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Special Section for the Papers Presented at the Symposium on Mechanical Engineering, Industrial 
Engineering, and Robotics held at Noboribetsu, Hokkaido, Japan on 11  12 January 2012 

 
The papers in the special section of this issue of the Memoirs of the Muroran Institute of Technology 

were presented at the second joint symposium on the Mechanical Engineering, Industrial Engineering, and 
Robotics 2012 (MIER2012) aimed to interchange students and academics and to enhance research and education 
relationship between Muroran Institute of Technology and Chiang Mai University. The symposium is a forum to 
disseminate information on the recent research in mechanical engineering, industrial engineering, and robotics. 
The first symposium was held at Chiang Mai in Thailand on November, 2010 (Thailand-Japan International 
Symposium in Industrial Engineering, Mechanical Engineering and Robotics 2010, 
TJIEME-CMU-MuroranIT-2010). The second symposium was hosted by the Mechanical Systems Engineering 
Course, the Department of Mechanical, Aerospace, and Materials Engineering, and the Center for International 
Relations, the Muroran Institute of Technology, during 11th to 12th January, 2012 at Muroran and Noboribetsu, 
Hokkaido, Japan. 
 

The MIER2012 intends to improve interdisciplinary interaction; therefore, the presentations include various 
topics related to the mechanical engineering, industrial engineering, and robotics. The typical topics of the 
symposium includes: modeling and simulation of mechanical system, mechanical system design and application, 
manufacturing engineering and technology, industrial engineering and production management, robotics and 
automation, sensing and measurement, and medical application and biomechanics. The papers in this section are 
the manuscript submitted after the symposium and have subsequently undergone the review process by multiple 
reviewers. 
 

On behalf of the Organizing Committee, we highly appreciate the contributions from the authors and their 
co-authors. We take the opportunity to acknowledge all reviewers for taking time to review these articles. We 
would also like to thank the students and staff of Chiang Mai University and Muroran Institute of Technology for 
their thoughtful consideration and cooperation. 
 
Associate Professor Dr. Koji Teramoto 
Professor Dr. Toshiharu Kazama  
Guest Editors of this special section 
 
List of Reviewers 
Dr. Hiroshi Nogami 
Dr. Toshiharu Kazama 
Dr. Ikuo Tokura 
Dr. Hiroyuki Fujiki 
Dr. Naohiko Hanajima 
Dr. Tomonori Yuasa 
Dr. Koji Teramoto 
Dr. Yasuhiro Osafune 
Dr. Hiroki Matsumoto 
Mr. Mitsuhisa Yamashita 
Mr. Jun Suzuki 
Dr. Yukihito Narita 
Dr. Hideki Funamizu 
Wichai Chattinnawat, Ph.D  

Mem. Muroran Inst. Tech., 62(2012)  1
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*  Department of Mechanical Engineering, Dalian Jiaotong
University, 794 Huanghe Road, Shaheko District, Dalian
116028, CHINA 

**  Department of Aerospace Engineering, Muroran Institute
of Technology, 27-1 mizumoto-cho, Muroran, Hokkaido
050-8585, JAPAN 

 
1   INTRODUCTION 

 
The desirable design goal of modern jet aircraft is to 

increase the maneuverability, agility, and survivability. 
The Fluidic thrust vectoring (FTV) is a significant 
technology for high-performance air vehicles. The 
technology can improve aircraft performance by 
manipulating the nozzle flow to deflect from its axial 
direction. FTV involves a directional alteration of the 
main exhaust gas flow by a secondary jet in the nozzle 
diverging part. Potentially, FTV nozzles provide 
effective flow deflection with less weight, low noise, 
simplicity, low maintenance costs, etc. (1)(2).  

The objectives of this study are to investigate the 
effect of a secondary jet on the primary flow in a 
converging-diverging nozzle, to discuss the effect of 

FTV parameters, and to evaluate the FTV performance. 
 

2   EXPERIMENTAL SETUP 
The experimental setup is shown in Fig. 1. The inlet 

of the nozzle is open to the atmosphere, whereas the 
outlet is connected to a vacuum tank. The back pressure 
of the nozzle is kept practically constant at 0.1atm 
during a typical test time of 5–10 s (3)(4). The Schlieren 
system and the pressure gauges are used to obtain the 
experimental data. 

 
 
 
 
 
 
 
 
 
 

Fig. 1 Experimental setup 
 
The nozzle is designed to rotate around the rotation 

shaft to adjust the exit spacing while keeping the throat 

Numerical and Experimental Investigations of 
Fluidic Thrust Vectoring 

 
 

Li LI*, Mitsutomo HIROTA** and Tsutomu SAITO** 

 

 

 

 

 

 

(Received  23 February 2012, Accepted  17 January 2013) 

Fluidic thrust vectoring (FTV), an ability of air vehicles to manipulate the nozzle flow deflect their
longitudinal axis, can satisfy the modern aircraft requirements dramatically. Numerical and
experimental studies of FTV are performed with a nozzle pressure ratio (NPR) of 4–10, a secondary
pressure ratio (SPR) of 1, 2 or 3, and two different secondary jet locations. Numerical simulations of
the nozzle flow are done with solving the Navier-Stokes equations, and the input parameters are set to
match the experimental conditions. The thrust pitching moment and the thrust pitching angle are
determined to evaluate the FTV performance.  
 
Keywords : Fluid thrust vectoring, Converging-diverging nozzle, CFD, Secondary jet  

Nozzle 
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PC for data processing 

Pressure gauges 
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spacing constant. The area ratio of the nozzle exit to the 
throat area is 1.69 with flow Mach number of 2. The 
secondary jet injection slot on the upper nozzle wall has 
a width of 1 mm. Figure 2 shows the dimensions of 
nozzle with secondary jet injection slot adjusted to the 
flow Mach number of 2. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Dimensions of nozzle at Mach number of 2. 
 

3   NUMERICAL METHOD 
 
The Reynolds number of the flow at the nozzle exit 

corresponds to the transition zone from laminar to 
turbulent flow. The flow at the inlet is accelerated from 
the stationary atmosphere and the transition is 
suppressed till relatively high Reynolds number. This is 
visually confirmed with Schlieren images. Therefore, in 
this study, the flow is assumed to be laminar. The 
Navier-Stokes equations are solved numerically. The 
numerical fluxes are evaluated with the HLLC 
Riemann solution, and the numerical simulations were 
carried out with the WAF method (5). 

 
4   EVALUATION OF FTV PERFORMANCE 

 
The FTV performance is evaluated by thrust pitching 

angle  (6)(7).  
),/(tan 1

AN FF                          (1) 
where AF  and NF  are the x and y components of 
momentum. 

The thrust pitching moment M  of the nozzle is 
expressed by 

,)(  lFM w                              (2) 
where wF  is the working pressure on the nozzle walls 
and l  is the length from the working point to the pivot 
point. 

 
5   RESULRTS AND DISCUSSIONS 

 
The conditions in experiments and numerical 

simulations range are nozzle pressure ratio (NPR) from 
4 to 10, the secondary pressure ratio (SPR)  from 1, 2 to 
3, with the spacing between the secondary jet injection 
slot and the nozzle exit Lj = 5 mm and Lj = 10 mm. 

The effects of FTV parameters such as NPR, SPR, Lj, 
and angular injection angle β on the FTV performance 
are discussed.  

5.1 Effect of NPR 
Numerically obtained Mach number distribution 

with NPR = 9 is shown in Fig. 3. The Mach number 
in the nozzle diverging part increases from 1 to 2. 
The Mach number of two-dimensional (2-D) 
numerical results at the nozzle throat is not the same 
as the one-dimensional (1-D) theory. For the 1D 
theory, the Mach line is a straight line at the throat 
with Mach number of 1 while for the 2-D numerical 
method, the Mach line is an arch. In addition, the 
Mach number of 2-D at the nozzle exit is close to the 
designed value of 2. It is seen that the Mach number 
reaches 3 at a small regions downstream of the 
nozzle exit. 

 
 
 
 
 
 
 
 
Fig. 3 Mach number distribution in the nozzle diverging part 

with NPR = 9. 
 
5.2 Effect of SPR 

Figure 4 shows the Schlieren images for Lj = 10 mm 
with NPR = 9 and SPR = 1, 2 or 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Schlieren images for Lj = 10 mm with NPR = 9 and (a) 

SPR = 1 or (b) SPR = 2 (c) SPR = 3. 
 
With SPR = 1, the secondary jet is visible as a bright 

line starting from the secondary jet slot, as seen in Fig. 
4(a). As SPR increases, the jet continue to spread, and 
the separation domain near the wall upstream the jet 

(a) 

(c) Shock wave 

(b) Shock wave 

Lj 
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turbulent flow. The flow at the inlet is accelerated from 
the stationary atmosphere and the transition is 
suppressed till relatively high Reynolds number. This is 
visually confirmed with Schlieren images. Therefore, in 
this study, the flow is assumed to be laminar. The 
Navier-Stokes equations are solved numerically. The 
numerical fluxes are evaluated with the HLLC 
Riemann solution, and the numerical simulations were 
carried out with the WAF method (5). 

 
4   EVALUATION OF FTV PERFORMANCE 

 
The FTV performance is evaluated by thrust pitching 

angle  (6)(7).  
),/(tan 1

AN FF                          (1) 
where AF  and NF  are the x and y components of 
momentum. 

The thrust pitching moment M  of the nozzle is 
expressed by 

,)(  lFM w                              (2) 
where wF  is the working pressure on the nozzle walls 
and l  is the length from the working point to the pivot 
point. 

 
5   RESULRTS AND DISCUSSIONS 

 
The conditions in experiments and numerical 

simulations range are nozzle pressure ratio (NPR) from 
4 to 10, the secondary pressure ratio (SPR)  from 1, 2 to 
3, with the spacing between the secondary jet injection 
slot and the nozzle exit Lj = 5 mm and Lj = 10 mm. 

The effects of FTV parameters such as NPR, SPR, Lj, 
and angular injection angle β on the FTV performance 
are discussed.  

5.1 Effect of NPR 
Numerically obtained Mach number distribution 

with NPR = 9 is shown in Fig. 3. The Mach number 
in the nozzle diverging part increases from 1 to 2. 
The Mach number of two-dimensional (2-D) 
numerical results at the nozzle throat is not the same 
as the one-dimensional (1-D) theory. For the 1D 
theory, the Mach line is a straight line at the throat 
with Mach number of 1 while for the 2-D numerical 
method, the Mach line is an arch. In addition, the 
Mach number of 2-D at the nozzle exit is close to the 
designed value of 2. It is seen that the Mach number 
reaches 3 at a small regions downstream of the 
nozzle exit. 

 
 
 
 
 
 
 
 
Fig. 3 Mach number distribution in the nozzle diverging part 

with NPR = 9. 
 
5.2 Effect of SPR 

Figure 4 shows the Schlieren images for Lj = 10 mm 
with NPR = 9 and SPR = 1, 2 or 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Schlieren images for Lj = 10 mm with NPR = 9 and (a) 

SPR = 1 or (b) SPR = 2 (c) SPR = 3. 
 
With SPR = 1, the secondary jet is visible as a bright 

line starting from the secondary jet slot, as seen in Fig. 
4(a). As SPR increases, the jet continue to spread, and 
the separation domain near the wall upstream the jet 
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(c) Shock wave 
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also becomes larger as shown in Fig. 4(b) and Fig. 4(c). 
It is found that the basic flow patterns are the same 
with Lj = 5 mm. 

In order to investigate the effect of SPR 
quantitatively, Table 1 shows the thrust pitching 
moment with NPR = 9 at different SPR and Lj. It is 
observed that the moment of Lj = 10 mm is smaller 
than that of Lj = 5mm. The moment increases from 
SPR = 1 to SPR = 2 and then decreases at the SPR = 3 
possibly due to shock reflection on the other wall. 

 
Table 1 Thrust pitching moment at different SPR and Lj. 

M  [N・m] SPR = 1 SPR = 2 SPR = 3 

Lj =5 mm 11.8 14.9 13.8 

Lj = 10 mm 9.5 10.6 9.6 

 
Table 2 Thrust pitching angle at different SPR and Lj. 

   [deg] SPR = 1 SPR = 2 SPR = 3 

Lj =5 mm 5.0 7.4 8.6 

Lj = 10 mm 4.4 6.3 7.7 

 
Table 2 shows the thrust pitching angle with NPR = 

9 at different SPR and Lj. It is observed that deflection 
angle of Lj = 10 mm is smaller than that of Lj = 5 mm. 
The angle increases as the SPR increases. The change 
tendency of deflection angle is not the same as the 
moment for the possible tiny reflection has not effect 
on the deflection angle. 
 
5.3 Effect of Lj 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 Mach number distribution with NPR = 9 and SPR=1 

and (a) Lj = 2 mm or (b) Lj = 40 mm or (c) Lj = 80 mm. 

Figure 5 shows the flow Mach number distribution 
with NPR = 9 and SPR = 1 for different values of and 
Lj = 2, 40 and 80 mm. As the location of the secondary 
jet injection is near to the exit, the deflection of flow is 
large, as shown in Fig. 5(a). As the location of the 
secondary jet injection is moved to the throat, the 
induced oblique shock wave reflects at the opposite 
nozzle wall even for SPR = 1, as shown in Fig. 5(b). In 
the case of secondary jet injection being placed at the 
nozzle throat, there are no obvious interaction between 
the secondary injection and the primary flow, as shown 
in Fig. 5(c).  

 
5.4 Effect of β 
 

The effect of secondary jet injection angle is 
investigated by defining the angular injection angle β as 
in Fig. 6.  
 
 
 
 
 
 
 
 

Fig. 6 Illustration of secondary angular injection.  

 
Figure 7 shows the thrust pitching moment at 

different β with NPR = 9. When the β is positive, the 
moment decreases and the moment for SPR = 2 is larger 
than SPR = 1 except β = 70°. Whereas when the β is 
negative, the change tendency of the moment with SPR 
= 1 is different from that with SPR = 2. The biggest 
moment of SPR = 1 occurs with β = –45°. The negative 
of the moment at β = 70° is caused by the reflection on 
the nozzle wall.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Thrust pitching moment at different β with NPR=9. 

 
Figure 8 shows the pitching angle at different β with 

NPR = 9. It is observed the angle change tendency is 
the same as that of the pitching moment. When β is 
positive, the largest angle with SPR = 1 happens with 
the largest moment. Whereas for SPR = 2, the largest 

(b) 

(c) 

β+ 

Shock wave 

(a) Shock wave 

Shock wave 
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angle happens with β near 0°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Thrust pitch angle at different β with NPR = 9. 

 
5   CONCLUSIONS 

 
In order to study the details of the FTV performance, 

the experimental model with a smaller secondary jet slot 
is constructed. The effects of FTV parameters, such as 
NPR, SPR, Lj and angular injection angle β are 
discussed.  

The performance of FTV is evaluated by thrust 
pitching moment and thrust pitching angle. The thrust 
pitching moment is positive as expected induced by an 
oblique shock wave. 

The larger SPR causes the decreased moment due to 
the possible tiny reflection on the opposite nozzle wall, 
but it has no effect on the deflection angle.  

As the secondary jet slot moves to the nozzle throat, 
the effect of the secondary jet on the pitching moment 
and the deflection angle becomes weak.  

For different secondary angular injection β, the 

positive and negative cases should be separated to 
discuss. For positive β, the moment and deflection angle 
decreases as the β increases, and the moment of higher 
SPR is larger. For negative β, the change tendency of the 
moment and the deflection angle is different with 
different SPR. 
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1 INTRODUCTION 
 

For mechanical structures under high speed motion, 
induced vibration due to structural flexibility may need 
to be considered and accounted for in the actuation 
scheme. Disk drives(1)(2), spacecraft structures(3)(4), 
robots and cranes(5) are well-known examples where 
this issue comes to bear.  

