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Abstract

EasyScan is a scanning system, which images the retina. The condition of the retina can help identify various
diseases, such as glaucoma, diabetic retinopathy, cataract, macular degeneration and others. It is a commer-
cially successful device that has sold thousands of units worldwide. However, the scanner is facing lifetime
issues, as the scanner mirrors will become obsolete in the foreseeable future.

Possible ways of improving the optical system by reducing the required scan amplitude were investigated.
Optical tests with fine pitch lenticular lenses, diffractive optical elements, and linear diffuser were conducted.
No optical improvement was achieved; therefore, the scanner design was based on the functional require-
ments of the original system. Actuation methods and guiding mechanisms for low cost, low volume applica-
tions were studied. The proposed design for both the low frequency (LF) and high frequency (HF) scanners
is a compact reluctance force actuated scanner mirror. However, design issues for the LF scanner guiding
mechanism were encountered, that could not be solved in time. Nonetheless, a prototype of the HF scanner
was finalized and managed to achieve the required ±3 mrad amplitude at a frequency of 4650 Hz. The scan-
ner was validated on an actual EasyScan optical module. However, reliability issues still need to be solved
before making the scanner production ready, for which possible solutions are discussed.
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1
Introduction

Retina is the most light-sensitive layer of the human eye, which transforms the image focused on the retina
into electrical neural impulses which are sent to the brain to create visual perception. The condition of the
retina can help diagnose various diseases and disorders such as: glaucoma, diabetic retinopathy, cataract,
macular degeneration, retinal detachment, central serous retinopathy. Numerous retina imaging methods
have been developed over the year [21]. In 2007 a Dutch company i-Optics developed the prototype of a
scanning laser ophthalmology type retina scanner named the EasyScan. What makes the EasyScan a great
product, is that it can take images of the retina through 1.5 mm diameter pupils, which means dilation of the
pupil is no longer required, therefore not causing short term inconveniences for the users. Additionally, the
room illumination where the EasyScan is situated does not affect its performance. The total weight of the
EasyScan is less than 11 kg which makes it a very versatile device that can be used at any clinic or optician.

Figure 1.1: Left: the EasyScan. Right:Image of the retina scanned with the EasyScan

1.1. Working principle of the EasyScan
The main component of the EasyScan is the optical module - OPMOD. Figure 1.2 illustrates the schematic of
the main optical components of the OPMOD. Two laser diode light sources are used in the system: a green
laser with central wavelength of 520 nm and a red laser with a central wavelength of 785 nm, with a spec-
tral width of 2 nm at FWHM. Different wavelengths of photons penetrate separate layers of the retina, which

2
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allows to extract more information about the retina. The light from the lasers propagates up to the high fre-
quency (HF) mirror which is oscillating at 4.65 kHz frequency at the range of ±3 mrad. The reflected light then
reaches the lenticular lens, which creates a Talbot pattern [22]. The light continues through the cylinder lens,
reflects on the low frequency (LF) mirror and continues through the scan lens assembly. The combination of
the cylinder lens and the scan lens focuses the light into a line. Due to the Talbot effect created by the lentic-
ular lens the compressed line is not a continuous line, but a line of dots. The effects of light passing through
the lenticular lens and the cylindrical lens are depicted in figure 1.3.

Figure 1.2: Schematic of main optical components of the EasyScan

The LF scanner is oscillating at a frequency of 9 Hz with a range of ±6.5°. After exiting the scan lens
assembly, the light passes through the objective lens and then is projected through the pupil of the eye on to
the retina. The quasi-continuous line scatters on the retina and travels back to the LF scanner, which reflects
the light towards the line sensor. The illumination is read out at 9.3 kHz, which is double the oscillation
frequency of the HF scanner.

Figure 1.3: Light transmission from lenticular lens to the cylindrical lens and the projected Talbot Pattern.

The task of the LF scanner is to direct the quasi-continuous line vertically over the retina. The task of
the HF scanner is to move the quasi-continuous line in the direction of the line, in order to achieve uniform
illumination of the retina during the read out time of the line sensor. Figure 1.4 illustrates the scanned images
of a flat test target when the HF mirror is both on and off. It is clearly visible that vertical lines are present when
the HF scanner is off, therefore without the HF scanner the image intensity would not be uniform. The image
uniformity evaluation is not based on quantitative measures, but on visual perception of the user. During the
alignment procedure of the OPMOD, the operator regulates the amplitude of the HF scanner by manipulating
a potentiometer which regulates the voltage of the scanner. The voltage of the scanner is increased until
the high frequency vertical lines disappear. The disappearance of the vertical lines can happen at several
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different potentiometer settings, however, of most interest is the setting of the lowest potentiometer values
as it results in the smallest oscillation amplitude. The HF scanner is also a source of a high pitch "beep" tone,
which increases with an increasing oscillation amplitude. This is an additional reason to keep the oscillation
amplitude of the HF scanner low, as it reduces the noise.

Figure 1.4: Image of flat test target used during the optical alignment procedure of the OPMOD. On the left is an image produced when
the HF mirror off. On the right is an image produced when the HF mirror on. Image on the left has an unacceptable quality.

If the lenticular lens was not used in the optical system, then the cylindrical lens would generate a line for
which there would be a correspondence between the position of the light entering and exiting the cylindrical
lens, as explained by the EasyScan patent [10]. As a result, if a part of the incoming light beam was blocked,
then this would lead to an area of low brightness in the line, which would end up as a dark line or curve
in the final image that is created when an object is scanned. When an array of line generating ridges in
close proximity is applied, the correspondence as mentioned is no longer present, as depicted in figure 1.5.
This effect that the lenticular lens induces is critical when scanning eyes that have cataract, as then the local
clouding of the lens does not significantly reduce the illumination of a specific area on the retina.

Figure 1.5: Spatial beam relation comparison between a convex lens and a lenticular lens. From patent NL2005253C2 by Michiel Herman
Mensink and Julien Coyne, 2010, World Intellectual Property Organization

1.2. Problem statement
The currently used LF and HF scanners will become obsolete in the foreseeable future. To ensure EasyScan’s
continuity in the market the scanners have to be replaced. To correctly approach the problem of scanner
obsolescence the function of each scanner has to be defined:

• LF scanner - moves the quasi-continuous scan line vertically over the retina.
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• HF scanner - makes the intensity of quasi-continuous line uniform during the readout time of the line
sensor.

The LF scanner function is such that only a different scanning device can be used to fulfil its function.
However, the function of the HF scanner is such that other techniques apart from directly moving the scan
line could be used to make its intensity on the retina uniform. The proposed project for solving the issue of
scanner obsolescence is discussed in section 1.10.

1.3. System requirements
Both the operational requirements for each scanner, and the general system level requirements are depicted
in table 1.1. The requirements stated in the table are generalized, a deeper look into specific requirements
is discussed in sections 1.4, 1.5, 1.6, 1.7, 1.8. Figure 1.6 illustrates the current scanners used in the EasyScan.
These scanner mirrors were designed to be used for barcode scanners, however they are becoming obsolete,
as suppliers are discontinuing their production. Both the LF and HF scanners have the same structure, but
are tuned to work at different frequencies and with different input waveforms.

Table 1.1: Requirements for the EasyScan scanner redesign

Operational requirements

Scanner
Frequency[

Hz
] Amplitude[

mrad
] Scan motion

Mirror size[
mm

] Available
space

[
mm

]
LF 9 Hz ± 130,5 Triangular or sawtooth 8 x 4 mm 24,5 x 26,1 x 45.9 mm

HF 4650 Hz ± 3
Any that makes the
scan line uniform

7 x 6 mm 22 x 29,7 x 36 mm

System requirements
Price The total price for HF and LF scanners is 300 Euro/EasyScan

Power

Desired: to be compatible with current electronics which is capable of 5 V, 40 mA for the HF
scanner, and ± 2.5 V and 250 mA for the LF scanner. Required: power may be altered if needed,
but it has to result with changes to electronics which are feasible. Chapter 1.4 explains
currently used electronics in more detail.

Temperature Operational: 15-30 ◦C. Transportation: less than 55 ◦C.
Lifetime 50 minutes/day for 5 days/week for 5 years.

Shock load 25 G’s

Figure 1.6: Scanners currently used in the EasyScan

A quantity that is useful for the design of the scanners is the distance which is traversed by the edge of the
mirror during the forward scan - it is defined as the actuation stroke. Figure 1.7 shows the actuation stroke
and clarifies how the mirrors of the scanners should be oriented with respect to the axis of rotation.

Figure 1.7: Schematic showcasing parameters important for design
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1.4. Driving electronics
Both of the LF and HF scanners are operated in open-loop, and there are no sensors integrated to measure
the rotation or velocity of the scanners. The HF scanner is driven by the microcontroller ATMEGA88PA-MU.
The scanner is connected to the microcontroller as displayed in figure 1.8. The output pin of ATMEGA88PA-
PU can be set either to 5 V or to ground (0 V). By periodically switching the output pins from ground to 5 V a
square wave signal of 10 V P-P is created.

Figure 1.8: Driving electronics of the HF scanner

The LF scanner is driven by ±2.5V 12 bit signal. The 5V 12 bit signal is created by the microcontroller
ADuC841, which is then fed to an op-amp AD8532. The op-amp is set up in a voltage follower configuration
and the input signal is referenced to 2.5 V. By referencing the input signal, the current running through the
LF scanner the direction of the current can be controlled, allowing bi directional actuation. The schematic of
the LF scanner electronics is displayed in figure 1.9

Figure 1.9: Driving electronics of the LF scanner

The EasyScan is powered by a 60 W 12 V AC-DC adapter. Ideally, the new scanners must be able to run
from the available electronics. If additional electronics are required, they must be economically feasible and
fit into the EasyScan. Free space for additional electronics is only 20 x 70 x 70 mm.

1.5. Mirror dimensions
The size requirements for mirrors, stated in table 1.1 are real mirror dimensions. For reference, the clear
aperture requirement is 1mm smaller than the real mirror dimensions. The mirror thickness does not have a
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strict requirement, but as it will explained in chapter 3.2, the scanner needs to have as low inertia as possible,
therefore, the thickness needs to be minimum. The supplier of the required mirrors is able to supply these
mirrors at a 0.6 mm thickness, which is still stiff enough, not requiring specific handling tools.

1.6. Amplitude requirement

The amplitude requirement of the LF scanner is the total operating range that the scanner needs to oper-
ate. The actual scan angle during operation is ±113.2 mrad. The additional ± 17.3 mrad of range is used for
offsetting the scan angle. The offset is used to align the scanner during calibration.

The amplitude requirement of the HF scanner is derived from practical experiments because conflicting
documentation on the HF scanner indicated different values. Evaluation of the required amplitude was set
up during the production in order to measure values that are calibrated for commercial products. Only the
amplitude values of four EasyScans were measured. The results are depicted in table 1.2.

OPMOD ± Amplitude, [mrad] Calibration setting

1
1,32 Red
1,41 Green
2,37 Max

2
0,67 Red
0,87 Green
2,65 Max

3
0,88 Reed
0,69 Green
3,15 Max

4
0,87 Red
0,38 Green
2,02 Max

Table 1.2: HF scanner amplitude measurements

The results show that the calibrated amplitude values vary for each EasyScan and with each light source.
The coefficients of variance of the data for the calibration of red, green and maximum amplitude are 29 %,
52 %, 19 % each. Therefore deriving the required amplitude values statistically would not be sound. An obvi-
ous observation is that the required amplitude should be larger or equal than the highest value calibrated for
a specific wavelength, that has ever been recorded. The largest value measured was for the green light source
image of the 1st measured OPMOD which is ± 1.41 mrad. The required amplitude is selected as 3 mrad which
gives a margin of safety of 2.13 for the largest calibrated amplitude ever recorded and is only 5 % lower than
the maximum amplitude value ever recorded for an in production HF scanner.

1.7. Available space

The available space for the HF and LF scanners is showcased in figure 1.10. The displayed dimensions are
derived by removing the current scanners. To increase the available space, theoretically it is possible to re-
move additional material from the housing structure. For example, the housing structure on the right upper
side of the LF scanner can be removed, because it does not serve any purpose. However, opportunities to
increase space for the HF scanner are more limited, because the space HF scanner is in close proximity to the
lenticular lens and the cold mirror M1.

Additionally, the HF scanner rotation and translation is aligned during the assembly procedure. The align-
ment directions are illustrated in figure 1.10. The LF scanner does not have alignment mechanisms and is
glued into place during the optical alignment procedure.
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Figure 1.10: Available scanner space for the HF and LF scanner

1.8. LF scanner trajectory
The requirements state that the LF scan frequency is 9Hz with a total P-P amplitude of 226.4mrad. This
means that the total motion time for one cycle is tt = 111.1ms. The scan motion currently utilized is sawtooth.
The produced scan image by the EasyScan has a height of 1024 pixels. However, 64 pixels are redundant as
their are used for the back scan. This means that currently t f = 104.2ms are used for scanning the image with
constant speed and only tb = 6.9ms are used for returning to the initial position and reaching the constant
scan speed. This results in a duty cycle of 93.8 % and a constant scan speed ofωs = 2.17 rad/s. The theoretical
LF scanner trajectory is visualised in figure 1.11.

Figure 1.11: Motion trajectory of the LF scanner

1.9. Literature survey results
As stated in section 1.2 the HF and LF scanners have different functions; therefore, the approach for replacing
each scanner is different. The conducted literature survey was focused in two areas: scanning technologies
and intensity uniformity techniques. The results of both areas will be briefly discussed in the following sec-
tions.
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1.9.1. Scanning technologies

Contemporary scanning technologies were evaluated with respect to the requirements of the HF and LF scan-
ners. A concentrated summary of the scanning technologies is displayed in figure 1.12.

Figure 1.12: Summary of contemporary scanning technologies with respect to the operational requirements of the HF and LF scanners

Almost all of contemporary scanning technologies have an unfeasible price when compared to the 300
Euro requirement for a single Easyscan. The only financially feasible technology is the resonant - electro-
magnetic type of scanners, the same type that is used currently in the EasyScan. However, the currently
used scanners that originally were developed for barcode scanning applications, are being discontinued in
production, therefore this specific model will be unobtainable. If the price requirement was relaxed, then
galvanometer type of scanners would be the most feasible technology. Galvanometers are well suited for the
scan parameters of LF scanner and usually have integrated feedback systems. However, at high frequency
they can require an unfeasible amount of power and additional cooling. The piezo type scanners have a lim-
ited amplitude, therefore, are inherently only suitable for the HF scanner. Similarly to the galvanometer, at
high frequency the piezo scanners can require large amounts of power and additional cooling. MEMS scan-
ners are unfeasible due to smaller apertures than required for the HF and LF scanners. Some MEMS devices
can have apertures the same size as required for the HF and LF scanners by bonding a mirror on the micro
machined structure, however, then the operational frequencies and rotation amplitudes reduce below the
required for the LF and HF scanners. Polygon type of scanners are not suitable as a replacement because of
the small scan angle requirement with respect to what polygon scanners are suited for. The acousto-optical
scanners have lower scan beam amplitude than required for the LF scanner, but fulfil the rest of the require-
ment, except price. The electro optical scanners cannot produce the required amplitude both for the LF and
HF scanners. Risley prism scanners cannot operate at the frequency required for HF scanner. As a LF scanner,
the Risley prism scanner is limited by the scan waveforms that it can produce, therefore making it unfeasible.

Commercial scanning technologies are too expensive, therefore, a custom scanner has to be designed.
This is a challenging task, because custom solutions are usually more expensive than devices that are mass
produced. The EasyScan sells between 200 and 400 EasyScan units per year, therefore, this amounts to small
series production. To make a custom design feasible, all of the scanner components have to be cheap, and
the design needs to be simple enough to have a short assembly time. A determinant whether it is feasible to
design a custom scanner is the actuation method. While the guiding mechanism of the scanner may be the
same, the actuation methods can differ. The literature study indicated that there are three potentially feasible
actuation methods: voice coil, reluctance and piezo. General properties of these actuation methods are listed
in table 1.3. All of the mentioned actuation methods can be used to design a HF scanner. A LF scanner
can only be designed with the voice coil and reluctance actuation methods, as piezo has an actuation range
several magnitudes smaller than required.
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Piezo Voice coil Reluctance
• Output is displacement • Linear force/current ratio • High force/current ratio

• Stroke ≈ 1µm/1mm of material
• Output force is almost
independent from position

• Output force dependant
on position

• Can be difficult to drive at
high frequency

• Guiding for mover needs
to be provided

• Guiding for mover
needs to be provided

• COTS • COTS
• No COTS. Magnet, coil, yoke
are configured individually

Table 1.3: General properties of piezo, voice coil, reluctance actuation methods

1.9.2. Intensity uniformity techniques
Intensity uniformity techniques discussed in the literature survey are summarized in figure 1.13. Linear dif-
fusers, spatial light modulation by use of a DOA and smaller pitch lenticular lenses indicated the most poten-
tial in reducing the HF scanner amplitude or making the scanner redundant.

Figure 1.13: Summary of intensity uniformity techniques discussed in the literature survey

1.10. Project proposal
The literature survey resulted in two conclusions:

• To achieve the set price requirement a custom scanner design has to be made by utilizing either piezo,
voice coil or reluctance actuation methods.

• The amplitude of the HF scanner can be reduced or the scanner can be made redundant with intensity
uniformity techniques.

Therefore, a project is proposed, which follows these steps:

1. The intensity uniformity techniques are tested out to see, whether the amplitude of the HF scanner can
be reduced. Testing of the intensity uniformity techniques is done directly on the optical module of the
EasyScan.

2. Based on results the requirements of the HF scanner amplitude are confirmed.

3. Selection of an optimal actuation and guiding method for the scanners.

4. Detailed scanner design.
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5. Building a prototype and validating its performance. Performance is validated in two phases. During
the first phase, the scanners amplitude at the operational frequency is measured. During the second
phase, the scanners are tested directly on the OPMOD of the EasyScan.

The expected result of this project are designs of HF and LF scanners that fulfil the operational require-
ments of the current scanners, and are economically feasible.
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Intensity uniformity techniques

Optical components for each of the possible solution proposed in section 1.9.2 were acquired. The testing of
each optical component is done by mounting it directly in the OPMOD and replacing the original lenticular
lens. The performance of each element is evaluated by taking test target images as showcased in figure 1.4.
The required amplitude is evaluated by taking the potentiometer setting value and comparing it to the setting
of the original lenticular lens. Additionally, image intensity values are recorded and compared. The tested
optical elements are showcased in figure 2.1.

Figure 2.1: Tested optical elements

2.1. Linear diffusor
Diffusers are optical components, which can spread incoming light into a specific spatial form. The shape
and intensity of the output light distribution on the image plane is dependant upon the diffuser parameters,
and the wavefront of the incoming light. Linear or otherwise called elliptical diffusers can shape the light in
two direction in such a way, that the output light in the image plane can take the shape of a line. For example
the linear diffuser ED1-L4100 of Thorlabs has a diffusion angle of 0.4°x100° [9].

Linear diffuser is functionally similar to the lenticular lens, as it also creates many virtual point sources
which, are necessary to have light enter the eye at different positions and angles, as explained in chapter 1.1.
The linear diffuser would do the same function, but instead of a finite number of virtual point sources, it
would create an arbitrarily infinite point source number. Therefore, the Talbot pattern phenomena would
not take place. Due to the random surface fluctuations of the diffuser, a speckle pattern would form. Due to
speckle, the scan line would not have uniform intensity and therefore, the HF scanner would still be needed.
Whether a smaller amplitude of the HF scanner would be required is determined experimentally.

Another concern of using a linear diffuser would be, that it adds additional diffusion in the perpendicular
direction to the line generated by the cylindrical lens. This diffusion is undesirable and could result in loss of
light in the scanned imaged, because the light would not be focused enough.

12
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Figure 2.2: Scanned test image comparison between the lenticuar lens and the linear diffuser.

2.1.1. Experiments
Experiments with linear diffusers of 40°x1° and 60°x1° divergence angles resulted in speckle patterns, which
required approximately double the HF amplitude than with the lenticular lens to make the scan line, uniform.
Additionally, due to the divergence in the perpendicular direction to the line the optical system was not able to
focus the light well enough, which lead to about 80% decrease in light intensity. The difference in illumination
can be clearly seen in figure 2.2. Linear diffusers that have smaller angle of divergence in the perpendicular
to the line direction exist, however, the main objective of reducing the HF scanner amplitude would still not
be achieved. This means, that a diffuser cannot be used instead of the lenticular lens.

2.2. Diffractive optical elements
Diffractive optical elements are objects, that are capable of phase modulation of the incoming wavefront.
The phase distribution is already fabricated on the optical element, which means, that a single element can
produce a single pattern. Various DOE’s are available in the market, however, of most interest are elements
capable of producing a line. Such an element could be used instead of the lenticular lens, to create the effect
of light coming in the eye at various angles of incidence, as depicted in figure 1.5.

2.2.1. Experiments
The DOE elements tested in the EasyScan are listed in figure 2.3. The technical data indicates, that the DOE’s
are limited to a wavelength range of about 100 nm. Exceeding the wavelength range, results in decreased
efficiency of the DOE.

An image of the best quality was produced with the 383 model DOE and is depicted in figure 2.4. All of
the DOE images produce low frequency vertical lines of high intensity, which is unacceptable. Interestingly,
the scanned image produced with the DOE has a 17 % higher image intensity than with the original lentic-
ular lens, but this improvement in efficiency is not useful when the DOE cannot produce uniform intensity
images.

Figure 2.3: List of tested DOE models manufactured by Holoeye
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Figure 2.4: Scanned test image comparison between the lenticuar lens and the DOE.

