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Abstract:In vivo biomedical devices are one of the most studied applications for vibra-
tional energy harvesting. In this paper, we investigated a novel high-displacement device
for harvesting heartbeats to power leadless implantable pacemakers. Due to the location
peculiarities, certain constraints must be respected for the design of such devices. Indeed,
the total dimension of the system must not exceed 5.9 mm to be usable within the leadless
pacemakers and it must be able to generate accelerations lower than 0.25 m/s2 at frequen-
cies of less than 50 Hz. The proposed design is an electrostatic system based on a square
electret of dimension 4.5 mm. It is based on the Quasi-Concertina structure, which has
a very low resonant frequency of 26.02 Hz and a low stiffness of 0.492 N/m, allowing it to
be very useful in such an application. Using a Teflon electret charged at 1000 V, the device
was able to generate an average power of 10.06 μW at a vibration rate of 0.25 m/s2 at the
resonant frequency.
Key words: electret-based system, electrostatic harvester, energy harvesting, heartbeats
vibration

1. Introduction

Cardiac pacemakers are biomedical devices that replace the natural sinoatrial (SA) node,
responsible for the cardiac cycle, in the event of failure. Conventional pacemakers, used for over
50 years, consist of a pectoral pulse generator connected to one or more transvenous leads [1].
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Those devices have several limitations, principally related to some local complications due to the
subcutaneous pocket [1]. A possible solution to this is the leadless cardiac pacemaker (LCP). The
latter is a cardiac implant that integrates the pulse generator, the lead, and the energy source into
a single capsule that can be implanted into the right ventricle of the heart. The main drawback of
the LCP is its limited lifespan, which is limited by the used energy storage [2]. Indeed, despite the
significant advances in battery technology [3], their life expectancy is still limited, in particular
because of the dimensional constraint of the capsule. To remedy this problem, researchers have
been working on different potential solutions such as contactless power transfer [4], body heat
energy harvesting [5], and vibration energy harvesting (VEH) [6–9], which consists of converting
heartbeats into electrical energy. The main challenges in realizing such a system are the harvesting
of low-frequency vibrations [10, 11] and the dimensional constraints due to the shape of the
ventricles, which restrict the form of the LCP to a cylinder. This cylinder must not only contain
the embedded energy harvester, which must generate power in the range of 5–10 μW [12], but
also the required electrical interfaces [13]. Most harvesting systems dedicated to pacemakers are
piezoelectric systems [12, 14–16] or electrostatic systems [17, 18]. Colins et al. [19] proposed
a piezoelectric system consisting of a mass-loaded clamped-free beam using almost the entire
length of the capsule, which allows reaching low frequencies. In order to improve efficiency,
the beam was designed in a bimorph cantilever configuration. The beam’s dimensions were
40 × 5 × 0.38 mm3, occupying 70% of the total volume of the capsule. The average power gene-
rated was in the range of 5–12 μWwith a load of 100 kΩ for vibrations simulating real heartbeats.
The system proposed by Ansari et al. [15] is a fan-folded structure composed of 3 bimorph
piezoelectric beams of dimension 20 × 5 × 0.19 mm3 folded on top of each other. The system
generated a power of 16 μW for an 80 kΩ load. Both systems generated sufficient power, however,
both had to use a relatively high tip mass > 18 g. Vystovsky et al. [17] proposed an electrostatic
harvester weighing ∼ 0.5 g within an overall volume < 0.3 cm3. It consists of multimodal-shaped
springs in a variable capacitor with gap overlap geometry. The capacitance varied from 13 to
109 pF, generating an average power of 2.5 μW. The major drawback here is that electrostatic
systems need an initial charge. To overcome this problem, the authors used a self-biased interface
circuit which uses a harvested amount of energy to recharge the bias capacitance [20]. On the
other hand, it is possible to overcome this limit by the use of electrets [18, 21]. In this paper,
we propose a novel structure for an electret-based electrostatic energy harvester. The system was
designed taking into consideration the size and energy constraints necessary for pacemakers.
The rest of the paper is organized as follows: In Section 2, we will discuss the limitations and
requirements of the pacemaker that have to be studied for the harvester design. We will investigate
the proposed system in Section 3. In Section 4, wewill discuss the results, and Section 5 concludes
the paper.

