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Pneumatic-Type Non-Contact Gripper for Laparoscopic Surgery and Optimization of Test
Parameters for Maximum Air Speed

Senol ERTURK

Abstract: During Laparoscopic surgeries, grippers are used to grasp and handle organs. Grasping joints of grippers have various toothed profiles to prevent organs from
slipping. To prevent slipping, sufficient clamping force should be applied to grippers. Organ tissues may get stuck between joints and damaged. In this study, special-
designed and pneumatic-type non-contact grippers for Laparoscopic surgeries relying on Bernoulli's principle were produced and tested for performance in terms of the
maximum air speed they can reach under specific conditions. Taguchi method was used for experimental design (with Taguchi Lzs orthogonal sequence) and optimization.
As parameters, 5 gripper types, 5 air pressures (3-6,5 bar), 5 flow rates (2-2,8 m3/h) were chosen. Results were evaluated with signal-to-noise ratio (S/N), analysis of variance
and three-dimensional graphics. A 3rd-order polynomial regression model was used for air speed, and mathematical equation was obtained. The optimum combination was
of 6 bar and 2,8 m3/h flow rate. Taguchi method results with verification tests were less than the admissible 20% error value. Reliability of optimization was tested by
verification experiments performed within the specified confidence interval. The results are important in terms of developing grippers working without clamping force in
laparoscopic surgeries and preventing gripper-induced tissue damage.
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1 INTRODUCTION

Thanks to its advantages given to patients, Laparoscopic
Surgery is a fast-growing surgery type [l]. It provides
several advantages to patient such as shorter healing process
in the post-operative period and shorter hospital stay, and
less trauma [2-6]. In Laparoscopic surgery, specially-
designed grippers are used to grasp and move organs safely
[7-11]. The performance of these grippers depends on the
surgeon's skills and experience, ease of use of gripper, the
medical and technical functionality of the gripper. The most
important feature of the grippers used to grasp flexible and
sensitive tissues is safe-grasping. Safe-grasping is to prevent
a gripper-induced negative event that will endanger the
patient's physical well-being during the operation.

This study aims to introduce a Pneumatic-type non-
contact gripper that works using air with Bernoulli's
principle to ensure grasping, lifting and handling the tissues
in the Laparoscopic surgery without applying any clamping
force and to test this mentioned gripper for tissue-lifting
performances in terms of the maximum air speed it can
create. The Taguchi method, which is widely used in the
scientific field for reducing the number of experiments and
optimization, has been used for the same purposes in this
study [12-21].

In this study, 5 grippers aiming to prevent gripper-
induced tissue damages when grasping tissues in the
Laparoscopic surgery have been designed and produced. In
order to test the performances of these produced grippers, an
experimental setup has been created. Taguchi method was
used for experimental design and optimization. For the
experimental parameters, five different gripper types, five
different inlet pressures, five different air flows were
selected. The number of experiments was reduced by using
the Taguchi L»s orthogonal sequence and in the conducted
experiments, the maximum air velocities that the grippers
can generate under the specified conditions have been
measured. Experimental results were evaluated with signal
to noise ratio (S/N), three-dimensional graphics, and analysis
of variance, by applying regression method, a mathematical
model has been obtained for experimental design. In

addition, 3 verification tests have been carried out and thus,
the accuracy of the optimization has been tested.

2 MATERIAL AND METHOD

A total of 5 pneumatic-type non-contact Laparoscopic
grippers that work using air with Bernoulli's principle have
been designed and produced in this study.
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Figure 1 Gripper airflow models
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Figure 2 Laparoscopic gripper models used in experiments

