Electromagnetic Objective Lens Scanner: Design, Modeling and
Characterization*

Yuen K. Yong, Ben S. Routley, Andrew J. Fleming

Abstract—This article describes an electromagnetic objec-
tive lens positioner for applications that require millimeter
scale vertical travel and wide bandwidth, such as Michelson
interferometry, laser micromachining, and confocal microscopy.
The proposed device is a cylindrical Lorentz actuator with a
stationary permanent magnet and moving coil. The motion of
the objective is guided by two planar flexures that determine
the travel range, stiffness and resonance frequency. The travel
range can be easily varied, e.g. from 100 ym to 1 mm, by
altering the flexure dimensions. Analytical solutions for the
stiffness, travel range and resonance frequency are derived
and validated by finite-element analysis and experimental
results. Compared to existing piezoelectric objective scanners,
the proposed electromagnetic scanner exhibits higher linearity
in open-loop, lower temperature dependence, can operate in
humid environments, and has a reconfigurable travel range.
The disadvantages compared to a piezoelectric scanner include
heat dissipation for static displacement, the possibility of stray
magnetic fields, lower lateral stiffness, and larger physical size.
However, although the volume is larger than an equivalent
piezoelectric scanner, the cylindrical shape is suited to many
microscope turrets.

I. INTRODUCTION

Objective scanners with millimeter scale travel range and
high precision are required in numerous microscopy and
industrial applications. In scanning interferometry [1]-[3],
laser material processing [4], [5], confocal microscopy and
two-photon microscopy [6], [7], objective scanners are used
to move an objective lens along its optical axis to change
the focal length.

This article describes a high-speed objective scanner
driven by a voice coil actuator (VCA). The VCA-driven
scanner uses a radially poled magnet and a tubular coil of
wire to minimize flux leakage and maximize linearity over
the travel range [8], [9].

Many commercial objective scanners are driven by piezo-
electric actuators, including the P-725 and P-726 from Physik
Instrumente [10], PEM450E from Thorlabs [11], Nano Scan
OP400 from Prior Scientific [12], and the P70 and XD7
series from CoreMorrow [13]. Piezoelectric stack actuators
are compact and capable of providing high force and high
bandwidth to drive a positioner [14]-[19]. In high-speed
systems, flexures with high stiffness along the actuation
axis are required to preload the piezoelectric stack actu-
ators [20], [21]. These flexures are also used to increase
the first resonance frequency of the system, and to achieve
a large control bandwidth [22]. However, a disadvantage
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Fig. 1. Assembled and exploded views of the objective scanner.

of stiff flexures is a strict trade-off between range and
bandwidth [19], [22]. Lorentz or voice coil actuators (VCAS)
have been used for precision positioning to achieve a rel-
atively large travel range, from hundreds of microns to a
few milimeters [9], [23]-[26]. Unlike piezoelectric actuators
with hysteresis, VCAs have a linear relationship between
input current and output force, which is ideal for generating
linear motion. Increasing the first resonance frequency of
VCA-driven positioners is relatively simple compared to
piezoelectric-driven systems, due to the high stiffness and
small maximum strain ( 0.1%) of piezoelectric actuators [22].
The first and second resonance modes of piezoelectric stack
actuators are typically bending modes that arise from their
slender structurs [27]. To avoid these modes, flexures with
high stiffness along the uncontrollable axes are required to
restrict motion and increase the resonance frquency above
the resonance frequency of the actuation axis [22], [27]-[29].
For VCA-driven positioners, the stiffness of the structure is
only a function of the flexures, which simplifes the design
procedure significantly. The first resonance frequency along
the actuation axis can be increased by simply increasing the
flexure stiffness, e.g. by increasing the thickness.

Section II describes the design and construction of the
objective scanner. The stiffness, resonance frequency, and
electromagnectic sensitivity are then derived analytically in
Section III. Section IV presents finite-element analysis in
the mechanical and electromagnetic domains. Experimental
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Sectional view of the objective scanner.

results are presented in Section V, followed by an example
interferometer application in Section VI. Section VII con-
cludes the work.

