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In data storage devices such as hard disk drives, suspensions are used to

support read/write (recording/reproduction) heads over the recording media.

10 The head suspension plays a vital role which affects Hard Disc Interface (HDI)
reliability and tribological properties. The mechanical resonance of the head
suspension, which mainly involves first and second torsion modes and a
sway mode, contributes to off-track errors and limits servo bandwidth. -In
order to reduce the effects of suspension vibrations and improve the servo

15 bandwidth, some efforts have been made to improve the dynamic
characteristics of the head actuator assembly. One method is to use a dual-
stage actuator, shown, for example, in U.S. Pat. 6,157,522. This can provide
‘additional flexibility in controlling the motion of the head actuator to
compensate for the positioning error caused by the residual vibration. In such

20 a system, the Voice Coil Motor (VCM) is used as the primary source of
actuation and this provides coarse positioning. A micro-actuator in the dual-
stage actuation is then utilised to provide micro-level fine tuning for head
positioning. The use of a dual-stage actuator can sometimes compensate for
suspension and arm vibrations, but it cannot reduce their vibrations

25 effectively.

Another alternative is to use a viscoelastic damper, shown, for example, in
U.S. Pat. 4,760,478. The viscoelastic material is sandwiched between the

constrain layer and the suspension. However, this mechanical passive




positioning. The use of a dual-stage actuator can sonetinmes conpensate for
suspension and armvibrations, but it cannot reduce their vibrawiﬁaszmQS
effectively. Another alternative is to use a viscoelastic danper, shown,
for exanple, in U S. Pat. 4,760,478. The viscoelastic material is

sandwi ched between the constrain |ayer and the suspensi-on. However, this
mechani cal passive 2 8 FEB 2006 2 danper cannot be tuned to effectively
suppress the vibration in the suspensio@ structure. Mechani cal systens

i ncorporating piezoelectric materials have proven successful in civil,
aeronautic and space structure applications for vibration 5 control.
Descri ptions of such systens can be found in scientific and patent
literature. tbwpeercatried dei uned) toecdfféctvely lsappresst theenibaptivn e tioe a
recording/regroduclng aratus such as a hard disk drive. Furthernore,

ap
nmost cont r ol SYREGHS] %t&i'(ggreusi ng piezoelectric materials aimto control
si npl e bending notions or vibrations. For the head suspension structure, 10
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5,862,015, the cost and effort involved to fit a resistance_strain gauge
to the surfd@souting/repredueingcaprRyplits sUely as af hacd gisk driveict Gudhemnaregh. | n

it pai i PORE" LY obaBe SHALF et SRRl AT (B oo
pol ymer, pol simpiey Ibedding friationsder yiBvaNens. eFor the sheadrsukpshsion structure,
10 however, it is desirable to control torsion and sway as they limit servo
bandwidth and contribute to off-track errors. In addition, the head suspension
is of a flexible structure in order to maintain stable HDI properties so the use
of any sensor and actuator must not change this performance. Although
conventional electrical resistance gauges are capable of measuring structural
15  vibrations, see, for example, U.S. Pat. 5,862,015, the cost and effort involved
to fit a resistance strain gauge to the surface of a structure, especially a
flexible structure is high. In addition, the sensitivity of a resistance strain
gauge is sometimes lower than that of the sensor proposed by the present

invention..

20 The organic polymer, polyvinylidene fluoride (PVDF), exhibits a marked
piezoelectric effect. In recent years, PVDF has been processed into thin films
which are flexible and lightweight, and can be easily made in various sizes. It
is thus suitable as a sensor and actuator for application in hard disk drives
(HDD), especially small HDDs. The introduction of an active vibration control

25 of the head suspension using a PVDF sensor and actuator is discussed in an
article entitled “Active Actuation and Control of a Miniaturized Suspension
Structure in Hard-Disk Drives Using A Polyvinylidene-Fluoride Actuator and
Sensor” by Peng Gao et al (Measurement Science and Technology, Volume
11, No. 2,2000, p. 89-94). However, this control system requires complex
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10 Accordi ngefféctivehbgst aspect of the present invention, there is provided
a nethod of reducing mechanical vibrations of a portion of a data storage
device, the nethod conprising: converting the vibrations of the portion of
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si gnal s i nt dhe disedvanitages of the systems described above.

10 According to a first aspect of the present invention, there is provided a method
of reducing mechanical vibrations of a portion of a data storage device, the

method comprising:

converting the vibrations of the portion of the data storage device ihto
electrical signals,

15 feeding at least a component of the electrical signals into a dissipation

circuit which dissipates the signals, and

feeding at least a component of the electrical signals into a control

circuit which controls a mechanical actuator acting on the portion of the data
storage device, the control circuit controlling the actuator using the electrical

20 signals to control the movement of the portion of the data storage device to

reduce the vibrations.

In certain embodiments of the first aspect of the invention the portion of the
data storage device is the recording medium (disk) itself or a cover of the disk.

However, more preferably, the portion of the data storage device is the arm
25 and/or suspension of an arm-suspension which supports a read/write head of

the data storage device. Typically a data storage device having an arm-



circuit which controls a nechani cal actuator acting on the portigq;q%gjmm
data storage device, the control circuit controlling the actuat usi ng
the electrical 20 signals to control the novenent of the portion of the
data storage device to reduce the vibrations. In certain enbodi nents of
the first aspect of the invention the portion of the data storage device
Is the recording nmedium (disk) itself or a cover of the disk. However, nore
preferably, the portion of the data stor&ge device is the arm 25 and/or
suspensi on of an arm suspensi on which supports a read/wite head of the
data storage device. Typically a data storage device having an arm 2 8 FEB
2006 4 suspewnﬂﬁ\sﬁ%!ﬂmsaarfﬁéﬁ’éﬁﬂ@%ll aGialeht BCh agch VRILeaCqibimeios dor

motor, for  meVintfnkliBatifie HaddortRauaRt stds ab@cawe?gﬁdggama Q& and

parallel tot tas orage nediumto read
data from a s@fasd efla dﬂatstmagefmedmndm positionapto rmﬂ data front alselerae@, t he

control circuit 5an adj ust nent  si gnal ichis fed to the
act uat or forp?’é'egd?r} b ﬁ'&fﬁaﬁl'ﬁ '“”\ﬂ"bl”éi?'%@ gl‘l‘ ro@ircifpgbgﬁéﬁﬁqtﬁﬁ
Thi t
'S CONnGEp arﬁ”a‘al dcégﬁ%n %;ﬂ%PWH ch is"TE8REMHE Bt AROCRl rQ&u&HﬁEhﬁY@HHfa it dUCI ng

