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ABSTRACT

Percutaneous needle operations need precise positioning in order to collect samples
for diagnosis. Due to their robustness, accuracy robotic systems started to take
place in medical procedures. Research that have been done until today showed that
the robotic systems increase the accuracy of the medical interventions. This thesis
presents the design and modeling of a 5DOF parallel robot that is used to conduct
biopsies on human bodies, mostly focusing on the abdominal region. Ozyegin Biopsy
Robot (OBR) consists of 3 stages; front stage, back stage and syringe mechanism.
Front stage has 2-DOF and was designed to orient the needle and it serves as a guid-
ance during needle insertion. Back stage has 3-DOF and duty of the back stage is
to control the orientation of the needle and to perform the needle insertion. Syringe
mechanism was designed to collect samples from body after the needle insertion. Nec-
essary workspace and torque analyses were conducted in order to design the robot.
Kinematic calculations were performed to find accurate needle tip position. Dynamic
equations of motion were derived and system identification was performed on the
robot to find the dynamics of system. With the calibration procedures, needle tip
accuracy was aimed to be increased. For creating robust and accurate controllers,
gravity compensation and friction modeling were implemented on the robot. Three
different controller were created; PID controller, pole placement controller and torque
computed controller. Results showed that torque computed controller reaches sub-

milimeter needle tip accuracy and was verified as a robust controller for the system.
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OZETCE

Deri altina uygulanan igneli miidahaleler teshis i¢in kesin pozisyonlamaya ihtiyag duy-
maktadir. Giirbtizliikleri ve dogruluklar: sayesinde robotik sistemler medical uygula-
malarda yer edinmeye basglamigtir. Yapilan arastirmalar robotik sistemlerin medikal
miidahalelerin dogrulugunu arttirdigini gostermektedir. Bu tez de insanlar tizerinde
biyopsi yapabilecek 5 serbestlik dereceli bir robotun tasarimini ve modellenmesini
icermektedir. Ozyegin Biyopsi Robotu (OBR) 3 ana boliimden olusmaktadir; 6n
taraf, arka taraf ve igne mekanizmasi. On taraf 2 serbestlik derecesine sahiptir. On
taraf ignenin yoniinii kontrol etmek ve igne sokumu sirasinda igneyi yonlendirmek
i¢in dizayn edilmistir. Arka taraf 3 serbestlik derecesine sahip olup igne yoniinii kon-
trol etmek ve igneyi viicuda sokabilmek icin tasarlanmistir. Igne mekanizmasi da
igne sokumu sonrasinda numune alimi i¢in olugturulmusgtur. Tasarim esnasinda robo-
tun insan tizerinde biyopsu yapabilmesi icin yeterli ¢aligma alani ve tork analizleri
yapilmigtir. Dogru igne ucu pozisyonunun bulunmasi i¢in kinematik hesaplamalar
uygulanmigtir. Sistem dinamiklerinin anlagilmasi i¢in dinamik hareket denklemleri
hesaplanmig ayni zamanda robot tizerinde sistem tanimlamasi gerceklestirilmigtir.
Kalibrasyon yontemleri ile igne ucu pozisyonunun dogrulugunun arttirilmasi hede-
flenmistir. Giirbiiz denetleyici yaratabilmek i¢in robot tizerinde yercekimi dengelemesi
ve stirtiinme modellemesi uygulanmigtir. Robot tlizerinde denenmek tizere ii¢ farkh
denetleyici tasarlanmistir; Oransal-Tiirevsel-Integral denetleyici, kutup yerlestirmeli
denetleyici ve hesaplamali tork denetleyici. Sonuglar hesaplamali tork denetleyicinin
milimetrenin altinda igne ucu dogruluguna ulagabildigini gostermis ve denetleyicinin

sistem icin giirbiiz bir denetleyici oldugunu ispatlamistir.
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CHAPTER 1

INTRODUCTION

Percutaneous needle operations, such as biopsy, are performed to collect samples from
critical sample locations such as tumors, organs and glands to observe the existence,
extent and origin of a disease. Collected samples are important for the diagnostics,
hence the samples must be collected from the exact place of the tumor or the anomaly
for further analysis. Nowadays, percutaneous needle operations are performed by
hand under the surveillance of a doctor with or without image guidance. Without
image guidance, place of the anomaly is sensed by hand by the doctor and operation
is performed according to sense of the doctor without any image feedback inside
the body. As finding the location of the anomaly depends on the human sense,
these operations are only conducted where the anomaly is near skin region. For
image guidance during percutaneous needle operations; Magnetic Resonance (MR),
Computed Tomography (CT) or Ultrasound (US) are widely preferred system. Target
position is detected from medical images and needle is inserted by hand to reach
the target position. During insertion, medical images give feedback to the doctor
about where the needle tip is inside the body and it is used to reach the position of
anomaly accurately. The challenge of the operation is to take enough samples with
least number of trials to prevent damage to the healthy tissue. As the complexity
of the task increases, need for more robust and high precision systems to fulfill the
task also increases. Accuracy, robustness and precision of robotic systems provide
a new research area under percutaneous needle operations. Using robotic systems,
full-autonomous or half-autonomous system were designed and proved high precision

and accuracy during percutaneous needle operations.