II. SYSTEM DESCRIPTION

As shown in Figure 1, the proposed objective scanner
is constructed from two aluminium plate flexures (top and
bottom), a cylindrical permanent magnet, a steel bobbin, a
steel cylindrical housing, a stainless steel top mount and an
objective lens. The permanent magnet is embedded on the
inside diameter of the cylindrical housing, and the tubular
coil of wire is wrapped around the bobbin and situated within
aradially oriented magnetic field, as depicted in Figure 2. An
air gap is formed between the magnet and coil. The objective
lens is situated in the center of the hollow structure and
mounted to the top flexure which has a Royal Microscopy
Society (RMS) thread, as shown in Figure 3. The bobbin is
mounted to the plate flexures via five inner mounting holes.
The flexures are then secured to the cylindrical housing via
five outer mounting holes. When current is applied to the
coil, the induced magnetic force deforms the plate flexures
to generate axial motion.

III. MODELING

Each plate flexure consists of five identical curved beams
as shown in Figure 3. The flexures are made of aluminium
alloy (Al7072) with a thickness ¢ of 1.6 mm. Each curved
beam has a width h of 2.8 mm, a radius of curvature R of
29.5 mm, and a curve angle ¢, of 55.5°. Dimensions and
material properties are summarized in Tables I and II.

TABLE I
DIMENSIONS AND COMPONENT MASS OF THE SCANNER.

Dimensions
Description Parameter ~ Value
Beam thickness [mm] t 1.6
Beam width [mm] h 2.8
Radius of curvature [mm] R 29.5
Curve angle (span) [°] bo 55.5
Mass
Description Parameter ~ Value [kg]
Bobbin Me 0.186
Magnet Mm 0.15
Objective lens my 0.22
Central platform of flexure myp 0.02
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Fig. 3. Top and bottom plate flexures.
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Fig. 4.
and boundary conditions. (b) The cross-sectional bending and torsional
moments, and the beam element.

(a) Curved-beam model with parametric dimensions, loads

A. Effective Stiffness

To model the effective stiffness of the scanner with curved
beams, the elastic strain energy and Castigliano’s second
theorem are used [20], [30]-[32]. As depicted in Figure 4, the
equilibrium of moment along the x and y directions are [28],
(32],

My, cos(¢p+ 1) — Mysin(d+p1) — M cos(¢p1)+Qy =0
My sin(¢p+ 1)+ M, cos(¢p+¢1) — M sin(¢p1) + Q(x, — )
=0,
(D
where y = Rsin(¢ + ¢1) — Rsin(¢q), © = Rcos(é + ¢1),

and x, = Rcos(¢1). @ is the shear force on the curved
beam. Solving (1) for M} and M, gives,

M,
M, =

M cos ¢ — QRsin ¢
QR — Msing — QR cos ¢. 2)

The elastic strain energy stored in each beam is,

1 [ 1 [F
= E/ szds+ﬁ/ MZds,  (3)

where E is Young’s modulus, [ is second moment of inertia,
G is shear modulus, J is polar moment of inertia, and L is
the length of the beam. The integration is performed with
respect to the length of a beam element ds. Because of the
guided boundary condition of the beam, the slope of the



TABLE II
MATERIAL PROPERTIES OF EACH COMPONENT IN THE SCANNER.