There have been numerous research studies that 
focus on finding open-loop control solutions for a 
vibratory mechanical system that give minimum-time 
motion subject to limits of actuation effort(3)(6)(7)(8). 
Time-optimal motions are found to require ‘bang-bang’ 
actuation signals that involve multiple switches 
between two extreme values. For an undamped system 
(with applied force as the control input) the actuation 
signal required for rest-to-rest motion is anti-symmetric 
about the mid-point of the motion interval(3). Also, a 

single-mode structure usually requires only three 
switches of input value during the whole motion(6)(7). 

The general time-optimal control problem is hard to 
solve analytically. Various numerical algorithms have 
been proposed based on application of Pontryagin’s 
minimum principle to the time-optimal Hamiltonian 
function(3)(6)(7). For an undamped single-mode system, 
an analytical solution can be obtained(3). Usefully, 
certain time-optimal motions can also be obtained 
through a technique known as input shaping where a 
time-delay filter is applied to a step input signal in 
order to generate the optimal control input(2)(8). 

This paper considers two important cases of the 
time-optimal motion control problem where a 
geometric analysis of state variable trajectories allows a 
direct construction of the solution, thereby avoiding a 
multi-dimensional numerical search. In each section, 
we first consider a velocity-input system model and 
then move on to the more complex force-input model. 
Section 2 formulates the minimum-time control 
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problem and gives necessary conditions for optimality. 
The considered boundary conditions correspond to a 
rest-to-rest motion, meaning that the system is initially 
at rest and the final state is also a rest state involving no 
residual vibration of the structure. Section 3 outlines 
the method used to obtain the solution. Experimental 
results from applying time-optimal solutions on a 
typical motion control system are given in section 4. In 
section 5, the theoretical results are analyzed by 
considering how the achievable time of motion varies 
with actuator capacity. For these results, the overall 
speed of motion obtained with the time-optimal 
solution may be considered as a fundamental limit for 
achievable performance. It is therefore useful to know 
the exact manner in which this limit increases with 
actuator capacity. The final section provides 
conclusions. 
 

2   PROBLEM FORMULATION 
 

Motion of a flexible structure (Fig. 1) can be 
described by a linear model of the form: 

 
 ����� � ����� � �����, �1�
   
where � � blockdiag���, ��� and�� � ���� �����. The 
sub-matrix ��  models the rigid-body mode of the 
system while the sub-matrix ��  models the flexible 
mode(3)(6). In general there may be many sub-matrices 
�� , one for each flexible mode. This study considers 
only single-mode systems and thus � � 1.  

A time-optimal problem objective is to find the 
control input ���� that drives the system �1� from an 
initial position ��0�  to a desired final position ����� 
with minimum final time ��: 

 
 min���� ��. �2�
   
The control input must also satisfy the effort limit 
condition 
 
 ��� � � � �, �3�
   
For a rest-to-rest motion, the initial point may be 
chosen as the origin. We also impose that there is zero 
residual vibration (ZRV) after the final time. The 
required boundary conditions can be stated as 

 
 ��0� � �0…0��,�������� � ����0…0��, �4�
   
where ��  is the required travel distance. Thus, �1� �
�4� form a complete optimization problem. 
 
2.1 Velocity input model 

The system (Fig.1) may be considered with �� ����, �� as the input to be chosen. State variables are 
selected as 
 ���� � ��� ��� ���.  

 
 

Fig. 1 Rectilinear motion of a flexible structure 
 

 
Fig. 2 State trajectories of the velocity input model with 

damping �� � 0.0��. 
 
For the rigid body mode, we have 
 
 �� � �0�,����� � �1�,  
 
and for the vibratory mode we have 
 

�� � � 0 1
���� �2����,����� � � �1

�2����. 
 
Here, ��  is the natural frequency and �  the damping 
ratio. Using the scaled time variable � � ���, where 
�� � ���1 � �� , the model may be transformed to 
the dimensionless form 
 
 

����� � �
0 0 0
0 �� 1
0 �1 ��

� ���� � �
1
�1
�
� ����, �6�

 
where ���� � ��1,1�  is now the input scaled by the 
maximum value and � � ���1 � �� . The final 
condition �4� is also transformed to 
 
 ����� � ����0…0�� �7�
 
where �� � ������. The model is now independent 
of the natural frequency but still depends on the 
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damping ratio through �. Thus, solving the solution of 
for this model is applicable for the original model with 
any value of natural frequency. 

For a system with damping �� � 0�, state trajectories 
of �6� are logarithmic spirals with an exponential decay 
in radius given by ����  (Fig. 2). When � � �  the 
trajectory converges to ���, ��� � �0,1� for � � 1 and 
���, ��� � �0,�1�  for � � �1 . For an undamped 
system �� � 0� , trajectories become helical paths 
around the same pair of axis. 

Trajectories shown in Fig. 2 have the origin as the 
initial point. However the complete set of possible 
trajectories can be generated by translating, rotating or 
scaling, with the helix axis as a fixed line. 

 
2.2 Force input model 

Mechanical actuation often leads to a system model 
where force or torque is considered as the input(1-8). For 
the model in Fig. 1, we now have the constrained input 
� � ���, ��. Compared with the velocity-input case, an 
additional state variable (usually overall velocity) must 
be included in the model so that 
  
 �� � �0 10 0�,����� � �01�. 

 

 
The model of the vibratory states has the same form as 
previous and thus, the force input model is  
 
 

����� � �
0 1 0 0
0 0 0 0
0 0�� 1
0 0 �1 ��

� ���� � �
0
1
�1
�
� ����. �8�

 
The final condition is the same as �7�, except in this 
case �� � �������� where � is the total mass. 
 

3   SOLVING METHOD 
 

To apply Pontryagin’s minimum principle(9)(10), we 
first define the Hamiltonian for �1� � �4� as 

 
 � � 1 � ����������� � ������, �9�

 
where ���� is a co-state vector that satisfies 
 

 ����� � ����� � �������. �10�
 
According to the minimum principle, the necessary 
conditions along with equations �1� � �4� are 
 

 ����� � �sgn�������� �11�
 

 ���� � 0,������� � �0, ��� �12�
 
where sgn��� � 1 if � � 0 and sgn��� � �1 if � � 0. 
This implies that the optimal control is ‘bang-bang’ in 
character(9),(10), i.e. ����  switches between extreme 

values. It is straightforward to show that the optimal 
control exists and is unique(9),(10). The essence of the 
problem here is to establish an initial value of the co-
states ��0�  such that the corresponding control input 
given by �11� is consistent with the required boundary 
conditions �4�. If such a ��0� exists then the control 
input given by �11� is the unique solution to the time-
optimal problem. 
 
3.1 Solution for velocity input model 

Without damping �� � 0� , applying �9� � �12�  to 
the model �6�, leads to the switching condition 

 

����� � ��1 �� � �����
1 �� � �����, �13�

 
where, according to �10�, the co-state ��  is constant. 
To obtain the optimal control from �13�, the initial co-
state ��0� must be determined. This leads to a binary 
value problem class which is hard to solve analytically.  

By considering the switching condition �13� 
together with co-state trajectories from equation �10� 
we can determine that the form of the optimal control is 
symmetric around the mid-point of the time interval. 
An example solution is shown in Fig. 3a that also 
satisfies the ZRV condition. The optimal control is 1 
for time �� then switches to �1 for time �� and finally 
back to 1 for time ��. For this undamped case �� � ��. 
The three branches of the state trajectory that make up 
the optimal motion are shown in Fig. 3b. The trajectory 
starts at the origin and involves:  

 
I   An arc of unit radius about the helix axis 

���, ��� � �0,1� through angle �� (when � � 1). 
II   An arc about the helix axis ���, ��� � �0,�1� 

through angle �� (when � � �1). 
III An arc of unit radius about the helix axis 

���, ��� � �0,1�  through angle ��  to return to 
���, ��� � �0,0�  (when � � 1). 

 
The final value of ��  is the distance of motion �� �
2�� � �� . The projection of I-III on the �� -��  plane 
(Fig. 3c) may be considered as rotations of vectors on 
the complex plane. This leads to the geometric 
constraint 
 

������ � 2����� � ������� � 2�. �14�
 
If the distance satisfies 2�� � 1�� � �� �
2��,����� � 2,3, � �, then � � 1�forward intervals with 
duration �2� � ���  and �  backward intervals with 
duration ��  must be included in the motion. When 
�� � 2��,����� � 1,2,3, � � , then �� � 0 , i.e. no 
backward interval is required. 

For the case with damping (� � 0), the switching 
condition is 

 

����� � ��1 ����� � �� � ������
1 ����� � �� � ������. �15�
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Fig. 3 Elements of velocity-input solution 

 
A geometric constraint consistent with �1��  can be 
obtained by the same approach as for (14). However, 
the symmetry requirement does not apply in this case 
and the resulting condition is 
 

 ����������� � �����������
� ���������� � ��� �16�

 

 
Fig. 4 Elements of force-input solution 

 
Eliminating �� from �16� gives 
 

Re��� ����� ���� � � ����� ����� ���� � 0� �17�
 
where ����� ��� � ����������� � ����������� � � . For 
a given value of ��, we obtain �� from (17) by a root-
finding algorithm. ��  is then computed and the final 
time obtained as �� � �� � �� � �� . After switching 
times are found, co-state values can also be computed 
in order to verify the true time-optimality of the 
solution.  
 
3.2 Solution for force input model 

For the undamped case, a switching condition similar 
to �13�  can be derived. According to the co-state 
trajectory from �10�, the optimal solution must be anti-
symmetric about the midpoint of the motion(3). Thus, 
one additional switch is needed. An additional  
boundary condition must also be imposed to ensure no 
residual motion of the rigid body mode (zero final 
speed). This condition may be expressed 

 
�� � �� � �� � �� �18�
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By considering the arcs in Fig. 4b as rotations of 

complex vectors, the relation between switching times 
is obtained as the geometric constraint 

 
 ����������� � 2����������� 

� ��������� � 2��������� � 2� �19�
 
For the undamped case (� � 0), this is equivalent to the 
solution in (3), but expressed in complex form. Using 
�18�  to eliminate ��  from equation �19� , and then 
eliminating �� gives a similar expression to �17�. The 
value of �� may be obtained (again by  root-finding) for 
a given value of �� and the remaining switching times 
computed. In the undamped case, �� � �� and �� � �� 
and �19� is more easily reduced. 
 

4 EXPERIMENTS 
 

Optimal solutions for the force-input model have 
been tested on an experimental system (Fig. 5). The test 
rig consists of a flexible armature [a] driven by ball 
screw [b] and dc servo motor [c]. The control input is 
the torque generated by the dc motor with a current 
regulating electric drive. Strain gauges [d] are used to 
measure the deflection at the tip of the armature as a 
vibratory state of the system. Important parameters of 
the rig are natural frequency �� � ��7 rad/sec and 
damping ratio � � 0�0�2. 

Figure 6 compares two example cases of applying: 1) 
the rigid-body solution and 2) the time-optimal solution 
for the flexible structure. The distance travelled (6 cm) 
is the same for the two cases. For the flexible structure 
solution, the overall motion is seen to be slower than 
the rigid-body case but residual vibration at the end of 
motion is almost eliminated. 

 
5 ANALYSIS AND DISCUSSION 

 
It is fairly intuitive that, if velocity is controlled 

directly, the time-optimal motion for a rigid body 
involves driving it with maximum velocity until the 
final position is reached. Thus, the relationship between 
��  and ��  is a straight line (Fig. 7a). With structural 
flexibility taken into account, an interval with 
backward motion (negative input velocity) must be 
introduced. This yields a slower motion than for the 
rigid-body case, as evident in Fig 7a. However, for an 
undamped system, there are certain distances for which 
the total time of motion is equal to the rigid-body case. 
This occurs when the dimensionless distance is equal to 
2�, ��, ��, � etc. 

With applied force as the input, the fastest way to 
reach the final position is to accelerate at the maximum 
rate and then decelerate at the maximum rate after the 
mid-point of motion. This yields the relation between 
distance travelled and total time as 

 
 �� � 2√��, �20�

 

 
 

Fig. 5 Experimental rig 
 

 
Fig. 6 Experimental results: control input, position, and 

deflection profiles 
 
With structural flexibility taken into account, 

additional acceleration and deceleration intervals must 
be introduced that slow overall motion compared with 
the rigid-body case (Fig. 7b). Again, for an undamped 
system there are certain values for the dimensionless 
distance where no extra switches are needed and the 
speed of motion matches the rigid-body case, i.e. when  
�� � ��, 8�, 12�, �etc. 

When damping is present, extra switches are always 
required. In other words, there is no distance for which 
the same time of motion as the rigid body case can be 
achieved.  

Each solution obtained corresponds to a pair of 
values for the dimensionless variables �� and ��. It is 
usual to interpret the set of solutions as being for fixed 
maximum input (� or �) and varying over the actual 
distance traveled ��. However, for the dimensionless 
model we have �� � ������  for the velocity input 
case and �� � ��������  for the force input case.  
Therefore, we may also interpret the solutions as being  
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Fig. 7 Set of time-optimal solutions 

 
for fixed �� and varying over � and �. With this idea, 
we define the following dimensionless measures of 
actuation capacity and overall speed of motion: 
 

(a) Relative actuation capacity (velocity input case) 
 

 �� � �
����

� 1
��  

 
(b) Relative actuation capacity (force input case) 

 
 �� � �

������
� 1

��   

 
(c) Overall ‘speed’ of motion 

 
 � � 1���   
 

The value of these parameters may be calculated for 
each solution. Clearly, the parameter �  is a main 
indicator of the overall performance of the system. The 
results from plotting � against ���� are shown in Fig. 8.  
 

 

 
Fig. 8 Overall speed vs actuation capacity  

 
For each value of ����, it is also possible to calculate 
the corresponding value of � for time-optimal motion 
of a rigid-body system. For the velocity input case, the 
input will then have no negative interval and  
 

��� � �
����

� ��. 
 
For the force-input case the input has equal positive 
and negative intervals and so 
 

��� � 1
2 � �

������
�

�
� � 1

2 ���.   
 
These two equations define the rigid-body lines seen in 
Fig. 8 and provide an absolute upper bound on the 
achievable speed of rest-to-rest motion. 

We can see from the results that, when the overall 
speed of motion is relatively slow, the overall speed for 
the flexible structure is close to the rigid-body case. 
However, when the actuation capacity is increased, the 
average speed can deviate significantly form the rigid-
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body line. This effect is most significant when the time 
interval of motion is of the order of the natural period 
of vibration of the system (i.e. when ��~1) or less. 

Also, there is a critical value of the actuation 
capacity above which speeds close to the rigid-body 
case can no longer be obtained. For a velocity-input 
system, this value is given by 

 

������ � �����
����

� 1
��. 

 
For a force input system, the critical value is 
 

������ � �����
������

� 1
��� 

 
Figure 9 shows speed of motion as a fraction of the 

rigid-body case versus actuation capacity. The results 
may be interpreted quantitatively as follows: For the 
velocity input case, the overall speed of motion is 
within 78% of the rigid body case if the actuation 
capacity is below the critical value �1���� . If the 
actuation capacity is raised beyond this value, speeds 
close to the rigid-body case can no longer be achieved. 
For the force input model, the critical actuation 
capacity is 1����. In this case, overall speed of motion 
is within 97% of the rigid-body case if actuation 
capacity is below the critical value. 

This knowledge on limits of performance may be 
helpful in the design process of actuator selection and 
sizing. According to the results, high capacity actuation 
might not give an adequate return, in terms of increased 
speed of motion, particularly as more powerful 
actuators tend to be more expensive. The curves in Fig. 
8 may be incorporated in an overall design optimization 
cost function in order to obtain the best solution. 
  

6 CONCLUSIONS 
 

The problem of time-optimal rest-to-rest motion of a 
single mode flexible structure has been considered. The 
main contributions of the present work are: 

1. The optimal control history is obtained by 
considering geometric constraints on state 
variable trajectories. 

2. Fundamental characteristics of the solutions, in 
terms of the relation between actuation effort and 
overall speed of motion have been presented. 

