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Georgia Institute of Technology, The development of a grating interferometer with application to the angular measurement
Atlanta, GA 30332-0405 of a hard disk drive actuator arm for application to the servo-track writing process is
presented. First, the theoretical background related to the linear type grating interferom-
. eter is presented, and this theory is extended to the measurement of the angular displace-
Lin GUO ment of a hard disk drive actuator arm using a linear grating. A vector based diffraction
Maxtor Gorporation, technique has also been developed as a tool for visualization and analysis of the grating
Milpitas, CA 95035 interferometer design. Finally, experimental setups and results from a prototype grating
interferometer design are presented and discussed to demonstrate the feasibility of the
grating interferometer measurement systefOl: 10.1115/1.1360694
1 Introduction tions of the optical sensor system and the HDD actuator arm, and

. . the possibility of misalignment between actuator arm and posi-
The measurement of nanometer-scale displacements is becgaghing motor still existg4]

ing more common in various high-tech manufacturing processes.

One example is in hard disk drivéiDD) servo-track writing A fundamental limitation on the track density that can be
(STW). Over the past few decades, the HDD has become t chieved is related to the accuracy of the measurement system and

. ; ositioning of the actuator arm. The mechanical push-pin tech-
standard form of nonvolatile data storage due to its fast acc P g P P

X . . ! aue has been found to reduce the track density that can be
times and high data density. To store and_ retrieve da_tg from Wehieved due to contact between the push-pin and actuator arm.
disk, there must be a means of measuring the position of t

" . 8 > Therefore, a noncontact approach like that of the optical push-pin
read/write head relative to the disk. This is currently done usi pears to be the most promising for achieving the highest pos-
servo tracks written onto the disk during the final stages of th&|e track densities and is currently thought to be the best ap-
manufacturing process. These servo tracks enable the HDDQ)5ch for speed and accuracy in the STW pro§ggs
determine the position of the read/write head and maintain theg,gm the progression of the two STW approaches, the trend
position over a specific track. The servo-track system acts asgnne measurement of the actuator arm appears to be moving
integrated encoder system that makes the high data densities gjghrd a more direct noncontact technique. This is evident in the
fast access times of current HDDs possifilé optical push-pin approach. However, such an approach still re-
Aside from the type of read/write head used and actuator agfjres two feedback control-loops to control the positions of the
resonant frequencies, a fundamental factor that influences Hjgtical sensor system and the HDD actuator arm. If the need for
amount of data that can be stored on an HDD is the track densifife second control-loop used to control the optical sensor system
which is directly related to how closely the servo-tracks can kguld be eliminated while maintaining the measurement capability
written. Therefore, the STW operation is a very important aspegf the system, the complexity could be reduced which would ul-
of the HDD manufacturing process. The continued increase fifhately result in a reduced cost and an increase in the speed of
track densities by as much as 60 percent per year will rely on thge STW process. Therefore, a need exists for a less complex
continued increase in the accuracy of the STW pro¢2ks system to perform a more direct noncontact measurement of the
The actuator arm positioning system of the STW system is oR@rd drive actuator arm position that requires only a single feed-
of the critical elements in achieving the highest possible tragjack control-loop.
densities. There are two commonly used approaches to this posiin this paper a measurement technique based on the theory of
tioning task known as the mechanical push-pin and optical pushe grating interferomete(Gl) will be developed to perform a
pin. The mechanical push-pin technique uses a push-pin assentilyicontact direct measurement of the angular displacement of an
that makes contact with the actuator arm to perform the positioRDD actuator arm. First, fundamental background related to the
ing task. This contact between the actuator arm and push-pin mgerating principle of the Gl will be presented. With this back-
cause undesirable effects, and misalignments between the puglound a Gl design with be presented that extends the grating
pin assembly and actuator arm can also cause positioning erratigerferometer principle to the measurement of the angular dis-
To maintain contact the STW process must be done in a clegiacement of the HDD actuator arm. The expected performance of
room environment to prevent contamination of the HDD. Thehis design will be examined using a vector-based diffraction tech-
optical push-pin technique uses the voice coil motor of the HDRique that provides a means for visualizing the GI configuration.
to position an integrated feature of the actuator arm to track tRénally, experimental setups and results designed to verify the
position of an external optical sensor system mounted to a fifeasibility of the GI design will be presented and future enhance-
positioning motor3]. This technique eliminates the need for mements discussed.
chanical contact with the actuator arm because the optical sensor
system can act through a transparent window. However, such a
system requires two feedback control-loops to control the posi-
2 Grating Interferometer Background

