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ABSTRACT 

 

The rotation of the voice coil motor (VCM) actuator in a hard disk drive results in a skewed 

actuation. The difference in skew angles, between the inner diameter (ID) and the outer diameter (OD) 

can be as large as 25 to 35 degrees in conventional 3.5” and 2.5” HDDs. A large skew angle causes an 

increase in side reading and writing, and thus reduces the achievable recording density. A large 

skewed actuation also degrades the head flying performance and complicates the servo loop.  In this 

paper, a 4 link actuation mechanism which can be designed to achieve near zero skew actuation in 

hard disk drives is presented. The profiles of the arm, suspension, and links are optimized such that 

the skew angle is close to zero when the VCM actuator rotates from the ID to the OD.  Finite element 

analysis （FEA）is employed to study the resonance frequencies, frequency responses and shock 

performance of the mechanism. The study shows that the 4-link mechanism does not degrade the 

resonance performance along the tracking direction and the shock performance compared to a 

conventional actuator.  Experimental motion analysis shows that actuation response speed of the 

mechanism is 50% slower than that of a conventional actuator.  The recording density gain due to a 

substantial zero skew actuation is 12~18% compared to conventional actuations.  
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1. INTRODUCTION 

The utilization of a VCM rotary actuator in HDDs results in a skewed actuation between the 

read/write element and the track that the head is following. The skew angle variations can be 25~35 

from the disk ID to OD for typical 2.5” and 3.5” HDDs [1]. A large skew angle affects the slider’s 

flying performance and off-track capability, causing an increase in side reading and writing. This 

complicates the position error signal (PES) calibration process in the hard disk drive servo loop. The 

soft magnetic under-layer in perpendicular recording, while improving the perpendicular write 

efficiency, exacerbates the problems with head skew and stray fields [2]. Therefore, the adverse 

effects due to head skew are more significant for perpendicular recording. Zhou [3] revealed the 

effects of the head pole aspect ratio and skew angle on areal density in perpendicular recording. The 

track density and areal density can be increased more than 20% when the skew is 0° compared to that 

of 15° skew. In future magnetic recording systems, proper control of the skew angle is also expected 

to be critical to system performance. For example, in bit patterned media (BPM), a skew angle can 

change the relative position of the read and write elements on the slider. This will introduce design 

challenges in tracking, servo and write synchronization for BPM. Therefore having small or zero 

skew actuation is highly desired in future HDDs.   

Previously IBM proposed a parallel flexural in-line actuator for magnetic recording disk drives 

which has a small skew angle of 1.5 [4]. However, this design makes a significant change in the 

actuator structure compared to current actuator designs. Also, it exhibits the first lateral resonance 

frequency of 1.5 kHz, which limits the achievable servo bandwidth. A slant arm/suspension actuator 

can be designed and optimized to achieve skew angle as small as ±2  in rotary actuated systems [1]. 

However, the length of the arm/suspension assembly has been increased about 20%, which leads to 

20-30% drop of resonance frequencies of the system compared to a conventional design. A parallel 

link mechanism has been proposed by Seagate Technology to reduce the skew angle variation [5], but 

the link position and dimensions have yet to be optimized. More recently, a MEMS based rotary 

actuator was presented for skew angle compensation of HDDs [6]. The MEMS based actuator can 
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rotate the read/write head around ±13. It needs a high driving force of 75 volts, and is with slow 

response of 1.67/ms.  

In this paper, a 4 link mechanism which can be designed to achieve near zero skew actuation is 

presented. The profiles of the arm, suspension, and links can be designed and optimized such that the 

skew angle is close to zero while the VCM actuator rotates from the ID to the OD. The dynamic 

behaviours of the systems are studied numerically using finite element modelling. The design is 

conceptually prototyped and its dynamic response is studied and compared with a conventional 

actuation mechanism.  The benefits of small skew actuation on areal density for a slant suspension 

assembly as presented in [1] and the 4 link actuation assembly are compared and their issues are 

discussed. 

 

 

2. DESIGN OF A 4 LINK MECHANISM WITH NEAR ZERO SKEW ACTUATION 

2.1 Design and optimization 

Figure 1 shows a prototype of a hard disk drive actuation system with a 4 link mechanism. The 4 

link actuation mechanism includes a conventional VCM actuator, an arm, a rotational suspension 

integrated with a coupler link, and a follower link. The fixed location of the follower, the length of the 

coupler and follower can be designed and optimized such that the skew angle between the suspension 

longitudinal direction and disk rotating direction as small as possible. The 4 link mechanism is 

analysed with a vector loop as shown in Figure 2. The vector loop analysis and skew angle  can be 

expressed as： 
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are the vectors representing the fixed link, crank (arm), coupler link, and 

follower link respectively; r stands for the radius of an arbitrary point of the read/write element on the 

disk media, d is the distance between the spindle center and the pivot center; Rj is the length of vector 
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(j=1,…,4) which stands for the 4 links, ls is the suspension length which is the distance between the 

arm swaging hole to the read/write element.  is the skew angle and 2 is the rotating angle of the arm. 

