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Abstract: Resultant hip joint forces can currently only be recorded in situ in a laboratory setting
using instrumented total hip replacements (THRs) equipped with strain gauges. However, perma-
nent recording is important for monitoring the structural condition of the implant, for therapeutic
purposes, for self-reflection, and for research into managing the predicted increasing number of
THRs worldwide. Therefore, this study aims to investigate whether a recently proposed THR with
an integrated piezoelectric element represents a new possibility for the permanent recording of
hip joint forces and the physical activities of the patient. Hip joint forces from nine different daily
activities were obtained from the OrthoLoad database and applied to a total hip stem equipped with a
piezoelectric element using a uniaxial testing machine. The forces acting on the piezoelectric element
were calculated from the generated voltages. The correlation between the calculated forces on the
piezoelectric element and the applied forces was investigated, and the regression equations were
determined. In addition, the voltage outputs were used to predict the activity with a random forest
classifier. The coefficient of determination between the applied maximum forces on the implant and
the calculated maximum forces on the piezoelectric element was R2 = 0.97 (p < 0.01). The maximum
forces on the THR could be determined via activity-independent determinations with a deviation of
2.49 ± 13.16% and activity-dependent calculation with 0.87 ± 7.28% deviation. The activities could be
correctly predicted using the classification model with 95% accuracy. Hence, piezoelectric elements
integrated into a total hip stem represent a promising sensor option for the energy-autonomous
detection of joint forces and physical activities.

Keywords: piezoelectric energy harvesting system; total hip replacement; joint loading; activity
monitoring; activity classification

1. Introduction

The implantation of total hip replacements (THRs) is one of the most successful surgical
interventions worldwide [1]. This is further demonstrated by the lifespan of THRs, which
has improved significantly in recent years [2]. From 2009 to 2019, the number of THRs in
OECD (Organization for Economic Co-operation and Development) countries increased
by 22% [3]. Due to increasing life expectancy and the rising total global population,
implantation numbers are predicted to continue to rise in the following years [2–4]. In this
context, the number of follow-up interventions will also grow with the increase in primary
implantation. Here, the main reason for revisions is implant loosening [4].

Instrumented implants with sensory and active functions for monitoring implant- and
patient-specific parameters represent a promising approach to improve clinical outcomes
in the future and thus overcome these challenges [5–10]. In addition to monitoring the
integration of the implant in the bone stock [11] and electrical stimulation of bone growth to
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increase fixation stability [12–15], recording the loading of the total hip implant in everyday
life and physical activities are critical. This information may be crucial for the structural
health monitoring of the implant, therapeutic purposes, self-reflection, and research such
as further optimizing implants or validating musculoskeletal multibody systems [16–19].
However, resultant hip joint forces from everyday activities have only been recorded
in situ in a few subjects with instrumented THRs equipped with strain gauges [20,21].
Currently, these instrumented THRs rely on an external energy supply, which means that
the recording can only occur under laboratory conditions and for a limited time. Wearable
activity monitors are being more commonly used to record the daily activities of people
with hip endoprostheses to assist rehabilitation [22]. However, there is a risk that the proper
maintenance of the activity monitors may not be consistently upheld.

Piezoelectric elements as force sensors are used in commercial force plates to measure
ground reaction forces and are also increasingly used in medicine for force measurement [23,24].
When the piezoelectric element is loaded, mechanical deformation of the element occurs,
which yields a change in polarization within the piezo element. Therefore, electric voltage,
i.e., mechanical energy, is converted into electrical energy [25]. The advantage of piezo-
electric elements is that the self-generated energy can power other electronics for signal
processing, data storage, and transmission [26]. Piezoelectric transducers are among the
most commonly used mechanical energy harvesting mechanisms, as they have a higher
density power output compared to others, such as electromagnetic and triboelectric trans-
ducers. They are, therefore, well suited for micro-scale applications [27,28]. A disadvantage
of piezoelectric ceramics is the risk of breakage if the tensile stress is too high [29].

