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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Trocar Insertion

1.1.1 Laparoscopic Surgery

Laparoscopic surgery is a kind of operation performed in the abdomen or pelvis
using small incisions (usually 0.5-1.5cm) with the aid of a camera. The laparoscope
aids diagnosis or therapeutic interventions with a few small cuts in the abdomen. There
are a number of advantages to patients with laparoscopic surgery versus an open
procedure. These include reduced pain due to smaller incision and hemorrhaging and

shorter recovery time. 1

Now, almost elective abdominopelvic surgeries can be performed
laparoscopically. For instance, gastrointestinal surgery, gynecological surgery,

urological surgery and diagnostic laparoscopic surgery. [?!
The procedure of laparoscopic surgery follows:

a. Anesthesia: general anesthesia (most common), spinal anesthesia with/without
epidural anesthesia may be used in some cases.

b. Access to the peritoneal cavity: Surgeons make a small cut on the outside of the
body (usually near the navel for abdominal surgery) and a trocar (thin tube)/veress

needle is inserted into the incision.

LAPAROSCOPIC APPENDECTOMY

Appendix |

Fig.1-1. Laparoscopic surgery [3 Fig.1-2. Laparoscopic surgery ©*
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c. Creating a pneumopritoneum: For certain procedures, carbon dioxide gas is
injected into the abdomen. This creates an open space to get a better view of patients’
organs.

d. Creation of other port sites: More cuts and trocar insertions are made for other
medical tools

e. Taking the operation: The camera on the laparoscope allows surgeons to view
inside of patient’s body on a video screen in the operating room.

f. Evacuation of pneumoperitoneum and Closure of the port sites: When the

operation is finished, surgeons remove instruments and stich the incisions closed. [>4

Advantages of laparoscopic surgery include:

Less postoperative pain, which leads to:
Early mobilization — decreased risk of developing deep vein thrombosis,
pulmonary embolism, or pneumonia
Minimal use of analgesics
Shorter hospital stay

Shorter duration of postoperative ileus

Better cosmetic outcome (smaller scars)

Less intra-abdominal adhesion formation

Disadvantages of laparoscopic surgery mainly include:
The surgical field is converted to two-dimensional images on a monitor
Technically more challenging than laparotomy
Difficulty in controlling intra-operative hemorrhage

Laparoscopy-specific complications
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Fig.1-3 Annual number of laparoscopic procedures for abdominal disease !

In recent years, number of patients who underwent endoscopic operations
increased in most domains. From 1990 to 2013, a total of 1,640,646 patients underwent
endoscopic operations in Japan. Of these patients, 846,745 underwent endoscopic
abdominal surgery, 410,989 underwent endoscopic surgery for obstetrics and
gynecologic problems, 236,792 underwent endoscopic thoracic surgery and 77,285
underwent endoscopic urological surgery. Taking the abdominal surgery for an
example, number of laparoscopic abdominal surgeries has increased considerably
since 1990. In total, 846,745 patients underwent this surgery through the end of 2013

as shown in Fig 1-3. ¥
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d. Draw out the obturator e. Inject carbon dioxide f. Insert medical tools
through cannula

Fig.1-4. Procedure of trocar insertion []

1.1.2 Trocar Insertion

Usually, Trocar insertion is a necessary step in laparoscopic surgery. Trocar is a
long sharp tool and it consists of two parts, an obturator (which may be a metal or
plastic sharpened or non-bladed tip) and a cannula (basically a hollow tube), as shown
in Fig.1-4. After insertion, the cannula allows other medical tools to insert into

abdomen. The procedure of primary trocar insertion shows in Fig.1-4. [¢]

A laparoscopic surgery involves use of multiple trocars. The primary trocar is
used to create a pneumoperitoneum and place a cannula through which a laparoscope
is inserted to view internal structures. Later trocars aid in insertion of other instruments

such as biopsy forceps, etc.

There are many kinds of trocar products or similar medical tools in market. They
can be roughly classified into three kinds by diameter. As shown in Fig.1-5, the
thinnest kind is Veress Needle, whose diameter is approximately 2 mm. It can be only
used to create a pneumoperitoneum. Slightly thicker kind is 5 mm trocar, whose
cannula enables certain amount of thin medical tools to access. However, usual
laparoscopies are too thick to access. The commonest kind is 12 mm trocar. It enables

nearly all laparoscopic surgical tools to access. !
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Fig.1-5. Three kinds classified by diameter [

In addition, trocars also can be classified into some kinds by type of tips. As shown
in Fig.1-6, 2mm Veress Needle has two kinds of tips, with sheath and without sheath.
And 5 or 12 mm trocars have two types, bladed tip and bladeless tip. Bladed tip trocars
also consist of retractile ones and non-retractile ones. As introduced above, the primary
trocar insertion need to place a cannula which is possible to access laparoscopy, usually

12 mm trocar are used in the primary insertion.

Veress Needle

"B

Bladed tip trocar (non-retractile)

Fig.1-6. Kinds of trocars classified by tip types [*!
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Bladeless tip trocar 10 11

Fig.1-6. Kinds of trocars classified by tip types [*!

1.1.3 Problems during Trocar Insertion

In the procedure of trocar insertion, there are some problems as introduced following.

A) Overshooting causes injuries, especially during the primary trocar insertion.
According to relevant researches 1'#l improperly inserted trocar or needles cause
mechanical injury to underlying tissues or organs, as shown in Fig.1-7. Approximately
75,000 inadvertent injuries of organs or arteries inside abdomen occur annually in the
U.S. alone. Besides, with the growing problem of obesity, the skin-to-target distance
is increasingly variable, and important anatomical landmarks are more difficult to
recognize. This would result in slower procedure times and the requirement of greater

operative skill. %

Current techniques for accessing specific regions of the body with needles and
trocars typically involve blind guidance, where the physician or nurse relies entirely
on tactile feedback, experience, superficial anatomical landmarks and fluid return
through the instrument. The operator must sense when the needle or trocar enters the
target space and discontinue advancement. However, existing needles and trocars
systems often do not provide sufficient feedback to the physician to indicate correct

position, [¢]

Fig.1-7. Overshooting during trocar insertion causes injuries [1% 131
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Fig.1-8. Two surgeons insert a trocar ') Fig.1-9. Lift up the abdominal wall and insert a trocar by oneself 2!

Current device like Veress Needles and some trocars attempt to address these
problems with spring-loaded blade sheathes or retractable blades, which are mentioned
above. In both cases, these intended safety features do not always prevent damage to
underlying organs. 71 Accordingly, the FDA (US Food and Drug Administration)
published a report in 2003 regarding laparoscopic procedures to state that most
complications occur at initial trocar insertion and stressed the need for medical device

companies to improve their products. ¥

B) Troublesome Operation

Usually, two surgeons must cooperate with each other to finish the trocar insertion.
One lifts up the abdominal wall to make it stable, and the other one inserts the trocar
into the abdomen, as shown in Fig.1-8. Actually, some operators also insert the trocar
by himself or herself, as shown in Fig. 1-9. However, it depends on the insertion
location and requires certain experience. 1?2 Besides, it has been reported that
operation of trocar insertion requires large force, which is difficult for some female

surgeons. 12!l

C) Patient’s individuality and trocar’s diversity grow the difficulty to achieve safe
trocar insertion
Usually, umbilicus is regarded as a reference to estimate the location of the aortic
bifurcation. It can help to avoid injuring arteries in trocar insertion. *>! However, as
shown in Fig.1-10, position of umbilicus relative to the aortic bifurcation is negatively
correlated with body mass. 3! The individual obesity makes it difficult to estimate

correctly.
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Fig.1-10. Influence of obesity on location of trocar insertion 123

Not only that, there is not a definite value of insertion force. It depends on many

o [24,25

factors, such as patient’s obesity, age, trocar types, et I Thus, trocar insertion is

not so easy for novices.

1.2 Related research

As mentioned above, dangers and inconveniences exactly exist during trocar
insertion, especially the primary one because it is done before pneumoperitoneum.
Therefore, many researches have been done to improve this procedure. These
researches can be briefly classified into two branches. One branch is to improve trocars
or to develop new type trocars to achieve safe insertion. The other one is to train

operators, to make them sophisticated.

1.2.1 Improvement of Trocars

Some improvements and relevant researches were conducted. The commonest
trocar products, which is improved, is the retractile trocar (in Fig.1-6) and the optical
trocar (in Fig.1-11). As shown in Fig.1-6, the sharp edge retreats to avoid overshooting
upon the abdominal wall is penetrated out. And the optical trocar allows the

laparoscopy to be placed inside *®!, as shown in Fig.1-11. In this way, surgeons can
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Fig.1-11. Place the laparoscopy Fig.1-12. Understand the insertion depth
inside the optical trocar (¢! by seeing monitor 127!

understand the inserting depth by seeing the monitor to achieve safe insertion [*”) as

shown in Fig.1-12.

In addition to the medical tools mentioned above, a variety of guidance and
sensing-based systems have been developed to improve targeted placement of needles
and trocars [2837 Examples include ultrasound and active sensing systems on the tips
of the trocar (or needles). For instance, Joho Yun,et al proposed a micro-electrical
impedance spectroscopy-on-a-needle ! for depth profiling of biotissue to prevent and
immediately recognize iatrogenic injury during trocars or Veress Needle insertion, as

shown in Fig.1-13.

Besides, there are some researchers, who consider the clectrical sensor is a
burdensome or an unreliable way. They think it is a better way to achieve safe insertion

by ingenious mechanical design. The most representative in this branch is the

Connection Passivaiton
lines Si0,
PCB\E insulation
+
Pad v
/ :20 pm MRS
— . b = 20 pm
28 mm :

7

300 pm

IDEs

Needle is insulated by SiO,

Fig.1-13. A micro-electrical impedance spectroscopy-on-a-needle [3%]
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Fig.1-14. A mechanical clutch-based needle-insertion device 3%

mechanical clutch-based needle-insertion device [*), which was developed by Erik k
and Jeffery M from MIT. By ingenious mechanical design, as shown in Fig.1-14, it
effectively reduced the risk of damaging organs or arteries caused by overshooting.
But just because it completely subvert the original design of the usual trocar products

in the market, it is hard to spread widely in medical applications.‘

And following the opinion of pure mechanical design, Yancheng Wang, et al
researched on the trocar tip design to minimize the insertion force %, as shown in

Fig.1-15. They clarified that the longer the bevel length of the trocar, the less force

N F

n
Section 1
Lancets \'/
/ f Bevel

i length, /2

Section

Fig.1-15. Research on the relationship between the tip shape and insertion firce (%!

10
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trocar insertion requires. Their research on the relationship between the tip shape and

the insertion force offers a valuable reference to trocar insertion force analysis.

1.2.2 Training system for Trocar Insertion

As mentioned above, the other branch is to develop training systems for operators.
It simulates the trocar insertion situation (force and torque change) to make operators
sophisticated (!4 In Japan, Sakaguchi, et al from Nagoya Technology University
developed a training system [°> %! as shown in Fig.1-16. Force sensors and actuators
are assembled in this system to simulate the operative insertion. According to the
experiment in this research, the operators trained by this system can achieve better

insertion effect than operators without its trained.

