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.. ABsTRACT. We propose a novel force feedback-based teleoperation system for medical -
_application. Most teleoperation systems are based on the visual feedback fmm the comera
with the occasional use of force feedback. We p?"esent the concept and principle of e virtual
force feedback in a teleoperation system The circle tracking experiment was considered
using the proposed virtual force feedback. The emperzmenml results showed that the 'relatwe :
tracking error decreased by more than 50% when using the virtual forcc feedback. We also
~performed another experiment studying the cutting of a piece of bean curd using the real
force feedback. Using real force feedback resulted in a 0.4 N decrease in the contact force
. of the knife and the object. After further experimentation, the system will be suilable for . ..
' '.teleswgmal tmmmg -
- Keywords: Medical application, Vlsual ieedback Vlrtual force feedback, Real force__
. feedback Telesurglcal tramlng

1. Introductlon Robotlcs has been Wldely used in many mdustrlal ﬁelds In recent
years it has also been applied in the biomedical field, in which robotic operatlons have
been used for stroke rehablhtatlon neurologlcal surglcal operatlon and a variety of other
exciting apphcatlons Of partlcular relevance to this work are the virtual reality- based
surgery s1mu1at10n systems 1,2].. leen the complexity of realistic environments, full
autonomy in robotics, has yet to be achieved; hence, semiautonomous robotics systems
have been established as a major research line (IEEE Robotics & Automation, 1999) The
teleoperation robotic system is a kind of semiautonomous system that has been applied
in telerehabilitation [3-5] and telesurgical operatiens [6-10] in addition to other evolving
technologies.

Until now, some surglcal operatlon systems are commercially available. For example
both the ZEUS surgical robotic system from Computer Motion (Goleta, CA) [11,12] and
the da Vinci surgical system from Intuitive Surgical, Inc. {Mountain View, CA) [13-17]
ha.ve been used in cardiac surgery to perform coronary artery bypass grafting and mitral
valve repair. Despite these successes, many surgeons claim that further progress in this
field is limited by an unresolved problem the lack of haptic (force and tactile) feedback
to the user [18].

Incorporating force feedback into teleoperated systems can reduce the magnitude of
contact forces, leading to a reduction in the energy consumption, the task completion time,
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"TABLE 1. Parameters of the haptic device

Force feedback workspace 160 mm x 120 mm x70 mm
Maximum exertable force at |3.3 N = '

nominal {orthogonal arms)
position
Stiffness

Inertia (apparent mass at t
Force feedback
Position sensing

6-DOF force sensor (MINT 4/20) is also ¢
and torque on the robot’s arm in the z:
force sensor is shown in Figure 4, and the ! sensor are shown in
Table 2. Additionally, the force components Fy, F, and F, 'a.nd the torque components,
T., T, and T, can be calculated using F = CV, where C is the constant matrix of the
force. F is defined in terms of the force and torque components as (1).

F—|F F, . ., T, T, | (1)

to measure the force
profile of the 6-DOF

and

V=|5G0 SG1 SG2 SG3 5G4 SG5 | (2)

where V is the digital vector sampled with the A/D board of the computer every millisec-
ond.

3. Evaluation Experiments. To establish the advantage of the virtual force feedback
and the real force feedback in teleoperating systems, we performed two diflerent experi-
ments. One was the circle tracking experiment, and the other was the bean curd cutting
experiment.



A NOVEL FORCE FEEDBACK-BASED TELEOPERATION SYSTEM 741

o .-FIGURE 4. Profile of the force seﬂsor

3.1. Circle tracking experiment. In the mrcle trackin experlment we deagned a
virtual environment that i
circles drawn on the vir
virtual environment an
space (see Figure 5).
force vertical to the mon
stylus. Furthermore, per
tracking a real circle on
For the slave system,
and a piece of paper wa,
When the subject tlacke

=

The experiment was. performed with and without the virtual force feedback. In the
tracking eXperlment the ideal Tesult was that the manipulator’s hand can track the ex-
isting circle completely In fact there must be SOIe Errors between the existing circle

I, . sirtual spring force model
the manipulator’'s hand
would get bigger. In our
pintion, we can say that the
shows the principle of the

deviated from the existe__d_':-e
way, the tracking error was exp
virtual spring force model s ide

(3)

‘the tracked virtual circle.

