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Abstract—The emerging need of wearable healthcare moni-
toring systems for e.g. predicting cognitive decline, necessitates
practical requirements such as high sensor sensitivity and low
fabrication costs. In this work, we present an ultrasensitive
piezoelectric insole using 3D-printed flexible piezoelectret with
a readout circuit that sends measurement data via WiFi. The
insole is printed using pure polypropylene filament and consists of
eight independent sensors, each with a piezoelectric ds3 coefficient
of approximately 2000 pC/N. The active part of the insole is
protected using a 3D-printed polylactic acid cover that features
eight defined embossments on the bottom part, which focus
the force on the sensors and act as overload protection against
excessive stress. In addition to determining the gait pattern, an
accelerometer is implemented to measure Kinematic parameters
and validate the sensor output signals. The combination of the
high sensitivity of the sensors and the kinematic movement of
the foot, opens new perspectives regarding diagnosis possibilities
through gait analysis.

Index Terms—Ferroelectret, piezoelectret, 3D printing, gait
analysis.

I. INTRODUCTION

Healthcare solutions to improve the quality of daily life
and to enable early diagnosis of diseases are rapidly gain-
ing in importance. Some neurodegenerative diseases such as
Alzheimer’s and Huntington’s disease have symptoms that
involve deficits in gait and balance [1]. Therefore, wearable
insoles for gait analysis have become a very active research
topic. Various techniques have been proposed including dif-
ferent force measurement principles such as capacitive [2],
resistive [3] and piezoelectric insoles [4]. In this context,
piezoelectric insoles feature additional advantages compared
to the other principles due to their simple structure, high
sensitivity and their unique ability to be self-sufficient [5].

Within the category of flexible piezoelectric polymers,
piezoelectrets (also known as ferroelectrets) made of cellular
polymer foams were first introduced 20 years ago, and feature
a large piezoelectric activity of approximately 200pC N~!
[6]-[9] outperforming classical PVDF with 25 pC N,

As a further development step of the cellular polymers,
hybrid systems with artificial air-filled voids fabricated through
thermoforming, have been intensively studied in recent years
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Fig. 1. Schematic representation of the smart insole embedded in a person
shoes. The exploded-view of the insole displays two grey layers consisting
of printed PP, that form together the piezoelectret. The two outer blue layers
consist of PLA and present the cover of the piezoelectret.

[10]-[14]. These artificial piezoelectrets feature a piezoelec-
tric activity that depends on the voids geometry. Thereby,
very large longitudinal piezoelectric ds3 coefficients up to
23000 pCN-~! were achieved [15].

Due to the large piezoelectric coefficients and mechanical
flexibility of such materials, they were used in several energy
harvesting devices [16]-[21] and even reached a normalized
output power up to I mW [22].

Recently, 3D-printing of piezoelectrets as a new manufac-
turing route has been investigated using known electret mate-
rials such as polypropylene (PP) [23], acrylonitrile butadiene
styrene (ABS) [24] and polylactic acid (PLA) [25], [26]. It
has been shown that through a proper void geometry, large
piezoelectric ds3 coefficient up to 600 pC N~! can be achieved
[26].

In this work, we present a flexible 3D printed insole consist-
ing of an active layer sandwiched between two cover-layers.
The active layer is printed using PP and exhibits eight cavities
that can be treated to act as independent piezoelectric sensors.
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The insole is tested regarding the piezoelectric response of
each sensor and its applicability in gait analysis. The main
focus hereby is providing a very sensitive, low-cost and
self-sufficient insole for gait analysis, and, thus, also health
monitoring.

II. PREPARATION OF THE INSOLE

The piezoelectret, which is the active part of the insole,
is printed using polypropylene (PP) and exhibits eight well
defined circular cavities, each with 30 mm diameter. Due to the
large diameter of the cavities, bridging them results in unde-
fined sagging of the printed lines, thus hindering the charging
process. Therefore, the piezoelectret is assembled from two
independently printed parts. The first part is 0.3 mm thick,
with cavities of 0.2 mm and the second part is an unstructured
plane-parallel film (Fig. 1). The two parts are subsequently
thermal-bonded and together form the piezoelectret structure.
The insole geometry is designed in Autodesk Fusion 360
(Autodesk, Inc) and prepared for 3D printing using an open
source software (Slic3r). The latter divides the 3D model into
layers defined as movements of the three axis of the 3D printer
(Prusa Mk3s, Prusa3d DE). Each printed layer is 0.1 mm thick,
using a printing speed of Smms~!. The nozzle diameter is
0.4 mm that extrudes fused PP-filament (Formfutura BV) on
a spring steel sheet with smooth double-sided Polyetherimide
(PED) as the printing bed.

The assembled insole is then provided with a large-area
electrode on the outer side of the flat PP film and eight
electrodes on the outer side of the structured PP film (Fig. 1).
The eight electrodes feature a diameter of 20mm and are
placed on top of the eight cavities.

The polarization of the structure is carried out under ambient
conditions by applying a DC voltage of -7kV (power supply
HCN 350-20000, fug Elektronik GmbH) on each sensor,
resulting in large electric fields in the air-filled cavities.
When these electric fields exceed the breakdown electric field
strength Fg in air, a Paschen breakdown [27] is initialized
generating micro-dipoles between the two polymer walls.
The positive and negative charges remain quasi-permanently
trapped and form the piezoelectret [Fig. 2(a)]. The charged
insole is then placed between two 3D-printed PLA layers as
a cover. The printing parameters of PLA filament have been
reported in previous publications [25], [26].

