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ABSTRACT OF THE DISSERTATION

Metamaterial for Enhanced Sensing and Power Management Application
By
Fan Ye
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Irvine, 2024

Associate Professor Peter Tseng, Chair

This dissertation presents an innovative approach to multiparametric environmental and
physiological signal monitoring using passive, wireless sensor networks. These networks,
powered by a single radio frequency (RF) reader, utilize tunable relay coils and flexible RF
sensors to spectrometrically co-monitor multiple chemical, physical, and biomechanical pa-
rameters, such as temperature, pressure, pH, nutrient levels, and joint angles, with a single
readout. By integrating RF biosensors targeting key minerals like calcium and magnesium
within a split-ring resonator architecture, the system enables the co-monitoring of multiple
ions, ideal for precision nutrition applications. Additionally, textile-embedded magneto-
inductive loops are introduced to monitor joint angles during dynamic movements, offering
a robust solution for biomechanical assessment without interfering with natural motion or
suffering from material fatigue. These advancements offer a scalable, durable, and adapt-
able solution for health monitoring, rehabilitation, and environmental sensing, overcoming

traditional limitations of complex setups and sensor wear.
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Chapter 1

Introduction

Wearable electronics, also known as wearable technology or wearables, refers to electronic
devices or technologies that are designed to be worn on the body. These devices are seam-
lessly integrated into clothing, accessories, or even directly attached to the human body.
Wearable electronics have gained significant popularity in recent years due to their poten-
tial to enhance our lives in various domains. They offer a wide range of functionalities,
including health and fitness tracking, communication, entertainment, and even augmented
reality experiences. From smartwatches and fitness bands to smart glasses and embedded
sensors, wearable electronics have the capacity to collect and analyze data, provide real-time
feedback, and offer personalized experiences. Their portability and continuous connectivity
make them an integral part of the rapidly growing field of the Internet of Things (IoT). As
technology advances, the potential applications of wearable electronics continue to expand,
holding promise for revolutionizing healthcare, sports, fashion, and many other aspects of

our daily lives.

In healthcare, monitoring nutrients is essential. Among nutrients, salts play an impor-

tant role in electrolyte balance, nerve signal transmission[29], muscle contraction, and pH



regulation[70, 2, 66]in biological functions[42]. For example, sodium[38, 9], calcium, and
magnesium|73, 75, 12, 74] are essential electrolytes that help maintain the balance of fluids in
and out of cells[4], ensuring proper cell function and overall fluid balance in the body[34, 45],
generating action potentials that allow communication between nerve cells[79, 59], enabling
muscle contractions[49, 89] reflexes, and other physiological responses. Particularly, either
excessive or insufficient intake of the divalent ions calcium or magnesium can have signif-
icant consequences for long-term bone health, immune function, or hormonal regulation.
Too much calcium can lead to hypercalcemia[l6, 95], which causes nausea[64], constipa-
tion, kidney stones[78, 6], and, in severe cases, impaired kidney function and heart rhythm
disturbances. Imbalanced magnesium may cause muscle weakness and cramps[82], cardio-
vascular issues[90], mood disturbances[10], and more. Therefore, it is essential to maintain
a balanced diet that includes an adequate intake of essential ions to support overall health
and well-being. There remains an important need (for either personalized health or epi-
demiological purposes) for improved methods for tracking ions/minerals in foods and during

consumption—this is particularly true for in personalized settings.

Many ion-detecting/modalities have been developed [77, 52] that are in use across a variety
of different fields. Optical approaches, often in the form of commercial ion assay kits, can
be used for single-use testing. [17, 30] Such techniques may have issues with sensitivity
and measurements are easily confounded by unwanted light. For continuous quantitative
measurements, ion-selective electrodes (ISE) are widely used. Such sensors are stable over
long periods, can be reused[62, 28], are relatively low-cost, and exhibit high repeatability|[88,
104]. Such electrodes are fundamentally formed from ion-selective membranes—these are
composed of polymer membranes (often polyvinyl chloride, PVC) embedded with ionophores
that selectively target specific ions for measurement. Many different ionophores have been
developed targeting a wide variety of ions, including the key ions found in food. Conformal
ISE-based sensors are either liquid-contact ISE or solid-contact ISE. Functioning on the

potentiometric principle, ISEs gauge alterations in electrical potential (voltage) across the



electrode membrane upon interaction with the targeted ion. Both such electrodes have drift
issues and require continuous recalibration[22; 33]. A drawback of liquid-contact electrodes
lies in their relatively large size and intricate structures. Encompassing sensing components,
battery parts, and wiring connections cannot be particularly tiny and flexible[24, 27, 25,
106]. This hinders seamless integration into user-friendly wearable devices. Furthermore,
both ISE electrode subtypes require direct wiring to a printed circuit board (PCB), often
leading to some contact in the test environment with solder, microelectronics, or metal
wiring (particularly in compact formats). This may potentially pollute the solution or lead

to measurement error.

Besides nutrients, monitoring human movement is crucial in healthcare. The analysis of
human movement primarily focuses on the torso’s dynamics and its interaction with joint
movements. The ability to track these movements smoothly and continuously in real-time
is highly valuable across numerous fields, including rehabilitative medicine[40, 7, 101, 97],
sports science[85], ergonomic research, entertainment and gaming[103|, security, and vir-

tual/augmented reality technologies[61, 100].

Current techniques for monitoring joint movements employ a variety of technologies, each
with its own benefits but also limitations that hinder their ability to capture motion compre-
hensively. Nonwearable systems like optical cameras, whether using retroreflective markers|[31,
39] or operating markerless[87, 32], are limited to lab environments due to their need for
a clear line of sight. Electromagnetic methods utilizing antennas for backscattering[1],
radar[76], and Wi-Fi networks[58] can identify physical activities from afar but are mainly
suitable for indoor use and often prioritize activity classification over detailed motion anal-
ysis, such as bending or rotating. Wearable solutions, including time-of-flight technologies
that use ultrawideband or ultrasonic signals[65] to measure signal travel times, are con-
strained by their size and potential injury risks. Inertial measurement units[63] offer greater

freedom from lab settings and user comfort but face challenges with sensor drift and are



power-hungry. Bend sensors[44, 77], are placed directly across joints to detect changes in
resistance due to strain, limit movement, and have a short operational life due to wear.
Additionally, the use of microelectronics with soldered connections in some devices makes

them prone to movement-induced damage, reducing their durability and design flexibility.

The realm of smart textiles[91, 92, 57, 56, 35] represents a shift toward more integrated and
user-friendly wearable technologies. Innovations in this area particularly benefit from the
concept of “strongly coupled magnetic resonance” between flexible inductors[3, 72]. The
applications of these structures extend from serving as passive sensor nodes[71, 26, 27, 25]
to enabling wireless power transmission[86, 41, 102, 36, 37]. There has been a magnetic
inductive approach[68, 80, 105] that uses wireless power transfer efficiency to monitor joint
angles. They position loop antennas longitudinally along the joint, mitigating the issues
associated with lateral placement across the joint. However, this approach has not yet been
tried on the human body and necessitates the use of multiple ports because of its primary

concern on transmission efficiency (insertion loss S21).

Readout is another crucial aspect of monitoring. Spectrometric readout is widely used in
modern science, where electromagnetic (EM) radiation of varying frequencies can be used
to probe matter in its varying forms (whether simple or complex). Spectral signatures
that manifest from such EM interactions are used as an important identification tool in
chemistry, physics, and biomedicine[69, 5, 19, 14]. A major characteristic of this readout is
its data-rich nature, which enables a significant amount of information to be extracted in
a single measurement. This manifests from the differential response of matter to varying
EM wavelengths that may span X-rays, UV-vis, terahertz, and radio frequency (RF)[8,
21, 54, 46]. Some of the most widely utilized methods include a material-under-test that
is excited directly by a broad spectrum of radiation—examples include Fourier transform
infrared /UV-vis[13, 67] and mass spectrometry[20, 50, 84], wherein characteristic peaks over

a broad spectrum yield rich, multiparametric data on the material-under-test.



Modern processing techniques enable a more focused cousin of this approach, wherein mat-
ter is organized into structures that interact with radiation in a directed way, such as to
exhibit resonance phenomenal48, 98, 99]. This approach can be used to create more selec-
tive/sensitive sensors that are typically intended to measure a single value[53, 93, 51, 83]. A
common example of this is RF sensors, wherein conductive traces are patterned so as to res-
onate when excited by RF waves[43, 71, 18, 55]. Such an approach has been adapted to build
sensors and biosensors sensitive to a variety of chemophysical signals, such as pressure[11, 37],
temperature[96, 60, 23], glucose[47, 24], salinity[81, 15], nutrients[25, 94], and more. Despite
the emerging versatility of this approach, RF sensor readout is still highly limited, as typi-
cally only a single sensor is assessed at a time, and the technique is not stable to mechanical

noise because the readout coil and sensor alignment are typically not fixed.

