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Abstract

Characterization of pitch and roll motions of the slider in the hard disk gimbal system is important to achieve higher aerial recording
densities. This paper describes a novel piezoresistive-type microsensor that could be directly mounted on the existing slider/gimbal system
of a hard disk drive to simultaneously measure the pitch and roll angles of the slider. The size of the fabricated microsensor is designed as
1 mm× 1 mm× 0.1 mm for picoslider applications and the sensor is fabricated by a silicon micromachining process for mass production.
The dynamic behavior of the system is slightly altered as expected in a simulation after the sensor is mounted on the slider and the
fundamental frequency shift of pitch and roll motion is calculated to be less than 5% of the original system but it is believed that this
sensor could provide the best in situ measurement than other currently existing methods. Experimentally, the prototype sensor is capable
of detecting pitch and roll angles within± 3◦ and the performance is compared with interferometric measurement data and the mismatch
is nominally within 14% in average.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Dynamic characteristics of the slider have been impor-
tant parameters for the hard disk design and performance.
Numerous researches have been performed on mathemati-
cal modeling, simulations, and experiments since the 1970s
[1–5]. Typically, a critical parameter in hard disk design is
the flying height or spacing between the read/write head and
the magnetic medium. Higher aerial recording densities in
small size magnetic disk drives are commonly related to the
flying height control. Because the slider flies over the sur-
face of the disk with such a small gap, the flying height can
be changed by disturbances such as asperities on the disk.
In addition to the flying height of the slider, pitch and roll
motions shown inFig. 1 also decide the flying characteris-
tics of the slider. Undesirably large angle of pitch and roll
loosen the required small flying height and decreases the re-
liability of disk drives. Therefore, measuring the pitch and
roll angle of the slider is very important for the performance
and reliability of magnetic disk drives.

Two different ways have been developed to measure the
pitch and roll angles of the slider; capacitive, and optical
techniques shown inFig. 2. The first technique measures the
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capacitance between a conducting disk and a slider that is
made of conductive ceramic to allow the slider-disk capaci-
tance to be measured[6–8]. Here the slider was constructed
in such a manner that each corner was insulated from the
rest of the body, to allow determinations of the pitch and
roll motions. Each corner of the slider was then electrically
connected to a channel of a capacitance bridge. The sec-
ond method uses optics to measure and compare the length
of optical paths, i.e. the phase difference between the two
beams using interferometry[9,10]. It requires a transparent
disk made of glass or quartz in place of the magnetic disk
and two optical beams on two different points on the slider
surface to measure the slider’s pitch and roll motions.

The capacitive method requires specially fabricated con-
ductive disk and slider, and the electrostatic force caused by
the capacitive elements on the slider and disk will change
the flying-start characteristics when the disk is accelerated
from zero velocity (the flying-start velocity of the disk will
increase compared to the real hard disk system). The optical
technique, unfortunately, requires a transparent disk which
is made of totally different material with that of magnetic
disk. Furthermore, in order to measure the pitch and roll an-
gles of the slider, multiple light sources, and detectors are
needed, which makes this method complicated and expen-
sive. Currently, the two methods used to measure the slider’s
dynamic characteristics cannot be used for the real magnetic
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Nomenclature

a, a′, b, b′ distance from the origin of the
coordinates to each side of the
center plate

A, B, C, D,
E, F specific position on the center plate
E Young’s modulus
I area moment of inertia
L length of supporting column
ki stiffness of one beam
kθ, kβ equivalent torsional stiffness of the

gimbal in pitch and roll direction
k′
θ, k

′
β equivalent torsional stiffness of the

sensor in pitch and roll direction
kφ stiffness of supporting column
P , Q, R rotation matrix
T transformation matrix between beam

deflections and pitch, roll angles
(xi, yi, zi) original coordinates of each corner of

the center plate of sensor (i = 1 ∼ 4
denote each of four corner)

