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Abstract  

This work describes a vibration harvesting 
approach that could potentially be used to 
harvest energy from multi-axial aircraft 
vibrations. The harvester described is designed 
to harvest kinetic energy from a vibrating 
airframe. The harvester uses a wire-coil electro-
magnetic (EM) transducer, and a permanent-
magnet/ball-bearing oscillator. The bearing 
moves with two translational degrees of 
freedom, producing an oscillating magnetic 
field across the transducer hence generating 
electrical energy that can be used to power a 
structural health monitoring sensing device. A 
prototype harvester has been demonstrated to 
produce a maximum power of 11.3 mW from a 
12 Hz, 300 milli-g host excitation, with a power 
density of |P|/L3f  2 ~ 3.1 W/cm3 Hz2. The scal-
ing behaviour of a selection of manufactured 
EM vibration energy harvesters reported in the 
literature is also examined, and it is determined 
that harvesters with a scaling length L ≥ 1.3 cm 
produce the highest power density with an 
average of |P|/L3f  2 ~ 11 W/cm3 Hz2. For harv-
esters with L < 1.3 cm it is found that the power 
density rapidly decreases as L is reduced.  

1   Introduction  

The Australian Defence Science and Tech-
nology Organization (DSTO) is developing a 
variety of in-situ structural health monitoring 
(SHM) approaches [1, 2] for potential use in 
high value platforms across the Australian 
Defence Force.  The SHM systems under 

development could be employed to: (i) 
continuously monitor airframe loads and 
accelerations during flight, (ii) detect damage 
and damage growth and other structural 
problems, and (iii) provide a basis for near-real-
time damage assessment.  The implementation 
of SHM systems would allow the ADF to move 
from expensive and time-consuming safety-by-
inspection maintenance regimes to more cost-
effective automated approaches (in particular 
the monitoring of airframe fatigue [3] or 
corrosion [4] ‘hot-spots’), and therefore reduce 
aircraft through-life support costs and increase 
aircraft availability.  
 

Handheld 
Interrogator

Sensing node

 
Fig. 1. Schematic of a wireless Structural Health 
Monitoring system concept with sensing unit, energy 
harvester and wireless data and power transfer 
capability. 

 
The DSTO is currently investigating the 

various components of the generic SHM 
concept depicted in Fig. 1. The concept involves 
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three main components, being: (i) a sensor 
mounted inside the aircraft at a difficult to 
access location, that is monitoring in-flight 
mechanical loads on an airframe [5], (ii) with 
the sensor using energy that is parasitically 
harvested from local airframe vibrations by an 
energy harvester [6, 7], and (iii) when the 
aircraft is on the ground an acoustic electric 
feedthrough based wireless link is used to 
download sensor data and to simultaneously 
provide additional energy to the sensor unit 
[8, 9]. Energy harvesting is the process of 
capturing available free energy from the local 
environment (e.g airframe structural vibrations) 
and converting it into electrical form [10]. In the 
context of SHM systems on aircraft, the 
harvested electrical energy could be used for 
powering sensor or wireless communications 
systems.  

Energy harvesting approaches for powering 
SHM systems on air vehicles are being actively 
explored [11, 12] and trialled [13]. A funda-
mental issue with many kinetic vibration energy 
harvesting approaches is that they only harvest 
vibrational energy from host accelerations along 
a single-axis (where the host structure may be a 
location on an airframe). Many single-axis 
harvesting approaches are described in reference 
[14]. Recently DSTO has developed a biaxial 
approach for vibration energy harvesting [15]. 
Specifically, the approach increases the 
potential operational directionality from single-
axis to 360 degrees in a plane. Host vibrations 
cause a ball-bearing to oscillate, causing 
magnetic flux to excite a transducer and hence 
generate harvestable electrical power.  

