the microhair structures. As shown in FIG.
5E, the soft microhairs can buckle when an average radial
artery force of approximately A35 mmHg (~4 kPa) is applied,
whereas the rigid microhair structures can endure the com-
pressive stress from a physical force of approximately 4 kPa.
A model can provide the lower limitation of elastic modulus,
orchestrated with the geometric features of height and diam-
eter of the microstructures having a non-sticky property. The
model can generate a simple guideline for the microhair-
structured array on the pressure sensor to maximize their
sensitivity. Further, the maximum elastic modulus (E,,, ., <200
MPa) of the microhair-structured array is limited by the mate-
rial’s properties (i.e., of PEN substrate) for conferring flex-
ibility with less-intrusive and more conformal attachment to



US 2016/0051195 A1

skin, and can again be estimated using the model of Johnson,
Kendall, and Roberts (JKR model) for the peeling strength.
For general and specific information on the JKR model, ref-
erence is made to Kendall, K, Thin-film peeling—elastic
term. J. Phys. D. Appl. Phys. 8, 1449-1452 (1975), which is
fully incorporated herein by reference.

[0046] FIGS. 6A-6G show neck anatomy and measure-
ments of pulses onidentical contact sites of'a neck of a subject
with varying effective leaning angles. For example, to dem-
onstrate the benefit of conformal contact for increased signal
intensity, a sensor device as described herein can be used to
measure pulses around a human neck. For instance, JVP
signals can be observed in real-time and the measurements
can be performed by placing the sensors on the subject’s
jugular veins, which are located approximately 3 centimeters
vertical height above the sternal angle. The observation of
JVP signals can be a non-invasive diagnostic method for
exigent heart diseases as the JVP signals carry information
about the internal jugular veins, such as cardiac filling pres-
sure from right ventricular contraction, tricuspid valve, and
right ventricular infarction. The JVP signals can be elevated
with a raised venous pressure due to cardiac failure or hyp-
ervolaemia. However, the precise measurement of JVPs is
difficult as the internal jugular veins are positioned rather
deep inside of human necks and are easily affected by its
surrounding external structures such as internal carotid artery,
carotid sheath, and various nerves (FIG. 6B). In addition,
even the subject’s position during JVP measurement (e.g.,
lying down, sitting upright, or standing up) can influence the
retrieved signals. Thus, conventional methods use sophisti-
cated and expensive systems such as crystal microphones,
cardiac MRI, or echocardiography. However, microhair sen-
sor devices, in accordance with the present disclosure, can be
a cheap, facile alternative.

[0047] FIG. 6A isadetailed illustration of monitoring pulse
signals (carotid pulse or JVP) performed on three different
contact sites on the neck (i.e., upper, middle, and lower
region) with various effective leaning angles. A typical bipha-
sic waveform of JVP consists of three upward and two down-
ward deflections, which are correlated with the following
cardiac mechanism: (1) the upward deflections are the “a”
(atrial contraction), “c” (ventricular contraction and the
resulting bulging of the tricuspid into the right atrium during
isovolumetric systole), and “v” (atrial venous filling); (2) the
downward deflections of the wave are the “x” (the atrium
relaxes and the tricuspid valve moves downward) and the “y”
descent (filling of the ventricle after tricuspid opening) (see
FIG. 6A and Supplementary Information of Appendix B for
detailed waveform and description of JVP biphasic wave-
forms). FIG. 6B illustrates example neck anatomy of the
subject and an example biphasic waveform of jugular venous
pulses.

