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Abstract. Although the number of total knee replacement (TKR) surgeries is
growing rapidly, functionality and pain-reduction outcomes remain unsatisfactory
for many patients. Continual monitoring of knee loads after surgery offers the
potential to improve surgical procedures and implant designs. The goal of this
study is to characterize a triboelectric energy harvester under body loads and to
design compatible frontend electronics to digitize the load data. The harvester
prototype would be placed between the tibial component and polyethylene bearing
of a TKR implant. The harvester generates power from the compressive load.
To examine the harvester output and the feasibility of powering a digitization
circuitry, a triboelectric energy harvester prototype is fabricated and tested. An
axial tibiofemoral load profile from normal walking (gait) is approximated as a
1 Hz sine wave signal and is applied to the harvester. Because the root mean
square of voltages generated via this phenomenon is proportional to the applied
load, the device can be simultaneously employed for energy harvesting and load
sensing. With an approximated knee cyclic load of 2.3 kN at 1 Hz, the harvester
generated output voltage of 18 V' RMS, and an average power of 6 uW at the
optimal resistance of 58 M (). The harvested signal is rectified through a negative
voltage converter rectifier and regulated through a linear-dropout regulator with
a combined efficiency of 71%. The output of the regulator is used to charge a
supercapacitor. The energy stored in the supercapacitor is used for low resolution
sensing of the load through a peak detector and analog-to-digital converter.
According to our analysis, sensing the load several times a day is feasible by
relying only on harvested power. The results found from this work demonstrate
that triboelectric energy harvesting is a promising technique for self-powering load
sensors inside knee implants.
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1. Introduction

Activities of daily living such as walking, running, and jumping result in the transfer
of significant loads through the human knee joint [1]. An epidemic of osteoarthritis
and associated cartilage degeneration, even in young and active patients, has
increased total knee replacement surgeries that use prosthetic components. Although
most patients are satisfied with the outcomes of these surgeries, approximately 20%
are not satisfied with the resulting levels of functionality and pain after surgery [2].
A major contributor to poor functioning TKRs is incorrect ligament balancing
[3], which can accelerate wear from joint reaction force imbalances and promote
prosthetic loosening [4]. While there are various techniques to analyze the kinematics
of TKRs after surgery, the loads experienced by these devices are challenging to
measure, and the loads can eventually lead to implant failure.

To obtain more information about the functionality of the knee within and
after the surgery, different implanted TKRs are proposed in the literature. In 2006,
the first sensor is embedded in a TKR for a senior, male patient by D’Lima et
al. [5,6]. The implanted TKR sensor consists of four load cells with a wireless micro-
transmitter. However, the major limitation of their design is the power source where
a coil system was placed around the knee. This method may affect the accuracy
of the collected data. Later, extensive in vivo studies were reported on measuring
the loading of the knee joints during activities of daily living by the Bergmann
group [7-9]. They provided complete details about the forces and moments acting
on the knee joints. However, the major drawback of their work 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 post-operative guidance has created much
enthusiasm in biomedical research in recent years, particularly in the field of
orthopedics. Such intra-operative sensors are available commercially for the total
knee replacements. However, they only are useful to provide data in the operating
room and should be removed by the end of the surgery [10-12], and therefore the
post-operative measurements are missing. Because the required in vivo information
consists of gathering force measurements during and after surgery, recent studies
investigated sensors that can measure the knee loads and use them to harvest
energy [13-17].