DSTO is investigating transduction methods 
for use with the biaxial vibration energy 
harvesting approach. Previously a magneto-
electric transducer was formed using Terfenol-
D/piezo-ceramic laminate, (e.g. [16]). This work 
examines the use of a wire-coil transducer, a 
schematic of which is shown in Fig. 2, which 
has also been examined in reference [17]. The 
bearing shown in Fig. 2 has a diameter of 
20 mm, and both the bearing and the host 
oscillate in the y direction. For experimental and 
modelling convenience a square magnet 
geometry was chosen. In this geometry the 
bearing is free to oscillate in the x - y plane 

(where x is normal to the page), however, if the 
host acceleration is aligned with the long 
(diagonal) edge of the magnet then the bearing 
oscillates linearly in the y direction. As the 
bearing oscillates, a region of varying magnetic 
field passes through the coil inducing a time-
varying current, which generates a voltage 
across an attached electrical load.  

 

 
 

Fig. 2. Schematic of the wire-coil transduction 
mechanism for the biaxial vibration energy harvester. 

 
One of the benefits of the biaxial harvesting 

approach (as highlighted in reference [18]) is 
that it permits a relatively compact design.  This 
paper further explores the important and 
practical issue of harvester scaling versus output 
power, in particular the scaling of electro-
magnetic vibration energy harvesters and their 
volumetric power density.  

2    Mathematical Analysis 

This section will briefly describe the modelling 
undertaken to predict the steady-state dynamic 
behaviour of the harvesting arrangement shown 
in Fig. 2. Equations for the steady state bearing 
motion and harvested power will be developed.  

As reported in reference [16], the restoring 
force Fy acting between the magnet and the 
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bearing behaves like a softening spring, of the 
form, 
 
Fy = α y + γ y3.    (1) 
 
The spring constants used to model the 
prototype harvester investigated in this paper 
are α = 357 N/m, and γ = -1.1×106 N/m3. As 
discussed in reference [17], the behaviour of a 
base-driven mechanical system with a softening 
spring can be modelled using a forced Duffing 
equation. If y is the absolute displacement (m) 
of the bearing and s is the displacement (m) of 
the host, then the relative motion of the bearing 
with respect to the base is u(t) = y(t)-s(t). The 
Duffing equation can be expressed as, 
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where the sinusoidal host acceleration is written 
as, 
 

)(cos tas  ,  
 
and where Ω is the host frequency (Hz) and a is 
the amplitude of the host acceleration (m/s2), M 
is the mass of the bearing (kg),   =M + E is 
the total damping coefficient (N s/m) with M 
being the mechanical damping coefficient and 
E being the electrical damping coefficient, 
α (N/m) and γ (N/m3) are spring constants given 
above. 

The displacement of the primary resonance 
of the nonlinear differential equation (2) can be 
found using the homotopy analysis method 
(HAM) as developed by Liao [19]. Substituting 
α'=α/M, '=/M and γ'=γ/M into equation (2), 
with   being the auxiliary parameter [20] and β 
the unknown phase, and solving (2) using HAM 
yields the relative bearing displacement, 
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Since equation (4a) is cubic in A0

2, there 
exists either one stable solution, or one unstable 
and two stable solutions. This leads to multiple 
branches in the frequency response of the 
system [21], and hence indicates that the 
harvester can operate in a high or low energy 
state within a certain frequency range. In order 
to determine the electrical power output from 
the harvester, a well-known generic vibration-
to-electricity conversion model is used [22]. The 
mechanism of the electromagnetic transducer is 
modelled as a linear viscous damper to the 
dynamic system, which has been found to 
accurately represent previously explored linear 
electromagnetic harvesters [23]. Therefore, the 
total damping in the mechanical system is a 
combination of mechanical and electrical 
damping, 
 

EM   .     (5) 
 
Since the electrical power output is equal to the 
power removed through electrical damping, 
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Finding the derivative with respect to time of 
solution (3) gives the velocity of the bearing,  
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Substituting bearing velocity (7) into equation 
(8) provides a prediction of the harvester’s 
output power, 
 

2
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Of interest is the power output at the highest 
energy state possible for the bearing, which is 
given by the A0 solution corresponding to the 
upper branch of equation (4). 