(x′
i, y

′
i, z

′
i) new coordinate system fixed on the

slider surface after pitch motion
(x′′

i , y
′′
i , z

′′
i ) new coordinate system fixed on the

slider surface after pitch and
roll motion

(x∗
i , y

∗
i , z

∗
i ) new coordinate system fixed on the

slider surface after pitch, roll and
vertical motion

zc vertical coordinate of the center of
center plate

�zi vertical deflection ofith beam

Greek letters
β roll angle
φ deflection angle of supporting

column
ν Poisson’s ratio
θ pitch angle
ρ resistivity of the piezoresistor

θ β 

Normal position Normal position

Pitch angle θ Roll angle β 

Fig. 1. Pitch and roll angle of the slider motion.

disk and Al2O3TiC picoslider although optical method has
been most widely used in the industry only for the calibra-
tion purpose. Because the measured system is not a real hard
disk, the tribological characteristics may be different with
that of the real disk drives, which diminishes the usefulness
of the measured values. Another effort to measure disk-slider
interfacial dynamics[11] was to fabricate a silicon gimbal
system with integrated piezoresistive sensors on it. How-
ever, this approach also alters the whole gimbal system and
cannot be used for commercialized hard disk systems.

A different type of sensor which can be applied to a real
magnetic disk and slider system is required to preserve the
tribological and dynamic characteristics of the measured sys-
tem and to acquire more accurate slider dynamics. For this,
a new type of MEM sensor is designed that could be directly
mounted on the slider to minimize the alteration of the mea-
sured system and to maintain the tribological and dynamic
characteristics.

2. Measurement mechanism

The new sensor designed here is basically a piezoresis-
tive sensor that can dynamically measure the pitch and roll
angles concurrently. The sensor is mainly composed of two
rigid structures and mechanical springs; a center plate and
an outer substrate that are connected together by the four
spring elements at each corner. The geometry of the sensor
is shown inFig. 3 along with the location to be mounted
in a slider/gimbal system. The center plate is to be attached
to the dimple of the suspension arm and the outer substrate
is to be attached on the top surface of the slider. When the
slider (hence the outer substrate) rotate with respect to the
dimple (hence the center plate), each beam will deflect by
different amount and pitch and roll angles are the functions
of deflected amount of each beam. Beam deflection is mea-
sured by the piezoresistors on top of each beam. The sensing
mechanism is explained inFig. 4. Whenever slider has rel-
ative motion such as pitch and roll with respect to dimple,
each of four beams will deflect by different amount. These
small deflections are linearly proportional to the output of
piezoresistor, which is in the form of voltage change of the
bridge circuit depending on the resistance change. Once the
beam deflection is calibrated to the resistance change, pitch
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Fig. 2. Optical and capacitive technique to measure pitch and roll.

Fig. 3. Location for the sensor to be mounted and geometry.

and roll angles are deduced from the piezoresistor outputs
through the transformation matrix that relates the linear de-
flection of beams and angular motion of the slider.

Pitch and roll stiffness values of the gimbal are relatively
small compared to the stiffness in lateral (x, y) directions and
yaw stiffness. Therefore, it is assumed that a slider has 3 de-
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Fig. 4. Conceptual diagram of the sensor operation.
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Fig. 5. Cartesian coordinates on the center plate of the sensor.

grees of freedom; pitch, roll, and vertical displacement. This
3-DOF model has been used in numerous dynamic model-
ing and simulation studies of slider[12–15]. To detect pitch
and roll motion from the each measured beam deflection
values, appropriate transformation relationship between the
two vectors,{�z1, �z2, �z3, �z4}T which provides beam
deflection information and{θ, β, zc}T which is composed
of pitch, roll and vertical displacement of the center of cen-
ter plate as shown inFig. 5, should be defined. Because the
slider is simplified to have only 3-DOF, three generalized co-
ordinates are necessary and sufficient to describe the slider
motion. Therefore, one of�z1, �z2, �z3, and�z4 is redun-
dant and any three of them are necessary and sufficient to
give all the information about the slider motion. However,
the fourth beam balances mechanical stiffness of the sen-
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sor in pitch and roll direction and can be used to verify the
deduced angles.

