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ABSTRACT

In the recent years, energy harvesting has become increasingly popular for powering low-
energy devices. Therefore, human power has become a promising energy source in providing
electrical energy. Thus, the general principles, structures, requirements and potentials of
human kinetic energy harvesting technologies are presented.
Commonly, human kinetic energy harvesting systems have to be adjusted to the human
locomotion. For the purpose of maximizing the power output, results of biomechanical
analyzing methods are presented to identify resonant frequencies and bandwidths.
With focus on inertial electromagnetic generators, further challenges and potentials are
discussed to optimize the power conversion. In doing so, mechanical and electrical
characteristics of the generator structure are examined and optimization problems are derived.
One major issue within power maximizing is to match the resonant frequency and achieve a
suitable electromechanical coupling. Parameter dependencies are identified by using analytic
and numerical representations of generic electromagnetic generators.

Index Terms — human kinetic energy harvesting, electromechanical conversion,
electromagnetic, human motion, design criteria

1. INTRODUCTION

The demand for electrical energy, especially in mobile and off-grid applications, has
increased within the recent years. The development of portable devices and stand-alone
systems as smartphones, automobiles, unmanned aerial vehicles and wireless sensor networks
requires powerful, efficient and self-contained sources of energy. Additionally, micro-
applications are limited in size and weight; hence, a compact, lightweight and low-cost energy
provision is needed. [1] [2]

Generally, these electronics are supplied by batteries and accumulators. However, there are
several drawbacks concerning the practical use of electrochemical energy sources. Due to
limited battery capacities, an intermittent replacement and maintenance have to be ensured for
long-term operation corresponding systems. Especially in aerospace and meteorological
applications, the self-sufficient supply of maintenance-free energy has become a major issue.
Furthermore, the disposal of electrochemical elements has environmental impacts. [3] [4] [5]
In recent years, energy harvesting has become an interesting field of research opening
alternative ways of energy provision and hence new options for mobile and/or wireless
applications. The conversion of unconventional forms of ambient energy, like solar, thermal
or radio frequency energy into electricity enables a cost-efficient implementation of power
supplies within energy-autonomous devices. [6]
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Therefore, biomechanical or human kinetic energy harvesting systems utilize the kinetic
energy provided by human body motions and locomotion. The human body is a vast reservoir
of energy and provides a lot of potentials to perform mechanical or thermal work. This power
can be harvested by using suitable devices to primarily supply portable electronics or
implantable body sensor with electricity. [7] [8]

In general, the optimal design of electromechanical energy harvesting systems depends on the
source of energy and its characteristics. Forces and accelerations affecting biomechanical
energy harvesters during walking and running have to be evaluated to adjust the systems’
parameters in order to maximize the power output. Mitcheson et al. [9] presented three types
of vibration-based micro generator architectures with the assumption of sinusoidal excitation.
However, human movement provides a broad spectrum of sinusoidal components, which are
difficult to harvest simultaneously [10]. Thus, the mechanical subsystem of the energy
harvesting system needs to be adapted to the frequency response of the moving body.
Furthermore, the conversion of mechanical energy into electrical energy requires a suitable
harvesting method, which is dependent on several parameters as well.

The aim of this paper is to clarify potentials and requirements of human kinetic energy
harvesting methods. Considerations about the energy source and design parameters of
harvesting devices support the prospective development and dimensioning of biomechanical
generators. This includes a presentation of gait analyses in section 2 to derive design features
of the electromechanical conversion. Afterwards, section 3 gives information about the basic
structure of vibration-based energy harvesting systems as well as the power considerations
within these devices. Presented models of generic electromechanical systems express the
dependence of the output power on parameters of the systems and the source. Since our future
work focusses on the development of electromagnetic inertial generators, sections 4 and 5
present a basic electromagnetic power conversion model as well as a parameter study to find
further design criteria in order to identify optimization methods. The derivation of
requirements and challenges in designing electromagnetic energy harvesting systems based on
preceding sections is then presented in section 6, followed by a conclusion in section 7.

2. BIOMECHANICAL ANALYSES

In the field of human kinetic energy harvesting, biomechanical analyses are essential to find
potentials of scavenging power. Therefore, optimal body positions for the attachment of
harvester devices have to be identified. Regarding electromechanical power conversion, body
positions where high accelerations and forces as well as large displacements occur during
walking and/or running are required to obtain a high power output. In von Biiren et al. [11]
different architectures of inertial micropower generators were tested at nine body locations.
As a result, generators attached at lower body locations provided a power output four times
higher than harvester devices mounted at the upper body during walking. Thus, our
biomechanical analysis focus on lower body positions as ankle, knee and hip.

