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CLOSED-LOOP ACTUATING AND SENSING EPIDERMAL SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of priority of US Provisional Patent Application
Serial Number 62/322,567, filed April 14, 2016, entitled “WEARABLE "CASES": CLOSED-
LOOP ACTUATING AND SENSING EPIDERMAL SYSTEMS”, owned by the assignee of

the present application and herein incorporated by reference in its entirety.

FIELD

[0002] The invention relates to wearable devices for monitoring and delivering
therapy.

BACKGROUND

[0003] Conventional wearable electronic systems are rigid and planar. They typically

involve small numbers of point contacts, flat electrode pads that affix to the soft, curvilinear, and
time-dynamic skin with adhesive tapes and often use conductive gels to minimize contact
impedances. Examples include metal-plate electrode, microelectrode, intra-cavitary and intra-
tissue electrodes (&). These suffer from either unwanted signals due to changes in the electrode—
electrolyte interface or high impedance or pain and potential inflammation, respectively. This
type of approach, as well as related ones that eliminate the gel, have strong clinical utility for
biopotential recording but limited value in everyday life due to irritating discomfort and loss of
adhesion that arise from the unfavorable nature of the skin/electrode interface. As a result,
existing options in system design are unable to effectively accommodate integration with the
soft, textured, curvilinear and time-dynamic surfaces of the skin.

[0004] Moreover, these wearable devices still either need to be tethered by cables to the
external bulky equipment that synchronize the functionalities of the sensors and actuators or

contain non-flexible and rigid surfaces that cannot completely conform to the skin. This
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requirement severely limits the wearability and mobility of the system, and is therefore of limited
practical use.

[0005] A promising alternative are stretchable/flexible electronics that can achieve
intimate, conformal integration with tissues and organs with minimal mobility confinement and
user discomfort. With robust, intimate and low impedance contact, soft devices can eliminate the
ever-changing parasitic capacitance at the electrode-body interface, and thus ensure highly
sensitive and accurate measurement of electrophysiological signals. This new class of soft
electronic devices are therefore of continuing interest for clinical applications such as mobile
healthcare, due to their versatile capabilities in noninvasive and physiological
diagnostics/prognostics.

[0006] Equipped with a variety of not only physical sensors, but also molecular sensors,
wearable devices can achieve multi-channel acquisition of different physiological signals and
other vital signs regarding the status of human health, augmenting signals such as temperature
and acceleration with more diagnostically telling levels of cytokines, metabolites, pH, moisture,
etc.

[0007] This Background is provided to introduce a brief context for the Summary and
Detailed Description that follow. This Background is not intended to be an aid in determining the
scope of the claimed subject matter nor be viewed as limiting the claimed subject matter to

implementations that solve any or all of the disadvantages or problems presented above.

SUMMARY

[0008] Systems and methods according to present principles meet the needs of the above
in several ways. In particular, the proposed approach overcomes these drawbacks by
coordinating the sensor and actuator modules with on-board data analysis, forming a closed-loop
sensing and actuating wearable and modular platform all of which are on stretchable substrates.
The wearable device can sense a variety of signals from the human body. Once an abnormal
signal is detected, the onboard microcontroller can activate the drug delivery device to cure the
abnormal symptoms, forming a closed loop wearable device

[0009] Existing wearable devices are individual sensors, or individual actuators, or

combine sensors and actuators through the external equipment via connection cables. Systems
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and methods according to present principles has sensors, actuators, and a microcontroller
onboard.

[00010] Systems and methods according to present principles focus on integrating
electrophysiological sensors, drug releasing components, and a controller on an epidermal
platform. The sensors can continuously collect vital signs from the human body on a 24/7 basis,
which are analyzed and processed locally. In case of abnormal signals, the sensors can trigger
release from a drug storage reservoir. The drug releasing may continue until the vital signs return
to a normal level or the prescribed dosage has been dispensed. This approach is unique and of
practical use as a closed loop system offers the fastest response time. The proposed platform is
expandable to collect not only temperature and biomarker measurements, but also other
physical/chemical human-health relevant parameters such as local field potentials, acceleration,
strain/pressure, pH, toxins, etc. The actuation approach is not limited to pharmaceuticals, but
may also perform localized heating/cooling, electrical stimulation, or mechanical massage,
among others. The compact, flexible form factor of this device offers robust, yet non-irritating
skin/electrode contact. Furthermore, when equipped with wireless data transfer components, the
system can be integrated with body-area-networks (BAN) to communicate with an externally
functionally expansive central processing unit worn or placed on/in the human body to achieve
all-around multi-position health monitoring and treatment. The results can provide a universally
adaptable protocol of acquiring electrophysiological signals from the human body, processing
data onsite, and delivering corresponding alleviation mechanisms, which may consequently
impact the health and wellness of everyday livelihood of the general population.

[00011] Advantages of the invention may include, in certain embodiments, one or more of
the following. Systems and methods according to present principles allow long-term continuous
"24/7" health monitoring and therapy. Other advantages will be understood from the description
that follows, including the figures and claims.

[00012] This Summary is provided to introduce a selection of concepts in a simplified
form. The concepts are further described in the Detailed Description section. Elements or steps
other than those described in this Summary are possible, and no element or step is necessarily
required. This Summary is not intended to identify key features or essential features of the

claimed subject matter, nor is it intended for use as an aid in determining the scope of the



WO 2017/181027 PCT/US2017/027656

claimed subject matter. The claimed subject matter is not limited to implementations that solve

any or all disadvantages noted in any part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[00013] FIG. 1 shows one example of a closed-loop wearable platform or device that
integrates electrochemical sensors, temperature sensors, drug delivery devices and a control
system on a common substrate.

[00014] FIG. 2 is a flowchart illustrating one example of the overall operation of the
closed-loop wearable platform shown in FIG. 1.

[00015] FIG. 3 illustrates various drug release profiles can be used by a drug delivery
device in a wearable drug delivery systems.

[00016] FIGs. 4a and 4b show an example of an actuator array that is formed as a hollow
microneedle array.

[00017] FIG. 5 shows the variation in the thickness that occurs with changes in
temperature for one example of an expandable material that may be employed in the actuator

array of FIGs. 4a and 4b.

[00018] FIG. 6 shows one example of a drug delivery device that employs a porous
membrane.
[00019] FIG. 7 shows an expanded view of another example of a closed-loop wearable

platform or device that includes two drug delivery chambers of the type shown in FIG. 6.
[00020] FIG. 8(a) shows the fluorescence spectra of a drug (curcumin in this example)
with different concentrations that is delivered by iontophoresis; FIG. 8(b) is a calibration curve
showing the linear relationship between the fluorescence intensity and drug concentration; FIG.
8(c) shows the drug delivery speed when no current is applied (corresponding to a passive state),
when a reverse current is applied to hold the drug in the chamber (corresponding to a control
state), and when a forward current is applied to the chamber (corresponding to an active state) to
drive the drug into the skin.

[00021] FIG. 9 illustrates one example of a sensor module which incorporates a
temperature sensor array and an electrochemical biomarker sensor array.

[00022] FIGs. 10(a) — 10(d) show illustrative measurements obtained from an

electrochemical sensor that is used to detect uric acid.
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[00023] FIG. 11 illustrates one example of the microfabrication steps that may be
employed to fabricate one embodiment of a temperature sensor array.

[00024] FIG. 12 shows illustrative temperature calibration curves for a number of
temperature sensor samples.

[00025] FIG. 13 illustrates a more detailed example of the control system shown in FIG. 1.
[00026] FIG. 14 shows a high level functional block diagram of the overall control process
performed by the control system of FIG. 13.

[00027] FIG. 15 shows one example of a self-similar serpentine electrical interconnect.
[00028] FIG. 16 shows a cross-sectional view through a portion of a closed-loop wearable

platform that is taken through one of the biosensors.

DETAILED DESCRIPTION

[00029] Disclosed are materials, devices, systems and methods that pertain to a closed-
loop wearable platform that integrates sensors, actuators, and microcontroller on board. The
system may be applied directly to the skin using stretchable epidermal electronics. It can sense a
variety of signals from the human body, thus collecting medically relevant information, and can
activate delivery of a therapeutic upon detection of an “abnormal” condition. The therapeutic can
be delivered at a personalized dosage or uniquely catered combination of medicines based on the
individual’s metabolism as tracked by many sensor modules.

[00030] Systems and methods according to present principles work by putting closed loop
sensing and drug delivery electronics directly on the skin. In this way, conditions can be actively
monitored and appropriately treated to speed up healing, reducing the overall cost and patient
suffering. Furthermore, these wearable closed loop devices are also able to collect medically
relevant information, as opposed to wrist mounted electronics that can provide fitness data but
cannot measure other health information accurately enough to be diagnostically relevant. With
this meaningful data collection, the proposed closed loop drug delivery system could be further
extended to a wide range of pharmaceuticals, where a personalized dosage or unique
combination of medicines can be delivered based on individual metabolism as tracked by many
sensor modules. This approach involving stretchable epidermal electronics opens up
opportunities to develop a new type of wearable, noninvasive and intelligent health cared

devices. The mechanical properties of these devices are qualitatively different from those
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achievable with solid constructs explored previously. By coordinating the sensors and actuators
with an onboard processor, the wearable system forms a sensing and curing loop, working
without any external intervention. This strategy represents the first step toward of intelligent
wearable healthcare system that acts upon the acquired physiological condition of the patient
automatically and autonomously.

[00031] Systems and methods according to present principles build upon strengths in
designing wearable healthcare devices and point-of-care biosensor circuits, and integrate
diagnostics, data processing, and therapeutic functionalities onto the same platform not only for
tracking wound healing and post-surgery monitoring, but also for administering automated and
appropriate drug treatment. Each individual component, such as electrochemical/temperature
sensors, transdermal drug delivery systems, and a microcontroller circuit, is fabricated in
stretchable formats by advanced microfabrication and materials design, and then assembled
together by novel releasable connectors. The resulting system is a wearable smart device similar
to a bandage, but which can continuously monitor wound healing, analyze the acquired
temperature and biomarker concentration data locally, and trigger actuation such as drug delivery
as needed in a timely manner under abnormal situations.

[00032] The resulting devices laminate and adhere directly on the skin via van der Waals
forces alone and can naturally deform with the skin. In one embodiment the effective modulus of
the overall system is only 3-5% higher than the bare soft substrate itself. Through this process, a
wearable multifunctional electronic system has been demonstrated with reversible stretchability
up to 100%. In some embodiments the device is capable of wireless charging, multi-channel
biological signal (e.g. multiple electrophysiological potentials (EP), temperature and
acceleration) sensing, and RF communication to a backend receiver. In some cases the overall
power consumption of the device may be about 34 mW, and is achieved using resonant inductive
coupling. Using a similar approach on the device level, a Li-ion battery with stretchability up to
300% has been demonstrated. The resulting system has a modulus matching that of the human
skin so that the user hardly notices it when wearing.