The transformation matrix can be derived by using the ro-
tation matrix of Cartesian coordinates. Suppose the vertical
deflection of each of four beams due to the different config-
uration of the center plate after pitch angle,θ; roll angle,β;
and vertical translation,zc are�zi wherei = 1 ∼ 4 denote
each of four corner. Assuming small motion, the kinematic
relation is derived as


�z1

�z2

�z3

�z4




=




a′ −b′ 1

a′ b 1

−a b 1

−a −b′ 1







θ

β

zc




⇒ zi = Tzc (1)

So the pitch and roll can be related to the beam deflection�zi

by linear transformation matrixT . The detail of derivation
is provided inAppendix A.

3. Sensor structural design

To minimize the alteration of the slider/gimbal structure
by the added sensor, the sensor stiffness in pitch and roll
direction should be much smaller than that of gimbal. To
estimate the equivalent torsional stiffness of the sensor, the
boundary conditions and structure geometry must be con-
sidered first. For example, when the center plate is rotated
in pitch direction for the amount ofθ as shown inFig. 6(a),
the deformed shape of beam 1 (and 3) is different from that
of beam 2 (and 4). Assuming the center of the square cen-
ter plate of the sensor is bonded to the dimple of the sus-
pension arm, it is observed thata′ = a = b′ = b. Beam
1 and 3 have the same configuration due to symmetry and
their boundary conditions are shown inFig. 6(b). The to-
tal deflection of beam 1 (and 3) is the combination of lin-
ear deflection and bending moment from the rotation of the

center plate. For beam 2 (and 4), both bending and torsion
occur at the same time. However, under the current configu-
ration, the piezoresistors are not sensitive to this torsion due
to their orientation such that the kinematic relation derived
in Eq. (1) is still valid. The boundary condition in this case
is shown inFig. 6(c)and the combination of both bending of
fixed-guided beam and torsion of rectangular beam will be
the stiffness of beam 2 (and 4). When the stiffness of beam
1 and 3 after the boundary conditions are considered isk1,
their contribution to the pitch and roll stiffness of the sensor
is kθ1 = kθ3 = a2k1. Likewise, when the stiffness of beam
2 and 4 isk2, their contribution iskθ2 = kθ4 = (a + d)2k2.
Then the total pitch and roll stiffnessk′

θ andk′
β due to the

beams of the sensor is the summation ofkθ1 ∼ kθ4. After
the sensor is attached on the slider, the total gimbal stiffness
will be kθ + k′

θ for pitch andkβ + k′
β for roll motion, where

kθ andkβ are the gimbal stiffness without the sensor. One
of the design criteria put here is that the additional stiffness
is not more than 10% of the original gimbal stiffness. The
geometry and the thickness of four beams are decided by
this criterion.

The current geometry of the sensor shows very small val-
ues of stiffness with respect to pitch and roll. Not only that,
the vertical directional stiffness,kz is also very small. The
commercial slider–gimbal–suspension systems are assem-
bled with a pre-load of 2–3 g (20–30 mN)[16] between a
slider and a pivot of a suspension arm, which is too large for
the microsensor to sustain. Therefore, the sensor structure
requires additional structure that can sustain the pre-load
while it does not increase the stiffness in pitch and roll di-
rection significantly. To achieve this goal, a vertical column
structure underneath the center plate is designed as shown
in Fig. 7. This column works like a cantilever beam with
the center plate at the end deformed by a moment applied
on that end to allow pitch and roll motion. The dimension
of the supporting column also can be decided from the stiff-
ness criterion. Suppose the maximum stiffness of the sup-
porting column cannot be more than 10% of the equivalent
gimbal stiffness for pitch and roll to reduce the effect of
this column on the whole system stiffness. Then from the
fixed-hinged beam relation, the torsional stiffness contribu-
tion of supporting column is

M = 4EI

L
φ, kφ = 4EI

L
≤ 0.1kθ. (2)

Fig. 7. Motion of the vertical column underneath the center of the center
plate.
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Fig. 8. Finite element analysis to estimate equivalent torsional stiffness of sensor structures (plotted result is the displacement solution for a pitch
directional angular displacement of center plate).