Piezoelectric elements for force sensing have already been successfully integrated
into total knee replacements (TKRs). Almouahed et al. [30] designed a simplified TKR
model of four piezoelectric elements embedded in the tibial tray to measure the total axial
force and the localization of the center of pressure. Safaei et al. [31,32] further developed
the TKR design and integrated six piezo elements into the ultra-high molecular weight
polyethylene (UHMW-PE) bearing. They showed that it is possible to determine the
forces and the location of the pressure points in the lateral and medial compartments.
Almouahed et al. [30] and Safaei et al. [31,32] verified this in a laboratory setup using loads
from the gait cycle.

Previously, Lange et al. [33,34] developed a THR with a self-sufficient energy supply.
For this purpose, a piezoelectric element was integrated into a hip stem in such a way that
the electrical output is as high as possible while at the same time ensuring mechanical safety.
Finite element simulations were used to select the position of the piezoelectric element
embedded in a UHMW-PE housing in the medial, lower neck area of the cemented implant,
where high compressive stresses and no tensile stresses prevail. In the hip endoprosthesis,
the forces do not impact the piezo element directly. Instead, they must first be transferred
through the implant and the UHMW-PE housing before reaching the piezo element. The
output voltage generated by the piezoelectric transducer can, therefore, not be linked
directly to the forces acting on the hip joint, as is the case with the knee replacement of
Almouahed et al. [30] and Safaei et al. [31,32]. Furthermore, information from only one
piezo element was used.

Therefore, our present work aims to investigate whether the piezoelectric energy
harvesting system integrated into the total hip stem can be used to determine the resultant
hip joint forces. The gait cycle and various everyday physiological activities should be
simulated for verification. Furthermore, whether the voltage outputs can be used to
recognize physical activity should be examined.

2. Materials and Methods

The experimental test rig from Lange et al. [33] was used for the measurements. The
THR stem (Exeter V40, size 37.5 mm N◦3, Stryker, Howmedica Osteonics Corp., Mahwah,
NJ, USA) with an integrated piezoelectric element (PICMA® actuator, stacked configuration
of two elements, outer diameter 5 mm, inner diameter 2.5 mm, height 5 mm, capacity 220 nF)
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from PI Ceramic GmbH (Lederhose, Germany) was cemented into an artificial femur bone
(4th generation, large left, composite bone, solid foam core, Sawbones Europe AB, Malmö,
Sweden) and fixed in a specimen holder with embedding resin (Figure 1). The femur
is aligned such that the resultant hip joint force during walking points approximately
axially downward.
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Figure 1. Experimental measurement setup: a uniaxial testing machine to apply the force profiles to
the total hip stem, and an oscilloscope to record the output voltage.

The voltage outputs of hip joint reaction forces of 6–9 subjects from nine different
activities (walking, jogging, cycling, stance, stand up, sit down, stairs up, stairs down, knee
bend) were examined [21]. The hip joint contact forces used came from Bergmann et al. [21],
available on the OrthoLoad database. Due to the limited amount of data, data augmentation
was performed by scaling the data to a body weight of 75 kg, 70 kg, and 65 kg and varying
the cycle duration by ±10% from the original duration so that a total of 657 different force
profiles were applied to the total hip stem.

The force profiles were transformed from the coordinate system used by Bergmann et al. [21]
to the coordinate system of the test rig. In the latter, the z-axis is aligned parallel to the
force application of the uniaxial testing machine. Since the forces could only be applied
uniaxially, the forces deviated from the resultant hip joint contact forces. However, the
mean deviation of the maximum applied force from the maxima of the resultant forces of
the different activities is minimally smaller, averaging −1.95% (±1.54%). The root mean
square error (RMSE) of the total mean force profile averages 36 N (±16 N). The mean and
standard deviations of the maximum force of the force profiles finally applied to the THR
for each activity can be seen in Table 1.

Table 1. Mean value and standard deviation of the maxima of the applied force on the total hip stem
of each activity based on [21].

Activity Walking Jogging Cycling Stance Stand
Up

Sit
Down

Stairs
Up

Stairs
Down

Knee
Bend

Maximum
force on
THR [N]

1757
(±185)

2708
(±200)

634,48
(±159)

1882
(±182)

1314
(±160)

1151
(±259)

1960
(±145)

2049
(±160)

1503
(±288)

The transformed hip joint reaction forces from 12 cycles of each activity were applied
in the z-direction (blue arrow in Figure 1) to the previously described test rig of the energy-
autonomous THR using an electrodynamic uniaxial testing machine (ElectroPuls E3000,
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Instron, Norwood, MA, USA, with a 5 kN load cell). The voltage outputs produced were si-
multaneously recorded across a resistor of 500 kOhm using an oscilloscope (R&S®RTB2004,
Rohde & Schwarz GmbH & Co. KG., Munich, Germany) with a sampling rate between
1800 Hz (stance) and 10.3 kHz (jogging). More detailed information on the circuit diagram
is described in Lange et al. [33].