2.3. Lenticular lens
The currently used lenticular lens produces a Talbot pattern which is imaged onto the retina. The specific
pattern imaged on the retina depends on the lenticular lens position in the system and the geometrical pa-
rameters of the lenticular lens. The distance at which the Talbot pattern repeats itself is calculated as:

zT = 2a2

λ
(2.1)

where
zT = Talbot distance [m]
a = period of the diffraction grating [m]
λ= wavelength of the light incident on the grating [m]

Lenticular lens parameters
Pitch[
mm

] Radius[
mm

] Divergence angle
red beam

[
deg

] Divergence angle
green beam

[
deg

] Talbot length
red beam

[
mm

] Talbot length
green beam

[
mm

]
0.02 0.015 35.84 36.46 1.02 1.54
0.04 0.03 35.84 36.46 4.08 6.15
0.2 1.5 3.70 3.77 101.91 153.85
0.3* 0.5* 16.56 16.86 229.3 346.15

*Currently used lens

Table 2.1: Lenticular lens parameters

Investigating available lenticular lens geometry leads to interesting results, which are depicted in table 2.1.
The current lenticular lens has a pitch of 0.3 mm and generates a Talbot pattern with a length of 346.15 mm
for the green light, which is relatively large when compared with a lens that has a 0.02 mm pitch and 1.54 mm
Talbot length. With such short Talbot length an option arises to adjust the lens position during EasyScan
alignment procedure for a more optimal pattern, as the Talbot length and the adjusting distance would be of
the same order (viable position adjustment range is roughly 2 mm). Also with a smaller lens pitch, the initial
number of "point sources" at the lenticular lens increases, for example, the number of spots at the lenticular
lens would increase 15 times, if the lens that has a 0.02 mm pitch is used instead of the current one. With
an increased number of spots on the line sensor the HF amplitude requirement could be reduced, or the HF
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mirror would become redundant all together.

A drawback of a smaller pitch lenticular lenses is that they usually have a larger divergence angle. The
current system is configured to accept the beam divergence angle of the current lens which is 20° smaller
than the off the lens with pitch 0.02 mm,. This would mean that the beam of the finer lens would be cut off at
the aperture in the system resulting in reduced illumination efficiency.

Figure 2.5: Left: Parameter table of lenticular lenses available from the current supplier. Right: Image of Talbot pattern with the half
length and quarter length specified

2.3.1. Experiments
Experiments were conducted with lenticular lenses with pitches of: 0.02 mm, 0.04 mm, 0.2 mm. The results
for lenses with pitches of 0.04 mm, 0.2 mm resulted in visually not improved images. The 0.02 mm pitch
lens resulted in images visually very similar to the original, with respect to vertical stripe frequency. The
compared images are showcased figure 2.6. The image with the fine pitch lens has worse illumination due to
the increased divergence of the beam.

Figure 2.6: Scanned test image comparison between the original lenticular lens (pitch 0,3 mm) and the finest pitch lenticular lens (pitch
0,02 mm)

It is difficult to visually spot a difference between the scanned images, therefore, frequency analysis is
used. The Fourier transform of each row of the image is calculated and then the results of all the rows is av-
eraged. The frequency content of the images is displayed in figure 2.7. Due too different illumination of both
images the intensity peaks of the original lens are higher, which makes the comparison difficult. However,
it would seem that the two most notable intensity peaks of the fine lenticular lens are shifted to the higher
frequency region, when compared to the peaks of the original lens. This would indicate, that the frequency



16 2. Intensity uniformity techniques

of the vertical lines is increased with the fine pitch lenticular lens. However, the scanning amplitude required
to minimize the vertical lines did not decrease.

Moving the finest pitch lenticular to improve the projected line pattern did not yield any significant re-
sults. The lens was moved for a distance of 1 mm at a 0.05 mm increments. This range theoretically included
all the Talbot pattern distributions for the particular lens, but no improvement in pattern was detected. As
the projected Talbot pattern quality cannot be improved, this would conclude that a finer pitch lenticular lens
would not reduce the requirements for the HF scanner amplitude and therefore, should not be implemented.

Figure 2.7: Frequency content of a test image scanned with the original lenticular lens (pitch 0,3 mm) and with the finest pith lenticular
lens (pith 0,02 mm)

2.4. Conclusion on optical solutions
The summarized results of intensity uniformity techniques are displayed in table 2.2. The results indicate
that all of the optical lenses did not manage to even achieve the same amount of scanner amplitude that
is currently achieved with the original lenticular lens. Most of the recorded amplitude values are two times
larger then the original scanner. Additionally, some of the optical elements induce image intensity loss. This
is especially noticeable for the diffusers with intensity drop of around 8-9 times. Since the amplitude is not
reduced with each of the optical elements, the image intensity losses do not matter, as the lenses are not a
feasible solution.

Because all of the proposed methods of improving the optical system to reduce requirements for the HF
scanner failed, the scanners need to be designed with the operational requirements stated in chapter 1.3.

Optical element Potentiometer setting for green
Image intensity
mean pixel value

Original lent. lens Green 33 % 1869
Diffuser 40°x1° Green 66 % 203
Diffuser 60°x1° Green 66 % 220

Lent. lens 0.02 mm Green 66 % 1192
Lent. lens 0.04 mm Green 66 % 1162
Lent. lens 0.2 mm Green 83 % 2072

DOE 267 Image quality unacceptable 1522
DOE 283 Image quality unacceptable 2214
DOE 286 Image quality unacceptable 1435
DOE 369 Image quality unacceptable 1730
DOE 383 Image quality unacceptable 2198

Table 2.2: Calibrated amplitude and image intensity of the tested optical elements
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System level scanner design

3.1. System level design outline
The function of both the HF and LF scanners is to rotate the mirror to change the direction of the reflected
beam. Therefore, two main focus areas of design are identified:

• Actuating the mirror, so that it moves with a desired trajectory.

• Guiding of the mirror to create a rotational motion.

Both of the areas are different in their design methodologies and physics that are involved in the respective
phenomena, but both must be synergized to create an optimal design. As a first step, an overview of both
areas is conducted, in order to identify design options. Then, a final concept for the scanner is chosen.

3.2. Desired mechanical properties of the scanner
To simplify the design process, some basic design parameters must be defined. A configuration of a rotational
1 DOF mechanism is illustrated in figure 3.1. The maximum static and dynamic rotation under static and
dynamic (sinusoidal) loads are defined as:

θst = T

(2π f0)2Isc
θd yn = T

4π2Isc

√
(4 f f0ζ)2 + ( f 2

0 − f 2)2
(3.1)

where
θst = flexure rotation under a static load [m]
θd yn = maximum flexure rotation under a dynamic sinusoidal load [m]
T = torque [Nm]
ISC = scanner moment of inertia [kg ·m2]
f0 = natural frequency of the scanner [Hz]
f = frequency of the exiting torque [Hz]
ζ= damping ratio [-]

Figure 3.1: Sketch of a 1 DOF scanner configuration

17
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Equations 3.1 indicate that the displacement of the scanner is proportional to the actuating torque T ,
but inversely proportional to inertia Isc and natural frequency f0 of the scanner. For the HF scanner the
natural frequency is set by requirements, which means, that in order to achieve a high displacement the ratio
of torque to inertia must be maximized. For the LF scanner the same principle applies, but an additional
parameter of the natural frequency f0 can be manipulated to achieve maximum displacement. In both cases
it is desired to keep the inertia of the scanner as low as possible.

3.3. Actuation methods
Three potentially feasible actuation methods were identified by the literature survey: piezo, voice coil and
reluctance. The choice of actuation method greatly influences the design of the mechanism, therefore, these
technologies are examined and compared in the following sections. The actuators motor constant, inertia
of the mover and electrical response of the actuators are compared. For voice coils the motor constant is
defined as[15]:

kP = Fp
P

(3.2)

where
kP = motor constant [N/

p
W]

F = actuator output force [N]
P = actuator dissipated power [W]

The same expression will be used to evaluate the motor constant of the piezo and reluctance actuators.
For coil devices that are driven by a coil, an important factor is the electrical time constant, which is deter-
mined as:

τ= L

Rcoi l
(3.3)

where
τ= electrical time constant [s]
L = inductance [H]
Rcoi l = coil resistance [Ω]

3.3.1. Piezo
COTS piezo actuators usually exhibit a maximum displacement of 1µm per 1 mm of piezo material. There-
fore, piezo actuators are incompatible with the LF scanner as it requires a range of 1041µm, when no me-
chanical amplification is applied. Piezo actuator range is also problematic for the HF scanner, as without
mechanical amplification the range required is 18µm, which would result in a piezo stack that is already at
the limit of available space.

The next important parameter in design is price. For piezos a very rough estimation is 10 Eur/1µm of
stroke. This means, that it is important to use a short stroke piezo to keep the price low. This price estimate
would imply, that for a 18µm stroke piezo actuator the price would already be unfeasible. In order to reduce
the stroke of the piezo, a mechanical amplification mechanism is required.

Additionally, the driving current and power can be relatively high when operating a piezo at high fre-
quency. Current and power for a piezo are calculated as [20]:

Imax =π ·Up · f ·C Pave =U 2
p · f ·C Pmax =π ·U 2

p · f ·C (3.4)

where
Imax = maximum sinusoidal drive current [A]
Pmax = maximum power [W]
Pave = average power [W]
Up = peak to peak drive voltage [V]
f = operating frequency [Hz]
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C = piezo actuator electrical capacitance [F]

Usually the driving voltage Up for piezos is 120 V. The operating frequency f is set by requirements, there-
fore, the driving current is mainly determined by capacitance, which depends on the maximum travel range
and cross section of the piezo. Figure 3.2 displays parameters of geometry, stroke and capacitance for COTS
piezo actuators of Physik Instrumente (PI).

Figure 3.2: Left: Table with parameters of piezo actuators from Physik Instrumente. Right: Corresponding maximum piezo actuator
operating current and power at the operational frequency of 4650 Hz.

Piezo actuators exhibit relatively high driving current and power at high frequency. For example the P-
882.11 with the 8µm stroke requires a maximum current of 0.26 A and a peak power of 31.5 W. The electron-
ics that drive the EasyScan HF scanner are only capable of maximum current of 40 mA with a ±5 V voltage,
which would amount to only 0.2 W at borderline conditions. The high power requirement also entails that
there is thermal heating of the piezo. Appendix figure B.1 showcases the maximum operating frequency and
maximum power consumption for piezo actuators of Physik Instrumente. The model P-882.11 is limited to
an operating frequency of 200 Hz and power of 0.8 W when there is no measures for cooling of the actuator.
In order to operate the piezo P-882.11 at the required frequency, additional measures for cooling would have
to be taken, which complicates the design.

The high input energy requirement, combined with the relatively high price per µm of travel results in a
problematic design. To make the piezo a feasible actuator, the stroke must be reduced to a minimum. The
COTS piezo actuator with the shortest stroke available in the market is the PL022[19] which has a 2µm travel
range and electrical capacitance of 25 nF. It requires only 43.8 mA of current and 5.25 W of power to drive at
full stroke. This piezo actuator would require a mechanism with a mechanical advantage factor of at least 9
to reach the specified stroke of the HF scanner. Due to the small available space, such a configuration is not
feasible.

The last option of implementing the piezo actuator would be use it as an inertial force generator to excite
a desired oscillatory mode of the scanner. This configuration would result in the lowest amount of input
energy due to efficient resonant operation. Figure 3.3 illustrates the configuration of scanning mechanism
exited into a resonant mode by a piezo actuator.

For such a configuration it is important to determine what kind of inertial force the piezo would be able
to generate. The generated force is calculated by:

Fi n = 2mc dst (π f )2 = 2ρVc dst (π f )2 (3.5)

where
Fi n = maximum force generated by an oscillating counter mass [N]
mc = mass of the counterweight [kg]
dst = peak to peak travel range [m]
ρ = material density [kg/m3]
Vc = volume of the counter mass [m3]
f = operating frequency [Hz]
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Figure 3.3: Left: flexure actuated by a piezo into a resonant mode. Right: Figure of maximum inertial force generated by the piezo

Since the frequency of the oscillation is set by operational requirements, the generated force is dependant
upon the stroke of the piezo and the mass of the counter mass. To evaluate the force that can be generated
by such a configuration, the volume of the counter mass is selected as a multiple of the volume of the corre-
sponding piezo actuator. The material for the counter mass is selected as steel with density of ρ = 8000kg/m3,
as it a commonly used material with a relatively high density. The generated force values are displayed in the
right side of figure 3.3 and are in the sub newton range. They will be used when comparing the different
actuation methods.

3.3.2. Voice coil
Voice coils are devices, which utilize the Lorenz force for actuation. The Lorenz force is defined as:

FL = lw I ×B (3.6)

where:
FL = Lorenz force [N]
lw = wire length [m]
B = magnetic field density [T]

Voice coil actuators have the advantage, that the force output is almost independent from position and is
linear with current. They also are available as COTS components, however, small versions are not as abun-
dant. For example, the smallest available voice coil of Akribis[24] is showcased in figure 3.4. The voice coil
has a stroke of 6.4 mm, therefore, is suitable for both the LF and HF cases. The price of this coil is 83 Eur/unit,
which would take approximately half of the budget for a single scanner. The dimensions of the coil are of the
same order of magnitude as the available space for both scanners, therefore, implementation of this exem-
plary coil would be problematic.

Figure 3.4: The smallest COTS voice coil of Akribis [24]

To compare voice coil performance with piezo and reluctance actuators an arbitrary configuration has to
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be selected. Due to the fact that the voice coil and the reluctance actuator utilize similar physical phenomena
to create force, their configurations have to be similar to fairly evaluate their performance. For this reason,
a comparable magnetic circuit configuration will be used for both actuators. The configuration of the voice
coil with its respective magnetic circuit is displayed in figure 3.5. Several assumptions are made to simplify
the model:

• The gap between the outer surface of the mover and the yoke has the magnetic permeability of vacuum.
The expression of the reluctance of this gap is simplified by assuming that the cross sectional area of
the gap is constant and equal to 2πdc hc .

• The gap between the inner surface of the mover and the yoke is considered 0.

• The magnetic permeability of the magnet is equal to that of vacuum, which is almost true for neodymium
magnets [17].

• The yoke has a high magnetic permeability, therefore, the reluctance of the yoke is disregarded.

With such assumptions, by using the methodology explained in Appendix A, the magnetic flux density is in
the gap is calculated as:

Bv = Bm Am lm

Am t +πdc hc lm
(3.7)

where:
Bm = remnant magnetic flux density of the magnet [T]
Am= magnet cross section [m2]
lm = magnet length [m]
dc = coil outer diameter [m]
hc = coil height [m]
t = gap of magnetic permeability same as vacuum [m]

Combining equations 3.6 and 3.7 yields the output force of the voice coil actuator as:

Fv = πdc N I Bm Am lm

Am t +πdc hc lm
(3.8)

Figure 3.5: Left: Voice coil configuration - cross-section view. Center: Voice coil configuration - top view. Right: Magnetic circuit of the
voice coil configuration.
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3.3.3. Reluctance
Reluctance actuators are devices, which similarly to a voice coil also produce an output force due to electro-
magnetic phenomena. Unlike a voice coil actuator, the magnetic circuit does not maintain a constant reluc-
tance during operation, hence the name reluctance actuator. Because of this, the output force of a reluctance
actuator is position dependant. However, it will be demonstrated, that the output force is significantly higher
than that of a voice coil actuator.

To have a fair comparison with the voice coil actuator, a magnetic circuit is used, which utilizes the same
size magnet, amount of copper coil, air gap and corresponding surfaces size as the voice coil configuration.
With such conditions, the reluctance actuator magnetic circuit produces the same amount of magnetic flux
in air gap and the same magnetic flux density, as the voice coil magnetic circuit. It must be clarified, that this
is true when the mover of the reluctance actuator is at the neutral position (x = 0) and when no current is
running through the coils of the reluctance actuator, as indicated by equation 3.9.

B1(x = 0, I = 0) = B2(x = 0, I = 0) = Bm Am lm

Am t +πdc hc lm
(3.9)

When the current is running through the coils, additional magnetic flux is added into the magnetic circuit.
The magnetic flux of the coils reduces the magnetic flux on one side of the mover and increases on the other
side. The difference creates a force unbalance acting on the mover and a net force. The output force is of a
reluctance actuator is calculated by methods explained in appendix A:

Fr el (x = 0) = B 2
1

2Acµ0
− B 2

2

2Acµ0
= B 2

1 −B 2
2

2Acµ0
(3.10)

B1(x = 0) =
N Am lm t Iµ0

(
2Br

N Iµ0
+ 1

lm
+ πdh

Am t

)
2t (Am t +πdc hlm)

(3.11)

B2(x = 0) =
N Am lm t Iµ0

(
2Br

N Iµ0
− 1

lm
− πdh

Am t

)
2t (Am t +πdc hlm)

(3.12)

Fr el (x = 0) = πdc hc N I Bm Am lm

2Am t 2 +2πdc hc lm t
= hc

2t

(
πdc N I Bm Am lm

Am t +πdc hc lm

)
= hc

2t
Fv (3.13)

Equation 3.13 indicates that the ratio of reluctance to voice coil output force depends on the ratio of air
gap height hc to thickness t . Usually the height of the gap is significantly higher than the thickness to reduce
reluctance of the air gap and minimize fringing. Therefore, in general, the output force of the reluctance
actuator is higher than that of the voice coil.

3.3.4. Comparison
The first comparison criteria is the motor constant. For the voice coil the motor constant simplifies to:

P = I 2R = J 2 A2
wρc

lw

Aw
= J 2VcρI Fvoi c = BLI kP voi c = Blw I√

J 2Vcρc

= B

√
Vc

ρc
(3.14)

where
J = current density [A/m2]
Vc = coil volume [m3]
ρc = coil wire electrical resistivity [Ωm] lw = wire length [m]
Aw = wire cross-section [m2]

Expressing the current flowing through the coil by current density J and wire cross section Aw allows to
find the expression for the motor constant via three parameters: magnetic field density B , coil volume Vc and
wire resistivity ρc . Inserting equation 3.7 into equation 3.14 yields the final expression for the voice motor
constant kp :

kpvoi c = Bm Am lm

Am t +πdc hc lm

√
Vc

ρc
(3.15)
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Figure 3.6: Left: Reluctance actuator configuration. Right: Magnetic circuit of reluctance actuator.

For the reluctance actuator the motor constant is expressed as:

kPr el =
hc

2t

(
πdc N I Bm Am lm

Am t +πdc hc lm

)
1

J
√

Vcρc
= hc

2t

(
Bm Am lm

Am t +πdc hc lm

)√
Vc

ρc
(3.16)

For the inertial piezo actuator the motor constant is expressed as:

kP pi ezo = 2ρVc dst (π f )2

U 2
p f C

= 2ρVc dstπ
2 f

U 2
pC

(3.17)

Numerical values have to be assigned to all the parameters, that amount to the expressions of motor
constants, for them to be evaluated and compared.

For the piezo actuator, the only parameters that need to be selected are the volume of the counter mass
and the piezo actuator model. Other parameters are determined by operational requirements. The smallest
2µm stroke piezo model is selected. The volume of the counter mass is assumed to be three times larger than
that of the piezo actuator, which is reasonable, considering the dimensions of the mirror that needs to be
moved.

The voice coil and reluctance actuator magnetic circuit configurations are defined to have the same
amount of magnetic flux density, therefore, the parameters that are needed to determine the motor con-
stant are assumed to be the same in both cases. As indicated by equation 3.2, the motor constant increases
linearly with magnetic flux density. The magnetic flux density in ferromagnetic yokes is limited by the sat-
uration flux of the used material. High quality ferromagnetic materials have saturation flux of about 2 T [5],
however, they are more complicated to acquire when dealing with small series production. Lower magnetic
quality, bu, widely obtainable material, such as AISI430 has a flux density of 1.4 T [31]. The parameters of the
magnetic circuit, required to achieve this flux density, are determined to be:

Bm lm t dc hc ρI Am J
1.3 T 3 mm 0.5 mm 9 mm 1.5 mm 1.68×10−8Ωm (dc − t )2π/4 1×107 A/m2

Table 3.1: Magnetic circuit parameters for comparison of actuators

With such parameters, the size of the voice coil and reluctance actuator are such, that they fulfil the size
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requirement of the HF scanner. The calculated output force for each of the actuator and their corresponding
motor constants along with additional relevant operational parameters are displayed in figure 3.7.

The calculated values indicate that the output force of all actuator configurations are of the same order
of magnitude, however, the motor constant of the piezo actuator is several orders of magnitude lower than
that of the voice coil or reluctance actuator. This makes the piezo actuator highly inefficient. In addition, the
inherent design of the resonant piezo actuator has a flaw, that during operation the piezo experiences equal
compressive and tensional loads. This can be problematic, as the load bearing capacity in tension is 2 MPa,
while in compression is 30 MPa. Also the output force of a resonant piezo actuator is linear with the mass
of the counterweight, which means that increasing the mass would become detrimental to the performance,
due to increased inertia of the system. One area where the piezo is better than voice coil or reluctance actua-
tors is its size. Piezo is the smallest actuator as it does not require the yoke structure, which in itself takes up
space.

Voice coil and reluctance actuators show similar performance parameters, however, the latter edges out
in force generation capability. To make a significant distinction between the performance of these two ac-
tuators, other parameters need to be examined. One of them is the mass of the mover. For the voice coil,
the mover can be either the coil assembly or the yoke assembly. When the mover is the coil assembly, the
wire connections introduce parasitic forces. When the mover is the yoke assembly, the mass increases signif-
icantly, but then the mover is only mechanically coupled to the actuated object. For the reluctance actuator
the mover can be configured to be a small part of ferromagnetic material or even the magnet itself, but what
is most important, it that the mover is not the coil. Therefore, the reluctance actuator can have a significantly
lower mover mass than that of the voice coil.

The electrical response time for both actuators is determined by the inductance of the coils, and here the
voice coil has the edge, as they tend to have a smaller amount of coils, because the coil volume influences
the required air gap size and thus, the reluctance. The reluctance actuator does not have this restriction,
therefore, it can have a much larger number of coils than the voice coil resulting in a larger time constant, but
improved force output.