[00033] Equipped with a variety of chemical/physical sensor modules, wearable devices
can achieve multi-channel acquisition of different physiological signals regarding the status of
human health. Even though some conventional devices have integrated actuating capabilities

such as electrical stimulation, thermal heating, and drug delivery functions together with the
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sensors, these wearable devices still need to be tethered by cables to the external bulky
equipment that synchronizes the functionalities of the sensors and actuators. This requirement
severely limits the wearability and mobility of the system, and is therefore of limited practical
use in normal daily life. The wearable devices described herein overcome these limitations by
coordinating the sensor and actuator modules with an on-board microcontroller, forming a
closed-loop sensing and curing wearable system. The sensors collect the relevant
electrophysiological data that is then fed into the pre-programmed microcontroller where the data
is analyzed and processed. The microcontroller can send timely commands as needed to regulate
the operation of actuators in cases when emergent abnormal signals are detected.

[00034] In more detail, through the tracking of biomarkers excreted from the epidermis,
either by sweat or open wounds, the skin becomes a significant and noninvasive window into a
person’s health. However, currently, there is a lack of standard methods that allow for both
continuous monitoring of health and rapid, automatic, and appropriate drug delivery via the skin,
often crucial in the case of chronic wounds, which take a significant amount of time to heal and
frequently reoccur if untreated. Chronic wounds, common among the elderly and those with
vascular disease or diabetes, affect approximately 6.5 million in the U.S. and cost an estimated
$25 billion annually to treat. Furthermore, complications from diabetic foot ulcers, a specific
type of chronic wound, remain the leading cause of amputations worldwide. In developed
countries, it has been estimated that 1 to 2% of the population experiences at least one chronic
wound during their lifetime. In the Scandinavian countries, the associated costs account for 2—
4% of the total health care expenses.

[00035] Considering the critical issues an economic loss from chronic wounds, research
on chronic wound care is highly demanded to achieve timely and adequate intervention. Hence,
by putting closed-loop sensing and drug delivery electronics directly on the skin, these
conditions can be actively monitored and appropriately treated to speed up healing reducing the
overall cost and patient suffering. Furthermore, these wearable closed-loop devices will also be
able to collect medically relevant information, as opposed to wrist-mounted electronics that can
provide fitness data but cannot measure other health information accurately enough to be
diagnostically relevant. With this meaningful data collection, the closed-looped drug delivery
system integrated into a wearable device can be further extended to deliver a wide range of

pharmaceuticals, where a personalized dosage or uniquely catered combination of medicines can
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be delivered based on individual metabolism as tracked by many sensor modules. This approach
to stretchable epidermal electronics opens up opportunities to develop a new type of wearable,
non-invasive and intelligent healthcare device. The resulting devices have mechanical properties
that are qualitatively different from those achievable with solid constructs explored previously.
By coordinating the sensors and actuators with an on-board processor, the wearable system
forms a sensing-and-curing loop, working without any external intervention. This strategy
represents the first step toward an intelligent wearable healthcare system that acts upon the
acquired physiological condition of the patient automatically and autonomously.

[00036] FIG. 1 shows one example of a closed-loop wearable platform or device 100 that
integrates electrochemical sensors 105, temperature sensors 110, drug delivery devices 115 and a
control system 120 on a common substrate 130. More generally, the wearable platform 100 may
integrate any type of biosensors and actuators (e.g., for drug delivery, heat, electrical and/or
pressure stimulation, etc.) with a control system. The electrical interconnects 140 that connect
the various components may be formed from metal conductor ribbons, which in the
embodiments shown in FIG. 1 has a self-similar serpentine design that allows in-plane and out-
of-plane buckling of the structure. The metal conductor ribbons may be sandwiched between two
layers of elastomer to further enhance their mechanical robustness. To facilitate the unraveling of
the serpentine interconnects, the whole system may be enclosed in a low-damping-coefficient
microfluidic environment. The fluid can penetrate between the interconnect structure and the
substrate by capillary forces, and perform as a lubricant to facilitate the gliding of the
interconnects during the stretching and releasing processes. This interconnect structure provides
a hierarchical buckling mechanics and enables the metal structure to sustain a large range of
elastic strain and at the same time maintain larger surface area coverage of active device
components.

[00037] In one embodiment the substrate 130 on which the components are integrated has
an elastic stretchability that closely matches human skin. For example, the substrate 130 may be
formed from an elastomer material that is able to be stretched or deformed and returned to its
original shape without substantial permanant deformation. Such elastomer materials typically
undergo elastic deformation. Illustrative elastomers may be formed from polymers, copolymers,

composite materials or mixtures of polymers and copolymers. One example of a particular
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elastomer that may be employed is a silicone elastomer known by the tradename Ecoflex®,
which is available from Smooth-On, Inc.

[00038] When laminated together and placed on the skin, the microcontroller 125
incorporated in the control system 120 functions as a hub with releasable interconnectors
compatible with different sensing modules. Sensors collect the electrophysiological data that is
then fed into the microcontroller 125 where the data is analyzed and processed. After which,
timely commands are sent to regulate the actuators if and when emergent abnormal signals are
detected. The underlying principle is that by monitoring the wound and controlling the amount of
therapy (e.g., a drug), treatment outcomes can be improved, particularly in high-risk patients,
thereby providing critical capabilities to the healthcare ecosystem.

[00039] FIG. 2 is a flowchart illustrating one example of the overall operation of the
closed-loop wearable platform shown in FIG. 1. As shown, the process begins when the sensors
detect any of a variety of different biological and environmental parameters. Next, the data is
stored in an on- board memory storage device that is included with the control system. The
control system then performs any necessary signal processing and microprocessor control unit in
the control system determines the appropriate signal(s) that is to be applied to the actuator(s), or
in some cases, determine that that an emergency message should be sent to obtain immediate
medical assistance.

[00040] In one embodiment, sensors and circuits for use in wearable device that are
employed for continuous physiological monitoring may be found in Skin Soft Microfluidic
Assemblies of Sensors, Circuits, and Radios for the Skin, Science 344, 70 (2014); Sheng Xu et al.
Science 344, 70 (2014), which is hereby incorporated by reference in its entirety. In addition,
various aspects of examples of circuitry and interconnects that may be employed in the wearable
device described herein may be found in U.S. Patent Appl. Serial No. 14/766,301 and Xu S. et
al., Stretchable Batteries With Self-Similar Serpentine Interconnects And Integrated Wireless
Recharging Systems, Nature Communications, 4:1543 doi: 10.1038/ncomms2553 (2013), which

are also hereby incorporated by reference in their entirety.

Actuators
[00041] The closed-loop wearable devices described herein enable integration of feedback

and therapies into passive monitoring. These devices are able to sense stimuli from the
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environment and react to them by integration of actuation functionalities in the device structure.
Identification of problems makes sense only when followed by an adequate actuation that is
provided on demand or as a result of detection of an abnormal trend. Providing direct feedback
to its wearer, it should improve the patient’s awareness and potentially allow better control of his
own condition. This actuation may consist of reporting or calling for help, but may also include
physical treatment in the event of an emergency.

[00042] A variety of different physical treatments may be performed by the actuators
incorporated in the closed-loop wearable platform, including any combination of mechanical,
thermal, electrical, and chemical treatments. Mechanical treatments may involve artificial
muscles, massage and pressure bandages. Thermal treatments may include both heating and
cooling.

[00043] Electrical treatments may include electrical stimulation, which has been widely
used for gentle massage, rehabilitation from disorders of the body, physiotherapy of various
types of diseases, or non-pharmacological, non-invasive, quick and easy targeted pain relief,
such as in the lower back or abdominal muscles, which has been proven effective for a variety of
conditions. Skin mounted thin electrodes are usually utilized for nerve stimulation. One typical
example of the electrotherapeutic device is the transcutaneous electrical nerve stimulation
device. Electricity is applied to the intact skin through electrodes, which can activate different
fibers and eventually reduce the transmission of pain signals from the low contact impedance.
[00044] Chemical treatment may involve the controlled delivery of chemicals, such as
drugs, growth factors, and neurotransmitters. These treatments may be customized for the
individual patent to well match the physiologic rehabilitation processes, thereby increasing
effectiveness and minimizing toxic effects. In addition, delivery through the skin bypasses the
liver, making it possible to lower drug doses in comparison with oral delivery. Various examples

of mechanisms for chemical delivery of drugs and other agents will be presented below.

Drug Delivery Devices

[00045] As previously mentioned, a wide variety of different drug delivery devices and
other actuators may be incorporated into the closed-loop wearable platform described herein. In
this way active actuation functionality is provided on the same flexible/stretchable platform as

the sensors on control system. As such, the device can provide timely intervention, such as when

10
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the early signs of an infection are detected. As discussed above, the types of actuators that may
be employed to provide therapeutic treatment to a patient can take many forms, varying from
those that involve direct electrical/thermal stimulation of the tissue/nerves to the aforementioned

drug delivery systems, possibly with the integration of microelectromechanical system

components.
[000406] A number of illustrative examples of such actuators will be discussed below.
[00047] One of the most important functions of skin is its ability to act as a protective

barrier against the ingress of foreign material (chemicals, microbes) and the loss of excessive
endogenous material such as water. One class of drug delivery devices that may be employed are
referred to as transdermal drug delivery systems (TDDS), which are systems that allow a solute
to diffuse through the various layers of skin and into the systemic circulation to thereby cause a
therapeutic effect. TDDS have been extensively investigated since the 1990s, and have vied with
oral route as the most successful innovative research in drug delivery.

[00048] Transdermal drug delivery has two main limitations: transport and dose. Transport
is limited by diffusion through the stratum corneum, the ~10 um thick outermost layer of the
skin composed primarily of dead keratinocytes surrounded by a lipid-rich extracellular matrix.
This tissue functions to keep things out of the body and poses a formidable barrier to transport of
drugs through the skin. The dose and release patterns are to a great extent determined by the
combination of guest and the host or the carrier material. Two types of drug delivery mechanisms
may be used: a flexible micropump integrated with a painless flexible microneedle fabricated by
a lab-on-chip technique, and drug diffusion using silica nanoparticles with a drug into a skin as a
transdermal drug delivery. For the former, the micropump can be used for transdermal drug
delivery by filling the drug into a reservoir. Hermetic sealing of each reservoir and a reliable
means to protect and expose the contents of each reservoir on command are required. For the
latter, the diffusion rate of the drug into the skin can be controlled by the temperature, which can
be tuned by an integrated microheater.

