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Abstract

Wearable health monitoring systems that collect data in free-living environments are becoming
increasingly popular. Flexible printed circuits provide a commercially available option that

can conform to the shape of a wearable system and support electronic sensing and flexible
interconnect. However, repetitive dynamic activity can stress and damage the interconnect of
flexible PCBs which degrades data quality. This case study evaluated the performance of flexible
PCBs providing interconnect between electrodes and sensing electronics for tissue bioimpedance
measurements in a wearable system. Resistance data (1 kHz to 128 kHz) was collected from
localized knee tissues of 3 participants using the wearable design with flexible PCBs over 7

days of free-living. From electrical and optical inspection after use trace cracking of the flexible
PCBs occurred, degrading tissue resistances reported by the wearable system. Exploration of
these results advances understanding of how flexible PCBs perform in free-living conditions for
wearable bioimpedance applications.

INDEX TERMS
Flexible printed circuits; wearable sensors; failure analysis; trace cracking; bioimpedance

l. INTRODUCTION

Wearable devices are becoming increasingly popular and serve to generate data from

the human body in increasing volume, velocity, and variety. These devices provide the
electronic sensing and circuitry to measure, store, and transmit data regarding movement,
heart rate, respiration, blood glucose, blood oxygenation, muscle activity, and more through
a variety of sensing modalities [1], [2]. Wearable devices are available in multiple form-
factors including smart watches, rings, eyeglasses, forehead mounted sensors, and ear-worn
monitors highlighting that these devices can be worn at different body sites for different
applications [1]. The generation of personalized data from wearable devices provides the
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opportunity to support health related decision making using near-continuous physiological
and health data collected during free-living [3], [4].

While an array of wearable sensing modalities are available, each have different on-body
requirements. For example, inertial sensors can be placed on-body at a site of interest
without direct tissue contact [5]. This can generate data regarding activity context, but

does not provide details of what is occurring within the body at this location. Sensors that
report physiological information (heart rate, blood oxygen, muscle activation) require direct
contact with the tissue for their reliable data generation. This interface between skin and
electronics is a critical site for the circuits and systems that underlie all wearable electronics.
These systems require hardware and circuitry for: tissue-electronics interfacing, analog-
front-ends for signal conditioning, conversions to digital values, data processing/storage/
transmission, and peripheral circuitry for device interaction and supplying the necessary
(and often low) power requirements. Focusing on the tissue-electronics interface, solutions
must accommodate movement without degrading data quality. Available options for circuits
and systems that accommodate movement include flexible printed circuit boards, conductive
textiles, and stretchable conductors [6], [7], [8]. Of these options, flexible printed circuit
boards (flex PCBs) are commercially available with design processes that utilize existing
CAD tools, have a relatively low cost, and are available from a range of suppliers. Flex
PCBs utilize printed conductive traces on a flexible substrate and can be integrated into a
wearable design because of the ability to conform to the shape of the wearable and target
on-body location. Common flexible PCB substrates include polyimide (P1) and polyester
(PET) film with conductive material typically being copper (Cu), Cu foil, or a Cu alloy.

Flex PCBs have been investigated for a range of wearable applications, a small subset of
which includes:

. Epidermal temperature monitoring in real-life conditions with a custom solution
developed in-lab using an integrated circuit on a flexible PCB that contacted the
skin surface through a stretchable patch [9];

. In vivo gastrointestinal mapping using a flexible printed circuit array of 32
electrodes interfaced to a rigid PCB [10];

. Gesture recognition using a flexible electrode array fixed to the forearm (with
hydrogel electrodes) for electromyography measurements [11];

. Wrist and arm-wearable displays with flexible OLED panels, flexible circuit
boards, and flexible batteries [12].

Further details on flexible circuits for healthcare monitoring applications for interested
readers are available in the recent reviews by Chung et a/. [13] and Salim and Lim [14].

Flexible PCBs are able to bend and twist increasing the range of environments in which
they can be adopted. However, bending and twisting stresses these designs. Previous
studies have analyzed the stress-strain relationship and failure-modes of flexible PCBs
either through simulation or experimentation [15], [16], [17], [18]. However, there is still
need to characterize the performance, time-to-failure, and failure modes of flexible designs
during field use of wearable systems to inform if precise laboratory controlled tests are
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representative of real-world conditions and how data quality is impacted by free-living.
This provided the motivation for this case study, to identify the effects of dynamic activity
on the data quality of localized bioimpedance measurements collected using flexible PCBs
integrated into a wearable system for knee tissue monitoring.

