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Abstract
Background: In minimally invasive surgery, force feed-
back information on tissue manipulation is altered by
friction between the instrument and the sealing mecha-
nism of the trocar. It is unknown how the different
sealing mechanisms of currently available trocars influ-
ence the friction forces. The current study investigated
the dynamic changes in friction for various trocars at
different instrument velocities.
Methods: The friction characteristics for six common
types of trocars were determined. A force sensor was
attached to the shaft of a standard 5-mm disposable
grasper to measure the forces required to move it
through the trocars. Movement velocity and direction of
the shaft were controlled by a servomotor. In addition,
whether moistening the shaft reduced friction was tes-
ted.
Results: The friction depended on the type of trocar, the
movement velocity, and the movement direction, and
varied between 0.25 and 3.0 N. Specifically, trocars with
narrow sealing caps (i.e., high normal force onto the
shaft) and trocars with thick sealing caps (i.e., large
contact area) generate a high amount of friction.
Moistening the shaft reduced friction 15% to 45%. For
most trocars, large fluctuations in forces occur when the
movement starts or when the direction reverses. The
magnitude of these fluctuations varied between 0.2 and
2.5 N.
Conclusions: For some trocars, friction can be as great
as the forces associated with instrument–tissue interac-
tion. At movement reversals, friction fluctuates due to
deformations of the rubber and silicon parts of the
sealing mechanism. Such high variance can deteriorate
surgical performance during high precision tasks (e.g.,
tissue manipulation) that typically involve many chan-
ges in movement direction. Comparisons of the inves-
tigated trocars indicate that the friction magnitude and
variance can be reduced easily by changing the proper-
ties of the sealing cap or by lubricating the instruments.
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Accurate control of grasping and pulling forces is an
essential component of many surgical activities. In tissue
manipulation, inability to control these forces is asso-
ciated with slippage of the tissue if the pinching forces
are too low, and with damage to delicate tissue if the
forces are too high [1, 6]. The surgeon usually senses the
magnitudes of applied forces peripherally via me-
chanoreceptors in the skin and muscles [5, 7]. However,
in minimally invasive surgery, the lack of direct manual
contact between the tissue and the surgeon�s fingers re-
duces the quality of force feedback on the surgeon�s
interactions with the tissue [2]. Pulling forces associated
with instrument–tissue contact are masked by friction
between the instrument and the sealing caps, and be-
tween the membranes and the valves of the trocars. This
complicates the control of handling the tissue and of
applying the exact force needed. As a result, the risk of
tissue damage is increased.

A number of researchers have measured the fric-
tional forces generated when surgical instruments rub
against the inner parts of trocars [3, 8, 10, 11]. Still, there
is only limited knowledge about the dynamic nature of
friction in trocars. To characterize the friction in trocars,
Picod et al. [10, 11] used a friction model based on
Coulomb friction and viscous friction. Such models are
well established and show (nonlinear) increases in fric-
tion with increasing velocity. However, the assumption
that friction force depends only on instantaneous
velocity is in general not a good approximation [4]. At
the start of a movement, adhesion of the surgical
instrument, the sealing caps, and the valves of trocars
will result in increasing forces until the molecular bonds
break and a slip occurs. Also, at low velocities, the
molecular bonds may continuously detach and attach so
that the forces may oscillate with a high frequency [9].

The results of Picod et al. [10, 11] suggest that
especially for rapid surgical movements, friction will be
detrimental for the utility of force feedback. Yet, theCorrespondence to: J. J. van den Dobbelsteen
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stick–slip phenomena that arise at the start of a move-
ment or at low velocities may cause large fluctuations in
forces. Moreover, movements of the instrument in the
trocar may vary quickly, and the direction often reverses
(e.g., during tissue dissection). Each reversal in move-
ment direction is accompanied by the same fluctuations
in forces that may arise at the start of a movement.
Consequently, due to frequent directional changes of
movement, force feedback information may be even
more distorted at velocities varying around zero than at
high velocities. Therefore, the current study particularly
investigated whether large fluctuations in frictional for-
ces occur at the beginning of a movement and at low
velocities.

We studied the friction characteristics of six trocars
commonly used in conventional laparoscopic surgery.
The trocars differed both in design and in the materials
they comprised. We determined the effect of instrument
velocity level and changes in velocity on the amount of
friction and on the magnitude of variation. In addition,
because some surgeons moisten their instruments with
water to minimize friction, we evaluated whether this is
indeed an effective method. All measurements were
performed in vitro.