I firstly study a form of programmable RF spectrometry, wherein a single readout of RF
spectra can be used to assess a wide variety of desired chemophysical signals from the en-
vironment. This is in contrast to the standard readout of multiparametric signals where
individual sensing formats require unique signal conditioning circuitry and/or processing.
Here, RF waves interact with multilayers of electronics-free patterned, wirelessly coupled el-
ements that can be engineered to various length scales, to deform or attach around surfaces,
and tuned to controlled reactivity to chemical or physical signals. This is broad expansion
of more basic iterations of this technique that monitors arrays of pressure sensors via pla-
nar readout coils, or the radiation of an array of temperature sensors. In our study, RF
signal is first mediated by passive intermediate relay coils that are wireless and electrically
disconnected from other elements. This can transfer signal over intermediate distances and
can be fused onto textiles or conform over surfaces. These relays are then wirelessly cou-
pled to RF sensors with tunable environmental reactivity—demonstrated herein including
pressure, temperature, salinity, and nutrients (sugars/salts/fats). This then forms a multi-
parametric network composed exclusively of passive material architectures. Beyond the fully

passive/wireless readout of multiparametric signals, this approach is significantly more ro-



bust in comparison to traditional RF readout—this is because intermediate coil to RF sensor
alignment can readily remain fixed through design. In general, any capacitive or resistive
sensor type may be integrated with our technique, as these readily build into RF sensors
such as those we show herein. As proof-of-concepts, I demonstrate multiparametric, chemo-
physical readouts from wireless wristbands and SmartCups that are infused with multilayers

of interacting, flexible/reactive wireless elements.

Then I demonstrate passive wireless nutrient monitoring networks capable of decoupling mul-
tiple ions from complex food biofluids. The core sensors are built from split-ring resonators
previously utilized by our group for a variety of applications in physical and biochemical
sensing. Here, these are integrated with ion-selective membranes to enable the measure-
ment of specific ions. These radiofrequency (RF) sensors are fully passive and wireless while
being composed exclusively of food-safe polymer and metal foil. Sensors are compact and
the lack of wiring or circuitry is a major advantage for food measurement. Furthermore,
RF sensors are probed nondestructively at high frequencies (100 s of MHz), in contrast to
wired ISEs that are measured at DC/low-frequencies—such low-frequency open circuit volt-
age measurements are invariably prone to drift because faradaic currents can cause unwanted
transformations in the reference and working electrodes. This may further be caused by im-
balances in the circuit electronics wherein minor DC current flows that further lead to signal
drift or membrane modulation. My wireless sensors are not connected to any circuitry and
are not subject to faradaic currents. My resonator construct has additional advantages over
previously studied RF ion sensors—those utilize planar electrodes with significant fringing
fields that will significantly reduce sensor selectivity. Such fringing fields do not penetrate
through the ion-selective membrane (ISM) and interact with non-specific ions outside of the

intended sensing region.

My RF sensors are built into wireless sensor arrays that enable multimineral measurement.

In practice, many ISMs do not exhibit perfect selectivity and will partially chelate/absorb



similar ions. This is particularly true for divalent ions such as Magnesium and Calcium,
whose ISM have moderate selectivity against each other and can confound each other’s
measurement. [ develop strategies to both co-measure multiple ion RF sensors (individually
tuned to measure different ions), and mathematically-extract individual ion concentrations.
Robust sensor array readout is enabled by codesign of an optimized readout coil that aligns
to the array. For example, in a cup, the RF sensors can be arrayed within the cup itself, while
the readout coil conforms on the outside of the cup to yield repeatable measurement (in such
a scenario only the RF sensors contact food). Here I optimize the readout coil geometry
to boost RF signal strength and enhance relevant sensor signal/sensitivity. Notably this
approach adapts to diverse food ware and containers encountered by food, ranging from flat
ones (plates) to more complex shapes like curved objects. As a practical demonstration, I
measure the calcium and magnesium composition of milk fortified to different divalent ion
contents—this is accomplished with passive wireless sensing networks integrated into a cup.
My approach resolves one of the traditional major limitations of RF sensors, being single

target monitoring and imperfect selectivity of that sensor.

I lastly present a pair of strongly coupled magnetic resonators for joint angle monitoring that
relate the coupling coefficient and reflection (return loss S11) at the reader port, thereby
reducing the number of required ports to a single one. The operating principle can be
better understood using Faraday’s law of induction. Strong coupling between two resonators
alters their resonant frequencies due to mutual energy exchange, resulting in the creation
of two new frequencies higher and one lower than the original and can be captured by
reader port in return loss. The pair of coils can be directly applied onto clothing or skin,
eliminating the need for microelectronics and batteries to be worn on the body. The system’s
readout is achieved through a portable/wearable mini vector network analyzer (miniVNA),
which removes the necessity for bulky equipment. This method utilizes adaptable magneto-
inductive loops strategically positioned on each side of a joint, promoting an unrestricted

range of motion and minimizing the risk of mechanical failure due to frequent material flexing.



These loops are designed to be planar and flexible, maintaining stable spectral behavior close
to human tissue by integrating a lumped capacitor to counteract the skin’s stray capacitance.
Initial angle calibration was conducted with the coils alone and subsequently confirmed with
tests on the human body, before finally synthesizing multijoint monitoring networks. A rule-

based method that relies on measured angles was used to classify a variety of movements.



Chapter 2

Passive Sensor System Codesign

Methodology

2.1 Tx+Sensor

Let Z, = R, + jwL, + ﬁ, Zs=Rs+ jwLs + ]#Cs, from the definition of Sii:

jw

Put Zzn in:

(2.1)

(2.2)
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Figure 2.1: The equivalent circuit of the reader and RF sensor system.
The mutual inductance(M) may take different values depending on the
alignment between the reader and sensor.
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Figure 2.2: Modifying the equivalent circuit of the reader and RF sensor
system using the T model
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Z, — juM + L2MZ=iwl) _ 7,

Z, — jwM + 2Nl
I et
Zr + wQZ]:/ﬂ + ZO

511 =

Set the real part of Z,. + WQZJL/[Z to x, the imaginary part to y, rewrite S as:

" e+ Zo) + i
5| = V2P 0"

V(i + Z0)? + 2

Assume For minimum magnitude of Sy, it is equivalent to minimize |S;|?:

((E — Z0)2 —+ y2
(x + Zp)? + y?

flz,y) =

Take partial derivative on the imaginary part:

of(x,y)  2ylx+ Zo)* +y° — (v — Zo)* — y]
dy [(z + Zo)* + 322
SyxZy

T @+ Zo)2 + 472

Since x > 0, Zy > 0:

f(xvy>min = f($70>
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(2.5)

(2.6)

(2.8)

(2.9)

(2.10)



Of(x,y)  2(x— Zo)[(x+ Zo)* + v*] — 2(x + Zo)[(x — Zy)? + ]

or [(z + Zo)? + 12]2 (2.11)
_ AZo(a® - Z§ — y?)
Tt Zop 4y 212
Since y = 0, Zy > 0:
F(@,Y)min = [(Z0,0) (2.13)

This result indicates that a resonant Tx is preferred, where the Tx is designed to res-

onate at the frequency of the sensor, providing increased sensitivity: w, = w, = wy,

img(Z, (o)) =img(Z () =0,

Consider Tx and sensor resonance in initial Si;:

212
wg M

— 7
Sii(wp) = —o—— (2.14)
ro T %

Tune k£ match w(Q}%MQ to Zy, as M = k+/L, L.

s

For Tx resonates at a frequency that is different from the sensor, in the phasor form we have:

w? M? w? M?

w?M? ,
— = |Z,.|e"
’ZS‘ejgs ’ r’e + |Zs|2

Zy+ ——— = |Z,]e*
+ 2 | Z, e’ +

| Z,|e3(=0) (2.15)

2072
wi M

In this case, we first tune & and L, to match real(—%

) to Zp, then tune C, to match Z, to

2772
img(ﬂ}%). wp will fall out of range between w, and w; in order to cancel out the imaginary
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part.

2.2 Tx-+Multi-Sensor
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Figure 2.3: The equivalent circuit of the Figure 2.4: Modifying the equivalent cir-
larger reader and RF sensor system. The cuit of the larger reader and RF sensor
mutual inductance(M) may take different system using the T model

values depending on the alignment be-

tween the reader and sensor.

Let Z, = R, + jwL, + ]w#c (Ly=La+ Lo+ L;s+...+ L) Zy = Ry, + jwL, + w%n (n =
1,2,3,...). from the definition of Si;:

Zin - ZO

" Zzn+Z0

(2.16)
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Zin = (Zy — jwMyy — ... — jwMyy,) + jwM||(Z1 — jwMiy)+

(2.17)
ot M| |[(Z, — jwM,,)
Put Z,, in:
Z, + 1 — 7
Sy = Lin 7~ % (2.18)
Z’I’ +Zz:1 ZZ “ _'_ZO
Still consider the imaginary part:
" 0 n 2M2
J _ Jr .7
; wm-&lqume+ﬁwww\ (2.19)

2 2
During the frequency sweep, the term % will continue to dominate the imaginary part

when w — w;, generating local minimum on [Sy;| spectrum.
For multiple ports in Figure 1.6:

w2 M? w2 M2 22
(Z + )| Zoa + “52)|| | (Zen + =522) = Zo

Sll — 2 2 2 2 5 > (220)
(Zn + ) (Zrs + 20| (Zon + 25580) + Z
et flo = real(Zy ) ~ real(S ZMZZ% X5 =img(Zyi + sz]\@)- i=1,2,3,...,n. Consider

series to parallel conversion:

7, = X _ X, +j X, (2.21)
T R,+jX, RI-X? R-XZ '
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Figure 2.5: The equivalent circuit of the multi-port reader and RF sensor system. The
mutual inductance(M) may take different values depending on the alignment between the

reader and sensor.