Gripper 1

Fig. 1 shows the full sections demonstrating the airflow
of the grippers produced for the experiments, while Fig. 2
shows their solid models. The grippers have been produced
from the biocompatible liquid resin using a 3D System,
Projet 3510 HD Plus model 3-D printer in 32-micron
precession. The grippers generally consist of two fixed parts:
the gripper surface and the deflector. In the gripper designs,
in order to keep flexible and sensitive materials without
damaging the strong air jet, a deflector has been inserted in
the central surface of gripper to provide to deflect the
compressed air that flows from the centre of gripper without
striking directly the object to be lifted. The gripper surface
area of Gripper 1, Gripper 2, and Gripper 3 is 154 mm?,
while their outer diameter is 14 mm, hole diameter 6 mm,
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and length 20 mm. Deflector diameters of Gripper 1, Gripper
2, and Gripper 3 are respectively: 6,5 mm, 7,5 mm, and 5,5
mm. To create a gripper surface and deflector in Gripper 4
and Gripper 5, a 30-degree angle was used. To contribute to
the lifting force, for the purpose of increasing the air speed
on the gripper surface, 12 venturi flumes have been
canalized on the surface of Gripper 2 and 8§ on the surface of
Gripper 5. 0,8 mm diameter holes have been drilled in the
centre of all grippers.

In order to test the maximum air speed that the five
grippers can create on the gripper surface under specified
conditions, the experimental setup which is shown in Fig. 3,
and the experimental system, the schematic view of which is
given in Fig. 4 have been set up.
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Figure 3 a) experimental setup, lifting of b) gizzard and c) skin

Pressure 16, or
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Figure 4 Schematic view of experimental setup

In Fig. 3a, the numbers given indicate as follow: 1.
Compressor and air tank, 2. Pressure regulator, 3.
Unidirectional flow control valve, 4. Flowmeter, 5. Air
hammer, 6. Gripper, 7. Anemometer, 8. Solenoid valve, 9.
Pressure sensor, 10. Adapter, 11. Relay; Fig. 3b indicates the
lifting of gizzard, which is a non-viable chicken organ, and
Fig. 3c skin.

In the experiments, a 50-liter capacity air tank, a
maximum 8 bar pressure and a 200 /min flow-capacity air
compressor has been used. A manometer has been used to
measure the pressure of the air entering the system. Air
speed has been regulated with a unidirectional flow control
valve, while airflow was regulated with a flowmeter.

3 EXPERIMENTAL DESIGN AND OPTIMIZATION
3.1 Experimental Design and Performing Experiments

It is possible to significantly reduce the number of
experiments by the analyses made with the Taguchi method.
In the Taguchi method, some functions are used to determine
the quality characteristics. These functions convert the
acquired data into the signal to noise ratio (S/N ratio). Three
different equations are used for S/N ratio conversion:
"nominal the best", "larger the better", and "smaller the
better". Since the greatest value for the air speed measured
in each experiment is desired, the "larger the better" function
has been used in this study (Eq. (1)).

2
nioy

Larger the better: 7 =S/ N, :—IOIOg[lZLJ 1)
where n is the number of observed values, while y is the
observed data. In the Taguchi method, the choice of
orthogonal sequence depends on the factors selected,
interactions of these factors, the number of levels for each
factor, and the purpose of the experiment. Therefore, for the
correct orthogonal sequence selection, the test parameters
and levels are determined first. Tab. 1 shows the selected test
parameters and levels of these parameters.

Table 1 Test parameters and levels selected as control factors

Parameters Levell | Level2 | Level 3 | Level4 | Level 5
Grippers, Nt 1 2 3 4 5
Air pressure,

Ap /bar 3,0 4,0 5,0 6,0 6,5

Flow rate,

Fr/mih 2,0 22 24 2,6 2,8

The first step of the Taguchi method is to choose a
convenient orthogonal sequence based on test parameters
selected as control factors. The most convenient sequence
[Las (5%)] has been chosen to determine the optimum air
speed parameters and analyse the effects of these determined
parameters. Therefore, Taguchi L»s orthogonal sequence has
been used for experimental design and 25 experiments have
been performed. Optimization of the air speed values
measured as a result of the experiments performed has been
provided with S/N ratios. Tab. 2 shows the maximum air
speed values measured by experiments performed according
to the Ls Taguchi experiment design and S/N ratios
measured using Eq. (1).

As aresult of 25 experiments performed, the average air
speed has been found to be 7,112 m/s and the average S/N
ratio has been 16,9153 dB.

3.2 Determination of Optimum Parameters

In Tab. 3, the test parameters, which are expressed as
control factors, are differentiated according to the selected
orthogonal sequence, considering the different levels and
possible effects. These levels show the signal to noise ratios
calculated for the analysis of air speed measurements in the
experimental study and the average values for each level of
the speed values. These values are used to calculate the
estimated values for the determined optimum parameters.

