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Abstract

Accurately estimating the complex motion of the heart can unlock enormous potential for kinetic
energy harvesting. This paper presents a foundational dataset for heart kinetic motion through in-vivo
tests and investigates the most influential factors in heart kinetic motion. In-vivo tests on a living pig's
heart, with signal processing, were carried out to study the heart movement by heart beating and
respiration motions. A network of nine points on the heart was employed for in vivo measurements.
These measurements illustrated the Kinetic energy signals in displacement, velocity, and acceleration.
The results indicated that the motion level varies in distinct locations over epicardium. The statistical
features and autocorrelations were reported for these points, illustrating the highest displacement and
acceleration. Each heartbeat generated an energy of 14.35 mJ and a power of 1.03 W. However, this
available energy is not uniformly distributed. The results illustrated that not only is cardiac movement
location-dependent, but the speed of cardiac displacement cycles is also location-dependent. The right
atrium has the highest cardiac kinetic movement with an amplitude of 16.19 mm displacement and
16.3 m/s? acceleration. To evaluate the energy harvesting possibility from the heart's motion, a
piezoelectric energy harvester was simulated by the finite element method, implying that the energy
harvesting level significantly depends on implant location over epicardium. The results of this study
open the potential of designing novel energy harvesters based on accurate heart movements and
provide a foundation for future investigations of energy harvesting for leadless pacemaker energy

systems.
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1. Introduction

Cardiac pacemakers have been implanted for over six decades as a vital intervention for patients
with bradycardia (slow heart rate). Over 700,000 patients worldwide receive pacemaker treatment
annually [1]. Although the pacemaker device mitigates the dysfunction of the patient’s heart, utilizing
this device can inversely cause life-threatening complications [2]. The complications associated with
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pocket and lead of pacemakers could lead to tissue damage and infections [3], [4]. Intra-cardiac
leadless Pacemakers (ICLPs) have been developed to tackle some issues of conventional pacemaker
devices by eliminating the need for a pocket and leads. Nevertheless, replacing pacemakers due to
battery depletion is a critical concern that may expose potential risks to the patient [5]-[8]. In order
to reduce the risk of pacemaker lead complications, a new generation of leadless pacemakers has been
developed [9]. However, while leadless pacemakers solve numerous complications with leads, they
also come with a restricted battery lifespan, necessitating a replacement device every 8-10 years [1],
[9], [10]. Prompt replacements are essential to save lives, cut expenses, and alleviate distress. To
overcome these limitations, further research is needed to develop novel self-powering ICLPs.

The advent of self-sustaining biomedical implants holds excellent potential for reshaping the field
of medicine. In this context, exploring alternative solutions that leverage the kinetic energy the human
heart generates is intriguing. Various activities like walking and running can increase the potential
Kinetic energy harvesting. It is worth noting that the human heart's cardiac cycle consistently produces
a mechanical power of 0.93 watts. [11]. Harvesting even a modest fraction of this energy, in the range
of 3-5 pW, can potentially trigger a medical revolution. The flexible energy harvesters on the outer
wall of the heart, as reported by [12], [13], cannot provide the power for endocardial lead-less
pacemakers straightforwardly since the power transfer through heart walls will be challenging and
energy-consuming. This paper aims to consider an endocardial energy harvester, which can be
integrated with endocardial lead-less pacemaker devices to supply the required electrical energy. In
addition to the challenges associated with present energy-scavenging technologies, including
inadequate power output [14], weightiness [15], large size [16], and toxicity [17], the precise
monitoring of heart motion has been a significant obstacle in the progression of self-sustaining
intracardiac implants.