[00049] In general a few typical different types of release profile can be used in wearable
drug delivery systems; immediate release, extended release and triggered or delayed release. The
different mechanisms are illustrated schematically in FIG. 3. In immediate release formulations,
the drugs are available within a relatively short time. Initially the concentration increases rapidly,

followed by a sharp decline. Often a relatively high concentration is necessary to achieve the

11
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desired effect. This type of release is required in situations where immediate action is essential.
In extended release, sometimes called prolonged or sustained release, the availability of drugs is
maintained at a lower concentration and for a prolonged time compared to immediate release
systems. In extended release systems the drug is delivered at a slow rate and for a prolonged
period of time. Different principles are used to control the rate in extended release systems, such
as diffusion, decomplexation, dissolution, ion exchange, erosion and degradation. The release of
drugs from triggered or delayed release systems is determined by an (external) trigger/stimulus
or time. The resulting release can be of the immediate type or slow-release type, depending on
the design and the materials chosen. The degree and rate of erosion, degradation or dissolution
are, apart from the matrix, a function of, e.g., pH, temperature, ionic strength, or even light and
this determines time delay in delayed release systems. The release of the drug from the delivery
system might also be triggered by a specific event, situation, or change in the environment.
Triggered release systems control drug dosage autonomously over an extended period of time,
thus enabling precise dosage levels or more complicated dosage patterns.

[00050] Table 1 shows different types of TDDS. Currently most bio-therapeutics and
vaccines are injected using a hypodermic needle. However hypodermic needles cannot be easily
used by patients themselves and are therefore utilized primarily in the clinics or at home by
patients who have received special training on correct injection methods, safe needle disposal,
and other issues. Oral drug delivery is another widely used method, but many drugs cannot be
given by this route due to poor absorption and drug degradation in the gastrointestinal tract and
liver. Other routes of administration have also been investigated, but none offer the broad
effectiveness of direct injection using a needle. Among transdermal delivery systems
microneedles are one of the most promising, due to their versatility and ability to transfer
macromolecules, including therapeutic proteins and vaccines, across the skin. Microneedles
puncture the stratum corneum (SC), which consists of dead cells, causing minimal or no pain,
and they target their affects only to the SC without harming the deeper tissues. One type of
microneedle that may be employed are hollow microneedles (HMN) provide controllable
delivery by changing pressure, and thereby flow rate for a rapid bolus injection, a slow infusion,
or a varied delivery rate. HMNs selectively permeabilize the SC by creating micron sized pores

in the skin to enhance the drug delivery. Microneedles are ideal for patients as they do not

12
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stimulate nerves that are associated with pain. Patients with needle phobia will be more likely to

apply a patch-like device because of its painlessness, promoting self-administration.

AR \\§

Iontophoresis e Non-invasive e Sensation of tingling or
| e Local or systemic drug itching, burns
administration e Skin irritation (Erythema,

e Faster than the usual typical routes oedema)
o Allows high concentrations in the e Costly
target tissue. with limited toxicity e Complex skin

pharmacokinetics and difficult

to predict
.... Electro-oEnhancedsk1npermeab111tyw1thoLowce11v1ab111ty(typ1ca11y
poration differing lipophilicity and size. 20-50%) due to excessive
e Improved therapeutic efficacy electrical energy

e Low transfection rate

e A sensitive and complicated

. process
SklllAblatl()llOLocaldmgadmlnlstratlonD ....... Slgmﬁcanttemperaturerlses ..........
| e 1000-fold increase of permeability e Deeper tissue removal

| of after heating the skin to 300 °C e Limited exposure time (~ us)
e Require bulky and costly
| devices

Microneedles e Materials and structure versatility e Drugs and biopharmaceuticals

e Precise delivery on a wide range of should be protected during

localizations . incorporation into
e Dramatically increased number of |  microneedles and during
drugs that can be delivered subsequent storage
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e Painless, no needle-phobia, no- e Mild, transient skin irritation
bleeding (mild erythema = based on
e No need for expert training microneedle’s length)

e Low cost
TABLE 1

[00051] While the wearable platform described herein may be used in a wide variety of
skin sensing and drug actuation applications, one particular application concerns wound
monitoring and healing. The actual process of healing, consisting of several complex overlapping
states, begins with the inflammation state, which is characterized by a rise in temperature due to
the rush of blood to the affected area. Hence, by monitoring localized temperature over time, the
state of a wound can be tracked to determine if the rate of healing is within normal bounds or if
infection or other complications have occurred. Furthermore, in wounds that become chronic, a
rise in skin temperature (> 4°F in the case of diabetic ulceration) can be used as an early
predictor of reoccurrence before any changes in a wound’s physical appearance occur. On the
biomolecular side, the presence and increase in concentration of several inflammatory
biomarkers, such as interleukin 6 (IL-6), interleukin 8 (IL-8), tissue necrosis factor (TNF), and
C-reactive protein (CRP), in the wound fluid indicate a stalled or worsening condition and even
dehiscence (opening of the affected area).
[00052] Many of these biomarkers are commonly found in the biosensor literature, and
have been shown to be detectable with standard electrochemical methods. For treatment of these
cases, there are several types of drugs that are meant to be directly released to the wound
including antimicrobial or antibiotics (such as gentamycin, ofloxacin, minocycline, tetracycline,
etc.) that combat infections and growth factors (transforming growth factor-b1 [TGF-b1], platelet
derived growth factor [PDGF], human growth hormone, endothelial growth factor, fibroblast
growth factor [FGF], etc.) that promote cell production. In one implementation, the tracking of
both skin temperature and the concentration level of CRP can be combined. CRP is a commonly
detected protein, near a wound site, and its detection can be used to deliver growth factors to the
affected area.
[00053] As previously mentioned, the particular example of an actuator shown in FIG. 1 is

a hollow microneedle array. One example of such an array is shown in FIG. 4a and 4b. The
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microneedle array 200 includes three primary layers: a micro-heater layer 210, an expandable
layer 220, and drug reservoir layer 230 through which the individual hollow microneedles 240
extend. A thermo-responsive membrane layer 250 surrounds each microneedle 240 to control the
flow of the drug into the microneedle.

[00054] In operation, controlled release of the drug from the drug reservoir 230 occurs
when the control system applies a low voltage (e.g., 1 V) to the micro-heaters in the micro-heater
layer 210 located over the expandable layer 220 and the drug reservoir layer 230. The generated
heat from the micro-heaters raises the temperature of the expandable layer 220 and at some
elevated temperature (e.g., 80°C) causes the expandable layer 220 to swell, thereby exerting
pressure on the drug-reservoir layer and squeezing the drug out from the reservoir layer 230. The
expandable layer 220 may be formed, in one embodiment, from an expanded polymer that may
include a mixture of PDMS and microspheres. The variation in the thickness that occurs with
changes in temperature is illustrated in FIG. 5 for one such material of this type. FIG. 5 also
shows SEM images of the expandable microspheres after expansion (scale: the illustrated bars
are 100 pm).

[00055] At the same time, the heat generated by the micro-heaters also control thermos-
responsive membrane layer 250, causing its pores to open. As a result, the drug flows out
through the hollow microneedles 240 into the epidermal skin. This transformation of the
thermos-responsive membrane is reversible upon cooling when the drug release needs to be
halted.

[00056] The hollow microneedle array 200 may be fabricated in a number of different
ways. For instance, in embodiment it may be realized in two steps. In the first step a silicon mold
is constructed that defines profile of the pyramidal tip. The process begins with a (100) silicon
wafer, coated with a Si3N4 film deposited by plasma-enhanced chemical vapor deposition
(PECVD). The SisNais selectively removed by conventional photolithography and reactive ion
etching (RIE) followed by an anisotropic KOH wet etching, which defines the pyramidal pits in
Si (100) substrate.

[00057] In the second step of the fabrication process forms the hollow microneedle on the
intermediate silicon mold that has been constructed. Prior to SU-8 coating, chromium black is
deposited on the silicon mold to reduce undesired back scattering, which may result in the

occlusion of the lumen in the individual microneedle. Then, SU-8 is coated on the silicon mold
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and cross-linked by lithography. In this step, the shaft and lumen in individual microneedle are
formed. A second exposure is performed to define the baseplate that locates on the top of SU-8.
After a post exposure baking and following developing, the completed hollow microneedle array
is peeled off from the silicon mold.

[00058] The micro-heater layer 220 is formed by coating the silicon substrate with
PMMA, followed by spin casting of polyimide (PI) for encapsulation of the microheater. A thin
layer of Cr/Au is deposited onto the PI, and microheater patterns are defined by sequential
lithography steps and wet etching.

[00059] The expandable layer 220 may be fabricated with a mixture of PDMS and
expandable microspheres in a 2:1 ratio and spin coated onto the PI with the microheater. Then,
hemispherical shaped reservoirs made of e.g., cyclic olefin polymer (COP), are affixed to the
expandable layer 220 using double-sided adhesive tape. The PMMA is then removed by
immersing it in acetone. Prior to liquid phase drug loading, the inside of reservoir may be treated
with oxygen plasma to make inner surface hydrophilic. Then, to prevent evaporation and
diffusion-based leakage of the drug, the outlets of reservoir are hermetically sealed with a
thermos-responsive membrane. Liquid drug drops can be dispensed into the cavities using a
syringe to load the drug. The hollow microneedle array 200 may be completed by assembling the
microheater layer 210, expandable layer 220, and the drug reservoir layer 230 with the hollow
microneedles 240. Alignment and bonding between each layer can be achieved with a UV ozone
treatment.

[00060] Although the hollow microneedles punctures the stratum corneum, which usually
acts as a barrier for ingress of microorganisms, there have been no reports of this technology
causing skin or systemic infection. The application of such devices to the skin is painless and
causes no bleeding; the short length of these microneedles reduces the likelihood of encountering
and/or stimulating a dermal nerve and/or reaching a dermal blood vessel. Recently, there was a
report arguing that microneedle puncture results in significantly less microbial penetration than
hypodermic needle puncture and that no microorganisms crossed the viable epidermis in
microneedle punctured skin, in contrast to hypodermic needle-punctured skin. Given the
antimicrobial properties of skin, it is likely that application of microneedle arrays to skin in an

appropriate manner would not cause either local or systemic infection in normal circumstances in
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immune-competent patients. Additionally, safety in patients will be enhanced by aseptic or sterile
manufacturing.