(4)

where (z,,y,) were the coordinates of point A, and (x,,y,) were the coordinates of point
O in Figure 7.
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FIGURE 7. The principle of the virtual force

FIGURE 8. The typical virtual force feedback in the tracking experiment
for subject A

Figure 9 shows the circle drawn by the robot arm when subject A performed the circle
tracking experiment. The figure clearly illustrates that with virtual force feedback, the
tracking performance improved significantly over no virtual force feedback. The tracking
error is defined as in Flgure 10. The absolute tracklng error is defined by K = Ry, . — Rmm,
where Rmam and R, are, respectively, the radii of the circumcircle and inscribed circle
produced by the 3-D vn"tual ball's trace in the virtual environment. The relative tracklng
error & = E/R, where E is the absolute tracking error and R is the radius of the tracked
virtual circle. Figures 11 and 12 show that the relative tracking error of the circle trackmg
experiment for subjects A, B, and C decreased to less than 50% with the virtual force
feedback. For every SUbJGCt the relative error of the tracking experiment decreased with
an increase of the circle’s radius.

3.2. The bean curd cutting experiment. The second experiment required cutting
through a bean curd using teleoperation. In the bean curd, two plastic vessels were
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+ Subject &
£+ Subject B
% Subject G

Fi1GURE 12. The maximum relative error with virtual force feedback

The other occasion was when both the real-time 2-D visual feedback of the CCD camera
and the real-time force feedback on the stylus were applied. Figure 13 shows the principle
of the force transmission. When the knife contacted the plastic vessel in the bean curd,
a force would act on the knife that could be measured with the force sensor on the robot
arm. Through the network connection, an equal force on the haptic device was exerted
so that the subject could feel the force caused by the knife contacting the plastic vessel.
The real-time force feedback and the real-time visual feedback were expected to cause a
decrease in the contact force on the robot arm. The relationship of the forces is shown
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Force (N)

Time (s)

FIGURE 15. The contact force of the knife and the object with only visual feedback
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‘F1GURE 16. The contact force of the knife and the object with visual and
force feedback ' '

the maximum of the z-component is about 0.8 N. So, there was a 0.4 N decrease of the
z-component of the contact force because of the force feedback.

4. Conclusions and Future Work. We have proposed a novel force feedback-based
teleoperation system, which mainly consists of a haptic device (PHANTOM Omni) and a
6-DOF robot’s arm. A high-speed CCD camera was equipped on the robot’s arm to obtain



A NOVEL FORCE FEEDBACK-BASED TELEQOPERATION SYSTEM 749

[9] Taylor, R. H., J. Funda, B. Eldridge, K. Gruben, D. LaRose, S. Gomory, M. Talamini, L. Kavoussi
and J. Anderson, A telerobotic assistant for laparoscopic surgery, IEFE Eng. Med. Biol. Mag.,
pp.279-291, 1995.

[10] Sastry, S. S., M. Cohn and F. Tendick, Milli-robotics for remote, minimally invasive surgery, J.
Robot. Auton. Syst., vol.21, no.3, pp.305-3186, 1097.

[11] Grossi, E. A., A. LaPietra, R. M. Applebaum, G. H. Ribakove, A. C. Galloway, F. (. Baumann, P.
Ursomanno, B, M. Steinberg and S. B, Colvin, Case report of a robotic instrument-enhanced mitral
valve surgery, The Journal of Thoracic and Cardiovasculor Surgery, vol.120, no.6, PP 1169-1171,
2000.

