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Abstract—Energy-harvesting devices attract wide interest as
power supplies of today’s medical implants. Their long
lifetime will spare patients from repeated surgical interven-
tions. They also offer the opportunity to further miniaturize
existing implants such as pacemakers, defibrillators or
recorders of bio signals. A mass imbalance oscillation
generator, which consists of a clockwork from a commer-
cially available automatic wrist watch, was used as energy
harvesting device to convert the kinetic energy from the
cardiac wall motion to electrical energy. An MRI-based
motion analysis of the left ventricle revealed basal regions to
be energetically most favorable for the rotating unbalance of
our harvester. A mathematical model was developed as a tool
for optimizing the device’s configuration. The model was
validated by an in vitro experiment where an arm robot
accelerated the harvesting device by reproducing the cardiac
motion. Furthermore, in an in vivo experiment, the device
was affixed onto a sheep heart for 1 h. The generated power
in both experiments—in vitro (30 uW) and in vivo
(16.7 uW)—is sufficient to power modern pacemakers.

Keywords—Scavenging, Automatic power-generating system,
Power supplies, Cardiac wall motion, MRI, Unbalance, Wrist
watch.

INTRODUCTION

Over the last few years, medical implants have
rapidly gained importance and are continuously
extending their field of application. Most of them rely
on internal primary batteries, which have become a
well-established and reliable power supply. Batteries
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however have a major disadvantage: a limited capacity
and therefore a limited life span. Recent efforts aimed
at increasing their energy density have shown very
small effect.'”!? Whereas the dimensions of electronic
circuits are constantly reduced, batteries often account
for an important percentage of volume, and weight of
today’s medical implants. Therefore, energy harvesting
is a promising alternative to batteries. Different tech-
nologies have been investigated to extract energy from
various sites and sources of the body'® as for example
the knee,'® the chemical reaction of glucose and oxy-
gen in dedicated fuel cells,” the body movements using
nanowires,'* the body heat®* or the ventricular wall
motion."%*?

Using the cardiac contraction as a power source for
energy harvesting can be beneficial in many ways.
Regardless of a person’s activity, the heart’s contrac-
tions are regular with displacements in the range of
centimeters. The cardiac muscle is highly enduring
with more than 1.8 billion heart cycles during a life-
time of 70 years at an averaged heart rate of 70 beats
per minute. This makes it a very reliable power source
that may also offer the opportunity to power medical
implants such as a pacemaker—a device dedicated to
the heart. The power consumption of the latest pace-
makers has been further reduced to 8 uW.?® However,
the energy required depends on the device’s activity,
and therefore the lifespan of battery-driven pacemak-
ers usually vary between 6 and 12 years. In order to
replace a depleted battery, a complete device replace-
ment becomes necessary. Particularly young people
might therefore undergo repeated surgical interven-
tions, each with the risk of complications. Moreover,
the leads of pacemakers and defibrillators have a
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considerable risk of failure.® These leads would become
obsolete if the primary battery of pacemakers was
replaced by an “inexhaustible’” power supply near the
heart, thereby improving the patient’s quality of life
significantly.

In this research work, we make use of the automatic
watch mechanism to harvest the energy of a person’s
heartbeat. Our approach is divided in three parts:
First, a modified wrist watch is used in an in vivo
experiment to demonstrate the feasibility. Since an
automatic wrist watch is originally designed for arm
motion and not intended for implantation onto the
heart, its energy harvesting capabilities are far from
optimal when operated by cardiac contractions.
Therefore, it is the second task of this study to describe
the physical behavior of the harvesting technique by a
mathematical model. Such a model allows a systematic
study of the influence of different design parameters on
output energy. Finally, we performed an in vitro
experiment with an arm robot to validate the results of
the mathematical model.

MATERIALS AND METHODS

Test Setup

The mechanism of an automatic wrist watch has
been used in the watch industry for years. It is a well-
established technique to harvest energy from a person’s
wrist by transforming mechanical into -electrical
energy. The arm’s motion is converted into rotation by
means of an eccentric oscillating weight. In our par-
ticular case, this mass in turn winds a spring which
accumulates the mechanical energy. When a certain
threshold has been reached, the spring energy is
released to drive an electromagnetic generator during a
few milliseconds, producing electrical pulses referred as
“triggered impulses”. The generated electrical energy is
then stored in an accumulator or capacitor in order to
supply the watch even during periods of inactivity.