Due to the lack of available heart motion data, accurately estimating the heart-motion energy
harvesting in real-time is challenging. Since the heart motion is non-harmonic, complex, and
nonuniform [18], researchers often rely on simplified estimates of heart motion. The most common
method is harmonic (sinusoidal) vibration simulation [18]-[20]. Another approach is analytical
harmonic analysis through Fourier Transform [16]. A reported finite element model of the human
heart considers the integrative electromechanical response and includes all four valves and chambers
[21]. Researchers have studied heart surface motion in robotic surgery using endoscopic vision
systems on porcine 25-kg animals [22]. Direct implantable biocompatible accelerometers have been
used to acquire acceleration data from the epicardial wall of a sheep in three axes [23], [24]. Similarly,
three-dimensional accelerometers have been used on anaesthetized pigs to measure heart motion near
the apex of the heart and coronary artery region, using signal processing to separate respiration and

heart movements [25]. Also, in vivo testing of heart motion at two locations around the heart has
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shown varying peak-to-peak motion [26]. Previous studies on determining heart motion have focused
on a single, limited point or reported only acceleration. The assessment has been based on numerical
methods when considering the entire heart region.

Integrating energy harvesting technology in leadless pacemakers has significant potential for self-
powered cardiac pacemakers. This field has attracted considerable attention [11], [27]-[31].
However, the kinetic analysis of the heart, a critical aspect of energy harvesting from heart motion,
is often overlooked. The heart's motion varies across different regions, resulting in different peak-to-
peak vibrations across the heart's surface. This variation can affect the output of piezoelectric energy
harvesters, which are attached to a single point in the heart that is not a specific point [32]. An urgent
need exists for a global map of the heart's motion to accurately predict the potential for energy
harvesting across different regions of the heart's surface. Previous in vivo heart motion studies
focused on single points or acceleration, and the entire heart region is only assessed by numerical
methods [21]. Hence, an unaddressed demand exists for real-time exploration of heart motions at
multiple points. This investigation will optimistically benefit the upcoming energy harvesting studies
in the heart [11], [13], [30], [31], [33] by providing an accessible database of heart displacement data.
It also can be integrated with the studies on novel piezoelectric materials for designing feasibly high-
power density energy harvesters [34]-[36]. The present study investigates the heart's physiological
kinetic motion induced by breathing and cardiac cycles and assesses the displacement of different
points at the pig heart.

This study introduces a heart motion dataset and explores the potential of kinetic energy harvesting
across the heart's surface. It covers measurement methods, signal processing techniques for heart
displacement signals, and constitutive equations for piezoelectric materials in section 2. Results in
section 3 show the nature of heart motion and offer a piezoelectric energy harvester for assessing
available kinetic energy. The study sets the foundation for future evaluations of energy harvesting

technologies.

2. Methods
2.1. Heart Kinetic motion analysis

Obtaining precise data on the kinetic motion, amplitude, and shape of the human heart is
challenging. This study conducts animal surgery tests on living pig hearts to generate a contour map
of heart kinetic movement. The pig heart is more similar to human hearts than animal models [37]
and can be used to design energy harvesters.

We used measurements obtained through animal surgery to monitor the in vivo kinetic motion of
the heart. To achieve this, we used a Doppler laser displacement meter of type ILD1420 from
MICRO-EPSION (Ortenburg, Germany) to track the movement of the heart surface. The laser was
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fixed on a frame facing downwards towards the middle of a beating female pig's heart, and the
displacement was measured at a sampling rate of 2000 Hz.

Our study adhered to the requirements of the Danish Animal Experiments Inspectorate for animal
treatment, and it was approved by this institution (no. 2021-15-0201-0082). The study animal was a
35 kg female pig that underwent a one-week acclimation period. The Danish Animal Experiments
Inspectorate approved the animal facilities and principles of animal care. The pigs were pre-
anaesthetized with Zoletil and maintained under anaesthesia with propofol and fentanyl. Bradycardia
was treated with Atropin and atrial fibrillation with Amiodaron if needed.

