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ABSTRACT

COMPLIANT CONTROL OF A TELEOPERATED ENDOSCOPE
ROBOT

With the development of the technology, robots are started to be used in many
medical application including minimally invasive surgery to overcome disadvantages of
conventional open surgery procedures. This thesis is a part of the research project called
“Robot-assisted endoscope control that can be controlled by the surgical tools (NeuRobo-
Scope)” for the minimally invasive endoscopic pituitary gland tumor surgery side. During
the procedure, endoscope is handled by a robot which moves the endoscope in the human
nasal cavity and the movement of the endoscope is constrained by soft tissues. Another
operation scenario is the positioning of the endoscope by the surgeon backdriving the
endoscope holder robot.

In the scope of this thesis, two research problems are addressed which are con-
trolling the interaction between (1) surgeon - robot and (2) robot - soft tissue. First, the
interaction of the surgeon and the robot is studied. Effects of the compliant controller pa-
rameters are experimentally tested by using a single degree of freedom non-backdrivable
experimental set-up. A task is defined to quantitatively compare the effect of the controller
parameters on the performance in terms of the energy efficiency and the accuracy.

The second research problem involves human nasal tissue modeling in order to
design an accurate controller. To acquire data from the human cadaver, a new hand-held
measurement device is designed. The external forces and moments and the soft tissue
models are obtained in an ex-vivo experiment. After the soft tissue models are identified,
a modified interaction control is proposed for the teleoperated endoscope holder robot.
The defined surgery procedure is tested with the proposed interaction controller via single
degree-of-freedom experimental set-up. Experiments of the proposed controllers were
successful for the defined operation scenario and the results show that it is possible to

realize the motion control of the surgical robots in a constrained environment.
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OZET

UZAKTAN YONLENDIRILEN BiR ENDOSKOP ROBOTUNUN
UYUMLU DENETIMI

Teknolojinin gelismesi ile birlikte robotlar, minimal invazif ameliyatlar da dahil
olmak iizere bircok tibbi alanda kullanilmaya baslanmistir. Bu tez, ’Cerrahi aletlerle
yonlendirilebilen robot yardimli endoskop kontrol sistemi (NeuRoboScope)’ isimli bilim-
sel aragtirma projesinin bir parcasidir. Proje kapsaminda endoskopik hipofiz bezi ameliyati
vakasi ele alinmigtir. Bu ameliyat sirasinda, endoskobunu hareketi insanin burun boglugundaki
hassas dokular sebebiyle sinirlidir.

Bu tezin kapsaminda arastirma preoblemleri, (1) cerrah - robot ve (2) robot-hasta
olmak iizere iki ana baglik altinda toplanmistir. Oncelikle doktorun endoskop tutucu
robot ile olan etkilesimi ele alinmistir. Uyumlu kontrolciiniin parametrelerinin etkileri,
tek serbestlik dereceli geri siiriilemeyen bir cihazda deneysel olarak test edilmistir. Bu
etkileri nicel olarak kargilagtirabilmek i¢in bir yontem Onerilmisgtir.

Ele alinan ikinci aragtirma konusu ise robot ve hastanin etkilesimidir. Etkili bir
uyumlu kontrolcii tasarimi yapabilmek i¢in insana ait burun dokusunun viskoelastik mod-
eli ¢ikartilmigtir. Bu amacla kadavra iizerinden Ol¢iim alabilecek tasinabilir bir diizenek
Onerilmistir. Ayrica ameliyat sirasinda kargilasilabilecek kuvvet ve moment limitleri tespit
edilmistir. Elde edilen bu bilgiler dogrultusunda, uzaktan kontrol edilebilen robot ile bu-
run dokusu arasida gerceklesen uyumlu denetim, deneysel ve benzetim yontemleri kul-
lanilarak test edilmistir. Belirli bir senaryo dikkate alinarak yapilan deney sonuclari
gostermistir ki, hassas dokular etrafinda ¢alisacak bir robot giivenli bir sekilde kontrol

edilebilir.
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CHAPTER 1

INTRODUCTION

Minimally invasive surgery (MIS) is an alternative to traditional surgery. It has dif-
ferent approaches such as hypodermic injection (using the syringe), endoscopic surgery,
percutaneous surgery which involves needle puncture of the skin, laparoscopic surgery
which is commonly called keyhole surgery, a coronary catheter, angioplasty and stereo-
tactic surgery. In endoscopic surgery, an endoscope and surgical instruments are inserted
into the patient’s body through small incisions. MIS technique has several advantages
which make them very popular among surgeons and patients (Lanfranco et al., 2004).
Many studies have shown that endoscopic surgeries result in decreased hospital stays,
reduced trauma to the body and risk of infection, also minimal scars (Kim et al., 2002;
Fuchs, 2002). Besides its various advantages, it also has few disadvantages such as lim-
ited range of motion at the surgical site which decrease dexterity, poor depth perception
and hand-eye coordination, and reduced tactile sensation. In addition to these, the end-
point of the endoscope move in the opposite direction to the surgeon’s hands due to the
pivot point, this is referred in some studies as the Fulcrum effect (Camarillo et al., 2004;
Gallagher et al., 1998; Nisky et al., 2012).

In the past two decades, robots are started to be used for many medical application
including minimally invasive surgery to overcome these disadvantages. Using robots in
medical interventions can offer benefits such as high accuracy, fine manipulation capabil-
ity, good repeatability, high reliability and lack of fatigue of the surgeon.

The minimally invasive endoscopic pituitary gland tumor surgery is one of the
challenging cases for the surgical robotics. The pituitary gland is an important hormone
gland that controls several other hormone glands and in this way, it directly or indirectly
affects the working mechanism of all organs in the body of a human. Any pathologies
constructed around the pituitary causes serious health problems. The cure for this type
of tumors is performed either by opening the skull for an open-brain surgery or by the
application of an MIS method such as endoscopic surgery through the nasal cavity.

Since endoscopic surgery provides the visuals of the operational field from the
closest distance from a wider visual angle, it is more convenient for the surgeons. Figure

1.1 shows the representation of the transsphenoidal surgery.
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Figure 1.1. Transsphenoidal Surgery
(Source: PNI, 2018)

One of the major problems encountered during this operation is that the surgeon
has to use his/her one hand to hold an endoscope to provide visual feedback. Since the
surgery takes approximately 2-4 hours, the surgeon gets tired which decreases the success
of the operation. In some cases, the assistant helps the surgeon by directing the endoscope
while surgeon handles the other tools. This also causes synchronization problems between
the surgeons.

With the motivation of the increasing efficiency of the procedure by giving third
hand to the surgeon, a research project is initiated which is called ‘“Robot-assisted en-
doscope control that can be controlled by the surgical tools (NeuRoboScope)”. In this
project, a robotic co-worker is designed to manipulate the endoscope during the surgery
alongside the surgeon. This co-worker is directed by the surgeon via teleoperation and
also through direct physical interaction.

The safety of the procedure is one of the key points of the project and this thesis
is focused on the motion control of the system while meeting the safety requirements.
The robot moves inside a human nasal cavity, hence, the motion is constrained and the
system has to be comply with the environment in order not to apply excessive force to the
soft tissue surrounding the endoscope. In addition to that, the surgeon has to be able to
hold the robot and back-drive it during the surgery in the case of an emergency or a raised

need.



The research problems that are addressed in this thesis are presented in two sce-
narios: (1) controlling the robot during the surgeon-robot interaction, and (2) controlling
the robot during the robot - soft tissue interaction.

The first one includes investigating the effects of the controller parameters on
the back-drivability performance of human operators. A task is defined to quantitatively
compare the performance in terms of the energy efficiency and the accuracy.

The second research problem includes the human nasal tissue modeling in order
to design an accurate controller. To acquire data from the human cadaver, a new hand-
held measurement device is designed and the soft tissue models are obtained. After the
soft tissue models are identified, the compliant controller is developed and tested in sim-
ulation environment and then, the controller is tested on a one degree-of-freedom (DoF)
experimental set-up.

In the following Chapter 2, a review of the literature on compliant control algo-
rithms, soft tissue modeling, and force sensors are presented. The controller design for the
back-drivability is explained in Chapter 3. Modeling of the soft tissue with the newly de-
signed measurement device is presented in Chapter 4. The compliant controller designed
for the robot-soft tissue interaction is proposed and the test results are given for a case
study in Chapter 5. In Chapter 6, conclusions and findings are listed and discussed, and
future works for possible improvements on compliant controller design for teleoperated

surgical robots are addressed.



CHAPTER 2

LITERATURE SURVEY

Medical robotics is becoming one of the hot topics among the researchers in vary-
ing application areas from rehabilitation robots to magnetically driven micro-robotic surg-
eries due to their promising technologies. In this wide range of application, this survey
is focused on minimally invasive surgeries (MIS). Firstly, a general overview of MIS sys-
tems that are developed in the previous years are given. Later in this chapter, the control
strategies that can be applied in MIS systems for compliant control of the robot in con-
strained environments are reviewed. Forces sensors that are used in compliant control
of robotic surgery systems are reviewed by presenting their sensing techniques, limita-
tions and placements. Finally, since the controllers that are reviewed are model-based
controllers, the environment (which is the soft tissue in the MIS systems) modeling tech-

niques are investigated.

2.1. Robotics in Minimally Invasive Surgery

Surgical robots can be classified in 3 separate roles as they are reviewed in (Ca-
marillo et al., 2004). First one is the passive role which has limited act on surgery and has
minimal risk. Secondly, the restricted role which is responsible for a more invasive task
with higher risk. As an example, Automated Endoscopic System for Optimal Positioning
(AESOP) can be considered as a restricted system. It has voice controller for providing
the demands to the robot to adjust the position of the endoscope (Allaf et al., 1998). Since
the robot has constant contact during the surgery, it is not passive; however, it is only
used for imaging which does not involve any invasive manipulation. Therefore, it can
be considered as a restricted system (Stoianovici, 2000). The last class is an active role
which has higher risk and responsibility. There is a trade-off between autonomy and the
robot role. Computed tomography (CT) scan as an imaging method can be an example to
this with the high autonomy and passive role. On the other hand, one of the best known
commercial surgical robot da Vinci (IntuitiveSurgical, 2018) has active robot role with
low autonomy.

Surgical robots can be also categorized by using a different taxonomy (Taylor and



Stoianovici, 2003; Dario et al., 2000; Tavakoli, 2008). Two main categories are augment-
ing devices and surgical assistants. Augmenting devices are the ones that are responsible
for primary tasks such as the invasive parts of the surgery. Supporting devices are used
for secondary tasks such as positioning of the endoscope in MIS.

Hand-held tools are one of the augmenting devices as they involve minimal changes
in operating room also without any robotic arm they cannot be locked in position. The tool
presented in Payne and Yang (2014) has a steerable tip with sensors for detecting to tip’s
interaction with the tissue and this device has semi-automatic collision avoidance feature.
Another hand-held device that allows force control is developed in (Yuen et al., 2009), to
track the motion of a beating heart. Cooperatively controlled tools are also considered as
augmenting tools. These devices can be active or passive. The surgeon and the robot both
hold the surgical device in these type of augmenting devices. One of the examples of this
type of robots is the Steady-Hand robot which allows steady manipulation of a surgical
tool and can provide scaled force-feedback that augments the surgeon’s sense of touch
(Taylor et al., 1999).

Teleoperated tools are one of the subcategories of augmenting devices. In tele-
operated surgery, movements of a surgical robot are controlled via a surgeon’s console.
,Well-known examples of these robots are da Vinci and Zeus systems. In these dual
handed teleoperated systems, two slave robots manipulate the surgical instrument while
another slave robot controls the camera. These robots allow precise movements, filter out
hand tremors and increase dexterity (Tavakoli, 2008). The last augmenting type devices
are autonomous tools which can perform certain tasks autonomously. RoboDoc system
can be considered in this category. It is used in orthopedic surgery and it has an image-
guided system to generate the cutting path. It requires a preoperative process such that
surgeon must locate the landmarks to synchronize with CT images. This preoperative part
and manual registration process decrease the level of autonomy (Camarillo et al., 2004).

In some laparoscopic surgeries, an assistant surgeon needs to hold the endoscope
or other surgical instrument and that causes fatigue and loss of accuracy on position in
the surgery. To resolve this problem, a common use case of passive supporting devices
is a positioning stand on which the endoscope can be locked at required position without
the need of an assistant surgeon. As the last category of supporting devices, the study in
(Dai et al., 2016) can be given as an example for autonomous supporting devices. This
is an endoscope holder with automatic tracking feature. It has optical positioning device
to track specified surgical instrument. By the proposed control algorithm, motion of the

endoscope is claimed to be exact, in real-time and with the usage force sensor it is claimed



to be safe. Another autonomous supporting device is presented in (Bauzano et al., 2013).
The proposed control provides a solution to combining hand assisted laparoscopic surgery
and single incision laparoscopic surgery. In this system, upper auto-guided velocity plan-
ner is connected to a low-level force feedback controller. Auto-guided velocity planner
based on behavior approach computes a collision free trajectory of the surgical instrument
tip and force feedback controller uses this trajectory for performing the instrument dis-
placement by taking into account the holonomic movement constraints introduced by the
fulcrum point. The aim is minimizing the exerted force on abdominal wall.

In above-mentioned ways of categorizations consider either the degree of auton-
omy or the realized tasks. The NeuRoboScope robot, is an active endoscope holder which
can be controlled teleoperatively. Due to its autonomy level and the role, it can be con-
sidered as a restricted role in the first type of classification. On the other hand, NeuRobo-

Scope should be classified as an active supporting device in the second type of taxonomy.

2.2. Compliant Controllers for Safe Physical Interaction in MIS

Using robots in MIS offers various benefits such as increased dexterity, high reli-
ability, increased manipulation capability and repeatability. However, they must provide
a solution to the safety issue which is one of the main problems in using robots in MIS.
To avoid excessive contact force to the environment, the robotic surgical instrument must
display compliant behavior. Control of the position is not sufficient to solve this problem
alone hence, control of the dynamic behavior is also required (Hogan, 1985). Force and
position control strategies have been developed and studied for many years. The robot
force control algorithms are classified by Zeng and Hemami (1997) as fundamental and
advanced control strategies. Some of the main categories of fundamental methods are
stiffness control, impedance control, admittance control, explicit force control, implicit

force control and hybrid force/position control (Whitney, 1985).