A first prototype has been constructed by using the
clockwork ETA 204 (ETA SA, Switzerland) from a
commercially available automatic wrist watch. In
order to reduce the total weight, all unnecessary parts
have been removed, namely the wristband, the steel
housing, the dial, the indicators, and the gear wheels
responsible for displaying the time and date. The
modified wrist watch—including the electromagnetic
generator (MG205, Kinetron B.V., the Netherlands),
the oscillation weight (3.5 g), and a bracket—was
placed in a custom-made housing covered by the ori-
ginal glass lid. This custom made housing provides six
eyelets in order to sew it onto the epicardium, the outer
side of the heart muscle (Fig. 5). It was manufactured
by 3D printing (Alaris30, Objet Ltd., Israel) out of
polymer VeroWhite FullCure830 (Objet Ltd.). The
final weight of the modified device is 16.7 g. We later
refer to this device as mass imbalance oscillation gen-
erator (MIOG). No further modifications were done to
the prototype during or between the experiments.

For all experiments the MIOG operates with a
330 Q load resistance and a data acquisition setup
(SCB-68 and DAQCard-6062E, National Instruments
Corp., USA). LabVIEW (National Instruments) was
used to measure and process the sampled voltage signal
(Fig. 1). Our program comprises an edge detector to
count the impulses of the generator.

Heart Motion Analysis
MRI Tagging Analysis

With regard to harvesting energy from the cardiac
motion, it is of great interest to identify the epicardial
sites with the most promising motion spectrum. Car-
diac magnetic resonance imaging (MRI) was used to
assess cardiac motion in vivo. Imaging was performed
on a 1.5T Philips MRI system (Achieva, Philips
Healthcare, the Netherlands). Data were acquired in
one healthy volunteer (30 year old male). Written
informed consent was obtained according to the
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FIGURE 1. Output signal of the prototype generator. The data were acquired during the in vitro experiment at the basal site.

A single impulse provides a mean energy of 43.8 uJ.
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institutional guidelines prior to the exam. 3D Cardiac
tagging images covering the entire left ventricle were
acquired using Complementary SPAtial Modulation of
Magnetization (CSPAMM?) preparation in combina-
tion with an ECG triggered multi-shot gradient echo
sequence employing echo planar imaging (EPI) read-
outs. Tagging preparation immediately followed detec-
tion of the R-wave. Sequence parameters were as
follows: spatial resolution 3.9 x 7.7 x 7.7 mm?, field of
view 108 x 108 x 108 mm®, TR/TE: 6.9/3.2 ms, tag-
line distance: 7 mm, temporal resolution 24.5 ms, 29
heart phases/frames per cycle (fpc). In order to achieve
constant signal intensity over the cardiac cycle a flip
angle sweep was used.”! As recommended by Rutz
et al."® three stacks with orthogonal line tagging pattern
were acquired in three consecutive breath holds with a
duration of 18 heartbeats each. Breath hold level was
controlled using a respiratory navigator placed on the
right hemi diaphragm (gating window 15 mm). Navi-
gator data was used to correct for offsets in stack posi-
tion during image reconstruction. Mid-wall contours
were drawn in short axis view and tracked over time.
Tracking was performed in phase domain using the peak
combination harmonic phase (HARP)'"'® algorithm
implemented in an in-house programmed software
(IDL). Displacement information required for simula-
tions was retrieved from tracked contour points. For
every vertex translational as well as rotational motion
during the cardiac cycle was computed. Although the
MIOG experiences accelerations in all six degrees of
freedom (DOF), accelerations along the device’s rota-
tion axis have no direct influence on the oscillating
weight. The calculations in the following motion anal-
yses are based on translational displacements rather
than accelerations in order to avoid discretization errors
caused by differentiation of trajectories with low tem-
poral resolution.