During heart surgery, measurements of the heart's surface were taken in the sagittal plane (frontal
plane), as shown in Fig. 1. The measurements were taken at nine different points, covering both the
left and right ventricles and right atrium, as shown in Fig. 1 (a). The detailed figure of each
measurement point at the animal tests is shown in Supplementary Fig.S1. A laser sensor was placed
above the frontal plane and faced downwards, as depicted in Fig. 1 (b). The heart's orientation within
the pig's body was at an angle of 6~45°, indicating anterior-posterior motion. The displacement
sequence of the heart at point X as 7% (t,,) was due to two primary motions: respiratory and heartbeat
motions. The respiratory (breathing) motion has a frequency of less than 0.4 Hz (fz), while the
heartbeat motion has a frequency of more than 0.9 Hz (f) [25]. Frequency analysis is necessary to
differentiate between the two motions due to their distinct frequencies. More information can be
found in Equation (1.1) and Fig. 1 (c).

rX(t)~ X)) + 77H®t,) .,n=1,..,N (1.1)
N —— N ——
respiratory  cardiac cycle

X is the measuring point on the heart surface from i to ix.
Periodic: 7§ (tn + i) = 7 (tn) (1.2)
Periodic: 74 (tn + i) = 75 (t,) (1.3)

7 is the cardiac displacement and 7 is the respiration displacement function. f; and fy; are the
respiration and cardiac motion frequencies, respectively. The velocity, v(t), and acceleration, a(t),
of heart displacement, are obtained by differentiating displacement measurements to time.

The Kurtosis feature measures the sharpness of the cardiac displacement at different points on the

heart's surface. A higher Kurtosis value indicates faster cardiac displacement. This feature is

calculated in addition to the displacement amplitude.
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Fig. 1. The measurement of heart kinetic motion in the frontal plane, anterior-posterior motion, (a)
the measurement points on the heart surface, (b) the location of the heart and laser sensor, and (c)
the two motions of the heart; the lung’s motion due to the respiration and the heart beating motion.

We measured the heart’s surface displacement using a laser sensor and analyzed the results, as
shown in Fig. 2. We removed any bias in the motion data by subtracting the average recorded position.
We used the Fast Fourier Transform (FFT) to identify two distinct frequencies related to breathing
and heartbeat, as shown in Fig. 2 (b). We separated the motions of breathing and heartbeat by applying
bandpass filters with a frequency range of 0.9 to 2.5 Hz for heartbeat bands and 0.1 to 0.4 Hz for
breathing bands, as demonstrated in Fig. 2 (c). We further divided the heart motion into individual
beats using signal segmentation, as indicated in Fig. 2 (d). Our segmented FFT used a window size
of 2000 samples for cardiac cycles and 7500 samples for respiration, with a 75% overlap between
segments. Additionally, we calculated the heart rate variation over time using short-term (segmented)
FFT, as shown in Fig. 2 (e). This calculation assesses the consistency of heart rate during

measurements. We calculated the standard deviation (STD) among the segmented signals.
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Fig. 2. One sample of the measured heart surface displacement by laser sensor and the
postprocessing, (a) unbiased measurement of heart surface displacement, (b) the Fast Fourier
Transform (FFT) of the measured displacement, and two distinguished frequencies related to the
heartbeat and respiration, (c) the demonstration of separating the heart beating and breathing
motions and the combination of these two motions, (d) segmentation of heart beating motion into
single individual heartbeats by signal segmentation, and (e) the heart rate variation over the time
based on short-term (segmented) FFT.

Autocorrelation and cross-correlation analyses reveal periodic signals in heart displacement

measurements obscured by noise from respiration and heartbeat motions. The normalized cross-



correlation for the measurement sequences r*(t,) E R,n=1,..,Nandr¥(t,) ER,n=1,..,Nis
Ryy(t,) ER,m=1,..,2N — 1 and given in Eq. (2).

N-m-—1
Ry (t) = 1 X (ty + t)rY (t,), tm =0 )
O Rex Ry (0) | 78
e YY Rxx(_tm); t, <0

2.2. Piezoelectricity

Piezoelectricity refers to the ability of specific materials to produce an electric charge when
subjected to mechanical stress or deformation. This property can mainly be found in piezoelectric
material of crystalline-based (e.g., lead zirconate titanate) and polymeric-based (e.g., polyvinylidene
fluoride). The linear constitutive equations of piezoelectric material can be presented as follows:

Tij = Sk — erijEx -
D; = eiqSi + i Ex

which T;;, S, Ex, and D; represent the tensors of stress, strain, electric field, and electric

ji
displacement, respectively. Moreover, CiEjkl’ ex;j,» and &5, denote the material constants of elastic,
piezoelectric, and permittivity, respectively. These equations can analyze piezoelectric materials in
different applications, particularly energy harvesting. This study uses the finite element method for
analyzing the electromechanical vibration equations of the piezoelectric energy harvesters.