There are also similar researches overseas. For instance, A. Chowriappa, et al
from New York State University proposed a predictive model for haptic assistance in

robot assisted trocar insertion °7- 8, It utilized a master-slave robot system to operate

master slave

Fig.1-17. Master-Slave robot assisted trocar insertion training -]

11
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trocar insertion, as shown in Fig.1-17. And in software aspect, this system adopted a
predictive model to optimize the insertion. It could effectively avoid misoperations

during insertion.
1.2.3 Research on Insertion Force

In addition to the two branches mentioned above, to avoid overshooting, there are

59-68] a5 shown in Fig.1-18.

a great many researches on needle insertion force analysis [
Even though the needle is thinner than trocar and their applied field is different, they
are both the research that a long thin rigid tool inserts into soft biotissue. Therefore,

these researches can be regarded as references.

Mohsen Mahvsh and Pierre E studied the mechanics of dynamic needle insertion
into a biological material [’ Even though it is not about trocar insertion, it clarified
the principle when a sharp tool inserts biotissue. This offers fundaments for

explanation of the trocar insertion force trend.

A.M.Okamura, et al also proposed the force modeling when needle inserts into

Fig.1-18. Interactive virtual needle insertion and lung nodule biopsy [¢?!

12
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soft biotissue. They divided the insertion force into several parts, which are capsual

stiffness, friction and cutting. [7%!

13
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1.3 Purpose of this research

Related researches introduced above have contributed to the achievement of safe
trocar insertion. However, they also have their own defects respectively. Safety of
insertion is the prerequisite, they all improved the safety of insertion at a certain level.
But the easiness of operation and universal applicability of every method cannot be

ignored.

Fig.1-19. shows advantages and disadvantages of every research mentioned
above. Specifically, even though the optical trocar can avoid overshooting effectively
and is widely adopted, it still requires two surgeons to operate. Besides, it is necessary
to study the recognition of images at every phase during insertion. Methods that taping
electric sensor on trocar tips and the new pure mechanical trocar do not grow the
complexity of operation, however, they are difficult to widely spread at short time.
And the trocar insertion training systems do not eliminate the necessity of studying or

training.

Therefore, as shown in Fig.1-19, a trocar insertion device is desired which has
both high easiness of operation and universal applicability. The purpose of this
research is to develop a trocar insertion device that can satisfy requirements as

following:

Safety: It can detect the penetration-out correctly and stop inserting to avoid
overshooting immediately and automatically

Universal applicability: This device must be accessible for majority of trocar
products.

Easiness of operation: This device must be easy to use. Even novices are able to
operate without training. Besides, if it can enable one surgeon to operate without

others’ help, it will be well appreciated.

14
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b Universal applicability
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Fig.1-19. Positioning of related researches mentioned above
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1.4 Structure of this thesis

The structure of this research is shown in Fig.1-20. There are four chapters as

following:

In the 2nd chapter, a trocar insertion force measurement platform is built. Using
porcine abdominal wall, trocar insertion force is measured in different experimental
conditions (different types of trocar, different insertion methods). And according to
measurements, relationship between the insertion force trend and the abdominal
multilayers structure is studied. It offers a fundament for the safe insertion control. In
addition, in this chapter, the influence of many factors (insertion speed, insertion
methods and trocar types) on insertion force and abdominal deformation is also

discussed.

In the 3rd chapter, based on the measurement in the 2nd chapter, the trocar
insertion device is designed. This device integrated functions of lifting up abdominal
wall and trocar insertion, which enables one surgeon to finish the insertion by himself
or herself. Then the control method of actuators and the whole insertion device system
are introduced. Finally, Exvivo experiment with porcine abdominal wall is conducted
to verify every actuator’s control and insertion force sensing. Besides, the sterilization
and universal applicability for majority trocar products are also considered in an

improved version.

In the 4rd chapter, based on the clarification of insertion force trend in 2nd chapter,
an automatic stop (auto-stop) algorithm is applied in this device. Upon the penetrate-
out is detected, it automatically discontinues inserting to avoid overshooting. Exvivo
experiment with porcine abdominal wall is conducted to verify its effectiveness.
Besides that, comparing with human insertion, using this device can short the exposure

length of trocar and spent time of operation.

Finally, in 5rd chapter, conclusions of this research are listed.

16
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Chapter 2. Trocar Insertion Force Characteristics

* Measurement of trocar insertion force using different trocars
» Discovery of similar insertion force trend and interpretation

* Establishment of the method (recognize penetration out by
monitoring insertion force)

» Clarify the influence of factors (insertion speed, trocar type,
insertion method) on the insertion force

A 4

Chapter 3. Design of the Trocar Insertion Device and
Control System

* Easy handheld
+ Actuators control

* Abdominal wall lifting up

* A novel method of monitoring insertion force

T
1
[

A4

Chapter 4. Automatic Stop Control Algorithm and
Verification of Safe Insertion

* Automatic stop algorithm
- Exvivo experiment
* Discussion about security of insertion

* Other merits of using this device

i
|
v
Chapter 5. Conclusions

Fig.1-20. Structure of this thesis

17
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Chapter 2. Trocar Insertion Force Characteristics

In order to select appropriate actuators for trocar insertion device design later, it
is necessary to roughly know how much the insertion force is. Not only that, but also
clarifying insertion force characteristics can supply a useful evidence to recognize the
abdominal penetration out by monitoring insertion force when the automatic stop
algorithm is designed to avoid overshooting. Thus, this chapter interprets the insertion

force in details.

2.1 Measurement of trocar insertion force

2.1.1 Experimental apparatus

To measure the insertion force, a trocar insertion measurement platform is built
as shown in Fig.2-1. It has two DOFs, which drives the trocar to insert downward and
rotate. There are two motor combinations, which consists of motor, gearhead and
encoder. By a ball screw (No.4 component in Fig.2-1), whose lead is 2 mm, one motor
combination drives the trocar to move vertically downward. And the other one drives
the trocar to rotate. Besides that, a single-axis force sensor (No.7 component in Fig.2-

1) is installed above the trocar to measure the insertion force. Components and basic

Motor combination 1
1. Encoder 1
2. Motor 1
3. Gearhead 1

i 4. Ball screw

Motor combination 2
10. Encoder 2

9. Motor 2
8. Gearhead 2
7. Force sensor

l 6. Trocar
5. Abdominal wall

Fig.2-1. Trocar insertion measurement platform

18



Chapter 2. Trocar Insertion Force Characteristics

Table 2-I1. Components of experimental platform

Component

No. Parts Article Technical Date

1 Encoder 1 Maxon, Type ML, 225805 Counts per turn: 512

2 Motor | Maxon, RE25, 118746 Power: 10 Watt

oot axotl, ’ Nominal Speed: 4136 rpm

Nominal Torque: 28 mNm

3 Gearhead 1 Maxon, CP26A, 406762 Reduction: 19:1
Max. Continuous Torque:
2.25 Nm

4 Ball screw Misumi-JP, LX2602C-B1-  Stroke: 117 mm
Lead: 2 mm

250
Abdominal wall ~ Porcine Abdominal Wall Thickness: 45-50 mm
Trocar Three types Diameter: 12 mm
7 F Forsentek FL25-10k Single-axis
oree sensor orsenie g Measure Range: -100~100 N

Measurement Error: £0.2%

8  Gearhead 2 Maxon, GP22L, 232773 Reduction: 62:1

carhea axon Max. Continuous Torque: 0.4

Nm

9  Motor2 Maxon, A-max22, 110140~ Power: 3.5 Watt

oror axom, A-Maxss, Nominal Speed: 3720 rpm

Nominal Torque: 6.05 mNm

10 Encoder 2 Maxon, Type ML, 201940 ~ Counts per turn: 512

Information

Insertion speed range Constantly 0-12 mm/sec

Frequency of trocar rotation 0-1 Hz

Period of calculating 1 ms

information of the measurement platform are listed in Table 2-1.

Measurement range of force sensor is +100 N and measurement error is 0.2%.
Two motors are controlled by a Linux Ubuntu PC, whose period of calculating is 1
millisecond. In addition, in order to trace images in different phases of insertion, a

high-definition (1920 * 1080) camera is set to record the video of insertion process.

19



Chapter 2. Trocar Insertion Force Characteristics

Trocar#1 Trocar#2 Trocar#3

Unit : mm

Fig.2-3. Three types of 12 mm trocars

2.1.2 Experiment method

In experiments, the trocar moves vertically downward at a constant speed (0-10

mm/sec), and the rotation follows the equation 2-1.
0 = Asin(2nft) (2-1)

Where, 6 represents the angle trocar turns, and 4 ranges 0-m/2, and f ranges 0-
1Hz.

In this experiment, porcine abdominal wall is chosen as the material because its
structure and mechanical properties are similar to human beings [7'7%!. In addition, its
thickness (30—50 mm) are close to human beings. It is necessary to emphasize that

except experiments of discussing the thickness influence, the porcine abdominal walls

20



Chapter 2. Trocar Insertion Force Characteristics

which are used in this research are all 45-50 mm thickness, as shown in Fig.2-2 .

As introduced in chapter 1, overshooting always occur in the primary trocar
insertion, three types of trocars, which are the commonest during the primary insertion,
are chosen to research the insertion force. As shown in Fig.2-3, the first type is a bladed
trocar, whose cutter head is retractile. The second one is a plastic bladed optical trocar,
whose obturator is hollow for placing a laparoscopy. And the third one is a bladeless
optical trocar, which has no obvious sharp cutter head. Diameters of them are all 12

mm.

As surgeons normally finish the insertion through the abdominal wall in 20-30
sec "8 and the thickness of the abdominal wall is approximately 30-50 mm, in this
measurement experiment the trocar is driven at a constant insertion speed of 4.0 mm/s.
and when we see the trocar has penetrated out of the abdominal wall, we stop driving.
Fig.2-4 shows the process of trocar insertion. Firstly, the trocar does not contact to the
abdominal wall. Then it contacts and the abdominal wall deforms. Finally, the trocar

tip penetrates out of the abdominal wall.
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(3) Slightly deformed

(2) Contact

(4) Deform

—— —

(6) Tip penetrates out (7) Stopped

Fig.2-4. Process of trocar insertion on the measurement platform
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Fig.2-5. Insertion force measurement with the three trocars by method 1
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Fig.2-6. Insertion force measurement with the three trocars by method 2

2.1.3 Experimental Results

As shown in Fig.2-5 and Fig. 2-6, two insertion methods are utilized to make

comparing experiments. In method 1, the trocar inserts at a constant speed (4 mm/s)
without rotating. And in method 2 the trocar inserts downwards constantly at 4 mm/s

with rotating. In method 2, the rotation follows the equation 2-1. The amplitude A4 is
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set to m/4 and the frequency fis set to 1 Hz. The insertion force curves of each insertion

method are shown respectively in Fig 2-5 and Fig 2-6.

The horizontal axis represents the displacement the trocar moves downward since
it contacts to the abdominal wall. And the vertical axis represents the vertical
force.trocar bears in the whole insertion process. In Fig.2-5 and Fig.2-6, it can be

obviously observed as follows:

1) The specific maximum insertion force differs among the three types. The largest

insertion force peak of kinds of trocars roughly range from 50 N to 100 N.