For low overall speed of motion (or relative actuation 
capacity) the time for motion is close to the case of a 
rigid body structure. However, if the time of motion is 
of the order of the natural period of vibration then 
significant reductions in overall speed are required if 
zero residual vibration is to be achieved. This 
fundamental result is explained by the extra intervals 
with negative input value that are required to cancel 
elastic vibration of the structure.  

Further work aims to extend the results to more 
general cases where multiple flexible modes and non- 

 

 
Fig. 9 Fractional speed vs actuation capacity 

 
linear characteristics of the system are taken into 
account. 
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1   INTRODUCTION 
 
Japanese market is a big food importer of the 

world(1). Japanese government by the Ministry of 
Agriculture Forestry and Fisheries (MAFF) has strickly 
controlled the imported food in term of quality, 
especially, on food safety and traceability(1). The reason 
of this control is due to the inspected pesticide residue 
food imported in September 2008, with China’s Sanlu 
infant milk powder contamination.  Then, the milk 
powder was mixed with melamine, leading to infants 
kidney stone diseases(2). The major components of the 
safety management are Hazard Analysis at Critical 
Control Points (HACCP), Good Manufacturing 
Practice (GMP) and Good Hygiene Practice (GHP)(3).      

Japan is the second largest market of Thailand 
agriculture, accumulating a total of 2.6 billion USD in 
2009 and increasing 15.07% from 2008(4). Moreover, 
Thai Government has been promoting Thai food, via 
the “Kitchen to the world” and “Thai Food Good Taste 
policies”(5)(6), which was to ensure Thai food with good 

quality. This study focuses on mango supply chain in 
Japanese market. Where Thai Mango is becoming an 
important exporting fruit of Thailand, in 2011, mango 
has been exported to Japan more than 6.17 million 
USD. MAFF was strictly controlled these Thai mango 
as well as other imported fruits as the importers must 
declare and specify the list of chemicals both those are 
allowed and those are not allowed in imported 
mangoes(7).  However, there are still problems for this 
mango industry, i.e., disease, pesticides contamination 
and mango maturity. (Various problems occur because 
of smallholder and event that effect the traceability of 
Thai mangoes) 

The purpose of this research is to apply the Supply 
Chain Integration Model (SCI Model) and the 
Integration Definition for Function modeling (IDEF0) 
in order to study and analyze overall relationship 
between Thai and Japanese partners within the mango 
supply chain. Then the relationship will indicate the 
way to improve and develop food safety and food 
quality to be meet Japanese requirement, expectation 
and standard. 
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The purpose of this research is to study and analyze Thai mango supply chain exported to Japanese
market.  In order to understand the relationship and the connectivity of the members on Thai and
Japanese partners in the supply chain, the study started from upstream to downstream (farm, middle-
man, processing, factory and exporter). The Supply Chain Integration Model (SCI Model) and the 
Integration Definition for Function Modeling (IDEF0) were used. Where the SCI model is constructed
by 4 major criteria, ie, infrastructure, institutional, businesses and people, IDEF0 shows the
connection of activity in Supply Chain Management. The results indicate the problem and concerns in 
terms of food quality, food safety as the weakest links of the chain. These indications lead to the
suggestion of improvement of supply chain of the products in the future.  
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2   LITERATURE REVIEW 
 

Business process mapping and SCI model have been 
used in a variety of research to find the defects of 
system and the way to improve and manage the supply 
chain. The details are as follows. 

 
2.1 Business Process Mapping  

The Business Process Mapping (BPM) is a tool to 
analyze and identify improvement process from current 
state (AS-IS) to future state (TO-BE). It is commonly 
used by many organization to show the 
interconnections between the activities and the 
decomposition of the process(8). In this research, the 
integration definition for function modeling (IDEF0) is 
used. IDEF0’s roots has been initiated to form when the 
air force in response to the identification of the need to 
improve manufacturing operations(9). IDEF0 is        
a modeling tools used to produce a model or structured 
representation of the functions of a system and of the 
information flow and the physical flow between 
activities of an organization and across the supply 
chain(10)(11). IDEF0 helps the organizations to develop  
a basis for process improvement planning and have    
a foundation to define information requirement(12). 
 
2.2 Supply Chain Integration Model 

The Supply Chain Integration Model (SCI Model)(3) 
is used to study the association with supply chain 
management and to find the corporations that could be 
better adjusted. Bywhich, the design and development 
can be adapted from the model within this international 
supply chain(5)(13). SCI Model is constructed by 4 major 
criteria, i.e., infrastructure, institutional, businesses and 
people. In these 4 major criteria, there are sub-criteria 
as shown in Figure 1.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 1 SCI model 

3   METHODOLOGY 
 
In this research, the study started from investigating 

the supply chain of imported mangoes by using 
Business Process Mapping (BPM), and then, 
comparing the differences of supply chain links 
between Thailand and Japan, in order to find ways to 
improve the supply chain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Concept to improve Supply Chain 

 
3.1 Business Process Mapping 

An overview of the supply chain system was 
investigated using IDEF0 on events that occurred in the 
mango supply chain in Thailand. The current condition 
(AS-IS) as the actual order is used to find improvement 
in the future (TO-BE). The process began from 
upstream to downstream. Farms and middle man, 
which was used to gather information, are an union in 
Amphoe Phrao in Chiang Mai Province. Other supply 
chain member, ie, the exporter, the vapor heat treatment 
factory and the freight forwarder are in Bangkok. Data 
was collected during June to August 2010. 

 
3.2 Supply Chain Integration Model (SCI Model) 

The research team, from the Supply Chain and 
Engineering Management research unit of Chiang Mai 
University, has collected the information regarding to 
the SCI Model requirement and therefore has found a 
correlation between agencies of the food exported 
supply chain to Japan, starting from the production, 
delivery, distribution and export from Thailand. Also 
included is the import, shipping and distribution to 
consumers within Japan. This shows that there are 
many sectors concerned. The focus can be separated 
into 4 areas per the SCI Model, ie, the infrastructure, 
institutional, business and people. Infrastructure and 
institutional are basically the support and promotion 
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from the government. Business is, on the other hand, to 
determine the effectiveness of the private sector such as 
cost time and reliability(14).  Here, LPAT (Logistics 
Performance Assessment Tools)(15) is used as the 
assessment of the logistics performance of the supply 
chain member. Finally, people is the section that 
indicates an overview of the individual. The evaluation 
is based on 1-5 ranking, where “5” is the highest 
ranking (for example, the organization or government 
can well corporate to joint venture to another 
organization) and “1” is the lowest ranking (for 
example, the organization ignore all activities that are 
performing at the present, not be assimilated to the 
present circumstance). The expert evaluation and the 
research team have then scored in the query. 

 
4   RESULT AND DISCUSSION 

 
This research focused on Thai popular mango – 

“Nam Dok Mai” cultivar.  The supply chain separates 
into 5 activities as show in Figure 2. 

 
(1)  Farmer: the activity starts from the input as the 

purchasing order by the middle man (whereas the 
exporter have made a contract and purchase 
directly to middle man). Before flowering mango, 
farmer will realize the approximate quantity of 
mangoes and will confirm these figure to the 
middle man 1-2 days before harvesting. The 
process of growing mangoes will start with 
“Planning growth”, “Sourcing materials”, 
“Production technologies”, “Prevent oriental 
fruit”, “Agrochemical control” and “Harvest”. 
Farmer has to get “Good Agricultural Practices 
(GAP)” from the Department of Agriculture 
(DOA). The output from farmer is ripe yellow 
mango (farmer will grade mangoes) and then be 
sent to middle man.  

(2) Middle man: the input is the purchasing order 
from exporter and sent to farm to confirm order. 
Before the harvest, middle man have to sample 
the product to the Department of Agriculture 
(DOA) to check the agrochemical substances. 
After get the result (around 1 week), middle man 
will inform the farmer to start harvesting 
mangoes. When middle man receive product from 
farmer, they recheck the size and the ripeness of 
the mangoes before sending it to the exporter. 
Mangoes will be packed in plastic container and 
load to the truck, covered with canvas. The 
transportation will take around 8-12 hours. 

(3) Exporter: after exporter receives the customer 
requirement and purchasing order from Japan, 
they will plan the operation, prepare the export 
document, purchase raw material and contact the 
middle man. When the mangoes arrive, exporter 
will check size, color and ripeness. Mangoes will 
be washed by water with the fungicides and 

boiled in fungicides at 50 C for 5 minutes. After 
pack in plastic container, mangoes will be sent to 
vapor heat treatment plant. 

(4) Vapor heat treatment: the treatment is commonly 
controlled by Japan delegate. The mango must be 
subjected to vapor heat treatment to kill fruit fly 
larvae and pathogens causing anthracnose and 
blossom end rod adhering to ripe yellow mango 
from field. It takes approximately 1 hour per 2000 
kg in this process. Mangoes will then be sent to 
air pressure drier.  Then weight selection and in 
case of no blemish, cleaning the skin, the label 
will be attached to indicate code for traceability 
and be kept in warehouse.  

(5) Freight forwarder: The documents for import 
include the certificate of Pesticide and Residues 
Phytosanitary certificate. The truck that use for 
transport mangoes to airport have to be a cold 
storage truck. 

Total duration in Thai Mango supply chain can be up 
to 1-2 days , including harvest mango transportation, 
vapor heat treatment and export to Japanese Market. 
Studies have found that traceability does not existed 
since there are no label or identification to the mango 
lots. Where the basket has the same color and no 
identification, should any pesticide has been detected, 
they will be rejected as a whole lot.  Then it cannot 
be exported.  

 
5   BENCHMARKING THAI MANGO 

SUPPLY CHAIN 
 

The objective of this research is use SCI Model         
to benchmark between Thai and Japan sides.            
In figure 3 SCI Model compared Thai and Japan sides 
to benchmark is shown. It is obvious that the Japan side 
shows good performance than Thai side in overall. 
Where the Thai gets lower points in all fields than the 
Japanese in approximately 1-2 rank. The worst criteria 
of Thai side, as scored 2, are in the sub-criteria 
“Transportation Network”, “Safety and Standard” and 
“Behavior”. Where in the Transportation network 
criterion, Thailand is far behind Japan. In Japan, the 
transportation is well controlled as in the “cold chain”. 
In Thailand, the transportation is still based on normal 
truck and temperature is uncontrollable.  Also from 
the inspection, it can be found that the Safety and 
standard in Thailand is diverse on various standards 
such as GAP or GMP. The sub-criteria “Behavior” is 
found a big gap where Japanese customer do not realize 
the Thai mango characteristics where Thai Mango is 
only popular in summer only. Therefore Thailand’s 
Government should exploit and show the different way 
to consume such as how to cook mango and to make 
confidence about food safety and food quality in Thai 
Food.    

However, in some criteria, it can be found that Thai 
side get the same level as the Japanese such as 
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Information Technology and Trading Relations.  
It shall be noted here that the scoring is based on the 

weakest link (in each country).  For example, the sub-
criterion Safety and Standard, Thailand is scored 1.  
Whist investigate into the supply chain member, even 
though middle-man, exporter, vapor heat treatment and 
freight forwarder were scored 2, 4, 4 and 4 respectively.  
However, farmers are scored 1.  Therefore, for this 
sub-criterion, Thailand is scored 1 (see Table 1). 
 
Table 1 Thailand’s Safety and Standard Sub-Criterion  

KPIs 
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Score
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1 2 4 4 4 1 

 
For Japanese side, the best practice (scored 5) is 

presented in sub-criteria as “Cooperation with 
Government”, “Quality and Standard”, “Reliability” 
and “Inter-organization Communication”.  

 
6.   CONCLUSION 

 
The objective of this research is use SCI Model to 

benchmark between Thailand side and Japan side to 
indicate the weakest link in the supply chain linkages. 
This study applied IDEF0 and adapted SCI model in 
the case study to analyze Thailand Mango Supply 
Chain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3 SCI model compared Thailand and Japan 

 
The weakest link is found to be a farmer and middle 
man. Where they do not realize the important of the 
supply chain and ignore a contract farming with 
exporter. This is a somewhat a big mistake that will 
cause a lot of problem. The problem is mostly found at 
the upstream in Thai side such as traceability, contract 
missing and lack of information. This problem initiate 
the gap within SCI Model. In terms of sub-criteria,  
“Transportation Network”, “Safety and Standard” and 
“Behavior” are among the weakest link of Thai supply 
chain members.  
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1   INTRODUCTION 

 
Presently, many companies around the world have to 

face more competition to response customers need in 
term of cost, quality and time. Based on production 
environments, production and control system in 
make-to-order (MTO) is more complicated from 
several uncertainty factors involved(1) . The 
characteristic of MTO environment is to produce high 
variety of products in low volume(2) . Moreover, many 
MTO companies operate by using job shop production. 

Job shop is production system that typically deals 
jobs differ with respect to the set of operations to be 
performed, with respect to the sequence in which the 
operations must be executed, and with respect to 
processing times during fabrication(3) . Researchers 
have developed many tools and techniques to find 
better solutions for this attractive problem. However, 
workload control (WLC) is a promising mechanism 

amid others as suggested by Hendry and Kingsman(4) .         
The development of WLC has highlighted the 

benefit of control policies that has been recognized for 
job shop practices. An order release and review (ORR) 
technique plays a majority role to manage the transition 
of production orders from production planning to the 
shop floor control(5) . One of major parts of ORR is the 
order entry phase, which deals with production order 
preparation, processing requirement, and job routing(6) . 

Value network mapping (VNM) is an alternative 
approach of the value stream mapping (VSM)(7) . All 
parts on shop floor are mapped in the complete network 
flows with detailed data. VNM can apply with job shop 
companies where produce products such as equipment 
cabinets, jigs and fixtures, small turned parts etc. 

An objective of this research is to use a case-based 
approach to apply VNM for supporting data in ORR 
strategy. An empirical study is an actual manufacturer 
of precision tool engineering that operates in job shop 
environment. The remainder of the paper is organized 
as follows. Section 2 presents a literature review. A 
proposed method is described in section 3. Section 4, 
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an overview about the case organization is provided. 
Results and discussion of the proposed method are 
mentioned and analyzed in section 5. Finally, section 6 
presents the conclusions of the paper and suggestions 
for future research. 

 
2   LITERATURE REVIEW 

 
2.1 The order entry phase in workload control concept 

A significance approach for job shop production is 
based on WLC concept. This concept buffers the shop 
floor against the dynamics of arriving orders by using 
input/output control. A typical WLC concept consists 
of three major decision moments; order entry phase, 
order release phase and dispatching phase, respectively. 

At each phase is operated as a class of hierarchical 
capacity-oriented with input control and output 
control(8) . On the one hand, input control regulates the 
allowable jobs to the next level, acceptance jobs for 
entering into the pool, releasing jobs to shop floor and 
dispatching jobs for processing. On the other hand, the 
control of workload through regulation of the outward 
flow is leaded by medium term, short term and daily 
capacity management. Additionally, due date 
assignment or due date acceptance is also considered at 
order entry level(9) . Figure 1 presents the hierarchical 
WLC concept.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Input and output control in WLC concept 
 
Ossterman et al.(10) asserted that an job release is an 

important decision within WLC concept because it 
determines when each job should enter to the shop 
floor and remains on the floor until its operations have 
been finished. However, job entry control has 
influenced to prepared information before releasing 
selected orders. The job routing is defined and the 
availability of the required materials, tooling and 
fixture is provided. More detailed planning for the 
workload of the job is generated.   

    
2.2 Overview of value network mapping 

One of the effective tools for implementing lean 
production is value stream mapping (VSM). VSM is a 
powerful tool which not only expresses material flows, 
but also provides information flows(11) . However, 
many researchers observed that job shop environment 
companies have multiple streams coming together. 
Therefore, it fails to map VSM. VNM is generated to 
eliminate this weakness.     

Unlike traditional flow mapping tools, VNM is 
developed to map the complete flow network in a value 
stream for complex product, complex bill of material 
(BOM) and several levels of assembly(12) . This 
approach was proved to support facility improvements 
i.e. the creation of manufacturing cells and the addition 
of material handling information(13) .  

