
7 days on August 4th through 10th. The lower graph 
compares occupant’s sensation vote with PMVs derived 
from the temperature and humidity. These data change 
with the cycle of 1 day. Figure 7 shows the data on Aug. 
5th. This result shows not all sensation votes correspond 
to PMVs. Even the large difference between vote and 
PMV can be found. Some votes are -2 ('cool') although 
PMVs indicate 1 ('slightly warm') to 2 ('warm'), for 
instance. Thus the air-conditioning control based on such 
index as PMV does not always function sufficiently. 
Moreover, omitting air-conditioning at that thermal 
situation are expected to avoid energy waste. For this 
purpose, it is necessary to predict occupant’s sensation 
correctly even though the difference between vote and 
PMV arises from individual difference. 
 
6.2 Prediction of occupant’s request 
  Occupant’s request is predicted using Bayesian- 
network-based method mentioned before. In this paper, 
we assume that occupant’s request is directly linked to 
occupant’s vote. 'Hot' and 'Cold' correspond to 'D' and 'U' 
respectively. However, note that not all sensation votes 
correspond to thermal indices like PMV.  
   Figure 8 shows the correlation between the 
occupant’s request and prediction results during the term. 
Figure 8(b) compares occupant’s actual requests with 
PMV-based request predictions. Several predictions are 
reasonable, however, they do not always correspond to 
the actual occupant’s request. Correct answer rate is 
43.4%. Figure 8(c) shows the prediction result by using 
our proposed method mentioned before. In this case, 
53.9% of predictions correspond to actual requests. 
These predictions are derived from only temperature for 
the sake of simplicity, but human-thermal sensation is 
affected by other thermal values. Our proposed method 
could be quite easily extended to multi-sensor use to 
solve this problem. Figure 8(d) shows the prediction 
result using two sensor values, temperature and humidity. 
The result shows the best performance, 64.5%, of the 
three. 

 
6.3 Discussion 
  The main findings of experiments were as follows. 
First, conventional thermal indices did not always 
correspond to actual sensation votes. Because most 

thermal indices were built for some special static thermal 
environment. Therefore, not all occupant’s votes are 
predicted by using the indices. Second, our proposed 
method could predict the occupant’s actual sensation vote 
more precisely than PMV-based prediction using just one 
sensor value, as probability distribution based on the 
actual sensation votes was defined. Finally, two-sensor 
predictions showed the best performance. Our proposed 
method can easily be applied to multi-sensor system. 
 

7 Conclusion 
  This paper proposed BN-based air-conditioning 
controller design considering of occupants requests. To 
show our basic concept and detailed procedure, the 
structure of Bayesian networks for this application was 
described. Then, probability tables which present the 
probabilistic distribution of occupant’s requests at each 
temperature width were shown. After that, using an 
example case, we described detailed procedure of our 
framework. How to predict occupant’s requests and how 
to update probability tables were shown in detail. Finally, 
we confirmed our proposed method discussing our 
experimental results. Our method enables to predict how 
an occupant wants to operate switches on the air-
conditioner control panel in certain thermal environment 
using the Bayesian networks. 
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Abstract 
This paper presents experimental and simulational 
results of a cart with an active controlled caster to 
reduce the cart crashes and vibrations. First the active 
controlled caster is introduced, which has a mechanical 
low-crash structure based on the idea of center of 
percussion. Next the dynamical model of the cart with 
the caster is derived to study the caster control for the 
low crashes and vibrations. Then we show experimental 
results of the cart with the caster controlled by the 
acceleration and velocity signals, compared to the 
simulation results. The proposed control is verified to 
effectively reduce the impulsive crashes and vibrations 
of the cart. 
Keywords: caster, design, control, dynamics 
 

1 Introduction 
In recent years, it has been eagerly desirable that 

patients, medicines and small precision parts should be 
carried smoothly and quietly by advanced carts with 
casters. In order to realize the ideal cart with low 
crashes and vibrations, some casters equipped with 
damping elements have been developed [1]. On the 
other hand, although the casters with dampers can 
restrict the cart vibrations, they had little ability to 
reduce the crashed acceleration of the cart. Hence we 
designed a new caster focusing on the center of 
percussion of the caster, and verified experimentally the 
effective reduction of the cart accelerations using a cart 
with the new caster [2], [3]. However, the cart 
vibrations were not removed effectively by the new 
caster.  

