
�5�I�J�T���E�P�D�V�N�F�O�U���J�T���E�P�X�O�M�P�B�E�F�E���G�S�P�N���%�3���/�5�6���	�I�U�U�Q�T�������E�S���O�U�V���F�E�V���T�H�

�/�B�O�Z�B�O�H���5�F�D�I�O�P�M�P�H�J�D�B�M���6�O�J�W�F�S�T�J�U�Z�
���4�J�O�H�B�Q�P�S�F��

�1�P�M�Z�N�F�S���C�B�T�F�E���E�B�N�Q�F�O�J�O�H���M�B�Z�F�S���B�Q�Q�M�J�D�B�U�J�P�O���U�P

�J�N�Q�S�P�W�F���U�I�F���P�Q�F�S�B�U�J�O�H���T�I�P�D�L���U�P�M�F�S�B�O�D�F���P�G���I�B�S�E

�E�J�T�L���E�S�J�W�F

�%�K�B�N�B�S�J�
���%�K�B�U�J���8�J�C�P�X�P�����:�B�Q�
���'�P�P�L���'�B�I�����#�V�E�J�N�B�O�
���#�F�O�U�B�O�H���"�S�J�F�G�����5�S�J�B�X�B�O�
���'�B�S�J�E

��������

�%�K�B�N�B�S�J�
���%�����8���
���:�B�Q�
���'�����'���
���#�V�E�J�N�B�O�
���#�����"���������5�S�J�B�X�B�O�
���'�����	���������
�����1�P�M�Z�N�F�S���C�B�T�F�E���E�B�N�Q�F�O�J�O�H

�M�B�Z�F�S���B�Q�Q�M�J�D�B�U�J�P�O���U�P���J�N�Q�S�P�W�F���U�I�F���P�Q�F�S�B�U�J�O�H���T�I�P�D�L���U�P�M�F�S�B�O�D�F���P�G���I�B�S�E���E�J�T�L���E�S�J�W�F�����+�P�V�S�O�B�M���P�G

�&�O�H�J�O�F�F�S�J�O�H���B�O�E���"�Q�Q�M�J�F�E���4�D�J�F�O�D�F�
�������	���
�����I�U�U�Q�T�������E�Y���E�P�J���P�S�H�������������������T����������������������������������

�I�U�U�Q�T�������I�E�M���I�B�O�E�M�F���O�F�U��������������������������

�I�U�U�Q�T�������E�P�J���P�S�H�������������������T����������������������������������

�h���5�I�F���"�V�U�I�P�S�	�T�
���������������0�Q�F�O���"�D�D�F�T�T�����5�I�J�T���B�S�U�J�D�M�F���J�T���M�J�D�F�O�T�F�E���V�O�E�F�S���B���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T

�"�U�U�S�J�C�V�U�J�P�O�����������*�O�U�F�S�O�B�U�J�P�O�B�M���-�J�D�F�O�T�F�
���X�I�J�D�I���Q�F�S�N�J�U�T���V�T�F�
���T�I�B�S�J�O�H�
���B�E�B�Q�U�B�U�J�P�O�
���E�J�T�U�S�J�C�V�U�J�P�O

�B�O�E���S�F�Q�S�P�E�V�D�U�J�P�O���J�O���B�O�Z���N�F�E�J�V�N���P�S���G�P�S�N�B�U�
���B�T���M�P�O�H���B�T���Z�P�V���H�J�W�F���B�Q�Q�S�P�Q�S�J�B�U�F���D�S�F�E�J�U���U�P���U�I�F

�P�S�J�H�J�O�B�M���B�V�U�I�P�S�	�T�
���B�O�E���U�I�F���T�P�V�S�D�F�
���Q�S�P�W�J�E�F���B���M�J�O�L���U�P���U�I�F���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T���M�J�D�F�O�D�F�
���B�O�E

�J�O�E�J�D�B�U�F���J�G���D�I�B�O�H�F�T���X�F�S�F���N�B�E�F�����5�I�F���J�N�B�H�F�T���P�S���P�U�I�F�S���U�I�J�S�E���Q�B�S�U�Z���N�B�U�F�S�J�B�M���J�O���U�I�J�T���B�S�U�J�D�M�F���B�S�F

�J�O�D�M�V�E�F�E���J�O���U�I�F���B�S�U�J�D�M�F���T���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T���M�J�D�F�O�D�F�
���V�O�M�F�T�T���J�O�E�J�D�B�U�F�E���P�U�I�F�S�X�J�T�F���J�O���B���D�S�F�E�J�U

