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Analytical and Experimental Study on the Effect
of Air-Core Coil Parameters on Magnetic Force
Used in aLinear Optical Scanner
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Abstract— Today air-core coils (ACC) are aviable aternative to
ferrite-core coils in arange of applications due to their low induction
effect. An analytical study was carried out and the results were used as
a guide to understand the relationship between the magnet-coil
distance and the resulting attractive magnetic force. Four different
ACC models were fabricated for experimental study. The variation in
the models included the dimensions, the number of coil turns and the
current supply to the coil. Comparison between the anaytical and
experimental results for al the models shows an average discrepancy
of less than 10%. An optimized ACC design was selected for the
scanner which can provide maximum magnetic force.

Keywords—Air-Core Coils, Electromagnetic, Linear Optica
Scanner

|. INTRODUCTION

PPLICATIONS of optica scanning are increasing since

they are flexible solutions for a variety of technology
requirements; some of the applications arein scanners, printers,
displays, projectors, bar code scanning, remote measurements
of dimensions [1]. Severa actuators have been designed to
actuate Fast-Steering Mirrors (FSMs). Generally the actuators
consist of a galvanometer, piezoelectric actuator, or a
voice-coil motor (VCM) [2]. FSMs are defined as optical
devices that use a rotatable mirror to reflect light beams
between light sources, such as laser beam and a receiver [3].
This study uses a VCM to actuate the FSM in alinear optical
scanner since it can provides the desired design characteristics
of the scanner such as wide scanning angle and targeted
oscillation frequency as shown in a previous study [4].

The structure of VCM can be understood by observing the
components used in a traditional e ectrodynamics speaker. It
consists of acoil and apermanent magnet that isjoined with the
compliant structure of FSM. The presence of iron core in
VCM'’s coil leads to severa kinds of nonlinearities. These
include the Eddy currents, the magnetic saturation of iron and
the variation of coil inductance with its position thus causing
reluctance force effect [5]. These drawbacks can be overcome
by using ACCs which have no hysteresis caused by
ferromagnetic materials, no eddy current losses, and no flux
saturation [6]. However the electromagnetic behaviors of the
ACC are affected by various parameters such as the coil
dimensions and number of coil turns.
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One of the goas for the linear optical scanner research
currently being pursued by researcher isto create scanners that
are able to provide a wide scanning angle. Various methods
have been investigated to achieve this goal [4]. One of the
methods used in this study is by actuating the FSM with higher
magnetic forces to attain wide scanning angle.

The existing ACC is unable to provide the required
displacement angle. Thus the present study was undertaken to
optimizethe ACC design and achieve the goal of wide scanning
angle. Four different ACCs were studied for the
experimenta -analytical results validation. Then an optimized
ACC which is able to provide maximum magnetic force and
thus a large displacement angle was selected. Investigating the
performance of such systems early in the design process can
significantly impact the cost and improve the design quality.

A.Linear Optical Scanner

Thelinear optical scanner designed for this study consists of
mounting the mirror and suspended plate on a
mechanically-resonant torsional spring as shown in Fig. 1.
Electric current supplied through the coil induced the magnetic
field which interacts with the magnet and causing angular
deflection of themirror. The size of the components (suspended
plate, torsiona spring, and mirror) as shown in Fig. 1 are 85
mm x 50 mm x 10 mm (L x W x T). The weight of those
components (suspended plate, torsional spring, and mirror) are
about 6.50 g.

Fig. 1 Torsional spring scanner:?l) Air-Core Cail (2) Magnet (3)
Suspended Plate (4) Mirror (5) Torsional Spring (6) Sensor Target (7)
Photodiode Sensor

B. Air-Core Caoil

A 0.3454 mm diameter copper wire (SWG 29) was used in
winding the ACCsin this study to avoid coil overheating dueto
larger coil diameter. Additionally it can produce the required
magnetic flux. When overheating occurs it deteriorates the
magnetic flux and hence the magnetic force produced by the
coil.
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The experimental setup shown in Fig. 2 was usembitdrol
the bipolar ACC. The bipolar ACC has a single wirgdper
phase, thus the magnetic force produced is eitiierctve or
repulsive. A controller is required to power theotwhases
using a H-bridge in this scanner [7]. The H-bridgasists of
n-p-n and p-n-p transistors which function as sescto power
the bipolar coils. By repeatedly switching the eatrsupply
direction, the attractive-repulsive forces actingtbe magnet
will induce oscillation of the mirror. Then, a laseflected
from the mirror and creates a linear scanned beamszreen.
A feedback control system is used to synchronieegtiases of
magnetic force to the angular displacement of FEMrefore,
a maximum angular displacement can be obtainedtoating
at system’s resonant frequency. Measurement ofatigilar
displacement of FSM was performed using the sifmeh a
photodiode sensor connected to a Data Acquisitipstetn
(DAQ) as shown in Fig. 2.