[00061] In one embodiment, the drug reservoir itself may be formed from cyclic olefin
polymer (COP) because it has high moisture barrier properties (water permeability: 0.02-1.0
g-m?/day) compared with that of conventional polymers. The permeability of COP can be further
lowered by the application of parylene, which has also a low water permeability. This promotes
stability of reagent concentrations (i.e., drugs) and provides longer device shelf life of moisture-
sensitive compounds. There are several other choices pertaining to the physical and chemical
properties of COP that make it an excellent material for the drug reservoir. First, it has low
outgassing characteristics. Compared with conventional barrier polymers for drug packaging
such as polycarbonate and polypropylene, COP has significantly reduced risk of contamination
from outgassing extractables. Second, COP shows significantly lower protein adsorption rate
compared with polypropylene and glass. This is an optimal condition for loading protein-based
drugs. Third, COP has exceptional chemical resistivity to those that are commonly used in the
pharmaceutical industry.

[00062] As an alternative to the hollow microneedle array 200 described above, another
type of drug delivery device that may be employed is a porous membrane that can contain the
drug(s) or other agents and control their release rate. While any of a wide variety of such porous
membranes may be employed which can control the diffusion rate of the drug or agent, one
particular example that may be employed is a silicone elastomer such as the aforementioned
material known under the tradename Ecoflex®. By saturating the pores of this material with the
desired drug or agent, the drug or agent can be releasably controlled by the application of a
current.

[00063] FIG. 6 shows one example of a drug delivery device that employs a porous
membrane. In this example the drug delivery device constitutes a pouch or chamber 260 that
includes three primary layers: a chamber cap 265 that may be formed from an elastomer
material, an electrode layer 270 and the porous membrane 275. As further indicated in FIG. 6,
the porous membrane 275 is saturated with a fluid 280 that includes a mixture of a drug or other
active agent and a hydrogel in order to increase the viscosity of the fluid.

[00064] FIG. 7 shows an expanded view of another example of a closed-loop wearable

platform or device 360 that includes two drug delivery chambers 350 and 355 of the type shown
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in FIG. 6. In this example drug delivery chamber 350 is used to deliver PBS while drug deliver
chamber 355 can be used to deliver a different drug. The chambers 350 and 355 serve as
modules that can be directly applied to the underlying elastomer substrate (which may be the
substrate that includes the control system 360) and held in place by van der Waals forces. In this
way the chambers 350 and 355 can be removed and replaced when necessary. The chambers 350
and 355 include electrically conductive bonding pads 357 and 359, which establish an electrical
connection to corresponding bonding pads on the underlying substrate, such as pads 362 and 363
shown on the control system module 360. Also shown in FIG. 7 is a sensor module 365 that
includes an electrochemical sensor array and a temperature sensor array. The sensor module 365
may also be removably attached to the underlying substrate in a manner similar to the drug
deliver chambers 350 and 355.

[00065] In some embodiments the drug delivery chamber may be used to deliver a drug in
accordance with iontophoresis. In an iontophoresis process, a charged substance such as a drug
or other agent is driven by a repulsive electromotive force through the skin. A small electric
current is applied to the chamber that contains the charged drug and its solvent when the
wearable device is placed on the skin. Another electrode carries the return current. The positively
charged electrode repels the positively charged chemical species and the negatively charged
electrode repels a negatively charged species, driving it into the skin.

[00066] FIG. 8(a) shows the fluorescence spectra of a drug (curcumin in this example)
with different concentrations that is delivered by iontophoresis FIG. 8(b) is a calibration curve
showing the linear relationship between the fluorescence intensity and drug concentration. FIG.
8(c) shows the drug delivery speed when no current is applied (corresponding to a passive state),
when a reverse current is applied to hold the drug in the chamber (corresponding to a control
state), and when a forward current is applied to the chamber (corresponding to an active state) to

drive the drug into the skin.

Electrochemical Biomarker and Temperature Sensor Module

[00067] FIG. 9 illustrates one example of a sensor module 300 which incorporates a
temperature sensor array and an electrochemical biomarker sensor array. The sensor module 300,
which may be incorporated in the closed-loop wearable device shown in FIG. 1, includes

electrochemical biomarker sensors 310 and temperature sensors 320, which are interconnected
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by serpentine electrical interconnects 330. Electrically conductive bonding pads 340 are provided
for establishing an electrical connection between the sensor module and the other modules and
components on the wearable platform. The electrochemical sensors, which may be controlled by
potentiostat circuitry that applies the necessary electrical signals to activate the sensors and
measure the resulting signal, are functionalized with a detection bio-element used to achieve high
specificity while using a label-free sensing technique. An array of temperature dependent metal
film resistors, integrated next to the biosensor, can interrogated by the same microcontroller that
controls the electrochemical detection. There are several challenges that arise from integrating
and optimizing each of these components for wearable devices that are used to detect sweat from
the skin, such as the significantly lower concentration of protein biomarkers on the surface of the
skin than in other bodily fluids, the need for small non-rigid reusable circuitry, and the desire to
make the entire measurement process automatic without interference from the user. The
following sections describe how these issues can be addressed.

[00068] Since space is a highly constrained resource on a wearable platform, and because
the electronics need to be integrated with a flexible substrate that lacks routing layers and vias,
more traces and connections come at the cost of increased layout and routing complexity. Hence,
the potentiostat that is employed to control the transducers, which may be made entirely from
commercial off-the-shelf (COTS) parts, should have a design that minimizes the number of
components and which have as few pins as possible. In addition, if the system only requires the
use of EIS, the potentiostat can be slimmed down to simply function as a dedicated impedance
detector.

[00069] The potentiostat may include an analog front end that interfaces with the
transducers. In one embodiment the transducers are electrodes made from chemically inert
metals. Due to the small size and spacing of the sensor and to introduce minimal voltage error, a
two-electrode system can be used, consisting of a working electrode (e.g., a gold electrode) and
the reference electrode (e.g., a silver/silver-chloride electrode), as it reduces the number of traces
required for the electronics and sensor surface. The electrodes (at least two sets in order to have
control) can be printed directly onto the flexible substrate and manually functionalized by

pipetting the bioelement directly onto the gold surface.

Electrochemical Biosensors
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[00070] In some embodiments, the wearable platform described herein may employ any
combination of one or more types of electrochemical biosensors. The detection of different
analyte types such as ions, metabolites, proteins, and amino acids each requires a different
electrochemical method in order to measure and quantify them in sweat. Typically, potentiostatic
methods coupled with ion selective electrodes (ISE) are used to detect ions (sodium, potassium,
calcium, etc.), while amperometric techniques are used to induce reactions and sense certain
metabolites such as glucose and lactate through enzymatic reactions. However, for proteins,
sandwich assays with electrochemical enzyme tags, which bind to the desired analyte, are
commonly used to detect these larger molecules. This method can achieve both high selectivity
due to the specificity of the ligand-analyte binding and high sensitivity from the enzyme
catalyzed amplification of the electrochemical signal. However, these assays, which take
advantage of a label or tag, require additional mixing, incubation, and washing steps that
significantly complicate lab-on-a-chip type devices. In some embodiments point-of-care oriented
electrochemical biosensors that have been previously developed may be employed which are
able to interface with mobile devices such as smart phones and which can run a wide variety of
electrochemical assays. Example of such biosensors as described in A low-cost smartphone-

based electrochemical biosensor for point-of-care diagnostics, A. Sun et al., Biomedical Circuits

and Systems Conference (BioCAS), 2014 IEEE, which is hereby incorporated by reference in its

entirety.

[00071] In one embodiment, to reduce the regents used, shorten the measurement time,
and avoid these difficult extra steps, a highly sensitive label-free technique can be used known as
electrochemical impedance spectroscopy (EIS). With EIS, the impedance between electrodes
functionalized with detection biomolecules, such as antibodies, diabodies, synbodies, aptamers,
and single-stranded nucleic acids are measured and an increase in surface impedance represents
that the analyte has been bound to the surface. This technique is especially sensitive when
measuring changes that occur at the surface of these electrodes, which are typically made of inert
metals such as gold, platinum, or silver. Capture ligands are attached to these surfaces and a
solution possibly containing antigens is introduced to the cell. Any antigen-antibody binding that
occurs will impede charge-carrying molecules from reaching the electrode and displace ions that

have gathered near the surface causing a measurable impedance shift.
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[00072] EIS works by applying multiple small sinusoidal voltage signals (e.g., voltages
less than 10 mV amplitude) at varying frequencies from e.g., 0.1 Hz to 100 kHz, between
electrodes in an ionic solution and measuring the current signals that result. The amplitude and
phase data is then fitted to an equivalent circuit model called a Randles circuit, which models the
electrical interface between the electrodes. It is then used to obtain resistance changes that
correlate to the binding of biomarkers to the surface of the electrodes. Detection can be
quantified by tracking the double layer capacitance (Car) created by the formation of ions and
charged molecules near the electrode surface. Hence, physical displacement of these charges
produces a change in the dielectric properties of the electrode-solution interface thereby altering
the double layer capacitance. Binding can also be measured by extracting the resistance (Rot)
created by the redox molecules reacting and transferring electrons, also known as the charge
transfer resistance.

[00073] FIGs. 10(a) — 10(d) show illustrative measurements obtained from an
electrochemical sensor that is used to detect uric acid. FIG. 10(a) shows cyclic voltammetry of
uric acid reaction with uricase. FIG. 10(b) shows H20: detection in the presence of a PB
mediator. FIG. 10(c) shows chronoamperometry of uric acid at -0.1 V and FIG. 10(d) is a

calibration curve that shows the sensor sensitivity to be approximately 1.7 nA/pM.

Temperature Sensor

[00074] As previously mentioned, in some embodiments the closed loop wearable
platform may include a temperature sensor array. Such an array may combine multiplexed
coefficient of resistance (TCR) sensors with interconnect traces that are arranged, for example, in
a filamentary serpentine mesh. The filamentary mesh design minimizes strain in the sensor and
the interconnects during deformation, resulting in a small effect of strain on resistance. Top and
bottom layers of a polyimide (PI) encapsulating metal can be used to provide electrical insulation
and a moisture barrier. This sandwiched configuration also places the metal close to the neutral
mechanical plane, for improved mechanical robustness. A distributed array of such temperature
sensors can be used to provide a spatial map of temperature over the skin.