�M�J�O�F���U�P���U�I�F���N�B�U�F�S�J�B�M�����*�G���N�B�U�F�S�J�B�M���J�T���O�P�U���J�O�D�M�V�E�F�E���J�O���U�I�F���B�S�U�J�D�M�F���T���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T���M�J�D�F�O�D�F

�B�O�E���Z�P�V�S���J�O�U�F�O�E�F�E���V�T�F���J�T���O�P�U���Q�F�S�N�J�U�U�F�E���C�Z���T�U�B�U�V�U�P�S�Z���S�F�H�V�M�B�U�J�P�O���P�S���F�Y�D�F�F�E�T���U�I�F���Q�F�S�N�J�U�U�F�E

�V�T�F�
���Z�P�V���X�J�M�M���O�F�F�E���U�P���P�C�U�B�J�O���Q�F�S�N�J�T�T�J�P�O���E�J�S�F�D�U�M�Z���G�S�P�N���U�I�F���D�P�Q�Z�S�J�H�I�U���I�P�M�E�F�S�����5�P���W�J�F�X���B���D�P�Q�Z

�P�G���U�I�J�T���M�J�D�F�O�D�F�
���W�J�T�J�U���I�U�U�Q�������D�S�F�B�U�J�W�F�D�P�N�N�P�O�T���P�S�H���M�J�D�F�O�T�F�T���C�Z���������������5�I�F���$�S�F�B�U�J�W�F���$�P�N�N�P�O�T

�1�V�C�M�J�D���%�P�N�B�J�O���%�F�E�J�D�B�U�J�P�O���X�B�J�W�F�S���	�I�U�U�Q�������D�S�F�B�U�J�W�F�D�P�N�N�P�O�T���P�S�H���Q�V�C�M�J�D�E�P�N�B�J�O���[�F�S�P�����������


�B�Q�Q�M�J�F�T���U�P���U�I�F���E�B�U�B���N�B�E�F���B�W�B�J�M�B�C�M�F���J�O���U�I�J�T���B�S�U�J�D�M�F�
���V�O�M�F�T�T���P�U�I�F�S�X�J�T�F���T�U�B�U�F�E���J�O���B���D�S�F�E�J�U���M�J�O�F���U�P

�U�I�F���E�B�U�B��

Downloaded on 05 Feb 2023 08:50:57 SGT



RESEARCH Open Access

Polymer-based dampening layer
application to improve the operating shock
tolerance of hard disk drive
Djati Wibowo Djamari1* , Fook Fah Yap2, Bentang Arief Budiman3 and Farid Triawan1

* Correspondence: djati.wibowo@
sampoernauniversity.ac.id
1Mechanical Engineering Study
Program, Sampoerna University,
Jakarta, Indonesia
Full list of author information is
available at the end of the article

Abstract

This paper discusses a passive vibration control method to improve the shock
tolerance of hard disk drives (HDDs) in operating condition (op-shock tolerance). Past
works in improving the HDDs� op-shock tolerance includes (i) parking the head
when shock is detected, (ii) installing a lift-off limiter, (iii) structural modification of
the suspension, and (iv) installing an external vibration isolation. Methods (i) and (iv)
have practical issues, method (ii) works only on single shock direction, and method
(iii) requires major engineering design/manufacturing work. Compared to these
works, this paper proposes a method which has no practical issues and without
requiring major engineering design/manufacturing work. The proposed method is to
apply a polymer-based dampening layer on the backside of the baseplate with the
purpose of increasing the damping ratio of the 1st bending mode of the baseplate.
The location of the dampening layer on the baseplate is first determined by modal
analysis and then fine-tuned by non-op-shock tests. The op-shock tolerance
improvement is confirmed by op-shock tests where 2.5� HDD with the dampening
layer on the baseplate can withstand a 300G 0.5-ms shock without failure while
unmodified HDD can only withstand 250G 0.5-ms shock without failure.