ANANN
Torsional
Photodiode T spring
Sensor Sensor
v __ Voltage
| DAQ
F Coil
Suspended Voltage
Plate Computer
Control
NN System

Fig. 2 Experimental setup used in the study

C.Neodymium Magnet

A cylindrical neodymium magnet of 8mm length anthé
diameter was selected for the study since it ie &blprovide
the required magnetic force.

D.Suspended Plate Design

The desired angular displacement of the scanne&Ois
Therefore, an “angular displacement envelop” dfi8theeded
for the oscillation path. The original design oé tbuspended
plate consists of an in-plane t-shape galvanized & shown
in Fig. 3(a). There are some disadvantages of ukisglesign
as it causes mechanical interference with ACC awslin Fig.
4. To attain angular displacement envelop, modificaof the
suspended plate was performed as shown in Fig. 3Jib)
maintain the location of the magnet at 21.5 mm fthmtwist
axis as shown in Fig. 4, the suspended plate wagHened to
allow a 45 bend at 8 mm from twist axis. By the®4fending,
the magnet can now move into the core space ofctile
without causing mechanical interference.
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Fig. 3 Suspended plate desiéns: (a) Original dggipModified
design
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Fig. 4 Plan view of the suspended plate design©iginal design (b)
Modified design

Il. THEORETICAL FORMULATION OF MAGNETIC FORCE

A.Force Characteristic of Magnetic Force

To determine the magnetic force between the ACC and

permanent magnet, a z-direction magnetic dipole emrwas

assumed as shown in Fig. 5.
> Z

Permanent

,~ Magnet

®

Fig. 5 Air-core coil [6]

The equation of the magnetic forEeelative to a permanent
magnet in the z-direction can be expressed in tesfthe
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external magnetic field density/ magnetic flux dgnB and its M.
gradient as [8],

METHODOLOGY

A.Air-Core Coil Constraint

Initial dimensions of the ACC were designed undes t
constraints of the product envelop as shown in Eigoue to
the product envelop constraint and to avoid the haeical
interference between the ACC and the magnet locattetle
end of suspended plate, the ACC’s outer raBiwsas set to be
the surface area of the loop dnid the current of the loop. The less th_an_ 9 mm while the inner radius set to be more than 5
magnetic forces can be calculated based in thetifjoation of mm. Similarly, the length of ACC_: was set _to be Iﬂemsn 23 mm
the magnetic field density. The magnetic field dgnzroduced due to product envelop constraint. The dimensionaktraints
by the steady current density in a closed circuih de of the ACC are shown in Table 1.
represented by the Biot-Savart law. According ® ldw, the

9B,
n 1
p @

F=(m,0)B or F =m,

where
my,is the magnetic dipole moment
n is x,y,z-direction
The magnetic dipole moment is calculated®§, whereSis

L . . - Coil Stack Side-
magnetic field densityB at an arbitrary point z can be Dlafiisters  bySiie NISETEEB
calculated by [8], 03454mm . . Suspended
) on ) y Trajec’;ory Plate
__ Mla J‘ - Hla ) \
2 4n(a2 + 22)3/2 ! 2(a2+ Z2)3/2 )

where

M, is the permeability of the empty space
a is the radius of the loop

Since the current is supplied into a multi layer@g@roposed
for this study, the structure considered is a qugmtion of a
sequence of circular current loops in the axiakation and in
the radial direction as shown in Fig. 5. An appnuiion A
solution for a multi layer ACC was proposed by Jengl. [6]. (Scale 6:1) _
By integrating (2) in radial and longitudinal ditems, Fig. 6 Product envelope (Plan View)
calculating the means value, then multiplying witie number

TABLE |
of turns on the ACC; the resultant magnetic fiedthgity can be DIMENSIONS CONSTRAINT OFACC (mm)
determined as shown in (3). This approximationcseatable Length,l <23.0
when the number of turns is large, after integraperformed Inner radiusy >5.0

[6] Outer radiusR <9

+IjInR+‘/R2+(Z+ I/ 2)* .

