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Abstract—Energy harvesting devices are widely discussed as an
alternative power source for todays active implantable medical
devices. Repeated battery replacement procedures can be avoided
by extending the implants life span, which is the goal of energy
harvesting concepts. This reduces the risk of complications for
the patient and may even reduce device size. The continuous
and powerful contractions of a human heart ideally qualify as
a battery substitute. In particular, devices in close proximity to
the heart such as pacemakers, defibrillators or bio signal (ECG)
recorders would benefit from this alternative energy source. The
clockwork of an automatic wristwatch was used to transform the
hearts kinetic energy into electrical energy. In order to qualify
as a continuous energy supply for the consuming device, the
mechanism needs to demonstrate its harvesting capability under
various conditions. Several in-vivo recorded heart motions were
used as input of a mathematical model to optimize the clockworks original conversion efficiency with respect to myocardial
contractions. The resulting design was implemented and tested
during in-vitro and in-vivo experiments, which demonstrated the
superior sensitivity of the new design for all tested heart motions.
Index Terms—cardiology, energy harvesting, implantable
biomedical devices, optimization, pacemakers.

I. I NTRODUCTION

T

ODAY’S active implantable medical devices play an
important role in monitoring, diagnosing and treating
patients. Device manufacturers invent smart and autonomous
implants that improve the patients health without imposing
new device related restrictions on the patients quality of life.
However, many implants run on internal primary batteries
which suffer from a limited energy storage capacity. Therefore,
patients are forced to undergo repeated surgical interventions
to replace their implant prior to a complete battery depletion.
Furthermore, while electronic circuits steadily decrease in size,
efforts to improve the batteries energy density show only
little progress [1], [2]. Therefore, the batterys weight, size
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and limited capacity and lifetime will remain major issues for
active medical implants.
The demand for an alternative to batteries resulted in a quest
for intracorporeal energy sources. Researchers are exploring
strategies to harvest energy from various potential sources in
the human body [3], [4]. Investigations show the possibility to
harvest energy from joint motions by piezoelectric ceramics
[5]–[7], chemical reactions of glucose and oxygen in dedicated
fuel cells [8], sunlight penetrating the human skin by solar
cells [9]–[11], body movements by using nanowire technology
[12] or waste heat from the body by using thermoelectric
generators [13].
The heart is another energy source which deserves special
attention due to its unique properties: the myocardium is the
most enduring muscle in the human body. At an average heart
rate of about 70 beats per minute the heart performs more than
2.5 billion heart cycles during a humans life of 70 years. Its
continuous and repetitive ventricular contractions reach high
accelerations of over 2 m · s−2 [14] regardless of a persons
activity. Furthermore, the heart expends a large amount of
energy to maintain a constant perfusion of the humans organs.
The hydraulic power to maintain a cardiac output CO =
6.3 l · min−1 at a mean aortic pressure pmean = 100 mm · Hg
is about 1.4 W [15]. During the past few years, different
groups explored ways to take advantage of this energy source
such as from blood flow by an intravascular turbine [16],
[17], from blood pressure gradients using a micro barrel
[18] or a dual-chamber system [19] or from the ventricular
wall motion by utilising piezoelectric ceramics [20]–[23] or
electromagnetic systems that base on oscillatory rotational
generators similar to the method presented in this study [4],
[24], [25]. All these energy harvesting systems are located in
close proximity to the heart and are therefore well suited for
powering cardiac pacemakers. In addition, pacemakers would
benefit from these alternative energy sources in two ways:
First, pacemaker leads which may cause complications (e.g.
lead dislocation, fracture or infection [26]) and pose an imminent threat to patients are not needed anymore. Second, by
avoiding batteries, patients could be spared from surgical reinterventions. Currently, approximately 25 % of all pacemaker
replacements are related to depleting batteries [27]. Especially
for young patients this is a crucial factor [28].
In this study we investigate the clockwork mechanism of
an automatic wristwatch that has been utilized to transform
heartbeat motion into electrical energy. Automatic clockworks
were invented in the year 1769 and they are known to be
reliable, precise and long lasting mechanisms. They harvest

