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Abstract—Harvesting adequate power for actuation in implanted
biomedical devices using an electromagnetic field is a challenging
task. Previous attempts to actuate and control deep implants
have proven difficult and challenging. In this paper we propose
an alternative solution to remote powering and actuation of
implanted biomedical devices using a novel hybrid magnetoelectric energy harvesting approach. This new approach with the
possibility for secure operation is demonstrated in this paper
through a (Micro-Electro-Mechanical Systems) MEMS device.
We have conducted an analytical and finite element model using
ANSYS for the proposed power transfer system to confirm that
adequate power can be transferred to operate a MEMS based
biomedical device. We have shown that our proposed approach
is able to generate 1.3 V under shear stress and provides
adequate voltage to successfully operate a micropump. Our
numerical results indicate directional actuation of an
electrostatically actuated diaphragm of a mechanical micropump
up to 1.8 µm resulting in a stroke volume of 10% of the total
volume of the chamber.

I. INTRODUCTION
By developing implantable biomedical devices such as drug
delivery micropumps, smart stents, RF MEMS switches and
diagnostic monitoring systems, research on powering and
prolonging the lifetime of power source for these electronic
devices has become more significant. Unlike everyday
consumer portable devices, it is not possible for implanted
devices to recharge or replace their power source regularly
since the battery replacement would be risky and expensive
[1]. The importance in such cases has been on developing the
onsite energy harvesting system that can convert accessible
forms of human body energy into electrical and in turn, other
forms of energy.
Nowadays much research has been focused on harvesting
energy from environmental energy sources. Energy harvesting
may be based on several sources. In the case of Bio-MEMS
and implantable biomedical devices, mechanical vibration is
potentially a first source of power accessible in the human
body. These vibrations could further be generated by an
external power source such as oscillating magnetic fields.
Conversion of mechanical vibrations into electrical energy is
feasible by electrostatic, electromagnetic and piezoelectric
transducers; each of which has its own advantages for certain
applications. Nevertheless, due to the higher energy density
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and actuation capability, piezoelectric transducers are more
favourable [2-4].
A significant amount of research has been devoted to
developing an efficient power harvesting system based on
piezoelectric transducers harvesting energy from body
movements. In [5] a blood pressure source is considered to
induce stress to a piezoelectric transducer. Their work
compares 3-3 and 3-1 modes of operation for a piezoelectric
generator using a PZT-5A membrane. The results from this
work have demonstrated that the 3-1 mode or thin plate
element has mechanical advantages in converting applied
pressure. Moreover, this analysis confirms that an in vivo
piezoelectric generator on size scale of 1 cm2 is able to power
a bio-MEMS application in the µW power range continuously.
PZT ceramics are suggested in [6] to generate sufficient
energy within total knee replacement (TKR) implants to
operate a low power microprocessor and accompanying
sensors for diagnostic and monitoring applications. The results
indicate that three PZT ceramic elements with total volume of
1.2 cm3 embedded within TKR implants can generate 4.8 mW
under expected axial loading conditions.
Energy harvesting techniques that utilize ambient sources
of energy are not suitable for small-scale implants as
miniaturization of harvesting devices leads to significantly
reduced power and readily accessible ambient power sources
do not exist within the human body [6, 7].
In contrast to power harvesting approaches, researchers in
[8, 9] have shown how power can be transmitted wirelessly to
medical implants. In another study researchers at Stanford [10,
11] demonstrated wireless power transfer to a millimetre sized
device implanted five centimetres inside the chest on the
surface of the heart. Results of this study show that mid-field
wireless powering achieves much higher power compared to
conventional inductively coupled systems. In addition with
accurate system design, adequate power to activate typical
cardiac implants can be harvested by millimetre sized coils.
In this paper we propose an alternative solution to remote
powering and actuation of MEMS devices using a novel
hybrid approach, which combines a magneto-electric energy
harvesting MEMS device with a surface acoustic wave sensor
using an input interdigitated transducer (IDT) to ensure the
secure operation of the biomedical device. A new magnetoelectro acoustic conversion system by utilizing piezoelectric
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material is used in the energy harvesting module to convert
mechanical energy provided by an oscillating magnetic field
into electric power. In this system the piezoelectric material is
coupled with a permanent magnet, which is then used to
convert mechanical oscillations induced in the magnet to
stresses induced in a slab of piezoelectric material resulting in
an electric potential. In this paper we have conducted an
analytical and finite element analysis using ANSYS for the
proposed energy harvesting system to demonstrate that
enough power can be harvested to activate an implantable
biomedical device. The resultant electric potential is then used
in a Finite Element Analysis (FEA) model of an
electrostatically actuated diaphragm of a mechanical
micropump to show the merit of the wireless powering
technique for actuation of micro-implants.

