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Passive Vibration Absorption for Extremely High Density Recording
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Khalifa University of Science, Technology, and Research, Abu Dhabi, UAE

A method is proposed for passive vibration absorption in hard-disk drives during transient events such as the coming into proximity
of the rotating disk within the context of thermal fly-height control nanotechnology or external shock. The method uses a nonlinear
energy sink at the center of mass of the slider that can absorb energy over a wide range of excitation frequencies. Its feasibility and per-
formance are investigated through a 4-degree-of-freedom dynamic model of the head-disk interface used to predict head-disk clearance
and vibrations.

Index Terms—Head-disk interface, magnetic storage, nonlinear energy sink, passive vibration absorption.

I. INTRODUCTION

P ROPOSED methods to reduce vibrations at the head-disk
interface (HDI) of hard disk drives, such as utilizing a

piezoelectric actuator to adjust the flying height at the location
of the slider read/write elements [1], rely on active control that
would be difficult to realize due to bandwidth limitations. Other
methods, such as aiming to stabilize the slider when idle by
using a load/unload ramp to support the slider assembly [2], or
placing the slider over an idle fly zone on the disk surface [3],
require the stopping of any reading or writing operation. The
method proposed herein aims to reduce vibrations by using a
passive vibration absorber at the slider center of mass (COM)
that can adapt to the vibration frequency content due to its in-
herent essential stiffness nonlinearity [4].
A nonlinear energy sink (NES) is a local attachment that

possesses essential, i.e., non-linearizable, stiffness nonlinearity.
This is basically a 3rd (or higher) order spring without 1st order
terms that can be practically realized, for example, as a thin
rod with no pre-tension that is clamped at both ends and is re-
stricted to perform transverse vibrations at its center; in mag-
netic storage, such a structure could potentially be fabricated at
the COM of the slider. No pre-tension is critical in getting rid
of the 1st order terms. A small linear term (due to unavoidable
small pre-tension) always appears, however, this does not sig-
nificantly affect the results [4]. In the case of the thin rod, which
is assumed to be linearly elastic, the nonlinearity comes from
geometry.
The NES may be regarded as an efficient passive absorber,

possessing adaptivity to the frequency content of the vibrations
of the primary system due to the essential stiffness nonlinearity,
which precludes the existence of any preferential resonance fre-
quency [4]. In comparison, employing a linear dynamic vibra-
tion absorber (DVA) would, by definition, only suppress the fre-
quency to which it is tuned. The ability of the NES to operate
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Fig. 1. Schematic of the NES feature to be installed at the slider COM.

over a bandwidth is critical in applying the NES to magnetic
storage where the HDI exhibits complex dynamic behavior.

II. NES STRUCTURE

A simple NES feature structure was proposed by Vakakis et
al. and has the form of an un-taut string clamped at both ends
with the NES mass suspended in the center [4]. Based on this
arrangement, which has been fabricated and validated at the
nanoscale using carbon nano-tubes [5], we propose an equiv-
alent structure, shown in Fig. 1, which could be fabricated at
the slider COM. Let the NES mass be 9% of the slider mass:

mg ; a ratio of about 10% has been used
successfully in other NES applications [4]. For the purposes of
the present work we assume that the slider remains unchanged
in mass and dimensions despite the addition of the NES struc-
ture ( mg). From geometry and for small displace-
ments , the force-displacement relation for the NES structure
of Fig. 1 can be derived as [4]

(1)

Therefore, the NES stiffness is dependent on the material
properties and has the form

(2)
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Fig. 2. Schematic of 4-DOF model. NES attachment is highlighted. Insets
show possible flying (a), TFC bulge contacting (b) and corner contacting (c)
states.