[00075] FIG. 11 illustrates one example of the microfabrication steps that may be
employed to fabricate the temperature sensor array described above. The process begins with

spin casting of polydimethylsiloxane (PDMS) onto a clean Si wafer. After curing in an oven, the
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PDMS is exposed to oxygen plasma for surface activation, which increases the adhesion to a
layer of PI sequentially spin-coated on top. The interconnects and metal electrodes, consisting, in
one embodiment, of a layer of Cr/Au, are deposited by electron beam evaporation onto the PI.
Photolithography and etching defines patterns in the Cr/Au. Next, spin coating forms a second
layer of PI over the entire structure. Photolithography defines the regions where the unmasked PI
layer is etched, which results in an encapsulation of the metal electrode and interconnection with
the top and bottom layers of PI with a geometry matched to the metal traces. Then, a water-
soluble tape (such as available from 3M, for example) retrieves the completed patterns from the
carrier wafer for subsequent transfer and covalent bonding onto a silicone membrane (e.g.,
Ecoflex®), which exhibits a low Young’s modulus (e.g., about 60 kPa) that is in the same range
as skin epidermis. To provide electrical isolation for clinical use, a material such as a 5-um-thick
layer of silicone is coated on the top of patterns.

[00076] The temperature measuring circuit is composed of the TCR sensor array and the
multiplexer and current source of the control system. The multiplexer selects one of several
analog or digital input signals and forwards the selected input into a single line. Through
multiplexing, temperature measurements from the individual sensors in the TCR sensor array are
sequentially obtained. In the TCR sensor array, the individual TCR sensors serve as a resistance
thermometer, also called as resistance temperature detector (RTD), which is used to measure
temperature by correlating the resistance of the RTD element with specified temperature. The
resistance is calculated from the measured voltage. The TCR sensors operate using the four-point
probe technique. The applied current should be carefully selected to prevent self-heating of
individual sensors in the array.

[00077] Calibration of the individual TCR sensors may be performed with a hotplate that
is able to tune its temperature to within e.g., 1°C. In one example a flat black hot plate with an
emissivity of 0.96 may be used. After stabilization of the hotplate temperature, the TCR sensor
array is mounted on the hotplate. This calibration arrangement reduces the piezoresistance
changes associated with mechanical deformation in the mounting step, thereby providing
improved precision in calibration. The calibrations include several temperature six points
between 25°C and 50°C. After allowing system to come to thermal equilibration over a period of
time, e.g., 10 minutes, the surface temperature on the black plate near the device may be

recorded by an IR camera. At the same time, the voltage and corresponding resistance value of
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each sensor is recorded for e.g., 20 seconds. This measurement is repeated for a total of several,
e.g., six, temperature points from 25°C-50°C. Based on the recorded value, the linear
relationship between resistance and temperature is derived within the test range of temperatures.
[00078] FIG. 12 shows temperature calibration curves for a number of sensor samples.
The curves are arranged in four groups largely due to the difference in interconnect distances
between the sensors in different groups. The linear function that determines the temperature can
be obtained by a least squares method, which is used to generate the calibration curves.

[00079] The response time of the temperature sensors are closely related to the thermal
mass of the soft materials constituting the TCR sensor array. Since the TCR sensor array is
composed of materials with extremely low thermal masses per area and high water/gas
permeability they provide a fast response time. For the TCR sensors that have a direct contact to
the skin without use of an elastic backing layer, the estimated thermal mass per unit area is about
150 pJ-cm™ K}, which is identical to that of human skin with a thickness less than 500 nm. If,
for instance, an elastic backing layer with a thickness of approximately 50 um is employed to
support an iterated attachment and removal process, the thermal mass per unit area increases to
7.2 mJ-cm™- K (which is equal to a skin thickness of less than 25 pm). In addition, the response
time is also affected by thermal inertia, the material property by which a mass tends to maintain
its initial temperature. Thermal inertia of the temperature sensor system is approximately 500
W-s?m2K-!, smaller than the thermal inertia of skin, which is1000~2000 Ws"?mK"'. Due to
the low thermal mass and inertia, the temperature sensor array can provide a fast response of
10~100 ms.

[00080] In some embodiments a temperature sensor as described in, Ultrathin Conformal
Devices For Precise And Continuous Thermal Characterization Of Human Skin, R. Chad et al., Nature

Materials 12, 938-944 (2013), which is hereby incorporated by reference in its entirety.

Control System

[00081] The control system 120 shown in FIG. 1 employs a preprogrammed
microcontroller to distinguish between normal and abnormal levels of various vital signs. The
actuators will not be active until an abnormal electrophysiological signal is detected or the user
instructs them to do so. For instance, if the drug delivery device employs a microneedle array

such as shown in FIG. 4, the microcontroller will turn on the micro-heater array that swells the
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soft elastomer layer when abnormal signals are detected. Therefore, the stored drug or other
agent is squeezed out of the reservoirs and injected into the epidermal layer of the human skin
through the hollow microneedle arrays.

[00082] FIG. 13 illustrates a more detailed example of the control system shown in FIG. 1.
The control system 500 includes a microcontroller 510, a potentiostat 520, a current source 520,
a power source 530, a power regulator 540, a multiplexer 560 and contacts 570 for
communicating with the sensor module and the actuator module. FIG. 14 shows a high level
functional block diagram of the overall control process which includes sensors 580, sensor
readout circuitry 582 that receives signals from the sensors 580, which in turn are provided to a
microprocessor 584. Microprocessor 584 will analyze the sensors data, make a decision and 586
for drug delivery or drug hold. The rightmost portion of the figure shows the current source 586
signal when the drug delivery chamber is to be in its active state delivering a drug or other agent
and when it is to be in its passive state to prevent or minimize drug delivery.

[00083] In one embodiment, all the electronic components, except the serpentine metal
connectors and micro-heater electrodes, including the microcontroller, passive components,
multiplexers, etc., can be commercial, off-the-shelf, surface-mount chips. The chips can be
mounted on the membrane substrate and electrically connected to the serpentine interconnects
using hard/soft integration techniques. Commercial off-the-shelf (COTS) chips offer integrated
functionality and are critical building blocks for conventional electronics, but their mechanical
incompatibility with the soft elastic device structures make their direct incorporation difficult. To
manufacture a stretchable/flexible electronic system, both the passive and active components
must be seamlessly integrated into one soft package.

[00084] A key challenge for incorporating COTS components into soft systems is to
integrate the hard discrete components (~8 mmx*8 mmx>3 mm in LxWxH; 10 GPa modulus; up
to 1% failure strain) with compliant elastomeric substrates (~30 mm*30 mmx0.1 mm in
LxWxH; 0.1-1 MPa modulus; up to 900% failure strain) without building up at the hard/soft
interface a large amount of strain, which would cause chip delamination and device failure. The
larger the COTS chip, the higher the interfacial strain.

[00085] When under deformation, strain can build up at the hard chip-soft substrate
interface, leading to delamination and device failure. Patterned surface chemistries of the

elastomeric substrate may be engineered to selectively bond a small area of the device
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components, achieving effective mechanical isolation. The resulting device can achieve an
elastic modulus only slightly higher (e.g., 3%-5%) than that of the soft substrate itself, making
the integration essentially “mechanically invisible”.

[00086] To further reduce strain between the hard chip and soft substrate, the control
system may be packaged using a liquid material or an ultra-low Young’s modulus solid
packaging material. If such materials are used the components of the control system may be
encapsulated within a containment chamber formed by a substrate and a superstrate. If a low
modulus solid is employed, the electronic components can be placed near the neutral mechanical
plane and may be supported by both the substrate and the low modulus solid. In some
embodiments the thickness of the low modulus solid may be less than about 1000 um. Moreover,
in some embodiments more than one packaging material may be employed within the
containment chamber, with each having a different Young’s modulus. The two or more
packaging materials may be mixed or layered within the containment chamber.

[00087] If a fluid packaging material is employed, selection criteria for the fluid may
include (1) wettability toward the electronic components and the substrate/superstrate, to
facilitate the filling process, (2) large volume resistivity (>1x10'* Ohm*cm) to eliminate
electrical crosstalk, (3) high dielectric strength (>10 kV/mm) to avoid electrical breakdown, (4)
moderate viscosity (e.g., about 5 Pa-s) to enhance impact resistance, (5) good thermal stability
(e.g., weight loss less than 0.1% at 100 °C for 4 hours to allow reliable long-term operation, (6)
low loss RF properties and small dielectric constant (e.g. less than 3), to minimize influence on
RF operation, (7) low reactivity and chemical stability, to avoid corrosion or other forms of
chemical degradation, (8) hydrophobic character, to expel moisture from the package and (9)
optical transparency to enable rapid inspection of the components. Although many materials can
be considered, in some embodiments a soft, silicone elastomer such as the aforementioned
Ecoflex may be used for the substrate/superstrate, and a high molecular weight silicone oligomer
(e.g., Sylgard 184, without curing agent) may be used for the fluid.

[00088] To reduce the thickness of the functional COTS chips, they can be mechanically
polished by removing the encapsulating epoxy materials, leaving behind the bare dies plus the
wire bonding loops. In this way, the overall chip thickness can be reduced down to from about
2mm to 1 mm. To further decrease the device thickness, bare dies without wire bonding

connections, which are an order of magnitude thinner than their COTS chip counterparts, may be
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employed. This approach allows the reliable incorporation of integrated circuits — which are the
basis of modern electronics — with soft systems without sacrificing the mechanical stretchability.
[00089] By combining strategies in materials, microfluidic systems, structural designs and
mechanics theory for low modulus, stretchable systems that incorporate assemblies of high
modulus, rigid, state-of-the-art functional bare die elements, a thin, conformable device that can
softly laminate onto the surface of the skin can be produced, which allows advanced,
multifunctional operation for physiological monitoring. The capability to integrate rigid materials
into a flexible or stretchable lattice bridges the gap between hard and soft. The versatility of these
approach its compatibility with other approaches to flexible/stretchable electronics suggest a
foundation for rapid progress in wearable devices that exploit intimate integration with the

human body.

Serpentine interconnects

[00090] The wearable devices described herein exploit island-bridge architectures, in
which the active components reside at the islands and the electrical interconnects form the
bridges; the latter are largely responsible for the stretchability. Generally, they must
accommodate two competing design goals: (1) high areal capacity, which requires large coverage
of the active regions, and (2) high mechanical stretchability, which requires large distances
between these regions. Strategic features of relief on the elastomer substrates provide a partial
solution to this challenge. A disadvantage is that levels of stretchability beyond 30% can be
difficult to achieve without sacrificing coverage.

