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Abstract
Prolonged exposure to the orbital sander with high vibration level can lead to the Hand-arm Vibration Syndrome (HAVs). In 
order to attenuate the vibration when using the orbital sander, dynamic analysis of the orbital sander is carried out using 
coupled orbital sander-hand-arm model subjected to the Active Vibration Control (AVC). The orbital sander is modelled 
as a three-degree-of-freedom system where the values of the dynamic mass, stiffness and damping are derived from the 
experimental modal analysis and the single-degree-of-freedom of Reynolds and Soedel model is chosen to represent the 
hand-arm system. Various control schemes are applied in the AVC system including Proportional-Derivative (PD) and Active 
Force Control (AFC) techniques. Two disturbances are created for the system where the first disturbance is measured from 
the orbital sander operating condition and the second disturbance is modelled as a sine wave to test the robustness of the 
control schemes. The simulation result shows that the control scheme with AFC produced a superior result compared to 
the classical PD controller, even though under the influence of external disturbance with a vibration reduction of 99% and 
88%, respectively.

1. Introduction
Orbital sander is widely used in the preparation of sur-
face for further coating, to achieve the required surface 
roughness and to remove rust. It is widely used in the 
automotive repair, composite manufacturing and in fabri-
cation of metallic panels product. Since the application of 
orbital sander is highly irregular and unplanned such as 
in the application of correction of pressed panels, its use 
is mainly manual since automation is not cost effective. 
However, the use of orbital sander will expose the user 
to the hand-arm vibration and if uncontrolled can lead 
to the health hazard associated with Hand-arm Vibration 
syndrome (HAVs)1. 

There are several ways of reducing the vibration level 
transmitted to the hand. The best method is to remove 

all the unbalanced force in the system. For example, 
power tool manufacturer has managed to dynamically 
balance the motor of the electric jigsaw which resulted in 
40% reduction of vibration2. Some manufacturers have 
resorted to create counter rotating head of the sander to 
balance the orbital motion and claimed that the design 
is able to reduce the vibration level of the sander. For 
some reason, most major orbital sanders did not have two 
counter rotating head due to the complex design of the 
housing and the increased number of components which 
increases the overall cost of the sander. As such for the 
aftermarket demand, the remaining solution is to go for 
the passive or Active Vibration Control (AVC) technolo-
gies. For the passive way, this can be achieved by inserting 
isolator between the hand and the sander. The isolator can 
be in the form of anti-vibration glove3 or simple insertion 
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of elastomeric pad4. In general, anti-vibration gloves 
will limit the dexterity of the fingers and elastomeric 
pad lack the positive feeling of control when the palm 
is grasping the orbital sander. Another possibility is the 
use of Dynamic Vibration Absorber (DVA)5 which can 
be tuned to match the operating frequency. However, this 
has problem when the sander is loaded since the speed of 
the sander will be reduced and the tuning effectiveness 
diminished. 

Another potentially available solution is the applica-
tion of an active vibration control, where the actuator can 
be used to supply equal but opposite signal to the sander 
at one end and with the other end connected to the base 
of the pad. This possibility is explored in this paper where 
the conceptual design of an AVC pad is applied to the 
orbital sander and the effectiveness is calculated. The 
main objective of this research is to develop the dynamic 
model of the hand-arm coupled with the orbital sander 
and to design the AVC with variable control techniques 
based on the existing hardware and also modeling the 
system to measure its efficacy. 

2.  Methodology

2.1  System Identification
The orbital sander system identification is carried out 
using Experimental Modal Analysis (EMA). The result 
of Frequency Response Function (FRF) from the EMA 

can be used to determine the dynamic mass, damping 
and stiffness for the creation of orbital sander model. 
In this work, the experimental modal analysis is car-
ried out for the orbital sander with a no-load speed 
of 12000 rpm using LMS Test Lab software. This con-
sists of geometry modelling and impact testing experi-
ment. Figure 1 shows the geometry model of the orbital 
sander in LMS software and the impact testing set-up 
for the orbital sander in a free-free condition. A total 
of 72 nodes are defined to create the actual shape of the 
orbital sander. 

2.2 � Sensor and Actuator Locations
Sensor and actuator location in general is based on the 
vibration transmission path. Since the orbital sander size 
is small, the location of the actuator is limited at the han-
dle, where the AVC pad is connected and the piezo actua-
tor is inserted between the pad and the handle. The sensor 
in this case will measure the angle of the rotating shaft 
since the force is related to the location of the off-center 
axis of the pad cam relative to the axis of the motor. To 
determine the axis and location of the handle that con-
tribute most vibration to the hand, an input spectrum 
testing is performed using iMC device software. 

Figure 2 shows the measurement set-up for the input 
spectrum measurement. A tri-axial accelerometer is 
mounted on top of the orbital sander to capture the accel-
eration in the three axes (x, y and z-axis) during polishing 

	 (a)	 (b)

Figure 1.  Experimental modal analysis (a) Geometry modeling. (b) Impact testing.
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work on the mild steel plate, which mounted on top of 
the dynamometer to measure the push force. The orbital 
sander is operated with an approximation nominal push 
force of 30 N on the mild steel plate as shown in Figure 2.