Translational Motion Analysis

In a first approach, we used the principal component
analysis (PCA) to compute the translational displace-
ment variability for each tagged point. The procedure
for a single point P, , - over time ¢ for a specific depth z
along the long axis of the left ventricle and vertex v,

Pl,t:l,mz Pl,t:ZA’v,z Pl,r:fpc.,v‘z

Pv,z = P2,t:l,v.z P2,t:2,v,z ce. P27f:_fpcﬁv,z 5 (1)
P3‘l:l,v,z P3,r:2,v,z P3.,t:fpc.,v,z
y=[1...72), z=[1...11]

involves detrending the data,
Pmean, . = P,. — mean{P, [t =1,2,3...fpc} (2)

building the covariance matrix

C = cov(Pmean, ) (3)

and the singular value decomposition of the covariance
matrix C. This yields the product of three matrices that
are known as the eigenvector matrix U, the diagonal
eigenvalues matrix S and the transposed eigenvector
matrix V'

USVT = 51d(C) (4)

The first principal component (the first eigenvector)
points in the direction of the largest variance. As an
example, the PCA of points on an ellipse would iden-
tify its major and minor axis with its first and second
eigenvector, respectively. Therefore, the strongest
motion amplitude of a point on the left ventricle is
found along the first principle component. The sum of
the eigenvalues represents the total amount of varia-
tion of a point’s motion during one heart cycle.

The second approach, i.e., the translational analysis,
considers only forces in the device’s x—y-plane (device
plane, normal to the unbalance rotation axis, Fig. 2).
Accelerations in z-direction only affect the unbalance’s
bearing, i.c. the bearings’ rolling resistance and can
therefore be neglected for this analysis. The main task
is to find the traveled distance in this plane during one
cardiac cycle. Since the orientation of the device
changes over time, a normal vector perpendicular to
the heart’s surface is computed for every time step.
This is done by the cross product of secants from the
opposing neighboring points (Fig. 3). Assuming a rigid
mechanical coupling between the heart and the device,
the constructed normal vector and the device’s
z-axis coincide. To calculate path fragments without

\

FIGURE 2. Prototype generator on MRI tagging grid of the
left ventricle and a trajectory of a single vertex over time.
The circles highlight the starting- (blue) and end-point (red) of

the motion.
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z-components, the path of a vertex was therefore
projected on the device plane for every time step. The
sum of all these partial displacements yields a total
amount of displacement projected on the heart surface.

Rotational Motion Analysis

The myocardial torsion induces a rotation in
the device’s x—y-plane at a particular implantation
site (Fig. 3, red vertex), which affects the motion of the
oscillating weight. The amount of rotation in the
device plane during one heart cycle is determined by

Secant,y

1 2/3
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FIGURE 3. The neighboring points of a vertex (red spot) are
used to calculate the translational and angular displacement.

reference frame

inertial frame
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the sum of incremental rotations between consecutive
time steps. The incremental rotation is derived from
the rotation of neighboring points around the normal
vector between two time steps. We used the secants of
opposing neighboring points (1-8, 2-7 and 3-6) to
determine this absolute angular deflection by averaging
the angular deviation of each secant. Secant 4-5
proved to be an insufficient indicator of the rotational
behavior and was therefore excluded from these
calculations.

Computational Analysis

Based on the device specifications, a mathematical
model was developed to compute the motion of the
unbalance for a given three-dimensional heart motion.
The unbalance was modeled by a single mass point
attached on a rigid and weightless beam, whose motion
is constrained to a circular path. Among the acceler-
ations caused by the myocardial contraction (three
translational, three rotational), the translational
acceleration along the z-axis does not influence the
behavior of the oscillating weight.

The general setup is given by the free-body diagram
(Fig. 4) showing the unbalance in the 3D space with
the point S as its center of mass. The reference frame
illustrates the origin of the unbalance’s housing in the
inertial frame. Its orientation is described by the time-
dependent transformation matrix u:

Uly Uy U3x
ut)=(uy wy uz) = | wy wsy uy (5)
Uz Uz; U

orientation plane &
< device’s x-y-plane

FIGURE 4. Free-body diagram with radial and tangential acting forces.
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In the reference frame the x-axis points towards 3
o’clock, the y-axis towards 12 o’clock and the z-axis
along the rotation axis perpendicular to the housing.
Any pose (position and orientation) of the device can
be described by combining the position vector ¢ with
the orientation matrix u.