2.1 Biomechanical Analyzing System

A method for biomechanical analyses using IMUs (inertial measurement units) as well as
their fusion with optical sensors is presented in Kroning et al. [12]. The associated
experimental setup is depicted in Figure 1. With the usage of a high-speed camera, positional
data of markers at hip, knee and ankle are measured. Thereby, two-dimensional marker
displacements within the recorded images are obtained and projected onto the global frame.
Thus, it is assumed that every movement is limited to the sagittal plane. Displacements
perpendicular to the sagittal plane are neglected.
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Figure 1: Experimental setup for human gait analysis using IMUs and their fusion with optical sensors.

To measure acceleration and angular velocity at the mentioned body positions,
microcontroller operated IMUs within the markers are applied. The obtained IMU data are
used to estimate the orientation of the sensor. Additionally, magnetometer information is
fused with the accelerometer and gyroscope data using an efficient filter approach [13] to
obtain a complete measurement of orientation with respect to gravity. Due to the torque at the
joints, the markers’ orientations change during the gait cycle. Orientation estimation supports
the identification of suitable body locations, because linear accelerations (accelerations based
on dynamic motions without the impact of gravity) can be calculated within the sensor frame.
To synchronize and fuse the measured linear acceleration and recorded high-speed camera
images, LED-based active markers are used.

2.2 Results of human gait analysis

It should be mentioned that different body sizes and proportion generate different results
within the human gait analysis due to, e.g., longer or shorter leg sizes of the test person
(subject). Our gait analysis was performed on a 35 year old subject with a size of 1.70 m and
weighting 65 kg. In each series of measurement, the subject walks or runs three times at a
predefined velocity of vg,i=5...12 km/h for a measurement time of Tpeas=4 s.

First, the markers’ displacements in the global frame (distinguished by a superscripted E) as a
result of the optical tracking method are considered. Therefore, the zero-mean positional data
for ankle, knee and hip at two different velocities are shown for comparison in Figure 2. It is
obvious that walking motion produces lower vertical displacements (y) than running.
Further, the ankle generates by far the highest displacement amplitude during the gait cycle
compared to knee and hip motions. However, the vertical knee and hip displacements
significantly increase during running due to jump movements within the gait cycle.
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Figure 2: Zero-mean displacements of markers during walking (left) at vy, =5 km/h and running (vight) at
Veair=10 km/h.
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The absolute linear acceleration over all three dimensions within the sensor frame (°x, %y, °z)
of the markers is depicted in Figure 3. The ankle movement produces the highest peaks at the
initial contact — the short time period when the heel touches the ground. This acceleration
increases during running, because the entire weight of the body rests only on the heel when
the subject performs a jump movement. The accelerations at hip and knee are comparatively
low during walking. However, the knee’s absolute acceleration while running is almost
similar to acceleration of the ankle in Figure 3 (right). A detailed perspective is obtained by
regarding the horizontal and vertical component of the linear acceleration of ankle and knee in
Figure 4. Most of the ankle acceleration is performed in the vertical component in sensor
frame due to the initial contact of the foot. By contrast, the knee acceleration splits in two
components during running motion, because of jumping forward within the gait cycle.
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Figure 3: Absolute linear acceleration of markers in sensor frame at ankle, knee and hip during walking (left) at
Veair=3 km/h and running (vight) at veq=10 km/h.
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Figure 4: Horizontal (°a,) and vertical (° a,) linear acceleration in sensor frame of ankle and knee during
walking (left) at Ve, =5 km/h and running (vight) at veq,=10 km/h.
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The frequency characteristics of the acceleration at potential body positions are essential for
specifying internal harvester parameters. Therefore, Figure 5 (left) shows the frequency
response for ankle and knee during walking (vg.it = 6 km/h) and running (vg,i;= 10 km/h). The
ankle’s principal maximum is located at 1 Hz for walking, which is approximately the
cadence of the subject’s walk. The maximum of the knee’s acceleration is located at 2 Hz and
hence higher. It is apparent that a frequency shift occurs in the frequency response of the
running motion. This shift is approximately 0.4 Hz for the ankle’s maximum and 0.8 Hz for
the knee’s maximum. The frequency shift is depicted in detail in Figure 5 (right). Here, the
ankle’s frequency response is shown at different gait velocities, whereby Af; =~ 0.6 Hz and
Af, = 1.2 Hz are measured for the frequency shifts of the first and second maximum.
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Figure 5: Frequency response of “a, and Say components of ankle and knee at walking and running (left).
Frequency shift of ankle’s Say component during gait cycle at different velocities (Vou=35...14 km/h) (right).
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3. BASICS OF ELECTROMECHANICAL CONVERSION