Accordi ngly, o the 1 nvention provides a
mechani cal vwbrasttomnsofofthen almwsm[amsm ol hisipponeepig paovidas!/ \ar | secdmeglad of

a 10 data storas gev ce, L ﬁ ata t orage device having a voice coil notor
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head in relation to a data storage nediumfor transferring data read/wite
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actuating the arm-suspension to selectively position the read/write head in

relation to a data storage medium for transferring data read/write data to/from

a selected portion of the data storage medium, the method comprising:

converting the vibrations of the arm-suspension of the data storage

15 device into electrical signals, and

feeding at least a component of the electrical signals into a control
circuit which generates an adjustment signal and transmits the adjustment
signal to the voice coil motor, the voice coil motor actuating the arm-
suspension based on the adjustment signal to reduce the vibrations.

20 Thus, the second aspect of the invention permits control of lateral vibrations
(i.e. parallel to the surface of the data storage medium). Since in a disk drive
any vibration in the lateral direction limits the improvement of the servo-
bandwidth and contributes to off-track errors, the invention makes it possible
to improve the servo bandwidth of the head-actuator assembly including the

25  suspension and the carriage arm.

Note that the sensed vibrations may be in either, or both, of the arm and the

suspension.



signal to the voice coil notor, the voice coil notor actuating t e arm
suspensi on based on the adjustnent signal to reduce the vibratio 8 F£B 2006
Thus, the second aspect of the invention permts control of lateral
vibrations (i.e. parallel to the surface of the data storage nedi um.
Since in a disk drive any vibration in the lateral direction limts the

i nprovenent of the servo- bandwi dth and contributes to off-track errors,
the invention nmakes it possible to inpréve the servo bandw dth of the
head- act uat or assenbly including the 25 suspension and the carriage arm
Note that the sensed vibrations may be in either, or both, of the arm and
the suspensinomthi gspeamstizowestion prevides adaia plocage devicagemprisingsr ovi des a
data storage device conprising: a data storage nedium a read/wite head
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sensors | ocated on a porti e data storage device and for converting
the vibrations of the portion of the data storage device into electrical
signal s, a di ssi pat read/writec hgadarfoartgatsfeminge datay eofftornetisd dataosjurvagat of
t he electrlcal signal s and dissipate the signals, and 10 a control circuit
which is arr%ﬁﬂéﬁ“to receive at | east a conponent of the electrical
signals and to control a nechanical actuator acting on the portion of the

data storpge devi gfe drifiofePBERSIrsAbEteHtoP Sl ;Ekﬁhléhréfrtﬁéchétﬁ é%@r@gféobe\hbé?
actuator based on the electrical signals to control the novenent of

portion of tda&eddenconvesting;the vibrationscd the pogicef theedatatﬂt@rtag@mwce mto

Optional ly, él@%trﬂ:%ﬁfg\‘u&sdanpi ng perforned by the dissipation circuit and
t he ’

a dissipation circuit arranged to receive at least a component of the

electrical signals and dissipate the signals, and

10 a control circuit which is arranged to receive at least a component of
the electrical signals and to control a mechanical actuator acting on the

portion of the data storage device,

the control circuit being arranged to control the actuator based on the
electrical signals to control the movement of the portion of the data storage

15 device to reduce the vibrations.

Optionally, the passive damping performed by the dissipation circuit and the
active damping performed by the control circuit may be based on signals
generated by respective sets of one or more of the sensors. Alternatively, the
outputs of the sensor(s) may be transmitted to both the dissipation circuit and

20 the control circuit.
In a fourth aspect the invention provides a data storage device comprising:
a data storage medium;
an arm-suspension supporting a read/write head;

a voice coil motor for actuating the arm-suspension to position the
25 read/write head in relation to the data storage medium for transferring data

read/write data to/from a selected portion of the data storage medium;



active danping performed by the control circuit may be based on ?i@[ﬁ?bs
generated by respective sets of one or nore of the sensors. Altefnati eaﬂgﬁ,
the outputs of the sensor(s) nay be transmitted to both the dissipation
circuit and 20 the control circuit. In a fourth aspect the invention

provi des a data storage device conprising: a data storage nediunt an

arm suspensi on supporting a read/ wite head; a voice coil notor for
actuating the armsuspension to positionbthe 25 read/wite head in
relation to the data storage nediumfor transferring data read/wite data
to/froma selected portion of the data storage nmedium 2 8 F E B 2006 6 one
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10 distributed PVDF sensors can sense complex mechanical vibration in the
suspension. In the second aspect of the invention, the output signal of the
PVDF sensors is fed into the Voice Coil Motor to (VCM) to damp
suspension/arm vibrations, together with digital servo control signal for
moving the head to the selected portion of the data storage medium. Also,

15 the distributed PVDF sensors can transform vibration energy into electrical
energy which is then dissipated through the external circuit that includes
either a resistor or resistors, resistors/inductors or
resistors/inductors/capacitors. The addition of controllers can decrease peak

vibration amplitudes of the head suspension and improve its robustness.

20 According to a further aspect the present invention proposes a (miniature)
suspension for a data storage device which comprises a silicon substrate, and
a deposited vibration sensor for use as described above.

