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Abstract— A bilateral control system consists of two actuation
systems which are separate but sends and receives information to
and from each other. Information shared consists of calculated
force and position readings from sensors which feed into the
control system. When the actuation systems are in the form of
robot manipulators, there are at least two degrees of freedom
with each degree of freedom has its own force and position values.
When these two systems operate simultaneously, a change in force
and position for one system triggers the other to coordinate and
attempt to maintain the same values of force and position at both
sides and this is termed as a master-slave system. In most cases,
both systems are identical and the amount of force and position
desired is similar. In some real-life applications, the desired
amount of force/position is scaled; i.e. smaller or larger force is
desired at one end of the system (master/slave). For this purpose,
this research proposes a method to scale the force at either master
or slave side by using elements of the mass/inertia matrix of the
robot manipulator. Four different scaling values were
demonstrated in the experiments to show the validity of the
proposed method. Results indicate that the method is viable as the
forces were scaled correctly as desired.

Index Term— micro-macro, standardization, modal space,
haptics, MDOF bilateral teleoperation control system, geared
DC-motor.

I. INTRODUCTION

REMOTE control operations of autonomous systems have now
become favorable due to wireless connectivity and speed of
communications [1]. Aerial robots, robot boats and ground
mobile robots are often used for navigating or investigation
terrains for the purpose of acquiring information or
manipulating objects [2], military surveillance/tracking [3] or
even perform rescue operations [4]. Such application of robots
was seen in the Fukushima earthquake disaster [5]. A mobile
robot with an arm manipulator was deployed to navigate in the
dangerous radioactive environment. It is not desired to risk a
human life in such an environment. For navigation in an
environment, information such as image, videos of the
environment is the usual data acquired but in some cases, it is
important to interact with the environment. The information
from the environment is usually sent to the server unilaterally,
i.e. the robot does not receive this information back from the
server. In the case of interaction, the remote control/operator
needs to feel the information from the environment and send the
reaction back to the robot. A rescue operation robot should not
stumble upon a human casualty and injure him/her while
navigating in the environment. This kind of interaction requires
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the information to be in a two-way mode, or bilateral
communication.

Another example of an environment which requires this kind
of information is the remote surgery. A surgeon is placed in a
different location than the patient who is undergoing surgery.
The surgeon manipulates the apparatus in his/her space and
which will actuate the apparatus at the patient’s location. Other
than the image sent from the camera at the location of the
patient for the purpose of moving the apparatus accordingly, the
surgeon requires the sensation of force from the patient’s side.
This is needed because the surgeon will control the force he/she
applies to the patients organs. Giving excessive or insufficient
force might fail the operation and result is severe complications
or death to the patient. This kind of delicate operation (in the
field of haptics) is called micro-macro bilateral teleoperation
control system. The micro-macro bilateral teleoperation control
system consists of macro (large) master system and micro
(small) slave system. To manipulate micro object (surgical
apparatus), the slave system (at the patient side) is generally
smaller compared to master system (at the surgeon side). This is
where the scaling technique is used for force and position
between master and slave manipulator which is different in size.
A large force by the surgeon should be scaled down to suit the
force in the operation room. This method enables human
operator to manipulate the master and slave system with a
different-sized  structure.  The  micro-macro  bilateral
teleoperation control system provides the human operator with
a sense of feel to a micro or macro environment as if it is in the
same environment. In other words, the human operator feels the
reaction force as if touching the real micro or macro
environment. This bilateral force feedback is indeed useful in
recent advances in surgery, for example minimally invasive
surgery only operates on small incisions instead of large
opening [6][7].

Force scaling could also be done for small to large actuation
systems. An example of this kind of application is tele-operated
excavators reviewed in [8][9]. In cases where the environment
is dangerous to human, such tele-operated excavator proves to
be a viable option to remove debris in post-disaster recovery
work. Disasters such as volcanic eruptions that rendered an
island in Japan uninhabitable, as experienced by the Japanese in
1994 Mount Fugen and Mount Usuzan in 2000 showcased the
use of wireless remote tele-operated unmanned system.
Earthquakes and also tsunami post-disaster recovery works also
witnessed the use of remote-controlled hydraulic excavators, as
in the latest 2011 Fukushima earthquake-tsunami. In Malaysia,
Yusof et al [10] developed a specific tele-operated
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electrohydraulic actuator for construction works using mini
excavator which operates on 2.4 GHz radio-controlled
transmission system. The actuation uses a tie-rod cylinder
coupled with 24V DC electro-hydraulic valve.

