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Abstract— This paper presents the design of an electrostatic 

MEMS energy harvester for medical implant application. It 

examines solutions for constraining the motion of the mobile 

part in one direction and proposes an innovative spring 

architecture. Indeed, constraining the mobile part motion is 

essential to avoid undesired contact between comb electrodes. It 

is particularly important in environments in which mechanical 

vibrations result from complex combination of rotations and 

translations. The objective of the considered device is to power 

the next generation of leadless pacemakers using mechanical 

energy generated by heartbeat motion. Such solution would 

dramatically increase the lifetime of implants and would be very 

beneficial for the patients by reducing the number of 

replacement surgical operations. Numerical simulations based 

on analytical modelling and acceleration signal mimicking 

heartbeat motion enabled to analyze the system response in 

various condition, showing the interest and benefits of the 

proposed approach. 

Keywords—Energy harvesting, MEMS, electrostatic 

transducer, heartbeat, low frequency, medical implant. 

I. INTRODUCTION 

Vehicles [1], buildings [2], wearables, biomedical 

implants [3], all rely on sensors and circuits that need 

electrical energy to work. Usually, such devices are provided 

with energy and information through cables, but it may not 

always be possible to connect them physically due to their 

location. Wireless connection is an interesting alternative, as 

it increases flexibility and reliability for the vast majority 

applications, enabling the devices to be located in harsh 

environments and places difficult to reach [3]. While wireless 

devices present numerous advantages, the way their energy 

autonomy can be insured in the long term remains a challenge 

of active research. 

Energy harvesting (EH) solutions have gained an 

important interest over the last decade due to their ability to 

extract energy from the environment and provide it to low 

power electronic devices. While most of the applications of 

EH are related to power wireless sensor networks (IoT) [4], 

there are other interesting applications such as powering 

biomedical implants from human motion [5]. As for IoT, 

harvested energy may be used for data acquisition and 

transmission for biomedical implants, but also can be used  to 

assist or replace a bodily function, examples of this are insulin 

pumps or pacemakers [6] [7].  

Although at first glance it may seem counterintuitive to 

harvest energy from a defective heart, such approach would 

decrease the number of surgical interventions to replace a 

depleted battery, hence reducing the risk of infection and 

complications during treatment. In [8] it is shown that cardiac 

implants have an average lifetime of 58 months, besides 8% 

of the implants present a premature battery depletion by three 

years. We see an imperative need of extending the lifetime of 

cardiac implants. Kinetic EH is a viable solution to this 

problem making the treatment less risky and comfortable for 

the patient. The new generation of leadless pacemakers are 

meant to be implanted inside the heart right atrium with a 

probe [5], this is very comfortable for the patient but it 

imposes a restriction on available space for the design. For this 

application, our device should enter in a cylindrical cavity of 

5mm diameter and 2cm long. 

Among different available transduction mechanisms to 

transform mechanical energy into electricity, the most 

common ones are based on piezoelectricity [5], 

electromagnetism [9] and electrostatic transduction [10]. Each 

one has its own advantages and disadvantages with respect to 

the others, considering aspects such as power density, 

fabrication cost, miniaturization and easiness of integration. 

Electrostatic MEMS solution is particularly interesting due to 

its easiness of integration with CMOS platforms and the fact 

that MEMS fabrication technologies can be relatively easily 

upscaled to mass production. 
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Fig.1. Heartbeat spectrum (qualitative approximation, acctual acceleration 

may vary largly from this figure) from [5] 

 
 

Fig.2. Electrostatic transducer on non parell driving acceleration  

II. DRIVING ACCELERATION 

The first aspect to consider for energy harvesting is the 

acceleration’s power spectrum. The acceleration produced by 

the heartbeat has typically low frequencies and spread over a 

large bandwidth. Fig.1 shows a qualitative illustration of the 

acceleration spectrum of the heartbeat [5]. Most of the useful 

spectrum is below 80Hz. Ideally, we would like to take all 

these frequencies but as we will see later, we need to make 

design compromises.  

