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Abstract

3D printing offers customisation capabilities regarding suspensions for oscillators of vibration energy harvesters.
Adjusting printing parameters or geometry allows to influence dynamic properties like resonance frequency or band-
width of the oscillator. This paper presents simulation results and measurements for a spiral shaped suspension printed
with polylactic acid (PLA) and different layer heights. Eigenfrequencies have been simulated and measured and damping
ratios have been experimentally determined.

1 Introduction

Utilising 3D printing to create vibration energy harvesters
offers customisation capabilities regarding the suspen-
sion’s geometry. Adjusting the resonance frequency or
bandwidth of the harvester would allow to optimise the de-
vice for each application. Mechanical energy in general
can be harvested via electromagnetic [1, 2], electrostatic
[3] or piezoelectric [4] harvesting techniques. Photovoltaic
cells convert solar energy into electrical energy [5]. Ther-
moelectric generators (TEG) convert thermal into electrical
energy [6]. Radiofrequency (RF) harvesting harvest am-
bient RF sources, for example television signal or mobile
phone stations [7].
Compared to traditional technologies such as moulding
3D printing offers benefits like faster development, no re-
quirement of moulds, fewer additional process steps for
fabrication of complex geometries as well as potential of
waste-, lead time- and cost-reduction [8, 9]. A review of
3D printed electromagnetic vibration energy harvesters has
been conducted in [10]. Mentioned benefits for printed
harvesting devices are multi-material-printing, utilisation
of functional materials, monolithic fabrication as well as
miniaturisation capabilities with certain printing processes
like inkjet. The fabrication of complex structures offers a
fast and easy way to create variations of suspensions for
vibration energy harvesters.
In [11] various inkjet-printed suspensions have been in-
vestigated regarding their eigenfrequency (also known as
natural frequency). In [12] different suspensions printed
with acrylonitrile butadiene styrene (ABS) via fused fila-
ment fabrication (FFF) have been experimentally investi-
gated. Both studies have shown that printed suspensions
are viable for energy harvesting and that changing the sus-
pension’s parameters or geometry allows to influence the
harvester’s resonance frequency. Mechanical damping has
not been investigated in both studies. In order to estimate
for example the bandwidth of a harvester via simulation the
damping is necessary. Therefore, this paper researches the

damping of a FFF printed spiral shaped suspension made
of PLA.

2 Methods and Materials

For this research an isotropic material was utilised based
on the values in [13]. The material PLA with a Poisson’s
ratio of 0.37 was applied along with a specific gravity of
1.24 g cm−3. The modulus of elasticity was exchanged
for the one of the utilised printing material (Prusament
PLA Galaxy Black [14]) with 2200 MPa. Damping been
neglected for the eigenfrequency simulation since a low
damping ratio is expected. For example a damping ra-
tio of ζ = 0.1 leads to difference of 0.5% between the
damped eigen angular frequency ωD and the undamped,
natural eigen angular frequency ω [15]. The investigated
suspension shape is shown in Fig. 1 and the geometric and
printing parameters in Tab. 1.

Figure 1 Suspension with spiral shape, (left) isometric
view with magnets on top and bottom, (right) top view
without magnets

The specimen were 3D printed on a Neotech AMT 15X
SA with 0.2 mm and 0.1 mm layer height. NdFeB N50
magnets (5 mm × 5 mm × 5 mm) were utilised as seis-
mic mass. For simulation the material BMN-50 from
the COMSOL library with a density of 7.55 g cm−3 was
applied for the magnets. The measured height of the
printed specimen was 1.1 mm which was utilised for the
simulation.
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Table 1 Geometric and printing parameters

Parameter Value

Outer edge length 42 mm
Inner edge length 26 mm
Platform 7 mm × 7 mm
Width spiral arm 1 mm
Height 1.1 mm

Nozzle diameter 0.4 mm
Layer height 0.1 mm, 0.2 mm
Infill 100%
Printing pattern Rectilinear
Raster angle 45◦

2.1 Theory
Free vibration was initiated to the printed suspension by a
shaker (YMC MS-20). The induced motion was recorded
with a laser vibrometer (OptoMET Dual Sense I) and eval-
uated in MATLAB. The logarithmic decrement-method
was then utilised to determine the eigenfrequency and
damping ratio [15, 16]. The logarithmic decrement δ can
be calculated with (1)

δ =
1
n

ln
xi

xi+n
(1)

where xi and xi+n are consecutive peaks in the recorded
signal. Then the damping ratio ζLogDec can be calculated
with (2).

ζLogDec =
δ√

(2π)2 +δ 2
(2)

From the measured signal the period TD can be determined.
Then the damped eigen angular frequency ωD can be cal-
culated with (3)

ωD =
2π

TD
(3)

and the damped eigenfrequency fD with (4).

fD =
ωD

2π
(4)

Additionally curve fitting of an exponential function (5)

u(t) = ae−bt (5)

to the measured signal’s peaks was applied as a second
method to determine ζ . With the determined eigen angular
frequency ωD and the coefficient b, ζCurve f it can then be
calculated with (6).