Force and position scaling for bilateral teleoperation system
was investigated by some researchers, but on single degree of
freedom actuators. One side of the system (master/slave) is
smaller physically than the other. Control methods for this setup
were investigated by K. Kaneko. The researcher presented
operational force feedforward for micro-macro bilateral
teleoperation control system [8]. Before that, K. Takeo
proposed an alternative control algorithm for micro-macro
teleoperation system [9]. Another researcher, A. Sano used
scaling factors based on H,, theory and proposed stabilization
method on bilateral teleoperation control system [10]. Then
Shimono proposed the standardization between master response
and slave response by nominal mass of master and slave system
in micro-macro bilateral teleoperation control was proposed
[11][12]. S. Susa presented scaling factors of the control gains
at master and slave system in the micro-macro bilateral
teleoperation control system [13]. S. Susa further presented with
three channel micro-macro bilateral teleoperation control with
arbitrary scaling factors able to achieve high accuracy control
although with less information channels [14]. N. Motoi
proposed a modal space disturbance observer (MSDOB) in the
micro-macro bilateral teleoperation control system to realize
high transparency [15].

The related researches on force and position scaling ([8] to
[15]) that were done deals with one degree of freedom
actuation. This means that there is no issue of complexity since
the one degree of freedom on the master side can be directly
linked to the slave without any need to convert coordinates or
sophisticated modeling. In most actual physical systems, the
end effector or tool point is moved by the operator to sense/feel
the environment, and in the case of robot manipulators, the
number of degree of freedom for each end effector motion will
depend on the number of actuation or joints involved. For robot
manipulators, it is usually 2 or more degrees of freedom. Hence,
we propose the force scaling of multi degree of freedom
bilateral system using standardized modal space. In this paper,
the scaling is done in terms of torque. But as a general
understanding, the same concept can be applied to force.

This paper is organized as follows; Section Il introduces the
bilateral teleoperation control system. Section Il explains the
control method using disturbance observer (DOB) and reaction
torque observer (RTOB). Section 1V explains the two degree of
freedom bilateral control system. Next, Section V explains on
multi degree of freedom force scaling control system. Section
VI shows the experimental setup of the two degree of freedom
bilateral teleoperation control system. Section VII discusses the
experimental results and Section VIII concludes the outcome of
the research.
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Il. BILATERAL TELEOPERATION CONTROL
SYSTEM

Newton’s law of action and reaction is a well-known proven
theory. The law of action-reaction (Newton's third law) explains
the nature of the forces between the two interacting objects.
According to the law, the force exerted by object 1 upon object 2
is equal in magnitude and opposite in direction to the force
exerted by object 2 upon object 1.
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Fig. 1. Illustration of Bilateral Teleoperation System

The law of action and reaction is easily visualized when the
two objects exists in the same workspace. However for remote
operations, one object is represented by two systems
separately, which are the master and slave systems, as seen in
Figure 1.0. The object/obstacle/environment that it is reacting
to exists in only one of the two systems. But the reaction felt
from the system that interacts with the actual environment is
also transferred to the other system. In other words, the
environment virtually exists in the other system. In this case,
the force/sensation is transmitted bidirectional or bilaterally,
hence the name bilateral teleoperation. If the actuation is
rotational, the relation between the torque at the master and
slave side can be related by Equation (2.1);

where subscript M and S denote the master and slave system
accordingly. The summation of torques at each side will always
result to zero. Any reaction on master or slave side will cause
the other system to feel the same because of this bilateral
force/torque relation. The torque regulation is called common
mode. However, the position (angle) values for both master
and slave system should be in negative magnitude than the
other. In other words, the position error between master and
slave system should be equated as in (2.2);

It can be seen that the bilateral system has to maintain the law
of action and reaction and at the same time regulate the
position error to zero. Position regulation is called differential
mode. Although the theory is simple, actual realization of this
bilateral teleoperation system depends on the speed of



International Journal of Mechanical & Mechatronics Engineering IIMME-IJENS Vol:16 No:06 3

communication and processing power of the controller for the
system.
For the perception of force sensation, both torque and

position displacement should be transferred bidirectional. The
total block diagram of bilateral motion control is summarized in

