MICROTUBE SENSOR FOR PHYSIOLOGICAL MONITORING

RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Provisional Application No. 62/465,002,
filed on February 28, 2017. The entire teachings of the above application are incorporated herein

by reference.

BACKGROUND

[0002] Recent years have seen significant attention devoted to flexible electronics, leading to
tremendous progress in soft and wearable sensors. Compared to rigid sensors, sensors that are
flexible, stretchable, and bendable have shown enormous potential in health monitoring, soft
robotics, electronics skins, and prosthetics. Elastic mechanical properties are the key factors for
wearability and imperceptibility to enable conformal skin contact for in situ monitoring.
However, conventional silicon-based devices and many conductive materials are mechanically
stiff and brittle. To overcome this, some approaches have deposited conductive layers of carbon
nanotubes, nanoparticles, nanowires, and two-dimensional materials, onto stretchable substrates,
resulting in an overall mechanical deformability. The composite materials require conventional
manufacturing methods, such as transfer printing, electroless deposition or electrodeposition, and
screen printing, which typically restrict designs and integration of operational elements in a
planar environment. Furthermore, the sensors’ complicated structures, in many cases, require

more expensive and complex production routes, limiting scalability and reproducibility.

SUMMARY OF THE INVENTION

[0003] Described is a flexible, stretchable, soft, and ultrathin wearable tactile sensor that is
highly sensitive to mechanical perturbations. The sensor comprises a unique architecture
including a liquid-state conductive element core within a soft silicone elastomer microtube. The
microtubular sensor can distinguish forces as small as about 5 mN and possesses a high force
sensitivity of about 68 N. The sensor exhibits superior sensing capabilities to detect
perturbations from pulsatile air flows and can be applied in continuous and imperceptible real-
time monitoring of arterial pulse waves.

[0004] Embodiments of the invention have distinctive characteristics that provided benefits

and advantages over existing technologies. The microtube sensor possesses a footprint (e.g.,
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outer diameter) of less than about 120 um. Its tiny footprint is approximately a cross-section of a
strand of hair, which is one of the smallest in the existing technologies. This enables users to
apply the sensor almost indistinguishably, thereby improving compliance and comfort.
Furthermore, the tubular structure allows conformability over 3D curvatures, which cannot be
achieved with planar substrates.

[0005] In addition, due to the manufacturing techniques used for making the microtube, an
ultrathin wall thickness of about 10 pm can be achieved, which is one of the thinnest in the
existing technologies. The ultrathin wall thickness enables the sensor to achieve high sensitivity,
implying that the sensor does not require additional signal conditioning. This can further reduce
the electronics components, increasing the sensor’s wearability for the user.

[0006] Furthermore, the microtube can be extended to very long lengths up to about 1 meter,
which is useful for applications that require a large surface area sensing. Even with longer
lengths, the volume of liquid metallic alloy is considerably low, which makes the sensor low-cost
and effective.

[0007] An embodiment of the microtube sensor of the invention can meet the requirements
of highly robust, responsive, sensitive force measurements while maintaining its flexibility,
stretchability and wearability. Potential applications of the microtube sensor include:

[0008] Microfibers for wearable electronics and smart textiles;

[0009] Non-invasive physiological monitoring of pulse pressure or heart rate, such as in

wearable healthcare monitoring devices;

[0010] Real-time measurements of forces in healthcare applications such as foot pressure;
[0011] Prosthetics or artificial skin systems, to improve or regain the tactile perception; and
[0012] Industrial applications requiring detection of forces in constricted areas, such as

manufacturing, packaging and automobile.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The foregoing will be apparent from the following more particular description of
example embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The drawings are
not necessarily to scale, emphasis instead being placed upon illustrating embodiments of the
present invention.

[0014] FIGS. 1A-1E illustrate a process of fabricating a liquid-based microtubular sensor and

a resulting embodiment of a highly sensitive microtubular tactile sensor.
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[0015] FIG. 1A illustrates preparation of a microtube according to a customized extrusion
technique using a metal wire.

[0016] FIG. 1B illustrates removal of the metal wire to create a hollow microtube. An optical
micrograph reveals the tube of 100 pm in inner diameter with a thickness of 10 pm (left, upper
row of FIG. 1B). Liquid eGaln is injected into the microtube, and an optical image shows eGaln
occupied the lumen within the microtube (right, upper row of FIG. 1B). The microtube filled
with eGaln is sealed at the ends to retain the eGaln in the lumen of the microtube, and connected
to circuitry via cables to complete the sensor device (lower row of FIG. 1B).

[0017] FIG. 1C, left and right, are photographs illustrating (left) actual fabricated liquid-
based microtubular sensor seen on a fingertip, and (right) size of microtubular sensor in
comparison to a strand of hair.

[0018] FIG. 1D are optical and SEM images of an example microtubular sensor showing a
flexible tube with uniform outer diameter.

[0019] FIG. 1E is a micrograph illustrating bendability of the microtubular sensor around a
sharp tip with bend radius below 0.2 mm.

[0020] FIGS. 2A-2D illustrate finite element modeling and experimental data of the
mechanical deformation of the microtubular sensor upon different loads.

[0021] FIG. 2A is a schematic illustration of the mechanical deformation of the microtube
between two parallel rigid plates. The black arrow indicates the compressive direction.

[0022] FIG. 2B illustrates change in the normalized cross-sectional area (solid line) and
transmitted light intensity (boxed line) as a function of compressive forces. The insets are optical
images of eGaln filled microtubes with/without compressional loads.

[0023] FIG. 2C illustrates results of a numerical analysis showing indentation displacement
of the pincher that applies different compressive forces on the microtubes of various elastic
moduli, i.e., 5, 10, 15, 20, and 25 MPa. The black dots represent the experimental results.

[0024] FIG. 2D illustrates force-induced resistance change (normalized R/R) with
microtubes of constant diameter ratio d/d; = 1.2 but of different inner diameter, i.e., 50, 100, 150
and 200 pm.

[0025] FIGS. 3A-3F illustrate pressure sensing and reliability performance of the
microtubular sensor.

[0026] FIG. 3A illustrates an electrical resistance profile of an embodiment of the microtube
sensor at 5 mN loading-unloading cycle. The inset shows a schematic of the experimental setup

for applying normal load on the sensor.
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[0027] FIG. 3B illustrates an electrical resistance profile of the microtube sensor over
various loads. The inset shows the magnified view of the resistivity changes of the sensor at low
pressures.

[0028] FIG. 3C illustrates electrical profile of cyclic loadings of over 500 cycles on the
microtubular sensor. The inset shows a magnified view of the over 25 cyclical responses of the
highlighted region, showing consistency and repeatability.

[0029] FIG. 3D illustrates an electrical profile of the sensor at various external loadings,
demonstrating the sensor reliability.

[0030] FIG. 3E is a schematic illustration showing the airflow generated by an air piston
over the sensor in a continuous sweeping motion.

[0031] FIG. 3F illustrates electrical impedance profiles of the device when subjected to
varying air pressures. The inset shows the persistent resistance increase when the sensor is
exposed to continuous air flow.

[0032] FIGS. 4A-4D illustrate applications of embodiments of the liquid-based microtubular
Sensor.

[0033] FIG. 4A is a photograph showing a microtube sensor attached firmly over the brachial
artery at the elbow of a human subject. The arrow indicates the position of the sensor.

[0034] FIG. 4B illustrates relative electrical resistance change (4R/R0) of the sensor of FIG.
4 A reflecting the brachial arterial pulse waveform. The P1, P2 and P3 denote three distinct
peaks indicative of incident, tidal, and diastolic wave.

[0035] FIG. 4C illustrates a sensor recording at the wrist of a human subject over a period of
10 s using an embodiment of the present invention. The inset shows the representative of the
wrist arterial pulse waveform.

[0036] FIG. 4D illustrates a sensor recording at the wrist after exercise. The inset shows the
representative of the wrist arterial pulse waveform, with P1 and P3 peaks.

[0037] FIG. 5 is a schematic illustration of a wearable microtubular tactile sensor device for
real-time physiological pulse monitoring.

[0038] FIGS. 6A-6C illustrate a highly stretchable elastomeric piezo-resistive (STEP)
microfiber that can be integrated in a fabric substrate. FIG. 6A is a photo highlighting the STEP-
microfiber woven into a fabric glove. The inset shows the magnified view with the arrow
pointing at the STEP-microfiber (scale bar represents 15 mm). FIG. 6B is a magnified image

showing an ant on top of the STEP-microfiber (scale bar represents 5 mm). FIG. 6C illustrates



-5-

that the STEP-microfiber can be stretched by more than 150% of its original length (scale bar
represents 20 mm).

