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Abstract 

 
It has been shown that vibrating devices can successfully be used for separation and removal of unwanted/contaminant material, for 
both laboratory and full-scale industrial purposes. The presence of impurities on energy-rich softwood stumps is a major drawback 
when using stumps as fuel, since it leads to high ash content. Vibration methods can be an efficient approach to remove excess 
impurities and achieve acceptable ash content. Stumps are usually shaken in connection with harvesting and stored afterwards to 
facilitate the removal of contaminants. The required storage duration can lead to high dry matter losses and a faster and efficient 
cleaning method such as vibration is highly desirable. This study evaluated the performance of an adjustable three-dimensional 
vibrating test rig designed to assess the cleaning efficiency of vibration-based methods. Vibrating parameters such as acceleration 
amplitude, frequency and displacement of the test rig were determined for 12-24 mm distance between eccentric weight centre of 
mass and the rotating shaft of electric motors at rotation velocity 19.16-29.17 Hz. The acceleration amplitude ranged from 1.38 to 
5.71 g. The parameters could be repeated irrespective of direction and number of vibration directions. The test rig was therefore 
considered to be a reliable tool for determining and evaluating the efficiency of vibration in removing contaminants from stumps.  
 

Keywords: Tree stump cleaning, Vibrating test rig. 
 
Introduction  

 
Removals of material, separation, fractionation and packing 
have been successfully carried out with vibration devices in a 
wide spectrum from laboratory to full-scale industry 
equipment (Wu, 2011). Vibration devices have also been 
used to sort and clean crops such as potatoes, carrots and 
sugar beet (Kakhno & Myalkovskii, 1990) and for quality 
evaluation of fruit and vegetable products (Chen & Sun, 
1991). Full-scale devices such as screeners are used for bulk 
material processing in the mining industry, as well as gravel 
fractionation and dewatering at sandpits (Anon 2011a). 
Vibration can be a potential method to clean woody biomass, 
such as stumps, which are normally contaminated with soil 
and stones. Stumps contain a relatively high energy content 
and can provide a potential source of renewable energy. 
However, a major drawback with using stumps as fuel is that 
the presence of inorganic contaminants leads to high ash 
content. This results in lower heating value and large ash 
volumes to handle, which thereby reduces the value of 
stumps as a fuel. High levels of various minerals can also 
affect ash melting behaviour during combustion, which can 
lead to sintering and operating problems (van Loo & 
Koppejan, 2008). Methods to reduce inorganic contamination 
are therefore highly desirable. The technique used for stump 
harvesting today is based on a harvesting head, weighing 
approximately 1-2 tonnes, mounted on an excavator weighing 
around 20 to 25 tonnes. Stumps are cleaned by shaking the 
head during harvesting. However, this shaking is time-
consuming and usually causes stress for the machine 
operator. It has been reported that cleaning normally occupies 
40% of the total time taken for harvesting (Laitila et al.,  

 
2008; Athanassiadis et al., 2011). Ash contents ranging 
between 1 and 24% have been reported for crushed stumps 
(Korpinen et al., 2007). The harvested stumps are piled and 
stored outdoors for more than one year to remove as much as 
possible of the adhering contaminants. A storage phase in the 
fuel supply chain is also necessary to meet the uneven 
demand for heat production during late autumn and winter. 
Although fuel quality is positively correlated with storage 
duration due to the combined decrease in moisture content 
and ash contend, it also has drawbacks such as high dry 
matter losses (Anerud & Jirjis, 2011). More efficient 
procurement methods to produce clean stumps that can be 
used shortly after harvesting are therefore desirable. Cleaning 
stumps using a vibrating machine could be an efficient and 
fast method to reduce contaminants and thereby eliminate or 
shorten the required storage duration. Use of vibrating heads 
to get cleaner stumps has been considered (Nylinder, 1976; 
Jonsson, 1985; Hakkila, 1989) but no test studies have been 
reported. To study and evaluate a cleaning method based on 
vibration, a reliable test rig has to be designed. Test rigs for 
simulation of machinery vibrations, such as a six-degrees-of-
freedom device, have been successfully developed (Hostens 
et al., 2000). With that test rig the oscillations are achieved 
using six hydraulic cylinders, controlled by a digital 
hydraulic numerical controller. The aim of the present study 
was to evaluate the performance of an adjustable three-
dimensional vibrating test rig in terms of its amplitude and 
frequency. The test rig was specially designed for field tests 
on cleaning stumps of adhering contaminants.