The bottom layer of the cover features eight embossments
in order to maximize the force on the active area while
walking. Each embossment features a diameter of 20 mm,
which corresponds to the electrodes diameter (Fig. 1) and a
thickness of 0.1 mm. The thickness of the embossments limits
the maximum possible deformation under an external load.
This also serves as a safeguard as well since the weight of
individual persons can vary significantly. The top layer of the
cover, on the other hand, is flat to ensure the comfort of the
person walking.

ITII. CHARACTERIZATION OF THE INSOLE AND
MEASUREMENT CIRCUIT

The piezoelectric response is characterized by measuring the
ds3 coefficient of each sensor using the quasi-static method.
First a mass of 200 g and 20 mm diameter is applied to the sen-
sor for an extended period of time (3 min). After removing the
mass, the previously induced charge is measured by means of
an electrometer (6517A, Keithley Instruments) and integrated
over 10s. The measured piezoelectric ds3 coefficient of all
sensors is approximately 2000 pCN~'. This value, however
is only valid for small loads up to approximately 10N. A
larger deformation than 0.1 mm is restrained by the contact
of the large surface of the cover with the rigid surface of the
piezoelectret [Fig. 2(a)]. Note that a discharge of the films
has not been observed in the case of contact. An increase of
the load still deforms the entire structure since the polymers
compress, although with a much smaller amplitude compared
to the initial deformation of the air cavities.
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Fig. 2. Scheme of the gait analysis: (a) Illustration of a deformed cavity when
an external force is applied to the insole, (b) measurement circuit of one sensor
using single supply operational amplifier design and (c) the used hardware
consisting of the measurement circuit of all eight sensors, an accelerometer
(MPU 6050) and a microcontroller (ESP32 Feather Board).

In view of its practical interest as sensor for gait analysis, a
measurement circuit is designed, that measures the individual
voltages of the sensors when a force is applied (Fig. 2).
The output voltage of each sensor is measured through the
voltage divider Ry and Ry [Fig. 2(b)]. The capacitor C; is a
coupling capacitor that acts as DC blocking component and
Cs is used to bypass the ac signals appearing on the supply
line. For the single supply configuration an artificial zero-
signal reference voltage is fixed between the supply rails using
the voltage divider consisting of two resistors 3. The same
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Fig. 3. Normalized output voltages of the eight sensors of the insole corresponding to the signal generated by a walking 60 kg male of foot size 40. The heel
part includes the sensors from one to four and their signals are shown on a blue background. The forefoot area include the sensors from five to eight and

their signals are shown on a red background.

resistor R3 is used to establish the bias at the midpoint of the
supply voltage. The output voltages of all eight operational
amplifiers are converted to digital signals through an analog-
digital-converter (MCP3008), which transmits the sensors data
to the microcontroller ESP32 through the Serial Peripheral
Interface (SPI). The ESP32 in turn sends the measured data
to a computer as a data receiver using the communication
protocol User Datagram Protocol (UDP). The MPU6050 is
an accelerometer and gyroscope which is used to track and
validate the walking steps. Further signal processing of the
data is beyond the scope of this paper and will be published
separately.

IV. EXPERIMENTAL RESULTS OF THE GAIT ANALYSIS

The measurement results correspond to a walking 60kg
male of foot size EU 40 (Fig. 3). An enumeration of the sensor
locations is given to compare the sensors of the insole, which
helps allocating the measurement results to their corresponding
measured sensor. The sensors placed on the heel part of the
foot are enumerated from 1 to 4 and the ones placed on the
forefoot from 5 to 8.

One stride can be divided into two major phases, i.e.
stance phase and swing phase [28]. The transition from swing
phase to stance phase (heel-strike) corresponds to stressing
the sensors whereas the opposite transistion (toe-off) marks
the release. The stressing results in negative voltage output
of all sensors whereas the release results in a positive output
voltage. The polarity of the output voltage depends on the
utilized charging polarity of the sensors. The maximum strike
of one sensor corresponds to approximately 150V which is
converted to 3.3V on the measurement board. However, since
the focus of this work lies solely on detecting the movement,
only the normalized output signals are considered.

The shapes of the sensor signals differ from each other
due to the different load types while walking (Fig. 3). In

the present case, Sensor 1 shows first an increasing voltage
followed by the main strike. The increasing voltage matches
the contact of the edge of the heel with the ground resulting
in a small inclination of the insole. The inclination acts as
stressing the sensor in the positive z-direction leading to a
positive output voltage. Afterwards, the heel stresses the sensor
in the negative z-direction and causes the main strike presented
by the negative voltage peak. Further movement forward first
releases sensor 1 and then inclines the insole one more time.
This results in an overlap of the two deformation stages which
can be seen at the signal shape.

Sensor 4 is placed under the arch of the foot resulting in
smaller deflections and larger release signals. The amplitude
of the strikes of this sensor depends on the arch of foot. A
flatfoot would result in larger strikes.

The last sensor to be stressed when moving forward is
Sensor 8. The effect of first releasing the sensor followed by
the strike can be seen with a time delay. If only the time delay
between strikes is considered, moving forward and backwards
can be detected. If the magnitude of the strikes is as well
considered, walking and running can be distinguished from
each other.

V. CONCLUSION AND OUTLOOK

In this work, we designed an ultrasensitive insole using
ferroelectret based mechanical sensor. 3D-printing the insole
with well-defined artificial cavities broadens the possibili-
ties of piezoelectric insole design. Designing more complex
structures using 3D printing techniques is a field with great
potential. In this context, different application fields can be
incorporated by designing custom insole with adjustable local
sensitivities. The readout circuit suggested is simple and con-
sists of low-cost discrete components, which is an additional
advantage of using piezoelectric sensors.
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