VNM integrates and enhances basic industrial 
engineering (IE) tools such as multi-product process 
chart (MPPC) and flow process chart (FPC) to 
elaborate algorithms for clustering of identical 
manufacturing routing and outline the improvement 
facility layout. Moreover, these algorithms utilize data 
structures that capture the complete assembly structure 
of the product instead of focusing only the key 
components.  

 
3   METHOD 

 
A proposed method is depicted in Figure 2. The 

various steps are described below 
(1) Use products BOM and the manufacturing 

routings of the components in the BOM. MPPC, 
the basic IE tool, is generated in this step for 
showing the flow in the facility. 

(2) Collect detailed data for enhanced flow process 
chart (FPC). The enhanced FPC is a data 
collection tool to record all operation, transport, 
delay, inspection, material handling and 
essential information in the production’s flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 A schematic diagram of proposed method 

 
(3) Group products into families. Data are collected 

and observed for grouping product families on 
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the basis of the pair-wise similarity coefficients 
(PWSC) which is obtained by the “Jaccard” 
similarity function as below 
 

                     (1) 

 
where ; = number of machines 
used by both part ‘i’ and part ‘j’ (number of 
matches); = number of machines used by part 
‘i’ only; = number of machines used by part 
‘j’ only; = number of machines that are used 
neither by part ‘i’ nor by part ‘j’ (number of 
misses). 

(4) Draw the level 1 (product family) and level 2 
(component family). These maps of VNM state 
the material handling information associated 
with every flow of parts on any machines.  
 

4   CASE STUDY  
 

The research is applied in a job shop MTO company, 
precision tools engineering. Due the higher work in 
process (WIP) levels and the increasing of jobs, the 
instinctive style for scheduling can not successfully 
used by the planner. Hence, this company finds a new 
approach to support the planner for reducing WIP, 
reducing lead times, improving delivery date devotion.  

This paper illustrates some products which 
processing data and sequence data were obtained from 
the company. This company has 11 stations including 
drilling machine, CNC machining center, wire cut 
machine, grinding etc.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Five illustrative products are displayed in the form of 
MPPC as shown in Fig 3. The use of MPPC is 
preferable to deal with a number of products. This tool 
can be used not only as input for a cluster analysis 
procedure, but also exploration the identification 
process. A friendly-user form as enhanced FPC is 
employed to determine all necessary data. Figure 4 
displays the enhanced FPC for one component in the 
case study.  

 
5   RESULTS AND DISCUSSION 

 
From previous section, results are structured 

according to provide essential information at order 
entry phase in WLC. 

A cluster analysis is operated to group components 
with similar manufacturing path into same families. 
The PWSC, which is exhibited in Table 1, is calculated 
by applying equation 1 (“Jaccard” similarity function) 
with the MPPC. It is benefit to visualize the 
arrangement of the cluster in dendrogram that is shown 
in Fig. 5. The clustering dendrogram state that 
components can be partitioned into 3 clusters; 
{7,8,6,11,1, 3}, {2,5,12} and {4,9} with 1 exceptional 
component 10 .   

Finally, to map a large number of different flows can 
be divided at two levels. MPPC and enhanced FPC are 
integrated to map the flows of a complete family of 
products at level 1. At level 2, each family flow is 
mapped by using MPPC, enhanced FPC and the cluster 
dendrogram. Level 1 diagram and level 2 diagram for 
component family 1 are presented in Fig. 6 and Fig. 7, 
respectively.              
        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.3 A multi product process chart 
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Fig.4 A sample of enhanced flow process chart 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The case study produces a wide range of products 
that use different combination of parts, whose routing 
will characterize different work centers located in the 
same facility. The application of VNM with level 1 and 
2, both levels of flow mapping effort to combine and 
/or merge several flows in order to generate more 
compact flow diagram without eliminating any 
components. 

 
6   CONCLUSION 

 
This research applies VNM to support data in order 

entry phase of WLC concept. A variety of material 
flow analysis and product grouping tools are employed 
to use in the empirical study which operates in job shop 
environment. It is fruitful to handle multiple products 
in complex bill of material and becomes easier to 
visualize for anticipation a bottleneck. All necessary 
data are clearly shown for production planner in order 
to prepare for performing an optimization analysis in 
order release phase. Future studies should perform an 
optimization method at order release phase by useful 
data from the proposed research.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 
P1 1 0.563 0.775 0.333 0.475 0.696 0.696 0.696 0.463 0.426 0.563 0.491 
P2 1 0.563 0.463 0.883 0.393 0.393 0.393 0.657 0.333 0.000 0.646 
P3 1 0.333 0.696 0.491 0.491 0.491 0.463 0.618 0.333 0.281 
P4 1 0.393 0.393 0.393 0.393 0.657 0.333 0.000 0.000 
P5 1 0.333 0.333 0.333 0.549 0.491 0.000 0.563 
P6 1 1.000 1.000 0.549 0.281 0.883 0.563 
P7 1 1.000 0.549 0.281 0.883 0.563 
P8 1 0.549 0.281 0.883 0.563 
P9 1 0.000 0.000 0.000 
P10 1 0.333 0.281 
P11 1 0.646 
P12 1 

Table 1 Jaccard similarity matrix

Fig.5 Part family dendrogram 
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Fig. 6 VNM at level 1 
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Fig. 7 VNM at level 2 for component family 1 
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1   INTRODUCTION 

The crucial final step of hard disk drive arm 
manufacturing is the hard disk drive arm cleaning 
process (1-2) before quality control procedure and 
delivery. The dust and particle are vulnerable to 
semiconductor production. Consequently, the hard disk 
drive arm cleaning process is important to remain the 
product quality. The company forecasted that the 
demand from customer will increase and exceed the 
current production capacity in the near future. To 
support more demand, the company has a 
determination to increase efficiency and capacity of 
production without effecting to the product quality. 

Our research mainly focuses on the simulation model 
of hard disk drive arm cleaning machine created by 
ARENA software (3-4) to determine line balancing of 
process by using 2k factorial design (5) in the simulation 
model. The relation is to find which sub-processes 
relate to the cycle time and using the flow process chart 
to find which step of sub-processes can be eliminated 
or reduce time. The present cycle time is 306 seconds�

  

and this research targets to determine a minimum cycle 
time that will not effect on the quality. If capacity is 
increased, the operation will gain more effectiveness 
including a particular process in production. The 
company also will have a capability to satisfy 
customers without adding a new machine for the 
increased demand in the future. 

2   METHOD 

2.1 Study hard disk drive arm cleaning process 
The hard disk drive arm cleaning process uses an 

automatic machine, which works by robot arms to 
transfer products between sub-processes. Figure 1 
describes the image of hard disk drive arm cleaning 
machine with the movement function of robot arms. 
Before the machine enabling, workers arrange products 
into the particular container, then load it into the 
machine and then robot arms pick up a container to 
each sub-process. This machine has 9 sub-processes 
and one station per sub-process except the eighth 
sub-process has two stations. The main task of the first  

Efficiency Improvement Using Simulation Technique in 
Hard Disk Drive�Arm Cleaning Process 

Chaithep HEMRATTANAKORN* and Suntichai SHEVASUTHISILP* 

(Received  19 March 2012, Accepted  17 January 2013) �

The final process of hard disk drive arm manufacturing is the hard disk drive arm cleaning process.
Currently, the product demand is rapidly growing and exceeding the process capacity. Hence, the aim
of this paper is to reduce a cycle time of the process to support the higher demand in the future while
the product quality is not affected. The study is focusing on the simulation model of the cleaning
machine. The simulation model was developed to determine the line balancing of this process with 2k

factorial design experiment by finding sub-processes which relate to cycle time of the process.
According to the simulation model, the line balancing condition creates the reduction to a process
time, which is related to the cycle time of process and minimizing the cycle time from 306 seconds to
257 seconds without quality changing. 
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Fig. 1 Image of hard disk drive arm cleaning machine with the movement function of robot arms.

through sixth sub-processes is cleaning the product and 
the seventh through ninth sub-processes dry the product. 
The eighth sub-process has two stations for reducing a 
cycle time due to the longest operation time. Operation 
time of sub-processes is described in Table 1. 

Table 1 Operation time of sub-processes in hard disk 
drive arm cleaning machine 

Sub-process Station Operation time 

(Second) 

1 1 180 

2 2 180 

3 3 180 

4 4 180 

5 5 180 

6 6 180 

7 7 240 

8 8,9 390 

9 10 190 

 For robot arms, this machine has 8 robot arms with 
a different movement function to transfer a container. It 
is described in Table 2. The first through seventh robot 
arms transfer a container between two stations but 
eighth robot arm transfers a container among five 
stations. 

2.2 Create simulation model with ARENA software 
The creation of simulation model with ARENA 

software can be concluded with 4 steps as follows:  
 (1) Set boundary of system. Range of this research 
initiates from a container loading into a machine to a 
finishing process and 8th robot arm transfers a container 
to the next process. The boundary primary concerns 
about effectiveness and production capacity from less 
cycle time. 

(2) Create the simulation model. The model is 
developed by studying the mechanism and relative 
operation between sub-processes in the machine and 
then using ARENA software to create the simulation 
model. The mechanism and relative operation are 
pointed out as follows: 

• Mechanism of each robot arm and sub-process in 
machine  

• The relative operation of moving robot arm 
when pick up and don’t pick up container. 

(3) Data preparation. The data collection 
concentrates on the operation time relating to all 
processes. After that, the collected data will be used to 
determine a proper distribution form of data by analysis 
of ARENA software and add them into the simulation 
model. The operation time is classified as follows:  

• Cleaning and drying product time of each 
sub-process. 

• Robot arms moving time when pick up and don’t 
pick up container. 

Table 2 Movement function of robot arms to transfer 
container

Robot arm 
Transfer container 

From station To station 

1 Load Station 1 

2 Station 1 Station 2 

3 Station 2 Station 3 

4 Station 3 Station 4 

5 Station 4 Station 5 

6 Station 5 Station 6 

7 Station 6 Station 7 

8 

Station 7 Station 8 or 9 

Station 8 or 9 Station 10 

Station 10 Unload 
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through sixth subprocesses is cleaning the product and 
the seventh through ninth subprocesses dry the product. 
The eighth subprocess has two stations for reducing a 
cycle time due to the longest operation time. Operation 
time of subprocesses is described in Table 1. 

 
Table 1 Operation time of subprocesses in hard disk 
drive arm cleaning machine 

Subprocess Station Operation time 

(Second) 

1 1 180 

2 2 180 

3 3 180 

4 4 180 

5 5 180 

6 6 180 

7 7 240 

8 8,9 390 
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 For robot arms, this machine has 8 robot arms with 
a different movement function to transfer a container. It 
is described in Table 2. The first through seventh robot 
arms transfer a container between two stations but 
eighth robot arm transfers a container among five 
stations. 
 
2.2 Create simulation model with ARENA software 

The creation of simulation model with ARENA 
software can be concluded with 4 steps as follows:  
 (1) Set boundary of system. Range of this research 
initiates from a container loading into a machine to a 
finishing process and 8th robot arm transfers a container 
to the next process. The boundary primary concerns 
about effectiveness and production capacity from less 
cycle time. 

(2) Create the simulation model. The model is 
developed by studying the mechanism and relative 
operation between subprocesses in the machine and 
then using ARENA software to create the simulation 
model. The mechanism and relative operation are 
pointed out as follows: 

•The mechanism of each robot arm when each 
subprocess operates. 

•The relative operation of moving each robot arm 
when pick up and don’t pick up container. 

(3) Data preparation. The data collection 
concentrates on the operation time relating to all 
processes. After that, the collected data will be used to 
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•Cleaning and drying product time of each 
subprocess. 

•Robot arms moving time when pick up and don’t 
pick up container. 

 
Table 2 Movement function of robot arms to transfer 
container 

Robot arm 
Transfer container 

From station To station 

1 Load Station 1 

2 Station 1 Station 2 

3 Station 2 Station 3 

4 Station 3 Station 4 

5 Station 4 Station 5 

6 Station 5 Station 6 

7 Station 6 Station 7 

8 

Station 7 Station 8 or 9 

Station 8 or 9 Station 10 

Station 10 Unload 
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(4) Test the accuracy of the simulation model. The 
test uses comparison of results between the simulation 
model and actual situation. This research uses a cycle 
time as a primary result for testing accuracy. 

Figure 2 show simulation model of process with 
ARENA software. After the simulation model was 
developed and filled distribution form of all operation 
time into the simulation model, the test compared a 
cycle time between the actual situation and the 
simulation model as describes in Table 3 (n=15). The 
data shows no significance different at the 0.05 level of 
testing by two samples t-test so the simulation model is 
reliable for the problem analysis and solving. 

Table 3 Comparison of cycle time between actual 
situation and the simulation model 

Data 

Actual 

situation 

(Second) 

Simulation 

model 

(Second) 

Percent of 

difference 

(%) 

Max 311 306.01 1.60 

Average 306 305.95 0.02 

Min 301 305.90 -1.62 

2.3 Analyze simulation model 
After brain storming with engineers of the company, 

some sub-processes use ��������� operation time and 
have a possibility to reduce. Therefore, the analysis 

determines which sub-process has effect on cycle time 
(when an operation time is reduced, a cycle time is 
reduced). Technique of this research is the 
experimentation 2k factorial design in the simulation 
model (6-7). This technique has been popularly used by 
previous researchers to simulate and analyze before 
applying to the actual situation. This research uses a 
cycle time be a result of experiment. Sub-processes that 
were used in the experiment include four sub-processes 
as follows: 

• 6th sub-process  
• 7th sub-process  
• 8th sub-process  
• 9th sub-process  

Next, the experiment was determined a level of each 
sub-process by using an experience from the 
company’s engineer. The experiment design and the 
experiment response are described in Table 4.  

The experiment was analyzed the result by 
MINITAB software for determining which 
sub-processes have an effect on a cycle time. The 
analyzed result could be explained by normal 
probability plot of effect (see Figure 3). In conclusion, 
the 6th sub-process (A), 7th sub-process (B), 9th

sub-process (D) and the combined effect between the 
6th, 7th and 9th sub-process had the effect on the cycle 
time. The next step was determining line balancing 
condition of the process for reducing a cycle time.

Fig. 2 Simulation model of hard disk drive arm cleaning process with ARENA software
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Table 4 The experiment design and the experiment 
response 

No. 6th

Sub- 

process 

(A) 

7th

Sub- 

process 

(B) 

8th

Sub- 

process 

(C) 

9th

Sub- 

process 

(D) 

Cycle 

time 

(Second) 

1 150 180 360 160 270.91 

2 180 180 360 160 300.89 

3 150 240 360 160 305.03 

4 180 240 360 160 305.03 

5 150 180 390 160 270.91 

6 180 180 390 160 300.85 

7 150 240 390 160 305.92 

8 180 240 390 160 305.92 

9 150 180 360 190 285.80 

10 180 180 360 190 300.88 

11 150 240 360 190 305.80 

12 180 240 360 190 305.66 

13 150 180 390 190 285.80 

14 180 180 390 190 300.85 

15 150 240 390 190 305.92 

16 180 240 390 190 305.92 
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Fig. 3 Normal probability plot of effect from 
experiment

�
2.4 Determine line balancing condition 

The flow process chart (8) of 6th, 7th and 9th

sub-processes were created for determining line 
balancing (see Figure 4-6).  

According to Figure 4, some steps including the 3rd

and 4th steps consist of idle time that causes a delay. 3rd

step cannot be improved because the function related to 
the machine software, which needed a programmer 

from a vendor to modify it with extra cost so the 
company did not choose this option to save an expense. 
4th step directly relates to an operation time of 7th

sub-process. If the operation time of 7th sub-process is 
decreased by 5 seconds, it’ll eliminate idle time in 4th

step of 6th sub-process and make the cycle time of 6th

and 7th sub-processes are same at 301 seconds.�
�

Step 

No. 