The energy produced by the excited pendulum is
examined by means of a numerical solution of its
equation of motion. According to Newton’s second
law, the problem can be described in the inertial frame
by the sum of all forces

ma=Y F (6)
and by the sum of all moments:
Jo' = mrto = Z M (7)

For the mathematical formulation in the accelerated
reference frame, real, and fictitious forces have to be
taken into account. The real forces are the gravity
F, = —mg, the friction force F; and the spring force F;.

The friction force Fr in the unbalance’s ball bearing
is divided into kinetic (g, =0.005) and static
(s = 0.05) friction force for a given tangential velocity
threshold. F; always points opposite to the rotation
direction and results from the normal force F, acting
radially on the bearing.

- { —y Fypsign(o)  for |ro/| > 1 mm s™! ()

—pFysign(of)  for |ro/| <1 mm s™!

The counter force of the spring F;, which is
responsible for the mechanical energy transmission to
the electromagnetic generator, plays a key role in this
analysis. Manufacturer specifications report a linear
increase of spring force with displacement.'” When the
cumulated rotation o, of our unbalance reaches 2.5
radians, the spring reaches its maximum torque of
M gpring = 90 uNm and unloads the stored energy to the
generator. To compute o,y in the numerical model we
integrated the absolute angular velocity over time.

Oeum = /abs(oc’)dt
Fy = —Mpring /1 mod (oteym, 2.5) /2.5 sign (o)

©)

By formulating the system in the accelerated refer-
ence frame, fictitious forces acting on all masses in
non-inertial frames had to be introduced.® Therefore,
the mathematical model includes centrifugal forces
which arise from the angular velocity of the reference
frame Q

Foer = ‘mﬁx (ﬁx?)’ (10)

and from the angular velocity of the pendulum o/

Fier = mr(ol)* (11)
and are subsequently denoted by outer and inner
centrifugal force, respectively.

Further fictitious forces are the Coriolis force

Feor = ‘2m§ X ‘7r with v, = ro/ (12)

and the Euler force

!
Feul = 'WZQ X T

(13)

which are caused by angular accelerations Q'

The inertial force represents the reaction force to the
translational motion of a single point on the heart #r
which was built by considering only the tangential
component of the motion vector. Building the external
motion trajectory ¢r was part of the in vitro experiment
and is explained in “/n Vitro Experiment” section.

F = —‘mtr” (14)

All the forces are hereby expressed as a function of
known quantities, except for the friction, which con-
sists of an unknown and always radially oriented
normal force F,. By separating the free-body diagram
(Fig. 4) into tangential (7)) and radial (R) components
the following system of equations is obtained and can
be used to solve for the unknown force Fy:

T: mre = My + My + M; + Mey + Mot + M,
R : FnngR+Rcf+ER+Foch+Feu1R+Fcor
(15)

A vector space transformation is used to separate
the original force vectors into tangential or radial
components which are denoted by capital 7" or R
indices. However, there are two forces which only
influence the radial equilibrium, namely the inner
centrifugal force Fi;r and the Coriolis force Fgo. Solv-
ing this well-defined system of equations by eliminating
the variable F, results in a second order explicit
ordinary differential equation (ODE) for the angular
acceleration o”.

o = (Mg+Mf—‘rMi-i-Meul‘f'Mocf‘i‘Ms)/m”z (16)

To find a numerical solution to this problem we
converted this second order equation to a system of
first order equations. This system can be integrated by
using the classical 4th order Runge-Kutta algorithm
with adaptive step size control.

For the validation of the model a total amount of
triggered impulses is calculated by dividing the cumu-
lated absolute angular distance o,y by 2.5 radians.
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To ensure the quality of the numerical solver’s
result, different minimal step sizes with various simu-
lation times are tested. The variation between simula-
tions with different step sizes is evaluated by
comparing the amount of triggered impulses.