Figure 3.7: Computed output force and motor constant for the selected actuator configurations with additional relevant parameter

The resonant piezo actuator configuration is the most compact of all considered actuators, however, the
low efficiency and an inherently limited force output make it a very unappealing choice. Therefore, the choice
between voice coil and reluctance actuators must be made. Even though the reluctance actuator may lack
advantage in electrical response when compared to the voice coil, the high force output to power ratio, and
low mover inertia make it the best choice, when considering that the designed device must fit into a very small
space. The required motion displacements are relatively small and the power used needs to be feasible. For
these reasons the reluctance actuator is chosen as the actuation method for both the LF and HF scanners.

3.4. Guiding mechanisms
The guiding of the scanner must be such, that a 1 DOF rotational motion is achieved, while having sufficient
support stiffness in the constrained DOF. The required angles of rotation are ±3 mrad and ±130.5 mrad for the
HF and LF scanner respectively. Due to the limited space allocated for each scanner, the guiding mechanism
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must be compact. Additionally, the guiding mechanism must be easy to manufacture in order to fit into the
low budget requirement.

3.4.1. Bearings
Rotational bearings have been around for centuries and are the backbone of technology. Many various types
of bearings exist: ball bearings, bushings, fluid bearing, magnetic bearings and others. They have high sup-
port stiffness and are of capable continuous rotation angles. However, they all suffer from having backlash
and friction, which may inhibit their performance in high precision devices. While air bearings and magnetic
bears suffer much less from friction, there are always some of these phenomena at play. Therefore, in a mech-
anism which utilizes bearings, it is conventional to use feedback to track the position of the mechanism, in
order to compensate for the mentioned phenomena.

Rotational bearings may not be an optimal solution as the guiding mechanism for the scanner mirrors,
because the rotation angle requirements are very small (±130 mrad). Also the current system does not sup-
port position tracking of the scanners, as it is operated in open loop. Therefore, additional resources would
have to be used to incorporate sensors and feedback electronics into a space and budget that is already lim-
ited.

3.4.2. Flexures
Flexure mechanisms utilize elastic deformation to guide the mover. Therefore when the flexure operates
within the elastic regime, it is not experiencing friction or play, which is highly desirable in a precision mech-
anism. The drawback to flexures is that they have a limited range, with a rough maximum value of a few dozen
degrees. Also, the support stiffness of the constrained DOF can be decreasing with the flexure rotation angle.
Fortunately, the requirement of scan angle falls into the suitable range for flexure guiding mechanisms.

Unlike bearings, flexure mechanisms are more often custom designed for mechanisms, than found as
a COTS product. A good general approach to discovering possible flexure design is to utilize the FACT [29]
methodology. One rotational DOF system is described by a freedom space and a constraint space as show-
cased in figure 3.8. The constrain space consists of at least two intersecting planes whose intersection gener-
ates the axis of rotation.

Figure 3.8: Freedom and constraint spaces for a 1 DOF rotational flexure described by FACT methodology [29]

An example of such a flexure would be a torsion beam with an X shaped cross section illustrated in the
left side of figure 3.9. The torsion beam is compliant in rotation, but stiff in other DOF. At first glance it may
look like a very simple design, however, manufacturing such a beam in dimensions of a few millimetres may
prove challenging and expensive. Additional surfaces also need to be manufactured on which a flat mirror
can be mounted.

A more manufacturable torsion beam that still is stiff in the constrained degrees of freedom is the U shape
torsion beam, showcased in the centre of figure 3.9. This beam could be made from a flat sheet of metal and
bent to form the required curvature. However, due to small dimensions of the beam the bending may be
complicated to do and require special tooling.

The most easily manufacturable is the flat torsion beam, showcased in the right side of figure 3.9. How-
ever, it must be noted that due to the requirement of at least two flat intersecting constraint planes defined
by the FACT methodology, this torsion beam becomes unconstrained. This can be counteracted by realizing
that the beam still has some stiffness in the unconstrained degrees of freedom. Therefore, the geometry of
the beam may be optimized so that the stiffness of the unconstrained DOF is sufficient. The flat torsion beam
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can be cut out from sheet metal with conventional methods like water jet, laser, electrochemical etching, wire
EDM and even stamped with a die.

Figure 3.9: Torsion beam concepts

Another version of a one DOF rotational guiding mechanism is the cross flexure. Several configurations
of the cross flexure are showcased in figure 3.10. As per the FACT methodology, the rotation axis of these
flexures is located at the intersection of the leaf flexures. However, due to the construction of the flexure the
point of rotation can be closer or farther from the rotating body. In a scanning application it is desired to
have the axis of rotation as close as possible to the mirror in order to not have a lateral displacement of the
beam on the mirror. The double symmetric cross spring pivot deals with this issue the best, as the axis of
rotation is the closest to the mover of all showcased cross flexure configurations. The cross flexure can be
designed to be assembled from sheet metal or manufactured as a monolith. Assembly is not favourable in
this project because the dimensions of the flexure would be only of a few millimetres, making it tedious and
time consuming. Manufacturing the cross flexure from a monolith could be done by a water jet cutter or by a
wire EDM. However, depending on the geometry, fine features may be problematic for a water jet. EDM does
not have problems with fine features, as it can reach accuracies of a few micrometers, however is a relatively
expensive machining process.

Figure 3.10: Cross flexure designs by JPE B.V. [7]

Very similar to the cross flexure is the notch flexure illustrated in figure 3.11. The flexure is usually manu-
factured by drilling/milling holes and sawing slots. It is limited to a range of 1° and is more often used to add
an additional DOF, than for a dynamic application. [34].

A very sophisticated rotational mechanism is the butterfly flexure, showcased in figure 3.11. It is capable
of achieving a maximum rotation of 15°, while keeping its centre of rotation stably positioned within microm-
eter accuracy [30]. It consists of 4 pairs of leaf flexures, therefore, is able to achieve such a high rotation angle.
The butterfly hinge is manufactured from a monolith by wire EDM. While it is an impressive mechanism in
general it consists of many features, therefore, miniaturising such a mechanism may prove to be very com-
plicated. Also, due to the many features in the butterfly hinge, the axis of rotation is a distance equal to half
height of the hinge away from the mover. Additionally, it has a relatively large footprint, which is undesired
where the space is already limited
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Figure 3.11: Left: Butterfly flexure[30]. Right: Notch flexure.

All the relevant properties of the discussed flexures are summarized in table 3.2. The especially restricting
requirements on available space and price of the scanner, limit the flexure design possibilities. To minimize
the foot print of the guiding mechanism, the torsion beam type flexures must be selected. Due to the very
complex manufacturing and integration of the X shaped torsion beam it will not be a financially feasible so-
lution. Then only options left are the U shaped and flat torsion beam models. The bending of the U shaped
beam may prove to be complicated to arrange for such tiny flexures at this low manufacturing volume. There-
fore, the risk of having a poorly constrained flexure must be taken by choosing the flat torsion beam.

Flexure model Manufacturability Foot print Support stiffness
X shaped torsion beam Very complex Small High
U shaped torsion beam Complex Small Medium

Flat torsion beam Simple Small 2 DOF unconstrained
Cross flexure Complex Big High

Notched flexure Simple Medium High
Butterfly flexure Very complex Big High

Table 3.2: Rotational DOF flexure comparison

3.5. Scanner concept feasibility
With the guiding mechanism and actuation method selected, the next challenge is to combine these elements
together to form a cohesive device. This is done in the following sections of chapter 4. In most of the situations
a damping coefficient of 5 % will be assumed, which is a typical value for metal structures with joints [8].

A preliminary evaluation of what could be achieved with this type of scanner can be made by approxi-
mating some values. For example, even though the inertia of the scanner is not yet determined, the moment
of inertia of the HF mirror can already be estimated by using formulas from appendix D. The rotational in-
ertia of the HF mirror around the axis of rotation going through the centre of mass is Imi r r or =0.26kgm2.
An assumption can be made, that the total scanner inertia would be ten times higher than the inertia of the
mirror 10Imi r r or ≈ IHF . The actuating force that was estimated in figure 3.7 can be assumed to be acting on
the edge facet of the mirror (figure 1.7). If the resonance frequency of the HF scanner would be the same
as operational, the resultant amplitude achieved, calculated by equation 3.1 would be θd yn = ± 6.1 mrad.
The estimate is the same order as the requirement, therefore, is a good sign that the real device should have
potential of achieving the requirements.
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4.1. Detailed design outline
The selected actuator type is the reluctance force actuator. It has the property of negative magnetic stiff-
ness. Therefore the output of the actuator is influenced by the rotation of the scanner, which influences the
required mechanical stiffness of the guiding mechanism. Depending on how the reluctance actuator is im-
plemented, the inertia of the scanner can vary drastically, which is especially important in order to determine
the required stiffness of the HF scanner. For these reasons the magnetic actuator must be designed first, then
the mechanical design can follow. The general design plan is outlined as:

• Determine the magnetic circuit configuration in order to find the configuration, which has the most
torque/current ratio.

• Determine the parameters of the magnetic circuit: gap sizes, magnet, coil.

• With the parameters of the actuator known, determine the required stiffness of the flexures.

• Determine the geometry of the flexures.

• Create a final assembly for the actuators.

4.2. Magnetic design
4.2.1. Magnetic circuit selection
To achieve a high torque to inertia ratio, the magnetic circuit needs to be configured optimally. Several mag-
netic circuits and their significant features are described in table 4.2. The output force of each configuration
is calculated by the method explained in appendix A. Scanner rotation for each configuration is considered
x =0 rad, and therefore, rotation is not considered a variable in this comparison.

Even though the scanner is a rotational mechanism, in this comparison, force is evaluated instead of
torque. The reason for this is that geometry affects the achievable torque. To have a more fundamental
comparison geometry is not considered apart from circuit parameters, such as air gap size, magnet size. The
air gap cross sections are considered to be equal to that of the magnet cross section, and yoke reluctance is
disregarded. The expression of the output force for each of the configuration is significantly different, so that
it is difficult to make a comparison between circuits without assigning numeric values to variables, therefore,
numeric values are assumed and are listed in table 4.1.

Bm lm Am gc Ic x g0 N
1.35 T 2 mm 4mm2 0.2 mm 0.25 A 0 rad 1 mm 600

Table 4.1: Magnetic circuit numeric values assumed for comparison of different circuits

Almost all of the configurations are similar in the manner, that the flux of the gaps is considered to be
perpendicular to the cross-section of the gap. Where this condition is applicable, the gap dimensions for all
of the configurations are considered the same.

28
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The only exception is configuration 4, where the flux crossing the magnets end faces is assumed to be two
directional and is separated into two components: normal and tangential. The normal components of the
flux are represented asφ5 andφ6, the tangential components are represented asφ2 andφ3. When a tangential
component of the flux is also present on an object, the force acting on that surface has a different expression
than described in equation A.16. Equations A.17 takes into account normal and tangential magnetic fields.
Flux air gaps RLU and RRU are considered to have the same reluctance values as other configurations. The
reluctances RLL and RRL, through which the tangential part of the flux passes, are assumed to be twice the
magnet reluctance each. This assumption is an approximate guess, as the only way to predict the reluctance
of these gaps is by doing FEA of the magnetic circuit. Figure 4.1 illustrates the assumed magnetic flux and
force directions. A detailed list of all the reluctance, MMF and force expressions of each circuit configuration
is listed in appendix C.

Figure 4.1: Assumed flux and force direction for the configuration 4 magnetic circuit

As indicated by table 4.2, all of the magnetic circuit configurations are able to achieve forces of the same
order of magnitude, therefore, other parameters that describe their performance need to be examined. Force
loop-wise the best configuration would be 3, as the total force that it outputs cancels each other and only a
net torque is present, which would be an ideal situation. However, such a configuration is rather complicated,
due to the need of having the yoke both below and above the mover. Also separate yoke pieces need to be
mounted on the flexure which increases the inertia. Due to the small space requirement, it would be very
difficult to implement such a configuration without having lots of flux losses, due to there being an inner and
an outer yoke. Therefore, this configuration is not chosen.

When comparing configurations 1 and 2, it becomes clear that more magnets do not mean better perfor-
mance, because the reluctance of the magnet is almost the same as vacuum. Therefore, configuration 2 can
be disregarded.

Configuration 5 has the problem that it utilizes only half of the available space with respect to the oscillat-
ing mirror. Cramping the magnetic yoke in a such a small space would result in high fringing flux losses. The
output force could be increased by making the design symmetrical with the same type of magnet yoke on the
left side of the flexure, but that would still not solve the problem of the yoke cramped into a very small space.
This is especially true, when considering the HF mirror, which has a size requirement of 7 x 6mm. Therefore,
this configuration is not chosen.

Configurations 1 and 4 show similar force output performance, however, configuration 4 is simpler, as
it only requires a single coil. Also, in configuration 4 the mover is the magnet, which would result in a low
inertia. Additionally, the yoke can be positioned from the bottom and from the sides of the magnet which
would utilize the available space better and reduce fringing. However, many of the assumptions about flux
direction and reluctance values for configuration 4 are not sound and are based on an approximate guess,
therefore, configurations 1 and 4 need to be simulated with FEA to check, what is the actual performance of
these configurations.
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Configuration Schematic
Output force

significant characteristics

1
F = 0.3N

Bi-directional actuation
Net vertical force

2
F = 0.159N

Bi-directional actuation
Net vertical force

3
F = 0.27N

Bi-directional actuation
Net zero force, only torque

4

F = 0.288N
Bi-directional actuation

Net vertical force
Lowest inertia design

5

Fact = 0.238 N
One directional actuation

Net vertical force
Net force at no current I = 0

Table 4.2: Magnetic circuit configuration
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4.2.2. Magnetic circuit FEA comparison
The FEA multi physics package COMSOL is used to validate the magnetic circuit configurations. Each of the
configurations is modelled in three dimension. To save computation time, each of the model is sliced in half
and a symmetry condition of magnetic insulation is used. The magnetic insulation condition states, that the
magnetic field is tangential to the symmetry plane. Because the model is symmetric, the force on the mover
in the X direction is equal to zero. For the same reason, torques around the Z and Y axes are also equal to
zero. The magnetic forces are computed on each mover of the respective configuration, by computing the
Maxwell stress tensor. The X axis passes through the centre of the torsion beam’s cross section. The torque on
the mover is calculated with respect to this axis. The COMSOL model is showcased figure 4.2. The Maxwell
stress tensor is sensitive to mesh size, therefore, a fine mesh is used for the surface of the mover.

Figure 4.2: COMSOL model of magnetic circuit configuration 1.

Same numerical values are assumed for the remnant flux density of the magnet, gap size, magnet size, cur-
rent, winding number, as also assumed in section 4.2.1. The geometry of the coils is selected arbitrarily. The
combined volume of the two coils of configuration 1 is equal to the volume of the single coil of configuration
4. However, the geometry of the coil does not influence the computed magnetic field in the yoke significantly,
as long the yoke is located inside of the coil. In COMSOL it is sufficient to input the current running through
the coil and the winding number of the coil, irrespective of what is the coil geometry. Therefore, by modelling
two coils with 300 windings for the first actuator configuration and a single coil with 600 windings for the
configuration 4, the total magneto motive force generated by the coils is equal in both configurations. This
makes the comparison of both configurations fair. Iron is selected as the material for the yoke with relative
permeability of µI R = 4000, however, this is only a preliminary choice for simulation purposes. A deeper
discussion on ferromagnetic material selection can be found in section 4.2.3. The computed magnetic field
plots of configurations 1 and 4 are displayed in figure 4.3. In table 4.3 the output forces and torques are listed
for each of the configuration.

Figure 4.3: Magnetic field density distributions of circuit configurations 1 and 4

The results show that the output torque of both configurations is the same order of magnitude. The torque
of configuration 1 is higher only by 6.5 %. The output force in the Y axis of configuration 4 is a magnitude
higher than configuration 1, which is to be expected, as the flux in the gap between magnet and the yoke of
configuration 4 is directed in the Y axis. The forces in the Z direction exhibit similar, but opposite situation,
which is also explained by the flux direction in the air gap of configuration 1. What is important to note, is that
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the mover of the configuration 1 experiences mainly vertical pulling forces, because flux in the air gaps has
primarily a vertical direction. If the gaps where to be reduced to increase the magnetic flux and consequently
the torque, it would mostly result in increased vertical force. For configuration 4 the air gaps are directed
in both the vertical and in the horizontal direction. Therefore, decreasing the gap sizes in this configuration
would result in increased vertical and horizontal forces, which makes this configuration more balanced and
not overloaded in a single direction.

Configuration Output torque [Nm] Output force Y axis [N] Output force Z axis [N]
t= 0.5 mm t = 1 mm t = 0.5 mm t = 1 mm t = 0.5 mm t = 1 mm

1 −1.429×10−3 −4.901×10−4 0.0199 0.0135 −1.092 −0.729
1+ 1.546×10−4 4.232×10−5 0.1226 0.0331 −0.1248 −0.0501
4 8.579×10−4 4.600×10−4 0.384 0.176 −0.0633 −0.0218

Table 4.3: Computed output forces and torques of circuit configurations 1, 1+ and 4 with respect to the air gap size t

Another important factor of the design is inertia of the mover. As it was discussed in chapter 3.2, it is
important to have the inertia of the the mover as low as possible to be able to achieve a high amplitude with
a given torque. To increase the output torque in configuration 1, the air gaps have to be positioned as far as
possible from the axis of rotation to a maximum moment arm. In order to increase the lever arm, the length
of the mover also has to be increased, which negatively impacts the inertia. Additionally, an increasing lever
arm at some point would start to negatively impact the performance, as inertia is proportional to the square
of the distance to the axis of rotation, whereas, the torque has a linear relationship with the distance. The
modelled configuration 1 has a mover length of 16 mm, which is practically the longest mover that could fit
in the available space of the HF scanner. This means, that there are no more opportunities to increase the
moment lever arm for this configuration. Another drawback of having a long lever arm is that it increases the
gap size between the yoke as the mover requires clearance. While this is not significant for the HF scanner due
to the small rotation angle, it is significant for the LF scanner. The currently modelled configuration already
requires a clearance of: sin(130.5mrad) ·8mm = 1.04mm. With a gap size of 1mm, the actuator is already at
the clearance limit which means that increasing actuator efficiency by decreasing the gap size is not possible.
When configuration 1 is compared to configuration 4 with respect to inertia, it is clear that configuration 4
has an advantage, as the mover is positioned very closely to the axis of rotation, but achieves almost the same
amount of torque, as configuration 1, while having an inertia that is 260 times lower.

A slight adjustment of the yoke layout in configuration 1 can improve on the mentioned drawbacks. Mak-
ing the mover size equal as the mover in configuration 4 and mimicking the yoke layout results in a more
balanced force distribution, and inertia same as configuration 4. These improvements do not change the
magnetic circuit. This configuration is named as configuration 1+ and is displayed in figure 4.4.

Figure 4.4: Configuration 1+ based model and computed magnetic field

Even though the configuration 1+ has an improved design, when compared to configuration 1, the output
torque is significantly lower than that of configuration 4. As a final effort in trying to compare the different
configurations, the gap sizes were reduced from 1mm to 0.5mm. The idea behind this reduction is that the
gap size influences each of the configuration differently. The computed values were listed in table 4.3. For
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configuration 1 and 1+, the torque output increased almost three times, whereas, for configuration 4, only
doubled. With a reduced gap size, the torque output for configuration 1 became larger than configuration
4, however configuration 1 would not be feasible with such a small gap size for the LF scanner, due to the
required clearance. However, configuration 1 still suffers from having a large inertia. Because configuration
1+ is not capable of delivering significantly larger output torque than configuration 4, it is concluded, that
configuration 4 is the most optimal and is used for the design of the scanners.

Because the analytical model of configuration 4 is not sound, as values for reluctance are approximate
guesses, it is more accurate to determine the actuator parameters only from FEA. Therefore, in the rest of this
thesis, FEA will be used to determine the optimal magnetic circuit parameters.

4.2.3. Magnetic material general properties
Magnetic materials are usually separated into two groups: magnetically hard and soft. Magnetically hard
materials retain a high magnetisation after they have been magnetised, and the opposite is true for soft ma-
terials. The material property that determines the materials resistance to being demagnetized is called mag-
netic coercivity Hc [6]. In a ferromagnetic material, the coercivity is the value of the applied magnetic field H
required to make the magnetic flux density in the material zero, after the material was driven to saturation.
Ferromagnetic yokes need have low coercivity, while permanent magnets need high coercivity.

Another important magnetic property is magnetic permeabilityµ, which is usually expressed with respect
to magnetic permeability of vacuum µ0 by use of relative magnetic permeability µr :

µ=µ0µR (4.1)

It is important to note, that the magnetic permeability of a material is dependant upon the magnetic field H
that is acting upon the material. When the material is fully magnetised, it reaches the saturation flux density
Bs and then the permeability of magnetised materials becomes equal to that of vacuum µ0. It is desired for a
good quality soft magnetic material to have high magnetic permeability and high saturation flux density Bs .

4.2.4. Magnetically soft materials
Table 4.4 showcases common magnetically soft materials:

Material
Max. relative

permeability µR
[
-
] Saturation flux

density Bs
[
T
] Coercivity Hc[

A/m
]

Mu-metal 60000 - 240000 [16] 0.75 80
Armco Pure Iron 2500 - 19000 [5] 2.1 200

AISI 420 450 [31] 1.4 820

AISI 430
950 - 1830 [31]
600 - 1100 [1]

1.5 380

AISI 430FR 960 [31] 1.5 270
IMRE 2000 1.6 200

UGIPERM 12FM 3000 1.7 125

Table 4.4: Magnetically soft materials

Data indicates that materials Armco Pure Iron and UGIPER 12FM have the best magnetic properties avail-
able. Unfortunately, the mentioned materials are complicated to obtain and optimize for small series man-
ufacturing. Therefore, a material that is widely available in the required form (sheet metal, round bar), but
still performs well, must be chosen. One such material is AISI430, as it is widely available worldwide and rel-
atively cheap. To ensure that optimal operation is still maintained with a lower quality material, AISI430 steel
is compared with Armco Pure Iron by computing the configuration 4 magnetic circuit in COMSOL with the
respective material and checking the difference in output torque. The lowest magnetic permeability value of
AISI430, and highest magnetic permeability value of ARMCO Pure Iron are taken to see what would be the
maximum difference in performance. The computation showed that output torque of ARMCO Pure Iron is
only 17.5% higher than with AISI430. It is decided, that such magnitude difference of output torque is not
significant enough to sacrifice manufacturability, therefore, AISI430 will be used as the yoke material. The
difference in magnetic field density can be observed in figure 4.5.
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Figure 4.5: Comparison of magnetic flux density of circuit configuration 4 with yoke material AISI430 and ARMCO, when the ait gap size
is t = 0.5mm and the magnet is a 2 mm cube.