Some advantages of using a PVDF thin-film as a suspension vibration sensor
are that it has a high sensitivity to strain, is very light in weight and offers great
25 flexibility, and more importantly it has little or no effect on the properties of
host structures. It can measure not only the bending motion but also the
torsion and sway motions in the suspension structure. The use of a PVDF thin



either a resistor or resistors, resistors/inductors or

resi stors/inductors/capacitors. The addition of controllers can A FER 2806
peak .visbration anplitudes of the head suspension and inprove its
robustness. 20 According to a further aspect the present invention proposes
a (mniature) suspension for a data storage device which conprises a
silicon substrate, and a deposited vibration sensor for use as described
above. Sonme advant ages of using a PVDF thin-filmas a suspensi on vi bration
sensor are that it has a high sensitivity to strain, is very light in

wei ght and offers great 25 flexibility, and nore inportantly it has little
or no effect on the properties of host structures. It can neasure not only
the bendi ng filnhiiorthbuersos oftthe priesest mveation snalesitt pessible ntot srogidepgnsi on
structure. The use of a PVDFH%QLn 2 8 FEB 2006, 7 filmin the sensor of the
present i nveﬁgﬁ'(fi'nsefﬁ':ﬁ%y?tle"b iipieasies igstariand lgss axpansive @ssamegns ©h t hat

is easier, fﬁga%hriﬁgq,igrgﬁénsemgqje\é@.ﬁﬁsggng%ﬁns for measuring vibrations

in the head suspension. The present Invention nmakes it possible that
f eedback control can be sinple, 5 and insensitive to nmechanical _
variati ons. Phefpresgntyinventiorcomakesg it pessitie dhat feedhack eostrolf carbe adimpter; oni ¢

conponent .be r een) changed and optim zed to suppress the
unwant ed 5gvi %ﬁgfr?soeﬁgﬂlv?ﬂg\fﬁgcg?&%alivagaﬂ?r?s()n may be enpl oyed such that the
PVDF based control 10 nethod does not sacrifice the performance of the

host st r uct uPeeferdisy, PvieFcoefiuraties dnd pamnétereof therdléctrorsiy Sophpdshtde
tric ceramcs sensors, such as PZT, preferably a thin

repl aced by i ezoel e 5
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described wi {iBratibpsr €f erence to the drawi ngs in which :

The present invention may be employed such that the PVDF based control
10  method does not sacrifice the performance of the host structure.

The PVDF described in the present control system may be replaced by
piezoelectric ceramics sensors, such as PZT, preferably a thin PZT bar or a
plate. '

Embodiments of the invention will now be particularly described with

15 reference to the drawings in which :

Figure 1 is a perspective view of a head suspension having vibration modes

which can be damped using the present invention,
Figure 2a is the suspension in Figure 1 moving in a cantilever vibration mode,

Figure 2b is the suspension in Figure 1 moving in a first torsion vibration

20 mode,

Figure 2¢ is the suspension of Figure 1 moving in a second torsion vibration
mode,

Figure 2d is the suspension of Figure 1 in a sway vibration mode,



Figure 1 is a perspective view of a head suspensi on havi ng vibratégnFﬂggﬁg
whi ch can be danped using the present invention, Figure 2a is the

suspension in Figure 1 noving in a cantilever vibration node, Figure 2b is
the suspension in Figure 1 noving in a first torsion vibration 20 node,
Figure 2c is the suspension of Figure 1 noving in a second torsion
vibration node, Figure 2d is the suspensjon of Figure 1 in a sway

vi bration node, 2 8 FEB 2006 8 Figure 3 i% a pl an vi ew of a head suspension
i ncluding the PVDF sensors in one position on the suspension, Figure 4 is
a plan view of a head suspension including a sensor in another position on
the suspension, 5 Figure 5 is a sectional view of the head suspension

i ntegrated Wridure 3PE0F ptngiew, oﬂ:a'agwlad suspenaioneiatiudirgy the BWDE sensorafif
silicon suspension. struc%ure ure 7 is a block diagram of an

active- paSSIQBe(ﬂ)Q%IPHd)%S/&%WPH 'O8ccordance with the present invention
with a piezoelectric |ayer which is 10 forned fromthe output of the PVDF

nmeasuring si Bijre MOIStQQJIamMéw of o heaySMspEndlgh endudifgda @leﬁ%r H Q%l‘h@} of
t he active-passive danpi ng systemof a head suspension, and Figure 9 is a

second enbodP@@itien en thesuseensien,passi ve danpi ng system of a head
suspension. 15 Referring to the drawings, since it is likely that. any

hook 1o ot e chie 8Rliond! YR 6o SRR AeBRsin iR ARy v

particul ar isgresoest. The criti cal situation for d| sk- head separation
occurs when the deflection of the | oad beam

Figure 6 is a sectional view of a smart silicon suspension structure,

Figure 7 is a block diagram of an active-passive damping system in
accordance with the present invention with a piezoelectric layer which is
10  formed from the output of the PVDF measuring signal to the input of the VCM,

Figure 8 is a block diagram of the active-passive damping system of a head

suspension, and

Figure 9 is a second embodiment of the active-passive damping system of a

head suspension.

15 Referring to the drawings, since it is likely that any occurrence of head slap or
head-disc separation will cause damage, the shock load at which the head
begins to move away from the disk is of particular interest. The critical
situation for disk-head separation occurs when the deflection of the load beam
at the tip due to the inertial force equals the static deflection. In other words,

20 the cantilever action of a suspension appears in a shock-induced vibration
process, whose dynamic characteristic should be dominated by the first
resonance frequency of suspension. Thus, in order to effectively control a
shock-induced vibration process, it is necessary to reduce the peak amplitude
in this mode. It is known that the mechanical resonance in the suspension is

25 the important factor affecting the accuracy of positioning and also in limiting
servo bandwidth. Most commercially available suspensions have the first and



at the tip due to the inertial force equals the static deflection. In other
words, .20 the cantilever action of a suspension appears in a shoélé FEERMSd
vi bration process, whose dynanic characteristic should be dom nated by the
first Tresonance frequency of suspension. Thus, in order to effectively
control a shock-induced vibration process, it is necessary to reduce the
peak anplitude in this node. It is known, that the mechanical resonance in
t he suspension is 25 the inportant factorgaffecting t he accuracy of
positioning and also in limting servo bandw dth. Mst comrercially
avai |l abl e suspensions have the first and 2 8 FEB 2006 second torsion
resonance in the range of 2-3 kHz and 5-8 Hz . Al so, these suspensions
exhi bit a swagcors dorsiorerdsenance i18iHe ravtgre of 23 &Hai ayiteb-Gelak. Alsgnthesde.