In Vitro Experiment

An arm robot (5 DOF, +0.1 mm accuracy, Neur-
onics Katana, Switzerland) was programmed to
reproduce the motion of a particular point of a beating
human heart. Simulating over several consecutive
heartbeat cycles requires a repeatable and closed tra-
jectory as input. Trajectories were obtained from MRI
tagging data covering the entire systole and most of
diastole. Due to ECG-based triggering of the MRI
sequence acquisition, data cannot be recorded at the
end of diastole right before occurrence of the next
R-wave. Therefore, a gap between the starting and the
end point of the motion is inevitable. For this experi-
ment we used a built-in function of the robot to close
the trajectories. The input coordinates had to be
adjusted to avoid artificial excessive motions caused by
the interpolation over this gap. Furthermore, trajec-
tories obtained from our MRI tagging analyses
showed strong acceleration peaks that could not be
reproduced accurately by the robot. The trajectories
therefore had to be adapted to the robot’s capabilities.
Most important, due to the limited DOF of the robot,
the trajectories were simplified to translational move-
ments only (x, y, and z). An optical tracking system
(0.15 mm 3D accuracy, 4600 Hz maximum update
rate, Optotrak Certus, Northern Digital Inc., USA)
was used to capture the robot’s end-effector motion
with an update rate of 100 Hz. This tracking data of
the generator’s motion is used as input for the later
comparison with our mathematical model.

In Vivo Experiment

The MIOG was used in a study approved by the
Swiss Federal Veterinary Office that is in compliance
with the Guide for the Care and Use of Laboratory
Animals (National Academy of Sciences, 1996). The
animal received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals.
The study was performed on a 65 kg female Swiss
alpine sheep during 1 h. After premedication and
induction of anesthesia, the animal was intubated and
anesthesia was maintained with isoflurane in oxygen
(1.6%) and fentanyl (5-10 ug kg~' h™").?° The sheep
was placed in the right-lateral position. After left
anterolateral thoracotomy and pericardiotomy, the
MIOG was directly sewn onto the left ventricular, mid-
lateral wall (Fig. 5). In addition, a sponge-like pad was
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FIGURE 5. The prototype generator sewn (blue threads)
onto the sheep’s heart using three eyelets of the housing.

glued onto the back of the prototype to enhance the
adhesion on the epicardium. This site was chosen for
three reasons. First, it was free of relevant coronary
arteries. Second, it was not necessary to mobilize the
heart, thus preventing venous congestion. And third,
the device remained visible throughout the experiment.
The surgeons first attached two threads to the myo-
cardial tissue. Then, the device was fixated by using
three eyelets of the housing.

RESULTS

Left Ventricular Wall Motion Analysis

First, the variation of translational displacements
was investigated using the PCA method that provides
easily comparable values, thus simplifying the identi-
fication of the segments with the longest trajectories
regardless of the motion direction. As illustrated in
Fig. 6a, this analysis reveals long trajectories in the
basal region, in particular on the lateral side. Fur-
thermore, PCA generates three eigenvectors that span
a new coordinate system for each point. The principle
component of a given trajectory can now be used to
describe the main direction of a motion which for large
displacements comprises up to 97% of its total varia-
tion. For the most favorable sites, the motion direc-
tions show a clear tendency toward a general torsion of
the heart along its long-axis. In contrast to the PCA
method, where the absolute traveled distances are
rather uniformly distributed, there is a greater pro-
portion of large distances in the translational motion
analysis (Fig. 6b). Strong movements dominate in the
lateral region, in particular at the basal level. The
rotational analysis, on the other hand, reveals devia-
tions higher than 27.3° in all segments of the left ven-
tricle (Fig. 6¢c). In general, rotational motions were
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(b)

anterior

1.8mm

10.7mm 27.3°

FIGURE 6. Bull’s eye plot showing (a) the variation for translational displacements (PCA), (b) the translational displacement, and
(c) the rotations coplanar to the epicardial surface. Basal and apical motion data are depicted in the outer and inner circumference

of the Bull’s eye, respectively.

stronger in inferior and inferolateral segments. Based
on these motion analyses, we conclude that the basal-
inferolateral region is the best place to harvest energy
with a MIOG.