Another requirement for optimum value measurement
is to determine the optimum levels. Optimum levels can be
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determined by evaluating different levels of control factors
based on the results of combinations produced by the Los

orthogonal sequence. These levels are used to draw the main
effects plots (Fig. 5).

Table 2 Air speed values and SN ratios obtained from experiments

Test No Control factors Air speed / m/s Signal-to-Noise (S/N) ratio
) Gripper type, Nt Air pressure, Ap Flow rate, Fr Air speed, 4s S/N
1 Gripper 1 3,0 2,0 6,0 15,5630
2 Gripper 1 4,0 2,2 7.4 17,3846
3 Gripper 1 5,0 2,4 8,3 18,3816
4 Gripper 1 6,0 2,6 9,2 19,2758
5 Gripper 1 6,5 2,8 10,3 20,2567
6 Gripper 2 3,0 22 6,4 16,1236
7 Gripper 2 4.0 2.4 7,3 17,2665
8 Gripper 2 5,0 2,6 8,4 18,4856
9 Gripper 2 6,0 2,8 9,6 19,6454
10 Gripper 2 6,5 2,0 6,1 15,7066
11 Gripper 3 3,0 24 6,6 16,3909
12 Gripper 3 4,0 2,6 7.4 17,3846
13 Gripper 3 5,0 2,8 8,3 18,3816
14 Gripper 3 6,0 2,0 6,5 16,2583
15 Gripper 3 6,5 2,2 6,8 16,6502
16 Gripper 4 3,0 2,6 5,5 14,8073
17 Gripper 4 4,0 2,8 6,7 16,5215
18 Gripper 4 5,0 2,0 5,8 15,2686
19 Gripper 4 6,0 2,2 6,2 15,8478
20 Gripper 4 6,5 2,4 6,9 16,7770
21 Gripper 5 3,0 2,8 6,3 15,9868
22 Gripper 5 4,0 2,0 5,6 14,9638
23 Gripper 5 5,0 2,2 5,8 15,2686
24 Gripper 5 6,0 2,4 7,0 16,9020
25 Gripper 5 6,5 2,6 7.4 17,3846
Main Effects Plot for Means performance of the grippers negatively at low air pressure
Data Means sl : : s .
and positively at high air pressure. In addition, when Gripper
Gripper type (Nt) Air pressure (Ap,bar) Flow rate (Fr,m*/h)
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Figure 5 Effect graphs of experimental parameters for air speed

Fig. 5 shows the mean of air speed distributions
measured based on control factors and levels. Since the
"Larger the better" characteristic has been chosen in the
study, the highest mean values for all levels have been
evaluated to determine the optimal combination of control
factors. Accordingly, the optimum combination of test
parameters for air speed values is determined as A4;B4Cs
(41= Gripper 1, By = 6 bar pressure and Cs = 2,8 m’h flow
rate).

4 EVALUATION OF EXPERIMENTAL RESULTS
4.1 Effect of Test Parameters on Air Speed

Fig. 6 shows the effect of grippers and air pressure on
air speed. Here, it is seen that air speed increases at Gripper
1 and 6,5 bar pressure. This is similar to the optimized
parameters obtained with the Taguchi method. Gripper 2 has
12 venturi flumes, while Gripper 5, 8 venturi flumes;
Gripper 4 and Gripper 5 have 10-degree angle surface. From
this point of view, these characteristics affect the

3 and Gripper 4 are examined, it is identified that these
grippers perform better at low air pressure than Gripper 1,
Gripper 2, and Gripper 5.

Fig. 6b shows the effects of grippers and flow rate on air
speed. Here, again Gripper 1 has shown the best
performance. Analysing the graph, it is seen that Gripper 3
and Gripper 4 are at low flow rate and Gripper 1 is at the
highest flow rate. According to this graph, therefore, Gripper
3 and Gripper 4 are recommended for low level of flow rate
and Gripper 1 is recommended for high level of flow rate.

Fig. 6¢c shows the effects of air pressure and flow rate on
air speed. It can be understood from this graphic that as the
air pressure and flow increases, the air speed increases.