Keywords: Hard disk drive, Shock tolerance, Baseplate mode, Damping, Polymer

Introduction
The demand for higher density hard disk drives (HDDs) pushes the requirements for
the head�disk spacing. The greater the HDDs� density, the smaller the head�disk spa-
cing required (see [1�3]). The head�disk spacing can be designed by setting the slider�s
flying height. Meanwhile, the flying height of the slider affects the stiffness of the air
bearing, and more importantly, the shock response of the HDDs (see [4]). In operating
condition, HDDs need to be protected from failures which are caused by external dis-
turbance, i.e., external shock. Studies on HDDs� failure mechanism due to external
shock can be found in [5, 6] and the references therein. HDDs fail when the head is
touching the disk.
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Studies on HDDs� failure mechanism show that HDDs have specific op-shock resist-
ance (see [2, 5, 7]). For example, there exists a range of external shock input amplitude
and duration for which the head is not touching the disk. A common practice by
HDD�s manufacturer is to mention the op-shock tolerance of their product for a certain
shock duration. An HDD having op-shock tolerance of 350 G 2 ms (milliseconds),
where 1 G = 9.81 m/s2, means that it can withstand external shock with a duration of
2 ms up to 350 G of amplitude without failure. A study on shock duration effect to the
shock response of HDD can be found in [8]. Generally, HDDs are more prone to fail-
ures from short shock duration.

There are various methods for protecting operating HDDs from failure. In a recent
work by Nicholson et al. [9], the HDD is protected from external shock by parking the
head when the HDD is subjected to shock. In parking position, where the disk can vi-
brate without touching the head, the HDD has relatively higher shock tolerance. How-
ever, the read/write performance of the HDD is sacrificed since it cannot perform its
task in parking position. In the work of Ng et al. [10], the HDD is protected by install-
ing a lift-off limiter. When the positive shock is high enough, the slider will move away
from the disk and be separated from the air bearing (lift-off). This separation breaks
the air bearing, and the sudden return of the slider makes the head touch the disk. This
phenomenon is commonly called head-slap. The lift-off limiter prevents the slider from
moving away from the disk to sustain the air bearing. However, the lift-off limiter can
only work for one side of the disk during positive shock and the other side of the disk
during negative shock.

Another method to protect HDDs from failure focus on modifying the HDDs� structure
to improve the op-shock tolerance. In the work [5], a stiffer suspension design is pro-
posed. On short shock duration of less than 2 ms, stiffer suspension design works to in-
crease the op-shock tolerance of the HDD. However, for a shock duration of 2 ms and
longer, the stiffer suspension design has minimal effect. The work [2] focuses on HDD
with a secondary stage actuator which used for fine control of track following in high-
density HDDs. HDD with secondary stage actuator has poor shock tolerance due to large
mass at the tip. The work [2] proposes a secondary actuator design that has a lower mass
without sacrificing the stroke sensitivity of the actuator. With a lower mass of secondary
stage actuators, it is expected that the HDD with secondary stage actuators has better op-
shock tolerance. The work [11] proposes topology design optimization of suspension to
improve HDD suspension dynamic characteristics. Although it is claimed that the opti-
mized suspension design results in dynamic response improvement over shock input, the
work does not study the op-shock tolerance improvement.

Another method to protect HDDs from failure rely on external shock isolation. The
work [12] proposes a rubber mount design to isolate operating HDDs from shock and
vibration. The rubber mounts work by reducing the shock energy transmitted to the
HDD�s baseplate which could result in higher op-shock tolerance. However, as studied
by Djamari [13], the improvement to the op-shock tolerance by using rubber mounts is
not significant when using minimum external footprint. Generally, an external shock
isolation system needs a large footprint for it to be able to work effectively [14, 15]. Ef-
fective external shock isolation must have a relatively low dominant frequency and thus
makes the isolated system vibrate with a large amplitude when subjected to a shock in-
put. Recent work on external shock isolation of HDDs can be found in [7, 16, 17].
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In summary, the op-shock tolerance of HDDs can be improved through the follow-
ing: (i) intervention of HDD operation, (ii) design modification of the internal structure
of HDDs, and (iii) installing an external shock isolation system. Method (i) improves
the op-shock tolerance significantly, but it sacrifices HDD performance which is not
practical. Method (ii) could potentially improve the op-shock tolerance, but there is a
significant cost in changing the internal HDD structure design. Meanwhile, method (iii)
offers little to no changes in HDD design, but it needs sufficient footprint which may
not be practical at some point. All three methods solve the problem but are impractical
which could limit the application of the HDDs. This paper proposes a method of exter-
nal HDD shock isolation that neither changes the footprint of the standard HDD form
factor nor change the HDD�s design. It also does not sacrifice the HDD�s performance
and it works for both positive and negative shocks.