A common mechanism proposed for a self-powering load sensor is piezoelectric
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transduction. Piezoelectric energy harvesters generate a voltage from deformations.
Platt et al. [14] investigated the benefits of piezoelectric ceramics in total knee
replacement applications. They found that piezoelectric power generation is a
promising technique for in vivo sensors and embedded MEMS devices. Almuuahed
et al. [13] investigated four self-powered knee-load sensors using piezoelectric
transducers placed between the tibial tray and a polyethylene bearing. The design
can detect the knee forces and harvest energy up to 5 mW under normal walking
activity. In a recent study, Safaei et al. [17] presented an optimized design and
embedded the piezoelectric sensor in the polyethylene bearing, which is considered
preferable and more suitable with traditional and FDA-approved tibial components.
However, piezoelectric ceramics are brittle, limiting the strain they can withstand.
Flexible piezoelectric materials have been made but they have lower piezoelectric
constants.Other transducers such as electromagnetic mechanisms have been proposed
for knee implants by Luciano et al. [18]. They used coils on the tibial plate and
magnets on the femoral insert to convert their relative rotations to electricity. The
limitation of their proposed design is that it may not be easily incorporated into a
variety of implant designs and can affect the strength of the implant.

In recent years, a triboelectric mechanism has been demonstrated as an
alternative method for mechanical energy harvesting [19-21]. Compared with other
harvester types such as piezoelectric or electromagnetic, the greatest energy density is
obtained with the triboelectric transducer. The triboelectric transduction mechanism
has the advantages of simple fabrication, excellent reliability, high efficiency, and
low cost. In the triboelectric mechanism, contact electrification happens when two
different materials at different polarities come into contact with each other and then
separate for a small gap [22-27]. The small separation needed between triboelectric
materials to generate power means the device can be packaged to allow a suitable
amount of deformation in an embedded sensor. The gap, usually in a range of
100-300 microns, can be tuned to maximize the amount of energy harvested. The
cyclic process leads to the flow of charges between the two triboelectric layers and
alternating current is produced. The harvester output voltage RMS is proportional
to the load because larger forces cause the generator’s two layers to become more
deeply engaged and more charges are generated, leading to larger output voltage.
This proportionality and the large compressive loads available at the knee make
triboelectric generators an appropriate mechanism to harvest energy.

Previously reported attempts at harvesting energy in TKR implants to
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power telemetry circuitry have employed piezoelectric and electromagnetic power
generation, and share the common limitations mentioned above. The feasibility of
the triboelectric mechanism for pressure sensor application was first investigated by
Fan et al [28]. The sensor was studied for ultra-low pressure ranges such as those
induced by dropping a feather. In this study, we are investigating the feasibility of
the triboelectric mechanism to act as a sensor under the high pressures that happen
at the knee implant. We propose a triboelectric energy-harvesting load measurement
system that can be installed between the Ultra-High-Molecular-Weight Polyethylene
(UHMWPE) bearing insert and the tibial tray of TKR implants, allowing the
load measurement to be incorporated into any TKR system. Triboelectric power
generation in TKR implants has never been demonstrated, therefore this paper
focuses on the development and experimental characterization of a prototype device
at physiologically relevant load magnitudes and frequencies.

2. MATERIALS AND METHODS

2.1. Triboelectric Generator Configuration

I Allayer
PDMS

[ Almold

Il Rubber

52mm

Figure 1: Schematic of the triboelectric energy harvester configuration

A schematic for the triboelectric generator is shown in Fig. 1. The harvester is
composed of two major parts separated with rubber springs: an upper Aluminum
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part and a lower PDMS part bound to a bottom Aluminum layer. The device
operates based on the periodic contact and separation between upper and lower parts.
The required separation is small, within a range of less than 300 microns. The upper
Al part is a used as a mold with micropatterns. The lower part is made from a thin
Aluminum substrate glued to a polydimethylsiloxane (PDMS) layer. The PDMS
layer is fabricated using the upper Aluminum as a mold, and the two layers have
reverse micropatterns. This PDMS material is considered biocompatible and used
widely for implantable devices applications [29]. When a cyclic axial force is applied
to the generator, the rubber springs will be compressed and then the upper and lower
parts undergo a continuous contacting and separating motion. This contact and
separation mechanism between the two surfaces with micro-patterns spurs charges
to be generated. The more force the larger the output will be. This feature enables
the triboelectric generator to be an effective energy harvesting mechanism at the
knee joint.