The torsion and sway resongnce contribute off-tr rrors. and, limt servo
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shown. This mHApitdes PhEaeRidMEnd 8WRNrekonBns® doRtBLRicitrack Bribfd ahlvel y
rigid region 4and a flexure 5. The mounting region 2 has an aperture 6 to

permt the §omitpsaree bandwidthbe nmounted on an arm which is itself on the
shaft of a VCM (not shown). The flexure 5 supports a head slider (not

shown) which | o] i Il d | nni. net.i.c di sk
(not showy, Rereie™ B, Fats, g o BERvertEnel TRE si¥ashiBhel of YRIFCENE s on
1, Figure 2birdhadds & stouritipgsiegionv2,ba aptig regide 3oh reletivelysiigio segionl4 and
Figure 2c shom% the secopnd torsjon vibration node of the suspension 1. In
both the fir &t 188¢esSconthe tHPLNMIRE Vedion i2oMasoabsaparuleo £d 1®ererndt thee

head sus pensisggbénﬁtggﬁ q_tta_t;HFPq;ogjpfeﬁzgﬁ% &P&%hi@h%ﬂﬂ&éﬁbn'tﬂa?ih}aﬁdc%f@/gmay

orientated material axis shows the suspension
mode wher e t [freotl shesvr)e drhebexise dhsupportma dnead glidet (nat shewrenwhichlifiées oo t he

i ot ng!ot PBrAIRDeaEe Srapter PussaBN e mcBieke ik SRntsaown). figur Ja O
suspensi on, ERewh of @bhfBvaNdibration mode of the suspension 1, Figure 2b the first
torsion vibration mode of the suspension 1 and Figure 2c shows the second
torsion vibration mode of the suspension 1. In both the first and second
torsion vibration modes the load beam of the head suspension 1 twists or
15 rotates about a central longitudinally orientated material axis. Figure 2d
shows the suspension 1 in the sway mode where the load beam bends about
an axis that is perpendicular to the base of the load beam. Usually, the sway

vibration mode exhibits a slight twisting motion as well.

With PVDF as the vibration sensor of the suspension, the location and
20 orientation of the bonding on the suspension surface are chosen to maximize
the sensitivity of the sensor. The position at which the PVDF thin-fiilm ié
located on the suspension can be determined in accordance with the specific
types of vibration modes which it is desired to monitor. Different resonance
modes strain different sections of the head suspension. It is desirable to
25 locate the PVDF sensor at a location with relatively high strain. Differing
designs of the suspension assembly will have different locations at which the
strain distribution is high. For any given design of suspension these locations
can be determined for a given resonance mode by a finite element analysis.
The finite element analysis can also indicate how the strain energy distribution



20 orientation of the bonding on the suspension surface are chosen to

maxi m.ze the sensitivity of the sensor. The position at which th?BPMEEZUUB
thin-fitmis |ocated on the suspension can be determ ned in accordance
with the specific types of vibration nodes which it is desired to nonitor.
D fferent resonance nodes strain different sections of the head
suspension. It is desirable to 25 | ocate, fthe PVDF sensor at a |location with
relatively high strain. Differing desi gflu of the suspension assenbly w |l
have different | ocations at which the strain distribution is high. For any
gi ven design of suspension these |ocations can be determned for a given
resonance node by a finite elenent analysis. The finite elenent analysis
can al so i ndvares byooriemetien.r ahe wrinsipal akest in the iIRWVDE rBayER: 2eddtdd ivari es

by orientatign. The pri.ncipal,axes in e PVDFE be selected in

aecor dance wREiPARRERATAEBPR-ER, rhrbort SOy RA halcen!y HepolGhoHEM ik  on
but  al so t ogrbabrsisrlandeWayThbHEs ENbE endBRased effestiiefgt i vel y. In Figure
3, a head suspension 1 is shown including a pair of spaced PVDF 5 sensors

7 and 8 nmounted on the spring region 3 of the suspension 1. The sensors 7
and 8 are i nln higureSmaoheadhsHspensien ihe ghoxreing at oAt pé spaeephENVDoN |

and with g hi | | . Sensi: t ant i vidration
mode of the SANSIEd Bht ¥ nFAAEFANE Sk RO PR RATEE 1o DS

ei ther the fsersdorand avet@dré onsthen forinbraft thim-fimosieshioh afee bowagdvidotias i on
10 node. In Figure.4, a head suspension 1 is sho having a pair of thin
TL1m PVDE | SSHRRETSIOS 4canth Bt BRDGReTIALeD A S3PaPiR: P, BPISIRG dhal cPEGleAT 4 and
with an ori In0 C i t OL&INORAR Vil | on
Tode and ¢ her Do OESr U susREaipA Tt HIRBAID, Thep S oY Be ot Pl

t he vi br at i osensengitherdbe fiest taindrsegond teisingl wbpationhmedesor the sway vibralbroonded
to the s1tbspep]%idg_n 1 by an adhesive layer 21 as shown in

In Figure 4, a head suspension 1 is shown having a pair of thin film PVDF
sensors 9 and 10 are bonded to the relatively rigid region 4 and with an
orientation such that they can sense both the torsion vibration mode and the

sway vibration mode effectively.

15 Referring to Figure 5, the vibration sensor can either be a single patch PVDF
thin-film 20 bonded to the suspension 1 by an adhesive layer 21 as shown in
Figure 5(a) or a pair of PVDF thin films 22 and 23 which are each bonded with
an adhesive layer 24 and 25 respectively on the opposite sides of the
suspension 1 with different polarization directions as shown in Figure 5(b).

20 The thin adhesive layer can be either conductive or non-conductive,
depending on whether or not direct electrical connection between the PVDF
sensor and the suspension is desired. A flexible and patterned cable
including all leading wires of the sensors are preferable to reduce their effects
on the dynamic behavior of the suspension structure.