(=3
NI 2) rerie@z+1/2)?

B, =
2AR-T) ( len r+ri+@z-112)°

“ R+ R+(z- 1/2)°

Another factor that influences the magnetic foiafesn ACC
is the current supply. Therefore, two differentued of direct
current (0.5 A and 1 A) were supplied to the ACGl an
comparison for the induced magnetic forces wasidda

@)

2
B. Air-Core Coil Design

Four models were designed for geometry study byingr
the length, inner radius, and outer radius subjedte the
following constraints. Two dimensions of the AC@ngth,
inner radius, and outer radius) were held consthile another
dimension was allowed to vary from model to modeie

where
N s coil turns
I, R, and r are dimensions shown in Fig. 5

The magnetic force that acts on a point in thereetiion can
be obtained by substituting (3) into (1). A derivethgnetic
force in z-axis function is shown in the Appendix.

After the study on the calculation of magnetic &grthe
analytical equation is substituted with the pararsetvhich are
presented in next section to obtain the analydetd. However,
this magnetic force approximation is limited to nsilocated
along the axis and thus validation from experimiergsults is
required to make sure the predicted trends arecorAnother

specifications of ACC models were organized in €aRl

Model 1 is the original ACC used in the linear optiscanner.
As observed in Table 2, for Model 1 to 2 the inretius and
length is held to be about the same while the oratéius is
changed from 6.9 mm to 7.7 mm. The inner radiustbeduter
radius were held roughly constant while the lervgds allowed

simplification in the study is linear magnet trapath was used to change from Model 2 to 3. Lastly, the inner usdnd length
for experimental study. In the actual case, a coragnet travel were held to be about the same while the outeuusadias
path as shown in Fig. 6 was found, where the magmet allowed to change from Model 3 to 4. In this stutiyg ACCs
nonparallel with the ACC when oscillation. were wound around a removable bobbin. The bobbis wa
withdrawn after the desired dimensions of ACC waarkieved.
Then, the winding are secured with Cyanoacrylateldrang
agent. As observed in Table 2, a deviation of abotf% forr
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from 5.275 (Model 1) to 5.25(Model 2)was found. However

the deviation deemed to laeceptably small for this geome:
study since it is merely used as a guide to imptbeeAC(s
design.

TABLE Il

SPECIFICATION OFCOIL MODEL

Model1 Model2 Model:  Model 4
Inner radiusy 5.275 5.250 5.225 5.000
(mm)
Outer radiusR 6.900 7.690 7.913 8.880
(mm)
Length,| (mm) 21.5( 22.2( 11.9C 11.8C
Number of turns, 200 320 250 330
N
Current density, 2.86 2.95 3.91 3.60
J (MA )

In Table Il direct current of 0.5 A is usen the calculation
for current densityThe current density vs determined with
(4).

NI
= (R-n) @

According to the coil geometry calculationassuming wire
stacked side-bgide as shown in scaled up (Ewindow in Fig.
6, the number of turns for Model 1 should be 29Zguanc
Model 3 should be less (268 turns)owkve, as observed in
Table 2 the number of turns for Mode{200 turns is less than
Model 2 (320 turns) due to thetacking inconsisten when
winding process. The stackimgconsistencieccause variation
in current density. A minorstacking inconsistency
considered to be secondary effect as long as theiresl
dimensional constraintand the number of coil turns &
achieved.