Figure 2.1 [20]. Table I shows the list of parameters’
definitions of this paper.
TABLE |
LIST OF PARAMETER SYMBOLS
Parameter Description
l Link 1
] Real inertia
I Nominal inertia
Im Motor inertia
IL Load inertia
N Gear ratio
Kin Nominal torque constant
K, Proportional gain
Ky Derivative gain
Ky Force gain
Cy Position controller
Cr Force controller
(A Natural angular frequency
[ Damping coefficient
Yaob Cut-off frequency of disturbance
observer
Grtob Cut-off frequency of reaction torque
observer
T Torque
6 Angle
2} Angular velocity
6 Angular acceleration
-+
> l:
Master System using
Common Acceleration Control Differential
Mode Mode
Fu X
+ + o
Force Position
Regulator . i Regulator
Fs Xs
Slave System using
Acceleration Control

» e
rd <

Fig. 2.1. General block diagram of bilateral motion control by acceleration
control

For ensuring continuous bilateral motion control, the total
force in common mode, 7, and the total acceleration in
differential mode, x, has to be maintained [20]. Note that the
common mode and differential mode are independent of each
other. For interaction between these two modes, the Hadamard
matrix (Quarry matrix), H, is used for modal decomposition, as
seen in Equation (2.7). Equations (2.3) to (2.7) show the
characteristics of the second order Hadamard matrix.
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In Equations (2.3) to (2.6), superscript ‘res’ denotes
response, superscript ‘ext’ means external while subscript ‘S’
and ‘M’ indicates slave and master systems. Equation (2.3) and
(2.4) maintains the acceleration of the master and slave using
force information and position control. The position controller
C, and the force controller C; are used. Equation (2.5) and (2.6)
relates to the regulation of position error in critical damped
response and maintaining the law of action and reaction.

Force information could be obtained in different ways. While
most of researches use actual force sensors to retrieve force
information, this bilateral control system could use the
disturbance observer (DOB) [21] and the reaction torque
observer (RTOB) [22] to determine the force disturbance and
external forces that exist in both the master and slave systems.
Disturbance estimation is explained in the following section.
This disturbance estimation provides robust control of the
system. Fig. 2.2 describes the detailed block diagram of single
link bilateral control based on acceleration control.

Master
System

Joint Space

Fig. 2.2. Detailed block diagram of single link (joint actuation) bilateral
control based on acceleration control

The position and velocity coefficients are set based on the
natural angular frequency and a damping coefficient of the
control system as shown in Equation (2.8) and Equation (2.9)
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[23]. The force controller system has to maintain the contact
stability between force at end-effectors and the force at the
contact object. It is defined as;

K, = 0,° (2.8)
K, = 280, (2.9)
Cp = Kp + Kus (2.10)

Since the system uses single rotational actuators (motor) for
both master and slave side, the nominal inertia, J,, of the master
and slave system is similar. The shaft at the end of the gearhead
is attached with the coupling and a link. Thus the total nominal
inertia is calculated as;

Ny
]n - ]m +]L(N_2) (2_12)
Where ], represents the motor inertia, J;, represents the load
inertia, and N; and N, are gear ratios of the motors respectively.

I11. CONTROL USING DISTURBANCE
OBSERVER (DOB) AND REACTION TORQUE
OBSERVER (RTOB)

While some researchers use high cost force sensors to
perceive the force from the end effector used, a method to
estimate the force provides a robust solution. Disturbance
observers estimate not only the external disturbance, but also
system uncertainties. With the disturbance estimation fed back
to the control loop, this method will cancel or compensate the
disturbance instantly. The control system becomes a robust
acceleration control system [24]. The friction under the constant
angular velocity motion in the mechanism becomes the output
of the DOB in steady state. A robust system means that the
system is insensitive to the external disturbance and parameter
variations and can compensate them immediately. It can obtain
wider bandwidth than force sensors due to setting sampling
time and observer gain by using DOB technique [22]. The
feedback of estimated disturbance in the inner-loop is to obtain
the robustness of the motion control system [25]. On the
contrary, the outer-loop estimates the external forces or
disturbance to realize force regulation. In the outer loop, the PD
controller is designed in order to fulfil performance
requirements of the motion control system [25]. Both outer and
inner loop are related to maintain robustness.