[0039] FIGS. 7A-7D illustrate characteristics of a STEP-microfiber upon different loads.
FIG. 7A illustrates an experimental setup of the electronic textile testing before stretching and
after 40% strain. FIG. 7B illustrates the relationship of the normalized electrical resistance
(4R/Ry) of the STEP-microfiber with strain. Inset shows a magnified view of the AR/R, up to
40% strain. FIG. 7C illustrates electrical resistance of the STEP-microfiber following washing
in a beaker using magnetic stirring bar and temperature > 32 °C. Inset shows the photograph of
the experimental set up. FIG. 7D illustrates electrical resistance of the STEP-microfiber after
washing cycles in a front load washing machine.

[0040] FIGS. 8A-8D illustrate pressure sensing and reliability performance of embodiments
of the STEP-microfiber. FIG. 8A is a graph of normalized resistance as a function of pressure
for different diameter fibers illustrating force sensing characteristics of the STEP-microfibers.
FIG. 8B is a photograph of the microfibers in a cross-stitched network. Intersection points of the
microfibers are labelled with A, B, C, and D, respectively. Microfibers are labelled with R1, R2,
R3, and R4, respectively. FIG. 8C illustrates electrical signals of the respective microfibers
when the following positions on the fabric were pressed on: points A, B, C, and D, respectively.
FIG. 8D illustrates electrical signals of the respective microfibers with different swiping actions.
[0041] FIG. 8E illustrates a locational heat map of woven STEP-microfiber fabric. The heat
map shows the peak electrical resistance intensity when different points (e.g., points A, B, C, D
of FIG. 8B) were pressed on the STEP-microfibers woven into a fabric.

[0042] FIG. 8F illustrates multiple force sensing with woven STEP-microfiber fabric. The
graph of relative electrical resistance shows the ability of the fabric to recognize different forces
on individual microfibers, and simultaneous forces on both microfibers.

[0043] FIGS. 9A-9D illustrates pulse monitoring using a STEP-microfiber system
embodiment. FIG. 9A illustrates a user measuring the carotid pulse near the neck and recorded
normalized electrical resistance (4R/Ry) indicating the pulse waveforms at the corresponding
location. FIG. 9B illustrates a user measuring the brachial pulse near the elbow pit and a graph
of 4R/R indicating the pulse waveforms at the corresponding location. FIG. 9C illustrates a user
measuring the radial pulse near the wrist and a graph of AR/Ryindicating the pulse waveform at
the corresponding location. FIG. 9D illustrates a user measuring the dorsalis pedis pulse near the

foot instep and a graph of AR/Ry indicating the pulse waveform at the corresponding location.
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[0044] FIGS. 10A-10E show example applications of the STEP-microfiber system. FIG. 10A
illustrates a conductive microfiber woven on a stretchable bandage. FIG. 10B is a graph of
normalized resistance (4R/Ry) indicating sustained increase in resistance levels of the bandage of
FIG. 10A under different tension conditions. FIG. 10C is a graph of electrical output of the
conductive microfiber representing repeated rapid tension and release. FIG. 10D illustrates the
STEP-microfibers (R1, R2) woven into a sock. FIG. 10E is a graph of electrical output of the
microfibers (R1, R2) showing the gait cycle (i.e., heel strike, mid stance, toe off) during
locomotion using a sock as illustrated in FIG. 10D.

[0045] FIGS. 11A-11B illustrate washability of the STEP-microfiber. A comparison of SEM
images showing the STEP-microfiber before (FIG. 11A) and after (FIG. 11B) washing indicates
no obvious damage to the functionalized microfiber.

[0046] FIG. 12 is a schematic illustration showing a STEP-microfiber composite. A silicone
elastomer layer forms a mechanical barrier, and a gallium oxide skin layer forms a chemical
barrier.

[0047] FIGS. 13A-13C illustrate a theoretical analysis of characteristics of a STEP-
microfiber under tension. FIG. 13A is a schematic illustration that shows the STEP-microfiber
constricts due to tension. FIG. 13B is a graph illustrating that normalized resistance increases
nonlinearly with increasing tensile strain. FIG. 13C is a graph illustrating that sensitivity
increases linearly with increasing tensile strain.

[0048] FIGS. 14A-14C illustrate a theoretical analysis of the characteristics of a STEP-
microfiber under compression. FIG. 14A is a schematic illustration shows the STEP-microfiber
constricts due to compression. FIG. 14B is a graph illustrating that normalized resistance
increases nonlinearly with increasing normalized pressure, when oo = 0.1. FIG. 14C is a graph
illustrating that sensitivity increases nonlinearly with increasing normalized pressure, when o =

0.1.

DETAILED DESCRIPTION OF THE INVENTION

[0049] A description of example embodiments of the invention follows.
Definitions
[0050] The term “microtube” as used herein means a tube having an outer diameter in the

micrometer range, e.g., between about 1 micrometer and about 999 micrometers.

[0051] The term “flexible” as used herein means capable of bending easily without breaking.
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[0052] The term “polymer” as used herein means a substance that has a molecular structure
consisting predominantly or entirely of a large number of similar units bonded together, e.g.,
many synthetic organic materials used as plastics and resins. The polymer will have at least one
of the following properties: flexibility, stretchability, softness and biocompatibility. Examples
of polymers include but are not limited to silicone elastomer, ultraviolet sensitive polymer,
polyurethane, polyimide, conductive polymer, conductive rubber, thermoplastic and thermoset
polymer.

[0053] The term “silicone elastomer” as used herein means an elastomer, e.g., a rubber-like
material, composed of silicone containing silicon together with carbon, hydrogen, and oxygen.
Examples of silicone elastomers include but are not limited to polydimethylsiloxane (PDMS),
phenyl-vinyl silicone, methyl-siloxane, fluoro-siloxane or platinum cured silicone rubber.
[0054] The term “liquid-state conductive element” as used herein means an element that is a
liquid at room temperature and that is conductive to electrical current. Examples include but are
not limited to liquid metallic alloys, such as Gallistan and eutectic gallium-indium (eGaln).
Other examples include conductive elements, such as carbon nanotubes, silver nanowires,
metallic ink and graphene.

[0055] The term “electrical resistance” as used herein means an electrical quantity that
measures how a device or material reduces the electric current flow through it. The electrical
resistance of an electrical conductor is a measure of the difficulty of passing an electric current
through that conductor. The resistance explains the relationship between voltage (amount of
electrical pressure) and the current (flow of electricity), and is measured in units of ohms (Q).
[0056] The term “force-induced deformation” as used herein means a deformation of a
material consequent to or in reaction to application of a force to the material.

[0057] The term “ultrathin” as used herein means having a thickness of about 10 pm to about
40 pm, and may be used to describe the thickness of a wall of a microtube as well as the cross-
sectional diameter of the microsensor.

[0058] A “fabric” as used herein means a material, such as a textile, made through weaving,
knitting, spreading, crocheting, or bonding that can be used in production of further goods
(garments, etc.).

[0059] A “microfiber” as used herein means a fiber having an outer diameter in the
micrometer range, e.g., between about 1 micrometer and about 999 micrometers.

[0060] All numeric values herein can be modified by the term “about,” whether or not

explicitly indicated. The term “about” generally refers to a range of numbers that one of skill in
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the art would consider equivalent to the recited value (i.e., having the same function or result). In
some versions the term “about” refers to =10% of the stated value, in other versions the term

“about” refers to £2% of the stated value.

Microtube Sensor

[0061] The invention generally relates to a microtube sensor and associated methods for
making a microtube sensor and for sensing force.

[0062] A microtube sensor according to an embodiment of present invention includes a
flexible microtube comprising a polymer and defining a lumen. The flexible microtube has at
least one of (i) an inner diameter of about 10 pm to about 400 pm and a variable outer diameter,
and (ii) a wall surrounding the lumen, the wall having a thickness of about 10 pum to about 550
pm. The sensor further includes a liquid-state conductive element within the lumen of the
flexible microtube and closed ends to retain the liquid-state conductive element in the lumen.
The microtube sensor has the property that a change in electrical resistance of the liquid-state
conductive element is indicative of a force-induced deformation of the flexible microtube.
[0063] The polymer can be a silicone elastomer, an ultraviolet sensitive polymer,
polyurethane, polyimide, conductive polymer, conductive rubber, thermoset or a thermoplastic
polymer. The silicone elastomer can be, for example, polydimethylsiloxane, phenyl-vinyl
silicone, methyl-siloxane or fluoro-siloxane. The ultraviolet sensitive polymer can be
MYpolymer® (a fluorinated resin with acrylate/methacrylate groups produced by MY Polymers
Ltd.), styrene-acrylate-containing polymer, polyacrylate polyalkoxy silane, a positive photoresist
(e.g., diazonaphthoquinone-based positive photoresist) or a negative photoresist (e.g., €poxy-
based negative photoresist).