2. VEH for pacemakers

2.1. Pacemakers characteristics

Currently, two types of LCPs are available in the market. The first, introduced by St. Jude
Medical Group in 2012, is the Nanostim™. The second, introduced by Medtronic in 2013, is the
Micra Transcatheter Pacing System (TPS) [22]. It is the only LCP approved for use in the United
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States by the Food and Drug Administration (FDA) as of April 2016 [23]. Regarding the fixation
mechanism, the Micra uses nitinol tines to affix to the myocardium, while the Nanostim uses an
active fixation screw in the helix. Both systems are self-contained and incorporate all necessary
components into a single capsule. TheMicra integrates a 3-axis accelerometer and a conventional
radiofrequency communication system. A battery with a capacity 120 mAh allows the device to
operate autonomously for ~4.7 years [22]. On the other hand, The Nanostim capsule incorporates
a temperature sensor and uses a conductive communication of ECG electrodes. The battery used
for this capsule has a capacity of 248 mAh allowing a longer lifespan of ~9.8 years. Unfortunately,
the latter has recently been the subject of two major recalls: one due to premature battery failure
and the second due to spontaneous detachment of the docking button (a feature designed to allow
retrieval of the Nanostim™) [22]. The features of interest to us are summarized in Table 1.

Table 1. Summary of the LCP general characteristics

Characteristics MicraTM NanostimTM

Length (mm) 25.9 42

Diameter (mm) 6.7 5.99

Weight (g) 2 2

Sensor Accelerometer Temperature

Battery capacity (mAh) 120 248

Longevity∗ (year) 4.7 9.8
∗Battery longevity based on the ISO14708 to report battery longevity: (2.5 V@0.4 ms), 600 Ω
and fixed pacing at 60 beats/min.

2.2. Dimensional design constraints

A 3D general view of a self-sustainable LCP capsule is shown in Fig. 1. As shown in the
previous sections, the LCPs have different sizes, and therefore their dimension constraints differ
for the design of a proper harvesting system. For the Micra™, the system must be integrable into
a capsule of length 25.9 mm and diameter of 6.7 mm while for the Nanostim™ the length limit is
42 mm and diameter 5.99 mm. Therefore, constraints over the structure’s dimensions and allowed

Fig. 1. Self-contained pacemaker: 3D view of the capsule
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displacement must be taken into consideration. In fact, the length of the VEH system 𝐿, must be
below the length of the capsule, and its width𝑊 inferior to the diameter of the capsule.

2.3. Aimed frequencies

The study of Kanai et al. [24] shows that the cardiac excitations act as an impulse, that is,
they have a wide spectrum frequency that ranges from 1 Hz (normal heartbeat rate), where the
highest acceleration of 15 m/s2 is obtained, up to approximately 50 Hz with accelerations varying
between 0.1 and 0.25 m/s2 [25]. In order to maximize the generated power two approaches can
be considered; the first is to design a broadband EH system [17]. A second possible approach is
to design a resonant system which resonance frequency matches a high acceleration harmonic.
In fact, the heartbeat spectrum presents harmonic with different accelerations [15]. Therefore,
some resonant EH systems aims for harmonics with high accelerations such as at 15 Hz [19]
and 39 Hz [25]. One of the highest accelerations are localized around 27 Hz, which will be the
targeted frequency in this work.

3. Proposed system

3.1. Working principle

The principle of the proposed system, illustrated in Fig. 2(a), is an electrostatic harvester. It
is composed of a variable capacitor consisting of a moving electrode stuck to the seismic mass of
a vibrating structure, suspended above a fixed electrode. To cope with the problem of the initial
polarization, an electret of thickness 𝑡ℎ and relative permittivity Y𝑟 , is charged to a surface voltage
of 𝑉𝑠 and added on the fixed electrode’s top. The system can be assimilated to a voltage source
in series with two capacitors as shown in Fig. 2(b). When the suspended mass vibrates under the
effect of an external excitation, the distance 𝑑 (𝑡) between the top electrode and the electret layer
varies, causing the variation of the total capacity of the system 𝑐𝑡 (𝑡) given by:

𝑐𝑡 (𝑡) =
Y0𝐴[

𝑑 (𝑡) +
(
𝑡ℎ

Y𝑟

)] , (1)

(a) (b)

Fig. 2. Electrostatic harvester: (a) principle design; (b) electrical equivalent circuit
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where 𝐴 is the area of the electrodes and Y0 is the vacuum permittivity. When a load resistance
𝑅𝐿 is connected to the system, a current, denoted 𝐼, can be generated given by:

𝐼 =
d𝑄
d𝑡

=
𝑉𝑠

𝑅𝐿

− 𝑄

𝑅𝐿𝑐𝑡 (𝑡)
, (2)

where 𝑄 is the charge on the electrodes.
Assuming that the structure is subject to an external vibration 𝑦(𝑡), the moving electrodes

vibrates according to:
𝑚 ¥𝑧 = 𝐹elec − (𝑚 ¥𝑦 + 𝑏𝑡 ¤𝑧 + 𝑘𝑧) , (3)

where: 𝑚 and 𝑘 are the mass and the stiffness of the structure, respectively, 𝑧(𝑡) is the position
of the moving electrode, 𝑏𝑡 is the total damping of the system and 𝐹elec is the electrostatic force
between the electrodes given by:

𝐹elec =
𝑉𝑠𝑄(𝑡)

2
(
𝑑 (𝑡) +

(
𝑡ℎ

Y𝑟

)) , (4)

where the distance 𝑑 (𝑡) is given by:

𝑑 (𝑡) = 𝑧0 + 𝑧(𝑡). (5)

Hence, the instantaneous output power 𝑃 will be given then by:

𝑃 = 0.5𝐹elec ¤𝑧. (6)

3.2. Mechanical structure analysis
The vibrating structure is based on the Quasi-Concertina (QC) structure [26], shown in

Fig. 3(a). It is designed to hold a suspended seismic mass of length 𝑙𝑚 and thickness ℎ𝑚 with
a set of 𝑛𝑏 parallel beams on each side to ensure a large deflection, as shown in Fig. 3(b). The
QC-structure is made of SiO2 (with 70 GPa as Young’s modulus and 2.65 g/cm3 as density) while
the proof mass is formed by silicon with a density of 2.33 g/cm3. Starting from the anchor, every
two successive beams are identical and interconnected with joints located in the corner, forming
a pair of beams. Consequently, we have 𝑛𝑏/2 pairs of beams. Then the pairs are interconnected
with joints in the middle, as shown. Beams’ width and space between, denoted 𝑤𝑏 , is chosen to
be equal to the thickness denoted ℎ𝑏 . The total oscillating structure, consisting of the seismic
mass and the beams, has a square shape of dimension 𝐿𝑄𝐶 . The integration of the device in an
LCP capsule is schematized in Fig. 3(c).
The QC structure can be assimilated as four similar springs 𝑘set in a parallel configuration

holding the seismic mass, as shown in Fig. 4(a). Each spring is formed by set of 𝑛𝑏 beams.
To simplify our model, we consider only one beam set. As a result, a quarter of the originally
applied force is required to achieve the same deformation. A further simplification can be made
by considering each set as 𝑛𝑏/2 springs in series, as illustrated in Fig. 4(b), where each spring
𝑘 𝑝,𝑖 is caused by a pair of beams. Considering𝑖 the position of a pair of beams when counting
from the anchor (1 ≤ 𝑖 ≤ 𝑛/2), the length 𝑙𝑏,𝑖 of the two beams of the pair is given by:

𝑙𝑏,𝑖 = 𝐿𝑄𝐶 − 8𝑤𝑖. (7)
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(a) (b)

(c)

Fig. 3. QC structure: (a) top view; (b) out-of-plane deflection; (c) schematic view
of the device with the VEH

Then, each pair can be modeled as four similar fixed-guided beams of length 𝑙𝑏,𝑖/2 and spring
constant 𝑘𝑏,𝑖 , as shown in the configuration in Fig. 4(c). Using Bernoulli-Euler beam theory, the
equation of 𝑘𝑏,𝑖 is given by:

𝑘𝑏,𝑖 =
8𝐸𝑤ℎ3

𝑙3
𝑏,𝑖

, (8)

where 𝐸 is the Young’s modulus. A simple demonstration proves that 𝑘𝑏,𝑖 is equal to 𝑘 𝑝,𝑖 .
Therefore, the spring constant of a set 𝑘set is given by:

1
𝑘set

=

𝑛/2∑︁
𝑖=1

1
𝑘𝑏,𝑖

. (9)

In addition, the total spring constant of the system is obtained by multiplying 𝑘set by 4 for the
other sides.
When the structure is subjected to a force 𝐹, each set and each pair of beams bears a quarter

of this force. Consequently, the structure is deformed, and the displacement 𝑧 of the seismic mass
caused by this force is given by:

𝑧 =
1
4

𝑛/2∑︁
𝑖=1

𝐹

𝑘𝑏,𝑖
. (10)
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(a) (b) (c)

Fig. 4. QC modeling: (a) springs of sets in parallele configuration; (b) springs of pairs; (c) springs
in a single pair [27]

Table 2 summarizes the characteristics of the VEH, and Fig. 3(c) the schematic view of the
LCP capsule with the integrated VEH, respectively. With these dimensions, the obtained stiffness
of the structure, 𝑘set, was about 0.4922 N/m with a resonance frequency equal to 26.02 Hz.

Table 2. Characteristics of the proposed system

Number of beams, 𝑛 6

Length of the structure, 𝐿𝑄𝐶 4.5 mm

Width of beams, 𝑤 20 μm

Thickness of beams, ℎ𝑏 10 μm

Length of the membrane (electrode), 𝑙𝑚 3.98 mm

Thickness of proof mass, ℎ𝑚 500 μm

Initial gap, 𝑧0 100 μm

Electret material Teflon

Electret thickness, ℎ𝑒 100 μm

Electret charge, 𝑉𝑠 1000 V

4. Simulation results

When an excitation of 0.25 m/s2 is applied at a frequency of 26 Hz, the displacement 𝑧(𝑡)
and the total capacity ct(𝑡) variation of the system are shown in Fig. 5(a). We can observe that the
structure’s peak-to-peak displacement is about ~200 μm, allowing a capacitance variation from
0.6 pF to 2.5 pF. Considering that the voltage is kept constant with the charged electret [10], the
capacitance variation results in a charge variation, generating a current as explicated in Eq. (2).
Therefore, the generated current is presented in Fig. 5(b). It can be seen that when the capacitance
increases, the generated current rises up to 0.2 μA, while when it decreases, a higher negative
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value of 0.25 μA is obtained. This difference could be caused by the electrostatic force, which is
stronger when the electrodes are brought closer together (high capacitance), requiring a higher
force to pull them apart (decreasing the capacitance). When connected to a load resistance of
500 MΩ, the power generated is illustrated in Fig. 5(c). Two peak powers of 20 and 27 μW can
be seen to be obtained at the increasing and decreasing slopes of the capacitance. The average
generated power is 10.6 μW which would be sufficient for powering pacemakers [12].

(a) (b) (c)

Fig. 5. (a) displacement and total capacity of the system under vibration of 0.25 m/s2 @26 Hz;
(b) generated current; (c) generated power with a load of 500 MΩ

5. Conclusion

Vibration energy harvesters (VEH) are a potential solution for powering leadless cardiac
pacemakers (LCP). However, certain constraints must be respected for the device to be suitable
for the application. We have presented in this paper a brief review of the challenges of HEV
design for LCP. First, the characteristics of available LCPs are presented. The dimension of the
harvester must not exceed 5.9 mm t to fit into an LCP enclosure. With this, it should be able
to generate power under accelerations of 0.25 m/s2 at frequencies below 50 Hz. By knowing
this, we investigated an electret-based gap-closing electrostatic system. The system is based on
a quasi-concertina structure that allows a high out-of-plane displacement. The system’s length
is 4.5 mm, allowing it to fit into the LCP. With a resonance frequency of 26.06 Hz and a low
stiffness of 0.492 N/m, the system was able to vibrate under an acceleration of 0.25 m/s2 at the
resonant frequency, achieving a displacement of 200 μm. The total capacity of the system has
been multiplied by 4, allowing it to generate an average power of 10.06 μW.
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