The energy harvester, as shown in Fig. 3, can be formulated
using a pair of electrical terminals and a pair of mechanical
terminals. In this figure the entering charge and applied
voltage at the electrical terminals are denoted by q and e,
while the angular displacement and applied torque at the
mechanical terminals are shown by θ and τ. This
electromechanical conversion can be described by the
following equation [14] in (1).

II. A HYBRID APPROACH FOR IMPLANTS

Fig. 3. Representation of a piezoelectric energy conversion system.

Fig. 1 illustrates the secure wirelessly actuated MEMS
device comprised of: i) a “secure interrogation module” which
responds to an encoded frequency; ii) a micro switch; iii)
micro medical device (such as a micro pump); and iv) a
magnetoelectric energy harvester. Given that the frequency of
the RF signal matches the IDT’s, the harvested energy from
the energy harvesting module transfers to actuate the MEMS
device.

In (1) C11 is the input capacitance at the electrical port with
zero torque applied to the mechanical port, C12 is the charge
entering electrical port when it is short circuited and a torque
is applied to mechanical port, C22 is the compliance at the
mechanical port with a short circuit applied to the electrical
port, and C21 is the displacement at mechanical port while a
voltage is applied to the electrical port and no torque is
applied to the mechanical one [15].

RF signal

Micro medical
device

Saw Signal

Micro
switch

Antenna
Antenna

IDT SAW Device

Magnetoelectric
energy
harvester

Fig. 1. Conceptual model of a secure wirelessly actuated biomedical device.

Secure interrogation module is extensively discussed
elsewhere [12] and the focus in this work is on the energy
harvesting module and its ability to generate adequate power
to operate a micro medical device such as a micropump.
III. MAGNETO-ELECTRIC ENERGY HARVESTING SYSTEM
The concept outlined in this work relies on the induced
mechanical forces that are generated by a large volume low
frequency magnetic field around a piezoelectric crystal
bonded with a permanent magnet (Fig. 2). The mechanical
energy is then converted by the direct piezoelectric effect [13]
into electric potential. As low frequency (LF) electromagnetic
spectrum has an unlicensed band from 119-135 kHz, 130 kHz
is considered for creating large volume low frequency
magnetic fields to wirelessly transfer power to the
piezoelectric energy harvesting system..
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Fig. 4. Geometry of single turn coil.

B. Electrical power
As demonstrated in Fig. 3, when the conversion system is
connected to an external load of 𝐶𝑗 , it will have a charge q
developed at electrical port when a torque is applied to the
mechanical port. This charge is described by
𝑞 = −𝐶11𝑝 𝑒

(3)

where 𝐶11𝑝 for the slab piezoelectric material can be
calculated by
𝐶11𝑝 =

tp

Fig. 2. Platinum cobalt coupled to the piezoelectric crystal.
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A. Magnetic field using a single turn circular planar coil
To create a magnetic field H(z) with frequency f at a
distance z, a single turn circular planar coil of diameter D = 2a
of wire of diameter r has been considered, while the r.m.s
current is flowing through the coil as shown in Fig. 4.
Therefore the magnetic field at distance z is given by the
relation (2).
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In the above equation 𝜀 𝑇 is the relative dielectric constant
under constant stress while 𝑡𝑝 , 𝑤 and ℎ are thickness, width
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and height of the piezoelectric plate, respectively. Solving the
matrix for e gives
𝐶12𝑝 𝜏𝑝
𝑒=
𝐶11𝑝 + 𝐶𝑗