Component Material Young Modulus ~ Shear Modulus  Poisson’s Density Relative Others
E, [GPa] G, [GPa] ratio p, [kg/m®]  Permeability
Top mount Stainless steel 200 77 0.3 7850 1
Plate flexure Al17072 72 27 0.33 2770 1
Bobbin Steel 193 74 0.31 7750 B-H curve
Outer housing Steel 193 74 0.31 7750 B-H curve
Coil Copper 120 41 0.38 8300 1 169 turns, 3 layers
Magnet NdFe35 147 - - 7400 B-H curve Coercivity = 890 kA/m

beam © is zero where the shear force () is acting. Using
Castigliano’s theorem, and exploiting © = 0 results in,

ouU 1 [F oM,
O=om =0 = 2EI/ 2My g 98
1 [F OM,
t5o7 | 2Migrds @

Substituting (2), OM,/OM, OM,/OM, and ds = Rd¢ into

(4), and performing integration from § — ¢, to 3 (the span

of the curved beam) gives,

Q R2sin (6,)° —2Q B2 sin (6,) +2 M (% + —Si“(i‘f"’)){fz
2GJ 7

QR sin(9,)° — 2 M R (% — =52

— =0
2E1

Simplifying the above equation and solving for M,
_ 2QRsin¢,(2EI — Elsing¢, + GJsing,)
~ EIsin(2¢,) — GJsin(2¢,) + 2EI¢, +2GJ ¢,

Knowing M, the deflection ¢ of the beam can be determined.
Using Castigliano’s theorem results in,

(6)

oU 1 L M,
'=30 E/ 2My 5 ds
1 L OM,
toa | 2M: 30 ds. 7)

Similarly, entering M,, OM,;/0Q, My, OM,;/0Q, and ds =
Rd¢ into (7), and performing integration from § — ¢, to 5
gives,

1 M 2 12
52@ 2QR3(COS¢O—1)—MRQSin¢O+w
+QR3(%_COS%M>+QR3¢O
2 2
L 3 ( Qo | sin(2¢,) MR?sin? ¢,
+ a1 |9 (2 Tty 5

®)

With the dimensions and material properties given in Tables I
and II, and by substituting (6) into (8), the deflection of
the fixed-guided curved beam is § = 40.54(Q). The predicted
stiffness is k, = @Q/5 = 0.0216 N/um. Since each plate
flexure consists of five curved beams arranged in parallel,
two plate flexures provide a total stiffness of kr = 10k, =
0.2 N/pm.

B. Resonance Frequency

To estimate the resonance frequency of the objective
scanner, the effective mass of the flexures is first calculated
using the Rayleigh’s principle [31], [33],

L 2
oA | {55 ] e

3 5 17
= pA /E 15 Rd¢ )

where A = ht is the cross-sectional area of the beam, and p
is the density. By performing numerical integration to (9), the
effective mass for each curved beam is m.;y = 0.0052 kg.
The total effective mass M, is the sum of 10 m.; ¢, the mass
of bobbin m., magnet m,,, objective lens m; and the middle
platform of the plate flexures m,,, as tabulated in Table I. The
estimated effective mass is M, = 0.58 kg. The resonance
frequency of the objective scanner is,

Meff =

1 kp
fres - % Me .

The calculated first resonance frequency of the scanner is
fres = 93.6 Hz.

(10)

C. Electromagnetic Actuation

The electromagnetic actuator is illustrated in Figures 1
and 2, where a stationary radially polarized magnet creates
a uniform magnetic flux through a portion of a moving coil.
When a current is passed through the coil, a Lorentz force
acts in the vertical direction which displaces the objective
and guiding flexural springs.

Dimensions of the magnetic components are described in
Figure 5(a). To minimize non-linearity due to fringing fields,
the coil length is chosen to be significantly longer than the
magnet so that almost all of the magnetic flux passes through
the coil, regardless of deflection. The air-gaps above the coil,
and at either end of the bobbin are minimized to 1 mm, which
is constrained by fabrication and assembly tolerances.

The coil was designed to utilize the available volume and
provide a convenient resistance for a +/-10 V linear amplifier.
169 turns of 0.55 mm insulated copper wire were wound in
three layers on the bobbin, which is 39 mm diameter and
31.6 mm long. This required approximately 21 m of wire,
and resulted in a 2.4 Ohm resistance, which is well suited to
the output voltage and current range of the linear amplifier
(+/-10 V and +/-5 Amps).
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Fig. 5.  Electromagnetic dimensions (a), model (b), magnetic material
properties (c), and FEA simulation results (d).

