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Abstract

Background Laparoscopic surgery requires specially

designed instruments. Bowel tissue damage is considered

one of the most serious forms of lesion, specifically per-

foration of the bowel.

Methods An experimental setting was used to manipulate

healthy pig bowel tissue via two vacuum instruments. During

the experiments, two simple manipulations were performed

for both prototypes by two experienced surgeons. Each

manipulation was repeated 20 times for each prototype at a

vacuum level of 60 kPa and 20 times for each prototype at a

vacuum level of 20 kPa. All the manipulations were mac-

roscopically assessed by two experienced surgeons in terms

of damage to the bowel.

Results In 160 observations, 63 ecchymoses were

observed. All 63 ecchymoses were classified as not relevant

and negligible. No serosa or seromuscular damages and no

perforations were observed.

Conclusion Vacuum instruments such as the tested pro-

totypes have the potential to be used as grasper instruments

in minimally invasive surgery.

Keywords Minimally invasive surgery �
Nonconsequential tissue damage � Preset gripping forces �
Skill independent

Laparoscopic surgery requires specially designed instru-

ments for manipulation of the internal organs in a safe

manner [1–17]. Bowel tissue damage is considered one of

the most serious forms of lesions [1, 18–20], and perfora-

tion of the bowel causes peritonitis, which leads to high

rates of morbidity and mortality [18]. It also is possible to

damage the tissue without immediate perforation. This may

lead to local tissue necrosis, causing a delayed perforation

of the bowel and resulting in serious complications for the

patient [18, 21–23].

In industrial applications, vacuum is a common and

successful grasping technique, especially when accuracy

and delicacy are required. Some studies also show that

vacuum technique can be used as a safe stabilizing and

positioning technique during a surgical procedure [24–27].

In a joint project, Karl Storz and Delft University of

Technology developed two vacuum technique-based gras-

per prototypes (patent no. NL2000796).

This study aimed to introduce a vacuum technique for

laparoscopic bowel manipulation by testing the two vac-

uum grasper prototypes for bowel damage. In addition, the

performance of the prototypes was explored in terms of

tissue damage to the liver, the spleen, and the gallbladder.

Materials and methods

An experimental setting was used to manipulate healthy

pig bowel tissue by means of two vacuum instruments

(prototypes A and B; Figs. 1 and 2). The prototypes were

constructed on the same technical principle and constructed

such that both prototypes fit through a 12-mm trocar

(patent no. NL2000796).

Both prototypes were connected to a vacuum pump

(Leybold, Germany). The vacuum pump generated a preset
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vacuum level (60 kPa or 20 kPa, in which 100 kPa was the

atmosphere and 0 kPa was the absolute minimum) mea-

sured by a vacuum transducer (Econtronic, Germany) and a

calibrated vacuum reader with digital output (100–0 kPa).

Both prototypes had two control options: grasping tissue

and releasing tissue. To grasp tissue, the nozzle of the

prototype was placed on the tissue surface, and the opening

of the shaft was closed of by means of a finger. The tissue

was sucked into the nozzle. The nozzle of prototype A had

an inlet diameter of 7.5 mm and a grasp volume of

0.66 ml. The nozzle of prototype B had an inlet diameter of

8 mm and a grasp volume of 1.33 ml. Prototype A used a

one-way suction system, and prototype B used a two-way

suction system (Fig. 2). The suction systems determined

the outer shape of both nozzles. The angle of the chamfered

tip of prototype A was arbitrarily chosen, so the chamfer

had no intentional function. Both nozzles used strainers to

prevent the tissue from bulging into the instrument. To

release the grasped tissue, the finger was lifted from the

opening on the shaft to create a leak, which decreased the

vacuum level, causing the tissue to slip out of the nozzle.

During laparoscopic procedures, segments of the bowel

often need to be moved and repositioned. Such manipula-

tions required a firm grip on the delicate bowel. Two

simple manipulations were performed for both prototypes

by two experienced surgeons to simulate such manipula-

tions. For the first manipulation, the tissue was grasped and

lifted 90� upward 15 cm (Fig. 3). For the second manip-

ulation, the tissue was grasped and pulled horizontally

20 cm (Figs. 4 and 5). Each manipulation was repeated

20 times for each prototype at a vacuum level of 60 kPa

and 20 times for each prototype at a vacuum level of

20 kPa. A total of 160 manipulations were assessed. In

addition, the bowel was grasped at a level of 20 kPa for

60 s, once for each prototype.

All effects of the manipulations were macroscopically

assessed by two experienced surgeons in terms of tissue

damage. Both surgeons examined the small bowel 15 min

after the assessment of the 160 manipulations for tissue

damage as a final checkup. The tissue damages were cat-

egorized into five levels of visible damage: (1) no damage

at all, (2) bruise or ecchymoses (tissue layers intact), (3)

serosa damage, (4) seromuscular damage, and (5) perfo-

ration of the bowel.