2.1. Calculation of the Maximum Hip Joint Reaction Force

Using MATLAB R2018a (MathWorks Inc., Natick, MA, USA), the voltage outputs
were filtered with a 10-point moving average filter to reduce noise and down-sampled
at 1000 Hz to bring all outputs to one sampling rate. Then, the total generated voltage
of the piezoelectric element was calculated using the resistance between the piezoelectric
element and the oscilloscope (Rvar = 500 kOhm), the internal resistance of the oscilloscope
(ROsc = 1 MOhm), and the fixed resistance (Rpar = 10,101 Ohm) [33]:

VPiez(t) = VOsc(t) ∗
(

1 + Rvar
ROsc + Rpar

ROsc ∗ Rpar

)
(1)

The following equation is used to determine the uniaxial force acting on the piezo
element based on the output voltage [35]:

Ce f f
P

dVPiez(t)
dt

+
VPiez(t)

Rsum
= de f f

33
dF(t)

dt
(2)

where F(t) in [N] is the applied force over time t in [s], Rsum is the resistance in [Ω], Ce f f
P

in [nF] is the effective capacitance of the piezoelectric element, and de f f
33 in [m/V] is the

effective voltage constant. Ce f f
P and de f f

33 are given by

Ce f f
P =

N ∈ T
33 A
h

(3)

de f f
33 = Nd33 (4)

with the number of piezo layers N, the dielectric permittivity ∈ T
33, the cross-sectional area

of the piezo element A in [m2], and the height of the layer thickness h in [m].
The transfer function in the Laplace domain is used to calculate the force acting on the

piezo element:
V(s)
F(s)

=
d33s

Cps + 1
R

(5)

where s is the Laplace complex frequency. R results in this case, as described by Lange et al. [33]:

R =

(
ROsc ∗ Rpar

ROsc + Rpar

)
+ Rvar (6)

The exact values of the corresponding piezo element can be seen in Table 2.

Table 2. Parameters and values of the piezoelectric element used [36].

Parameter [Unit] Value

h [m] 0.005
N [-] 86

A [m2] 1.473 × 10−5

d33 [m/Vm] 3.996 × 10−10

∈0 [As/Vm] 8.854 × 10−12

∈ T
33 / ∈0 [-] 1751



Technologies 2024, 12, 51 5 of 14

One cycle of each measurement was chosen, as little difference exists between the
cycles within a measurement. Regressions were calculated with the hip joint reaction
force maxima as dependent variables and the calculated force maxima on the piezoelectric
element as independent variables. Here, regressions in dependence and a regression
independent of the activities were calculated. The maximum forces on the THR were then
determined using the regression equations and compared with the forces actually applied.

2.2. Detection of Physical Activity

To detect activity using voltage outputs, a multiclass classification with a leave-one-
subject-out cross-validation was carried out. For this purpose, the voltage outputs of one
cycle of each measurement were first brought to the same length by padding the time series
with zeros in an oriented manner after the longest record, i.e., every data consisted of 13,000
time-domain samples. The data of the respective subject scaled to a weight of 75 kg was
used as the test data set for this purpose. The augmented data of the other subjects was
used for the training data set. This corresponded to 584 training data points and nine test
data points for each subject. Since recordings of all activities were only available for six of
the nine subjects, multiclass classification was only conducted for six subjects. A multiclass
classification was performed using a random forest with a maximum depth of four. A
total of 13,000 features were utilized at each split, and the number of trees was 100. The
classification results of each subject were then added together into one confusion matrix.
The percentage influence of the most important features contributing to the classification
decision was averaged over the subjects studied.

The random forest is a classifier based on an ensemble of decision trees trained using
a different randomly selected subset of the training data set. The results of the individual
decision trees are merged to make a final prediction. In the case of physical activity
detection using voltages, the average of the results of all the individual decision trees is
used. Combining many weak decision trees makes the random forest a robust classifier [37].
An advantage of the random forest is that it can usually handle higher-dimensional data,
as they exist in the real world, robustly by itself. Therefore, no data reduction through
dimensionality reduction (e.g., by a principal component analysis) is required [38].