Thus we design an active controlled caster that has 
a mechanical low-crashed structure based on the idea of 
center of percussion. First the dynamical model of the 
cart with a caster is derived to study the control method 
for low crashes and vibrations. Next we show 
experimental results of the cart with the caster 
controlled by the acceleration and velocity signals, 
compared to the simulation results. The application of 
the control design is verified to effectively reduce the 
impulsive crashes and vibrations of the cart. Finally we 
in brief discuss the effect of the disturbance control 
using the transfer functions and Bode gain diagrams of 
the cart model. 

 

2 Active caster with low-crash mechanism 
2.1 Low-crash mechanism of caster 
    Figure 1 shows a side view of a swing-arm typed 
caster with an elastic and viscous element. The elastic 
and viscous element has usually effects to reduce the 
cart vibrations, and also has a role to keep the swing 
arm horizontal. On the other hand, the cart has large 
crushes through the swing arm when the caster wheel 
with the swing arm collides with a small bump on a 
road. It is rather difficult for the momentary crashes to 
be removed by only the elastic and viscous element. 
Thus we have proposed a mechanical design based on 
the center of percussion of the swing arm with a wheel. 
We summarize the design concept as follows. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Side view of swing-arm typed caster 
 

    The impulsive force from a road to the wheel 
center P is nearly perpendicular to the line PQ shown in 
Figure 1 when the caster wheel collides with a small 
bump. Hence the transmitted impulsive force to the joint 
center Q is expected to be effectively reduced when the 
point Q is located on the center of percussion of the 
whole swing arm against the point P. The design 
condition is as follows: 

Gmab I .               (1) 

Here Symbols a and b denote the length between the 
point P and the gravity center G of the swing arm, and 
the length between the point G and the point Q, 
respectively. Symbols m and IG denote the mass of the 
swing arm and the moment of inertia about the gravity 
center G, respectively. Appling the above concept based 
on Equation (1) to the swing arm design, we have 
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verified experimentally the effective reduction of the 
crashes against the cart [2], [3]. However, the residual 
vibrations of the cart were not removed effectively even 
by the new designed caster. 
2.2 Design of active caster 
    Here, an active controlled caster is proposed, 
which has the design concept based on center of 
percussion introduced in the above section. The support 
spring is also located to keep the swing arm horizontal 
between the swing arm and the cart-platform in Figure 
2, as shown in Figure 1. A voice coil motor (VCM) is 
newly set up as a prismatic actuator on behalf of the 
fixed pillar in Figure 1. It is likely to enlarge the 
actuator’s size when only the VCM supports both the 
inertial force and the cart weight, and thus two springs 
are placed parallel to the VCM to compensate the cart 
weight. Two linear bushes are also equipped to make the 
movement of the VCM smooth. The side and front 
views are shown in Figure 2.  
 
 
 
 
 
 
 
 
 
 

Fig. 2 Side and front views of active caster 
 

3 Modeling of cart with active caster 
3.1 Motion equation of cart with active caster 
   Here, we formulate the two-dimensional motion 
equation of a cart with the active caster. The angle and 
mass of the cart-platform are assumed to be negligibly 
small, and to concentrate at one point on the platform, 
respectively.  The caster wheel has also an elastic and 
viscous property that transmits an external force fe from 
a road when the wheel contacts the road at Point T on 
itself. Figure 3 shows the side view of the cart, which 
has a bearing support, a spring for the swing arm and a 
spring for the cart-load compensation. Points Q and A 
denote the rotational center of the swing arm and the 
attached point of the spring for the swing arm, 
respectively.     
 
