








Control Prototyping System. The measurements wefiéhe length of the latex tube was chosen 2-3 cm longer than
obtained with the bed moving for its total travel. Thehe shaft length.

trajectory was chosen to be: In real surgical conditions, water is used as a lubricant

X(t) = 75+45 sint  [mnj (13) assisting in endoscope insertion. In this case however, water

over the latex tube resulted in increased friction. Therefore,

Solving (12) with least squares, the, and the B, were an appropriate lubricant had to be chosen. Various lubricants

computed as: were tested and the best results were obtained with hydraulic
fluid, i.e. very low friction between the latex tube surface
Jor 5.0610° kg m’ (14) and the steel shaft of the endoscope.
B, 2.9310° Nmsrad*®

This effective inertia value was used in control design. The
value for B, in (14) differs from that in (11). Since the
latter was determined directly, it was used as the nominal
value.
The obtained system model and parameters were used to
design a controller that could move the bed and endoscope
assembly with precision. To this end, an IPD controller was
employed, [8]. This controller feeds back the position errorFig. 5. The experimental device, the servo amplifier and the dSpace card.
and the actual speed and has some advantages over classical
PID controllers. Indeed, the IPD adds no zeros to the closed- Another important factor in preparing the experiments
loop transfer function, and hence the controller can p¥as the design of the insertion trajectories. The general
designed to exhibit zero overshoot. Pole placement was udegm of these trajectories is shown in Fig. 6. Since we
to determine the IPD gains, so that the system would ¥gnted mostly constant speed segments, the insertion
stable, with no overshoot and negligible steady state error. frajectory was designed such that the endoscope accelerates
The controller was implemented on the dSpace Ds11dsiefly, then it moves at constant speed, then it decelerates
card. The position error achieved was typically dowrrts and stops. After staying still for some time, the retraction
@, as shown in Fig. 4 for a trajectory x(t) = 75+60sint. Thighase starts, in which the insertion trajectory is played
error was bounded by @ throughout the bed displacementbackwards, i.e. the endoscope accelerates backwards, then it

(150mm). moves with a backwards speed and finally it stops.
Position error flor IPD npuk 75

é 002

s
om ¢§Mﬁm
000
0m =S|;um
002
003
-004
0.

0 10 20 30 40 50 80 ﬁ«%@b 70

Fig. 4. Mean bed position error at@. Fig. 6. The endoscope trajectory during tube insertion and retraction.
IV. EXPERIMENTS To construct the material force model, the forces

The device built is shown in Fig. 5, along with the controllefleveloped as a function of the endoscope displacement and
card and the motor servo amplifier. Since no biologicaipeed had to be determined. The developed forces were
tissue was available at the time when the device wa&easured for endoscope speeds of 3.75 mm/s, 7.5 mm/s, 15
completed, it was decided to choose a similar materiim/s, 20 mm/s and 30 mm/s. During each speed
allowing us to set up the appropriate methodology fd#xperiment, endoscope force, position and velocity, motor
obtaining the material properties. current, and position error were measured. The forces

The material had to be elastic and exhibit minimafleveloped on the endoscope and the endoscope position in
plastic deformations. Latex was a good candidate for thetfte latex tube over time, for the above speeds, are shown in
requirements. The elasticity of latex, along with itigs.7,8,9, 10, and 11.
tribological surface characteristics is close enough to the These figures show that there is an almost linear
human urethra tissue. In addition, it deforms radially to #crease of the force as a function of the endoscope
larger diameter endoscope, as it happens with the real tissdiéplacement and a drop in its magnitude, when the
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endoscope reaches the maximum insertion depth and stops.
This discontinuity occurs during all acceleration or
deceleration phases of the endoscope and is due to the
sudden nonlinear deformation of the latex.

The force results were sampled at 1Khz. We observe
that the force varies between 3 to 4 N. According to [1], the
maximum forces expected during a real endoscopic surgery
are about 4.5 N. Therefore, the latex tube experiments are
yielding forces in the same range as the real operation and
hence, this material reproduces the endoscopic conditions
close enough.
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Endoscope position and friction forces at 3.75 mm/s.
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Endoscope position and friction forces at 7.5 mm/s.
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Endoscope position and friction forces at 15 mm/s.
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Fig. 10. Endoscope position and friction forces at 20 mm/s.
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Fig. 11. Endoscope position and friction forces at 30 mm/s.

