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Abstract—Reduction of cardiovascular disease risk is highly correlated with regularity of exercise, which is not easily
observed outside of medical settings, particularly for the elderly. Foot sole monitoring technology is now a saturated market
due to its demand for applications in physical therapy, sports, hazardous work, etc. However, the best technology available
comes with drawbacks like high prices, bulkiness, discomfort, and low power efficiencies. This work seeks to resolve many
of these shortfalls with an inkjet printed foot sole inlay costing $1.85 per sensor, is flexible, runs on nano-watts of power,
and can easily be fabricated to personally fit the user’s foot. A suite of machine learning algorithms are compared to
classify 4 foot movements: sitting, standing, walking, and jogging. Algorithm performance results of the sensor samples
show the Support Vector Machine Kernel reaching 83.5% rate of detecting the correct foot movement and classifies 10
times per second. Future work includes embedding the trained algorithm onto a micro-processor, placing it into a shoe
sole and performing trials to collect real-world user data such that the technology matures and benefits significantly to

those who need a telehealth device for movement monitoring.

Index Terms—inkjet-printed circuits, foot sole sensors, movement monitoring, telehealth devices

[. INTRODUCTION

Cardiovascular disease (CVD) afflicted 18.2% of U.S. citizens
aged over 65 years during the year 2020 and remains the number
one cause of morbidity in America [1]. Modern telehealth devices
for prevention and detection of CVDs are progressing, but still suffer
from a critical drawback - the caretakers, family, or home nurses
have to manually observe their conditions using simple medical
tools like the EKG or stethoscope, with many individuals unaware
of their risk until the point of medical intervention [2]. Since the
most effective preventative measure shown to lower CVD is 20
minutes of exercise per day, the risk can be mitigated via real-time
monitoring of movement activity [3]. While heartbeat monitoring is a
useful tool that observes blood flow patterns, detect heart attacks and
reduce emergency response time, pressure sensors are an important
additional option to characterize the mechanical consequences of
patient motion and to track/predict heart failure risks [4]. Pressure
sensors have flooded the market as a result, but many of those options
are neither easily accessible nor understood by medical staffs, and
thus suffer from lack of exposure. Furthermore, pressure sensor
designs must meet the critical expectations of comfortable, easy to
use, and affordable wearable telehealth devices such as low device
weight, cost, environmental impact, and high flexibility, efficiency,
reliability and adaptability [5].

The sole of the foot contains critical pressure points that helps
quantify patient movement patterns, providing needed data for
immediate and long-term health care decisions. Researchers of foot
pressure sensors primarily have focused on pressure mapping and
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by monitoring real-time bio-signals and predicting classes to give the
signal meaning. The IJP sensor in this work is shown as an example.

manual analysis of electrical signals to help understand implications
with respect to their targeted application [6]-[8]. Modern designs
often embed bulky electrodes and costly/complex sensors into shoe
insoles. This is limiting as every foot applies pressure differently,
with multiple types/sizes of shoes often being worn by the same
individual, sensitive feet may find the electronics to be uncomfortable
and nonviable for regular use.

As visualized in Fig. 1, a powerful solution to generalization is
utilization of machine learning algorithms (MLAs) to identify critical
patterns in the sensor signals for predictions [9], [10]. Telehealth
devices such as the ones referenced in this work reduce financial
burdens of frequent medical check-ups, benefiting the device user, their
caretakers, and hospital staff. Detection and prevention at a distance
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Fig. 2: The IJP circuit fabrication process is shown. A pattern is
designed on the computer, printed out layer-by-layer, tested, and
revised.

using MLAs is a powerful approach to overcoming inadequacies of
modern electronics. Human error is reduced during signal analysis,
as features that best identify risk in a given signal may be overlooked
or challenging for humans to detect while the computer is impartial
to those errors. Adding training data makes the MLAs more robust
and generic/task-specific.

This work addresses shortfalls of modern foot sole pressure
sensors with the design and testing of a paper-thin inkjet-printed
touch-based pressure sensor for movement monitoring. This
additive-manufactured sensor is simple, generic, low-cost, low-profile,
scalable, physically flexible and smooth to the touch. A suite of MLAs
were tested for their ability to identify relative movement based on
the electrical signals produced by the sensor. The 1JP fabrication
process and the sensor’s working principle are explained in Sections
II and III, respectively, followed by the Foot Sole Pressure Sensor
design in Section IV. Data is collected and organized into a dataset
for training the MLAs in Section V. The dataset of two samples
are used to train 32 MLAs and the best performance is evaluated in
Section VI. Lastly, a conclusion to the work is given in Section VII.