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/TBCAS.2016.2580658

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. X, NO. X, MMMM YYYY

energy from irregular and chaotic movements of the wrist. In
contrast, myocardial contractions are continuous cyclic motions. We recently demonstrated the feasibility of harvesting
heart motions using an unmodified automatic clockwork [25].
The clockwork was unmodified and therefore not adapted
to work in conjunction with heart motions. For a safe and
uninterrupted treatment, a reliable energy source is of key
importance for pacemakers. Therefore, the energy harvesting
mechanism needs to be well-adapted to generate a robust
output energy from different heart contractions and orientations on the heart. The current investigation presents how
the clockworks sensitivity to heart motions can be increased
by optimising its oscillation weight. Our approach is divided
in four parts: First, data of different heart motions were
acquired and used as input for a mathematical model of
the clockwork mechanism. This allows identifying essential
design parameters for an optimal energy output. Second, a new
prototype was developed according to these findings. Finally,
in-vitro and in-vivo experiments were performed to compare
the original with the new optimised oscillation weight design.
II. M ETHODS
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A. Harvesting Principle
The presented energy harvesting device is based on an
automatic clockwork. It is self-winding and autonomously
recharges the battery of a wristwatch during daily use. Its energy harvesting mechanism (Fig. 1) transforms the mechanical
energy of a person’s wrist into electrical energy. The wrist
motion is converted into rotation by means of an eccentric
oscillating weight (a). A mechanical rectifier (b) transforms
the oscillatory movement into a unidirectional rotation. This
rotation winds a spring (c) that temporarily stores the energy
in mechanical form. In this process, the spring exerts an
increasing torque onto an electromagnetic generator (d). When
the torque reaches the detent torque of the generator, the
spring unwinds and drives the generator [29]. This leads to
an electrical impulse with duration of approximately 100 ms.
The spring is now completely uncoiled and the process is
repeated. For generating one electrical impulse the oscillation
weight needs to be deflected about 2.5 rad. With the original
clockwork configuration, the induced alternating current yields
an impulse with an average energy of 66.0 ± 10.7 µJ. An
optimal load resistance of 1000 Ω has been determined by
measuring the impulse energy for different load resistances
connected to the generator output in a range from 80 Ω to
20 kΩ. This average impulse energy was considered constant
because it depends on parameters such as spring stiffness,
transmission gear ratio or load resistance, which remained
unchanged for all experiments (in-silico, in-vitro or in-vivo,
described in the following sections). The interval between two
consecutive generator impulses is irregular and highly depends
on the ability of the harvesting mechanism to transform the
externally applied acceleration into rotation. The performance
of the energy harvesting mechanism during the experiments is
measured by the number of impulses for a given measurement
time and is later referred to as the impulse rate fi [s−1 ]
as common comparative value. The total mean output power

Fig. 1. The top panel represents the harvesting principle in a threedimensional view whereas the bottom panel illustrates the energy conversion process schematically: (a) oscillation weight, (b) mechanical rectifier,
(c) spring and (d) electromagnetic micro generator (courtesy of ETA SA,
Switzerland).

is obtained by multiplying the energy of a single generator
impulse with the impulse rate.
B. Computational Optimisation
Automatic clockworks have proved to be reliable energy
sources for the watch industry. They can harvest energy
from a broad spectrum of motions. However, harvesting the
energy from a highly repetitive and cyclic heart motion in
a reliable and efficient manner requires to adapt the system
to this environment. To find the system parameters which
have a strong impact on the sensitivity to heart motions,
this optimisation study makes use of a mathematical model
reported in [25]. The model describes the system as a twodimensional pendulum in three-dimensional space. According
to Newton’s second law the pendulum’s angular deflection α
can be determined by the sum of all moments,
J α̈ = mr2 α̈ =