The second aspect to consider is the orientation of the 

device with respect to the gravity field. We would like our 

device to work in a wide range of orientations, no matter if the 

patient with the implant is standing or laying on bed, the 

harvester should work in any case. This brings gravity into 

play, whose effect on the EH device will be detailed in the 

next section. 

Finally, the heart-beat acceleration in not unidirectional. It 

results from a complex combination of rotations and 

translations. Despite this, the structure of the MEMS must be 

able to constrain the movement of its mobile part in one 

direction only (Fig.2) to avoid unwanted contact between the 

transducer fixed and mobile electrodes. 

III. SPRING DESIGN 

The aim of the spring is to enable engagement and 

disengagement of the capacitor combs driven by an inertial 

force and at the same prevent them to come into contact. To 

prevent contact, the spring design should allow free 

movement along one axis only, corresponding to the direction 

where the combs engage and disengage.  

The vast majority of MEMS devices rely on compliant 

elements such as beams [11] or membranes [12]. We consider 

here several configurations of beams with rectangular sections 

and we assess the ability of a given configuration to constrain 

motion. 

The following notation is used for displacements (Fig.2): ���  represents the displacement in the direction of motion 

where the combs engage, ����  is an in-plane perpendicular 

displacement where combs may come into contact and ����  

represents an out-of-plane displacement.  

In terms of displacements, having a good movement 

constriction means ��� ≫ ���� , ���� . Considering that the 

device can be in any orientation with respect to acceleration, 

the magnitude of the inertial force � exerted on the moving 

part can be the same for all directions, meaning that spring 

constants ���� ��� ���� must be much larger than ���  (�� ��/��). 
As mentioned before, all the compliant elements of the 

system are beams of rectangular section. These parts are the 

red elements in Fig.3, while rigid and free to move elements 

are in blue. All the red elements are considered as doubly 

clamped beams with a punctual load at the end conserving 

their length constant when deformed, meaning that one end of 

the beam moves perpendicular to the deformation to maintain 

a constant length. Allowing the beams to remain at constant 

length avoids non-linear terms related to stretching. Equation 

(1) is the spring constant of a single beam with a force in ���  

direction, where � is the Young’s Modulus,  � is the beams 

length, and � is the beams width and � is the thickness of 

the device. This expression was derived with the energy 

method described in [13]. 

��� � ��96 �� ��� ��
 (1) 

The perpendicular displacement of the beam can be 

calculated from the beams shape considering the case of small 

slopes, the perpendicular displacement reads as (2). 

���� � �  ����!"
16�  (2) 

The first considered geometry is the folded spring (FS, 

Fig.3). This geometry is frequently found in MEMS devices. 

It yields a linear force-displacement relation and if the force is 

parallel to ��� . When a force ����  is applied, a relatively 

weak opposing force is obtained (����~���% . Such weak 

opposing force comes from the fact that the beam supports are 

free to rotate, making easy to move the shuttle in ���� 

direction. Therefore, using the FS geometry alone, the 

capacitor combs of the electrostatic transducer risk to come in 

contact when the inertial force is in ���� direction. 

The second considered geometry is the Opposing Beams 

(OB, Fig.3). This geometry is very beneficial for constraining 

motion in terms of spring constants. When we apply a force 

in ����  direction the beams will load axially the beams. 

Assuming that the force is not large enough to buckle the 

beams, the spring constants grows as ����~���&�/�%". As 

mentioned before, we consider that all beams keep their 

length constant when deformed, making the beams moving 

end follow the trajectory described by (2). While OB 

geometry provides a large restoring force in ���� direction, 

the ����  displacement induces a non-negligible rotation in 

Kinetic mass (m) 

�⃑ 

��� 
���  
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the mobile part that may cause contact between the mobile 

and fixed combs.  

 

Fig.3. Studied spring geometries. Red elements are compliant and free to 

move, blue are rigid and free to move while black are completely fixed. 
Yellow regions represent the space avalaible for the transducer combs. 