II. INKJET-PRINTED TECHNOLOGY

Inkjet printed (IJP) technology takes advantage of piezoelectric
printer dynamics to eject uniquely behaving nano-particles from
its print head onto a substrate. This growing field of circuit
creation has allowed for flexible, biodegradable, repeatable, highly
inexpensive, and fast circuit/sensor fabrication, with a plethora of
sensing applications that vary according to material choice and circuit
structure [11]. The basic IJP process follows the steps as seen in
Fig. 2, with several prior works following this scheme [12]-[17].
Nano-particle inks are first filled into refillable cartridges and placed
in the inkjet printer. The substrate is then chosen which may be treated
prior to printing for improved ink adhesion. Some treated substrates
are commercially available, as is chosen for this work (see Section
IV). The print patterns are designed on any digital editing program
and then the pattern is printed layer-by-layer. Between layers, the
substrate may be thermally cured for continuous bulk formation of the
nano-particles. The fabrication process varies in research settings to
include involved and expensive processes/equipment such as plasma
and gas treatment, non-1JP ink deposition, spin-coating, magnetron
sputtering, slot-die coding, precise parameter control, usage of novel
materials, and many other custom techniques [18].

The silver nanoparticle ink used in this work is non-toxic to humans,
in a non-combustible aqueous solution that is eco-friendly, and no

sintering is required during fabrication. The nanoparticle diameter is
approximately 20 nm and the viscosity is within the range needed
to print through home-quality inkjet printer nozzles. The ink cures
on the paper within minutes of printing, with no bleeding into the
substrate or excess ink coming off from sample interaction.

[1l. WORKING PRINCIPLE OF THE SENSOR

The equivalent capacitive circuit for two parallel silver plates inkjet
printed onto a substrate is shown in Fig. 3. The capacitance formed
between these two parallel printed lines can be represented by the
famous Palmer’s equation. The total capacitance manifests a constant
lateral capacitance, C;, and a fringe capacitance, Cy. The charge,
Q, stored across the capacitor due to the constant DC voltage, V, is
defined as

0=CxV=(C+Cs)xV (1)

The Cy varies due to the presence of dieletric material of the feet

and creates a dynamic current flow to balance the charge equation.

dQ dCy

= =Vx e )

An electromagnetic field (EMF) is generated by the applied voltage

in the capacitor model. However, the 1JP capacitor’s EMF lies beyond

the substrate plane, making its capacitance vary based on how the

EMF is perturbed by physical interference. The low voltage supply

and current output of the IJP sensor causes the EMF of the 1JP
capacitor to be small, minimizing the unwanted interference.

Fig. 3: IJP capacitor working principle. The IJP capacitor emits a
small EMF that changes the charge when touched, bent, or deformed.

IV. IJP FOOT SOLE SENSOR FABRICATION

As depicted in Fig. 4, the foot sole sensor is designed as silver (Ag)
nanoparticle parallel plates printed onto polyethylene terephthalate
(PET) film with a standard drop-on-demand, piezoelectric printer
(Epson XP-960). The silver parallel plates are printed with a gap
of approximately 0.8 mm, chosen to be above the printer’s rated
minimum resolution of 0.3 mm to prevent channel shorting via ink
splattering. The ink is then annealed by placing the sensor on a
hot plate for 5 minutes. The placement of parallel plate nodes were
chosen to align with common pressure regions of the foot sole, one at
the top bridge, second along the right arch, and third at the heel [19].
Placement of the pressure points is easily customizable according to
shoe size and pressure profile. While targeted for elderly movement
prediction, the sensor may be adapted for irregular cases such as for
amputees, mobile robots, intensive athletics training, etc.

The samples printed for this work are a men’s size 9. The substrate
thickness is 135 um and costs $180 (NB-TP-3GU100 Mitsubishi
Paper Mills) for 100 sheets. The cost to print is $1.85 per sample,
estimated from 100 mL bottle of silver nanoparticle ink costing $120
(NBSIJ-MUO1 Mitsubishi Paper Mills) at 220 prints per 11 mL
cartridge and $1.80 per sheet of substrate. The printer and cartridges
are one-time costs and not considered in the cost estimation.
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Without touch, the circuit is open and current is blocked. The current
flow through the device increases proportionally to the applied force.