25 Stainless steel is used for all present commercial head suspensions.
However, as the suspension becomes thinner, steel tends to warp and buckle.
A material that appears to show the most promise for future suspension
designs is silicon. In this regard, it is possible to use MEMS techniques to



Figure 5(a) or a pair of PVDF thin filnms 22 and 23 which are each bonded
with an adhesive |layer 24 and 25 respectively on the opposite &P REB 2m6 t he
susperisi-on 1 with different polarization directions as shown in Figure
5(b). 20 The thin adhesive |ayer can be either conductive or

non- conductive, depending on whether or not direct electrical connection
bet ween the PVDF sensor and the suspensign is desired. A flexible and-
patterned cable including all |eading willes of the sensors are pr ef er abl e
to reduce their effects on the dynam c behavi or of the suspension
structure. 25 Stainless steel is used for all present commercial head
suspensi ons. However, as the suspension becones thinner, steel tends to
war p and buckiirectly Aepasitrpiezo¢lactricamatstiads tomts lpwilicbe suspiengionnsabstfate

future suspensi esigns is silicon. In this regard, it is possible to
.use MEMB tecﬁﬁpgﬁﬁ?%[yJogo'én ﬁ@@%@éagfuap%%?m >$¥rH M8 t pi ezoel ectric
materials onto a silicon suspension substrate and thereby to forma smart

head suspensiFg® 6tisUsh Ull@stratioR 6f ias sadtidrlal Uséw adf BNsbriasiiesH ipRpbnyibRW of
a smart silicon suspension structure show ng the suspension 30 surnounted
by a | oner eBstEeiuseishawingthe suspensianr 8Pisurmoented by a lowep\ategtrade af, 32

Fa 7 is on PREGSTREER (g PR RPBRY Bt oG tod RGPl pRER.

arm suspensibove thalyeasgamilpperiefesrgaer 33.i ng the acti ve- passi ve danpi ng
system described here which enploys the output of the PVDF nmeasurenent

signal to 10 i nput, of the VCM Thus, this control systemcaonstitutes a
hi gh perforﬁilage' g%ﬁ'ﬁiﬁt@ltﬂoﬁcﬂft? @Fch;‘ré'taﬁéﬁmﬁé@eé%@'%isﬁﬁﬁem)@féheaﬁﬁ"hctive

Stspensi on vEBeRy T ho SIGEHSRSE I h fpERTIGRL! € R defpBHERY AR
ar m suspensi dageribatehergswkichlemploys$ til culfpet ofjtheeP¥ DFymaasdrement signal to
10 the input of the VCM. Thus, this control system constitutes a high
performance vibration controller that uses a combination of an active

feedback control and a passive energy dissipation element to suppress

suspension vibrations at different frequencies.

In FIG. 7, the arm/suspension/slider assembly is indicated generally as 41.
15 Any error in the position of the head is sensed, as is conventional, as a
position error signal (PES). This is fed back to a conventional head
positioning controlier 40. At the same time the PVDF sensors (not shown)
incorporated in the arm/suspension/slider assembly 41 sense any mechanical
vibrations and output an electrical signal representative of the vibrations. This
20 signal is into the active-passive control circuit 42. The active-passive control
circuit 42 splits the signal from the PVDF sensors into a passive part which is
dissipated as heat energy and into an active part. The active part is combined
with the signal output by the conventional head-positioning controller 40, and
input to the conventional VCM driver 44, which controls the conventional VCM
25 45. The contribution of the active-passive hybrid control circuit acts to reduce,
or even eliminate, the vibrations in the arm/suspension/slider. Thus, the
present invention is proposing an additional active-passive control loop,
consisting of the known VCM driver 44, the known VCM 45, the |



15 Any error in the position of the head is sensed, as is conventlonal as
a position error signal (PES). This is fed back to a convent i onal? @ne"'e[:'@ 2006
positioning controller 40. At the same tine the PVDF sensors (not shown)
incorporated in the arm suspension/slider assenbly 41 sense any nechani cal
vi brations and output an electrical signal representative of the
vibrations. This 20 signal is into the a éive-passive control circuit 42.
The active-passive control circuit 42 sg its the signal fromthe PVDF
sensors into a passive part which is dissipated as heat energy and into an
active part. The active part is conbined wth the signal output by the
conventional head-positioning controller 40, and input to the conventional
VCM dri ver 4armishispensiontstidérsassemblyr/eitselbant tMeoRsl aétiverbassieatybhidit i on
of the active- R ssi.ve . hybrid control circuit acts to reduce, or even
elininate, tBRWPIHEHtons in the arm suspension/slider. Thus, the present
I nvention is proposing an additional active-passive control | oop,

consi sting ofidue $‘W§V\6né/%€bd‘ﬁ@ént46f 4 REhKRRNE M P thehaciveph&Hveg 006

12 arm suspension/slider assenb % 41 itself and the novel actlve passl ve
hybrid contdampiig system stoyar i@ fggure bne enbodi ment of a schematic form of
the active-passive darrpl ng system shown in Figure 7. 5 The PVDF sensor 20

when used, | nrhBPBR e uheh EE6AH 116 1RERe' Hoflo 15 YIRS biatelB o |

control circul des’a passive an clrredl
connected i nca;mmtes. \M"Hehccmtml I%’trBEItlenmothé@,a pbssﬂle)caatilammvemhalog ictrotiiat i on

f th j t hi 2 bei i FIG 4, |
ol ot on vy Ak Bacebrinetfh b S6rek Aot BRomMDK Sersria0ctts Eeteomand - o2
connect ed i ”?ﬁﬁﬁthﬁén "Hfttlﬂeaséﬁs??' 2Rt Ctﬂ.se&ﬁée%rbtelr{ge%%rﬂfwr( rth@mdm)Thé t

may al so inc a plurality energy di ssipation resistor elenent
and/ or a plpasdive pnalodf cieapitedt ynayinchede adundlmtoe(rmta’ltosvn/)ﬁfoclfreqaanbp
connected in . , . e .
1 control, connected in series with a dissipation element resistor (not shown). It
may also include a plurality of energy dissipation resistor elements, and/or a
plurality of frequency tuning inductor elements which can be connected in
series or parallel with the dissipation element resistor(s). Such a configuration
can be used to reduce the multi-mode vibration by transforming mechanical
15  energy into electrical energy, and then dissipating it through resistors. The
optimization of circuit configuration and of the parameters of the electronic
components is not a part of the present invention, but will be clear to a skilled

reader.