The block diagram of joint space actuation based disturbance
observer and reaction torque observer is shown in Fig. 3.1. This
arrangement of control compensates the disturbance effect
within the motor plant and estimate the external torque from
both the master and slave manipulators, respectively.
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Fig. 3.1. Joint space actuation based disturbance observer and reaction torque

observer
Tais = (] _]n)éres + (Ktn - Kt)ITef + FC (31)
+ Dg'res + .L.ext
= AJO® — AK I + 1, (3.2)
A =]~ (33)
AK = Kf - Ktn (34)
7, = E + D@7 4 7ot (3.5)
where;
F, Coulomb friction;
Dpores Viscous friction;
AJ Self-inertia variation;
AK Variation of torque coefficient;
T Load torque;

In Equation (3.1), the first term and second term are the
torque pulsations due to self-inertia variation and variation of
the torque coefficient of the motor, respectively. The Coulomb
and the viscous friction respectively are denoted in the third and
fourth term. The last term, 7% is the reaction torque caused by
external torque.

The disturbance torque is estimated from the current
reference and velocity response. The estimated torque, % is
estimated using Equation (3.6)

i Ydob ;
pdis — dis
s+ Gaob (3.6)
where;
Ydob
S+ Gaon (3.7)
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is the DOB low-pass filter (LPF) and g, IS
the cut-off frequency.

.i:dis — Ydob (gdob]néres + Iref)

S+ Gaop (3.8)

- gdob]néres

Realization of robust motion control is attained by using
Equation (3.6). The bandwidth of the DOB low-pass filter as in
Equation (3.7) is set as high as possible to estimate a wide
frequency range of disturbance. However, limitations in
hardware and processing time will result in limitation in the
highest value that can be set.

In addition, by subtracting the external disturbances and
system uncertainties from input of a DOB, it can estimate the
reaction torque applied to the system. It is necessary and
important to identify them as precisely as possible. This process
is called as Reaction Torque Observer (RTOB) [22] as shown is
Fig. 3.1. Equation (3.9) shows that the reaction torque observer
is estimated through first-order Low Pass Filter (LPF). RTOB
can estimate external torque/force without torque/force sensor.
For force, the same concept is applied and is called Reaction
Force Observer (RFOB). The study of comparison between
force sensor and reaction force observer based on force control
system has been detailed in [26].

YGrtob
.i:ext — Trext
s+ Irtob (39)
where
Irtob
s+ Irtob (3-10)

is the DOB low-pass filter (LPF) and g,+,, is @ cut-off
frequency.

The experimental validation of single degree of freedom
bilateral teleoperation system using rotational actuator (motor)
was shown in [27]. The findings show effect of the variation of
parameters (controller and disturbance observer gains) on the
force and position responses.

IV. Two DEGREE OF FREEDOM
BILATERAL TELEOPERATION SYSTEM

A robot manipulator configuration usually has more than one
actuator for flexibility of manipulation. For articulated robots,
most industrial robot manipulators are six degrees of freedom.
This is to ensure that the Jacobian matrix that links the
Cartesian and joint space is square and invertible. Thus this type
of manipulator is a multi-degree of freedom system. However,
in this paper, we will investigate only two degrees of freedom
for ease of application. An n-dof manipulator will depend on its
dynamic modelling and control for force and position regulation
for the purpose of bilateral teleoperation system.

For control of a robot manipulator, most applications are
interested in the end effector position or force regulation. This
is because the tool and workpiece must coincide for successful
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manipulation. The concept of workspace (end effector) control
and different position control approaches was explained in [19].
Three different methods of control were presented, the first
approach used Inverse Kinematics and then Proportional
Derivative (PD) control of each joint independently, Direct
Cartesian and Workspace PD control and finally Direct
Cartesian and Disturbance Observer Control. It was shown that
workspace control with Disturbance Observers, Workspace
Observer (WOB) produced better results due to the estimation
of the disturbance that is compensated in the control. An
example of workspace observer (WOB) in the control loop is
shown in Figure 4.1.
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Fig. 4.1. Workspace Control of Bilateral Teleoperation System