Materials and methods

Trocars

The main characteristics of the different trocars are summarized in
Table 1. Images of the trocars are displayed in Fig. 1. All the trocars
were suitable for laparoscopic instruments with a shaft diameter of 5

mm. Some were used in combination with their appropriate reducer
caps. The sealing cap of one trocar, the Xcel 12 (Ethicon ENDO-
Surgery Inc, Cincinnati, Ohio) consisted of multilayered flaps. These
had been lubricated already by the manufacturer to reduce friction.

Apparatus

All measurements were performed with the shaft of a standard lapa-
roscopic grasper (CLICKline; Karl Storz, Tuttlingen, Germany). The
shaft had a diameter of 5 mm and consisted of a stainless steel outer
tube insulated with a plastic sheath. It was attached to a slider that
allowed translational movement of the shaft through the trocar, which
was fixed to a table (Fig. 2). A load cell (FUTEK Advanced Sensor
Technology Inc, Irvine, California) was placed in-line with the shaft
and slider to measure the forces required to move the shaft through the
trocars. The sensor measured the forces at a sample frequency of 1,000
Hz. The slider was moved with the use of a computer-controlled ser-
vomotor (Maxon Motor Ag, Sachseln, Switzerland).

A single measurement trial consisted of four inward and four
outward movements 35 mm in amplitude. Each movement contained a
phase in which the instrument moved at constant velocity. The
instrument was smoothly decelerated and accelerated at movement
reversals (Fig. 3). The constant velocity level was varied in the 70
measurement trials (range, 1, 2, 3 . . . 70 mm/s). These 70 measure-
ments were performed for each trocar and each condition (dry shaft
and moistened shaft). For the moistened shaft condition, a few drops
of water were put on the shaft near the entry of the trocar at the start
of a measurement trial.

Data analysis

It was assumed that the forces associated with the inertia of the shaft
were negligible, so these were not taken into account. Thus, in the
analysis, the output of the load cell was taken as a measure of the
friction between the moving shaft and the sealing mechanism of the
trocar.

Fig. 1. Trocars used in the
experiment.

Table 1. Main characteristics of the different trocars

Trocar Sealing capa Valve Housing Diameterb (mm)

B Braun 5.5 Rubber, 4 mm Silicon Stainless steel nondisposable 5.5
Karl Storz 5 Rubber, 4 mm Stainless steel spring-loaded Stainless steel nondisposable 5
Endopath 12 Silicon, 6 mm,a additional reducer, 3 mm Plastic spring-loaded Plastic disposable 12
Endopath 5.5 Silicon, 4 mm Plastic spring-loaded Plastic disposable 5.5
Xcel 12 Rubber, plastic self-adjusting reducer lubricated Rubber Plastic disposable 12
Xcel 5 None Rubber Plastic disposable 5

a Inner diameter of the sealing cap
b Maximal diameter of the shaft of the instrument for which the trocar is suitable
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To characterize the friction in the trocar, two different analyses
were used, as explained in Fig. 3. In the first analysis, the magnitude of
friction was determined when the shaft moved at a constant velocity
(kinetic friction). Kinetic friction represents the friction during steady
sliding at a constant velocity. This measure was calculated as the
median of the forces during the constant velocity phase for each single
movement in a measurement trial. The results for the inward and
outward movements were averaged separately per measurement trial
to get a single estimate of the kinetic friction for both movement
directions and each of the 70 constant movement velocities.

The second analysis was performed to characterize the fluctua-
tions in force attributable to stick–slip (e.g., stretching and slipping of
the silicon and rubber parts of the sealing mechanism). Slip and stick
are associated with distinct peaks in the force profile. We therefore
determined for each movement the peak-to-peak amplitude of the
forces present at the beginning of the movement until steady sliding
occurred (peak-to-peak friction). Again, the results were averaged over
movement direction for each of the 70 movement velocities. Note,
however, that the moment of slip, and therefore the occurrence of peak
forces, may take place during both the acceleration and constant
velocity phases of a movement. Thus, the peaks can be related to forces
generated at movement velocities lower than those during the constant
velocity phase of a movement.

To evaluate whether moistening of the shaft reduces friction, we
calculated the ratios between the friction values obtained for a trocar
in the dry and moistened conditions for each movement velocity and
direction (n = 140). For each trocar, separate one-tailed t-tests were
performed to determine whether the averaged ratio of kinetic friction
or peak-to-peak friction was lower than 1. A p value less than 0.05 was
considered significant.

Results

Figure 3 shows a typical example of a measurement
trial. There were clear differences in the friction
dynamics between the trocars investigated in this study.
Figure 4 illustrates the differences in force profiles for
consecutive inward and outward movements with a low

(left column) constant velocity phase and a high (right
column) constant velocity phase. At very low velocities,
stick–slip peaks were present in two of the six trocars
and at higher velocities in five of the six trocars.