3.1 General Structures

Kinetic or vibration energy harvesting systems utilize the relative movement between objects
to convert mechanical energy into electrical energy. The conversation is realized by
implementing a damping or harvesting technology. Relative movements are generated in
motors and turbines in an industrial environment or, in our case, during the human gait. To
harvest mechanical power p.cn(t) via a force acting with a certain velocity of the relative
motion

Pmecn(t) = F;(t) - 2(t) , (1)

a harvesting structure as depicted in Figure 6 has to receive the mechanical energy. Therefore,
direct-force and inertial mass generators are usually applied for energy conversion. Both are
structured as 1-DOF spring—mass—damper systems with proof mass m, damping coefficient ¢
and spring stiffness k. The generic structures differ in the cause of the displacement of the
proof mass z(t) relative to the housing. Within direct-force energy harvesting systems, the
suspended mass is directly affected by the driving force F,(t). In contrast, the operating
principle of inertial mass generators is based on the inertia of the suspended mass when the
housing is accelerated by an external force. In both cases, a force opposing the mass’ motion
is provided by the implemented damper ¢ which enables the conversation into electric power.
Inertial mass generators seem to be more flexible compared to direct-force generators as only
one point of attachment to the moving body is required. [14] Thus, more types of inertial
based systems are documented than direct-force approaches. Our future work also focusses on
inertial mass generators. Hence, further considerations only deal with this kind of system.

Figure 6: Structures of generic kinetic energy harvesting approaches according to Mitcheson et al. [14]. Direct-
force generator (left); inertial mass generator (vight).

3.2 Power Considerations

A suitable model of inertial mass energy harvesting systems can be found in Williams et al.
[15] and El-hami et al. [16]. According to Newton’s second law of motion, the governing
differential equation is given by [17]

mzZ(t) + cz(t) + kz(t) = —my(t), )

whereby y(t) is the excitation of the housing. Neglecting the mass of the device’s frame, the
excitation force is F,(t) = —my(t). Assuming a harmonic excitation y(t) = Y sin(wt) with
amplitude Y and angular frequency w = 2rf, equation (2) becomes

mz(t) + cz(t) + kz(t) = mw?Y sin(wt) . (3)

According to Stephen [18], a steady-state solution of the proof mass’ relative displacement is
given by z(t) = Z sin(wt — ¢) with the vibrational amplitude
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mw?y
Z= V(k—w?m)2+c?w? @

and phase angle

Q= tan_l( = ) . Q)

k-mw?
Since the instantaneous power transfer is given by equation (1), the average extracted
power P; within the damper, which consists of mechanical and electrical components, can be
calculated by using the opposite damping force given by ¢ and the velocity of the relative
motion z(t). Substituting the amplitude from equation (4) leads to [18]
cm?w®y?

1
Py = cw?’Z? = (mw,w?Z? = Pyt (6)

Another form of equation (6) can be expressed by

_ mivieind
 (1-0d) +(Zwe?
where w, = w/w, represents the ratio of excitation frequency w of the vibration source and
the resonant frequency of the spring—mass—damper system

P, (7)

W = . ®)

In practice, the system’s damping coefficient ¢ changes with mass and resonant frequency and
cannot be assumed as constant. To take this into account within the power consideration, the
damping ratio { is introduced in equations (6) and (7). It is defined as

(= . :{e-l'{par- ©)

The damping ratio { regards electrical damping {,, which occurs during the conversion into
electricity, and parasitic damping {4, €.2. due to mechanical (air resistance) or electrical
(parasitic impedances) effects.
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Figure 7: Normalized power depending on the frequency ratio w. (lefi) and ratio of {,/{par (vight).

In Figure 7, the normalized power from equation (7) is shown. Obviously, the maximum
power is received at resonance condition w, = 1. Thus, a matching of the system’s resonant
frequency to the excitation frequency of the vibration source (w,, = w) is required.
Additionally, Figure 7 illustrates the complex influence of the total damping ratio {. First, low
damping ratios cause high power output at resonance condition. However, the bandwidth'
Aw = 2n(f., — f1) of output power Py decreases with lower damping ratios. Therefore, the
quality factor connects the system’s bandwidth with its damping ratio:
Wn

Q=%=E. (10)

With equations (8) and (9), we obtain the expression

" The bandwidth is the frequency range between the 3dB cut-off frequencies fe1and fo 5.
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c Aw _ Af