2) Comparing the two figures, it can be observed that when using the same trocar,
insertion with rotation requires less force than without rotation to finish the insertion.
For instance, when insertion trocar#2 without rotation, the largest force is about 84 N.

Whereas when insertion with rotation, the largest force is about 50 N.

3) Comparing the two figures, there are obvious force fluctuations when insertion with

rotation. The fluctuation ranges about +3 N.

4) Three types all show that in the same insertion method, the sharper the trocar is, the

less insertion force it requires to finish insertion.

Fig.2-7. The abdominal port after insertion
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2.1.4 Moment of penetrate-out

In addition to the above phenomena, in Fig.2-8 it can be obviously learned that
three kinds of trocars have a similar force trend: there is an initial increase from zero,
and a small peak occurs at approximately 20-30 N. After that peak, the force continues
to increase to the maximal force peak and falls down. Then a smaller peak next to the
biggest one appears before the force falls to approximately 10 N.

The force curves have the same characteristics as follows:
1) In a whole insertion process, there are three obvious peaks.
2) The second peak is the largest among them.
3) The third peak is nearly next to the second one.
In order to find out the corresponding point in the force curve when the trocar

penetrates out of the abdominal wall, in Fig.2-9 we list images corresponding to the

feature points in the insertion force curves, which are clearly marked in Fig.2-8.

In Fig.2-9, it can be observed that the trocar had not penetrated out at the moment

110 T T T T

100 F Trocar]
Trocar2

90 -Trocar3
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T
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Fig.2-8. Feature points in trocar insertion force curves
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(B) point

Trocar #1 Insertion process

(A) point (B) point (C) point

Trocar #2 Insertion process

(A) point (B) point

Trocar #3 Insertion process

Fig.2-9. Images during insertion with the three trocars

of the biggest force peak as shown in Fig.2-8 (A point), and the indication of penetrate-
out can be found at the subsequent smaller peak (C point in Fig.2-8). By corresponding
Fig.2-8 to Fig.2-9, this phenomenon can be observed in all experiments no matter
which type is used. Thus, we consider that the smaller peak next to the maximum one
can be regarded as a force indicator which can remind of penetrate-out. And the
computer is able to recognize the abdominal penetrate-out by detecting this smaller

force peak.

On the other hand, as shown in Fig.2-6, there is obvious fluctuation when trocar
is inserted with rotation. But similar results can be observed, bladed trocar (trocar #1)
requires the least force to penetrate out and the blade-less trocar (trocar #3) requires
the largest one. And as well the three trocars have the same force trend. However, there
is a difference from insertion without rotation. In Fig.2-6, the smaller peak next to the

maximal one all cannot be observed.

In front of the phenomena mentioned above, what we should discuss deeply is
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that during insertion without rotation, why penetrate-outs all occur at the smaller peak
next to the max force peak no matter which trocar type is used, and why during

insertion with rotation, the small peaks behind the max one all disappear.
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2.2 Mechanism of a force peak’s occurrence

In order to explain the questions above, we firstly need to analyze why a force

peak occurs.

First of all, a simple physical model, which a long sharp tool inserts through a
uniform tissue, must be discussed. Fig.2-10 shows the whole process from the moment,
when the tool contacts to the tissue, to the moment, when the tool penetrates out of the
tissue. Sp represents bearing stress of the tissue at the point where the needle or trocar
contacts. Thus, S}, depends on the deformation and the physical characteristics of the
tissue itself. When there is no deformation of tissue, S, equals to zero. And Sy
grows with the increasing of deformation. On the other hand, S, represents critical
failure stress, which is a physical quantity only depending on the physical

characteristics of tissue itself. And it determines the stiffness of the tissue.
As shown in Fig.2-10, the whole insertion process is divided into four phases.

A phase: the trocar or veress needle has not contact to the tissue.
B phase: the moment the trocar or veress needle contacts to the tissue.
C phase: the tissue deforms but is not penetrated out.

D phase: the moment tissue is penetrated out.

In A phase, S, equals to zero because there is no deformation before contact.

A O A

| —
A phase B phase C phase D phase
0= S, <S. Sp <S¢ Sp =S¢ penetrate out

Fig.2-10. Images during insertion with three trocars
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And since the needle or trocar contacts to the tissue (B phase), S}, increases with
deformation of the tissue, which can be approximately regarded as an elastic model.
From B phase to the C phase, S, increases with deformation but still remains smaller
than S.. When Sy equals to S, (C phase), the deformation reaches maximum, then

the tissue is destroyed and the needle or trocar penetrates out of the tissue.

And from the viewpoint of insertion force, since the B phase, insertion force
increases and reaches a peak in the C phase. Subsequently, the force drops to a certain
value that is required to overcome friction between the tissue and the needle. Thus, a

force peak occurs in this whole process.

It is necessary to state that the model, introduced above, is ideal. In actual
insertion, the insertion force Fjysertion €an be divided to friction, cutting force and

internal stiffness, as expressed in equation (2-2).

Finsertion = Ffriction + Fcutting + Fstiffness (2'2)

The cutting force and the friction occurs along the length of the tool inside the

g 7781 However, it

tissue and is due to Coulomb friction, tissue adhesion and dampin
does not influence on understanding the relationship between the stiffness and force

peak.
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2.3 Explanation of trocar insertion force curve

The theory of a force peak’s occurrence has been introduced in 2.2 section. Based
on that, we can explain why the insertion force have a similar trend regardless of trocar

types or even insertion methods as following.

In experiments of trocar insertion, the abdominal wall is a none-uniform tissue
not like the simple model mentioned before. It has a structure of multilayers, which
consists of skin, subcutaneous fat, rectus muscle, and peritoneum from outside to

inside [*#!), as shown in Fig.2-11. And of course they have different stiffnesses. Thus,
Sces)> Scf)> Scem) and S¢py represent the critical failure stresses of skin, fat, muscle
and peritoneum, respectively. Accordingly [ their size relationship can be expressed
in inequality (2-3). Sc(m) is the largest among them and S is larger than Scf). In

other words, muscle is the hardest tissue in these four tissues and skin is harder than

subcutaneous fat. The test measurement of individual layers can refer to Table 2-I1.

e - .

Subcutaneous fat &

Fig.2-11. Images during insertion with three trocars (8!

Table.2-11. Elastic modulus of individual layers [7°-81]
skin Subcutaneous fat Rectus muscle peritoneum
~2.1 MPa ~0.83 MPa ~3.5 MPa ~0.7MPa
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Fig.2-12. Interpretation of insertion force trend

Therefore, the insertion force trend when insertion without rotation is well

agreement with the multilayer structure of the abdominal wall as shown in Fig.2-12.

Taking an instance of the trocar#3 insertion force curve, as S¢y is the largest,
it corresponds to the maximal force peak (A point). When the bearing stress of muscle
Spam) Increases to its own critical failure stress S¢(y), the insertion force reaches the

maximal peak (A point). And at this moment, the trocar penetrates out of the muscle
tissue. Subsequently, the trocar comes to contact to the peritoneum, which is softer
than muscle tissue, and the force, which trocar is bearing, decreases (A to B). Then,

further insertion deforms the peritoneum and correspondingly insertion force increases

back (B to C). When the bearing stress of the peritoneum Sy, ;) increases to its own

critical failure stress Sc(p), the trocar penetrates out of the peritoneum and the insertion

force reaches the smaller peak (C point) next to the maximal one. As peritoneum tissue
is the last layer of the abdominal wall, the smaller peak next to the maximum force

peak, which is caused by peritoneum penetrate-out, reflects the penetrate-out of the
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entire abdominal wall. Since S¢(s) is larger than S.), a force peak (D point) can be
found before the biggest peak in all of the insertion force curves as shown in Fig.2-12.
It reflects the penetrate-out of the skin. After that, since S¢(r) is smaller than S¢qm),

no further force peaks could be observed until the trocar penetrates out of the muscle

layer.

Besides that, the muscle and peritoneum is adjacent, as a result, the third peak is
near next to the biggest one. And because there is fat tissue between skin and muscle,

there is certain distance between the first peak and the second one.

In further experiments, to prove the explanation stated above more persuasively,
we insert trocars into porcine abdominal wall, whose peritoneum is removed out, and
measure its insertion force. As shown in Fig.2-12, insertion force curves of normal
abdomens have a smaller peak next to the maximum force peak. Whereas, in Fig.2-13,
no such smaller peak can be observed because of the absence of peritoneum. This
comparison fully confirms that the smaller peak next to the maximum force peak

corresponds to final penetrate-out of the peritoneum.

100

£\ Trocart
S0 \ Trocar? | |

Trocard
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Fig.2-13. Insertion force when insert abdominal wall without peritoneum
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Fig.2-14. Insertion force when a Veress Needle inserts into human abdominal wall (40!

Now, the relationship between trocar insertion force trend and the abdominal
multilayers structure has been clarified. However, before we make computers to
recognize the penetrate-out by monitoring the insertion force when designing the

insertion device, there are still two questions to solve.

1. The insertion force measured above are all using porcine abdominal wall. Does

human abdominal wall also follow that trend?

2. In Fig.2-6, when trocar inserts with rotation, the peak behind the biggest peak

cannot be observed. Why?

According to the explanation above, the insertion force trend should depend on
the abdominal structure. And as known to us, human abdominal structure also follows
the multilayers rule [/'"7*1. And here, we cite experimental results from other research
49 to verify it. Fig.2-14 shows a force measurement when a thin Veress Needle
(diameter 2 mm) inserts into human abdomen. It can be obviously seen that it has the
same trend as the results we measured using the porcine abdominal wall. It also
effectively proves that the insertion force trend is exactly decided by the multilayers
structure. And because the abdominal multilayers structure does not vary from factors
such as personal individuality, trocar types and insertion speed, etc. This theory can be
regarded as a reliable evidence to recognize the abdominal penetrate-out by computers

in future research.

However, why does the smaller force peak behind the maximal one cannot be
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observed in Fig.2-6? When a trocar inserts with rotation, the rotation causes obvious
force fluctuation, which can be seen in Fig.2-6. The force peak, which reflects the
penetrate-out of peritoneum comes to difficult to observe among fluctuations. This is
a reason. Besides, in Fig.2-5 and Fig.2-6, it can be seen that when conducting by the
same kind of trocar, insertion with rotation requires smaller force than that without
rotation when it penetrates out of different tissues of abdominal wall. And the
peritoneum is the order of only approximately 0.8 mm thickness [#?!. Thus, it is easier
to be destroyed when insertion with rotation than that without rotation. Two reasons
above make the smaller peak next to the maximal one not obvious as much as insertion
without rotation. However, peaks corresponding to the skin and muscle tissue

penetrate-out can be obviously recognized.

As mentioned above, the thickness of peritoneum is approximately 0.8 mm, but
in Fig.2-12 the width of the third peak is about 4-5 mm. This is because when the trocar

inserts, the soft peritoneum deforms.

In Fig.2-12, the third peaks of the three force curves approximately have the same
width, it seems not reflect the sharpness of different trocars. As shown in Table 2-II,
the stiffness of peritoneum is less than 0.7MPa, which is the smallest among the four
tissues. And in actual insertion, peritoneum has viscosity. Reasons above cause the

width of third force peak cannot reflect the sharpness of different trocars.
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2.4 Relationship between insertion force and other factors

Many factors influence the insertion force, such as insertion speed, trocar types,
etc. This section describes the relationship between them and figure out the optimal

insertion parameters.