Fig. 6d shows the effects of flow and air pressure on
speed. Here, it is seen that the best lifting performance is at
6,5 bar pressure and 2,8 m*/h flow rate. This is similar to the
parameters optimized with Taguchi.

Table 3 S/N ratios (dB) and average weight values

Control Factors N A|1 L Spec’j},}As /m|/s >
S/N ratios / dB

Level 1 18,17 15,77 15,55
Level 2 17,45 16,70 16,25
Level 3 17,01 17,16 17,14
Level 4 15,84 17,59 17,47
Level 5 16,10 17,36 18,16

Delta 2,33 1,81 2,61

Means / m/s

Level 1 8,24 6,16 6,00
Level 2 7,56 6,88 6,52
Level 3 7,12 7,32 7,22
Level 4 6,22 7,70 7,58
Level 5 6,42 7,50 8,24

Delta 2,02 1,54 2,24
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Figure 6 Effect of test parameters on air speed

4.2 Evaluation of Test Parameters by Analysis of Variance
(ANOVA)

To determine how all control factors used in
experimental design affect each other, how this has an effect
on performance characteristics, and what changes in
parameters of performance at different levels of parameters
occur, analysis of variance is used.

The effects of gripper type, air pressure and flow rate on
air speed values have been evaluated by analysis of variance,
and test results have been examined at a 95% confidence
level. Tab. 4 shows the results of analysis of variance.

Examining the results of analysis of variance in Tab. 4,
the most effective factor affecting the air speed values has
been the flow with 39,59%. It is followed by the nozzle type
with 35,20%. The air pressure effect was 19,21%.

Table 4 Analysis of variance (ANOVA) for experimental results

Variance Source
Air Speed, - o
s /s Degree of Freedom (df) Sum of Squares (SS) Mean Squares (MS) F-value p-value Contribution Rate / %

Nt 4 13,738 3,4346 17,62 0,000 35,20
Ap 4 7,498 1,8746 9,62 0,001 19,21
Fr 4 15,450 3,8626 19,81 0,000 39,59

Error 12 2,339 0,1949 - - 5,99

Total 24 39,026 — — — 100,00

4.3 Regression Analysis and Mathematical Model

Regression analysis is used in modelling and analysing
various variables that have a relationship between a
dependent variable and one or more independent variables.
In this study, the speed equation has been obtained with the
3rd order polynomial regression (cubic regression) model
for air speed results and the R-sq value of this model has
been found to be 92,63. Eq. (2) shows the model obtained.

As =—0,4+0,64Nt —0,85A4p +3,28Fr — 0,552 N> +
+0,434p* —0,11Fr* +0,717Nt> —0,0396 Ap*

4.4 \Verification Experiments

The purpose of validation experiments, the last step of
the Taguchi method, is to analyse quality requirements.
Also, to test the accuracy of the optimization process,
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verification experiments are used. Verification experiments
are carried out to test the optimum combination of test
parameters and levels determined. According to the
optimum combination for the air speed, taking into account
the individual effects of the test parameters, 4,B4Cs
(41 = Gripper 1, B4 = 6 bar, Cs = 2,8 m’h flow rate), the
estimated speed value (4,) is calculated according to the
equation given below.

Ny =4 + By +Cs =3ng,y 3)

/20

4,=10" 4)

In the equations, 41B4Cs is the signal to noise ratios of
the optimum levels of the factors. 7, is the S/N ratio
measured for optimum levels and 7y speed values are the
mean S/N ratios. 4, is the estimated value for speed.
Estimation value measured using Eq. (3) and Eq. (4) for air
speed has been found as 1,4421. Confidence interval (CI) is
used in comparing the results of the verification experiments
with the estimated value and verifying the quality
characteristics. The confidence interval is the maximum and
minimum value, and the accuracy of the verification
experiments is tested by comparing the calculated value with
the estimated air speed value. CI is measured by the equation
given below.

CI:\/F(Z:I VexVepx(L_FlJ (5)
’ Negg T

In Eq. (5), Fo1,ve (F1,12=4,75 from F table) refers to the
ratio of significance level o to F, while a significance level
(95%); Ve, degree of freedom of error (V. = 12); Ve, variance
of error (Vep = 01949); r, number of validation experiments;
and nf, the number of effectively measured results.