R
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Figure 2.6: Modifying the equivalent circuit of the multi-port reader and RF sensor system

using the T model

We have:
RS
RI% — Xg
R2X
T )p@ =X
Rp oy

Solve for R, and X,:

(2.22)

(2.23)

(2.24)
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R,="s_ "~ (2.25)

Rewrite Sy1:

RP1HRP2H'”||RPTL + Xp1||Xp2H--'||Xpn — ZO

S =
RleRp2||~--Han + XleXPQH'“HXpn + ZO

(2.26)

The optimization of | Sy;| will be varying L,; to match Ry || Rys||...|| Rpn to Zy and X, || Xpal|... || Xpn
to 0. These two conditions usually cannot be satisfied simultaneously, but by proper adjust-
ment of L,;, a local minimum can always be found near the resonance frequency of a single

SEnsor.

2.3 Tx-+IR-+Sensors

Let Z, = Ry + jwLy + soer, Zir = Rig + jwLim + jwLige + 55—, Zs = Ro + jwLs + wer.

JjwCrR’

From the definition of Sj;:

Zin — 2o

Sy = Zin 20
Wz 7

(2.27)

2 2

M
= Z, — jwM, + (Zig + “’Z 2 jwM,)||jwM, (2.29)

s
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Figure 2.7: The equivalent circuit of the reader, intermediate relay, and RF sensor
system. The mutual inductance(M) may take different values depending on the

alignment between the reader, intermediate relay, and sensor.
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2772
w* M,

Set Z[R + Z. as Ztot:
2M2
Do = Zy + wZ—ttl (2.30)
Z, 4+ wM g
S = Ziot 0 (2.31)

w2 M?

ZT + Ztot + ZO

From a similar logic in section 1.1 and section 1.2, |Sy;| will display an obvious minimum
value after proper tune of Z,., Z;g, and the configuration between them. We can also expand

this general case to n intermediate relay case.

2.4 Tx-+Resonate Coil Pair

2772
w* M3
S

—~ since sensor 1

We have exact same Sy; expressions as (eq 2.31), but Z,,;, = Zs +
and sensor 2 are identical. We ignore the coupling between the reader and sensor 2 for
simplicity. For numerical analysis, we set component values in Figure 1.8, and the |.S1;| map
is plotted from eq.1.31. By varying the coupling coefficient between sensor 1 and sensor 2,

the minimum value of |Sy;| splits. The separation between two local minimum values can

be used to monitor the change in the relative position of two sensors.
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Figure 2.9: The equivalent circuit of the reader, sensorl and sensor 2. The mutual
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Chapter 3

Passive and Wireless, Ion-Selective
Sensor Arrays for Multimineral

Comonitoring of Food

3.1 Sensing Methodology and Properties

Our basic RF sensor is formed from two broadside-coupled, reverse-facing split ring res-
onators that are interceded by an ion-selective membrane (Figure 3.1). This can be probed
wirelessly through nearfield coupling, wherein its spectral properties can be linked to RF sen-
sor environment. The basic behavior of our resonator is illustrated through a straightforward
series RLC circuit analogy, where the resonant frequency is estimated by: f = 1/ 27V LC.
This further exhibits a quality factor, Q, relating to the energy stored and dissipated by
the resonator. This leads to a characteristic resonant peak when probed wirelessly. In this
scenario, a simple reader coil (an inductor that is connected to a Vector Network Analyzer-

VNA) is aligned to the sensor. This VNA can then read the reader-sensor network parameters
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(such as reflection coefficient, S11). Considering the symmetric nature of the circuit shown

in Figure 3.4b, we write the reflection coefficient for one sensor for simplicity:

w2 M?
S11 = ot 22542 — % (3.1)
Zr+ 5=+ 2

where Zr is the impedance of the reader, Zs is the impedance of ISM, Z0 is the port
impedance, M is the mutual inductance between ISM and the reader. The capacitance
(and thus impedance) of the resonator links to the interlayer region in between the split ring
electrodes membrane. This exhibits a complex relative permittivity expressed as € = €; — jes.
In many RF sensors, there is minimal dissipation within the capacitance of the structure and
€5 can be ignored. The presence of charged molecules, however, significantly increases this
€5 parameter, creating an additional loss term in the capacitance. Such charges effectively

reduce the Q of the resonator, impacting the magnitude of the resonant peak.

In the case of resonators with ion-selective membrane interlayers, the capacitance is subject
to variations driven by changes in the ion-selective membrane’s chelation/absorption of ions
from the environment. This modulates with the concentration of ions in the environment,
as higher ion absorption enhances the conductivity of the membrane (as ions oscillate in
RF electric fields). This increases the overall loss tangent in the interlayer and increases the
losses of the resonator (reducing Q). Thus, the primary mode of sensing in these structures is
through measuring the magnitude response (or S11) of the sensor. A particular advantage of
our resonator is the focusing of electric fields to in between the split-ring electrodes, making
the sensor signal link exclusively to the absorption characteristics of the ISM (Figure 3.1e).
The minimal fringing fields of the parallel electrode plates reduce environmental interference
and improve the selectivity of the sensor. Our sensors are designed to resonate between 100

to 600 MHz, meaning the interlayer is effectively probed at these high frequencies. Such RF
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Figure 3.1: Passive wireless ion-selective RF sensor arrays. a) RF ion-selective sensor fabri-
cation process. b) RF sensors are arrayed to monitor multiple minerals. Herein we integrate
calcium and magnesium ISM into respective sensors to facilitate measurement of these two
key divalent ions. ¢) Simulated and measured spectral response of ion-selective RF sensors
sized to different area footprints. Size measurement is in centimeters. d) Image of fabricated
resonator. Scale bar is 8 cm. e) Simulation results of the sensor with i and without ii ions.
The electric field is exclusively focused in between split rings to maximize sensor selectiv-
ity. With ion presence, the resonator absorbs more energy and exhibits larger electric field

intensity. Scale bar is 1 mm
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measurement minimizes any potentially destructive low-frequency faradaic currents.

We utilized the CST Microwave Studio frequency domain solver to simulate the behavior
of an ion-selective RF sensor (Figure S1, Supporting Information). We set the relative
permittivity of the interlayer at 10. While PVC has a relative permittivity of 3 to 4, ISM
contains around 20% water which increases the effective relative permittivity. The interlayer
conductivity is set at 0.1 S m, and interlayer thickness can be varied (from 50 to 80 pm in
increments of 10 pm). Similarly, we can enlarge the dimensions (side length from 8 to 5
mm) of the split ring, leading to a rise in simulated eigenfrequency. A summary of simulated
resonator characteristics is exhibited in Figure S2 (Supporting Information), showing how
the spectral behavior of the resonator modulates with changing design parameters. Last, a
comparison between the spectral behavior of simulated and actual RF sensors is shown in
Figure 3.1c, both showing similar trends in resonant frequency and S11 magnitude as the
size of the resonator is spanned. A key is the tunability of sensor resonant frequency. This
will be utilized later as multiple sensors must be co-measured and cannot overlap in spectral

response.

3.2 Fabrication and Basic Response of Ion-Selective

RF Sensors

To synthesize ion-selective RF sensors (Figure 3.1), aluminum foil is first cut via a vinyl
cutter to form split rings of various sizes as designed using L-edit. The split rings are 8 cm.
Split rings are subsequently attached to either a plastic coverslip (the substrate) or water-
soluble tape. Ion-selective polymer cocktail is deposited onto each spilt ring and allowed to
evaporate. By estimating the volume of solid components within the solvent solution, we

can estimate the thickness of the interlayer. Thicker membranes can be created through
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repeated deposition and drying of cocktails. Here, we repeat this process five times to
obtain a 30 pm thickness of ISM. To improve repeatability, split rings are carefully aligned
under a microscope with assistance from a micromanipulator, and the volume of the ISM
cocktail is carefully weighed for each replication to be consistent. Multiple sensors are
made (ISM deposition, split-ring alignment) in parallel using this same cocktail to ensure
homogeneity in membrane thickness across multiple sensors. The split rings are lastly heat-
pressed together, before being submerged in water for water-soluble tape dissolution. At
this point, the sensors are ready for use. One advantage of this technique is that the active
ion-selective membrane region is protected by the electrode stack. Our cocktail is composed
of PVC polymer, ionophore, and the solvent tetrahydrofuran (THF'). Here we focused on
implementing ionophores targeting calcium (Ca) and magnesium (Mg), respectively. These
divalent ions are both important in food and additionally can be challenging to co-measure.
Their targeting ionophores will weakly /moderately chelate other divalent ions in addition to
their primary target. Upon solvent evaporation and final sensor completion, the construct
is formed exclusively from aluminum foil and PVC polymer materials, both of which can be
synthesized in food-safe formats. The response of our sensor comes from the position of the

sensor and antenna.