(zzmzﬁ_zfn- (11)
Second, { — 0 seemingly leads to P; — oo and hence infinity power at resonance condition.
However, this assumption is invalid as it would lead to excessive relative displacements z(t)
and no steady-state conditions. In practice, an energy harvesting system has maximum
displacement amplitude Z,,,, of the proof mass as shown in Figure 6. To take this into
account, the right-hand side of equation (6) can be rewritten as follows:

_ cmPw*YZpayx

- 2/ (k—w?m)2+c2w?
Third, regarding equation (6), P; = oo also might be obtained by infinity damping ({ — ),
which is also impossible since the amplitude of the relative motion in equation (4) would
be Z —» 0 for finite Y. Thus, there would be no relative motion at all. Considering and
simplifying the electrical output power from equation (7) at resonance condition, we obtain

_ miYiwj

" 4(Ge*+Gpar)” ()
The relation of the power to the ratio of electrical to parasitic damping {./{pq, is depicted in
Figure 7. The maximum of P, , is achieved at 6Py . /8, = 0, which gives {, = (4.

Since overall damping influences the relative displacement amplitude, ¢ has to be adapted to
the size of the harvester. The minimum damping should allow an excursion of the proof
mass Z near Z,,,, dependent on the target vibrational amplitude Y. With equations (4), (8) and
(9) at resonance condition w = w,,, the minimum electric damping ratio for a given generator
size Zqx Can be estimated using

(12)

Py

Pd,e

Y
Zimax = Z (14)

4. POWER CONVERSION IN ELECTROMAGNETIC SYSTEMS

The electromechanical transduction can be realized by applying different conversion
approaches. Eligible methods within biomechanical energy harvesting are piezoelectric [19]
[20], electrostatic [21], magnetostrictive [22] and electromagnetic conversion techniques.
Electromagnetic generators utilize the production of an electromotive force across an
electrical conductor due to a changing magnetic field. The basics for this method are given by
Faraday’s law of induction. Typically, the conductor takes the form of a coil and the change
of the magnetic field is performed by a permanent magnet moving relatively to the conductor.
[5] Therefore, the proof mass consists mostly or partly of permanent magnet materials. Since
a relative movement is required, either the magnet or the coil can be fixed. However, a
moving magnet configuration is more preferred because the coil’s wires have to be connected
with a fixed load. Since electromagnetic generators have got low output impedance, these
systems are characterized by high current and low voltage output levels. [23] Within the field
of biomechanical harvesting technologies, most generators apply an electromagnetic
transduction mechanism. Examples can be found in Patel et al. [24], Kymissis et al. [25],
Zeng et al. [26] and Yie et al. [27]. Though these systems can be flexibly implemented, their
bulky sizes and weights inhibit utilization in microelectromechanical systems. Thus,
electromagnetic systems are recommended in macro-scale and low-frequency applications.
[28]

The modeling and analysis of the electromechanical energy conversion is essential to
optimize system parameters and to maximize the power output of the harvester. The following
modeling complies with the illustration of a generic electromagnetic energy harvesting system
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as depicted in Figure 8. In this configuration, the magnet represents the movable part with
mass m.

The governing equation for the electromagnetic system is derived from the general law of
motion in equation (2). In addition to the external vibration force F,(t) = —my(t), the
electromotive force F,,,, opposes the relative motion of the proof mass due to Lenz’s law. This
force can be described as a function

Forn = k- I(t) (15)

of the induced current I(t) within the coil due to the electromechanical coupling with the
coupling coefficient k. [29] Thus, the obtained differential equation for the mechanical
domain becomes

mz(t) + cnz(t) + kz(t) = —my(t) — k- I(t) . (16)

The damping coefficient ¢,,, defines the damping strictly due to mechanical effects. The
governing equation for the electrical domain is given by Kirchhoff’s mesh rule in the load
circuit consisting of the electrical parameters of the coil (parasitic resistance R, and
inductance L) and the applied load R; :

—kz(t) + Loi(t) + RI(t) +v(t) = 0. (17)
Therefore, v(t) represents the generated voltage drop at the load due to current I(¢t):
v(t) =R, - I(t) . (18)

The induced voltage in equation (17) is proportional to the relative velocity of the magnet and
drives current I(t) within the electric domain:

Vina(t) = —k - 2(t) . (19)
Furthermore, the induced voltage in one coil winding
do;
Ving,i(t) = I (20)

is proportional to the rate of change of the flux linkage ®; passing through an effective area
enclosed by the ith coil winding.
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Figure 8: Structure of a single-axis linear electromagnetic energy harvesting system.
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In a coil consisting of multiple turns, the total flux linkage
Dot = ?,:1 @, 2D

is the sum of the linkages for the individual turns. The flux linkage ®; of one coil winding can
be evaluated by solving the integral of the magnetic flux density B over the area A; of the ith
coil winding. Thus, the total flux linkage results in