2.3  Actuator Selection
There are many types of actuators available in the mar-
ket to use in the AVC application, such as piezoelectric 
actuator and MR damper6. For this study, an actuator 
selection is based on the available piezoelectric actua-
tor7 which can be fitted in between the pad and the 
handle of the orbital sander. In this case the desired 
dimension is 10 mm diameter or smaller with dynamic 
force capacity to match the force applied on the orbital 
sander and can vary with the applied load on the han-
dle. At this stage, the piezoelectric actuator is assumed 
to be linear and the equation of the piezoelectric actua-
tor can be represented as:

	 Fa = kaza� (1)

Where, ka is the piezo actuator stiffness, za is the stroke 
and Fa is the actuator force. Since the orbital sander is 
hold at the palm of the hand, the relative motion between 
the palm and the sander is creating shear deformation 
of the palm. Based on this, it is recommended that the 
actuator used is a shear piezoelectric actuator, which can 
generate high force. In this case, a bi-axial direction of 

the shear allows for the compensation of motion in the 
sanding plane. For this design a minimum of one shear 
actuator is targeted due to cost reason. 

2.4 � System Modelling and Control 
Algorithm Development

For the system modelling, an orbital sander is represented 
as a three-degree-of-freedom system which subjected to 
the measured input spectrum force Fi. A Reynolds and 
Soedel8 single-degree-of-freedom model is selected to 
represent the hand-arm system and to characterize the 
dynamic response of human hand-arm under vibration. 
This model matched the DPMI under specific condition 
when the hand is gripping a cylinder-type handle, which 
consider valid within 20~500 Hz with a push force less or 
equal to 50 N9. Figure 3 shows the coupled orbital sander 
hand-arm model and the equation of motion of the sys-
tem can be written as: 
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Figure 2  Input spectrum measurement set-up using iMC devices.
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3 3h h h h h h h h am z c z c z k z k z F        	 (5)

Where, Fi and Fe are the internal and external distur-
bance forces, mh, ch and kh are the dynamic mass, damp-
ing and stiffness of the hand-arm model8, mn, cn and kn 
are the dynamic mass, damping and stiffness of the orbital 
sander, which the subscript of n = 1, 2 and 3 represented 
the degree-of-freedom which adequately represent the 
orbital sander.

In this work, two types of controllers are developed 
which is Proportional-derivative (PD)10 and Active Force 
Control (AFC) controllers11. The actuating force Fa* of 
Equations (4) and (5) that generated by each controller 
are shown as: 

a)	 AVC with PD controller

1 ( ( ) ( )/ )a a p DF k e t de t dt   � (6)

b)	 AVC with PD+AFC controller

2 3(( ( ) ( )/ ) ( )1/ )a a p D a aF k e t de t dt F M z k       � (7)

Where, KP and KD are the proportional and derivative 
constants and M* is the estimated mass. The AVC system 
block diagram with PD and AFC controllers are shown 
in Figure 4. 

3.  Results and Discussion

3.1 � Experimental Results and Model 
Validation

Figure 5 shows the acceleration frequency response of the 
orbital sander in three axes, with giving push force of 30 
N on the dynamometer. 

From the figure, the vibration level in z-axis is 43.35 m/
s2, which is the highest vibration level compared to the x 
and y-axes of the orbital sander. It also observed that the 
first peak of the acceleration level is reduced to 175 Hz 
approximately compared to actual motor with a no load 
speed of 200 Hz, due to the resistance of the work-piece. 
Since the result of vibration is prior and more significant 
in z-axis direction, the attenuation of vibration should be 
focused in this direction.

From the result of Figure 5, an experimental 
modal analysis is focused in z-axis direction which 

Figure 3.  Coupled orbital sander-hand-arm model.
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corresponding to the dominant vibration axis when 
operating the orbital sander. Table 1 represented the first  
three modes with the dynamic mass, damping and  
stiffness values for frequency below 350 Hz in z-axis 
direction. Since the operating frequency of orbital 
sander is 175 Hz, only modes between frequencies of 
50~350 Hz are being considered. All the modes are gen-
erated using the LMS Test lab software and then been 
scaled to the unit modal masses and normalized to the 
amplitude.

Table 1.  Dynamic mass, damping and stiffness for the 
first three modes below 350 Hz of the orbital sander

Modes
Frequency 

(Hz)
Dynamic 
mass (kg)

Dynamic 
damping 

(kg/s)

Dynamic 
stiffness 
(N/m)

1 98 0.481 298.7 1.856 x 
105

2 154 0.446 433.8 4.216 x 
105

3 300 0.179 338.9 6.406 x 
105

Before modeling an orbital sander, the values of the 
dynamic mass, damping and stiffness must be verify by 
obtaining an equivalent FRF between the experiment and 
model. The FRF validation result between the experiment 
and model of the orbital sander is shown in Figure 6.