. ;Co"eISPO”di”Q AU“;]”-d Tel:(404894-7402; Fax: (404894-9342; Emal: A G| js a type of interferometer that consists of a collimated
okmeng.lee@me.gatech.edu o . coherent light source, diffraction grating configuration, and a suit-
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displacement measurements by relating the phase shift of a frirgrating movesx, will change, causing a phase shift of the fringe

pattern to the relative displacement between the light source guattern proportional to the grating displacement. The relation be-
the diffraction grating configuratiof8]. tween the fringe pattern phase shift and the grating displacement
can be determined by defining the phase of the fringe pattern as

2.1 Fringe Pattern Determination for Single Grating. TO e term that depends on the grating displacement, which is
determine the relative displacement between the diffraction grat- P g g disp '

ing and light source, the phase shift of the interference fringe 2
pattern must be related to this relative displacement. Figure 1 <I>1=P—x1 ®)
shows a single grating configuration with a collimated light beam ) st )
of wavelength\ incident from above. The diffracted ordens, Equation(5) shows that as G1 moves through a distaReg
andn; with angles of diffraction given by, and, are shown, the fringe pattern will shift through one of its periods. The G1
and the displacement of the grating,, is also indicated. @spla\_cement correspondmg_tq a particular ph"?‘se can_be found by

As shown in Fig. 1, where any two diffracted beams from th verting Eq.(9). In practice, it is useful to consider an incremen-
grating overlap an interference fringe pattern is formed withi | displacement due to an incremental phase difference given by
some region of interferendd&Ol) with properties determined by Ps
the incident beam and the grating. The intensity of this fringe AX1=2—A<D1 (6)

. . . . A ar

pattern can be determined using fundamental principles of optics
by modeling each diffracted beam from the grating as a platésing Eq.(6) the incremental displacement of G1 can be recov-
wave traveling in the direction of the diffracted beam includingred from an incremental phase shift of the fringe pattern. Equa-
effects from the periodic grating structui@]. The displacement tion (2) also shows that as the distance from the gratings increases
of the grating causes a phase shift of the diffracted bearni®ere will be a phase shift due to the variationyofith an appro-

given by priate period. It is interesting to note thBp,, will be infinite
when the angle of incidence to G1 is zero. This means that there
_2mmx (1) Will be no phase shift ay is varied, which makes such a Gl
m P, insensitive to out-of-plane displacements.

The resolution of a single grating Gl is determined primarily by
Psi. For positive and negative first order diffracted bedfg

'Iébe half the grating period. Therefore, the resolution can only

e increased by reducing the grating period. In practice, it is not
possible to make the grating period arbitrarily small because the

tionshin is very important a it allows the ph hift ftr?‘ e of the detector el_ement used_to sample the fringe pattern must
onship is very important because it allows the phase shift o égzone fourth the period of the fringe pattern. It will be shown in

diffracted beams to be related to the relative motion between t followi . that a GI A ith tw i b
coherent light source and the diffraction gratings making displacerc '0"oWINg Sections that a %1 system with two gratings can be
ment measurement with a G| system possible. used to form an interference pattern with a period suitable for

As indicated in Fig. 1, there is an ROl where the andn, some detector element size.

diffracted beams overlap. In general, the intensity of the fringe 2.2 Dual Grating Configuration. Figure 2 gives a diagram

pattern formed in this ROI can be found by taking the modulugepicting a typical Gl with two gratings. This configuration is

squared of the sum of the complex amplitudes of the plane wavgsalogous to that in Fig. 1, but the ROI is now beyond the second

present in this ROI. It is straightforward to show that the intensityrating. It will be shown that the periods of the two gratings can

of this interference fringe pattern is given by be chosen such that the period of the interference fringes in the

ROI will match a specification based on the detector element size.