To assess the effects of dynamic activity on flexible PCBs, samples were electrically

and optically inspected after either: i) 7 days of use in a wearable system by study
participants during their free living or ii) twisting to emulate extreme movements in
laboratory conditions. The following sections detail the testing processes for this case study,
the sites of flexible PCB failures, and the impact on knee tissue resistance measurements
collected/reported by the wearable system.

WEARABLE BIOIMPEDANCE MEASUREMENTS

One sensing modality that requires direct tissue contact for measurement is electrical
bioimpedance. This type of measurement characterizes the passive electrical behavior of
a tissue which is related to the cell population, cell volumes, cellular membrane integrity,
and the intra/extra cellular fluids. Bioimpedance is being investigated for health focused
applications [19], [20]. Specific physiological features that bioimpedance is being used to
characterize are: skeletal muscle fatigue [21], [22], [23], fluid shifts during dialysis [24],
joint health [25], [26], blood pressure [27], and respiration [28].

Tissue bioimpedance is collected using bipolar or tetrapolar configurations, with two or
four electrodes in direct contact with the skin. A tetrapolar configuration captures the
transfer impedance between the excitation and sensing electrode pairs. A sample tetrapolar
configuration of a wearable bioimpedance system interfaced to a tissue is shown in Fig. 1(a),
highlighting the rigid PCB for the electronics, the flexible PCB for the interface, and the
Ag/AgCI electrode connection to the tissue to be measured. With this configuration current
is injected into the tissue using the excitation electrodes (I+, 1-) and the voltage normal to
the skin surface is measured using the sense electrodes (V+, V-). A circuit representation
of the expected trace resistances in this tetrapolar system are detailed in Fig. 1(b). This
representation includes the resistances from the rigid PCB (R)), interconnect resistance (/),
electrode/tissue interface (Rg, R, Cp), residual tissue (Rn, Rp, Cp), and measured tissue
(Rw, Ry, C,)- Note that the interconnect resistance is represented as a variable resistor to
denote that it is expected to change as a result of stress/fatigue during dynamic activity.

Tetrapolar configurations eliminate the tissue/electrode contact impedance (which is
typically much larger than the tissue impedance) from the measured value. Though it

is important to note that this impedance still impacts collection of the bioimpedance
measurement. The tissue impedance measured by the voltage sensing electrodes is
represented in Fig. 1(b) as a 2R-1C circuit (representing the observed frequency-dependent
tissue behavior [21], [29]). The impedance expression for the 2R-1C model is given by:

Ry

1+ (jw)Rl Cq @

Z(jw) = Ry +
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The low and high frequency resistance is given by R + Roo and R, respectively, with the
transition between them effected by C,. Physiologically, these components are attributed to
the intracellular fluid (/) + Rw), total fluid (Rw), and the cellular membrane properties
(C,) of the tissue. As a recent of example of efforts to utilize a similar model to represent
physiological tissue changes, Fu and Freeborn reported alterations in equivalent circuit
parameters representing biceps tissue bioimpedance after eccentric exercise that induced
swelling and delayed onset muscle soreness in the days post-exercise [23].

A sample of the impedance magnitude, phase, and resistance/reactance of (1) for fixed
components values is given in Fig. 2. The specific component values for this ideal
simulation are given in the circuit subset. From Fig. 2(a), the impedance magnitude at

less than 1 kHz is 82 Q (R} + Rwo) and the impedance magnitude at 100 kHz is 62

Q (Rwx). Referring back to Fig. 1, additional 2R-1C models are used to represent the
electrode/tissue interface (Rg, R, Cg) and the tissue impedances not captured by the
voltage sensing electrodes (Rn, Rp, Cp. These highlight that there are impedances present
in the configuration setup that can impact the measurement but are not captured in the
measurement.

Circuits and systems designers are often focused on the sensing circuitry of bioimpedance
measurements. Research efforts often target improving the circuitry for current injection,
voltage sensing/amplification, and filtering [30], [31]. However, it is also important for
designers to understand the interface of the circuits and systems to the biological tissue
and how it can impact their measurements. The interface of electronics to tissues for
bioimpedance applications is often achieved using silver/silver-chloride (Ag/AgCl), textile,
or metal electrodes [32], [33], [34]. Ag/AgCl electrodes are available with and without
adhesive gels referred to as “wet” electrodes and “dry” electrodes, respectively. The
addition of gel improves contact and charge transfer between electrode and tissue and

are widely utilized for bioimpedance studies [21], [26], [28], [35]. “Wet” electrodes have
lower interface impedance [32] and improved contact with the tissue as a result of the gel
filling surface irregularities compared to their “dry” counterparts. However, “wet” electrodes
cannot be worn for extended periods of time due to oxidation and drying, limiting them to
days of use before requiring replacement.

