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In the present research, a three-degree-of-freedom haptic device was
used to simulate a virtual object located on a point on a two-
dimensional wall. Two spatial coordinates of the operating point on
the wall were arbitrary. Therefore, the robot would have two degrees
of freedom redundancy for this task. These two degrees of robot
redundancy were specified by the artificial bee colony optimization
and crow optimization algorithm in such a way that while ensuring
the stability of the robot, the damping coefficient of the simulated
virtual object was also maximized. The optimization process was
performed in two different ways. In the first case, the stiffness of the
robot was assumed to be a constant value in the whole workspace,
while in the second case, the stiffness was considered a function of the
robot configuration. In each case and at each operating point, first an
effective mass, an effective damping coefficient, and an effective
stiffness for the robot were obtained, and then using some theoretical
relations, a stable operation boundary was obtained. Finally, the
optimization methods specify the location of the operating point in
such a way that the simulated damping coefficient was maximized.
The results show that in the case of constant robot stiffness, both of
the mentioned methods were able to simulate the maximum value of
1.825 for the virtual damping coefficient. However, in the case of
variable robot stiffness, the crow and bee algorithms reached the
values of 2502 and 2498, respectively as the maximum damping
coefficient that could be simulated. In addition, although the number
of cost function calculations is the same in both methods, the crow
optimization algorithm was faster and more repeatable.
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EXTENDED ABSTRACT

Introduction

Haptic devices are used for simulating virtual objects via simulating force/torques for its
operators. Since most real objects can be modelled by a spring and damper;, the virtual
objects are also modelled with discrete damper and spring. Most of the haptic devices have
several degrees of freedom, enabling a good interaction between them and their users.
While simulating virtual environments, vibrations are seen in the haptic device. In the case
of a stable operation, these vibrations will damp but in the case of instability, the oscillations
will diverge and may harm itself and even its operator. Thus, stability is a key challenge in
haptic devices. If a haptic device has more degrees of freedom than the number of degrees
of freedom needed to simulate a virtual object, then it can choose infinitely different
arrangements for this task (based on its redundancy). These different arrangements have a
great impact on the haptic device operation, the effective mass of the robot, the effective
damping coefficient of the robot, the effective stiffness of the robot and the maximum
amount of stiffness that can be simulated.

In this article, a three-degree-of-freedom haptic device was used to simulate a virtual
object on a wall. The two redundant degrees of freedom in the robot were selected in such
a way that the maximum virtual damping coefficient can be simulated by the robot. Then, in
terms of the stability of haptic devices, the effective stiffness of these robots and the
optimization methods of the artificial bee colony and the optimization algorithm of the crow
were investigated. Finally, the desired optimization process was investigated by the
methods of constant and variable stiffness of the robot and its results presented.

Methodology

A simplified model of a haptic device with an effective mass of mas and effective viscous
friction of ba is depicted in Figure 1. These effective values depend on the configuration of
the haptic device and vary with its configuration change. This haptic device is simulating a
virtual object with stiffness of Kw and damping of Bw, while the sampling time and time delay
in the control loop are T and ¢4, respectively.
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Figure 1. Schematic view of a haptic device, simulating a virtual object.
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From one side, maximum value of the Kw which can be simulated by a haptic device, is
limited to the stiffness of the haptic device (Krobot); because in the case of Kw>Krobor, the
deflection of the haptic device will be significant compared with the penetration depth of
the virtual object and thus the operator does not have a good feeling. From the other side,
stability boundary of a haptic device is a function of its effective mass (ma), effective viscous
friction (ba), sampling time (T), and time delay () as follows:

mgw cos((T + tg)w) + bg sin((T + ty)w)
sin(Tw)

K, = Tw? X
&
mg wsin((T/2 + tg)w) — by sin (T/2 + ty)w)

B, =Tw X
w =W sin (Tw)

Where Kw and Bw represent the boundary of stability of the haptic device. In this
equation, w is frequency and starts from zero to its maximum value of:

1 (pp—aq) + \/(Pz —aq,)? — 4p3(p; — a)

Wmax =774 tq 2(a—pq)
. md/ o =-"/, py = —0.4087 @
(ba(T +to)
ps = —0.07507 p, = 1.325

Using these equations, a typical stability boundary of a haptic device can be determined
and plotted as shown in Figure 2. The purpose is to maximize the Bwmax as shown in Figure
2. For this purpose, metaheuristic methods of artificial bee colony optimization (ABCO) and
the crow search algorithm (CSA) were used to find a configuration which yields to effective
values of mass, viscous and stiffness so that the maximum virtual damping can be simulated.
The purpose was tracking in two different situations: (1) the stiffness of the haptic device is
assumed to be constant in its workspace and (2) the stiffness of the haptic device is not
constant and is determined based on its configuration.

Unstable

Robot
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Figure 2. Stability boundary of a haptic device and stiffness of the haptic device. The goal is to
maximum Bwmax using metaheuristic methods.

B,, (Ns/m)

267



Ahmad Mashayekhi and et al. Position Optimization of a Redundant Haptic ...

Results and discussion

First it is assumed that the stiffness of the haptic device is a constant value. The stiffness
of the phantom haptic device in the middle of the working space and the orthogonal state of
the links was approximately 3500 N/m. This stiffness value was considered for the total
stiffness of the robot in the entire working space. In this case, the artificial bee colony
method and the crow optimization algorithm select the y and z components of the working
point in such a way that the Bwmax shown in Figure 2 is maximized. Both methods can obtain
the desired spatial components with good accuracy in such a way that the simulated virtual
attenuation coefficient is maximized. After the completion of the optimization process, an
effective mass of 0.035 Kg and effective viscous coefficient of 0.062 Ns/m was determined
by both methods, which yields to Bwumax=1.825 (Ns/m). In this case, the stability boundary is
plotted as in Figure 3 (a). In the second case, it is assumed that the stiffness is not constant
and is a function of the haptic device configuration. Again, the ABCO and CSA were used to
find the best position which can maximums the Bwmax. In this case Bumax=2498 (Ns/m) for
the ABCO and Bwmax=2502 (Ns/m) for the CSA was obtained. Stability boundary of this case
is plotted in Figure 3 (b).
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Figure 3. Output of the metaheuristic methods, in the case of constant stiffness of the haptic device.

Conclusion

In this article, using the bee colony optimization method and the crow optimization
algorithm, an optimal working point for a haptic device was found. This optimal point has
the feature that on the one hand, it guarantees the stability of the robot and on the other
hand it maximizes the simulated virtual damping coefficient. The optimization process was
carried out on the phantom haptic device and in two states of fixed and variable stiffness of
the haptic device. Since the maximum stiffness that can be simulated by the tactile robot
must be less than the stiffness of the tactile robot itself, the problem becomes complicated
when the stiffness of the robot is variable. On the one hand, by changing the working point,
the values of effective mass and viscosity change and therefore affect the stability of the
system; on the other hand, the stiffness will also change. The results showed that in both
mentioned cases, both the used optimization methods were able to solve the optimization
problem well and the crow optimization algorithm was faster and more repeatable.
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