3. Results and discussions

This section will present the findings and discussions of the study. Firstly, an analysis of the heart
kinetics displacement will be presented, which was observed during in vivo animal testing. Secondly,
the role of different kinetic energy points on the heart surface will be demonstrated by evaluating a
piezoelectric energy harvester at various locations. This discussion will aid in highlighting the

importance of different kinetic energy points on the heart surface.

3.1. Assessment of heart kinetic motion

Displayed in Fig. 3 are measurements of heart displacement in the sagittal plane for points "i" to
"iv" on the heart surface, where the heart's kinetic motion is a combination of respiratory and heart-
beating motions. Respiratory motion causes the heart to move at a frequency of approximately 0.24
Hz. In contrast, heartbeat motion is a high-amplitude, short-duty cycle half-wave motion and a low-
amplitude sinusoidal motion, similar to the description in [22].

Fig. 3 (a) to (d) demonstrate significant variations in heart displacement amplitude at various

locations on the heart surface. The total displacement amplitude varies threefold, with some points
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over 25 mm, while others only ~11 mm. The study's findings are consistent with previous reports of
maximum heart motion amplitude of 11 mm [22] and ~10 mm [25], although measured in different
regions. This study measured various points of the heart individually to better understand
displacement amplitudes at various locations.

The pulse width of the cardiac displacement cycle varies across different points on the heart
surface. The pulse width for point "i" is half that of point "ii". The pulse width is important as it
indicates the rate of displacement change, which affects the acceleration of heart regions due to
cardiac cycles.

Supplementary Fig.S2 contains heart displacement for other points.
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Fig. 3. The laser measurements of heart surface displacements at different points, (a) point "i", (b)
point "ii", (c) point "iii", and (d) point "iv" with the demonstration of isolated heart beating motion
at points "i" to "iv" on the heart surface.
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The short-term FFT of laser displacements can identify the frequencies of respiration and heartbeat
motions. Supplementary Fig.S3 shows the FFT signals, which exhibit two peaks for respiration and
cardiac-induced motion. Table 1 presents the identified peak frequencies at different points on the
heart surface. On average, respiration frequency was 0.25 Hz, and cardiac cycle frequency was 1.14
Hz. However, according to the short-time FFT analysis, the frequency of these motions varied up to
34% for respiration and 19% for the cardiac cycle at one measurement point. This finding is relevant
for resonator energy structures sensitive to frequency [16], [38]. Therefore, it is recommended to use

broadband piezoelectric harvesters or frequency-tuning designs [39], [40].

Table 1. The frequency of respiration and cardiac motions at different points in the heart is based
on short-term FFT.

The point on Point description f (H2) fu (Hz)

the heart Mean ~ STD  Mean  STD
i Right atrium 0.25 0.04 1.18 0.18

ii Right ventricle 0.27 0.05 1.13 0.16

iii Right ventricle 0.25 0.05 1.14 0.19

iv Right ventricle outflow tract 0.25 0.07 1.19 0.22

v ementhotovennges 024 004 115 022
vi Left ventricle 0.25 0.06 1.10 0.18
vii Left ventricle 0.25 0.09 1.15 0.19
viii Left ventricle 0.24 0.06 1.14 0.21
ix Left ventricle 0.26 0.06 1.12 0.18
Average 0.25 0.01 1.14 0.03

Fig. 4 (a) presents the maximum total heart displacement, velocity, and acceleration at different
points in the heart during both the cardiac and respiration cycles. These parameters were measured
over multiple heartbeats and kept constant at a heart rate of ~ 60 beats per minute. It is worth noting
that there is a significant variation in these kinetic parameters depending on the heart point. The
kinetic motion of the heart's surface is not uniformly distributed and differs across various heart
regions. Therefore, it is crucial to consider the heart kinetic energy map for energy harvesting
assessment. These nonuniform kinetic parameters are closely related to the physiological functioning
of the heart. The results indicated that the levels of displacement and acceleration are higher in the
right ventricle than in the left ventricle. The right atrium location has the highest acceleration level.