Dry electrodes can enable data collection continuously without regular replacement due
to gel/adhesive drying, which will enable wearable designs with greater usability and
unobtrusiveness. Due to this potential, efforts are ongoing to evaluate dry electrode designs
fabricated using commercial rigid [36], [37] and flex [38], [39] PCB processes and

their performance for biosensing applications. Though using dry electrodes has additional
challenges (compared to their wet counterparts) such as reduced contact quality, larger
electrode/tissue impedance, and increased susceptibility to noise and capacitive leakage.
Most research explores the electrode characterization in static conditions, but when
integrated into wearable designs electrodes will be in dynamic conditions subjected to
mechanical stresses, fatigue, and damage. While previous studies have characterized the
failure modes and alterations of flex PCB copper traces, there is little experimental data
regarding how alterations in copper features of a flex PCB effect data quality of sensing
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systems in dynamic, real-world conditions. This motivates the case study that is presented
here.

A. FLEXIBLE PCB FOR TISSUE/ELECTRODE INTERFACE

A flex PCB for tissue/electrode interfacing must provide contact to the tissue and
interconnect to the sensing electronics. This case study focuses on quantifying the

effects of interconnect alterations of a flex PCB during dynamic activity and remove

dry electrode effects as a confounding variable. To achieve this, a flexible PCB that
interfaced Ag/AgCl electrodes to the corresponding excitation and measurement signals of a
bioimpedance sensing system was designed/fabricated. Fabrication utilized a commercial
PCB manufacturer to evaluate the performance of a low-cost design that could be

quickly fabricated without additional customization steps such as additional gold plating
[38] or chlorination [36]. While additional customization steps increase performance and
functionality, they require additional materials expertise and equipment which may not be
available to circuit designers. The choice to use only features available commercially in this
work was done to represent a typical use-case of a circuits and systems designer.

The flex PCB in this work, shown in the subset of Fig. 1(b), paired a current injection and
voltage sensing electrode to facilitate tetrapolar configurations when two are utilized. Note,
there are additional component pads (e.g., resistor, cable connector, testpoints) on the flex
PCB which provided test points for bench-top testing, but were not used in this study. The
flex PCB was fabricated using a standard 2 layer flexible printed circuit stack-up (0.23 mm)
with an electroless nickel immersion gold (ENIG) surface finish. ENIG was chosen because
copper is not bio-compatible [40] and because ENIG is widely available at low cost from
manufacturers. Other gold finishes (i.e., soft and hard gold plating) are also available which
could be investigated in future designs. Figure 3(a) visualizes how the Ag/AgCl electrode is
connected to the flexible PCB. An electrode snap was soldered to a 3 mm ring to provide the
mechanical feature for an Ag/AgCl electrode to be snapped into the design for the electrical
connection. An Ag/AgCl electrode snapped into the design is shown in Fig. 3(b)). The traces
routed to the electrode snaps were 0.4 mm wide. The flexible PCB subset in Fig. 1(a) shows
the “tail” to interface to the rigid PCB sensor system. This section was 50 cm long with 1
mm traces. The traces had exposed copper (with an ENIG surface finish) every 6 — 8 cm

for customizable cable lengths (achieved by cutting at the desired length). All traces used
1.0 oz copper. Stiffener (0.1 mm) was placed opposite the exposed pads to increase cable
thickness for a tighter connection when inserted into the flat flexible connector (FFC) on a
rigid PCB which contained the system electronics. Note, that the perimeter vias in the design
were included to stitch and fasten the PCB to a textile.

FREE-LIVING DATA COLLECTION

To assess bioimpedance data quality collected using the flex PCBs throughout periods of
dynamic activity, localized knee tissue bioimpedance was collected from 3 participants (2
males, 1 female, average age 26 years) over 7 days while wearing the wearable knee sensing
system. Prior to their participation, each study participant provided their written informed
consent to be in the study. The participants reported no history of knee pain and no previous
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knee injuries. This research and its activities were approved by The University of Alabama’s
Institutional Review Board (UA IRB-18-013-ME).