2.2.1. Fundamental Compliant Control Structures

Compliant control can be realized by passively or actively. Passive control com-
pensates the interaction forces by using spring - damper compositions on the end effector
instead of using control algorithm. Passive stiffness control is mainly hardware based

thus it can be used in specific tasks and it is mechanically complex also the stability is



guaranteed (Wang et al., 1998).

On the other hand, the active controller adjusts the end effector’s stiffness in dif-
ferent directions due to the specific task (Dede, 2003). This can be achieved by adjusting
joint stiffness through control of each joint torque. Active controllers are software based,
therefore it can be used in general applications. Instabilities may occur in this control
strategy due to uncertainties in the model of the environment. Fundamental control struc-
tures provide good results with the known environment parameters. Advanced compliant
control structures are proposed in the literature for dynamically changed or uncertain en-

vironments.

2.2.1.1. Stiffness Controller

Stiffness controller relates the position with the applied force by using zeroth or-
der impedance term. This controller is also known as compliance controller which is
reciprocal of the stiffness term as a definition.

Figure 2.1 presents the principle of stiffness control. In this figure, X is desired
position reference, .J is the Jacobian matrix, Xy is the environment displacement, 7 is
the control input, H (s) is the transfer function of the force sensor, X and X are the end-
effector’s position and velocity vectors. K p, Ky, K are represents the position feedback
gain, the velocity feedback gain and the net stiffness between the environment and the end
effector, respectively.

K1 1s the compliance matrix, which modifies the position command. Although
accurate position control requires high stiffness, the force control requires that the system
stiffness be as low as possible. Therefore, end effector’s stiffness should be controlled in
various directions depending on the task (Dede, 2003).

The first implementation of the stiffness control on the continuum robots, which
are a relatively novel class of manipulators that are increasingly being adapted to medical
applications, is presented in (Mahvash and Dupont, 2011). This study shows that desired
stiffness of the end effector could be achieved independently in the lateral or bending
directions. Reduction of the stiffness of the end effector can provide safe navigation
inside the delicate tissue. However, in a case of tissue manipulation, a higher stiffness

may be advantageous.



Figure 2.1. Block Diagram of stiffness control
(Source: Whitney, 1985)

2.2.1.2. Impedance Control

Another widely studied control strategy is impedance control. Under the applied
external force, a structure has a resistance to the motion which is commonly named as
mechanical impedance, Z,,. It provides a relation between forces acting on the structure
and its velocity (Khan et al., 2014). In the frequency domain, second order impedance

can be defined as in Equation 2.1 and the control scheme is presented in Figure 2.2.

Zim
F(s) 2.1)

Figure 2.2. Block diagram of position based second order impedance control

In the figure, M, B and K coefficients represent the desired mass, damping and



stiffness terms, respectively. The term N is added to the control input in order to com-
pensate for the nonlinear gravity, centrifugal and Coriolis effects.

Since the dynamics of a second order system are well studied and the higher order
systems cause difficulties to obtain measurements, sensor based impedance controller
requires second order system at most (Volpe and Khosla, 1993). First order impedance
control contains damping and stiffness terms while zeroth order impedance deals only
with the stiffness term.

A lightweight surgical manipulator called MIRO is developed to control the inter-
action with the humans in unstructured environments (Hagn et al., 2008). It has impedance
control mode to guide the robot to the desired position by hand. Due to its kinematic re-
dundancy, the inner joints of the robot can be controlled in compliance mode by using
virtual springs to impose constrained forces which gives additional safety to the system

working with the humans cooperatively.

2.2.1.3. Admittance Control

Admittance control is a force tracking control method. In contrast with the me-
chanical impedance, admittance control takes force input and makes the modification on
velocity. In this control strategy, a force compensator guarantees the tracking of force set
point. Mechanical admittance A, can be defined as reciprocal of mechanical impedance as
presented in Equation 2.2 where Figure 2.3 shows the structure of admittance controller.

A= (2.2)

1
Zm

Figure 2.3. Block diagram of admittance control
(Source: Dede, 2003)



Recently, in Kim et al. (2016) adjustable admittance force feedback control is
proposed for bone fracture reduction robotic surgery. The study shows that using double
force / torque sensors and adjustable admittance increase the protection bones against the
damage and the stiffness of the environment affects the performance of the force feedback
algorithm. Also, they provide force feedback to the surgeon to feel the environment. The
system, which includes environment, robot, and a human arm, is modeled as in Figure

24.
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Figure 2.4. Dynamic model of the interaction
(Source: Kim et al., 2016)

Another study presents a hybrid system approach, which incorporates impedance
and admittance control (Ott et al., 2010). In contrast to the impedance controller, admit-
tance control provides relatively good performance for soft environments but results in
contact instability for stiff environments. An ideal controller should achieve consistently
reliable performance, without being affected by the environment stiffness. This approach
allows to continuously switch and interpolate between these controllers to overcome this

limitations. Control structure of the proposed approach is presented in Figure 2.5.

Eq.(3) =
—xu - I . n,.d -‘c ‘Ext §
R e s —bis“' Plant =
- Couirol F | Dynamics £
-
L»| Admittance » Position

Control Control
Eq.(6) r’_‘ Eq.(4)

Figure 2.5. Impedance and admittance controller switching
(Source: Ott et al., 2010)

Researchers in (Osa et al., 2014) present a hybrid master-slave velocity control

and admittance control for safe remote robotic surgery. Contact force must be required for
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some tasks such as peeling off membranes and holding organs to insert surgical needles.
However, to avoid excessive contact force, the robotic surgical instrument must behave
compliantly. To meet these requirements, the proposed controller switches between these

two controls adaptively and stable. Figure 2.6 shows the control structure.

Ry
Master " | Master-slave -0 F
System = Velocity Control | = i e

s s | Velocity _{ Plant

Admittance ) ’4
Control

Control Dynamics

Figure 2.6. Hybrid admittance control scheme
(Source: Osa et al., 2014)

2.2.1.4. Implicit and Explicit Force Control

Another approach for force control method is explicit force controller which in-
cludes two categories as force based and position based (Zeng and Hemami, 1997). Force
based control structure is presented in Figure 2.7. In this controller, unlike the previous
techniques, directly measured force feedback is used to obtain force error. The main idea
of the controller is to eliminate the error by defining force control law and it has a struc-
ture similar to an admittance controller.In this figure, [ is desired force value, J7 is the
transpose of the Jacobian matrix, [V is the velocity related nonlinear terms and 7, is the

command torque.

Jf

F,t Force 7T rl’-\f— i Rohot X 4,00 Xy
+
N

control law i

Figure 2.7. Block diagram of force based explicit controller
(Source: Dede, 2003)
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The second category is position based implicit force control method which in-
volves no force sensor, instead, desired stiffness is obtained by adjusting the joint servo
gains K, (Whitney, 1985). Figure 2.8 shows implicit force control structure. In this con-

troller, the position is controlled by using pre-defined position to achieve desired force.

X

T

X, J? ) 8 L Rabot ¥

+

N

Figure 2.8. Block diagram of the position based implicit controller
(Source: Dede, 2003)

2.2.1.5. Hybrid Position / Force Control Structures

Hybrid position / force control and hybrid impedance control methods combine
the applied force / torque with position data based on two complementary workspaces
which can be defined as position and force sub-spaces (Dede, 2003).

Different control algorithms can be applied to these sub-spaces due to the defined
task (Raibert and Craig, 1981). The combination of the impedance controller and the
hybrid position / force controller is proposed in (Anderson and Spong, 1988) as hybrid
impedance control strategy. Figure 2.9 shows common structure of hybrid position/force

control.

A X
| S J*

J) T
Force
7 D % control law o
" 0 e

¥ Jf
Position 8

+ -
b controllaw | 1

X

Robot X +.00 Xy

Figure 2.9. Block diagram of hybrid position/force controller
(Source: Anderson and Spong, 1988 )
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In the figure, S is the compliance selection matrix which determines the force
or position control for each sub-space. The S matrix can be constant or depend on the
configuration or can continuously change with time (Fodor and Gabor, 1999). This con-
troller allows the desired force is maintained in some directions while in the remaining
directions, a position demand is tracked.

In MIS it is required that there is no sideways motion at the point where the robots
enter the patient’s body. To satisfy this requirement, researcher studied on two main
solutions. In the first one, a remote center of motion (RCM) is obtained by mechanically
as in the da Vinci robot. And the second one is obtaining RCM by controlling the robot.
A study in (From et al., 2014) presents this type of solution to maintain safety in the
MIS. They proposed hybrid compliant control architecture for endoscopic surgery which
satisfies the zero-lateral velocity requirement at the entry point for serial manipulators.

Adjusting the Jacobian matrix is realized by using selection matrix in certain directions.

2.2.2. Advanced Compliant Control Structures

Due to the existence of complex tasks and uncertainties such as uncertain envi-
ronment, external disturbances, unmodeled dynamics...etc., more advanced force con-
trol algorithms are developed. These methods are based on fundamental strategies. In
the aforementioned controllers, many strict assumptions are made to simplify the model,
which may reduce the effectiveness of the control algorithm based on such a simplified
model. Hence, to overcome the uncertainty in the model parameters, adaptive control is
a desirable choice. There are two main types of adaptive control schemes, i.e., model
reference adaptive control (MRAC) and self-tuning (ST) adaptive control which can be
further classified as either direct or indirect adaptive control (Slotine and Weiping, 1991).

Roy and Whitcomb (2002) proposed an adaptive force control algorithm for ve-
locity/position controlled robots which are in contact with surfaces of unknown linear
compliance. This proposed controller guarantees global asymptotic convergence of force
trajectory tracking errors to zero.

In a recent study (Ebrahimi et al., 2016), a nonlinear adaptive impedance sliding
mode controller is developed in order to make the impedance of the robot converge to the
pre-defined impedance which is a mathematical representation of a sino-nasal tissue.

Another group of researchers developed a tank-based approach to impedance con-
trol with variable stiffness (Ferraguti et al., 2013). The proposed approach controls the

exchanged energy during the task by creating a reservoir of energy, which is called tank,
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in case of time varying stiffness to achieve stability. One of the proposed application
of the presented algorithm is the reproduction of surgeon’s behavior during a puncturing
task.

In a similar approach study in (Ferraguti et al., 2015), extend the previous con-
troller and applied admittance controller where inertia, stiffness, and damping can all
be passively changed. They both use tank based energy approach to achieve stability.
The reason that researchers have developed these advanced control structures is standard
impedance and admittance control schemes cannot guarantee a stable interaction when
time-varying interactive behaviors need to be implemented.

Learning controller algorithm is another advanced force control approach in the
literature. This controller is applied when the robot performs the same task repeatedly
(Dede, 2003). The algorithm takes the position, velocity or acceleration error as an input
for learning the adjust control command to guarantee the motion and force tracking and
robustness.

As an example, Kim, B. et al. (2010), developed impedance learning algorithm
for robotic contact tasks. Proposed learning method employs the impedance control,
based on the equilibrium point control theory and reinforcement learning to determine
the impedance parameters for contact tasks. Making use of this controller, researchers
optimized the performance of contact task such as door opening, point to point contact

and ball catching by using learning algorithm.

2.3. Force Sensing Techniques

Determining forces and torques is the first technical challenge to control the force
between the tool and soft tissue. To prevent applying excessive force and increasing the
compliance with the environment, some sensing techniques are developed in the litera-
ture. Due to the dexterity of the MIS, force sensors have some constraints such as size,
waterproof, electrical passivity, and sterilizability. As Puangmali et al. (2008) reviewed,
placement of the force sensor is an important matter. Four placement locations are possi-

ble.
1. Near or at the actuation mechanism:

It is possible to measure forces by evaluating the stress of the mechanical linkages

or responses of the actuators. However, measurement accuracy is reduced due to the force
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transmission through mechanical linkages, friction, backlash, gravity, and inertial effects
(Puangmali et al., 2008; Yip et al., 2010).

2. On the instrument shaft outside the patient’s body:

This type of placements does not have aforementioned constraints because force
does not pass through on different linkages. But the friction forces are becoming much
more important. For this kind of placement, friction compensation should be used. (Puang-
mali et al., 2008).

3. On the instrument shaft inside the patient’s body:

For this location, force measurements are not affected by the reaction and friction
forces generated on fulcrum point. Recently, researchers focused on this type of sensors
(Puangmali et al., 2008; Berkelman et al., 2003; Bicchi et al., 1996). However, the size of

these sensors should be minimized.
4. At the instrument tip, such as on a gripper jaw:

This method provides most direct force sensing, however, it requires severe space
limitations. Only instruments which have either a large gripper or extremely small sensing
elements can be considered for this case. In the literature, this placement is preferred for
laparoscopic grippers and optical based force sensing methods (Watanabe et al., 2014;
Peirs et al., 2004; Yip et al., 2010).

2.3.1. Constraints of Using Force Sensor in MIS

There are also important constraints for the force sensor in MIS. For the case that
the force sensor is located inside the patient body, a waterproof seal is required in order
to protect the sensor from the pressurized blood. Also, surgical instrumentation must be
electrically passive to avoid disrupting normal electrical activity in the heart (Yip et al.,
2010). Optical based force sensing technology is a promising alternative to this issue.

Since MIS requires small incisions, force sensor has size constraints too. Another
important issue is material constraints due to the imaging technology. Some metals tend
to create artifacts in ultrasound images and not suitable for MR imaging techniques (Yip
et al., 2010).

Sterilizability of the designed sensor is an essential constraint for the operating

room. Presently, steam sterilization known as an autoclave is a standard method widely
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applied to sterilize surgical equipment. This sterilization method commonly employs sat-
urated steam to heat the equipment up to 121 C at 103 kPa above the atmospheric pressure
for at least 15 min. (Puangmali et al., 2008). These conditions can also potentially damage

sensors or electronic circuits.

2.3.2. Sensing Methods

According to specified requirements, several force sensing techniques are devel-
oped in recent years. One of the simplest sensing methods is displacement-based sensing
(Richards et al., 1999). This method detects the displacement of an elastic element to
evaluate applied force. However, this technique requires a good knowledge about the
stiffness of the elastic element and good calibration.