3    Experimental 

The prototype harvester schematically shown in 
Fig. 2 was investigated using the experimental 
arrangement shown schematically in Fig. 3. The 
chrome-steel ball-bearing (grade AISI 52100) 
had a diameter of 20 mm, a 30 mm diameter 
tungsten carbide (6% cobalt by mass, grade 
KT20) wear-pad with thickness 0.8 mm was 
used to protect the upper surface of the wound 
coil and to provide a surface for the bearing to 
move on. A square NdFeB (grade N42) rare 
magnet was used and had side length 20 mm 
and height of 10 mm, with a remanent 
magnetisation of 1.3 T. Two commercial hard-
drive coils (wound from 0.3 mm diameter 
copper wire) were stacked to create a single 238 
turn coil. The coil stack had a height of 4.6 mm, 
an approximate outer diameter of 30 mm and 
inner diameter of 10 mm, with a total measured 
inductance of 4.1 mH and a total measured 
resistance of 7.5 Ω.  

 

 
 

Fig.  3. Experimental arrangement for measuring 
bearing displacement and coil output across resistive 
load R (drawing not to scale).  

As shown in Fig. 3, the bearing 
displacement was measured using a laser 
distance sensor. The open circuit ring-down of 
the bearing displacement was measured to 
determine the mechanical quality-factor (or Q-
factor) of the harvester. A log-decrement 

approach was used to calculate the damping 
ratios and hence the Q-factors [24]. Because the 
magnet/bearing restoring force is nonlinear and 
softening, the Q-factor used was calculated from 
the portion of the ring-down curve where the 
system was considered linear (i.e. for peak 
bearing y displacements approximately 3 mm or 
less). The steady state (primary) bearing 
displacement was measured, with the wire-coil 
open circuit, for a chosen host acceleration of 
300 milli-g (where g = 9.81 m/s2). The chosen 
host acceleration level was set near the 
harvesters centre frequency (15 Hz). The host 
frequency was then stepped downwards from 
20 Hz to 12 Hz in 0.1 Hz steps. The host 
acceleration reduced to zero and the bearing 
allowed to come to rest. The chosen host 
acceleration was then re-applied and the host 
frequency stepped upwards from 12 Hz to 
20 Hz in 0.1 Hz steps. The drive error was 
approximately ± 20 milli-g rms. Output from the 
laser distance sensor was recorded using an 
oscilloscope. 

As shown in Fig. 3, a near optimum resistive 
load R = 7.5 Ω was applied and measurements 
made of the harvesters output voltage and 
power. The closed circuit ring-down of the 
bearing displacement was measured to 
determine the combined mechanical and 
electrical quality factor of the harvester.  
Combined with results from the open circuit 
ring-down, this allowed estimates to be made of 
both the mechanical damping coefficient M and 
the electrical damping coefficient E. A single 
host acceleration (300 milli-g) was chosen to 
examine the harvesters steady state electrical 
output. The chosen host acceleration level was 
set near the harvesters centre frequency (15 Hz) 
and the host frequency was swept as described 
earlier. The harvester’s output voltage across the 
optimised load was recorded using the 
oscilloscope and probe. 

4    Results and Discussion 

This section will compare the measured and 
predicted steady-state bearing displacement and 
harvester output power, and will then discuss 
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the scaling of electromagnetic vibration energy 
harvesters and their volumetric power density. 

4.1   Displacement and Power  

The mathematical analysis given in Section 2 
yielded equation (3) which can be used to 
examine the steady state (primary) mechanical 
behaviour of the magnet/bearing system, and 
equation (8) which can be used to estimate the 
harvester’s output power. In this section 
predictions from these two equations will be 
compared with experiment. 

As mentioned, the spring constants used to 
model the prototype harvester are α = 357 N/m, 
and γ = -1.1×106 N/m3. Measurements of the 
open-circuit (zero electrical damping) mech-
anical Q-factor indicated that the mechanical 
damping coefficient of the harvester was 

093.0~M  . Using these parameters, 
equation (3) was used to explore the steady-state 
(primary) mechanical behaviour of the 
magnet/bearing system.  
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Fig. 4. Measured peak bearing displacement with a 
base acceleration of 300 milli-g, as a function of 
frequency and comparison with HAM predictions 
(where “down” implies a sweep from high to low 
frequency, and “up” for a sweep from low to high 
frequency).  