4.2.5. Magnet selection

Magnet selection is firstly limited to COTS components, because at low volume production a custom mag-
net design would not be sustainable. Several magnet materials are available such as neodymium, ferrite,
samarium, alnico. As a COTS component, the most popular material is neodymium, which has the highest
energy density, can be manufactured in various different shapes and is reasonably priced. The main supplier
of neodymium magnets in Europe is Supermagnete. The shape and dimensions of the magnet determine the
magnet’s MMF and reluctance. It is important to realise that the magnet has a magnetic permeability same
as vacuum therefore a bigger magnet might not always result in better performance. The dimensions of the
magnet also determine the total inertia of the scanner, therefore, the ratio of the actuators torque with re-
spect to inertia needs to be kept as high as possible, as explained in chapter 3.2. A critical physical property
of a magnet is maximum operating temperature. For neodymium magnets this temperature is relatively low
when compared to alnico or samarium magnets. Table 4.5 showcases common neodymium magnet grades
and their magnetic properties.

Neodymium grade
Remnant magnetic

flux density [T]
Coercive field

strength [kA/m]
Max operational
temperature[◦C]

N45 1,32-1,37 10,8-12,5 ≤80
N48 1,37-1,42 10.8-12.5 ≤80
N50 1,40-1,46 10.8-12.5 ≤80
N52 1,42-1,47 10,8-12,5 ≤65
44H 1.32-1.36 10.8-13 ≤120

Table 4.5: Magnetic properties of common neodymium grades

It is important to note, that the maximum temperatures in table 4.5 are for are for "ideal" shape magnets.
Very flat or thin magnets can already experience demagnetization effects at lower temperatures. This temper-
ature is usually stated for each separate magnet model, however, it only is true when the magnet is not part
of a magnetic circuit. This can be best understood by investigating the B-H curve of the neodymium grades,
which are depicted in figure 4.6.
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Figure 4.6: Demagnetisation curves of neodymium grades N52 and 42H [3]

The normal B-H curves showcase, that the point at which the material starts to irreversibly demagnetize
depends not only on temperature, but on the demagnetizing field acting on the magnet. There are two peri-
ods when the scanner can experience significant temperatures: during transportation and during curing of
the glue, which bonds the magnet to the flexure. During transportation the temperatures are expected to be
below 55 ◦C. Similar temperatures can be reached during curing of high performance adhesives, as increased
temperatures are used to reduce the curing time from a few days to a few hours. To be able to sustain such
temperatures without demagnetization the grade H neodymium magnets must be used. When the grade of
the magnet is determined, the commercially available magnet range narrows down significantly. Because it
is desired to have the same magnetic circuit with the same components for both LF and HF scanners, the
magnet size has to be such, that it would be suitable for both actuators. Therefore, a critical dimension lim-
iting the magnet size is scanner mirror width. The width of the mirrors for HF and LF mirrors are 7mm and
4mm, therefore, the value of 7mm is taken as the maximum value for magnet length. Table 4.6 depicts H
grade magnets which are of relevant size:

Magnet model Dimensions [mm]
Q-05-2.5-1.5-HN 5 x 2.5 x 1.5
Q-05-2.5-02-HN 5 x 2.5 x 2
Q-05-05-01-HN 5 x 5 x 1
Q-06-04-02-HN 6 x 4 x 2
Q-06-05-02-HN 6 x 5 x 2

Table 4.6: Available 44H grade magnets of relevant dimensions of Supermagnete

It is important to have a high ratio of torque to inertia, as explained in section 3.2. Therefore, this ratio
is the main criteria when selecting a specific magnet. However, from a magnetic circuit design point of view,
the output torque is also dependant on air gap size, therefore, the torque-inertia ratio needs to be evaluated
with respect to the gap size. The inertia of the magnet is estimated by assuming flexure thickness of 0.5 mm.
The torque of each magnet is evaluated at different air gap sizes, and then the torque to inertia ratio is esti-
mated. The magnetic circuit parameters are assumed the same, as in section 4.2.1. The computed results are
illustrated in figure 4.7.

The plot shows that the smallest available magnets have the largest torque/inertia ratio. At a small air gap
size, the ratio becomes almost equal for magnets 1.5x2x5 and 2x2.5x5, but with a larger air gap the ratio of
the later magnet becomes slightly higher. Because the ratio is relatively similar of both magnets, it is more
favourable to choose the bigger magnet, as with a larger inertia it is easier to design the flexure, because the
required stiffness will also be higher, making the dimensions of the flexure larger and more easily manufac-
turable. Therefore, magnet 2x2.5x5 is selected and is used for both scanner configurations.
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Figure 4.7: 44H grade magnet torque/inertia ratio comparison with respect to the air gap size

With the magnets selected, the only variable that needs to be known in order to determine the rotational
inertia of the scanner, is the flexure thickness. For further study, it is necessary to have approximate values for
inertia. Therefore, the HF and LF scanner inertia with respect to flexure thickness is estimated and displayed
in figure 4.8. The estimation is based on inertia formulation of appendix D. The inertia of the torsion beam
is disregarded, as it is in close proximity to the axis of rotation and therefore does not significantly contribute
to the total inertia of the scanner. The considered geometry for the estimation of inertia is showcased in the
right side of figure 4.8.

Figure 4.8: HF and LF scanner mover inertia with respect to flexure thickness

4.2.6. Side air gaps and cross section sizing

It can be observed from figure 4.7, that a smaller air gap can lead to better performance, due to an increased
output torque. The main limitation on how small the side air gap can be, is the required clearance. Clearance
is determined by the maximum rotation angle, the height of the magnet, and the thickness of the flexure.
Because the thickness of the flexure is still unknown, it is assumed that it is equal to 0.5 mm. The required
clearance for each of the configurations is showcased in figure 4.9.
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Figure 4.9: Magnet clearance values for HF and LF scanner

Another important factor that can limit performance, is thin air gap damping or otherwise known as
squeeze film damping. It is very important for the HF scanner to have a high resonance quality factor, there-
fore, not accounting for squeeze film damping may limit scanner performance. A simple method of calculat-
ing the damping of a torsional mover is described by equations [35]:

Gm,n = π6(mn)2

760R0
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w
)
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Gm,n + jωCm,n
cd = Re(Zt ) (4.3)

where:
Zt = mechanical impedance [Nm · rad/s]
cd = damping [Nm · rad/s]
h = the gap height [m]
l = rotating body length [m]
w = rotating body width [m]
ω = oscillation frequency [rad/s]
η = dynamic viscosity [Pa · s]
P A = static pressure (ambient) [Pa]
Qpr = relative flow rate coefficient [-]

There are two sources of potentially high damping in the scanner: gap between the mirror and the yoke
and the gap between the flexure and the yoke. Both of the damping sources are visualized on the left side
of figure 4.10. Both of theses sources need to be evaluated, however, it is difficult to do so accurately, as
the analytical expression is suited for a simple configuration, as showcased on the left side of figure 4.10.
The damping source 1 dimension w1 is selected to be same as of the HF mirror width w1 = 7mm (figure
1.7). The l1 dimension is not selected to be the same as the HF scanner length due to the magnet taking up
space, thus, reducing the surface of damping source 1. Therefore, the l1 dimension is reduced to l1 = 4mm.
The damping source 2 dimension w2 is selected to be same as the magnet width w2 = 5mm. Because the
surfaces of damping source 2 are not on the same plane, it is difficult to select an appropriate dimension l2.
However, due to the symmetry of both surfaces with respect to the axis of rotation, a fair assumption would be
l2 = 5mm, which is double the magnet size. To evaluate the effect of the damping by means of damping ratio,
values of inertia and stiffness of the scanner need to be assumed. Flexure thickness is assumed to be 0.5 mm,
therefore, IHF = 1.35×10−9 kg ·m2. Flexure stiffness is assumed to be kHF = 1.15Nm/rad, so that the resultant
resonance frequency is 4650Hz. Actuator torque values at different gap sizes were estimated in section 4.2.5.
Since the torque was estimated assuming an input current of 0.25 A, the torque is reduced proportionally to
correlate to a 40 mA input, which can be provided by the electronics. With such assumptions the required
damping ratio can be estimated from equation 3.1. The damping values are computed by varying the air gap
size and are displayed in figure 4.11.
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Figure 4.10: Left: Scanner yoke geometry with visualised sources of damping. Right: Topology of a torsional squeeze-film damper[35]

At a gap size of 0.5 mm the summed damping ratio becomes higher than the required ratio. However, there
is quite some uncertainty in the estimated values of the resultant configuration due to the difference between
the actual geometry and the analytical model. A more accurate estimation could be reached by using FEM
analysis or by conducting practical experiments. Due to limited project time, an approach of manufacturing
several models with different gap sizes is chosen. To limit the amount of variables, the gap 1 of damping
source 1 is chosen to be g1 = 0.6mm. Gap 1 does not influence the magnetic performance and at this gap
size figure 4.11 shows, that the summed damping suld not reach the required ratio value. Also at g1 = 0.6mm
there is enough clearance for both the LF and HF scanner mirrors. Gap 2 is selected to be tested at values
of: g2 = 0.5mm;0.75mm,1mm. However, optimizing the design for each gap size is a very demanding task.
Therefore, the gap size g2 = 0.75mm is selected as the middle value for which other parameters of the design
will be based upon.

Additionally, the cross section size of the yoke is selected to be equal to the magnet cross section, in order
to avoid saturation of the yoke. The final check, on whether the yoke is not saturated, is conducted in section
4.7.

Figure 4.11: Damping ratio of both damping sources evalated for the HF scanner versus the gap distance

4.2.7. Coil yoke gap sizing
It is uncertain, how much influence the air gap between the yoke of coil has on the damping, because the
motion of the magnet surface centre is tangent to the surface itself. Therefore the damping phenomena in
this air gap is not equivalent to the situation described in figure 4.10. Therefore, there could be an opportunity
to decrease the gap size to improve performance of the scanner. Figure 4.12 showcases the change in torque
and force values with respect to the different yoke air gap size values. It can be seen, that the maximum
output torque is quite sensitive to the position of the yoke. In addition, the vertical pulling force acting on the
magnet increases with decreasing gap size. Depending on how stiff the flexure is, the vertical load acting on
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the magnet can cause the flexure to be tensioned and thus, influences it’s performance. Due to uncertainty of
the effect of damping and the vertical force, it is decided to build a prototype in which the coil air gap can be
varied to investigate the performance practically. However, similarly as in section 4.2.6 it would be difficult to
make an optimal design for various yoke gap positions. To stay conservative, it is selected to design for coil
gap size of gc = 0.75mm.

Figure 4.12: Computed torques and forces acting on the scanner with a side gap of 1mm and a current of 250mA

4.2.8. Coil design
To keep the cost of HF and LF scanners low, it is desired to have the same coil for both actuators. The coils
must have a high magneto motive force to be able to actuate the magnet. The magneto motive force is de-
termined by the current running through the coil and the winding number. The maximum current running
though the coil is limited by two factors: the maximum current that the driving electronics can generate
and the maximum current density that the wire is able to withstand without experiencing significant ther-
mal heating. Various sources indicate different current density values, at which, no thermal issues occur
[12] [28]. The maximum allowable current density in a wire depends on how the wire is packaged, whether
it is wounded in a coil or hanging in the air. Usually, values between 1A/mm2 and 10A/mm2 are regarded
as the limits below which, no thermal heating problems occur. Because maximum currents generated by
the EasyScan electronics are known (section 1.3), the limiting wire diameters can be determined based on
available wire gauges:

AWG Diameter, [mm] Cross section, [mm2]
Current density

at 40mA[A/mm2]
Current density

at 250mA[A/mm2]
32 0,20 0,032 1,25 7,80
33 0,18 0,025 1,57 9,82
34 0,16 0,020 1,99 12,43
35 0,14 0,016 2,49 15,57
36 0,13 0,013 3,16 19,74

Table 4.7: Current density of various wire gauges

34 gauge wire is selected, even though it exceeds the current density limit of 10A/mm2 at 250 mA of cur-
rent. It will be demonstrated in section 4.3, that the scanner actually does not reach this current value. Next,
the winding number needs to be determined. The winding number influences the inductance of the scanner
and is proportional to the square of the winding number. The influence of inductance is slightly different for
the HF and LF scanner due to the electronics used. As figure 1.8 indicates, the HF scanner is connected to
a capacitor. Because the scanner itself is a resistor and an inductor, the series circuit combination of these
three elements creates a resonance circuit. The resonance peak can be adjusted by modifying the capacitance
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without changing the inductance, therefore, the impedance at the operating frequency can be optimized. As
a result, inductance is not a significant factor for the HF scanner.

For the LF scanner the combination of the coil resistance and inductance create a low pas filter. Therefore,
if the inductance becomes significantly large, the coil will not be able to produce rapid changes of the current,
which are required in an open loop system. Because the magneto motive force increases the output torque
of the scanner and inductance reduces the dynamic response, the challenge of design becomes to maximize
the winding number, without having a significant negative effect on the dynamic response.

The winding number is also limited by the available space in the scanner. Therefore, it takes a few it-
erations before the dimensions of the coil can be determined. With a few tries, it seems that a maximum
number of windings, that can still fit to the required space is 500. With the winding number selected, the dy-
namic electrical behaviour of the coil can be investigated. According to Faraday’s law, a voltage, proportional
to the rate of change of the magnetic field, is induced in a coil [25]:

U =−N
dφ

d t
=−dλ(x, I )

d t
(4.4)

where
x = rotation angle [rad]
I = current [A]
U = induced voltage [s]
λ = flux linkage [Wb turns]
t = time [s]
φ = magnetic flux running through the coil [Wb]
N = coil winding number [-]

Because the flux linkage depends on the current and on the position of the mover, the induced voltage is
expressed as:

U =−
(
∂λ

∂I

d I

d t
+ ∂λ

d x

∂x

d t

)
(4.5)

The term ∂λ
∂I represents the inductance, whereas the term d I

d t represents the rate of change of the current.

The term ∂λ
∂x represent the EMF coefficient, whereas the term d x

d t represents the angular velocity. The values
of the flux linkage at different rotation and current settings can be computed from the FEA model. The flux
linkage distribution visually seems linear, as showcased in figure 4.13.

Figure 4.13: Flux linkage distribution with respect to excitation current and to mover rotation.

Therefore, a surface can be easily fitted through the selected data. A second order polynomial fit was used
and the computed coefficients are displayed in table 4.8.
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Polynomial λ(x, I ) = p00 +p10x +p01I +p20x2 +p11xI +p02I 2

Coefficients
p00

−3.716×10−7
p10

3.365×10−3
p01

4.89×10−3
p20

−9.198×10−4
p11

−3.716×10−7
p02

−2.609×10−7

Table 4.8: Polynomial fit values for the flux linkage distribution

Taking the partial derivative ∂λ
∂i yields:

L = ∂λ

∂i
= p01 +p11x +2p02I ≈ 4.89×10−3 mH (4.6)

Terms p11 and p02 do not contribute significantly to the inductance, which means that the inductance of
the coil is independent of the current I and rotation x. Taking the partial derivative ∂λ

∂x yields:

kω = ∂λ

∂x
= p10 +p11I +2p20x ≈ p10 +2p20x (4.7)

Because, the contribution of p11 is insignificant, the angular velocity coefficient is only dependant upon
the position of the mover. With the inductance of the coil and the EMF coefficient of the device known, it is
possible to model the electrical dynamics of the actuator. Modelling of the LF and HF scanner dynamics is
conducted in sections 4.3 and 4.4.

In addition, an important parameter of a coil is the time constant, which is described by equation 3.3.
The time constant of the designed coil is τcoi l = 0.45ms. This is the time required for the output to reach
63.2 % of the input, when a step signal was applied. After a time period equal to 5 time constants, the output
achieves 99.3 % of the input value, and in some literature is assumed as the value at which the output reached
a steady state. The 5τ time parameter can help characterise the system response frequency. For the designed
coil, the frequency at which the coil can still output the full input signal is f5τ =444.9 Hz. This characteristic
is important for the LF scanner, where fast changes in voltage may be required. The LF scanner dynamics are
discussed in section 4.3. The designed coil parameters are listed in table 4.9.

Wire diameter dw 0.15 mm
Winding number N 500

Inductance L 4.9 mH
Resistance R 10.9Ω

EMF constant kω 3.365−x ·1.940 mV s/rad
Electrical time constant τ 0.45 ms

Table 4.9: Current density of various wire gauges

4.2.9. Torque constant and magnetic stiffness

Because, characteristics of the air gap sizes, the coil, and the magnet are known, the torque output of the
scanner can be determined. This is done by computing the output torque at different rotation and input
current settings. The rotation is varied between values of 0 and 130mrad. The excitation current is varied
from −250mA to 250mA. The computed torque plot is displayed in figure 4.14:
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Figure 4.14: Actuator torque distribution with respect to actuation current and rotation angle

At first glance, the torque distribution seems relatively flat. However, upon closer inspection it can be
seen that it the distribution is slightly curved. Furthermore, fluctuations can be noticed between neighbour-
ing torque values. This is because the Maxwell stress tensor is very sensitive to mesh size, which leads to
computation errors. A finer mesh would be required to minimize the errors and make the plot smooth. How-
ever, with the showcased accuracy it already took 13 hours to compute the torque values. Therefore, it was
decided that the resultant accuracy is sufficient.

The computed distribution can be approximated by a polynomial, to develop a mathematical expression
of the output torque, which can then be used to model the dynamics of the actuator. Due to the maximum
and minimum torque values residing on the plot locations, which are curved in the opposite directions, it
was decided to use a third order polynomial, to approximate the actuator torque. The computed polynomial
coefficients are displayed in figure 4.10.

Polynomial T (x, I ) = p00 +p10I +p01x +p20I 2 +p11xI +p02x2 +p30I 3 +p21I 2x +p12I x2 +p03x3

Coefficients
p00

−1.1×10−6
p10

6.679×10−3
p01

1.039×10−2
p20

−3.155×10−6
p11

−2.803×10−18

p02

1.041×10−4
p30

−1.357×10−4
p21

−1.538×10−5
p12

−2.996×10−2
p03

3.743×10−2

Table 4.10: Polynomial approximation of the actuation torque with respect to rotation and current

Taking the partial derivative of the torque distribution with respect to current ∂T (x,I )
∂I , yields the actuator

constant. Taking the partial derivative of the torque distribution with respect to rotation ∂T (x,I )
∂x , yields the

magnetic stiffness of the actuator. Actuator constant and magnetic stiffness distributions are displayed in
figure 4.15.
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Figure 4.15: Left: Actuator constant distribution with respect to current and rotation. Right: Negative magnetic stiffness distribution
with respect to current and rotation.

Both distributions are non linear with respect to current and rotation. The actuator constant can be con-
sidered linear with respect to current, as it varies only by 0.1 %. However, with respect to rotation the actuator
constant varies up to 8.6 %.

The magnetic stiffness is non linear with respect to rotation and current. The stiffness values vary up to
37.2 % at the boundaries of the computed variable field. With the magnetic stiffness and actuator constant
determined, the required mechanical stiffness of each scanner can be determined.

4.2.10. Magnetic forces
The magnetic forces acting on the magnet are illustrated in figure 4.16. Similarly to section 4.2.9, fluctuations
can be noticed between neighbouring data points, which is a result of the Maxwell stress tensor sensitivity to
mesh size. However, due to high computational costs it was decided that the accuracy of the data is sufficient.

The lateral (Y axis) magnetic force plot resembles the magnetic torque distribution, because the lateral
force is the main contributor to the total torque acting on the scanner. Additionally, the vertical force (Z axis)
plot illustrates that there is almost no vertical force change at a rotation of 0 mrad, when the input current is
varied from 0 mA to 250 mA, as the change in force is only 0.03 %. Therefore, the force in the Z direction can
be considered static during the operation of the HF scanner because it rotates only by 3 mrad.

Figure 4.16: Distribution of the magnetic forces acting on the magnet

4.3. LF flexure stiffness and scanner dynamics
In section 1.8 it was discussed that the currently used scan motion for the LF scanner is sawtooth. Theoreti-
cally, the scan motion could also be triangular, which requires less torque to actuate, as the image is scanned
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both on the front and the back stroke of the scanner. However, scanning systems are not always capable to
execute equivalent front and back scans. To take the worst case scenario into account, the scan motion of
sawtooth is considered as the target scan motion for the LF scanner.

A preliminary estimation of the scan profile which has two distinct angular acceleration α phases is con-
sidered:

• Constant scan speed during front scan.

• Rapid deceleration and acceleration to return towards start position during back scan. The trajectory
of this part is derived from a 5th order polynomial. The 5th order trajectory is selected because it has a
smooth acceleration profile. A smooth acceleration is important to have, as it will results in a smooth
input voltage, therefore, the induced voltage from the coil will be reduced. In addition, due to the
smooth motion, smaller vibrations will be excited in the system.

The resultant scan motion is displayed in figure 4.17. The scan motion considered has a P-P rotation angle
of 226.4 rad, but is offset to reach the angle of 130.5 rad. This is done in order to assess the maximum setting
required, to actuate the scanner towards the amplitude limit, where the most amount of torque is needed.