To implement the bilateral teleoperation control system in
two degrees of freedom, the same concept of law of action and
reaction using Hadamard matrix is applied. However, the
disturbance estimated is the end effector disturbance force in
Cartesian coordinates (Workspace Observer) and end effector
reaction force with the environment (RFOB), and not reaction
torques in the single degree of freedom bilateral system. The
bilateral teleoperation system which includes both master and
slave system and the Hadamard matrix is shown in Figure 4.2.
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Fig. 4.2. Master and Slave Two Degree of Freedom Bilateral Teleoperation
System using Hadamard Matrix
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V. FORCE SCALING OF MULTI DEGREE OF
FREEDOM CONTROL SYSTEM

In Multi Degree of Freedom (MDOF) bilateral system with
different structure, the operational range and mass between
master and slave system are different. For instances, both
system can have completely same motion but different
operational range. Similarly, the force is reproduced much more
than the other one if one system is much bigger than the other.
Thus, the position and force between both systems need to be
standardized by scaling second order quarry matrix shown in
Equation (4.1).

I

where a is the scaling ratio of force information and P is the
scaling ratio of position information. Thus, the slave system
reproduces force and track position based on o and B gain with
respect to master system. This proposed method is called as
standardized modal space. However, by using this proposed
method, a gain scaling scales force information with user-
defined ratio. Micro-macro bilateral control system can
reproduce lower or higher force output at the slave system
according to the scaling ratio of nominal mass between the
master and slave system with o gain, regardless of the mass of
the slave system. This is able to produce the force information
at slave manipulator according to the human operator
arbitrarily. However, as a constraint, the actuator must be able
to provide such amount of force.

Nevertheless, the force and position information are designed
independently as using the Hadamard second-order matrix.
Thus the length ratio between master and slave manipulator are
designed accordingly to the structure of the master and slave
manipulator with g gain, to obtain the correct position tracking,
regardless of the mass of master and slave manipulator.
Equation (4.2) shows the common mode force response and the
differential mode position response obtained using the proposed
method.

FLes  « 1 allFe¥ x| (4.2)
[* xg”]:[l —B] Pt xge
}’;‘-ext xres

Force information is scaled by the equivalent nominal mass
matrix M,,, and M,,, in each system. The force scaling ratio,
a, and a,, are designed to scale force at each axis of F&** of x-
axis and y-axis as shown in Equation (4.3) and Equation (4.4),
respectively.

@y = e (43)
a = Myy Mn (44)
YoM yysn
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Position information is scaled by the operable region of each
system by l;and 1,. The position scaling ratio, B is designed by
utilizing 1;and 1, as in Equation (4.5).

_ oYeY lM_Z (4.5)

B=-—"=
ls1 sy
Figure 3.38 shows the proposed four channel micro-macro
bilateral control system with respect to the standardized modal
space.
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Fig. 5.1. Scaling of Multi Degree of Freedom Bilateral Teleoperation Control
System

VI. EXPERIMENTAL SETUP OF
MuLTI DEGREE OF FREEDOM
BILATERAL TELEOPERATION
CONTROL SYSTEM

There are two sets of two link manipulators. The links are
designed with a 0.12m each with a base attached to a platform
to prevent any unwanted vibration. The link can be either used
to operate the system by human operator on master side or to
the environmental contact on the slave side. The arrangement of
the links at both master and slave side are in horizontal
orientation and thus will not produce any gravitational forces
(no gravity force affects motion). The controller hardware used
for the experiments is the Micro-Box 2000 x86-based Real-
Time System. It is an affordable and robust platform for rapid
control prototyping applications. It is rugged, high performance
and can fulfil real-time analysis and control system testing
needs. The control system for these experiments is designed
using Simulink which is integrated to the Micro-Box and allow
real-time modeling and simulation of control systems which is
important to obtain real time data. Moreover, the sampling time
of this Micro-Box can go up to 1ms. The DC motors used are
Faulhaber DC Micromotors Series 3683 CR and its drivers are
MAXON ESCON 50/5. The encoders of the motors are
SCANCON 2RMHF of around 7500 pulse per revolution
(PPR).

Two types of motion are performed in the experiments which
are free and contact motion. During the free motion, the human
operator control freely at master manipulator while the slave
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manipulator follows freely without contacting any object at the
slave manipulator. While during the contact motion, the human
operator operates the master manipulator manually and at this
time the slave manipulator contacts the object. During contact
motion, human operator holds the master handle and moves the
handle while the slave handle is constrained by a static hard
object. The human operator then applies extra force at the
master handle. This extra force will try to push the static object
and reaction force on the slave side will be induced and felt by
the master side. The material of the experimental hard object is
Aluminum. The experiment is as shown in Figure 6.1.
Particularly, the human operator applied force on y-axis at the
end-effector of master manipulator during contact motion as
shown in Figure 6.2.