It is known that the design of an active controller alone to effectively suppress
20  multi-mode vibrations is not a trivial task. Moreover, the stability of the system
has to be considered. The passive controller described herein aims to
enhance the stability and robustness of the system and increase the damping
of vibrations. The present active-passive control circuit helps to suppress
both the first and second torsion vibration modes and the sway vibration
25 mode, which limit servo bandwidth and contribute off-track errors. Usually, an
active controller can suppress some vibration modes more effectively than the
other modes. Optionally, by tuning its frequency-selective components, the



series or parallel with the dissipation elenment resistor(s). Such gg 2006
configuration can be used to reduce the nulti-node vibration by

transf.orm ng nmechani cal 15 energy into electrical energy, and then
dissipating it through resistors. The optimzation of circuit
configuration and of the paranmeters of the electronic conponents is not a
part of the present invention, but will bg clear to a skilled reader. It
is known that the design of an active conttoller alone to effectively
suppress 20 nmulti-node vibrations is not a trivial task. Mreover, the
stability of the system has to be considered. The passive controller

descri bed herein ains to enhance the stability and robustness of the

syst em and i m@Assiveecentwligaganrprovide dampingi ointhe Wbratipnefenwhicht thecagtasesi ve
control ci rcuitthﬁl P3 tq suppr ess otq tt}ﬁ;_}ghi rst and second torsion
vibration mod@UENET EHIOQRNP VB SYICENYLHEEIES: which Iimit servo bandwi dth
and contribute off-track errors. Usually, an active controller can

suppr ess somEn\ddeitisr, DecEnse theTativephssivé ehirol Erduitt ﬂs@forﬁish%mggﬂa%%ive
Optionally, by tuning its frequency-selective conponents, the 2 FEB 2006

13 passive coontiel| & astivie popiiol €anakbpinrifasmednby \a tsirpleoaentrelr alghrittnt he
active ceontrol.ler . i ffLclaot fectd ye. _ln addifion,
because the e‘ngtl%:@er? Eggés]?&%gc%gﬁﬁgﬁwgF?‘gu%t%bgglf @%@'I&gg %%sg{:@/ee ggaﬁ?fol ,
its active caystesh. can be perforned by a sinple control algorithm 5 which
reduces the conplexity and potential instability of the active control
system FIG I 5, a second .enbodi.nment qf the active:passive danpi ng system
of a head sﬁﬁe?@sfsoﬂ.sef’ﬁ@dp%{gs?@g'%rﬂ%_rtgp %qt}"étﬁqssﬁ}% a%mé’m%é_l‘, tem Pgat he
PVDF  sensor fegf, su&w@idrpcm%@ggg eéht?élt&quﬁ”SﬁEsgctéﬁnéél%ﬂo'tHeFlﬁ\gDF&

and the 10 active control circuit i's connect ed e PVDF sensors 20,

whose | ocat i G@nsarsd2er weasedocatioaranchorient@afianiare AsSsHowmrie iGs S, vamd the
control | %6 5%0%95' control circuit 52 is connected to the PVDF sensors 20, whose location
and orientation are as shown in FIG.4. The passive controller 51 can
dissipate vibration energy, suppress the bending motion of a head
suspension, and enhance the damping on the torsion and sway motions,

which are simultaneously suppressed by the active controller.

15 The present invention thus makes it possible to suppress the vibration in
HDDs, especially first and second torsion vibration modes and sway vibration
mode, which contribute to off-track errors and limit servo bandwidth.

The present invention thus also makes it possible to reduce possible damage
to both the surface of the disk and the read/write head caused by the CSS

20 process.

The present invention also makes it possible to alleviate the shock or track-

seeking operation induced vibrations in the suspension.

The present invention also makes it possible to develop a MEMS-based smart

and miniature suspension structure for near future data storage devices.

25 Although the present invention aims to suppress the vibration of a head

suspension, the configuration and control strategy may also be applied in the



di ssi pate vibration energy, suppress the bending notion of a he_aqa FEB. 2006
suspension, and enhance the danping on the torsion and sway notions, v&q?ch
are simil taneously suppressed by the active controller. 15 The present
i nvention thus makes it possible to suppress the vibration in HDDs,
especially first and second torsion vibration nodes and sway vibration
node, which contribute to off-track errops and limt servo bandw dth. The
present invention thus al so nmakes it posglble to reduce possible danage to
both the surface of the disk and the read/ wite head caused by the CSS 20
process. The present invention also nmakes it possible to alleviate the
shock or track- seeking operation induced vibrations in the suspension. The
present i nvergdustionlafovibtation inttheoearriepe aron & \HRDDp, inclENmy iihs eicaraol  and
m ni ature suspension .structure for near future data storage ice 5
A Uhough t heTpraaant notid o sk Fevernily b8 4981 Bodrd, 8 BiR S5 Hata
suspensi on, §&esdrARhY BE BohIH BAGHE HigH Btrafil FME Y thearage Benaprd ks i n
the 2 8 FEB 2006 14 reduction of vibration in the carriage arm of HDDs,
i ncl udi ng t heamei eentrali stratagy @s dascribes abpyermay depiadoptess demetyce Ithe t Pi s
regard, the PVPE:. Qr 0 y be bonded on the high strain zone o
thg carrié;gewglr%r%o(?'a%fgﬁ%ﬁg .@néer_nggntrol strategy as described above may be
adopted to reduce the 5 vibration of the carriage arm Although the
i nventi on hasAleeughdthecini éetibrabas beém destriiédbabdve inaeélationgotrbducing it i ons
of a suspensign, ,.anot Per aBgI i.cati o(g of t@e gnve Hon i s, reduci ng_ in the
vibration of WHEUANSRT 8 sYaPersipReA BT ARRIICALPN ok the Aveation @rr@éﬁ'. ingtip| | y
anot her appl i catd i } i r: [aYat¥ar i ion of a
10 rotating di gﬁké ?{E’s@hﬁ Bﬁﬁbtwhﬂggéwagég??’léﬁ.@%&?ﬁﬁ%@% §§'ﬁr sensor
may be att achexhatien applicetien obthedngéntisin istibe deductionrafd¢he othirativryof and t he
passive 44 rotating disk itself. In these two applications, the PVDF or PZT sensor may be
attached to the cover or disk of the device respectively, and the passive

control method as described above may be adopted to reduce the vibrations.