3. Results
3.1. Maximum Hip Joint Reaction Forces

Figure 2 shows in blue the mean and standard deviation of the augmented force data
applied to the energy-autonomous THR scaled to one cycle using the example of walking.
On the left side, the generated voltage outputs are plotted, and on the right side, the forces
calculated from the voltage outputs acting on the piezoelectric element are shown. The
results of all activities can be found in Figures A1 and A2 in Appendix A.

The curves of the calculated forces are very similar to those of the forces applied to
the THR. Only slight deviations exist, and the values of the calculated forces are lower
overall than those applied to the implant. The coefficient of determination between the
calculated maximum forces of all activities and the maximum forces applied to the THR is
R2 = 0.97 (p < 0.01), and between the whole trial is R2 = 0.97 (p < 0.01). The second-degree
polynomial regression equation shown in Figure 3 shows that the slope of the forces acting
on the THR decreases with increasing forces on the piezo element.
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Figure 3. Second-degree regression between the maximum forces actually applied to the THR and
the calculated maximum forces acting on the piezoelectric element, independent of activities.

The absolute and percentage deviations of the calculated maxima from the actual
maximum values applied using the second-degree polynomial regression equation are
shown in Figure 4. The maxima of the activities jogging, stance, sit down, and knee bend
were generally estimated to be lower, while those of the remaining activities were estimated
to be higher than the actual force. The average percentage deviation is 2.49 ± 13.16%.

Furthermore, linear regressions were computed for each activity with the calculated
applied maximum forces on the piezo element as the independent variables and the actual
applied maximum forces on the THR as the dependent variables, as seen in Figure A3
in Appendix A. The scatter plots here show a predominantly linear relationship for all
activities. The corresponding correlation coefficients provided in Table 3 also confirm a
high correlation, with a mean coefficient of determination R2 = 0.95 (±0.04) (p < 0.01).
Furthermore, the regression lines with regression equations are given in the corresponding
figures (Figure A3, Appendix A). The axis intercepts are between 15 N and 22 N, and the
slopes are between 113 N and 678 N.
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Table 3. Coefficient of determination between the calculated maximum force on the piezo and the
applied maximum force on the THR.

Activity Walking Jogging Cycling Stance Stand
Up

Sit
Down

Stairs
Up

Stairs
Down

Knee
Bend

Coefficient of
determination R2 0.91 0.98 0.99 0.87 0.97 0.98 0.96 0.97 0.96

Figure 5 shows the absolute and percentage deviations between the maximum forces
calculated by linear regression and the actual maximum forces applied to the THR. The
median here is close to zero for almost all activities, both for the absolute and percentage
deviations, and lower for all activities than when all maxima are calculated using second-
degree regression. Furthermore, the 25th and 75th percentiles of all activities are below
±4%; for the activities of jogging, stairs up, and stairs down, they are even below ±1.5%.
The total mean and standard deviation are 0.87 ± 7.28%.
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3.2. Physical Activity Recognition

Figure 6 shows the confusion matrix of the activity recognition model, in which the
results of all six subjects tested are summarized. The predicted activities are listed in the
columns, and the true activities are listed in the rows. The diagonal line shows the activities
that were predicted correctly. The results of the confusion matrix show that almost all
45 test data points were correctly assigned to the activities. Only stance, sitting down, and
knee bend were incorrectly identified as cycling once. The random forest classification,
therefore, has a high overall accuracy of 95%.
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activity detection model, summarized for the six subjects studied.

The average percentage importance of the features of the investigated subjects for the
activity classification decision can be seen in Figure 7. The mean and standard deviation
voltage outputs for the activity walking of the whole data set are added as an example.
The most important features are mainly located in the first section, i.e., the first part of the
voltage outputs has the most influence on which voltage output is assigned to which activity.
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4. Discussion

Our study successfully used the generated voltage output of a piezoelectric element
integrated into a total hip stem to calculate the maximum resultant forces acting on the THR
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during different simulated physical activities. Furthermore, the voltage output enabled the
detection of these activities.