Mathematical Model

For the validation of the mathematical model, we
used the trajectories acquired by the optical tracking
system during the in vitro experiment. The MIOG was
therefore stimulated by translational excitations only.
Figure 8 illustrates the contribution of each force as a
function of time. Since our mathematical model does
not compute the output power but rather the number
of electric impulses (calculated by dividing the cumu-
lated angle o, by 2.5 radians), we decided to use this
quantity for comparison with the in vitro experiment.
For identical test conditions, 250 impulses were gen-
erated during the in vitro experiment, whereas 122
impulses were predicted by the simulation. The con-
sistency of the numerical solver was confirmed by using
different step sizes.

We verified the model’s ability to predict an optimal
configuration for one of the design parameters. To this
end, the radius of the oscillation weight was varied
from 4.1 to 40.1 mm. As shown in Fig. 7, a maximum
of 401 impulses is found at a radius of 27.1 mm.

In Vitro Experiment

The arm robot was programmed to move the
MIOG along the trajectory of two different points. The
first point was chosen based on the previous motion
analysis and was located basally at the inferolateral
side. In contrast to this, the second point was selected
from the apical level where small translational motions
were measured. The robot reproduced 600 heart cycles
and thereby accelerated the MIOG during 8 min and
58 s and 7 min and 9 s, respectively. In both experi-
ments, the unbalance had a maximal oscillation
amplitude of approximately 20°. The device delivered a

450
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0 5 10 15 20 25 30 35 40 45
radius of the oscillation weight [mm]

FIGURE 7. Predicted impulses by the mathematical model
for different oscillation weight radii. The plot illustrates the
number of generated impulses (a) in the in vitro experiment,
(b) predicted by the mathematical model with the original
prototype radius (6.1 mm), and (c) under optimal radius con-
figuration of 27.1 mm.

mean power of 30.0 uW (26.9 uJ per heartbeat) at the
basal and 23.2 uW (16.6 uJ per heartbeat) at the apical
level.

In Vivo Experiment

During the in vivo experiment the sheep had an
average heart rate of 90 bpm. Our prototype was
affixed to the heart for 1 h. Macroscopically, the
sutures affixing the device did not harm the myocar-
dium and there was no obvious abrasion of the epi-
cardial surface. During the experiment, we performed
three power measurements for a total time of 18 min
and 45 s. During this time the generator produced 330
impulses with a mean power of 16.7 uW that translates
into 11.1 uJ per heartbeat.

DISCUSSION

We demonstrated that it is technically feasible to
gain energy from the beating heart by means of an
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unbalance as it is used to power wrist watches. The
mean power generated in in vivo tests is sufficient to
supply the latest pacemaker designs with power con-
sumption in the range of 8 £W.?® This was achieved by
a few simple modifications of a commercially-available
automatic wrist watch without optimization of size,
weight or transduction mechanism. To find the ener-
getically favorable spots for a prospective device
implantation we investigated the left ventricular wall
deformation based on MRI tagging data. Further-
more, we developed and validated a mathematical
model which can be used to optimize the harvester with
respect to size and power delivery. The proof of con-
cept was demonstrated during a 1-h in vivo experiment.

Prototype

Automatic wrist watches are known to have a very
long lifetime, but they require occasional servicing. A
complex clockwork is required to guarantee accuracy
and reliability. Because a lot of today’s watches are
worn as jewelry, the micro-machined parts not only
have to be precise but also need to have an attractive
design. Apart from longevity, the requirements of
prospective harvesting device are rather different.
Harvesting the mechanical motion from the beating
heart will be its exclusive task. This will reduce the
complexity of the mechanical construction and there-
fore improve the resistance to wear. Moreover, the
encapsulation from any external mechanical stresses
and the constant body temperature provide an
advantageous implantation site for the device. In the
setting of human energy harvesting, we therefore
expect a substantially longer lifetime of the MIOG
devices without maintenance.