[0064] The liquid-state conductive element can be a liquid metallic alloy, such as Gallistan
or eutectic gallium-indium (eGaln). Other suitable liquid-state conductive elements can be
conductive liquids, such as ionic solutions, metallic ink, conductive greases or conductive
hydrogels. Yet other suitable conductive elements can be metallic nanoparticles or carbon-based
materials suspended in liquid solution. Microtube sensors using these conductive elements can
be fabricated using the process described below for eGaln.

[0065] The flexible microtube can have an inner diameter of about 10 pm to about 400 pm,
preferably about 50 pm to about 200 pm, and a variable outer diameter. A ratio of the outer
diameter to the inner diameter can be in the range of about 1.05 to about 111, and preferably is
about 1.2. The length of the microtube can be about 1 m or less and at least about 200 pm. The

microtube can have a wall surrounding the lumen, the wall being of the same material as the
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microtube. The wall can have a thickness of about 10 pm to about 550 pm, preferably about 10
pm to about 40 pm. The outer diameter can vary in size depending upon the thickness of the
wall. The outer diameter is controllable by varying certain parameters during the fabrication
process, such as pulling speed of the metal wire used in the process and the viscosity and surface
tension of the polymer (e.g., liquid PDMS), as further described in U.S. Provisional Application
No. 62/302,919 filed on March 3, 2016, entitled “Versatile, Flexible And Biocompatible
Elastomeric Microtubes,” the entire teachings of which are incorporated herein in their entirety.
The inner diameter is typically determined by the cross section (e.g., outer diameter) of the metal
wire.

[0066] The force sensitivity of the microtube sensor can be about 2.8 N to about 68 N! for
static force loads from about 5 mN to about 900 mN.

[0067] The microtube can have a circular, elliptical, rectangular, square, triangular, star, non-
circular, or irregular cross-sectional shape.

[0068] Connectors (e.g., wires) can be provided at the ends of the microtube and in electrical
contact with the liquid-state conductive element, to measure electrical resistance of the liquid-
state conductive element. The ends of the microtube can be closed, for example, by sealing the
ends using the same material as is used for fabricating the microtube, such as PDMS or other
suitable material, or by crimping the ends of the microtube, or by attaching caps to the ends of
the microtube.

[0069] An ultrathin microtube resistive sensor of the invention is soft, flexible, stretchable,
and simple to manufacture. The microtube facilitates the deployment of liquid metallic alloy
eGaln that serves as a thin flexible conduit with excellent electrical conductivity and mechanical
deformability. Specifically, by considering the radius and thickness of the microtube, an
ultrasensitive liquid-based tactile sensor with high flexibility and durability can be realized. The
self-sustaining fiber-like shape of the sensor is entirely conformal to human interfaces due to its
ability to twist around three-dimensional curvatures and objects. In addition, its tiny footprint of
about 100 pm to about 200 pm, preferably about 120 pm, in outer diameter makes it almost
imperceptible when worn on bare skin. Embodiments of the present invention can be used in
imperceptible epidermal healthcare diagnostics and monitoring platforms.

[0070] Embodiments of the invention can include one or more of the following features,

listed in Table 1, which can provide the associated benefits or advantages.
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TABLE 1

Feature Benefit/Advantage

Flexible Microtube sensor is flexible and can be easily bent to
conform to curvatures.

Imperceptible Microtube sensor is almost invisible to the user, improving
his ease of use and wearability.

Soft Microtube sensor is as soft as skin, allowing compliance and
sensitivity to mechanical forces

Ultrathin wall thickness Allows highly responsive measurements

Liquid-based sensing element Allows highly responsive and robust measurements

Manufacturing Method and Performance Metrics

[0071] In another aspect, the disclosure pertains to a method of making a microtube sensor.
The method comprises providing a flexible microtube comprising a polymer and defining a
lumen, the flexible microtube having at least one of (i) an inner diameter of about 10 pum to about
400 pm and a variable outer diameter, and (ii) a wall surrounding the lumen, the wall having a
thickness of about 10 pm to about 550 pm; injecting a liquid-state conductive element into the
lumen of the flexible microtube; and closing ends of the flexible microtube to retain the liquid-
state conductive element in the lumen, to thereby make a microtube sensor that has the property
that a change in electrical resistance of the liquid-state conductive element is indicative of a
force-induced deformation of the flexible microtube.

[0072] FIGS. 1A-1D schematically illustrate the fabrication process of the microtubular
tactile sensor 100. As shown in FIG. 1A, the tubular silicone elastomer 10 was first prepared
using a customized extrusion technique. A detailed description of the technique is provided, for
example, in U.S. Provisional Application No. 62/302,919 filed on March 3, 2016, entitled
“Versatile, Flexible And Biocompatible Elastomeric Microtubes,” the entire teachings of which
are incorporated herein in their entirety. Briefly, uncured polydimethylsiloxane (PDMS) base
and curing agent were mixed in a container. A metal filament was drawn vertically from within
the container. Due to the viscosity and surface tension of the PDMS, a uniform thin layer of
PDMS was formed around the metal wire (e.g., copper or tungsten wire) as it was drawn above
the solution. To further improve its wettability, hot water (~98 °C) was added to the water bath
to allow partial curing of PDMS and ice-cold water was used to maintain the PDMS viscosity.

Next, a cylindrical electrical heating unit (~150 °C) was positioned above the container to cure
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the PDMS on the filament entirely. Once it was fully cured, the metal wire was removed to form
the hollow tubular structure 10 (FIG. 1B). The microtube tactile sensor measured with an
internal diameter of 100 pm and the outer diameter of 120 pm. Such a sensor, having an internal
diameter of 100 pm with a wall thickness of 10 pm, is five times smaller than the smallest sensor
reported in the literature at present. The inner diameter of the microtube could also be varied
with different diameters of metal wire. The microtube structure 10 was then filled with eGaln
20, closed at both ends 12, 14, and further connected with connectors 30 and electrical cables 32,
completing the overall tactile sensor 100 (FIG. 1B). The length of the tactile sensor could be
easily customized to different lengths up to several tens of centimeters for various applications.
The diameter of the tactile microtubular sensor is comparable to a strand of hair and is hardly
perceptible at the fingertip (FIG. 1C). Owing to the facile fabrication method, the entire tube is
consistently uniform in diameter, and flexible (FIG. 1D). Furthermore, the microtube is very
thin and soft (FIGS. 1B, 1C and 1D), and could be bent over a sharp tip with a bend radius of
approximately 200 pm, indicating its conformability of the microtubular sensor over tight
curvatures (FIG. 1E). Overall, the microtubular sensor is highly bendable, flexible, twistable,
and stretchable. Importantly, the combination of an ultrathin wall thickness and low modulus
allows for an efficient mechanotransduction of the forces to the liquid metal core, hence
extending this capability to measure physiological signals.

[0073] The sensing mechanism of the microtubular sensor is based on the deformation when
exposed to external mechanical forces. As the sensor is compressed, the microtube flattens and
constricts, and the cross-sectional area decreases. Subsequently, the reduced volume and
displacement of the conductive eGaln metallic alloy at compressed region will cause an increase
in its electrical resistance. Assuming an incompressible, elastic system, the resistance of the

sensor R can be expressed as

_prdl

- 1)

[0074] where p is the electrical resistivity of the liquid metallic alloy, d! is per unit length,
and A(/) is the function of the cross-sectional area over length /. Here, the rigid plates can be
assumed to compress the tube into an obround shape. Therefore the equation may be further

simplified into

4p-dl

dR = ——
Tl'({'ii'i‘ - U/)

(2)
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[0075] where d;is the inner diameter of the tube, and U is the function of deformation over
length /. It is worthwhile to note that U depends on dynamic extrinsic force F{(z), intrinsic
material property, i.e., Young’s modulus, E, and geometrical parameters, such as inner and outer
diameters, d; and d,."" Apparently, a small deformation may be translated to a large resistance
change, highlighting the sensitivity of the sensor.

[0076] To study the compression of the microtube, finite element analysis was used to
simulate the cross-sectional deformation between two rigid, flat plates as shown in FIG. 2A.
First, static compression to 95% of the inner diameter was performed. FIG. 2A shows the cross-
sectional deformation of the microtube. Notably, the highest stress regions occurred at the
intersection of the transverse plane and inner surface of the microtube, where von Mises stress
measured 8.44 MPa. Even so, the stresses were much lower than the ultimate compression
strength of PDMS reported in the literature,'*! further implying its structural integrity and
robustness.