Second sensing method is current-based sensing. This technique considers the
force exerted on the motor axis as a disturbance and by obtaining current value, force is
being measured. In MIS, Tholey et al. (2004) investigated this sensing method with a
specially designed laparoscopic grasper. Although this method is a simple approach to
force sensing, it does not provide a very accurate measurement (Puangmali et al., 2008).

Also, several compensations and disturbance observers are necessary to increase accuracy
(Katsura et al., 2007).

Rotary Dampet\'\ 100mm
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Figure 2.10. Pneumatic driven forceps
(Source: Tadano and Kawashima, 2006)

Pressure-based sensing is an alternative way to sense for by using a pneumatic
equipment. Forces can be measured by similar way to current based approach and also it

is possible to detect force by measuring the pneumatic pressure. Tadano and Kawashima
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(2006) have developed four DoF pneumatic-driven forceps that possess force sensing ca-
pability as shown in Figure 2.10.

Another way to measure force is resistive based sensing which is the most com-
mon sensing method in the literature. The strain gauge is usually bonded to a flexible
structure to obtain accurate force measurement and it changes the electrical resistance as
a consequence of resulting strain. This allows the measure force electrically. However,
there is always a tradeoff between the stiffness of the structure and the sensitivity of the
measurement (Craig, 1989). Berkelman et al. (2003) developed the miniature force sensor
in Figure 2.11 to measure contact forces at the tip of a microsurgical instrument in three
dimensions. The principal features of proposed sensor are its small size and a novel con-
figuration of strain gauges in order to measure forces isotropically at the instrument tip.
Also, Prasad et al. (2003) developed a two DoF force sensing sleeve that can be integrated
with a variety of 5 mm laparoscopic instruments. Full bridge strain gauges were used as

its sensing elements.

Figure 2.11. A miniature force sensor
(Source: Berkelman et al., 2003)

Another sensing method is capacitive-based sensing. This method is the most
powerful one for detecting extremely small deflection of structures (Puangmali et al.,
2008). Gray and Fearing (1996) developed capacitive sensor array for sensing forces on
endoscopic tools. Deformations due to contact forces that cause changes in capacitance of
the sensing elements allow the forces to be detected using oscillatory circuits. Howe et al.
(1995) developed a remote palpation system for helping the surgeons to search for hidden
arteries and tumors buried inside tissues during MIS procedures by using capacitive-based
sensing.

Piezoelectric-based sensing, a sensitively generate voltages when their structures
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are deformed due to compression. The capability to produce voltages of piezoelectric
sensors is better than most other sensors (Puangmali et al., 2008). In addition to that,
no electrical power is needed to be supplied to the sensing elements. However, these
sensors are only sensitive to time-varying force quantities. They do not provide accurate
measurements for static force. For an application in MIS, Dargahi et al. (2000) applied
such material in the development of a micro-machined tactile sensor that can be equipped
with a jaw of endoscopic graspers. Figure 2.12 shows the prototype endoscopic grasper

integrated with the tactile sensor.

Figure 2.12. Endoscopic grasper with developed tactile sensor
(Source: Dargahi et al., 2000)

One of the several sensing methods is vibration-based sensing. This method can
measure dynamic responses. Fetter et. al. developed vibrotactile sensor. It has an alter-
nate current (AC) excitation coil which generates an oscillatory magnetic field to induce
vibration on a permanent magnet (Petter et al., 1996). In literature, there are several stud-
ies on evaluating mechanical properties of human tissue by using vibration based sensing
method. (Omata et al., 2004; I. Baumann, 2001).

The last method of force sensing is optical-based sensing. This method is firstly
proposed by Hirose and Yoneda (1990). In this method, fiber optic cables are used for
carrying information to the sensor instead of electrical wires. The light transfers through
fiber optic cables to the transducer which modulates the light in proportion to the value of
the force being measured.

Yip et al. (2010) developed miniature uniaxial force sensor based on an optical
sensor that can be used for beating heart surgery. Due to the electrical passivity and 3D
imaging constraints for heart surgery they used optical-based sensing method. Figure 2.13
presents sensor components and prototype, respectively.

Another study on this type of sensor is presented by Peirs et al. (2004). They

presented tri-axial force sensor and force range measurements for the skin, muscle, and
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Figure 2.13. A miniature unaxial force sensor
(Source: Yip et al., 2010)

liver. Also, Watanabe et al. (2014) developed a force sensing system that can be used with
a thin fiberscope/endoscope which is shown in Figure 2.14. Measurement is realized by
detecting highly elastic fiber’s deformation, which is attached to the tip of the endoscope,
by using a camera. Although the system has a resolution of less than 0.01 N and force

range of 0-0.2 N, it can measure force only in one direction.
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Figure 2.14. A force sensing system for endoscope
(Source: Watanabe et al., 2014)

Besides the aforementioned force sensors which are developed for specific cases,
several commercially available force / torque sensors are commonly used for the compli-
ant control purpose. The ranges and the resolutions of these sensors are varying in a wide
range and selection should be done by considering the application. In MIS surgery,the
end effector of the robot is expect to interact with the soft tissue hence, the force sensor

must be able to sense relatively small forces.

2.4. Soft Tissue Modeling

Safety of the procedure is one of the main issues in robotic MIS. Understanding
the interaction between medical tools and living tissues can result in more precise and

reliable controller design. One of the first attempts to designing force controller based on
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tissue model is presented in Yuen et al. (2010) by assuming interaction is purely elastic.
However, it is not realistic for the biological tissues (Fung, 2013). Several soft tissue
models are proposed to define relatively more accurate tool-tissue interactions. These in-
teraction models can be classified as finite element methods (FEM) and analytical meth-
ods such as viscoelastic methods, fractional models, and high order models (Misra et al.,
2008).

Deformation accuracy and computation time are the two main constraints for mod-
eling the interaction and Figure 2.15 represents the different types of applications accord-

ing to these constraints (Delingette, 1998; Moreira et al., 2014).
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Figure 2.15. Relation between model accuracy and computational time for different
type of applications (Source: Moreira et al., 2014)

In the case of scientific analysis of the tissue and surgery planning, more precise
FEM’s are suitable in spite of their longer computational time. On the other hand, robotic
assisted surgeries require faster computational time for real-time applications as a result

of that analytical models are more adequate.

2.4.1. Finite Element Method

The FEM is a numerical technique which has been used to simulate soft tissue
deformation by solving the equations of continuum mechanics. FEM techniques provide
solutions to complex problems such as modeling of anisotropic, inhomogeneous biolog-
ical tissues. In general, increased mesh number provides better accuracy which also in-

creases the computation effort (Misra et al., 2008). Therefore, these techniques are not
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fully compatible with real time applications. However, the study presented in Basdogan
et al. (2001) proposed optimization of linear elastic FEM for real time surgical simu-
lation. Several researchers have studied linear elastic FEM for non-invasive operations
(Cotin et al., 1999; Gladilin et al., 2001; Kiihnapfel et al., 2000; Kerdok et al., 2003).
Since FEM requires relatively more time to obtain accurate solutions and these
methods are more suitable for scientific analysis rather than designing compliant con-

troller, analytical methods are considered for the MIS surgery case.

2.4.2. Analytical Methods

A conventional way to represent the viscoelastic properties of tissue is using com-
binations of an ideal damper and spring components. These models are comprehensively
studied and compared in literature (Moreira et al., 2014; Misra et al., 2008; Pappalardo
et al., 2016) and schematic representation of some of these models are given in Figure
2.16. In the figure, F'(t) and xz(t) represent the applied force and the deformation of the

tissue, respectively.

X(t
k () k b
L[l K2 viy
Elastic Kelvin— Voight Maxwell Kelvin— Boltzmann
Model Model Model Model

Figure 2.16. Commonly used analytical models

The simplest model is a purely elastic model with single ideal spring model and

it’s governing equation given in Equation 2.3 where k represents the spring coefficient.

F(z) = kx(t) (2.3)

The Kelvin-Voight model consists of a parallel connection of an ideal damper and
an ideal spring. The interaction force is presented in Equation 2.4 where b is the damping
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coefficient.

dx(t)
dt

On the other hand, the Maxwell model is composed of a serial connection of ideal

F(t)=b

+ ka(t) (2.4)

spring and ideal damper and its mathematical model is presented in Equation 2.5 where

_b
a—k.

da(t)  dF(t)
P(t) = k== —a— (2.5)

Serial combination of elastic and the Kelvin-Voight models describes the Kelvin-

Boltzmann model and the corresponding mathematical model is represented in Equation

]ffk2, B = Jik b and k; is another spring constant.

2.6 where o = = Ttk VT Ttk

k1

F(t) = Ba(t) + ai(t) — yF(t) (2.6)

Viscoelasticity has two important features such as relaxation and creep. When a
body is strained suddenly and maintained constant, the induced stress is decreased with
time. This phenomenon is called stress relaxation. On the contrary, if a sudden stress is
applied on the body and it is maintained constant, the body continues to deform. This is
called creep phenomenon (Fung, 2013).

These viscoelastic models differ from each other by their ability to mimic tissue
behaviors. Pre-studied experiments show that (Misra et al., 2008), The relaxation behav-
ior of the Maxwell model provides acceptable relaxation behavior, but its creep behavior
is insufficient. On the contrary, the Kelvin-Voight model has a good first order approx-
imation of creep but its stress relaxation behavior is inadequate. On the other hand, the
Kelvin-Boltzmann model provides relatively good behaviors of both creep and stress re-
laxation.

Hunt and Crossley (1975) presented that linear viscoelastic models show incon-
sistencies against physics of contact and they proposed a non-linear model which is rep-
resented in Equation 2.7 where A is the damping parameter related to the coefficient of

restitution.

F(t) = ka™(t) + Az" (1) (t) 2.7)

Combinations of mass, spring and damper are also studied in the literature to

model tissue deformations (Keeve et al., 1996; Castaneda and Cosio, 2003).
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In addition to the mechanical model, other modeling approaches have been devel-
oped. One of them is called Long Element Model (LEM) which has two-dimensional dis-
tributed elements filled with an incompressible fluid (Misra et al., 2008). This approach
provides a real time solution for complex deformable bodies, multi modal interactivity
and stable haptic interfaces. Sundaraj et al. (2002), proposed LEM to simulate human
tight and Balaniuk and Salisbury (2002) applied LEM to deformable bodies.

Since FEM is not suitable for real time applications and it is very sensitive to
mesh resolution, De et al. (2005) proposed a meshless technique which is called Point
Collocation based Method of Finite Spheres (PCMFES) for modeling interaction in MIS.
Furthermore, they extended the concept to Point Associated Finite Field Approach (PAFF)
which assumes linear elasticity for modeling soft tissue (De et al., 2006).

Fractional calculus can provide an efficient model for describing the behavior of
viscoelastic dampers using a small number of parameters that occur in biological tissues.
Several researchers have studied FO models to describe viscoelastic properties of soft
tissue. Meral et al. (2010) developed a fractional order Voigt model in order to better
simulate the surface wave response of soft tissue-like material phantoms. Lewandowski
and Chorazyczewski (2010) presented both the Kelvin—Voigt fractional model and the
Maxwell fractional model to identify parameters and they derived the equations of hys-
teresis curves for fractional models. Craiem et al. (2008) proposed an alternative relax-
ation function based on fractional calculus theory to describe stress relaxation experi-

ments in strips cut from healthy human aortas.
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CHAPTER 3

CONTROLLER DESIGN FOR ACTIVE
BACK-DRIVABILITY

In the robotic pituitary gland surgery, there might be a case that the surgeon needs
to back-drive the robotic arm by holding and relocating the endoscope. The endoscope
can be relocated if the system is passively back-drivable or the back-drivability is satisfied
by the use of a controller. This type of controller is named as admittance control which
receives the input from the human in terms of force and this information is used for back-
driving. The selection of the admittance term is the key point of this controller design.

In this chapter, an experimental study is presented that is carried out to determine
the effects of the admittance terms on back-drivability. In the next section, the experi-
mental set-up is described then, dynamic model of the experimental set-up is formulated,
parameter estimation study is presented and finally the controller design is explained. In
the second section of this chapter, the experimental task is defined for the investigation
of the effects of admittance terms. In the third and fourth sections, the results of the user
evaluation experiments are given and the outcome of the experiments are presented and

discussed, respectively.

3.1. Experimental Set-up

In order to investigate the effects of the admittance terms, a non-back-drivable one
degree of freedom device is designed (Isitman et al., 2017). To obtain linear motion, a DC
motor (HITACHI DO6D401E) with an optical encoder (AEDA-3300AT) is assembled to
a lead screw linear stage which has 220 mm workspace. The quadrature encoder provides
16384%;” and the lead screw stage has 5 mm pitch which results in 0.3 £ resolution.

A precision grasp type handle is mounted on top of linear stage as an interface for
the human subject’s hand. To measure the applied force from the subjects, a Kistler (type
9017B) 3 DoF force sensor is placed below the handle which is shown in Figure 3.1. The
calibration of the force sensor is realized by using the ManuWare software. An external
force is applied to the sensor then by using this software a scale factor is calculated as

9.44% which works in range of £10 V.
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Figure 3.1. The placement of the force sensor

For the data acquisition and control purpose, NI MyRIO 1900 data acquisition
(DAQ) system is used. This DAQ system has a 12-bit £10 V analog input/output and
digital input/output pins to acquire the force data and provide the analog outputs to the
Maxon 4-Q-DC servo-amplifier. A 30 V DC power supply is used. Figure 3.2, shows the

experimental set-up with all the components.

power Suppl

User Interface

MyRIO DAQ

DC Motor with Encoder

Figure 3.2. The experimental set-up
(Source: Isitman et al., 2017)

Control algorithm and graphical user interface are developed in NI LabView Soft-
ware with Control Design and Simulation module and Real-Time module. Force readings

are acquired and control algorithm is executed at a sampling rate of 1 kHz.
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Figure 3.3. The information flow between the components

The information flow between these components is presented in Figure 3.3. The
controller parameters such as controller gains and admittance terms can be defined via the
graphical user interface (GUI), then the process starts by receiving the measured applied
force and the position data in the DAQ. The designed admittance control algorithm gen-
erates the control input in the micro-controller which sends this information to the motor
driver. The motor driver (servo amplifier) then calculates the respective current output for
the received control input and drives the DC motor. The output velocity and the position

can be monitored in real-time via using GUI.