Detail Symbol Time 

(Second) 

1 Clean product 180 

2 7th robot arm picks up 

container in 6th

sub-process   

71 

3 Wait 1st robot arm 

picks up container in 

load station   

32 

4 Wait 8th robot arm 

transfers container 

from 7th to 8th

sub-process 

5 

5 6th robot arm 

transfers container to 

6th sub-process and 

starts cleaning again 

18 

Fig. 4 Flow process chart of 6th sub-process 
�
�

Step 

No. 

Detail Symbol Time 

(Second) 

1 Dry product 240 

2 8th robot arm picks up 

container in 7th

sub-process and 

transfers to 8th

sub-process 

34 

3 7th robot arm 

transfers container to 

7th sub-process and 

starts drying again 

32 

Fig. 5 Flow process chart of 7th sub-process�
�
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1 Dry product 240 
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Step 

No. 

Detail Symbol Time 

(Second) 

1 Dry product 190 

2 8th robot arm picks up 

container in 9th

sub-process and 

transfers to unload 

station  

50 

3 Wait 8th sub-process 

dry finish 
20 

4 8th robot arm pick up 

container in 8th

sub-process and 

transfer to 9th

sub-process and start 

drying again 

46 

Fig. 6 Flow process chart of 9th sub-process�

According to Figure 5, there is not idle time in steps 
so the cycle time reduction can solely make in the 7th

sub-process, which is drying time in 1st step because 2nd

and 3rd steps depend on a speed of robot arms that 
cannot increase more speed. 

Figure 6 represent that there is idle time occurring in 
3rd step. This step relates with an operation time of 7th

sub-process. If the process decreases an operation time 
of 7th sub-process by 20 seconds, the 3rd step of 9th

sub-process will be eliminated and make the cycle time 
of 7th and 9th sub-processes equal to 286 seconds. 

Concluding, this process can make line balancing by 
reducing the operation time of 6th sub-process for 15 
seconds and the 7th sub-process for 20 seconds. The 
new cycle time is 286 seconds. Moreover, if the 
operation time of 6th, 7th and 9th sub-processes is 
reduced, the cycle time will be reduced too. 

2.5 Minimize a cycle time 
After determining the line balancing condition, the 

next task is determining how to reduce the operation 
time of 6th, 7th and 9th sub-process without effect on the 
product quality. 

According to Figure 4, the 2nd step, which equips the 
7th robot arms for picking up a container during the 6th

sub-process, uses an operation time 71 seconds that is 
the longest time of robot arms spending for picking up 
a container. This step obviously needs to increase an 
operation speed. After speed boosting, an operation 
time was reduced from 71 to 19 seconds or overall of 
operation time in the 6th sub-process was reduced 52 
seconds. In order to create line balancing, the 7th

sub-process must be reduced an operation time for 57 
seconds and the 9th sub-process must be reduced an 
operation time for 37 seconds. 

From Figure 5 and 6, the operation time can solely 
be reduced at the 7th and 9th sub-process by decreasing 
the drying time because the other steps were depending 
on a speed of robot arms, which currently reach the 
maximum speed. The drying time of 7th sub-process 
must be reduced for 57 seconds and 9th sub-process 
must be reduced for 37 seconds. For convenience of 
engineers and workers to perform the maintenance and 
performance condition checking, company’s engineers 
chose to decrease the drying time of 7th sub-process for 
60 seconds and 9th sub-process for 30 seconds. Then, 
the new condition was used in the simulation model to 
confirm a result. The new cycle time was about 257 
seconds approving an improvement of the condition for 
using in the actual situation. 

After applying the new condition, the actual cycle 
time was reduced exactly to 257 seconds and the 
product quality did not change including regulation 
pass that particles must be lower than 80,000 particles 
per cm2. Table 5 shows a comparison of particle 
quantity size 0.3 µm per cm2 on a product before and 
after improvement. The data shows no significance 
different at the 0.05 level of testing by two samples 
t-test. 

Table 5 Comparison quantity of particle size 0.3 µm 
per cm2 on product between before and after 
improvement 

Data Before After 

Average 11,835 13,948 

SD 2,846 5,033 

Max 19,228 27,015 

Min 6,082 6,138 

3   CONCLUSION 

The aim of this paper is to reduce a cycle time of the 
hard disk drive arm cleaning process to support the 
growth of demand in the future without effect on the 
product quality by using the simulation model and 2k

factorial design experiment. After improvement, the 
cycle time of process was reduced from 306 seconds to 
257 seconds. In another word, the company gains more 
capacity from 26,470 to 31,517 pieces per day and this 
improvement did not pay an extra expense. 
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1   INTRODUCTION 

 
Brushes are used in everyday life (1) like in oral care 

and in several industries such as brush sealing, 
electrical contacts, and road sweepers. In the field of 
oral tribology, Zhou and Zheng (2) reviewed the 
published papers dealing with dental wear, 
temporomandibular joint (TMJ), and saliva. Lewis and 
Dwyer-Joyce (3) visualized, simulated, and modeled the 
teeth cleaning processes. Lewis, et al. (4) examined how 
abrasive particles in toothpaste interact with the 
filaments and cause material removal from a stain layer 
on the surface of a tooth. Dogu, et al. (5) investigated the 
flow field for a brush seal operating with a certain 
bristle-rotor clearance. Shin and Lee (6) studied the 
effects of the wear behavior of copper–graphite brushes 
that provided sliding electrical contacts in a small 
brush-type DC motor. Vanegas Useche, et al. (7, 8) 
studied the dynamics of a freely rotating flicking brush 
in a road sweeper using a mathematical model. In all 
these cases, the physical behavior is an interaction 
between surfaces in relative motion (the tips of the 

brush bristles and the surface of the mated materials), 
namely, tribology. 

In this report, a preliminary experiment on friction 
and cleaning of brushes was conducted representatively 
by use of toothbrushes. The effects of the normal load, 
sliding speed, bristle stiffness, specimen material, 
surface roughness, and lubrication conditions on the 
friction coefficient and removal performance were 
examined. 

 
2   RIGS AND METHODS 

 
2.1 Reciprocating tester 

Figure 1 shows a schematic of the test rig (9). The rig 
mainly consisted of an electric motor (a brushless DC 
motor; rated output: 40 W) (10 in Fig. 1) and a 
controller (11), a crank and a shaft (9), a 
strain-gauge-type load cell sensor (rated load: 0.98 N, 
natural frequency: 350 Hz) (3) and dynamic strain 
amplifier (frequency response: 200 kHz) (2), a test 
toothbrush (5), a test plate (6), and a data logger (1). 
The test toothbrushes were reciprocated in 10-mm 
strokes at a constant rotation speed by the electric 
motor and the crank mechanism. 
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The toothbrushes were rubbed against the test plates, 
which were set in a basin on the mount (7); the mount 
was placed freely to move on the base with the balls of 
rolling-element bearings and connected to the probe of 
the load cell sensor with a specific screw. One end of 
the screw connecting the load cell sensor (3) and the 
mount (7) was manufactured to turn counter-clockwise 
for easy use.  

 
2.2 Test toothbrushes 

Toothbrushes were used as test brushes because of 
products familiar with the public and easily available 
on the market (10), although there were several types of 
brushes. Each brush head had 28 tufts with 25 bristles 
per tuft. The bristles were made of nylon. The tips of 
the bristles were semi-spherical, and the nominal 
surface of contacting top of the bristles was flat. The 
stiffness of the toothbrushes was categorized as 
medium and hard. 

Bristle stiffness was simply measured by the 
in-house tester shown in Fig. 2. The tester consisted of 
a hinge (a in Fig. 2), support (b), and weights (c). A 
15-mm-long bristle (d) was extracted from a test 
toothbrush and set at the end of the hinge. As the 
weight was increased, the buckling load, at which the 
bristle is bent, was measured. The load of one bristle 
was approximately 22 mN for the medium-bristle 
brushes and 56 mN for the hard-bristle brushes. 

 
2.3 Test plates 

Test plates 90-mm long, 20-mm wide, and 2-mm 
thick were prepared. The test plates were made of 
either stainless steel (SUS304D in the Japan Industrial 
Standards, JIS), polytetrafluoroethylene (PTFE), or 
polyethylene terephthalate (PET).  

A tooth is mainly made of enamel, pulp, cementum 
and dentine, but dental restrorative materials are 
consists of synthetic components such as amalgams, 
resin based composites, metal ceramics. We also 
primarily concern about tribology of industrial brushes. 
Therefore, we selected these materials of the plates. 

The surfaces of the test plates were roughened to 
three roughnesses using No. 60 and No. 240 emery 
papers. The calculated average roughness Ra of the 
surfaces was measured by a contact-type surface profile 
meter along and across the sliding direction 10 times 

each. The roughness  indicates the measured values of 
Ra:  = 0.10 ~ 0.14 mRa (smooth), 0.18 ~ 0.24 mRa 
(mid), and 0.27 ~ 0.43 mRa (rough) for the SUS test 
plates;  = 0.03 ~ 0.04 (smooth), 1.06 ~ 1.23 (mid), and 
2.80 ~ 3.47 mRa (rough) for the PET plates; and  = 
0.17 ~ 0.20 mRa (smooth), 1.38 ~ 1.83 mRa (mid), 
and 4.46 ~ 5.30 mRa (rough) for the PTFE plates. 

 
2.4 Procedure and conditions for friction tests 

The experiment was performed in the following 
order: The normal load W acting on the brushes was set 
at a specific lower value, and operation began with a 
lower sliding speed v, defined as the speed at the center 
of the reciprocating motion of the brush head. Under a 
constant load W and speed v, the frictional force F 
between the brush bristles and the test plate was 
measured with the load-cell sensor (3 in Fig. 1), and the 
signal was recorded on the data logger (1).  

The normal load W acted as dead weight and was set 
to six values: W = 0.84, 1.74, 2.63, 3.52, 4.42, and 5.31 
N. The sliding speed v was representatively defined at 
the center of the stroke. The speed v was set to four 
values: v = 10.5, 26.2, 52.4, and 105 mm/s, which are 
corresponding to the rotational speed n of the electric 
motor shaft: n = 0.33, 0.83, 1.67, and 3.33 s-1. The 
lubrication conditions were specified as either dry or 
wet; in the wet condition, lubrication by mineral water 
was applied.  

The force F varied markedly within a shorter rubbing 
period, so running-in was conducted to stabilize the 
initial surface conditions before each test with a new 
brush was begun. The running-in time was set at five 
hours for the medium-bristled brushes and one hour for 
the hard-bristled brushes following a preliminary test. 
The frictional characteristics were evaluated by the 
nominal friction coefficient f ( = F / W ), where F was 
defined as the force measured at the center of the stroke. 

Fig. 1 Reciprocating brush tester 
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Fig. 2 Tester for measuring bristle stiffness 
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For higher loads and higher speeds the frictional force 
was very large, so that the experiment was interrupted. 
2.5 Procedure and conditions for cleaning tests 

The cleaning effect was simply evaluated in terms of 
the removal ratio of painted ink on the test plates. The 
surface of the SUS plate was painted with water-based 
black ink. At specific time intervals during the rubbing 
test, i.e., at time t = 10, 30, and 60 min within the first 
hour, and every 60 min after the first hour, the surface 
of the plate was photographed by a digital camera. The 
photographs were processed by binarization software 
that replaced white pixels with zeros and black pixels 
with ones. The area ratio  of the black and white (zero 
and unity) pixels was calculated, and the differences 
between images taken before and after the test were 
evaluated. In the cleaning test, the normal loads were 
that W = 2.63 and 3.52 N, and the sliding speeds were 
that v = 10.5, 52.4, and 105 mm/s. 

 
3   RESULTS AND DISCUSSION 

 
3.1 Friction measurement 

Figure 3 shows the frictional force F versus the 
rotating speed n of the electric motor for the SUS test 
plate with a roughness  = 0.12 m, a medium brush, 
and the dry condition. The force F was increased for 
larger normal load, but F became slightly larger for 
higher speed conditions. Fig. 4 illustrates the friction 
coefficient f versus the load W at v = 10.5, 52.4, and 
105 mm/s. The coefficient f increased apparently as the 
load W decreased. 

Figures 5 and 6 depict the results using brushes with 
hard bristles under dry condition and the results with 
medium ones in the water-lubricated condition 
respectively, using the SUS plate.  

At higher loads in Figs. 4 and 5, the friction 
coefficient f for the medium-bristled brushes was 
slightly smaller than that for the hard ones under dry 
condition. Comparing Figs. 4 and 6, one can see that 
the friction coefficient f under the lubricated condition 

was somewhat larger than that under the dry condition. 
In this experiment, water did not function as a lubricant 
to reduce the friction. 

Figures 7 and 8 illustrate the effects of the roughness 
and test plate materials; PET and PTFE, respectively. 
In both figures the friction coefficient f was larger for 
greater roughness. The coefficient f also depended on 
the materials; f of the SUS plate was largest among 
these mated materials. 
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n ( = 0.12 m, SUS, medium, dry) 

0.0 

0.5 

1.0 

0 1 2 3 4 5 

F
[N

]

n [ s-1]

0.84 N
1.74 N
2.63 N
3.52 N
4.42 N
5.31 N
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For higher loads and higher speeds the frictional force 
was very large, so that the experiment was interrupted. 
2.5 Procedure and conditions for cleaning tests 

The cleaning effect was simply evaluated in terms of 
the removal ratio of painted ink on the test plates. The 
surface of the SUS plate was painted with water-based 
black ink. At specific time intervals during the rubbing 
test, i.e., at time t = 10, 30, and 60 min within the first 
hour, and every 60 min after the first hour, the surface 
of the plate was photographed by a digital camera. The 
photographs were processed by binarization software 
that replaced white pixels with zeros and black pixels 
with ones. The area ratio  of the black and white (zero 
and unity) pixels was calculated, and the differences 
between images taken before and after the test were 
evaluated. In the cleaning test, the normal loads were 
that W = 2.63 and 3.52 N, and the sliding speeds were 
that v = 10.5, 52.4, and 105 mm/s. 

 
3   RESULTS AND DISCUSSION 

 
3.1 Friction measurement 

Figure 3 shows the frictional force F versus the 
rotating speed n of the electric motor for the SUS test 
plate with a roughness  = 0.12 m, a medium brush, 
and the dry condition. The force F was increased for 
larger normal load, but F became slightly larger for 
higher speed conditions. Fig. 4 illustrates the friction 
coefficient f versus the load W at v = 10.5, 52.4, and 
105 mm/s. The coefficient f increased apparently as the 
load W decreased. 

Figures 5 and 6 depict the results using brushes with 
hard bristles under dry condition and the results with 
medium ones in the water-lubricated condition 
respectively, using the SUS plate.  

At higher loads in Figs. 4 and 5, the friction 
coefficient f for the medium-bristled brushes was 
slightly smaller than that for the hard ones under dry 
condition. Comparing Figs. 4 and 6, one can see that 
the friction coefficient f under the lubricated condition 

was somewhat larger than that under the dry condition. 
In this experiment, water did not function as a lubricant 
to reduce the friction. 

Figures 7 and 8 illustrate the effects of the roughness 
and test plate materials; PET and PTFE, respectively. 
In both figures the friction coefficient f was larger for 
greater roughness. The coefficient f also depended on 
the materials; f of the SUS plate was largest among 
these mated materials. 
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3.2 Cleaning measurement 
Figures 9, 10, and 11 demonstrate the effects of the 

normal load, sliding speed, and bristle stiffness, 
respectively, on the removal area . As the brushing 
and rubbing time t increased, the area increased, and 
then gradually saturated. The repeatability was checked 
in the preliminary test, where it was obtained with a 
deviation of up to about three points. 

In Fig. 9 the area  at a higher load was larger than 
that at a lower load. In Fig. 10  was less affected by 
the velocity, although the cumulative sliding distance 
and the number of stroke times were increased in 
proportion to the speed. Moreover, in Fig. 11 the area 
under medium-bristled toothbrushes was larger than 
that under hard brushes. 