[12] Boyd, W: B, R. Rayman, N. D. Desai, A: H. Menkis, W. Dobkowski, S. Ganapathy, B. Kiaii, G.
Jablonsky; ¥. N. McKenzie and R. J. Novick, Closed-chest coronary artery bypass grafting on the
beating heart with the use of a' computer-enhanced surgical robotic system, The Journal of Thoracic
and Cardiovascular Surgery, vol.120, no.4, pp.807-809, 2000.

[13] Carpentier, A., D. Loulmet, B. Aupecle ‘A. Berrebi, and J. Relland, Computer-ass1sted cardiac
surgery, -The Lancet vol.353, no.91560, pp.379-380, 1999,

[14] Mohr, F. W., V. Falk, A. Diegeler, T. Walther, J. F. Gummert, J. Bucerius, S. Jacobs and R.
Utschbach, Computer-enhanced "robotic” cardiac surgery: Experience in 148 patients, The Journal
of Thoracic and Cardiovascular Surgery, vol.121, no.5, pp.842-853, 2001.

[15] Shennib, H., A. Bastawisy, M. J. Mack and F. H. Moll, Computer-assisted telemanipulation: an
enabling technology for endoscopic coronary artery bypass, Annals of Thoracic Surgery, vol.66,
no.3, pp.1060-1063, 1998,

[16] Kappert, U., R. Cichon, J. Schneider, V. Gulielmos, S. M. Tugtekin, K. Matschke, I. Schramm and 8.
cheuler, Closed-chest coronary artery surgery on the beating heart with the use of a robotic system,
The Journal of Thoracic and Cardiovascular Surgery, vol.120, no.4, pp.809-811, 2000.

171 Chitwood, W. R., L. W. Nifong, J. E. Elbeery, W. H. Chapman, R. Albrecht, V. Kim and J. A.
Young, Robotic mitral valve repair: Trapezoidal resection and prosthetic annuloplasty with the da
vinci surgical system, The Journal of Thoracic and Cardiovasculor Surgery, vol.120, no.6, pp.1171-
1172, 2000.

[18] Kitagawa, M. and A. M. Okamura, Analysis of suture manipulation forces for yeleoperation with
force feedback, MICCAI vol.2488, pp.155-162, 2002.

[19] Wagner, C., N. Stylopoulos and R. Howe, Force feedback in surgery: Analysis of blunt dissection,
Proc. of the 10th Symp. on Haptic Interfaces for Virtual Environment and Teleoperator Systems,
Orlando, USA, 2002.

[20] Faulring, E. L., J. E. Colgate and M. A. Peshkin, A high performance 6-DOF haptic cobot, Proc. of
the IEEE International Conference on Robotics and Automation, 2004.

[21} Kim, H-W., J. H. Lee, H. Suh and B.-I1. Yi, Comparative study and experimental verification of
singular-free algorithms for a § DOF parallel haptic device, Mechatronics, vol.15, pp.403-422, 2005,

[22] Speich, John E., L. Shao and M. Goldfarb, Modeling the human hand as it interacts with a telema-
nipulation system, Mechatronics, vol.15, pp.1127-1142, 2005.

[23] Shimoga, K. B., A survey of perceptual feedback issues in dextrous telemanipulation: Part I. Fin-
ger force feedback, Proc. of the IEEE Annual Virtual Reality International Symposium, Seattle,
Washington, USA, 1993.

[24] Katsura, S., W. Tida and K. Ohnishi, Medical mechatronics - An application to haptic forceps,
Annual Reviews in Control, vol.29, pp.237-245, 2005,

[25] Chiang, A. and M. S. Baba, Developing an intelligent system to acquire meecting knowledge in
problem-based learning environments, Inlernational Journal of Innovative Computing, Information
& Contrel, vol.2, n0.2, pp.465-479, 2006.

[26] Mu, C., S. Liu and J. Chen, Hardware/software integrated training on embedded systems, Interna-
tional Journal of Innovative Computing, Information & Control, vol.2, no.2, pp.4567-464, 2006,

[27] Han, H. G., Adaptive fuzzy controller for a class of nonlinear systems, International Jouwrnal of
Innovative Computing, Information & Control, vol.1, no.4, pp.727-742, 2005.