Our first prototype is not yet optimized to be used in
conjunction with cardiac motions and may, due to its
size and mass, harm the heart or interfere with cardiac
function. Ideally, the weight of the housing would be
limited to a minimum and the weight and shape of the
unbalance would have to be chosen to match with the
motion spectrum of the beating heart. Because these
parameters change with heart rate, it is essential to find
a design that operates within a certain bandwidth.
Furthermore, the oscillating weight reacts only to
accelerations within its two-dimensional motion plane.
Therefore, the optimal harvesting device should be
small and contain a dedicated generating mechanism
with the ability to efficiently extract energy from a
given spectrum of movements.

In order to improve the device’s ability to harvest
energy over a wide range of excitations, a dynamic
adaptation could be envisioned. Similar approaches
have been studied in the setting of electromagnetic*
and piezoelectric’ generators. Nevertheless, a dynamic
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adaptation can only be achieved at the cost of some
energy (e.g., an actuator is required to modify the
device’s configuration). Therefore, the challenge is to
design an adaptation mechanism consuming a mere
fraction of the produced energy.

Operation of a cardiac pacemaker requires an
energy management system to buffer the power con-
verted by the generator in a capacitor. This backup
unit ensures proper functioning during periods of
cardiac malfunction, e.g., arrhythmias or ischemia.
Such a management system must be carefully designed
to match the final configuration of the harvester and
the consuming device.

MRI Tagging for Heart Motion Analysis

MRI tagging was developed to analyze cardiac wall
motion mainly in the setting of coronary artery dis-
ease.'” It is well known that the anatomical structure of
a heart varies significantly for different individuals.
However, in this study we focused on the motion
spectrum of one individual. Although MRI tagging is
the clinical gold standard to assess the cardiac wall
motion, it suffers from certain limitations. First, tag-
ging data reflect points of the middle myocardial layer
and do not necessarily reflect the behavior of epicardial
points (relative circumferential shortening epicardial,
22 + 5%; midwall, 30 £+ 5%; and endocardial,
44 + 6%).? In addition, it is currently challenging to
realize MRI measurements covering multiple R—R
intervals so that the starting and the end point of a
trajectory coincide due to cardiac triggering and length
of breath holding. We therefore had to adjust our
trajectories for the simulations which require a con-
tinuous periodic function as input.

The calculation of normal vectors and maximal
rotating angles relies on neighboring points of adjacent
planes at a fixed offset (Fig. 3). Because the vertices in
the basal and apical short-axis planes lack three
neighboring points, only 9 of 11 short-axis slices were
used for the rotational motion analysis (Fig. 6c).

MRI data are acquired in supine position. At
present, MRI techniques cannot investigate the influ-
ence of various body positions like sitting or standing
and activities such as walking or running on cardiac
motion and its potential to drive an energy harvester.
Such scenarios can only be assessed during in vivo
experiments.

Experiments and Simulations

During our in vivo experiment, the prototype gen-
erator experienced the accelerations of a beating heart
during 1 h at a constant heart rate of 90 bpm. Despite
the size, weight, and limited oscillation amplitude



Energy Harvesting from the Beating Heart 139

(£20°), the MIOG harvested 11.1 uJ electric energy
per heartbeat from the left ventricular motion. Similar
results were reported in a previous study® on a mongrel
dog heart, however using overdrive pacing. 13 uJ could
be harvested per heartbeat at an optimal heart rate of
200 bpm. Reducing the size and weight of the MIOG
might help to fit the device to the heart. However, it
also might lead to an inefficient pendulum configura-
tion making the prototype insensitive to the heart’s
contractions. Three other issues can further explain the
different output power of our in vitro and in vivo
experiment: First, the fixation of the prototype by a
“loose” suture did not ensure rigid coupling and might
have dampened the heart’s original excitation. Second,
the chosen fixation site on the antero-lateral heart wall
(Fig. 5) is not ideal for energy harvesting according to
our motion analysis. Third, open chest test conditions
with reduced intrathoracic pressure deviate from the
physiologic situation. This may have influenced car-
diac motion and energy production of our device.
Furthermore, the impact of the MIOG’s mass (16.7 g)
on cardiac performance is not known. However, the
normal weight of a human heart (360-410 g°) often
includes epicardial fat accumulations® that clearly
exceed the mass of our harvesting device. To date,
these fat deposits have not been shown to negatively
affect cardiac performance.