2 2 2 . > .

1+C0§ =X+ =—X;+ =——V (2) These grating periods will also be shown to be less than that for a
Pb1 Psi Pbiy single grating case with the same fringe period, which gives an

with beam amplitudes\,, assumed real and equivalent and théicrease in the resolution.

following periods corresponding to periods of interference fringes The determin_ation of_the "!te“.s“y of the fringe pattern formt_ed
in x (Pp,) andy (Ppy,) directions and period of the fringe phase” the dual grating configuration is analogous to the single grating
shift dlIJDel to gratingD%otionF(ﬂ) have been defined as case, but with four diffracted beams determining the characteris-

tics of the interference fringe pattern. Using expressions for the

Equation(1) relates the phase shift of the diffracted orderthe
location of Grating 1(G1), x;, and the grating perio@®, [10].
This means that as G1 moves through one of its periods the ph
of the mth order diffracted beam will be shifted bys2n due to
the Doppler shift produced by the moving gratirid.]. This rela-

(xy)=2A%

miny

Py
Pm—m =Pst ®3)
N J‘ Incident Laser Beam
(4) x,i A -

Pyj=—
PV cosfy, —costm,

Equation(2) gives the relationship between the intensity of th i

fringes and the location of the grating in tledirection. If the

7\4 sl
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m, Region of Interference
Fig. 1 Grating interferometer with single grating Fig. 2 Grating interferometer with dual gratings
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complex amplitudes of the, andn, diffracted beams from Grat- Table 1 DWC period combinations with  é multiple

ing 2 (G2) including phase shift terms due to G2, the fringe pat- Grating 1 Period | Grating 2 Period | Multiple of 5 for Ps;,
tern intensity is given by an expression similar to E2), which (microns) (microns)
can be shown to be 20.00 16.00 0.80
5 5 5 5 45.00 28.80 144
m i m my 48.00 30.00 1.50
— 92 el =7 -7 -
Imznz(x,y)—ZAmz 1+cos{ PD2X+ P, X1+ Po, Xot+ Py ] %0.00 40.00 2.00

where periods corresponding to periods of the interference fringes
in thex (Pp,) andy (Pp,,) directions and the period of the phaseA
shift of the fringes due to the motion of the gratin@®s; and
Psp). The expression foPp,, is analogous to Eq4) and Pp,,

s with the single grating casen,=+1 andn,=-1, andm,
=—1 andn,=+1. This gives Eq(15) as

P andPg, are given by PP, 45 (16)
P,P, 2(P1=Py)
Pp2= P1(Ny—m,)+Py(n;—my) ®)  For them, andn, diffracted beams to overlap, ti,, diffracted

angle must be positive and th\?«;—,,\2 diffracted angle must be nega-

P; : o
(9) tive, requiring

n;—m

Psi=

P,<P @an
Equation(7) is analogous to Ed?2), but is in terms ok, andx, . ’ 1 .
the locations of both gratings. If either grating moves,or x, ~Eduations(16) and (17) are the criteria that must be met by the
will change and cause a phase shift of the fringe pattern propéWO gratlng_perlods to achleve_the dete_ctor width compensation
tional to the grating displacements. For a typical GI configuratiof?WC). Unlike Eq.(13) for the single grating case, E(L6) is in
one grating is fixed with the other allowed to move. With gierms of two grating period values. In practice, the width of the

fixed, the phase shift due to motion of G2 is given by detgctor elgmentﬁ will be a known quan_tity, and_ the grating
periods satisfying Eq(16) must be determined. This can be ac-
2m complished by iterating over a range of period values and record-
®2=P—82x2 (10) ing period combinations that meet the criteria in Etf). The §

value for the present detector is 10n. Table 1 shows grating
Equation(10) can be inverted to find th(_e incre_mental displaceperiod combinations that meet the DWC criteria in E(6).
ment of G2 that corresponds to a particular incremental phasaalogous to Eq(14), the period of the phase shift of the fringe

shift analogous to Eq6) given by pattern in terms of multiples of the detector element width is
also given in Table 1. Compared to the multiple of four in