Let the Young’s modulus be GPa (for AlTiC) and
assume that the cross-sectional area of the rods and their length
are m and m respectively. Then the NES
stiffness will be N/m . The damping coef-
ficient is set to a moderate value of N s/m, which
can be thought of as a scaling factor to the velocity-dependent
force component, since a damping ratio is not clearly defined
for cubic springs.
Placing the NES mass at the COM should eliminate (or

render insignificant) pitch and roll motions, such that normal
displacement would be the only degree-of-freedom (DOF) al-
lowed for the NES. The vibration amplitude of the NES mass
would be extremely small (of the order of tens of nanometers),
which would not affect the clearance. Different realizations
of this technology could be implemented: one by etching the
NES structure out of the slider’s AlTiC material, and another
by making a modular NES design. In the latter case, the NES
attachment could be manufactured separately within a cubic
enclosure, as shown in Fig. 1, and fitted at the slider center so
that the NES mass would coincide with the geometric center of
mass of the slider. Different materials could be used for greater
ease of manufacturing and reduced volume requirements.

III. MODELING NES BEHAVIOR

We present proof-of-concept work based on numerical sim-
ulations that utilize a recently developed 3-DOF dynamic con-
tact model with friction [6]. The 3-DOF model accounts for the
slider’s normal displacement as well as pitch and roll angle
rotations and uses physics-based formulations to model
contact, friction and adhesion at the HDI. The contribution of a
molecularly thin lubricant layer to contact, friction and adhesion
is also accounted for based on the MTL model [6]. The NES is
modeled as a locally attached mass-spring-damper system at the
slider COM as shown in Fig. 2.
The equations of motion of the 4-DOF model are adapted

from those of the 3-DOF model and a forcing function for the

NES is applied to the fourth DOF . In matrix form, the
equations of motion are

(3)

The 4-DOF vector is

(4)

A fourth row and column are added to the mass, damping
and stiffness matrices of the 3-DOF model; their elements are
all zero, except for the mass matrix, which becomes

(5)

The slider has mass and moments of inertia in the pitch
and roll directions and respectively; the mass of the NES
is . The forcing contributions on the right hand side of (3)
are divided into AB and contact as per the 3-DOF model with
the addition of the NES forcing [6]:

(6)

(7)

(8)

The definitions of the AB forces and and the contact
force and moments and are provided else-
where and are not given here for brevity [6]. The moment arms
of the AB forces are and for the front and and for the
rear AB spring respectively. Contact and friction forces at each
possible point of contact on the slider and the net forces produce
corresponding moments in the pitch and roll directions. These
are determined based on the clearance between the head and the
disk, whose motion, termed dynamic microwaviness (DMW),
provides dynamic excitation to the system. is the suspension
preload, which is constant. The contact forcing functions are
similarly not shown here: they include contributions from adhe-
sion, contact and friction forces at each possible point of contact
on the slider and the net forces produce corresponding moments
in the pitch and roll directions as well. As stated previously, the
NES attachment is restricted to move only in the normal DOF
and has constant damping coefficient and stiffness
dependent on material properties and geometry.
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Fig. 3. Impulse shock results for regular TFC technology sliders (without any
vibration absorption): (a) TFC displacement; (b) wavelet transform of TFC dis-
placement.

Fig. 4. Impulse shock results with linear DVA: (a) TFC displacement; (b)
wavelet transform of TFC displacement.

IV. PERFORMANCE FOR SHOCK IMPULSE

Fig. 3 presents simulation results of the displacement at the
TFC bulge under a 100 mN impulse force applied over 5 sec
and starting at 0.6msec with no vibration absorption. The lowest
dashed line (black) in Fig. 3(a) represents the DMW. When
shifted up by , where is the combined RMS roughness,
the middle dashed line (grey) represents the limit of solid con-
tact; the topmost dashed line (red) is shifted from the DMW by