A. WEARABLE KNEE SENSING SYSTEM

The wearable system utilized 4 flexible PCBs sewn into a commercial knee brace to collect
longitudinal and transverse bioimpedance measurements. The knee was investigated because
it is a joint with significant movement during activities expected during daily living (sitting,
walking, stair climbing). A knee brace was selected as the mechanical platform (as opposed
to affixing the electrodes to the tissue with medical adhesives) because textile braces are
already widely worn adopted by persons with knee injuries or need for knee support, which
is likely to improve adoption of knee monitoring technologies if integrated into this form
factor.

The locations of the flex PCBs in the knee brace (with connected Ag/AgCl electrodes) are
shown in Fig. 3(c). These two sites were selected because they capture tissue resistance of
the knee joint (Location 1) and knee joint/skeletal musculature for joint motion (Location 2),
with higher movement expected for Location 1 due to the significant knee joint activity in all
lower body movements. The flexible cables were routed on the brace exterior to the sensing
system (a rigid PCB) which was secured in a pocket attached to the brace. The sensing
system utilized a Texas Instruments MSP432 microcontroller to control a MAX30001 IC,

a single-chip integrated circuit (IC) with analog-front-end for bioimpedance measurements,
and additional analog multiplexers to measure the impedance from both knee sites [41].

The MAX30001 IC has the capability to collect both the real and imaginary components

of impedance (resistance and reactance respectively), but not both simultaneously. The
MAX30001 was configured to use an excitation current of 8 A and resistances were
collected at 8 discrete frequencies from 1 kHz to 128 kHz at an approximate rate of 1
measurement every 3 minutes. All collected data was stored on an on-board microSD card.
Additional details regarding the sensing system and its validation using known impedance
test loads are provided in [41], [42], [43].

Prior to data collection, each participant was trained on the installation of the knee brace.
Specific instructions included to replace the Ag/AgCl electrodes every morning, wear the
brace for > 10 hours per day, and remove the brace after each full day. A sample of the knee
brace installed on a participants knee is given in Fig. 3(d). After the 7-day trial, the data was
downloaded by the study team for further processing.

B. PARTICIPANT KNEE TISSUE RESISTANCE

The knee tissue resistance collected for all 3 participants across 7 days is shown in Fig. 4.
Figures 4(a) and (c) detail the 8 kHz resistance for the two knee locations and Figs. 4(b)
and (d) detail the 128 kHz resistance. The colored markers represent the day that data was
collected (with a unique color for each day). Participants wore the brace from 90 hours to
almost 120 hours across the 7 days with more than 1800 measurements at each frequency
collected. To visualize the resistance range a logarithmic scale is utilized in Fig. 4. With the
exception of 1 datapoint the resistances from Participant 1 (electrode position 2 in Fig. 4(c))
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are < 100 Q. This range aligns with previous reports of localized tissue resistance from the
literature, summarized below:

. Approximately 70 Q to 100 Q for 50 kHz resistances of lower and upper limb
muscle groups of young and older adults reported by [44];

. Approximately 37 Q to 68 Q for 50 kHz resistances of lower limbs of injured and
non-injured football players by [45];

. Approximately 27 Q to 46 Q in the range from 10 kHz to 100 kHz in studies of
localized bicep tissues before and after fatiguing activity by [21];

. 45.87 £12.77 Q and 46.26 + 13.71 Q for 50 kHz resistances of the right and left
(transversal) thigh during test-retest studies by [46].

Additionally, the 128 kHz resistances have lower values than the 8 kHz resistances, which is
expected based on the frequency dependent behavior of tissues which can be modeled using

).

These features (appropriate resistance magnitude/range and frequency behavior) support
that the flex PCBs provided reliable interconnect during measurements for this particular
participant/knee location across the 7-day period. With the exception of day 2 data (which
as an increase in resistance above 1 kQ) this was also observed for electrode position 1

for this participant. To highlight the resistance variation across a day with reliable data
collection (which cannot be observed using the logarithmic scaling in Fig. 4), day 3 data
from participant 1 (electrode position 2) is shown in Fig. 5. Across this day, both 8 kHz and
128 kHz resistances are within an approximate 15 Q range.