C.Experimental Setup

To investigate the magnetic force act on the maa Lutron
(TQ-8800)torque meter was used as shown in Fig. 7. The
resolution mode of 0.1 Ncmvas selected for the measurerr
of the torque induced from the ACC. An “L” bar (Fig) was
mounted in the torque metechuck in order to create a torq
arm for the maget which is attached at the ¢ of the bar. With
the “L” bar, the calculation fomagnetic forceof the ACC can
be performed by dividing the torque readto the torque arm
length (80 mm). To examine the magnetic forces betwthe
ACC and the magnet with the variationnogne-coil distance,
a micrometer is used to hold the ACC. function for using
the micrometer is to increase data collec accuracy since
small distance increment was achievable. The daitdgpwere
collected with the increment of 0.5mfrom the distance of
magnet to thCC. The results are given in the grecal form
as shown in next section.
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Fig. 7 Experimental setup to measure magnetic f¢gedePhotograp
of the setup (b) Schematic diagram of the <

IV. RESULTS ANDDISCUSSION

A.Validation of Analytical Results with Experimer
Results

Fig. 9 shows the ahaical and experimental magnetic for
obtained for ACC Model as a function to the magnet-coil
separationAs observed, the distanof ACC from magnet can
be separated into two regions; they negative region at the
left hand side and positive region at right harigsirhis is du
to the definition of zero point for the distanof ACC from
magnet as shown in Fig. 10, where penetrating of magnet to
the left hand side of AC@as defined tibe in negative region
and vice vera. Average discrepancies of % and -8.05% are
found in the comparison of the analytical magnfgices anc
experimental magnetic forces for the current sumblp.5 A
and 1 A respectively Therefore the data collec
experimentally and analytically are valid for thady since it
merely acts as guide for the selection of optimized AC
model. As obsered in Fig. 9, the magnetic forces obtail
from ACC with current 1 A isapproximately twice the forces
obtained fromACC with current0.5 A. This is due to the
doubling of current densitfpr similar ACC model.
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Fig. 8 Torque arm of the “L” bar

Another interesting result in the study is the maxin
magnetic force was found to be occurred at abauhtifway
of the magnet’s length (4 mm) when the ACC wasetlad
along the magnet. Thus, the maximum magnetic f(0@0 N
for I=1 A and 0.10 N for I=0.5A) of the ACC occudrat the
negative region of the ACC (-5 mm) as shown in Ei@. This
also indicates that ACC can use the advantagesaif product
envelop for the product design while maintaining &mount of
power or force provided to the system since thermaggoil
distance is shorter.

—a— Analytical, [=0.5A
—a— Experimental, I=0.5A, V=1.62V

g —e— Analytical, I=1A

] —+— Experimental, I=1A, V=3.15V
5]

"%

2

=]

Q

[

&

©

2

-20 -15 -10 -5 0 5 10 15 20

Distance of ACC from Magnet (mm)
Fig. 9 Magnetic force between coil and magnet \edistance from
magnet for Model 1

Magnet

1
< >
<

Coll - o +

Fig. 10 Cross-sectioned of ACC, position 2 is zsrdistance from
magnet to ACC, position 1 is negative region ansltfum 3 is positive
region

Fig. 11 shows the magnetic force created betwee@&C

Model 2 and magnet to the distance of ACC from neagn

Average discrepancies of -8.74% and -6.30% aredoarthe
comparison of the analytical magnetic forces ambarmental
magnetic forces for the current supplies of 0.5 d A
respectively. The maximum magnetic force also acceunen
about half of the magnet penetrates the ACC wi#b W\ for
current 1 A and 0.125 N for current 0.5 A respetiv
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—a— Analytical, I=0.5A
—a— Experimental, 1=0.5A, V=1.90V

£ —e— Analytical, I=1A

g —+— Experimental, I=1A, V=3.81V
2

2

2

-]

c

[T}

L}

2

20 15 -10 5 0 5 10 15 20

Distance of ACC from Magnet (mm)
Fig. 11 Magnetic force between coil and magnetusedistance from
magnet for Model 2

Similarly, average discrepancies of -9.80% and3%6re
found in the comparison of the analytical magnfgices and
experimental magnetic forces for the current sagpdif 0.5 A
and 1 A as shown in Fig. 12 for ACC Model 3. Thedth
(about 10 mm) of the ACC in Model 3 and 4 is abwlf of the
length (20 mm) of ACC in Models 1 and 2. Howevenc®
again, the maximum magnetic force occurs at ab@dt 5
magnet penetration with 0.37 N for 1 A and 0.220N 0.5 A
with Model 3. These results showed that the locatib the
peak magnetic force arise mainly depend on thetheiod
magnet but not on the length of ACC.

