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Design Optimization of a Triboelectric Energy
Harvesting Mechanism for Knee Implants

Alwathigbellah Ibrahim, Shahrzad Towfighian, and Nael Barakat

Abstract—Continuous monitoring of knee implants after total
knee replacement (TKR) surgery can play a significant role in
increasing the patients’ satisfaction rate and extending the lifes-
pan for those implants. The purpose of this study is to optimize
the design parameters of the triboelectric energy harvesting
mechanism to be embedded in knee implants and act as a
battery-less health monitoring sensor. Triboelectric mechanisms
convert mechanical energy into electricity, providing both power
to operate and information about loads transmitted to the knee
from daily life activities. Three different triboelectric energy
harvesters were designed and fabricated with different sizes of
micro-patterns as design parameters. The harvesters are tested
under the simulated walking activity of normal humans. Results
show that the harvester with the smaller micro-patterns size
is better for energy harvesting. Testing at higher frequencies,
all harvesters show an increase in the voltage generated.
Moreover, by increasing the amplitude of the applied axial
load, a higher voltage is generated. Exploring a different design
parameter, which is the harvester’s material, and comparing
to the previously reported baseline, Titanium-based harvester
shows superior from Aluminum-based harvester’s performance.
Also, a single-degree-of-freedom model is used to model the
harvester. Higher applied load results in a higher contact area
and more voltage generation. These findings show the promising
potential of embedded triboelectric transducers to be utilized as
self-powered health monitoring sensors for knee implants and
similar applications.

Index Terms—TKR, Energy Harvesting, Triboelectric, Knee
Implant.

I. INTRODUCTION

CTIVITIES of Daily Living (ADL) expose the human

knee to most of the body loads. Knee pain is a
common complaint that affects people of all ages. Knee
pain may be the result of an injury, such as a ruptured
ligament or torn cartilage. Medical conditions, including
arthritis, gout, and infections, also can cause knee pain.
Many types of minor knee pain respond well to self-care
measures. Physical therapy and knee braces can also help
relieve knee pain. However, in some cases, the knee may
require surgical repair. Total Knee Replacement surgery
(TKRs) is an effective treatment procedure that can reduce
knee pain and improve the ability to move. The increment
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in the number of TKR surgeries requires optimization in the
implant designs to achieve better performance. However, the
lack of information for post operations spurs the researchers
to design load monitoring devices for post-operation data.
Such information can help estimate the complications that
follow the surgery and improve future designs. Nevertheless,
the continuous powering of those health monitoring devices
continues to be a challenge.

To solve this problem, different attempts have been proposed
to address the powering issue. One major solution reported
in the literature is based on piezoelectric energy harvesting
mechanism [1]-[7]. The first self-powered instrumented
TKR attempt was reported by D’Lima et al. [8], [9] in
2006. The mechanism consisted of a coil around the knee.
This coil was found to be inconvenient for the patients.
Platt et al. [10] proposed an orthopedic implant to generate
electrical energy using embedded piezoelectric ceramics in
the tibial implant. However, the high thickness of the PZT
element required removing a significant amount of the tibial
bone during TKR surgery. Later, extensive in vivo studies
were reported to measure the loading of the knee joints
during daily living activities by the Bergmann group [11]-
[13]. They provided complete details about the forces and
moments acting on the knee joints. However, their work’s
major drawback was that the reported data was measured
for a specific implant design and cannot be transferred
directly to other implants or the natural human knee.
The use of sensors for intra-and postoperative estimation
has created much enthusiasm for biomedical research in
recent years, particularly in the field of orthopedics. Such
intra-operative sensors are available commercially for total
knee replacements. However, they only help provide data in
the operating room and should be removed by the end of
the surgery [14]-[16], and the postoperative measurements
are missing. Consequently, other issues have come into the
picture with this method. In general, piezoelectric energy
harvesters have some drawbacks, such as the relatively
higher cost of the piezoelectric materials and applications’
difficulty in harsh environments. The smaller size and the
biocompatibility issues continue to be the biggest challenges
in implanted piezoelectric harvesters.