X

M

(1)

where m and r represent the mass and the radius to the
centre of gravity of the oscillation weight, respectively. The
model considers a simplified moment of inertia J for a half
cylindrical disk using the material density constant for a
sintered copper alloy of ρ = 18.0 g · cm3 . Furthermore, it
accounts for different moments acting on the pendulum,
α̈ = (Mg +Mf +Ms +Mcf +Mcor +Meul +Mi )/(mr2 ) (2)
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which includes real moments such as gravity (Mg ), friction
(Mf ) and the moment induced by the spring (Ms ). The system was formulated in an accelerated reference frame which
requires to introduce fictitious forces acting on masses in a
non-inertial frame. Therefore, the model also accounts for the
moments induced by the centrifugal force (Mcf ), the Coriolis
force (Mcor ), the Euler force (Meul ) and the inertial force
(Mi ). The latter represents the reaction force to the externally
applied acceleration given by the heart motion profile and
acting as input of the model.
The model accounts for highly non-linear behaviours of
the clockwork mechanism, for instance the spring moment
that drops to 0 Nm after the sudden uncoiling of the spring.
Another non-linear effect has been identified in the mechanical
rectifier which translates oscillations into uni-directional rotations. This mechanism introduces a play angle of ±15 degrees
in which an oscillation of the pendulum is not actively
contributing to the overall energy output. This effect has been
implemented and it further improved the model’s accuracy
[30].
The explicit second order ordinary differential equation (2)
was converted into a system of first order equations and
numerically solved by using a classical 4th order Runge-Kutta
algorithm with adaptive step size control. Considering the
necessary angular deflection of the oscillation weight to fully
charge the spring and trigger an energyR impulse (2.5 rad), the
cumulative angular deflection αcum = abs(α̇)dt can be used
to calculate the number of generated impulses. This allows to
determine the mean output power for given average impulse
energy and total simulation time.
To account for some variability among patients and implantation sites, the optimisation study uses different heart
wall motion data as input for the mathematical model. These
data were derived from two animal trials (AT-1 and AT-2,
cf. section II-E for details). To obtain the motion data, a
custom-made sensor probe has been developed utilising a 9axis inertial measurement unit (MPU-9150, InvenSense Inc.,
U.S.A.). It acquired acceleration and orientation data from 6
and 7 different epicardial sites of the first and second in-vivo
experiment (Fig. 2), respectively.
A parametric sweep simulation was conducted with each of
the thirteen different motion profiles to optimise the oscillation
weight’s response to external accelerations over a broad range
of motions. The sweep parameters are the radius to the centre
of mass (r ∈ {2.1, 2.6, ...10.6} [mm]) and the mass (m ∈
{1.0, 1.5, ...9.5} [g]) of the oscillation weight.
C. Prototyping
Three prototypes were constructed for the in-vitro and
in-vivo experiments (section II-D and II-E) which we later
refer to as mass imbalance oscillation generator (MIOG 1, 2
and 3, cf. Fig. 3). All of them are based on the automatic
clockwork ETA 204 (ETA SA, Switzerland), comprising an
electromagnetic micro generator MG205 (Kinetron B.V., the
Netherlands). They are protected by a custom made housing
providing six eyelets for suturing the device onto the heart.
The housing was 3D printed (Alaris30, Objet Ltd., Israel)
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Fig. 3. The three harvesting devices: MIOG 1 featuring the original oscillation
weight, the original clockwork and the glass lid; MIOG 2 featuring the
old oscillation weight, the skeletonized clockwork and the polycarbonate
lid; MIOG 3 featuring the optimised oscillation weight, the skeletonized
clockwork and the polycarbonate lid.