[0048] FIGS. 6C-6G represent the capacitive responses of
various physical forces including the waveforms, which can
be measured from a healthy human subject (e.g., lacking any
known cardiac diseases) and a cardiac-suffering patient,
respectively. For the measurement performed on the healthy
subject, the effective lying angle can be varied from approxi-
mately 5° to 90° to determine the optimal angle to provide the
most accurate signal from three different regions on the sub-
ject’s neck (sites 1, 2, and 3, FIG. 6A). The internal jugular
vein of a patient can be extruded and can be visualized when
the lying angle is approximately 45°. To remove the interfer-
ence from breathing signal and precisely extract the carotid
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pulse signals and JVP waveforms from the retrieved data, the
as-measured waveforms can be filtered by Fast Fourier Trans-
form (FFT) with a band pass filter from 1.0 Hz to 4.0 Hz. This
is also the unique frequency range of heart motion. In accor-
dance with various embodiments, the microhair-structured
pressure sensors can detect the difference in the pulsations of
both the healthy and cardiac-suffering patients. Larger
capacitance changes can be observed from the healthy sub-
ject’s data than that of the cardiac-suffering subject, implying
different physiologic conditions (e.g., respiration, carotid
pulse, and JVPs).

[0049] Furthermore, the unique JVP-like waveforms can be
obtained even when o is approximately 5° at site 3 for the
healthy subject, whereas extruded JVPs may only be visually
observed with arelatively higher lying angle of a~45° at sites
2 and 3 for the cardiac-suffering subject. The waveform ofthe
healthy subject can be stable and uniform; whereas that
obtained from the cardiac-suffering subject can be relatively
unstable and with relatively low ‘¢’ peaks and irregular ‘v’
peaks. Such characteristics can be associated with issues in
the right tricuspid valve (‘c” peak) and venous filling (‘v
peak). As a reference, without the hairy structures on the flat
sensor, JVP-shaped waveforms may not be detected.

[0050] FIG. 6A illustrates a detailed schematic of pulse
monitoring using a micro-hairy pressure sensor on three dif-
ferent locations of the neck. FIG. 6B illustrates biphasic
waveform of jugular venous pulses. FIGS. 6C-G, illustrate
(each 1) capacitive responses to various physical forces of a
normal person, (each ii) Fourier Transformed data, and (each
i) the interpreted waveforms of carotid pulse and jugular
venous pulses measured at (FIG. 6C) site 1 of a~5°, (FIG.
6D) site 2 of a~5°, (FIG. 6E) site 3 of 0~5°, (FIG. 6F) site 3
of 0~45°, and (FIG. 6G) site 3 of a~90°. Here, the interpreted
waveforms of the carotid pulse and jugular venous pulse
(eachiii) canbe filtered by Fast Fourier Transform (FFT) with
band pass filter from 1.0 Hz to 4.0 Hz for unique relevant
frequencies of carotid pulse and jugular venous pulse.
[0051] Thereby, embodiments in accordance with the
present disclosure include flexible microhair structures to
allow for conformal adhesion to skin. The high aspect ratio
(AR 10) of the introduced microstructures can result in high
sensitivity (approximately 0.58 kPa™") via effective contacts
between the interface of the sensor device and the skin. In
various embodiments, the sensor devices include wearable
pressure sensors that allow for surprising detection of deep-
lying pulse waveforms in addition to radial artery, respiration,
and carotid pulses. By using a simple portable transmitter/
receiver for wireless communication, the collected signals
can be remotely monitored and distinguished for possible
diagnostic purposes.