TABLE 1. COMPARSION BETWEEN  FEM AND THEORETICAL SPRING 

CONSTANTS FOR GUIDIING BEAMS GEOMETRY 

 Theoretical [N/m] FEM[N/m] Difference 

keq 10.0608 0.9823*keq 1.77% 

kout 50* keq 58.6235* keq 17.24% 

kper 1935.2252* keq 2121.9574* keq 9.65% 

 

One can understand this rotation in the following way: 

when the shuttle moves to the right, to keep constant length, 

the end of the left beam would need to move up while the 

right beam end would move down, resulting in a clockwise 

rotation of the shuttle. This rotation motion revealed to be too 

large in magnitude regarding the constraints of our 

application.  

To overcome to the limitations and drawbacks of the two 

previous designs, we proposed the guided beam geometry 

(GB, Fig.3). This geometry can be considered as two nested 

parallel guiding compliant mechanisms presented in [14] or 

half the one in [15]. Compared to former geometries, this new 

one has a smaller footprint and leaves more space for the 

combs. Like the FS geometry, GB neutralizes the 

perpendicular displacement of (2) by placing two opposing 

beams in each side of the shuttle. The free supports get closer 

to the shuttle and the mobile part remains always in the same 

orientation axis.  

The overall spring constant of GB geometry is the same as 

for a single beam in (1). The GB geometry is very similar to 

FS one. The difference between the two is that in the GB case 

there is guiding beam that connects the two moving beam 

supports which are independent in the FS case. This 

supplementary guiding beam removes the degree of freedom 

that causes a weak restoring force in ����  for the FS case. 

Adding the guiding beam transforms the beam support 

rotation in the FS case into a bending moment to the guiding 

beam. The spring constant in this direction is obtained by 

considering the guiding beam as doubly supported beam with 

two symmetric punctual loads separated by a distance � from 

the support. Equation (3) describes the springs constant in ���� direction, L)* and  H)* are the guiding beam length and 

width respectively while �  is the width of the doubly 

clamped beam. 

���� � 48��&3�"�/0 � 4��% ��/0�/0� �� ���  (3) 

The spring constant in ����  direction can be calculated 

changing in (1) ���  for ���� , � for � and vice-versa � for � . We see that deforming the beam in ���  and ���� 

directions are equivalent cases for different cross-sections. 

One can deduct from (1) that the spring constant grows as: ����~&�/�%"��� . Despite the GB geometry does not 

provide a restoring force as strong as the OP one in ���� 

direction, it maintains the mobile part well aligned and 

ensures the best mobile part movement guidance for the 

considered application.  

IV. DESIGN PARAMETERS 

The device should enter in a cylindrical cavity with a 

diameter of 5 mm and length of 2 cm. The available space is 

the first design constraint. The second one is the heartbeat 

spectrum, and the third aspect to consider is the shuttle 

displacement range related to the yield stress of the structure 

and the mechanical energy that can come into the system, as 

described in [16] and [17].   

Considering the GB spring geometry, with � � 301023, � � 2023 , � � 20023 , �/0 � 1533  and �/0 �20023 the spring constants in each direction are given in 

TABLE 1. This table compares analytical predictions based on 

the study described in the previous section and FEM 

simulations. One can see analytical predictions for spring 

constant match well with the FEM simulations. A larger 

difference for ����  is due to the asymmetry of the GB 

geometry, which makes the beams clamped between the 

guiding beam and the shuttle to behave closer to a cantilever 

rather than a doubly clamped beam in the out-of-plane 

direction.  

The dimensions were chosen so that the maximum stress 

is less than 700 78�  for a total shuttle traveling range of  600 23 , meaning ��� � ±300 23 . The maximum stress 

found in the joints of the beams was estimated as :;<= �0.25�����,;<=&�/�%" . for ���,;<= � 300 23 , the 

maximum stress was :;<= � 278 MPa, which is far below 

the considered 700 78�  limit. This analytical prediction 

was confirmed by FEM simulation. 