 
 
 
 
 
 
 
 
 

Fig. 3 Side view model of cart with active caster 
 

 Here we define Symbols in Figure 3 as follows: 
 y: Height from a road to the reference point of the cart, 

yP: Height from a road to the wheel center P, 
yQ: Height from a road to the swing arm center Q, 
yG: Height from a road to the mass center G of the  
   swing arm, 
 : Swing arm angle from the horizontal road, 
M: Equivalent mass of the cart at the reference point, 
mQ: Mass of the bearing support, 
m: Mass of the swing arm with the wheel, 
fu: Operational force of the VCM to the cart, 
fK: Passive force of the load spring to the cart, 
fH: Passive force of the swing arm’s spring to the cart, 
fe: External force from the road to the caster wheel, 
fQ: Constraint force to the bearing support at Point Q. 
 
    In addition to the above modeling parameters, the 
distance between Point G and Point A is defined as 
Symbol e, and Symbols a and b are also defined as 
shown in Figure 1. Figure 4 in particular shows the 
distance parameters about the swing arm. 
 
 
 
 
 
 
 
 
 

Fig. 4 Distance parameters about swing arm 
 

    We derive the motion equation when the angle of 
the cart-platform from the road is small enough. 

  Assuming that the external force fe itself becomes 
the transmitted force at the wheel center P, we obtain the 
vertical Newton’s Equations of the cart with the active 
caster as follows:  

,          (2) 
 

,        (3) 
 

.         (4) 
 
    Considering that the swing arm rotates, we also 
obtain the following Euler’s Equation: 
 

.           (5) 
 
Here Symbol IG denotes the moment of inertia about 
Point G. The swing arm angle   is also neglected in 
the right terms of Equation (5) under the approximate 
conditions cos 1 andsin 0   . 
    On the other hand, the heights y, yG and the angle 
  have the following geometrical relationship: 
 
 

.               (6) 
 
    Substituting Equation (6) into Equation (5), and 
eliminating the angle   and the constraint force fQ, we 
obtain the following formulations: 
 

, (7) 

P
G Q

yP yG yQ

y

θ

fH fu fK

Spring for
swing arm VCM

Spring for
load compensation

Bearing support
T

fe

P
G

Q

- fQ- fH

fe

a b

e

u K HMy f f f Mg   

Q Q u K Q Qm y f f f m g    

G Q H emy f f f mg    

G e H QI af ef bf    

sin

    
G Q

Q

y y b
y b





 

 

( )G Q Q u K H e Qmy m y f f f f m m g       

 
. (8) 

 
    For the reduction of design variables, we define 
new variables as follows: 
 
                                 . 
 
Here Symbol mG is considered to denote the equivalent 
mass of the swing arm about Point Q. Substituting new 
variables into Equation (8), we obtain the following new 
expression: 
 

. (9) 
 
   Equations (2), (7) and (9) are the final motion 
equations of the cart with the active caster. 
3.2 Modeling of elastic and viscous force 
    The passive forces fK and fH are formulated as 
linearly elastic and viscous elements as follows: 
 

,     (10) 
 

.     (11) 
 

Here Symbols KS, CS and lS0 denote the spring constant, 
the viscous coefficient and the natural length of the load 
spring, respectively. Similarly Symbols KH, CH and lH0 
denote the spring constant, the viscous coefficient and 
the natural length of the swing arm spring, respectively. 
    Since Symbol yA means the height of Point A from 
the road, the following relationship is obtained 
geometrically: 
 

.   (12) 
 
    Next we describe the external force to the caster 
wheel from the road. The external force fe is also 
formulated as an elastic and viscous element similar to 
above passive spring/dampers when the caster wheel 
runs on a flat road as shown in Figure 5. The 
formulation is as follows: 
 

.         (13) 
 

Here Symbols KT, CT and R denote the spring constant, 
the viscous coefficient and the natural radius of the 
wheel tire, respectively. On the other hand, the 
vertically external force fe is formulated as follows when 
the caster wheel collides with a hard and small bump: 
 

.     (14) 
 
 
Here Symbols Z and Z denote the lapping 
displacement between the wheel circle and the 
semicircular bump, and the velocity of that 
displacement, respectively. In this case, Symbols 

Z and Z are expressed as follows as shown in 
Figure 6: 
 
 

.  (15) 
 

Here Symbols a and r denote the center position and the 
radius of a semicircular bump, respectively. 
 