We first performed a series of experiments to characterize the basic properties of our sensor,
such as selectivity, hysteresis, and longevity. These studies were performed on benchtops,
where sensors are affixed to a Petri dish and the readout coil is stably aligned below the dish.
We first tested the sensitivity and selectivity of the Ca and Mg RF sensors, respectively.
Here, our key sensor output is simply the peak magnitude S11 of the readout coil. Relevant
targeted ions are first introduced (either Ca or Mg), followed by the same concentration
of sodium (Na). This step is repeated, with increasing concentration doses (this is typical
of experiments with voltaic ISE as well). Both Ca and Mg ionophores are highly selective
against Na. As expected, our RF sensors exhibited high selectivity against Na (Figure 3.2),

and the introduction of Na only minimally modulates the sensor peak S11. The sensitivity
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(log K) is less than 2, which is similar to voltaic ISM sensor counterparts. As sodium
is common in many foods, this trait is an important one. The actual spectral response
of our sensors in all these concentrations is shown in Figures S3a and S4a (Supporting
Information), indicating minimal magnitude response in Na as opposed to targeted ions.
We next tested the hysteresis of both the sensitivity and selectivity of our sensor. This is
one way to test the stability of our measurement and whether it impacts baseline sensor
behavior. Sensor response to repeated steps up high concentrations of salts is shown in
Figure 3.2c,g. Importantly the response returns to baseline after repeated exposures and
returns to the original state (deionized water), and additionally appears unimpacted by larger
salt concentrations (spectral responses shown in Figure S5, Supporting Information). We
lastly tested the 10-day response of sensor sensitivity (Figure 3.2d,h). After 10 d, the sensor
exhibits similar step response and selectivity as in day 1. Open-circuit voltage measurements
typically exhibit drift over time during voltaic measurement (that necessitates recalibration
after storage or repeated usage), and our results indicate that the high-frequency probing of
ISM may potentially minimize transformations within the membrane. After all the testing
experiments, we first rinsed the sensor with deionized water to clean it. Then, we immersed
the sensor in the DI for 30 minutes. This process is repeated until the sensor response returns

to its original behavior.

3.3 Ion-Selective RF Sensor Arrays

Although both Ca and Mg ion-selective RF sensors show a very high selectivity over sodium
ions, this property is not as high as each other. This is because these ion-selective membranes
exhibit some cross-reactivity with other divalent ions. We characterized the sensitivity and
selectivity of our respective RF sensors to Ca and Mg (Figure 3.3). Calcium ion-selective

RF sensors exhibit a noticeable unwanted response to Mg, and magnesium ion-selective RF
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Figure 3.2: Ion-selective RF sensor performance parameters. a) Side-view schematic of
calcium-selective RF sensor and membrane selectivity against sodium. b) Sensitivity and
sodium selectivity of RF sensors (N = 3). c¢,d) Hysteresis and 10 d response of calcium-
selective RF sensor. e) Side-view schematic of magnesium-selective RF sensor and membrane
selectivity against sodium. f) Sensitivity and sodium selectivity of RF sensors (N = 3). gh)
Hysteresis and 10 d response of magnesium-selective RF sensor.

sensors exhibit an unwanted response to Ca (Figure 3.3b,e). The full spectral response of an
example sensor is shown in Figures S3b and S4b, Supporting Information). These responses
are indicative of the weaker selectivity of these sensors to other divalent ions as opposed to
Na. This is currently a fundamental limit to present ionophores and limits the measurement
accuracy of single sensors. The selectivity between Ca and Mg is around 2:1. The selectivity
between Mg and Ca is around 3:2. This can be seen in the extracted sensitivity of sensors

to respective molecules (Figure 3.3c,f).

To resolve this, we synthesized passive wireless sensor networks that can more accurately
characterize the ionic content of environments. These are first composed of arrays of ion-
selective RF sensors interacting with food (herein two sensors with Ca and Mg ion-selective
membranes). Sensor responses can be combined with basic analytical techniques to better es-
timate individual ion concentration. These are secondly co-aligned with a custom, optimized

readout coil that can flank on the other side of surfaces to enhance multisensor readout. The
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Figure 3.3: Ion-selective RF sensor characterization when in the presence of the divalent
ion. a) Calcium ISM exhibits moderate selectivity against magnesium. b,c) Sensitivity and
selectivity of calcium-selective RF sensor to calcium and magnesium in deionized water. N =
3. Curves can be fitted to individual sensor responses to describe its sensitivity to different
ions. d) Magnesium ISM exhibits moderate selectivity against calcium. e,f) Sensitivity
and selectivity of magnesium-selective RF sensor to magnesium and calcium in deionized
water. N = 3. Like above, curves can be fitted to individual sensor responses to describe its
sensitivity to different ions.
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sensor array and RF coil can be fused onto a variety of surfaces or elements to form a stable

passive wireless ion measurement network.

To extract concentrations from the two imperfect ion-selective RF sensors, we first character-
ize the sensitivity of respective sensors to each ion within the to-be-utilized biofluid (this may
be water, milk, juice, etc.). We make a basic first-order assumption that our ion responses

are additive, so we thus model the two-sensor array as a basic set of general equations:

S11 = Aln|c(calcium)] + Bln[c(magnesium)| + D (3.2)

here the letter variables are those extracted from initial calibration within various biofluids.

This system can be readily solved to estimate the calcium and magnesium within our biofluid.

Our array is measured using a coaligned, customized wireless readout coil. Here, these were
vinyl-cut from conductive foil—note that this readout coil does not need to be touching food.
For example, within a cup the sensors populate the interior side, however, the readout coil
needs only be affixed to the outer side of the cup to allow the wireless nearfield coupling to the
RF sensor array (Figure 3.4a). Such a strategy mechanically fixes the entire passive readout
network, stabilizing readout and eliminating alignment headaches that may occur. Several
engineering tasks must further be done to optimize sensor co-readout. Sensors should not
either physically or spectrally overlap, for two sensors they should be oriented across from
each other and their resonant frequency should be at minimum 100 MHz from each other.
This can be done by changing the area footprint or interlayer thickness. Here we chose to
simply synthesize two different thicknesses of the ISM interlayers to modulate the two sensor
resonant frequencies. We further optimized the readout antenna by focusing the magnetic

field to each respective sensor, effectively giving each sensor a local inductive loop to probe it
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(Figure 3.1a). These loops should be oriented in parallel to minimize interference (wideband
circuit model shown in Figure S6, Supporting Information). This circuit model indicates
that increasing the input signal frequency leads to an uneven surface current distribution
and subsequent uneven magnetic field. This unevenness can cause the reader antenna to fail
in coupling with the sensors at certain points. The parallel setup offers a significant advan-
tage by avoiding local minima in the sensing area, thus improving magnetic field delivery to
individual split-ring resonators. Further enhancement of the antenna’s performance involves
fine-tuning the input impedance by adjusting the conductor traces’ lengths (transmission
lines) and geometries (transmitting inductance) and incorporating a lumped surface-mount
capacitor. These adjustments allow precise tuning of the reader’s resonance, ensuring that
the energy delivered to the sensors is balanced and results in clear, distinct peaks for each
sensor in the S11 spectrum. Technically, this leads to two local minima in input impedances
on the Smith chart (Figure S7, Supporting Information) at the reader port. A simulation of
the magnetic fields generated by our technique is shown in Figure S8 (Supporting Informa-
tion), indicating the focusing of magnetic fields to respective sensor regions. We expect that
this approach can generalize to increasing array size (or count). Readout coils optimized in

such a manner exhibit significantly lower noise (Figure S9, Supporting Information).

We demonstrate the functionality of such networks we sought to measure the ion content
of milk fortified to varying levels of magnesium and calcium (Figure S10, Supporting Infor-
mation). We expect that most different food matrices will not impact sensor response—this
includes starches and fiber (long-chained carbohydrates) or protein (long-chained polypep-
tides). These large, hydrophilic molecules do not interact with the ISM. We have found that
the presence of oil/fat can have a slight impact on sensor sensitivity (such as in milk). We
believe this is because the hydrophobic small molecules can interact with the surface of the
ISM, thus modulating ion penetration slightly. We thus used milk as a complex food biofluid
on which to test our approach. Fortified milk was formed by diluting milk to different levels

and introducing Mg and Ca to various concentrations. The sensitivity of our sensors to
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respective ions in these environments was first calibrated (Figure 3.4c,d). From here the
system of equations describing the behavior of our sensor array in milk is derived. We then
modulated the concentration of Ca and Mg to 10 random concentration groupings. As ex-
pected, the sensor array (and our simple numerical solution) achieves significantly higher
accuracy than single sensor measurement (Figure 3.4e). A table delineating our percent
error is shown in Figure S11 (Supporting Information), indicating that we typically achieve
within 10% and below the accuracy of the actual concentration of both calcium and magne-
sium. Such measurements were extracted directly from a single co-measurement using our
optimized readout coil (Figure S12, Supporting Information). The presence of fat (whether
in whole or diluted milk) had a similar effect on performance in our tested solutions. It
is possible there would be a dose-response curve at sufficiently low concentrations of milk,

potentially at the level of skim milk (.5%) and below.