A more recent technique has been reported to show
promising results in converting mechanical energy into
electricity based on triboelectrification and electrostatic
induction [17]-[22]. This new mechanism has attracted
significant attention in the research community because
of its design simplicity, high energy conversion efficiency,
wide material spectrum, low cost, easy fabrication, and wide
applications [23]. The triboelectric mechanism requires an
insulator that, under repeated rubbing with other appropriate
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material with the opposite tendency to lose and gain
electrons, will generate electricity [23]-[25]. Under applied
dynamic pressure, charges are generated from the friction of
the two contact surfaces. The interaction between selected
micro-patterns on the surfaces causes an increase of the
contact area, which significantly enhances the harvester’s
output. This property makes triboelectric harvesters suitable
for a knee implant because of the large amplitude of forces
available.

The triboelectric effect is characterized by transferring
electrons inductively from one material to another when
they come in and out of contact. It occurs due to the
affinity difference to gain or lose electrons [23], [24]. Due
to its advantages such as biocompatibility, high efficiency,
low fabrication costs, and lightweight, the triboelectric
generator has been used recently in wide energy harvesting
applications [29], [30]. The feasibility of the triboelectric
energy harvester in powering electronic circuitry for load
sensing has been tested and reported in the literature
with relatively high efficiency [31]. When the harvester
is subjected to cyclic loading, the triboelectric harvester
generates a voltage signal dependent on the harvester’s
design parameters. These parameters include the gap size
between the mating parts, the thickness of the harvester’s
material, and external resistance, to name a few. These
parameters are designed and configured to fit the harvester
in a TKR to monitor the knee loads [32]. The estimation
of the knee loads by the triboelectric generator can help
determine the wear in polyethylene, stress distribution in
the implant and the implant-bone interface, and the stress
transferred to the underlying bone [33].

This paper presents the results of an experimental inves-
tigation into the effect of design parameters optimization
of the triboelectric harvester, such as surface micro-pattern
size and configuration, and material selection, on the output
voltage generated through triboelectricity under a simplified
equivalent gait load, with the intent of using this energy
harvesting mechanism in TKR applications. A single-degree-
of-freedom system with a piecewise function is used to
model the contact and release modes and voltage estimations
under different loading conditions. The results can be adapted
for further optimization and information collection for high
implant performance in future health monitoring systems
designs. In addition, this study will be considered the base
for further investigation of triboelectric energy harvesting
applications for load monitoring in total knee replacement.

II. APPLICATION

The instrumented knee implant is shown in Fig. 1, where
it consists of the femur and femoral components, the tibia
and tibial tray, the Ultra-high-molecular-weight polyethylene
(UHMWPE), and the triboelectric energy harvesters. The
triboelectric energy harvesters are placed at the center of
the medial and lateral positions between the tibial tray and
the UHMWPE bearing, as shown in Fig. 1. The total axial
load will be distributed to the medial and lateral parts under
walking activity at different load ratios that are proportional
to the voltage generated from the two locations.
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Fig. 1: Schematic of the triboelectric energy harvester configuration.

Tibia

III. METHODOLOGY

Three triboelectric energy harvesters were designed and
built with different parameters as shown in Fig. 2. Each
generator consists of two major parts: the upper part,
which is made of Titanium with a micro-pattern, and the
lower part, made of Polydimethylsiloxane (PDMS) insulator
material fabricated using the upper Titanium layer as mold
and bonded to a thin aluminum layer. Both Titanium and
PDMS material is reported as biocompatible material and
hence are suitable for TKR [26]. The shaded area represents
the area with micro-patterns. A 3D-printing technology was
used to create multiple Titanium molds with micro-patterns
of saw teeth made with 300 pm and 100 pm sizes. Because
of the limitations of 3D-printing technology, printing molds
with smaller micro-patterns size was difficult. To overcome
this issue, an Al mold with 25 pum was made through CNC
machining. The microscopic pictures for the three molds
are shown in Fig. 3a, while the corresponding SEM images
for the fabricated PDMS layers are shown in Fig. 3b.

300Ti 100 Ti 25Ti
i 15mm ; i 15mm | {15mm

- —— -

300 pumTi 100 ym Ti 100 pm Ti
300 ym PDMS 100 ym PDMS 25 um PDMS
t=1mm t=1mm t=1mm

Fig. 2: Schematic of the triboelectric energy harvester configuration.