 
4   CONCLUSION 

 
For evaluating the frictional force and cleaning effect 

of brushes, a simple tester of toothbrushes was built. 
The effects of the load and speed on the friction 
coefficient, as well as the differences in the plate 
material, plate roughness, bristle stiffness, and 
lubrication conditions were examined. 
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1   INTRODUCTION 

 
Tubular bellows is a mechanical device for 

absorbing energy or displacement in structures. It is 
widely used to deal with vibrations, thermal expansion, 
and the angular, radial, and axial displacements of 
components. It has been used for a long time in many 
engineering applications, therefore, numerous papers 
dealt with bellows have found in literatures. Many 
design formula of bellows can be found in ASME 
code(1). And the most comprehensive and widely 
accepted text on bellows design is the Standards of 

Expansion Joint Manufactures Association, EJMA(2). 
The study on characteristics of stress can be found in 
the following papers. Shaikh et al.(3) have performed an 
experimental work to analyze failure of an AM 350 
steel bellows. It is shown that the exposure of bellows 
to a marine atmosphere during a storage period of 13 
years is suspected to have caused the pitting. Browman 
et al.(4) have determined dynamic characteristics of 
bellows by manipulating certain parameters of beam 
finite elements of a commercial software. It is reported 
that, in comparison with the semi-analytical, their 
method has potential of considering axial, bending, and 
torsion degrees of freedom simultaneously, and the rest 
of the system, also modeled by beam or shell finite 
elements. The procedure was also verified by 
experimental results. Li (5) has investigated the effect of 
the elliptic degree of -shaped bellows toroid on its 
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stresses. The calculated stress results of -shaped 
bellows with elliptic toroid correspond to experiments. 
The elliptic degree of -shaped toroid affects the 
magnitude of internal pressure-induced stress and axial 
deflection-induced stress. Especially, it produces a 
great effect on the pressure-induced stress. In order to 
keep the bellows strength and maintain its fatigue life, 
the toroid elliptic degree should be reduced greatly in 
manufacturing process, for example, at least lower than 
15%. Becht(6) evaluated the EJMA stress calculations 
for unreinforced bellows. Parametric analyses were 
conducted using linier axisymmetric shell elements. 
The analyses were carried out using commercial code 
finite element analysis. The prediction of meridional 
bending stress due to internal pressure and axial 
displacement were found to be accurate. However, 
prediction of membrane stress was found to deviate 
significantly from the finite element results.           

Some recent works focused on manufacturing 
process of bellows are also found. Faraji et al(7) 
reported evaluation of effective parameters in metal 
bellows forming process. The FEM commercial code 
LS-DYNA has been used and the results were 
compared with experiments. Faraji et al. (5) used a 
commercial FEM code ABAQUS Explicit to simulate 
manufacturing process of metal bellows. The objective 
is to find the optimum design parameters. Kang et al. (6) 
proposed the forming process of various shape of 
tubular bellows using a single-step hydroforming 
process. The conventional manufacturing of metallic 
tubular bellows consists of four-step process: deep 
drawing, ironing, tube bulging, and folding. In their 
study a single step tube hydroforming combined with 
controlling of internal pressure and axial feeding was 
proposed. 

Those reviewed papers show that there are needs for 
rigorous analysis and forming parameters of bellows. It 
is stated that the -shaped bellows have much better 
ability to endure high internal pressure than common 
U-shaped bellows. Their reliability and economy are 
remarkable in higher internal pressure situation(5). As a 
note, there are two types of -shaped bellows are 
usually found, toroidal bellows and conventional 
-shaped bellows. However, in literatures only design 
equations for toroidal bellows are found. In this paper 
the characteristics of stress of conventional -shaped 
of bellows will be analysed numerically. The resulted 
stresses will be compared with those of conventional 
U-shaped bellows and toroidal bellows. 

 
2   METHOD 

 
Geometry of a considered bellows is depicted in 

Fig. 1. In general, it is a tubular with inside diameter of 
bD  and consists of several convolutions. In the figure, 

four convolutions are shown and the bellows pitch is q . 
The shape of the bellows convolution can be divided 
into conventional U-shaped, -shaped, and toroidal 

bellows. These shapes are depicted in Fig. 2. In the 
present work, single ply bellows are only considered. 
 According to EJMA(2), there are five design 
equations usually used in bellows. They are 
circumferential membrane stress due to internal 
pressure (S2), meridional membrane stress due to 
internal pressure (S3), meridional bending stress due to 
internal pressure (S4), meridional membrane stress due 
to deflection (S5), and meridional bending stress due to 
deflection (S6). These design equations will be used in 
this paper.   
 
2.1 Design equations for U-shaped bellows  

The bellows circumferential stress due to internal 
pressure ( P ) is calculated based on equilibrium 
considerations. The equation for bellows 
circumferential membrane stress is: 












qwt

PDS m

/2571.0
1

22             (1) 

where mD is mean diameter of bellows convolutions. It 

is defined as twDD bm  . 

q

t
bD

w

 
Fig. 1 Geometry of Bellows 

 

 
 

Fig. 2 Convolution shapes of bellows 
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The bellows meridional membrane stress due to 
internal pressure is calculated based on the component 
of pressure in axial direction acting on the convolution 
divided by the metal area of root and crown. It is 
calculated by the following equation: 

t
PwS
23         (2) 

The bellows meridional bending stress due to internal 
pressure ( 4S ) is calculated by: 

pCt
wPS

2

4 2






             (3) 

The bellows meridional membrane stress ( 5S ) and 
meridional bending stress ( 6S ) due to deflection ( e ) 
are calculated by the following equations, respectively: 
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where pC , fC , and dC  are the factors to calculate 4S , 
5S and 6S , respectively. They are provided as diagram 

and table in EJMA(2). And bE is Modulus of Elasticity 
of the bellows. 
 
2.2 Design equations for toroidal bellows  

For toroidal bellows, meridional membrane stress 
due to pressure is calculated by: 



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Here r  is mean radius of toroidal bellows convolution 
and mD is the median diameter of bellows convolution.  

Membrane stress of the bellows due to deflection is 
calculated by: 

13

2

5 5.34
B

r
etE

S b             (7) 

The bellows meridional bending due to deflection is 
calculated by: 

226 3.34
B

r
etE

S b             (8) 

1B  and 2B are factors provided in appendix I of 

EJMA(2). 
 
2.3 Numerical simulation  

In this study, ANSYS code is used to carry out 
numerical simulation. Structural solid element 8-node 
Plane183 is employed. Elastic analyses were carried 
out on a full convolution of the bellows with 
axysimmetric model. The computational domain is 
divided into 10 elements in thickness and 500 elements 
in length. The proper number elements test was 
performed, where 800 elements in length was tested. 

The results showed essentially the same. Therefore, the 
model with elements 10500 is used in all analyses. 

In the present analyses, a conventional -shaped 
bellows available in market with nominal diameter 
125A is picked to be analyzed (9). The bellows inside 
diameter is 128 mm with outside diameter of 154 mm, 
thickness of 0.45 mm, pitch of 11.5 mm, and height is 
12.5 mm. The bellows material is made of stainless 
steel SUS 321 with the modulus of elasticity of 193 
GPa and poisson's ratio of 0.3. The model of -shaped 
bellows and its constraints are presented in Fig. 3. In 
the present work, the internal pressure ( iP ) and axial 
deflection are only considered. In Fig. 3, the constraints 
due to internal pressure are only presented. For toroidal 
bellows the radius of the toroidal convolution is 
assumed to be r 5.5 mm.  

 
 

Fig. 3 A convolution computational model and its 
constraints 

 
 

3   RESULTS AND DISCUSSIONS 
 
3.1 Numerical validations 

In order to validate the present numerical method a 
comparison test is performed. Since, solid element is 
used, the stress resulted from FEM is a local stress. 
However, the design equations result in averaged stress. 
Thus, the FEM stresses shown in comparison are the 
linearized one. The meridional membrane stress and 
meridional bending stress due to internal pressure of 
U-shaped bellows and toroidal bellows were calculated. 
The applied internal pressures  are 1 MPa, 1.5 MPa, 
and 2 MPa, respectively. The results are presented in 
Table 1. In the table, the results from analytical 
solutions by EJMA equations are also presented. The 
comparisons show a good agreement. 

The meridional membrane stress and meridional 
bending stress due to axial deflections are presented in 
Table 2. The applied axial deflections are 0.5 mm, 0.75 
mm, and 1 mm, respectively. In the table, the results 
from analytical solution by EJMA equations are also 
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of the bellows. 
 
2.2 Design equations for toroidal bellows  

For toroidal bellows, meridional membrane stress 
due to pressure is calculated by: 













rD
rD

t
rPS

m

m

23              (6) 

Here r  is mean radius of toroidal bellows convolution 
and mD is the median diameter of bellows convolution.  

Membrane stress of the bellows due to deflection is 
calculated by: 

13

2

5 5.34
B

r
etE

S b             (7) 

The bellows meridional bending due to deflection is 
calculated by: 

226 3.34
B

r
etE

S b             (8) 

1B  and 2B are factors provided in appendix I of 

EJMA(2). 
 
2.3 Numerical simulation  

In this study, ANSYS code is used to carry out 
numerical simulation. Structural solid element 8-node 
Plane183 is employed. Elastic analyses were carried 
out on a full convolution of the bellows with 
axysimmetric model. The computational domain is 
divided into 10 elements in thickness and 500 elements 
in length. The proper number elements test was 
performed, where 800 elements in length was tested. 

The results showed essentially the same. Therefore, the 
model with elements 10500 is used in all analyses. 

In the present analyses, a conventional -shaped 
bellows available in market with nominal diameter 
125A is picked to be analyzed (9). The bellows inside 
diameter is 128 mm with outside diameter of 154 mm, 
thickness of 0.45 mm, pitch of 11.5 mm, and height is 
12.5 mm. The bellows material is made of stainless 
steel SUS 321 with the modulus of elasticity of 193 
GPa and poisson's ratio of 0.3. The model of -shaped 
bellows and its constraints are presented in Fig. 3. In 
the present work, the internal pressure ( iP ) and axial 
deflection are only considered. In Fig. 3, the constraints 
due to internal pressure are only presented. For toroidal 
bellows the radius of the toroidal convolution is 
assumed to be r 5.5 mm.  

 
 

Fig. 3 A convolution computational model and its 
constraints 

 
 

3   RESULTS AND DISCUSSIONS 
 
3.1 Numerical validations 

In order to validate the present numerical method a 
comparison test is performed. Since, solid element is 
used, the stress resulted from FEM is a local stress. 
However, the design equations result in averaged stress. 
Thus, the FEM stresses shown in comparison are the 
linearized one. The meridional membrane stress and 
meridional bending stress due to internal pressure of 
U-shaped bellows and toroidal bellows were calculated. 
The applied internal pressures  are 1 MPa, 1.5 MPa, 
and 2 MPa, respectively. The results are presented in 
Table 1. In the table, the results from analytical 
solutions by EJMA equations are also presented. The 
comparisons show a good agreement. 

The meridional membrane stress and meridional 
bending stress due to axial deflections are presented in 
Table 2. The applied axial deflections are 0.5 mm, 0.75 
mm, and 1 mm, respectively. In the table, the results 
from analytical solution by EJMA equations are also 
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presented. The comparisons for U-shaped bellows show 
a good agreement. However, for toroidal bellows the 
analytical solutions show a significant discrepancy. The 
discrepancy caused by the factors 1B  and 2B  
provided by EJMA(2). Thus, further study need to be 
performed to evaluate those factors. This is beyond the 
objective of the present paper.   

In general, the present numerical method show 
good agreement with results by EJMA equations, 
except for the toroidal bellows. Therefore, the method 
can be used to evaluate the characteristics of stress 
distributions in -shaped bellows.        
 
Table 1 Analytic and FEM stresses due to internal 
pressure 

Type of 
Bellows Stress Internal Pressure [MPa] 

1 1.5 2 

U- 
shaped 
bellows 

3S  
(Eq. (2)) 13.889 20.833 27.778

3S  
(FEM) 13.032 19.572 26.137

Ratio 0.938 0.939 0.94 
4S  

(Eq.(3)) 251.00 376.50 502.01

4S  
(FEM) 241.91 360.33 477.7 

Ratio 0.964 0.957 0.952 

Toroidal 
bellows 

3S  
(Eq.(6)) 12.733 19.099 25.466

3S  
(FEM) 13.596 20.366 27.128
Ratio 1.068 1.066 1.065

 
Table 2 Analytic and FEM stresses due to deflection 

Type of 
Bellows Stress Axial Deflection [mm] 

0.5 0.75 1. 

U- 
shaped 
bellows 

5S  
(Eq. (4)) 3.252 4.877 6.503 

5S  
(FEM) 3.389 5.169 7.02 

Ratio 1.042 1.059 1.079 
6S  

(Eq. (5)) 265.66 398.49 531.32 

6S  
(FEM) 239.49 357.85 476.05 

Ratio 0.901 0.898 0.896 

Toroidal 
bellows 

5S  
(Eq. (7)) 7.239 10.858 14.477 

5S  
(FEM) 3.686 5.481 7.254 

Ratio 0.509 0.505 0.501 
6S  

(Eq. (8)) 250.97 376.45 501.94 

6S  
(FEM) 172.65 254.41 333.71 

Ratio 0.688 0.677 0.665 
 

3.2 Comparison of design stresses of all bellows 
The present numerical method are now used to 

evaluate characteristics of stress for all bellows. The 
first comparison is meridional membrane stress due to 
internal pressure. The applied internal pressures are 1 
MPa, 1.5 MPa, and 2 MPa, respectively. The results are 
presented in Fig. 4. The figure shows that meridional 
membrane stress in -shaped bellows is lower than in 
toroidal bellows, but same value as U-shaped bellows.  

 
 

Fig. 4 Meridional membrane stresses due to internal 
pressure 

 
The comparisons of meridional bending stress of 

all considered bellows due to internal pressure are 
presented in Fig. 5. The figure shows that meridional 
bending stresses are higher than meridional membrane 
stresses. This suggests that meridional bending stress is 
more destructive than meridional membrane stress. The 
meridional bending stress of -shaped bellows is lower 
than U-shaped bellows, but it is higher than toroidal 
bellows.   

 

 
Fig. 5 Meridional bending stresses due to internal 

pressure 
 

The comparisons of meridional membrane stress of 
all considered bellows due to axial deflection are 
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presented in Fig. 6. The applied axial deflections are 
0.5 mm, 0.75 mm, and 1 mm, respectively. The figure 
shows that meridional membrane stress in -shaped 
bellows is lower than in toroidal and U-shaped bellows.  
 

 
 

Fig. 6 Meridional membrane stresses due to axial 
deflection 

 
The comparisons of meridional bending stress of 

all bellows due to axial deflection are presented in Fig. 
7. Here, the meridional bending stresses are higher than 
meridional membrane stresses. This also suggests that 
meridional bending stress is more destructive than 
meridional membrane stress. The figure shows that 
meridional bending stress of -shaped bellows is lower 
than U-shaped bellows, but it is higher than toroidal 
bellows.   
 

 
 

Fig. 7 Meridional bending stresses due to axial 
deflection 

 
 Those comparisons reveal that the most 

destructive stress in bellows due to internal pressure 
and axial deflection is meridional bending stress. 
Furthermore, for both internal pressure and axial 
deflections the meridional bending stress of -shaped 

bellows is lower than U-shaped bellows, but it is higher 
than toroidal bellows. Thus, -shaped bellows is 
expected to have longer operational life than U-shaped 
bellows.    
   
3.3 Stress distributions due to internal pressure  
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Fig. 8 Axial Stress distribution of U-shaped bellows 

due to internal pressure of 2 MPa  
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Fig. 9 Axial Stress distribution of toroidal bellows due 

to internal pressure of 2 MPa 
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Fig. 10 Axial Stress distribution on -shaped bellows 

due to internal pressure of 2 MPa 
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presented in Fig. 6. The applied axial deflections are 
0.5 mm, 0.75 mm, and 1 mm, respectively. The figure 
shows that meridional membrane stress in -shaped 
bellows is lower than in toroidal and U-shaped bellows.  
 