While data from Participant 1 supports that the flex PCBs were reliable for data collection in
the wearable system, indicators of reliable data collection were not observed for Participants
2 and 3 across all days. Reviewing Participant 3 data, resistances across days 1 and 2 are
<100 Q (with only a few exceptions). But from day 3 to day 7 the range and inter-day
variability in resistances (for both knee sites) increases significantly. Reviewing the data
from Participant 2 (Electrode Position 1), there are consistent variations in measurements
from < 10 Q to > 1 kQ across all days. Similar trends are observed in data from days 3 to

7 of electrode position 2 data. The is a range that has not been observed/reported in other
studies of tissue bioimpedance collected using tetrapolar configurations. As a result, these
measurements are expected to be a result of the measurement system and not representative
of the tissue.

To eliminate the sensing electronics as the source of error, the sensing system operation/
accuracy was confirmed by measurements of an on-board 2R-1C model realized using
discrete components of known value integrated on the rigid PCB design. This model is
independent of the tissue/electrode interfacing circuitry of the flex PCB. Measurements
within the expected range of the discrete component values eliminated the operation of the
MAX30001 or other electronics in the sensor system as the cause of the unreliable resistance
data. This supports that flex PCB traces are fatiguing and cracking, leading to degraded

data due to unreliable connections for the excitation and sensing signals. It is important to
consider here that the flex PCBs in the brace for Participant 2 were the same as Participant
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1, meaning they had accumulated more than 110 hours of use/wear before the second set of
data collection with Participant 2; which may account for the degraded data that occurred
almost immediately with this participant.

C. ELECTRICAL AND OPTICAL INSPECTION OF FLEX PCBS

Due to the change in data quality (e.g., increase in variability and data above the expected
values for biological tissues) it was hypothesized that micro-cracking of traces on the
flexible PCB were the primary cause. Referring back to Fig. 1(a), fatigue and damage

to the interconnect resulting in increasing Rgsuch that there was limited to no electrical
connectivity. To test this hypothesis, the flex PCBs were electrically and optically inspected
after removal from the braces. For electrical testing, continuity between the snap electrode
and the trace inserted into the rigid PCB header of the sensing system was assessed

using a Keysight U1232A digital multi-meter. For optical inspection, an Aven tools digital
microscope captured magnified images of all signal traces on the flex PCB for signs of
cracking or other damage (such as coverlay damage or fatigue). An example location of the
cracking on the flexible PCB is emphasized in Fig. 6(a) with magnified images of cracked
traces shown in Fig. 6(b). The red boxes in these images highlight the cracked area. From
the optical inspections, all of the trace failures occurred at trace-to-pad interfaces and not

at any locations with polyimide; nor was there observed damage to the polyimide coverlay.
The flexible PCBs from Participants 2 and 3 all failed continuity testing, supporting that the
dynamic activity of the wearable knee system resulted in damage to the flexible PCBs. This
damage is expected to be the source of the high variability of the reported data (and will

be explored further in the discussion). Note, the same flexible PCBs and cables were used
for Participants 1 and 2. Cables were reused because the set of 4 flex PCBs/cabling passed
electrical continuity testing after use by Participant 1. This supported the continued use of
these electrodes during the data collection with Participant 2. Participant 3 utilized a new set
of 4 flex PCBs for their data collection, replaced because of the electrical continuity failure
during testing after use by Participant 2.

IV. REPLICATION OF FLEXIBLE PCB FAILURE

To validate that copper trace cracking was the primary source of errors in the free-living
data collection, additional flexible PCBs were used to collect measurements of a known
impedance load (the 2R-1C topology given in Fig. 2) before and after exposure to stress
using repetitive extreme movements. Additionally, both electrical and optical inspections
were conducted on the flexible PCBs throughout this stressing period. Electrical continuity
measurements were collected in the following sequence: baseline (prior to fatigue/stress),
measurement after one fatigue/stress cycle, measurement after every additional 5 fatigue/
stress cycles until failure or until 96 cycles were reached. Continuity measurements were
recorded as either a pass or fail. Optical inspection of the PCBs were performed prior to any
fatigue cycles and after the fatigue testing had been completed.

The extreme fatigue utilized twisting of the flexible PCB, shown in Fig. 7, to stress the
design. For this twisting process the PCB was held flat horizontally (Fig. 7(a)), then twisted
forward (Fig. 7(b)) and backward (Fig. 7(c)). This motion was utilized to emulate extreme
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cases of motion that the flex PCBs at location 1 could experience (in comparison to the
single-axis bending motion typically utilized to stress designs). The aim of this testing was
not to determine the specific number of twisting cycles that would result in a crack, it

was only to cause a trace crack on the flexible design. The continuity testing and visual
inspection was focused on the electrode interface location because this is where cracking
from the wearable data collection was observed.