control nethod as descri bed above nmay be adopted to reduce the vip@apﬁ?qﬁm
2 8 FEB 2006 15 Cains 1. A method of reducing nechanical vibrations of “a
portion of a data storage device, the nmethod conprising: converting the
vi brations of the portion of the data storage device into 5 electrical
signals, feeding at |east a conponent of the electrical signals into a

di ssipation circuit which dissipates thg signals, and feeding at |least a
component of the electrical signals into a control circuit which controls
a nmechani cal actuator acting on the portion of the data 10 storage device,
the control circuit controlling the actuator using the electrical signals
to control the novenent of the portion Et t he data storage device to
reduce the vibrations. 2. A nmethod acc ~g to claiml1l in which the
portion of the data storage device is an arm suspension which supports a

read/wite head of rhbthodabP rdGudih@ MEEnAMYAICEbratidhsBE B2 BbRRIN taﬁthath

being arranged to further actuate the arm suspension to nove
read/write tidoragefdevice, dbe method sgmptisingce parallel to the surface of a
data storage nediumto position the read/wite head for transferring data

to/froma sel ect |- Of, O s t i et ho
according to cl ai%"ggftfrﬁ"%ﬂ‘lecﬂbm@"%fﬁg?&%’ﬁ‘g’?gf%‘?dgémc8ﬁ9§%@8¥'.ced!‘§{

nmet hod ob r edectrical sigraiani cal vibrations of an arm suspension supporting a
read/ wite head of a data storage device, the data storage device having a

. . _ ; i 0. se]ectively. .
voice coil motor ffagcrimacétligéétng cg)rrﬁ%o%m cs)#J t?\%ee g'ctcr)lrc]:af signals m%o a Jlgsmatlon

circuit which dissipates the signals, and

feeding at least a component of the electrical signals into a control

circuit which controls a mechanical actuator acting on the portion of the data

10  storage device, the control circuit controlling the actuator using the electrical

signals to control the movement of the portion of the data storage device to
reduce the vibrations.

2. A method according to claim 1 in which the portion of the data storage
device is an arm-suspension which supports a read/write head of the data

15  storage device, the mechanical actuator being arranged to further actuate the
arm-suspension to move the read/write head of the data storage device
parallel to the surface of a data storage medium to position the read/write
head for transferring data to/from a selected portion of the data storage
medium.

20 3. A method according to claim 2 in which the actuator is a voice coil
motor.

4. A method of reducing mechanical vibrations of an arm-suspension
supporting a read/write head of a data storage device, the data storage device
having a voice coil motor for actuating the arm-suspension to selectively
25 position the read/write head in relation to a data storage medium for




25 position the read/wite head in relation to a data storage negi 4R 0kyg

8 FEB 2006 16 transferring data read/wite data to/from a selected port on
of the data storage nedium the nmethod conprising: converting the

vi brations of the arm suspension of the data storage device into

el ectrical signals, and 5 feeding at |east a conponent of the electrical
signals into a control circuit which g rates an adjustnent signal and
transmts the adjustnment signal to the voice coil notor, the voice coi
notor actuating the arm suspension based on the adjustnent signal to
reduce the vibrations. 5. A nmethod according to claim 2, clain13 or claim4

i n which th 1Q vi br tions ratjons of the suspension. 6. A nethod
accordi ng tgfadl k] acf?é?ﬂq@"g? Faat%rﬁml%sﬁlﬁpt%’ ﬁ%on\ﬂfﬁfﬂ%ﬂﬁtﬁﬁtoﬁgﬁ

vi brations ghedig, Qh@m&ho&c@ﬁﬁ %qalccor ding to any of clainms 4 to 6
further conpr|5|ng eeding at 'least a conponent of the electrical signals

into a dissipation circuit which 15 dissipates the signals. 8. A nethod
accordi ng to cl aiganvertingathe wibratiensnof the amasusgensiomiof thet data stosagepat i on

circuit contdaévrb% AR e R t@yl %’@éﬁ%ﬁd\'e el enents whi ch dissipate the

signals as Heat ener gy according to claim1, claim2, claim3
or claim?7 in which the 20 dissipation circuit contains one or nore

i nducti vé el enentfeedling abibdsyiangoiiponeht ofithe wlecteipan dighals fitd o4 BaREol Of
t he di ssi pati.on_ci met hod according to any preceding claimin

. 10, A
whi ch the V|WPHlt|‘8£\'§Ha9%“er§Eﬁ§s@8 adjugtmenissignaloand itensgits the adiuisteent ¢
material whigdhdl' RARESVSIBE céil GRbiorC Fhe SIGIEE! Soil mbtoFERtaafMy the arm-

suspension based on the adjustment signal to reduce the vibrations.

5. A method according to claim 2, claim 3 or claim 4 in which the
10  vibrations are vibrations of the suspension.

6. A method according to claim 2, claim 3 or claim 4 in which the
vibrations are vibrations of the arm.

7. A method according to any of claims 4 to 6 further comprising feeding
at least a component of the electrical signals into a dissipation circuit which
15  dissipates the signals.

8. A method according to claim 1, claim 2, claim 3 or claim 7 in which the
dissipation circuit contains one or more resistive elements which dissipate the
signals as heat energy.

9. A method according to claim 1, claim 2, claim 3 or claim 7 in which the
20  dissipation circuit contains one or more inductive elements for modifying the
frequency-dependent performance of the dissipation circuit.

10. A method according to any preceding claim in which the vibrations are
sensed by a sensor comprising a piezoelectric material which produces the
electrical signals.