To determine the relationship between the applied current
and developed force, the magnetic flux in the portion of the
exposed coil must be determined. The equivalent magnetic
circuit is shown in Figure 5(b) where the magnet is rep-
resented by the shaded MMF source and reluctance, and

the air-gaps are represented by Rgi, Rgo4, and Rgop. The
reluctance of steel components are assumed to be negligible
compared to the the air-gaps.

The reluctance between the magnet North pole and the
bobbin R is

lg1 3 -1
Ry = oAy 904.65 x 10° H™ -,
where the gap length is l;; = 7,1 — 751, and the area is
Ap = h,,ﬂw%. The reluctances Rgo, and Rgop of the
flux return air-gaps appear in parallel and can be modeled as
a single reluctance g2, i.e.

an

lgo
R92 IUOAg2
where lgs = rp2 — ro2, and Agy = 2hgo2m Tmatrez,

By applying Ampere’s law [34], the MMF drop around
the magnetic loop is equal to zero, and can be written either
in terms of the MMEF, or the magnetic flux ® and reluctance
R since MMF = ®R, i.e.

lmHm = - (lnggl + lg2Hg2) )
lmHpy = _(I>(Rg1 + Rg2>.

=301.55 x 10> H™ !,

12)

13)
(14)

where [,,, l41, and 4o are the magnetic paths lengths, and
H,,, Hy, and Hgy are the magnetic field strengths in the
magnet and air gaps.

An identical flux ® flows through the magnet and air gaps
Ry and Ry, ie.

® = B, A, = BgiAg1 = BgaAgo, (15)

where B,,, By1, and By are the flux densities in the magnet
and air gaps. By substituting & = B,, A,,, into Equation 14,
and rearranging, the relationship between flux density and
magnetic field can be determined, i.e.

—An(Rg1 + Ryo)

lm

H,, = B,, = —758880 B,,. (16)

This equation describes the operating line of the magnetic
circuit and can be solved simultaneously with an expression
for the magnet B,, and H,,. In practice, this can be
performed graphically using the B-H curve for NdFeB-N35
[35], which is plotted in Figure 5(c), where the operating
line intersects the room temperature curve for the magnet at
B} = 0.625 T. Assuming a uniform flux density, the flux
density in the area of the coil covered by the magnet is also
By =0625T.

Since the magnetic field is perpendicular to the wire, the
Lorentz force acting on the coil is [34],

Nh,,
Fz = lyBgly = =" 2(rps +1.5D.) By L,
b

a7

where [,, is the wire length exposed to the field, Nh,,/hy
is the number of turns exposed to the field (107), 27 (rp; +
1.5D,,) is the average length of wire in one turn of a three
layer coil, D,, is the wire diameter, and I,, is the applied
current. Evaluating this expression results in
% = 8.54 Newtons per Amp

w

(18)
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Fig. 6. Boundary conditions for the finite-element model. (a) The
cylindrical housing and top mount (not shown) are fixed. A unit force was
applied to the middle of top plate flexure. (b) Simulated deformation of the
scanner.

Based on the flexural stiffness measured in Section V (k =
0.155 N/um), the expected displacement per Amp is

dz Fy1

— = —— =155.09 A.

To  I.k pm/
In Section V, the experimental sensitivity was measured to
be 52.3 pum/A, which is 5.05% below the predicted value.
The discrepancy is attributed to tolerance of the magnetic
depolarization curve reported in the datasheet.
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IV. FINITE-ELEMENT MODELING

ANSYS Workbench is used to construct a finite-element
model of the objective scanner to simulate its stiffness
and resonance frequency. Maxwell 3D within the ANSYS
Workbench is used to simulate the magnetic flux density
and the generated force. Material properties of the model
are listed in Table II. Boundary conditions are shown in
Figure 6(a).

A. Stiffness and resonance frequencies

To simulated the stiffness, a unit force is applied to
the top plate flexure shown in Figure 6(b). The simulated
deformation of the scanner is 6.54 pm, which equates to
stiffness of 0.153 N/um.