This testing cycle was completed using 4 flex PCBs, two each with and without the
electrode snaps. This was done to determine if the addition of the electrode snap and solder
to the annular ring on the flexible PCB affected the inspected failure profile. Both sets of
flexible PCBs failed the electrical continuity tests after the fatigue cycling of less than 100
cycles. A sample of one of the flexible PCBs before and after the twisting is given in Fig.
6(c). In this figure, the red box outlines the observed cracks (which were not present prior
to testing). Also, these cracks are visually similar and match the locations (e.g., trace-to-pad
interface) compared to the inspection of the flex PCBs in Fig. 6(b) which detail the failures
during free-living. These results support that the cracking of traces of the flexible PCBs can
result from twisting (expected to occur in the knee brace) and that this cracking does lead
to continuity failures of these traces. Further, the failure of the design with and without the
snap connector supports that the failure was not a result of only the mechanical snap in the
design.

A. TRACE CONTINUITY DURING MOVEMENT

During electrical continuity measurements the placement of the multi-meter probe impacted
the test result (e.g., pass or fail). That is, applying pressure with the probe near the location
of the cracked trace resulted in a successful measurement of continuity while pressure far
from the cracked trace resulted in failed continuity. This was attributed to pressure resulting
in temporary contact of the cracked trace yielding electrical continuity. To validate, two
flexible PCBs were modified to interface to a 2R-1C model (Ro =62 Q, R=20Q, C

=1 4F) that would emulate a localized tissue impedance for measurement by a Keysight
E4990A impedance analyzer. A sample of this test configuration is detailed in Fig. 8(a).

In this configuration measurements of the test impedance (magnitude and phase) were
collected prior to any fatigue cycling, after fatigue cycling (which induced a cracked trace),
and when applying pressure to the cracked trace. These three sets of measurements (from 1
kHz to 1 MHz) in comparison to direct measurement of the 2R-1C model are given in Fig.
9. The direct measurement and measurement with the flexible PCBs (prior to trace cracking)
show perfect magnitude and phase agreement. Observing the measurement after the fatigue
cycling the impedance from 1 kHz to 10 kHz has magnitude greater than 1 kQ (that
decreases with increasing frequency) with a negative phase angle. This impedance reflects
the parasitics in the test configuration and leakage paths between cabling and fixtures and
dominates the bipolar measurements after the trace cracking and loss of a low resistance
connection to the test load. For the final measurement pressure was applied to the trace

by flexing the PCB (shown in Fig. 9(b)). This motion was applied for a short duration
which based on the stepped-sine measurement method of the Keysight E4990A resulted in
a subset of the frequency sweep having electrical continuity. This specific measurement is
presented in Fig. 9(a) as a dashed line. Notice that the measurements from 3 kHz to 30
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kHz show strong visual agreement with the direct measurements of the test load. Therefore,
even with a cracked trace that degrades measurements during static conditions, dynamic
activity and changes in applied pressure can yield accurate measurements. This may present
an opportunity to develop algorithms that can both identify when trace cracking has occurred
and what data during this period may still be considered reliable for further processing and
interpretation.

V. DISCUSSION

The flexible PCBs integrated into a wearable knee brace yielded reliable knee tissue
resistance from only one of three study participants in this preliminary trial. The degraded
resistance data was attributed to cracking traces occurring at trace/pad transitions on the
design. Considering the circuit representation of the system in Fig. 1 this cracking represents
a significant increase of Rsfrom less than 0.5 Q (estimated for a 0.4 mm trace) to an

open circuit which interrupts the application of the excitation current or appropriate voltage
sensing in this bioimpedance system. Both of which prevent the measurement of the tissues
and is reflected in the high value resistances (> 1 kQ) and high variability. The high
variability is attributed to the sensitivity of the voltage sensing circuitry to external influence
and the high-values to the saturation of the signal conditioning circuitry of the MAX30001.

While trace cracking of a flexible PCB during flexing and twisting is not unexpected,
reports have detailed failures of copper traces after thousands of machined bending cycles
[17], [47], [48], the interest here is in how these failures impact reported data (which can
support development of improved processing algorithms for failure identification and data
cleaning) and recommendations to improve flexible designs for use in movement intensive
applications.