Let us ignore for a moment the electrostatic forces between 

the combs and consider the system as a damped harmonic 

oscillator in each direction, a single mass coupled by three 

springs. In the equation (4) that models the three springs 

coupled to the same mass with same quality factor B , we 

consider the driving acceleration as a sinusoid to get the 

frequency response of the oscillator. In this equation, C �DEF, GEH, I�JK and L⃗ ∙ �O�  is the projection of gravity in the 

direction �� and  PQ,� � ��/3. 

The desired inertial mass will be obtained in practice by 

adding a supplementary tungsten mass on top of the silicon 

shuttle.  

�R � + PQ,�B �T � + PQ,�" ��� ��=� sin&PJ% + L⃗ ∙ �O� 
 

(4) 
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��,�� � ��=�
XYPPQ,�B Z" +  PQ,�" � P"!" 

(5) 

 

Fig.4 Displacement vs. frequency displacement in the three directions ���, ���� and ����. The region in blue corresponds to the domain of frequencies 

where lays the heartbeat acceleration spectrum. 

The offset ∆�� that gravity imposes on the shuttle is given 

by (6). This offset was calculated as the average in time ∆u] � 〈��〉�  of the stationary solution �� of (4).  

∆�� � L⃗ ∙ �O�PQ,�"  (6) 

In a similar way, the movement amplitude can be 

calculated by taking the RMS value u],`ab" � 〈&�� � ∆u]%"〉� 

and transforming it into an peak to peak value for a sinusoidal u],cc" � 2u],`ab", leading to equation (5). 

Now the MEMS mechanical model has been defined, one 

can define the remaining system parameter 3  and B . The 

value of the quality factor B  results from different 

mechanical loss mechanisms. Based on experimental results 

of similar MEMS devices [18], we assume the quality factor 

to be around 100 in all directions. 

We chose to place a tungsten supplementary mass of 0.2 3L on top of the shuttle. According to (6), in the worst 

case we get the offsets ∆ude � 196 23, ∆ufgh � 3.9 23 and ∆ucd` � 0.1 23 . These worst-case offsets are calculated 

assuming that gravity is perfectly aligned with the considered 

direction, yielding the maximum offset for each case. 

We see that the offset ∆ude would take two thirds of the 

total displacement range of the device ���,;<= . This will 

reduce the amplitude of the capacitance variation, reducing at 

the same time the recuperated energy in each cycle. The 

effect of gravity and the offset on the recuperated energy will 

be analyzed in detail in the simulation section. The worst-case 

offset ∆ufgh will reduce the surface of the capacitor to about 

2% of its nominal value. Finally, the offset ∆ucd`  will be 

taken ito account to study its effect on the electrostatic force 

acting between the fixed and moving combs. 

Fig.4 shows the peak-to-peak displacement calculated 

from (5) of the shuttle in the three dimensions as a function 

of frequency considering a driving acceleration a�=�  of 1 3/i". The area in blue is the frequency region where lays 

the heartbeat acceleration spectrum. One can see that the 

response for ucd`  and ufgh  in the blue region is negligible 

compared to ude , confirming the suitability of the spring 

geometry to constrain the motion of the MEMS shuttle in the 

desired direction. 

 

V. ELECTROMECHANICAL MODEL 

In this section we consider a linear damped harmonic 

oscillator driven by a heartbeat acceleration, adding stoppers 

that keep the shuttle in a delimited region and an electrostatic 

transducer driven by an ideal charge pump circuit, similarly to 

the Roundy charge pump [19]. First, we perform a set of 

simulations with an ideal charge pump as interface circuit to 

determine the most adequate interface circuit for the device. 

The choice of the circuit will depend on the ratio γ �k;<=/k;�Qthat yields the maximum power output. 

A. Mechanical Domain 

As shown in the previous section, the only displacement 

sensible to the heartbeat acceleration is ��� . Therefore, a 

single degree of freedom harmonic oscillator was considered 

here. For simplicity in notation in this section,  ���  will be 

simply � and PQ,�� � PQ. 

In (4) we excited the system with a sinusoidal acceleration, 

in (7) we drive the system with a time series of a heartbeat 

acceleration signal. Two nonlinear forces �l��� and ��m�n that 

represent the stoppers and force exerted by the combs 

respectively were added in the equation. 