Figure 4.17: Desired LF scanner trajectory, velocity and acceleration plots

If the LF scanner had zero stiffness, then the applied torque TI would have the same distribution as the
angular acceleration showcased in figure 4.17. Because the scanner is mounted on a flexure, it will not have
zero stiffness and additional torque will be needed to offset the spring and damping forces in order to achieve
the desired trajectory. As an initial evaluation, no magnetic stiffness is assumed to be acting on the scanner.
Then the required torque is:

I θ̈+bθ̇+kLFθ = T = TI +Tk +Tc Tk = kLFθ Tc = bθ̇ (4.8)

where
TI =actuator torque if the LF scanner had zero stiffness [Nm]
Tk =actuator torque required to offset the spring force [Nm]
Tc =actuator torque required to offset the damper force [Nm]
b = damping coefficient [Nms/rad]
kLF = LF flexure stiffness [Nm/rad]
θ̈ =angular acceleration [rad/s2]
θ̇ =angular velocity [rad/s]
θ = rotation angle [rad]

Because the desired rotation angle and angular velocity at each time instance is known, the required
torque Tk and Tc can be determined. Assuming the LF scanner inertia of ILF = 1×10−9 kgm2, spring stiffness
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of kLF = 1.42×10−2 Nm/rad (which is the maximum magnetic stiffness), a damping ratio of ζ = 5%, results
in a resonance frequency of 600 Hz of the flexure. The required torque is depicted in figure 4.18. Because the
scanner inertia is relatively small, almost all of the torque is used for offsetting the spring torque, the torque
plot in figure 4.18 and the angular position in figure 4.17 have the same form.

However, due to the physical phenomena of the reluctance actuator, there is also a negative magnetic
stiffness present. The electrical dynamics of the coil also play a role, because as there is an induced voltage
due to the change of current and to the motion of the magnetic mover, as described in equation 4.5. Therefore,
all of these factors need to be taken into account, in order to determine optimal flexure stiffness kLF and the
required torque. Moreover, it is even more important to know the required input signal of the electronics to
determine whether they are capable of driving the load.

Figure 4.18: Torque required to actuate the LF scanner in sawtooth motion. The total torque and spring torque are showcased separately

Due to the non-linear behaviour of the magnetic stiffness and the output torque, it is difficult to estimate
scanner behaviour. Linearising the behaviour may not be optimal, as the magnetic stiffness varies up to
37.2 % in the working range of the scanner. To simplify the design process, Simscape is used to model the
system. The LF scanner, modelled as a 1 DOF system, is displayed in figure 4.19.

Figure 4.19: LF scanner modelled with Simscape

The electric and mechanical behaviour of the LF scanner is modelled. The electric circuitry is based on
currently used EasyScan electronics, illustrated in 1.9. The input voltage is feed to the electric circuit, where
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a current is generated. The current is then feed to the "Actuator torque" block, which is the polynomial form
of the torque function T (x, I ), which was defined is section 4.2.9. Based on the scanner’s position x and the
input current I , the actuator outputs an according torque. The "EMF voltage" block outputs an induced
voltage in the coil, based on scanner speed and position, as described by equations 4.13 and 4.7. The induced
voltage, due to the change of current in the electric circuit, is inherently modelled in the "L scanner coil"
block, which only requires to specify the inductance of the coil. The "Predicted motion" block estimates the
required torque based on flexure stiffness kLF , inertia ILF , damping ratio ζ, and the desired trajectory. The
predicted current is feed to the "Inverse torque relation" block, which calculates the current, based on torque
and position. The "Inverse torque relation" block takes the torque function T (x, I ) and solves for the current
I . Because the desired velocity at any point in time of the scanner is known, an additional voltage can be
generated to counter the voltage induced due to the motion of the scanner. The current at any point in time
is also predicted, therefore, an additional input voltage can be generated, to offset the voltage induced by the
coil due to induction.

The electric parameters of coil resistance R, inductance L, EMF constant kω, have already been deter-
mined in section 4.2.8, thus, the performance of the scanner can be evaluated. Similarly as before, values
of kLF = 1.42×10−2 Nm/rad, ζ = 5%, ILF = 1×10−9 kgm2 are assumed. The resultant input voltage plot is
showcased in figure 4.20.

Figure 4.20: Voltage input of the LF scanner when ILF = 1×10−9 kgm2, ζ= 5%, kLF = 1.42×10−2 Nm/rad, R = 10.9Ω

The plot shows that the a maximum voltage of 3.3 V is needed, which is below the 5 V limit of the currently
used electronics. However, the stiffness of the flexure in this configuration is equal to that of the maximum
magnetic stiffness. As a result, the scanner becomes marginally stable at the edges of the scan amplitude.
To increase reliability of the scanner, the stiffness of the flexure must be increased. Therefore, it is selected,
that the stiffness of the flexure must be 20 % higher, which results in a stiffness of kLF =1.70×10−2 Nm/rad.
The required voltage to to reach the maximum amplitude is displayed in figure 4.21. The maximum voltage
increases to 4.07 V, which is feasible by the electronics.

Figure 4.21: Voltage input of the LF scanner when ILF = 1×10−9 kgm2, ζ= 5%, kLF = 1.70×10−2 Nm/rad, R = 10.9Ω

The scan profile of the system, with flexure stiffness kLF =1.70×10−2 Nm/rad, is showcased in figure 4.22.
The LF scanner is actuated from the neutral position, therefore, vibrations are excited. However, they die out
on the first scan and the mover reaches it’s steady state response. It is clear that the resultant trajectory is
the same as the desired trajectory, illustrated in figure 4.17. However, a closer inspection is needed to see the
differences. The way to do that is to compare the velocity profile of the predicted trajectory with the actual
trajectory. This is done, by subtracting the actual scanner velocity profile from the predicted profile and is
illustrated in figure 4.22.
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Figure 4.22: Angular position, velocity and acceleration of the LF scanner actuated from a stationary position when
ILF = 1×10−9 kgm2, ζ= 5%, kLF = 1.70×10−2 Nm/rad, R = 10.9Ω

The results show that there is a difference in velocity profiles, which are most noticeable during the back
scan trajectory portion. However, the differences in velocity in the back scan portion of the trajectory are not
as important as differences in the front scan. When the mover is at the start position of the front scan, there is
still a difference in velocity, that is 3 orders of magnitude smaller than the required velocity. Therefore, it can
be considered that the scanner is able to achieve the required trajectory.

Figure 4.23: Plot of the resultant LF scanner angular velocity vs predicted velocity when ILF = 1×10−9 kgm2, ζ= 5%,
kLF = 1.70×10−2 Nm/rad, R = 10.9Ω

The required current to drive the LF scanner is displayed in figure 4.24. The maximum current reaches the
value of 129.9 mA, which equates to 6.49A/mm2 of current density. However, of interest is the RMS current,
which is measured to be 69.5 mA, equating to 3.49A/mm2 of current density. This is bellow the 10A/mm2

limit mentioned in section 4.2.8. As a result, the LF scanner should not experience thermal issues.

Figure 4.24: LF scanner current when ILF = 1×10−9 kgm2, ζ= 5%, kLF = 1.70×10−2 Nm/rad, R = 10.9Ω
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Finally, it is important to note that the derivation of the required current and voltage are rooted, by know-
ing the actual values of inertia, stiffness, damping and the magnetic properties of the system. In reality, the
mentioned parameters will not be equal to the theoretical ones. Therefore, the problem of predicting the real
input shape will occur. This problem can be solved similarly in the way that the current EasyScan software
solves it, by generating different input signal shapes until an input signal that makes the scan speed constant
is found.

However, the signal shape may not be equal to estimated in figure 4.22 and fast changes, such as displayed
in figure 1.9, may be required. If the changes are faster than the five time constant frequency of f5τ =444.9 Hz,
then the coil will not be able to follow the signal. In that case, some redesign will have to be done to decrease
the coil time constant. A simple way to do that would be to add a series resistance to the coil. This will increase
the total resistance and reduce the time constant, but due to the increased total resistance, a larger input
voltage will be needed to generate the required current. A second option would be to decrease the winding
number of the coil, to decrease the inductance. In order to still generate the same amount of MMF, the driving
current would have to be increased, resulting in increased requirements for the driving electronics.

4.4. HF flexure stiffness and scanner dynamics
The required flexure stiffness of the HF scanner depends on the magnetic stiffness. The magnetic stiffness
varies only by 0.2 % in the operational range of the rotation angle and current. Therefore, the magnetic stiff-
ness can be considered to be linear for the HF scanner, with a stiffness value of kmag =1.039×10−2 Nm/rad.
Because the HF scanner needs to operate at it’s resonance frequency, the derivation of the required flexure
stiffness is simple. Considering the scanner a single degree of freedom system, the equation of motion is
described as:

I θ̈+bθ̇+ (
kHF −kmag

)
θ = I θ̈+bθ̇+ktotθ = T (t ) (4.9)

where:
θ = scanner rotation [rad]
b = angular damping [Nm · s/rad]
kHF = flexure stiffness [Nm/rad]
kmag = magnetic stiffness [Nm/rad]
ktot = total stiffness[Nm/rad]
Tt = actuation torque [Nm]

The relation between the total flexure stiffness and the resonance frequency is:

ktot =ω2
HF IHF

√
1−ζ2 (4.10)

The inertia term IHF is dependant upon the flexure thickness, as showcased in figure 4.8. Assuming
the flexure thickness as 0.5 mm and a 5 % damping coefficient the resultant total flexure stiffness is ktot =
1.152Nm/rad. Adding the magnetic stiffness kmag , the real flexure stiffness equals to kHF = 1.162Nm/rad,
which is only 0.8 % different from the total stiffness ktot . The resonance frequency is proportional to the
square root of the stiffness, therefore the required flexure resonance frequency would increase only by 0.4 %
to 4670 Hz. The stiffness kHF = 1.162Nm/rad and resonance frequency f f lex = 4670Hz are assumed as the
designed targets for the HF flexure.

The total system is modelled in Simscape, to determine the electrical and mechanical behaviour of the
system. In this model the inertia of the scanner is assumed to be IHF = 1.09×10−9 kgm2, which is the value
when the flexure thickness is 0.3 mm. The Simscape model is displayed in figure 4.25.
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Figure 4.25: Simscape model of the HF scanner

The driving electronics supply a 10 V P-P signal. The resultant scanner rotation angle is illustrated in fig-
ure 4.26. The plot shows that the scanner achieves a max rotation of 3.17 mrad, which would mean that the
scanner achieves the required amplitude. However, it is important to note, that the stiffness of the flexure is
set to a value, so that the resonance frequency of the flexure would be 4670 Hz. It is likely that the real reso-
nance frequency of the flexure will not exactly equal to the required value, therefore, the maximum rotation
of the scanner may not be the same.

Figure 4.26: The rotation angle of the HF scanner when IHF = 1.09×10−9 kgm2, ζ= 5%, fHF = 4670Hz, R = 10.9Ω

The current driving the load is showcased in figure 4.27. The maximum current is 55 mA which is larger
than the maximum current supplied by the electronics. However, the RMS current is only 32 mA, therefore,
the currently used electronics will be able to drive the load.

Figure 4.27: Current of the HF scanner when IHF = 1.09×10−9 kgm2, ζ= 5%, fHF = 4670Hz, R = 10.9Ω

An interesting thing to note is that EMF voltage generated due to the motion of the HF scanner has a
maximum value of 0.3 V. The plot of the generated EMF voltage is depicted in figure 4.28.
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Figure 4.28: Generated EMF voltage of the HF scanner when IHF = 1.09×10−9 kgm2, ζ= 5%, fHF = 4670Hz, R = 10.9Ω

Finally, because the HF scanner dynamics can be linearised, the bode plot of the system can be generated
to gain more insight of the system. The bode, plot of the scanner is showcased in figure 4.29. The plot shows
two peaks. The peak at 720 Hz corresponds to the resonance frequency of the RLC circuit. The second peak
at 4670 Hz corresponds to the resonance frequency of the HF scanner. The resonance frequency of the RLC
circuit can be manipulated by changing the capacitance. Therefore, if additional magnitude was required,
the RLC and the flexure frequencies could be matched. However, that would result with increased current
running through the coil, which the electronics have to be able to supply.

Figure 4.29: Bode plot of the HF scanner, when the input is the voltage, and the output is the rotation angle.

4.5. Mechanical design
4.5.1. Flexure material selection
The main desired mechanical property for the material is high yield stress, which ensures that deformations
can be sustained for many operation cycles. Materials for the flexure of the scanner are fairly limited. This is
because the expected thickness of the sheet metal used is between 0.05 mm to 1 mm. Due to such thickness,
there are only two materials that are relatively affordable and easily obtainable: stainless steel AISI301 and
titanium grade 5. The relevant material properties are displayed in table 4.11. During the design process both
materials are taken into consideration as a design variable to see which material is the most suitable for a
specific flexure.

Material
Yield stress[

MPa
] Young modulus[

GPa
] Shear modulus[

GPa
] Density[

kg/m3
] Available thickness[

mm
]

AISI301 965 193 75 7780
0.025; 0.04; 0.10; 0.15; 0.20;

0.25; 0.30; 0.40; 0.45 0.50
0.60; 0.70; 0.80; 0.90; 1.00

Titanium grade 5 828 114 44 4420 0.15; 0.20; 0.25; 0.30; 0.40

Table 4.11: Most suitable available flexure materials
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4.5.2. Machinability considerations
A good design of the flexure cannot be achieved without taking into account machinability factors. Because
the flexure can be made out of sheet metal there are several methods on how to manufacture it: laser cut-
ting, water jet, photochemical etching, stamping. Stamping is not suitable due to low yearly manufacturing
volume. Laser cutting induces thermal stress on the cutting edge, which can lead to premature failure and
drift in flexure stiffness. Photochemical etching is an appealing approach because it has a high accuracy, does
not induce stress and is even capable of fabricating 3D features. A water jet does not have the drawback of
inducing thermal stress on the cutting edge as a laser, therefore, it is a highly appealing option.

From the mentioned technologies, photochemical etching and water jet cutting seem like the most ad-
vantageous. At first glance, it may seem that photochemical etching would offer higher accuracy. However, a
quote from a photochemical etching supplier for a preliminary titanium flexure design stated that they can
offer only +/- 0.050 mm position tolerance. A microjet cutter can offer the same tolerance without initial
photo tooling costs [14]. Therefore, microjet water cutting was selected as the flexure manufacturing tech-
nology.

An important point to keep in mind when designing a flexure cut from sheet metal is to keep the dimen-
sion of the torsion beam as large and as possible. Design where the width is much smaller than the length of
the torsion beam are not optimal because the manufacturing tolerance of +/- 0.050 mm is the same both di-
mension, therefore, dimensions that are close to the manufacturing tolerance will lead to a spread in flexure
stiffness values.

However, at the end of the project after practical tests were already done, the photochemical etching
suppliers were contacted again to inquire about the price of stainless steel flexures. As it turned out, stainless
steel flexures can be manufactured more cheaply and accurately than flexures made with a micro water jet.
The tolerance for a of a photo chemically etched flexure is equal to ±10 % of flexure thickness.

4.5.3. Flat torsion beam kinematics

Figure 4.30: Flexure sketch with visualised constraints

The kinematic constraints of the flat torsion beam are illustrated in figure 4.30. The flexure is both under
constrained and over constrained. The translations in X and Y directions are constrained twice. Rotation
along the the Z axis is also constrained twice. As a result, the flexure has 3 DOF: translation in Z, rotations
about X and Y. It is desired to have only the rotation around the X axis to be actuated, therefore, this flexure is
under constrained two times, and over constrained 3 times.

4.5.4. Flexure geometry design

Figure 4.31: HF scanner flexure
sketch

The geometry of the flat torsion beam selected in section 3.4.2 is defined only
by three dimensions: length, width and thickness. The length and width are
limited by the available space, their precision is determined the manufacturing
process. The thickness of the beam is limited by the available sheet thicknesses,
which are displayed in 4.11.

In sections 4.4 and 4.3, the required stiffness was determined for both the
LF and HF scanners. Because, there are three variables that determine the stiff-
ness of the torsion beam, many possible solutions exist that yield required stiff-
ness values. Therefore, more restrictions have the be imposed, to determine
optimal geometry. For this reason, the flexure also has to have significantly in-
creased higher order mode frequencies and a limited stress value at the maxi-
mum rotation of the scanner. A rule of thumb in flexure design is to have the
resonance frequency of the higher order modes of not actuated degrees of free-
dom at least 10 times larger than the first mode frequency. It will be referred to
this rule several times in the following sections, therefore, the frequency factor
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fthumb = 10 is defined. However, it will be seen in section 4.5.6, that such a requirement is too strict for an
under-constrained flexure. The maximum fatigue stress for a material is determined in section 4.5.5.

4.5.5. Fatigue stress
The fatigue limit of mechanism is dependant upon the expected operating cycle number. The EasyScan is
expected to operate without failure when used for 50 minutes/day for 5 days/week for 5 years. Assuming 260
workdays/year worldwide results in 1.81×1010 oscillation cycles for the HF scanner and 3.51×107 cycles for
the LF scanner. Due to so many oscillation cycles, high cycle fatigue condition can be assumed. Titanium
and stainless steel can be considered to have an endurance limit at high cycle fatigue [26]. Endurance limit
for steel AISI 301 is σ301 = 552MPa [2] and for titanium grade 5 σT 5 = 510MPa [23]. However, these values are
for an unnotched piece of material. To more accurately evaluate the endurance limit for a notched specimen,
the method described by Schijve[33] is used. Additional factors such as loading type, stress concentration,
and surface roughness have to be evaluated. The flexure is loaded in torsion, therefore, factor of SL301 = 0,6
for steel and SLT 5 = 0,48 for titanium need to be taken into account. It is assumed, that due to water jet
cutting, the surface roughness on the flexure will be Ra = 5µm, therefore, a factor of SRa = 0,7 is taken into
account. The stress concentration factor due to the radius of the fillet at the base of the beam gives a factor
of Sconc = 0,7. Taking into account all the mentioned factors the resultant endurance limit for stainless steel
AISI301 is σ301∗ = 162MPa and for stainless steel σT 5∗ = 120MPa. These stress values are listed in table 4.12
and will be used as maximum limits for the stresses experienced by the flexure.

Material Fatigue stress limit
AISI 301 162 MPa

Titanium grade 5 120 MPa

Table 4.12: Maximum fatigue stress of stainless steel and titanium

4.5.6. HF flexure design
The shape of the first mode of the flexure needs to be a rotation around the desired axis of rotation. Because,
the inherent design of the flexure is under constrained, it is difficult to keep the higher order modes as far
as possible from the first mode. The three unconstrained DOF and their resultant oscillation motions are
displayed in figure 4.32. One of the unconstrained DOF is the desired rotation. The next two are the un-
constrained translation and the unconstrained rotation. For the sake of clarity in the rest of this thesis the
mentioned DOF will be referred to, as depicted in figure 4.32: desired rotation, unconstrained translation,
unconstrained rotation.

Figure 4.32: Unconstrained DOF of the flexure

The resonance frequency for each of the mode is derived by:

fDOF ≈ 1

2π

√
kDOF

IDOF
(4.11)

where
fDOF = resonance frequency of the specified DOF [Hz]
IDOF = inertia of the specified DOF [kg or kg ·m2]
kDOF = stiffness of the specified DOF [N/m or Nm/rad]
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The stiffness of each of the unconstrained DOF is derived by using standard formulas of Roark [32]. For
the desired rotational DOF, the torsion stiffness of the beam is described as:

Jtor = ab3
(

16

3
−3.36

b

a

(
1− b4

12a4

))
a = w

2
b = t

2
b ≤ a (4.12)

ktor = G Jtor

l
; ktor∗ = 2ktor ; (4.13)

where:
w = torsion beam width [m]
t = torsion beam thickness [m]
l = torsion beam length [m]
G = material shear modulus [MPa]
Jtor = beam torsion constant [m4]
ktor = torsion stiffness of a single beam [Nm/rad]
ktor∗ = torsion stiffness of the whole flexure [Nm/rad]

The torsion stiffness ktor is estimated for a single beam on one side of the mirror. The total torsion stiff-
ness of the flexure ktor∗ is double that of ktor because there is a torsion beam on each side of the mirror.

The unconstrained translational DOF is assumed to be fixed in between two cantilever beams which have
the rotation of the "free" end restricted, as showcased in figure 4.33.

Figure 4.33: Fixation sketch of the unconstrained translational DOF

The vertical stiffness for a beam that is fully constrained on one side and has a slope angle restriction on
the other is described as:

Iver t = w t 3

12
kver t = 12E Iver t

l 3 kver t∗ = 2kver t (4.14)

where:
E = material Young’s modulus [MPa]
Iver t = area moment of inertia of the beam [m4]
kver t = vertical translation stiffness of a single beam [N/m]
kver t∗ = vertical translation stiffness of the whole flexure [N/m]

The derivation of the stiffness for the unconstrained rotational DOF is more complicated because stan-
dard formulas for such a configuration were not found. The configuration’s representation is depicted in
figure 4.34.