No evidence of trace damage was observed on copper traces covered by polyimide on the
flex PCBs analyzed in this study. Similar results were reported during another investigation
of fatigue behavior of bare and polyimide covered Cu foil [17]. In that effort, the number of
cycles to failure increased from hundreds to thousands with the inclusion of polyimide [17].
Additionally, another study of trace reliability reported mean cycles to trace failures (defined
as increases of 20% or greater for trace resistances) of 585 and 1022 cycles for tension and
compression based cycling, respectively [47]. Noting that the location of the failure was at
trace-to-pad transition regions, which was also noted in the failure analysis of this work and
the optical images of Fig. 6. Therefore, future designs should include polyimide over traces
and trace/pad transitions such as the annular rings on the flex design in Fig. 3(a). Increasing
the coverage of polyimide at this location is hypothesized to reduce the stress on the copper
at this transition (which was the only site of failure on this design) and increase potential
time to failure from activity (but requires further study to confirm). Future studies should
investigate using teardrops at interconnection points between exposed copper and polyimide
covered Cu foil for potential improvements in flexible PCB life.

An interesting observation is the difference in data quality between participants of the
study. Participant 1 had approximately 110 hours of use/activity in the wearable design
with no data quality changes attributed to cracked traces while Participant 3 appears to
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have had trace failures after 30 hours of use/activity. These differences may be a result

of different activity profiles and contact differences of the electrode/flex PCB assembly
with the participant knee (which could apply stress to different areas of the design and
traces). Considering that the twisting motion applied to flex PCBs in this study resulted

in trace failures after < 100 cycles it is likely that this type of movement in free-living
resulted in faster times-to-failure compared to the bending only motions studied by Lall et
al. [47]. However, this requires further study to evaluate with the addition of movement
data to quantify associations of time-to-failure with the amount, intensity, and patterns of
movement.

The impact of dynamic activity after copper trace cracking introduces another challenge for
bioimpedance systems using flexible PCBs. This challenge is identifying the cause of failure
(e.g., component failure, interconnect failure, interface failure) since different failure modes
require different solutions (some which can be resolved by the user). While movement
profiles do stress the traces on a flexible design, the movement of the wearable can also
result in disconnection of the electrodes from the tissue surface. An electrode disconnect
event also prevents accurate measurement of tissue impedance and can yield high-variability
data similar to that observed for Participant 2 and 3 data in Fig. 4. Consider the data for
Participant 2 in electrode position 2 which has low variability in days 1 and 2, supporting
that reliable data collection occurred for this period. Inspecting the day 3 resistance, the

8 kHz data has differences of more than 1000 between data collected minutes apart. This
pattern of resistance data oscillating between values that are within and then exceeding

the range expected for biological tissues could indicate a cracked trace that is periodically
connected during movement. This is supported by the measurements presented in Fig. 9,
which showed how movement of the PCB can result in accurate measurements even with a
damaged trace. This collection of unreliable resistance as a result of flex PCB failures can
have a significant effect on processing and interpretation of bioimpedance data. Consider the
ratio /1, proposed by Mabrouk et al. [30] as a potential metric for differentiating healthy and
injured ankles:

h— AR00 kHz
™ AR
S kHz

@
where Rygg kHz and AR5 i are the range of resistances at 100 kHz and 5 kHz, respectively,
measured across a fixed window of time. Corrupted resistance values in either frequency
could cause a significant skewing of this metric and its interpretation. Further, consider the
equivalent circuit fitting utilized by [23] as a potential metric for identifying fatigue-related
changes in skeletal muscle. Using this approach, optimization solvers determine the set of
circuit parameters that best fit a selected model to the experimental data. Corrupted data will
impact the outcome of optimization solvers for this type of analysis and need to be identified
and removed prior to using the solver.

On review of the results in Fig. 5, it is important to note the variability of tissue
bioimpedance that occurs throughout daily living. Note that in Fig. 5 there are the significant
increases in tissue resistance at approximately 1 hour and 12 hours. While this data cannot
elucidate the mechanism of change, it may result from changes in body position and
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accompanying fluid shifts in the knee. Reports of fluid shifts due to postural changes in
segmental body regions have been reported by Fenech and Jaffrin, occurring quickly in the
minutes after the postural change [49]. This is important when interpreting data from free
living and supports that processing algorithms need to consider both current body position
(which has been done by in previously reported systems for knee monitoring [25]) and the
previous body positions since position alterations may cause alterations greater than the
changes associated with a joint injury or long time scale alteration. This serves to highlight
why wearable systems, such as the one presented in this work, are needed to quantify tissue
resistances across both short (minutes/hours/days) and long (weeks/months) timescales.