Autocorrelation can be used to study the signals produced by the heart's movement. As shown in
Fig. 4 (b), this technique can help identify two periodicities in the signal - one for breathing
(respiration) and the other for the heartbeat (cardiac cycle). The influence of these periodicities on

the autocorrelation can be observed by looking at the zoomed-in views of the autocorrelation. It is
9



important to note that the effects of respiration and cardiac cycle periodicities vary depending on
where the measurement is taken on the heart. For instance, at some points, like "i", " the heartbeat
periodicity is more noticeable; at other points, like "iii, " the breathing periodicity has a greater impact
than the heartbeat periodicity. Therefore, the overall shape of the autocorrelation is not identical and
is affected by cardiac cycle and respiration motions. The autocorrelation shape is directly linked to
the acceleration value on the heart point. A more harmonic and uniform autocorrelation corresponds
to a lower acceleration level. Moreover, the autocorrelation signals of points "ii", "iii","v", "vi", and
"ix" are similar to the respiration signal, which is more uniform and harmonic (as shown in Fig. 5
(b)). This conclusion indicates that the acceleration level for these points is much lower than the other
points.

Walking can add kinetic energy to this acceleration. The acceleration of a man walking at 5 km/h
speed was measured at the belly location [41]. The FFT analysis revealed, as shown in Supplementary
Figure Fig.S4 that the level of acceleration is below 0.15 m/s?, much lower than the physiological
heart motions. Moreover, the peak frequencies are below 7 Hz, which is a low frequency, so the
influence on energy harvesting is expected to be low. External activities like walking or running may
have additional kinetic effects but affect different heart points uniformly. Considering the uniformity

and low level of walking, the energy harvesting performance was solely sought by the physiological
heart kinetic motions.
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Fig. 4. (a) The maximum displacement, velocity, and acceleration of heart motion include
respiration and cardiac cycle, and (b) autocorrelation of cardiac cycle heart displacement at different
heart locations.

The heart motion signals due to respiration motion are shown in Fig. 5 (a), while Fig. 5 (b) shows
the autocorrelation. The data in Fig. 5 (a) has a consistent pattern across all points with identical
autocorrelations in Fig. 5 (b). This similarity is also proven by the high value of cross-correlation
factors between the respiration signals, as shown in Table 2.

Table 3 shows that the respiration displacements are harmonics, with an average cross-correlation
factor of 0.87 between the respiration signals and a sinusoid standard, indicating a high correlation
coefficient between the harmonic and respiration-based heart displacement. The autocorrelation
identifies a respiration frequency of 0.24 Hz with STD=0.01 Hz, which agrees well with the short-
term FFT output.

In conclusion, the respiration phenomenon creates a harmonic movement at the heart surface, and
this harmonic movement is consistent and equally affects the heart surface. Fig. 4 (b) and Fig. 5 (b)

show that not all total displacement autocorrelations have a respiration-type pattern. This observation
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suggests the existence of another signal type linked to cardiac cycle motion, which can be identified

through autocorrelation analysis.
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Fig. 5. (a) The respiration-induced heart displacement at different heart surface points and (b) the
autocorrelation counterparts.

Table 2. Cross-correlation table for respiration displacement signals

Point on the heart i i i v v viooviioviil iX
i 1.00 0.62 0.94 0.80 0.70 0.70 0.76 0.75 0.80
ii 0.62 1.00 0.68 0.89 0.78 0.78 0.73 0.77 0.92
iii 0.94 0.68 1.00 0.80 0.84 0.84 0.86 0.76 0.82

iv 0.80 0.89 0.80 1.00 0.73 0.73 0.71 0.85 0.94
v 0.70 0.78 0.84 0.73 1.00 1.00 0.85 0.80 0.78
Vi 0.70 0.78 0.84 0.73 1.00 1.00 0.85 0.80 0.78
vii 0.76 0.73 0.86 0.71 0.85 0.85 1.00 0.80 0.80
viii 0.75 0.77 0.76 0.85 0.80 0.80 0.80 1.00 0.82
ix 0.80 0.92 0.82 0.94 0.78 0.78 0.80 0.82 1.00