AX2=EA®2 (12) Eq. (14) the values for the DWC configurations are significantly

2w less with the first being less by a factor of five. Therefore, the

DWC configuration allows for an increase in the resolution of the

2.3 Detector Width Compensation. In practice, the detec- ) gyqtem using the same size detector because a grating with a
tor used to measure the interference fringe pattern has '”d'V'd‘éﬂ#aller period is undergoing displacement.

elements of a fixed size, and the periods of the diffraction gratings
must be chosen to match the detector element size. To recover th2.4 Fringe Pattern Analysis. With the intensity distribu-
phase from the fringe pattern conveniently, it can be shown thitn of the fringe pattern determined as in E@8) and (7), it
the detector element width must be one fourth the period of theis then possible to relate the phase of the fringe pattern with
interference fringes. the displacement of the diffraction gratings as in E§sand(10).
For asingle gratingcase Eq(3) will depend oné to give To recover the phase of the fringe pattern from the intensity dis-
tribution it is first necessary to sample the intensity distribution

Pp1=40 (12) using some type of photosensitive detector. The size of the detec-
For the case with positive and negative first-ortle;=+1 and tor elements plays a role in determining the modulation that
n,=—1) beams interfering®; is occurs on each element as the fringe pattern undergoes phase
shifts. A commonly used method for extracting the phase from
P,=86 (13) such a fringe pattern utilizes detector elements with a width one

fourth the period of the fringe pattern. This gives four unique
signal values phase shifted by ninety degrees with respect to each
P =46 (14) other, which are known as quadrants. The phase of the fringe
pattern can be conveniently recovered using the quadrant values
This shows the relationship between the detector element size ap@ the inverse tangent functigph2]. With the recovered phase,
the period of the phase shift of the fringe pattern. The size of thisys. (5) and (10) can be used to relate the phase to the grating

period is an indication of the resolution that can be obtained witfisplacement, and Eq$6) and (11) to obtain the incremental
the single grating configuration, and its dependenceS@hows displacement.

that the resolution can only be increasedis reduced. In prac-
tice, the detector element sizeis a fundamental limitation that
constrains the resolution of a single grating system. ‘ 3 Application of Grating Interferometer to HDD

A similar analysis can be done fordaal grating configuration. .
The use of the two gratings acts as a way of compensating for thel O US€ & Gl system to measure the angular displacement of an
fact that the detector element width is a fundamental design linf.0D actuator arm, it is necessary to incorporate a reflection type
tation. With the dual grating configuration, the two gratings mu&tiffraction grating into the arm assembly to induce a phase shift in
be chosen so that the period of the interference fringes meetd§ diffracted beams formed from the coherent light source that
certain criteria. Similar to Eq(12) the period of interference of strikes it. The phase shift will then be related to the displacement

Substituting Eq(13) in Eq. (3) givesPg; as

the fringe pattern is found from E¢8) as of the actuator arm so that a measurement can be performed. The
relationship between the phase of the fringe pattern formed by
Pp,=46 (15) the diffracted beams emanating from the arm-mounted grating
Journal of Manufacturing Science and Engineering AUGUST 2001, Vol. 123 / 447
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and the actuator arm displacement can be derived much like thentation. This effective period?g, is given in terms of the
linear case, but certain important geometrical relationships muysriod of the arm mounted grating, and the arm orientation

be considered. anglef as
3.1 Design Geometry. Figure 3 shows the geometry of the P,
arm-mounted grating configuration. In FigaBa top view of the PE:cose (20)

actuator arm shows the location of the reflection grating with ] ] )
width Wg . As the arm rotates the effective width of the grating The phase shift for an arbitrary diffracted beam can be found by
illuminated by the light source will vary as a function of the angléecalling the phase shift term for the linear case from @&y but