Figure 3 shows a schematic drawing that the read/write head skew angle is close to zero at its ID, 

MD and OD positions. With optimized link location, link lengths, the skew angle variation from ID to 

OD can be as small as 0.4. The comparison of the skew angles between a conventional actuation 

mechanism and the 4 link actuation mechanism are shown in Figure 4. 

 

 

 

Figure 1: A HDD with a 4 link mechanism for near zero skew actuation. 
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Figure 2: A schematic and analysis for near zero skew actuation for HDDs. 
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Figure 3: A schematic of near zero skew angle actuation (read/write head longitudinal direction is 

perpendicular to radial direction at ID, MD, and OD). 
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Figure 4: Skew angles from disk ID to OD for a conventional actuation mechanism and a 4 link 

actuation mechanism. 

 

 

2.2 Dynamics performance Simulation 

 

Finite Element (FE) modeling with ANSYS is employed to study the dynamic performance of 

the 4 link mechanism for near zero skew actuation. Figure 5 shows a finite element meshed model of 

a conventional HDD on the left and a HDD with the 4 link actuation mechanism on the right. The FE 

models are developed for analysis of a server class 3.5” HDD. The VCM actuator, actuator, Head 

Gimbal Assembly (HGA) and the four bar links in the HDD are modeled in detail. The HGA includes 

the slider with head, load beam and flexure.  The stiffness of the pivot bearing is modeled with linear 

springs which provide radial and axial stiffness, while the link connections are modeled as perfect 

rotational joints which provide free rotation. The FE model of the conventional HDD has been 
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validated in [7] by comparing harmonic simulation results with experimental results using a Polytec 

3D laser Doppler Vibrometer (LDV). 

   The modal analysis as shown in Figure 6 shows that the free rotation mode of the 4 link 

actuation mechanism is at 1.6 Hz, higher than a conventional actuation mechanism which rotates at 

0.5 Hz. This indicates that the rotational stiffness of a 4 link actuation mechanism is higher than a 

conventional mechanism, which will results in a slower response for the 4 link actuation mechanism. 

The first in-plane dominant vibration mode of the HDD is reduced from 5.96 kHz to 5.76 kHz due to 

the extra mass introduced by the 4 link mechanism. This mode frequency can be improved by 

increasing the stiffness of pivot bearing and optimization of the original arm design. The second in 

plane dominant vibration mode of the HGA is increased from 6.21 kHz to 6.99 kHz due to the 

increase in the down track system stiffness caused by the 4-bar mechanism. 

     
Figure 5: Finite element models of (a) a conventional servo class HDD; and (b) the same HDD with a 

4 link actuation mechanism for near zero skew actuation implemented. 

 

 

Shock analysis with a 60G @2ms half sine acceleration shock applied to the HDD bases of both 

the original and 4 link mechanisms for the HGA positioned at OD was performed. The slider air 

bearing was modeled with one linear spring aligned with the dimple position, two pitch springs and 

two roll springs [8]. The stiffness of air bearing springs used in these simulations are: Kv = 0.6325 

MN/m for the vertical spring, Kp = 2.212 MN/m for the pitch spring and, Kr = 0.68 MN/m for the roll 

spring, with an air bearing simulation software. Beta damping was assumed in the simulations with 

damping ratios of about 2% at 600Hz [9].  Figure 7 shows the simulation results of the slider 

displacement at the center trailing edge relative to the disk. The analysis shows that there is no 
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significant difference in the slider maximum displacements relative to the disk for the two actuation 

mechanisms in the primary shock response. Furthermore, by using the 4 link actuation mechanism, 

the residual vibration of the slider relative to the disk is reduced in amplitudes due to the system 

stiffness is increased in the out of plane direction. 

 

      

      

      
 

Figure 6: Modal analysis of a conventional actuation mechanism and a 4 link actuation mechanism. 