In contrast to the in vivo experiment, the clamp
mechanism of the arm robot ensured rigid mechanical

contact between the generator and the source of
motion. However, the use of an arm robot raised
some other issues: First, the trajectory had to be
smoothened to overcome the high acceleration peaks
found during cardiac contraction. Second, the robot
is not designed for reproducing small deflections with
high accelerations. Finally, due to the limited DOF of
the robot, we could only consider translational mo-
tion.

Due to gravity, the oscillating mass of our MIOG
will always settle in the position where its potential
energy is minimal. To deflect the mass from that one
point, it is therefore important to have accelerations
whose directions are not aligned with gravity. In both
the in vivo and the in vitro experiment, the amplitude
and direction of the heart motion varied sufficiently for
the mass to oscillate by approximately £20°.

An optical tracking system was used to acquire
accurate three-dimensional information of the robot’s
end effector motion. We used a cubic spline interpo-
lation of this trajectory to obtain a twice differentiable
function as input to our mathematical model. This
interpolation resulted in a slight overshoot for accel-
eration peaks and might therefore support the unbal-
ance’s motion. Because the robot lacks rotational
DOF, the mathematical model is not yet validated for
rotational components. Therefore, we could not assess
the impact of the Coriolis-, Euler-, and outer centrif-
ugal force on the device.
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FIGURE 8. Stacked force plot of the mathematical model. « denotes the instantaneous angle of the unbalance. The cumulated
angle aq,m illustrates the sudden release of the spring at 2.5 rad which sets the spring force Fg to zero. This reduces the torque on
the unbalance sufficiently for the driving inertial force F; (not displayed) to cause larger oscillations again. Their amplitude rapidly
decreases as the spring winds up. Above a certain spring force, stick-slip effects become important (the force F; alternates
between kinetic and static friction as modeled in (8)). Inmediately after the spring reset, the moving unbalance produces pure
kinetic friction in addition to an inner centrifugal force Fi;r. Furthermore, the plot shows a large contribution of gravity Fy,

compared to the other forces.
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Our simulations showed that the system is very
sensitive to small changes. The unwinding of the
spring, which actuated the electromagnetic generator,
suddenly decreases the spring force F (see Eq. (9) and
Fig. 8) and therefore induces a singularity in the
model. Furthermore, the friction force constantly
changes between kinetic and static friction as a result
of the oscillation. These two sources of discontinuities
force the solver to strongly lower its step size. In order
to make our ODE differentiable, the signum function
in both the friction- and spring-equation were replaced
by a smooth approximation (arctangent function).
This affected the computation time as well as the
numerical result and may introduce an error for long
time simulations. Since we do not have an analytical
solution to our mathematical model, we cannot cal-
culate these deviations.

Moving mechanical parts always lead to friction. It
is the watchmaker’s aim to reduce this resistance
within clockworks to a minimum. However, the fric-
tion coefficient of our movement is unknown. There-
fore, several reasonable friction coefficients were
tested. According to our numerical results, the contri-
bution of the friction force is very small compared to
the gravity or the spring force (Fig. 8). Adjusting the
friction coefficients therefore caused only insignificant
changes.

As shown by preliminary simulations (Fig. 7), the
number of generated impulses can be optimized for a
given range of radii, regardless of physical (maximum
size or weight of the device) and physiological limita-
tions (influence of the radius on the heart). It is one of
the main upcoming tasks in this project to conduct a
comprehensive analysis of the relevant design param-
eters in order to determine their influence on power
production under the given biologic limitations. We
thereby focus on the development of a simulation
platform with the overall goal to find the optimal
geometry and harvesting method for a certain spec-
trum of heart motions. This will allow testing different
shapes and transduction mechanisms for their effi-
ciency and applicability. Based on the optimal geom-
etry, more efficient prototypes will be constructed and
tested within in vivo and in vitro studies.

CONCLUSION

The beating heart is a potential energy source to
supply active implants. Basal areas of the left ventric-
ular myocardium revealed to be target sites to harvest
energy by a MIOG. As predicted by the mathematical
model, our first prototype without any optimization
already generated sufficient energy to supply the latest
cardiac pacemaker.
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