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Abstract. Grippers are routinely used to hold, lift and move organs in laparoscopic operations. They are generally toothed to prevent organs
from slipping during retention. Organs held by grippers are always at risk of being damaged by the clamping force. In this study, noncontact
grippers working with the Bernoulli principle and using air pressure were developed, and vacuum performance was compared in terms of max-
imum tissue weight holding capacity. For this purpose, Taguchi method was employed for experimental design and optimization, and Taguchi
L;¢ orthogonal array was selected for experimental design. The experimental parameters were 4 gripper types, 4 air-pressure levels (3.5, 4.5, 5,
and 5.5 bar), 4 flow rates (2.2, 2.6, 2.8 and 3 m*/h) and two animal tissue types (ventriculus/gizzard and skin). Values from the experimental
procedures were evaluated using signal-to-noise ratio, analysis of variance and three-dimension graphs. An equation was obtained by using
3"-order polynomial regression model for weight values. Optimization reliability was tested by validation tests and the revealed test results
were within the estimated confidence interval. The results obtained from this study are important for future studies in terms of organ injury

prevention due to traditional grippers in laparoscopic surgery.
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1. Introduction

Due to the advantages presented to the patients, laparoscopic
surgery (closed surgery) is rapidly growing [1]. In laparoscopic
surgery, small incisions are made for the placement of surgical
tools without large incisions in the human body. Performance of
the small incisions provides faster healing and causes less pain
compare to the open surgery. This advantage for patients limits
the holding capacity of tissues for the surgeon. Human tissue is
difficult to hold due to its flexible, wet, and delicate structure.
The present holders used for that purpose are grippers with
the long and toothed structure. It is necessary to compress the
tissues sufficiently to prevent them from slipping. This raises
the risk of tissue damage. Although various grippers have been
developed, toothed grippers are used in most laparoscopic sur-
gical procedures [2]. Existing grippers are still inadequate to
hold and move internal organs without harming them [3-5].
In order to transport the flexible products, Erzincanli et al.
developed an air-operated noncontact gripper with the Ber-
noulli principle. A 45° deflector was installed in the center
of the gripper to prevent direct contact of air with the object
to be removed. They successfully lifted jelly block, animal
flesh, sliced bread, sponge, and cloth in their experiments [6].
Ozgelik and Erzincanl developed a gripper working with the
Bernoulli principle in order to be able to remove the delicate
and woven fabrics in a noncontact manner [7, 8]. Davis et al.
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used Bernoulli principle and developed a noncontact holder for
lifting sliced vegetables and fruits commonly used in the food
industry [9]. Sam and Buniyamin used Bernoulli principle to
develop a gripper for the transport of unpacked food products
of variable shape, size, and weight. The experimental results
showed that the food with different structures and shapes can
successfully be lifted by noncontact grippers [10]. Dini et al.
successfully lifted the skin layers, which had delicate surfaces,
without any contact with grippers of various retaining surfaces
and deflector angles [11]. The Taguchi method is widely used
in many areas of the scientific literature to reduce the number
of experiments and to optimize test parameters and employed
for the similar purposes in the present study [12-21]. When
literature is examined, it is seen that different types of grippers
are used especially in medical robots. On the other hand, it is
known that grippers are used in robotic applications. Conse-
quently, the gripper design has an important place, especially
for medical applications [22, 23].

The aim of the current study was to design and produce
grippers so as to prevent tissue damage caused by the toothed
grippers while holding the tissues during laparoscopic surgery.
An experimental setting was formed to test the performance
of the grippers designed and produced. Taguchi method was
used for experimental design and optimization. For the exper-
imental parameters, 4 different types of grippers, 4 different
air pressure levels, 4 different flow rates, and two different
animal tissue types were used. Taguchi L16 orthogonal array
was employed to reduce the number of the experiments and
maximum tissue weight holding capacity was measured. The
results of the experimental procedures were evaluated using
signal-to-noise ratio (S/N), analysis of variance (ANOVA).
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Three-dimension graphs and regression method was applied
to obtain the mathematical equation for the model. Moreover,
three different confirmation tests were applied to test the accu-
racy of the optimizations.