Four rubber springs at the corners are used to separate the
generator layers by 0.5 mm. The rubber springs will create
a mechanical restoring force that will maintain a contact
and separation motion between the two layers under normal
walking activity of daily living. The walking activity will
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transfer an axial load to the triboelectric energy harvester
through a tibial tray.

(a)

Fig. 3: (a) Microscopic images for the 300 pm, 100 pm Ti, and
the 25 pum Al molds, (b) SEM images for the PDMS made using
300 pm and 100 pm Ti molds. The dashed horizontal line is the
distance between teeth peaks and labeled with (H) letter, while the
solid vertical line is the saw depth and labeled with (V) letter.

IV. WORKING MECHANISM

The cyclic contact and separation motion will result in an
interaction between the micro-patterns in the two layers
of the triboelectric generator. The working mechanism is
schematically illustrated on the combination of contact tri-
boelectrification and electrostatic induction, shown in Fig. 4.
Initially, the two electrodes are separated from each other
and no charge exists, as shown in Fig. 4a. When the axial
force is transferred to the knee, the upper Titanium layer
contacts the PDMS insulator, and charges would transfer
from the PDMS layer due to a higher surface electron affinity,
shown in Fig. 4b. Once a relative separation occurs between
the Titanium and the PDMS layers, the negative charges on
the surface of the PDMS will induce positive charges on
the Aluminum electrode to compensate for the triboelectric
charges, driving free electrons to flow from the Aluminum
to the Titanium, as seen in Fig. 4c.
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Fig. 4: Operating mechanism for the triboelectric energy harvester.

This electrostatic induction process can generate an out-
put voltage/current signal. When the negative triboelectric
charges on the PDMS layer are completely balanced by the

induced positive charges on the Aluminum electrode, no out-
put signals were produced, shown by Fig. 4d. When Titanium
approaches the PDMS layer, the induced positive charges
on the Aluminum electrode decrease, causing the electrons
to flow from the Titanium to the Aluminum electrode until
the PDMS layer becomes fully in contact with each other
again, resulting in a reversed output signal, as in Fig. 4e.
This is a full cycle of the electricity generation process for the
triboelectric generator. With a periodical touch on the PDMS
layer, an alternating electricity output can be continuously
generated. The larger the axial force transferred to the knee,
the more power will be generated.

V. EXPERIMENTAL SETUP

Flextest

Fig. 5: Experimental setup including a zoomed view for the gener-
ator.

A Material testing system (MTS), MTS 858 mini bionix II
servohydraulic test system, was used to test the different
triboelectric energy harvesters and estimate their range power
output. Since the back of the UHMWPE bearing and tibial
tray in TKR is flat, as an approximation, the triboelectric
generators are placed between two flat cylinders. Further-
more, the normal walking activity is simplified as a uniform
half-sine wave at 1 Hz. The MTS machine transfers the axial
load to a triboelectric generator placed on top of the lower
stationary cylinder attached to a load cell, simulating gait
motion. The generated voltage signal is measured through ex-
ternal load resistance using the Keithley M6514 electrometer
and ExceLINX4a corresponding software. A schematic of the
experimental setup showing all tools used in this experiment
is shown in Fig. 5.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The three fabricated TEG were experimentally tested using
the previously mentioned experimental setup under equiva-
lent walking gait load to check the effect of the design param-
eters on the generator’s performance in terms of generated
power quantity and range, as well as acting as a load sensor.
The walking gait load was approximated as a sine-wave
and applied to the generators at different amplitudes and
frequencies. The first test included exposing the TEGs to the
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same conditions. This allowed the exploration of the effect of
the micro-pattern size on the generated output voltage signal.
A constant load of 600 NV at 1 Hz and a constant external
resistance of 22 M2 were applied to each generator using
the MTS machine. The generated voltage was measured
using a Keithley 6514 system electrometer. Fig. 6 shows
the generated voltage signals for the three generators. The
25 T generator with the smallest pattern size generates the
highest output voltage. These results were expected because
the smaller pattern size will result in a higher surface area of
contact between the mold and the PDMS layers, and hence,
higher output voltage.
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Fig. 6: The generated voltage from the three TEGs at 600 N, 1 Hz,
and constant external resistance of 22 M2 . Smaller pattern size
shows higher voltage outputs.