[00091] With more advanced structural designs, denser packing may be achieved without
sacrificing stretchability. At least two classes of bridge structures have been proposed: (i) straight
ribbons in arc-shaped layouts that result from Euler buckling and (ii) serpentine traces that also
involve noncoplanar geometries, in either or both the as-fabricated and as deformed states. The
first involves a comparatively simple geometry, with deformation mechanisms that have been
thoroughly investigated extensively via experiments and fundamental mechanics theory. The
serpentine interconnect represents an advanced embodiment, with improved stretchability for a
given spacing between adjacent islands. When fabricated in an ultra-thin form and mounted on a
thin elastomeric substrate (e.g., polydimethylsiloxane and Ecoflex), the serpentine interconnect

could be conformably mounted on the human skin, because of its ultra-soft feature.
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[00092] As previously mentioned, in some embodiments the electrical interconnects
employed in the wearable devices described herein may have interconnection layouts that use
‘self-similar’ structures of wires in serpentine configurations to offer, simultaneously, high
system level stretchability, and low interconnect resistances. A conventional serpentine consists
of circular arcs connected by straight lines. ‘Self-similar’ designs follow from iteratively
applying this basic geometry, beginning with a unit cell 400 as illustrated schematically in FIG.
15. The self-similar serpentine interconnect can then be formed by reducing the scale of the cell
and then connecting multiple copies of it in a fashion that reproduces the layout of the original
cell geometry. In some embodiments a 2°¢ order serpentine geometry may also be employed, as
illustrated by the interconnect 420 in FIG. 15. Although the wearable device may even
incorporate higher orders, a 2°¢ order construct is likely to satisfy the requirements for the
applications considered herein.

[00093] With a hierarchical serpentine design, the impedance between the electrode and
skin can be minimized, as well as the signal to noise ratio. In addition, metal wires can achieve a
reversible stretchability of 300%. In some embodiments the serpentine interconnects are not
bonded to the elastomeric substrate so that they can deform freely and allow the interconnect—
substrate interaction to be neglected. Such a serpentine interconnect could be realized in
fabrication through two approaches: (1) providing a molded relief structure on the elastomeric
substrate, and bonding the islands onto the top of the raised relief; (ii) using a substrate, and
selectively bonding the islands onto the substrate, while leaving the serpentine interconnect with
only a weak interaction with the substrate.

[00094] In some embodiments the interconnects may be fabricated using the techniques
described in the aforementioned reference Xu S. et al., Stretchable Batteries With Self-Similar
Serpentine Interconnects And Integrated Wireless Recharging Systems, Nature Communications,
4:1543 doi: 10.1038/ncomms2553 (2013).

[00095] In one particular embodiment, the fabrication process begins by spin casting
polydimethylsiloxane (PDMS, Sylgard 184) onto a clean glass slide. After curing in an oven, the
PDMS is exposed to oxygen plasma. A layer of polyimide (PI) amic acid solution is then applied
by spin casting, baked on a hotplate and in a vacuum oven. The interconnects and metal
electrodes consists of a layer of Cu deposited by electron beam evaporation onto the PL

Photolithography and etching defines patterns in the Cu. Next, spin coating forms a second 2.4
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um thick layer of PI over the entire structure. A layer of SiOzis then deposited using electron
beam evaporation, to serve as an etching mask for the PI. Next, photolithography, RIE etching,
and oxygen plasma etching patterns the layers of PI in a geometry matched to the metal traces.
The residue SiO2 mask is removed using buffered oxide etchant, and the overall circuit
electrodes are immersed in electroless Sn plating solution. The Sn deposits only onto the exposed
Cu surfaces, for the purpose of ensuring good wettability of the solder on the bonding pads.
Finally, the circuit electrodes are retrieved using water soluble tape for aligned transfer to the

device substrate.

Integration Plan

[00096] A number of issues need to be addressed when integrating the various components
of the closed-loop wearable devices described above. These issues will be discussed below.
[00097] Typically, as seen in other miniature lab-on-a-chip type sensors, microfluidics and
syringe pumps are used to facilitate the transfer of the test solution to the sensor and to flush out
the sensor after each measurement. However, these tools are much too large and bulky for
completely wearable devices meant for use outside of a laboratory and as a completely self-
contained sensor. Instead, the more promising solution is to use paper microfluidics, which is
much more amenable to flexible systems. The paper microfluidics serve as a fluidic plumbing
system handles transferring sweat from the epidermis to the sensing area for a limited amount of
time and then removing it so that old sweat does not interfere with new measurements.

[00098] Nitrocellulose-based polymers use capillary wicking to pull the fluid onto the
sensor thus avoiding the use of bulky pumps. FIG. 16 shows a cross-sectional view through a
portion of the closed-loop wearable platform 100 that is taken through one of the biosensors. A
passivation layer 410 is shown in contact with the epidermis 420 of a patient. The passivation
layer 410 is formed from a porous and inert material such as an elastomer silicone material that
absorbs sweat into its pores. A fluidics layer 430 is located between the sensor electrodes 440
and the passivation layer 430. In some cases the fluidics layer 430 may be formed from the same
material as the passivation layer 410. However, the fluidics layer 430 includes laterally extending
channels that can guide the sweat received from the passivation layer 410 to distribute it laterally
among different types of sensors. At the end of the nitrocellulose-based polymer a

superabsorbent polymer, such as is found in diapers, may be provided, to serve as a bulk
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reservoir for measured sweat. This arrangement is similar to those used in home-based
pregnancy tests, except that in the wearable platform the testing is continuous, rather than single
use as in a pregnancy test. From preliminary calculations, it is estimated that a 1 cm? sensing
area and similarly sized reservoir can store up to three days of sweat under normal conditions
and at least eight hours under heavy exercise. In applications such as smart band-aids where
redressing of a wound needs to be done frequently, the estimated reservoir size is more than
enough to last for the lifetime of the sensors. Furthermore, the entire patch could be encapsulated
in a bandage like material to ensure contact with the skin and isolation from outside
contaminants.

[00099] Another integration issue that needs to be addressed concerns the overall power
budget of the closed-loop wearable platform. The power source for wearable electronic devices
is a challenging problem. In the short term, the overall power consumption of the system can be
reduced by lowering the duty cycle of the control system, and memory can be added for local
data storage if necessary.

[000100] Yet another integration-related issue concerns the independent testing of the
individual sensing and actuating components after they have been integrated on the platform.
This may be accomplished by feeding emulated physiological signals generated by a signal
generator to the components to determine if they operating properly. The information gained in
this way can provide valuable information concerning, for instance, characteristics of the input
signal provided to the actuators and the frequency of the actuator upon real physiological signals
in contrast to emulated signals. In this way direct confirmation of the operation of each
individual component can be obtained, which also provides a relatively easy for debugging if any
errors occur at a later stage. The ultimate demonstration of autonomous actuation and wireless
sensing (if this function is provided) can be performed when all detailed verifications of
individual components are completed. Test measurements may be obtained over a time period of
several days to a week. Multiple wearable devices may be tested simultaneously for the target
time period. As the target period is relatively short it is unnecessary to perform long-term (e.g.,
several weeks) testing in an accelerated environment (e.g., in a temperature/humidity
environmental chamber).

[000101] Yet another integration-related issue concerns the air permeability of the porous

elastomers or other elastically stretchable materials that are employed. Because the human body
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is constantly evaporating moisture/sweat to the environment, the substrates and packaging
materials used in the closed-loop wearable platform should be microporous so that moisture
evaporation is not prevented during long term use. Therefore, the porous elastomers that are
employed (e.g., silicone elastomer) should be made nano/microporous for this purpose. This can
be accomplished by fabricating bicontinuous nanostructures in polymer matrices using block
copolymer assisted microphase separation, and nano/microporous channels can be opened by
selective etching/dissolving of one phase. For instance, mixtures of PDMS, PMMA and PDMS-
b-PMMA precursors can be selectively etched to produce bicontinuous PDMS thin films with
similar mechanical properties to bulk PDMS. By tuning the reaction conditions and precursor
chemistry, the size, size distribution, and morphology of the ion channels can be controlled.
Submicron pores are needed to provide ion migration channels without electrical shortage.
Therefore, complex bicontinuous structures may be preferred over structures with oriented
geometries.

[000102] Generally, the integration of discrete components into a soft wearable system may
be viewed as a packaging process. As the price of ICs continues to drop, packaging takes up a
great amount of the total cost of the system. Also, because the devices may be disposable, device
fabrication costs for a macroscale process should ideally be reduced. Manufacturing costs can be
lowered by batch processing and by using process innovations such as the use of screen printing
versus lithography and etching. In addition, the use electrodeposition techniques instead of
vacuum deposition methods may further reduce the manufacturing steps that are needed and
improve throughput.

[000103] One of the challenges involved in developing a wearable device for long-term
health monitoring concerns the ability of the platform to remain on the skin for more than a few
days. Once a wearable device is mounted on the epidermis by van der Waals forces alone, it
starts to show delamination from the skin after about 1 day due to exfoliation of dead cells.
Therefore, additional strategies are needed to keep the wearable platform in contact with the skin
when it is to be worn over a long term to e.g., continuously monitor electrophysiological signals
on the skin. Also, since the active materials used to fabricate the wearable sensors or actuators
are mainly functional semiconductors and metals, washing may remove or damage the structure
of the materials. Sweat, which is slightly acidic, may also affect their performance. Therefore, for

long term wear, these devices should be able to tolerate daily damage, such as laundering and
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abrasion. This issue may be addressed by using medically proven skin products such as spray-
on-bandages that are a blend of an acrylate terpolymer and a polyphenylmethylsiloxane with
hexamethyldisiloxane as a volatile solvent. This polymer is available in a spray can and can yield
a thin, solid conformal and transparent coating (about 1 um thick) on skin upon evaporation.
These films provide hydrophobic waterproof surfaces on the skin that block water, dirt and other
debris, but offer sufficient levels of breathability to avoid adverse effects on the skin while

wearing for a few days or a week.

Wireless communication

[000104] The actuators in the closed-loop wearable devices are trigged by the control
system, which drives the actuators on the basis of the signals from the sensors. While in the
examples discussed above this control system unit is located on the wearable device itself in
the form of a control system, in some cases some of the functionality of this control system
may be performed by a processing unit located elsewhere. For this purpose the wearable
device may wirelessly communicate with a mobile computing device that is in close proximity
to the patient and preferably carried by the patient. One example of such a mobile computing
device is a mobile phone such as a cell phone (e.g., a smart phone).

[000105] Additionally, some patients may require the use of multiple wearable devices
that are distributed over their body for concurrent monitoring of spatially diverse clinical signals
and/or different human body signals. In this case all of the wearable devices may wirelessly
communicate with the mobile computing device to form a body area network (BAN) that can be
under the control of the mobile computing device, which acts as a central processing master unit
on the body.