 
 
 
 
 
 
 
 

Fig. 5 Motion appearance of caster wheel 
 
 
 
 
 
 
 
 
 

Fig. 6 Contact with a semicircular bump 
 
    The selection of Equation (13) or Equation (14) is 
determined by the arithmetic sign of Z . Additionally 
the velocity of the wheel center is substituted for that of 
the cart, and the position of the wheel center xp is 
obtained by time integral of the velocity.  
3.3 Modeling of VCM and control design 
    The VCM is simply formulated as a linear actuator 
with well-known DC motor properties: 
 

       ,         ,         .    (16) 
 
 
Here Symbols vi, ve and i denote the input voltage, the 
induction voltage and the electrical current, respectively. 
Symbols L, R, Ke and Kf denote the inductance, the 
resistance, the inductive constant and the force constant, 
respectively. In addition to the above motor’s properties, 
the amplifier’s property driving the VCM is assumed as 
a transfer function with one-order lag system as follows: 
 

.             (17) 
 
Here Symbols Am and T denote the direct current gain 
and the time constant of the amplifier, respectively.  
    Combining motion Equations (2), (7) and (9) with 
Equations (10) – (17), we obtain the whole cart model 
including an active caster equipped with a VCM.    
    Next we describe the control design for low 
crashes and vibrations of the cart. What is called, 
sky-hook damper has been well known to reduce the 
vibrations of cars in the automobile engineering. 
However, the caster wheel is different from the 
conventional car wheel because the center of the caster 
wheel has a lever offset from the vertically rotational 
axis of the caster. Hence two accelerometers are placed 
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verified experimentally the effective reduction of the 
crashes against the cart [2], [3]. However, the residual 
vibrations of the cart were not removed effectively even 
by the new designed caster. 
2.2 Design of active caster 
    Here, an active controlled caster is proposed, 
which has the design concept based on center of 
percussion introduced in the above section. The support 
spring is also located to keep the swing arm horizontal 
between the swing arm and the cart-platform in Figure 
2, as shown in Figure 1. A voice coil motor (VCM) is 
newly set up as a prismatic actuator on behalf of the 
fixed pillar in Figure 1. It is likely to enlarge the 
actuator’s size when only the VCM supports both the 
inertial force and the cart weight, and thus two springs 
are placed parallel to the VCM to compensate the cart 
weight. Two linear bushes are also equipped to make the 
movement of the VCM smooth. The side and front 
views are shown in Figure 2.  
 
 
 
 
 
 
 
 
 
 

Fig. 2 Side and front views of active caster 
 

3 Modeling of cart with active caster 
3.1 Motion equation of cart with active caster 
   Here, we formulate the two-dimensional motion 
equation of a cart with the active caster. The angle and 
mass of the cart-platform are assumed to be negligibly 
small, and to concentrate at one point on the platform, 
respectively.  The caster wheel has also an elastic and 
viscous property that transmits an external force fe from 
a road when the wheel contacts the road at Point T on 
itself. Figure 3 shows the side view of the cart, which 
has a bearing support, a spring for the swing arm and a 
spring for the cart-load compensation. Points Q and A 
denote the rotational center of the swing arm and the 
attached point of the spring for the swing arm, 
respectively.     
 