2.2. Triboelectric Transducer Fabrication Process

The fabrication process for the PDMS layer depends on the upper AL mold. This
mold is designed and made by Progressive Tools [30] with dimensions of (5.2 x 3.7
X 0.4) cm. The harvester area is 19.24 ¢m? and is as large as the usable area of
a typical tibial tray in knee implants. Our mold is designed with semi-cylindrical
grooves, as shown in Fig. 2a, to increase the surface contact between the two layers.
First, the top Al mold is immersed in distilled water and placed in an ultrasonication
machine for 10 minutes. Then the process is repeated twice with acetone and water,
respectively. After that the Al is dried with Nitrogen. A 10 : 1 mixture of a silicone
elastomer base and a curing agent is made to form the PDMS layer. The mixture is
placed in a vacuum chamber at —17 PSI until all air bubbles are removed from the
mixture. After that, the mold and a square piece of glass are treated with STH5841.0
material in a vacuum chamber for half an hour. This treatment helps in peeling the
PDMS layer from the Al mold after baking. The PDMS mixture is poured on the
glass, and immediately the molds are placed over the PDMS mixture and pressed
slowly at an angle to reduce the air bubbles in the final PDMS layer. The glass with
the mixture and Al mold is placed on a heater and baked at 80°C' for an hour. After
baking, the PDMS layer is peeled from the Al mold yielding a 320 pm thick PDMS
layer, with a semi-cylindrical reverse pattern, as shown in Fig. 2b. To create the
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lower electrode, a thin Al layer is spin coated with a thin layer of the PDMS mixture
and baked for an hour at 80°C'. Then, the Al layer is plasma treated and bonded to
the PDMS layer.

EHT = 1.50 kV Signal A = SE2 Date :7 Jul 2017
FH20um  wo=s8mm Photo No. = 45452 Time :14:40:15

Figure 2: Upper and lower layers of the(@iboelectric generator (a) Aluminum mold.
(b) SEM image for PDMS layer.

2.3. Working Mechanism

The working principle of the triboelectric mechanism is depicted in Fig. 3. Initially,
the two layers are separated and are without charge, as depicted in Fig. 3a. When the
device is subject to a compression load at the knee, the two layers contact each other,
as shown in Fig. 3b. The Al layer donates electrons to the PDMS layer. Therefore,
on the contact, the Al layer gets positively charged while the PDMS layer gets
negatively charged. The PDMS layer induces electrostatic charge at the bottom AL
layer. When the mechanical load is released, the mechanical restoring force from the
rubber springs separates the two layers. At this stage, if the Al layers are connected,
the potential difference between them forces the current to flow from the upper Al
layer to the lower Al layer, see Fig. 3c. This current keeps flowing until the two layers
are fully separated and reach an equilibrium where the triboelectric charges and
electrostatic charges are equalized, as illustrated in Fig 3d. With continued cyclic
loading, the two layers start to approach each other, and capacitance is charged.
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The charged capacitance and charged electrode cause a current flow in the opposite
direction from the lower Al layer to the upper layer, as shown in Fig. 3e. The cyclical
reversal of electron flows mean the device produces an alternating current.

e) Compressing

b) Compressed

a) Neutral

a
]’/”//////////////////,,?nv y
|

S
. SN

Figure 3: Operating mechanism for the triboelectric energy harvester.

2.4. Instrumented TKR with a triboelectric generator

Figure 4 shows the proposed schematic for the instrumented TKR. TKR consists
of the femoral, tibial tray, and the UHMWPE bearing parts. For optimal load
measurements, the triboelectric generators are placed between the tibial tray and
the UHMWPE bearing. Because the backs of the tibial tray and the UHMWPE
bearing are flat, we simplify the analysis by placing our generator between two flat
surfaces and test it with an MTS machine to investigate the performance. For future
work, the generators will be placed in a TKR implant and be tested in a VIVO
[Advanced Mechanical Technology, Inc., Watertown, MA] joint simulator.
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Figure 4: Schematic for the total knee replacement.