By considering the dimensionless quantity r =
𝑒=

𝐶12𝑝 𝜏𝑝
𝐶11𝑝 (1 + 𝑟)

(5)
𝐶𝑗

𝐶11

𝐾 2 𝑒𝑓𝑓 =

θ=

𝐶11𝑝 (1+𝑟)

+ 𝐶22𝑝 𝜏𝑝

then
(6)

(7)

Electromechanical coupling factor on piezoelectricity is
noted by 𝑘 2 and defined as the ratio between the converted
and total energy involved in a transformation cycle so:
𝑘2 =

by

Mechanical energy converd to stored electrical energy
Mechanical energy input

(8)

In this piezoelectric conversion system 𝑘 2 can be defined
𝐶12𝑝 𝐶21𝑝
𝑘2 =
𝐶11𝑝 𝐶22𝑝

(9)

By using (9) and (7) we have
θ=�1 −

𝑘2

1+𝑟

� 𝐶22𝑝 𝜏𝑝

𝜃
𝑘2
= �1 −
�𝐶
𝜏
1 + 𝑟 22𝑝

𝑇𝑠 = µ0 𝑣𝑀𝐻

(16)

𝐸𝑀𝑆= |𝑇𝑠 |2 𝐶22𝑠

(17)

In (16), µ0 is permeability of free space, v is the volume of
platinum cobalt (magnet) and M is the remnant magnetisation,
in this equation the direction of the magnetisation M is
orthogonal to magnetic field H.
The resulting energy 𝐸𝑀𝑆 of the structure flowing into the
stiffness of the structure can be evaluated as

In (17) 𝐶22𝑠 is the total compliance of the structure at the
mechanical port. 𝐶22𝑠 can be calculated by
𝐶22𝑠 =

1

1
1
+
𝐶22𝑀 𝐶22𝑒𝑓𝑓

(10)

(11)

𝐶22𝑀 =

𝐸𝑀𝑃

1
2

(12)

(13)

By using (12) and (13)

𝐸𝐸𝑃
𝑟𝑘 2
=
𝐸𝑀𝑃 (1 + 𝑟)2 − 𝑘 2 (1 + 𝑟)

Therefore it can be proven that

2
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Hence the electrical energy at the electrical port which will
appear as stored energy in 𝐶𝑗 is given by
𝐶12𝑝 2
1
𝐸𝐸𝑃= 𝐶𝑗 �
� 𝜏2
2
𝐶11𝑝 2 (1 + 𝑟)2

𝐸
𝑆𝑀
ℎ𝑤𝑡𝑚

(14)

(19)

𝐸
is the compliance of the magnetic material. From
where 𝑆𝑀
the total mechanical stress placed on the structure, just the
mechanical stress on the piezoelectric crystal will result to
transferring electrical energy into stiffness of the piezoelectric
as it is shown in

where 𝐶22𝑝 is the open circuit compliance at the electrical port.
Observing that θ is proportional to τ, so the stored energy for a
𝐶
where 𝑇𝑝 = 𝑇𝑠 � 22𝑠 �.
final torque applied to the mechanical port is given by
𝐶22𝑒𝑓𝑓
1
𝑘2
= �1 −
� 𝐶 𝜏2
2
1 + 𝑟 22𝑝

(18)

In (18) 𝐶22𝑀 is the compliance of magnet and obtained from

As a result the effective compliance for the capacitive
loaded piezoelectric converter is given by
𝐶22𝑒𝑓𝑓 =

(15)

C. Mechanical Power
The oscillating magnetic field provides the mechanical
stress on the structure by the torque exerted on the permanent
magnet as it is shown in Fig. 2. The r.m.s phasor 𝑇𝑠 shows the
magnitude of total torque on the harvesting structure.