out of polymer VeroWhite FullCure830 (Objet Ltd.). The
devices differ from each other by three features: the oscillation
weight, the clockwork’s mass and the housing lid (cf. Table I).
All clockworks were striped from unnecessary time-indicating
parts to keep the bare energy harvesting mechanism. Whereas
MIOG 1 (original clockwork described in [25]) remained unmodified, the clockworks of MIOG 2 and 3 were skeletonized
to further lower the device weight and therefore ease the
burden on the heart. For the same reason the original glass
lid with the metallic frame in MIOG 1 was replaced by a
lighter polycarbonate lid in MIOG 2 and 3.
Due to their similar setup, MIOG 2 and 3 qualify for
comparing the performance of the different oscillation weights
and are therefore the focus of this study. MIOG 1 and 2 were
used in the in-vivo experiment to observe the influence of the
different device weights.
D. In-vitro validation
For the in-vitro validation of the MIOGs, a Stewart platform
has been developed to mimic complex three-dimensional heart
motions. The structure of this parallel robot allows moving the
platform in all 6 degrees of freedom (3D translations and 3D
rotations). All the previously recorded heart wall motions of
AT-1 and AT-2 (cf. section II-B) served as input for the Stewart
platform. Its end-effector features a gimbal-lock mechanism to
fixate the MIOG and align its initial orientation in the field of
gravity. This allows positioning the devices on the Stewart
platform in the same orientation as measured by the sensor
probe at each of the thirteen locations on the heart. The robot
was programmed to replicate a heart motion profile over a
period of five minutes. These cycles were repeated three times
for each position and MIOG to measure the resulting impulse
rate.
The Stewart platform moves the devices along a given
trajectory. Since MIOG 1 and 2 are identical except for their
overall mass, only MIOG 2 and 3 were used in this in-vitro
experiment.
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Fig. 2. The labels indicate the approximate location of all thirteen points on the heart measured by the acceleration sensor during AT-1 (purple, a-f) and
AT-2 (blue, g-m) and the four positions where the MIOGs have been tested during AT-3 (green, A and B) and AT-4 (red, D and C). The acceleration
measurements were performed on a diagonal pathway from an antero-apical site (a and g) to a mid-lateral site of the left ventricle. In three additional
acceleration measurements, data from the mid-lateral (f and l) and antero-basal site (m) on the right ventricle were acquired.
TABLE I
P ROPERTIES OF THE DIFFERENT MIOG

DEVICES .

MIOG 1

MIOG 2

MIOG 3

total weight

16.7 g

7.2 g

11.4 g

oscillation weight

original (3.6 g)

original (3.6 g)

optimised (7.7 g)

mass clockwork

7.6 g

1.3 g (skeletonized)

1.3 g (skeletonized)

lid design

original glass lid (4.8 g)

polycarbonate lid (0.7 g)

polycarbonate lid (0.7 g)

E. In-vivo validation
In total, four animal trials (AT-1 to -4) were successively
performed on 60 kg domestic pigs. The pigs were under inhalation anaesthesia and placed in recumbent position. The trials
were approved by the Swiss Federal Veterinary Office and
performed in compliance with the Guide for the Care and Use
of Laboratory Animals [31]. Thoracotomy and pericardiotomy
allowed the fixation of the devices onto the heart.
During AT-1 and AT-2 the inertial measurement sensor
measured thirteen heart motion profiles which later served as
input for the mathematical model.
After the in-silico optimisation, all MIOGs were validated
during the in-vivo studies AT-3 and AT-4. The devices were
tested at two different locations on the left ventricle (Fig. 2,

AT-3: position A and B, AT-4: position C and D). To facilitate
the attaching and detaching of the MIOGs on the epicardium,
an adapter ring was introduced. The ring was 3D printed
(Alaris30, Material: VeroWhite FullCure830) and features a
bayonet mount that holds the device in position. Once sutured
to the epicardium, the ring allows an easy exchange of the
prototypes and guarantees that all devices were tested at the
same location on the heart. In addition, the orientation with
respect to the gravity field was adjusted by tilting the operating
table about ±20 degrees along the cranio-caudal axis of the
pig. Each of the three devices was tested on two hearts (AT-3
and AT-4), at two locations on the heart (position A-D, cf.
Fig. 2) and at three orientations (-20, 0 and +20 degree OR
table tilting angle). This amounts to 36 individual experiments
each lasting 60 seconds. During a cumulative testing period
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due to physical restrictions (e.g., related to manufacturing).
In MIOG 3, an optimized oscillation weight with a radius
of 3.8 mm and a mass of 7.7 g was used. For this configuration, the in-silico model predicts an impulse rate of about
fi ≈ 0.56 ± 0.37 s−1 (Fig. 5, point c). It is made of a
platinum alloy (Pt 950, material density ≈ 20.2 g · cm−3 ) by
3D metal printing (Altmann-Casting, Switzerland) and finished
in a conventional milling process. The skeletonizing process
reduced the mass of the clockworks of MIOG 2 and 3 by 80 %
from the original 7.6 g to 1.3 g.