[0052] In accordance with a number of embodiments, the
sensor devices can be formed of PEN/Cr/ Au/PVA/PDMS/
Au/Ct/PEN/PVA/microhair. For the bottom electrodes, a
chromium layer (4 nm) followed by a gold (40 nm) layer can
be thermally evaporated onto plasma-treated PEN substrates
with a thickness of 12 um. For the upper electrodes, pyramid-
shaped microstructures (6 pm in width, 3 um in height, and
spacing of 3.8 um) can be attached to the Au electrode using
PVA (Sigma Aldrich, 40 mg of PVA/ml of DI water) as an
adhesion layer between the Au layer and PDMS microstruc-
tures. For example, the pyramid microstructures can be fab-
ricated by spin-coating 10-wt %-curing-agent-mixed PDMS
onto a mold of pyramid microstructures at 5,000 rpm for 10
minutes. Then, the PDMS-coated mold can be laminated onto
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the PVA/Au/PEN substrate, which can be separately prepared
by spin-coating PVA on the Au layer at 2,000 rpm for 1
minute, followed by heating the sample in an oven at 80° C.
for at least 1 hour to evaporate the DI water in the PVA
solution. After curing, the PDMS can be cured in the oven at
80° Celsius (C) for more than 30 minutes, the mold may be
carefully delaminated by peeling back the PEN substrate,
leaving behind a layer of PDMS with pyramid microstruc-
tures on the top electrode. For the bottom electrode, the
microhair structures can be fabricated and attached to the
PEN substrate, again using PVA as the adhesive layer. The
method for attaching the PDMS microhair structures can be
the same as above, except for using a different master mold.
Before the assembly of the top and bottom electrodes (e.g.,
the upper portion and lower portion), each electrode can be
connected with copper tape attached to 30 American Wire
Gauge (AWG) wires. And, the two electrodes can be
assembled together by pasting the PEN side of the top elec-
trode to the center of'a medical tape, and bringing the Au side
of the bottom electrode to the exposed side (e.g., the side with
PDMS pyramids) of the top electrode with alignment.

[0053] Inanumberofembodiments, the silicon master with
nanoholes (e.g., 15 um radius, AR=3, 6, and 10) can be
prepared by photolithography and subsequent reactive ion
etching. The master can be treated with a fluorinated-SAM
solution ((tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosi-
lane:FOTCS, Gelest Corp.) diluted to 0.03 molarity (M) in
anhydrous heptane (Sigma Aldrich) in an Ar chamber. The
surface-treated master can be annealed at 120° C. for 20
minutes.

[0054] To measure the change in capacitance and/or resis-
tance as a function of the applied pressure, a wireless capaci-
tance measurement system can be used. The system can
include an AD7746 24 bit capacitance to digital converter
(CDC) to interface with the sensor and collect the capacitance
and/or resistance readings. A range extension circuit can be
built for the CDC to allow for an input range of 0-116 pico-
farads (pF). An Arduino microcontroller (MCU) can be pro-
grammed to control the CDC and read sensor data at a rate of
90 Hz. By integrating an XBee Series 2 radio module to the
MCU, sensor data can be wirelessly transmitted to a com-
puter. The computer can perform software developed in the
processing environment to receive, log, and output the sensor
data to a visual display.

[0055] The capacitance and/or resistance measurements
can be taken using an Agilent E4980A Precision LCR meter.
Capacitances can be measured at the frequency of 1 kHz with
alV ac.signal. A mechanized z-axis stage (Newmark Sys-
tems, 0.1 um resolution) and a force gauge (Dillion GL
model, 0.5 gram resolution) can be used to apply loads to the
sensor pads on a probe station, all interfaced through a com-
puter.

[0056] The sensor device can be attached to skin of a sub-
ject, such as on the wrist or on the neck. For JVP measure-
ments, the effective lying angles can be varied using a chair or
bed, and the sites of measurements were 3, 6, and 9 cm away
from the subject’s collarbone. The medical tape and the bio-
compatible polymer may be in contact with the subject’s skin.
Change in pressure can be measured by connecting the pres-
sure sensor to a capacitance and/or resistance meter. The
capacitance and/or resistance meter can record capacitive
and/or resistance changes as a function of time for a period of
time (e.g., no longer than 2 minutes). After measurements of

Feb. 25,2016

the pulsation, the sensors can be disconnected from the meter

and the medical tape can be carefully removed from the

subject.