3.1.1. Dynamic Model of the System

In order to design a controller, it is required to develop a mathematical model of
the system. In Figure 3.4, the free body diagram of the experimental set-up is given. In
this figure, F}; represents the applied force by the i*" component to the j* component.
The F,,; is the external force which is the applied force by the human. 7', m, a, b and
v represent the actuator torque, mass of the moving platform, acceleration of the moving
platform, viscous friction coefficient and the velocity of the moving platform, respec-
tively. In Equation 3.1, the relation between the torque supplied by the actuator 7'(¢) and

the armature current ¢(t) is given where the k; is the torque constant of the actuator.

T — kyi(t) (3.1)
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Figure 3.4. Dynamic model of the experimental set-up

Equation 3.2, defines the relationship between the angular position, 6(¢), and the
linear position z(¢) which also defines the relation between task space and the joint space.
By taking the derivative of this equation, the velocity relation can be obtained. In these

equations, £, is the pitch of the lead screw where its value is k, = % in 7%,

x(t) = k,0(t) — @(t) = ky0(t) (3.2)
The force and torque relation can be defined in Equation 3.3.

T — Ttiction = kg Fo1

T = kg Farive

Tiriction = KgFfriction 3.3)
Friction = bv + sgn(v)uN

Fyy = —Fip

The dynamic equation can be obtained for the 2" component as in Equation 3.4

and the Equation 3.3 can substitute into this equation.

— Fox + mi(t) = —Fia = Fyive — b2(t) — sgn(v)uN
T (3.4)
kg

Since the admittance controller will be dealing with the external force to cancel its

— Fex +mi(t) + bi(t) + sgn(v)uN = Fuive =

affect, this term can be neglected in order to obtain simplicity reasons and the nonlinear

term sgn(v)u/N can be taken out to linearize the system.
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Hence, the linearized dynamic equation is simplified as in Equation 3.5.

k()
K

By taking the Laplace transformation of the Equation 3.5, the transfer function

— mi(t) + bi(t) (3.5)

g

between the velocity and the current can be defined as following Equation 3.6.

V<5) . kt/kg
I(s)  ms+b (36

3.1.2. Parameter Estimation

Parameters of k;, m, and b the system needs to be estimated to design controller. In
order to estimate the torque constant k; the experimental setup which is shown in Figure

3.5 is designed.

Figure 3.5. Torque sensor calibration verification experimental set-up

In this experiment, a rotary torque sensor (Futek TRS300) is attached to the lead
screw and the linear motion is constrained. Next, predefined moments are applied to
the system by using moment arm and calibrated weights. The data acquisition from the
torque sensor is realized by using MyRIO DAQ and LabView software. In Figure 3.5, G

represents the weight of the moment arm which is 6.867 N and is designed M represents
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the external force that is applied to the system. The applied torque 7}, is calculated by

using Equation 3.7 where the length of the moment arm L is 180 mm .

L
Ta:ML+G§

Table 3.1. The results of Futek TRS300 torque sensor measurement

GI[N] | M[N] | Ta[Nm] | Tm [Nm] | Error %
6,867 | 0 0,618 0,6 0,029
6,867 | 0,981 | 0,800 0,8 0,001
6,867 | 1,962 | 0,982 1 0,017
6,867 | 2,158 | 1,019 1,02 0,0005
6,867 | 4905 | 1,53 1,58 0,032

(3.7

Table 3.1 presents the results of the torque sensor measurements. As it can be
observed from the results, torque measurements are in acceptable error ranges. In order
to determine the torque constant, the DC motor is mounted to the torque sensor and the
linear motion is constrained. By using the DAQ and the motor driver, 10 control inputs are
applied to the motor. The resultant actuator torque is measured and presented in Figure
3.6 which shows almost a linear relationship. By using linear regression, the equation
of the output torque in terms of applied current is calculated as 7'(i) = 0.078: + 0.005

therefore, torque constant could be calculated as k; = 0.078N—:1.

Torque-Current

Torque (Nm)

0 0,5 1 1,5 2 2,5
Current (A)

Figure 3.6. The measured torque values respect to the applied current
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Parameters of the transfer function, which is given in Equation 3.6, can be esti-
mated by using frequency response analysis. In order to realize this, several sinusoidal

inputs with constant current amplitudes are given to the system with a frequency range

from 0.57%¢ t0 10072¢.

F.ll

<Yy

Figure 3.7. Coulomb friction model

In this experimental set-up, dry friction has a considerable effect. In order to
eliminate this nonlinear effect, the dry friction can simply be modeled as Coulomb friction
which is shown in Figure 3.7, and the governing equation is given in Equation 3.8 where
c represents dry friction force and V' (¢) represents the linear velocity. For the estimation
of the dry friction coefficient, the applied current is increased until the motion is started

and the friction coefficient is estimated as 0.274N.

F. = csgn(V (1)) (3.8)

In order to realize frequency response analysis, friction model is added to the input
as a feedforward component then the output velocity is measured for different frequencies.

Figure 3.8 shows the obtained Bode plot of the system.

Bode Plot
ST 3 T I = ) 5% & % 0 5E |

e o o i i
50  Xxo07 -‘\ S 7

w
a
T
I

Magnitude (dB)
w
o
T
L

10° 10 102
w (rad/s)

Figure 3.8. Frequency response analysis of the experimental set-up
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Since the transfer function of the system is modeled as a first order system, the

Bode plot is also expected to be first order. By investigating of the Bode plot, m and b

parameters are calculated. Transfer function in Equation 3.6 is reorganized for parameter

estimation as shown in Equation 3.9 where the parameters are obtained as % =1.7 % and

open-loop gain K 20log(K) = 52dB from the Bode plot.

V(is) 1% K

I(s) %s+1:7's+1

Using these numerical results, transfer function of the system is estimated as

Vis) 9.9317
I(s)  0.0146s +0.0249 °

(3.9)

(3.10)

The model validation is realized by applying sinusoidal input withs magnitude of

0.6A and a frequency of 3rad/sec. Figure 3.9 shows the comparison of the system output

and the model output to the same sinusoidal input.

150

model
system

100("

Velocity (mm/s)
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Figure 3.9. Model verification for the experimental set-up

3.1.3. Admittance Controller Design

12

In order to investigate the effects of the admittance term on back-drivability, an

admittance controller is designed. The block diagram representation of the controller is

given in Figure 3.10 where the G represents the low-level velocity controller. F).f is the

reference force which is selected to be zero for free motion (full back-drivability), A is the
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admittance term, X, is the measured position, X, is the position vector of the contacted
environment, K is the stiffness between the handle and the human hand, V, and F, are

velocity and force sensor transfer functions, respectively.

Figure 3.10. Control scheme of one dof admittance type device
(Source: Isitman et al., 2017)

In this scheme, a velocity controller is implemented as a low-level controller.
Since the model of the system is obtained in the previous section, the feedback lineariza-
tion method is applied to eliminate the non-linear effects.

Velocity error e is defined as in following equation.

€= Tpef — & (3.11)

If the error satisfies the following differential equation;

e+ ke=0
(3.12)
T = i‘re f -+ ke
which is obtained when the the error converges to zero exponentially.
Substituting Equation 3.12 to the equation of motion results in following equa-

tion and the corresponding block diagram of the feedback linearization based admittance

controller is presented in Figure 3.11.

F = m(Zwf + ke) + bi + csgn(i) — Fox (3.13)

32



Fref “(T\ Fe A s K » m ‘@ > plant
F B

Figure 3.11. Admittance controller with feedback linearization

In an admittance controller, a force set point is specified and it is tracked by a force
compensator. This compensator can be modeled as a mass, spring and damper system,
given in Equation 3.14; where F', V', m,, b,, k, and A parameters refer to force, velocity,

mass, damper, spring and admittance term, respectively.

F(s) =mgsV(s) + b,V (s) + ékaV(s)

V(s) s . (3.14)
F(s)  mas2+bes+k,

An admittance control requires accurate trajectory following capabilities and ac-
curate measurements of the interaction forces between the robot and its environment.
These requirements put specific demands on the system design such as high power actu-
ators and a stiff construction. On the other hand, characteristics of the admittance term
depend on the chosen parameters which are selected by considering tracking capability of
the experimental set-up and the human force limits.

High admittance term causes a sudden reaction, while compliance with a smaller
admittance term gives a slow reaction to the applied force. Mass and damper coefficients
are chosen as small as possible to initiate the robot motion softly. However, selecting very

small values cause the system to be very sensitive to the interaction forces.

3.2. Description of the Task

Effects of the admittance term parameters on the performance of human operators
are investigated by designing an experiment. Accuracy and energy usage of the subjects
with different parameters are evaluated by having the users perform a specific designed

task.



In this task, the subject is asked to hold the precision type handle, with his/her
dominant hand. As guided by the graphical user interface, which is given in Figure 3.12,
the subject is instructed to move the handle to the blue target and keep it there for four
seconds as indicated by the user interface. After four seconds, the subject moves the
handle by 116 mm to reach the red target and holds the handle at that location for four
seconds. The subject repeats this process 2 times without releasing the handle. When the
user reaches the target for the last time, she/he releases the handle without any further

action.

Figure 3.12. Graphical user interface for the generated task
(Source: Isitman et al., 2017)

The black bar demonstrates handle’s position and targets are represented as a red
(on the left) and blue (on the right) bars. The white region near the targets presents the
scoreboard which is created to define a metric for comparison between the parameters.
The scoreboard is given in Figure 3.13. In this figure, the x-axis represents the position
range of the targets. The 46-48 mm and 162-164 mm ranges are the main targets which
are defined as 100 points. As the position of the handle moves away from this are the score
starts to decrease with respect to the defined scale. The overall score is calculated by tak-
ing the average score at the waiting phase of the experiment. During all the experiments,
locations of the targets are kept the same.

120

100

80
60 60

60

Score

40 40
40
20 20

20

0
Target 1 42 43 44 45 46 a7 48 49 50 51 52

Target2 58 159 160 161 162 163 164 165 166 167 168
Position(mm)

Figure 3.13. Score range of the first target based on position
(Source: Isitman et al., 2017)
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Efforts of the subjects while moving the handle is investigated and named as en-
ergy consumption. The evaluation of these efforts is realized by using Equation 3.15
where F),, T, Erinns Edampn> Esprn, Elost,n T€present applied force, position of the han-
dle, kinetic energy, dissipated energy due to virtual damper, potential energy stored in
the virtual spring and energy lost due to viscous friction, respectively. The subscript n

represents the step number of the data acquisition.

Fl(xl - $0) - Ekinl + Edamp,l + Espr,l + Elost,l
Espr,l + FZ(xQ - xl) — Ekin,2 + Edamp,2 + Espr,Z + Elost,2
3.15
Fn(xn - xn—l) - Ekin,n+1 + Edamp,n+1 + Espr,n+1 + Elost,n+1 ( )

Espr,n = Ekin,n+1 + Edamp,nJrl + Elost,n+1

n

Z(FnAxn) = Z Ekzn + Z Edamp + Z Elost

i=1

The work is calculated by multiplying the applied force at a step with the measured
position difference with the previous step. In a similar way, the dissipated energy due to
virtual damper and the kinetic energy are calculated as

Eaampn = bVo_1(Ty — Tp_1)
1 (3.16)
Erinn = §m(Vn —V1)?

The energy loss of the system can be neglected since the results will be evaluated
relatively. Since the experimental process is completed when the handle comes back to
its static condition again, the sum of the kinetic energy terms is equal to zero.

As it can be observed from the Equation 3.15, the potential energy of the spring
term cancels out between each state. Due to these conditions, damping term dissipates all

the energy in the experiments.
3.3. Experimental Results

The experiments are carried out with 4 women and 9 men subjects whose ages
are between 24 and 32. Before the experiments, each subject is informed about the task.
They are allowed to practice with different admittance parameters than the inspected ones

in order not to affect the reliability of the comparison-based results.
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The experiments can be grouped into two main categories which consist of three
different experiments. The first category of the experiments consist of the mass-spring-
damper model and the second group is modeled with mass and damper terms but without
a spring term. In these 6 experiments, the effect of the corner frequency is investigated.
Table 3.2 presents chosen admittance parameters and the designated corner frequency

respect to the experiment number.

Table 3.2. Mass-spring-damper parameters
(Source: Isitman et al., 2017)

Admittance Term Parameters
Experiment (m) (k) (b) C(oig)er
Number | Mass (kg) | Spring (N/m) | Damping (Ns/m) Frequency (rad/s)

1 2 2 3,78 1

2 2 18 11,38 3

3 2 72 22,77 6

4 2 0 2 1

5 2 0 6 3

6 2 0 12 6
Damping ratio ¢ of the admittance term ng% is kept constant to determine

parameters with respective to desired natural frequency. In this thesis, the bandwidth
frequency is named as corner frequency for both first order w,. = % and second order
W, = \/g admittance gains.

For the first three experiments, desired corner frequencies are obtained by mod-
ifying the spring parameters while the damping parameter is adjusted for the last three
experiments.

The effect of the spring term is investigated by comparing the test results with the
same corner frequency which are the experiments 1-4, 2-5 and 3-6. The main reason to
do so is to have similar bandwidths for two types of admittance terms; with and without
the spring component.

The result of the accuracy experiments is given in Table 3.3 with the average and
the normalized average values of each set of experiments. As it can be observed from the
results, when the corner frequency is increased, obtained accuracy scores also increase.