Typical responses for the endoscope linear velocity, the
motor current and the position error over time, are shown in
Figs. 12 and 13.

A number of additional experiments were also
conducted to investigate the effect of decreasing lubrication,
as the endoscope moved in and out of the latex tube
repeatedly. It was found that the average force increases by
0.5 N after 5 repetitions of endoscope insertions/ retractions.
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Fig. 13. (a) Endoscope linear velocity, (b) motor current, and (c) position
error for 15 mm/s.

V. MODEL DEVELOPMENT

The obtained force results were processed with FFT to
identify noise frequencies. A Butterworth filter of 2"® order
with elimination frequency at 1/100 of the max was used.
After being filtered, the data was truncated to keep the
portions at which the endoscope speed was nearly constant.
This was true between 30mm to 135mm in the latex tube.
The results are shown in Figs. 14 and 15, where the forces
developed during the insertion and the retraction phases are
shown as a function of endoscope speed.
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Fig. 14. Endoscope forces during insertion.

These forces were fitted using a least squares approach,
using the following approximate force model:

F(x,%)=F +K(x)-x+B(x)-x (15)
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where F is Coulomb friction, K(x) is the spring constant
and B(x) the corresponding damping. As assumed, the
force is function of both the displacement, and the speed.
Two general polynomials of first and second order were
used to fit the data:
F(x,x)=a,+a,-x+a, % (16)
7)

The following polynomial coefficients were determined for
insertion and retraction of the endoscope (all in SI units):

F(x,¥)=a,+a, x+a, -X+a,-x’ +a,-x°

u=3,75 mm/s
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Fig. 15. Endoscope forces during retraction.

1** order model

F(x,)'c)m =0.1055+0.02-x+0.001-x (18)
K(x)=0.02 (19)
B()'c): 0.001 (20)
Max error: 0.3287
Mean error: 0.0993
F(x,fc)out =0.0732+0.0196-x+0.0117 - x 21
K(x): 0.0196 (22)
B()'c): 0.0117 (23)
Max error: 0.4850
Mean error: 0.1518
2™ order model
F(x,)'c)m =0.6322+0.0036-x+0.0147 - x + (24)
0.0001- x* —0.0005 - %*
K(x): (0.0036+0.0001-x) (25)
B()'c): (0.0147—0.0005-5c) (26)
Max error: 0.2568
Mean error: 0.0626
F(x,)'c)’,et =0.4557+0.006-x+0.0353-x+ 27
0.0001- x* —0.0008 - %*
K(x): (0.006+0.0001~x) (28)
B()'c): (0.0353—0.0008»&) (29)

Max error: 0.4593
Mean error: 0.1248

Comparing the results for the 1* and 2™ order models, we
observe that the mean error is of the same order of
magnitude. By using the 2™ order model, we can see some
small improvement in force approximation. On the other
hand, if we need a speedier response in the computation of
the model, a 1™ order model is more appropriate.

VI. CONCLUSIONS

Surgical training simulators are based on the interaction of a
haptic interface with the virtual environment. The more
realistic this interaction is, the better the training of the
young surgeon. A realistic interaction requires a good and
accurate model that describes the tissue deformation. In this
paper, we deal with the tube shaped tissue deformations that
happen during an endoscopic surgery. Such tissues exist in
the male urethra surgery and belong to soft tissues. Soft
tissues show great non linear material behavior so direct
experimental measurements are required. To achieve this
we built a device capable of reproducing the endoscopic
conditions and measure the developing forces.

The device consists of a mechatronic ball screw
mechanism, with a 6 DOF force/ torque sensor attached to it.
The steel shaft representing the endoscope is commanded to
follow a desired trajectory with micrometric accuracy under
the application of an IPD controller implemented on a
dSpace 1103 system. The experimental data acquired is
fitted to polynomials to yield a tissue model that can be used
to predict insertion forces required for haptic simulator
feedback. First and second order force models were
developed. Although the second order model is more
accurate, the first order model computes faster and can be
used if computation time is critical.
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