Food environments can be biofouling, and we expect that our sensors will need to be cleaned
after repeated exposure to such environments. In general, we expect our washing procedures
to be similar for ion-selective electrodes, which similarly go through potential biofouling
environments. Such ISM will last for 2 years and will need to be cleaned by rinsing under
running water, light blotting, or wiping away from the active area of the sensor and soaking
while not in use. Our sensors remained usable after 3 to 4 DI water wash steps, although
we expect sensor response could drift after significant exposure to biofouling environments

without thorough cleaning.
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conforming, custom readout coil that attaches and aligns adjacent to the sensor array. This
readout coil exhibits nearfield magnetic hotspots that match sensor positioning. b) Cir-
cuit diagram of readout coil and sensor array. c,d) Respective RF sensor sensitivities cal-
ibrated in diluted milk. e) Reduced percent error measurement in a random grouping of
magnesium /calcium concentrations enabled by our sensor measurement and basic numerical
extraction approach.
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Chapter 4

Programmable Multiwavelength
Radio Frequency Spectrometry of
Chemophysical Environments through
an Adaptable Network of Flexible and
Environmentally Responsive, Passive

Wireless Elements

Our approach is composed of three types of RF elements that are wirelessly coupled to
form the complete circuit, as shown in Figure 4.4.1Ai. First are readout coils that form
the initial inductive link into our passive sensor network, and that is probed via a direct
wired connection to a reader (such readers include tabletop or wearable vector network
analyzer (VNA)). The inductive readout coil can be designed as a one-port circular coil

for S11 or a two-port microstrip patch line for S21 spectral response readout (Figure S1,
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Supporting Information). Herein, we utilized either a 25 mm diameter circular readout coil
(feed line length 35 mm) or a U-shaped microstrip patch line (25 and 35 mm traces) that are
selectively integrated with FR-4 substrate (fabrication of which is discussed in Supporting
Information). Second is an intermediate relay (IR) coil that is untethered from all other
elements. This is wirelessly coupled with the readout coil, transferring the EM fields to
subsequent sensors along its path length or through designed inductive terminals. This
IR plays an important role in the structure—in our manifestation, it is synthesized on a
flexible substrate and subsequently fused onto curved surfaces or textiles. This allows RF
signals to transmit over materials/substrates relevant to our daily lives and can be tuned
to transfer signals over arbitrary distances. Beyond facilitating information from localized
sensing nodes, these enhance the mechanical robustness of the sensing network. Sensor
alignment to the intermediate coil is simple to maintain due to the flexible/routing nature
of the IR—as will be seen this helps stabilize the spectral readout to misalignment between
the readout coil and network. This adds significant flexibility to the final passive sensor
network. We demonstrate various practical manifestations wherein the IR coil is embedded
alongside a cup to enable a SmartCup to monitor nutrients in food (Figure 4.4.1B), or fused
on a textile to facilitate readout of a wristband from across the arm (Figure 4.4.1C, and S2,

Supporting Information).

Third and lastly are passive and wireless RF sensors with individually tunable mechanical or
chemical reactivity. These sensors are passive resistance-inductance—capacitance structures
that are built to modulate with environmental signals. Herein, we utilize broadside coupled,
split ring resonating architectures that have been previously characterized by our group.
One key aspect of our strategy is the utilization of interlayer-RF sensor design schemes such
as those we have previously demonstrated.[30, 32, 35] Modulation of the lumped resistance
of a sensor changes the magnitude, while modulation of the lumped capacitance shifts the
resonant frequency of its spectral response. Individual sensors are built with specialized

materials (both within and around the sensing architecture) and thus rendered selectively
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Figure 4.1: Programmable multiwavelength RF spectrometry of the chemophysical environ-
ment. A) A network composed of multilayers of passive (zero-electronic) elements enables
single readout monitoring of complex signals. (i) Circuit diagram of reader wirelessly coupled
to an IR, in turn wirelessly coupled to tunable RF sensors, (ii) RF simulation of the spectral
readout where sensor 1 is perturbed by both R1 and C1, sensor 2 is perturbed only in C2,
and sensor 3 is perturbed only in R3, (iii) geometry used in finite element method (top) and
corresponding magnetic field distribution showing magnetic coupling between elements. B)
Flexible IR is integrated into the outer surface of cups. C) IR-integrated smart textile to
facilitate multiparametric wristband readout. Insets are the placement of the wristband and
direct readout from wearable NanoVNA. D) Readout antenna structures studied herein (i)
circular without ground (CWOG), (ii) circular with ground (CWG), and (iii) planar with
ground (PWG). E) Spectral readout from various network configurations: single sensor with-
out IR (diameter of the readout coil loop is 25 mm), multiple sensors without IR (diameter
of the readout coil loop is 50 mm), and multiple sensors with IR (diameter of the IR loop is
50 mm). The standard vertical distance between the readout coil/IR loop and sensors is 0.5
mm. For multisensor readout, the orientation of the sensors remains constant. Scale bars
are 5 cm.
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sensitive to metrics such as glucose, sugars, salts, fats, pressure, temperature, and more.[25,
30, 32, 35, 44] Importantly, these structures are readily tuned to respond /resonate at different
wavelengths and thus occupy individual frequency bands during spectral readout. This
occurs by simply varying the thickness of the interlayer. This allows us to readily tune any
sensor of a set square area (size footprint) to hit variable operating frequencies. Thus, for our
sensors (0.5—-1 cm wide) we could readily tune response to occupy various desired bands for
different environmental responses. These sensors are oriented along the IR coil, and whose

resonance can be probed through the intermediate relay signal.

The final, versatile structure is a fully passive sensor network (requiring zero electronics)
that can monitor complex chemophysical signals in a single readout. Figure 4.4.1Aii shows
the RF simulation of the readout of three sensors (numbered S1, S2, and S3, respectively).
Here, both C1 and R1 of S1, only C2 of S2, and only R3 of S3 are perturbed. Enlargement
of R3 decreases the signal magnitude, and reduction in C2 increases the resonant frequency,
while reduction in both R1 and C1 decreases the signal magnitude and increases the resonant
frequency, respectively. These modulations map exclusively to the spectral band occupied
by individual sensors. Figure 4.4.1Aiii shows a finite element simulation of the magnetic
fields within a sample network. This field distribution displays the multiple layers of wireless
magnetic coupling between the readout coil and sensors via the IR. This system exhibits
additional power loss in comparison to traditional RF sensor readout due to the additional
wireless couplings—specifically the coupling between the readout coil and IR, and the cou-
pling between IR and sensors. The effect of this interceding coil can be seen in the reduced
magnitude S11 response of the multi-coil network as opposed to the direct readout of sen-
sors (this is for the same input dBm to both configurations). The impact of the lower S11 is
that shifts in the magnitude and frequency of resonant sensors may become more difficult to
resolve. A higher power may be used to increase the total S11 response, and thus improve
the readout of very low-sensitivity sensors, but there is an upper limit to the total power

that may be applied in wearable, or close-to-body applications. Thus, in networks using an
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IR require moderate-to-high sensitivity sensors are be required in near-body environments.
However, we note that this type of moderate-to-high sensitivity is not difficult, as all our
demonstrated sensors herein are easily probed/measured with -5 dBm (300 mW), which is

standard for many wearable applications in the near field.

In this article, we studied three readout antennas for targeting different applications: circular
without ground plane (CWOG), circular with ground plane (CWG), and patch with ground
plane (PWG), as shown in Figure 4.4.1D. The CWOG is a circular loop readout coil pasted
on the FR-4 substrate which has one port connected to the VNA, whereas the CWG is
the same readout coil but the other side of the FR-4 substrate has a conductive ground
plane. PWG is a microstrip patch line that has two ports connected to the VNA, and the
common ground pin is shorted via the connection with the ground plane on the other side
of the FR~4 substrate. A detailed layout is presented in Figure S1, Supporting Information.
Sensors are of variations of interlayer RF structures, but our fundamental structure was a
15 mm-wide, 3.25-turn spiral square trilayer structure (Figure S3, Supporting Information).
This structure is modulated in several ways to broadly tune the sensor to different resonant
frequencies while retaining the same footprint: via modification of the coil turn number
or interlayer thickness. Figure 4.4.1E compares the spectral readout of single and multiple
sensors when probed by various readout antennas, with and without an IR interceded within
the structure. We additionally studied the effect of different vertical distances between
the antenna and sensors, which modulates the spectral response due to changing coupling
coefficient (Figure S4, Supporting Information). Finite-difference time-domain simulation
was additionally performed to model the behavior of the sensor and readout coil resonant
spectra and to map the EM field distribution (Figure S5, Supporting Information). It can be
seen that the grounded structures exhibit a larger EM field close to the readout coil; however,
this decays more rapidly than the ungrounded structure as we move away from the coil. Both
E and H fields are higher with CWG than CWOG at a 3 mm separation between the readout