Table 3. Cross-correlation factor to a harmonic signal standard

gg ?]tegpt Respiration Cardiac
i 0.92 0.66
ii 0.75 081
iii 0.93 0.80
iv 0.87 0.17
v 0.82 0.71
vi 0.88 0.88
vii 0.88 034
viii 0.87 016
iX 0.92 0.82
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In the heart's motion of the cardiac cycle, the cross-correlation analysis reveals that there is no
similar pattern in cardiac displacement signals, as shown in Table 4. As such, there is a low cross-
correlation factor among them. Additionally, the non-normalized autocorrelation of cardiac
displacements has been calculated and presented in Supplementary Fig.S5. The autocorrelation of
cardiac displacement is not identical to the autocorrelation of a sinusoid. On average, it has a low
cross-correlation factor of 0.59 to the sinusoid, as given in Table 2. Some autocorrelation signals in
Fig.S5 have an intense high-amplitude peak, like an impulsive signal autocorrelation. This
observation proves that the cardiac cycle's motion contains a shock-based motion, which is more
prominent at some points than others. This study's results of shock-based heart motion assist the

researchers by energy harvesting using shock-based piezoelectric designs [42].

Table 4. Cross-correlation table for cardiac displacement signals

Point on the heart i i i iv v vioooviioovili ix
i 1.00 0.53 0.52 0.46 0.57 0.57 0.52 0.53 0.59
i 0.53 1.00 0.89 0.33 0.63 0.63 0.27 0.52 0.85
iii 0.52 0.89 1.00 0.31 0.66 0.66 0.24 0.47 0.82

iv 0.46 0.33 0.31 1.00 0.41 0.41 0.37 0.43 0.35
Vv 0.57 0.63 0.66 0.41 1.00 1.00 0.34 0.59 0.67
Vi 0.57 0.63 0.66 0.41 1.00 1.00 0.34 0.59 0.67
vii 0.52 0.27 0.24 0.37 0.34 0.34 1.00 0.33 0.27
viii 0.53 0.52 0.47 0.43 0.59 0.59 0.33 1.00 0.64
ix 0.59 0.85 0.82 0.35 0.67 0.67 0.27 0.64 1.00

In Fig. 6 (a), the total heart displacement is shown, and the respiratory and cardiac cycle amplitudes
are compared. The cardiac cycle amplitude is significantly higher than the amplitude caused by
respiration, which averages at 2.87 mm. Furthermore, the cardiac cycle amplitude is nonuniform, and
points "i" and "iv" in the right atrium and right ventricle have much higher displacement than others.
The kurtosis feature measures the speed at which displacement cycles occur, which is compared in
Fig. 6 (b). The figure shows that respiration has a low kurtosis due to the harmonic type of signal,
whereas the cardiac cycle has greater kurtosis than respiration. Fig. 6 (c) displays the cardiac
displacement for all nine points on the heart surface. The maximum displacement is at the right
atrium, and the minimum is at the middle point "vi". Comparing this in vivo cardiac displacement
contour with the finite element model of the heart in Ref. [21], it is found that the pattern of having
the maximum and minimum amplitudes is identical. However, the maximum cardiac displacement in
our in vivo measurement is 16.19 mm, higher than the 10 mm reported in the finite element model
[21].
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Fig. 6. (a) The maximum displacement, (b) kurtosis feature for the cardiac cycle and respiration
motions, and (c) contour of cardiac cycle displacement for the nine points on the heart surface.

Table 5 shows the heart's motion's maximum displacement, velocity, and acceleration. This table
considers the movement caused by breathing and the heart's beating. The heart's cycles generate a
significant amount of kinetic energy. When evaluating energy harvesting systems, it is crucial to
consider the effects of the heart's cycles and other physiological factors on the acceleration of different

points on its surface.