 
 

Fig. 6 Meridional membrane stresses due to axial 
deflection 
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Fig. 7 Meridional bending stresses due to axial 
deflection 
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Fig. 8 Axial Stress distribution of U-shaped bellows 

due to internal pressure of 2 MPa  
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Fig. 9 Axial Stress distribution of toroidal bellows due 

to internal pressure of 2 MPa 
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Fig. 10 Axial Stress distribution on -shaped bellows 

due to internal pressure of 2 MPa 
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 The axial stress distributions in the bellows due 
to internal pressure of 2 MPa for U-shaped, -shaped, 
and toroidal bellows are presented in Fig. 8, Fig. 9, and 
Fig. 10, respectively. It can be said that U-shaped and 
-shaped bellows show the similar distribution but 
they are different from toroidal bellows. In the 
U-shaped and -shaped bellows, the maximum axial 
stress takes place on the crown part. In the toroidal one, 
it takes places on the root part. 
 
3.4 Stress distributions due to axial deflection 

The axial stress distributions in the bellows due to 
axial deflection of 1 mm for U-shaped, -shaped, and 
toroidal bellows are presented in Fig. 11, Fig. 12, and 
Fig. 13, respectively. Those figures show that there is 
no significant different from all bellows.    
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Fig. 11 Axial Stress distribution on U-shaped bellows 

due to axial deflection of 1 mm 
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Fig. 12 Axial Stress distribution on toroidal bellows 

due to axial deflection of 1 mm 
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Fig. 13 Axial Stress distribution on -shaped bellows 
due to axial deflection of 1 mm 

 
 

4   CONCLUSSIONS 
 

The numerical study on characteristics of stress in 
-shaped bellows has been performed. The design 
stresses and distributions are compared with U-shaped 
and toroidal bellows. The main conclusion is that the 
most destructive stress in bellows due to internal 
pressure and axial deflection is meridional bending 
stress. Furthermore, for both internal pressure and axial 
deflections the meridional bending stress of -shaped 
bellows is lower than U-shaped bellows, but it is higher 
than toroidal bellows. Thus, -shaped bellows is 
expected to have longer operational life in comparison 
with U-shaped bellows.   
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1   INTRODUCTION 

 
Elastomers are widely used in various applications 

because of their excellent characteristics such as low 
elasticity, insulation performance and flexibility. 
Because usual elastomer parts are mass production 
consumables, molding is adapted to fabricate elastomer 
parts. However, small lot fabrication of elastomer parts 
are required to realize variational products development 
like personalized products, innovative products 
development and so on. In order to achieve agile 
fabrication of elastomer parts, endmilling of elastomer 
recently begins to attract much attention. 

In the former researches for elastomers machining, 
machining error is one of the most important problem 
(1)-(3). Therefore, error modeling of elastomer 
endmilling is expected to be a basic knowledge for 
accurate parts fabrication of elastomer parts. 

In the conventional metal endmilling, cutting force 
during the endmilling is one of the dominant factors to 
machining error. Cutting force causes workpiece 
deformation and machine tool deflection. Because most 
elastomers have low rigidity, relationships between the 

cutting force and machining error are considered as 
fundamental characteristics. In this research, 
two-dimensional endmilling with straight edge 
endmills are investigated as an elementary step to 
model the relationship. Machining experiments are 
designed and executed to investigate how the cutting 
force affects the machining error. 

 
2   MACHINING ERROR IN ELASTOMER 

ENDMILLING 
 
Figure 1 shows an example of standard endmilling 

process. As illustrated in Fig. 1, a trajectory of endmill 

Experimental investigation of machining error  
in elastomer endmilling 
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This paper deals with fundamental investigation for machining error in elastomer endmilling. In the 
conventional metal machining, cutting force during endmilling is one of the most important factors to 
machining error. Because of low-rigidity of elastomers, influence of cutting force may be more 
important. Therefore, relationship between the cutting force and machining error is investigated. 
From the experimental results, it becomes clear that cutting forces affect to the machining error only 
in the down cut machining.  
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Fig. 2 Machining experiments 

is copied to the workpiece as a machined surface. 
Therefore, macroscopic workpiece deformation during 
the machining process affects machining error directly. 
Low rigidity workpiece like elastomers are easy to 
deform. In this way, workpiece deformation during the 
machining process is an important phenomenon. 
Because of this reason, workpiece deformation during 
the machining process has been investigated.  

In order to investigate the effect of workpiece 
deformation, cutting forces in error evaluation direction 
are measured. Then, correlation between measured 
cutting forces and machining error has been evaluated.  

Because workpiece deformation is caused by both of 
fixturing force and cutting force, it is desirable to 
separate the effects by fixturing and the effects by 
cutting force individually. In order to reduce influences 
of workholding and to clarify the datum plane, the 
elastomers are attached to the metallic base. We handle 
both of the elastomers and the base as a unit workpiece. 

 
3   MACHINING EXPERIMENT 

 
In order to investigate the machining error of 

elastomer endmilling, 16 cases of machining conditions 
are designed as listed in Table.1. Because it is well 
known that a feed rate of endmill affects cutting force 
significantly, four levels of feed rate are determined for 
machining experiments. Furthermore, workpiece 
deformation is significantly affected by the workpiece 
rigidity. Therefore, two levels of work thickness are 
prepared in order to evaluate the effect of workpiece 
deformation. Finally, both of up cut machining and 
down cut machining are evaluated because it is also 
well-known that there are big differences between up 
cut machining and down cut machining. 

In this experiment, we conducted machining with 
straight edge end-mill for urethane rubber (hardness: 90 
degree). Figure 2 illustrates schematic diagram of the 
machining experiments. Urethane workpiece is glued to 
the metallic base and the bases are fixed to the 
dynamometer.  

After the machining experiments, workpiece as a 
unit is released from the dynamometer and set on 
measuring equipment. Then, machined elastomers are 
measured by scanning laser displacement sensor. The 
surface of the base is used as the reference surface of 
measurement. From the height data of machined 
surface, machining error is estimated. 

 

4   RESULTS AND DISCUSSION 
 

4.1 Results 
As representing values of cutting force and 

machining error, three areas of machined surfaces are 
picked up (Area 1 and Area 3: about 2mm from the 
edge of workpiece, Area 2: center of workpiece). 
Maximum values of machining error and cutting force 
at selected areas are summarized. Concerning the 
cutting force, only normal direction(Y direction) of 
machined surface is evaluated.  

Figure 4 and Fig.5 show cutting force of each feed 
rate. Average value, maximum value and minimum 
value of Y direction cutting force for ten times rotation 
at selected areas are illustrated. Cutting forces in down 
cut machining is more influenced by feed rate than up 
cut machining. There is no clear tendency about the 
change of work thickness. 

 
Fig. 3 Measurement of workpiece 

Table 1 Machining conditions 

Cutting direction Up cut Down cut

Revolution[rpm] 4000

Feed rate[mm/min] 40 80 120 160

Depth of cut[mm] 5

Width of cut[mm] 1

Work thickness(WT)[mm] WT=10 WT=20
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Figure 6 and Fig.7 show measured machining error 
by up cut machining and down cut machining 
respectively. At cases of work thickness 10mm of up 
cut machining, some machined workpiece slipped from 
the base. Therefore, the data of feed rate 40 mm/min 
and 160mm/ min are eliminated. Figure 6 shows 
machining error with up cut machining. The results do 
not show clear tendency. On the contrary, Fig.7 shows 
weak linearity is observed. Because of the limitation of 
data quantity, it is hard to induce influence of work 
thickness to the machining error. 

Because the deformation of the workpiece in Y 
direction is a simple model of machining error directly, 
relationships between the maximum machining error 
and maximum cutting force of Y components at 
selected areas are summarized in Fig. 8 and Fig.9. 
These figures illustrate the results of up cut machining 
and down cut machining, respectively.  

 
4.2Discussions 

Different tendencies are obtained between down cut 
machining and up cut machining. In down cut 
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Fig. 5 Cutting force in down cut machining 
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Fig. 4 Cutting force in up cut machining 
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Fig. 6 Measured machining error (Up cut) 
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Fig. 7 Measured machining error (Down cut) 
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Fig. 8 Relationship between cutting force and 

  

-100

0

100

200

300

0 20 40 60 80

er
ro

r［
μm

］

Error direction force［N］

Down cut

10mm

20mm
WT=10mm
WT=20mm
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machining, positive correlations between the machining 
error and maximum cutting force are observed except 
the several cases. On the other hand, no correlation 
between cutting force and machining is observed in up 
cut machining. These results indicate the workpiece 
deformation caused by Y component cutting force 
could be a dominant factor of machining error only in 
down cut machining. 

Furthermore, it has become clear that there are 
different error generation mechanisms between up cut 
machining and down cut machining.  

A possible reason is effects of X component cutting 
force. As shown in the Fig.10, in the down cut 
machining, maximum cutting force is generated at the 
beginning of the cutting which may cause less X 
component cutting force. On the contrary, maximum 
cutting force in the up cut machining is generated at the 
end of cutting which may cause larger X component 
cutting force. This difference may affect the workpiece 
behaviors. 

Cutting edge

Workpiece

Cutting area

Cutting edge

Workpiece

Cutting area

(a) Up cut machining (b) Down cut machining

Moving direction Moving direction

Fig. 10 Cutting situations at maximum cutting force  
 
Finally, there is an error that cannot be explained 

because of machining error from static global elastic 
deformation. Irregular chip separation and / or effects 
dynamic vibration should be investigated in order to 
predict the machining error of up cut machining. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5   CONCLUSION 
 

By using the straight edge endmill, basic tendencies 
of machining error in elastomer endmilling have been 
observed. From the experiment, it has become clear 
there are different error generation mechanisms 
between up cut machining and down cut machining. 
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1   INTRODUCTION 

There is an increasing demand on developing 
autonomous mobile robots for fieldwork such as a mine 
detection robot (1) , a robot which performs the cleanup 
activity of a nuclear power plant (2), an under-water 
robot (3), a planetary exploration robot (4), a rescue robot
(5)  and so on.  
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and developed several devices for throttle control, 
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wire-winding steering system (7). In the study of 
autonomous vehicles using ATV, there is a UV 
(Unmanned Vehicle) project (8). This project adopts 
drive-by-wire and steer-by-wire system. The steering 
system requires heavy customization. The 
wire-winding system can be easily attached or detached.
When loosening the wire, drivers can interrupt the 

autonomous driving. 
In present automobile, many micro computers are 

employed and CAN bus networks are widely 
introduced. In the field of robotics, the CAN bus 
networks are utilized recently. In the study of 
RT-Middleware (9), a CAN bus is introduced. However, 
implementing RT component on our ATV is not easy.
Therefore we constructed a handmade CAN bus using 
microcontroller interfaces. The ATV has an automotive 
network using a CAN bus. Each device is connected to 
the CAN bus which has become possible to 
communicate with each of the data required for control.
In addition, a constant-speed driving has been achieved 
in the speed control system. 

In this paper, we introduce the CAN bus network to 
the autonomous ATV for the distributed control system, 

Development of the sensor and actuator node device
for an autonomous ATV

Makoto KOBAYASHI*, Yuuta TOCHIKUBO*, Jun DAI*, and Naohiko HANAJIMA**

(Received 9 April 2012, Accepted 17 January 2013)

This paper addresses the development of sensor and actuator node device for an autonomous All 
Terrain Vehicle (ATV). Generally, the present field survey activities are performed by manual labors. 
The range of the field survey tends to be vast; therefore a lot of labors are needed. To realize the 
investigation of the environment with less manned labors, we add the functionality for automation to 
the ATV. In this paper, we introduce the CAN bus network to the autonomous ATV for the 
distributed control system, and construct the steering angle control system of the ATV and evaluated 
it.

Keywords : Environmental investigation All Terrain Vehicle Steering device CAN

Mem. Muroran Inst. Tech.,62(2012)59 65

- 59 -

特　　　集Mem. Muroran Inst. Tech., 62(2012) 59~65



－　60　－

and construct the steering angle control system of the 
ATV and evaluated it. 

2 CONFIGULATION OF THE ATV 

2.1 Devices on the ATV 
 Figure 1 shows the ATV under developing in our 

laboratory. The base ATV (Suzuki Vinson LT-A500) 
has 493 cc SOHC engine, V-belt CVT automatic 
transmission with high/low range, and 2WD or 4WD 
modes. The body has two careers at the front and rear. 
Devices for autonomous running are installed on the 
front carrier. 

A generator on the rear supplies AC 100 Volts for the 
devices on the front carrier. The steering device, motor 
driver, D-GPS, LIDAR sensor, gyro orientation sensor, 
terminal PC, microcomputer board, and so on are 
installed in the aluminum frame and the device 
protective cover on the front carrier.  Rotary encoders 
mounted to rear wheel axis and the steering axis enable 
to measure the vehicle speed and the steering angle, 
respectively. Speed control device and brake control 
device on the left and right handle bar are attaced. The 
space on the rear carrier is reserved for the future 
development of environmental measurement 
equipments. 
2.2 Steering system 

Figure 2 shows the wire-winding steering system. In
a wire-winding device, a DC-motor rotates the 
wire-winding shaft as shown in Figure 2(a). Two 
winding devices are attached to a both side of the 
aluminium frame as shown Figure 2(b). The winding 
devices and the handlebar ends are connected by wires. 
Winding one side of the wire gives a steering torque to 
the handle. Therefore, when steering, one motor winds
one wire and the other loosens the other wire. 

2.3 Control network 
Figure 3 shows an automotive network before the 

introduction of CAN bus. In this network, all the 
control information is concentrated in the PC. In case 
of adding a new device, the PC needs to be provided a 
specific interface for the device and it increases the 
load of the PC. Therefore, a CAN bus is introduced in 
order to distribute the processing load.  

The features of CAN bus is high reliability, such as 
the determination of the multiple error detection 
elements, the judgment at the time of the error, and 
processing. Moreover, high-speed communication of 
up to 1 [Mbps] is available. It adopts a bus network 
topology so that wire-saving is possible compared to 
Figure 3. 

Figure 4 shows the current automotive CAN bus 
network (ISO 11898 standard, baud rate: 125[kbps]) on 
the developing autonomous ATV. The sensor and 
control nodes are interface devices for the CAN bus,
and consist of Cypress's PSoC CY8C3866-068,
Microchip's PIC18F2580, PIC18F4580 and 
dsPIC30F6012A. The main controller 
(dePIC30F6012A) takes a role of calculation of the 
feedback control law.  In the sensor nodes, PICs count 
the pulses from encoders and PSoCs manage A/D
conversion. In the control nodes, a PIC manages the 
servo motor control (PWM output) of the throttle, and a
PSoC the control of steering device. The main 
controller receives all sensor data, calculates and sends 
control commands to control nodes. Sub-controller 
performs the collection of data from the CAN bus and 
records the result on terminals, such as a PC. The PC 
transmits the control commands to the main controller. 

From the next section, we describe the introduction 
of the CAN bus in the steering angle control system. 

3   CONFIGURATION OF CONTRL DEVICE 

3.1 PSoC 
The PSoC (Programmable System-on-Chip) is a 
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records the result on terminals, such as a PC. The PC 
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microcontroller developed by Cypress Semiconductor. 
The integrated circuit of PSoC is composed of a core 
processor and configurable analog and digital blocks. 
Figure 5 shows a part of the program screen of PSoC. 
DA converter, Op-Amp, and CAN interface are shown. 
Integration of various analog and digital blocks realizes 
the sets of requred features. 

In the steering control system shown in Figure 4, the 
PSoC devices (PSoC3 TEST BOARDs (IT Shop 
Etcetra, with CY8C3866-068)) are used to control the 
wire-winding steering system and to measure the wire 
tensions.  
3.2 Steering device control node 

Figure 6 shows the steering devices control node and 
motor drivers on a board. These are mounted in the 
aluminum frame of the ATV. The steering device
control node was developed using the PSoC. It receives 
the control commands from the main controller through 
the CAN bus, and outputs directive voltages to the 
motor drivers (Sawamura Denki, SS40E6-E-L2-10
(24V)) in order to control the right and left
wire-winding devices.