[0077] Furthermore, the change in the cross-sectional area of the lumen under dynamic
compressive loading was measured. FIG. 2B shows the cross-sectional area as a function of the
compressive forces. The simulation results indicated that the microtube could be deformed by
almost 80% decrease in the cross-sectional area under external forces as small as 8 mN. To
validate the model, the transmitted light intensity was measured through the compressed
microtubular sensor. It was discovered that as the microtube was compressed, the opaque eGaln
filled microtube gradually became translucent, and the transmitted light intensity plateaued under
a compressional force of ~ 13 mN (FIG. 2B). This observation is consistent with the simulation,
which presents a decreasing trend of the tubular cross-sectional area and indicates a flattened
microtube at force > 15 mN. Taken together, these findings further highlight the excellent
deformability of the microtube.

[0078] The compression by parallel rigid plates induces both tensile and compressive
stresses within the microtube. A different elastic moduli (i.e., E;p. = 5, 10, 15, 20, and 25 MPa)
was applied to the model and compared the results with the experimentally measured indentation
displacement vs. force plot (FIG. 2C). By doing so, the equivalent Young’s modulus of E;, =
15 MPa was determined. The high Young’s modulus is due to the incompressibility of the liquid
metal within the microtube, which provided extra pressure when the sensor was transversely
compressed. To determine the optimal tubular geometry for pressure sensing, the deformation

profile of microtubes with different d; and d, was simulated under compressive forces. The
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thickness of the PDMS film, & = (d, — d;)/2, which attached to the metal filament, is proportional

to the thread diameter, d;, and the intrinsic capillary number, Ca, of the liquid PDMS:

2
h o« d;Ca3 (3)

[0079] where Ca is relevant to the viscous forces and surface tension.!” The fabrication
conditions were optimized to produce microtubes with 4 as thin as 10 pm with a d,/d, ratio of
1.2. The force-induced resistance change, R/Ry, was computed as a function of the compressive
forces with the fixed ratio of 1.2 as shown in FIG. 2D. As expected, the sensitivity of the
microtubes with different inner diameters is increased with reducing d; and 2. However, when
the inner diameter is reduced to 50 pm, the liquid surface tension created beading of the
PDMS,W leading to unsmooth surfaces. Therefore, consistently smooth microtubes of d,/d; =
120/100 pm could be fabricated for the implementation of the microtube sensor.

[0080] Output characteristics at different mechanical loads are illustrated in FIGS. 3A-3F.
First, the pressure sensing and reliability performance of the microtubular sensor was
characterized in response to both static and dynamic mechanical forces. Static loads from 5 mN
up to 900 mN were performed using a universal pressure machine (FIG. 3A, inset). As shown in
FIG. 3A, the sensor was placed on a lower stage of the machine and an upper stage, including a
load cell to measure force, applied forces to the sensors. Notably, forces as small as 5 mN could
be distinguished. Even at small forces, the sensor demonstrated a pressure sensitivity of about
2.8 N (FIG. 3B, inset). When the tube was further compressed with higher forces, the pressure
sensitivity increased significantly to approximately 68 N Compared with other reported

flexible tactile sensors,[”'ls]

the microtube sensor of the invention possesses a higher sensitivity
by about three orders of magnitude. This was because of the high lumen constriction resulting in
a thin layer of conductive liquid metal, which increased the electrical resistance dramatically. In
addition, the sensor resistance resumed its baseline once was released from the compression,
indicating the excellent elasticity of the microtube in shape-reconfigurability. Taken as a whole,
it was observed that the sensor was very responsive to external pressures, and demonstrated
negligible electrical hysteresis. Indeed, unlike resistive nanocomposites that suffered from
endemic low recovery and mechanical hysteresis,[s] the microtubular sensor responded to force
changes within 5 ms at a frequency up to 75Hz.

[0081] To test its durability, the sensor was subjected to continuous cyclical loading by

indenting the sensor repeatedly at ~1.25 Hz (FIG. 3C). Here, it was observed that the electrical

profile of the sensor remained consistent even after 500 cycles. The inset further shows the
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magnified view of 25 cycles of the sensor response during the durability testing. Notably, the
base and peak values were highly consistent, highlighting its precision and high fidelity. Other
than cyclical loading, the sensor was subjected to random low and high-pressure loads, including
gentle, brief taps, continuous oppression and repeated transient high force loadings. FIG. 3D
shows the sensor response after the stress test, where the sensor was highly responsive to various
pressure loads. Moreover, the sensor maintained a highly consistent baseline throughout the
repeated loading-unloading cycles, further demonstrating the robustness and adaptability of the
sensor to extreme loadings. To further prove the sensitivity of the microtubular sensor, a non-
contact force was applied on the sensor. FIG. 3E illustrates the detection of air flow generated
by an air piston when it moved in a sweeping motion over the microtube sensor 100. FIG. 3F
denotes the sensor response where notable peaks were observed when the air was blown over the
sensor. Furthermore, sustained air flow triggered a continuous increase in resistance but returned
to baseline once the air flow stopped (inset of FIG. 3F). Overall, this demonstrates the ability of
the sensor to detect persistent pressure changes and could be applied to a variety of applications,
such as turbulent flow and vibrational alternations.

[0082] By utilizing fluid displacement to detect micro-deformations, a high sensitivity of

> 68 N'! was achieved. Furthermore, the microtubular sensor has demonstrated to withstand
extreme mechanical load applications without compromising its electrical output stability,
conductive liquid confinement, and overall integrity. Accordingly, dynamic forces involving

pressing, bending, stretching, twisting, can be resolved using the sensitive sensor.

Sensing Methods and Applications

[0083] Based on their properties, such as physical dimensions of the flexible microtube and
type of liquid-state conductive element as discussed above, the microtube sensors of the
invention can be employed in methods for sensing force. According to an embodiment of the
present invention, a method for sensing force comprises exposing the microtube sensor to a
mechanical force and measuring a change in electrical resistance of the liquid-state conductive
element within the lumen of the flexible microtube in response to the mechanical force. The
change in electrical resistance of the liquid-state conductive element is indicative of a force-
induced deformation of the flexible microtube.

[0084] Exposing the microtube sensor to a mechanical force can include, for example,
subjecting the sensor to a contact force, such as a compression force, extension force, twisting

force or combination thereof, or a non-contact force, such as airflow pressure or other non-



- 15 -

contact perturbation. In response to the mechanical force, the microtube sensor may bend, twist,
stretch, or otherwise deform. The mechanical force can be static or dynamic.

[0085] The method of sensing can include using the measured change in the electrical
resistance to monitor a physiological parameter, which can be at least one of pulse pressure,
blood pressure, heart rate, foot pressure, tactile force and tremor.

[0086] The recording of subtle physiological signals is highly desirable for health
monitoring. When attached to the bare skin, the sensor 100 could be used to detect subtle force
signals caused by physiological pressure flows, such as the brachial or the radial artery pulse
(FIG. 4A). Notably, the brachial pulse profile could be distinctly observed with high fidelity
through the readout in the resistive variation of the sensor, as shown in FIG. 4B. Specifically,
the pulse wave contains three distinct peaks, representative of the incident wave (P1), tidal wave
(P2), and diastolic wave (P3). Here, the augmentation index, measuring the ratio of P2 and P1,
and the time difference between P1 and P2 could be utilized as a measure of arterial stiffness and
age.[g] The sensor was attached to the wrist to measure radial artery pulse. FIG. 4C shows the
distinct pulse waveform with similar peaks, demonstrating its versatility in measuring different
sites. In fact, in comparison to the brachial pulse, the tidal wave is further from the incident
wave, which is indicative of a radial pulse waveform. Subsequently, the radial pulse waveforms
after exercise were measured. FIG. 4D shows the pulse waveform in the post-exercise state.
Here, it was observed that the pulse rate was higher (75 beats/min compared to 60 beats/min in
the resting state). Moreover, in the post-exercise pulse waveform, it was observed that peak
pressures are increased by a factor of ~1.5, indicating a higher blood pressure, which is normal
after exercise. The tidal wave was also less prominent in the post-exercise state, which could be
due to the effect of artery enlarging or altered ventricular ejection as a result of increased demand
for oxygenated blood.[*7 Importantly, the dynamic pulse profile obtained by the sensor
noninvasively was well comparable to that acquired by invasive catheterization methods."!
Thus, an embodiment of the microtube sensor is capable of measuring and resolving
hemodynamic parameters real-time and in almost imperceptible conditions, allowing continuous
and unobtrusive monitoring of physiological signals for abnormalities and early disease
detection.