Figure 4.34: Fixation sketch of the unconstrained rotational DOF
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To estimate loads acting on the end of the beam, the mirror part is cut of from the beam and an arbitrary
force and moment are applied as if they were bending the beam. Then the general differential elastic equation
is applied for the beam:

E I
d 2 y

d x2 = M(x) = F x −M (4.15)

Deriving the elastic equation once with respect to x yields the slope function θ(x). Deriving the elastic
equation twice with respect to x yields the displacement function y(x):

θ(x) =C1 − x(2M −F x)

2E I
y(x) =C2 +C1x − x(3M x −F x2)

6E I
(4.16)

The two equations 4.16 have four unknowns: C1, C2, F , M . Four boundary conditions are applied:

θ(0) = θ0 θ(l ) = 0 y(0) = θ0Lmi r r or

2
y(l ) = 0 (4.17)

Applying four boundary conditions yields four equations, therefore, the unknowns can be solved for. Of
interest are the expressions for the moment M and force F:

F (0) = 6E Iθ0(l +2Lmi r r or )

l 3 M(0) = 2E Iθ0(2l +3Lmi r r or )

l 2 (4.18)

The force and moment acting on the mover are of equal magnitude but opposite direction than acting on
the beam. The total torque acting on the mover from a single beam is:

Mtot al =
F (0)Lmi r r or

2
+M(0) = 3E I Lmi r r orθ0(l +2Lmi r r or )

l 3 + 2E Iθ0(2l +3Lmi r r or )

l 2 (4.19)

Taking the derivative of the total moment of equation 4.19 with respect to rotation angle θ0 yields the
stiffness of the mover. The total flexure stiffness kθ0∗ for this rotational DOF is twice the stiffness of a single
beam:

kθ0 =
d Mtot al

dθ0
= 4E I (l 2 +3lLmi r r or +3L2

mi r r or )

l 3 kθ0∗ = 2kθ0 (4.20)

The constrained DOF are assumed to be sufficient stiffness, therefore, they are not taken into account.
The max stress value in the flexure is calculated by assuming a θ3mr ad =3 mrad rotation of the torsion beam.
The stress value is then:

σmax = 3ktorθ3mr ad

8ab2

(
1+0.6095

b

a
+0.8865

(
b

a

)2

−1.8023

(
b

a

)3

+0.9100

(
b

a

)4)
b ≤ a (4.21)

The maximum stress value experienced by the flexure must be lower than the stress values derived in the
fatigue analysis section.

The inertia of a specific scanner configuration is determined in the same way as in figure 4.8.
Since there are four design variables that determine the flexure performance (w,h, t and the material), it

does not take significant computational power to calculate the performance of each configuration. Table 4.13
lists the design variable limits. The minimum width and length are selected to be 1 mm in order to have only
a ±5 % tolerance of the dimension to keep the design sensitivity low. The maximum beam length is selected
to be 2 mm because a longer torsion would simply not fit. The maximum width in theory could be 6 mm
long (mirror facet length). However, it will be shown that such long torsion beam widths do not yield feasible
results. Therefore, the maximum beam width is set to 3 mm, so that a sufficient amount of results would be
computed in order to evaluate the behaviour of the design space.

The characteristics of all the flexures in the design space are computed. Then a data search is done to find
configurations, which have the resonance frequency at 4670Hz with a frequency tolerance of ±2.5% . The
computed design space for both of the AISI301 and titanium grade 5 is displayed in figure 4.35.
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Variable Minimum Maximum Step size
w 1 mm 3 0.05 mm
l 1 mm 2 0.05 mm
t Based on available sheet thickness of a material listed in table 4.11

Table 4.13: Design variable limits for the HF scanner flexure

Figure 4.35: HF flexure configurations for flexure material of AISI301 and titanium grade 5 at resonance frequency of 4670 Hz

Initially, the design space was meant to be filtered to remove configurations that have frequencies of un-
constrained modes at less than factor fthumb higher than the frequency of the first mode. When such a rule
was applied to the design space, no feasible results were found. This behaviour is not unexpected, as the
flexure is under constrained, making it difficult to have sufficient stiffness for those DOF. Therefore, the fre-
quency requirement fthumb was reduced to 4,5. Additionally, the resultant design space is filtered to find
configurations that have a maximum stress, which is less than the fatigue limit. With the mentioned filtering
rules applied, around 20 configuration for each material are found. The results are displayed in figure 4.36.

Figure 4.36: Computed HF flexure configurations that have higher order modes at least 6 times higher than first mode, and a maximum
stress that is lower than the fatigue limit

The computed results indicated that the most limiting factor in the design is the unconstrained trans-
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lation resonance frequency, which is only about 4.5 times larger than desired rotation frequency. No con-
figurations were found, which have a sufficient unconstrained translational frequency. The unconstrained
rotational frequency is about 9 times larger than the desired rotational frequency. Another interesting obser-
vation, is that the maximum stress experienced by the flexure reduces with a reducing flexure thickness. In
addition, the length of the flexure is almost equal or nearby the minimum allowable value of 1 mm. This is
because the stiffness of each of the DOF is inversely proportional to the length, therefore, a higher stiffness is
reached with a smaller beam length.

The difference between the frequencies for feasible configurations of titanium grade 5 and stainless steel
AISI 301 are not substantial. In both cases, very similar values for the unconstrained translation and un-
constrained rotation frequency are achieved. A slight difference exists in the maximum stress values. For
stainless steel the maximum stress computed for a feasible configuration is 72 % of the limit. For titanium
the maximum stress computed for a feasible configuration is 63 % of the limit. Both of the materials have
configurations with relatively big beam widths reaching up to 2.5 mm. Having larger dimensions results in
less sensitivity to machining tolerance, which is a desired parameter.

Figure 4.37: HF mirror position in the OPMOD

To select the right flexure configuration the analytically derived flexure configurations need to be checked
with FEA to determine, whether the frequencies of both analyses match. The geometry data in figure 4.36 is
enough to have a preliminary flexure design. The available space is very limited, as showcased in figure 1.10.
A closer look shows that this is very problematic, as the mirror needs to be very close to the other OPMOD
elements. In addition, the original scanner has an integrated translation and rotation alignment mechanism,
with is also desired for the prototype, so that misalignment would not be the reason for a failed test. It is also
foreseen that several flexures will be tested, therefore, a removable mounting is desired. All of these factors
limit the possible solutions for mounting the flexure. Therefore, it is selected that the prototype flexure will
be mounted with bolts.

The designed flexure is showcased in figure 4.38. The flexure is unsymmetrically mounted with three bolts
as there is no available space for an additional bolt. Such mounting leads to over constraint, however, without
gluing the flexure, there is no other option of making the flexure removable that would be feasible in such a
small space.

Figure 4.38: Left:Preliminary HF flexure configuration. Right: Preliminary HF flexure configuration mounted in the housing.
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As the flexure has a preliminary design, it is now possible to compute the performance of different flex-
ure configurations, that are listed in figure 4.36. Solidworks Simulation is used to do conduct the frequency
analysis of the flexure. The boundary conditions for the flexure are showcased in figure 4.39. The radius at
the bases of the torsion beam is assumed 0.1 mm as the jet of the water jet cutter has a diameter of 0.2 umm.
Fixed boundary conditions are assumed on the base surface of the flexure and the bolt contact areas. This is
the most constrictive boundary condition, but it is fine for a first estimation.

Figure 4.39: FEA model assumptions and boundary conditions

The computed first mode of each of the selected flexure designs is showcased in figure 4.40. It is clear, that
there is a discrepancy between the analytical model and the FEA results. The difference in results seems to be
related to the ratio between of the beam width and thickness. Where the ratio is large, the difference seems
to be bigger. For example, the AISI301 configuration with t = 0.2mm; w = 2.1mm; l = 1.00mm; the ratio is
10.5 and there is a frequency difference of 1,76. Whereas for the AISI301 configuration with t = 0.3mm; w =
1.00mm; l = 1.15mm; the ratio is 3,3 and there is a frequency difference of 1.12. The same behaviour can be
observed for the titanium configurations. Because the flexure configurations with larger beam widths have a
larger frequency discrepancy, the width (or the length) needs to reduced to achieve the required resonance
frequency of the first mode. That means, that the beam dimensions will converge towards lower width to
thickness ratio. Therefore, it is best to select the values computed by the analytical model, which already
have a low width to thickness ratio and then optimize the selected geometry.

Figure 4.40: First mode of each of the selected flexure designs for stainless steel AISI 301 and titanium grade 5
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Flexure configurations of both materials that experience similar level of frequency discrepancy have al-
most equal torsion beam lengths and widths (right side of figure 4.40). Therefore, flexures made either of
titanium or stainless steel will have the same level of sensitivity to machining tolerances. Thus, the AISI 301
material is chosen as the flexure material for the HF scanner, as it is cheaper and more widely available. The
flexure configuration t = 0.3mm; w = 1.00mm; l = 1.15mm is selected as the base configuration, because it
has the lowest width to thickness ratio.

4.5.7. Boundary condition influence to frequency

Figure 4.41: Tapped joint stress distribution frustums
used to determine joint stiffness

Boundary conditions for the HF flexure with geometry of t =
0.3mm; w = 1.0mm; l = 1.15mm is investigated by compar-
ing three different situations. The boundary conditions for the
flexure are displayed in figure 4.42. The first situation is the
already used condition of fixed faces, which assumes no dis-
placement for the selected faces. This is the most strict as-
sumption resulting in the stiffest configuration. However, these
boundary conditions are not realistic, as the stiffness between
the flexure and the housing is finite. A less strict boundary con-
dition is roller contact on the bottom surface of the flexure and
a radial translation boundary for cylindrical bolt hole surfaces.
Such boundary conditions allow for in plane flexing of the flex-
ure. However, the flexure contact surfaces with the housing and
bolt still are assumed to have infinite stiffness. The last config-
uration assumes a finite stiffness normal to the contact surface
between the flexure and the housing. The finite stiffness is es-
timated by using the methodology described by Shigley [27].
The stiffness of each frustum, showcased in figure 4.41, is cal-
culated by:

k f r ust =
0,577πE d

ln
(1,155t f +D−d)(D+d)
(1,155t+D+d)(D−d)

L = tw + t f lex +d ; (4.22)

where
k f r ust = stiffness of an individual frustum [N/m]
d = inner diameter of the frustum [m]
D = smallest value of the frustum outer diameter [m]
t = frustum thickness [m]
E = material Young modulus [MPa]
t f = frustum height [m]
tw = washer thickness [m]
t f lex = flexure thickness [m]
L = joint grip length [m]

The frustum angle is assumed to beα= 30°. The flexure is mounted by M2 bolts with washers, by screwing
the bolts into a tapped hole. The estimated stiffness of one such member joint is kbol t = 7.76×108 N/m. With
three bolts the total stiffness triples. The total stiffness is assumed to be acting on the flexure housing contact
surface. This assumption is not particularly accurate because in reality the stiffness of the flexure is not the
same in each position, however, it is a suitable estimation to investigate mounting stiffness influence. The
boundary condition configurations and the respective first mode frequencies are illustrated in figure 4.42.



4.5. Mechanical design 59

Figure 4.42: FEA boundary condition comparison for AISI 301 flexure t = 0.3mm; w = 1.0mm; l = 1.15mm

The results show that the resultant resonance frequency of the first mode (and other modes) varies signifi-
cantly. While there was only a 100 Hz difference between the fixed and roller contact configurations, there was
a difference of around 600 Hz between fixed and elastically supported flexure. Therefore, it can be concluded
that the resonance frequency of the flexure is very sensitive to boundary conditions. The real resonance fre-
quency of the manufactured scanner may be somewhere between the computed values. Therefore, the best
approach to determine the flexure geometry parameters would be to build several different models of flexure
and test them.

Flexure
version

Desired
rotation

frequency
[
Hz

] Unconstrained
translation

frequency
[
Hz

] Unconstrained
rotation

frequency
[
Hz

] Torsion beam
length

[
mm

] Torsion beam
width

[
mm

] Torsion beam
thickness

[
mm

]
1 4822 14494 23452 1,25 0,95 0,3
2 5153 15580 24253 1,20 1 0,3
3 5511 16743 24990 1,15 1,05 0,3

Table 4.14: Flexure versions manufactured for testing

Through trial and error, three flexure models were selected and are listed in table 4.14. The frequencies
were determined with the roller contact boundary condition. The resultant desired frequencies are larger
than the required operational requirement, because the roller contact boundary conditions is very restrictive,
therefore, it is expected that the real resonance frequencies of the flexures will be lower. The difference in
resonance frequency between the flexure version 1 and 3 is around 700 Hz, which is assumed to be enough
margin. The first five modes of the test flexures are showcased in figure 4.43.
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Figure 4.43: First 5 modes of each flexure model

As predicted by the analytical model, modes 2 and 3 represent the unconstrained DOF. The resonance
frequency of the unconstrained translation is only about 3,3 times higher than the operational frequency.
The resonance frequency of the constrained rotation is only about 5,2 times higher than the operational fre-
quency. However, if mode 2 were to be excited, the translation of the mirror would result with beam motion
along the scan line. Therefore, the motion of mode 2 should not negatively effect the performance of the
scanner. The same cannot be stated about mode 3, because the unconstrained rotation would result in beam
motion perpendicular to the scan line. Therefore, the motion of mode 3 could result in a warped scan beam.
A warped scan beam may result in an improperly scanned image. Even though, the higher order modes are
relatively close to the operational frequency, there are no additional options to improve the performance as
the flexure is inherently limited by the two dimensional design. Whether higher order modes are significant
to the performance of the scanner, will be observed during scanner validation.

4.5.8. Operational loads
A linear dynamic FEA simulation is conducted with Solidworks Simulation in order to determine the defor-
mation and stress at the operating frequency. The loads acting on the magnet were computed in section
4.2.9, however, the forces and the torque are summed up over the entire magnet surface and outputted with
respect to the axis of rotation. To make an equivalent estimation, the force values will be assumed the same,
as computed in section 4.2.9. However, their application point will be corrected, so that an equivalent torque
equal to the torque generated by the electromagnetic actuator would be created. For simplicity, the study
is conducted by assuming that the loads are sinusoidal, which is not exactly true, as the current generated
by the HF electronics has a triangular shape, as illustrated in figure 4.27. The RMS current for the triangular
shape waveform was estimated as 32 mA. Assuming the same amount of RMS current for a sinusoidal signal,
the peak current would then be Imax = 45.3mA. Due to the small rotation of the HF scanner, the loads can be
assumed equal to the loads acting at 0 mrad rotation. The loads that are acting on the scanner are listed in
table 4.15.

Torque Lateral force Vertical force
3.12×10−4 Nm 0.137 N 0.373 N

Table 4.15: Loads acting on the HF scanner magnet at a rotation of 0mrad and at a current of 45.3mA

In section 4.2.10 it was stated, that the vertical force acting in the Z direction varies only by 0.03 %. It is two
magnitudes smaller than the force in the Y direction, therefore, it can be disregarded in the dynamic analysis.
The application point of the lateral force is corrected, as showcased in figure 4.44.
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Figure 4.44: Load schematic of HF scanner used in the dynamic analysis

The load frequency is set to f =4650 Hz and the damping ratio is considered ζ=0.05. The resultant stress
and displacement plots are showcased in figure 4.45.

Figure 4.45: HF scanner stress and displacement when loaded by a F = 0.131N lateral force at a frequency of f=4650 Hz

The maximum displacement in the Y direction, which occurs on the facet edge of the mirror is 8.26µm
and is 0.74µm short of the requirement showcased in figure 1.7. This would mean, that the HF scanner does
not reach the required 3 mrad amplitude, however, the flexure, that is simulated has a resonance frequency
at 4822 Hz, which is 172 Hz away from the required resonance frequency. Therefore, if the real resonance
frequency is closer to the operating frequency the amplitude would be higher. This is showcased in figure
4.46 which illustrates output displacement of the mirror facet with respect to the load frequency. The load
frequency was varied from 4550 Hz to 5150 Hz. The plot showcases that the displacement of 9µm is achieved
between load frequencies of 4710 Hz and 4900 Hz, which would give a bandwidth for feasible operation of
fb =190 Hz. This study shows that the scanner is able to achieve the required amplitude if the resonance
frequency is at a sufficient value. However, due to the uncertainty of the boundary condition influence on
the resonance frequency, the performance of the scanner can be better or worse. Therefore, three different
flexure models were designed (table 4.14) and will be tested in the prototype, to determine what is the right
flexure geometry, that ensures that the scanner reaches the required amplitude at the operating frequency.

Figure 4.46: HF scanner displacement frequency response when loaded by a F = 0.137N lateral force
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The maximum stress of the flexure at the operating frequency was recorded to be 144.2 MPa, which is
bellow the σ301∗162 MPa fatigue limit. However, because the scanner does not reach the required amplitude,
the stress is not the maximum value achieved during operation. Figure 4.47 illustrates the stress with respect
to the frequency. The fatigue stress limit is not exceeded throughout the whole computed frequency range.

Figure 4.47: HF scanner stress frequency response when loaded by a F = 0.137N lateral force

Finally, the static vertical electromagnetic load is evaluated. The resultant stresses and displacement are
displayed in figure 4.48. The maximum stress is 10.1 MPa and the maximum displacement is 0.19µm. If the
stresses due to the dynamic loading and the static loading were to be linearly added, the sum would still
be less than the fatigue stress limit of σ301∗ =162 MPa, therefore, the flexure will not experience premature
failure.

Figure 4.48: HF scanner stress frequency response when loaded by a F = 0.137N lateral force

4.5.9. Shock loads

Simulations for shock loads of 25G in all three directions were conducted. The maximum stresses that the
flexure experiences are showcased in figure 4.49. The maximum stress is recorded for flexure 1 and reaches
the value of 4.5 MPa, which is well bellow the yield stress of the material, therefore, the flexures are not sus-
ceptible to shock loads.

Figure 4.49: Flexure stresses due to a 25 G load in all three direction
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4.5.10. LF flexure design

Figure 4.50: Available space around the LF mirror

The same approach that was used for designing the HF flexure is applied for the LF flexure. The available
space around the LF mirror determines the maximum dimensions of the torsion beam. The available space
is showcased in figure 4.50.

By using the same reasoning, as in section 4.5.6, the beam dimension limits are selected for the LF torsion
beam. The design variable limits for the LF flexure are listed in table4.16.

Variable Minimum Maximum Step size
w 1 mm 7.8 0.05 mm
l 1 mm 5 0.05 mm
t Based on available sheet thickness of a material listed in table 4.11

Table 4.16: Design variable limits for the HF scanner flexure

The LF design space is computed for all configurations. A data search is done to find the configurations,
which have the desired rotational stiffness at kLF =1.70×10−2 Nm/rad, with a tolerance of ±2.5%. The com-
puted data is filtered to find feasible configurations. Similarly to the HF flexure design, the frequency factor
rule of fthumb = 10 did not hold up. However, in this case, even reducing the frequency requirement to 4,5 did
not help, as it did in the case of the HF scanner. Even reducing the requirement to 1 did not yield results. The
problem of filtering out all of the configurations was not only due to insufficient stiffness, but also to large
stresses. In order to at least get some results the fatigue stress requirement calculated in section 4.5.5 was
changed, so that the maximum stress value would be considered the fatigue stress of an unnotched speci-
men. Due to this change, the reliability of the estimated infinite flexure life would not be certain.

However, even with the increased fatigue stress limit the filtered configuration result number was limited.
The filtered results, when the fatigue stress limit is set to the unnotched specimen limit and the frequency
factor is set to 1,3, are illustrated in figure 4.51. Note, that the filtered results are only displayed for the AISI
301 material, because no feasible results were found for titanium grade 5 at the mentioned filter setting. The
available material thickness is too large to achieve small stiffness values with the imposed geometry.
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Figure 4.51: Computed results for AISI 301 when the higher order mode frequency factor is fthumb = 1,3 and the fatigue stress is σ301 =
552MPa

The data indicates that all of the configurations are fairly limited by the maximum stress, reaching at least
87 % of the maximum value. Similarly as in the case of the HF scanner, the unconstrained translational fre-
quency also is a limiting factor, as it is the reason why the frequency factor fthumb needs to be decreased to
1,3. Some configurations were found that are less burdened by this. For example, configuration t = 0.04mm,
w = 7.55mm, l = 0.04mm has an unconstrained translation frequency 3,5 times higher than the desired ro-
tation frequency. However, similarly as in section 4.5.6, this model has a very high thickness to width ration.
Therefore, when simulated with FEA the real rotational frequency does not match the analytically determined
value. In any case, the unconstrained mode frequencies for all configurations are too low to ensure proper
performance of the LF scanner. Therefore, it can be concluded that the flat torsion beam is not suitable to
provide enough stiffness for the unconstrained DOF of the LF scanner. A different torsion beam type or a
different guiding mechanism must be used.

4.5.11. U torsion beam for LF flexure
The flat torsion beam was selected in section 3.4.2, because it was the simplest to manufacture and the most
compact design. While the flat torsion beam flexure is arguably suitable for the HF scanner, with the given
design space no feasible configurations can be found for the LF scanner. The next flexure concept that is also
compact, and relatively simple is the U shape torsion beam. The geometry describing the cross-section of the
U shape torsion beam is showcased in figure 4.52.

Figure 4.52: U shaped cross-section of torsion beam

The area moments of inertia for a U shaped torsion beam are expressed as:

Ix = R3t
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Iy = R3t

(
1− 3t

2R
+ t 2

R2 − t 3

4R3

)
(α− sinαcosα) (4.24)

The torsion constant of the cross section is expressed as:

JU = U t 3

3
U = 2α(R − t/2) (4.25)

The maximum stress of a U shaped torsion beam loaded in torsion is expressed as:

σmax = T (3U +1,8t )

U 2t 2 U = 2α(R − t/2) (4.26)

With the cross-section and torsion beam constant determined, the stiffness values of the beam can be
computed. The selected design space limits are showcased in table 4.17. The minimum length l is set to 1 mm,
to have a dimension tolerance of only ±5 %. The minimum radius R and angle α are selected as reasonably
manufacturable values. The maximum beam length l is determined by the available space. The maximum
angle α is set to 45°, which is the maximum manufacturable value. The maximum radius R is set to 30 mm,
as more feasible results appear if the value is increased further. The step sizes are set according to either a
manufacturing tolerance, or set to have a reasonably fine design space.

Variable Minimum Maximum Step size
R 1 mm 30 mm 0.1 mm
l 1 mm 5 mm 0.05 mm
α 5° 45° 1.4°
t Based on available sheet thickness of a material listed in table 4.11

Table 4.17: Design variable limits for the HF scanner flexure

The design space is computed to find flexure stiffness values of kLF = 1.7×10−2 Nm/rad. Then the de-
sign space is filtered to find results that have a unconstrained mode frequencies with a frequency factor of
fthumb = 10. The fatigue stress limit was set to the value of an unnotched specimen fatigue limit of 552 MPa.
The computed results are showcased in figure 4.53.