 
 

 

 

 



 
   
 

 

Results and discussion 

 
There was a small displacement in the time domain when 
comparing the wave of the in-band signals with the 
transformed signals (Fig 4). This was due to the starting point 
of all sine waves always starting at zero, while the initial 
values of the measured in-band signal were a reflection of 
their position at the starting point. Generally, the transformed 
signals closely followed the in-band signals, regardless of 
frequency and settings of the eccentric weights (Fig. 4). In 
addition, the frequency and acceleration amplitude of the 
wave motions were similar throughout the measurement 
period, although minor differences were observed due to 
transformation of the input signals to a sine wave. 
 

Frequency 
 
Transformation of the acceleration amplitude values from 
time domain to frequency domain resulted in a clear 
resonance frequency in the amplitude spectrum and in the 
power spectrum, irrespective of the device settings (Fig. 5). 
This indicates that steady regular oscillations were obtained 
during vibration at all settings, with only a small amount of 
noise. There was a positive linear relationship (R2 = 99%) 
between the frequencies determined and the various settings 
of the device due to differences in the rotation velocity of the 
rotating shaft on the electric weight motors. The average 
frequency (Hz; standard deviation within brackets) in each 
direction and for each setting of the eccentric weights was 
19.16 (0.1), 22.47 (0.12) and 26.63 (0.20) when the settings 
on the field-orientated vector were set to 25.83, 29.17 and 
33.33, respectively. The frequencies determined in the 
directions exposed to running motors were consistently about 
6.7 Hz lower than the set value on the field-orientated vector 
inverter. This may be partly due to the inertia of the device. 
However, it is highly likely that the setting of rotation 
velocity on the field-orientated vector inverter did not 
correspond to actual rotating velocity achieved on the motors. 
Differences in the frequencies determined when one or three 
pairs of running motors were used simultaneously could not 
be substantiated, nor could any significant differences 
between the channels be found for these motors. 
Furthermore, no differences could be found regarding the 
repeatability of the frequency of the vibrating device, i.e. the 
ability to generate the same frequency for a repetitive 
oscillation at a certain setting of the device. The standard 
deviation at the same setting of frequency was very low and 
in principle negligible, since it only corresponded to a 
variance of between 0.05 and 0.17%, which is equivalent to 
0.01-0.04 Hz. The quality of the frequencies determined can 
therefore be considered adequate.  
 

Acceleration amplitude 
 

The acceleration amplitude was positively correlated with 
increased rotation velocity (R2 = 31%) and with increased 
distance between the centre of mass of the eccentric weight 
and the centre of the rotating shaft (R

2
 = 52%) (Fig. 6). By 

including the interaction between these settings, the positive 
correlation was increased to 86%. In general, the highest 
acceleration amplitude was determined in the Y direction, 
where it was on average significantly higher (P ≤ 0.05) than 
in the other two directions (Tables 2 and 3). The difference 
between the Y and Z direction can partly be explained by 
gravity, which to some extent in the Z direction counteracts 
the reversed force and enhances the acceleration when the 