Both the level of kinetic friction and the level of
peak-to-peak friction varied extensively between the
trocars. The results for the condition in which the shaft
was dry are plotted in Fig. 5. The magnitude of kinetic
friction varied between 0.25 and 3 N for the different
trocars and depended on both movement velocity and
movement direction. Kinetic friction is greater for
higher velocities and outward movements (negative
velocity values). The kinetic friction was especially high
for the B Braun 5.5 trocar (Melsungen AG, Tuttlingen,
Germany) the Karl Storz 5 trocar (Tuttlingen, Ger-
many), and the Endopath 12 trocar (Ethicon ENDO-
Surgery Inc, Cincinnati, Ohio).

Peak-to-peak friction generally decreased with
increasing velocities and was highest for outward
movements. The highest peak-to-peak friction attribut-
able to stick–slip was found for the Endopath 12 trocar.
For movements with a constant velocity phase lower
than 5 mm/s, stick–slip occurred only with the B Braun
5.5 and the Endopath 12 trocar. For the Karl Storz 5
trocar, no clear stick–slip was present for all velocities.
For both Xcel trocars, stick–slip phenomena were
present only for intermediate velocities.

Moistening of the shaft reduced the kinetic friction
with all trocars. Table 2 reports the means and standard
deviations for the ratios between the friction values
obtained in the dry and moistened conditions for each
trocar. One-tailed t-tests showed that for the kinetic
friction, all averaged ratios were significantly lower than
1. We could not determine the ratio of peak-to-peak

Fig. 2. Schematic drawing of the experimental
setup.

Fig. 3. Typical example of a measurement trial.
The top graph displays the force measured by the
load cell over time. The thick horizontal bar
represents the median force measured when the
shaft moved at a constant velocity (termed
‘‘kinetic friction’’). The thick vertical bar
represents the peak-to-peak amplitude of the force
found during a single movement (termed ‘‘peak-
to-peak friction’’). The bottom graph displays the
position of the shaft over time.
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friction for all trocars. After administering the water,
stick–slip was present with only three of the six trocars,
and only for a limited number of measurement trials. A
very small significant reduction in peak-to-peak friction
was found only for the Endopath 5 trocar. After
moistening, no stick–slip peaks were found for the Karl
Storz 5 or the two Xcel trocars.

Discussion

This study shows that both the magnitude and the
dynamics of friction between laparoscopic instruments
and trocars differ extensively across various trocar de-
signs. We further found that the magnitude of friction
can be reduced easily by moistening the shaft of the
instrument with a few drops of water. Less friction re-
sults in less drag of the instrument in the trocar and
eases surgical performance. We therefore recommend
the use of water or other lubricants in clinical practice.

The level of friction depends on the adhesion and the
size of the contact area between the sealing mechanisms
of the trocars and the surface of the surgical instrument.
Considering that most parts of the trocar sealing
mechanisms consist of silicon or rubber, we can easily

point out some of the main determinants of high friction
levels with trocars. Silicon and rubber typically display
strong adhesion. With no movement, the flexible mate-
rial deforms, following the profile of the instrument,
thereby creating a large contact area [9]. The size of the
contact area also is influenced by the amount of contact
pressure. Therefore, high friction occurs mostly when
the sealing cap of the trocar is relatively thick (i.e.,
creating a large contact area) or has a relatively narrow
inner diameter (i.e., inducing high contact pressure).
Sealing caps with these properties are common in non-
disposable trocars, and were used with the two nondis-
posable trocars included in this study. Added reducer
caps, as used with the Endopath 12, also are relatively
narrow, which results in high friction.

Despite the large differences in the friction dynamics
of the trocars, there also are clear commonalities in the
force profiles. When the laparoscopic instrument starts
to move through the trocar, the contact surfaces stick
until the force reaches a critical level: the static friction
(i.e., the force to start sliding). Beyond this critical force
level, slip occurs, and the friction force is reduced. The
exact magnitude of this reduction depends in part on the
stiffness of the silicon and rubber components of the
sealing mechanisms. When the materials are stiff, less
deformation occurs. This results in a smaller contact
area, and therefore a lower static friction. When the
difference between static friction and kinetic friction is
small, the reduction in friction during slip also is small.
Thus, to prevent large fluctuations in forces at the start
of a movement and at movement reversals, the materials
used should be stiff. In this situation, however, it is very
important that the sealing fits exactly. Too tight a fit will
result in high contact pressure and increase both static
and kinetic friction. Too loose a fit will result in gas
leakage.