The proposed method in this paper is to apply a dampening layer (damper in a form
of a thin polymer layer) on the backside of the baseplate with the purpose of increasing
the damping ratio of the 1st bending mode of the baseplate, thus reducing the shock
transmissibility to the HAA (Head Actuator Assembly). The application of damper to
reduce the vibration of a structure is a common engineering solution. However, the
damper location and how much damping that must be applied depend on the problem
at hand and is not obvious. Recent work by Sezgen and Tinkir [18] shows that damper
application is effective in reducing the vibration of a structure, and genetic algorithm is
used to optimize the damper configuration. The work by Biglari et al. [19] shows that
frictional damper can be used to reduce the residual vibration of a flexible manipulator,
and several optimization methods are utilized to obtain the optimum structure of the
damper. While Sezgen and Tinkir use mathematical model only to investigate the
damper application, Biglari et al. use mathematical model and perform experimentation
to test the optimized damper structure. Similar to these works, this paper also uses
mathematical model of HDD to show the effectiveness of the damper, and similar to
Biglari et al., this work perform experimentation to show the vibration reduction (non-
operating shock tests) after the damper is applied to the structure being studied. How-
ever, in HDD case, vibration reduction of the structure (obtained through non-
operating shock tests) needs to be verified with op-shock tests to show that damper ap-
plication improves the op-shock tolerance. Therefore, in this work, the op-shock tests
are done in addition to the non-operating shock test.

The rest of this paper is organized as follows. The �Methods� section discusses the
problem statement and methodology. The �Results and discussion� section discusses
theoretical background of the proposed method, MATLAB simulation of a simple
HDD model, and experiment results for HDDs under non-operating and operating
conditions. The �Conclusion� section concludes this paper.

Methods
The problem under consideration is a 2.5� HDD in operating condition, with a single
platter (see Fig. 1). The arm is positioned at the outer-disk position, which is the worst
position due to large displacement of the disk at the outer-disk position compared to
other arm�s position that is closer to the disk-spindle when the HDD is subjected to
shock. The problem in this paper is to design an external shock isolator for the HDD
so that it can withstand higher op-shock without failure compared to the baseline
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HDD. In this context, failure means the head touches the disk. As a design constraint,
the external shock isolator must not change the form factor of the HDD.

We hypothesize that a reduction in the relative arm�disk displacement when the
HDD is subjected to shock translates to the improvement of the op-shock tolerance. In
other words, when the HDD structure is modified such that the relative arm�disk dis-
placement is reduced, then the modified HDD can withstand higher op-shock without
failure. To this end, let us consider Fig. 1 which illustrates the HDD structure. Let had

be the vertical distance between the arm and the disk (the distance between point A
and D, in Fig. 1). When the HDD is subjected to shock, i.e., the shock comes through
the baseplate and then transmitted to the HAA and the disk, then had changes over
time. If had becomes too small due to the shock (the arm becomes too close to the
disk), the arm pushes the suspension towards the disk and the pushing force could
break the air bearing which can make the head to touch the disk.

On the other hand, if had becomes too large due to the shock (the arm is moving
away too far from the disk), the arm pulls the suspension away from the disk and the
air bearing could also break due to too much force pulling the suspension away from
the disk. The returning movement of the suspension can potentially result in head slap.
Therefore, to reduce the risk of the head touching the disk, the changes in had must be
kept as small as possible. The logic behind the above analysis is that when the head is
not separated from the disk, the bending mode of the suspension is much higher than
the bending mode of the arm. Thus, during the shock and before the separation be-
tween the head and the disk occurs, the suspension follows the movement of the arm.
In conclusion, in this paper, we assume that the reduction in the changes of had when
the HDD is subjected to shock implies the improvement in the op-shock tolerance of
the HDD.

To reduce the changes in had when the HDD is subjected to shock, the proposed
method in this paper is to apply a dampening layer to the backside of the baseplate, in
between the baseplate and the PCB (Printed Circuit Board). The dampening layer is a

Fig. 1 Illustration of 2.5� HDD with single platter
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thin polymer material that has high damping factor. This application increases the
damping factor of the baseplate. The question is, how much and where we must apply
the dampening layer?

Firstly, a theoretical analysis is done to mathematically show that increasing the
damping factor of the baseplate can reduce the arm�disk relative displacement
when the HDD is subjected to external shock. The theoretical analysis is done by
modeling the baseplate, HAA, and disk using mass-spring-damper system. It will
be shown that increasing the damping factor of the baseplate increases the damp-
ing ratio for all mode shapes and it reduces the changes in had when the HDD is
subjected to shock.

The second step is to perform simulations on a simple model of HDD using
MATLAB. The purpose is to find out the reduction in the changes of had for
several shock input durations. It will also be shown that the application of
damper will have a negative effect if too much damping factor is added to the
baseplate. A comparison of reduction in the changes of had between application
of damper on the baseplate and application of damper on the arm structure is
also done to show that applying damper on the baseplate is more effective in re-
ducing the changes in had.