motion is rectified. A longer distance from the motors to the 
centre of mass in the X direction compared with the Y 
direction could have affected the force transmission capacity 
of the device, which could have affected the inertia of the 
displacement. By adding the interaction effect from 
directions, the coefficient of determination increased from 
86% to 91%. It increased further to 92.5% when the number 
of vibrators was included. Most of the amplitude measured 
was found in the direction of the rotating motors when only 
one pair of motors was used at the same time (Table 2). 
When vibrating in one direction, the acceleration in the other 
directions varied. The differences in measured acceleration in 
each direction were significantly (P ≤ 0.05) related to the 
direction of applied force. Vibration in the X direction gave 
higher acceleration amplitude in the Y direction than in the Z 
direction. Likewise, acceleration amplitude was higher in the 
Z than the X direction when the device was vibrated in the Y 
direction. Furthermore, the acceleration amplitude was higher 
in the X than the Y direction when vibrating in the Z 
direction. In those directions not exposed to a direct applied 
vibration, the acceleration was significantly lower (P ≤ 0.05) 
in the X direction compared with the other two directions, 
while no differences could be established between the Y and 
Z directions.  

 

Channel interaction 
 

It is important to compare the acceleration amplitude derived 
from vibration in one direction with three, since there might 
be interactions between directions. This was performed by 
comparing the accelerometer sensors channel values in each 
direction. The channel values in the dominant direction were 
significantly different (P ≤ 0.05) between the directions when 
comparing vibrating in one or three directions (Table 2-3). 
On average, acceleration amplitudes determined in the Y and 
Z channels were lower than that in the X channel when 
vibrating in one direction compared with three. This was only 
significant (P ≤ 0.05) in the Z direction. However, these 
comparisons include interaction effects when using three 
pairs of motors simultaneously, while only the amplitude in 
the direction exposed to an applied force was included when 
vibrating in one direction. When one pair of motors was used, 
the sine waves in the Y and Z directions followed the pattern 
of the sine wave in the X direction when vibrating in this 
direction. This resulted in positive acceleration amplitudes in 
all three waves at the same time. In terms of the same 
comparison, the acceleration amplitude in the X direction was 
positive at the same time as that in the Y direction when 
vibrated in the latter direction. In the Z direction, the 
acceleration amplitude was negative when vibrating in the Y 
direction. When the force to achieve vibration was applied in 
the Z direction, the acceleration amplitude was negative in 
both the X and Y directions at the positive peak of the sine 
wave in the Z direction. These patterns can to a certain extent 
describe the interactions between the directions. The sum of 
acceleration amplitude in each channel was significantly 
lower on average (P ≤ 0.05) when using vibration in one 
direction compared with three. There were also significant 
differences between direction and the interaction of directions 
and number of vibrators. Moreover, there were significant 
differences between the combinations of rotation velocity and 
stroke length and there were interactions with number of 
vibrators. With regard to the repeatability of acceleration 
amplitude, there were no statistical differences either between 
directions or settings of stroke length and rotation velocity of  
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Table 1. Test settings  of rotation velocity and distance between disc centre of  mass and rotating shaft  when vibrating in one and in 
three directions simultaneously. Each setting was repeated five times in all directions.                                                          

Setting Rotation velocity, Hz. Distance between disc 
centre of mass and 
rotating shaft, mm. 

Vibration directions 

1 25.83 12 Z and X, Y, Z 
 

2 25.83 18 Z and X, Y, Z 
 

3 25.83 24 Z and X, Y, Z 
 

4 29.17 12 Z and X, Y, Z 
 

5 29.17 18 Z and X, Y, Z 
 

6 29.17 24 Z and X, Y, Z 
 

7 33.33 12 Z and X, Y, Z 
 

8 33.33 18 Z and X, Y, Z 
 

9 33.33 24 Z and X, Y, Z 

 
Table 2. Channel interaction with mean acceleration (g), standard deviation and percentage share expressed for each direction and channel 
after five repetitions in one direction. 