0.2

C. In-vitro
0.1

m /g

Fig. 5. Averaged impulse rate over all thirteen motion profiles, showing
the theoretical potential for improvement (b: r = 3.1 mm, m = 9.5 g and
fi ≈ 0.69 s−1 ) with respect to the original oscillation weight configuration
(a: r = 6.1 mm, m = 3.5 g and fi ≈ 0.26 s−1 ). Point c depicts the impulse
rate for the final implementation (MIOG 3) with r = 3.8 mm, m = 7.7 g
and fi ≈ 0.56 s−1 .

of 36 minutes, a variation of the heart rate is likely and might
affect the performance of a MIOG. To compensate for this
natural variation the measured impulse rates were normalised
to a heart rate of 90 bpm.
For testing a device at three different OR table tilting angles
it stayed approximately 10 minutes on the heart. Therefore,
each device was mounted on the heart over a period of about
40 minutes in total (on two positions in each of the two
animal trials). All experiments were performed in an openchest scenario.
III. R ESULTS
A. Computational Optimisation
The optimisation study was conducted for all thirteen different motion profiles. The parametric sweep result for each
motion profile shows an increased energy output for oscillation
weights with a smaller radius and a higher mass (Fig. 4).
Furthermore, the model predicts high impulse rates reaching
up to fi ≈ 1.43 s−1 for motion profiles at antero-apical (ac and g-i) and right ventricular regions (f, l and m) whereas
an impulse rate of only about fi ≈ 0.35 s−1 is predicted at
mid-lateral positions (d-e and j-k).
The averaged output of the parametric sweep simulations
(Fig. 5) shows a tendency for a common optimal radius
and mass of the oscillation weight at 3.1 mm and 9.5 g,
respectively. For this configuration, the mathematical model
predicts an averaged impulse rate of 0.69 ± 0.47 s−1 and
shows a theoretical superiority towards the original configuration (r = 6.1 mm and m = 3.5 g) of about 270 % (0.26 s−1 ).
B. Prototyping
The computational optimisation yielded the design parameters that maximize the theoretical output energy. However, in
a real implantation, these parameters may have to be adjusted

The Stewart platform successfully accelerated MIOG 2 and
3 using all thirteen motion profiles. Figure 6 illustrates the
results of the in-vitro experiment where a single bar represents a 5-minute experiment. For all experiments, the MIOGs
achieved a highly reproducible impulse rate. The measured
impulse rates for MIOG 2 (blue) and MIOG 3 (red) follow
the trend predicted by the computational model (triangular
markers): accelerations from antero-apical (a-c and g-i) and
right ventricular sites (f, l and m) lead to higher impulse
rates compared to accelerations from mid-lateral locations (de and j-k). By comparing the results from MIOG 2 and 3, the
superiority of the new optimized oscillation weight (MIOG 3)
can be observed regardless of the motion profiles (i. e. the
implantation site). Furthermore, MIOG 3 generated enough
energy to power a modern cardiac pacemaker (black dashed
line, 6 µW according to the reference manual of Nanostim
TM, St. Jude Medical) at all tested motion scenarios.
D. In-vivo
An average heart rate of 86 ± 9 bpm and 88 ± 5 bpm was
measured during AT-3 and AT-4, respectively. In both trials,
fixation of the devices onto the heart did not influence the
vital parameters. Regardless of the operating table tilting angle
the optimised MIOG 3 is superior to both other prototypes
(Fig. 7 (a), each bar represents the average result for the three
operating table tilting angle). MIOG 3 exceeded the required
impulse rate for powering a cardiac pacemaker (black dashed
line) in both animal trials at one position. As illustrated in
Figure 7 (b), the impulse rate is influenced by tilting the pigs
body and therefore changing the devices orientation in space
when averaging the results for both trials and positions. Also
in this perspective MIOG 3 is superior to both other devices.
IV. D ISCUSSION
The presented energy harvesting concept proved able to
convert heart motions into electrical energy. A dedicated
mathematical model was successfully employed to improve
the oscillation weights sensitivity to heart motions. By testing
different heart motion profiles, this work demonstrates that the
energy output is strongly affected by the devices location and
orientation on the heart and that the clockwork mechanism
requires an adequate optimisation. In-vitro and in-vivo results
have shown a significantly improved impulse rate for the new
optimised oscillation weight.
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Fig. 4. Results of the parametric sweep optimisation for all thirteen different motion profiles recorded during animal trial AT-1 (top row: a-f) and AT-2
(bottom row: g-m). Dark red coloured areas indicate high impulse rates.