[0087] The microtube sensor can be included in a wearable device for real-time
physiological monitoring, such as the wrist-worn pulse monitoring device 200 illustrated in FIG.

5. The wearable device 200 can include the sensor 100, a power supply and electronic circuitry
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to drive the sensor, e.g., to measure changes in electrical resistance, current, capacitance, voltage

of the liquid-state conductive element.

EXAMPLE 1 - Finite element analysis:

[0088] Finite element modeling of the microtube tactile sensors was performed using
ABAQUS CAE for both 2D plane strain and 3D analyses, depending on the geometry of the top
pitch (i.e., the crosshead compressing the microtube). Due to symmetry, half and quarter models
were established for 2D plane strain and 3D analyses, respectively. General static analysis mode
was selected with hard and frictionless contact established between the top pitch and the top half
outer surface of the microtube, bottom plate and lower half outer surface of the microtube, as
well as the microtube inner surface. Hybrid and linear elements with reduced integration were
used for contact analysis. The tube wall was divided into 6 layers in the large stress regions near
the mid-plane, and 4 layers in the other regions. Flexible polydimethylsiloxane (PDMS) was

[10]

assumed to be elastic,” ~ and Poisson’s ratio was chosen to be 0.49.

EXAMPLE 2 - Device design and fabrication:

[0089] To create the microtube, a metal filament (e.g., wire) was first immersed vertically
into a freshly mixed PDMS base and curing agent, 10:1 (w/w) (e.g., mixture of Sylgard 184
silicone elastomer base and Sylgard 184 silicone elastomer curing agent, 10:1 by weight). The
metal filament was drawn out of the PDMS pool using a rotary motor at a velocity of 2 to 4
mm/s. Simultaneously, hot water of ~100 °C was added to the surrounding PDMS pool to
initiate PDMS curing. When the metal wire was drawn out vertically above the liquid level, it
was further cured by hot air at ~95 °C in a cylindrical heating unit. To maintain the optimal
viscosity of the PDMS for even coating around the metal filament, cold water would be added
into the PDMS pool surroundings to prolong curing time. Next, the metal wire was peeled off
during a sonication process in acetone solution which would wash off unreacted elastomer curing
agent and caused slight swelling in the polymer - loosening the PDMS-metal contact. The
detached PDMS microtube was then baked in an oven to remove any acetone remnant.
Subsequently, eGaln was injected into the microtube using a 1 mL syringe. Wires were then
inserted into the hollow microtube and sealed using uncured PDMS, which closed the end of the
microtube to retain the eGaln within. The entire device is brought into the oven at 75 °C for 2

hours to obtain the final product.

EXAMPLE 3 - Pressure sensing, durability and mechanical forces differentiation:
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[0090] The liquid-based microtube tactile sensor was subjected to compressive ramp-hold-
release loads starting from 10 mN to 100 mN using a universal load machine (5848 MicroTester,
Instron, Norwood, MA), as schematically illustrated in FIG. 3A. The ramp and release rates
were set at 5 mm/min. The electrical response of the tactile sensor upon different load
applications was continuously monitored and recorded using a customized data logging

microprocessor at 20 Hz.

EXAMPLE 4 - Air flow sensing and pulse sensing:

[0091] To validate the capability of the microtubular sensor to measure air flow sensing, an
air piston was used, an example of which is illustrated in FIG. 3E. The air cylinder was activated
over the sensor at approximately 5 mm away briefly. Air flow pressures of about 50 kPa to 100
kPa were applied to show its ability to measure and quantify varying pressures. Electrical signals
obtained were post processed using MATLAB bandwidth frequency filter (2" order with a
cutoff frequency of 0.25 Hz).

[0092] For pulse pressure sensing, the microtubular sensor was placed over the skin of the
forearm of a subject at positions proximally to the elbow and at the wrist (see also FIG. 4A). The
subject was requested to sit still for a few seconds and electrical signals were recorded using
PXIe 4081 (National Instruments, Austin, TX). The electrical signals were further processed
using the same MATLAB filter as for air flow sensing, and pulse rate was calculated by counting

the period of each waveform.

Highly Stretchable, Weavable And Washable Piezoresistive Microfiber

[0093] A key challenge in electronic textiles is to develop an intrinsically conductive thread
of sufficient robustness and sensitivity. Described here is an elastomeric functionalized
microfiber suitable for smart textile and wearable electronics. Unlike conventional conductive
threads, the microfiber is highly flexible and stretchable, and possesses excellent piezoresistive
characteristics. The microfiber is functionalized by enclosing a conductive liquid metallic alloy
of low viscosity within the elastomeric microtube, thereby forming a microtube sensor.
Embodiments are also referred to herein as Stretchable Tubular Elastic Piezoresistive (STEP)
microfibers. In an embodiment, the microtube sensor allows shape reconfigurability and
robustness, while maintaining an excellent electrical conductivity of 3.27 + 0.08 MS/m. By
producing STEP microfibers the size of cotton threads, a plurality of piezoresistive microfibers
can be woven seamlessly into a fabric to determine force location and directionality. The

conductive microfibers can be woven into a fabric substrate, such as a glove, and used to obtain
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physiological measurements from the wrist, elbow pit, neck, and foot instep. Importantly, the
elastomeric layer protects the sensing element from degradation. Experiments show that the
microfibers remain functional even after repeated machine washing. These advantages highlight
the unique propositions of such wearable electronics for flexible display, electronic textile, soft
robotics, and consumer healthcare applications.

[0094] A STEP-microfiber is presented that is soft, flexible, stretchable, and washable.
Electrical functionality is achieved by depositing a non-viscous liquid metallic alloy, eutectic
Gallium Indium (eGaln), into an elastomeric microtubular structure. The fabrication process is
similar to the microtube fabrication process described above with reference to FIGS. 1A-1D. The
STEP-microfibers may be woven into a fabric to produce a fully functional wearable electronics
to sense force, position, and directionality, as further described below. To demonstrate its
robustness and durability, the functionalized fabric can be subjected to typical laundering cycles
in a washing machine. Due to its elasticity, the STEP-microfibers remain highly conductive and
functional even after repeated washing. These superior properties highlight the high potential
utility of the STEP-microfibers for wearable electronics into smart clothing applications. The
STEP-microfiber can be embedded into a fabric glove and applied to various arterial sites to
obtain physiological pulse waveforms. Other healthcare applications requiring pressure
monitoring are also described.

[0095] Fabrication and features of an embodiment of the STEP-microfiber.

[0096] To produce a STEP-microfiber, a soft, flexible, and stretchable microtube is made
from silicone elastomer, polydimethylsiloxane (PDMS). This soft microtube serves as the
insulating and deformable envelope of the STEP-microfiber. As described above with reference
to FIGS. 1A-1E, eGaln is injected into the tubular structure to form the conductive pathway. To
enclose the microfibers, metal pins are inserted into the outlets and sealed with uncured
elastomer. The metal pins can be easily connected to flexible PCB interconnects for electronics
integration. In this manner, a highly conductive STEP-microfiber having a conductivity of 3.27 +
0.08 MS/m is produced, which is at least four orders of magnitude better than those previously
reported.[l("lg] Using this process, STEP-microfibers of various lumen diameters can be
produced. This versatility enables the selection of different STEP-microfibers for various fabrics.
The use of the liquid metallic alloy accounts for its high conductivity and deformability beyond
the conventional limits attributed to mechanical fracture.

[0097] FIG. 6A depicts a wearable device 300, here a glove, including a STEP-microfiber
110 woven in a fabric 340 substrate of the glove. The inset of FIG. 6A shows that the size of the



-19 -

microfiber 110 (160 pm) is comparable to the cotton fabric yarns. FIG. 6A also illustrates a
suitable position of the STEP-microfiber on the fabric glove, e.g., near the tip of a finger. The
STEP-microfiber can only be clearly seen under a 4X optical magnification, highlighting its
imperceptibility. Furthermore, the one-dimensional format of STEP-microfibers enables high
compliance even to a highly curved three-dimensional surface of the cotton glove. In fact, the
diameter of the STEP-microfiber is smaller than the size of an ant (FIG. 6B). The fabrication
process, illustrated in FIGS. 1A-1D, and has also been reported.[19] Briefly, a customized dip
coating technique was performed to create a uniform uncured elastomeric layer around a
microscale metal wire. The wire was then removed to form the elastomeric microtubular
structure. The STEP-microfiber shows high stretchability beyond 50% strain (FIG. 6C). Its high
flexibility and stretchability allows the STEP-microfiber to be woven into a fabric using standard

sewing and stitching processes.