The next step is to define the areas on the baseplate where the dampening layer will
be applied. For this, the non-op-shock tests are carried out for HDDs with and without
the dampening layer, and the arm�disk relative displacement is measured by using fiber
optic interferometer. The best dampening layer configuration is then used in the op-
shock tests to verify the op-shock tolerance improvement. In the tests, the dampening
layer selection is not done based on the previous steps since the primary criterion for
the dampening layer is its low outgassing property and it should be thin enough such
that it does not affect the overall PCB assembly. Thus, for the tests, we use the available
dampening layer product suitable for HDD application.

Results and discussion
Theoretical analysis
A model of baseplate�HAA�disk under consideration is shown in Fig. 2. The mass,
stiffness, and damping coefficient of HAA are denoted by ma, ka, and ca, respect-
ively. The mass, stiffness, and damping coefficient of the disk are denoted by md,
kd, and cd respectively. The mass, stiffness, and damping coefficient of the base-
plate are denoted by mb, kb, and cb, respectively. Meanwhile, ms is the shaker mass
and F is the external force applied to shaker mass (note that F is a function of
time, t). The states xa, xd, xb, and xs are the displacement of the arm tip, disk tip,
baseplate, and the shaker, respectively. In the discussion in this section, we will see
the effect of changing cb to the changes in had. In our experiment that will be pre-
sented in subsections �Non-operating shock experiments� and �Operating shock ex-
periments,� cb is increased by applying a polymer-based dampening layer to the
back of the baseplate. Due to relatively small mass and stiffness of the dampening
layer compared to the mass and stiffness of the baseplate, in the analysis done in
this section, we assume that the increase in cb does not affect the value of mb and
kb.
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The equation of motion of the model in Fig. 2 is the following:

ms 0 0 0
0 mb 0 0
0 0 ma 0
0 0 0 md
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where c … ca þ cb þ cd and k … ka þ kb þ kd . Let x = [xs xb xa xd]T, Eq. (1) can be
compactly written as

M€x þ Cẋ þ Kx … Fv

where M, C, and K are the mass matrix, damping matrix, and stiffness matrix,
respectively.

Let ẋs … vs , ẋb … vb; ẋa … va; ẋd … vd; and v … vs vb va vd‰ �T , the state space
equation of the simplified model is given by:

ẋ
v̇

� �
… 04 I4
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� �
x
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� �
þ 0

M�1
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which can simply be written as

ẋ
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� �
… A x

v

� �
þ BFv

Fig. 2 A simple model of baseplate-HAA-Disk with shaker
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where A is the state matrix and B is the input matrix. Assuming nonzero damping
with underdamped condition, then the eigenvalues of the state matrix can be expressed
as f0; 0; �p2 � j�d2 ; �p3 � j�d3 ; �p4 � j�d4g, where p4 … �4�n4 , p3 … �3�n3 , and p2 … �2

�n2 are the real part of the eigenvalues, �d2 … �2

����������
1��2

2

q
, �d3 … �3

����������
1��2

3

q
, and �d4

… �4

����������
1��2

4

q
are the imaginary part of the eigenvalues or the damped natural frequen-

cies. The first two zero eigenvalues correspond to the rigid body mode of all masses or
the 1st mode of the system. In this setting, �2, �3, and �4 are the damping ratio for the
2nd, 3rd, and 4th modes, respectively. The 2nd mode is the first bending mode of the
baseplate, the 3rd mode is the first bending mode of the disk, and the 4th mode is the
first bending mode of the arm. Considering only the flexible modes, we know that the
simple model is a stable system, i.e., it will return to its equilibrium after it is disturbed
temporarily (for example by knocking the arm tip). When the system is disturbed tem-
porarily, the real part of the eigenvalues of matrix A determines how fast the simple
model return to the equilibrium, and the imaginary part determines the oscillation fre-
quency of the response. For vibrating system, the convergence speed is represented by
��n, and the oscillation of the response is represented by the �d.

It can be shown by parametric study, by inserting values and varying the variables
(since the closed form solution of the eigenvalues of matrix A is not possible to be
shown), that the damping factor of the baseplate, cb, affects the damping ratio of all
nonzero modes. Meanwhile, the damping factor of the disk, cd, dominantly affects only
the 3rd mode, and the damping factor of the arm, ca, dominantly affects only the
damping ratio of the 4th mode. This is due to the coupling between the baseplate and
the arm�disk. Meanwhile, the arm is not coupled to the disk.