This study illustrates an important factor for designing
devices that harvest kinetic energy from the heart by an
oscillation weight: Affixing the device to a location on the
myocardium where it experiences strong accelerations in its
plane of motion is crucial for its performance. In addition, the
devices orientation in space changes the effect of gravity on the
device. Especially in a vertical orientation when the oscillation
mass points in direction of gravity and the internal spring is
nearly charged, a strong excitation is needed to overcome the
threshold torque for generating an impulse. This issue is even
more pronounced due to the rectifying mechanism, which is
translating the oscillatory rotation into a unidirectional rotation
and thereby introduces a dead angle of 30 degrees [30]. To
prevent such a scenario, the rectifying mechanism could be
replaced by a ratchet mechanism to achieve a torque-free
rotation in one direction so that the oscillation weight can
liberate itself from a deadlock. Future investigation will show
how this modification affects the harvesters output energy.
The oscillation weight is the mechanisms key component.
Changing its design will inevitably affect its sensitivity to
external excitations. For heart motions we have shown that
a smaller radius and a higher mass increase the systems
sensitivity and ultimately the output energy. To reduce the
computational effort as well as the prototyping complexity, the
optimisation was limited to two sweep parameters (radius and
mass) whereas other parameters such as the spring constant,
transmission gear ratio or load resistance were not changed.
Even though these parameters have no direct influence on
the oscillation weights sensitivity they can affect the resisting
torque and therefore influence the harvesters impulse rate.
A decreasing spring constant, for instance, would reduce the
generators impulse energy, lower the torque for the oscillation

weight and thereby increase the impulse rate. Furthermore,
this might also yield another global optimum for the weights
radius and mass. These considerations are part of ongoing
investigations. However, they will increase the complexity of
the optimisation process and lead to major alterations in the
design of the conversion mechanism.
The presented harvesting devices have proven the feasibility
of harvesting low frequency vibrations of a heart. However, the
natural resonance frequency of the tested oscillation weights
is at about 4 Hz and therefore will not match the fundamental
frequency of a heart rate between 40 and 200 beats per
minute (≈ 0.6 − 3.3 Hz). Nevertheless, in rare occasions a
prototype can resonate at a harmonic frequency of the present
heart motion. This might also explain the unusually good
performance of MIOG 2 during animal trial AT-3 at position B.
Furthermore, it seems surprising that MIOG 1 outperforms
the much lighter MIOG 2 in three out of four in-vivo experiments. However, measurements have shown that when the
heart is loaded with an additional mass, it contracts more
powerfully to maintain an adequate cardiac output [32]. This
increases the harvester’s output power, but it contradicts the
basic principle that energy harvesting should not require the
host to perform extra work.
The results of the in-silico and in-vitro experiments illustrate
a clear tendency (Fig. 4). Even though both experiments base
on the same heart motion profiles as input, some of them (e.g.
b, f, g and m) show a large discrepancy in impulse rate. This
error arises from the fact that the tested profiles comprise
motion patterns with high accelerations and are difficult to
accurately mimic by the Stewart Platform. Due to the rather
chaotic behaviour of the energy harvester, small changes in
the motion trajectory can either positively or negatively affect
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Fig. 6. The impulse rates at which MIOG 2 (blue) and MIOG 3 (red, optimised oscillation weight) harvested the energy during the in-vitro experiment.
The different colour grading for blue and red show the results for three identical experiments. The Stewart platform accelerated the devices according to all
thirteen motion profiles which were recorded during animal trials AT-1 (top row: a-f) and AT-2 (bottom row: g-m). In addition, the blue and red triangular
markers represent the impulse rate predicted by the mathematical model (sim MIOG). The black dotted line indicates the minimum required impulse rate to
power a cardiac pacemaker (PM).