[0098] The normalized resistance of the STEP-microfiber under tension can be calculated as
2
an_ Ry (L),
R, F L, @

[0099] where L represents the length of the microfiber, the subscript O denotes original value
and 4R is the change of resistance (see also FIGS. 13A-13C and Appendix: Theoretical
Analysis). Notably, when the fiber is stretched, the resistance increases significantly due to the
square law, implying a highly sensitive sensing element. On the other hand, when the STEP-
microfiber is compressed, the fluid movement is different. The relationship between normalized

resistance and normalized pressure can be expressed as

2l

= >

[00100] where a represents the ratio between the length of the constricted portion and total
length, 4 is the correction factor based on the ratio of the outer diameter and the inner diameter of
the microtubular envelope (see Appendix: Theoretical Analysis). For enhanced sensitivity, the
ratio of the outer diameter and inner diameter has to be near to unity (FIGS. 14A-14C and
Appendix: Theoretical Analysis).

[00101] Characteristics of embodiments of the STEP-microfiber upon different loads.
[00102] The PDMS-based STEP-microfiber enables high stretchability without damage. A
tunable diameter of STEP-microfiber (between 100 pm and 1500 pm) may be achieved,
realizing different stress-strain characteristics. This tunability allows the choice of different

microfibers for various applications. To compare the durability of the STEP-microfiber to the
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textile, the STEP-microfiber is woven into the fabric and the smart textile 440 stretched using a
universal loading machine (5848 MicroTester, Instron, Norwood, MA). FIG. 7A shows the
experimental setup before and after stretching of smart textile 440. The normalized electrical
resistance, defined by the resistance change over original resistance (4R/Ry), of the STEP-
microfiber was recorded while the fabric was stretched (FIG. 7B). Here, it is observed that the
normalized electrical resistance follows a linear increase up to 35% strain, suggesting a highly
stretchable conductive microfiber. In fact, the small kinks in the normalized resistance represents
textile yarns breaking at various strains (inset of FIG. 7B), yet the STEP-microfiber remains
functional beyond these strains. This demonstrates the robustness of the STEP-microfiber under
extreme deformations.

[00103] Moreover, a requirement for wearables is dependent on the functional elements to
withstand laundering procedures. In fact, many conventional sensors suffer catastrophic failure
due to the chemical reactions of the washing detergent coupled with heavy mechanical actions.
However, in the STEP-microfiber, the conductive and sensing element eGaln is confined within
the silicone elastomeric microfiber, protecting it from external environment. Further, the
conductive liquid maintains its liquid-state which allows shape reconfigurability even under
extreme mechanical loadings and washing. Furthermore, eGaln reacts spontaneously to form a
thin surface oxide, which actually protects the inner core from chemical reaction (see FIG. 12,
described below). To simulate washing, four STEP-microfibers were woven into a red dyed
common woven fabric and subjected this textile to immersion and agitation in a beaker of 600
mL deionized water of temperatures above 32 °C (inset of FIG. 7C). The red dye was quickly
cleansed from the fabric, showing high agitation and stirring within the beaker. The conductivity
of the STEP-microfiber was measured before and after each experiment. Here, the conductivity
of the STEP-microfiber remained unchanged despite continuous washing for 3 hours (FIG. 7C).
To further demonstrate its washability, the textile was placed in a commercial washing machine
together with 2 kg of ballast and liquid detergent, and subjected to washing steps according to
the ISO 6330 standards). The laundering steps involved repeated washing, rinsing, and spinning
cycles, lasting for 35 minutes. Notably, even after six cycles of wash, no change in functional
integrity of the STEP-microfiber between each washing was observed (FIG. 7D). Furthermore,
SEM images of the microfibers before washing (FIG. 11A) and after washing (FIG. 11B)
showed no visible damage. Taken together, these results prove the high robustness and durability

of STEP-microfibers even under repeated washing.
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[00104] Pressure sensing and reliability performance of embodiments of the STEP-
microfiber.

[00105] Owing to the high conductivity of the liquid metallic alloy within the deformable
elastomeric tubular envelope, the STEP-microfiber possesses force sensing capabilities as
applied forces cause the liquid metallic alloy to be displaced within the microfiber. FIGS. 8A-8D
illustrate the force sensing characteristics of embodiments of the STEP-microfiber with different
diameters. The force sensitivity is dependent on the ratio of the inner diameter (ID) and the outer
diameter (OD) of the tubular envelope (FIG. 8A). Again, this provides the choice of STEP-
microfibers for different force sensing applications. Furthermore, due to the small size, STEP-
microfibers (R1, R2, R3, R4) may be woven together in a fabric, forming a cross-stitched
network 540 (3 cm x 3 cm), as illustrated in FIG. 8B. Using a plurality of STEP-microfibers,
both the magnitude and the location of the force applied may be determined by the spikes in the
normalized electrical resistance (AR/Ry) of corresponding STEP-microfibers. FIG. 8C illustrates
the electrical signals when the corresponding positions on the fabric is pressed. Here, the signal
peaks denote the force magnitude. By comparing the spatiotemporal electrical signals, the
position of the force applied may be established. A localized heat map may also be produced
based on the peak electrical intensities, enabling position and force recognition (FIG. 8E). Force
directionality may also be computed by observing time lag of the signal peaks between STEP-
microfibers (FIG. 8D). For example, when the user swipes from left to right, its corresponding
time delay (vertical bands in FIG. 8D) of the electrical resistance between STEP-microfibers R1
and R3 denotes the force direction and its corresponding velocity. Multiple forces sensing is also
possible with the STEP-microfibers woven fabric (FIG. 8F). The results strongly illustrate the
potential of the STEP-microfibers for soft robotic and wearable human-computer interface
applications.

[00106] Pulse monitoring using an embodiment of the STEP-microfiber system.

[00107] Real-time pulse monitoring has been of profound importance, especially for
healthcare monitoring and disease diagnosis.[zo’m To demonstrate the utility of the STEP-
microfiber, the conductive microfiber is woven on a fully functional fabric, such as on a finger of
the fabric glove (see, e.g., FIG. 6A). A user wearing the glove positioned the finger on various
parts of the body, i.e., the wrist, the elbow pit, the neck, and the foot instep, to assess the arterial
blood flow to the various parts of the body. As illustrated in FIGS. 9A-9D, arterial palpations can
be obtained from radial, brachial, carotid, and dorsalis pedis arteries respectively, signifying its

capability to perform real-time pulse recording and heart rate monitoring. Notably, similar pulse
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rates are measured across all the locations on the body, indicating its high sensitivity,
responsiveness, and repeatability. Furthermore, by observing the subtle pulse differences based
on the reference locations on the body, there is the potential to establish cardiac abnormalities,*”
such as arterial stiffness, atherosclerosis, or high blood pressure. Importantly, the subtle forces
from the physiological flows captured by the STEP-microfiber can be recorded and displayed
continuously in real-time, enabling versatility and robustness towards tele-rehabilitation
applications and clinical diagnosis.

[00108] Other example applications of embodiment of the STEP-microfiber system.
[00109] To further prove the versatility of the STEP-microfiber, the microfiber was woven
into several fabric products. For example, the STEP-microfiber was sewn onto an elastic
bandage 600 (PROFORE, Smith & Nephew, UK), as illustrated in FIG. 10A. In this
embodiment, the conductive microfiber serves as a strain gauge on the bandage 600. The inset of
FIG. 10A shows the micrograph of the STEP-microfiber 110 on the fabric 640 of the bandage
600. By measuring the electrical signal from the microfiber, the extent of the stretch on the
bandage may be obtained (FIG. 10B). Different strain levels on the bandage may be achieved
and quantified using the STEP-microfiber. Furthermore, the signals obtained were highly
responsive (<100 ms) and repeatable, indicating low hysteresis and high durability (FIG. 10C).
The deployment of the STEP-microfiber on the bandage is particularly useful for nurses and
clinicians to ascertain the pressure applied over the dressings. Moreover, the STEP-microfiber
can be woven into a sock 700, and this configuration can be used as means to measure plantar
pressure (FIG. 10D). To demonstrate this, the STEP-microfibers were sewn onto the ball (R1)
and heel (R2) of sock 700. The inset of FIG. 10D illustrates the microfibers 110 in the fabric 740
of the sock 700. A subject wearing the sock was asked to perform locomotion. As shown in FIG.
10E, when the heel strikes the ground, the electrical signal is immediately increased. Similarly,
the gait cycle can be measured using the conductive microfiber sewn in the socks. Taken
together, the STEP-microfiber provides high sensitivity and range for a wide variety of
applications. Importantly, this enables the possibility of continuous remote monitoring for
healthcare assessment and monitoring and paves the way for new kinds of electronic textiles.
[00110] The success of wearable electronics relies on a robust and versatile method of
integrating conductive microfibers into fabrics. To this end, a multi-functional stretchable tubular
elastomeric piezoresistive microfiber can be fabricated by incorporating liquid metallic alloy into
soft microtubes. The resulting conductive microfiber is flexible, stretchable, robust, and durable.