[0057] The “a” wave can corresponds to the contraction of

the right atrial and it synchronously ends with the carotid

artery pulse. The end of atrial systole is demarcated by the
peak of the “a” wave. The “c” wave corresponds to the right
ventricular contraction which causes the bulging of tricuspid
valve towards the right atrium. The “x” descent following the
“c” wave corresponds to the pulling of the tricuspid valve
towards downward direction by the right ventricle, caused
during the ventricular systole. It can be used to determine the
degree of right ventricle contractility. The “v” wave corre-
sponds to the filling of vein during the closure of the tricuspid
valve and venous pressure increases from venous return,
which occurs during and following the carotid pulse. Finally,
the “y” descent corresponds to the opening of the tricuspid
valve, thereby rapidly emptying the atrium into the ventricle.

The following references are hereby fully incorporated by

reference for their teachings generally, and specifically for

examples of further details regarding sensor devices and
physiological parameters, and for reasons provided in this
application and corresponding Appendices:
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[0096] Further, the Appendices of the underlying provi-

sional application are hereby fully incorporated by reference

for their general and specific teachings: Appendix A entitled

“Highly Skin-Conformal Microhairy Structures for Pulse

Signal Amplification” and Appendix B entitled “Supplemen-

tal Information: Highly Skin-Conformal Microhairy Struc-

tures for Pulse Signal Amplification”. Consistent with
embodiments of the present disclosure, Appendix A describes
and show examples of sensor devices and microstructures in

accordance with the present disclosure. Appendix B

describes and shows examples of experimental results of

sensor devices and various microstructures, in accordance
with the present disclosure.

[0097] Asillustrated, various modules and/or other circuit-
based building blocks (shown in the immediately preceding
figure) may be implemented to carry out one or more of the
operations and activities described herein or in the Appendi-
ces, and/or shown in the block-diagram-type figures. In such
contexts, these modules and/or building blocks represent cir-
cuits that carry out one or more of these or related operations/
activities. For example, in certain of the embodiments dis-
cussed above and in the Appendices, one or more modules
and/or blocks are discrete logic circuits or programmable
logic circuits configured and arranged for implementing these
operations/activities, as in the circuit modules/blocks shown
above and in the Appendices. In certain embodiments, the
programmable circuit is one or more computer circuits pro-
grammed to execute a set (or sets) of instructions (and/or
configuration data). Similarly, reference to the term “sensor”
refers to a tangible and physical structure, that includes cir-
cuitry, and that responds to input from a physical environment
(e.g., such as the skin to which the structure is secured) and
then reacts to the input in a particular way as dictated by the
circuitry. The instructions (and/or configuration data) can be
in the form of firmware or software stored in and accessible
from a memory (circuit). As an example, first and second
modules/blocks include a combination of a CPU hardware-
based circuit and a set of instructions in the form of firmware,
where the first module/block includes a first CPU hardware
circuit with one set of instructions and the second module/
block includes a second CPU hardware circuit with another
set of instructions.



US 2016/0051195 A1

Various embodiments described above, and discussed in the
attached Appendices may be implemented together and/or in
other manners. One or more of the items depicted in the
present disclosure and in the Appendices can also be imple-
mented separately or in a more integrated manner, or removed
and/or rendered as inoperable in certain cases, as is useful in
accordance with particular applications. In view of the
description herein, those skilled in the art will recognize that
many changes may be made thereto without departing from
the spirit and scope of the present disclosure.

[0098] While various embodiments discussed herein are
amenable to modifications and alternative forms, aspects
thereof have been shown by way of example in the drawings
and will be described in detail. It should be understood, how-
ever, that the intention is not to limit the invention to the
particular embodiments described. On the contrary, the inten-
tion is to cover all modifications, equivalents, and alternatives
falling within the scope of the disclosure including aspects
defined in the claims. In addition, the term “example” as used
throughout this application is only by way of illustration, and
not limitation.

What is claimed is:

1. A sensor device, comprising:

an upper portion including a plurality of layers including at

least one sensor; and

a lower portion including a layer of microstructures con-

figured and arranged to interface with skin of a subject
and to interlock the skin with the at least one sensor.