Figure 4.53: Computed LF U shape torsion beam results for AISI 301 when the higher order mode frequency factor is fthumb = 10 and
the fatigue stress is σ301 = 552MPa

The performance of the U shape torsion beam is much better than that of the flat torsion beam, as feasible
results can be found with a frequency factor of fthumb = 10. Therefore, the unconstrained DOF can be con-
sidered sufficiently constrained. Additionally, the stress of the U shaped torsion beam are reduced to about
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2.5 times when compared to the results computed for the flat torsion beam in figure 4.51. One concerning
aspect, is that the width w∗ of the torsion beam reaches values of about 5 mm. This may be problematic,
because when the width to thickness ratio of the torsion beam is large, the analytical results start to diverge
from FEA. To check the validity of the analytical results the configuration t = 0.04mm , R = 3.5mm, α= 43.6°,
l = 1mm is selected to be simulated with FEA, as it has the smallest beam width of w∗= 4.8mm.

However, when making a 3D model of the LF scanner with the U shape torsion beam, design problems
become apparent. The 3D model of the flexure is showcased in figure 4.54. An apparent problem of this
kind of design is that the surfaces on which the magnet and the mirror need to be mounter are curved, which
complicates the assembly process. Additionally, due to the design of the flexure, additional parts of the flexure
will be flexing which were not intended to flex.

Figure 4.54: CAD model of the LF flexure with the U shape torsion beam

Nonetheless, a frequency analysis of the selected flexure configuration was conducted and the computed
first five modes are displayed in figure 4.55. The first mode, which has the desired rotational motion, has a
frequency of 1119 Hz which is 55 % higher than the analytical value. Another thing to note, is that the second
mode has a frequency of 6064 Hz, which is 5.4 times larger than the first mode. Even though the frequency
factor of fthumb = 10 is not reached, the model shows that there is a great improvement in increasing the
stiffness of the unconstrained DOF.

Due to the fact that the FEA results differ from the analytically predicted results and the real flexure be-
haviour would be much more difficult to predict analytically, it is best to use FEA analysis to optimize the LF
flexure geometry. However, at this moment in the project no manufacturer was found that could do this small
scale bending, therefore, the manufacturing limits of the flexure were unknown. Also, as time was already
running behind schedule, therefore, in consultation with the CEO of EasyScan, it was decided to postpone
the development of the LF scanner. Therefore, additional design for the LF scanner is not discussed in the
further sections.

Figure 4.55: First five modes of the LF scanner with the U shape torsion beam

4.6. Error budget and sensitivity analysis
Due to the relatively small dimensions of the scanner, tolerances can have a significant influence on scanner
performance, namely the resonance frequency. To estimate the total effect, a local sensitivity analysis is done
by taking the derivatives of the mathematical expression of the resonance frequency with respect to each of
the design variables. The design variables are showcased in figure 4.56. The only exception is done for mirror
and magnet misalignment, as the derivative of the resonance frequency with respect to these parameters
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is 0 at the design point. Therefore, misalignment error sensitivity is estimated by calculating the effect on
frequency at the misaligned design point. The design point is selected to be configuration flexure 2, as it has
geometry that is a middle value when compared to flexures 1 and 3. The computed results are showcased in
table 4.18.

Parameter Tolerance Sensitivity Effect on frequency
Torsion beam width W 1 ±0.05 mm 2835.3 Hz/mm ±141.8 Hz
Torsion beam length L1 ± 0.05 mm −1917.5 Hz/mm ±95.9 Hz

Mirror width W 3 ±0.1 mm −207.4 Hz/mm ±20.7 Hz
Mirror length L3 ±0.1 mm −63.5 Hz/mm ±6.3 Hz
Mirror height T 3 ±0.05 mm −827.3 Hz/mm ±41.4 Hz

Flexure base length B1 ±0.05 mm −89.9 Hz/mm ±4.5 Hz
Flexure base width A1 ±0.05 mm −314.2 Hz/mm ±15.7 Hz
Flexure thickness T 1 ±0.02 mm 18453.5 Hz/mm ±369.1 Hz

Magnet length L2 ±0.1 mm −245.4 Hz/mm ±24.5 Hz
Magnet width W 2 ±0.1 mm −745.3 Hz/mm ±74.5 Hz
Magnet height T 2 ±0.1 mm −1248.5 Hz/mm ±124.8 Hz

Mirror glue thickness H2 ±0.05 mm −146.7 Hz/mm ±7.3 Hz
Magnet glue thickness H1 ±0.05 mm −1185.9 Hz/mm ±59.3 Hz
Mirror misalignment X 3 ±0.2 mm −116.8 Hz/mm ±23.4 Hz

Magnet misalignment X 2 ±0.2 mm −168.8 Hz/mm ±33.8 Hz
Root square sum of effect on frequency ∆M =±441.1 Hz

Table 4.18: Error budget analysis for the HF scanner

The total predicted tolerance on frequency is∆M =±441.1 Hz of which the main contributor is the flexure
thickness. The tolerance of the flexure thickness is based on the tolerance of the metal sheet that the flex-
ure is cut out of. To improve this tolerance, additional machining would have to be introduced or a better
toleranced sheet must be used.

Torsion beam width and length are tolerances which have also have significantly large effect on the tol-
erance of the scanner frequency. This is because these dimensions determine the stiffness of the flexure. A
more accurate manufacturing process would have to be chosen in order to reduce the effect on frequency
from these two variables.

Figure 4.56: Sensitivity analysis design
variables

Another surprisingly influential parameter is the magnet height.
However, the tolerance of the magnet is given by the manufacturer,
therefore, nothing can be done to improve it, apart from changing
the magnet and reconfiguring the actuator.

What is interesting is that mirror and magnet misalignment con-
stitute less than 10 % of the total tolerance, which would mean that
a lot off effort does not have to be made to position them accurately.
However, this proposition has to be taken with caution as the effect
of misalignment on magnetic circuit performance is not evaluated.
Additionally, the effect of bolt induced stress is not included in this
analysis.

The estimated tolerance ∆M is already larger than the frequency
bandwidth of fb =190 Hz, estimated in section 4.5.8. Even though
frequency bandwidth is estimated by varying the input load fre-
quency, according to equation 3.1, the result would is still be the
same if the resonance frequency of the scanner was varied instead.
Because the frequency bandwidth is more than twice smaller than
the tolerance ∆M , it is likely that the scanners will have to use more
current than it was initially designed for, in order to account for the
high machining tolerance.
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4.7. Finalized magnetic actuator

With the magnetic circuit and the flexure designed, the only thing left to do is to put everything together.
Because the scanner is already small, designing a separate ferromagnetic yoke, which would be mounted in
the housing would be complicated and take up additional assembly time. Therefore, it was decided to design
the housing out of the ferromagnetic AISI 430, so that the whole housing, would be acting as a ferromagnetic
yoke. That benefit is, that the reluctance of the ferromagnetic yoke itself is greatly reduced, due to the large
cross sectional areas of the housing. The finalized HF scanner is showcased in figure 4.57.

Figure 4.57: Finalized HF scanner design

To impose the strict boundary conditions, discussed in section 4.5.7, a custom washer is manufactured.
The washer has a form, which covers the whole flexure, except the torsion beam. The finalized design is
computed in COMSOL to check the magnetic field density distribution. The simulation is ran at a current
level of I =0.18 A, which is almost three times higher than the peak current of 55 mA, determined in section
4.4. Therefore, the computed results will have a margin of safety for saturation, in case higher current was
needed to be used. The results are showcased in figure 4.58. The maximum magnetic field density in the yoke
is located at the facets close to the magnet and reach the value of 0.9 T. The saturation flux density of AISI430
is 1.5 T, therefore, the yoke will not be saturated.
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Figure 4.58: Magnetic field density of the finalized HF scanner when the current is I = 0.18A

4.8. Scanner assembly
To achieve optimal performance, the scanner must be assembled accurately. While the scanners resonance
frequency is most sensitive to manufacturing tolerances, it is still important to glue the magnet and the mirror
as accurately as possible. The flexure does not have reference surfaces from which the position of the mirror
and the magnet could be precisely set. Therefore, a gluing jig was designed and 3D printed from PLA, which
is showcased in figure 4.59.

Figure 4.59: Flexure gluing jig

It is important to not glue the jig to the parts, therefore, gaps for glue overflow are designed in the gluing
jig. Moreover, cut-outs are made to make space for tweezers that hold the mirror, so that the mirror can be
placed properly. Furthermore, extra cut-outs are made in the gluing jig, through which flexure contact with
the gluing jig can be seen. This is used in order to visually inspect, whether the flexure is aligned with the
gluing jig.

The structural adhesive for the flexure must be strong and resistant to vibrations. Additionally, it has to
offer good contact strength between metallic and glass parts. 3M™ Scotch-Weld™ Epoxy Adhesive 2216 is
a two-part, room temperature curing epoxy with high peel and shear strength. Technical properties of the
adhesive are listed in table 4.19. The average shear stress on the magnet joint from a FL = 0.137N lateral force
is τS =0.014 MPa. The average shear stress is three orders of magnitude less than the shear stress limit of the
adhesive, therefore, a more comprehensive study of the glued joint is not done and it is assumed that the joint
has sufficient strength.

To cure the adhesive faster, a lab oven was used, which was set to 45 ◦C. This temperature is used, because
the gluing jig material PLA has a glass transition temperature at TG =60 ◦C. Therefore, a lower temperature
needs to be used to avoid warping of the gluing jig. The flexures were cured in the oven for 3 hours and then
left to cure at room temperature overnight. An assembled flexure is showcased in figure 4.60.
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Property Value
Overlap shear on etched aluminium at 24 ◦C 22 MPa

Cure time at 24 ◦C 7 days
Cure time at 66 ◦C 120 min

Table 4.19: Technical data of adhesive 3M™ Scotch-Weld™ 2216

Figure 4.60: Left: Flexure in gluing jig with applied glue. Right: Mirror and magnet glued to flexure

Mounting the flexure in the housing is a sensitive process, because the magnet experiences significant
attractive forces when in close proximity to the ferromagnetic yoke. Because the magnet needs to be placed
with certain distance from the yoke, proper technique must be used. An optimal approach is to utilize fer-
romagnetic feeler gauges to position the flexure in the yoke, which is displayed in figure 4.61. Due the con-
struction of the prototype and the lack of proper tooling, there was uncertainty in the flexure position in the
perpendicular direction to the gaps as indicated by figure 4.61.

Figure 4.61: Left: Magnet centred with feeler gauges. Center: Flexure mounted in housing. Right: Front view of scanner

The actuator coil was wounded manually on a 3D printed bobbin made from PLA[4]. A manual coil
wounding assembly was designed and used for wounding the coil. Because the coil and the wire are relatively
small, it is difficult to wind the coil evenly, and to achieve required dimensions. Best results were achieved
when using a stereo microscope to accurately see the wire position on the coil during the winding process.
The wounded coil and the coil wounding assembly are displayed in figure 4.62.

Figure 4.62: Left:Manual coil winding assembly. Right: Wounded coil

The distance between the yoke and the magnet is set with feeler gauges and fixed with a tightening screw.
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The yoke position setting process and the whole assembled scanner mounted in the EasyScan OPMOD are
displayed in figure 4.63:

Figure 4.63: Left:Setting coil yoke position with feeler gauge. Right: Fully assembled HF scanner mounted in the OPMOD of the EasyScan



5
Design validation

5.1. Validation outline
The main objective of validation is to find out, whether the design actually reaches the required operational
parameters. Only the HF scanner prototype is built. The scanner must reach the ±3 mrad amplitude at the
operational frequency of 4650 Hz with a driving signal of ±5 V signal. However, due to uncertainty of the
flexure resonance frequency and the thin air damping, several models of flexures and housings were built.
The tested models are listed in table 5.1.

Flexures Housings
Model Frequency Model Air gap size

1 4822 Hz 1 0.5 mm
2 5153 Hz 2 0.75 mm
3 5511 Hz 2 1.0 mm

Table 5.1: Tested HF flexure and ferromagnetic housing models

Additionally, the yoke gap is also made adjustable, to find out how small the gap can be set. Moreover,
there is uncertainty in the thermal heating effects of the coil. To manage all of the design variables, the vali-
dation path is set as:

• Test thermal effects on the coil by measuring the temperature of the coil surface, while increasing the
current running through the coil. Determine the coil temperature increase.

• Determine the yoke gap influence on the scanner amplitude, by reducing the gap size and measur-
ing scanner amplitude at each yoke gap distance. Determine a minimum yoke distance that does not
negatively impact scanner performance. The minimum yoke distance is then set for the following tests.

• Measure the amplitude at the operating frequency of each flexure with each scanner housing. If the
amplitude is not reached at the input signal of ±5 V, the input signal is increased to ±12 V and the
amplitude is measured. Determine the resonance frequency of each flexure with each scanner housing.

• Additionally, a resonance frequency dependency on input signal was noticed during testing. Therefore,
the effect was observed for a single flexure by measuring the resonance frequency and amplitude at
different input signal levels.

There are in total three flexure models and three housing models, which in total make nine different scan-
ner combinations.

5.2. Coil test
Various sources indicated different current density values, at which no thermal issues occur [12], [28]. The
device configuration and geometry play a significant role in determining the maximum current density, there-
fore, the best course of action is to do a practical test, to determine the effect of different current densities.

72
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The coil was connected to a power supply, whose voltage could be regulated. The temperature of the coil sur-
face was measured with a thermocouple. The current running of the coil was measured with a multimeter.
The results were displayed in figure 5.1.

Figure 5.1: Plot of the measured temperature of the coil

The results show that at the maximum output current of the EasyScan electronics (Imax = 40mA), the
coil heats up only about 4◦C, which is not a significant amount. Increasing current to the current density of
5A/mm2 resulted in a current of about 89mA and a temperature increase of 9◦C. At the current density of
10A/mm2, the temperature increase of the coil was about 25◦C and the current running through the coil was
about 0.17A. Increasing the current to 0.30A resulted in the a temperature increase of about 65◦C. After that
point, the PLA bobbin started to melt. Depending on what kind of temperature increase is acceptable, the
coil current can be set accordingly.

5.3. Scanner amplitude measurement setup

Figure 5.2: Scanner amplitude measurement test setup
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The test setup used to measure the scanner’s amplitude is displayed in figure 5.2. The laser used in the setup,
is the same laser used in the EasyScan. The camera used for capturing images is the Allied Vision GE4000,
which has a resolution of 4008 x 2672 pixels, with pixel size of 9µm x 9µm. The absorptive neutral density
filter is used to reduce the intensity, so that the recorded image does not become saturated. The exposure
time of the camera was set to 100 ms, which is around 500 times longer than the period of oscillation of the
HF scanner.

The distance which the beam travels on the CCD is determined by taking three unsaturated images:

• Unsaturated image of the stationary beam.

• Unsaturated image of the moving beam.

• Background image (laser is turned off).

The background image is subtracted from both the stationary and the moving beam image to remove the
intensity bias. Then, the points of highest intensity in both unsaturated images are found. The stationary
beam image has one such point, due to the Gaussian distribution of the intensity. For the moving beam
image, two points of maximum intensity are found. The FWHM of the beam in the row with the highest
intensity is taken. If the points of highest intensity in the moving image are not in the same data row, the
image is rotated. By having the FWHM of both, the stationary and moving beam the scanner amplitude can
be calculated as:

αscan =± (FW H Mmov −FW H Mst at )dpx

4Lscan
(5.1)

where:
dpx = pixel size [µm]
αscan = mechanical scan angle of scanner [mrad]
FW H Mmov = FWHM of the moving beam [px]
FW H Mst at = FWHM of the stationary beam [px]
Lscan = distance between scanner and CCD camera [mm]

Stationary and moving beam images for the original HF scanner of the EasyScan are displayed in figure 5.3.

Figure 5.3: Top: stationary beam reflected from the original scanner. Bottom: moving beam reflected from the original scanner at max
amplitude

5.4. Scanner amplitude measurement results
5.4.1. Yoke position influence
As mentioned in section 5.1, the first parameter to determine is the optimal coil yoke distance. Flexure 1 was
used for the test, while mounted without a washer. The flexure was mounted in the housing 1, which has the
lowest side air gap of 0.5 mm. For the first device test, it was decided not to use the washer in order to observe
what effect the washer has on the resonant frequency. The test measurement procedure was conducted as
following:

1. The yoke air gap size is set to the maximum distance of 1 mm.

2. Input signal is set to 10 V P-P.
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3. The resonance frequency of the flexure is found, the image of the moving beam is read out with the
CCD. If the amplitude of the moving beam does not fit in the CCD then, then the input signal voltage is
reduced .

4. Yoke air gap is reduced. Steps 3 is repeated.

The measured results are displayed in figure 5.4. It was noticed during measurements that the resonance
frequency shifts, when the scan amplitude is increased. This behaviour was discussed in section 4.4 and is
minimum, when considering oscillations under 3 mrad, however, the effect can be more clearly observed at
higher amplitudes. The investigation of this effect is discussed in more detail in section 5.4.5.

The results show that the maximum scan amplitude increases with decreased air gap size, which is ex-
pected, as the reluctance between the lower air gap and the magnet decreases, therefore, increasing the total
flux supplied by the coil. At the yoke air gap value of 0.4 mm the scan amplitude reaches ±8.8 mrad which
was the maximum that the test setup could measure. The test set up was not rearranged in order to increase
the measurable amplitude reach because of fear that at a higher amplitude the flexure may brake. Therefore,
to reduce the gap further, the input voltage was reduced, so that the maximum scan rotation would stay at
around 8.8 mrad value. The reduced voltage values are displayed on the plot.

Figure 5.4: Flexure 1 mounted without a washer amplitude, while operating at the resonance frequency

During design (section 4.2.6) there was a concern, that due to the small air gap size the damping may
increase. This was less of a concern for the air gap between the coil yoke and the magnet, however, there still
was uncertainty. The results show that that reducing the yoke air gap at no point showed a negative effect on
the scanner amplitude. Even at the smallest possible gap size of 0.05 mm, a reduction in the driving voltage
was observed, when comparing to larger gap sizes. A smaller gap size was not possible to set, due to the
available tooling. Additionally, setting the yoke gap at 0.05 mm proved to be difficult, due to the low stiffness
of the feeler gauge. For convenience, the air gap size is set to 0.1 mm. Further testing of air gap influence
on achievable amplitude was not investigated for other flexures, due to the assumption that the effect is the
same for different flexures. Additionally, the same flexure was mounted with the washer to investigate the
difference in the resonance frequency. The resonance frequency of the flexure with a washer was recorded as
4421 Hz, which is 275 Hz larger than the frequency without a washer. Therefore, further measurements are
done with the washer mounted.

5.4.2. Flexure model results
Three different versions of the flexure were designed in order to account for the uncertainty of the mounting
boundary conditions (section 4.5.7). In addition, three different scanner housings were produced in order
to account for the uncertainty of the small air gap (section 4.2.6). The measurement procedure for a single
flexure is described as:

1. The flexure is mounted on a housing, the resonance frequency is measured at an input signal of 1 V P-P

2. A square wave signal of 10 V P-P voltage and 4650 Hz frequency is imputed, the resultant amplitude is
measured.
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3. If the required scan amplitude is not achieved the input signal is increased to 24 V P-P and the ampli-
tude is measured. The value of 24V is selected because it is theoretically the largest signal value that
can be achieved with the currently used 12V power supply.

The performance of each flexure was very dependant on mounting alignment and screw tightness. There-
fore, it was not possible to achieve the best result with each flexure at the first mounting attempt. This phe-
nomena is discussed in more detail in section 5.4.3. To compare the performance of each flexure the best
achieved results are taken into account. Figure 5.5 illustrates the best results of each flexure.

Figure 5.5: Best recorded performance results of each flexure

Firstly, the results show that flexure 1 and 2 did not achieve the required amplitude at an input voltage
of 10 V P-P. Flexure 3 unit 1 achieved the required 3 mrad amplitude with an input signal of the currently
used electronics. The maximum current at which this is achieved was 33.65 mA, therefore, the electronics
of EasyScan can drive these scanners. Due to the success of flexure 3, two more units of the same version
flexure were tested to make a preliminary look into reproducibility of the scanner. Flexure 3 unit 2 achieved
the amplitude at 10 V P-P, but unit 3 did not. The resonance frequency of unit 3 in housing 1 was measured
to be 4257 Hz, which is 393 Hz away from the required 4650 Hz frequency. When comparing the flexure 3
units 1 through 3, the maximum difference between the smallest and highest recorded resonance frequency
is ∆ f =496 Hz. This difference is in the range of the frequency tolerances ∆M = ±441.1Hz estimated in sec-
tion 5.5. Therefore, the under performance of flexure unit 3 is most likely a result of machining/assembly
tolerances.

It is interesting to note, that the maximum recorded resonance frequency of flexure 3 unit 1 is 758 Hz
smaller than theoretically predicted frequency in table 4.14, which was estimated with strict boundary condi-
tions. Therefore, the less constricting boundary conditions are more accurate at predicting the real resonance
frequency.

Theoretically, the low resonance frequency of flexures 1 and 2 could also have been a results of the fre-
quency tolerance ∆M . However, the highest recorded resonance frequency of flexure 2 has a frequency tol-
erance margin of only 155.1 Hz. Flexure 2 was designed to have higher resonance frequency than flexure 1
by 331 Hz, but the measured results show the opposite. Therefore, it is most likely that flexure 1 was manu-
factured with the resonance frequency ending up in the + side of the tolerance whereas the flexure 2 ended
up in the - side of the tolerance. Flexure 3 units 1 and 2 outperformed flexures 1 and 2. Only flexure 3 unit 3
showcased performance that was worse than flexure 1, which can be attributed to manufacturing tolerance.
Therefore, it can be concluded that the design of flexure 3 is the closest to the required resonance frequency
from the three designed flexure models.