As an additional test, the liver and the spleen were lifted

90� upward 10 cm, and the gallbladder was grasped and

elevated. All manipulations during this test were repeated

10 times at a vacuum level of 20 kPa. Prototype B was

Fig. 1 Prototypes A (left)
and B (right)

Fig. 2 Schematic views

of prototypes A (left)
and B (right)
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used for these additional tests. Tissue damage involving the

liver, the spleen, and the gallbladder also was assessed

macroscopically and described.

All bowel manipulations were assessed for successful

and unsuccessful grasping. Grasping was considered

successful when the tissue was grasped instantly and lifted

or pulled up the prescribed distance before it was released.

Deviations from this definition were assessed as unsuc-

cessful. Both prototypes grasped the tissue in a rather

complex manner due to deformation of the tissue as it

bulged into the nozzle (Figs. 1 and 2).

The tension and stresses exerted on the tissue could not

be determined with the available data. Therefore, no

comparison with existing laparoscopic graspers could be

made in terms of these aspects.

For the experiments, an anesthetized healthy female pig

weighing 34 kg was used. The experiment took place in the

department of experimental surgery at the Amsterdam

Medical Center.

Fig. 3 Lifting of the bowel upward

Fig. 4 Pulling of the bowel sideways (start)

Fig. 5 Pulling of the bowel sideways (end)

Fig. 6 Ecchymosis example 1
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Results

The results with regard to tissue damage at both vacuum

levels, 60 and 20 kPa, and for both prototypes are shown in

Table 1. When the grasped bowel tissue was lifted 90� upward

15 cm, 14 small ecchymoses were observed (from 40

manipulations assessed) at a vacuum level of 60 kPa. In two

cases, the manipulations were unsuccessful. Both unsuccess-

ful manipulations were performed with prototype B.

At a vacuum level of 20 kPa, 24 small ecchymoses

(examples shown in Figs. 6 and 7) were observed (from 40

manipulations assessed). In one case, the manipulation was

unsuccessful. The unsuccessful manipulation was per-

formed with prototype A.

When the grasped bowel was pulled horizontally for

20 cm at a vacuum level of 60 kPa, 7 small ecchymoses

were observed (from 40 manipulations assessed). In one

case, the manipulation was unsuccessful. The unsuccessful

manipulation was performed with prototype A.

When the grasped bowel tissue was pulled horizontally

for 20 cm at a vacuum level of 20 kPa, 18 small ecchy-

moses were observed (from 40 manipulations assessed). No

damages occurred with either prototype during the unsuc-

cessful manipulations. The unsuccessful manipulation at a

vacuum level of 20 kPa was caused by an inaccuracy of

one of the surgeons. The manipulation started before the

tissue was properly sucked into the nozzle. The unsuc-

cessful manipulation at a vacuum level of 60 kPa was

caused by leakage due to tissue variations, lack of grip, or

both.

No noticeable difference in tissue damage between the

two prototypes (A and B) was observed. With prototype B,

the bowel was not automatically released at either vacuum

level when the surgeon lifted his finger from the opening

on the shaft. With both prototypes, it was easier to release

the tissue at a vacuum level of 60 kPa than at a vacuum

level of 20 kPa. This seemed normal because the vacuum

forces were lower at a lower vacuum level.

A number of times, the opening of the nozzle caused an

imprint on the tissue surface. The serosa was still intact,

and the imprint disappeared after a few minutes. In addi-

tion to the experiments conducted, the tissue was grasped

with a vacuum level of 20 kPa for 60 s, once for each

prototype. The tissue was assessed in both cases by both

surgeons. The ecchymoses caused by the vacuum forces

disappeared after a few minutes.

With regard to liver, spleen, and gallbladder tissue

damage at a vacuum level of 20 kPa with prototype B, the

results can be described as follows. The manipulations on

the liver resulted in no visible tissue damage, and after

10 min, the nozzle prints on the surface of the liver caused

Table 1 Results of the

observations regarding tissue

damage at vacuum levels

60 and 20 kPa

Upward (n) Sideways (n) Total (n)

60 kPa

Manipulations 40 40 80

Successful manipulations, no damage 26 33 59

Successful manipulations, nonconsequential damage 14 7 21

Successful manipulations, consequential damage 0 0 0

Unsuccessful manipulations, no damage 2 1 3

Unsuccessful manipulations, nonconsequential damage 0 0 0

Unsuccessful manipulations, consequential damage 0 0 0

20 kPa

Manipulations 40 40 80

Successful manipulations, no damage 16 22 38

Successful manipulations, nonconsequential damage 24 18 42

Successful manipulations, consequential damage 0 0 0

Unsuccessful manipulations, no damage 1 0 1

Unsuccessful manipulations, nonconsequential damage 0 0 0

Unsuccessful manipulations, consequential damage 0 0 0

Fig. 7 Ecchymosis example 2
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by the nozzle disappeared. The manipulations on the spleen

also resulted in no visible tissue damage, but the nozzle

prints remained visible after 10 min. Finally, the manipu-

lations on the gallbladder, as on the liver and spleen,

resulted in no visible tissue damage.