 
 
 
 
 
 
 
 
 

Fig. 3 Side view model of cart with active caster 
 

 Here we define Symbols in Figure 3 as follows: 
 y: Height from a road to the reference point of the cart, 

yP: Height from a road to the wheel center P, 
yQ: Height from a road to the swing arm center Q, 
yG: Height from a road to the mass center G of the  
   swing arm, 
 : Swing arm angle from the horizontal road, 
M: Equivalent mass of the cart at the reference point, 
mQ: Mass of the bearing support, 
m: Mass of the swing arm with the wheel, 
fu: Operational force of the VCM to the cart, 
fK: Passive force of the load spring to the cart, 
fH: Passive force of the swing arm’s spring to the cart, 
fe: External force from the road to the caster wheel, 
fQ: Constraint force to the bearing support at Point Q. 
 
    In addition to the above modeling parameters, the 
distance between Point G and Point A is defined as 
Symbol e, and Symbols a and b are also defined as 
shown in Figure 1. Figure 4 in particular shows the 
distance parameters about the swing arm. 
 
 
 
 
 
 
 
 
 

Fig. 4 Distance parameters about swing arm 
 

    We derive the motion equation when the angle of 
the cart-platform from the road is small enough. 

  Assuming that the external force fe itself becomes 
the transmitted force at the wheel center P, we obtain the 
vertical Newton’s Equations of the cart with the active 
caster as follows:  

,          (2) 
 

,        (3) 
 

.         (4) 
 
    Considering that the swing arm rotates, we also 
obtain the following Euler’s Equation: 
 

.           (5) 
 
Here Symbol IG denotes the moment of inertia about 
Point G. The swing arm angle   is also neglected in 
the right terms of Equation (5) under the approximate 
conditions cos 1 andsin 0   . 
    On the other hand, the heights y, yG and the angle 
  have the following geometrical relationship: 
 
 

.               (6) 
 
    Substituting Equation (6) into Equation (5), and 
eliminating the angle   and the constraint force fQ, we 
obtain the following formulations: 
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    For the reduction of design variables, we define 
new variables as follows: 
 
                                 . 
 
Here Symbol mG is considered to denote the equivalent 
mass of the swing arm about Point Q. Substituting new 
variables into Equation (8), we obtain the following new 
expression: 
 

. (9) 
 
   Equations (2), (7) and (9) are the final motion 
equations of the cart with the active caster. 
3.2 Modeling of elastic and viscous force 
    The passive forces fK and fH are formulated as 
linearly elastic and viscous elements as follows: 
 

,     (10) 
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Here Symbols KS, CS and lS0 denote the spring constant, 
the viscous coefficient and the natural length of the load 
spring, respectively. Similarly Symbols KH, CH and lH0 
denote the spring constant, the viscous coefficient and 
the natural length of the swing arm spring, respectively. 
    Since Symbol yA means the height of Point A from 
the road, the following relationship is obtained 
geometrically: 
 

.   (12) 
 
    Next we describe the external force to the caster 
wheel from the road. The external force fe is also 
formulated as an elastic and viscous element similar to 
above passive spring/dampers when the caster wheel 
runs on a flat road as shown in Figure 5. The 
formulation is as follows: 
 

.         (13) 
 

Here Symbols KT, CT and R denote the spring constant, 
the viscous coefficient and the natural radius of the 
wheel tire, respectively. On the other hand, the 
vertically external force fe is formulated as follows when 
the caster wheel collides with a hard and small bump: 
 

.     (14) 
 
 
Here Symbols Z and Z denote the lapping 
displacement between the wheel circle and the 
semicircular bump, and the velocity of that 
displacement, respectively. In this case, Symbols 

Z and Z are expressed as follows as shown in 
Figure 6: 
 
 

.  (15) 
 

Here Symbols a and r denote the center position and the 
radius of a semicircular bump, respectively. 
 