A simplified test setup was used for the investigation by applying the profiles of
hip joint reaction forces of different activities uniaxially to the THR, which is a limitation
of this work. Although it could be shown that the deviations between the applied force
and the actual resultant forces were minor, this simplified test setup does not reflect the
complex musculoskeletal system. This could be solved in the future using a multi-axial joint
simulator. The simplified test setup is considered sufficient for an initial test to determine
whether the maximum forces acting on the THR can be calculated and activities detected
using the electrical voltage outputs. A further limitation is the low experimental data set
on the hip joint contact forces used for the investigation. Data augmentation was carried
out to address this issue by varying the frequency and magnitude of the forces; however,
this involves modified initial data, which limits the variation.

A shift of the maximum between the voltage output and actual applied force is shown
for almost every activity, as observed in previous studies as well [33]. This is because not
only the magnitude of the force acting on the piezoelectric element plays a role, but also
the force rate in the electrical output [29]. Therefore, the formula of Hoummadi et al. [35]
considers the voltage over time to calculate the force acting on the piezoelectric element.

The force profiles calculated using the voltage outputs that act axially on the piezo
element exhibit a very similar curve to the force profiles applied to the THR. The minor
deviations and the overall lower calculated forces can be attributed to the loss of force when
transferring the forces from the implant via the UHMW-PE housing to the piezo element.
Nevertheless, a very good correlation of R2 = 0.97 (<0.01) exists between the calculated
forces on the piezo element and the applied forces. All calculated forces are below 150 N
and thus below the blocking force of the piezo element, which is >400 N [39].

The regression between the maximum forces actually applied to the THR and the
calculated maximum forces acting on the piezo element, independent of the activity, showed
that increasing forces acting on the piezo element are associated with an even smaller
increase in the maxima acting on the THR. The non-linear relationship could be attributed
to the force transmission to the piezo element as a function of the level and rate of hip
joint contact forces. For example, the unirradiated UHMW-PE housing shows a non-
linear mechanical response to an applied external load. Only under smaller deformations,
at a strain of less than one percent, does the material behave linearly elastic, followed
by linear viscoelastic, distributed yielding, viscoplastic flow, and material stiffening with
increasing deformity. In addition, higher strain rates increase the material’s stiffness [40–42].
According to the second-degree regression, this could lead to the force transmission to the
piezo element being higher at high forces. The exact influence of the mechanical behavior of
the housing on the force transmission to the piezoelectric element could be predicted using
a detailed material model [41,42]. Another reason for the non-linear relationship could
be uncertainties in calculating the force on the piezo element. In the conversion formula,
the piezoelectric charge constant d33 and the permittivity number ∈33 were considered
to be constant. However, these coefficients only describe the material properties under
low loads. With higher force application and higher force rate, the two coefficients show
non-linear behavior [43]. Other studies also reported a non-linear behavior of the d33
constant when applying similar forces [32,35,44]. A non-linear model such as that from
Cheng et al. [45] could calculate a more accurate force applied to the piezoelectric element.
Furthermore, stiffer materials could be used for housing and piezo elements to improve
force transmission or minimize non-linear behavior [43].

The maximum forces acting on the THR calculated using a second-degree polynomial
regression equation show deviations of 2.49 ± 13.16% of the actual maximum forces. This
relatively high deviation may be due to the previously described factors influencing the
level and rate of the applied hip joint forces on the transmission and the calculation of the
forces on the piezo element.
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The influencing factors described above can be minimized by regressions depending
on the activities, as the heights and rates of hip joint contact forces are comparable within an
activity. The relationship between the calculated forces on the piezo element and the forces
actually applied to the THR could thus be described linearly. The activities with higher
force effects and higher force rates—jogging, walking, stairs up, and stairs down—show
lower slopes of the regression lines than the remaining movements—cycling, standing up,
sitting down, knee bending, and stance. This reinforces the assumption about the influence
of force level and rate in calculating the maximum force.