Solving (1) by replacing relation (6) then gives,
𝐶12𝑝 𝜏𝑝 𝐶21𝑝

𝑟𝑘 2
(1 + 𝑟)2 − 𝑘 2 (1 + 𝑟)

(20)

D. Mechanical Resonance and Quality factor
Resonance frequency plays a considerable role in energy
outcome; as derived in (21). At the mechanical resonance
frequency of the proposed structure with mechanical quality
factor 𝑄𝑚 , the voltage generated at the electrical port is
magnified by 𝑄𝑚 . Relation (21) gives the energy 𝐸𝐸𝑃 stored
in 𝐶𝑗 .
𝐸𝐸𝑃 = 𝐾𝑒𝑓𝑓 2 𝑄𝑚 2 𝐸𝑀𝑃

(21)

Substituting (20) while considering the fact that this energy is
provided by a magnet with the magnetisation M and volume v,
𝐸𝐸𝑃 can be expressed by
𝐸𝐸𝑃 =
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(23)

E. Numerical Analysis
The choice of piezoelectric material can have a
considerable influence on the harvesting system performance.
Since lead zirconate titanium known as PZT has the highest
electromechanical coupling coefficient, this material is the
most common type of piezoelectric used in power harvesting
applications. Due to highest coupling coefficient and
mechanical quality factor in the 1-5 modes the PZT-8 is
chosen for the numerical evaluations.

Frequency (kHz)

As mentioned before, to ensure efficient transfer of energy
in the magnetic field to electrical energy at the output port, it
is vital to operate at resonant frequencies. From Fig. 5 it can
be seen that a piezoelectric crystal of height 7 to 8 mm is
required for the construction of the piezoelectric slab to
achieve a resonance frequency of 130 kHz.

Height (mm)

Fig. 5. Resonance frequency of PZT-8 with different heights.

VEP (v)

This analysis has also been confirmed by ANSYS
multiphysics modal analysis and the final results show, when
the PZT-8 height is set to 7.5 mm, self-resonance is achieved
at 129 kHz.
Based on (16) the magnetic material considered for the bar
magnet should suitably have a high residual magnetisation M.
Using PtCo (Platinum and Cobalt) based alloys, a residual
magnetization M of 400,000 Am-1 is achievable.
As depicted in Fig. 2 following dimensions were used for
the numerical analysis: w = 5 mm, t p = 2 mm, t m = 2 mm, and
h = 7.5 mm. From Fig. 6 which is obtained from our
numerical evaluation, it is demonstrated that the proposed
energy harvesting system has the ability to generate up to
1.4 V.

Distance (m)

Fig. 6. VEP at distance z from the coil.

IV. SIMULATION RESULTS
Based on the analytical model, finite element modelling
was performed in ANSYS Multiphysics for the
magnetoelectric energy harvester. Similar dimensions to
analytical model were used again for the simulation: w = 5
mm, t p = 2 mm, t m = 2 mm, and h = 7.5 mm.
Electrode

1.3 V

(a)

(b)

(c)

Fig. 7. Piezoelectric voltage distribution, (a) high voltage gain in resonance
frequency, (b), (c) low voltage gain in 50 and 100 kHz frequencies.

According to the analytical calculations a 125 µN
mechanical force exerted on the energy harvesting system at z
= 0.5 m is applied in the simulation. Based on this mechanical
force, a harmonic analysis was carried out for the proposed
structure over a frequency range of 0 to 200 kHz in ANSYS
Multiphysics. Fig. 8 depicts the electric potential vs.
frequency relationship obtained from the simulations. As
shown in Fig. 7 and Fig. 8, this system is capable of
generating up to 1.3 V electric potential. Fig. 7 demonstrates
voltage distribution in this system, the desired voltage is only
obtained in Fig. 7 (a) which shows voltage distribution at
resonance frequency.
Fig. 8 also indicates that the expected voltage from the
device is almost negligible given the mechanical resonance
does not occur. Hence it can be concluded that resonance
frequency plays a vital role to achieve optimum power output
from the proposed approach.