 
 
 
 
 
 
 
 

Fig. 5 Motion appearance of caster wheel 
 
 
 
 
 
 
 
 
 

Fig. 6 Contact with a semicircular bump 
 
    The selection of Equation (13) or Equation (14) is 
determined by the arithmetic sign of Z . Additionally 
the velocity of the wheel center is substituted for that of 
the cart, and the position of the wheel center xp is 
obtained by time integral of the velocity.  
3.3 Modeling of VCM and control design 
    The VCM is simply formulated as a linear actuator 
with well-known DC motor properties: 
 

       ,         ,         .    (16) 
 
 
Here Symbols vi, ve and i denote the input voltage, the 
induction voltage and the electrical current, respectively. 
Symbols L, R, Ke and Kf denote the inductance, the 
resistance, the inductive constant and the force constant, 
respectively. In addition to the above motor’s properties, 
the amplifier’s property driving the VCM is assumed as 
a transfer function with one-order lag system as follows: 
 

.             (17) 
 
Here Symbols Am and T denote the direct current gain 
and the time constant of the amplifier, respectively.  
    Combining motion Equations (2), (7) and (9) with 
Equations (10) – (17), we obtain the whole cart model 
including an active caster equipped with a VCM.    
    Next we describe the control design for low 
crashes and vibrations of the cart. What is called, 
sky-hook damper has been well known to reduce the 
vibrations of cars in the automobile engineering. 
However, the caster wheel is different from the 
conventional car wheel because the center of the caster 
wheel has a lever offset from the vertically rotational 
axis of the caster. Hence two accelerometers are placed 
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on both the cart-platform and the rotational center Q of 
the swing arm as shown in Figure 2. Two accelerations 
of y and Qy  are acquired by using these two 
accelerometers. Since the acceleration signals generally 
have many noises at high frequencies, appropriate low 
pass filters are added to remove these noises. After 
applying the low pass filters to the acceleration signals, 
the velocities are also acquired by time integral of the 
signals. The whole feedback signals are obtained by the 
combination of accelerations and velocities. Figure 7 
shows the controller of the cart with an active caster.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Controller for low crash and vibration 
 

4 Experiment of cart with active caster 
4.1 Hardware system  
    First, the hardware components are shown. Figure 
8 and Table 1 show the VCM (voice coil motor) for 
control and the electrical specifications, respectively. 
 
 
               
 
 
 
         a) Stator         b) Moving coil 

Fig. 8 Components of VCM 
 

Table 1 Electrical specifications of VCM 
 
 
 
 
 
 
     

Table 2 Mechanical specifications of swing arm 
 
 
 
 

The swing arm is designed as a specific arm based 
on the idea of center of percussion as mentioned in 
Chapter 2. Table 2 shows the mechanical specifications 
of the swing arm. Table 3 shows each mass of the cart 
with the swing arm. Table 4 shows the specific 
parameters of spring components. Table 5 shows the 
parameters of the wheel tire that were measured by 
experiments. 

 Table 3 Masses of main parts 
 
 
 
 
     

Table 4 Specific parameters of spring components 
 
 
 
 
 
 
 
 
 

Table 5 Parameters of wheel tire 
 
 
 
 
 
    Figure 9 shows the experimental setup for the cart 
with the active caster. The cart is pushed out at 
1100[mm/sec] by a linear servo system, and runs on an 
aluminum plate. A semicircular bump is placed on the 
plate, which has a radius of 2.5[mm]. All of motion data 
are acquired by a personal computer. The feedback 
control is conducted using LabviewTM real-time system. 
 
 
 
 
 
 
 
 
 
Fig. 9 Experimental setup for cart with active caster 

 
4.2 Experimental result 
    In this section, we confirm the effects of the active 
control by experimental results, compared to simulation 
results. All of the experiments and simulational are 
conducted under the condition as shown in Figure 9.  
    Figure 10 shows the acceleration response of Point 
A on the cart platform in Figure 9 when the caster runs 
and collides with a small bump without control. The 
experiment has a good agreement with the simulation 
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from the viewpoint of resonant frequency, and the 
convergent time to zero is a little different between the 
experiment and the simulation.  
 