Dot = éV:lfAiB)dA):N'B'A'Sina 22)

with the angle a between coil area /_1)1- and flux density direction B. We assume that B and ZL)
are arranged orthogonally to each other as shown in Figure 8. Further, the magnetic flux
density is uniform over the area of each turn to obtain the simplified form on the right-hand
side of equation (22). [30] The total induced voltage becomes
az

Vina(t) = —N-A 'z—f =—K—, (23)

which is equal to equation (19). As a result, the electromechanical coupling coefficient can be
expressed as

k=N-4-2 (24)
dz

and the induced voltage as
dB dz

Vind(t) = —N . A . EE . (25)

The damping force resulting of electromechanical conversion

dz

e 26)

Fon = Ce

which opposes the movement of the magnet, is proportional to the current within the electric
domain and hence to the velocity. The proportional factor is the electrical damping
coefficient c,. The generated instantaneous power P, , within the electrical domain can be
expressed by using
2
Pd,e:Fem'%zce'(%)- @7)
In the electrical circuit, this power can be calculated by using the induced voltage V;,,; and the
total electrical impedance of coil and load
Pyo = P _ K (d2)" e8)
’ Rp+Rc+jwLc Rp+RctjwLc dat
In most cases and especially for low-frequency energy harvesting systems, the term jwL. is
neglected since wLy < R; + R;. Furthermore, we assume that equations (27) and (28) are
equal and obtain an expression for the damping coefficient as a function of the
electromechanical coupling coefficient as well as electrical and magnetic parameters:
_ k2 (nadBy (29)
€ RL+Rc RL+Rc
By substituting equations (26) into the governing differential equation (16), we obtain

mz(t) + ¢, z(t) + kz(t) = —my(t) — c, - Z(t) (30)
and further with equation (29)
mz(t) + cpz(t) + kz(t) = —mj(t) — R; o 2(0) . (31)

©2017 - TU Illmenau 9



Thus, high electromechanical coupling coefficients generate a much higher electrical damping
within the energy harvesting system. Additionally, low output impedances intensify this
effect. Generally, biomechanical generators are macro-scaled systems with relatively heavy
proof masses oscillating at low frequencies. Therefore, the electrical damping in equation (31)
is much higher than the mechanical damping, which might be neglected so that the load only
has to be adjusted to the parasitic impedance of the coil.

5. ELECTROMAGNETIC PARAMETER STUDY

As shown in section 4, the analysis of the electromechanical coupling coefficient ¥ within
energy harvesting systems is crucial to increase the power output since it affects the matching
of damping and resistances. According to equation (24), k is dependent on the change of the
magnetic flux density dB/dz along the displacement axis as well as on the design parameters
of the coil and magnet. Therefore, we applied a numerical finite element modelling by using
the simulation software COMSOL Multiphysics to examine the influence of selected
parameters on the output voltage. In our study, an open-circuit analysis was performed, i.e.
the current through the coil and load is zero and hence only the induced voltage is considered.
The setting of the simulation of the generic electromagnetic generator is depicted in Figure 9.
Here, a cylindrically shaped magnet with radius ry; and height h;, is applied inside a coil
with N windings. The magnet performs a relative vertical movement within the coil whereby
an open-circuit voltage is induced. In this simulation, the root-mean-square voltage

T
Voms = (207 Wina(©) 2 )

is calculated on the basis of a simulated magnetic field (see equations (20) and (21)). Within
the parametric study, parameters of the relative movement, coil and the magnet are varied and
examined. Standard values of constant parameters are defined in Table 1.
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Figure 9: Three-dimensional simulation setting of the generic electromagnetic energy harvesting system with
numerical calculation of the magnetic flux density B in Tesla.
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Table 1: Variables and standard values.

Parameter | Denomination Standard value
v Radius of the magnet 10 mm

hy Height of the magnet 10 mm

B, Remanence of the magnet 1.2T

Iy Gap between magnet and coil (rc — ). | 1 mm

Ic Radius of the coil’ 11 mm

N Coil windings 1000

Gc Specific conductivity of the coil 5.8-107S/m
A, Cross-section area of coil wires 0.283 m?

f Frequency of the magnet movement 1 Hz

Z Amplitude of the magnet movement 25 mm

Zmax Maximum displacement amplitude 50 mm

5.1 Parameters of relative movement

Within the simulation, the magnet’s relative movement is predefined as a harmonic oscillation
with z(t) = Z - (2nft). Thus, neither external vibration source nor mechanical power
conversion is considered.