2.5. FExperimental Setup

The goal of this experiment is to test the generator under normal walking activity.
Body loads are Fx and Fy, which act act in lateral and anterior directions, respec-
tively, and the axial force component, Fz, which always acts in the direction of the
implant shaft. For walking and jogging, the highest force component was found to be
the axial force, Fz, which is almost equal to the total force [9]. In this test, the axial
force profile is approximated as a sine-wave signal at 1 Hz. The experimental setup
used to evaluate the performance of the triboelectric generator is shown in Fig. 5.
The setup consists of an MTS 858 Servo Hydraulic Test System with FlexTest SE
Controller. The MTS is responsible for conducting a cyclic axial load, while the
amplitude is tuned with the FlexTest controller. The MTS has a built-in load cell
to measure the applied force on the generator.

The generated voltage signal from the triboelectric generator is measured using
a Keithley 6514 and an ExceLINX program. The Keithley 6514 has an internal
impedance of 200 T2 to ensure the voltage measurements of the harvester are not
compromised by the resistance of the measurement instrument. The experimental
test is repeated at different external resistances connected to the harvester to
obtain the optimal resistance where a maximum power can be achieved. A variable
resistance box is used to control the resistance.
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Figure 5: Schematic of the experimental setup.

3. RESULTS AND DISCUSSIONS

3.1. Energy Harvesting Analysis

To characterize the electric output of the triboelectric generator, the short-circuit
current (I,.) was measured under different periodic compressive forces of 200 N,
500 N, and 1000 N applied by the MTS machine at a constant frequency of 1
Hz as shown in Figure 6. By increasing the applied load, a higher current can be
achieved. However, our interest in this study is the instantaneous current because
of the presence of frontend electronics. To extract the maximum power, we identify
the internal resistance of the harvester and match it with the circuit resistance.
The internal resistance is referred to as the optimal resistance. To estimate the
optimal resistance for the triboelectric energy harvester, the testing was conducted
at a specific cyclic load with a force of 100 N with varied external resistance up
to 142 MS). The variations of the voltage and current outputs with the external
resistance load are shown in Fig. 7. The voltage and current curves intersect at the
optimal resistance of R = 58 M(). The corresponding average power outputs of
the harvester with the external load resistance are shown in Fig. 8. The optimal
resistance from the power curve is obtained at 58 MY¢), which matches the result
from the intersection of the voltage and current outputs in Fig. 7. In addition, a
maximum average power of 0.125 uWW is generated at this optimal resistance. The
load of 100 N is significantly below the typical knee loads, which are more than
2000 N. This testing was only conducted to estimate the internal resistance of the
device.
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Figure 6: The variation of the short-circuit current output for three different loads
at 1 Hz frequency.
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Figure 7: The variation of the voltage and current as a function of resistance.
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Figure 8: The variation of the average power as a function of resistance.
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Forcing frequency affects the harvester output. Fig. 9 shows the output voltages
of the triboelectric generator under three different frequencies, 1, 2, and 3 Hz.
The voltages clearly increase with faster frequencies. At high frequencies, because
there is more contact in a certain amount of time, more charges accumulate,
resulting in higher voltages. The variation of the root mean square of the generated
output voltage with a wider range of frequencies is shown in Fig. 10. The output
voltage increases rapidly up to 6 Hz where the increases slow down and stabilize at

approximately 11.4 V.
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Figure 9: The variation of the voltage output for three different frequencies. Greater

voltage is generated by increasing the frequency.
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Figure 10: The variation of the root mean square of the voltage output with the
frequency.