�R + PQB �T + PQ"� � ��=�
+ L oIi&p% + ��m�n3 + �l���3  

(7) 

Variable �&J% is the kinetic mass position, PQ" � ���/3 is 

the natural frequency, B is the quality factor, L  is gravity 

acceleration, ��=� is the driving external acceleration, p is the 

angle between gravity and shuttle movement directions, ��m�n  

is the electrostatic force that allows energy conversion and 

finally �l���  that maintain the mass between ��;<=  

and �;<=. 

We consider stoppers as flexible-dissipating walls with 

high spring constants kbhfc ≫ ���  and 2l���  damping 

coefficients that dissipate energy at each time the moving part 

hits the limiting wall at ±�;<= , we may express the stopper 

force as: �l���
� r��l���&� + �;<=% � 2l����T ,             � s ��;<=0,                                             � �;<= t � t �;<=��l���&� � �;<=% � 2l����T ,                � u �;<=

 
(8) 

From (8) we see the importance of knowing the offset ∆���, we need to choose a right pulsation PQ" in such a way 

that ���,;<= u ∆��� , otherwise the mass would always stay 

stuck to the stopper and no energy conversion effect will be 

obtained. 

B. Electrostatic domain 

The MEMS variable capacitor value that depends on the 

shuttle position u. Amongst several possible geometries for 

the variable capacitor,  the area overlap geometry 

schematically depicted in Fig.5 was chosen to avoid squeeze 

film damping effects [18]. 

!
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Fig.5. Area overlap variable capacitor. In red we see fix electrodes and blue 

the free electrode attached to the shuttle. 

 

Fig.6. Ideal charge pump circuit.  

The dependence of capacitance in position can be 

approximated as: 

v ���! � w xy�L�G r���� , ��� s �zz, �z t ��� t z��� , ��� u z  (9) 

 

In this expression, w Ci the number of comb fingers, xy is 

vacuum permittivity, W is device thickness and z a positive 

value that defines the minimal capacitance v;�Q . 
We check the stability of the comb fingers and see up to 

which value of voltage we can go before pull-in. A figure of 

merit (10) defined in [5] will serve us to determine the range 

of values for which our comb fingers are stable. 

�I7 � ��{�L�G�3xy��3ko3  (10) 

Where �  is Youngs Modulus, �{  is the fingers width, 

fingers length �{ and kn the voltage between the electrodes. 

The force exerted between the moving and fixed combs is 

calculated as: 

��m�n � 12 �v�� kn"
 (11) 

This force and the displacement define the energy 

conversion mechanism. The electrical power is obtained by 

multiplying the voltage across the capacitor kn  and the 

current flowing through the capacitor. |his should be equal 

to the mechanical power extracted through the effect of the 

electrostatic force: 〈k;<=C��� + k;�QC�Q〉� � 〈Fd~d��T 〉� 

(Fig.6). 

To determine the working voltages in the transducer that 

yield the maximum harvested power, the electrostatic 

transducer was connected to an ideal charge pump interface 

circuit (Fig.6). the ratio γ � k;<=/k;�Q was varied to find the 

number of cells of the actual interface circuit [20] needed to 

maximise the output power. 

VI. SIMULATIONS 

We solved numerically (7) given that there is no analytical 

solution. The simulations were performed plugging into ��=�  

a heartbeat acceleration recording, the electrostatic force (11) 

was driven by the circuit of Fig.6. The simulations were 

performed using Ngspice environment by taking an electrical 

analogue circuit of the electromechanical system described 

by (7).  

All presented simulations were performed considering the 

GB geometry with 3 � 0.2L , ��� � 10.06w/3 , and B �100. The variable capacitance consists on a total of 1452 

capacitor comb fingers. Note that half of the capacitor are 

engaged to one side and the half to the other side, resulting 

on N � 726  capacitor comb fingers for each side. When 

engaged, the combs are separated by a 423 L�G. The wafer 

thickness is � � 200 23 , considering a parasitic 

capacitance of C;�Q � 20 G�  which translates to α �62.23 μm. 