Figure 10 shows the variation of induced voltage with respect to the amplitude Z (left) and the
frequency f (right) of the relative movement of the magnet. It can be seen that higher
displacement amplitudes substantially increases the output voltage. In this case, the generator
has a maximal displacement of Z,,,, = 50 mm. High induced voltages can be obtained by
utilizing the entire length of the generator. Furthermore, the V,.,,,s proportionally grows with
higher frequency f of the relative displacement due to a rapidly changing magnetic field (see
equation (20)). As reminder, the magnet oscillates with the same frequency as the angular
frequency w of the excitation y(t). However, it is more important to match the resonant
frequency w, to w since higher relative displacement amplitudes Z (see equation (4)) and
hence higher induced voltages (see Figure 10 (left)) can be achieved.
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Figure 10: Vo vs. Displacement Amplitude Z (left); Vi vs. Displacement Frequency (right).

5.2 Parameters of the Coil

The simulation of coil parameters is limited to the number of coil windings N due to the
consideration of the open-circuit voltage. The coil resistance R and the inductance L, do not
affect the output voltage when the current is set to zero, because there is no voltage drop at the
coil’s internal impedance.

According to equation (25), there is a linear proportional relation between the induced
voltage V,.,,s and the number of coil windings N, which is verified by the numerical
simulation as depicted in Figure 11. Thus, a higher output voltage is obtained by increasing
the number of coil windings. However, more coil windings also increase the internal
resistance of the coil since R is defined as

A gap of r; = 1 mm is assumed to ensure a movement of the magnet and the installation of a coil body.
3 The radius of the coil changes with the radius of the magnet while the gap 7; remains constant.
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1 Il
RC_aC 2 (33)

with the total length of the coil wire [, = N - 2nr,. The parasitic coil resistance can be

decreased by using coil wires with higher cross-section areas A,, resulting in a bulkier volume
and larger mass.

0.01 /M)
el

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Coil Windings N
Figure 11: Vs vs. number of coil windings.

5.3 Parameters of the Magnet

Design parameters of the magnet notably influence the produced magnetic field and hence the
induced voltage within the coil. Therefore, the radius 7, and height hy, of the magnet as well
as the remanence is successively varied.

The variation of the magnet’s dimensions has a significant impact on the output voltage,
which can be seen in Figure 12 (top). Thereby, increasing the height allows higher output
voltages than increasing the radius since more coil windings are exposed to the magnetic
field. However, larger heights of the magnet go with smaller displacement amplitudes. The
analytic models in section 3 and 4 assume a point mass and do not consider the dimensions of
the magnet. Setting the point mass to the center of the magnet, the displacement amplitude is
limited by Z = Z,,4x — hyy/2 . In Figure 12 (bottom right), the induced voltage is shown at
maximal displacement amplitude and a variation of hy,. This illustration exhibits a maximum
voltage at hy; = 30 mm, which is approximately one third of the complete length of the
generator 2 - Z 40 = 100 mm.

Thus, a solution of this optimization problem has to be found. A larger radius 1, additionally
entails a larger coil radius 7. and coil area A in equations (22) — (25), which increases the
induced voltage and coupling coefficient. As reminder, larger magnet sizes result in enlarged
generator dimensions and masses, which easily can affect the human movement. Assuming a
constant density of the magnet, the proof mass in equations (7) and (13) rises with larger
magnet dimensions, which additionally results in a higher output power within the
electromechanical conversion”.

The remanence or residual magnetism determines the magnetization of magnetic material
after removal of an external magnetic field. Typical values for neodymium magnets are 1.0 —
1.47 T depending on the grade of the magnets (N30 — N52). In contrast, ferrite magnets’
remanence only amounts to 0.4 T. Thus, they are not suitable for gaining a high output power
in energy harvesting devices. However, the combination of neodymium-iron-boron is
currently one of the strongest commercially available magnet materials, which fulfills the
requirements of high magnetic fields to generate high induced voltages. In our simulation, the
magnetization direction corresponds with the direction of the relative movement (z-direction)
as depicted in Figure 8. The change of the remanence of the magnet has a slight proportional
effect on the output voltage, which can be seen in Figure 12 (bottom left).

* This, however, only applies if the resonant frequency is matched as well.
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Figure 12: Voo vs. radius of the magnet (top left); Vyms vs. remanence of the magnet (bottom left); Vs vs.
height of the magnet at fixed displacement amplitude Z = 25 mm (top right) and at maximal displacement
amplitude Z = Z 4, — hy /2 (bottom right).