Even after repeated washing, the microfiber sustained no deterioration in electrical conductivity
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and functionality. In fact, weaving the conductive microfiber into existing fabrics, such as cotton
glove, stretchable bandage, and socks, demonstrated viability of integrating the wearable STEP-
microfiber into clothes or accessories. Furthermore, the conductive microfiber serves as a
multifunctional sensor for force sensing, strain measurements, and even pulse recording.
Integrating technologies with daily living is gradually becoming a norm and the notion of
wearables is gaining in popularity. With the potential to be adopted and used on different fabrics,
this inconspicuous sensor can pave the way as a novel and adaptable point-of-care testing for
pressure sensing and pulse monitoring, with the potential to benefit patients and medical
practitioners alike. The advance in sensing enables tremendous potential to extend tactile sensing
unto future wearable electronics, such as robotics, prosthetics, healthcare monitoring devices,

and artificial skins, with exceptional ease and effectiveness.

EXAMPLE 5 - Device design and fabrication:

[00111] To produce the STEP-microfiber, a metal filament was first immersed vertically into
a freshly mixed PDMS base and curing agent (w/w 10:1). The metal filament was drawn out of
the uncured elastomer pool and cured by rapid heating at ~150 °C. Next, the metal wire was
peeled off during a sonication process in acetone bath. The detached elastomeric microtube was
then baked in an oven for 2 hours to remove any acetone remnant. Subsequently, liquid metallic
alloy eGaln was injected into the microtube using a 1 mL syringe. Metal wires were then
inserted into the outlets and sealed using uncured silicone elastomer. The entire device is brought
into the oven at 75 °C for another 30 minutes to obtain the final product. To sew the STEP-
microfiber onto the fabric, the microfiber is passed through the eye of the sewing needle and

woven into the existing fabric.

EXAMPLE 6 - Pressure sensing, durability, and mechanical forces differentiation:

[00112] The STEP-microfiber was subjected to compressive ramp-hold-release loads starting
from 0.5 to 6 N using a universal load machine (5848 MicroTester, Instron, Norwood, MA). The
ramp and release rates were set at 5 mm/min. The electrical response was continuously

monitored and recorded using PXIe 4081 Digital Multimeter (National Instruments, Austin, TX).

EXAMPLE 7 - Washing/Laundering Procedures:

[00113] When performing washing in the beaker, the textile with woven STEP microfibers
was briefly immersed in red dye before placing it in the beaker of 600 mL deionized water (see,
e.g., FIG. 7C). A magnetic stirring bar was inserted into the beaker of water and then the stirring

rate was set to 180 revolutions per minute (rpm). To immerse the electronic textile into water, it



-4 -

was clamped by two binder clips and hung on a plastic bar spanning on the beaker. Another two
binder clips clamping on the bottom of the fabric served as weight to achieve good immersion.
Next, the stirring rate was increased to 1110 rpm. Every 30 minutes the textile was lifted out to
measure the resistance of the four STEP-microfibers sewn in it. The water temperature was
measured to be above 32 °C throughout the test.

[00114] When performing washing in the washing machine, the same textile was placed
together with 2kg ballast into a Maytag MHN30PN 9kg Commercial Front Load Washing
Machine (see, e.g., FIG. 7D). According to vendor guidance, Y2 cap of Breeze Power Clean
Liquid Detergent was added into the washing machine before laundering. The laundering steps
involved repeated washing, rinsing, and spinning cycles, lasting for 35 minutes. After each
washing, the STEP-Fabric was taken out to record the electrical resistances of the STEP-
microfibers using a RS-12 Compact Digital Multimeter.

EXAMPLE 8 - Glove sensing:

[00115] To validate the capability of the STEP-microfiber to measure pulse pressure, the
microfiber was woven on the fingertips of a fabric glove (see, e.g., FIG. 6A). Written informed
consent was obtained from all participants prior to the experiments. The subject was requested to
sit still for a few seconds and the pulse was measured by placing the fingertips on the subject’s
wrist, elbow pit, neck, and foot instep (see, e.g., FIGS. 9A-9D). Electrical signals were recorded
and displayed continuously in real time using PXIe 4081 Digital Multimeter (National
Instruments, Austin, TX). The electrical signals were further processed using a MATLAB filter

and pulse rate was calculated by counting the period of each waveform.

EXAMPLE 9 - STEP-microfiber hybrid solid-liquid composite:

[00116] Eutectic Gallium Indium (75.5% Gallium, 24.5% Indium by weight) and all other
chemicals were obtained from Sigma-Aldrich. Its low viscosity enables high moldability and can
be jetted into the tubular structures by needle injection. Owing to its high surface tension, the
entire tubular structure can be completed filled without interruptions. Polydimethylsiloxane,
SYLGARD 184 was obtained from Dow Corning Inc., and cured by mixing precursor and curing
agent in 10:1 w/w ratio. The air permeable silicone elastomer layer enables the gallium-based
alloy to react spontaneously to form a thin, native skin of gallium oxide, which is a wide band-
gap semiconductor (~4.8 eV at room temperature). FIG. 12 is a schematic illustration of the

STEP-microfiber composite. Both the silicone elastomer and the gallium oxide skin layer work
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together to protect the conductive eutectic Gallium Indium against mechanical and chemical

perturbations.

APPENDIX — Theoretical Analysis:
Theoretical analysis of STEP-microfiber under tension

[00117] The resistance of the STEP-microfiber is

2
r PL _ pL*

A V (A1)

[00118] where p is the resistivity of the liquid metal eGaln, L is the length of the microfiber, A
is the cross-sectional area of the lumen of the microfiber and V is the volume of the eGaln
enclosed in the microfiber.

[00119] Due to the incompressibility of liquid, the volume of the enclosed eGaln is constant,

V = AL = constant (A2)

[00120] Therefore, the normalized resistance is given by equation (4) above, reproduced here

an_E_,_ (L)',
R, R, Ly

as

(A3)
[00121] where subscript 0 denotes original value and 4R is the change of resistance.
[00122] On the other hand, the tensile strain of the STEP-microfiber is
_AL_ L
Lo Lo (Ad)

[00123]  Substitute equation (A4) into (A3) and the relation between normalized resistance and

tensile strain is

%:(1+s)2—1
° (A5)

[00124] The sensitivity of the STEP-microfiber is calculated as the derivative of normalized
resistance,
AR

% (?) =2(1+¢) A6)

[00125] Therefore, the sensitivity increases linearly with increasing tensile strain.

Theoretical analysis of STEP-microfiber under compression
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[00126] Assume near the middle of the STEP-microfiber, a small portion of it is subject to
compression. The length of this portion is L. and the total length of the microfiber is L. Let a =
L./L and we consider the constricted portion is small when a < 0.1. Let R, be the resistance of the
portion under compression. For the whole microfiber, its normalized resistance is

AR_RC_RCO_RCO(RE _1)
Ro o Ro o RO RcO

(A7)

[00127] where 4R is the change of resistance, subscript O denotes original value and subscript
¢ denotes the portion under compression.