 “Human"
Operator

Fig. 6.1. Experimental setup for Master and Slave Systems

Eorcelapplied

Fig. 6.2. Direction of applied force at the end-effector of master manipulator
(top view)

The force and position responses from both master and slave
system are recorded, for both free motion and contact motion
experiments. The position responses from master and slave
system are obtained from rotary encoder while the external
force applied to the master and slave systems are estimated by
RFOB. Velocity is computed from position values and noise is
filtered with Low Pass Filter. The force and position response
from both master and slave system are compared with each
other to validate the performance of common mode and
differential mode of bilateral control teleoperation system. The

160806-3737-IJMME-IJENS © December 2016 IJENS

basic concept of bilateral motion control system on both master
and slave system are required to comply in its total force in
common mode F, and total position in differential mode x,
according to Equation (3.62) and Equation (3.64), respectively.
The common mode is the summation of force responses from
both master and slave system while the differential mode is the
differential of position responses from both master and slave
system. Both common mode and differential mode must be zero
in ideal condition.

Fig. 6.3. Micro-Box 2000 x86

VIl. EXPERIMENTAL RESULTS

For the free and contact motion experiment, there are 4
cases of scaling ratio to be conducted. Each case has different
nominal mass ratio between master and slave system, Myn/Msn.
The slave nominal mass Ms, is set to two, three, four and five
times heavier than the master nominal mass My, while the
actual nominal mass of the slave system remain the same. Then
Myxn and M,,, are different between master and slave system
according to each case. This ratio leaded to 4 cases of scaling in
o gain too. Thus, the force response at slave also scaled
according to a gain. The 4 cases of different nominal mass ratio
between master and slave system are shown in Table II.

TABLE Il
RATIO OF NOMINAL MASS AND LENGTH OF THE LINK BETWEEN
MASTER AND SLAVE SYSTEM
Case M/ Msn Iwlls
1 1/2 1/2
2 1/3 1/2
3 1/4 1/2
4 1/5 1/2
A. Casel

The force for both x and y position tracked at slave system is
twice larger than master manipulator as shown in Figure 7.1.
This is due to the nominal mass at slave system is set twice
larger than master system. If the force response of slave system
is divided by two, then the performance of common mode is
—0.0217N and 0.0395N for x-axis and y-axis, respectively.
Overall, the law of action and reaction with scaling effect are
achieved between master and slave system.
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Fig. 7.1 : Force and position response during free and contact motion (Case 1)

Whereas, the and position response from slave manipulator
are two times longer than the master manipulator for both and
position as shown. This is because the length of each link of
slave manipulator has virtually twice compared master
manipulator. If the position response of slave system is divided
by two, then the differential mode for x-axis and y-axis is —9.99
x 10°m and —2.97 x 10°m, respectively. Again, the position
tracking from both master and slave system is tracked with
almost zero mean error as the position response of both master
and slave system are the same with scaling effect.

B. Case?2

The force for both x and y position tracked at slave system is
twice larger than master manipulator as shown in Figure 7.2.
This time the nominal mass at slave system is set three times
larger than master system. If the force response of slave system
is divided by three, then the performance of common mode is -
0.0715N and 0.0528N for x-axis and y-axis, respectively.
Again, the law of action and reaction with scaling effect are
achieved between master and slave system.
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Fig. 7.2 : Force and position response during free and contact motion (Case 2)

Whereas, the x and y position response from slave
manipulator are set two times longer than the master
manipulator for both x and y position as shown. This is due to
the length of each link of slave manipulator which is twice
compared to master manipulator. If the position response of
slave system is divided by two, then the differential mode for x-
axis and y-axis is —2.98 x 10° m and —3.29 x 10 °m,
respectively. Again, the position tracking from both master and
slave system are tracked with almost zero mean error as the
position response of both master and slave system are the same
with scaling effect.