VEP (v)

Hence the energy flown into the capacitor 𝐶𝑗 at the electrical
port and the r.m.s voltage can be calculated as follows:

Frequency (kHz)

Fig. 8. Harmonic analysis of the output voltage of the energy harvester.

V. APPLICATION FOR SMART IMPLANTS
To demonstrate the potential of the proposed energy
harvester, the resultant electric potential in the previous
section is utilized to actuate a MEMS based biomedical
micropump. Micropumps are miniaturized pumping devices
fabricated by micromachining technologies [16]. They are
generally categorized as mechanical or non-mechanical
devices. The former typically has moving parts such as
diaphragms and values. These parts demonstrates benefits interms of virtually non-restrictive fluid delivery and higher
response rate over the latter [17].
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Typical mechanical micropumps are displacement pumps Polyethylene has been chosen which makes actuation of the
comprised of a pump chamber closed by a flexible diaphragm diaphragm feasible with the harvested potential described in
as illustrated by Fig. 9. The fluid delivery is realized by the Section IV.
deflection of the diaphragm resulting in an over-pressure in
TABLE I .
the chamber, which drives the fluid out of the outlet. An under
MATERIAL AND GEOMETRICAL PROPERTIES OF THE MICRODIAPHRAGM
pressure causes the fluid to enter the chamber through the inlet.
Material Properties
The pressure induced inside the chamber is a function of the
Si3N4
Polyethylene
Al
change of volume known as the stroke volume, which is
Density (Kg/m3)
3184
950
2770
caused by the diaphragm deflection.
Poisson’s Ratio
0.24
0.42
0.33
Diaphragm
Inlet

Chamber

Elastic Modulus (GPa)
169
1.1
Geometrical and Boundary Conditions
Actuation Potential (V)
1V
Diaphragm Dimensions (W×L)
2×2 mm
Diaphragm depth (H)
5 µm
Midsection dimensions (W×L)
1×1 mm
Diaphragm thickness (TD)
2 µm
Al coating thickness (TAl)
100 nm

Outlet

Stroke Volume
VEP

Electric Field

Charged Plates Spacing (d)

Fig. 9. An overview of a valveless electrostatically actuated micropump.

Over the years different schemes have been adopted for
actuation of the diaphragm. These include but not limited to
electrostatic, piezoelectric, thermopneumatic, bimetallic,
shape memory alloy (SMA), ion conductive polymer film
(ICPF), electromagnetic, and phase change type [16, 18]. Due
to attractive benefits of electrostatic actuation such as fast
response time and low power consumption, they have been of
interest over the years [17]. In this section, after calculating
the actuation force based on a predefined geometry, the
actuation range of the diaphragm of a micropump is
demonstrated by application of the equivalent force in a static
structural simulation framework build in ANSYS. The
structure of the valveless micropump is described in [12].
Here, the focus is on deflection of the diaphragm by the
supplied electric potential from the magneto-electric energy
harvester proposed in the previous section.
Electrostatic actuation is based on the Columbs attractive
forces between charged plates. Using parallel plate
approximation, the generated force between two plates can be
described as [16]:
𝜀𝐴𝐸 2
(24)
𝐹=
2𝑑 2