Next, the performance of the generator is explored under different cyclic loading.
The main goal of this test is to evaluate the harvester output under equivalent TKR
loads to design a suitable load data processing unit (Section 4). The generated
voltages for 100 N, 500 N and 2,300 N are shown in Fig. 11. The results show the
output voltage increases with the applied cyclic load. This increase in the output
voltage can be correlated to the larger surface area of contact. With an applied force
of 2300 N, which is equivalent to the load from walking of an average weighted person,
at the optimal load resistance of 58 M), the harvester generates a 100 V' peak-to-
peak (18 VRMS) and a 6 uWW of average power. Based on the results from Fig. 11,
the output voltage is not linearly proportional to the applied force. The applied force
is a sinusoidal wave, while the output voltage is not sinusoidal, and this difference is
related to the nonlinear mechanism of triboelectric charge generation [21]. However,
the root mean square of the voltage is proportional to the load (Fig. 12). The root
mean square of the harvester analog signal can be easily obtained in the frontend
electronic circuit and be related to the load amount. Fig. 12 shows the RMS of the
voltage output of the triboelectric generator under different applied cyclic loads up
to 3300 N and 1 Hz frequency at the optimal resistance extracted before. The RMS
voltage outputs are proportional to the load applied, where greater voltage can be
generated with more applied force. The reason for this can be related to the surface
area of contact between the generator layers. The triboelectric principle relies on the
contact and separation of the generator layers (PDMS and Al) both at the macro and
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micro-scales. Because micro-patterns exist in both layers, higher applied loads cause
larger penetration into the PDMS layer leading to an increase in the triboelectric
charges generated on the surface and thus higher output voltage. With a maximum
applied load of 3300 NV, the triboelectric harvester generates an RMS voltage of 23 V'
at the output.
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Figure 11: The time domain output voltage signals at three different applied axial
loads. High peak-to-peak voltage is generated by increasing the applied force. The
cyclic load is applied at R = 58 M2 and 1 Hz frequency.

The corresponding average power generated under the same axial loading are
shown in Fig. 13. The maximum average power generated is found to be 9.5 uW
at a maximum applied load of 3300 N. This relationship between the applied force
and the voltage and power outputs is considered promising for powering load sensors
and their telemetry circuitry for TKR applications. Next, we design and evaluate
the performance of a frontend electronic circuit that can use the harvested energy to
digitize the load data.
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Figure 12: The RMS output voltage at different applied axial loads. Greater voltage
is generated by increasing the applied force. The cyclic load is applied at R = 58 M)
and 1 Hz frequency.
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Figure 13: The average generated power for different applied axial loads. The
cyclic load is applied at R = 58 M2 and 1 Hz frequency.

4. FRONTEND ELECTRONICS FOR THE TRIBOELECTIC
HARVESTER

The proposed frontend electronic system for the triboelectric harvester designed for
a knee implant is shown in Fig.14. The frontend electronics consist of a rectifier,
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Figure 14: Block diagram of the triboelectric system

a low dropout regulator, a supercapacitor, a power management block, a delta-
sigma analog-to-digital converter (ADC), and a low complexity microcontroller with
telemetry. An electrical model is generated for the triboelectric harvester discussed
above. This electrical model produces an output AC signal similar to the actual
harvester. This AC signal is then fed into the CMOS rectifier to convert it to a DC
voltage. This DC voltage is further passed through a regulator to obtain a stabilized
and a regulated voltage that is sufficiently insensitive to variations in the current and
supply voltage. This regulated output charges a supercapacitor to store the energy.
Once sufficient energy is stored, as determined by the power management block,
the supercapacitor starts to get discharged through the ADC and microcontroller to
further process the harvested signal and store the output. Specifically, the harvested
voltage signal and the supercapacitor output voltage are fed into a delta-sigma ADC
to get the digital bit stream. The digital data is stored in the microcontroller
nonvolatile memory. When sufficient data is stored, the energy stored within the
supercapacitor is used to wirelessly transmit the data. The supercapacitor is 0.1 F
with a maximum voltage of 0.9 V. Thus when fully charged, it can store 40.5 mJ
energy, which is sufficient for wireless transmission. Note that the power management
circuitry power gates the microcontroller during standby mode, thereby preventing
the subthreshold leakage.
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4.1. FElectrical Model of the Harvester