Also, better accuracy is obtained with spring term for the same corner frequency results.
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Table 3.3. Accuracy Scores of Subjects
(Source: Isitman et al., 2017)
Accuracy Results

Subject | Exp#1 | Exp#2 | Exp#3 | Exp#4 | Exp#5 | Exp#6
77,28 76,8 91,23 66,67 86,85 85,47
88,72 93,21 90,46 71,42 78,63 90,27
89,75 89,02 90,32 55,91 72,67 68,25
92,22 93,03 94,92 68,04 79,71 80,15
84,51 81,59 92,85 82,36 79,41 84,41
80,21 87,49 90,86 67,34 84,57 87,78
71,59 84,43 85,9 69,6 84,68 85,47
61,14 88,94 90,08 51,56 82,1 74,7
47,03 77,82 78,19 67,5 74,71 83,84
62,79 89,85 85,48 58,78 69,31 75,84
68,25 75,32 73,98 57,78 81,69 76,58
72,6 90,4 90,08 67,04 76,31 84,22

13 88,3 91,25 82,74 70,31 84,03 90,81
Average | 75,72 86,09 87,47 65,71 79,59 82,14

ol | o \O| 00| | O W | L 1| —

The energy consumption, which indicates the effort by the user, in each experi-
ment is presented in Table 3.4 and the units for these results are given in Joules. Similar to
the accuracy experiment results, the supplied energy by the user increases as the chosen
corner frequency values are increased. The first three experiment group which includes

spring term, consumes more energy with respect to the latter one.

Table 3.4. Energy Consumption of Subjects
(Source: Isitman et al., 2017)

Energy Consumption (J)

Subject | Exp#1 | Exp#2 | Exp#3 | Exp#4 | Exp#5 | Exp#6
| 0,12 0,34 0,5 0,05 0,1 0,21
2 0,06 0,16 0,34 0,04 0,11 0,23
3 0,05 0,17 0,37 0,05 0,2 0,17
4 0,07 0,2 0,43 0,04 0,09 0,14
5 0,13 0,28 0,5 0,05 0,12 0,2
6 0,07 0,28 0,55 0,05 0,09 0,16
7 0,07 0,18 0,4 0,06 0,1 0,28
8 0,06 0,16 0,32 0,04 0,08 0,15
9 0,09 0,21 0,47 0,03 0,06 0,11
10 0,12 0,2 0,54 0,05 0,12 0,19
11 0,06 0,18 0,36 0,03 0,07 0,15
12 0,08 0,23 0,55 0,02 0,12 0,19
K] 0,11 0,28 0,5 0,04 0,11 0,23

Average | 0,08 0,22 0,45 0,04 0,1 0,18
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3.4. Conclusions

In the robotic pituitary gland surgery, safety and control of the physical interaction
between the endoscpoe and the human body is a vital part. In the event of an emergency,
the surgeon might be required to back drive the robotic arm. If the type of transmission
system does not allow passive back-drivability, then the back-drivability is satisfied by the
use of an admittance controller.

In the surgical case, the aim is controlling the interaction of the surgeon with
the robot by using the admittance controller. The interaction dynamics is defined by the
admittance term and the determination of this term is not trivial. The optimal parameters
depend not only on the key performance criteria but also on the human operator. An
experimental study is carried out to evaluate the effects of the admittance term parameters
on the performance of human operators in terms of the energy efficiency and the accuracy.

To realize this experiment, a non back-drivable one degree of freedom experimen-
tal set-up is designed. Then, feedback linearization based admittance controller is applied
by estimating the model parameters of the system.

The user experiment results are evaluated in terms of accuracy and energy con-
sumption according to the described task which is presented in previous sections. The
results are investigated in two main perspectives. In the first one, the effects of the spring
term are investigated by comparing accuracy and energy consumption results for the same
corner frequencies. In the second perspective, the effect of the corner frequency is inves-
tigated by comparing the results in similar type of admittance term.

It is observed that the corner frequency is one of the essential parameters for bet-
ter accuracy for both types of admittance terms with and without the spring component.
On the other hand, spring term has a positive influence on the accuracy which can be
observed by the comparing the experiment groups 1-4, 2-5, 3-6, which have same corner
frequencies.

As presented in Equation 3.15, the energy calculations depend on damping term
and system velocity. In addition to that, the mass term is kept constant in all the exper-
imental groups. Hence, the energy consumption increases as a result of higher corner
frequency which is consistent with the obtained results.

As a conclusion, the mass, spring, damper parameters can be chosen optimally
for specific tasks. For the tasks that require accuracy, the higher spring coefficient in
the admittance term must be preferred such as in surgical robots. However, increasing

the coefficients of admittance term requires higher force values and it is limited with the
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operating limitations of the user. On the other hand, due to high-energy consumption,
the spring term might be unnecessary for rehabilitation tasks which is another medical

robotic application.
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CHAPTER 4

VISCOELASTIC MODELING OF HUMAN NASAL
TISSUES

The work presented in this Chapter is conducted to model the interaction of the
endoscope with the nasal tissues to be used in the control and simulation tests of an en-
doscopic pituitary tumor robotic surgery system. In the NeuRoboScope project, an en-
doscope is handled by the robot which rotates about a remote center of motion (RCM).
This point is commonly called the pivot point. During the surgery, it is expected that the
endoscope interacts with the nose tip and the nasal concha.

In the next Section, experimental set-up is presented with validation of this mea-
surement system. Then test procedures are defined to acquire measurements from a fresh
frozen human cadaver. In the third Section of this Chapter, parameter estimation tech-

nique is explained and in the final section, results are presented.

4.1. Experimental Set-up

Preparing in-vitro specimen for endoscopic pituitary tumor surgery area is not
straightforward, hence, a new mobile hand-held measurement device is designed (Isitman
et al., 2018). This new design gives an opportunity to acquire the necessary data in an
ex-vivo set-up without disrupting the characteristic motion of the surgery. The soft tissue
is designated to be modeled by using applied moment and angular displacement about
a pivot point since the endoscope will be controlled to perform rotations about a pivot
during the surgery.

In order to acquire force and torque measurements, an ATI MINI45 (ATI Industrial

Automation) force/torque (F/T) sensor is used and specifications are given in Table 4.1.

Table 4.1. ATTI MINI45 Specifications
(Source: ATI, 2018)
Sensing Ranges Resolution

Fo, Fy | F; 1,1, | T Fo, Fy | F. 15, 1, T,
S80N | 1160N | 20 Nm | 20Nm | 1/4N | 1/4N | 1/188 Nm | 1/376 Nm
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For the angular displacement measurements, BNO0O55 (BOSCH Sensortech) iner-
tial measurement unit (IMU) sensor is used which is a 9-axis absolute orientation sensor
with an integrated sensor fusion algorithm. The sensor consists of a 14-bit accelerometer,
a 16-bit gyroscope with i% sensing range and a triaxial geomagnetic sensor.

A KARL STORZ telescope (28731 BWA Hopkins) is used, in order to simulate
the telescope of the endoscopic pituitary tumor surgery. A 3D printed holder is designed
to imitate the real endoscope grasping. A computer-aided drawing of the designed mobile

experimental device is given in Figure 4.1.

Telescope

Figure 4.1. CAD model of the designed measurement device

The calibration of the F/T sensor is tested is carried out applying calibrated force
and moments. The realization of the test is presented in Figure 4.2 and the results is given
in Table 4.2. The test set-up is placed parallel to the ground by using IMU sensor. As
the results show force measurement errors are below 4% and the moment measurement
error is not more than 1.5%. These ranges of errors are evaluated to be acceptable for this

study.

Table 4.2. ATI Mini45 Calibration Validation

Force and Moment Measurement Validation
. Measured | Applied Force Measured Applied Moment
Distance (m) | Mass (kg) Force (N) | Force (N) | Error (%) | Moment (Nm) | Moment (Nm) | Error (%)
0,075 0,02 0,190 0,196 3,058 0,0145 0,0147 1,461
0,075 0,05 0,480 0,490 2,079 0,0363 0,0367 1,325
0,075 0,1 1,02 0,981 3,975 0,0729 0,073 0,917
0,075 0,2 2,01 1,962 2,446 0,1459 0,147 0,849
0,075 0,5 4,901 4,905 0,081 0,363 0,367 1,189
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Figure 4.2. ATI Mini45 Calibration Validation Test Set-up

4.2. Proof of Concept Test for the Use of the New Measurement

Device

Before realizing the human cadaver soft tissue measurements, proof of the mea-
surement concept is tested in the laboratory by designing a robotic test set-up. The aim
of the test is to prove the capability of measuring stiffness by acquiring moment and an-
gular displacement data. In order to validate the IMU sensor measurement, an optical
incremental encoder (AEDA 3300 AT) is mounted to a DC motor (Hitachi DO6D401E).

The IMU angular displacement data is acquired by using an Arduino board and
the data processing is realized in Matlab /Simulink environment at 100 Hz. The raw
quaternion data is used to obtain transformation matrix then the angular displacement 6 is
determined by using following procedure.

At the begining of the validation experiment, tip direction vector v; is defined as
[1 0 0} ! and then vy is calculated by using Equation 4.1 where (' is the transformation
matrix.

vy = O, (4.1)
The angular rotation with respect to the v} is calculated by using Equation 4.2.
0 = cos™ (T x 1) 4.2)

Figure 4.3 represents these vectors and the angular movement around the pivot

point.
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Figure 4.3. Angular displacement of the measurement device around the pivot point

The orientation of the device highly affects the moment measurements due to the
weight of the force/torque sensor since the pivot point is never on the mass center. Gravity
compensation algorithm is used to eliminate gravitational effects. The mass center is
defined as the center of the upper surface of the F/T sensor and center of the gravity

T
(CoQ) of the device is [5,44 0 19] in mm. The weight (W) of the device that affects

the gravitational force is [0 0 1,57} ' in N when the device is placed vertically. At the
beginning of the gravity compensation procedure, the device must be held vertically then
force sensor should be reset from the software of the force sensor. Then, the gravitational
force and related moment can be calculated by using Equation 4.3 where I, and M,
are the calculated force and calculated moment, respectively. In order to simplify the

calculations, the axes of the IMU sensor and the axes of the F/T sensor is aligned in the

assembly.
Fo=CW w3
Me = CoGFy '

The external force and moment measurement can be obtained by subtracting the
calculated f/t from the measured f/t data. This approach is valid for the static conditions
since it also depends on inertial forces. In order to eliminate the inertial force effects,
angular acceleration should be zero, in other words, the device should be rotated with
constant angular velocity.

To actuate the system with a constant velocity in a specific angular displacement
range, a PI velocity controller is designed and implemented in LabView environment.
This controller is realized in 1 kHz by using myRIO (National Instruments) DAQ board.
A tension spring is attached 75 mm away from the center of the motion and its stiffness is

estimated by experiments. The proof of concept test set-up is given in Figure 4.4.
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Figure 4.4. Proof of concept test set-up

The velocity reference input is generated by combining two step function. The
step time of these functions determines the total angular displacement. One of the ref-
erence velocity input profiles is given in Figure 4.5 with the corresponding velocity and

position measurements from the encoder.
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Figure 4.5. Velocity reference input with encoder measurements

In this figure, measured velocity, reference velocity, and measured position is rep-
resented. When the reference input reaches to the zero, controller is closed in order to
protect to system from any undesired movements. As a result of that spring force is able
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to move the device to its initial position. However, stiffness measurements are realized by

considering the loading part of the experiments.
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Figure 4.6. Force torque sensor and IMU measurements

Figure 4.6 shows the moment measurements from F/T sensor and angular dis-
placement measurements from IMU. Table 4.3 presents the results of five stiffness mea-
surements. One of the outcomes of these experiments is the IMU sensor provides quite
similar data to the encoder data; hence, using IMU sensor for the soft tissue tests is accept-
able. The results also show that the designed measurement device is capable to acquire

repeatable stiffness measurements with the 2.14 m/Nm standard deviation.

Table 4.3. Stiffness measurement results

Test No | Encoder (Af) rad | IMU (A#) rad | Moment (mNm) | Stiffness (mNm) | IMU Error %
1 0,15 0,14 10,89 77,23 5,74
2 0,14 0,14 10,46 75,25 3,06
3 0,12 0,12 8,59 72,18 4,03
4 0,13 0,12 8,73 72,68 4,98
5 0,12 0,12 8,57 72,81 2,08

4.3. Stiffness Test on Human Cadaver Tests

Soft tissue experiments are realized in an ex-vivo environment by using freshly
frozen human cadaver’s head. In the Neuroboscope project, the endoscope handled by
the robot is expected to interact with two main parts of the nasal tissue which are the nose

tip and the nasal concha hence, these tissues are investigated.
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The experiments are conducted to define force/moment limits and model the soft
tissue dynamic. In the following sections, these tests are presented along with their results.

For the experiments, human cadaver head is preprepared by following procedure:

e Freshly frozen cadaver head is started to be thawed 48 hours beforehand the tests

are realized

e During the thawing process, thin section tomography images of the cadaver head

are taken with the Siemens Somamtom Perspective device.

e When the tissue became closer to the live tissue strength, the cadaver head is then

fixed with a three-point head clamp (Mayfield, Integra Life Sciences Co., NJ)

4.3.1. Force and Moment Limit Tests

Force and the moment limits are required in order to determine the maximum
range of forces and moments applied by the surgeon during the surgery. Making use of
the results of these experiment, proper actuators can be selected for the project.

The following test is designed to measure the force and moments about two axes
that are applied to the tip of the nose and the schematic representation of the test is given
in Figure 4.7. In this test, the surgeon is asked to hold the device similar to the endoscope
and apply the maximum force that can be applied during the surgery to the tip of the nose

in order to mimic the regular surgery procedure.

Figure 4.7. Nose tip force and moment limits test scheme
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Figure 4.8 shows the five repetitions of the force measurements acquired the tip
of the nose. In the first 50 seconds, the system is calibrated which is necessary for the
gravity compensation algorithm. After that, the surgeon applies force to the tip of the
nose according to his experiences then waits for some time then, releases the applied

force. This process is repeated five times for this test.

Force Measurements
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Figure 4.8. Force measurements of the tip of the nose

The result of test described above is given in Table 4.4. As it can be observed from
the results, maximum force values are measured in trial # 3 and # 5. The corresponding
moments are also presented in the table. As a result, the expected maximum values are
determined as ~ 2N and ~ 0.3Nm for the force F;, and moment M, applied at tip of the
nose. These values are used in the dynamic analysis as required maximum moment and
force to be applied in order to determine the required actuator torque by applying a safety

factor. The dynamic analysis of the system is beyond the scope of this thesis.