[0001006] The mobile computing device is useful not only to coordinate among different
wearable devices, but also because wearable device technology in the near future will most likely
lack the capability to build high performance central processing units on the device itself or to
send a signal over a long distance. While cell phone ownership is rising rapidly, access to
traditional health care and providers is often limited, particularly in developing countries.
Therefore, cell phones are one potential avenue for the delivery of health management
strategies by interfacing them with the passive sensors and active physical treatment

functions. In this regard, cell phones can be transformed into portable healthcare tools through
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the use of intrinsic and external additionally developed software. In reality, the enormous
potential for cell phones as enabling technologies to transform remote healthcare, personal
health data management, and basic health research has led to the rapid development of
numerous health-related phone applications and device attachments, which aim to improve
health by influence behaviors, such as eating and exercise patterns, and risk-related behavior.
[000107] The sensors in the wearable device can continuously monitor vital parameters,
and transfer the acquired data wirelessly to the cell phone where the data are local stored and
analyzed for user feedback, and, if necessary, transmit to professional medical services. The data
may be wirelessly transmitted continuously as it is received, or to conserve power, it may be
transmitted intermittently, perhaps on a periodic basis. The wearable device will only need to
transmit over a relatively short distance (e.g., one meter) using, for instance, a communication
protocol such as near-field communications (NFC) or Bluetooth®. The control system 360
shown in the illustrative wearable device of FIG. 7, for example, includes an NFC antenna
coil 373. The computing device may automatically process the monitored parameters it
receives, analyze patient status, estimate trends, detect any impending deviations from normal
and send system reactions messages (e.g., therapy recommendations such as suggesting
electrotherapy or drug delivery) to the actuators or automatically contact medical help in case of
an emergency.

[000108] By providing 24/7 continuous monitoring health status data to a central
information system, machine learning algorithms may be utilized to provide decision support or
diagnosis assistance. For instance, the measured data may be analyzed statistically, which may
provide better robustness and reliability. In this way the management and treatment of diseases
could become a highly information-rich process. As this data set grows, differences between
different types of certain diseases (e.g. seizures, stroke) may be determined more accurately and
provide deeper insights into their causes and outcomes, perhaps even to the point of being able to
predict an impending episode. It may also allow for treatments that are tailored more carefully to
a person’s specific form of disease. In this way, mobile computing devices such as cell phones
not only have the ability to facilitate communication between individuals and health care
providers, but can also be used to collect data that drives personal decision making.

[000109] Continuous diagnoses by several sensors are more likely to accurately detect

symptoms of an illness compared to a single measurement. In addition, because the wearable
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devices offer robust, non-irritating skin/electrode contact, they are likely the most natural and
unbiased settings for authentic and outlier-free data of internal human body signals. These
devices may thus provide an enhanced (e.g., more accurate and less restrictive) method of
acquiring bioelectrical signals from the body, while also providing timely intervention in

emergency situations.

Long Term Wearability

[000110] One challenge in producing a wearable device is its wearability on the skin for
more than a few days for long-term health monitoring. Once a wearable device is mounted on the
epidermis by van der Waals forces alone, it starts to show delamination from the skin after about
one day due to exfoliation of dead cells. Therefore, additional strategies to maintain contact
between the device and the skin is required when the device is to be worn for longer periods of
time. Also, since the active materials used to fabricate the wearable sensors or actuators are
mainly functional semiconductors and metals, washing may remove or damage the structure of
the materials. Sweat, which is slightly acidic, may also affect their performance. Therefore, for
wearing long term, these devices should be designed to tolerate daily damage, such as laundering
and abrasion. This issue may be addressed by utilization of medically proven skin products such
as spray-on-bandages that are a blend of an acrylate terpolymer and a polyphenylmethylsiloxane
with hexamethyldisiloxane as a volatile solvent. When this polymer is provided in a spray can, it
yields a thin, solid conformal and transparent coating (about 1 um-thick) on skin upon
evaporation. These films provide hydrophobic waterproof surfaces on the skin that block water,
dirt and other debris, but offer sufficient levels of breathability to avoid adverse effects on the

skin during wearing for a few days or a week.

Device Passivation

[000111] When producing an implantable electronic device biocompatibility should be
taken into account. Once implanted into the body, a fibrous, collagen-based membrane can
develop around the device. An implanted device should have a package that is biocompatible.
The surface properties of the polymer film may be selectively tuned by the incorporation of
functionalized elements to meet specific requirements. The coated polymer may be

biocompatible with the surrounding cells so as not to induce any toxic side effects.
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EM Decoupling From Human Body Absorption

[000112] The human body is a strong absorber of electromagnetic (EM) waves. If the
wearable device is able to wirelessly communicate with an external device, the working distance
of the antenna located on the wearable device can be increased by decoupling it from human
body absorption. Stretchable antennas and their coupling to the external receiving antenna can be
simulated using FEA software, HFSS, with dielectrics properties of the human body of the IFAC-
CNR. As the overall dielectric properties of the human body are a function of its surface areas,
fine tuning of the transponder antenna can be achieved by either inserting an elastomer spacer
between the coil and skin, shifting the resonance upwards and diminishing resistive losses due to
the human body, or adding a high permittivity superstrate to shift the resonance downwards.
Impact of the deformations (bending, stretching, and compression) on the antenna behavior

should also be examined.

Power Consumption Requirements

[000113] A wearable electronic system is made up of different components, each of which
generally fall in one of the following categories: sensing, communication and data processing,
actuation, and energy. The power source for wearable electronics is a challenging problem. In the
short term, the overall power consumption of the system can be reduced by lowering the duty

cycle of the radio systems, and memory can be added for local data storage.

Cost and Throughput

[000114] The integration of discrete components into a soft system is to a large extent a
packaging process. As the price of integrated circuits (“chips”) continues to drop, packaging
takes up a greater amount of the total cost of the system. Also, device fabrication costs for a
macroscale process should be reduced because the device may be disposable. It is therefore
important for this technology to be cost-effective. The manufacturing cost can be lowered by
batch processing. Process innovations such as the use of screen printing vs. lithography and
etching, electrodeposition vs. vacuum deposition methods may further reduce the manufacturing

steps needed and improve throughput.

34



WO 2017/181027 PCT/US2017/027656

[000115] Fabrication instruments include hood, autoclave, spin coater, hotplate, electron
beam evaporator, plasma enhanced chemical vapor deposition, electrochemical station, desktop
sputter coater, mask aligner, reactive ion etcher, optical microscope, furnaces (convection,
vacuum, UV ozone), glove box, DI water generator, sonicator, centrifuge, balance, consumables
(gold, SOI wafers, polyimide precursors, etc).

[000116] Measurement instruments include UV laser and lens systems, air table, solar
station, probe station, four point surface conductivity analyzer, Keithley I-V measurement setup,
pulsed high voltage source, synthesized function generator, current preamplifier, voltage
amplifier, linear motor to apply mechanical strain, pH meter, dissolved oxygen analyzer,
oscilloscope, board antenna, band pass filter, low noise amplifier, frequency counter, stretcher,

strain-stress analyzer.

Device Testing
[000117] As part of the fabrication process, mechanical and electrical testing of the
wearable devices may be performed after they are assembled. Mechanical testing may be
accomplished by depositing an array of metal dots through a polyimide shadow mask mounted
on the back side of the wearable device. Equal-biaxial stretching may then be applied to the
device using a mechanical stage that can gradually add/remove strain simultaneously in both
directions. Images of the device at various stages of deformation can be collected from the
backside the device so that the metal dots are clearly visible. The Young’s moduli of the devices
with and without the chips and interconnect network may be measured in orthogonal directions.
The strain-stress curves can then be averaged over at least three individual measurements.
Mechanical simulations may also be performed, using, for instance, FEA techniques.
[000118] Electrical testing of the wearable devices can be accomplished by placing the
assembled wearable device on the skin after removing any hair on the skin epidermis and
cleaning it with a pad soaked in alcohol. Afterwards, the device/ultrathin silicone membrane/PVA
tri-layer structure is placed on the preferred areas on the skin for recording. By adding water onto
the water soluble PVA, the PVA tape is removed and only the device backed up by the ultrathin
silicone membrane remains on the skin by van der Waals forces.
[000119] For resonant inductive coupling, alternating current is generated in the secondary

coil (which includes an LC oscillator) of the device by applying alternating current to a primary
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coil that is in proximity (within mm’s) to the secondary coil. The alternating current in the
secondary coil is converted into a direct current output by a Schottky diode rectifier and an
integration capacitor. The direct current activates the entire device. Additional capacitors remove
high frequency and DC components of the electrophysiological signals collected, with a floating
ground. A voltage controlled RF oscillator transforms the amplified data into an FM RF signal at
~2.4 GHz that passes out of the device through a compact three-dimensional antenna. A separate
patch antenna, RF amplifier and frequency counter can receive the transmitted RF reliably at a
distance of up to 1 m, when operated in a room designed to eliminate background electrical
noise. The varactor mixing is visualized at the external board antenna through a spectrum
analyzer for measuring spectral content and/or demodulator to view original baseband
electrophysiological signal temporal waveform.

[000120] When testing the wearable device on an individual, the individual is to sit still and
remain quiet. To acquire electrocardiogram (ECG) signals, the wearable device is placed on the
lower-left edge of the rib cage, near the left side of the midline of the chest. The expected
behavior includes high frequency oscillations with amplitudes between about 0.5 to 1 mVpp. A
single bi-polar ECG channel can be measured from standard commercial adhesive electrodes
fastened e.g., 7 cm apart, on either side of the sternum in the 4™ intercostal space, corresponding
to ECG channels V1 and V2. The wearable device is fastened directly under the standard
electrodes, with the two electrodes at the same distance as the commercial adhesives. The
commercial system incorporates a ground electrode attached to a more proximal section of the
right arm. The wireless system utilizes a floating ground.

[000121] The high-frequency electromyogram (EMGQG) activity from the forearm can be
acquired, again to compare the commercial and wearable systems. A bi-polar EMG electrode pair
can be placed on the proximal left forearm over the flexor carpi radialis muscle. For commercial
recording a pair of Ag/AgCl ring electrodes can be used, fixed with an adhesive sticker to the
skin along with conductive electrode paste, with a nearby ground. Directly parallel with these the
wearable system and electrodes are placed such that the distance between the electrodes and the
angle with respect to the muscle is the same. The individual places his/her palm on the underside
of a desk and flexes the forearm, as if to clench their hand but with no hand movement. The
individuals then relax their arm, and repeat this rhythmically roughly every few (e.g., two)

seconds.
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[000122] For EOQG, bi-polar commercial adhesive electrodes are centered above and below
and medial of the individual’s left eye, again about 7 cm apart (and slightly lateral from the left
outer canthus). The wearable system and the electrodes are placed directly lateral to, and parallel
with the commercial system. The individual begins by quickly blinking their eyes, and then
blinking every second or so until the recording ends.