2.4.1 Influence of abdominal thickness on insertion force

Firstly, insertions using porcine abdominal wall with different thickness (40, 45,
50, 55 mm) have been conducted. Using the trocar#2 at a constant speed of 4mm/s

without rotation, the force measurements are shown in Fig.2-16.

It can be seen that the thicker the abdominal wall is, the force peak corresponding
to the same tissue is higher, respectively. It is not difficult to understand. The thicker

the abdominal wall, the thicker for each layer.

Thickness 40 mm Thickness 45 mm
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Fig.2-15. Abdominal wall materials in different thickness
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Fig.2-16. Insertion force using different thickness abdominal wall

2.4.2 Influence of insertion speed on insertion force

On the force measurement platform, we insert the trocar#1 (the retractile bladed
one) at different constant speeds with and without rotation. Note that when insertion
with rotation, the rotation follows the equation 2-1. The amplitude 4 is set to n/4 and

the frequency f'is set to 1 Hz.

0 = Asin(2nft) (2-1)
And in every speed interval, insertions are repeated five times. Fig.2-17 shows

the maximum force value of every experiment.

It can be learned that when the trocar#1 (the retractile bladed one) inserts without
rotation at different speeds (2, 4, 6, 8 mm/s), maximal insertion force ranges from 50
to 60 N approximately. And when the trocar#1 inserts with rotation at different speeds,
it ranges from 30 to 35 N. The results obtained confirm the conclusions from Fig.2-5
and Fig.2-6 regarding the lower force when rotating trocar. And when the trocar#1
inserts in the same method, the faster the trocar inserts, the less insertion force it

requires to penetrate out.

Here we do not explain why the biggest force peak decreases with insertion speed

increasing in details. In brief, the increasing insertion speed will decrease the cutting
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force in the equation (2-2) mentioned in section 2.2. A research [* can be cited to
explain this phenomenon. Mohsen Mahvash and Pierre E have researched on the
mechanics of dynamic needle insertion into a biological material. This research
clarified why insertion force decreases with insertion speed increasing and proposed a
concept “saturation velocity”. It tells that when the insertion speed increases to a
certain value, the insertion force will not decrease any more. And this certain insertion
speed depends on many factors like specific sharp tool, biotissue, etc. Even though
their research used a thin needle to insert the porcine cardiac tissue, the theory is also

accessible for trocars insert abdominal wall.

In addition, three types of trocars are used to take the insertion measurement.

@ without rotation B with rotation

2mm/s 4mm/s 6mm/s 8mm/s
Insertion speed

Fig.2-17. The Max force peak of insertion when trocar#1 inserts with different constant speeds
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Fig.2-18. The Max force peak of insertion when three types of trocars inserts
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Insertion speed is 4 mm/sec, rotation is the same with the experiment above. Fig.2-18
also confirms the conclusions from Fig.2-5 and Fig.2-6 regarding higher force for

blunted trocar, which is easy to understand.

2.4.3 Influence of insertion speed on abdominal deformation

Fig.2-19 shows the deformation of the abdominal wall, which are measured when
the trocar penetrates out and has stopped. In Fig.2-19, when the trocar#1 inserts
without rotation at different speeds (2, 4, 6, 8 mm/s), the deformation approximately
ranges from 17 to 26 mm. In contrast, when it inserts with rotation, it ranges from 16
to 20 mm. Since the deformation has positive relation with the maximal force, we can

find out similar results to those of the max force.

Fig.2-20 shows the deformation when three types of trocars are used at a constant

speed of 4 mm/s. the rotation is the same with the experiments above.

In experiments and discussion above, insertion with rotation, using a sharper
trocar at higher speed can decrease the insertion force and the abdominal deformation
at a certain level. However, it is not difficult to understand that faster insertion with
sharper trocar would cause overshooting and injuries more easily. It stresses the
necessity of this development of trocar insertion device, which can ensure safe

insertion at high speed.

B without rotation Owith rotation

10 f

Deformation (mm)
O

W

2mm/s 4mm/s 6mm/s 8mm/s
Insertion speed

Fig.2-19. Deformation of the abdominal wall when trocar#1 inserts at different constant speed
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Fig.2-20. Deformation of the abdominal wall when three types of trocars inserts

Given the normal abdominal thickness (30-50 mm) and motors dynamic

characteristics, we set the insertion speed at 10 mm/s for the insertion device later.
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2.5 Summary

We list the following conclusions from the experiments and interpretations in this

chapter:

1. The insertion force with different kinds of trocars and different insertion
methods were measured. Although the force varied from different trocars, force curves
had a similar trend. By tracing images of every moment, when a trocar inserted without
rotation, the moment, when it penetrated out of the abdominal wall, can be located at
the smaller peak next to the maximal one of its insertion force curve. However, when
a trocar inserted with rotation, the small peak behind the biggest force peak could not

be obviously seen because of fluctuation.

2. The insertion force trend was well interpreted with the theory of a force peak’s
occurrence and the abdominal multilayers structure. Three peaks in the whole process
correspond to skin penetrated-out, muscle penetrated-out and peritoneum penetrated-
out. The correctness of this interpretation was experimentally verified. It can be
regarded as a reliable evidence for recognizing the penetrate-out regardless of

individuality, trocars types and insertion speeds.

3. According to experiment results, insertion with rotation, using a sharper trocar
at higher speed was able to cause less insertion force and deformation of the abdominal

wall at a certain level.

Technologically, the small peak behind the biggest one is the indicator of
abdominal penetration out. However, in the actual application process, because the
peritoneum is soft and thin, it is difficult to detect the corresponding peak during
monitoring insertion force, especially insertion with rotation. Thus, we adopt to detect
the second peak (which corresponds to the muscle penetrate-out) to indict abdominal

penetration out, which will be introduced in chapter 3 and 4.
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Chapter 3. Design of Trocar Insertion Device and

Control System

3.1 Trocar insertion device design

3.1.1 Concept of the insertion device

In trocar insertion, two motions, which drive trocar to move forward and rotation,
are necessary. This device also consists of these two motions. However, in this device

design, which kind of actuators is appropriate? It is a question need to discuss.

As mentioned in chapter 1, the ideal insertion device is desired to be able to stop
timely upon the trocar penetrates out of the abdominal wall. When the trocar penetrates
out of the abdominal wall, the bearing force decreases rapidly. In order to decrease the
negative influence of external force on actuators, the actuator, which drives the trocar
insertion, must have fast dynamic responsiveness and low backdrivability. The ball
screw obviously has advantages in this aspect because of less friction. As shown in
Fig.3-1, one motor drives the insertion forward by a ball screw, and the other one drives

the trocar rotating directly.

There is no device till now, which can achieve stable the abdominal wall and drive

the insertion at the same time. Usually, other assistant is necessary to lift up the

trocar

Abdominal wall
Mechanical connection
Vacuum suction cup

DC motor

ERRO0E

Ball screw

Fig.3-1. The concept of developed device
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Fig.3-2. Lifting up by assistant surgeons [1>-2] Fig.3-3. Cupping therapy *3]

abdominal wall, as shown in Fig.3-2. In this research, we desire this device can both
lift up the abdominal wall and insert trocar. That would access one surgeon to finish

the insertion with this device independently.

In order to achieve this function, the cupping method is utilized, as shown in
Fig.3-3. Cupping is a common therapy, which is popular in Asia and Europe 3. It
targets area by creating a partial vacuum either by the heating and subsequent cooling
of the air in the cup, or via a mechanical pump. The cup is usually left in place for
somewhere between five and fifteen minutes. It has been proved that cupping is
generally safe when applied by trained professionals on people who are otherwise

healthy ¥ %5 There is no harm to the human body in medicine.

In this device, we connect the suction cups to vacuum generator to make sure they

can be adhered to the abdominal wall. Fig.3-1 shows the concept of this design.
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3.1.2 Design of the device

The prototype model of trocar insertion device is shown in Fig.3-4. It has a pistol-
shape and its size is 282 mm * 122 mm * 237 mm, which allows operators to handle
easily. The trocar is located along the central axis. The device has two motor
combinations, the first one is assembled inside the handle part, and this motor drives
the ball screw through belt and belt wheels, to drive the trocar to inserte forward
indirectly. The other one is assembled behind the trocar, which can drive the trocar to
rotate along the central axis. Because the trocar would bear the insertion force along

the central axis, an angular bearing is assembled above the trocar.

As illustrated in chapter 2, the trocar insertion force ranges about 50-100 N,
insertion speed ranges about 0-10 mm/sec, the rotation frequency ranges about 0-3 Hz,
and the distance from trocar contacts to the abdominal wall to it penetrates out ranges
about 100 mm. These are important requirements during design. Based on those

requirements, specifications of this device are listed in Table 3-I.

central wire ) angular motor
axis  encoder  cylinder trocar  bearing combination 2

belt wheel
and belt

motor
combination 1

rail guide
ball screw

" >‘ v I’
suction cup Y, [N
\

W ball joint |

—— hold the abdominal wall —— trocar rotation —— Insertion forward

Fig.3-4. Trocar insertion device model
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Table 3-I. Specifications of the trocar insertion device

Movable range of insertion 115 mm
Movable range of lifting 30 mm
Max pull force for lifting 6*30N
Adhesive force of suction cups 6*62.17 N
Insert speed range 0-12 mm/s
Rotation frequency range 0-3 Hz
Max insertion force 180 N

Area of action 230 mm?
Size (L * W * H) (mm) 282 * 122 * 237
Weight 1.09 kg
Sampling Frequency of control system 1 kHz

In term of Max pull force for lifting, 30 N represents the max pull force of a

pneumatic cylinder. The same interpretation for adhesive force of suction cups.

The components for abdominal lifting up consist of pneumatic cylinders, wire
encoders, suction cups and ball joints. As introduced in section 3.1.1, the suction cups
are connected to a vacuum generator to adhere to the abdominal wall as the assistant
surgeon grip the abdominal wall. Therefore, as shown in Fig.3-4, the suction cups are
connected to the air cylinders. The air cylinders pull up the abdominal wall as the
assistant surgeon lifts up the abdominal wall. Because the abdominal wall is uneven
and easily deforms, the ball joint between air cylinders’ rod and suction cups can make
the suction cups to fit on abdominal wall better. Near the air cylinders, wire encoders
are installed to measure the displacements of the air-cylinders. The role of these

encoders will be introduced in details in the later section of cylinder control.

In this way, the device integrates both functions of trocar insertion driving and

abdominal lifting up at the same time.
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3.1.3 The whole system

The whole system of this trocar insertion device is shown in Fig.3-5. Kinds of
actuators are all driven by the same control computer. AD, DA, CNT three kinds of
boards are prepared in the computer. The middle parts consist of pressure sensors,

servo amplifiers, servo valves unit, a vacuum generator and a pressure regulator.

The air flow path is described by dotted lines. The compressed air flows from the
compressor. After passing through the pressure regulator, it has two paths. One path
flows into the vacuum generator, the vacuum generator is connected to the six suction

cups. The other path flows through servo valves unit to drive the air cylinders.