of rotation of the actuator arréd and is given by with an effective periOdDE, and Substituting the eXpreSSiOn re-
lating the displacement of the grating along the linear light source
_We (18) G, from Eq.(19) for x, gives
E" cosd
2’7T WG
The light source for the grating interferometer design is a colli- $m,(0)= My Rutand— 5o o5 coso

mated linear laser beam that lies along a line giverYbyR, . It
extends over the entire range of motion of the actuator arm to 2m ) Wg

maintain illumination of the grating. As shown in Fig(b3, this = P—ml( Ry sin6— 7) (21)
laser beam is incident to the HDD from above at some angle and . . ' ) )

passes through a transparent window in the HDD cover and difbis is the orientation dependent phase shift of thediffracted
fracted beams are reflected from the grating to form the fringgam. For positive and negative first orders with=+1 and
pattern. It is also necessary to relate the displacement of the gfat= — 1, the net orientation dependent phase shift of the fringe
ing along the line illuminated by the light source. The left angattern can be found from the difference between the phase shift

right extents of the grating are given by of them; andn, diffracted beams as
W B _ 2 o 2 )
GL/R: RL tanaim (19) \P(0)*¢m1(0)_¢n1(0)7(m1_n1)P_lRL sma*zp_:LRL sing

With the necessary geometrical relationships for the arm-mounted I (22)
grating configuration, it is now possible to relate the fringe patterffn€re the constant phase shift given by Wg terms has been
phase shift and actuator arm displacement. A significant issdEPPPed. Using Eq(22), the angular displacment can be recov-
related to the grating target is the fact that as the arm rotates §j€d from the phase of the fringe pattern much like the linear
effective period of the grating will vary as a function of the arnfliSPlacement case as discussed in Section 2.4.

3.2 Design Analysis Using Vector Based Diffraction. For
design purposes, it is important to be able to visualize the dif-
fracted beams produced from a grating configuration. This is es-

We pecially useful in determining the placement of the fringe pattern
detector and for examining other characteristics of the ROI. To
provide such a design tool, a vector based diffraction theory has
been developed in which each diffracted beam is fully described
in terms of a unit vector in the direction of the diffracted beam

and two points which give the left and right extents of the beam.

Collimated Linear This vector based formulation has been implemented into a recur-
Laser Beam sive diffracted beam ray-tracing routine using MATLAB.
Using the implementation of the vector based diffraction
> R theory, the Gl design presented previously can be visualized for
L analysis. An end view of the arm-mounted grating configuration

Hard Drive
Actuator Arm

with a DWC arrangement using two gratings generated using an
implementation of the vector based diffraction theory is shown in

X 1201
. 100
(a) Top View
80
Transparent Interference
Window . 60
Hard Drive E
N 40
| | Hard Drive
Y 20 Cover
Actuator
o E
"
R,
2% 20 10 0 10 20 30
(b) Side View y (mm)
Fig. 3 Actuator arm geometry Fig. 4 Arm-mounted grating configuration end view
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4 Experimental Setups and Results

Several experiments have been done to verify the feasibility of
the proposed GI design for measuring the angular displacement of
an HDD actuator arm. A high-resolution rotary stage with a reso-
lution of 192.3 nanoradians per encoder count has been used to
simulate motion of the actuator arm, and the GI design has also

been tested with an actual HDD. With these setups stationary and

motion tests have been done to demonstrate system stability and
§ oot motion tracking capability respectively. These experimental set-
Refection " » ups will now be presented along with corresponding results and
bt discussion.