Direction Rotation 
velocity, Hz 

Distance between disc 
centre of mass and 
rotating shaft, mm 

Y 
  

      X       Z 

  Channel Mean Std % Mean Std % Mean Std % 
25.83 12 Z 0.08 0.01 5.4 0.02 0.00 1.1 1.49 0.02 92.0 

  X 0.01 0.00 0.7 1.66 0.05 95.4 0.08 0.00 4.9 
  Y 1.38 0.12 93.9 0.06 0.01 3.4 0.05 0.00 3.1 

 
29.17  Z 0.04 0.01 2.0 0.04 0.01 1.8 1.47 0.08 97.4 

  X 0.01 0.00 0.5 2.06 0.10 94.9 0.03 0.00 2.0 
  Y 1.96 0.05 97.5 0.07 0.00 3.2 0.01 0.01 0.7 

 
33.33  Z 0.04 0.01 1.5 0.09 0.01 3.2 2.31 0.14 97.5 

  X 0.02 0.00 0.8 2.62 0.19 93.2 0.04 0.02 1.7 
  Y 2.54 0.32 97.7 0.10 0.00 3.6 0.02 0.01 0.8 

 
25.83 18 Z 0.05 0.01 2.0 0.03 0.01 1.3 2.00 0.11 93.9 

  X 0.01 0.00 0.4 2.14 0.17 95.1 0.10 0.01 4.7 
  Y 2.39 0.25 97.6 0.08 0.01 3.6 0.03 0.00 1.4 

 
29.17  Z 0.06 0.01 1.8 0.04 0.01 1.5 2.31 0.32 97.1 

  X 0.02 0.00 0.6 2.49 0.30 94.7 0.05 0.01 2.1 
  Y 3.21 0.46 97.6 0.10 0.01 3.8 0.02 0.01 0.8 

 
33.33  Z 0.06 0.01 1.3 0.13 0.01 3.0 3.22 0.57 98.8 

  X 0.03 0.00 0.7 4.06 0.24 93.5 0.02 0.00 0.6 
  Y 4.51 0.01 98.0 0.15 0.01 3.5 0.02 0.00 0.6 

 
25.83 24 Z 0.12 0.02 3.4 0.04 0.02 1.1 2.59 0.18 91.8 

  X 0.02 0.01 0.6 3.42 0.21 95.8 0.13 0.01 4.6 
  Y 3.43 0.54 96.1 0.11 0.00 3.1 0.10 0.01 3.5 

 
29.17  Z 0.08 0.01 1.9 0.09 0.01 2.2 3.45 0.32 97.5 

  X 0.02 0.00 0.5 3.91 0.30 94.7 0.06 0.00 1.7 
  Y 4.03 0.38 97.6 0.13 0.01 3.1 0.03 0.00 0.8 

 
33.33  Z 0.27 0.01 4.7 0.14 0.02 2.8 4.37 0.53 98.4 

  X 0.04 0.01 0.7 4.68 0.63 94.0 0.05 0.04 1.0 
  Y 5.40 0.83 94.6 0.16 0.02 3.2 0.02 0.01 0.5 
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the device (P ≥ 0.05). Using one pair of motors or using three 
pairs simultaneously gave similar results. 

 