Resonance frequencies of the scanner are simulated using
the same boundary conditions without the unit force applied.
The objective lens is modeled as a metal object with a
mass of 220 g. The first simulated resonance frequency is
the vertical mode at 95 Hz, which is in close agreement to
the analytical value of 93.6 Hz. Figure 7 shows the first six
resonant modes of the objective scanner.

B. Magnetic Flux Density and Displacement

The flux density is simulated using Maxwell 3D within
ANSYS Workbench. Magnetic material properties are listed
in Table II. The flux density in the air gaps are plotted in
Figure 5(d). The resulting flux density in the middle of the
coil is 0.66 T, which is 5.6% greater than the value predicted
in Section III-C.

The simulated force distribution on the coil in Maxwell
3D is transferred as load into ANSYS Mechanical to enable
coupling between the two domains. The displacement of
the objective scanner is solved in ANSYS Mechanical.

z

1t mode

‘/I\‘ 2nd (and 3'4) mode

X Y

4t (and 5%) mode 6™ mode

Fig. 7. Simulated resonance frequencies of the objective scanner. The
first resonance mode is the vertical mode at 95 Hz. The second and third
modes are the lateral modes along the x- and y-axis respectively at 695 Hz.
The fourth and fifth modes rotate about the x and y axes respectively at
915.4 Hz. The sixth mode is a twisting mode that rotates about the z-axis
at 1845.6 Hz. Note that the third and fifth modes are not shown as these
modes are similar to the second and fourth modes, respectively.

TABLE III
COMPARISON OF ANALYTICAL, FE AND EXPERIMENTAL RESULTS.

Description Analytical FE Exp
Stiftness [N/pm] 0.2 0.153  0.155
First res. freq. [Hz] 93.6 95 106.9
Disp. gain [um/A] 42.7 42 52.3

For an applied current of 6 A, the obtained displacement
is 252.1 pm, which amounts to a displacement gain of
42 pm/A.

V. EXPERIMENTAL RESULTS

The frequency response, travel range and cross-coupling
of the objective scanner was characterized using the ex-
perimental setup depicted in Figure 8. The scanner was
mounted on a vibration isolation table with the lens facing
upwards. A Polytec PSV-300 laser scanning vibrometer was
used to measure the x-, y- and z-axis frequency responses
and displacements of the objective lens. A pseudorandom
signal of 100 mVpk and 2 kHz bandwidth was applied to
a current amplifier with a gain of 2 A/V. The measured
frequency responses from the z input (in Amps) to the output
displacements (in pm) along the x-, y- and z-axis are plotted
in Figure 9. The first mechanical resonance mode is the
expected vertical mode along the z-axis at 106.9 Hz.

The travel range and cross-coupling motions are measured
by applying a 10 Hz, 6 A peak-to-peak sinusoidal current
to the scanner. The measured X, y and z displacements are
plotted in Figure 10. The z-axis travel range is 314 pum,
which is 52.3 pym/A. The cross-coupling is 10.4 um (3.3%) in
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the x-axis and 7.6 um (2.4%) in the y-axis. Hysteresis plots
of the scanner with a 2-A peak-to-peak, 4-A peak-to-peak
and 6-A peak-to-peak sinusoidal input are also presented
in Figure 10. The hysteresis loop is approximately 2% of
the maximum displacement in all three cases. The analyical,
finite-element, and experimental results are compared in
Table III, which shows acceptable agreement.

VI. INTERFEROMETER-BASED ATOMIC FORCE
MICROSCOPY

To demonstrate the functionality of the proposed objective
scanner, a phase-locked Michelson micro interferometer was
constructed using a Nikio 10X Mirau objective [36], as
shown in Figure 11. The interferometer was used to measure
the frequency response and thermal noise of an atomic
force microscope microcantilever probe, which also creates
an interferometer-based atomic force microscope deflection
Sensor.