The force F is a shock input which models the impact when HDD is dropped. To
show the effectiveness of increasing the baseplate�s damping factor in minimizing the
changes of had, we assume that F is an impulse and thus to obtain the solution of (2),
we assume initial state vs(0) > 0, while the rest of the initial states being zero and F is

set to be zero. Let L … l1 � l8‰ � with li … li1 � li8‰ �T for i = 1, �, 8 be the left
eigenvector of the state matrix, where qT is the transpose of q, and R … r1 � r8‰ �

with ri … ri1 � ri8‰ �T for i = 1, �, 8 be the right eigenvector of the state matrix,
the solution to (2) can be expressed as

x tð Þ
v tð Þ

� �
… eAt x 0ð Þ

v 0ð Þ

� �
… Re�tL x 0ð Þ

v 0ð Þ

� �
ð3Þ

where � is a diagonal matrix of the eigenvalues of matrix A:

� … diag �1; �2; �; �8f g�
… diag 0; 0; �p2 þ j�d2 ; �p2� j�d2 ; �p3 þ j�d3 ; �p3� j�d3 ; �p4 þ j�d4 ; �p4� j�d4f g

ð4Þ

Let z … xT vT
� �T … z1 � z8‰ �T , the solution to (2) can be written as follows:

zi tð Þ …
X8

j…1
rjil1 je� j tz1 0ð Þ þ � þ

X8

j…1
rjil8 je� j tz8 0ð Þ; i … 1; �; 8 ð5Þ

Since zi(0) = 0 for all i except for z5(0) = vs(0) > 0, we can write (5) as
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zi tð Þ …
X8

j…1
rjil5 je� j tz5 0ð Þ; i … 1; �; 8 ð6Þ

The relative displacement between the arm and the disk, �ad, can be expressed as

�ad … z3 tð Þ�z4 tð Þ …
X8

j…1
r j3l5 je� jtz5 0ð Þ�

X8

j…1
r j4l5 je� jtz5 0ð Þ�ad

… z5 0ð Þ
X8

j…1
r j3�r j4

� �
l4 je� jt ð7Þ

If we want had to be as constant as possible, then it implies that �ad must be as small
as possible. Clearly, if (rj3 � rj4) = 0 for all j, then �ad will be zero. However, this is not
possible to happen. The most reasonable method in minimizing �ad is by minimizing
the term e� jt for all j. The first two � � s are zero due to the rigid body mode, so these
cannot be changed. Meanwhile, the remaining six � � s can be changed by modifying
the spring and damper of the model. As we said earlier, changing cb allows us to change
the damping ratio of the nonzero modes. Thus, the six � � s will be significantly affected
by cb.

When we increase cb, assuming that �2, �3, and �4 are unchanged due to non-
significant change in mb and kb, then �2, �3, and �4 will be larger. This results in the
smaller values of �d2 ; �d3 , and �d4 , which in turn reduces the oscillation frequency of
the shock response. Other than that, due to larger �2, �3, and �4, then �p2 � , � p3 � ,
and �p4� will be larger or that the real part of nonzero eigenvalues will be more to the
left of the imaginary axis. This results in a higher convergence rate of �ad. On the other
hand, if we only make the ca to be larger, i.e., only �4 is increased, then only �d4 will be-
come smaller and only |p4| that will become larger. Thus, the convergence rate of e�3t

and e�4t will still dominate the convergence of �ad. This results in no to little improve-
ment in the reduction of �ad.

Simulation of the simplified baseplate–HAA–disk model
Typically for 2.5� HDD, the first bending mode of the baseplate is around 600�800 Hz,
the first bending mode of the disk is around 1000�1100 Hz, and the first bending mode
of the arm is around 1500�1600 Hz (see [20]). To simulate the model in Fig. 2, we first
define mb = 35 g, ma = 2.8 g, md = 5 g, and ms = 1 · 106 g. These values are taken from
the typical mass of the 2.5� HDD and the shaker mass is defined for ease in defining
the force input. Then, we tune kb … 6:7153 � 105 N

m ; ka … 2:2409 � 105 N
m ; and kd =

1.6581 · 106 such that the undamped-nonzero modes assume values around the typical
modes of 2.5� HDD. The undamped-eigenpairs of the model simulated in this paper
are:

�1 … 0 Hz; U1 … s1 1 1 1 1‰ �T �2 … 600 Hz; U2 … s2 0 1 1:21 1:77‰ �T �3
… 1000 Hz; U3 … s3 0 1 1:97 �4:71‰ �T �4 … 1500 Hz; U4
… s4 0 1 �8:79 �0:57‰ �T

where si for i = 1, 2, 3, 4 is a real number. The damping factor of the baseplate, arm,
and disk is tuned such that the damping ratio for all modes is 0.01. This value is a con-
servative damping ratio value of metals [21]. The damping factor of the baseplate, arm,
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and disk which results in this damping ratio is called as the unmodified configuration ð

c0
b … 3:9584 Ns

m ; c0
a … 0:4486 Ns

m ; c0
d … 0:5089 Ns

mÞ. MATLAB is used to simulate the simpli-
fied model.