2. Design and experimental details

In this study, four different laparoscopic grippers were designed
and produced using air force with Bernoulli principle. The
selected grippers for the experimental evaluations are shown
in Fig. 1. The grippers were produced from bio-compatible
liquid resin using 32-micron precision on the 3D Projet 3510
HD Plus printer. Wax was used as support material (Fig. 1).
The grippers are composed of two parts as the retaining sur-
face and the deflector. The outer diameter is 14 mm, the hole
diameter is 6 mm, the length is 20 mm and the retaining sur-
face area is 154 mm?. In the gripper designs, a deflector is
placed in the center of the holding surface in order to refract
the compressed air coming from the center of the gripper to

Gripper 1 Gripper 2

(b) Air

inlet

Air Air

outlet outlet outlet outlet

Gripper 3 Gripper 4

outlet outlet

outlet

outlet

Fig. 1. CAD drawings of laparoscopic grippers
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Fig. 2. Laparoscopic gripper models used in experiments

change direction without impacting on the delicate materials.
Gripper 1 has a smooth surface without angle (Fig. 1a and
Fig. 2a). There are 12 venturi channels on Gripper 2 (Fig. 1b
and Fig. 2b). Gripper 3’s holding surface and deflector have
an angle of 10 degrees (Fig. 1c and Fig. 2¢). The deflector and
gripping surface of Gripper 4 has an angle of 10 degrees, and
there are 12 venturi channels on it (Fig. 1d and Fig 2d). The
reason for the installation of venturi channels was to increase
the vacuum force, and the reason why the gripper surface was
made at a 10-degree angle was to allow holding objects that
did not have a smooth surface. Each gripper was operated by
being connected to a manually controlled air gun. In order to
test the maximum tissue weight that can be lifted with four
holders produced and to check its applicability to laparoscopic
surgery on different tissues, the experimental setup in Fig. 3
was established. In the experiments, 50 liters capacity air tank,
maximum 8 bar pressure and 200 I/min flow capacity air com-
pressor were used. The pressure of the air flowing into the
system was measured by a manometer. The speed of the air
flow is regulated by the one-way flow control valve and the
flow rate by the flow meter.

The flowchart shown in Fig. 3 was used in the experiments
and in this experimental setup, a laparoscopic surgical environ-
ment was tried to be simulated. The compressed air required
for the operation of the test system is provided by a Tornado
HM2050F compressor. Air pressure is regulated by Vema brand
(0-10 bar) pressure regulating valve. The flow rate was mea-
sured with a flow control valve, VA10S-15 with a flow meter of
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Fig. 3. Experimental setup

1.2-12 m*/h. The weights of gizzard and skin tissues that can be
lifted by four different holders connected to Troy air gun were
measured by electronic balance.

3. Experimental design and optimization

3.1. Experimental design and conducting the experiments. In
Taguchi method, it is possible to reduce the number of experi-
ments significantly. The Taguchi method uses some functions
to determine quality characteristics. These functions convert
the obtained data into signal to noise ratio (S/N ratio). For the
conversion of S/N ratios, three different equations are used:
“nominal is best”, “larger is better” and “smaller is better”. In
this study, the “larger is better” function was used since the
maximum value for the measured weights for each experiment
was desired (1).

Larger is better:
lvn 1 ©)
S/N, =-10log(—=)» = —
/ L g(,,lZl—lyZ)

where n is the number of observed values, y is the observed data
and S/N is the signal to noise ratios [24, 25]. Orthogonal array
selection in Taguchi method depends on the factors selected,
the interactions of these factors, the number of levels for each

Bull. Pol. Ac.: Tech. 67(6) 2019

Table 1

Test parameters and levels selected as control factors
Parameters Level 1 Level 2 Level 3 Level 4
Grippers . . . .
(Nt) Gripper 1 | Gripper 2 | Gripper 3 | Gripper 4
ir pressure
(Ap, bar) 3.5 4.5 5.0 5.5
Flow rate
(Fr, m¥/h) 2.2 2.6 2.8 3.0
Tissue type (t) Gizzard Skin - -

factor, and the purpose of the experiment. Therefore, for correct
orthogonal array selection, firstly, the test parameters and levels
are determined. Table 1 shows the selected test parameters and
their levels.