Discussion

The physical principles of the vacuum prototypes allowed

pig bowel tissue to be grasped safely, up to a vacuum level

of 20 kPa. From the total of 160 manipulations, 63

ecchymoses were observed and classified as not relevant

and negligible. No torn tissue layers or tissue perforations

were observed. The surgeons agreed in their assessments

for more than 99% of all the manipulations.

Ecchymoses and serosa damage are considered non-

consequential. These types of damages have no conse-

quences whatsoever. Seromuscular damage is considered

potentially consequential and may lead to consequential

damage including perforation of the bowel, adhesions, and

scars.

In our study, the small bowel was as healthy before as after

the final checkup 15 min after the primary assessment. Pig

bowel tissue was used for the experiments. The use of pig

bowel tissue for testing of the vacuum grasper was justified

because the strength of pig bowel tissue is approximately

comparable with that of human bowel tissue [7].

A vacuum instrument has a number of interesting

characteristics with regard to handling of the bowel. These

characteristics lie within the physical principles of a vac-

uum instrument and can be described as follows. When

tissue is grasped firmly by means of the tested prototypes,

the inlet diameter (Figs. 1 and 2) of the nozzle is sealed of

by the tissue. A vacuum instrument therefore automatically

uses its entire surface area to grasp and hold the tissue. The

forces applied to the grasped tissue remain practically

constant and can be preset at a safe level.

The vacuum level inside the nozzle is closed off from

the outside atmosphere by means of the grasped tissue.

When a leak occurs, the outside atmosphere starts to level

with the vacuum level inside the nozzle. This causes the

vacuum forces (grasp forces) to decrease, and hence, the

tissue starts to slip. To conclude, the likelihood of tissue

damage due to slip is minimal because the forces applied to

the tissue become minimal.

A vacuum instrument seems less sensitive to variations

within tissue. It is presumed that because the tissue is

not compressed for it to be firmly grasped, a vacuum

instrument is less sensitive to variations in wall thickness,

tissue folds, and bowel mesentery. It also is presumed that

vascularization of the tissue is less compromised by a

vacuum instrument. The fact that during the experiment no

relevant damages were observed and four of the 160

manipulations were assessed as unsuccessful underscore

this presumption.

The nozzle has no moving parts controlled by the user.

The forces that grasp and hold the tissue are determined by

the level of vacuum, preset at a constant level indepen-

dently of the surgeon. Therefore, when using a vacuum

instrument, a novice surgeon applies the same forces to

grasp and hold the tissue as an expert surgeon, which adds

to patient safety during surgical procedures.

The main causes of unsuccessful grasping are exerted

vacuum forces insufficiently strong to provide a firm grip,

inaccuracy of the user such as moving the tissue before it is

properly grasped, and leakage between the nozzle and the

grasped tissue due to variations within the tissue such as

wall thickness and tissue folds.

In addition to the tests conducted on pig bowel tissue, a

number of manipulations were performed on the liver, the

spleen, and the gallbladder. Prototype B was used for these

additional tests. The manipulations on all three types of

tissue resulted in no visible organ damages. These tests

indicate that a vacuum instrument can be used to grasp the

spleen, the liver or the gallbladder without causing damage

to these types of tissue. Other studies regarding laparo-

scopic splenectomy [25] and laparoscopic adrenalectomy

[26] underscore this finding.

Vacuum instruments, such as the tested prototypes, have

the potential to be used as grasper instruments in minimally

invasive surgery. The question rises whether a vacuum

instrument can be used to stabilize tissue held for longer

periods. Ongoing further tests are being conducted to

evaluate the use of a vacuum instrument in relation to soft

tissue characteristics. It also is noted that when leakage

occurs, the continuous suction flow of the vacuum pump

compromises the aero-peritoneum if the prototypes are to

be used in a laparoscopic setting.

A manually operated vacuum instrument may solve this

potential problem. Compared with the aero-peritoneum, a

manually operated vacuum instrument uses a very small

volume to generate the vacuum (grasp forces). A manually

generated vacuum also is noncontinuous, which means that

air leakage is not bypassed as when a vacuum pump is used.

For conventional mechanical grasping, the user manually

generates the grasp forces. Therefore, for a fair comparative

test between vacuum grasping and conventional mechanical

grasping in a laparoscopic setting, manually operated

vacuum instruments (prototypes) must be developed. Fur-

ther tests are being conducted to evaluate both vacuum

grasping (manually) and mechanical grasping.
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