The force, F, given to the shaker is a half-sine input such that the peak acceleration
of the shaker is 100 G. Three shock durations are used in the simulation, they are 0.5
ms, 1 ms, and 2 ms. The �ad of the unmodified configuration are then compared with
the other two cases: (i) the case where the damping factor of the baseplate (cb) is in-
creased and (ii) the case where the damping factor of the arm (ca) is increased. The
case where the damping factor of the disk is increased is not performed since it is un-
likely that we can modify the damping factor of the disk in practice. The value of �ad

which defines failure of the HDD is not studied in this paper, and this section focuses
on the study of reducing �ad by increasing the damping factor of the baseplate and the
arm.

Figures 3, 4, and 5 show the arm�disk relative displacement response for three shock
durations (0.5 ms, 1 ms, and 2 ms). We can see from Figs. 3, 4, and 5 that increasing
the damping factor of the baseplate can effectively reduce the relative arm�disk dis-
placement response compared to increasing the damping factor of the arm only. These
results can be explained as follows:

As we have discussed in the subsection �Theoretical analysis�, increasing ca only will
only increase the damping ratio of the arm mode. Since the response of the disk is not
affected by the increase of ca, the arm and disk response could be more out of phase
compared to the unmodified configuration. Out of phase here means that the arm and
disk are moving in different directions so that their relative displacement becomes lar-
ger. We can see from Figs. 3, 4, and 5 that at some points the arm�disk relative dis-
placement response is larger than the unmodified configuration. On the other hand, by
increasing cb, the damping ratio of all modes are increased. The �ad is reduced, as ex-
pected from the discussion in the subsection �Theoretical analysis�.

Fig. 3 �ad response, HDD subjected to shock input 100 G 0.5 ms
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The optimum damping factor increase of the baseplate is also investigated. The
damping factor of the baseplate is increased incrementally from c0

b up to 70c0
b , and the

range between the 1st maximum peak and the 1st minimum peak of the relative arm�
disk displacement response over time is measured for three shock duration cases. Let
(�max � �min) denotes the difference between the 1st maximum peak and the 1st mini-
mum peak. Let also (�max � �min)0 denotes the difference between the 1st maximum

peak and the 1st minimum peak when cb … c0
b . Figure 6 plots ð�max��minÞ

ð�max��minÞ0 � 100% versus

�, where � is the damping factor multiplier, i.e., cb … �c0
b.

From Fig. 6, it can be observed that the optimum damping factor for three shock dur-
ation cases is around 25 times of the unmodified value. The 100% displacement range
is when the baseplate damping factor is set to be equal to c0

b or � = 1. From Fig. 6, if we
use more than 25 times of c0

b , the improvement for 0.5 ms shock duration starts to de-
crease. While for 1 ms shock duration, when we use more than 25 times of c0

b , the
shock resistance improvement becomes less and less significant. This case is different

Fig. 4 �ad response, HDD subjected to shock input 100 G 1 ms

Fig. 5 �ad response, HDD subjected to shock input 100 G 2 ms
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for the 2-ms shock duration: the shock resistance improvement is increasing almost
linearly with the increase in the damping factor of the baseplate.

The above phenomenon can be explained by examining the transmissibility curve for a sin-
gle degree of freedom with base excitation (see [22]). From the transmissibility curve, when
the excitation frequency is close to the natural frequency of the system, a relatively high
damping ratio is very effective to reduce the transmissibility. However, when the excitation
frequency is higher than the natural frequency of the system, a system with a high damping
ratio has higher transmissibility than the system with a low damping ratio. Thus, if we want
to reduce the displacement on base excitation problem, when the excitation frequency is
higher than the natural frequency, we should choose a relatively a low damping ratio.

The baseplate�s natural frequency is around 600�800 Hz, which makes the baseplate
mode to be excited by all shock duration of 2 ms, 1 ms, and 0.5 ms (see the FFT of the
shock inputs in Fig. 7).