Displacement 
 
Average displacement of the device was positively correlated 
(R

2
 = 78%) with increased distance between the centre of 

mass of the eccentric weight and the centre of the rotating 
shaft. On the other hand, the frequency showed no correlation 
(P ≥ 0.05). Combining the interaction of these settings 
increased the correlation to 81%. There were significant 
differences (P ≤ 0.05) between directions and in general the 
displacement of the device was lower in the Z direction than 
in the other directions (Table 4-5). This was probably due to 
the entire mass of the device being lifted in this direction, 
while the mass was shifted sideways in the other directions. 
When comparing the average displacement in each channel 
separately, the coefficient of determination increased to 
around 87%. Adding vibration dimensions to the interaction 
increased this value to 92%, 89% and 88% in the X, Y and Z 
directions, respectively. When vibrating in only one 
dimension, the largest displacement derived from the 
direction of force of the motors (Table 4). In the Y direction 
the average value of the total displacement was 98%, whilst 
the average values in the other directions were around 96%. 
There were differences in terms of displacement in the 
directions not exposed to a directed force. In these the 
displacement was most affected when the force was applied 
in the X direction and at least when it could be traced to the 
Y direction. The lowest displacement per direction was 
determined in the X direction and the highest in the Y 
direction, which could be derived for the inertia and 
equilibrium of the device. During simultaneous vibration in 
three directions, the average displacement in the Z direction 
(37.1%) was significantly higher (P ≤ 0.05) than the 
displacement determined in the X and Z directions (31.5%) 
(Table 5). The average displacement expressed in mm was 
also significantly higher in the Z direction than in the other 
directions. This was most likely due to interactions when 
using three pairs of motors simultaneously, which could 
reinforce and counteract the displacement. 

 

Channel interaction 
 
The trend of displacement in the dominant direction for each 
channel, using one or three vibrations simultaneously, 
differed significantly (P ≤ 0.05). In terms of only the channel 
value in the dominant direction, the average displacement 
was significantly higher (P ≤ 0.05) in the X direction when 
using vibration in one direction compared with three. There 
was no difference in average displacement in the Y direction 
regarding number of vibrators, while the displacement in the 
Z direction increased with increasing number. This 
comparison clarifies the interactive effect between the 
different directions. With regard to the repeatability of 
acceleration amplitude, there were no statistical differences 
either between directions or settings of stroke length and 
revolutions per minute on the device (P ≥ 0.05). This was 
consistent when using one pair of motors or three pairs 
simultaneously. 

 

Quality evaluation as related to calibration constant 
 
Calibration constants can be expected to change over time as 
the sensors are exposed to repeated external forces under 
various climate conditions. During the field experiment, the  

 
 
Fig 1. Illustration of the test rig bench showing dimensions 
(mm) and directions of vibration (X, Y, Z). 
 
 

 

Fig 2. Illustration of the test rig bench showing: motor 
package (a), frame (b), eccentric weight motors  (c), spring 
steel torsion bars (d), coiled springs (e), rubber damping (f) 
and the underlying framework (g). 
 
 
sensors were exposed to more than one million oscillations in 
each dimension, with accelerations reaching up to 6 g. For 
that reason, it was necessary to re-calibrate the accelerometer 
sensors to check the calibration constant and ensure the 
quality of the measurements. The re-calibration resulted in 
three new calibration constants for X, Y and Z of 100.68, 
106.74 and 103.39 mV/g, respectively. However, the 
differences between the initial calibration value and the 
recalibrated value were only 0.03% in X, 0.09% in Y and 
0.05% in the Z direction, which can be considered negligible.  
 

Methods 

 

 Description of the vibrating test rig 
 
A vibrating test rig, generating three-dimensional oscillations 
at the same time, was designed at Vihab in Glimåkra, 
Sweden. The rig consists of a bench fitted with a horizontal 
grid fitted frame with dimensions 1500 mm x 1200 mm (Fig. 
1). This frame is anchored to a central motor package (Fig. 2, 
item a), which is located underneath the frame (Fig. 2, item 
b). The power package consists of six electric eccentric 
motors (Fig. 2, item c), each with a static torque of 5.45 Nm  
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Table 3. Mean acceleration (g), standard deviation and percentage input proportion after five repetitions during vibration in three 
directions.  