6. REQUIREMENTS, CHALLENGES AND DESIGN CRITERIA

After regarding the energy source of biomechanical generators as well as the
electromechanical power conversion and electromagnetic parameters, requirements and
design criteria can be derived to maximize the power output for appropriate applications.
Therefore, the general design, biomechanical characteristics and electromechanical issues are
considered.

6.1 General Design Considerations

The groundwork for the adjustment of the generator design is the definition of characteristics
of the load as voltage, current and the required power dissipation while, at the same time,
minimizing the generator volume and mass to reduce the user’s effort. [31] Therefore, a
distinction is made between Harvest-Use and Harvest-Store-Use architectures of energy
harvesting systems. In Harvest-Use architectures, the generated power directly supplies the
electric consumer, which requires a continuous and adjusted power flow from a sufficient
energy source. Architectures with one or more storage elements (e.g. capacitors,
accumulators) are more common since they ensure a power flow in case of abrupt outages of
the energy source. Due to significant variations in human motions, human kinetic energy
harvesting systems are based almost exclusively on Harvest-Store-Use architectures. This
results in complex load impedances, which are characterized by capacitive elements. [32]
Additionally, DC power is required to charge appropriate elements. Thus, a rectification of
the induced AC voltage of electromagnetic generators has to be performed, which causes
additional losses. The low output voltage caused by low load impedances within
electromagnetic systems is often insufficient for rectifier diodes, so that transformers have to
be applied. Else, high induced voltages have to be achieved by adjusting parameters in
equation (25). Both solutions lead to bulkier and more complex generator designs since high
induced voltages are obtained by applying more coil windings (see Figure 11) as well as
larger coils and magnets (see Figure 12). This in turn limits the mobility of the system’s user.
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6.2 Biomechanical and Mechanical Design Issues
In general, the design of the mechanical system within biomechanical generators in Figure 6
has to be adjusted to the human movement presented in section 2.2.
First, proper positioning of biomechanical generators at the human body is essential for the
determination of the effective driving force of the generator. The highest acceleration
magnitudes can be obtained at the ankle during walking and at the ankle and knee during
running (see Figure 3). It is obvious that the magnitudes during running are larger than
walking. Generators mounted at the ankle are mostly affected by the heel strike during the
gait cycle in vertical direction. Appropriate systems mounted at the knee reveal an almost
continuous acceleration in vertical and horizontal direction during running. These effects
result in different frequency characteristics as can be observed in Figure 3 and Figure 4.
The major issue in vibration harvesting systems is the matching of the system’s resonant
frequency to the frequency of the vibration source as shown in Figure 7. The excitation of
human kinetic energy harvesting systems provides a relatively large frequency range due to
the characteristics of human gait. Additionally, the frequency maxima of examined body
positions differ from each other and the location of the principal maxima varies over the gait
velocity as shown in Figure 5. The ankle’s principal maximum varies from 1 Hz to 1.6 Hz and
the second maximum from 2 Hz to 3.2 Hz. Further lower maxima appear at whole-numbered
multiples of the fundamental frequency. Thus, limitations of the frequency range due to the
bandwidth of the generator’s mechanical domain causes considerable losses.
According to equation (8), the resonant frequency of the human kinetic energy harvesting
system can be matched to the fundamental frequency by adjusting the spring rate k to the
proof mass m. For low frequencies of 1 — 1.6 Hz and an assumed proof mass of 0.1 kg, the
spring rate is approximately 3.9 — 10 N/m. [12] Stiffer springs can be applied by using a
larger proof mass, which in turn increases the generator volume and mass. Furthermore, k
and m have to be adjusted together with the total damping coefficient ¢ to set the bandwidth
of the system. Applying equations (10), (9) and (8), we obtain
c Aw

2¢ = Ny = (U_n . (34)
Within human kinetic energy harvesting systems the damping controls the bandwidth in
relation to the resonant frequency. Low resonant frequencies and comparatively high
bandwidths result in high overall damping ratios {, which in turn cause low output power at
resonant condition according to Figure 7 (left). It is recommended to implement an active
frequency and damping control to adjust w,, and c. This would also allow an adaptation of the
system to the deployment at different body locations and gait velocities. Though resonant
conditions can be achieved, the generated output power within biomechanical generators is
limited due to the proportionality to w3 and comparatively low vibration frequencies. This
causes a low-frequency relative movement and hence low induced voltages as shown in
Figure 10 (right).
The displacement amplitude of the source vibration Y is another aspect which has to take into
account since output power is proportional to Y2. Within human kinetic energy harvesting, the
excitation amplitude is comparatively highly dependent on the height and proportion of the
user as well as the way of locomotion. The displacement amplitude also varies at different
body locations as depicted in Figure 2, whereby the marker at the ankle exhibits the largest
vertical displacements (= 10 cm). According to the design of biomechanical generators, the
maximal displacement amplitude Z,,,, is associated with Y across the damping ratio { at
resonant condition (see equation (14)). As shown in Figure 10 (left), Z,,,,, should be as large
as possible within a known generator frame to maximize the power output. Additionally, it
has to be ensured that the proof mass’ displacement amplitude Z approaches Z,,,, by
adjusting the damping ratio.
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6.3 Electromagnetic Design Issues