A calculation of the maximum forces using the linear, activity-dependent regression
shows a clear minimization of the deviation from the actual maximum forces for all ac-
tivities. The average deviation was 0.87 ± 7.28%. The remaining deviations between the
forces calculated using linear activity-dependent regression and the actual forces on the
THR can be attributed to the deviating heights and rates of the force effects within the
activity and to measurement uncertainties in the measurement chain. The results of the
deviations are comparable with those of similar studies. Hoummadi et al. [35] showed a
maximum error between the calculated and actual applied force of 3.6% when applying a
sinusoidal force of 50 N to 1500 N at 1 Hz to a simplified replication tibial bearing of a total
knee replacement (TKR) with six integrated piezo elements. Safaei et al. found a maximum
error of less than 2.5% for a simplified tibial bearing of a TKR with four piezo elements [32],
an error of less than 6% for six piezo elements, and an error of less than 4.5% for a design
with eight piezo elements [44]. The maximum forces were determined by adding all piezo
elements’ calculated forces.

The piezo element in the energy-autonomous THR is aligned so that the maxima of
the resultant forces act approximately axially on the piezo element surface to achieve the
maximum possible voltage output and prevent shear forces for the safety of the piezo
element [33]. In reality, the resultant force will not always point in the direction of the
cylinder axis of the piezo element. In order to record all three force components, multi-axis
piezo elements could be integrated in the future.

It should also be noted that the general possibility of calculating the maximum forces
acting on the THR using the voltage outputs was successfully demonstrated in this work.
The regression equations would have to be individually adapted later. For example,
the mechanical material properties of the bone, THR, and housing influence the force
transmission. The geometry and offset of the implant used are also relevant. A larger offset
leads to a lower contact force parallel to the cylinder axis of the piezo element with the
same applied force [33,34].

Another aim of this work was to use the converted voltage outputs for physical activity
recognition. The random forest is a prominent machine learning method for detecting
activities [46–49]. This work also showed that a random forest classifier can correctly
predict the activities with a very high accuracy of 95%. However, it should be noted that
the amount of data used was small. Although data augmentation was carried out, this data
is based on the initial data. In the future, the model could be further trained by obtaining
additional voltage outputs through measurements in vivo.

The activity recognition model was tested with cycles that had already been synchro-
nized and truncated. In a further step, the voltage outputs of an entire daily routine could
be used as a test data set. The analysis of the important features has shown that the first
temporal section of the voltage output of one cycle is particularly important for recognizing
the activity. This information could be used for data reduction later.

In order to be able to identify physical activities in everyday life even with more com-
plex data, information from other sensors could be used, such as accelerometers integrated
into smart hip implants, to capture even more characteristic gait features. Combining
information from different modalities shows promising results in the recognition of the
physical activity and movements of humans [47,50,51].

In future studies, an implantable platform will be used to transmit the voltage output
wirelessly via Bluetooth to an extracorporeal device for further data processing, according
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to [52,53]. The self-generated energy of the piezo element is to be provided to support the
energy supply of this implantable platform.

5. Conclusions

Our study shows that the piezo element integrated into a THR stem, which was
primarily integrated for a self-sufficient energy supply, can be used to determine the me-
chanical loading on the implant and for activity detection. This represents a new possibility
of permanently monitoring the hip joint reaction forces in everyday life in patients with
THR. In this way, information can be obtained about which forces occur in situ during
specific physical activity, e.g., providing data for health activities and therapeutic purposes.
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24. Zaszczyńska, A.; Gradys, A.; Sajkiewicz, P. Progress in the Applications of Smart Piezoelectric Materials for Medical Devices.
Polymers 2020, 12, 2754. [CrossRef] [PubMed]

25. 176-1987; IEEE Standard on Piezoelectricity. IEEE/Institute of Electrical and Electronics Engineers Incorporated: Piscataway, NJ,
USA, 1988; ISBN 0-7381-2411-7.

26. Shaikh, F.K.; Zeadally, S. Energy harvesting in wireless sensor networks: A comprehensive review. Renew. Sustain. Energy Rev.
2016, 55, 1041–1054. [CrossRef]

27. Safaei, M.; Sodano, H.A.; Anton, S.R. A review of energy harvesting using piezoelectric materials: State-of-the-art a decade later
(2008–2018). Smart Mater. Struct. 2019, 28, 113001. [CrossRef]

28. Sezer, N.; Koç, M. A comprehensive review on the state-of-the-art of piezoelectric energy harvesting. Nano Energy 2021, 80, 105567.
[CrossRef]

29. Rupitsch, S.J. Piezoelectric Sensors and Actuators; Springer: Berlin/Heidelberg, Germany, 2019; ISBN 978-3-662-57532-1.
30. Almouahed, S.; Gouriou, M.; Hamitouche, C.; Stindel, E.; Roux, C. Design and evaluation of instrumented smart knee implant.