the impulse rate.
As a power supply for cardiac pacemakers, the harvesting
device is supposed to remain on the ventricle for a long period
of time. Therefore, chronical in-vivo trials will be required,
first, to show the reaction of the heart to the additional load and
second, to investigate how the harvester efficiency is affected
by potential changes of heart contractions. It is expected that
the heart copes with the new situation by increasing the
myocardial volume to compensate for the additional load.
Since the presented harvesting mechanism can harvest from
many different heart contractions, the new tissue formation
might even introduce a advantageous effect on the energy
extraction rate.
The reliability of a pacemaker is of key importance to
provide a continuous treatment and guarantee the safety of
a patient. Therefore, the pacemaker electronics would need
to temporarily store the generated energy in a buffer energy
storage to overcome periods of energy shortage (e.g. heart
or system failures). Capacitors and secondary batteries are
commonly used for this purpose but suffer from large leakage
currents and limited number of recharging cycles, respectively.

However, advances in solid-state battery technology indicate a
potential solution to avoid both limitations [33]. Due to their
small packaging and safe composition (no liquid electrolyte),
solid-state batteries may become an ideal complement for
energy harvesting devices in the future.
To estimate the harvester’s conversion efficiency the mean
power invested by the heart to accelerate the device on the
ventricle needs to be approximated. As demonstrated in an
in-vivo case study [32], the heart spent a mean power of
220 µW for accelerating an additional load of 12.5 g attached
to the antero-apical site of a left ventricle. Considering a
mean impulse energy of 66 µJ and a mean impulse rate of
fi = 0.56 s−1 for MIOG 3 (11.4 g) the conversion efficiency
for this specific case is 16.8 %. The conversion efficiency
depends on the heart motion profile and is likely to change
for different implantation sites or inter-species differences.
At the current development state of the prototype, the
housing has a very functional purpose to facilitate in-vitro and
in-vivo investigations. Its transparent lid allows a good visual
control of the prototype performance but presents rough edges
toward the pericardium. Therefore, an epicardial implantation

Copyright (c) 2016 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/TBCAS.2016.2580658

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. X, NO. X, MMMM YYYY

ACKNOWLEDGMENT

(a)
0.2

impulse rate fi /s−1

0.15

PM req
MIOG 1
MIOG 2
MIOG 3

0.1

6 µW

0.05

0
position A

position B

position C

AT−3

R EFERENCES

0.2

impulse rate fi /s−1

PM req
MIOG 1
MIOG 2
MIOG 3

0.1

6 µW

0.05

0
−20

We thank Stijn Vandenberghe for his support and valuable
advice. Our gratitude extends to the entire team of the Experimental Surgery Institute of the Inselspital Bern for their
support in animal studies. Furthermore, we thank Otto Aeby
and Danael Gasser of the Department of Clinical Research
and the ARTORG Center (University of Bern, Switzerland)
for their assistance in mechanical manufacturing. The research
was supported by the Commission for Technology and Innovation (KTI-CTI 12589.1 PFLS-LS), the Research Funds of
the Department of Cardiology at the Bürgerspital Solothurn,
Switzerland and the Department of Cardiology at the Bern
University Hospital, Switzerland.

position D
AT−4

(b)

0.15

8

0
operating table tilting angle /°

20

Fig. 7. a) Illustrates the in-vivo results of all tested MIOGs (MIOG 1 (green),
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site would call for an appropriate device packaging to ensure
a rigid fixation on the epicardium and to present a smooth
surface towards the pericardium. In addition, the hermicity of
the device could be improved by using an appropriate material
(e.g. titanium alloys) or by a parylene - silicon oxide multilayer
thin-film coating [34], [35]. Furthermore, the device is not yet
optimised to be used in conjunction with cardiac motions and
would require a new design with an optimised shape and size.

V. C ONCLUSION
In this study we successfully increased the sensitivity of
an automatic clockworks oscillation weight to heart motions
by means of a dedicated mathematical model. Testing our
energy harvesting device with different heart motions revealed
a strong relation between the harvested amount of energy and
the position and orientation of the device on the heart.
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