Where F is the actuation force, 𝜀 is the permittivity of the
dielectric between the two plates, A is the surface area of the
plates, E the applied electric potential across the two plates
and d is the spacing between them. Upon application of the
electric potential (1 Volt), depending on the polarity, the
charged plates enforce attractive or repelling forces upon each
other. Geometrical and material properties of the proposed
diaphragm model are summarized in TABLE I.
As demonstrated in Fig. 10, Silicon Nitride (Si3N4) is
chosen for the midsection due to its high strength against
bending, wear resistance and electrical insulation. The bottom
of the midsection is coated with a thin layer of Aluminium
alloy that represents the conductive plate associated with the
diaphragm (Fig. 9). The attractive properties of low stiffness
and biocompatibility, are some of the reasons for the
increasing popularity of polymer based MEMS devices in
recent years [19]. For the flexible part of the diaphragm
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F. Simulation Results
To save time and computational resources the symmetry of
the structure can be utilised, hence only one quarter of the
diaphragm is modelled. The outer boundaries of the
diaphragm are constrained in all directions. The derived force
by substitution of values of TABLE I into relation (24) is
applied as a pressure to the midsection of the model normal to
its surface increased from 0 to the maximum pressure over 10
sub-steps as shown in Fig. 10. This figure also shows the
contour plots of scaled deformation results of the diaphragm
at the last sub-step.
Furthermore, Fig. 11 presents the minimum and maximum
directional deflection of the midsection normal to the plane of
the undeformed shape vs. pressure. These results are
accompanied by maximum von-Mises stress distribution over
midsection and flexible bodies vs. pressure curves.
Fixed Support

Fixed Support

Pressure

Symmetry

Flexible Part
(Polyethylene)

Midsection
(Si3N4)
Symmetry

Fig. 10. Scaled deformation plots of quarter of the diaphragm, subject to the
applied pressure, fixed support and symmetry boundary conditions.

Considering the maximum displacement value at the last
sub-step (sub-step 10), clearly the distance between the
charged plates (2 µm) is very well utilized while still
providing a safe distance between them (≅0.2 µm) in order to
avoid permanent adhesion of the plates. Moreover the vonMisses stress values indicates operation of the diaphragm well
below the tensile strength of the constitutive materials, 15
MPa for polyethylene and 0.37 GPa for Silicon Nitride [20],
ensuring safe operation of the diaphragm under electrostatic
loads.
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Deflection Min

1.6

von-Mises Midsection

Deflection (µm)

1.79
0.05

1.62

von-Mises Flexible

1.4

[6]

0.00

Deflection Max

1.2

0.10

1

0.15

0.8

0.15

0.6
0.4

von-Mises Stress (MPa)

2
1.8

[7]

[8]

0.20

0.2

0.23

0

[9]

0.25
0.00

0.20

0.40

0.60

0.80

1.00

1.20

Pressure (Pa)

[10]

Fig. 11. Directional deformation of the midsection vs. applied pressure and,
max von-Mises stress in the midsection and flexible parts vs. applied pressure.

The modelling results presented in this section demonstrate
that the 1.3 V generated by the magneto-electric energy
harvester is more than capable of meeting the required 1 V to
successfully actuate the micropump presented in our analysis.
VI. CONCLUSION
With the increasing demand for micro-implants which are
buried deep within body tissue, wireless and secure actuation
of those devices has become a challenge. In this paper an
alternative approach for remote powering of biomedical
implants is proposed through integration of magnetic and
electric physical domains interrelated by direct piezoelectric
effect. The proposed energy harvesting system can potentially
be integrated with a surface acoustic wave sensor using an
input interdigitated transducer (IDT) to ensure the secure
operation of the biomedical device. The output energy of the
system is first calculated theoretically and then validated by
numerical analysis.
To demonstrate the merit of system for actuation of MEMS
devices, the harvested energy is then used to actuate the
diaphragm of a mechanical micropump in an FEA framework.
Our results indicate effectiveness of the energy harvester to
deflect the diaphragm by about 1.8 µm while maintaining the
safe operation conditions of the diaphragm. The resultant
deflection utilizes about 24% of the chamber height for a
stroke volume of 10% of the total chamber volume. A fully
coupled methodology comprised of all the physics from the
electromagnetic field to the structural mechanics and their
interaction with the fluid domain accompanied with empirical
studies is yet to be elaborated in our future works.
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