IEEE Trans. Biomed. Eng. 2011, 58, 971–982. [CrossRef] [PubMed]
31. Safaei, M.; Meneghini, R.M.; Anton, S.R. Compartmental force and contact location sensing in instrumented total knee replace-

ments. Med. Eng. Phys. 2020, 83, 64–72. [CrossRef] [PubMed]

https://doi.org/10.1177/1120700018757940
https://doi.org/10.2147/IEH.S133518
https://www.ncbi.nlm.nih.gov/pubmed/30246037
https://doi.org/10.1186/s42234-022-00097-9
https://www.ncbi.nlm.nih.gov/pubmed/36127721
https://doi.org/10.1016/j.sintl.2022.100163
https://doi.org/10.1007/s43465-022-00810-5
https://doi.org/10.3389/fbioe.2022.912081
https://www.ncbi.nlm.nih.gov/pubmed/35757794
https://doi.org/10.1109/JSEN.2020.3045317
https://doi.org/10.3390/s20010104
https://doi.org/10.1109/JBHI.2015.2423705
https://doi.org/10.1007/s10237-021-01439-3
https://www.ncbi.nlm.nih.gov/pubmed/33740158
https://doi.org/10.3390/app9102160
https://doi.org/10.1016/j.biomaterials.2020.120280
https://doi.org/10.3389/fbioe.2023.1190712
https://doi.org/10.1016/j.jbiomech.2022.111037
https://doi.org/10.1016/j.clinbiomech.2019.04.008
https://www.ncbi.nlm.nih.gov/pubmed/31026763
https://doi.org/10.1038/s41598-021-92788-7
https://www.ncbi.nlm.nih.gov/pubmed/34183711
https://doi.org/10.1016/j.medengphy.2009.10.003
https://doi.org/10.1371/journal.pone.0155612
https://doi.org/10.34133/2022/9794641
https://doi.org/10.3390/act12070261
https://doi.org/10.3390/polym12112754
https://www.ncbi.nlm.nih.gov/pubmed/33266424
https://doi.org/10.1016/j.rser.2015.11.010
https://doi.org/10.1088/1361-665X/ab36e4
https://doi.org/10.1016/j.nanoen.2020.105567
https://doi.org/10.1109/TBME.2010.2058806
https://www.ncbi.nlm.nih.gov/pubmed/20639169
https://doi.org/10.1016/j.medengphy.2020.07.011
https://www.ncbi.nlm.nih.gov/pubmed/32807349


Technologies 2024, 12, 51 14 of 14

32. Safaei, M.; Meneghini, R.M.; Anton, S.R. Force detection, center of pressure tracking, and energy harvesting from a piezoelectric
knee implant. Smart Mater. Struct. 2018, 27, 114007. [CrossRef] [PubMed]

33. Lange, H.-E.; Arbeiter, N.; Bader, R.; Kluess, D. Performance of a Piezoelectric Energy Harvesting System for an Energy-
Autonomous Instrumented Total Hip Replacement: Experimental and Numerical Evaluation. Materials 2021, 14, 5151. [CrossRef]

34. Lange, H.-E.; Hohlfeld, D.; Bader, R.; Kluess, D. A piezoelectric energy harvesting concept for an energy-autonomous instrumented
total hip replacement. Smart Mater. Struct. 2020, 29, 115051. [CrossRef]

35. Hoummadi, E.; Safaei, M.; Anton, S.R. Design, analysis, and fabrication of a piezoelectric force plate. In Health Monitoring of
Structural and Biological Systems 2017; Kundu, T., Ed.; SPIE Smart Structures and Materials + Nondestructive Evaluation and
Health Monitoring; SPIE: Portland, OR, USA, 2017; p. 101700W.

36. PI Ceramic GmbH. Material Coefficients PIC255: v4.3; PI Ceramic GmbH: Lederhose, Germany, 2017.
37. Luwe, Y.J.; Lee, C.P.; Lim, K.M. Wearable sensor-based human activity recognition with ensemble learning: A comparison study.

IJECE 2023, 13, 4029. [CrossRef]
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