The electrical signal is described by solid lines. The wire encoders (measuring the
cylinders’ rod extend) and the rotation encoders in the motor combination (measuring
the motor turns) are read by the CNT board. The air pressure of cylinders’ chambers
are measured by air pressure sensors. And the pressure are read by AD board. After
computing, the control signals are sent out by DA board. One is sent to the servo valve

unit to control the cylinders, the other one is sent to servo amplifiers to control motors.

Finally, the middle components are stored in a control box, which is 310 mm *
280 mm * 150 mm. the 3D model of the control box and the prototype of the control

box are shown in Fig.3-6.

-——» Airflow

— Electrical signal
<

— Pressure sensors l ;
' | Pressure regulator

[ Servo valve Unit < T

Servo Amplifier ) ,,,

1
1

Compressor '

AD/DA board v

; Air supply

Control PC

S

Motor drive

Encoder measurement

Fig.3-5. The whole trocar insertion device system
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The prototype of the whole system is shown in Fig.3-7. It consists of the air

compressor, Control PC, the Control box and the trocar insertion device.

Servo Amplifier ~ Vacuum Generator Regulator

___________

Servo Valve Unit

Compressor Fig.3-6. Control box for the trocar insertion device

Fig.3-7. Prototype of the whole trocar insertion device system
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3.2 Control methods

The whole system has been described in section 3.1. According to the type of
actuators, it can be classified to three kinds, the suction cups (adhere the device to the
abdominal wall), the air-cylinders (lift up the abdominal wall to make it stable) and the
motors (drive the trocar inserting). The control methods of these actuators are

described respectively in this section.
3.2.1. Suction Cups

As introduced above, the suction cups are placed in front of the device handle,
and connected to a vacuum generator. Because the area covered by device (Fig.3-8
left) is limited and the abdominal wall is uneven, six suction cups are placed uniformly
and symmetrically in a circle of 105 mm diameter. If the suction cup’s diameter is too
small, six suction cups will not be able to bear the insertion force, which is
approximately 50-100 N. And increasing the suction cup’s number to satisfy the
insertion force will result in too many pipes. On the other hand, if to enlarge the suction
cup’s diameter, mutual interference of suction cups will occur because of the limited
circle where suction cups locate. According to the circumstances and limitations, the

suction cups’ number and diameters need to satisfy following inequalities.

D 2
100+ K, < N+m(2) «P 3-1)
D , . ,180°
2*(;)*1(5 < Z*R*sm(N) (3-2)

Where, K represents safety coefficient, which ensures that the resultant is enough to
bear the insertion force. N represents the number of suction cups, D represents the

diameter of a suction cup, P represents the reaching vacuum of the vacuum generator.

In inequality (3-2), D represents the diameter of a suction cup, K’ represents
safety coefficient, which ensures that mutual interference of suction cups can be
avoided. R represents the radius of the circle, where suction cups are placed. N
represents the number of suction cups. In this design, K and K" were set to 1.3 and

1.2 respectively.
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Fig.3-9. Measurement of adhesive force on human abdominal wall

In actual design, specifications of the suction cups and the vacuum generator are
shown in Fig. 3-8 and Table 3-II. The diameter of a suction cup is 28 mm. There is
chamfer of 1 mm at the edge of the suction cup. It helps to improve sealing. And air
supply for the vacuum generator ranges about 0-0.7 MPa. The largest vacuum it can
generate is approximately -88 kPa. In the whole system, the compressed air from

regulator flows into this vacuum generator.

Table 3-11. Specifications of suction cups and vacuum generator

Diameter of a suction cup 28 mm

Air supply to vacuum generator 0-0.7 MPa
Max ranching vacuum -88 kPa
Suction Cups Connection type Series connect
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This insertion device has a series connection of the six suction cups. Six suction
cups were connected in a line as shown in Fig.3-4. An experiment was conducted to
verify the effectiveness of the suction cups. As shown in Fig.3-9, compressed air is
supplied by different pressures to the vacuum generator, and the corresponding suction
force for human abdominal wall are measured by a hand gauge. In every experiment
condition, measurements were repeated five times and the maximum resultant force to

adhere to the abdominal wall were measured.

It can be obviously seen that it can achieve a suction resultant approximately 160
N when the air supply reaches 0.6 MPa. This experiment proves that the suction cups
with vacuum can adhere to human abdominal wall effectively. And according to the
measurement in chapter 2, these six suction cups can ensure to bear the trocar insertion
force (about 50-100 N).
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| constant

vref qref >\ .
@, K, +K,qs Servo amplifier motor

| =

+

Fig.3-10. Block diagram of the motor for trocar insertion forward

A

qref u . a
—> K,,+K,s Servo amplifier motor

Fig.3-11. Block diagram of the motor for trocar rotation

3.2.2 Motor control

As introduced in section 3.1, the two DC motors drive the trocar to insert forward
and to rotate. The two motors are connected to the control PC and servo amplifiers in
the same way, as shown in Fig.3-5. The motor for insertion forward is under a velocity

PD control and its control block diagram is shown in Fig.3-10.

Vyes represents the reference velocity for the insertion forward.

The motor for rotation is under a position PD control and its control block diagram is

shown in Fig.3-11.

qrefr represents the reference angle for the trocar turns.

The qrer of the motor for rotation can be expressed as following equation (3-3),

Gref = Asin(2mft) (3-3)

Thus, it can be learned that the rotation of the trocar is following a sine signal

under position control. 4 represents the amplitude, and f represents the frequency of

the rotation.

Table 3-111. Gains for two motors control

) Koy 10 V/rad
Insertion forward
Kpq 5 V+sec/rad
) Koy 12 V/rad
rotation
Kpq 5V-sec/rad
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Ky

motor can achieve better dynamic response by large K, and K,,. However, the

p and K, for the insertion forward and rotation are listed in Table 3-II1. The

stability would decrease if these two parameters are too large. Fig.3-12 and 3-13 show
the results during trocar rotates +15deg with different frequencies (1.5 Hz and 3.0 Hz).
And Fig.3-14 shows the magnitude-frequency characteristic of the rotation motor. It

can be seen that it has good dynamic in 0-3.2 Hz.

The control system accesses the trocar insertion at a speed ranged about 0-12

mm/sec, and rotate at a frequency ranged about 0-3 Hz.

20 deg ref trocar turns 20 (deg ref trocar turns
15 15
o S
> time(sec) > time(sec)
0 0
-5 -5 i
10 10 U u U U
| | TV
220 -20
Fig.3-12. Experimental results of Fig.3-13. Experimental results of
trocar rotate control (f= 1.5 Hz) trocar rotate control (f= 3.0 Hz)
3 20log [;io (dB)

10 Hz

-18 t

Fig.3-14. the magnitude-frequency characteristic of the rotation motor
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3.2.3 Cylinder control

As introduced in section 3.1, cylinders of the device pull up the abdominal wall.
It plays a role of assistant surgeons, who lifts up the abdominal wall. In this section,

the control method for the cylinder is described.

Six cylinders are placed around the trocar. As shown in Fig.3-15, the six cylinders
are divided into four groups. And there is only one air cylinder in the 1st and 4th group
respectively. There are two air cylinders in the 2nd and 3rd group respectively. The

connection of different groups are also shown in Fig.3-15.

In the 1st or the 4th group, one cylinder is driven by a servo valve. And there are
two air pressure sensors to connect to the two chambers of the cylinder to measure the
pressure respectively. And there is a wire encoder placed near the cylinder to measure

the displacement of the cylinder rod, which can be seen in Fig.3-4.

In the 2nd or the 3rd group, two cylinders are driven by one same servo valve.

And two air pressure sensors are placed in the pipe to measure the pressures of the two

® Py

® Regulator

Wire encoder | Servo Valve Air supply

==L

Cylinder

Cylinder @ Pg

Regulator

P, k]
Air supply

Wire encoder Servo Valve

Fig.3-15. Cylinders connection of the trocar insertion device
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chambers respectively. There is only one wire encoder to measure the displacement of

one cylinder.

In the insertion device system, all the four groups are under an impedance control
for position. And what should emphasize is that every group runs its own control

independently. Fig.3-16. shows the impedance control block diagram.

drer Tepresents the reference of the displacement, the cylinder rod moves. ¢
represents the measurement (read by wire encoder) of the displacement, the cylinder
rod moves. Fgy, r.r represents the reference of the air driving force, which is

calculated in equation (3-3).

d(Qref—q)
Fdr_ref = Kpp (qref - CI) + Kpd d—: (3-3)

And the Fj;, represents the actual air driving force calculated in equation (3-4).
Fgr = Py XS4 — Pg X Sp (3-4)

This control system has two feedbacks, the inner force feedback and the outer
position feedback. K, and K,, is coefficients for the PD position control of the
outer feedback. K,, and K,; is coefficients for the PI force control of the inner
feedback. Thus, the stiffness of this system mainly depends on the coefficient K.

The larger Kp, increases, more rigid the system becomes.

In the actual using process, the compressed air firstly only flow into the vacuum
generator. Then to adjust the lengths, air cylinders’ rods extend, to make sure suction
cups were all adhered onto the abdominal wall. After that, the lengths, cylinder rods

extend, are all read into the program and the impedance control set these lengths as the

|
I Finsert
qref + 3~ Fdrref K . u I+ Ai
Kpp + Kpas > K +— »{Servo Valvef— 1 >

+ ap s + Cylinder q

Fig.3-16. Block diagram of the cylinder impedance control
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reference qror for every group. So q,.r of groups are all constant values, which are
the extended length of cylinders rod in every group. In this control system, the
coefficient Ky, is set to large value to make the system rigid enough. So that it can
hold the abdominal wall stably. And K, and K;; determines the dynamic response
of the force feedback. If they are too large or too small, the air cylinder cannot achieve

good stability.

A simple test is done as shown in Fig.3-17. To make sure the impedance control
has both fast dynamic response and good stability, gains of the impedance control are
listed in Table 3-IV. The cylinder’s rod is pulled some times to test whether this
impedance control is rigid enough and the gains are appropriate. Experiment results
are shown in Fig.3-18- 3.20. In Fig.3-18 it can be learned that the q,.; is set to 40
mm, and the rod is pulled five times. Fig.3-19 shows that the cylinders generate Fy,
to resist the pulling. It can be seen the force feedback have a good dynamic response.
Fig.3-20 shows the pressure change in the two chambers. In the figures above, 1 mm
displacement of air cylinder rod causes about 11 N F,;,.. And because trocar insertion
ranges about 100 N, which is known in chapter 2. It can be calculated that one air
cylinder rod would extend approximately 1.4 mm during trocar insertion. And it is

acceptable.