It is worth to mention, that the amplitude that flexure 3 units 1 and 2 reaches is higher than the 3 mrad
value predicted in sections 4.4 and 4.5.8. The increase in amplitude can be attributed to the decreased coil
air gap size, as it increases output torque almost twice, as indicated by figure 4.12. Additionally, the lower air
gap size of housing 1 increases the output torque, however, the effect is not so straightforward, and mounting
also plays a significant role. The effect of different side air gap sizes is discussed in section 5.4.4.
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With a 24 V P-P input signal flexure 1 also achieved the required amplitude of 3 mrad. The same is al-
most true for flexure 3 unit 3, however, when mounted in housing 3 the amplitude is not achieved for this
model. The current at 24 V P-P varies between different models, however, the maximum values recorded was
69.7 mA. With such current the increase in temperature is less than 9 ◦C. The scanner was operated at the
mentioned current level for five minutes and no effect on performance was noticed. This means that if modi-
fications were made on the EasyScan electronics, the scanner could be driven at higher current, which would
compensate for the frequency tolerance of the scanner.

A look at the amplitude requirement leads to an intriguing conclusion. The requirement of the 3 mrad
was derived from a limited amount of measurements by adding an margin of safety. However, the maximum
value ever recorded for a calibrated image was±1.41 mrad. All of the tested flexure and housing combinations
achieve this amplitude, whether at 10 V P-P or 24 V P-P input signal. Therefore, the question is whether the
3 mrad amplitude requirement is too strict. To be able to answer this, more measurements would have to be
conducted. However, reducing the requirement may be a correct solution in order to make the scanner less
sensitive to the frequency tolerance ∆M .

5.4.3. Mounting influence on frequency
It was mentioned in section 5.4.3 that the performance of each flexure was very dependant on mounting
alignment and screw tightness. Bad mounting results in a curved scan beam. Examples of curved scan beam
are showcased in figure 5.6. Such curving of the beam is undesired, as it may influence the focusing of the
image and the vertical stripe elimination capabilities of the EasyScan. The problem with avoiding these light
beams is that predictive behaviour was not noticed. The screw tightness of each scanner was different from
another, some flexures even requiring mounting by only two bolts. If a third bolt was used, the light beam
would start to curve. Some flexure would require normal tightening torques, while others would be almost
completely loose in order to have a straight light beam. The most convenient way of adjusting the screw
tightness, was to do it while the scanner is turned on and the beam shape could be seen live on the sensor.
However, even with this method in some cases proper tightening could not be achieved and the flexure po-
sition was needed to be adjusted. Then, the process of adjusting the screw tightness would have to be tried
again.

Figure 5.6: Saturated images of the scan line. The two upper scan lines are of acceptable quality. The bottom three scan lines are
unacceptable and are a result of bad mounting

The cause of the beam warping is the tightening stress from the bolts. Additionally, the tightened bolt
transmits not only an axial force on to the flexure, but also a torque. Theoretically, the torque can be com-
pensated by using a torque plate, but this would require additional mounting space, which is already very
limited. The only other way to avoid bolt induced stress would be to glue the flexure to the housing.
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Due to the required fine tuning of the flexure mounting, the time required to do so also increases. For
example, the most time consuming mounting procedure was for flexure 3 unit 3. It took 14 mounting at-
tempts to finally achieve a straight scan line. Such long assembly times are not acceptable if you consider
that the hourly wage for technical assembly in the Netherlands is 60 Eur/hour. Additionally, the difference
between maximum and minimum resonance frequency measured during the mounting attempts was ∆ =
456 Hz, which indicates that the frequency tolerance due to mounting is roughly half of the manufactur-
ing/assembly tolerance ∆M =±441.1Hz.

5.4.4. Side air gap size influence
During the design process it was estimated that thin air gap may cause significant amounts of damping (sec-
tion 4.2.6. Therefore, housings with side air gap sizes of 0.5 mm;0.75 mm;1 mm were designed in order to
account for the uncertainty of damping.

Figure 5.4 shows that for flexure 1, flexure 2, and flexure 3 unit 3, the minimum gap size of 0.5 mm show-
cased the highest amplitude. However, results are sporadic and a constant factor of how much the amplitude
increases with the smallest gap size cannot be derived. This is even more true for flexure 3 units 1 and 2, for
which housing 2 with air gaps of 0.75 mm showed the highest achieved amplitude.

The inconsistent behaviour of the amplitude is more a result of the mounting influence of the flexure,
discussed in section 5.4.3, than that of the reduced gap size. However, since there was no obvious negative
effect of the the smallest air gap size, it would be safe to conclude that an air gap size of 0.5 mm does not
hinder performance.

5.4.5. Frequency dependence on amplitude
It was observed that the resonance frequency of the flexure shifts with increasing amplitude. This effect is
due to the non-linear negative magnetic stiffness, which was discussed in chapter 4.4. During design, it was
assumed that due to the small rotation angle the non-linear magnetic stiffness can be neglected. However,
this was observed for scan amplitudes lower than ±3 mrad.

Figure 5.7: Resonance frequency dependence on input signal with a corresponding amplitude

The resonance frequency shift of flexure version 3 unit 1 was measured. The measurement procedure
was:

1. Set input signal voltage is set to 1 V P-P.

2. Find the resonance frequency and measure the scan amplitude.

3. Increase the input signal voltage by 1 V P-P.
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4. Repeat steps 2 and 3 until the input signal voltage of 10 V P-P is reached.

The resultant plot is showcased in figure 5.7. The resonance frequency reduces with increasing amplitude.
The frequency shift of ∆ f =60 Hz is when there is an increase of amplitude from 1.7 mrad to 9.5 mrad. In the
operational range of ±3 mrad the change in resonance frequency is less than 10 Hz. When compared to the
frequency tolerance of machining/assembly ∆M or the sensitivity to mounting conditions, this frequency
shift phenomena becomes insignificant.

5.4.6. Prototype test in the EasyScan OPMOD
The HF scanner with flexure version 3 unit 1 and housing version 1 was tested in the EasyScan OPMOD. The
prototype managed to achieve the same level of image uniformity, as with the original scanner. Scanned test
image comparison is displayed in figure 5.8. It is important to note, that the image illumination is a result of
OPMOD alignment and not the performance of the HF scanner. Therefore, these differences do not influence
the performance evaluation of the HF scanners.

Figure 5.8: Calibrated test images for green laser of the original scanner and the prototype

The resulting image made with the prototype scanner may seem to have a slightly more uniform hori-
zontal illumination distribution. This can be attributed to the fact that the prototype achieves a much higher
amplitude than the original scanner at the lowest possible OPMOD potentiometer setting, as showcased in
figure 5.9.
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Figure 5.9: Scanning amplitude comparison between the original and the prototype scanner. Both of scanners were driven by the OP-
MOD and the according amplitudes are referenced to the potentiometer value of the OPMOD.

The behaviour of the prototype with respect to the potentiometer setting is also interesting, as the am-
plitude practically does not change between potentiometer values of 33 % and 66 %. This behaviour can be
attributed to the warped beam scan path of the prototype scanner, which is a result of flexure mounting. On
purpose, it was decided to test the performance of an imperfectly mounted flexure. The slightly warped beam
of the HF scanner is showcased in figure 5.10.

Figure 5.10: Prototype and original scanner beam shapes with respect to potentiometer setting.

Due to the design of the EasyScan electronics, the amplitude of the tested prototype could not have been
lowered. This is a serious issue, as the scanner then operates at an excessive amplitude, therefore, causing
a larger noise and using more power than necessary. To solve this problem, the potentiometer should be
replaced by a variable resistor, so that smaller amounts of could be running through the scanner.

From figure 5.10 it can be seen the scan line of the prototype warps significantly at 100 % potentiometer
setting. The effect of the warped beam on the scanned image can be seen in figure 5.11. When the beam
warps, the image goes out of focus. Due to the OPMOD design, the focusing can be adjusted to refocus
the beam, however, horizontal stripes appear on the bottom and top parts of the image, deteriorating image
quality. More tests would need to be done to determine, how much warping is acceptable. However, generally
the better approach would be to improve the mounting of the flexure in order to avoid warping all together.
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Figure 5.11: Scanned prototype test images with straight and warped beams



6
Conclusion and recommendations

6.1. HF scanner
A prototype, which achieves the required amplitude of±3 mrad at the operating frequency of 4650 Hz, was de-
veloped. Design reliability was tested by manufacturing additional two units of the successful flexure model.
Two out of the three flexure units achieved the required amplitude of 3 mrad. The failure of the third unit can
be attributed to machining/assembly tolerances. In addition, unpredictable scanner sensitivity to mounting
bolt tightness was discovered. In a recorded worst case scenario the frequency difference of the maximum
and minimum recorded frequency value was 456 Hz. Furthermore, due to this spread the mounting of the
flexure can take an unfeasible amount of time. A manufacturing/assembly tolerance of the resonance fre-
quency of ∆M = 441.1 Hz was estimated. Due to all of these factors, additional measures need to be made to
ensure scanner reliability. These measures are:

1. Change the mounting of the flexure from bolting to gluing. This will remove the dependency of bolt
tightness. Additionally, the cost of the scanner housing will be reduced, as tapped holes increase the
price by almost 30 %. Mounting time would also be reduced, as assembling the flexure with bolts can
take an unfeasible amount of time (worst case scenario recorded for a single flexure was 2 hours).

2. Improve scanner electronics so that a RMS current of at least 70 mA could be generated. This would
result in less than 10 ◦C of a temperature increase that does not impact performance, and at least 75 %
torque increase. This would help compensate for the machining/assembly tolerance∆M . The coil itself
can withstand a larger amount of current, therefore, a study on what is the maximum temperature
increase that does not impact scanner performance is recommended.

3. The total scanner resonance frequency tolerance ∆M =441 Hz is most dependant on sheet thickness
tolerance and amounts to 84 % of the total tolerance. Therefore, improving the thickness tolerance by
finding better tolerance sheet or applying additional manufacturing may drastically improve frequency
tolerance. For example, reducing the thickness tolerance in half would result in 31 % reduced frequency
tolerance ∆M .

4. Conducting a long term investigation of the in production scanners may lead to a reduction of the
required scanner amplitude, as the design requirement of 3 mrad was derived from measurements of
only 4 EasyScans, and is two times larger than the highest calibrated amplitude ever recorded.

5. Change the potentiometer of the HF driving electronics to a variable resistor. The potentiometer limits
the minimum possible scanner current, therefore, in some cases the scanner is working at a higher
oscillation amplitude, causing a larger noise than necessary.

6. The stiffness of the HF flexure can be increased, as no test resulted in failure, due to the resonance
frequency being too large. This would also increase the unconstrained degree of freedom stiffness,
therefore reducing warping.
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6.2. LF scanner
The LF scanner was not fully designed, due to the poor support stiffness of the flat torsion beam. While
the flat torsion beam design was feasible for the HF scanner, no feasible solutions were found in the design
space of LF scanner. A conceptual design of a U shaped torsion beam was proposed, which showcased bet-
ter performance than the flat torsion beam, as the higher order modes are at least 6 times larger the first
mode. However, due to time constraints and limited machinability options, the design was not finished. It
is recommended to further investigate manufacturing possibilities of the U shaped torsion beam in order to
determine what is actually possible to manufacture and at what price.

6.3. Scanner cost
Many of the choices that lead to the resultant design were made in order to maintain the total cost of the
scanner low. Figure 6.1 showcases the cost of each scanner component when accounting for manufacturing
of 100 units.

Figure 6.1: Scanner part cost comparison

The total cost requirement for both scanners were set as 300 Eur/EasyScan. Allocating half of that amount
for the HF scanner is a reasonable assumption. Additionally, because the original scanner housing is removed
and replaced by the new one, the cost of the original housing can be added to increase the budget. The total
price of the parts for the prototype scanner with the bolted flexure, is 128.44 Eur. This amounts to 86 % of the
single scanner budget of 150 Eur. The most expensive part is the scanner housing. The prototype scanner
housing is 6 times more expensive than that of the original scanner. There are several reasons for this. The
original scanner is made of aluminium, which is much easier to machine than stainless steel. Secondly, the
prototype scanner has in total 8 tapped M2 holes. Hole tapping for stainless steel at small screw sizes, such
as M2 is a very precarious operation, which can lead to broken tap cutters. Therefore, carefully tapping the
holes requires time and leads to an increased cost. Furthermore, the price of manufacturing is given by a
manufacturer of European Union, which can be more expensive than countries from Asia.

If bonding with adhesive would be used instead of mounting with bolts, the cost of the housing could be
reduced to 70 Eur/unit. In addition, the price of the flexure can be reduced by using photo chemical etching,
instead of cutting the flexure with a micro water jet. If these changes were implemented then the total cost
of the parts would be reduced to 82 Eur, leaving 68 Eur for the scanner assembly. Assuming that the price
of technical assembly in the Netherlands is 60 Eur/hour, that would amount to 68 minutes of assembly time
per scanner. If the assembly process was optimized, a one hour assembly time for a single scanner may seem
like a reachable goal. Therefore, if gluing of the flexure would result in improved scan beam stability, then the
price of a single scanner should be just about the required 150 Eur/scanner and would be feasible.
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A
Magnetic circuit basics

A.1. Main relations and determinion of magnetic flux
Magnetomotive force (MMF) for coils and magnets is defined as:

Fcoi l = N I Fmag = Br lm

µ0
(A.1)

Reluctance of an element in a magnetic circuit is defined as:

R= t

µ0µr Ac
(A.2)

The magnetic flux φ crossing a surface S is the surface integral of the normal component of B:

φ=
∫

S
B ·da (A.3)

In most cases it is assumed that the magnetic flux density is uniform across the cross section of the yoke or
an air gap, therefore A.3 simplifies to:

φ= Bc Sc (A.4)

Analogous to Kirchoff’s current law [11], the sum of flux in a node of a magnetic circuit is equal to zero:∑
n
φn = 0 (A.5)

If the magneto motive force FL and the reluctance RL of a loop are known then the flux in the loop can
be expressed as:

φ= FL

RL
(A.6)

The relation of flux to MMF and reluctance in equation A.6 is analogous to Ohm’s law [18], which is used
in electric circuits. The voltage corresponds MMF, reluctance to resistance and current to flux. Examples of
analogous circuits are showcased in figure A.1. For such a magnetic circuit the total flux would be calculated
as:

φ= F
Ry +Rg

Ry = 2(L1 +L2)− t

µ0µr Ac
Rg = t

µ0 Ac
F = N1I1 (A.7)

Usually in a good magnetic circuit the magnetic permeability of the yoke is much higher than that of vac-
uum µr >> 1 then the reluctance of the yoke is much smaller than that of the yoke Rg >>Ry . In such cases
the reluctance of the yoke can be disregarded Rt ≈Rg .
For a more complicated circuit configuration the same equation A.6 can be used to find the fluxes. An exam-
ple configuration is showcased in figure A.2. The reluctance of the yoke is disregarded. There are two inner
loops to which equation A.6 can be applied.
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Figure A.1: Left: An arbitrary schematic of an electric circuit. Center: A magnetic circuit schematic analogous to the electric circuit on
the left. Right: Configuration of magnetic circuit which corresponds to the magnetic circuit schematic.

φ1Rg +φ3Rm =Fmag +Fcoi l1 (A.8)

φ2Rg +φ3Rm =Fmag −Fcoi l2 (A.9)

If equation A.6 would be applied for the outer loop of the circuit, it would result in an equation which
would not be linearly independent from equations A.8 and A.9. Because in total there are three unknowns
φ1,φ2,φ3, a third equation is needed to solve for the unknowns. The third equation is obtained by using
equation A.5 on node 1:

φ1 +φ2 −φ3 = 0 (A.10)

Equations A.8,A.9,A.10 can be combined into a matrix form which, is a linear system of equations equiv-
alent to the form Ax=B:

Rg 0 Rm

0 Rg Rm

1 1 −1

φ1

φ2

φ3

=
1 1 0

1 0 −1
0 0 0

Fmag

Fcoi l1

Fcoi l2

 (A.11)

The linear system of equations can be solved manually or with the help of software such as MATLAB. The
method outlined for determining flux values in this example can be used in any magnetic circuit and is used
throughout this thesis.

Figure A.2: Left: Magnetic circuit configuration with two loops. Right: Schematic of the magnetic circuit on the left.
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A.2. Determination of force
Two most common ways of determining magnetic forces are: the Maxwell stress tensor[13] and the energy/co-
energy methods [25]. The former is used mostly in this thesis, as for the circuit configurations explored it
provides the simplest expression of the force. The Maxwell stress tensor is a second order tensor expressed
as:

σi j = ε0Ei E j + 1

µ0
Bi B j − 1

2

(
ε0E 2 + 1

µ0
B 2

)
δi j (A.12)

where
Bm = remnant magnetic flux density of the magnet [T]
σi j = element of Maxwell stress tensor [MPa]
ε0 = electric constant [F·m−1]
Ei ;E j = electric field [V/m]
µ0 = magnetic constant [H/m]
Bi ;B j = magnetic field density [T]
E 2 = E 2

x +E 2
y +E 2

z

B 2 = B 2
x +B 2

y +B 2
z

δi j = Kronecker delta. If i 6= j δi j = 0, if i = j δi j = 1.

During static operation of the reluctance actuator the electric field does not contribute to the stress tensor
and during dynamic operation the contribution is insignificant therefore, it can be ignored. Then the stress
tensor simplifies to:

σi j = 1

µ0
Bi B j − 1

2

(
1

µ0
B 2

)
δi j (A.13)

When the magnetic field along the surface A of a body is known, the magnetic force acting on an object is
described as:

Fi =
∮

A
σi j n j d a (A.14)

where
Fi = force acting on surface m [N]
A = area of the surface [m−1]
n j = is the j-th component of unit vector n normal to the surface A [-]

In this thesis most of the areas where the magnetic force needs, to be determined have uniform magnetic
flux density normal to the area of interest. In such case, the Maxwell stress tensor has only one component
which is expressed as:

σxx = 1

µ0
Bx Bx − 1

2

(
1

µ0
B 2

x

)
δxx = B 2

x

2µ0
(A.15)

Then the magnetic force on a surface, which has uniform magnetic flux density normal to the surface is
expressed as:

Fmag .N =σxx Ac =
B 2

x

2Acµ0
= B 2

x Ac

2µ0
= φ2

2Aµ0
(A.16)

It is very simple to apply equation A.16 to find the magnetic force, as the only the flux φ needs to be
determined which is explained how to do in the appendix section A.1.

In situations where the net magnetic field acting on a surface also has a tangential component, the normal
and the tangential forces are expressed as:

Fmag .T =σx y A = Bx By A

µ0
Fmag .N =

(
B 2

x

µ0
−

B 2
x +B 2

y

2µ0

)
A =

(B 2
x −B 2

y )A

2µ0
(A.17)

To properly evaluate the magnetic tensor on each surface the direction of the surface normal with respect
to the axes directions of the reference coordinate system needs to be taken into account. A figure showcasing
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the stress direction on a rectangular body is displayed in figure A.3. A detail explanation of the implementa-
tion of the Maxwell stress tensor can be found in [36].

Figure A.3: Rectangular volume with stress tensor components highlighted



B
Piezo actuator technical data

B.1. Maximum operational settings

Figure B.1: Maximum operating settings of various piezo actuators of Physik Instrumente
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C
Magnetic circuit parameter expressions

In this appendix expressions of parameter for the magnetic circuit configurations of table 4.2. All of the ex-
pressions are derived when assuming that the scanner rotation x = 0.

C.1. Configuration 1
Magneto motive force:

Fmag = Br lm

µ0
Fcoi l =

N I

2
(C.1)

Reluctance:

Rg apL = Rg apR = g0

µ0 Am
Rm = lm

µ0 Am
Rgc =

gc

µ0 Am
(C.2)

Force:

FC 1 =
Φ2

L −Φ2
R

2µ0 Am
= Br N Am Ic lm

(g0(g0 +2gc +2lm)
(C.3)

C.2. Configuration 2
Magneto motive force:

Fmag = Br lm

µ0
Fcoi l =

N I

2
(C.4)

Reluctance:

Rg apL = Rg apR = g0

µ0 Am
Rm = lm

µ0 Am
Rgc =

gc

µ0 Am
(C.5)

Force:

FC 2 =
Φ2

L −Φ2
R

2µ0 Am)
= Br N Am Ic lm

((g0 + lm)(g0 +2gc + lm)
(C.6)

C.3. Configuration 3
Magneto motive force:

Fmag = Br lm

µ0
Fcoi l =

N I

2
(C.7)

Reluctance:

Rg apLL = Rg apLU = Rg apRU = Rg apRL = g0

µ0 Am
Rm = lm

µ0 Am
(C.8)

Force:

FC 3 =
2(Φ2

L −Φ2
R )

2µ0 Am)
= Br N Am Ic lm

2g0(g0 + lm)
(C.9)
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C.4. Configuration 4
Magneto motive force:

Fmag = Br lm

µ0
Fcoi l = N I (C.10)

Reluctance:

Rm = lm

µ0 Am
RLU = RRU = g0

µ0 Am
RLL = RRL = 2Rm (C.11)

Force:

FC 4 = F5 −F6 +F3 +F2 F5 =
(B 2

5 −B 2
3 )Am

2µ0
F6 =

(B 2
6 −B 2

2 )Am

2µ0
F3 = B3B5 Am

µ0
F2 = B6B2 Am

µ0
(C.12)

C.5. Configuration 5
Magneto motive force:

Fmag = Br lm

µ0
Fcoi l = N I (C.13)

Reluctance:

Rg apC = g0

µ0 Am
Rm = lm

µ0 Am
(C.14)

Force:

F = FI=0,25 −FI=0 FI=0 =
(B 2

r Am l 2
m)

µ0(2g0 + lm)2 FI=0,25 = Am(Br lm +N Icµ0)2

µ0(2g0 + lm)2 (C.15)



D
Inertia of a rectangular body

Inertia of a rectangular body about an axis O that is orthogonal to one of its faces is estimated as:

I = hLρw(h2 +w2 +12x2
c +12y2

c )

12
(D.1)

where
I = mass moment of inertia [kg ·m2]
w = body width [m]
h = body height [m]
L = body length [m]
xc = distance between the axis of rotation an centre of mass [m]
yc = distance between the axis of rotation an centre of mass [m]
ρ = material density [kg/m3]

Figure D.1: Inertia of a rectangular body about an axis O
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