 
 
 
 
 

 
 
 
 

Fig. 10 Acceleration response without control 
 
    Next we show some results with feedback control. 
These experiments and simulations have the low pass 
filters of 130 [Hz] to remove sensory noises and the 
cycle time of 1 [msec] to realize real-time control.  
    Figure 11 shows the controlled result with the 
feedback signal of only relative velocity. This feedback 
effect is considered to correspond to the mechanical 
damping effect between the cart and the bearing support. 
The residual vibrations are largely repressed, and the 
first impulsive acceleration is not reduced, compared to 
that in Figure 10. 
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    Figure 12 shows the control result with the 
feedback signals of relative velocity and cart 
acceleration. The first impulsive acceleration is rather 
reduced by virtue of the feedback signal of cart 
acceleration. The acceleration feedback is considered to 
change the equivalent mass of the cart virtually. Figure 
12 reveals that the vibrational components with high 
frequencies increase compared to Figure 11. 
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    Figure 13 shows the control result with the 
additional feedback signal of the velocity of bearing 
support in order to remove the above vibrations with 
high frequencies. The simulation results in Figure 13 

have better agreements with experimental results than 
those in Figure 10, because the uncertain elements such 
as frictions and backlashes are considered to be largely 
restricted by feedback control. 
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    Comparing Figure 10 to Figure 13, we confirm 
that the maximum value of the cart acceleration 
becomes about 1/4 and the damping time of the residual 
vibration becomes about 1/5 by virtue of feedback 
control.  
4.3 Discussion of control performance 
    In this section, we discuss the control performance 
by using the transfer function and Bode diagram of the 
objective model. First, adding Equation (2) to Equation 
(7), we obtain the following relationship: 
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    Applying Equations (7), (9) and (18), the transfer 
function of the objective model is derived. The 
following modified variables are newly defined to set 
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accelerometers. Since the acceleration signals generally 
have many noises at high frequencies, appropriate low 
pass filters are added to remove these noises. After 
applying the low pass filters to the acceleration signals, 
the velocities are also acquired by time integral of the 
signals. The whole feedback signals are obtained by the 
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    Here we represent the Bode gain diagram from the 
disturbance input 

ef to the acceleration output y , 
based on Equation (20). It is noticed that the 
operational input Fu(s) includes the properties of the 
actuator and LPF as shown in Figure 7.  
    The green curves and blue curves in Figure 14 
show the result with the feedback signal of only 
relative velocity and that without control, respectively. 
The assumed condition of the Bode gain diagram 
with control corresponds to that of the acceleration 
response shown in Figure 11. We can see that the two 
resonant frequencies of 4[Hz] and 35[Hz] transfer to 
those of 13[Hz] and 100[Hz] by virtue of feedback 
control. Although the amplitude of the past resonant 
frequency of 35[Hs] is largely reduced, that about the 
new frequency of 100[Hz] rather increases. The 
tendency of amplitudes that appeared in Figure 14 is 
also confirmed to be similar to that in Figure 11. 
 
 
 
 
 
 
 

 
Fi 

Fig. 14 Bode gain diagram-1 
 

    Figure 15 shows the case with the additional 
feedback signals of the cart acceleration and the velocity 
of bearing. The blue curve in Figure 15 is same as 
that in Figure 14. The assumed condition of the Bode 
gain diagram with control corresponds to that of the 
acceleration response shown in Figure 13. We can 
confirm that the amplitude of the resonant frequency 
of 100[Hz] becomes smaller and flatter than that 
shown in Figure 14, and consequently the residual 
vibration of the cart rapidly converges to zero as 
shown in Figure 13.  
 
 
 
 
 
 
 
 
 

 
Fig. 15 Bode gain diagram-2 

5 Conclusion 
This paper reported an active controlled caster to 

reduce the cart crashes and vibrations. The main results 
are as follows: 

 
1) The active controlled caster was proposed, 

which was designed under the concept of 
center of percussion. 

2) The dynamical model of the cart with an 
active caster was derived including the 
actuator dynamics to study impulsive 
accelerations and control design. 