Figure 11 shows an overview of the experimental setup.
A fibre-coupled 635-nm distributed feedback laser is col-
limated, then directed through a 50:50 beam splitter. Half
of the split beam is dumped, and the remaining portion is
focused through a Mirau objective lens onto an AFM probe,
forming a Michelson interferometer. The light returned from
the objective lens is passed through the beam splitter. Half
of the returned beam is dumped into the collimator, and the
power in the remaining portion is measured by a Thorlab’s
PDA36A-EC photodiode. An SRS SIM960 analogue PID
controller drives the objective scanner until the phase of
the interferogram is 37 /2, i.e. the zero-crossing point where
small deviations in path length are proportional to the mea-
sured intensity [36]. forming the feedback loop to lock the
interferometer’s phase.

Using the interferometer in Figure 11, the frequency
response and thermal noise of the microcantilever were
measured using the signal chain in Figure 12. The frequency
response was measured using a Zurich Instruments HF2LI
lock-in amplifier by applying the excitation signal to a
piezoelectric actuator attached to the AFM probe holder. The
resulting sine sweeps with an excitation voltage of 10 mV
are shown in Figure 13(a).

The noise measurement was performed by a National
Instruments PXI system using a PXIe-6124 digitiser. An SRS
SR560 preamplifier provided a gain of 2000 with a 10-kHz
cutoff high-pass response. The LabView spectrum analysis
tool was used to record the noise spectrum. A sample rate
of 2 MS/s was used, and 20000 averages were collected.
While measuring the noise spectrum, the piezoelectric chip
was short circuited. The measured noise spectrum is shown in
Figure 13(b), which shows the mechanical thermal noise of
the cantilever at 352.8 kHz, and a noise floor of 70 fm/+/Hz.

An oscilloscope was used to record large signal re-
sponses and to calibrate the interferometer. For example,
when excited at its resonance frequency, the microcantilever
oscillation is plotted in Figure 14. The calibration and
initialization processes require the minimum and maximum
values of the interferogram. The midpoint is used as the
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mount.

Noise

controller setpoint, and the peak-to-peak value is used to
calculate the sensitivity. When operating at a zero crossing,
the interferometer’s sensitivity is A/2 x 7 x Vj,,,, where X is
the laser wavelength, and V,,, is the peak-to-peak voltage of
the interferogram [36].

The frequency response and noise measurement in Fig-
ure 13 indicate that the probe has a resonance frequency of
352.8 kHz, which is within specifications for the N15/AIBS
256-400 kHz AFM probe used in the experiments. For
frequencies above 300 kHz, the noise floor is approximately
20 fm/ v/Hz, while the peak thermal noise of the microcan-
tilever is 280 fm/ v/Hz. These results, combined with the
1 pm spot size possible with the 0.3 NA objective, show
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Fig. 13. (a) Measured frequency response of the intererometer-based AFM
system. (b) Noise density spectrum of the Michelson interferometer system.

that the proposed objective lens scanner can successfully
be integrated into an interferometer-based AFM that utilizes
miniature high-frequency probes.

VII. CONCLUSIONS

This article describes a vertical objective scanner driven
by a voice coil actuator for high-speed positioning applica-
tions. The travel range, stiffness and resonance frequency
are derived analytically and closely match finite-element
simulations and experimental results. The objective scanner
has a travel range of 314 pum, a first resonance frequency
of 106.9 Hz, less than 3.3% lateral cross-coupling, and less
than 2% hysteresis. The objective scanner is successfully
demonstrated in a phase-locked Michelson interferometer
to measure the frequency response and thermal mechanical
noise of a microcantilever.

Compared to existing piezoelectric objective scanners, the
proposed electromagnetic objective scanner is insensitive to
shock and vibration, is highly linear in open-loop, requires
only low voltages, and can easily be reconfigured by chang-
ing the flexure. The disadvantages compared to a piezoelec-
tric scanner include heat dissipation for static displacements,
the possibility of stray magnetic fields, potentially lower
lateral stiffness, and larger physical size.
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