Table 4.4. The measured force and moment data from the tip of the nose

Test | Fx (mN) | Fy (mN) | Fz (mN) | Mx (mNm) | My (mNm) | Mz (mNm)
#1 -158,1 1390,5 -472,7 -22,9 40,6 2274
#2 -824.,4 15344 211,0 -27,6 -136,6 280,7
#3 -633,8 1958,3 -135.4 -33,0 -100,0 345,6
#4 1179,6 1718,6 -363,5 -29,8 -82,9 310,6
#5 -456,3 2033,9 -292.9 -33,3 -86,8 353,8

In order to measure friction force during to axial movement of the endoscope,

another test is carried out by the surgeon. In this test, the surgeon is asked to apply force
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to the tip of the nose as the normal force applied to the surface then, move the endoscope

axially inside the nasal cavity and then, wait for a small amount of a time before pulling

it back.

Force Measurements
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Figure 4.9. The frictional force measurements from the tip of the nose

The aforementioned procedure can be observed in the second attempt in Figure

4.9. The axial force, F, is increased while the contact to the tip of the nose remains then,

after a while, axial force is decreased. This test is realized by two surgeons and the results

in given Table 4.5. The maximum axial force due to the friction is highlighted with bold

fonts. This force occurs when the endoscope enter to the nasal cavity when the endoscope

in contact with the pivot point.

Table 4.5. The results of friction force measurements

Surgeon | Test | Fx (mN) | Fy (mN) | Fz (mN) | Mx (mNm) | My (mNm) | Mz (mNm)
#1 -901,2 435,0 1303,1 -5,3 -269,1 69,4
1 #2 | -2186,3 616,7 -63,5 -5,1 -137,9 63,0
#3 | -2525,8 859,5 -2407,7 3,2 2493 98,2
#1 | -3213,6 | -3273,7 -569,3 55,5 72,3 -594,8
2 #2 | -1566,3 399,5 682.,4 -1,1 -108,8 56,8
#3 | -2318,1 -377,3 -1577,3 28,9 276,5 -100,9

The third test is realized in the nasal cavity of the human cadaver instead of the

tip of the nose. In this experiment, the surgeon is asked to apply force to the nasal concha

without contacting the tip of the nose.
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Figure 4.10. Force measurements of the nasal concha
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In Figure 4.10 eight repetitions of the test is presented. In these measurements,

force is applied in different axes on a nasal concha. The obtained results are given in

Table 4.6.
Table 4.6. Nasal concha tissue force and moment measurements
Test | Fx (mN) | Fy (mN) | Fz (mN) | Fr (mN) | Mx (mNm) | My (mNm) | Mz (mNm)
#1 -403,9 | -5063,5 | 1274,6 | 5237,1 90,3 -131,4 -769,3
#2 -338,9 | -2237,5 | -4184,1 | 47569 63,4 8729 -489.,4
#3 -685,0 22147 5841,9 6285,1 34,1 -907,9 -287,8
#4 20,3 93,3 -546,7 554,9 -6,2 170,7 17,8
#5 | -3125,1 1771,6 | 11175,0 | 11738,2 -55,7 -1983,1 386.,9
#6 70,3 125,6 1770,9 1776,7 3,841 -286,7 14,2
#7 | -1382,4 | 2202,0 7494.8 7932,9 -46,0 -1229,0 369,4
#8 | -6220,0 | 13654 -670,3 6403,3 32,194 -130,4 -230,7

During the data acquisition process, surgeons define the applied forces as regular,

maximum acceptable and excessive regarding their experiences with real surgery condi-

tions. This evaluation is given in following.

e # 1 and #2 are a maximum but acceptable forces.

e # 3 and 7 can be defined as a normal force however they do not occur often.

e #4 and # 6 are in a regular force range.
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e # 5 is an excessive force that should not be applied by the endoscope.

e # 8 should be considered as a maximum axial force for the nasal concha.

4.3.2. Soft Tissue Modeling Tests

Soft tissue modeling tests are realized both for nasal concha and the tip of the

nose. These experiments differ from the previous ones by the motion of the endoscope.

4.3.2.1. Tip of The Nose Modeling Tests

In these experiments, the surgeons are asked to hold the device similar to the
endoscope and perform the rotational movement around the predefined pivot point and
compress the tip of the nose with a constant velocity. The pivot point is specified outside

of the body which is presented in Figure 4.11.

/ . A0
AN | Pivot Point

Figure 4.11. The schematic representation of the tip of the nose modeling test

In Figure 4.12, one of the moment and the angular displacement measurements are
presented. The measurements are realized by four different surgeons and the measurement
procedure compounds of three stages which are loading, stable and unloading. In the
parameter estimation process, the first two parts are considered due to reliability of the

data.
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Figure 4.12. Moment and angular displacement measurements from the tip of the nose

In these experiments five different viscoelastic models are considered; Elastic,
Kelvin Voight, Kelvin-Boltzmann, Maxwell and, Hunt-Crossley. The corresponding dy-
namic equations are given in Chapter 2 through Equation 2.3 to 2.7. For these equations,

the parameter estimation process is realized as following steps :

25

1. Each interaction model is developed in Matlab/Simulink environment

The model is developed by using angular position data and the resultant moment

is compared with the measured moment data to obtain the error in the model.

In Figure 4.13, the block diagram of an elastic model is given where the tau is

selected as 0.3 by considering the delay and the noise frequency, in order to provide a

proper low-pass filter and the k., represents the elastic model coefficient.

Measured_Moment

tau.s+1

Angular_pos

tau.s+1

4>~ k_elas

Error

(I

Measured & Modeled
Moment

Figure 4.13. The Simulink model of an elastic tissue model
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In a similar way, the rest of the investigated tissue models are developed in Simulink.
In Figure 4.14, block diagram of Maxwell model is given where, b is the damping coeffi-
cient and oy = —% . In the block diagram avj,y and b is represented as alpha_ MW and

beta MW, respectively.

Measured_Moment 1 ! r_
tau s+l

Angular_Postion

Moment

Figure 4.14. The Simulink model of Maxwell model

Figure 4.15 shows the Kelvin-Voight simulink model where k kv and b_v are the

spring and the damper terms, respectively.

Measured_Moment} 1 >(\ » |:|
tau.s+1 \—

Error

o) B
tau.s+1 Measured & Modeled
Angular_pos ] Moment
1
L du/dt
tau.s+1

Figure 4.15. The Simulink model of Kelvin - Voight tissue model

L

Figure 4.16, shows the Kelvin-Boltzmann model. In this model, oy, = kf-’?/@’
K1k b . .
Brp = k11+,§2 and, 0y, = e In the block digram, gy, Ok, and dyy, is represented as

alpha kb, beta kb and delta kb, respectively.
Lastly, Figure 4.17 presents the simulation model of a non-linear Hunt-Crossley
model. The 3 coefficient is a positive scalar and it ranges between 1.1 and 1.3 for the soft

tissue as denoted in Moreira et al. (2014). In the simulation tests, [ is taken as 1.2.
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Figure 4.16. The Simulink model of Kelvin - Boltzmann tissue model
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Figure 4.17. The Simulink model of Hunt - Crossley tissue model

2. The error function is minimized numerically

The error function is defined as the mean of the squares of error (MSE) and it is
minimized by using fmincon function in Matlab. It is a nonlinear optimization function
which finds a constrained minimum of a scalar function of several variables starting at
an initial estimate. The initial estimations are chosen by some trial - error process and
the lower boundary conditions of the optimization functions are defined as zero due to
obtaining physically realistic results. The mean of the squares of error is given in Equation
4.4 where M; is the modeled moment, M, is the measured moment value and n is the
total data number. N

MSE = "(M; — M,,)’ (4.4)
i=1

Table 4.7 shows the identified parameters for the tip of the nose according to

parameter estimation process. In this table, the unit of spring (k, k1, k2) and damper (b)

Measured & Modeled
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parameters are 22 and
rTa Ta

d

similar with each other for the all four experiments.

, respectively. It can be observed that the parameters are

Table 4.7. Identified Parameters for the Tip of the Nose Models

Experiments
Models #1 #2 #3 #4

ko | 0,455 1,208 0,860 1,363

Kelvin Boltzmann | k; | 0,135 0,375 0,273 0,149
b | 16.270 | 28,457 | 24,695 | 25,105

) ) k| 0,102 0,276 0,202 0,239

Kelvin Voight |1 6900 | 0115 | 0448 | 0,593

Elastic k | 0,103 0,277 0,202 0,247

Maxwell k | 0,589 1,469 1,216 1,243
b | 101,309 | 125,209 | 127,071 | 127,302

Hunt Crossley k | 0,127 0,358 0,308 0,327
A | 15,154 | 15,173 | 15,494 | 15,492

The moment is re-generated in Experiment # 1 by using identified parameters.

The comparison between the measured and the modeled moment is given in Figure 4.18.
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Figure 4.18. The comparison of the measured moment and five tissue models for the tip
of the nose

The graphical representation of these models shows the ability of mimicking the
real tissue dynamics. In order to compare these models quantitatively, root mean squares
of the errors (RMSE) are calculated and compared in Table 4.8 and the minimum RMSE
value received for the model of each experiment is highlighted with bold fonts. In each

experiment, the maximum measured torque is approximately 0.08 Nm.
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It is observed that the Kelvin-Boltzmann model resulted in the minimal errors
in experiments #1,#3, #4 and Hunt-Crossley model has minimal error in experiment #2
which is quite similar with the Kelvin-Boltzmann model. Therefore, Kelvin Boltzman
model, provides more realistic results with respect to the other models for the tip of the

nose.

Table 4.8. RMSE between Measured and Calculated Moments for the Nose Tip Models

RMSE (Nm)
Experiments

Models #1 #2 #3 #4
Kelvin Boltzmann | 0,0036 | 0,0056 | 0,0058 | 0,0051
Kelvin Voight 0,0036 | 0,0057 | 0,0059 | 0,0056
Elastic 0,0036 | 0,0056 | 0,0059 | 0,0058
Maxwell 0,0043 | 0,0069 | 0,0067 | 0,0056
Hunt Crossley 0,0046 | 0,0053 | 0,0060 | 0,0074

The cross-validation of the estimated parameters is realized for each measurement
by using the average of the coefficients which are given in the Table 4.9 with their cal-
culated RMSE. The results meet the expectations since the other studies in the literature
show that the Kelvin-Boltzmann and Hunt-Crossley models have better performance rel-

ative to the others.

Table 4.9. RMSE between Measured and Calculated Force with Average Parameters

of the Nose Tip Models
Experiments
RMSE (Nm)
Models Avg. Coeff. #1 #2 #3 #4
ko 0,972
Kelvin Boltzmann | £, 0,233 0,0216 | 0,0165 | 0,0062 | 0,0111
b 23,631
Kelvin Voight ’Z g’ggi 0,0235 | 0,0156 | 0,0062 | 0,0108
Elastic k 0,207 0,0237 | 0,0155 | 0,0062 | 0,0114
k 1,129
Maxwell b 120.223 0,0217 | 0,0135 | 0,0068 | 0,0099
k 0,280
Hunt Crossley \ 15.328 0,0264 | 0,0132 | 0,0064 | 0,0096




The graphical representation of the cross-validation of experiment #3 is given in
the Figure 4.19.
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Figure 4.19. Cross validation of the experiment # 3 by using average coefficients

4.3.2.2. Nasal Concha Modeling Tests

In the endoscopic pituitary tumor surgery, the tip of the nose is the actual pivot
point and the endoscope is expected to be in contact with this point during the operation.
Hence, surgeons are asked to rotate the device around the tip of the nose and compress
the nasal concha without interacting with pivot point for the nasal concha tissue modeling
test. The schematic representation of the test is given in Figure 4.20. During the test

process, no force applied to the nose tip by the surgeons.

Figure 4.20. The schematic representation of the nasal concha modeling test
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The parameter estimation process is realized by following the same procedure
with the previous one. In this test, five data set is used for the identification. Table
4.10 presents the estimated parameters for each tissue model and results show that the

parameters are similar to each other.

Table 4.10. Identified Parameters for the Nasal Concha Model

Experiments
Models #1 #2 #3 #4 #5

ko | 3,829 3,700 4,198 2,993 1,795

Kelvin Boltzmann | &, | 0,036 0,559 1,033 0,207 0,559
b | 26,357 | 32,038 | 33,878 | 29,029 | 30,979

Kelvin Voight k| 0,575 0,675 0,844 0,419 0,358

b | 0,733 0,236 1,525 1,773 0,517

Elastic k | 0,600 0,679 0,856 0,440 0,370

Maxwell k | 2928 3,440 5,833 2,545 2,632
b | 137,166 | 136,950 | 139,842 | 136,699 | 138,644

Hunt Crossley k | 1,000 1,070 1,586 0,824 0,787
A | 15,038 | 14,990 15,10 15,117 | 15,535

RMSE values of each model are given in Table 4.11 and the minimum-errors
are highlighted by bold fonts. According to this table, Kelvin-Boltzmann has the best
performance in experiment #1, #2, #3 and #4. In experiment #5, the minimum error is

obtained when Hunt-Crossley model is applied.

Table 4.11. RMSE between Measured and Calculated Force for the Nasal Concha

Models
RMSE (Nm)
Experiments

Models #1 #2 #3 #4 #5
Kelvin Boltzmann | 0,0039 | 0,0048 | 0,0034 | 0,0024 | 0,0031
Kelvin Voight 0,0072 | 0,0068 | 0,0035 | 0,0033 | 0,0033
Elastic 0,0075 | 0,0068 | 0,0035 | 0,0036 | 0,0030
Maxwell 0,0068 | 0,0050 | 0,0050 | 0,0036 | 0,0059
Hunt Crossley 0,0128 | 0,0111 | 0,0049 | 0,0050 | 0,0029

The average values of the identified parameters are calculated in order to obtain
approximate tissue model. The cross-validation is realized by using these values. The
RMSE values are given in Table 4.12 and it is observed that Kelvin-Boltzmann model has
the best performance in experiment #1 and #4. In experiment #2 and #5, the minimum
error is observed when Hunt-Crossley model is applied. In contrast to other experiments,

the elastic model has the best performance in experiment #3.
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Table 4.12. RMSE between Measured and Obtained Force with Average Parameters of

the Nasal Concha Models
Experiments
RMSE (Nm)

Models Avg. Coeff. #1 #2 #3 #4 #5
ko 3,303

Kelvin Boltzmann | k; 0,479 0,0157 | 0,0085 | 0,0128 | 0,0055 | 0,0080
b 30,456
) ) k 0,574

Kelvin Voight b 0.957 0,0198 | 0,0114 | 0,0106 | 0,0064 | 0,0072

Elastic k 0,589 0,0206 | 0,0110 | 0,0104 | 0,0066 | 0,0068
k 3,476

Maxwell b 137.860 0,0334 | 0,0111 | 0,0107 | 0,0083 | 0,0098
k 1,054

Hunt Crossley \ 15158 0,0237 | 0,0050 | 0,0117 | 0,0068 | 0,0048

4.4. Conclusions

A remote center of motion kinematics based surgical robot mostly interacts with
the tip of nose and tissue of the nasal concha in the endoscopic pituitary tumor surgery.
The modeling of these interactions results in more precise controller design. A new hand-
held device and the test procedure is designed and the proof-of-concept is realized as it
presented in previous sections. Since the surgeon’s hand motion cannot imitate a pure step
input, the response of soft tissue under compression is considered by moments applied on
it for the evaluation instead of evaluating interaction models by their stress relaxation and
creep behavior.