, where is the average lubricant thickness, and represents
the limit of lubricant contact.
The dominant frequency of the ensuing vibrations, shown in

the wavelet transform of Fig. 3(b), is the 1st AB pitch mode at
110 kHz and its super-harmonics. If we design and apply a linear
DVA tuned to 110 kHz (with consistent damping) to the system,
the vibrations are adequately suppressed as shown in Fig. 4, as
one would expect; the 110 kHz mode and its super-harmonics
disappear in Fig. 4(b). Similarly, an NES attachment with the
proposed parameters results in practically identical performance
to the linear DVA, as shown in Fig. 5. Hence, a linear DVA,
preferentially tuned to match the 1st pitch AB mode frequency
that dominates vibrations during a shock impulse, seems to be
sufficient in absorbing the vibrations and, furthermore, could
be more simply implemented on the slider. However, behavior
at the HDI appears to be more complex during TFC actuation
with the 2nd pitch mode becoming dominant [7], such that the
approach and retraction of the TFC bulge cannot not be ade-
quately suppressed by a linear DVA.

Fig. 5. Impulse shock results with NES: (a) TFC displacement; (b) wavelet
transform of TFC displacement.

Fig. 6. Variable TFC actuation results for regular TFC technology sliders: (a)
TFC displacement; (b) wavelet transform of TFC displacement.

V. PERFORMANCE FOR VARIABLE TFC ACTUATION

Fig. 6 presents simulation results of the TFC bulge displace-
ment relative to the disk motion for currently available TFC
nanotechnology sliders. Power to the heater is first applied at
0.4 milliseconds, resulting in an increase in actuation from 5
to 18 nanometers. Steady-state near-contact operation with 18
nanometers of actuation (corresponding to steady lubricant con-
tact) occurs between 0.6 and 1.4 milliseconds, while, between
1.4 and 1.6 milliseconds, the heater power goes back to zero.
The observed qualitative behavior for the unsuppressed head
shown in Fig. 6(a) agrees with experimental observations that
predict large vibration zones before and after steady near-con-
tact operation [8]. Such vibrations could result in catastrophic
failure of the HDI. While our model can be used to predict
and characterize wear at the interface, this is not the purpose
of the present work. The predicted clearance at the location of
the read/write elements during flight correlates well with the ex-
pected value [6].
The addition of a linear DVA practically eliminates pitch vi-

brations at 110 kHz, shown when comparing the wavelet trans-
forms of Fig. 6(b) and Fig. 7(b). As shown in Fig. 8, the be-
havior of the NES slider is very similar, but with further reduc-
tion of the flying height modulation (FHM) during approach,
from 89% to 67%. The FHM of 609% in the nominal case is
reduced to 67% with the NES as shown in Fig. 9. Recent ex-
perimental work has shown that the 2nd pitch mode dominates
during TFC touchdown [7]. Given the highly nonlinear nature
of the dynamics, an NES slider would be expected to perform
better relative to a DVA slider during dynamic TFC operation.



4264 IEEE TRANSACTIONS ON MAGNETICS, VOL. 48, NO. 11, NOVEMBER 2012

Fig. 7. Variable TFC actuation results with linear DVA: (a) TFC displacement;
(b) wavelet transform of TFC displacement.

Fig. 8. Variable TFC actuation results with NES: (a) TFC displacement; (b)
wavelet transform of TFC displacement.

Fig. 9. Comparison of TFC displacement: (a) original sliders (a) sliders with
NES attachment (b).

The displacements of the slider COM and the NES mass are
shown in Fig. 10(a) and (b). These are of similar magnitude
and qualitative behavior, meaning that the NES is essentially
moving in tandem with the COM. When looking at the differ-
ential displacement between them in Fig. 10(c), we can observe
that the NES is realizing targeted energy transfer (TET) as de-
scribed in the literature [4], [5].

Fig. 10. Variable TFC actuation results with NES: (a) COM displacement; (b)
NES displacement; (c) differential displacement between COM and NES.

VI. CONCLUSION

Improving flyability for TFC technology sliders by reducing
the vibrations at the HDI is necessary to achieve extremely high
recording densities. An NES attachment could be utilized to
achieve this goal over a large bandwidth of vibration frequen-
cies for operational shock and normal TFC operation.
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