Rotation 
velocity, Hz 

Distance between 
disc centre of mass 
and rotating shaft, 
mm 

 
 

 Y 

Direction 
 
                

X 

 
 

                     Z 

  Mean Std Mean Std Mean Std 
25.83 12 1.49 0.18 1.34 0.07 1.31 0.14 
29.17  1.98 0.26 1.81 0.25 1.89 0.04 
33.33  2.87 

 
0.17 2.32 0.36 2.47 0.07 

25.83 18 2.60 0.03 2.00 0.27 1.94 0.15 
29.17  3.23 0.35 2.53 0.28 2.58 0.19 
33.33  4.01 

 
0.32 3.69 0.57 3.34 0.55 

25.83 24 3.12 0.30 2.63 0.19 2.74 0.22 
29.17  4.48 0.13 4.16 0.11 3.65 0.51 
33.33  5.71 0.38 5.42 0.41 4.81 0.37 

 

Table 4.  Channel interaction with average displacement (mm), standard deviation and percentage share of displacement after five vibration 
repetitions expressed for each direction and channel at  different settings in one direction.   

Direction of vibration Rotation 
velocity, Hz 

Distance between disc 
centre of mass and rotating 
shaft, mm 

     Y      X         Z 

  Channel Mean Std % Mean Std % Mean Std % 
25.83 12 Z 0.00 0.00 0.0 0.00 0.00 0.0 3.22 0.04 91.6 

  X 0.00 0.00 0.0 3.61 0.11 96.7 0.18 0.01 5.1 
  Y 3.03 0.27 100 0.12 0.01 3.3 0.11 0.01 3.2 

 
29.17  Z 0.07 0.00 2.2 0.07 0.01 2.9 2.34 0.12 97.4 

  X 0.00 0.00 0.0 3.22 0.05 94.8 0.05 0.00 2.2 
  Y 3.11 0.08 97.8 0.10 0.01 2.2 0.01 0.01 0.4 

 
33.33  Z 0.04 0.01 1.3 0.07 0.04 2.4 2.59 0.17 99.6 

  X 0.02 0.00 0.7 2.80 0.20 94.1 0.00 0.00 0.0 
  Y 2.89 0.37 97.9 0.10 0.01 3.5 0.01 0.01 0.4 

 
25.83 18 Z 0.11 0.01 2.1 0.02 0.03 0.4 4.36 0.13 93.9 

  X 0.00 0.00 0.0 4.69 0.39 96.0 0.21 0.01 4.6 
  Y 5.25 0.54 97.9 0.17 0.02 3.5 0.07 0.01 1.6 

 
29.17  Z 0.10 0.01 1.9 0.07 0.01 1.7 3.68 0.51 97.0 

  X 0.03 0.01 0.6 3.79 0.48 94.6 0.07 0.01 1.9 
  Y 4.97 0.65 97.5 0.16 0.02 3.7 0.04 0.01 1.1 

 
33.33  Z 0.06 0.00 1.2 0.15 0.02 3.0 3.64 0.65 99.9 

  X 0.04 0.00 0.8 4.58 0.40 93.6 0.00 0.00 0.0 
  Y 5.13 0.01 98.0 0.17 0.01 3.3 0.00 0.00 0.1 

 
25.83 24 Z 0.26 0.04 3.4 0.00 0.00 0.0 5.69 0.40 92.0 

  X 0.00 0.00 0.0 7.52 0.47 96.9 0.28 0.02 4.6 
  Y 7.58 1.20 96.6 0.24 0.02 3.1 0.21 0.02 3.4 

 
29.17  Z 0.13 0.01 2.0 0.14 0.01 2.1 5.47 0.52 97.5 

  X 0.04 0.00 0.6 6.24 0.48 94.8 0.09 0.01 1.6 
  Y 6.46 0.62 97.4 0.21 0.02 3.1 0.05 0.00 0.9 

 
33.33  Z 0.00 0.00 0.0 0.16 0.02 2.9 4.96 0.61 99.7 

  X 0.04 0.01 0.7 5.36 0.73 93.9 0.00 0.00 0.0 
  Y 6.19 0.96 99.3 0.19 0.02 3.3 0.01 0.01 0.3 
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Table 5.  Mean displacement (mm), standard deviation and percentage share per channel after five  repetitions, expressed for the 
different rotation velocities and stroke lengths, during  vibration in three directions.  