 

 

 
Figure 7: Shock response of slider displacement at the center trailing edge relative to the disk. 
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Harmonic analysis was performed on the conventional actuation mechanism and the 4 link 

actuation mechanism. An actuation force 10mN is applied to the VCM coil as the excitation force and 

0.5% damping ratio is applied.  The results as shown in Figure 8 are similar to that obtained in the 

modal analysis. The vibration modes in the frequency range between 8 kHz and 12 kHz of the original 

design are suppressed in amplitudes after the introduction of the four links. 

  

 

   
          

Figure 8: Harmonic analysis of a conventional actuation mechanism and a 4 link actuation mechanism. 

 

 

 

2.3 Experiments 

 

We experimentally compared the response speed of the 4 link actuation mechanism with that of a 

conventional actuation mechanism. The voice coil motor (VCM) is injected with driving voltage ±1 

volt from a dynamic signal analyzer (DSA).  Both actuation mechanisms move their suspension tips 

from OD to ID. Meanwhile, a high speed camera is used to capture the movement of the suspension at 

a very slow speed of 1000 Hz, or 1 millisecond/frame, as shown in Figure 9.  

The captured images were post-processed with TEMA motion analysis software to track the x 

and y positions of the suspension and arm in real time, as shown in Figure 10. It is found that for the 

conventional actuator assembly, the suspension tip linear velocity is 1.4 times of that at the arm tip. 
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However, for the 4 link actuation mechanism, the linear velocity at the suspension tip is 0.9 times of 

the velocity at its arm tip. The results are plotted in Figure 11 and 12. Therefore, the speed of the 

suspension for the 4 link actuation mechanism is about (1.4-0.9) ×100% = 50% slower than the 

original actuation mechanism.  

 
Figure 9: Experimental setup to capture suspension’s movement in a slow speed. 

 

 

 
 

Figure 10: Points-of-measurement of the 4 link actuation mechanism using TEMA motion analysis 

software. 
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Figure 11: Real-time velocities of original actuator assembly.  

 
Figure 12: Real-time velocities of 4-link actuator assembly.  

 

 

3. COMPARISON OF SKEW ANGLE EFFECTS ON AREAL DENSITY 

According to the analysis of head pole aspect ratio and skew angle effects on areal density in 

perpendicular recording [3], the benefits of small skew gain on areal density for a  slant suspension 

assembly which is presented in [1] and the 4 link suspension assembly are compared and the existing 

issues are discussed. Table 1 shows that for the slant suspension assembly, the actuator arm length is 

to be increased by about 20~30% of the original design, resulting in the in-plane first resonance 

frequency dropping by 20 to 30%, leading to degraded control bandwidth and shock resistance. 

Therefore, a small skew actuation mechanism without sacrificing servo bandwidth is called for. 

Possible remedies include designing high bandwidth arm and suspension structure [10], reducing the 

actuator mass, and introducing a micro actuator for dual stage control of the head element to increase 

the actuator servo bandwidth [11~12] and so on. 
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 For the 4 link actuation mechanism, there likely are dynamic issues, such as frictions in the 

additional joints may cause the system control difficult. Design of low friction and high stiffness 

joints or application of micro actuators can overcome the problems.  In another aspect, implementing 

the mechanism in a real hard disk drive will change the structure of the existing actuation system, 

bringing in challenges in system integration. 

 

 

 

Table 1: Comparison and summary of the effects of different mechanisms and skew angles 

 

Design 

mechanism 

Skew angle 

range 

Potential areal 

density gain 

Remarks 

Conventional 

actuator 
25~35 ------ The adverse effects of skew angle on areal 

density and track density. 

Slant 

suspension 
4 (±2) 10~16% 

 

Increase of actuator arm length by 30% 

resulting in arm in-plane and out-of-plane 

resonance frequencies drop. 

4 link 

mechanism 
0.4 12~18% Issues of frictions due to additional joints and 

challenges of system integration in HDDs. 

 

 

4. CONCLUSIONS 

An actuator with the four link actuation mechanism is designed and optimized to achieve a 0.4 

degree skew angle variation. With proper design of the joints and links, the resonance performance 

along the tracking direction is not degraded compared to a conventional actuation mechanism. The 

rotational stiffness of the 4 link actuation mechanism is higher than a conventional actuation 

mechanism, which will results in a slower response for the 4 link actuation mechanism. In the high 

frequency range, the 4 link mechanism does not significantly change the resonance loop, but 

suppresses the vibration amplitude.  With the proposed small skew actuation mechanisms, the 

potential areal density gain is projected at 12~18% compared to a conventional actuation mechanism. 

However, there exist system integration challenges for implementing the 4 link actuation mechanism 

in HDDs. 
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