For the shock duration of 2 ms, the FFT shows that the dominant excitation frequency
range of the shock input is close to the baseplate�s natural frequency. This is the reason
that the improvement curve for the shock duration 2 ms of Fig. 5 keeps increasing when
we increase the damping value of the baseplate. For the shock duration of 1 ms, the shock
excitation frequency range is a little bit higher than the baseplate�s natural frequency, and
thus high damping value of the baseplate (when � > 25 in Fig. 6) is not effective to reduce
the arm�disk relative displacement response. Lastly, for the shock duration of 0.5 ms, the
shock excitation frequency range is much higher than the baseplate�s natural frequency.
As a result, the high damping value of the baseplate (when � > 25 in Fig. 6) yields in the
lower improvement in the arm�disk displacement response.

Remark: the label high and low damping ratio in the above discussion is concluded
solely from the results in Fig. 6.

Non-operating shock experiments
The subsection �Simulation of the simplified baseplate�HAA�disk model� indicates
that increasing the damping factor of the baseplate results in the reduction of arm�disk

Fig. 6 Displacement range between the 1st maximum peak and the 1st minimum peak of the arm�disk
displacement response with varied baseplate damping factor
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relative displacement or �ad when the HDD is subjected to shock input. In this subsec-
tion, we apply the same method as in the subsection �Simulation of the simplified base-
plate�HAA�disk model� to a real 2.5� HDD which is to increase the damping factor of
the baseplate, and then, we perform the non-operating shock tests to find out how
much reduction to �ad that can be obtained on the real 2.5� HDD. There are two spe-
cific things we first need to answer in performing the non-operating shock tests:

(i) The method in increasing the damping factor of the baseplate.
(ii) The location on the baseplate where we should increase its damping factor.

In answering the first point, we chose a dampening layer from manufacturer 3M
which has low outgassing property. The dampening layer material is based on polymer
(see [23]). This property is important so that the dampening layer does not contamin-
ate the internal environment of the HDDs. The thickness of the dampening layer is
0.05 mm and it is easy to be applied to the baseplate since it is working like a tape. The
dampening layer used in the experiment is given in Fig. 8.

To answer the second point, a non-op-shock tests were performed. Referring to the
discussion in the subsection �Simulation of the simplified baseplate�HAA�disk model�,

Fig. 7 FFT of shock inputs with duration of 0.5 ms, 1 ms, and 2 ms generated using MATLAB
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the non-op-shock tests use the arm�disk relative displacement as the improvement in-
dicator. Several configurations of dampening layer placement on the baseplate were
tested and the arm�disk relative displacement was monitored. The best dampening
layer configuration from non-op-shock test is then used in HDDs for op-shock tests. In
both non-operating and op-shock tests, commercial 2.5� HDDs are used. While the
non-op-shock tests were done to find out the optimum dampening layer configuration,
the op-shock tests were done to find out the op-shock tolerance improvement by using
the optimum dampening layer configuration.

We note that the HDDs used in the experiments use single stage actuator. In the
interest of the result from the subsection �Simulation of the simplified baseplate�
HAA�disk model�, where the shock duration 0.5 ms has an optimum point with the
lowest �, the non-operating and op-shock tests are carried out using 0.5 ms shock
duration.

The non-op-shock tests involve the use of a shock tower to simulate the HDDs being
dropped to the floor. The experiment set up is shown in Fig. 9. The shock tower has a
guide-pole that holds the shock table such that the shock table can be dropped into the
base and keeping the HDD facing in one direction during the drop test. The drop
height can be adjusted to adjust the shock magnitude (the G level), while a soft material
such as Delrin (a kind of plastic) can be placed on the drop area to adjust the shock
duration. The shock magnitude and duration are adjusted and confirmed by using ac-
celerometer attached on the shock table. To measure the �ad, that is the relative dis-
placement between the arm and the disk, a laser Doppler interferometer is used. The
laser Doppler has two probes, where laser probe A shone the arm tip and laser probe B
shone the outer disk point. The output from the laser Doppler interferometer is the
relative displacement measured by the two probes and the initial measurement is nor-
malized to zero. The output from the accelerometer and the laser Doppler interferom-
eter are routed to the dynamic signal analyzer for recording purpose.

As we can see in Fig. 9, the HDD is tested in parking condition. To sustain the struc-
tural stiffness of the HDD during shock tests, the top cover of the HDD is still used,
but the top cover is partially cut on the area where the lasers are being pointed (not
shown in Fig. 9). It is worth noting that a non-op-shock test by positioning the arm-tip
on top of the outer-disk is not possible since the laser can only point to the arm tip in

Fig. 8 Dampening layer
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