For a rectangular cross-sectional supporting column with a
side length of∼6�m satisfies this criteria whenL is 20�m.
A finite element model was built to assist the final dimen-
sions of the center plate, beams and supporting column.
Fig. 8shows the deflection simulation result after anisotropic
etching. It is noted that in the FE model, the column is ap-
proximated as a 9�m × 6�m rectangular cross-section but
the real shape of supporting column is hexagonal. The final
dimension of the sensor is presented inFig. 9 based on the
FEA simulations, where the thickness of beams and center
plate is 12�m. It is found that analytical model gives higher
sensor stiffness than the FE model because the short portion
of the L-shape beam and the center plate were assumed to

1mm

1m
m

15 µm

9µm 20µm

40 µm
300µm

Fig. 9. Dimension of the sensor that meets stiffness requirement.

be rigid in the analytical model.Table 1lists typical iner-
tia and stiffness parameters of picoslider and gimbal along
with the additional inertia and stiffness of the sensor ob-
tained from the finite element analysis. The slight mismatch
between pitch and roll stiffness comes from the non-square
cross-section of the supporting column.

Fig. 10 shows the altered slider/gimbal system after the
sensor is mounted. The beams and supporting column of
the sensor now work as springs added to the original gim-
bal stiffness in parallel. The total stiffness of the gimbal in
pitch and roll direction has increased by 20% based on the
current design geometry as compared to the original sys-
tem without the sensor mounted. The sensor also adds in-
ertia to the slider in both pitch and roll direction. The com-
bined effect of additional stiffness and inertia is predicted in
Fig. 11by using MATLAB simulation. The damping coef-
ficient ζ = 0.002 for pitch and roll motion of slider for this
calculation was adopted from reference[5]. For a typical
unloaded picoslider and gimbal system, it is observed that

Table 1
Dynamic properties of slider/gimbal (from[5]) and the sensor

Slider/gimbal Sensor

Dimension 1.25 mm× 1 mm
× 0.3 mm

1 mm × 1 mm ×
0.1 mm

Mass 1.59 mg 0.233 mg
Mass moment of

inertia (in pitch
direction)

2.19 × 10−13 kg m2 2.02 × 10−14 kg m2

Pitch stiffness kθ = 46∼74�Nm/rad k′
θ = 14�Nm/rad

Roll stiffness kβ = 34∼63�Nm/rad k′
β = 11 ∼ 14�Nm/rad
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Fig. 10. Altered slider/gimbal system after the sensor is mounted.

the fundamental frequency increases by 5% after the sensor
is mounted (seeFig. 11).

4. Sensor microfabrication process

The sensor is fabricated on the〈1 1 1〉 single crystal sil-
icon by the SCREAM process[17] (or SBM process[18],
especially when the silicon substrate is〈1 1 1〉, which en-
ables better dimension control giving flat structures after
anisotropic etching) as shown inFig. 12. The thickness of
the silicon substrate is 100�m, which is one-third of the
picoslider thickness. The first step of microfabrication is
to define piezoresistors using ion implantation. Using dib-
orane ion source, boron ions as the impurity particles were
injected into the N-type substrate. The implantation energy
used is less than 100 keV to maintain the projected range
within 0.5�m, since the maximum strain is acquired at the
top surface of the beam when the beam is deflected. First,
low pressure chemical vapor deposition (LPCVD) oxide is
deposited on the surface, where mechanical structures are
defined. Then deep reactive ion etching is performed and
decides the thickness of beams and center plate. Second,
LPCVD oxide is covered uniformly on top of etched struc-
tures to protect sidewalls from the later wet etching. After
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Fig. 11. Comparison of frequency response before/after the sensor mount for the unloaded slider/gimbal system.