The electrical model of the triboelectric harvester that provides the required input
power, as well as the signal to monitor, is described in this section. The behavior of
the harvester is characterized by using Equations (1) and (2) [31],

V= —éQJrVM—IT, (1)
r R(VVM ). @)

In Equation (1), the three terms on the right-hand side can be modeled using three
circuit elements, a voltage source V), a variable capacitance C; and an internal
resistance r. The capacitive term originates from the capacitance between the two
electrodes of the harvester, the voltage term arises because of the separation of the
polarized tribocharges, and the resistance term models the impedance of the voltage
source. The electrical model can be represented by a serial connection of these three
circuit elements, as shown in Fig. 15.

Figure 15: Electrical model of the triboelectric harvester.

The electrical model is connected to an external load resistance R based on
Equation (2). Increasing the velocity of motion increases the frequency of AC voltage
source Vs, which in turn decreases the matched resistance. The tribocharge density
does not affect the matched load resistance. From basic thermodynamics theory,
Vi and C); depend only on the moving distance (z) and structural parameters
and not on motion parameters such as velocity and acceleration. Using the finite
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element method (FEM) and continuous fractional interpolation, a Vj/-x and Cy-x
relationship for a contact-mode triboelectric harvester has been generated [32-34],
ox

VM = (3)
€0
o 605
C(M - d0+$7 (4)

where ¢ is the triboelectric surface charge density, €, is the permittivity of free space,
S is area of dielectrics in the harvester and d is the effective dielectric thickness. The
values of these physical and electrical parameters based on the designed harvester
are listed, respectively, in Table 1 and Table 2.

Table 1: Physical parameters used to generate the electrical model.

Parameter Symbol Value
Dielectric 1 €r1 2.4
Thickness of Dielectric 1 dy 320 pum
Dielectric 2 €72 Metal
Thickness of Dielectric 2 dy 0 pm
Effective dielectric thickness dy =d; / €,1 + dy / €,0 133 um
Width of dielectrics w 5.2 cm
Length of dielectrics l 3.7 em
Area of dielectrics S=wxl 19.24 cm?
Separation distance x 0.5 mm -1 mm
Tribo-charge surface density o 100 pCm=2
Internal Resistance r 57 MK
External load resistance R 58.3 M)

Table 2: Parameters of the electrical model.

Parameter Symbol Value
Internal resistance T 57 M)
External load resistance R 58.3 MQ

Model capacitance Cu 40 pF - 100 pF
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Based on these values, SPICE simulations of the electrical model have been
performed. The relationship between output voltage and the separation distance
x is depicted in Figure 16. The voltage increases with the distance x between the
dielectrics.

Voltage (V)
B D
o o

N
o
T

O L
10°® 10° 10
Separation distance, x (m)

Figure 16: Voltage output of the model as a function of separation distance x

The transient output voltage produced by the electrical model is compared with
the measured output voltage of the harvester in Figure 17. The output currents
are also compared in Figure 18. As demonstrated by these figures, the model can
represent the harvester with sufficient accuracy. Note that as the distance between
the plates of the harvester changes, the harvester impedance also changes. These
harvester dynamics are accounted for in the model using a variable capacitance Cy,
that depends upon the separation distance x. Thus, the input impedance of the
model dynamically varies.

According to these results, a maximum voltage of 17.95 V and a maximum input
power of 6.09 uWW is generated by the model at the matched optimal resistance, which
represents the measured harvested power accurately. Note that the input impedance
of the electrical circuitry is approximately 37.2 M(2 at 1 Hz. Since the optimal
resistance is 58.3 M(2, the delivered power to the circuit is reduced from 6.09 W to
4.46 pW. The input impedance is relatively large due to sufficiently low frequency
of 1 Hz. This power is used for the entire electronic frontend circuitry, as described
in the following sections.
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Figure 17: Comparison of model and harvester output voltages
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Figure 18: Comparison of model and harvester output currents.

