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ABSTRACT

This paper presents the simulation and verifica-
tion of a metallic and a 3D printed flexure for a fast
steering mirror. Easy tuning can be important, be-
cause by adapting the stiffness of the flexure and
thus the resonance frequency of the the system
to the scanning application the energy consump-
tion can be reduced. Since the required reso-
nance frequencies change with the application,
a flexible manufacturing process, like 3D print-
ing is required. The experimental results show
that the measurements of the aluminium flexure
match with the simulation. Due to the printing pro-
cess major deviations between measurement and
simulation are observable for the printed flexure,
such that a geometrical variation is performed to
analyze the influence of the characteristic dimen-
sions on the stiffness of the flexure. Measurement
results show that with the arm width the stiffness
can be well tuned. It is shown that the power dis-
sipation can be reduced by a factor of 6.8, if the
stiffness is adapted to the scanning application.

1. INTRODUCTION

Fast steering mirrors (FSMs) are used in various
technical applications, such as scanning optical
systems [1], material processing [2] and track-
ing of objects [3]. Typically FSMs are electro-
magnetically [4] or piezoelectrically [5] actuated
to achieve either a large scan range or high band-
width, respectively. Their structure can be divided
into a static and a moving part. The two parts are
typically connected via a flexure, which stabilizes
the mover around the pivot point and restricts
motion in the non-actuated degrees of freedom
[6]. Tuning the suspension mode to a desired fre-
quency in the design phase can be important for
the closed-loop control performance and system
efficiency. By matching the frequencies with the
drive frequencies of the targeted reference scan
trajectory, the energy efficiency can be improved
[7]. The suspension mode of the actuator is deter-
mined by the inertia of the mover and the stiffness
of the system, which depends on the character-

istic dimensions of the flexure [6]. Flexures are
most commonly made out of metal sheets, which
are stamped or laser cut, such that an adaptation
requires a significant manufacturing effort [8].

3D printing is already a well-established method
for rapid prototyping [9] and is of increased im-
portance for the production of final goods [10].
Due to a simple adaptation of printed parts to spe-
cific applications, they are already widely used in
e.g. medical applications [11]. The most popular
3D printing technique is fused deposition mod-
elling (FDM), which uses plastic filament as the
raw material [12]. The plastic is available with
a variety of mechanical properties, which ranges
from a very stiff carbon fibre reinforced plastic to
a rubbery thermoplastic polyurethane (TPU) [12].

The contribution of this paper is the design and
evaluation of a 3D printed flexure. Section 2 de-
scribes the setup of the used FSM. In Section 3
the design and simulation results of an aluminium
and a TPU flexure are presented. The dynam-
ics of both system configurations are measured,
analyzed and compared to the results of the sim-
ulation in Section 4. The influence of the charac-
teristic dimensions of the flexure on the stiffness
are further analyzed in Section 5. Section 6 con-
cludes the paper.

2. FSM SYSTEM

A hybrid reluctance actuated FSM, with an actu-
ation range of +3°, is used as a benchmark sys-
tem. The main components of this actuators are
a ferromagnetic core and mover, coils, suspen-
sions and a magnet, which is used to create a
DC biasing flux. Thru the coils this flux can be in-
creased/decreased in the first/second air gap be-
tween mover and core, which yields to a torque
on the mover (further described in [7]). The ac-
tuation principle itself is inherently unstable due
to the negative stiffness introduced by the reluc-
tance forces, such that a flexure, with a stiffness &
of 47 mNm/deg, is required to stabilize the mover
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around the pivot point. Since the actuator has a
rotational inertia J of 6717 gmm?, the resonance
frequency f, can be calculated with

1 /k

= (1)

=5\

to 100.7 Hz.