The first step of the Taguchi method is to select an appro-
priate orthogonal array based on the selected test parameters
as control factors. The most suitable sequence [Lq(4°x2')]
was selected to determine the optimum weight parameters and
to analyze the effects of these specified parameters. There-
fore, Taguchi L4 orthogonal array was used for experimental
design and 16 experiments were performed. As a result of the
experiments, the optimization of the measured weight values is
achieved with S/N ratios. The weight values measured by the
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Table 2
Weight values and S/N ratios obtained from experiments
Test Control factors Weight (gr)
no- Gripper Type Air pressure Flow rate Tissue type w S/Ny
(NY) (Ap) (Fr) ® (gr) (dB)
1 Gripper 1 3.5 2.2 Gizzard 23.91 27.5716
2 Gripper 1 4.5 2.6 Gizzard 28.61 29.1304
3 Gripper 1 5.0 2.8 Skin 14.85 23.4345
4 Gripper 1 55 3.0 Skin 18.85 25.2727
5 Gripper 2 3.5 2.6 Skin 12.38 21.8544
6 Gripper 2 4.5 22 Skin 11.12 20.9221
7 Gripper 2 5.0 3.0 Gizzard 22.94 27.2119
8 Gripper 2 5.5 2.8 Gizzard 24.55 27.8010
9 Gripper 3 3.5 2.8 Gizzard 20.61 26.2816
10 Gripper 3 4.5 3.0 Gizzard 26.16 28.3528
11 Gripper 3 5.0 22 Skin 12.28 21.7840
12 Gripper 3 5.5 2.6 Skin 22.60 27.0822
13 Gripper 4 3.5 3.0 Skin 20.94 26.4195
14 Gripper 4 4.5 2.8 Skin 19.01 25.5796
15 Gripper 4 5.0 2.6 Gizzard 20.69 26.3152
16 Gripper 4 5.5 22 Gizzard 16.80 24.5062

experiments carried out according to the L4 Taguchi test design
and the S/N ratios calculated using (1) are shown in Table 2.

After 16 experiments, the mean weight value was 19.7375 g
and the average S/N ratio was 25.5949 dB.

3.2. Determination of optimum parameters. The experi-
mental parameters, which are expressed as control factors in
Table 3, are differentiated according to the selected orthogonal
array while the different levels and their possible effects were

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

Control factors Weight (W)

Nt ‘ Ap ‘ Fr ‘ t

S/N ratios (dB)
Level 1 26.35 25.53 23.70 27.15
Level 2 24.45 26.00 26.10 24.04
Level 3 25.88 24.69 25.77 -
Level 4 25.71 26.17 26.81
Delta 1.90 1.48 3.12 3.10

Means (gr)
Level 1 21.43 19.46 16.03 23.03
Level 2 17.75 21.23 21.07 16.44
Level 3 20.41 17.69 19.75 -
Level 4 19.36 20.57 22.10
Delta 3.68 3.54 6.07 6.59
1128

taken into account. These levels show the average values for
each level of the weight values and signal to noise ratios calcu-
lated for the analysis of the weight measurements in the exper-
imental study. These values are used to calculate the estimated
values for the specified optimum parameters.

Another requirement in the calculation of the optimum value
is the determination of the optimum levels. Optimum levels
can be determined by evaluating different levels of control fac-
tors based on the results of combinations produced by the L16
orthogonal array. These levels are used to plot the main effect
graphs (Fig. 4).

Main Effects Plot for Weight Value (gr)
Nt Ap | Fr t
23 @
22 .® ‘\

21 1

A
o\ /

Mean of Weights

16

1 2 3 4 35 45 50 55 22 26 28 30 3 2

Fig. 4. Effect graphs of experimental parameters for weight
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Average weight distributions calculated according to control
factors and levels are indicated in Fig. 3. Since the “Larger is
better” model was selected in the study, the maximum mean
values for all levels were evaluated to determine the optimal
combination of control factors. Accordingly, the optimum com-
bination of test parameters for the weight values was determined
as A B,C4D, (A, = Gripper 1, B, = 4.5 bar, C;, = 3 m*/h flow
rate, and D; = Gizzard tissue).

4. Evaluation of experimental results

4.1. Effect of test parameters on weight. Figure 5a indi-
cates the effect of grippers and air pressure on weight. Here,
it is observed that the gripper type 1 and 4.5 bar pressure can
increase the amount of weight that can be lifted. This is similar
to the optimized parameters obtained by the Taguchi method.

a)
30
28
?3 o
>28
¥ =
; <26
% 18 B <24
% 16 <22
14 Bl <20
12 Il <18
N <16
1
® Gihb‘ i;§§§‘;$Sh
c)

> 24
<23
B <21
<19
B <17
<15

On the other hand, at the lowest value of the air pressure in the
same graph, Gripper 2 and Gripper 3 shows that the weight val-
ues decrease. Gripper 2 has 12 venturi channels and Gripper 3
has a 10-degree angle surface.

Therefore, this implies that these characteristics affect the
performance of the holders negatively at low air pressure and
positively at high air pressure. In addition, when Gripper 4 is
examined, this gripper performs better than Gripper 2 and Grip-
per 3 at low air pressure. This is associated with 12 venturi
channels on the lifting surface.