Table 5. The maximum displacement, velocity, and acceleration at different points in the heart
by considering the heartbeat and breathing motions.

i r(t,) (mm) v (m/s) a (m/s?)

Pﬁ:;‘r;tr?t Averag(;1 STD Average STD Average STD B (m]) P W)
i 27.18 3.49 0.44 0.10 16.30 5.54 7.35 0.59
ii 12.21 0.30 0.10 0.02 334 0.59 0.36 0.02
iii 13.14 0.34 0.09 0.01 2.77 0.48 0.25 0.02
iv 20.38 3.85 0.29 0.06 8.25 2.25 3.09 0.19
v 10.20 0.98 0.16 0.04 4.75 0.28 1.01 0.05
vi 8.89 1.23 0.09 0.01 4.87 1.03 0.25 0.03

vii 10.24 0.77 0.13 0.02 344 0.60 0.57 0.03
viii 11.11 1.67 0.15 0.06 5.77 212 1.11 0.08
ix 11.08 0.75 0.12 0.00 3.12 0.20 0.36 0.02

Sum 14.35m/ 1.03 W

An adult pig's heart weighs around 454 grams (397 to 492 grams) [43]. As shown in Table 5, the
heart's locations have translational kinetic energy ranges between 0.25 to 7.35 mJ, and the power is
between 0.02 to 0.59 W. The summation amount of energy available for translation is 14.35 m]J, and

the power generated by the heart is 1.03 W. This calculated power is similar to the previous estimation
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of 0.93 W [11]. The reported value here is calculated from the in-vivo tests, which are expected to be
more practical.

The variation in kinetic energy among different points can significantly impact energy harvesting
performance. Therefore, it is crucial to accurately assess the energy harvesting potential at each

implant site to determine the optimal location for enhancing energy harvesting performance.

3.2. Assessment of piezoelectric energy harvesting by heart displacement

The previous sections assessed the movement over the heart surface to determine the available
kinetic energy level on different points. This section attempts to convert the kinetic energy of heart
motion to electrical power through piezoelectric energy harvesting. In this regard, a preliminary
energy harvester is studied with conviction to highlight the significant impact of the harvester's
installation location on its effectiveness. The preliminary endocardial energy harvester with a realistic
dimension is considered as Fig. 7 (a), comprising ten spiral piezoelectric beams and tip masses. The
dimension of this endocardial energy harvester is identical to the available commercial leadless
pacemakers [44]. Each spiral beam comprises a silicon substrate layer sandwiched between two
piezoelectric layers made of PZT-5H. These piezoelectric layers are positioned on both sides of the
substrate layer with a negative polling direction. More details about the material properties can be
found in [45]. The encapsulating PZs with a biocompatible shell (titanium for Micra™ leadless
pacemaker, Medtronic, Minneapolis, MN, USA [46]) ensures no harm is inflicted on the surrounding
tissue.

A finite element model of the energy harvester is conducted in COMSOL Multiphysics software.
A concept of an energy harvester inside a leadless pacemaker is considered, according to Aveir™
leadless pacemaker (Abbott, St. Paul, MN, USA), as shown in Fig. 7 (a). The external shell has a
screw-in fixation helix so that the energy harvester is fixed to the heart and vibrates with the heart
cardiac cycle. The piezoelectric materials with tip masses have a 0.06 to 0.2 g mass. Therefore, the
mass ratio of the leadless pacemaker with the energy harvester is less than 0.9%, and the volumetric
ratio is less than 0.4% compared with a female heart [47]. Moreover, the energy harvester is light;
the weight is lighter than an identical battery volume, so it does not create adverse effects. In the finite
element model, the vibration of each point depicted is individually applied to the bottom side of the
proposed energy harvester (Fig. 7 (b)) to derive a steady-state response while the piezoelectric layers
are connected in series. For a fair comparison, each point’s displacement with an identical period-

time of 4 seconds is considered, including four heartbeats and one breathing.
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Fig. 7. The schematic of (a) the Aveir™ leadless pacemaker (Abbott, St. Paul, MN, USA), (b) the
conceptual design of a self-powered pacemaker device with an energy harvester based on ten spiral
piezoelectric beams.