Rotation velocity, Hz Distance between 
disc centre of 
mass and rotating 
shaft, mm 

 
 

 Y 

Direction 
 

    X 

 
 

      Z 

  Mean Std Mean Std Mean Std 
25.83 12 3.26 0.39 2.92 0.15 2.86 0.31 
29.17  3.12 0.42 2.87 0.38 2.98 0.05 
33.33  3.23 0.18 2.60 0.34 2.77 0.06 

 
25.83 18 5.70 0.07 4.35 0.58 4.22 0.33 
29.17  5.18 0.56 4.04 0.44 4.13 0.30 
33.33  4.53 0.36 4.18 0.65 3.78 0.63 

 
25.83 24 6.74 0.66 5.70 0.40 5.94 0.48 
29.17  7.09 0.21 6.59 0.18 5.80 0.80 
33.33  6.48 0.43 6.15 0.47 5.47 0.42 

 
 
 
and an actual centrifugal force of 13.7 kN at 50 Hz, according 
to the manufacturer’s specifications (Anon, 2011b). Four 
adjustable eccentric weights, weighing 14.68 kg, are fixed on 
each rotating shaft. The motors are rigidly fixed pair-wise on 
steel discs, which are connected to a central frame with six 
spring steel torsion bars each (Fig. 2, item d). All these 
components, weighing 600 kg in total, comprise the 
pendulant weight of the device. This part is connected by 
means of coiled springs (Fig. 2, item e) and rubber damping 
(Fig. 2, item f) to an underlying framework with four 
adjustable legs (Fig. 2g).  
 

Oscillation principle 

 
The principle of reciprocal oscillation (back and forth) of the 
turning weight in one direction was achieved by using one 
pair of synchronised eccentric motors, rigidly fixed on the 
same plane. To achieve synchronisation, the settings of the 
eccentric weights on the rotating shaft and the velocity of the 
rotation were identical. These shafts rotated in opposite 
directions from each other, which compensated for the 
centrifugal forces created by the eccentric weights, and linear 
unidirectional alternating vibrations from the motors were 
achieved. The device proved to be capable of generating 
oscillations in three directions simultaneously (Fig. 3) when 
the three pairs of motors were used at the same time. The 
torsion bars were used to transfer the oscillations while also 
allowing a small rebounding movement in all directions. 
Through this, a force applied in each direction responded to 
perpendicular forces (Fig. 3). When the device was vibrating 
in three directions, the oscillations achieved could be 
described as a horizontal circulation with a lateral axial, up 
and down, movement. It was possible to regulate the stroke 
length by adjusting the distance between the centre-to-centre 
mass of the eccentric weights on the rotating shaft and to 
regulate the frequency by adjusting the rotation velocity 
using a field-orientated vector inverter. This was 
independently controllable for the axial oscillation in each 
direction. However, in this study the different settings of the 
eccentric weights and the frequency were equal in all 
directions when all three motors were used at the same time 
(Table 1).  
 

 

 

 
 
 

Fig 3. Principle sketch of directional transmission when using 
three pairs of electric unbalanced eccentric motors (M1, M2, 
M3). Placement of the accelerometer (A) and the measuring 
directions expressed as X, Y, Z.  
 

 
 

Fig 4. Illustration of acceleration within a short interval, 
expressed in time domain for in-band and transformed signals 
in the X direction during vibration in three directions 
simultaneously. The stroke length of the electric eccentric 
weight motors was adjusted to 2.2 mm and the rotating 
velocity to 25.83 Hz.  
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Fig 5. Top view: Single-sided amplitude spectrum (y (t)) as function of frequency (Hz). Bottom view: Single-sided power spectrum 
density (dB/Hz) as function of frequency (Hz). For these illustrations, the distance between eccentric weight centre of  mass and the 
rotating shaft was adjusted to 24.19 mm and the rotating  velocity to 33.33 Hz.  