Figure 5b shows the effects of the grippers and flow rate
on weight. Here, Gripper 1 showed the best performance again.
When the graph is examined, it is observed that the perfor-
mance of Gripper 1 is lower at the lowest flow rate and that
of Gripper 2 and Gripper 3 at the highest flow rate. Therefore,
according to this graph, Gripper 1 is recommended for low flow
rate, Gripper 2 and Gripper 3 are recommended for high flow

b)

2
B <24
B <22
B <20
C]<18
B < 16
B <14
<12
<10

Fig. 5. Effect of test parameters on weight
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rate. Fig. 5S¢ demonstrates the effects of tissue type and holders
on weight. In this graph it is evident that all the holders per-
formed best in Gizzard tissue. This is thought to be due to the
fact that the skin has a thin layer that closes the deflector chan-
nel during gripping, which is due to the fact that the grippers
do not perform a good vacuuming. The effects of air pressure
and flow rate on weight are shown in Fig. 5d. The best lifting
performance here is at 4.5 bar pressure and 3 m*/h flow rate.
This is similar to the parameters optimized with Taguchi. In
addition, it can be observed that the weight value that can be
lifted increases as the flow rate increases. It is detected that high
flow rate and 4.5 bar pressure are sufficient for good holding
capacity and maximum amount of weight.

4.2. Evaluation of test parameters by analysis of variance
(ANOVA). ANOVA is used to determine how all the control
factors used in the experimental design affect each other, how
this affects the performance characteristics, and what changes in
the performance characteristics are at different levels [24]. The
effects of gripper type, air pressure, flow rate, and tissue type on
weight values were evaluated by analysis of variance (ANOVA)
and the experimental results were examined at 95% confidence
level. The results of variance analysis are shown in Table 4.

When ANOVA results were examined in Table 4, the most
effective factor on the weight values was tissue type with
43.34%. This was followed by flow rate with 21.05%. Retention
type and air pressure effects were 7.40% and 7.16%, respec-
tively.

4.3. Regression analysis and mathematical model. Regres-
sion analyses are used in the modeling and analysis of various
variables in which there is a relationship between one depen-
dent variable and one or more independent variables [27]. In
this study, weight equation was obtained with 3™ order polyno-
mial regression (cubic regression) model for weight results and
R-sq value of this model was 0.981. The obtained mathematical
model is shown in (2). This equation is given for the grippers
used in this study.

= 325Nt +4.1Ap + 30Fr —
— 6.61t+ 13.6Nt? — 1.24p> — 2)
— 4.5Fr* — 173Nt + 0.114p°

4.4. Verification tests. The final step of the Taguchi method is
to analyze the quality characteristics of the validation experi-
ments. Verification experiments are also used to test the accu-
racy of the optimization process. In other words, verification
tests are performed to test the determined optimum combina-
tion of test parameters and levels. The estimated weight value
according to the optimum combination (Wp) of A;B,C4D;
(A,=Gripper 1, B,=4.5 bar, C;=3 m?/h flow rate, and D,=Giz-
zard tissue) obtained for the weight considering the individual
effects of the test parameters is calculated according to (3) and
then (4) [26].

Mg = Ng/n + <A1 - 77%) + <Bz - 77%) +

+ (C4 — ng) + <D1 - ng)
N N

W, = 107/20 ()

3)

In the equations, A, B,, C4 and D; was the signal to noise
ratio of the optimum levels of the factors (A; = 26.35 dB,
B, =26dB, C;, =26.81 dB and D; = 27.15 dB from Ta-
ble 3). 1y is the average of the S/N ratios of all variables
(ns/y = 25.5949 dB). W,, is the estimated value for the weight.
The estimated value for the weight calculated using (3) and
(4) was 29.99. Confidence interval (CI) was used to compare
the result of the validation tests with the predicted value and
to verify the quality property. The confidence interval is maxi-
mum and minimum and the accuracy of the verification tests is
confirmed by comparing the calculated value with the predicted
weight value. CI was calculated using (5) [24, 25].

CI :\/FOL:17\,Q><V61,><L+l 5)

Nerp r

In (4), F.1, v, (F1 5 = 6.6079 from F table) denotes the F
ratio significance level a, a is significance level (95%), V,
is the degree of freedom of error (V, = 5), V,, is the variance
of the error (V,, = 16.875), r is the number of confirmation
experiments and 7, is the number of effective measured results
[24, 25].