The second test included exposing the TEGs to changing
frequency of the equivalent gait load while reserving the
previous test conditions and changing the input frequency to
1 Hz,3 Hz,and 5 Hz. Fig. 7 shows the effect of varying the
gait frequency on the output voltage for the three generators,
where higher frequencies show higher generated voltages.
This can be related to the fact that higher frequencies corre-
spond to more periodic contact and separation between the
generator layers. In addition to the previous results, the effect
of the pattern size is also confirmed at higher frequencies,
ie.,, 3 Hz and 5 Hz, where the generated voltage from
the 25 T% generator, as in Fig. 9, has the maximum output
voltage compared to the 300 7% and 100 Tz generators
outputs, in Fig. 7 and 8.
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Fig. 7: The generated voltage from the 300 um TEG at 600 N,
22 M, and at different gait frequencies.
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Fig. 8: The generated voltage from the 100 pm TEG at 600 N,
22 M€, and at different gait frequencies.
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Fig. 9: The generated voltage from the 25 pm TEG at 600 N,
22 M, and at different gait frequencies.

To estimate the enhancement achieved from the new gener-
ators compared to our previous prototype generator reported
in [27], the 100 7% generator was selected to be tested since
this generator shares the same pattern size of 100 pm with
the reported Al TEG [27]. However, the previous prototype
had a five times higher area than the 100 7. To make the
comparison valid, the outputs of the prototype should be
divided by unit area. Toward this, the 100 7' is tested under
different gait loads up to 900 N at 1 Hz and at the optimal
resistance for the prototype, equivalent to 58 M. Fig. 10
shows the output voltages from 100 7% at different gait loads
compared to the outputs of the previous design at the same
loads. The generated voltage from both generators for lower
loads is very close in value. However, increasing the gait load
above 300 N shows that higher outputs are generated from
the 100 T'i compared to Al. It is worth mentioning that the
results from the previous design were achieved at the optimal
resistance of that generator, 58 M (2, which may or may not
be the optimal resistance for the 100 7% generator. However,
for both cases, the 100 7% proves that better performance
can be achieved than the previous design. Therefore, in
addition to the biocompatibility of the Titanium material
over the Aluminum in joint replacements, the Titanium-based
harvester shows superior performance over the Aluminum-
based harvester’s performance.
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Fig. 10: A comparison between the outputs of the prototype and
the 100 7' generators at 1 Hz, 58 M2 resistance, and at different
gait loads. 100 7% shows better performance than the prototype
generator.

VII. THEORETICAL MODEL

The rubber springs will hold the upper electrode. When the
system undergoes a vertical load, the upper electrode will
be displaced toward the PDMS layer. When the applied load
is removed, the springs will return the upper electrode to
its original position. When the applied load becomes cyclic,
a contact and separation motion between the two layers
will be created, and a charge electrification generation will
occur. The upper and lower electrodes of the triboelectric
generator are simplified to act as a parallel plate capacitor.
Two electrical fields are generated, one at the PDMS layer
and one at the air gap between the two electrodes. According
to this, the electrical equation that governs the output voltage
is given by:

Where ¢(t) is the number of transferred charges between
the two electrodes, S, is the maximum area of contact
based on the generator layers dimensions. S(F') is the
surface area of contact under contact separation motion. R
is the resistance, and 7' is the thickness of the PDMS layer.
€0 = 8.85 % 10'2 F/m is the vacuum permittivity, €, is the
dielectric constant of the PDMS, and o is the surface charge
density. The contact-separation motion between the harvester
electrodes can be modeled as a single-degree-of-freedom
system with a piecewise function to model the contact and
release modes and estimate produced voltage. According
to Fig. 4, the upper layer will start to displace under an
applied force and start to penetrate inside the PDMS layer.
Accordingly, the displacement of the springs will increase
proportionally to the increased applied force. Experimentally,
the upper layer will undergo a half-sine waveform as shown
in the normalized displacement, Fig. 11. The experimental
displacement can be represented mathematically by the fol-
lowing piecewise form:
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Fig. 11: Half-sine wave normalized displacement.