C. Case3

The force for both x and y position tracked at slave system is
four times larger than master manipulator as shown in Figure
7.3. This is due to the nominal mass at slave system is set four
times larger than master system. If the force response of slave
system is divided by four, then the performance of common
mode is —0.0472N and 0.0626N for x-axis and y-axis,
respectively. Overall, the law of action and reaction with
scaling effect are achieved between master and slave system.
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Fig. 7.3. Force and position response during free and contact motion (Case 3)

The differential mode (after dividing by two) for x-axis and
y-axis is -4.52 x 10°m and -1.68 x 10°m respectively. The
position tracking was performed with almost zero mean error,
as the values are the same with scaling effect.

D. Case4

The force for both x and y position tracked at slave system is
five times larger than master manipulator as shown in Figure
7.4. This is due to the nominal mass at slave system is set five
times larger than master system. If the force response of slave
system is divided by five, then the performance of common
mode is —0.0206N and 0.0555N for x-axis and y-axis,
respectively. As seen in all the cases, Case 4 also proves that the
law of action and reaction with scaling effect are achieved
between master and slave system.
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Fig. 7.4. Force and position response during free and contact motion (Case 4)

The performance for differential mode for x-axis and y-axis is
-3.18 x 10°m and 1.43 x 10°m respectively. Similar with the
other cases, position tracking was achieved with almost zero
mean error.

E. Comparison of errors between Case 1 to Case 4

To summarize the performance between Cases 1 to 4, Table
Il shows the achieved common mode and differential mode
error, which are small values, indicating success of force
scaling. Figures 7.5 to 7.8 shows the varying gains according
during motion.

TABLE Il
PERFORMANCE RESULTS OF CASE 1 TO CASE 4

Case Common Mode (Force) Differential Mode (Position)
X-axis y-axis X-axis y-axis
1 —0.0217N 0.0395N —9.99x10°m | —2.97 x 10°m
2 0.0715N 0.0528N —298x10°m | —-3.29 x 10 °m
3 —0.0472N 0.0626N -4.52 x 10°m 1.68 x 10°m
4 —0.0206N 0.0555N -3.18 x 10°m 1.43 x 10°m

The performance for common mode for all the cases are
generally less than 0.1N in magnitude whereas for differential
mode, position mean errors are less than 1x10™°m in either
positive or negative errors.

F. Comparison of « gains of Case 1 to Case 4

The scaling ratio, « gain changes with respect to posture or
position of the two link manipulator. For example, when the My
and M,, between slave system is two times larger than the
master system, the nominal equivalent mass matrix, M,,, and
M,,, between master and slave system are affected. Thus, «
consists of x-axis and y-axis with regards to the mass matrix.
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The results of the « gain values that changes over time for

Cases 1 to 4 can be seen in Figures 7.5 to 7.8.
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Fig. 7.5. Scaling ratio (e and o) for Case 1
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Fig. 7.6. Scaling ratio (o and o) for Case 2
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Fig. 7.7. Scaling ratio (a4 and ¢) for Case 3
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Fig. 7.8. Scaling ratio (e« and o) for Case 4

To summarize the « gain scaling results, Table IV can be
referred to. The table shows that the average scaling ratio for
Cases 1 to 4 does not deviate much from the ratio of nominal
mass ratio scaling.

TABLE IV
SCALING GAIN FOR CASE 1 TO CASE 4
Case Oix aly Mwi/Msn Deviation
1 0.50000 0.500030 1/2 =0.50000 0.00003
2 0.33332 0.333370 1/3=0.33333 0.00004
3 0.25000 0.250005 1/4=0.25 0.000005
4 0.19998 0.200050 1/5=0.2 0.0005

Based on the results in Table IV, it can be seen that the average
a gain values which varies over posture and time, is very close to
the ratio between master and slave nominal mass. Thus it can be
said that the force scaling of this multi degree of freedom
manipulator achieved success in the experiments.

VIIl. CONCLUSION

For a multi Degree of Freedom manipulator, force scaling
presents interesting interactive motion. From the four cases, it is
clearly shown that the force and position tracking (common and
differential mode) was achieved with low errors. The forces are
scaled according to the nominal mass ratio of master to slave,
even though the mass matrix will varies slightly with the
respect to the angle of actuation. It is important to note that this
method can help scaled to any desired value, as long as it is not
larger than the achievable force that the mechanism can handle.
It could also be scaled down as long as it is not smaller than the
resolution of the force achievable.
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