Returning to the sources of errors, it should be acknowledged that the resistance variability
observed in this effort could be attributed to trace failure, electrode disconnection, or a
combination of both. This highlights a limitation of using only the physiological data for
decisions regarding system state of performance. This supports the need for self-monitoring
by wearable devices and informs a path forward to improving system reliability for

circuits and systems designers. While recent bioimpedance integrated circuits such as

the MAX3000x include on-chip testing for electrode disconnect events [41], there is an
opportunity to both expand self-test methods to identify trace failures for real-time reporting
and resolution and develop automated methods of correction/compensation/self-healing.
This will require new hardware designs that generate multi-modal data (e.g., bioimpedance,
activity profiles, trace health, electrode status), multi-modal data fusion, processing for
real-time assessment/reporting, and approaches to redundant hardware. The trace alterations
in this effort also highlight another test site for the underlying sensing circuitry in wearable
sensing systems. Characterization of the accuracy and performance of circuitry is completed
in static conditions. That is, in reference to Fig. 1(b), values of interconnect resistance (/)
are fixed and low-value (< 1 Q) while the electrode/tissue interface is not included at all
(e.0., R = 0 Q). This represents an ideal situation which is useful to characterize a device,
but designers should consider additional testing to evaluate the range of Rrand electrode/
tissue interface values that their circuits/systems can operate without degrading performance.

CONCLUSION

This case study reported the knee tissue resistance collected from 3 participants using a
wearable system over 7 days of free-living. This wearable system utilized commercially
available flexible PCBs to interface the rigid sensor system to the tissue to evaluate flex PCB
performance during dynamic activity. Reliable resistance data was only reported for 1 of

3 study participants. Inspection of the flexible PCBs after use noted copper trace cracking
occurring after as early as 30 hours (based on observations of degraded resistance data). This
cracking was only observed at the trace-to-pad transition of the designs in both field trials
and follow-up laboratory testing. While flexible PCBs are an attractive option for wearable
designs based on their low-cost, quick fabrication, and accessible design (using existing
CAD tools) they require further effort to develop solutions that provide reliable long term
performance and methods to identify failure and degraded data to support their robust data
reporting in free-living conditions.
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Tissue electrode interface for tetrapolar electrode configuration including a simplified

electrical equivalent model.
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FIGURE 2.
Ideal impedance magnitude of a 2R-1C model, often used to represent the frequency-

dependent impedance of biological tissues, from 10 Hz to 1 MHz.
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FIGURE 3.
Overview of flex PCB interfacing with both electrodes and wearable system. Specifically,

(a) stack-up of flex PCB / electrode connection, (b) sample of Ag/AgCl electrode snapped
into design, c) integration 4 flexible PCBs into wearable design to support 2 tetrapolar
configurations, and (d) placement of the wearable on the knee of a study participant.
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FIGURE 4.
8 kHz and 128 kHz resistance of two knee sites collected using flex PCBs integrated

into wearable system from 3 participants across 7 days. Measurements from Participant 1
represent a reliable set of resistance data using the flex designs with Participant 2 and 3
representing unreliable data expected to be a result of fatigue/cracking of the flex PCBs.
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FIGURE 5.
Sample of a single day of high quality resistance data, collected from Participant 1 on day 3

using the position 2 electrodes.
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(a) An example location of the interface where the trace cracking occurred, Optical images
of flexible PCB cracks at the electrode snap interface (b) after data collection in wearable
knee brace and (c) fatiguing through multiple twisting cycles. Red boxes highlight the crack

locations.
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a)

FIGURE 7.
Progress of twisting movement applied to fatigue and crack flexible PCB beginning. A

single twisting cycle started at position (a) transitioning through (b) and (c).
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FIGURE 8.
(a) Experimental setup to measure impedance of a 2R-1C model using the flexible PCBs

and (b) the bending motion applied to the flexible PCB to test if cracked traces could make
electrical connections for measurements.
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FIGURE 9.

(a) Impedance magnitude and (b) phase measurements of 2R-1C test load collected using
Keysight E4990A impedance analyzer interfaced to test load: directly (blue), using flexible
PCBs before fatigue cycle (red), using flexible PCBs after fatigue cycle (orange), and using

cracked trace flexible PCBs with applied pressure (dashed).
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