Fig. 12. Fabrication process.

the oxide at the bottom of the trenches are anisotropically
removed by reactive ion etching, second DRIE is done deter-
mining the supporting column height and the gap between
the substrate and beams. As a final step, anisotropic wet
etching in TMAH releases the beams and center plates. Us-
ing 〈1 1 1〉 silicon wafer enables flat and uniform beams and
center plate after wet etching. The etching time is precisely
monitored to control the dimension of supporting column.

Fig. 13 shows the SEM picture of the microfabricated
sensor and microscopic photo of the supporting column.
The oxide to protect sidewall of the sensor was removed on
purpose to monitor the etching time and control the size of
the supporting column which cannot be seen otherwise since
it is under the silicon center plate. Due to the property of
the crystalline structure of〈1 1 1〉 single crystal silicon, the
column shape is hexagonal as shown inFig. 13(b)and the
major diagonal is still maintained to be less than 9�m. The
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Fig. 13. (a) SEM microphoto of sensor structure and (b) microscopic photo of the supporting column.

precise control of the dimension of this column structure
is not easy since it is located under the center plate and
requires timed etch. To eliminate this difficulty, test devices
were made on another〈1 1 1〉 wafer. In these test devices, the
second LPCVD oxide layer to protect side walls described
in Fig. 12 is omitted. When the real device wafer is put
into the wet etch bath, the test devices are also put in the
same bath. By monitoring the etch process through the first
transparent oxide layer on the test devices, the etching front
can be observed without using the infra-red microscope. We
designed several different beam dimensions to characterize
the sensitivity of piezoresistors andFig. 13(b)is the picture
of one of the test devices. Since the center plate dimensions
are same, the supporting column size inFig. 13(a)should
be close toFig. 13(b).

5. Sensor calibration and test

The piezoresistors on each beam should be calibrated be-
fore it measures pitch and roll angles.Fig. 14provides the
calibration data for one of the beams. The resistance of
piezoresistors are in the order of∼6 k�, and the sensitiv-
ity defined as resistance change over the unit deflection of
the beam is 24�/�m. The gage factor is another important
parameter for the sensitivity analysis, which is defined as

F = dR/R

dl/ l
= 1 + 2ν + dρ/ρ

dl/ l
(3)

wherel is the length of beam,ν the Poisson’s ratio, andρ is
the resistivity of the piezoresistor. The calculated gage factor
based on the measurements of the piezoresistor on a beam
is 54. Considering the gage factor of metal foil type strain
gage is∼2, our sensor provides much higher sensitivity

and is appropriate for the small motion detection of the
gimbal/slider system. As shown in the calibration data, the
sensor is also linear for a wide range, which enables the
measurement of the relatively big motion of slider in case
there are bumps or particles on the rotating disk surface.

To test the performance of the calibrated sensor, the pitch
and roll angles measured by the sensor are compared to the
optically measured values using white light interferometer.
Fig. 15shows the measured data in two different ways. Each
of the four corners, A, B, C, D of the center plate inFig. 13(a)
was poked in turn by a probe and the tilted angle of the
center plate with respect to the substrate was first measured
using white light interferometer. Then for the same poked
position and angle, the output of the piezoresistors on each
beam was measured and the pitch and roll angle values were
reconstructed using the transformation matrix inEq. (1).
This experiment simulates the pitch and roll motion of the
slider when the slider suffers both motion simultaneously.
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Pitch and Roll Angle Measurement Comparison
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Fig. 15. Performance measurement by poking four corners (WYKO
NT3300 was used for comparison).
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Another measurement result is presented inFig. 16, where
the probe-poking positions follow the line EF inFig. 13(a)
and both pitch and roll angles were measured by the inter-
ferometer and the sensor. Both sets of data inFigs. 15 and
16shows that the pitch and roll angles measured by the sen-
sor follow the interferometric measurement with an average
of 14% measurement error that is defined as the summation
of percentage errors of each measurement divided by the to-
tal number of measurements. Percentage error is calculated
as the distance between the sensor and interferometric mea-
surements divided by the distance between the interferomet-
ric measurement point and the origin inFigs. 15 and 16.