2. The sensor device of claim 1, wherein the at least one
sensor is at least one pressure sensor, and the microstructures
and the at least one pressure sensor are further configured and
arranged to measure data selected from the group consisting
of: pulsations of venous pulses or arterial pulses of the sub-
ject, temperature of the subject, electrocardiogram of the
subject, and a combination thereof.

3. The sensor device of claim 1, wherein the microstruc-
tures are further configured and arranged to enhance mea-
surement of data selected from the group consisting of: pres-
sure pulses or waveforms that arise from venous pulses or
arterial pulses of the subject, temperature of the subject, elec-
trocardiogram parameters obtained from the subject, pulsa-
tions of venous pulses or arterial pulses of the subject, breath-
ing, temperature of the subject, electrocardiogram or
electroencephalogram (EEG) of the subject, and a combina-
tion thereof.

4. The sensor device of claim 1, further including circuitry
configured and arranged to collect pressure data from the at
least one pressure sensor, and a wireless transmitter config-
ured and arranged to transmit the pressure data to a remote
device, and the microstructures includes an adhesive portion
to stick to the subject.

5. The sensor device of claim 1, wherein the upper portion
includes another set of microstructures that are pyramids in
shape and have a height and a width of less than 100 pm and
are spaced apart by less than 100 pm.

6. The sensor device of claim 1, wherein the upper portion
includes another set of microstructures that are pyramids in
shape, and the another set of microstructures form a dielectric
layer, or a conductive layer.
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7. The sensor device of claim 1, wherein the microstruc-
tures are hair-like structures having various shapes and stiff-
ness.

8. The sensor device of claim 1, wherein the microstruc-
tures are symmetric structures.

9. The sensor device of claim 1, wherein the microstruc-
tures are asymmetric structures, and the microstructures
include conductive, insulative, or semiconductive materials.

10. A sensor device, comprising:

an upper portion including a plurality of layers including at

least one sensor; and

a lower portion including a layer of microstructures con-

figured and arranged to interface with skin of a subject
and to interlock the skin with the at least one sensor,
wherein the microstructures include hair-like structures
configured and arranged to enhance adhesion to the sub-
ject.

11. The sensor device of claim 10, wherein the microstruc-
tures are of various shapes configured and arranged to
enhance adhesion to the subject.

12. The sensor device of claim 10, wherein the microstruc-
tures include a flat region on top of the hair-type structure.

13. The sensor device of claim 10, wherein the at least one
pressure sensor includes resistive pressure sensors or capaci-
tive pressure sensors.

14. The sensor device of claim 10, wherein the microstruc-
tures are further configured and arranged to enhance lateral
force measurements of the subject, and the microstructures
are configured and arranged to allow transduction of the
lateral force.

15. The sensor device of claim 10, wherein the microstruc-
tures are further configured and arranged to enhance friction
measurements of the subject.

16. The sensor device of claim 10, wherein the microstruc-
tures are uniformly distributed across the lower portion.

17. The sensor device of claim 10, wherein the microstruc-
tures are non-uniformly distributed across the lower portion.

18. The sensor device of claim 10, wherein the microstruc-
tures are of different heights.

19. A method comprising,

interfacing a layer of microstructures of a sensor device

with skin of a subject, wherein the interface of the layer

of microstructures interlocks the skin with at least one

sensor of the sensor device and wherein the sensor

device includes:

an upper portion including a plurality of layers including

the at least one sensor; and

a lower portion including the layer of microstructures;
collecting physiological signals using the microstructures

and the at least one sensor of a sensor device;
determining a capacitive or a resistance change using the at

least one sensor and the collected physiological signals;

and

correlating, using circuitry of the sensor device, the capaci-

tive change with a physiological response based on the
collected physiological signals.

20. The method of claim 19, wherein determining the
capacitive change include detecting the change in the capaci-
tance or the resistance as a function of pressure applied by the
sensor device.
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