[000123] For EEQG, a pair of EEG electrodes may be affixed to the forehead. A pair of
Ag/AgCl electrodes are placed along the hairline, with the electrode at roughly position Fpz in
the center referenced to the lateral electrode at location AF8. The flexible electrodes are placed
directly inferior, parallel, and the same distance apart. The individual begins with a minute of
mental math, counting backwards by e.g., 7 from e.g., 200. They then close their eyes and rest
for another minute.

[000124] The sensing and actuating components of the integrated devices can be tested
independently. The emulated physiological signals generated by a signal generator can be fed
into the wearable actuator to see if the actuator is working in principle with an appropriate
sensitivity. This test can provide valuable information concerning the input signal amplitude and
frequency of the actuator upon real physiological signals, in contrast to emulated signals. This
approach offers direct confirmation of each individual component and is also easier for
debugging if anything goes wrong at a later stage. The ultimate demonstration of the wireless
sensing and autonomous actuation functions can be performed after all the detailed verifications
of the individual components have been completed. The wirelessly acquired signals may be
characterized for their signal integrity as well as robustness over time. The main target period of
the measurements may be several days to a week. Multiple wearable devices can be
simultaneously tested over the target period. As the target period is relatively short it will
generally be unnecessary to perform long-term (multiple weeks or more) testing in an
accelerated environment (i.e., in a temperature/humidity environmental chamber).

[000125] Regarding mechanical analysis, a full 3D finite element analysis (FEA) may be
used to analyze the post-buckling behavior of the entire device under uniaxial and biaxial
stretching. The chips can be selectively bonded to the silicone substrate via small circular and
rectangular pedestals. Each of the metal interconnect lines can be encased, top and bottom, by a
thin layer of polyimide. In one example, the elastic modulus () and Poisson’s ratio (v) were

found to be LEcoftex=0.0623 MPa and vecosiex=0.49 for Ecoflex; Ec,=119 GPa and vc,=0.34 for
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copper; and £p=2.5 GPa and vr=0.34 for PI. Eight-node 3D solid elements and four-node shell
elements can be used for the Ecoflex and self-similar electrode, respectively, and refined meshes
may be adopted to ensure accuracy. Linear buckling analyses may be carried out to determine the
critical buckling strain and the lowest buckling mode for each interconnect, which are then
implemented as initial geometric imperfections in the postbuckling simulation. The evolution of
deformed configurations with applied strains can be obtained from FEA for the entire device
under both uniaxial and biaxial stretchings.

[000126] Regarding electrical analysis, a separate patch antenna, RF amplifier and
frequency counter can receive the transmitted RF reliably at a distance of up to about one meter.
Laminating the wearable device across the sternum with each electrode in bi-lateral fourth
intercostal spaces enables the collection of ECG data. Measurements, with clearly identifiable
QRS complexes, should be expected. To determine the effectiveness and reliability of the
epidermal RF system, the data from the wearable device can be compared to data obtained from
a standard electrophysiological recording amplifier and digital recorder using standard
commercial adhesive electrodes fastened to the distal, palmer surface of the bilateral wrists,
using the right wrist as a reference for the left. These recording locations correspond to standard
left arm and right arm extremity electrodes in a clinical ECG. The voltage difference between
wrists can be simultaneously amplified, filtered, digitized, and wirelessly recorded by the
wearable device (e.g., 1000 Hz; DC — 500 Hz bandwidth after online filter; bit depth 10 pV) and
by a commercial electrophysiology system (e.g., BrainVision Brainamp MR Plus; 1000 Hz; DC
— 250 Hz bandwidth after online filter; bit depth 0.01 puV).

[000127] The voltage difference between V1 and V2 is simultaneously amplified, filtered,
digitized, and recorded by the wireless epidermal system, and by a commercial electrophysiology
system. The commercial system may incorporate a ground electrode attached to a more proximal
section of the right arm. The wireless system can use a floating ground. Offline, data are filtered
with a band pass between 0.5 and 20 Hz to remove line noise and other high frequency artifacts,
as well as slow drifts in the signal. The mean voltage of each signal may be subtracted to remove
DC offset differences. The data are then normalized to remove the influence of electrode
impedance differences between the commercial and flexible systems. Frequency spectra of the
ECG traces is computed with a fast Fourier transformation (FFT) of the entire time series. The

smaller peaks represent harmonics of the heart rate. The integrity and sensitivity of the acquired
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temporal waveform in terms of the peaks and QRS complex can be examined. Correspondence is
made between the commercially and wireless recorded ECG spectra as well. Electric potentials
of heart activity seen as an electric equivalent generator can be measured by surface electrodes
on the chest. These measurements provide very low voltage amplitudes (~ 1 mV for R-wave) due
to the resistance of the thoracic medium and skin contact. A complete cardiograph waveform
provides detailed insight into the ventricle functions, e.g., the P, Q, R, S and T waves as well as
the various inter-wave timings. The R-wave is usually counted over time to derive the heart rate
(HR) per second. Besides the RR-timing (HR = 1/RR), the heart rate variability (HRV) is a
relevant health status indication, e.g., for the estimation of stress level.

[000128] The same amplifier settings for EMG are used as in the ECG analysis; here the
ground is affixed, for the commercial system to the left outer forearm. Offline, data are filtered
with a band-pass from 100-300 Hz to isolate high-frequency muscle activity. The mean voltage
of each signal is subtracted to remove DC offset differences. The data are then normalized to
remove the influence of electrode impedance differences between the commercial and flexible
systems, and then rectified for illustration.

[000129] For EOQG, the amplifier settings can be identical except that an electrode on the
individual’s left forearm may act as a ground for the commercial system. Offline, data can be
filtered with a band-pass from 0.1 and 30 Hz to remove high frequency muscle activity and low-
frequency drifts. The mean voltage of each signal may be subtracted to remove DC offset
differences. The data may then be normalized to remove the influence of electrode impedance
differences between the commercial and flexible systems.

[000130] For EEQG, offline, data can be filtered with a band-pass from 1-30 Hz to remove
high frequency muscle activity and low-frequency drifts. The mean voltage of each signal can be
subtracted to remove DC offset differences. The data may then be normalized to remove the
influence of electrode impedance differences between the commercial and flexible systems. A
time-frequency transform of the EEG data from the forehead may be computed with a wavelet
decomposition. During mental math, an increase in high-frequency activity between 12-30 Hz
(Beta band) is expected to be observed that dissipates during rest. Spectra during rest are
expected to show a clear peak in the alpha band at 11 Hz that is larger than during math. Fast
Fourier transform can be performed to reveal the high-frequency activity during mental math,

and more low-frequency activity during rest.
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[000131] While exemplary embodiments and particular applications of this invention have
been shown and described, it is apparent that many other modifications and applications of this

invention are possible without departing from the inventive concepts herein disclosed.
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Claims

1. A wearable medical device, comprising:

A first elastically stretchable substrate that is removably attachable to an
epidermis of a user by van der Waals forces alone;

at least one biosensor located on the substrate for measuring at least one
physiological parameter or vital sign of the user while the substrate is attached to the user;

at least one actuator located on the substrate for delivering at least one action to
the user while the substrate is attached to the user; and

a controller located on the substrate, the controller being operatively associated
with the at least one biosensor and the at least one actuator such that the at least one actuator,
responsive to a control signal received from the controller, delivers at least one action to the user

based at least in part data received by the controller from the at least one biosensor.
2. The wearable medical device of claim 1 wherein the at least one actuator is selected from
the group consisting of a drug delivery system, a thermal actuator, an electrical actuator, a

mechanical vibrator, a light activator, and a pressure actuator.

3. The wearable medical device of claim 1 wherein the at least one actuator includes a drug

delivery device.

4. The wearable medical device of claim 3 wherein the drug delivery device includes a

transdermal drug delivery system (TDDS).

5. The wearable medical device of claim 4 wherein the TDDS includes at least one

microneedle for puncturing a stratum corneum layer of skin.

6. The wearable medical device of claim 5 wherein the TDDS further includes a micro-

heater for causing a drug or other agent to be expelled from the microneedle.
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7. The wearable medical device of claim 6 wherein the TDDs further includes a thermos-

responsive expandable layer that expands upon application of heat from the micro-heater.

8. The wearable medical device of claim 4 wherein the TDDS includes at least two

electrodes for driving the drug into skin.

9. The wearable medical device of claim 8 wherein the TDDS further includes a porous
membrane having pores saturable with a drug or other agent for controllably releasing the drug

or agent.

10. The wearable medical device of claim 8 wherein the TDDS further includes a charged

drug hydrogel or solution for electrical controllable release of the drug.

11. The wearable medical device of claim 1 wherein the at least one biosensor includes an

electrochemical sensor.

12. The wearable medical device of claim 9 wherein the at least one biosensor includes a
microfluidic surface layer for transporting and distributing biological fluids released from the

epidermis.
13.  The wearable medical device of claim 10 wherein the microfluidic surface layer includes
a porous passivation layer and a fluidics layer having laterally extending channels for guiding the

biological fluids received from the porous passivation layer.

14, The wearable medical device of claim 9 wherein the electrochemical sensor is an

electrochemical impedance spectroscopy (EIS) sensor.

15. The wearable medical device of claim 1 wherein the at least one biosensor includes a

temperature sensor.
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16. The wearable medical device of claim 1 further comprising electrical interconnects
electrically interconnecting the at least one biosensor, the at least one actuator and the controller,

the electrical interconnects each having a serpentine configuration.

17. The wearable medical device of claim 1 wherein the electrical interconnects have a self-

similar serpentine configuration.

18. The wearable medical device of claim 1 wherein the at least one biosensor includes a
biosensor array module having a plurality of biosensors that are located on a second elastically

stretchable substrate that is removably attachable to the first elastically stretchable substrate.

19. The wearable medical device of claim 16 wherein the biosensor array module further
comprises at least one electrically conductive bonding pad and electrical interconnects
electrically interconnecting the biosensors to the bonding pad, the electrical interconnects each

having a self-similar serpentine configuration.

20. The wearable medical device of claim 1 wherein the at least one actuator includes an
actuator array module having a plurality of actuators that are located on a second elastically

stretchable substrate that is removably attachable to the first elastically stretchable substrate.

21. The wearable medical device of claim 18 wherein the actuator array module further
comprises at least one electrically conductive bonding pad and electrical interconnects
electrically interconnecting the actuators to the bonding pad, the electrical interconnects each

having a self-similar serpentine configuration.

22. The wearable medical device of claim 1 wherein the elastically stretchable substrate

includes a silicone elastomer material.
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