Table 3-IV. Gains of the cylinder impedance control

K, 9.3 N/mm
Outter PD Ky 0.04 N+sec/mm
Ko 0.06 V/IN
Inner PI K, 0.13 V/N-sec

wire encoder
pull . 4, f |

. 1
suction cup
Fy, P B P,

Fig.3-17. Impedance control of this device
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Fig.3-18. Cylinder rod extends length — time when pull a cylinder rod
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Fig.3-19. Air driving force — time when pull a cylinder rod
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Fig.3-20. Air pressure in two chambers — time when pull a cylinder rod
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F insertion

alﬁdome%

suction cup

Fig.3-21. Insertion force analysis of the trocar insertion device

Fig.3-21 shows the force analysis of the trocar insertion device. When the trocar
inserts forward, the abdominal wall bears an insertion force toward left. And because
the suction cups are adhered onto the abdominal wall, the abdominal wall will pull the
suction cups to left. However, suction cups moving left will extend the cylinders rod
to lead to ¢,.s increasing and the air cylinders are all under a high stiffness
impedance control. Thus, the servo valve will adjust the pressures of the two chambers
to enlarge Fg,-. So that the force abdominal wall beard will come to balance. In this
way, the high stiffness impedance control for the air cylinders achieves the abdominal

wall lifting up to make it stable.

Not only that, it may be noticed that there is no force sensor in the trocar insertion
device. In this development, we monitor the force Fg, ¢ to detect the insertion force
change. Reasons of using pneumatic cylinders instead of a force sensor can be

concluded as following:

1) The air cylinders play a role of lifting up the abdominal wall. Although by air driving
force Fyr rer it’s difficult to calculate the insertion force precisely, the air driving
force of the cylinders can reflect the change of the insertion force according to the
positive relationship as the force feedback in Fig.3-16. And the test experiment about
the stiffness of the impedance control and statements about insertion force analysis
also prove that monitoring the air driving force is enough to recognize the insertion

force change.

2) The trocar driven by this device inserts forward with rotating. If adding a force
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sensor along the central axis (Fig.3-4), force fluctuation caused by trocar rotation will
be recorded by the force sensor and it has a negative influence on the recognition of
force peaks. In the latter experiment we will see the force fluctuation caused by trocar
rotation does not appear when measuring the insertion force indirectly by air driving

force Fdr_ref-
3) According to previous research and measurements in chapter 2, the insertion force

approximately ranges from 70 N to 130 N. Force sensors in this measuring range are

easy to be damaged by accidents. That increases the cost of maintenance.
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3.3 Verification of actuators drive control and insertion force sensing

3.3.1 Experiment condition

Using the designed trocar insertion device, Exvivo experiments are conducted. As
introduced in chapter 2, porcine abdominal wall has a great much similarity to human
beings, so it is chosen as the experimental material. As shown in Fig.3-22, it is cut to
a circle (diameter 110 mm). The insertion experiments are repeated several times, the
thickness of the porcine abdominal wall selected all ranges about 40-50 mm. and
because ambient temperature influences on tissue stress, all insertions are conducted
at 24-26°C.

forward button

backward button

Fig.3-22. Porcine abdominal wall Fig.3-23. Two control buttons
3.3.2 Experimental operation

As shown in Fig.3-23, the device has two buttons in the place of trigger. When
the green one is pressed, the device inserts the trocar forward with rotating. When the
red one is pressed, the trocar moves backward with rotating. The specific experimental
steps are described as follows:

1) set the insertion speed, the amplitude and frequency of rotation on GUI
2) open the switch to supply the compressed air, the regulator is turned at 0.6 MPa.
3) turn on the power switch for power supply

4) adhere the suction cups onto the abdominal wall

5) assemble the trocar on the device
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6) start the system on GUI
7) keep pressing the green button until penetration-out is saw

As shown in Fig.3-24, the insertion experiment is conducted using the insertion
device. It inserts at a low speed (2.5 mm/sec). The rotation all follows the equation 2-

1, the amplitude 4 is n/2 and the frequency f'is 1Hz.

Fig.3-24 Insertion experiment using the trocar insertion device
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3.3.3 Experimental results

In Fig.3-25, the horizontal axis represents the displacement the trocar inserts
forward since it contacts to the abdominal wall. The vertical axis represents the
resultant of six pneumatic cylinders’ Fg, ..o in the respective impedance control. It
can be seen that the two peaks (correspond to skin and muscle) can be recognized
easily. As mentioned above, the resultant of the cylinders’ Fg, ... does not equal to
the insertion force precisely, but it can be seen in the Figs 3-25, the resultants basically
reflects the insertion force, both the trend and the approximate magnitude. Fig.3-26
shows the displacement the trocar moves forward and Fig.3-27 shows the rotation

angle, the trocar turns.

In these experiments, it proves that the designed device enables one person to
finish the insertion by himself or herself. The lifting up by pneumatic cylinders and
the insertion driven by DC motors are effective.

100
90 [ ——Insertion Force
80 F
70 F
60
50 F
40 F
30 F
20 F
10 F

0

Force(N)

0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80
Displacement(mm)

Fig.3-25. Resultant of the force Fy, ,.p during insertion

Displacement trocar inserts forward (mm)

16 r 100
14 F —
12t =
10 + 2.5 mm/s %;J’J >0
8t =
g 0
6 g 0
4 F S
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Fig.3-26. Trocar insertion forward displacement Fig.3-27. Trocar rotates
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However, there are still two points need to pay attention.

One point is that the small peak corresponding to the peritoneum penetration-out

cannot be seen in this force sensing method.

As mentioned in explanation of its disappearance when trocar insertion with
rotation in chapter 2, the peritoneum tissue is so thin and soft that it is easy to destroy.
And when the force monitoring method by pneumatic cylinders is used, the cylinders
are places around the trocar. Added to the soft abdominal tissue has absorption of force,
it is not difficult to understand that the cylinders’ Y. Fy;y- o cannot reflect the small

peak of peritoneum.

The other one is that the force fluctuations caused by trocar rotation almost cannot

be seen in this force sensing method.

In the measurement of trocar insertion with rotation in chapter 2, the force
fluctuation caused by rotation can be obviously seen in Fig.2-6. Because in that
condition, the force sensor is placed right above the trocar. However, when the
pneumatic cylinders are used to monitoring the insertion force, the cylinders are placed
around the trocar. The fluctuation would be absorbed during transmission at a certain

level.

However, it does not influence the recognition of the second force peak, which
corresponds to the penetration-out of muscle tissue. By contraries, it has the effect of

denoising at a certain level.
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3.4 Improvement of trocar insertion device design

According to statements above, the preliminary design purpose has been achieved.
However, considering the actual clinical application, there are still some questions, for
example, sterilization, easiness of operation, numbers of pipes and so on. Thus, an

improved version is developed.

As shown in Fig.3-28, the improved version has similar mechanical structure to
the initial one, but some improvements have been made. Firstly, the six thin air
cylinders are replaced by two larger air-cylinders, whose diameter is 16 mm. That can
decrease the air cylinder’s number and the pipes effectively. In consequence, there is

only one wire encoder in this version to measure the air-cylinder-rod displacement.

Besides that, because there are only two air cylinders in this improved version, a
soft ring and a hard ring are adopt to connect the handle part and the suction cups part.
What most important is that it can satisfy the sterilization for the actual clinical
application. As shown in Fig.3-28, the drape can be covered to separate the front parts
and the back parts. The front parts (suction cups, soft and hard ring, the trocar and
corresponding trocar fixed) can be sterilized. And the handle, which includes of motors

and electrical parts can be left unclean.

trocar fixed

soft ring

Fig.3-28. Trocar insertion device model of the improved version
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Table 3-V. Specifications of the improved version device

Movable range of insertion 115 mm
Movable range of lifting 60 mm
Max pull force for lifting 2*120N
Adhesive force of suction cups 6*62.17N
Insert speed range 0-12 mm/s
Rotation frequency range 0-3 Hz
Max insertion force 180 N
Area of action 230 mm?
Size (L * W * H) (mm) 220 * 123 * 182
Weight 0.78 kg
Sampling Frequency of control system 1 kHz

When the design purpose was proposed in chapter 1, the device need to able to
be used for the majority of trocars products in the market. Thus, here a mechanic of
trocar fixed is adopted to stable the trocar. And trocars with different shapes can be

assembled on this device by changing the trocar fixed, as shown in Fig.3-28.

The design of this combination disassembly and assembly increases the easiness
in actual operation. Finally, the specifications of final version device are listed in Table

3-V. The improvements are marked by bold font.

This improved version device has the same control system to the initial one. But
as shown in Fig.3-28, there are only two cylinders to lift up the abdominal wall. The
connection of them is as the same as the group 2 or 3 shown in Fig.3-15. The two air
cylinders are connected to the same one servo valve, and there is only one wire encoder
to measure the displacement of the cylinder rod. Thus, comparing with the initial

version, it has less pipes and components (air cylinders, wire encoders and joints).

The insertion experiments are also conducted using the improved insertion device,
as shown in Fig.3-29. It inserts at a high speed (10 mm/sec). The rotation all follows
the equation 2-1, the amplitude 4 is n/2 and the frequency fis 1Hz. And the resultant
of the two pneumatic cylinders’ Fy, . during insertion is shown in Fig.3-30. The

two force peaks corresponding to skin and muscle also can be obviously recognized.
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Experiments and measurements above proves that using both two version devices,
the force peaks can be well sensed by monitoring the pneumatic cylinder’s Fgy ror in
impedance control. It is important for the development of the automatic stop algorithm

latter.

Fig.3-29. Insertion experiment using the improved version device
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Fig.3-30. Resultant of the air driving force Fgy 1o f

during insertion using the improved version
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3.5 Summary

In this chapter, the insertion device is designed. It is a device which integrates

both functions of lifting up the abdominal wall and driving a trocar insertion.

Based on the method of cupping, vacuum suction cups are used to adhere the
device onto the abdominal wall. Under a high stiffness impedance control, the
pneumatic cylinders play a role of lifting up the abdominal wall to make it stable as
the assistant surgeon hold up. And two DC motors drive the trocar inserting forward
with rotation. Instead of using force sensor, air driving force in cylinder’s impedance
control is monitored to recognize the force peaks. In addition, the improved version
device takes the form of assembly of components (trocar relating parts, device body
and suction cup relating parts) to make it possible for adapting to different trocars and
sterilization in clinical application. Lastly, Exvivo experiments using porcine
abdominal wall are conducted. Even though the automatic stop algorithm for safe
insertion has not been added up, it has proved that this device can successfully insert
a trocar while lifting up the abdominal wall and force monitoring method by pneumatic

cylinders can obviously sense the force peaks during insertion.
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Chapter 4. Automatic Stop Control Algorithm and

Verification of Safe Insertion

4.1 Automatic stop control algorithm

4.1.1 The Control algorithm of the insertion device

At the beginning of this research, it has been proposed that this device must be
able to finish safe insertion without human control. In other words, in order to avoid
overshooting, it requires to discontinue inserting upon the trocar penetrates out of the
abdominal wall. In this section, the automatic stop algorithm is described in details.

There are only two physical buttons in the whole system, which are placed as
triggers of the device handle, as shown in Fig.4-1. However, there are some virtual
buttons on the GUI panel as shown in Fig.4-2. Gains for every actuator’s control are
set in this GUI panel.