coil and sensor—this matches the higher () measured with CWG. We additionally simulated
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Figure 4.2: Augmented readout via network coupling through an IR. A) Effect of the align-
ment between readout antenna and IR when IR and sensor orientation is fixed: (i) schematic
presentation of the orientation of the antenna, IR, and sensor, network S11 response by (ii)
CWOG, and (iii) CWG. B) Effect of the alignment between IR and sensor while antenna
and IR are fixed: (i) schematic of network orientation, network S11 response by (ii) CWOG
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of multiple sensors by IR. Effect of the alignment between readout antenna and IR when IR
and sensor orientations are fixed: network S11 response by (i) CWOG (ii) CWG. Inset is
the network orientation.
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the effect of bending on sensor readout (Figure S6, Supporting Information). As shown in
the following figure, the impact of one or two large folds is a minor shift in the measured
resonant frequency/magnitude of the sensor. This shift is around +0.7 MHz (0.2% shift) in
frequency and 2 dB in magnitude. This puts a limitation on the sensitivity of our sensors
in the case of dynamic bending environments, which must possess a sensitivity higher than
this “noise” to be measured properly. Figure 4.4.1E (middle) shows the readout of three
sensors each tuned to different resonant frequencies. Interestingly, the CWOG coil structure
exhibits a higher amplitude than the grounded structures in the presence of an IR (Figure
4.4.1E bottom). The slower decay of EM field away from the ungrounded structure improves
signal transmission through this intermediate structure, which must be wirelessly coupled
over a set distance. This knowledge can be utilized to optimize network readout and design
depending on the presence of an IR, and the coupling distance of the various elements of the
network. This will be seen in the measurement/implementation of wireless wristbands and
“smart” cups later in this study. As an additional note, in all such scenarios, the EM field
is seen to be strongly confined between the individual sensor and the readout coil, which

means there is negligible magnetic cross-coupling among nearby sensors.

We next explored various network orientations involving the presence of the IR. First, we
studied the effect of the alignment of the readout antenna and an IR30/30 (30 mm loop
diameter for both readout coil and sensor coupling) while the IR and sensor placement is
fixed (Figure 4.4.2A, exploded view of the schematic in Figure S7, Supporting Information).
As can be seen, the translational alignment between the antenna and the IR has little to no
effect on the resonant frequency. This stability in the spectral response importantly means
that sensors that exhibit shifts in resonant frequency due to environmental perturbations
remain measurable even if the readout coil is misaligned from the sensor network. This en-
hanced mechanical stability is important because this readout coil-to-network alignment is
often not fixed because the reader is commonly brought up to the network and subsequently

removed after readout. Note that sensors that shift in magnitude are still measurable given
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their sensitivity is larger than the magnitude shifts induced by perturbation (this can be
tuned by targeting less sensitive regions to align/realign the readout coil to the network).
Next, we fixed the antenna and IR30/30 placement and studied the effect of the IR and
sensor alignment (Figure 4.4.2B). As expected, we observed that sensor coupling is strongly
dependent on the orientation of the sensor with the IR, which can result in shifts to both
the resonant frequency and the signal amplitude. This means that this IR—sensor alignment
should remain fixed throughout the measurement. We note that this is the primary purpose
of the IR, which is flexible/conformable and can permanently route the signal to desired re-
gions as required by the application. This instability is similar to when the readout coil and
sensors exhibit mechanical translations without the presence of an IR (Figure S8, Supporting
Information). Multiple IR may additionally be coupled to the readout coil via series or par-
allel extension (Figure 4.4.2C), where differing numbers of sensors are added to the network.
In series extension, sensors placed further in the network modulate the spectral response due
to sensor cross-coupling. This disappears for parallel extension, where additional sensors can
be added without modulating the measured resonant frequency of previous sensors (in this
scenario sensors are coupled only to the IR but not each other). Multisensor networks are
additionally stable to mechanical translation (Figure 4.4.2D). These results broadly indicate
that IR interceded sensor networks can provide stabilized readout given a wide variety of
scenarios. One limitation of using the IR is elongating the ends will lead to a reduction in
signal amplitude (and thus limits the practical sensitivity of the measurement). There is a
very direct trade-off, where very long distances will require either higher sensitivity sensors

or higher input power to resolve measurements.

We performed additional simulations to illustrate the effect of increased length on the mea-
sured S11 (Figure S9, Supporting Information). At 50 cm the measured S11 of sensors does
decrease in comparison to shorter distances, as various sensors will exhibit magnitude shifts
of 1-4 dB at this distance (higher frequency sensors are more robust to increased distances).

From these findings, it appears as though at very long distances sensors can be pushed to
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higher operating frequencies to maintain similar readout sensitivity. In general, we have
found even -1 dB of amplitude response to be sufficient for the proper measurement of our

particular RF sensors.[36]

In such a passive network, a large number of sensors can potentially be accommodated, the
limits of which can be assessed through measurement of the cross-coupling among sensors.
We initially tested sensor positional coupling as they were arrayed in increasing numbers
above readout coils (Figure 4.4.3A). This type of coupling is not as important as sensor
measurement, coupling, the results of which will follow. Seven sensors were placed initially
on the readout coil (the minimum physical distance of the adjacent sensors is 2 mm) and
sensors were removed one by one. We found that for ungrounded readout coils, the removal
of sensors from a dense network could lead to small shifts in the measured resonant frequency
of remaining sensors on the network (Figure 4.4.3Aii). On the other hand, for CWG, there
is no effect due to the removal of sensors from seven to one, as shown in Figure 4.4.3Aiii
(full data on these experiments is shown in Figure S10, Supporting Information, for CWOG
and in Figure S11 for CWG, Supporting Information). In addition, as shown earlier, the
measured sensor amplitude is stronger for CWG during this direct multisensor readout.
This type of coupling effect due to sensor placement was additionally tested with an IR
(Figure S12, Supporting Information), and shows a positional effect for both CWOG and
CWG in agreement with this observed effect. This implies that given a dynamic sensor
network wherein sensors may be picked and placed, grounded RF elements will simplify
sensor measurement due to minimal positional coupling. One fundamental limitation of such
a system is the maximum number of sensors that can be measured. For low-cost (wearable)
VNA systems that accurately measure response up to 1.5 GHz, the primary limitation comes
in the bandwidth that sensors occupy. Generally, approximately 100 MHz band per sensor
is more than sufficient to properly assay individual sensors (smaller bandwidth is required
for more sensors that shift less in frequency with perturbation). For low-cost systems, with

sensors that occupy 100 MHz, we can assume that we can accommodate around 15 RF
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Figure 4.3: Cross-coupling effect among sensors. A) Effect of positional coupling between
sensors: (i) schematic presentation of sensor array orientation during experiment, and S11
response from sensors with (ii) CWOG and (iii) CWG readout antennas. In between is a
blow-up plot highlighting the shift or lack of shift in resonant frequency due to coupling. B)
Effect of sensimetric coupling between sensors (applied pressure): (i) schematic presentation
of applying stimuli to various sensors, and S11 response from sensors with (ii) CWOG and
(iii) CWG readout antennas. In between is a blow-up plot highlighting the shift in resonant
frequency of the spectral peak linked to respective sensors. No other peak exhibits a shift.

SEensors.

More important is assessing how the perturbation of a single RF sensor may impact the
total spectral response of the network (Figure 4.4.3B). Seven pressure sensors were placed
on the readout coil and each sensor was perturbed in sequence (Figure S13 for CWOG
and S14 for CWG, Supporting Information). In these mechanical sensors, the resonant
frequency will shift due to an applied mechanical pressure. For such a static network, for

CWOG, CWG, and PWG we found no disturbance/cross-coupling in the total spectra of
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in Figure S15 and S16, Supporting Information). Additionally, no sensimetric coupling is
observed with an additional interceding IR element (Figure S17, Supporting Information).
In conjunction with measurements on sensor positional coupling, this data suggests that the
presence of individual sensors may modulate the induced EM field around the readout coil
with ungrounded readout (thus perturbing measurements if sensors are removed), however
individual sensor response does not directly cross-couple to the total network. Importantly,
this implies that with a static and defined network, given any measurement modality used
or with/without the presence of an IR, individual sensor response links exclusively to its
designated wavelength. As will be seen, such static networks can readily be engineered by

embedding coils and sensors along structures with our flexible fabrication protocols.