—a— Analytical, |=0.5A

= = Experimental, [=0.5A, V=1.52V
Y —e— Analytical, I=1A

(¥}

5 —e+— Experimental, I=1A, V=3.15V
S

-

7]

c

o

1]

2

-15 -10 -5 0 5 10 15 20 25

Distance of ACC from Magnet (mm)
Fig. 12 Magnetic force between coil and magnetusedistance from
magnet for Model 3

ACC Model 4 gave the average discrepancies of 99.80d
-9.53% on the comparison of the analytical resutsl
experimental result for the current supplies of 8.5nd 1 A
respectively as shown in Fig. 13.

—&— Analytical, |=0.5A
—a— Experimental, I=0.5A, V=1.85V
—e— Analytical, I=1A

—+— Experimental, I=1A, V=3.80V

Magnetic Force (N)

-15 -10 -5 0 5 10 15 20 25
Distance of ACC from Magnet (mm)

Fig. 13 Magnetic force between coil and magnetusedistance from
magnet for Model 4
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A comparison of the maximum magnetic force among the

APPENDIX

models is shown in Table Ill after the validation of the Re IR a7 120 112 .
aforementioned results. In % +—
r+§\/4r2+4zz+4z| +1? R+Ex/4R2+4zz+4z| +1?
TABLEII - 1
COMPARISON OF THE MAGNETIC FORCE FOR VARIOUS MODELS i 8Z+T -
Modd 1 Modd 2 Moded 3 Modd 4 ViR +az < ad +17 1+ a4z <ad o1
Maximum Magnetic 020N 025N 037N 035N (H}.] Py — .
Force, Current, 1=1 A 2|, (R+E\/4R +47%+ 42 +| j(82+4l) .
Maximum Magnetic 0.10N 0125N 022N 0.20N N e 5 2\/ — 5
Force, Current, 1=0.5 A [r+E 4r* +47° + 42 +| j 4R* +47° + 42 +|
Current density, J (MA 5.72 5.91 7.82 721 L e Az A i
Lm-z) N _(r+5 Ar°+4z° +42 +| ) |
ARO[ g .
The current density determined on the ACC models as shown In| —2 t—
. . . . - 2 2 _ 2 = 2 2 _ 2
in Table 3 are calculated by substituting direct current of 1 A RiQVAR vaz —dzd+ P | raoVar+az - dd +|
into (4). According to the experimental results, Model 3 yields [ 1 8z-4 Bl
the maximum magnetic force of 0.37 N (1 A) and 0.22 N (0.5 A) AJartvaz v a2 (R+%«/4R2 +42° - 42 +|2]
at about -5.5 mm from the tip of the ACC due to the highest [z—ilj N
current density of the ACC (7.82 MA m?). Thus, ACC Mode! 2, (i +|2j(8z—4')
3 is selected to be the optimized ACC design due to the 4[ 15— B — >
: ) . ! : R+=AR? +47% — 42 + j\/4R +422 470 +1
maximum magnetic force. It give us an 85 % improvement in 2
the magnetic force compared to the original ACC Model 1 (0.2 (R+}m]
N at 1=1 A). Based on this we believe that the optimum ACC 2 .
Model 3 will have maximum scanning angle in excess of the
required criteria of the scanner operation ACK'\.‘OWL'.EDGM ENT
' The work was financially supported by The

V.CONCLUSIONS

The magnetic force of the air-core coil and neodymium
magnet in a scanner was investigated using analytical and
experimental methods to obtain the optimized moddl. Several
ACC designs were then selected for study subjected to certain
dimensional constraints. The dimensiona constraints included
the length, the inner radius, and the outer radius of ACC. Four
ACCs were fabricated for the experimental analysis. Results of
the numerical calculation agreed with the measured values of
magnetic force to within average discrepancy of 10%.
Magnetic force of ACC Moddl 3 indicated 85% higher than the
previously devel oped design. According to the results obtained,
the peak magnetic forces were located at about 50% of magnet
penetration. Therefore, ACCs have the advantage of utilizing
the smaller product envelope while maintaining scanning angle
of the scanner.

Since the coils were tested in static mode without operating
at resonant frequency, another study will be carried out in
dynamic mode at resonant frequency as the future work. We
believe it will provide an interesting study for the energy
consumption characteristic of the ACCs.
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