[00128] From the theory of elasticity, the deformation of a tubular structure shown in FIG.
14Ais

ur:l-IE-;V [_ ao”'bo(Pb pa)1+(1 9 )Taopa "’bopb }

”'bo_f'ao bO_raO

(A8)

[00129]  where u, is the radial displacement, E is the Young’s modulus, v is the Poisson’s
ratio, r is the radial coordinate (r,0 < r < ry), r49 1s the inner radius, rpg is the outer radius, p,is
the pressure applied on the inner surface, p; 1s the pressure applied on the outer surface and 0 in
the subscripts denotes original value.
[00130] As the STEP-microfiber is sewn into fabrics, we assume the pressure applied on the
fabric p 1s evenly distributed around the microfiber. In addition, the liquid metal in the
constricted portion readily redistributes to non-constricted portion. Given that the constricted
portion is small compared to the total length, we assume the liquid metal does not cause pressure
on the inner surface of the microfiber and the length of the microfiber L does not change. Based
on these assumptions, we have p,= 0 and p,=p.
[00131] Due to the outer pressure p, the inner diameter decreases from d, to d, and the outer
diameter decreases from dpg to dp,. Let Dy, = d,/d,o and Dy, = dp/dyg, we have
_ d, __Teo + u, (Tao)
dao Ta0 (A9)

[00132] and

Dy, = ﬁ _ Moo + u, (r40)

dyo Ts0 (A10)

[00133] Let r =r, in equation (AS), then substitute into (A9)
20 —v?) 1

2

D=1+
E 'ra.O_'rbZOp (All)




[00134]

[00135]

and normalized pressure

[00136]

[00137]

[00138]

[00139]

[00140]

[00141]

=27 -

Also, let ¥ = ry0 in equation (A8), then substitute into (A10),

14+v rk+ A—20)rh
E 7'30 - 7'1:20

Dbb=1+

(A12)

(A13)

(A14)

K= T _ G0
Let Teo  dao be the ratio of outer diameter to inner diameter at original state,
P=2
.Note K> 1 and P > 0. Equations (A11) and (A12) become
K2
.D,m =1 +2(1 —112) W‘P
1+ 1—2v)K?
Dbb:1+(1+l/) 1—K2 P
The cross-sectional area A, decreases to A,
A di—d2 _ 1 1

A d2—d? T (ddw)?— (d/d)®  (dy/dao)® — (du/dao) ?

Let Dab = da/dbo and Dba = db/dao, then

ﬂ _ 1 _ 1
A N Dbzb_be Db2a_D3a

Note that
da da daO D aa
D, = =
b dbO daO dbO K
db db dbO
D,, = e — =KD
> daO dbO daO %
Therefore,
A, K2—1

A~ K?DE—D2,

The resistance of the constricted portion increases from R to R.,

R, pL. /A A,

Ro  pL.JA, A

Here, p is the resistivity of the liquid metal core.

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)
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[00142]  Substitute equations (A13), (A14) into (A19) and note v = 0.5 for the elastomer

envelope. From (A20), we obtain

R, 1
=
[00143] where
A= 5T >0
(A22)

[00144] Note that R.o/Ro = L/L = a, and substitute equation (A21) into (A7), we obtain the
relation between normalized resistance and normalized pressure as equation (5), reproduced here

as

AR:a[ 1 _1}
Fo 1- (P (A23)

[00145] The sensitivity of the sensor is calculated as the derivative of normalized resistance,

i) = 5= ey

(A24)

[00146] As an example, let a = 0.1, FIGS. 14B-14C shows different responses of the STEP-
microfiber when K =1.1, 1.2, 1.3, 1.4 and 1.5, from which we know both the normalized
resistance 4R/R, and the sensitivity of the STEP-microfiber sewn in fabrics nonlinearly increase
with increasing normalized pressure P. In addition, when K is smaller, e.g., smaller outer
diameter and same inner diameter, the STEP-microfiber is more sensitive, but the detection
range in terms of normalized pressure is narrower.

[00147] Equations (A23) and (A24) are valid only when P is less than a certain value. Note
that d,> 0 and dj, — d, > 0 should always hold during compression, i.e., D,, > 0 and KDy, — D, >
0. Note that v= 0.5 and equations (A13), (A14), we have

Daa=1—K)\P>0 (AZS)
KDy—D,=(K—-1)A+XP)>0 (A26)
[00148] From equation (A25) we know,
1 1
P ——<—
KX A (A27)

[00149] In addition, because K > 1, 4 > 0 and P > 0, equation (A26) always holds.
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[00151] The teachings of all patents, published applications and references cited herein are
incorporated by reference in their entirety.

[00152] While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What is claimed is:

1. A microtube sensor, comprising:

a flexible microtube comprising a polymer and defining a lumen, the flexible
microtube having at least one of (i) an inner diameter of about 10 pm to about 400 pm
and a variable outer diameter, and (i1) a wall surrounding the lumen, the wall having a
thickness of about 10 pm to about 550 pm; and

a liquid-state conductive element within the lumen of the flexible microtube, the
flexible microtube having closed ends to retain the liquid-state conductive element in the
lumen,

wherein the microtube sensor has the property that a change in electrical
resistance of the liquid-state conductive element is indicative of a force-induced

deformation of the flexible microtube.

2. The microtube sensor of claim 1, wherein the polymer is a silicone elastomer, an
ultraviolet sensitive polymer, polyurethane, a conductive polymer, conductive rubber,

polyimide, a thermoset polymer or a thermoplastic polymer.

3. The microtube sensor of claim 2, wherein the silicone elastomer is polydimethylsiloxane,

phenyl-vinyl silicone, methyl-siloxane, fluoro-siloxane or platinum cured silicone rubber.

4. The microtube sensor of claim 2, wherein the ultraviolet sensitive polymer is
MY polymer, styrene-acrylate-containing polymer, polyacrylate polyalkoxy silane, a
positive photoresist or a negative photoresist (diazonaphthoquinone-based positive

photoresist) or a negative photoresist (epoxy-based negative photoresist).

5. The microtube sensor of any of claims 1-4, wherein the liquid-state conductive element is

a liquid metallic alloy.

6. The microtube sensor of claim 5, wherein the liquid metallic alloy is Gallistan or eutectic

gallium-indium (eGaln).
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The microtube sensor of any of claims 1-6, wherein the flexible microtube has an inner

diameter of about 10 um to about 400 um, and a variable outer diameter.

The microtube sensor of claim 7, wherein a ratio of the outer diameter to the inner

diameter is about 1.05 to about 111.

The microtube sensor of any of claims 1-8, wherein the length of the microtube is about 1

m or less.

The microtube sensor of any of claims 1-9, wherein the microtube has a wall surrounding

the lumen, the wall having a thickness of about 10 pm to about 550 pm.

The microtube sensor of any of claims 1-10, wherein the force sensitivity of the sensor is

about 2.8 N'! to about 68 N! for static force loads from about 5 mN to about 900 mN.

The microtube sensor of any of claims 1-11, wherein the microtube has a circular,
elliptical, rectangular, square, triangular, star, non-circular, or irregular cross-sectional

shape.

The microtube sensor of any of claims 1-12, further comprising connectors at the ends of
the microtube and in electrical contact with the liquid-state conductive element, to

measure electrical resistance of the liquid-state conductive element.

A method of sensing force, comprising:

exposing a microtube sensor to a mechanical force, the microtube sensor
including: a flexible microtube comprising a polymer and defining a lumen, the flexible
microtube having at least one of (i) an inner diameter of about 10 pm to about 400 pm
and a variable outer diameter, and (i1) a wall surrounding the lumen, the wall having a
thickness of about 10 pm to about 550 pm; and a liquid-state conductive element within
the lumen of the flexible microtube, the flexible microtube having closed ends to retain
the liquid-state conductive element in the lumen; and

measuring a change in electrical resistance of the liquid-state conductive element

within the lumen of the flexible microtube in response to the mechanical force,
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wherein the change in electrical resistance of the liquid-state conductive element

is indicative of a force-induced deformation of the flexible microtube.

The method of claim 14, further comprising using the measured change in the electrical

resistance to monitor a physiological parameter.

The method of claim 16, wherein the physiological parameter is at least one of pulse

pressure, blood pressure, heart rate, foot pressure, tactile force and tremor.

The microtube sensor of any of claims 1-13 or the method of any of claims 14-16,

wherein the microtube sensor is woven into a fabric substrate.

A method of making a microtube sensor, comprising:

providing a flexible microtube comprising a polymer and defining a lumen, the
flexible microtube having at least one of (i) an inner diameter of about 10 pm to about
400 pm and a variable outer diameter, and (ii) a wall surrounding the lumen, the wall
having a thickness of about 10 pm to about 550 pm;

injecting a liquid-state conductive element into the lumen of the flexible
microtube; and

closing ends of the flexible microtube to retain the liquid-state conductive element
in the lumen, to thereby make a microtube sensor that has the property that a change in
electrical resistance of the liquid-state conductive element is indicative of a force-induced

deformation of the flexible microtube.

The method of claim 18, further comprising:
placing connectors at the ends of the microtube and in electrical contact with the
liquid-state conductive element, to measure electrical resistance of the liquid-state

conductive element.

A wearable electronic device, comprising:

a fabric substrate configured to be worn on a body; and

a microfiber woven into the fabric substrate, the microfiber comprising a
microtube sensor including

a flexible microtube comprising a polymer and defining a lumen, and
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a liquid-state conductive element within the lumen of the flexible
microtube, the flexible microtube having closed ends to retain the liquid-state conductive
element in the lumen,

wherein the microtube sensor has the property that a change in electrical
resistance of the liquid-state conductive element is indicative of a force-induced

deformation of the flexible microtube.