We implemented such studied passive wireless networks to monitor the chemophysical state
of objects and environments relevant to our daily life. The first was with a wristband with
four sensors that enable readout of salt, pH, temperature, and pressure simultaneously (sen-
sor structures are shown in Figure S18, Supporting Information). The sensing characteristics
of such sensors are presented in a previous study.[29, 30] In general, capacitive-based sensors
shift up to 20% in resonant frequency with varying input, while loss-based sensors will mod-
ulate up to 80% in magnitude. In this wristband (Figure 4.4A), temperature and pressure
sensors are completely sealed within the silicone; however, salt and pH sensors have a bot-
tom side opening to enable access to the sweat. As demonstrated previously, such passive
sensors can individually be read out wirelessly without any microelectronics at the sensing
node. Such sensors can be monitored with an intermediate relay fused on the textile (Figure
4.4.1B), or directly with the readout as shown in Figure 4.4A. As CWG elicits a higher
magnitude response if there is no IR, we used a 5 cm CWG antenna to read sensor response
simultaneously through direct readout. We tested the ability of our sensors to monitor
analytical-to-physical signals around human subjects (Figure 4.4B). Typical probing power
for VNA (wearable and otherwise) maxes out at around —6 to —5 dBm (300 mW). This

is below near-field communication power standards (1 W), which have a measured specific
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absorption rate of over an order of magnitude below upper limits for the human body.[45]
We estimate that the allowed maximum power would be a bit over an order of magnitude
greater than our current VNA (around the power limit utilized in most Qi chargers, 10 W).
This type of excess power is unnecessary if sensors are well-designed around bodily stimuli.
Figure 4.4Bi shows the originally recorded spectra and modified spectra, where individual
ii) salt, iii) pH, iv) temperature, and v) pressure sensor response are shown in a larger view.
The stimuli were generated individually as follows (to validate the lack of cross-coupling
among sensors): the temperature sensor was heated by the hot air flow, pressure sensor
was mechanically stimulated by various weights, NaCl was added to the salt sensors, while
deionised (DI) water was added to the pH sensor. As expected, the resonant frequency of the
temperature sensor decreases while cooling as the permittivity of the PEG -1500 interlayer
material increases at lower temperatures. The resonant frequency of the pressure sensor
decreases with pressure as pressure decreases the interlayer thickness. The magnitude of the
signal of the salt sensor decreases as salt penetrates and increases the conductivity of the
interlayer PEGDAT700 hydrogel. The resonant frequency of the pH sensor increases with the
DI water (pH = 7), as the p(NIPAM-co-AA) swells from pH 4 to pH 7. Such a wearable
wristband enables a passive and wireless multiparametric readout of the bodily state without

any electronics required on the body.

To characterize a functional network containing an IR, we developed a Smartcup that is
integrated with our recently developed novel biosensors (sensor structures shown in Fig-
ure S19, Supporting Information) for the discrimination and readout of nutrients directly
from food.[35] In the previous study, we utilized multiscale engineering of silk biopolymer-
interlayer constructs to synthesize different sensors tuned to directly measure salts, sugars,
and fat content from food. A major advantage of the spectral approach demonstrated herein
is that we can measure our varying optimized nutrient sensors simultaneously, easing the
readout of multiple nutrients in complex inputs. We additionally utilized a temperature

sensor alongside three optimized nutrient sensors (tuned to salt, sugar, and fat) in the in-
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Figure 4.4: Functional systems for monitoring chemophysical state. A) Multiparametric
readout from a wearable wristband. B) Spectrometric readout of sensor state: (i) evolution
of spectra after completed perturbations, and (ii-v) zoom-in of network S11 response due to
modulating salt (0-10mgdL~!), pH (4-7.4), temperature (40°C to room), and pressure (man-
ual). C) A Smartcup for monitoring nutrients in a drink. D) Spectrometric readout of sensors
state: (i) evolution of spectra after completed perturbations, and (ii-v) zoomed network S11
response of the sugar-optimized (0-100gdL™'), salt-optimized (0-25mgdL~"), fat-optimized
(0-20pL), and temperature (50°C to room) sensors after completed perturbations. Scale bars
are 2cm.
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ner side of the Smartcup. These sensors were carefully aligned to an IR that was fixed on
the outer side of the smart cup. This forms a stable, passive wireless network with zero-
electronics that is affixed on a cup. As CWOG elicits a higher magnitude response from
the network if an IR is used, we used a 2.5 cm CWOG antenna with the IR to read the
sensor response simultaneously shown in Figure 4.4C (left: placement of a flexible IR on
the Smartcup, right: placement of the sensor, IR, and antenna). We performed testing of
the nutrient monitoring from the Smartcup, which reports on temperature, salt, sugar, and
fat (Figure 4.4D). Figure 4.4D i) is the original recorded signal and modulated response,
where ii) glucose, iii) salt, iv) fat, and v) temperature sensor temporal response is each high-
lighted in a larger view. These sensors have previously been validated to measure nutrient
content while directly exposed to foods (teas, meat, milk, etc.); however, they do exhibit
sensimetric cross-coupling in nutrient response because they are partially selective (this is
decoupled using postprocessing analysis). Here, to properly validate that individual sensors
do not cross-couple to the full spectra of the network each biosensor is probed in a mini-well
through individual perturbation of their respective target nutrient. In addition, all sensors
exhibit a response time that must be monitored. The temperature sensor was heated to
50°C and let it cool in a 40°C environment, validating the temperature sensor response does
not elicit a change in the readout of other sensors. Glucose was then added to the sugar
biosensor, and this increased the resonant frequency due to biopolymer swelling. At the same
time, the temperature sensor is still modulating to a lower frequency because of residual lag
in the temperature sensor response; however, the remaining sensors still do not exhibit any
change as they have not undergone perturbation. Next, oleic acid is added to the fat sensor,
where the replacement of high-permittivity water with low-permittivity oleic acid reduces
the capacitance of the structure. Now all the sensors except the salt-optimized biosensor are
exhibiting expected temporal shifts in accordance with the characteristics of the individual
sensor. Finally, we added NaCl to the salt sensor, which increases the conductivity of the

interlayer silk and reduces the signal Q/magnitude. The complete spectra of the Smartcup
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stabilize to their final state in accordance with the final state of each individual temperature
or nutrient sensor. This validates the measurement capabilities of flexible/reactive passive

networks in a practical setting.
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Chapter 5

Passive Wireless Body
Joint-Monitoring Networks with
Textile-Integrated, Strongly Coupled

Magnetic Resonators

5.1 Operating Principle

As shown in Figure 5.1a, two strongly coupled resonators and a reader antenna are placed
across the joint with a separation distance. Flexion is achieved when the forearm rotates
with respect to the upper arm about the center of the joint. At full extension, the arms
are straight and the flexion angle is 180°. As the forearm flexes about the joint, the flexion
angle decreases. Similarly, the forearm may also rotate about the joint. In both flexion
and rotation scenarios, the two resonators get misaligned, leading to changes in the coupling

coefficient. In turn, such changes can be monitored to identify the exact flexion or rotation
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sensing mechanism. b) Equivalent circuit of the strongly coupled resonators and resonance
split with respect to coupling coefficient. ¢) Multiple joint monitoring diagram. d) Sensor
fabrication and integration into textile.

angles.

As shown in Figure 5.1b, each magnetically strongly coupled resonator consists of a mul-
titurn planar loop with a self-inductance of L, an effective ohmic resistance R including
self-resistance and fringing electric currents caused by background lossy media. The reso-
nance properties of this building block are determined by the effective capacitance, which
consists of the structural stray and a discrete tuning component of capacitance C. We in-

corporate a lumped surface mount capacitor to dominate the stray capacitance (larger by
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an of n order of magnitude) to achieve a stable resonant response that is insensitive to skin
proximity. Traditionally, the resonance characteristics of a circuit with a coupled inductor
are calculated through Kirchhoff’s voltage law and differentiating both equations with re-
spect to time to eliminate the integral term. Let us assume no damping (resistances R are

negligible) and focus on the resonant frequencies. For each resonator circuit

Lpd*I/dt* + 1/Cr+ Mprd®I/dt* =0 (5.1)

We assume that the current I flowing in resonators has a sinusoidal time dependency with
angular frequency w. Thus, solutions will be of the form I = Ae/“!. For nontrivial solutions

of A, the determinant of the coefficient matrix must be zero

—w2LR + 1/03 —oﬂM 0
_(A}QM _szR + 1/CR

which leads to the following characteristic equation

W' (L3 — Mpp) — w?2Lp/Cr+1/C% =0 (5.2)

Solving this quadratic equation for wy will give us the squared angular frequencies of the
system. The frequency split is explicitly related to the mutual inductance MRR. The re-
sistances in the circuits introduce energy dissipation, which affects the amplitude and the
phase of the oscillations, as well as the resonant frequencies to a lesser extent. The detailed
analysis with resistance included can still be carried out analytically (Figure S1, Support-

ing Information). The exact numerical solutions are calculated in MATLAB R2020b and
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validated in Advanced Design System 2020, Keysight.

Though the joints studied in later exercises will be knee and ankle joints, the resonator is
readily applicable to other joints (Figure 5.1c) and easy to fabricate (Figure 5.1d). The
coil trace is cut out of copper. After being tuned by a capacitor and soldered flipped trace,
the layers are first stacked from the top, then sprayed to get rid of the bottom holder
layer, and finally placed on the clothing to be fixed by heat pressing (the Experimental
Section). Our resonator footprint is 31 mm by 48.4 mm. This size was chosen because it
effectively measures joint movements. When using smaller-sized resonators, the coupling
between two resonators will be weaker, thus the resonators may fail to measure very large
angles (reducing the operation range of the approach). As resonators increase in size, they
may become impractical to fit onto clothing and/or begin to restrict motion. In general,
smaller-sized resonators may have improved resolution/sensitivity due to larger shifts in the
resonant frequency split, however, their operation range becomes limited. This reflects the

fundamental tradeoff encountered in this technique.