17 11. A nmethod according to claim10 in which the piezoelectric ?Bstiéiﬁqs
Is either polyvinylidene fluoride (PVDF) or Pb(Ti,Zr)03 (PZT). % . at a
storage device conprising: a data storage nedium 5 a read/wite head for
transferring data to/fromthe nedium one or nore sensors |ocated on a
portion of the data storage device and for converting the vibrations of
the portion of the data storage device iffo electrical signals, a
dissipation circuit arranged to receive at |east a conponent of the 10

el ectrical signals and dissipate the signals, and a control circuit which
Is arranged to receive at |east a conponent of the electrical signals and
to control a,lcmech ni%ﬁl act uat.or acti_g‘ig1 on the portion of the data storage
devi ce, the cont FbMethed according Jo£laighJ@dn: whishihe diezorlectsic materiabissed on
the 15 el eddijth [ -ez;icgt he portion of the
dat a storaggémhgg\?ibyglr?ga%g%lﬂggﬁ?ﬁgbgPE? gfrmlf ?(p;\i-l&)tata storage device
according to claim12 in which the portion of the data storage device is
an arm suspersi orfA datacstoragepdevice chanprisingt wri t e head, the mechani cal
actuator being arranged to further actuate the arm suspension 20 to nove
the read/wite h f . st orage device parallel to the surface of
the data storage%‘rré |usr$16t ‘%@%’?{%n the read/wite head for transferring
data to/froma selected portion of the data storage nedium 14. A data

storage 8evi ce accreadiwritet ead fortrah8farringvdiathto/fremahe waédiom: s a voi ce coil
nmotor for controlling the novenent of the arm suspension. 2 8 FEB 2006 18

15. A data stor a%%edgly hiore ‘S8M8ors located on a portion of the data storage device
and for converting the vibrations of the portion of the data storage device into

electrical signals,

a dissipation circuit arranged to receive at least a component of the
10 electrical signals and dissipate the signals, and

a control circuit which is arranged to receive at least a component of
the electrical signals and to control a mechanical actuator acting on the
portion of the data storage device,

the control circuit being arranged to control the actuator based on the
15  electrical signals to control the movement of the portion of the data storage
device to reduce the vibrations.

13. A data storage device according to claim 12 in which the portion of the
data storage device is an arm-suspension which supports the read/write head,
the mechanical actuator being arranged to further actuate the arm-suspension

20 to move the read/write head of the data storage device parallel to the surface
of the data storage medium to position the read/write head for transferring
data to/from a selected portion of the data storage medium.

14. A data storage device according to claim 13 in which the actuator is a

voice coil motor for controlling the movement of the arm-suspension.



a data storage nediuny an arm suspension supporting a read/wite hg?j'ﬁg 2006
voi ce coil notor for actuating the arm suspension to position the -
read/ wite head in relation to the data storage nmedium for transferring
data read/wite data to/froma selected portion of the data storage

medi um one or nore sensors | ocated on the arm suspension and for
converting vibrations of the data stor device into electrical signals;
and a control circuit which is arranged to receive at |east a conponent of
10 the electrical signals, to generate an adjustment signal, and to
transmt the adjustnent signal to the voice coil notor, the voice coil

not or bei ng ranged,to, actugte the arm suspension based on the electrical
signals to r ucégf’ﬁéa $iorAgg Aewse comprisingit a st or age devi ce according to
claim15 in which at | east one of the 15 sensors is sensitive to

vi brations of the gagPstBEd medfumA data storage device according to claim
15 in which at |east one of the sensors is sensitive to vibrations of the
arm 18. A data storage device according to any of clainms 15 to 17 further
i ncludi ng a di ssigih@amasuspensipn suppafigg® read/wite headind t o di ssi pate at

| east a 20 conponent of the electrical signals. 19. A data storage device

according to claigngdge %bﬁ‘irﬁbl]o%’fo?léaétﬁ%ti‘nlbr e éﬁ%u@pé%gi?ghﬁlq%%} I the

di ssipation circuit contal ns one or noreresi
di ssi pat Bng read/vaitgrieael s rélation ¢odhg\dat stora§B meakint Yo Gandfeftigh datOr age

devi ce accordi to clajm12, claim13, claim14, claim 18 or claim19 in

whi ch the dirggagﬁit?g%lt%k%ﬂmaéS%{cEﬁ‘f]Bo'@ﬁB o thegata starage mediung] enent s f or

nodi fyi ng the frequency-dependent perfornmance of the dissipation circuit.
one or more sensors located on the arm-suspension and for converting

vibrations of the data storage device into electrical signals; and

a control circuit which is arranged to receive at least a component of
10  the electrical signals, to generate an adjustment signal, and to transmit the
adjustment signal to the voice coil motor,

the voice coil motor being arranged to actuate the arm-suspension
based on the electrical signals to reduce the vibrations.

16. A data storage device according to claim 15 in which at least one of the
15 sensors is sensitive to vibrations of the suspension.

17. A data storage device according to claim 15 in which at least one of the
sensors is sensitive to vibrations of the arm.

18. A data storage device according to any of claims 15 to 17 further
including a dissipation circuit arranged to receive and to dissipate at least a
20 component of the electrical signals.

19. A data storage device according to claim 12, claim 13, claim 14 or
claim 18 in which the dissipation circuit contains one or more resistive
elements for dissipating the signals as heat energy.



5 21. A data storage device according to any of claims 12 to 20 in which
the sensors conprise a piezoelectric material which produces theza FEB 2006
electrical signals. 22. A data storage device according to claim2l in
which the piezoelectric material is either polyvinylidene fluoride (PVDF)
or Pb(Ti,Zr)03 (PZT) . 10 23. A data storage device according to claim 13
or claim15 in which the suspensioniluﬁdMes a menber forned of silicon.
24. A data storage device according to cllaim 12 in which the portion of the
data storage device is the data storage nmedium 25. A data storage device
according to claim?24 in which the sensor(s) are 15 attached to the data

storage nmediym 26. A data storage device according to claim12 in which
t he dgta st(#hgeAﬁ@Eﬁ giarage geyiceraccarding e olaim: 12,nclaim t18¢ clidmal 4 tatainge
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drive. dissipation circuit.

5 21. A data storage device according to any of claims 12 to 20 in which the
sensors comprise a piezoelectric material which produces the electrical
signals.

22. A data storage device according to claim 21 in which the piezoelectric
material is either polyvinylidene fluoride (PVDF) or Pb(Ti,Zr)O5 (PZT).

10 23. A data storage device according to claim 13 or claim 15 in which the
suspension includes a member formed of silicon.

24. A data storage device according to claim 12 in which the portion of the
data storage device is the data storage medium.

25. A data storage device according to claim 24 in which the sensor(s) are
15  attached to the data storage medium.

26. A data storage device according to claim 12 in which the data storage
medium is a disk, and the portion of the data storage device is a cover the
disk.

27. A data storage device according to claim 26 in which the sensor(s) are
20 incorporated in the cover.

28. A data storage device according to any of claims 12 to 27 which is a
hard disk drive.