Fig.4-3 shows the simplified flow chart of the device system. As introduced in
chapter 3, the motor for inserting forward is under a velocity control, the motor for
rotating is under a position control, and cylinders are under an impedance control. They
are independent. In Fig.4-3, firstly, the insertion speed v, the amplitude 4 and
frequency T of the rotation need to be set in GUI dialog box. Then the system starts
and waits the pressed button. When the green button is pressed, the system drives the
trocar to insert forward and rotate. By counting the time K(mean) turns to negative, the
contact and the penetration-out are detected. Upon K(mean) turns to negative twice or
the trocar inserts forward over 80 mm since contact, the system stops inserting.

backward button

Fig.4-1.Two buttons of the trocar insertion device
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Fig.4-2. GUI panel of the trocar insertion device
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Fig.4-3. Simplified flow chart of the device system
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Fig.4-4. The specific flow chart of the trocar insertion device
69



Chapter 4. Automatic Stop Control Algorithm and Verification of Safe Insertion

Fig.4-4 shows the specific flow chart of the device system. In Fig.4-4, it can be
seen that two flags (‘contacted’ and ‘penetrated’) ensure the safe insertion. For
example, when the penetration out is detected, the flag ‘penetrated’ turns on. It leads
to the trocar stops inserting even the green button is pressed.

As shown in Fig.4-4, the logic of the device operation is:

Only green button is pressed: drive the trocar to insert forward and to rotate only if the
flag ‘penetrated’ is off.

Only red button is pressed: drive the trocar to move backward.

The two buttons are both pressed: turns the flag “penetrated” off.

The method how to detect the penetration-out is described in section 4.1.2.
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4.1.2 Penetration out detector module

In Fig.4-4 as soon as the flag “contacted” is on, the “penetrate detector” module
will start to recognize whether the abdominal wall is penetrated out. In this section, it

is described how it works.

As shown in Fig.4-5, since the flag “contacted” turns on, the slope of ¥ Fyiy ref
is calculated at an interval that the trocar inserts forward Smm. In this 5 mm interval,
the average force of Y Fg;y ref in 1 mm interval is calculated and recorded as
mean (Y. Fyir rer)- And based on these five mean(Y. Fy;r rer) in the 5 mm interval
and the least squares fitting, the slope of the force in this 5 mm interval is calculated,
which is recorded as K(mean). In this way, the slope of the force K(mean) is calculated
at an interval of 5 mm since the trocar has contacted on the abdominal wall. And When
the K(mean) turns to negative, it would be counted once. When it turns to negative at

the second time, the flag “penetrated” turns on. And According to the experiments and

Z Fdir_‘ref -1> Fstart

Calculate the slope
K (mean) v " o trocar insert
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Fig.4-5. “Penetrate detector” module
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explanations above, the second force rupture, which corresponds to the muscle tissue
penetrate-out, usually occurs when the insertion force ranges about 50 N. So it is added
as a judgment condition for the second force rupture, that the resultant of the Fy; ¢

must be larger than 30 N as shown in Fig.4-5.

The “penetrate detector” module introduced above is based on the trocar insertion
trend, which is interpreted in chapter 2. However, there are still something to

emphasize before experiments.

1. This program regards the muscle penetrate-out as the whole abdominal

penetrate-out.

In chapter 2, the insertion force trend has been well explained, and technically the
third force peak corresponds to the whole abdominal penetrate-out. However, it has
been described that the third force peak is difficult to recognize caused by trocar
rotation, absorption and attenuation of the force while monitoring by pneumatic
cylinders. In a word, it is difficult to be used in actual engineering. Thus, in this

algorithm, the second peak is adopted to recognize penetrate-out approximately.

2. There is a certain time delay for recognition when the algorithm introduced

above is applied.

The time delay is caused by calculation of K(mean). As shown in Fig.4-5, when
the actual time has finished the 5 mm insertion, the K(mean) calculated approximately
equals the real time force slope at the moment of 2.5 mm (assume the force increase
can be regarded as linearly). Thus, in this method, there is approximately a time delay,

which is about half calculation interval.

Let’s discuss it deeply. If we longer the calculation interval, the time delay will
become longer, and it influences the insertion safety negatively. On the other hand, if
we shorter the calculation interval, there would be more noise or fluctuations to

influence the recognition of the second peak negatively.

It has proved in chapters before, that insertion at a higher speed can decrease the

insertion force at a certain level. In the experiments later, the insertion speed is set to
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10 mm/sec. As introduced above, the calculation interval is set to 5 mm and the period
of the system is 1ms. Thus, there are 100 samples in 1 mm interval to calculate
the mean(}. Fgiy rer) . And the time delay may cause approximately 2.5 mm
overshooting since the muscle penetrate-out is recognized. The question about the

safety of this 2.5 mm overshooting would be discussed in details later.
3. A limit insertion distance (80 mm since contact) is added up in the program.

This is a medical device and requires to ensure 100% safety. Therefore, a limit
insertion distance is added up in the program. When it inserts forward over 80 mm
since the flag “contacted” is turned on, it stops insertion compulsively no matter
whether the flag “penetrated” is turned on or not. “80 mm” is an approximate estimate
based on the experimental data of clinical anatomy. Its reasonableness will be

described in section 4.2.2.
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4.2 Verification of safe insertion by Exvivo experiment

4.2.1 Exvivo experiments

Using the improved version device, the insertion speed is set to 10 mm/s
constantly, the rotation follows the equation (2-1). In order to verify the effectiveness
of this automatic stop algorithm, the comparative experiments were conducted. Fig.4-
6 and 4-7 show images of comparative experiments. The automatic stop algorithm is
not added in Fig.4-6 experiment, it controls the trocar insertion by simply pressing or
releasing the button. And the automatic stop algorithm is added in Fig.4-7 experiment,
operators always keep pressing the green button regardless of the situation whether the

abdominal wall has been penetrated out or not.

appearance when the trocar stopped

Fig.4-6. Trocar insertion using this device without adding auto-stop algorithm
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Comparing the No.4 pictures of the two experiment, it can be learned that in
Fig.4-6 when the trocar is stopped, it has overshot. In contrast, Fig.4-7 achieves safe

insertion. As soon as the trocar tip has exposed, the system stops the insertion timely.

appearance when the trocar stopped

Fig.4-7. Trocar insertion by this device with adding auto-stop algorithm
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4.2.2 Reliability and safety of this device

Fig.4-8 shows measurements of the two experiments above. When insertion
without automatic stop algorithm, the force Y Fy;r o decreases rapidly after the
second peak occurs, because the trocar continues inserting even though the second
peak occurs. In contrast, when insertion with automatic stop algorithm, the insertion

force retains at a certain force after the second peak. Because the trocar has stopped.

Fig.4-9 shows experimental data of a pneumatic cylinder during insertion with
automatic stop algorithm. The first from up shows the force X Fyjir ,or and
displacement the trocar inserts forward since contact. The second shows the slope of
the Y Fyir yer. The third shows the air pressure of the two chambers and the fourth
one shows the extended displacement of the cylinder’s rod, which is measured by the

wire encoder.

The rods extend approximately less than 1 mm during insertion. It fully proves
that the impedance system of the pneumatic cylinders is rigid enough. In addition, the
force peaks also reflect on the air pressure of the two chambers and the displacement

of the rods.
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Fig.4-8. ¥ Fgir yer When insert trocar by the improved version device
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Before discussing the safety of this device, two physical definitions must be

introduced.

As shown in Fig.4-10, when the insertion is stopped, the length from the trocar tip
to the abdominal bottom is called as exposure length. Accordingly, the exposure length
is an important index to evaluate the safety of insertion operation. If the exposure

length is too long, it raises the risk of injuries.

And the other one is the space between the abdominal bottom to the organs inside

[86-88] have reported about this.

abdomen. We call it allowable length. Some researches
For instance, the distance between abdominal bottom and retroperitoneal vessel varies
from individuality. As shown in Fig.4-11, the distance of patients who is non-obese
(BMI ~20 kg/m?) is 6 + 3 cm. the overweight (BMI 25-30 kg/m?) is 10 + 2 cm and the

obese (BMI 30~ kg/m?) is 13 + 4 cm.

As is shown in Fig.4-12, another research also measured the distance from the
abdominal wall to the anterior surface of organs inside abdomen in the cases of patients
with BMI 20 kg/m? in different lifting condition. It can be learned that the allowance
distance ranges about 9-13 cm. This is also why we set the limit insertion distance in
the automatic stop algorithm to 80 mm. And in clinical application, it is necessary to

adjust this limit insertion distance according to patient’s situation.

Non-obese Overweight

- - ,‘\\,HP;LBTZ\.‘]
- | Exposure length 4N e

Fig.4-11. Abdominal spaces of different obesities [*%]

Fig.4-10. Exposure length
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Fig.4-12. Allowance distance in different lift up distance in case of BMI 20 kg/m? [%7)

After understanding the information above, insertion experiments with this device
are repeated eight times to verify the automatic stop algorithm. And the exposure
length of every experiment is recorded and shown in Fig.4-13. In addition, the
exposure lengths when trocar insertion by experienced surgeons in clinic operation are
reported in other research ”). We Compare them to verify the safety of using this trocar

insertion device.

@by hand @by device

Exposure Length (mm)

Fig.4-13. Exposure length comparison of using device and insertion by experienced surgeons
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It can be seen when insertion by experienced surgeons, the exposure length ranges
about 20 — 40 mm. this is less than the distance between abdominal wall to the anterior
surface of organs inside abdomen, which is introduced before. In contrast, when
insertion by this device, the exposure length can be shorted furtherly, which is less than
10 mm. In addition, using this device, the exposure length can be controlled with less

variance and it does not require any experience for operators.

Based on experiments and statements above, it proves that insertion with this

device has safer and easier performance than traditional human operation.
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4.2.3 Convenience of this device

The safety of using this device has been discussed above. In this section, the
operation spent time length of insertion using this device and insertion by human
beings are compared. The spent time length of trocar insertion by human operation are
measured based on the videos of operations on the Youtube, and in Exvivo experiments

the spent time length using this trocar insertion device are measured.

As shown in Fig. 4-14, it spent 70-200 sec to finish the insertion by human being.
And according to the experiment statistics, operators with less experience would spend
longer to finish. In contrast, it only spent 30—40 sec to finish the insertion with this
device according to the measurement of the Exvivo experiments. In addition, the

advantage of this device did not only reflect this aspect.

In traditional human being insertion, when the initial trocar has finished,
pneumoperitoneum must be done before other trocar insertions are operated. It will
spend 5-10 min. However, using this device can take other insertions when
pneumoperitoneum is doing. It avoids waiting, which greatly improves the efficiency

of the surgery.

Bby hand @by device

2501

2001

150

100

Spent time length (sec)

50

0

Fig.4-14. Operation spent time length comparison of using device

and human being operation
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4.2.4 Revalidation of factors influence insertion force

Insertion with the improved version device in different parameters set (different
insertion speed, different rotation frequencies and different insertion methods) also

have been conducted.

Fig.4-15 shows the influence of insertion speed on the insertion force. As
introduced above, this device can drive the trocar inserting forward at a constant speed
(0-12 mm/s). Here, insertion experiments at different constant forward speeds are
conducted. Note that at the same insertion speed, experiments are repeated five times,

and the trocar rotation all follows the equation (4-1).

0 = (1/8)sin(6mt) (4-1)

In Fig.4-15, the vertical axis represents the maximum force of one cylinder arrives
in the whole process of insertion. It can be learned in the same rotation, faster insertion
speed can decrease the insertion force. That is in accordance with the results in chapter
2.

On the other hand, insertion with different rotation frequencies are also conducted.