3. SIMULATION

Using finite element analysis (FEA) simulations,
structural modes and frequency responses of me-
chanical structures can be determined up front,
such that the flexure design can be easily adapted
to the specific application. For the simulations,
which are performed in ANSYS Mechanical (An-
sys, Canonsburg, USA), the material properties
need to be set in advance. The metallic flexure is
made from aluminium (AW-1050A), with an elas-
tic modulus of 69 GPa and a Poisson ration of
0.3325, while the printed flexure is made out of
TPU (Type: Ninjaflex, Ninjatek, Manheim, USA),
which has a stated elastic modulus of 12 MPa and
a Poisson ratio of 0.4. Both flexures are used
to stabilize the moving part of the hybrid reluc-
tance actuated FSM around the pivot point. For
the metallic flexure the resonance frequencies of
both scan axes are set to 100 Hz, since the flex-
ure is not designed for a specific scan application,
while the printed flexure is designed for two differ-
ent resonance frequencies for investigation pur-
poses and since the drive frequencies of scan tra-
jectories are typically unequal [13]. To compare
the results of the two flexures the resonance fre-
quencies of the printed flexure are set to 100 Hz
and 130 Hz. The designs and suspension modes
of both flexures, which are calculated using modal
analysis, are shown in Fig. 1.
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FIGURE 1. Results of the modal analysis. Sus-
pension mode of (a) the aluminium flexure and (b)
the 3D printed TPU flexure.

To analyze the system behaviour a harmonic
analysis is performed. The results with both flex-
ures are shown in Fig. 2. As can be observed,
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FIGURE 2. Simulated frequency response of the
aluminum flexure (red) and the x- (blue) and y-
axis (green) of the TPU flexure.

the resonance frequencies match the require-
ments. Due to the higher damping coefficient of
the TPU flexure, the magnitude at the resonance
frequency is slightly lower compared to the alu-
minium flexure. In the frequency response of the
aluminium flexure (red solid) a structural mode at
1.4 kHz is observable (magenta circle). For feed-
back control, such modes be critical, as they can
limit the achievable bandwidth [6]. The structural
modes of the TPU flexure (blue, green) occur be-
yond 4 kHz, suggesting that higher control band-
widths may be feasible.

4. EXPERIMENTAL RESULTS

To validate the results of the simulation the sys-
tem dynamics of both system configurations are
measured with a system analyzer (Type: 3562A,
Hewlett-Packard, Palo Alto, USA). In Fig. 3 the
measured and simulated frequency response of
the aluminium flexure is depicted. The measured
magnitude response shows good agreement with
the simulation in the frequency range of interest
up to 1.5 kHz. The frequencies of the suspen-
sion mode (100 Hz and 109.6 Hz) and the first
structural mode (1.4 kHz and 1.38 kHz) are al-
most equal for both system axes. In the phase re-
sponse some deviations are notable, such as the
additional phase lag in the measurement caused
by the sensor dynamics, sampling delay and eddy
currents of the actuator [4]. The measured phase
strongly differs above 1.5 kHz, due to the system
noise.

The TPU flexure is printed on a 3D printer (Type:
Prusa i3 MK3, Prusa, Prague, Czech Repub-
lic), which uses the fused deposition modelling
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method. In Fig. 4 the measurement results of the
TPU flexure are compared to the simulation re-
su|t430.
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FIGURE 3. Measured and simulated frequency
response of the system with the aluminium flex-

40
m 207
S of
€ -20F
2 _40H—Simulation x-axis
£ -40 ! ! !
= ||— Simulation y-axis
2 -60 )
- -Measurement x-axis
= -80[- -Measurement y-axis
-100 :

10° 10

0 =
£ 90t
)
1]
&
o -1801

-270 . . .
10° 10t 10? 10° 10°
Frequency [Hz]

FIGURE 4. Measured and simulated frequency
response of the system with the printed TPU flex-
ure.

There are significant deviations observable,
which are most likely caused by a change of the
mechanical properties of the material during the
printing process. The resonance frequencies of
the two axes are at 380 Hz and 575 Hz, such that
a deviation by a factor of 3.8 - 4 from the designed
value can be calculate. Due to the noise floor the
measurement is only valid until about 1.5 kHz,
such that the structural modes are not observ-
able. The mechanical properties of the material
after printing could be determined with a mechan-
ical test bench, such that an accurate simulation
model can be generated. However, the elastic
modulus and the Poisson ratio strongly depend
on various parameters, like the used printer, the

printing temperature, the orientation of the part
on the printer, etc. [14], such that determined pa-
rameter would only be valid for this specific flex-
ure. In order to be able to apply the gained in-
sights to a larger number of 3D printed flexures,
the influence of the characteristic dimensions of
the flexure on the stiffness are further analyzed.