To reduce friction, lubricants that create a thin film
between the sliding surfaces can be used. In this study,
the use of water as a lubricant reduced kinetic friction
15% to 45%. This means that for trocars with high
friction, moistening of the shaft may lead to a reduction
in force as great as 1.5 N. We should note that for one
trocar, the Xcel 12, parts of the outer seal were lubri-
cated by the manufacturer. The main purpose of this
lubricant was to ensure a proper sliding between the
partly overlapping flaps of the seal. However, when the
instrument moves in the trocar, the lubricant spreads to
the contact area between the flaps and the surface of the
instrument�s shaft. We therefore assume that in this
study, the lubricant also affected the friction between the
flaps and the shaft of the instrument. The presence of the
lubricant may partly explain the relatively low kinetic
friction found for this trocar. Still, moistening of the
shaft reduced the kinetic friction 20%, showing that even
with this trocar, there were beneficial effects of an added
lubricant.

The effect of moistening the shaft on the peak-to-
peak friction was less clear. With some trocars, stick–
slip disappeared completely. However, with the trocars
(or measurement trials) for which stick–slip was still
present, there was no reduction in peak-to-peak friction.
This probably means that in the latter, the water often is

Fig. 4. Typical force profiles for all the trocars. The left column dis-
plays the force profiles for the movements with a constant velocity
phase of 2 mm/s. The right column shows the force profiles for the
movements with a constant velocity phase of 20 mm/s. The magnitude
of forces (N) is indicated by the thick vertical line at the bottom right
of the figure. The gray lines represent the forces during inward
movements, and the black lines represent the forces during outward
movements.
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squeezed out of the contact area. At low velocities, the
deforming materials of the sealing push the water away.
Only during steady sliding is a film of water formed
between the sealing and the shaft so that the kinetic
friction is reduced but the peak-to-peak-friction remains
the same. To reduce the peak-to-peak friction, other

lubricants more viscous than water may be more bene-
ficial. This, however, requires further study.

We found that at high instrument velocities, the ki-
netic friction generated in trocars can be as great as the
forces associated with instrument–tissue interaction.
This result is in line with the findings of Picod et al. [10,

Fig. 5. Friction forces between the trocar and a
dry shaft. The top graph shows the kinetic friction
found for each trocar for the different velocities.
The bottom graph shows the peak-to-peak
friction relative to the movement velocity.
Negative velocities represent outward movements,
and positive velocities represent inward
movements. Note that the peak-to-peak friction
could not be determined for some trocars and
velocities because there was no stick–slip.

Table 2. Kinetic and peak-to peak friction ratios between the dry and moistened conditions

Kinetic friction ratioa Peak-to-peak friction ratiob

Trocar Mean SD n p Value Mean SD n p Value

B Braun 5.5 0.56 0.07 140 <0.001 1.04 0.51 101 NS
Karl Storz 5 0.71 0.12 140 <0.001 — — — —
Endopath 12 0.74 0.14 140 <0.001 1.00 0.18 137 NS
Endopath 5.5 0.85 0.09 140 <0.001 0.99 0.06 74 0.019
Xcel 12 0.80 0.25 140 <0.001 — — — —
Xcel 5 0.54 0.11 140 <0.001 — — — —

SD, standard deviation; NS, not significant
a One kinetic friction ratio was calculated for each measurement trail (i.e., each velocity and direction; n = 140) and each trocar. All averaged
kinetic friction ratios are significantly below 1.0
b Peak-to-peak friction ratios could be calculated only when stick–slip peaks were present for a certain velocity and direction in both conditions
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11]. Our study further shows that even when instrument
velocity is low, force feedback on the instrument�s
interactions with the surgical environment can be dis-
torted by dynamic changes in friction between the
instrument and the sealing mechanisms of the trocars.
The dynamic changes in friction arise each time an
instrument starts to move or movement direction re-
verses. Tissue manipulation, among other high-precision
tasks, typically involves low instrument velocities and
many changes in movement direction. Our results sug-
gest that the properties of some currently used trocars
may be disadvantageous for dexterous tissue manipu-
lation. Although it is unknown how a reduced quality of
force feedback affects appropriate force application [8],
large fluctuations in friction will disrupt smooth
instrument motion and may therefore complicate sur-
gical performance.

Conclusions

At low instrument velocities, dynamic changes in fric-
tion occur in trocars. This distorts force feedback and
motion control in high-precision tasks such as tissue
manipulation. Friction magnitude can be reduced easily
by changing the design of trocar sealing mechanisms or
by using lubricants.
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