Figure 7 shows the flow of the control. The main 
controller sends control commands to the control node. 
According to the control commands, the PSoC outputs 
the directive voltages to the motor drivers. Then, the 
motor drivers operate the wire-winding devices. 

3.2.1 D/A converion and CAN communication 
The PSoC device receives control commands in 8-bit 

digital data from the main controller through the CAN 
bus, and converts it to analog directive voltages to each 
motor driver. The directive voltage range to the motor 
driver is DC±10V. However, the PSoC voltage range is 
from 0[V] to +4.096[V]. Therefore, a level conversion 
circuit is developed and installed. Figure 8 shows the 
relationship between directive voltage and control 
command. We can estimate the directive voltage using 
the relationship. 

3.2.2 Setting of the motor driver 
Two motor drivers are mounted in order to operate 

the winding device of the left and right respectively. We 
have set the control mode of the both motor drivers to 
the current control, and tune the current limit trimmers 
so that each maximum wire tension is 200[N]. 

Figure 9 and Figure 10 show the relationship 
between the directive voltage and the actual wire 

 
Fig.5 An example of PSoC’s component design

   
Fig.6 Electrical device for the steering control 

 
Fig.7 Structure and data flow of steering control

 
Fig.8 Relation between received command (digital) 

and directive voltage (analog)

 
Fig.9 Left wire tension due to motor directive voltage

 
Fig.10 Right wire tension due to motor directive voltage 
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tension. There are the deflections of ±10% in each wire 
tension. 
3.3 Wire tension measurement node 

A wire tension measurement node obtains A/D 
converted value of the wire tension measured by the 
PSoC. 

Figure 11 shows the wire tension sensor installed at 
the end of each wire. The sensor consists of a load cell 
(Measurement Specialties, ELFE-T4M-250N/Z1/AMP), 
a handlebar attachment and a wire connector. The 
handle attachment is fixed by tightening the bolt. The 
sensor is fixed in each handlebar, and the wire is 
connected so that the wire tension is applied to the load 
cell. The electrical signal from the load cell is 
connected to the sensor node. Its voltage of 0 [V] ~ 5 
[V] corresponds output according to the tension of 0[N]
~200[N]. 

 Figure 12 shows the flow of the measurement. The 
PSoC measures the wire tension by 14-bit A/D 
conversion of the voltage. The measured tension is 
transmitted to the main controller through the CAN bus. 
In this way, the main controller can get the wire 
tensions required to control the steering angle. 

3.4 Waterproofing and dustproof case 
The various devices on the ATV need to be protected

for use in the outdoor environment.The steering device 
control nodes have been already mounted in the device 

protective cover on the front carrier.  
However, the tension measurement nodes are 

installed out of the front device protective cover. Then, 
we decided to store the node in a sealed aluminum box 
as shown in Figure 13. Moreover, the waterproof 
connectors are attached for wiring. The cable for wiring 
is composed of a 5 [V] power supply line, a ground line, 
and a CAN bus line.  

4   FUNCTIONAL EVALUATION 

4.1 Control system 
Figure 14 shows the block diagram of the steering 

angle control. It is used for the portion of the wire 
tension control constituted from the foregoing 
paragraph.  is the steering angle, is the steering 
torque,  is the wire tension,  indicates the target 
value,  and  indicate right and left device 
associated with the steering device respectively. The 
inner loop is composed of the wire tension controller 

 and . The outer loop is composed of steering 
angle controller . The PID controllers are used for 
these controllers. A target steering torque  is 
calculated in  and converted into the wire tensions 
of the steering devices. To increase the holding force of 
the handle, the the offset tensions (preliminary 
tensions) ,  are added to the wire tensions and we 
obtain the target value , . Then the deviation of 

and , and  are input to , and 
respectively, and the motor torques ,  are output. 
4.2 Test bed 

We evaluated the feature of the steering angle control 
system before installing a real machine. Figure 15 
shows the test bed (10), and Figure 16 does its schematic 
view. The winding devices and the handlebar are fixed 
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box
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on the wooden board. The handlebar is rotated by the 
wire-winding device. The rotation angle of the handle 
is measured by the encoder. 
4.3 Estimating the transfer function 

We estimated the transfer function of the 
wire-winding device by using the step response method. 

We loosen the wire to set the wire tension 0 [N], and 
measure the change of the wire tension when the step 
input of directive voltage is given to the motor driver. 
The directive voltage to the motor driver is increased 
from 0 [V] to 3.5[V] by 0.5[V] step.

The following equation (1) shows the transfer 
function approximated by the second-order system, 
where ωn is eigen frequency, ζ is damping coefficient. 

Figure 17 and Figure 18 shows the step responses by 
the experiment of the steering device. The parameters 
ωn and ζ can be identified from the step response 
method as shown in Table 1. 

Table 1 Estimated parameters of the second-order 
system 

ωn ζ
Right winding motor 2.49 0.69
Left winding motor 2.61 0.71

The relationship of the motor torque of the steering 
device and the output wire tension is represented by the 
equation (2) and (3), where  is an estimated 
transfer function of the right device,  the left 
device. 

 

4.4 Wire tension control experiment 
We conducted the experiment to add the preliminary 

tension to the left and the right wires. The 
corresponding parts in Figure 14 are closed loops of 

 and . At first the steering device is controlled 
at the constant wire winding speed 50 [mm/s]. After 
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tension. There are the deflections of ±10% in each wire 
tension. 
3.3 Wire tension measurement node 

A wire tension measurement node obtains A/D 
converted value of the wire tension measured by the 
PSoC. 

Figure 11 shows the wire tension sensor installed at 
the end of each wire. The sensor consists of a load cell 
(Measurement Specialties, ELFE-T4M-250N/Z1/AMP), 
a handlebar attachment and a wire connector. The 
handle attachment is fixed by tightening the bolt. The 
sensor is fixed in each handlebar, and the wire is 
connected so that the wire tension is applied to the load 
cell. The electrical signal from the load cell is 
connected to the sensor node. Its voltage of 0 [V] ~ 5 
[V] corresponds output according to the tension of 0[N]
~200[N]. 

 Figure 12 shows the flow of the measurement. The 
PSoC measures the wire tension by 14-bit A/D 
conversion of the voltage. The measured tension is 
transmitted to the main controller through the CAN bus. 
In this way, the main controller can get the wire 
tensions required to control the steering angle. 

3.4 Waterproofing and dustproof case 
The various devices on the ATV need to be protected

for use in the outdoor environment.The steering device 
control nodes have been already mounted in the device 

protective cover on the front carrier.  
However, the tension measurement nodes are 

installed out of the front device protective cover. Then, 
we decided to store the node in a sealed aluminum box 
as shown in Figure 13. Moreover, the waterproof 
connectors are attached for wiring. The cable for wiring 
is composed of a 5 [V] power supply line, a ground line, 
and a CAN bus line.  

4   FUNCTIONAL EVALUATION 

4.1 Control system 
Figure 14 shows the block diagram of the steering 

angle control. It is used for the portion of the wire 
tension control constituted from the foregoing 
paragraph.  is the steering angle, is the steering 
torque,  is the wire tension,  indicates the target 
value,  and  indicate right and left device 
associated with the steering device respectively. The 
inner loop is composed of the wire tension controller 

 and . The outer loop is composed of steering 
angle controller . The PID controllers are used for 
these controllers. A target steering torque  is 
calculated in  and converted into the wire tensions 
of the steering devices. To increase the holding force of 
the handle, the the offset tensions (preliminary 
tensions) ,  are added to the wire tensions and we 
obtain the target value , . Then the deviation of 

and , and  are input to , and 
respectively, and the motor torques ,  are output. 
4.2 Test bed 

We evaluated the feature of the steering angle control 
system before installing a real machine. Figure 15 
shows the test bed (10), and Figure 16 does its schematic 
view. The winding devices and the handlebar are fixed 
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on the wooden board. The handlebar is rotated by the 
wire-winding device. The rotation angle of the handle 
is measured by the encoder. 
4.3 Estimating the transfer function 

We estimated the transfer function of the 
wire-winding device by using the step response method. 

We loosen the wire to set the wire tension 0 [N], and 
measure the change of the wire tension when the step 
input of directive voltage is given to the motor driver. 
The directive voltage to the motor driver is increased 
from 0 [V] to 3.5[V] by 0.5[V] step.

The following equation (1) shows the transfer 
function approximated by the second-order system, 
where ωn is eigen frequency, ζ is damping coefficient. 

Figure 17 and Figure 18 shows the step responses by 
the experiment of the steering device. The parameters 
ωn and ζ can be identified from the step response 
method as shown in Table 1. 

Table 1 Estimated parameters of the second-order 
system 

ωn ζ
Right winding motor 2.49 0.69
Left winding motor 2.61 0.71

The relationship of the motor torque of the steering 
device and the output wire tension is represented by the 
equation (2) and (3), where  is an estimated 
transfer function of the right device,  the left 
device. 

 

4.4 Wire tension control experiment 
We conducted the experiment to add the preliminary 

tension to the left and the right wires. The 
corresponding parts in Figure 14 are closed loops of 

 and . At first the steering device is controlled 
at the constant wire winding speed 50 [mm/s]. After 
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tension. There are the deflections of ±10% in each wire 
tension. 
3.3 Wire tension measurement node 

A wire tension measurement node obtains A/D 
converted value of the wire tension measured by the 
PSoC. 

Figure 11 shows the wire tension sensor installed at 
the end of each wire. The sensor consists of a load cell 
(Measurement Specialties, ELFE-T4M-250N/Z1/AMP), 
a handlebar attachment and a wire connector. The 
handle attachment is fixed by tightening the bolt. The 
sensor is fixed in each handlebar, and the wire is 
connected so that the wire tension is applied to the load 
cell. The electrical signal from the load cell is 
connected to the sensor node. Its voltage of 0 [V] ~ 5 
[V] corresponds output according to the tension of 0[N]
~200[N]. 

 Figure 12 shows the flow of the measurement. The 
PSoC measures the wire tension by 14-bit A/D 
conversion of the voltage. The measured tension is 
transmitted to the main controller through the CAN bus. 
In this way, the main controller can get the wire 
tensions required to control the steering angle. 

3.4 Waterproofing and dustproof case 
The various devices on the ATV need to be protected

for use in the outdoor environment.The steering device 
control nodes have been already mounted in the device 

protective cover on the front carrier.  
However, the tension measurement nodes are 

installed out of the front device protective cover. Then, 
we decided to store the node in a sealed aluminum box 
as shown in Figure 13. Moreover, the waterproof 
connectors are attached for wiring. The cable for wiring 
is composed of a 5 [V] power supply line, a ground line, 
and a CAN bus line.  

4   FUNCTIONAL EVALUATION 

4.1 Control system 
Figure 14 shows the block diagram of the steering 

angle control. It is used for the portion of the wire 
tension control constituted from the foregoing 
paragraph.  is the steering angle, is the steering 
torque,  is the wire tension,  indicates the target 
value,  and  indicate right and left device 
associated with the steering device respectively. The 
inner loop is composed of the wire tension controller 

 and . The outer loop is composed of steering 
angle controller . The PID controllers are used for 
these controllers. A target steering torque  is 
calculated in  and converted into the wire tensions 
of the steering devices. To increase the holding force of 
the handle, the the offset tensions (preliminary 
tensions) ,  are added to the wire tensions and we 
obtain the target value , . Then the deviation of 

and , and  are input to , and 
respectively, and the motor torques ,  are output. 
4.2 Test bed 

We evaluated the feature of the steering angle control 
system before installing a real machine. Figure 15 
shows the test bed (10), and Figure 16 does its schematic 
view. The winding devices and the handlebar are fixed 
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reaching the target preliminary wire tension 20 [N] by 
winding the wire, it switches to the tension control. 

The experimental results are shown in Figure 19. The 
graph shows the change of the wire tension and the 
winding speed. At first, the both motor speeds are kept 
around 50[mm/s], and the both wire tensions raise up to 
20[N]. After 6 seconds, they are kept to the preliminary 
tension of 20[N]. From this experiment, we confirmed 
that it is possible to control the wire tension using the 
developed control system on the test bed. 
4.5 Steering angle control experiment 

We conducted the steering angle control experiment. 
The target steering angle 10 [deg] in the step input is 
given after adding a preliminary tension 20 [N] to the 
left and the right wires. The experimental results are 
shown in Figure 20. These graphs show the change of
the wire tension and the steering angle. The graphs 
show the steering angle converges to the target angle. 
These experimental results show that the developed
steering control system properly works on the test bed. 

5   DRIVING TEST 

We installed the developed system and devices on
the ATV and conducted the steering control experiment 
at the constant speed running.  

The experiment was conducted in two kinds of fields, 
grass field and gravel field. The grass field is a certain 
flat place without the obstacle, and weeds grow thickly 
there. The gravel field has few weeds with low length. 
The experimental procedure is as follows. The ATV 
starts with the target constant speed of 5 [km/h].
When 10 seconds have past, the target steering angle is
commanded to the steering control system. The 
whole data is recorded in the meantime.

Figure 23 shows the experimental results of the grass 
field. The actual steering angle is delayed from the 
target steering angle. It is considered that it would be 

affected by the self-aligning torque, the loss of the 
friction between the wire and the wire outer, and the 
loss of the friction between the tires and the ground 
surface. It seems that the output power of the steering 
device is insufficient since the wire tension is about to 
reach the maximum tension 150 [N]. 

Figure 24 shows the experimental results of gravel 
field. Compared with the experimental result of Grass 
field, it can be confirmed that the actual steering angle 
follows the target steering angle well. The steering 
torque tends to be lower than the grass field. It is 
considered that the land has less weed and friction 
between the tires and ground would be lower. 
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Fig.23 Steering angle control result at grass field

Fig.20 Steering angle control result at gravel 
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reaching the target preliminary wire tension 20 [N] by 
winding the wire, it switches to the tension control. 

The experimental results are shown in Figure 19. The 
graph shows the change of the wire tension and the 
winding speed. At first, the both motor speeds are kept 
around 50[mm/s], and the both wire tensions raise up to 
20[N]. After 6 seconds, they are kept to the preliminary 
tension of 20[N]. From this experiment, we confirmed 
that it is possible to control the wire tension using the 
developed control system on the test bed. 
4.5 Steering angle control experiment 

We conducted the steering angle control experiment. 
The target steering angle 10 [deg] in the step input is 
given after adding a preliminary tension 20 [N] to the 
left and the right wires. The experimental results are 
shown in Figure 20. These graphs show the change of
the wire tension and the steering angle. The graphs 
show the steering angle converges to the target angle. 
These experimental results show that the developed
steering control system properly works on the test bed. 

5   DRIVING TEST 

We installed the developed system and devices on
the ATV and conducted the steering control experiment 
at the constant speed running.  

The experiment was conducted in two kinds of fields, 
grass field and gravel field. The grass field is a certain 
flat place without the obstacle, and weeds grow thickly 
there. The gravel field has few weeds with low length. 
The experimental procedure is as follows. The ATV 
starts with the target constant speed of 5 [km/h].
When 10 seconds have past, the target steering angle is
commanded to the steering control system. The 
whole data is recorded in the meantime.

Figure 23 shows the experimental results of the grass 
field. The actual steering angle is delayed from the 
target steering angle. It is considered that it would be 

affected by the self-aligning torque, the loss of the 
friction between the wire and the wire outer, and the 
loss of the friction between the tires and the ground 
surface. It seems that the output power of the steering 
device is insufficient since the wire tension is about to 
reach the maximum tension 150 [N]. 

Figure 24 shows the experimental results of gravel 
field. Compared with the experimental result of Grass 
field, it can be confirmed that the actual steering angle 
follows the target steering angle well. The steering 
torque tends to be lower than the grass field. It is 
considered that the land has less weed and friction 
between the tires and ground would be lower. 
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Fig.20 Steering angle control result at gravel 
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