Due to relatively large masses and low excitation frequencies within biomechanical energy
harvesting systems, mechanical damping is much lower than the damping caused by the
electromechanical conversion. According to equation (29), the electrical damping is defined
by the parasitic and load impedance as well as the electromechanical coupling coefficient k.
High induced voltages and hence maximum output power requires a good electromagnetic
coupling, which is proportional to coil and magnet parameters as shown in equation (23). As
mentioned in section 6.1, this is achieved by applying a high number of coil windings as well
as large coil and magnet dimensions, which increase the generator volume and mass. High
coupling coefficients lead to high electrical damping coefficients and hence to lower
displacement amplitudes of the moving mass. Thus, an optimization problem has to be solved
in designing the electromechanical coupling and damping within human kinetic energy
harvesting devices. Additionally, the height of the magnet substantially affects the induced
voltage due to a higher magnetic flux density as shown in Figure 12 (top). However, large
magnets limit the displacement amplitude Z and the induced voltage as shown in Figure 12
(bottom right). An optimum between the displacement amplitude and the magnet’s height has
to be found by a given generator volume. The optimization of the magnetic field density
within the conductor is another major issue. The coil within the generic configuration in
Figure 8 is affected by the magnet’s stray field. To maximize the field density, suitable
magnet arrangements have to be implemented in order to obtain a strong and homogeneous
magnetic field. Hence, high output power can be generated.

Further, the electrical damping due to Lenz’s law has to be adapted by controlling the load
resistance. In doing so, the power adjustment in the electrical domain also has to be
considered to allow an oscillation of the proof mass near Z,,,,. Thus, another optimization
problem considering the damping has to be solved, especially with applied complex loads due
to rectifier diodes and capacitive storage elements.

7. CONCLUSION

Human kinetic energy harvesting is quite different from machine or vibration energy
harvesting due to biomechanical characteristics and generator design requirements. [33] In
this paper, we examined the potentials and features of the excitation, the human gait, to derive
design requirements as well as challenges within electromagnetic biomechanical generators.
First, the frequency response of the human gait exhibits complex combinations of a large
amount of harmonic oscillations with high magnitudes at low frequencies. Furthermore,
relatively high excitation displacements are measured. The acceleration magnitudes at the
ankle during walking and at ankle and knee during running as well as high displacement
amplitudes at these body locations indicate potential power sources within human gait.

The mechanical conversion within biomechanical inertial generators requires an adjustment of
the systems parameters to the characteristics of the human locomotion. Therefore, a matching
of the system’s resonant frequency and bandwidth to the frequency response of the human
gait has to be performed in order to maximize the output power. According to Elvin et al.
[34], active and passive frequency tuning techniques can be implemented to match the
resonant frequency and to widen the bandwidth. Therefore, nonlinear mechanical and
magnetic configurations showed high potentials in order to improve the power output.

Due to low resonant frequencies and relatively large bandwidths, high damping ratios have to
be applied, which in turn limit the output power at resonant conditions. Furthermore, the total
damping ratio is complexly affected by mechanical, electromagnetic and electrical parameters
like mechanical damping, electromechanical coupling coefficients and load impedances.
Though, high induced voltages require high electromechanical coupling coefficients, damping
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is increased by high values for k. Hence, displacement amplitudes are reduced. Additionally,
macro-scale generators with large masses and a high number of coil windings limit the user’s
mobility, which has to be taken into account. Here, the electrical damping can be adjusted by
a matching of the load resistance to the electromechanical coupling to adapt the generator
dimension to the vibration amplitude.

Regarding the electromagnetic conversion, parameters were studied and simulated in order to
increase the magnetic field density. Therefore, the influence of a variation of parameters on
the induced voltage within the coil was examined. Here, an optimization problem between the
size of the moving mass and the maximum displacement amplitude by a given generator size
was considered.

In summary, maximizing the performance of human kinetic energy harvesting systems
requires solutions of multiple optimization problems regarding mechanical (e.g. resonant
frequency) and electromagnetic (e.g. damping vs. electromechanical coupling) generator
elements. Active control and tuning of selected parameters consume extra power within the
system, though suitable methods might significantly increase the output power within
biomechanical generators.
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