Where W(t) is the normalized displacement function at 1 Hz
motion matching regular human walking motion. Y4, is
the maximum possible penetration of the upper layer in the
PDMS layer, which is assumed to be 90% of the total PDMS
thickness. A representation of this displacement is shown in
Fig. 12.
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Fig. 12: Maximum possible penetration of the harvester’s upper
layer in the PDMS layer.

The surface charge density is a function of multiple factors,
such as the materials’ chemical properties and the micro-
surface patterns that control the area of contact [28]. There-
fore, to counter this variability in the model, the surface
charge density is assumed to have a similar form to the
normalized displacement wave and be a function of the
applied force F' and time as shown below:

o(F,t) = 151072 % F % U(t) 3)

The voltage produced by the generator is the total voltage
produced in the air gap and the PDMS layer. By solving
equations 1-3 using the parameters on Table. I, we can
estimate the voltage signal produced at any applied force. At
the beginning, we will investigate the effect of the applied
load on the amount of voltage generated. Toward this, the
maximum area of contact, S,,.., and the surface area of
contact, S(F’), are assumed to be equal and cancel each
other in the last term of Eq. 1. Fig. 13 shows the generated
voltage signal resulting from applying 100 N cyclic loads.
The maximum output voltage of 4.4 V is generated.
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TABLE I: Parameters used in the model.

Parameters Value
Forcing Frequency Q| 1Hz
PDMS Thickness T | 50 um
Permeability of free space ¢y | 8.85 % 1012 F/m
Permeability of PDMS er | 3.4 F/m
Resistance R | 22 MQ
4
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Fig. 13: Simulated voltage output from the TKR triboelectric
generator at an applied load of 100 N.

Increasing the applied load amplitude to 600 N results in a
significant increase in the generated voltage signal shown in
Figure 14, where the maximum output voltage reaches 26.8
V.
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Fig. 14: Simulated voltage output from the TKR triboelectric
generator at an applied load of 600 N.

To investigate the effect of the contact area, the surface
charge density is assumed to be constant of 5.5%10~7, while
the surface area of contact, S(F'), is assumed to be variable
and function of the applied force and given by Eqn.4:

S(F)=31%10""xF 4)

The voltage generated under 100 N is shown in Fig. 15,
where a 2.4 V generated voltage is achieved. By increasing
the applied load to 600 N, the generated voltage amplitude
reaches a higher value of 14.6 V, Fig. 16. The higher
generated voltage at the higher applied load is because
more penetration of the upper layer inside the PDMS layer
results in more accumulated charges. These outcomes show
that triboelectric energy harvester is a function of different

parameters that can significantly affect the amount of energy
harvested. Furthermore, these findings open the door for op-
timization studies to achieve high-performance triboelectric
energy harvesters.
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Fig. 15: Simulated voltage output from the TKR triboelectric
generator with variable surface area of contact and at an applied
load of 100 N.
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Fig. 16: Simulated voltage output from the TKR triboelectric
generator with variable surface area of contact and at an applied
load of 600 N.
VIII. CONCLUSION

Experimental investigation of design parameters on
triboelectric energy harvesters for load measurements of
TKR was conducted using three different TEGs. The
harvesters were tested under simplified equivalent axial
gait loads using an MTS machine. The harvester with
the smallest pattern size of 25 pum shows the highest
output generated. Also, frequency and load effects on
the generated voltage were examined. Higher voltage
output was generated by increasing the applied load. The
proportionality of the generated voltage to the applied load
shows a promising concept for employing the triboelectric
energy harvester mechanism for load sensing in TKR. In
addition, a theoretical single-degree-of-freedom model is
presented, where the effect of the applied loads and surface
area of contact is explored. Higher applied load results
in a higher contact area and more voltage was generated.
Furthermore, the biocompatible Titanium-based harvester
shows a better performance than the Aluminium-based
harvester, opening the door to optimizing the load sensor
for the TKR.
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