N
Mer =~ (©)

In Eq. (6), N refers to the total number of experiments
(25), while V;indicates the total degree of freedom of the
experimental parameters for which the average is measured
considering Tab. 4. In this study, 3 verification experiments
have been carried out considering the optimum combination
determined for the maximum air velocities measured.
Considering these values, n.r for the measured speed has
been found as 1,9230. When the test results are examined
within a 95% confidence interval and Eq. (5) and Eq. (6) is
considered, the confidence interval for the measured speed
values has been found as (CI) = 0,8887. The mean of 3
experiments carried out for the accuracy and confidence
interval calculation of the optimization was 9,9333 m/s. In
this case, the interval of (9,956 — 0,8887) < 9,9333 < (9,956
+ 0,8887) = 9,0673 < 9,9333 < 10,8447 has been obtained
and validation experiments took place within the confidence
interval. Therefore, optimization has been successfully
accomplished. Tab. 5 shows the predicted values obtained
using the Taguchi method and comparison of experiment
results. The predicted values and experimental values are

very close to each other. Error values should be less than
20% for reliable statistical analysis [22, 23].

Table 5 Comparison of experimental combinations with predicted values

Levels Air Speed / m/s

As / m/s Experimental Prediction Error / %
A1B4Cs (Optimum) 9,9333 9,956 0,2285
A>BsC; (Random) 6,1000 6,836 12,0650

Tab. 5 shows the comparison of experimental results of
air speed to the predicted optimal combinations. It is seen
that the difference between the results of the verification test
and the results obtained by the Taguchi method is very low.
In this case, it is understood from the results obtained with
the verification experiments that the optimization has been
carried out successfully.

5 CONSLUSION

In Laparoscopic surgery, toothed grippers are used to
prevent organs slipping from grippers. Since it is not
possible to take any tactile feedback when grasping, there is
a risk of damage to organs as a result of the clamping force.
In this study, 5 different grippers that can eliminate this risk
have been designed and produced. After the production, the
maximum air velocities that the grippers can create are
examined with different parameters. Taguchi method has
been used to reduce both time and experimental costs. For
the experimental design, Taguchi L,s orthogonal sequence
has been selected and a total of 25 experiments have been
performed. Experimental results have been evaluated by
three-dimensional graphics and analysis of variance, while a
mathematical model with 92,63% R? value has been
obtained using regression method.

It is possible to list the results obtained from the study
as follows:

- For the experiments, 5 non-contact grippers with
different structures have been designed, produced using
a 3-D printer. A special experimental setup has been
designed to carry out the experiments.

- As aresult of 25 experiments performed, the effects of
experimental parameters have been evaluated with
three-dimensional graphics. As a result of this
evaluation, it is recommended to use Gripper 1 if high
air pressure will be used, Gripper 2, Gripper 4, Gripper
5 for low air pressure.

- In the evaluation based on the graphics, it is
recommended to use Gripper 3 and Gripper 5 for low
flow rate, while Gripper 1 and Gripper 2 for high flow
rate.

- Gripper 1 has shown the best performance according to
experimental results and the result of optimization has
also confirmed this result.

- The optimum combination acquired after optimization
has been obtained as 4;B4Cs (4= Gripper 1, B4 =6 bar,
Cs=2,8 m’/h flow rate). This result has been confirmed
by three-dimensional graphics.

- Three verification experiments have been carried out for
the accuracy of the optimization, and these results
occurred within the measured confidence interval.

- According to the results of variance analysis, the most
effective factor has been the flow with 39,59%. It is
followed by the nozzle type with 35,20%. The air
pressure effect, on the other hand, has been 19,21%.
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- Comparing the mean of the predicted value and
verification experiments measured by Taguchi method,
error rate has been 0,2285%.

The methods used in this study, which is important for
Laparoscopic surgery, are thought to be a reference for
similar studies. The original aspect of this study is testing the
performance of different types of grippers designed for
Laparoscopic surgery field. Further studies may test the
performance of each gripper in different animal tissues. By
changing the gripper designs, new grippers can be designed
and the performance of these new grippers can be evaluated.
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