Similar to the experiments above, the maximum force of the pneumatic cylinder are

100

Z Fdir_ref (N)
0 o0 O N
S O S a

~
()]

70
0 2 4 6 8 10 12

constant insertion speed (mm/s)

Fig.4-15. ¥ Fyir yef — insertion speed using the improved version device
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measured at an interval of 0.3 growth frequencies. Note that at the same rotation
frequency, experiments are repeated five times, and the constant insertion speed and
amplitude of rotation A were all 10 mm/sec and n/8. As shown in Fig.4-16. It can be

seen that insertion with fast rotation requires less insertion force.
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Fig.4-16. ¥ Fyir ey — rotation frequency using the improved version device
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4.3 Summary

In this chapter, the Exvivo experiments using the improved device were conducted.
The safety and the convenience of using this device were described. The details are

following:

Firstly, based on the insertion force trend interpreted in chapter 2, the algorithm
for automatic stop is proposed and installed in the trocar insertion device. Using this
algorithm, the trocar achieved the timely stopped to avoid overshooting in Exvivo
experiment. Comparing with the statistics of human insertion, this device can shorter
the exposure length and time length the insertion operation spent. What’s more, this

device exempted operators from technical requirements or experience.
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Chapter 5. Conclusion

5.1 Summery

In this research a novel trocar insertion device for laparoscopic surgery is
developed. This device integrates functions of lifting abdominal wall and trocar
insertion, which enables one surgeon to operate by himself or herself. In addition, this
device recognizes the penetration-out by monitoring the insertion force. It enables a

person even without experience to achieve safe trocar insertion.

In the first chapter, the fact is introduced that majority of surgical injuries caused
by overshooting occur during the initial trocar insertion in laparoscopic surgery. Under
this background, some researches have been carried out to improve the design of trocar
products, and other researchers focus on developing a trocar insertion training system.
However, there are still defects in aspects of easy operation, safety and automation.
Therefore, developing an easy-operated trocar insertion device, which is safe and can
be used by people even without any experience, has been established as the purpose of

this research

In the second chapter, insertion force of different trocars have been measured
using a porcine abdominal wall. The magnitude of insertion force differs from many
factors, such as types of trocars, insertion speed and insertion method, but all
experiments have similar force trend, that there are three peaks obviously in the whole
process of insertion and the second peak is the largest one. Based on abdominal
multilayers structure and the theory of the force peak’s occurrence, it is clarified that
the insertion force trend reflects the abdominal multilayers structure. Technically the
small peak next to the largest one responds to the penetration-out of the abdominal
wall. In engineering, the largest force peak (the second one) is regarded as a reminder
to help computers recognize penetration-out. Besides that, the influence of factors
(insertion speed, insertion method, trocar types) on the insertion force are discussed in
this chapter. It proves that insertion with a sharper trocar, at a higher insertion speed,

and with rotation can decrease the insert force at a certain level.
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In the third chapter, based on the measurement of insertion force, an easy-
handheld device is designed. Its actuators consist of vacuum suction cups, pneumatic
cylinders and DC motors. With the method of cupping, vacuum suction cups are used
to adhere the device onto the abdominal wall. Under a high rigidity impedance control,
the pneumatic cylinders play a role of lifting up the abdominal wall to make it stable
as the assistant surgeon hold up. And two DC motors drive the trocar inserting forward
with rotation. Instead of using force sensor, air driving force in cylinder’s impedance
control is monitored to recognize force peaks. In addition, the improved device takes
the form of assembly of components (trocar relating parts, device body and suction
cup relating parts) to make it possible for adapting to different trocars and sterilization
in clinical application. Lastly, Exvivo experiments using porcine abdominal wall are
conducted. Even though the automatic stop algorithm for safe insertion has not been
added up, it has proved that this device can successfully insert a trocar while lifting up
the abdominal wall and force monitoring method by pneumatic cylinders can

obviously sense the force peaks during insertion.

In the fourth chapter, based on the insertion force characteristics introduced in
chapter 2 and the trocar insertion device designed in chapter 3, an automatic stop
algorithm has been programed for this device system. When the force monitor of
pneumatic cylinders under high rigidity impedance control detect the second force
peak during insertion, the device discontinues the insertion automatically and
immediately. It access a novice to achieve safe insertion by just press a button. Exvivo
experiments using the porcine abdominal wall are conducted to verify its effectiveness.
The results show insertion by this device can discontinue insertion immediately upon
the trocar penetrated out of the abdominal wall. After the trocar stops, the exposure
length trocar penetrates out is approximately 5-10 mm, which is considerably shorter
than the average length ( ~90 mm) of human beings between bottom layer of the

abdominal wall and organs or arteries.

Three innovations of this research can be concluded as following:

1. The relationship between trocar insertion force trend and abdominal multilayers

structure is explained.

86



Chapter 5. Conclusion

2. A novel trocar insertion device has been developed. Using components like suction
cup, pneumatic cylinders, DC motors, it integrated two functions of lifting up the

abdominal wall and inserting trocars.

3. Without using force sensors, this device recognizes the penetration-out by

monitoring the air driving force of the pneumatic cylinders indirectly.
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5.2 Future work

5.2.1 Adaptable to patients with abdominal adhesions

Abdominal adhesions are bands of fibrous tissue that can form between
abdominal tissues and organs, as shown in Fig.5-1. Normally, internal tissues and
organs have slippery surfaces, preventing them from sticking together as the body
moves. However, abdominal adhesions cause tissues and organs in the abdominal
cavity to stick together. ("]

Abdominal adhesions are a common complication of surgery, occurring in up to
93% of people who undergo abdominal or pelvic surgery. Abdominal adhesions also
occur in about 10% of people who have never had surgery. Y When insert a trocar
into a patient who has abdominal adhesions, it is almost impossible to avoid

overshooting unless using optical trocar, as shown in Fig.5-2.

Fig.5-2. Trocar insertion for a patient who has abdominal adhesions 3
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However, using this device may achieve safe insertion for this condition. It

requires further research and experimental verifications.

5.2.2 Verification by Invivo experiment

The Experiments introduced before are all Exvivo and the material is all porcine.
In future, experiments that insert a trocar into human being using this device is
necessary. In those experiments, the automatic stop algorithm must be verification and
may require some debugs. And the effectiveness of adhesion of suction cup for patients
of different ages, races, gentles need to be verification. And because of
pneumoperitoneum, the influence of the resistance on air-cylinders force sensing also

need to be tested.

5.2.3 Improvement of device safety

Although in Exvivo experiment above it has proved that the automatic stop
algorithm can achieve immediate stop, it still requires multiple guarantees in the
control algorithm. In future research, the automatic stop algorithm is appreciated to

improve and perfect.
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Appendix

In chapter 2, the theory of force peak occurrence was explained by stiffness. Here
we cite a research on the mechanics of dynamic needle insertion into a biological

material as a supplementary material.
Force-displacement characteristics

Fig.5-3 displays typical force-displacement responses during the insertion and
removal of a rigid trocar (three-sided tip) into a pig heart. The process of each needle

insertion can be divided into several events °%), which are as follows:

1) Loading deformation (from O to 1): This is a deformation event that starts at 0 mm
and continues until a deformation (i.e., a deformation depth at the tip of the needle) at
which the needle force reaches its maximum.

2) Rupture (from 1 to 2): This is a rupture event when a crack suddenly propagates
into the tissue right after the force reaches it maximum.

3) Cutting (from 2 to 3): This is a cutting event that starts after rupture such that the
crack propagates in the body in a controlled fashion in response to needle displacement.
4) Unloading deformation (from 3 to 4): This is a second deformation event that starts

when the needle is stopped and continues as the needle is removed.

When a trocar or needle inserts into a uniform tissue, fracture model of the rupture

~100mm/s
- 1mm/s

force(N)
o
(4

-0.5

0 5 10 15 20
needle displacement(mm)

Fig.5-3. Force versus displacement curves for needle insertion into and removal

from a pig heart at two velocities: 1 and 100 mm/s (&)
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has been proposed in terms of energy, as follow:
J=R (5-1)

Where, J represents the nonlinear energy release rate and R represents the fracture
toughness of the tissue. Inequality (5-1) means that during a rupture event, a crack can
extend unstably upon the energy release rate exceeds the fracture toughness. It is a
necessary and sufficient condition of rupture occurrence.

The qualitative expression of the nonlinear energy release rate can be given by
F m
J % Ke(5) (5-2)

Where, K. is the crack energy-intensification factor, F is the insertion force, A4 is
the size of the contact area and m depends on the nonlinearity of the material. By
inequality (5-1), the crack will extend if J = R. Substituting this value into (5-2) and

rearranging yields the insertion force necessary to initiate rupture as

m|R
=<4 (5-3)

c

F «

This equation can be used to explain the sudden decrease in trocar force during
rupture. The decrease is generally due to a reduction in fracture toughness as the trocar
passes from a tissue layer with fracture toughness R; to another layer with reduced
fracture toughness R,.

Based on the theory above, we can explain the whole process of insertion through
abdominal wall. The abdominal wall mainly consists lays of skin, subcutaneous fat,
muscle and peritoneum as is shown in Fig.2-11. And the fracture toughness of them

meets the following relationship,
Rskin > Rfat < Rmuscle > Rperitoneum >0 (5'4)

Thus, the three peaks occur at the moments when trocar penetrated out of skin to

contact to fat, trocar penetrated out of the muscle and penetrated out of the peritoneum.
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Operation steps when insertion with the trocar insertion device are described as
following:

<Set insertion speed and rotation parameters>

Firstly, the insertion speed v, the amplitude 4 and frequency T of the rotation need to
be set in GUI dialog box.

<Initiation>

Then, in the program there are two flags, which are named by “contacted” and
“penetrated”. Before “start” at GUI, the program will run the initiation, where the two
flags are turned off and the distances cylinders’ rod has extended are recorded as gy

in respective impedance control.

<GUI start>

After that, the “start” bottom in GUI panel was pressed and the program starts running.
Since the program starts running, it waited until any physical button was pressed

<Press buttons>

As is shown in Fig.4-2, the program have three switches. When the green button and
the red one were pressed at the same time, the flag “penetrated” will be turned off.
When only the red button was pressed, the trocar will move backward at the speed set
before. Only when the green button was pressed and the flag “penetrated” is false, the
trocar moves forward at the speed set before. At the same time, the total of all Fy of

of pneumatic cylinders Y, Fy;y o Was calculated and stored by the name of Fyyqy¢.

<Contact judgment>

Along with trocar inserts forward, the resultant of the Fg, ,.f of the pneumatic
cylinders increases, when it increases to one larger than F,,, the flag “contacted”

turns on and the judgment module for penetration-out turns to enable.
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<Penetrated judgment>

As the “penetrated detector” module is enabled, every period since now will be judged
by this module. As soon as the penetration-out is detected by this module, the flag
“penetrated” will turn on. Consequently, it will jump out of this branch.

After that, the trocar will not discontinue inserting forward even the green button is
pressed. Because the flag “penetrated” has turned on. It can be regarded as a lock to
avoid overshooting. It can be unlocked by pressing both buttons at the same time. After
that, trocar can continue inserting forward by pressing the green button. The specifics

of the “penetration detector” module will be introduced in section 4.1.2.
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