Attenuation

Filter

Collimation

Rotary !
Actuator

&)
3

T Tul:ning
Grating s ' . e ﬁ 4.1 Rotary Stage Experimental Setup and Results. Fig-
ure 5 shows a top view image of the rotary stage experimental
Fig. 5 Top view of rotary stage experimental setup setup, and the components that make up the GI design described

in Section 3 can be seen. First, the linear laser beam light source
is produced using the combination of the laser, line generator, and
cylindrical collimation lens. An attenuation filter is shown which

Fig. 4. The arm-mounted DWC grating has a period of,28, May be necessary to reduce the laser intensity to prevent fringe
and the second grating has a period of;6 and is mounted in Pattern dete_ctor saturation. T_he I|_near laser source strikes the re-
the cover of the HDD. Because the 20n grating is mounted erctlpn grating with 2Qum period fixed to an HDD actuator arm .
onto the actuator arm, its period must be used when calculatifittt is mounted to the face of the rotary stage. The reflected dif-
the phase shift due to the arm motion. fracted beams pass through the second grating, which is a trans-
Figure 4 shows an end view looking down the central axis @Rission grating with 16um period. The diffracted beams strike a
the actuator arm. Planes corresponding to the actuator arm &wding mirror and are reflected so that the final overlapping dif-
hard drive cover are indicated. From this figure the diffracteflacted beams will form the fringe pattern on the fringe pattern
orders emanating from the arm mounted grating and from tlletector, which is a CCD camera.
second grating in the HDD cover can be seen. Eight diffracted To test the stability of the measurement system, an experiment
beams are shown that correspond to the set of positive and negas done with the rotary stage stationary. Figuf@ &hows the
tive first and third orders emanating from the second grating frofaur quadrant values obtained by summing every fourth row of the
the positive and negative first orders reflected from the arrfringe pattern detector to obtain four signals with a sinusoidal
mounted grating as indicated. relationship to the fringe pattern phase and shifted 90 degrees with

x10* Sine and Cosine Signals : Q615981
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Fig. 6 Results for rotary stage stationary test
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Table 2 Statistics from rotary stage stationary test

Table 3 Statistics from rotary stage motion test

Unfiltered Data Filtered Data Unfiltered Data Filtered Data
(arad) | (encoder | (nrad) | (encoder Angular Displacement | (encoder counts) | (encoder counts)
P " ts
—gAZc“tL*:l disp 5 Oco'""s) 5 o ) Actual 1214 1214
Calculated 316.9 | 1.6474 | 316.9 | 1.6474 gf‘;fc“h‘”d T 4346 . 4214 —
Incremental Displacement Statistics 1erence (% Di f) 132(3.13%) ~0(~0%)
Mean 0.0 0.00014 0.0 0.00014 Radius Value mm(in) | 17.85(0.7027) | 18.41(0.7247)
Standard Deviation | 347.4 1.80614 | 51.7 0.26885 Incr. Disp. Statistics (encoder counts) | (encoder counts)
Mean -0.3596 -0.3487
Standard Deviation 3.1555 0.3566
. . C ts S 1 0.3508
respect to each other. The appropriate differences of the quadrar— = P S2mpe |