Figure 4 plots the predicted bearing 
displacement against the measured 
displacement. The predicted displacements are 
solutions for equation (3) and were found using 
a host acceleration a = 300 milli-g, and then 

stepping the host frequency Ω, with the A0 
chosen that corresponds with the solution for the 
upper branch. The agreement between measured 
and predicted displacements is reasonable 
particularly for the uppermost curve corres-
ponding to the measured “down” sweep (where 
“down” implies that the frequency was stepped 
from high to low). 
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Fig. 5. Measured and predicted harvester output 
power for a 300 milli-g host acceleration as a function 
of frequency (where “down” implies a sweep from 
high to low frequency). 

Measurements of the closed-circuit Q-factor, 
which includes both mechanical and electrical 
damping, suggested that the combined damping 
coefficient was 106.0~EM   . The electrical 
damping coefficient used for modelling was 
therefore 013.0093.0106.0~ E . Fig. 5 
plots the measured and predicted steady-state 
harvester output power. Again the agreement 
between the measured and predicted curves is 
reasonably good, except in the region between 
12 and 14 Hz where the measured output power 
was greater than predicted. It is believed that 
non-linearity due to coil asymmetry may have 
been responsible for the additional measured 
power. Further work is being carried out to 
investigate the discrepancy. 
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Table 1. Power density for oscillatory EM generators (adapted from reference [40]). 
 

Reference 

Generator 
Volume V 

(cm3) 

Scaling 
Length 
L=V1/3 
(cm) 

Vibration 
Freq.     
(Hz) 

Vibration 
Accel.     

(g) 

Max. 
Power  

(W) 

Power 
Density  
(W/cm3) 

Power 
Density 

Normalised 
for Freq.-2  

(W/cm3 Hz2) 

Yamagucchi U. [25] 123 4.97 2 0.2 1.9E-02 1.5E-04 3.8E-05 

U. Tokyo [26] 500 7.94 6 0.4 9.5E-02 1.9E-04 5.3E-06 

MIT [27] 23.5 2.86 2 0.3 4.0E-04 1.7E-05 4.3E-06 

DSTO [this work] 25 2.92 12 0.3 1.1E-02 4.5E-04 3.1E-06 

U. Michigan [28] 2.3 1.32 1   4.0E-06 1.7E-06 1.7E-06 

Ferro Solutions [29] 75 4.22 21 0.1 9.3E-03 1.2E-04 2.8E-07 

Chinese U. Hong Kong [30] 1 1.00 110 9.7 8.3E-04 8.3E-04 6.9E-08 

National Sun Yat-Sen U. [31] 0.45 0.77 60   1.0E-04 2.2E-04 6.2E-08 

Perpetuum [32] 130 5.07 100 1.4 4.0E-02 3.1E-04 3.1E-08 

U. Southampton [33] 0.24 0.62 322 10 5.3E-04 2.2E-03 2.1E-08 

Perpetuum [34] 130 5.07 100 0.1 3.5E-03 2.7E-05 2.7E-09 

U. Southampton [35] 0.84 0.94 322 5.4 3.7E-05 4.4E-05 4.3E-10 

U. Southampton/Tyndall [36] 0.06 0.39 357 0.4 2.9E-06 4.8E-05 3.7E-10 

U. Barcelona [37] 0.6 0.84 360 3.6 2.0E-07 3.3E-07 2.6E-12 

U. Sheffield [38] 0.025 0.29 4400 39 3.0E-07 1.2E-05 6.2E-13 

Tyndall/U. Southampton [39] 0.1 0.46 1600 0.4 1.0E-07 1.0E-06 3.9E-13 

Tyndall/U. Southampton [39] 0.1 0.46 9500 0.4 1.2E-07 1.2E-06 1.3E-14 

 
 
The agreement shown in Fig. 5 between 

measured and predicted power suggests that 
equation (8) provides an adequate description of 
an EM harvester’s output power. In the next 
section equation (8) will be used to estimate the 
scaling behaviour of EM harvesters. 