Consistent results are obtained with relatively small errors and the approximate
tissue models are determined. Since the Kelvin Boltzmann model is a linear model and it
provides accurate results, it can be used for the controller design. In the following chapter,
an impedance controller is designed by using these estimated models and the controller is

experimentally verified.
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CHAPTER 5

CONTROLLER DESIGN FOR ROBOT - TISSUE
INTERACTION

In this chapter, the interaction between the surgical robot and the human nasal tis-
sue is studied and a specialized motion controller is proposed for the endoscopic pituitary
gland surgery case. The controller is tested in both simulation environment and with one
Dof experimental set-up. In the following section, system modeling and controller design
are presented. The simulation results for the predefined teleoperation case is given in the
second section. In the fourth and the fifth sections, the experimental results are presented

and discussed, respectively.

5.1. System Modeling and Controller Design

In order to design a proper controller, it is required to develop a mathematical
model of the actuation system which consists of a DC motor, a brake, and a gearhead.

The specifications of the selected DC motor is given in Table 5.1.

Table 5.1. Specification of Maxon RE25-339150 DC motor
(Source: Maxon, 2018)

Characteristics Value | Unit | Parameter
Torque Constant 11.5 | mNm/A kr
Rotor Inertia 145 | gem? J,
Mechanical Time Constant | 5.62 ms T
Nominal Voltage 12 \" Vn
Nominal Torque 27.5 mNm TN

The free body diagram of the motor is given in Figure 5.1. In this figure, w,,
represents the angular speed and ¢ represents the output angular speed of the gearhead.
The external torque which is generated due to the interaction of the telescope with the

tissue is represented as 7.

Text

S, + B = kit — (Jwa + ngq + Bwa) — N

— 7 (5.1)
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Dynamic equation of the model is given in Equation 5.1 where the .J, is the rotor
inertia, B,, is the viscous friction coefficient of the motor, and £, is the torque constant.

7 represents the torque loss due to the dry friction of the system.

[ Brake I Motor Jﬁh
w

Figure 5.1. Dynamic model of the motor with gearhead and brake

Gear

The relation between the input and the output angular velocity is given in Equation
5.2. The inertia of the base gear which rotates at w,, is given as Jg,,, and Jg4 represents
the inertia of the follower gear which rotates at ¢. Since the gear ratio, N, is 181, the
output angular velocity is relatively small. Therefore, the viscous friction effect of the
follower gear can be neglected. The viscous friction coefficient of the base gear is given

as Ba,,.

w=N§— &= Ni (5.2)

By substituting Equation 5.2 into the Equation 5.1 following equation is obtained
where J* and B* represent the lumped coefficients. In order to experimentally validate
the motor model, the Coulomb friction model is added to the input as a feed forward
component in order to eliminate the nonlinear effects. The torque loss due to the dry

friction is estimated experimentally as 7, = 0.552 m/Nm.

Text

J .
“G9Y 4 N§(B + Bgw) = ki — o

N

NG(J, + Jau + — Ty

(5.3)

To derive the transfer function of the motor, external effects are taken out of the
Equation 5.3 along with the Coulomb friction. By taking the Laplace transformation of
the Equation 5.3, the transfer function between the torque input by the motor ,7 = ki,

and the angular velocity is defined in Equation 5.4.

q(s) 1
(5) ~ N(J's + B 54)

A set of experiments are conducted to obtain the frequency response of the actu-

ation system. As a result of these experiments a Bode plot is computed. From the Bode
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Bode Plot
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Figure 5.2. Frequency response analysis of the system

plot which is given in Figure 5.2, parameters of the transfer function can be obtained by

using Equation 5.5 where the k; is torque constant of the motor.

2
20log(—~=) = 30dB

N B*
B 05m o
J T s

The model parameters are calculated as B* = 2.009 x 10~%[kgm?/s| and J* =
1.913 x 10~5[kgm?.
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Figure 5.3. Model verification of the system

Figure 5.3, represents the model verification by using estimated model parame-
ters. This verification is realized by applying sinusoidal current input to the system with

lrad/s frequency and 0.09A amplitude. The error mostly occurs when the direction of
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the velocity changed. This can be overcome by improving system identification procedure
such as increasing the measured data points.

The NeuRoboScope robot has a real-time teleoperation control capability which
is composed of a wearable ring system that captures and transmits voluntary hand mo-
tions of the surgeon over a wireless connection to a slave system. Accordingly, the slave
system processes the received data to generate velocity demands for the robot endoscope
controller. The simplified block diagram of the motion controller is presented in Figure
5.4 where w,, 0,, and 6,, are the velocity reference, generated position reference, and
the measured position, respectively. GG, represents the transfer function of the controller,
G, represents the transfer function of the plant which is defined in Equation 5.4. This
controller diagram represents the pure position controller, however, different scenarios
requires modification on this controller. The different cases will be defined in next sec-

tion.

—%@)—{Gc(s) > G(s)| {1
Ol

Figure 5.4. Block diagram of the position control algorithm

G. is selected as a PD controller and the gains are obtained by using the root locus
method. The open loop transfer function of the controlled system is given in Equation 5.6
where 2, p, K, and K, represents the zeros and poles of the open loop transfer function,

proportional gain and the derivative gain, respectively.

K + KdS
Go(s) = -
(5) N(J*s? 4 B*s)
Z:_?Zv =0, p2:_?:105

The controller’s performance criteria are defined by considering the capability of
the DC motor. These performance criteria are given in Equation 5.7 where the mechanical

time constant, 7, 1S 5.62ms.

T —dsr = 20023 sec
Cun (5.7)

¢ =0.707, Cw, = 177.94 rad/s
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The s-plane with open loop poles and the zero are given in Figure 5.5 along with
the desired pole location s; which is calculated according to the Equation 5.7. By using
the angle and magnitude conditions of the root locus method, placement of the zero is
calculated as 178.47 and the controller gains are calculated as K, = 21.77 and K; =
0.122.

jw
Sq A
etk 177.94
‘I’ : IS \\"‘-.*.‘_QSO
: C . x \T 0
z 177.94 1.05

Figure 5.5. Desired pole location for PD controller

Steady state error for the designed PD controller is calculated with respect to
Equation 5.8 where E(s) is the error transfer function. In NeuRoboScope, velocity de-
mand is provided by the surgeon at 100 Hz sampling rate however, the controller works
at higher frequencies. The reference input can be defined as a step change, therefore, the

generated position reference introduced to the controller is a ramp input.

1 N(J*s* + B*s)
E(s) = = 5.8
&) =17 T NI B+ K, + Kgs (5:8)
For a unit step input, steady state error goes to the zero.
) 1
ess = lim(sE(s)—) =0 (5.9)

s—0 S

For a unit ramp input steady state error approaches to a constant value which

depends on the proportional gain.

) 1 NB*
Css = }sli%(SE(S)E) =K, (5.10)

For calculated controller gains the steady state error is e,, = 1.67 x 10™° rad
which is an acceptable error value.
In order to develop and test the interaction control, a single DoF experimental

setup designed. The components of the experimental set-up are presented in Figure 5.6.
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Gear Torque Sensor

Figure 5.6. The CAD model of the experimental set-up

To mimic the motion of the endoscope, a DC motor (Maxon RE25-339155) with
the planetary gearhead (Maxon GP26A) and a brake (Maxon Brake AB28) is assembled
into the system. A reaction type torque sensor (Futek TFF400) is used in order to measure
the applied external torque due to the interaction with the specimen. The angular position
is measured by using an optical quadrature encoder (AEDA-3300AT). The part called as
telescope simulates the actual telescope that is used during the surgery. For running the
controller and the data acquisition purposes, MyRIO DAQ board is used combined with
the Labview programming environment.

The torque sensor is calibrated by applying predefined moment values with using
calibrated weights. The results are given in Table 5.2. The maximum error value is below
the 2% since the maximum range of the sensor is 1.23 Nm, this error is found acceptable

for this experiment.

Table 5.2. Futek TFF400 Torque Sensor Calibration Validation

Mass(g) | Applied Moment (Nm) | Measured Moment (Nm) | Error (%)
20 0,0108 0,0107 0,8307
50 0,0271 0,0271 0,0004
70 0,0379 0,0375 1,1601
100 0,0542 0,0546 0,7375

200 0,1084 0,1097 1,1987
500 0,2710 0,2703 0,2587
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5.2. The Case Study

The control scenario of the teleoperation control of the endoscope holder robot
starts by receiving the velocity demand. Surgeon starts to generate velocity demand by
pressing the foot pedal, then by using wearable ring system the voluntary hand motions
are captured and transmitted to the slave system via a wireless connection. The NeuRo-
boScope system’s endoscope holder robot contains DC motors with gearhead and break.
The breaks are used to increase the safety in case of an emergency such as a power cut.
When the surgeon does not want to move the endoscope or already reached the exter-
nal torque limit due to the robot tissue interaction, the breaks are activated to restrict the
motion.

Since the NeuRoboScope robot is a non-backdrivable system with a relatively
high reduction ratio due to its gear-head(1:181) and the additional capstan drive(1:5),
external torque has a very small effect on the system, hence, pure position control can be
implemented. However, for direct drive systems, position control should be modified to

reduce the effects of external torque.
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l force to the environment ?

Figure 5.7. Flowchart of the controller for the surgical scenario

Figure 5.7, represents the flowchart of the control algorithm for both non back-

drivable and backdrivable cases. Although the external torque has no significant effects
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on the non backdrivable system, the existence of the break and a torque limit requires an
application based modifications, therefore, this flowchart presents the overall procedure.
The procedure starts with the motion demand from the surgeon by pressing to the
foot pedal. Then the controller is activated and the brakes are released. If the interac-
tion torque does not reach to the limit value, then the motion control continues during the
surgeon’s demand. If the interaction occurs and the torque reaches to the limit and the
surgeon still demands to move the endoscope through soft tissue then the brakes are acti-
vated and the motion is restricted. If the surgeon demands to move the endoscope outside

to the soft tissue then the brakes are released and the control is activated again.

5.3. Simulations and Experimental Results

The performance of the proposed controller is evaluated by using the model built
by using SimMechanics blocks within Matlab Simulink simulation environment. In ad-
dition to that, since the non-backdrivable system’s actuation system is readily available,

controllers are experimentally tested in a one DoF test set-up.

5.3.1. Non-Backdrivable Case

For the non-back drivable systems such as the NeuRoboScope robot, a pure po-
sition controller, and the impedance controller can be applied due to the aforementioned

surgical scenario.

5.3.1.1. Pure Position Control

When there is more than one DoF in a robotic system and the speed reduction ratio
is high enough, for a common control method is the independent joint controller. In this
controller, each joint is controlled by a motion control algorithm disregarding the effects
of other joints’ motion. This effect of other joints’ motion can be regarded as external
force. This external force effect on the joint reduces with the square of the reduction ratio
as shown in Equation 5.3.

The corresponding controller is represented in Figure 5.8 where 6, and Ky are

the position and the stiffness of the environment, respectively. This control algorithm is
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tested in both simulation environment and experimental set-up.

BETRCEN i e
ot J

Figure 5.8. Block diagram of position controller in a constrained environment

The model of the DC motor, which is modeled in the previous section, is con-
structed in simulation environment and a PD controller is implemented for the position
control. A step velocity reference is applied to the system via joystick and a button is
used to mimic the foot pedal. By integrating the velocity input, w,, position reference is
generated. In order to obtain external torque,.,;, value due to the interaction with the soft
tissue, a soft tissue model is implemented. Kelvin-Boltzmann model of the human nasal
concha is used in simulations. The information flow between the system components is

given in following figure where w is the control input.

u —— 6,

w » > :
r System Environment
—>| Controller I\:'odei Model
 J

Text

O

Figure 5.9. Simulation information flow

In Figure 5.10 simulation results are presented. At the beginning of the simulation
break is on, which means motion is restricted, then the pedal is pressed and the break
goes into the off state then the motor starts to follow the reference. When the position of
the system reaches 0.5rad, telescope starts to interact with the soft tissue and the external
torque starts to increase. Then the pedal is released before the reaching torque limit which
is 0.4Nm.

In situation 1, which is presented with a vertical dashed line, the break is released
but the position of the telescope did not change. This shows that controller can com-
pensate for the effects of the external torque thanks to its non-backdrivable composition.

In situation 2, external torque reaches limit and the system is locked by activating the
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break even though the reference value is increased. In situation 3, the direction of the
velocity demand is changed hence the break is released. Simultaneously, reference value
is pullback to the measured position in order to prevent higher control inputs due to the

increased error value.
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Figure 5.10. Simulation results of the pure position controller

Pure position controller and the proposed algorithm is also experimentally tested

by using the experimental set-up which is shown in Figure 5.11.

Figure 5.11. Experimental set-up with a silicone specimen
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The velocity input is provided by using an analog joystick. Since the encoder is an
incremental type, the initial position should be defined. To realize this homing process,
a limit switch is attached to the system. In addition to that, to eliminate the nonlinear
effect of the gravity due to the weight of the telescope, a gravitational term is added to the
system.