Figure 6.  Experimental and model FRF of the orbital 
sander.

From the figure, the FRF trend for both experiment 
and model of the orbital sander are quite similar within 
the frequency range of 50~350 Hz, with a very small 
error of 1.45% between them. Therefore, the values of the 
dynamic mass, damping and stiffness that have been cal-
culated can be represented the orbital sander.

3.2 � Performance of Orbital Sander with 
Various Control Schemes

In this section, three different mathematical models; pas-
sive, active with PD controller and active with PD + AFC 
are designed in Matlab and Simulink software, followed 
by creating the disturbances model and finally combined 
with the hand-arm model as a full AVC system diagram. 
The active system is specifically modelled with a feedback 
control embedded to the system. In this simulation, two 
types of disturbances are introduced to the system. The 
first disturbance Fi is an internal disturbance which taken 
from the input spectrum measurement when operat-
ing the orbital sander using the sand paper to carry out 
sanding work on the mild steel plate. This disturbance is 
introduced to the system during the tuning of the control 
schemes. The second disturbance Fe is modelled as a sine 
wave with variable input forces. This disturbance is intro-
duced to the system after the tuning process, in order to 
examine the robustness of the control schemes. 

The process of controller tuning is an essential task to 
make sure that the controller can produces the desirable 
results. The result of PD and AFC controllers tuning are 
shown in Figure 7(a) and 7(b), respectively.

Figure 5.  Input spectrum of the orbital sander in three 
axes.
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(a)

(b)

Figure 7.  (a) PD and (b) AFC controllers tuning.

In this case, Crude Approximation (CA)11 tuning 
method is chosen and a constant value of one is used as 
a reference step-input signal for the case of initial condi-
tion. This value is later changed to zero for the complete 
AVC system, since we want to eliminate any undesir-
able vibration that could disturb worker’s comfort while 
using the orbital sander. A number of combinations for 
KP, KI and KD values have been investigated and the 
best combination is obtained as KP = 10,000 and KD = 
50, as shown in Figure 7(a). Only P and D are used as 
a controller instead of P, I, and D because the value of 
KI doesn’t contribute to suppress the vibration for this 
model. 

For an AFC controller, the same CA method is used 
to determine appropriated estimated mass value M* and 
the obtained value is M* = 0.8 kg, as shown in Figure 
7(b). The piezoelectric actuator stiffness ka = 350 N/m is 

chosen in this model since the value is suitable for the 
hand-held power tools that operate within the frequency 
range below 500 Hz11. 

Figure 8 shows the time series result of acceleration 
between passive, PD and PD + AFCCA models with-
out and with an external disturbance for the orbital  
sander.

From the figure, it is clear that the PD + AFCCA 
scheme gives the best result with 97% of vibration  
suppression compared to the PD controller with  
91%. For the case of presence of an external disturbance 
to the system, PD + AFCCA proved that the scheme is 
robust with good vibration suppression while PD con-
troller has the vibration effect because of the external 
disturbance. 

3.3 � Performance of Coupled Orbital 
Sander-hand-arm Model with External 
Disturbances

The hand-arm model is designed in the Matlab and 
Simulink software to observe the effect of vibration 
transmitted to the hand-arm system from the orbital 
sander. This model is later combined with previous 
three models of the orbital sander to observe the vibra-
tion effect to the controller schemes and the hand-arm 
system. The forces generated by the result of accelera-
tion from the orbital sander for both conditions; with 
and without the external disturbances, are used as an 
input disturbance to the hand-arm system. Figure 9 
shows the time series result of acceleration of the cou-
pled orbital sander-hand-arm system between passive, 
PD and PD + AFCCA models.

From the figure, it is observed that the PD + AFCCA 
scheme has suppressed about 99% of vibration from the 
orbital sander to the hand-arm system while the PD con-
troller has suppressed about 88% of vibration from the 
orbital sander. For the case with an external disturbance, 
PD controller increased the transmitted vibration to the 
hand-arm system while PD + AFCCA can maintain as a 
robust control scheme although under the influence of an 
external disturbance. 

4.  Conclusion
In this research, the main target to build a dynamic 
model of the hand-arm coupled with the orbital sander 
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based on the existing hardware is successfully devel-
oped. The conceptual design of an AVC pad can sup-
press the undesirable vibration generated by the orbital 
sander and can eliminate the vibration transmitted to 
the hand-arm system using an AFC technique. This 
study also proved that the AFC controller can produce 
superior result compared to the PD controller, even 
though under the influence of external disturbances. 

Further investigation by developing the experimen-
tal rig can be performed to prove the reliability of the 
model developed here.
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Figure 9.  Acceleration comparison between passive, PD and PD + AFCCA of the coupled orbital sander-hand-
arm model.

Figure 8.  Acceleration comparison between passive, PD and PD + AFCCA of the orbital sander model.
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