 

 

 

Fig 6. Acceleration amplitude, g, at different settings of distance between eccentric weight (disc) centre of mass  and centre of 
rotating shaft, mm, and rotation velocity, Hz, when the device was vibrated in the X, Y and Z  directions

. 

  
Measurements  
 
In order to evaluate the precision of the test rig with regard to 
its repeatability for the same settings, the accelerations were 
recorded in three directions (Fig. 3). This was performed by 
using an accelerometer sensor, where vibrations were 
sampled continuously in each direction. The recording of 
these signals was performed using LabVIEW software 
(National Instruments, 2009). The sampling rate was set to 
1000 per second and samples were collected during 30 
seconds. Before the motors were started, the static 
displacement of the device, expressed as the offset value, was 
measured. The acceleration of three different frequencies and 
three settings of the eccentric weights was recorded after 
synchronisation of the vibrators. Each combination of 
frequencies and settings of the eccentric weight was repeated 
five times (Table 1).   The    recorded values for acceleration,  
 

 
expressed in volts (V), were then subtracted from the offset 
value, which generated values for the vibration obtained from 
the test rig. The differences were then divided by the 
calibration constant, which was 100.71, 106.64 and 103.44 
mV/g for the X, Y and Z direction, respectively, according to 
the manufacturer. 
 

Data analyses  
 
To ensure accurate in-band signals, all signals other than 
those achieved at the sampling rate were rejected by 
filtration. This was automatically performed using a 
combined analogue and digital filter, NI USB-9234 filtering 
(National Instruments, 2009). After adjustment for offset 
value and calibration constant, the filtered signals were 
analysed using fast Fourier transform in Matlab 7.6.0 
software (MathWorks, 2008). This is in principle a method to 
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transfer a function from time to frequency domain, whereby 
the sum of the sinusoidal basic functions, obtained from the 
frequency domain, expresses the function in the time domain. 
This method is the most widely used for obtaining spectral 
information (Marachant, 2006). The function values obtained 
from the frequency domain were then used for calculation of 
frequency, acceleration amplitude and the displacement of 
the turning weight in three dimensions. The results after 
Fourier transformation were then statistically analysed using 
analysis of variance by mixed model. 

 

Conclusions 

 
The measured acceleration frequency value deviated 
somewhat from the initial setting of rotation velocity on the 
field-orientated vector inverter, but the deviation was 
constant in each direction. Thus we can assume that the set 
value on the field-orientated vector inverter was not 
consistent with the real frequency obtained from the motors. 
It was clear that the main part relating to the displacement, 
acceleration amplitude and its frequency when using one pair 
of motors was recovered in the expected direction, i.e. the 
direction of the turning pair of motors. There were clear 
interactive effects between the settings of eccentric weight 
and revolution velocity, direction vibrated, recording channel 
and number of vibrated directions when using three pairs of 
motors. Acceleration and displacement of the device could 
therefore be reinforced or counteracted in all three directions. 
As expected, the acceleration was positively correlated with 
stoke length, which was controlled by adjusting the distance 
between the centre of mass of the eccentric weights and the 
centre of the rotating shaft, and revolution velocity. The 
differences in distance from the motors to the centre of mass 
most probably affected the force transmission capacity of the 
device, which therefore affected the inertia of the 
displacement. Although there were minor differences 
between the X, Y and Z directions, the repeatability of 
frequencies, acceleration amplitude and displacement of the 
device were similar (P ≥ 0.05) irrespective of direction, 
setting of stroke length or rotation velocity. Furthermore, the 
calibration constants were unchanged after the experiment. 
The accuracy of the different vibration parameters was 
considered sufficient for the test rig, despite the minor 
differences in measured acceleration and displacement. It was 
concluded that the vibrating device evaluated in this work is 
suitable as a test rig for studying cleaning efficiency on soil-
contaminated stumps. 
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