4.2. Rectifier

The harvested AC signal is converted into a DC voltage of approximately 1.2 V
through a negative voltage converter rectifier (NVC) [35], as shown in Figure 19.

Due to the full gate cross-coupled topology, an NVC rectifier performs the
rectification process with a high efficiency. During the positive input cycle, when the
input voltage is less than the threshold voltage (V. < V), neither of the transistors
conducts and no current flows through the circuit. When the input voltage becomes
greater than the threshold voltage (V. > Vi), transistors Mp; and Mps provide a
current path to the output. The operation is similar during the negative cycle where
the transistors My, and Myo provide the current path.

The NVC rectifier achieves high power efficiency when the load is purely
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Figure 19: A Negative Voltage Converter (NVC) rectifier

resistive. The efficiency, however, is reduced when a reactive element is added to the
load due to the reverse current induced from output to the input port. This current
flows due to the bidirectional MOSFET characteristic and stored charge within the
capacitive load, where the output voltage is higher than the input voltage. The NVC
rectifier provides a low sensitivity to input voltage variations and is widely used in
low voltage, high-efficiency energy harvesters.

4.3. LDO Regulator

A low dropout (LDO) regulator, as shown in Fig. 20 converts the input DC voltage
into a regulated voltage of desired value within a specified tolerance range while
compensating for variations in the output current.

The LDO consists of a voltage reference circuit for producing the voltage V.,
an error amplifier EA that produces an output voltage proportional to the difference
between the reference and output voltages, a pMOS power transistor Mp to deliver
the required current to output, resistive divider to determine voltage conversion ratio,
and an output capacitor C';, to ensure stability.

The error amplifier consists of a differential input stage followed with a common
source output stage, producing a DC gain of approximately 70 dB. The high gain
ensures a high-resolution error signal at the output. The phase margin is 57.81°,
ensuring a stable operation.

Reducing the dropout voltage and quiescent current increases the power
efficiency of the LDO. Hence, the power transistor is sized sufficiently large to lower
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Figure 20: A low-dropout (LDO) regulator

the dropout voltage and quiescent current of the regulator, while permitting the
flow of the required large current to the load. Furthermore, diode-connected nMOS
transistors, My1, Myo, My3 and Myy, are used (instead of resistors) to further
enhance the efficiency and reduce physical area. These transistors are sized to achieve
the desired voltage conversion ratio of 0.75. Thus, the unregulated input voltage of
1.2 V is converted into a regulated voltage of 0.9 V.

It is important to note that the proposed LDO is free from any external bias
voltage, making it applicable to energy harvesting implantable applications.

4.4. Delta-Sigma ADC

The output of the triboelectric harvester is used not only as the power source but
also as the data signal that is digitized to monitor loads. The delta-sigma ADC is
highly suitable for biomedical implants and energy harvesting applications due to
low complexity, low power, and small area. Irrespective of the number of bits, a
delta-sigma ADC consists of only one integrator and comparator, as shown in Fig.
21.

The analog input voltage V;, is first differentiated from the output of 1-bit
digital-to-analog converter (DAC) using a switched capacitor circuit. An integrator
then adds the output of the differentiator to the value it has stored from the previous
integration step. The output of the integrator is then fed into a comparator, which
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Figure 21: Block diagram of the Delta-Sigma ADC

compares the output with voltage V,,;4. It outputs a logic 1 if the integrator output
is greater than or equal to V,,;4, otherwise, it produces a logic 0. A 1 bit DAC feeds
the output of the comparator to the differentiator through a feedback loop. The
output of the comparator then goes through a D flip-flop to produce the final digital
bit stream [36]. The schematic diagram of the designed ADC is shown in Figure 22.
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Figure 22: Schematic of the Delta-Sigma ADC