The thickness of the substrate (t;) and each piezoelectric (tp) layers can significantly affect the
energy harvester output. In this regard, the maximum open-circuit voltage of the energy harvester
with different substrate and piezoelectric layers’ thickness under motion of point i is shown in Fig. 8
(@). Similarly, the maximum generated power of the energy harvester while connected to resistance
10 kQ is represented in Fig. 8 (b). This study considers the constraint of a 5 um minimum threshold
for the thickness layer to ensure the durability of the energy harvester against periodic stress during

a cardiac cycle. In all the simulations, the maximum stress was below 15 MPa.
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Fig. 8. The outputs of the energy harvester under the motion of point "i" during one period: (a) the
maximum open-circuit voltage; (b) the maximum generated power while the energy harvester
connected to resistance 10 kQ.

The energy harvester outputs depend on the implant site. Nevertheless, the variation pattern of the
maximum open-circuit voltage and power of the energy harvester at other implant points are similar
to the results of point "i", shown in Fig. 8. For summarization, the normalized generated energy by
the energy harvester (with 5 um substrate and piezoelectric layers thickness) during one cardiac cycle
at different implantation points is presented in Fig. 9 (a). The results demonstrate that the harvested
energy of point "i" dramatically exceeds that of other points, qualifying point "i" for endocardial

energy harvesting. Moreover, Fig. 9 (b) shows the open-circuit voltage associated with points "i" and

X .

17



@ (b)

Point i

1- — 1
=
@]
Eﬂ 0
o
EB - 1F
1)
O
LE1 0.1 .2 . . .
= 0 1 2 3 4
©
E’ Point ix
] !
E
1 5
=)
Z 0.01 =
(4]
&0
5
S
=
i i Qi ivov o owvio owvii wvili ix 0 1 2 3 4
Points Time [s]

Fig. 9. (a) The normalized periodic harvested energy at each point; (b) one period of generated
open-circuit voltage at points "i" and "ix" for t,=t,=50 UW.

The results imply that point "i" significantly surpasses other points in terms of peak open-circuit
voltage, aligning with the remarkable kinetic energy of point "i", as detailed in Table 5. Therefore,

this location can be one of the nominated sites for implanting the endocardial energy harvester.

Conclusion

A foundational dataset for heart kinetic motion through in-vivo tests is presented, investigating the
influential factors in heart kinetic motion. In-vivo tests were conducted on a living pig's heart to
measure heart and respiration movements. Nine points on the heart surface were used for
measurements.

The displacement of the heart can be attributed to two periodic motions: respiration (breathing)
and cardiac (heartbeat), which have distinct frequencies. Autocorrelation analysis confirms the
periodicity signals from both the cardiac and respiratory motions and indicates their presence at
different points on the surface of the heart. The amplitude and frequency of respiration-induced heart
motion were recorded to be constant at heart surface points. However, the heart displacement
amplitude varies significantly depending on the heart's location due to the cardiac cycle. The right
atrium exhibits the highest displacement and acceleration, but the kinetic energy of the left ventricle
is low. The right ventricle's top location also has a high cardiac kinetic movement. Our in vivo
measurement found that the maximum cardiac displacement was 16.19 mm and acceleration was
16.30 m/s2. On average, 14.35 mJ of energy is available for translation, and the power generated by

the heart is 1.03 W. The variation in kinetic energy among different points significantly impacts
18



energy harvesting performance. As the piezoelectric model demonstrated, the variation in kinetic
energy among different points significantly impacts energy harvesting performance. The
autocorrelation proves that the piezoelectric power generation is higher when the periodicity of
cardiac-cycle motion is more prominent in the signal.

The current study can initiate several studies. Integrating high-performance designs and novel
piezoelectric materials can be optimized for heart displacement measurements, leading to substantial
power generation in a feasible dimension and weight. Our team is exploring the in-vivo multi-

directional translational and rotational heart measurements and electrophysiological heart models.
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