The experimental results are presented in Figure 5.12. In situations, 1 and 2, tele-
scope reached the interaction torque limit (0.1/Nm) and the brake is activated. Similar
behavior can be observed in situations 4 and 5 with the 0.3Nm and 0.01 Nm torque lim-
its, respectively. In situation 3, the brake is activated externally, therefore the motion is
restricted and reference signal starts to increase. When the brake is released the reference

signal is set to the measured position to prevent undesired movements.
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Figure 5.12. Experimental results of the pure position control

5.3.1.2. Impedance Control

By applying impedance controller, the dynamics of the interaction can be con-
trolled by relating external torque acting on the telescope with its’ velocity.

As in the previous controller case, velocity is the reference input, however, in order
to design proper impedance controller, controller scheme of the pure position controller
can be modified as in Figure 5.13, where the desired external torque, 7}, is defined as zero

and the reference position input is considered as a disturbance. This approach allows to
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Figure 5.13. Block diagram of the impedance controller

simplify the block diagram and selecting the impedance term’s parameters. In this figure,
Gi(s) is the transfer function of the impedance term, K is the environment model which
is estimated as an elastic model of the nasal concha in Chapter 4. In order to simplify
the controller design process, the elastic model is selected instead of Kelvin-Boltzmann
model. T'(s) and H(s) are the transfer functions of the encoder and the torque sensor,
respectively. It is assumed that these sensors work much faster than the mechanical parts,
therefore, the values of them are taken as 1.

Block diagram reduction is realized to obtain open loop poles and zeros. Impedance
term is selected as Maxwell model and the corresponding transfer function is given in
Equation 5.11 where the damping and spring terms are represented as b and k, respec-
tively.

bs + k
Gl = s

The overall open loop transfer function, G, (s), of the presented controller is given

(5.11)

in Equation 5.12.

Oé*Sz—l-ﬁ*S—F’}/*

Gn(s) = Jis3 + Bis2 4+ (Otg
ot = K bK,, B = KpKeb+ Kok K. (5.12)
v =K, kK., Jt = kbJ

B* = kbB + kbK,;,  C* = kbK, + K kb
Parameters of the impedance controller can be selected by root locus method in
accordance with the design criteria which are damping ratio ¢ and the desired natural
frequency. The inner loop of the controller should be faster than the outer loop, therefore,
the upper limit of the w,, for the designed controller should be the natural frequency of the

inner position controller which is 251.68 rad/s. For that reason, impedance parameters
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define the dominant poles.
In order to plot the root-locus graph for investigating the effect of impedance pa-
rameters, the open-loop transfer function needs to be re-organized. In Equation 5.13, the

re-organized TF is given for the £ as an open loop gain.

1 Ko K.s® + b K
TF = (- bEales” + bIyKes (5.13)

k) Jbs? + (bB 4+ bKy)s? + (KqK. + 0K, + bK,)s + K, K,
When the damping parameter, b, is selected as 0.5 Nm.s/rad, the root-locus plot

is obtained as following Figure 5.14. It can be observed from the figure, the position
controller related poles are much more far to the left from the other pole which is the
dominant pole.

jw
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% 0 y o
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Figure 5.14. Root locus plot of the re-organized openloop transfer function

In order the simplify the calculations, the transfer function of the inner loop can be
assumed as 1, then it is possible to investigate the effect of the impedance term alone. In

Equation 5.14, re-organized open loop transfer function of the impedance term is given.

1\ bK.s
Goi = <E) bs + K, (5.14)

The corresponding root locus plot is represented in Figure 5.15. For different

frequencies, different £ values can be obtained. The pole is located by defining b = 0.5
then, the gain can be found as 0.3 where the frequency is 1 rad/s. Therefore, k parameter
is calculated as 3.33 Nm/rad.
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Figure 5.15. Root locus plot of the re-organized openloop transfer function of the
impedance term

The simulation results for the impedance control is given in Figure 5.16. In sit-
uation 1, the interaction is started then, the external torque started to the increase. Since
the impedance control regulates the position reference, the external torque settles at some
point and the no more interaction is possible into the tissue. This behavior can be ob-
served in the position graph. Even though an increased position input is generated due
to the step velocity demand by the surgeon, this position reference is absorbed by the
impedance term. Because of this reason, the measured position and the reference position

lines are coincident in the graph.
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Figure 5.16. Simulation results of the impedance controller

In situation 2, the brake is triggered externally and the position is kept constant
until to the situation 3. After that point brake is released and endoscope started to move
slowly without giving the velocity reference. Even though this behavior generates un-

desired movement, it can be regulated by adjusting different impedance parameters. In
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addition to that, this behavior can be occurred when the foot pedal is pressed but there is
no velocity input from the surgeon, which is not a common case.

In situation 4, the same procedure is followed, but this time when the brake is
released the velocity reference is given to the endoscope through the outside of the soft
tissue. As is it can be observed from the torque graph, the external torque vanishes faster.
This behavior does not introduce a safety problem to the procedure.

Impedance control is also tested experimentally. In these experiments, impedance
term is defined as a mass-damper term and the corresponding transfer function is given in

Equation 5.15.
1

Cionpy = ——5——
P2 ms? + bs

(5.15)

The open-loop transfer function is re-organized to define damper parameter as

an open loop gain which is given in Equation 5.16 where the K's is the model of the

1\ ms?+ Ks
Goimp, = (g) e (5.16)

In the experiment, a silicone specimen is used to mimic the soft tissue. In order

environment.

to model the specimen, the interaction is realized by using experimental set-up. The
telescope is penetrated to the specimen as 0.1 rad by implementing position control. The
external torque is measured by using torque sensor. The obtained results are given in
Figure 5.17. The elastic model of the silicone is estimated as Ky = 1.018 Nm/rad by

following the estimation procedure in Chapter 4.
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Figure 5.17. Angular position and measure torque from the specimen

The effect of the damping parameter can be observed from the root locus plot

which is represented in Figure 5.18.
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Figure 5.18. Root locus plot of the reorganized mass-damper impedance term

In this figure, mass parameter as selected as m = 0.005 kg and 2 different damper
gain is selected as b; = 0.03 Nms/rad and by = 0.5 Nms/rad to observe the effect of
the damping ratio (¢).

The experimental results of the impedance controller are represented in Figure
5.19. In situation 1, the interaction is started and the torque is increased. The differ-
ence between the reference position and the measured position is compensated by the
impedance term. Therefore, the interaction torque has reached to a limit value. Due to

the selected damping gain, a damped oscillation is observed when the interaction has

occurred.
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Figure 5.19. Experimental results of the impedance controller

In situation 2, the interaction occurred but this time the damper term b5 is used.
With this new parameter, the controller moves the endoscope to penetrate the tissue with-

out any oscillation. However, the applied torque value is increased. This dynamic be-
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havior can be arranged by defining mass and damper values by considering the effects
of the ¢ and the applied torque limit. In situation 3, the velocity reference is set to zero,
consequently the endoscope started to move out slowly from the tissue.

The difference between the reference position and the measured position is in-
creased due to the integral effect of the impedance term. This difference is not the error
of the controller, it is compensated by the impedance term. The actual input from the
surgeon is the velocity and the position is generated in the controller algorithm. There-
fore, the controller is capable of following the reference velocity even though position

difference is increased.

5.3.2. Backdrivable Case

The surgical scenario can be realized by using a back-drivable system, however,
in these systems, external torque applied on the robot has a much more powerful effect on
the controller. Therefore, pure position control scheme has to be modified to a constrained

motion controller.

5.3.2.1. Constrained Motion Control

The main purpose of the constrained motion control is rejecting the effect of the
external torque due to the interaction with the soft tissue. This can be archived in two
ways. Firstly, as an ideal case, external torque can be estimated by using proper torque
sensor then adding it to the control input, pure position control can be achieved. Another
way to eliminate this effect is by converting the measured external torque to the position
data by adding another transfer function to the controller. Figure 5.20, represents the
constrained motion control with two cases.

T term with the dashed line represents the first case of constrained motion. This
controller requires a good torque sensor in terms of sensitivity, repeatability, and resolu-
tion. Since this data is added to the control input, the measurement errors due to noise
will be amplified by the actuator. So, it might be necessary to use a filter. Simulations are
carried out to test this controller. In these simulations, the proposed surgical scenario is
followed. The DC motor is modeled without the gearhead. The torque sensor which is
used in experimental set-up has some noise due to analog measurements. In the simula-

tions, this noise is considered as white noise with the amplitude of 4 m /Nm which is the
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observed value from the sensor.

Figure 5.20. Constrained motion controller algorithm with two possible ways

Figure 5.21, represents the result of a simulation for the case of a pure position
controller on the back drivable system. The experiment is started with the constant ve-
locity reference. In situation 1 which is highlighted with the vertical dashed line, the
interaction is initiated. The noisy torque value started to increase until situation 2. At this
point, velocity reference is set to zero without activating the brakes. In the situation 3,
the brake is triggered externally. In situation 4, the brake is released therefore, the applied
torque is dropped to the zero immediately. This is a result of the external torque which has
a more powerful effect with respect to the non-back drivable case. Similar behavior can
be observed at the 14" second in the figure. This is an undesired behavior in the surgical

procedure, therefore, it should be compensated.
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Figure 5.21. Simulation results of the pure position controller for the backdrivable case
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Figure 5.22. Simulation results of the constrained motion controller with adding distur-
bance

Figure 5.22 shows the result of the constrained motion control. In this simulation
effect of the external torque is compensated by adding the noisy torque data to the control
input. The procedure is kept same as the previous one in situations 1 and 2. The effect of
the compensation can be observed in situation 3. Even though the break was released, the
position of the telescope did not change immediately.

The second method of the constrained motion is represented in Figure 5.20 by
adding the transfer function, GG (s), to the controller. This allows to regulate the external
torque value. The difference of this method from the previous one is that the obtained
position data enters to the PD controller. By defining the G (s) as the reciprocal of the
PD controller which is the special case of the impedance controller, a similar result can
be obtained.

In Figure 5.23, simulation results of the constrained motion controller with po-
sition regulation are presented. Between the situations 1 and 2, the brake was activated
externally. When the brake released, the position of the telescope did not change. The
similar behavior can be observed between the situations 3 and 4. In situation 3, the torque
had reached to the limit therefore the brake was activated. Since the torque data has noise
on it, the state of the brake is changed rapidly between the seconds 16 and 17. Although
it has no noticeable effect on the position, it can be harmful to the brake system. The

possible solution might be applying a proper filter for the torque data.
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Figure 5.23. Simulation results of the constrained motion controller with position regu-
lation

5.4. Conclusions and Discussions

In the robotic pituitary gland surgery, the surgeon provides velocity demand by
using wearable ring system and a foot pedal. When the pedal is pressed system allows
the surgeon to provide a reference data and the endoscope is move by the robot inside
the human nasal cavity. The robot has to comply with the environment in order not to
apply excessive forces to the tissue surrounding the endoscope. Therefore, the motion is
constrained by these tissues. When the pedal is released the brakes are activated and the
motion is restricted. This teleoperation scenario requires an application based controller
design. In the scope of this Chapter, a control algorithm is proposed for the NeuRobo-
Scope project’s endoscope holder robot and in addition, this algorithm is extended for the
back-drivable case.

The proposed control scenario is tested in both simulation environment and via an
experimental set-up. The actuation system is modeled in order to design a proper posi-
tion controller. This position controller is modified for non-backdrivable and backdriv-
able cases. For the non-backdrivable case, a pure position controller and an impedance
controller are implemented and tested. For the backdrivable case, a constrained motion
algorithm is implemented and tested.

The test results show that a proper controller should be chosen by considering
the application and the system type in terms of backdrivability. In NeuRoboScope case,
the pure position controller can be used due to the high reduction ratio of the gears used

in the actuation system (1:905). However, external torque limit has to be considered.
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For the human nasal cavity, these torque limits are identified in Chapter 4. Therefore,
the external torque has to be measured in order to activate the brakes to constrain the
extensive application of forces to the soft tissue. This controller allows the control of the
position without being affected by the external torques due to the interaction with the soft
tissue. The safety of the procedure can be achieved by activating the brakes when the
torque reaches the limit.

If the application requires to control the dynamics between the robot and the soft
tissue, impedance control can be applied. By defining different impedance terms, the
desired impedance can be realized. By using the environment model, proper impedance
terms can be selected in terms of oscillation and external torque limits. Using different
environment models may add more poles and zeros to the system’s transfer function. In
order to simplify the calculations, only the elastic model is considered for the tissue and
specimen model. This controller also requires a torque sensor, however by controlling the
dynamics of the interaction, torque limit validation can be avoided without activating the
brakes.

For the backdrivable systems, the pure position controller cannot be implemented
due to the increased effects of the external torque. Therefore, constrained motion control
can be implemented in order to eliminate the effect of external torque. This can be realized
in two ways. Firstly, the external torque can be measured and added to the control output
as a disturbance. This first method calls for a precise and noise-free torque measurement.
The second way of the eliminating effects of external torque is adding the measured ex-
ternal torque to the position data by multiplying with a transfer function. By defining
this transfer function as the reciprocal of the position controller, the external torque can
be eliminated which is a special case of an impedance controller. This controller also
requires torque measurements. However, measurements noise can be compensated by

modifying the transfer function.
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CHAPTER 6

CONCLUSIONS

In the scope of the thesis, compliant control of the NeuRoboScope project’s en-
doscope holder robot is studied to be employed in a robotic endoscopic pituitary gland
surgery. Controlling the interaction of the robot is investigated in two separate parts.
First, the interaction between the robot and surgeon is considered by designing an ad-
mittance controller. The contribution of this part of the study to the literature is that the
effects of the admittance terms are presented quantitatively.

In the second part, the interaction between the robot and a patient is considered.
One of the important contribution of this part to the literature is identifying the viscoelas-
tic model of the human cadaver nasal concha. In addition to that, force and torque values
applied to the soft tissue during the surgery are obtained for this specific surgical pro-
cedure. Making use of these outcomes, several compliant controllers are implemented
and tested for the defined control scenario. Results show that it is possible to regulate
the robot-soft tissue interaction for safety purposes while controlling the motion of the
endoscope by using an adequate force/torque sensor.

As a future work, compliant control algorithms can be tested by different environ-
mental models for a multi DoF system by considering the different robot kinematics. In
addition to that, the commercial F/T sensors are not compatible with the surgical case,
therefore, it is possible to implement F/T observers to measure the external force and

torques or application based specialized sensor can be developed.
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