The voltages Vi, Vg, and Vi, are, respectively, 0.9 V, 0.6 V, and 0.3 V. The
capacitors C; and (5 are kept at 100 fF. The two non-overlapping clocks ¢1 and ¢2
run at 50 kHz to reduce power consumption and ensure correct functioning of the
triboelectric knee implant. The reset and reset2 signals have the same frequency, as
determined by,

fa= 1o, o)

where f. is the clock frequency, fgr is the reset and reset2 frequency and N is
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the number of bits. In the designed ADC, N is equal to 8, and the reset and reset2
frequencies are 195 Hz. The signals V¢2 and V¢2 are produced using a CMOS
NAND gate and an inverter. The clock signals, analog input voltage, and digital
output voltage obtained from the ADC are shown in Figure 23. To check the accuracy
of the ADC, the analog and digital figures of merit, represented, respectively, by
Equations (6) and (7), are calculated. The percentage error between the two should
be minimized.

S Clock1
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. Time(sec) %1073
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Analog Input Vin
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Figure 23: Digital bit stream from the ADC

Vin — V] .
V—‘/L if (V;n < VH)
AnalogFOM = Ho L (6)
Vi = Vi if(Vin > Vi)
V; _ VL in H
N 1s i
Digital FOM — umber of ;;n output data 7)

For example, for an input voltage of 0.84 V, the analog FOM is 0.90 and from
the digital bit stream, the digital FOM is 0.88. The percentage error between the
two is only 2.22%. The figures of merits were calculated for various input voltages
(ranging from -57.05 V to 58.97 V) and the average percentage error is approximately
5.75%, demonstrating that the designed ADC is sufficiently accurate to digitize the
sensed gait signals.
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The power efficiencies of the designed NVC rectifier and LDO regulator are listed
in Table 3.

Table 3: Efficiencies of the NVC rectifier and LDO regulator.

Circuit Input and Output Load n (%)
NVC Rectifier  AC signal from the model converted to 1.2 V DC  LDO regulator 72.24
LDO Regulator 1.2 V DC from the rectifier converted to 0.9 V DC Delta-Sigma ADC 69.55

The overall power consumed by the rectifier, regulator and ADC circuits is 4.46
uW. Thus, it is possible to achieve a self-powered digitization circuitry by relying
on the triboelectric energy harvester.

5. FUTURE WORK

The future work entails testing the setup under simulated Activities of daily
living (ADL) profiles in vivo joint simulator for more accurate measurements.
Furthermore, we will work on the integration of supercapacitor and a low complexity
microcontroller into the proposed triboelectric system. These units are needed for
wireless transmission of the digitized data that corresponds to the sensed load. There
will also be an emphasis on further reducing the overall power consumption by
producing a lower DC voltage and operating in the near/subthreshold region.

6. CONCLUSIONS

In this paper, a triboelectric energy harvester with power management and
digitization circuitry for TKR applications is presented. The system uses a
triboelectric generator to convert mechanical energy from an applied axial load to
electrical energy that can power the frontend electronic circuit. The proposed energy
harvester consists of two layers with different tendencies to lose and gain electrons.
The harvester has the ability to generate a voltage signal based on the triboelectric
effect when it undergoes a cyclic loading from activities of daily living. An axial
load is applied using an MTS servo-hydraulic load frame, to simulate the axial load
passing through the knee while walking. The variation of the voltage, current, and
average power with the load resistance are explored and an optimal resistance for
maximum outputs is found to be 58 M(). In addition, the variation of the output
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voltages with varying frequencies is examined, where the output increases with the
frequency but stabilizes above the frequency of 6 Hz. Greater outputs are obtained
by increasing the applied force. The triboelectric harvester generated an average
power of 6uV under an equivalent gait load of 2.3 KN at the frequency of 1 Hz,
while the load digitization and harvesting circuitry are predicted to consume 4.46
uW . These preliminary results support that triboelectric power generation is a viable
technique for harvesting energy to power load sensing devices for TKR applications.
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