values will give the sine and cosine of the phase of the fringe
pattern as shown in Fig.() from which the phase can be recov-
ered with the inverse tangent function. The phase differences,
which are proportional to the incremental displacements, at@ vary only by about three percent. This variation is due to the
shown in Fig. &c). An incremental displacement histogram inaccuracy of the radius value of the light source, noise effects in
terms of encoder counts appears in Figd)6The qualitative in- the detector system, and stability of the intensity of the light
formation of the histogram is given in Table 2, which shows thaource. The mean incremental displacement appears to be quite
the standard deviation of the incremental displacements is wittémall, but it has a significant standard deviation.
two encoder counts. This standard deviation can be significantlyTo reduce the effects of noise in the detector signal, the quad-
reduced by a low-pass filter. With the aid of Fourier signal analyant values for the motion test were also filtered with a low pass
sis, it was found experimentally, that nearly an order of magnitudiéter. Figure 7f) shows a histogram of the filtered incremental
improvement could be achieved using a low pass filter with displacements in terms of encoder counts. Compared to the unfil-
cutoff frequency of 10 Hz. As compared in Table 2, while théered histogram in Fig. (), the filtered values appear to be
mean value remained unchanged the standard deviation wasdearly skewed to the left of zero as would be expected for con-
duced from 347 to 52 nanoradians. tinuous motion. The shift of the filtered histogram away from zero
A motion test was performed with the rotary stage moving corshows that the effects of the detector noise have been significantly
tinuously through 4214 encoder counts to demonstrate the moti@duced to leave an accurate representation of the motion of the
tracking capability of the Gl system. Figure 7 illustrates the praotary stage as sensed by the detector. Statistics found for the
cedure used to recover the displacement measurement from filiered data also appear in Table 3. For the filtered data an opti-
data obtained from the GI system. Figuréa)7and 71b) show the mized radius value was used that reduced the error between the
guadrant and sine and cosine values, which are periodic as agtual and calculated angular displacement values. This optimized
pected for continuous motion. The recovered phase values appealius value was found using E(22) and represents a form of
in Fig. 7(c) and follow a linear trend as expected. Figur@l)7 calibration that would be necessary due to the uncertainty in mea-
shows the sine values plotted against the cosine values witlswing the distance between the laser beam and the axis of rota-
fitted ellipse. It appears that the sine and cosine values fit veign. Comparison of the incremental displacement statistics for the
closely to an elliptical shape. A histogram of the incremental dismfiltered and filtered data shows that the standard deviation for
placements appears in FigeY and most fall within ten encoder the filtered case is much less as expected. It is also useful to notice
counts of zero. that the mean incremental displacement value compares quite fa-
Statistics calculated for unfiltered data from the motion tesbrably with the counts per sample value, which indicates that the
appear in Table 3. The actual and calculated displacements appg@hsystem was able to closely track the motion of the rotary stage.

Calculated Phase Values : Q1615983
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Fig. 7 Results for rotary stage motion test
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Table 4 Statistics from HDD stationary test

Unfiltered Data Filtered Data
y Angular displac t (nrad) (tracks) (nrad) (tracks)
. y : y Actual 0 0 0 0
J Calculated 8835.7 1 0.1265 8835.7 | 0.1265
Generator Incremental Displacement Statistics
Mean 0.8 | 0.00001 0.8 | 0.00001
Standard Deviation 7626.2 | 0.1092 167.9 | 0.00240
Hard Drive with Modified - _
Coyenend Reflcction P . reduce noise effects as shown in Figo)9 A procedure similar to
Grating Mounted on NG - . . . .
Actuator Arm e . - s that described for the rotary stage was done to determine the in-

Window cremental displacements of the actuator arm.

Statistics found for this stationary test appear in Table 4. The
calculated displacement was found to be approximately one tenth
of a track, which is quite small. Compared to statistics for the
Fio. 8 | ¢ hard disk dri imental set stationary test with the rotary stage shown in 'I_'able 2, the incre-

. & Image of hard disk drive expenmental Setup mental displacement statistics appear to be a little more than one
order of magnitude greater. This would be caused by the seeking

motions of the drive that would lead to less stable stationary sig-
4.2 Hard Disk Drive Experimental Setup and Results nals than with the rotary stage, which would be truly stationary.

To verify the capability of the Gl system to measure the displac&able 4 also shows statistics found for the filtered data. The most
ment of an HDD actuator arm, experiments have been done wiignificant difference between the filtered and unfiltered data is in
an actual HDD with a modified cover containing a transparette standard deviation, which is greater than one order of magni-
window and an actuator arm mounted reflection grating. The cotude less than that from the unfiltered data. This clearly shows the
figuration for such experiments is similar to those just describedduction in the variation of the detector signal due to the low pass
with the rotary stage, but the mounting plate with the systefiitering. The filter may also act to filter out some of the seeking
components was mounted to a vertical plate so that the HDBDotion of the hard drive.
could remain horizontal. An image of this configuration is shown For the motion test with the hard drive, the drive was com-
in Fig. 8. manded to sweep over a range of 10 tracks in one-hundredth
A stationary test was done with the hard disk drive seeking to(8.01) track increments. For the hard drive tested, 1 track corre-
specific track. Figure @) shows the quadrant values that appeaponded to an angular displacement ofuf@d. The filtered quad-
to be quite constant as expected for a stationary test aside froant values obtained from this experiment appear in Figa)10
noise effects. These quadrant values were also low pass filtered'he filtered sine and cosine signals obtained from the quadrant

x10* Q4 Quadrant Values: Q717986 x10% Filtered Quadrant Values : Q717986f
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Fig. 9 Results for HDD stationary test