4.2   Harvester Scaling  

In the previous section it was shown that 
equation (8) can be used to predict, with 
adequate accuracy, the output power of the EM 
harvesting arrangement shown in Fig. 2. 
Equation (8) will now be used to find a scaling 
relationship between an EM harvester’s output 
power and device size. 

Firstly, a scaling length L is defined where 
L ~ V 1/3 and V is the “active” device volume 
[40]. For example, for the arrangement shown in 
Fig. 2 the “active volume” is assumed to be the 
volume the bearing (i.e. the proof-mass [41]) is 
oscillating in plus the volume of the wire-coil, 
magnet and wear-pad (totaling ~ 25 cm3). 
Assuming that the electrical damping (i.e. 

damping due to the effect of EM energy 
harvesting) behaves much like a visco-elastic 
damper then the electrical damping coefficient 
scales such that E   L [42]. It is assumed that 
the host acceleration (and also the harvester’s 
Q-factor) is sufficient to ‘ring-up’ the steady-
state displacement of a harvester’s proof-mass 
to the maximum extent that is physically 
allowable (i.e. ~L). It is also assumed that a 
harvester’s proof-mass travels approximately 
length L in one-half of a mechanical cycle (i.e. 
time T/2, where T is the period of the motion). 
Then v α L/T α L f, where f is the frequency of 
the resonant motion. The velocity term in 
equation (8) hence scales as v2 α L2 f 2, and 
equation (8) scales as, 
 

232

2
1 fLvP E       (9) 
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where k is a constant, i.e. the power density 
|P|/L3f  2 is a constant and hence would not be 
expected to scale with L as long as the 
assumptions made above are valid. Table 1 is 
adapted from Arnold [40], and incorporates a 
selection of manufactured EM generators (or 
harvesters) found in the literature including both 
commercial and academic. The harvesters 
summarised in Table 1 have been ranked 
according to the right hand column which is the 
power density calculated using equation (10).  
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 Fig. 6. Harvester power density |P|/L3f  2 versus 
scaling length L. Plotted data is taken from Table 1. 

The five top ranked harvester designs (all 
with scaling length L ≥ 1.3 cm) demonstrate an 
average power density of |P|/L3f  2 ~ 
11 W/cm3 Hz2, with the best having a 
maximum of 38 W/cm3 Hz2. Harvester power 
density |P|/L3f 2 versus scaling length L is 
plotted in Figure 6 and shows that the power 
density is upper bound at ~ 10 W/cm3 Hz2 for 
harvesters with scaling length L ≥ 1.3 cm.  A 
designer of EM vibration energy harvesting 
devices for SHM could use the 10 W/cm3 Hz2 
power density figure as a design ‘rule-of-
thumb’. For harvesters where L < 1.3 cm Fig. 6 
shows that the power density rapidly decreases 
as L is reduced. The rapid decrease in power 
density below L ~ 1.3 cm may be due to the 
increasing dominance of magnetic fringing 
effects as the scaling length L is reduced. 

5   Conclusion  

A biaxial energy harvesting approach suitable 
for use in the aerospace environment has been 

demonstrated and is capable of producing 
11.3 mW from a 12 Hz, 300 milli-g host excit-
ation. The nonlinear Duffing equation (solved 
using the homotopy analysis method) was found 
to adequately describe the harvester’s mech-
anical and electrical behaviour. The “active” 
volume of the non optimised harvester 
prototype was calculated to be 25 cm3, and 
hence the power density of the device was 
found to be |P|/L3f  2 ~ 3.1 W/cm3 Hz2. The 
power densities of a selection of manufactured 
harvesters reported in the literature were also 
examined. A scaling length L was defined 
where L ~ V 

1/3 and V is the “active” harvester 
volume. It was found that harvesters with a 
scaling length L ≥ 1.3 cm have a power density 
that is upper bound near 10 W/cm3 Hz2, and it 
is suggested that this power density figure could 
be used as a design ‘rule-of-thumb’. It was also 
found that the power density of EM harvesters 
decreases rapidly as L is reduced to less than 
1.3 cm. 
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