Table 4
Analysis of variance (ANOVA) for experimental results
Variance source
Weight (W, gr) | Degree of freedom (DF) | Sum of squares (SS) | Mean squares (MS) | F-Value | P-Value | Contribution rate (%)
Nt 3 29.69 9.897 0.59 0.650 7.40
Ap 3 28.73 9.578 0.57 0.660 7.16
Fr 3 84.44 28.146 1.67 0.288 21.05
t 1 173.84 173.844 10.30 0.024 43.34
Error (e) 5 84.38 16.875 - - 21.05
Total 15 401.08 - - - 100.00
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Table 5
Comparison of experimental combinations with estimated values
Levels For Taguchi method For 3rd order polynomial equation
W (gr) Exp. Pred. Error (%) Exp. Pred. Error (%)
A,B,C4D; (Optimum) 32.02 29.99 6.33 32.02 25.65 19.89
A,B,C;D; (Random) 24.55 21.76 11.36 24.55 22.22 9.49
Nepp = N (6) ments, two different structures such as gizzard and skin were
1+V, chosen. The experimental results were evaluated with three-di-

In (6), N denotes the total number of experiments (16), and
V, is the total degree of freedom (= 10) of the test parameters
for which the average is calculated by considering Table 4.
In this study, three validation experiments were performed
considering the optimum combination determined for the mea-
sured weights. When these values were taken into account,
the calculated weight was nsr = 1.45. When the test results
were evaluated in 95% confidence interval and when (5) and
(6) were taken into consideration, the confidence interval was
found as (CI)= 10.68 for the measured weight values. The
average of the three validation experiments carried out for the
accuracy and confidence interval calculation of the optimi-
zations was 32.02 gr. In this case, (29.99 — 10.68) < 32.02 <
< (29.99 + 10.68) = 19.31 < 32.02 < 40.67 was obtained
and verification tests were performed within the confidence
interval. Therefore, the optimization was carried out suc-
cessfully. Table 5 shows the comparison of the predicted val-
ues obtained with the Taguchi method and the experimental
results. Estimated and experimental values were very close.
Error values for reliable statistical analysis should be less than
20% [26].

In Table 5, the experimental results are compared with the
estimated values obtained from the Taguchi method and the 3™
order polynomial equation. The difference between the valida-
tion test results and the results obtained by the Taguchi method
was very small. In this case, the results obtained by the verifi-
cation experiments show that the optimization was carried out
successfully.

5. Conclusions

In laparoscopic surgery, grippers with a tooted structure that
works with clamping force are used to prevent the organs slip-
ping from the grippers. There is a risk of damaging the organs
as a result of the clamping force due to the lack of tactile feed-
back during retention. In this study, four different grippers are
designed and manufactured to solve this problem. The max-
imum weights that can be lifted by the grippers with differ-
ent parameters were examined after production. The Taguchi
method was used to reduce both time and experimental costs.
For experimental design, Taguchi L4 orthogonal array was
selected and 16 experiments were conducted. In the experi-

Bull. Pol. Ac.: Tech. 67(6) 2019

mensional graphs and analysis of variance and the mathemati-
cal model with 98.10% R-sq value was obtained by regression
method. It is possible to list the results obtained from the study
as follows:

e After 16 experiments, the effects of experimental parameters
were evaluated with three-dimensional graphs. As a result
of this evaluation, Gripper 2 and 3 were found to be useful
for high air pressure and Gripperl and 4 were found to be
useful for low air pressure.

e Gripper | was recommended for low flow rate and Gripper 2
and Gripper 3 were recommended for high flow rate.

e According to the experimental results, Gripper 1 showed the
best performance and the optimization result confirmed this.

e The highest liftable weight data were obtained in gizzard
tissue.

e The optimum parameters obtained after optimization were
similar to the ones shown in the three-dimensional graphs.
This indicates that the optimization was successfully imple-
mented.

e Three validation tests were performed for the accuracy of
the optimization, and these results were within the calcu-
lated confidence interval.

e According to the ANOVA, the most effective factor was
tissue type with 43.34%.

e When the average of estimated value and validation experi-
ments calculated by Taguchi method is compared, the error
rate was 6.33%.

The method used in this study, which is important for lap-
aroscopic surgery, is considered to be a reference for similar
studies. The original aspect of this study is the comprehen-
sive testing of the performance of different types of grippers
designed for laparoscopic surgery. In subsequent studies, the
performance of each of the gripper in individual animal tissues
can be tested. By altering the gripper designs, newer grippers
can be designed and their performance can be evaluated.
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