The silver prints used in this work and others have shelf-lives of over
2 years with the most notable degradation being conductivity reduction
caused by exposure to standard room-temperature conditions during
storage. Visually, the degradation is seen as a change in ink color
from silver to yellow-silver. The conductivity degradation over time
does change the device biasing but the sensing behavior remains the
same. Humidity and temperature are well-known challenges in 1JP
sensors due to the short-term effects of heightened electron mobility
in regions of high humidity/temperature such as in this work, where
the sensor will be in a hot and humid shoe during various forms of
exercise. Layering temperature- and moisture-resistant inks, polymer
covers, and EMI shielding are preventative measures to improve
signal reliability before the sensor is ready for patient trials. While
the shelf-life of silver-based sensors is long, the sensor will degrade
much faster when in use, as the friction and pressure wear the
sample down. This primarily affects signal biasing and defines the
length of time a single sample may be used. Further studies of
sensor lifetime are planned. However, IJP sensors are intended to be
quick-use, disposable, and inexpensive options for on-the-go signal
collection/analysis.

V. SENSOR DATA COLLECTION

Data is collected for proof-of-concept signal analysis by placing
the foot sole sensor onto a flat surface (floor) and covering the
sensor with a thin sheet of parchment paper to avoid ink degradation
or sensor damage (Fig. 5). The sensor has a positive and negative
lead connected to the left and right silver routes extending from
the foot sole pattern. Voltage is applied and the current is collected
over time with a Keithley 2604B Source Meter. Three trials of data
collection for 3 minutes each are performed for each class, for both
samples. The full dataset for one sample then contains 36 minutes
of data, which is first processed by removing the settle-time data
at the start of each signal, and then is divided into window sizes
of 0.1 second intervals and labeled by their class so that during
run-time the algorithm outputs a prediction 10 times per second. No

in place on the floor prior to data collection.

normalization is performed on the data for design simplicity, and
may be added for improved results.

The supply voltage requirement is 3.3 V for compatibility with
digital systems. Maximum current flow is 1.4 yA seen in the jogging
category, with the maximum power utilization of 4.6 uW. Average
power for each class is 14.9 nW (not moving), 13.2nW (standing), 47.5
nW (walking), and 75.9 nW (jogging). Fig. 6 shows the distribution
of combined sample data for each class via box plot. “Walking’
and ‘jogging’ show distinct differences to the ‘no movement’ and
‘standing’ classes, seen from the number and magnitude of outliers
(red crosses). As a result, the algorithm will have lower accuracy
when predicting between ‘no movement’ and ‘standing’. The same
box plot metrics were observed for each individual sample and results
were consistent with the combined dataset.

VI. RESULTS ANALYSIS

The data of both samples split into 0.1 second intervals and
combined into a single dataset makes 2247 total inputs for the
MLAS to train/test on. Individually sample 1 has 972 training inputs
and sample 2 has 1274. Using MATLAB, 32 MLAs were trained
and tested on each sample and the combined dataset according to the
four movement classes, with the top performing algorithms shown in
Fig. 7 and the best MLA shown as a confusion matrix in Fig. 8. The
worst performing algorithms across all samples were eliminated from
consideration as the ideal MLA for foot sole movement monitoring.
The more powerful algorithms such as the neural network and kernels
are capable of finding more complex features within the dataset.
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Fig. 6: The concatenated data (current flow) from the samples are
shown as box plots for each movement class.
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Fig. 7: The best performing MLAs are shown for the samples and
combined dataset.

Kernels allow for higher dimensions of training and therefore better
accuracy. For instance, the SVM performs at 79% in the combined
dataset but the highest accuracy MLA of this work (SVM Kernel)
reaches 83.5% simply due to deeper analysis of the signal features.
Similarly, logistic regression is heavily used for binary predictions
but within the Kernel is applied to more dimensions for multiple
class outcomes, making its performance competitive at 82% accuracy.
Sample 1 had higher prediction accuracy across all MLAs and is
attributed to the more distinct distribution of collected data for each
class. Sample 2 had significantly lower accuracy across all MLAs
trained, making the combination of both samples an indicator that poor
selectivity in a given trial run benefits from the greater performances

of other trial runs.
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VIl. CONCLUSION

Inkjet printing of a low-cost, smooth, and flexible foot sole sensor
was performed in this work by designing a simple foot pattern and
printing it onto PET film with silver nanoparticle ink. Current flow
data was collected over time by placing the sensor onto a sturdy surface
and performing the movement action (‘no movement’, ‘standing’,
‘walking’, and ‘jogging’). No movement and standing have less
distinction, thus are classified at lower accuracies and will benefit
from training on greater sample sizes. The top performing MLA for
the samples is the SVM Kernel at 83.5% prediction accuracy as it can
apply the SVM at higher dimensions, finding the features needed
to predict the correct movement class. The IJP sensor approach
presented here is a step towards an adaptable solution for low-profile
movement monitoring.
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