Filtered Quadrant Values : Q7 17983Mf x10% Sine and Cosine Signals : Q717983Mf » Calculated Phase Vaiues : Q7 17983M¢ A Histogram of Fikered incremantal Dispiacements :Q7 17983MF
T ¥ 4

12
\ ﬁl ;’J\Jn 10 / E”‘ -----
T O N N . s H]
"‘\ ." / L i, ;, / g‘
CTYTTY 4 5 0 150
RENAIN £ i
? AR 2
y ! T VU R N,
: \‘ ; {] 1\ f g 2 / g
REBE A io
A / i /K [ / H P
NN ~ -2 0015 001 -0005 0 0005 001 0015 002 0025
Incremental Displacement (tracks)
Time (sec) 1 T|m1es(gec) w0 A 50 100 150 200 250 (d) Filtered Incremental

Time (sec}

(a) Filtered Quadrant  (b) Filtered Sineand (¢ Filtered Phase Values Displacement Histogram
Values Cosine

Fig. 10 Results for HDD motion test
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Table 5 Statistics from HDD motion test Xg gratingk displacement
Unfiltered Data Tiltered Data m, = diffracted order numbem from gratingk

Angular displ t (tracks) (tracks) Py = Gratingk period

Actual 10 10 ¢ = phase shift of diffracted orden due to grating

Calculated 9.9959 10 motion

Difference (% Diff) 0.0041(0.0406%) ~0(~0%) | (X y) . . . . . .

Radius Value mm(in) | 31.31(1.2312) 31.31(1.2312) mn \X:Y) = intensity distribution of interference fringe pattern
Tncr. Disp. Statistics (arad) (racks) | (arad) | (tracks) due to overlap ofn, andn, diffracted beams

Mean J!.4 10.001109 | 77.4 | 0.001109 Am, = amplitude of beam of diffracted orden,

Standard Deviation | 8105.3 | 0.116070 | 142.2 | 0.002037 Ppx = period of interference fringe pattern indirection
Tracks per Sample [0.0011065 for k grating case

Pskx = period of phase shift of fringe pattern due to grat-
ing k motion
Ppky = period of interference fringe pattern yndirection
for k grating case
®, = gratingk displacement dependent fringe pattern
phase
Ax, = gratingk incremental displacement

values appear in Fig. 10). The recovered phase values appear in

Fig. 10c) and follow a linear trend as expected. FiguredO

contains a histogram of the incremental displacements. Careful

inspection of this histogram reveals that it is slightly skewed to

the right of zero as would be expected for continuous motion.

Statistics found for this hard drive motion test are shown in A®, = gratingk displacement dependent incremental

Table 5. The calculated displacement value agrees very well with phase difference

the actual displacement due to the use of an optimized radius 6 = detector element width .

value, which was only a few percent smaller than the measured Gur = left and right extent of arm mounted grating

value of 1.25 inches. The mean incremental displacement also Pe = effective period of arm mounted grating

matches very closely with the number of tracks per sample, which ~ R = distance of linear laser source from actuator arm

indicates that the Gl system was able to follow the motion of the rotation axis

actuator arm very closely. As in the previous data sets, the effect We = effective width of arm mounted diffraction grating

of the low pass filtering on the standard deviation and magnitude =~ We = Wwidth of arm mounted diffraction grating

statistics can be clearly seen. For the filtered data, these statistics ¢ = angle of rotation of hard disk drive actuator arm

are reduced by more than one order of magnitude. W(6) = net actuator arm orientation dependent phase shift
of fringe pattern

5 Conclusions and Future Work

An extension of the GI principle to the measurement of thﬁeferences
angular displacement of an HDD actuator arm for use in the
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Nomenclature

N = wavelength of incident light
O angle of diffraction of ordem diffracted beam
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