5. GEOMETRICAL VARIATION

The characteristic dimensions of the printed flex-
ure are the thickness t, the arm widths w; and w»,
and the arm length [, which are depicted in Fig. 5.

FIGURE 5. Characteristic dimensions of the
printed TPU flexure.

The influence of the arm length I can only be an-
alyzed properly, if the outer clamping dimension
is also changed. However, due to the mechanical
setup of the used FSM, extensive changes would
be necessary to manipulate this parameter, such
that the arm length is kept constant at 11 mm.

In Fig. 6 the measurement results of printed flex-
ures of various thickness (2 mm - 4 mm) are
shown. As can be observed, the frequency of the
suspension mode is hardly affected by the flexure
thickness (between 340 Hz and 380 Hz). The res-
onance frequency of the 2 mm flexure is, due to a
slight pretension, even higher than the one of the
3 mm flexure. The reason for the low influence
of the thickness on the stiffness of the flexure is
most likely the high flexibility of the material and
the large ratio between arm length (11 mm) and
deflection (0.2 mm).

The measurement results for different arm width’s
are depicted in Fig. 7. As can be observed, by
bisecting the width the frequency of the suspen-
sion mode is shifted for the tip axis from 367 Hz
to 320 Hz and for the tilt axis from 582 Hz to
500 Hz. The resonance frequencies (black dots)
are determined out of the measured frequency re-
sponses by considering the phase delay of the
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FIGURE 6. Measured frequency response for
various TPU flexure thickness.

system, which can be divided into a constant
phase shift of 5.5°, a time delay of 500 us, and
the phase shift due to the mechanical resonance
of 90°. The resulting reductions of the resonance
frequencies are almost equal (12.8 % and 14 %),
showing that with the arm width the stiffness of
the flexure can be well tuned.
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FIGURE 7. Measured frequency response for dif-
ferent flexure arm widths.

To analyze the improvement of the energy effi-
ciency, due to the tuned resonance frequencies,
the power dissipation of the actuator is measured
at a constant scan amplitude of 0.2° for differ-
ent flexures. The power dissipation is determined
with the measured terminal voltage of the ampli-
fier and the current through the coils (see [4]).
Initially the flexure with the following dimensions
wi;=10.5 mm and w,=20 mm is used. At a driv-
ing frequency of the sinusoidal signal of 320 Hz
for the tip axis, a power dissipation of 27.3 W is
measured. The applied frequency matches the

resonance frequency of the tip axis of the flex-
ure with the bisected arm width (see Fig. 7). If
the same driving signal is applied to the tip axis
of this flexure (wy=5.25 mm and w,=10 mm), the
power dissipation decreases to 4 W. By match-
ing the resonance frequency with the driving fre-
quency, the power consumption can be reduced
by a factor of 6.8 for the shown case.

In summary a 3D printed flexure with different res-
onance frequencies is designed and the influence
of the characteristic dimensions on the resonance
frequency is shown, revealing that the resonance
frequency can be adapted to the scan application
and the power consumption can be reduced by
a factor of 6.8 by matching the driving frequency
with the resonance frequency.

6. CONCLUSION AND FUTURE WORK

In this work a metallic and a 3D printed flexure
for a FSM are designed and tested. The re-
sults of an FEM simulation are compared to the
measured dynamics. The measurement results
of the aluminium flexure show good agreement
with the simulation, verifying the design. For the
printed flexure significant deviations between sim-
ulated and measured stiffness are observable,
caused by the deviation of the mechanical prop-
erties, due to the printing process. Further anal-
ysis of the influence of the characteristic dimen-
sions on the stiffness of the flexure shows that
the stiffness can be well tuned by adjusting the
arm width of the flexure. Tuning the systems res-
onance frequency to the desired drive frequency,
the power dissipation can be reduced by a factor
of 6.8. Future work includes the determination of
the printed material properties to enable a better
prediction of the stiffness and mechanical proper-
ties of 3D printed flexures.
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