ζCurve f it =
b

ωD
(6)

2.2 Measurement Setup
Fig. 2 shows the measurement setup consisting of a shaker
with a needle attached to it and the mounted suspension

with magnets. The suspension’s frame was clamped by
a printed mounting. A laser vibrometer was arranged
above. A pulse signal was applied to the shaker in order to
cause an up- and down movement of the needle. This re-
sulted in an initial displacement of the suspension-magnet-
combination and thus induced free vibration.

Figure 2 Measurement setup to initiate and record free
vibration

3 Results

The free vibration response of a suspension after trigger-
ing by the shaker’s needle is shown in Fig. 3. The ini-
tial displacement in this case was around 330 µm. After
identifying the signal’s peaks the period TD and the log-
arithmic decrement δ were determined. The simulation
and measurement results for the eigenfrequency are shown
in Tab. 2. The measured eigenfrequencies were between
35.75 to 37.37 Hz depending on the applied layer height
while the simulated eigenfrequency was 36.01 Hz. Tab. 3
shows the results of four series of measurements with
the initial displacement caused by the shaker, the damped
eigenfrequency fD and both calculation results for the
damping ratios ζLogDec and ζCurve f it .
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Figure 3 Measured response of the suspension after ini-
tial displacement
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Table 2 Results for the first eigenfrequency of the sus-
pensions

Source Layer Height Value

Simulation - 36.01 Hz
Suspension 1 0.2 mm 35.75±0.01 Hz
Suspension 1 0.2 mm 35.77±0.01 Hz
Suspension 2 0.2 mm 35.40±0.01 Hz
Suspension 3 0.1 mm 37.37±0.01 Hz

4 Discussion

The measured eigenfrequencies during the 25 cycles of
each suspension were 35.75±0.01 Hz, 35.77±0.01 Hz,
35.40±0.01 Hz and 37.37±0.01 Hz as shown in Tab. 2.
A standard deviation of ±0.01 Hz shows the good
consistency regarding the eigenfrequencies. The dif-
ference between suspension 1 (35.75±0.01 Hz) and 2
(35.40±0.01 Hz) was 0.1% which indicates consistent
eigenfrequencies for identically printed suspensions. The
simulated eigenfrequency of 36.01 Hz correlates well with
the measured eigenfrequencies. It is notable that suspen-
sion 3 showed a higher eigenfrequency. The smaller layer
height of 0.1 mm could increase the stiffness of the sus-
pension and thus increase the eigenfrequency. The authors
in [19] investigated the effect of printing parameters on the
tensile properties of PLA printed test specimen. It was re-
ported that the infill density had the highest contribution
towards the Young’s modulus while layer height was less
significant. Considering the investigated suspensions in
this paper no actual infill pattern was utilised. The parallel
printing traces of the spiral arms were located right next to
each other leading to nearly 100% infill density. A reduc-
tion in layer height might decrease the air gaps between
the traces of each layer and thus influence the suspension’s
properties.
Tab. 3 shows the initial displacement, the eigenfrequency
fD and the damping ratios ζLogDec and ζCurve f it . Due to the
shaker’s characteristic the initial displacement was mea-
sured with the laser vibrometer. The damping ratios ζ

for all tested suspensions ranged between 5.18 × 10−3

to 5.56 × 10−3. Both methods to calculate ζLogDec and
ζCurve f it showed similar results. Occurring transient ef-
fects at the beginning have been neglected, because they
would affect the damping ratio’s calculation. The first
measurement series of suspension 1 showed such a tran-
sient effect where the very first peak had a displacement
around 450 µm due to the shaker’s characteristic. The fol-
lowing two peaks of the response then dropped to around
200 µm, where the free vibration started. Without neglect-
ing the first peak the resulting damping ratio would be
5.90 × 10−3. By neglecting the first peak the damping ratio
was calculated with 5.23 × 10−3. A second measurement
of suspension 1 was done (without occurring transient ef-
fect) resulting in a damping ratio of 5.18 × 10−3. These
values match well with suspension 2 and 3. Over all the
damping ratios of all three suspensions are close to each

other, indicating a good repeatability of the printing pro-
cess. Systems with ζ < 1 are considered under damped
[17]. They can effectively harvest energy, but have a nar-
row bandwidth [18]. Thus, these suspensions could harvest
with a narrow bandwidth. Or to increase the bandwidth
the damping ratio would have to be increased, either by
adapting geometric parameters, shape or by utilising an-
other material for the suspensions.

5 Conclusion

3D printed suspensions offer customisation with various
parameters to tune the suspension’s properties. The in-
vestigated spiral-shape with different layer heights showed
eigenfrequencies between 35 to 37 Hz. The measured
damping ratios of the under damped systems ranged be-
tween 5.18 × 10−3 to 5.56 × 10−3. It has been showed,
that 3D printed suspensions can achieve low damping ra-
tios and thus can be utilised to create energy harvesters
with a narrow bandwidth.

6 Future Work

The effects of geometry, other materials than PLA as well
as printing parameters like layer height, infill pattern or
nozzle diameter on the properties of 3D printed suspen-
sions will be subject of future research.
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