The maximum capacitance v;<= � 96.42 G�  was 

obtained at maximum displacement ���,;<=  and (9). The 

dimentions of the combs were chosen in a way so that we 

maximise the capacitance value for the pull-in and space 

constraints. 

 For the stoppers we assumed that their quality factor was 

two orders of magnitude bigger that the shuttle Ql������ �100B, while the restoring force we assumed that it was three 

orders of magnitude �l������ � 1000��� . This way we 

consider Ql������  so that each time the shuttle touches the 

stopper, it dissipates energy, but less than the loss due to 

friction between the air and the combs. At the same time, we 

chose �l������  in such a way so that the bouncing is almost 

immediate compared to the dynamics of the shuttle but not 

too big to make the simulation unstable.  

 

 
Fig.7. Exploration of the &k;<=, k;�Q% dependance of the harvested power.  

 

 
Fig.8. Harvested power as a function of orientation of the device with respect 

to gravity. Zero degrees corresponds to the device orineted in such a way that 

gravity is aligned with the shuttle movement direction. 

The first set of simulations in Fig.7 were done without the 

influence of gravity. The aim of the first set of simulations 

was to find the optimal value of γ � k;<=/k;�Q, the ratio that 

yields the maximum power. In [21], the optimal value for γ �0.5&1 + v;<=/v;�Q% was found, this expression is valid for 

systems that pass though their maximal and minimal 

!
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capacitances at each QV cycle. For a heartbeat driving 

acceleration we cannot suppose this, the heartbeat has a 

stochastic behavior both in time and amplitude. This makes an 

irregular set of QV cycles, the harvested power shown in Fig.7 

and Fig.8 were calculated averaging all QV cycles letting the 

simulation run and calculate the average harvested power at 

the end of each simulation. 

 

Five subsets of simulations were performed taking as a 

reference V;�Q � D10k, 20k, 30k, 40k, 50kK . Values close 

to γ � 1 have zero harvested power because the QV cycle has 

side (k;<= � k;�Q ) zero and the harvested energy of each 

cycle is &v;<=k;�Q � v;�Qk;<=%&k;<= � k;�Q% . Doing 

simulations for different values of  γ, it was found that in 

average the optimal value of γ is around two, which means 

that the best interface circuit for this particular device should 

be a one cell circuit from [20]. Note that this varies from the 

prediction of [21] where the optimal ratio should be γ � 3 

under the assumption the capacitance passes through its 

extremum at each cycle. 

Once the best performing circuit configuration was found, 

we studied the impact on harvested power of the device 

orientation with respect to gravity. In Fig.8  the dependance of 

harvested power on different device orientations is depicted, 

these simulations were done considering the best voltage 

configurations γ � 2 . A maximum of 0.252� for θ � 90° 

and θ � 270° were found, this is the case where the shuttle 

movement is perpendicular to gravity. When gravity pulls 

directly on the shuttle θ � 0°  and θ � 180°  the harvester 

power drops to 0.12�  due to the offset (6) induced by 

gravity, this forbids the combs to engage and disengage 

completely at each cycle. 

VII. CONCLUSIONS 

We explored different spring designs for guiding the 

shuttle and prevent the combs to come into contact. This 

study led us to propose the novel GB spring design, which 

enables to place the resonant frequencies in ����  and ����  

directions far from the heartbeat spectrum, and at the same 

time to favor ���  movement in this range of frequencies. This 

study proved that the GB geometry will forbid contact 

between the moving and fixed combs under heartbeat 

acceleration in any orientation of the MEMS. 

We proposed and solved numerically the complete 

electromechanical model of the system. This theoretical study 

enabled to determine the harvested power. It also enabled to 

determine the effect of gravity on the harvested power. 

The harvested power obtained by simulation is about one 

order of magnitude lower than the required power for the 

pacemaker application. Future studies will aim at 

investigation solutions enabling to increase the harvested 

power by increasing the inertial mass and the operating 

voltages.  

Ongoing works on microfabrication will aim to compare 

the theoretical predictions with measurements performed on 

real MEMS devices to assess and refine the model. 
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