5.2 Simulation and Calibration

We first validated our paired strongly coupled resonators as potential joint monitors in a
benchtop setting. The employed setup is shown in Figure 5.2a. The right resonator is kept
straight, bent horizontally, or bent vertically to mimic potential deformation states when at-
tached to actual human joints. For example, the horizontal bending state would match when
the top resonator is placed above the shin, while the vertical bending state would match when
the top resonator is placed above the bicep. Simulated magnetic fields at a flexion angle 30°
are shown in Figure 5.2b. We notice there is a stronger magnetic field when the deformation
effectively brings the two coils closer to each other. This contributes to stronger mutual cou-

pling and consequently widens the resonance frequency split (Figure 5.2¢). For example, if

50



the top resonator is vertically bent, it effectively leads to larger frequency split as compared
to other deformation states as the middle of the resonator protrudes closer to its pair (at
equivalent bending angles). This has implications for the practical sensitivity of measuring
different joints, which may modulate the initial deformation state of the resonators. Due to
the shape of different joints, the inductor will possess curvature due to the natural shape of
the body. This curvature modulates how this inductor interacts with its pair on the other
joints, changing the resonant frequency split as well as how much this frequency split changes
with joint flexion. This is because the coupling is impacted by the curvature. As a com-
plete picture, Figure 5.2d plots both the simulated and experimentally measured resonance
frequency split from 30° to 110°. Here, a protractor is used to fix the angle between coils,
allowing for benchtop validation of resonator performance. For experimental data, we mea-
sured three times with an error bar applied (standard deviation). Smaller angles generally
exhibit the most deviation in the measurement. We found this to be a result of inaccuracy
in our ability to mechanically repeat the same angle. When the resonators are extremely

close together, they are highly sensitive to slight deviations in orientation/alignment.

We further performed studies on how resonator placement (with respect to lateral displace-
ment) impacts the spectral response of the paired resonators (Figure S2, Supporting In-
formation). A reduction in lateral separation distance leads to an increased frequency split
(measured at 90° bend). This effect is consistent across other bend angles ranging from 30° to
110°, where a decreased lateral distance between resonators enhances the coupling coefficient.
In practical on-body experiments, adjustments may be made to the separation distance to
account for differences in joint shape and muscle volume, ensuring that movement flexibility
remains a priority. We further studied the placement of the reader coil in relation to a single
resonator (Figure S3, Supporting Information), to identify an optimal configuration for the
strongest coupling. Our primary aim here is to produce a more pronounced S11 valley in
the spectrum, effectively improving the repeatability or resolution of our readout. Lastly,

we studied how adjustments to the resonators’ tuning capacitance (Figure S4, Supporting
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Figure 5.2: Simulation and validation of inductive joint monitoring scheme. a) Resonators
can be shaped in simulation to mimic how they may be practically deformed on the curvature
of the body. b) Magnetic field distribution at equivalent bending angles for different resonator
deformation states. c¢) Simulated spectral response of resonator pair at different bending
angles (30° to 110° every 10°). d) Comparison of the resonant frequency difference between
simulation and experiment at different bending angles.
standard deviation in measured frequency differential.
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Information) impact resonator behavior. Increasing capacitance leads to a decrease in both
the resonance frequency and the quality factor (Q) of the resonators. Thus, while we may
desire a large tuning capacitor to stabilize resonator spectral behavior on the body, using
excessively large capacitors may impact readout resolution. Such simulations offer insights

into how resonators may be tuned, adjusted, positioned, or optimized for on-body readout.

We next evaluated the response of the resonator pairs to various movements such as supina-
tion, extension, and flexion on the human body. Here, the imaging tool MediaPipe is used
to calibrate our system, where coil resonant frequency split can be mapped onto angles as
determined via imaging. Figure 5.3a—d illustrates the use of resonator pairs to track move-
ments of the elbow, ankle, and knee. As shown in Figure 5.3a, the resonators were first
attached to the forearm and upper arm, leaving the elbow free to move, and allowing for the
measurement of the reflection coefficient as the elbow rotates. We recorded S11 values for
every 45° from 0° to 180°. We also tracked the bending motions of the elbow from 60° to 140°
in 10° increments in Figure 5.3b. As can be seen in our measured data, while rotations can be
measured via our EM scheme, it is significantly more sensitive to bending as this generates
larger resonator distances and thus larger frequency split changes. Exact angle is only able
to be estimated knowing the exact motion of the user, this is due to the slight sensitivity
of the system to subtle rotations. In a similar manner, we tested our scheme to monitor
the bending motions of the ankle (Figure 5.3¢c) and knee (Figure 5.3d), where we recorded
from 100° to 170° and 90° to 170°, respectively. Body joints were fixed at different angles (in
this case determined by MediaPipe Body Tracking), and we swept through increasing angles
and measured the frequency split at these angles. This experiment is repeated three times,
with mean and standard deviation plotted in the figure. All joint images were captured
perpendicularly to the camera view to minimize measurement errors. It is important to note
that spectral measurements can be highly individualized, as the coils are placed directly on
the skin, and factors such as muscle volume can affect the S11 peak-to-peak distance. This

leads to variations from person to person and joint to joint.
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Figure 5.3: On-body joint angle measurement and calibration. The spectral response of
our resonator scheme is plotted and compared against image-based body angle tracking.
a) Resonators are attached to the elbow for rotation angle monitoring. b) Resonators are
attached to elbow for bending/flexing angle monitoring. c¢) Resonators are attached to
ankle for bending/flexing angle monitoring. d) Resonators are attached to the back knee
for bending/flexing angle monitoring. The average for N = 3 and error bars represent the
standard deviation for the right four plots.
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5.3 Body Joint Monitoring Networks

To further validate our schemes’ benchtop measurement capabilities, we examined the sta-
bility of our spectral measurement across three distinct movement speeds, conducting the
test 1200 times to verify their durability, as shown in Figure 5.4a. By stacking one coil
above the other and oscillating it vertically, we mimicked the dynamic variations in coupling
coefficients seen during joint motion. Unlike material strategies such as strain gauges, our
studied methodology effectively decouples the sensor output from the position of the largest
strain (for the body this is along the joint), and as expected this approach leads to a highly

repeatable angular measurement in benchtop settings.

To explore the practical application of our paired strongly coupled resonators for on-body
use, we conducted a series of tests to determine the system’s ability to distinguish between
various physical exercises. For modified clothing, the resonator position was tuned to the
individual user. The test subject first puts on the clothing (socks and knee brace), and
optimal resonator locations are marked. Subsequently, we embedded the resonator pairs to
those marked positions at the ankle and knee, forming joint monitoring networks to monitor
key joints along the leg. We expect that generic, nonuser-optimized inductive textiles could
be generated (just as all socks, armbands, etc., are standardized), however, their sensitivity
could potentially be reduced as inductors are not oriented optimally. The test subject then
performed a set of exercises consistently. Figure 5.4b illustrates the initial and final positions
for exercises including high knees, push-ups, squats, and lunges. Our detection setup (Figure
S5, Supporting Information), consists of a miniVNA and readout coil that is practically
affixed to the body adjacent to the inductor coils. The corresponding measured spectral
response of initial and final positions for exercises is shown in Figure S6 of the Supporting
Information. Notably, the high knee and squat exercises involve significant movement in
both the knee and ankle joints, whereas during push-ups and lunges, the knee joint remains

relatively stable, and the ankle joint only exhibits slight bending. These exercises thus lead
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to clear different signatures in the multijoint monitoring scheme, which can potentially be
used to recognize different activities. Of course, despite efforts to maintain consistency in
the movements, some variability will occur during exercise as natural motion is imperfect.
We used the interquartile range to filter out abnormal data and determine the lower and
upper boundaries. The centroid values of the S11 resonance difference peaks for the four
exercises were calculated. These values were then calibrated to specific angles using a rule-
based method, based on the findings in Figure 5.3 and Figure S7 (Supporting Information).
This strategy is used to map frequency splits to the different approximate measured joint
angles as shown in Figure 5.4b. In this experiment, the optical system calibration is not
necessary as it only needs to be carried out once to understand the individualized nature
of angle/resonator configuration from person to person. From this point on the imaging is
not necessary. It is possible that this imaging step can be removed altogether through more

advanced simulation and knowing person-to-person resonator configurations.

As shown in Figure 5.3, there may be some error in our measurement that can potentially be
related to the standard deviation encountered during our studies (corresponding to around
+2°). For faster motion, the accuracy of the VNA measurement will depend on its refresh
rate. A higher refresh rate is necessary for capturing extremes in rapid motion, and if the
refresh rate is not high enough our approach will have a larger error than encountered for
our stretch measurements. Additionally, it’s important to note that our calibration tool,
MediaPipe, can be prone to errors in measurements. To minimize these errors, all joint

images were captured perpendicularly to the camera view.
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