6. Conclusion

A novel micro sensor was designed and fabricated using
the MEMS fabrication technology to detect pitch and roll
motions simultaneously in a hard disk slider/gimbal system.
The measurement principle and fabrication process were dis-

cussed. The sensor was calibrated and the performance was
compared with optical measurement data, which showed
good agreement. This sensor has several major merits com-
pared to the existing methods to detect pitch and roll motion
of a disk drive system:

1. The sensor would be mounted on a real disk drive system.
This enables the test of slider dynamics without using
conductive sliders or transparent disks and therefore the
measurement data of real magnetic disk and slider could
be more accurate.

2. Because the size of the sensor is 25% of the slider size,
the undesirable alteration of the system geometry and
dynamics is minimized preserving the tribological char-
acteristics of the measured system.

3. The piezoresistor is known to follow high frequency dy-
namics, which enables in situ measurement of the slider
dynamics.

It is expected that this sensor will be useful for the mon-
itoring the slider dynamics and combining this sensor with
microactuators designed for high-density data storage de-
vices [19–21] will form a complete feedback loop to im-
prove the performance of hard disk drives. Moreover, MEMS
sensor developed in this work could be used as the motion
sensor in systems other than the hard disk industry.
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Appendix A. Kinematic relation between the beam
deflection and the pitch and roll angle

When the slider suffers pitch motion, i.e. Cartesian coor-
dinate system rotates for the pitch angleθ with respect to
x-axis inFig. 5, the new coordinate system (x′

i, y
′
i, z

′
i) fixed

on the slider surface (hence on the outer substrate of the
sensor) and the coordinates (xi, yi, zi) fixed on the dimple
have the relation


x′
i

y′
i

z′
i




=




cosθ 0 sinθ

0 1 0

−sinθ 0 cosθ







xi

yi

zi




⇒X′ = PX (A.1)

and the rotation for the roll angleβ with respect to they-axis
gives



x′′
i

y′′
i

z′′
i




=




1 0 0

0 cosβ −sinβ

0 sinβ cosβ







x′
i

y′
i

z′
i




⇒X′′ = RX′′ (A.2)
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where (x′′
i , y

′′
i , z

′′
i ) is the coordinates on the slider after pitch

and roll motion. Eventually, the coordinates relation between
original and new coordinates is



x′′
i

y′′
i

z′′
i




=




cosθ 0 sinθ

sinβ sinθ cosβ −sinβ cosθ

−cosβ sinθ sinβ cosβ cosθ







xi

yi

zi




⇒ X′′ = QX (A.3)

whereQ = RP . In general,RP �= PR. However, the angle
θ and β are usually small in the slider motion and there-
fore the transformation matrix can be linearized by setting
cosθ ≈ 1 ≈ cosβ, sinθ ≈ θ, sinβ ≈ β andθβ ≈ 0. Then

RP = PR = Q =




1 0 θ

0 1 −β

−θ β 1


 (A.4)

HereQ is an orthogonal matrix for the small angleθ and
β. The linear translation of the center of the center plate,zc
contributes to each of four beam deflection,zi and this can
be expressed as



x∗
i

y∗
i

z∗
i




=




x′′
i

y′′
i

z′′
i




+




0

0

zc




=




1 0 θ

0 1 −β

−θ β 1







xi

yi

zi




+




0

0

zc




(A.5)

Here, we are interested in the total beam deflection,�zi =
z∗
i − zi. By noticing thatx1 = −a′, y1 = −b′, x2 = −a′,

y2 = b, x3 = a, y3 = b, andx4 = a, y4 = −b′ in Fig. 5and
the transformation relation

z∗
i = −θxi + βyi + zi + zc, �zi = z∗

i − zi, (A.6)

the relation between�zi andθ, β, zc can be derived as


�z1

�z2

�z3

�z4




=




a′ −b′ 1

a′ b 1

−a b 1

−a −b′ 1







θ

β

zc




⇒ zi = Tzc (A.7)
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