3) The experimental results had good 
agreements with the simulation results 
calculated using the dynamical model. 

4) The cart acceleration became about 1/4 and 
the damping time of the residual vibration 
became about 1/5 by virtue of feedback 
control. 

5) The control performances were discussed 
using the Bode gain diagram of the 
dynamical model. 
 

In this study, the distribution and combination of 
feedback gains were determined by trials and errors, 
according to the observation of the actual responses. 
The systematic determination of gains is left in future 
works. It is also important for the dynamical model of 
the cart to be improved to be applicable to not only the 
vertical motion but also the horizontal motion.  
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Abstract 
The operational feelings of manual control levers are 
important to maneuver devices that need manual 
operations according to user intentions. In this study, we 
built and tested a prototype of a manual control input 
lever having a single degree of freedom, which uses a 
magnetic particle brake in a rotational joint in place of 
servomotors. A one-way clutch is mounted on the 
rotating shaft so that the resisting torque of the magnetic 
particle brake is transferred to the lever unidirectionally. 
The drag torque is activated haptically by the 
appropriate actuation of the magnetic particle brake to 
support the manipulation. In order to assist in deciding 
the control input, the lever displays a resisting torque 
against user operations. Our system aims to reduce the 
burden on the operation with respect to user intentions. 
We examined the influence of the resisting torque by 
psychophysical methods. The study results enable 
control input devices to adapt the ability of movement 
and preference of the user.  
Keywords: control input device, haptic feedback, 
magnetic particle brake, psychophysical method  
 

1 Introduction 
The motion control ability in humans has a 

complex relationship with the accuracy of sensory 
perception. The reaching motion, one of the human 
motion control abilities, usually has periods of 
acceleration and deceleration in proximity of the 
starting position and target position. Then, the time 
history of the velocity at the human hand forms a 
single-peaked preference. During the deceleration 
period, the accuracy of sensory perception increases, 
while the differential threshold decreases [1]. This has 
been shown in lifting weight experiments, where the 
weight changes during the lifting task [2]. In another 
report [3], the psychophysical method has been used to 
analyze the relationship between the elasticity of a 
virtual spring and the delay of haptical display. It has 
been shown that the point of subjective equality (PSE) 

decreases with increase in delay. It has also been 
reported that the visual information displaying the travel 
distance cannot increase the perception of elastic force. 
In another report, the discrimination threshold to the 
impedance of a control input device has been evaluated 
quantitatively by performing the task of tracking a 
periodically moving target, and equivalent sensitivity 
has been proved. As reported in these previous studies, 
the generation of sensory perception during movement 
is related not only to the sensory input of outside stimuli 
from the sensing organ but also to the information 
process in the locomotor system, such as the movement 
command.  

Sensory inputs and physical capabilities are used 
when we maneuver some mechanism or device. The 
sensory inputs include visual sense, auditory sense, and 
haptic sense. The physical capabilities include 
movement of arms, fingers, and legs. Kaede et al. 
created prototypes of a two-linked lever mechanism and 
a handwheel device with the function of changing the 
feeling of manipulation, and investigated the manner of 
displaying the resisting torque and its effect on usability 
[4], [5].  

In the manufacturing industry, the feel of manual 
handling on a workbench has been long studied to 
improve the efficiency of workers. Nowadays, work 
environment must be considered from the viewpoint of 
gerontology. A type of robotic arm has been utilized to 
assemble heavy parts easily [6]-[8]. Most of these 
robotic arms are equipped with a pneumatic cylinder or 
servomotor system in their joints, and are controlled by 
feedback based on position, reaction force, and other 
sensory information. These arm motions are said to be 
“active.” In the service industry, which includes social 
service, transportation, and movement support, the 
applications of equipment using robotics technology are 
increasing [9]-[11]; so far, nursing-care robots have 
attracted considerable interest. The equipment that 
provides nursing care safely and reliably has high 
potential demand. For use in homes or nursing 
institutions, low acoustic noise and energy-saving 
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