This thesis presents design and modeling of a 5-DOF robotic system that is capable
of conducting biopsies on human bodies. The robot presented here was named as
Ozyegin Biopsy Robot(OBR). The aim of the thesis is to develop a full-autonomous
robotic system that is able to insert the needle to the body and to reach a target
position inside the body. System is designed for multi-purpose biopsy procedures,
mostly focusing on the abdominal region. With a given target position where the
anomaly is detected, robot can position itself with a desired attitude. Needle insertion
is performed by the robot autonomously. With minor changes at the end-effector,
drug delivery procedures could also be applied.

Ozyegin Biopsy Robot (OBR) that is represented in this thesis will be the base of
a 2D ultrasound image guided robotic system which will conduct biopsies on humans
(Figure 1). General idea is to find target tissue inside body using ultrasound images
and guide the robot through the target position. In order to do that a robotic arm will
position the ultrasound probe on the human body. Images from the ultrasound will be
evaluated and the target tissue position will be located. The robot will position itself
to insert the needle to reach the target position. During the insertion, the needle will
be tracked through the ultrasound images and the needle tip position will be feedback
to the robot in order to increase target reach accuracy. The purpose is to conduct
biopsies fully autonomous.

Ozyegin Biopsy Robot (OBR) is a 60% scaled up version of Small Animal Biopsy
Robot (SABiR) with necessary improvements to gain capability of performing biopsies
on humans [1]. Design structure of the two robot show similarities as both robots
have 5-DOF. The main difference between the robots are their aim of use. SABiR
was designed to conduct biopsies on small animals. On the other hand, OBR was
designed to conduct biopsies on human bodies.

Contribution of this thesis is the design of a robot that can conduct biopsies on hu-

man bodies, especially on the abdominal region. Workspace analysis were performed



Figure 1: System consists of the Ozyegin Biopsy Robot (OBR) and an Ultrasound
machine

during design process for the robot to have at least workspace of 50 cm cube that
will cover the abdominal region. For the back stage gravity compensation, rhombus
structure of the back stage was simplified into one bar mechanism. Simplified mecha-
nism generates more robust results and the robot were able to hold its position while
canceling gravity effects on the robot. Friction on each joint were inspected with a
disturbance observer. Friction models for each joint were created using disturbance
observer data and tested on each joint. Therefore, friction models of the system were
improved into a more robust model. Torque computed controller was implemented on
the robot. The reason of choosing a torque computed controller was to decrease the
effort of controller on the system and to reach submilimeter accuracy. Results showed
that torque computed controller reached submilimeter needle tip accuracy and it is
verified as a robust controller for the system.

This thesis consists of seven chapters. Chapter I presents problem statement
and the solution that is provided to the necessity of high precision systems during
percutaneous needle operations. Chapter II discusses the research that have been
done on robotic assisted percutaneous needle interventions. Design procedures and

design of the robot is provided in Chapter III. Chapter IV explains the kinematics



and dynamics of Ozyegin Biopsy Robot. Calibration procedures and modeling of
the robot is discussed on Chapter V. Chapter VI describes the control architectures
implemented on the robot and presents the results of controllers. Finally, Chapter

VII concludes the thesis by summarizing the work done and comparing the results.



CHAPTER 11

BACKGROUND

For surgical tasks, robots are developed using two control methods; teleoperation
and autonomous operations. These systems use Magnetic Resonance (MR), Com-
puted Tomography (CT), or Ultrasound (US) imaging for the target positioning. For
teleoperation, robots are controlled by doctors during medical procedures. On the
other hand, for autonomous systems, robots function by itself under the surveillance
of doctors. Main purpose of these systems is to increase accuracy and reliability of
the needle operations. As these systems were designed to conduct medical operations
on different body parts and organisms such as lung [2]-[3], kidney [4], breast [5]-[6]-
[7]-[8], brain [9]-[10]-[11] and small animals [12]-[13]-[14]-[1]-[15]; they had different
design requirements and have custom designs to meet the requirements of specific
tasks.

Among these custom developed medical robotic systems, a needle insertion device
which has 4 degree of freedom (DOF) with five chains systems was developed by
Chung et al. [12]. System has a singularity-free design. Goffin et al. [13] developed
another system for needle operations on small animals, with 6 DOF. Mechanism
consist uCT and stereo camera systems for the positioning, after pCT imaging, biopsy
is performed on the stabilized animal with using stereo camera guidance. After this
two staged imaging system, they achieve 0.17 & 0.091mm in x direction and 0.13 =+
0.093mm in z direction mean positioning error. Another small animal biopsy robot
is developed by Huang et al. [14] different than Goffin et al. The design of the
robot is compatible with MRI. Robot was developed with mounting syringe fixture to

CAST-PRO II robot arm (SONY Electronics Inc.), robot has reached to 0.05 £ 0.39



mm positioning accuracy. Another custom made robot with 5-DOF was designed by
Bebek et al. [1] to conduct biopsy on small animals. System has a bandwidth of 4
Hz and reached needle tip accuracy of 0.4 mm RMS. Waspe et al. [15] developed a
robotic system that will be used small animal biopy procedures with image-guidance.
Robot has 3-DOF, 2-DOF for needle orientation(pitch and roll) and 1-DOF for needle
insertion. Experiments proved that the system reached positioning accuracy of 54 +
12pm and 91 4+ 21um in pitch and roll axes, respectively.

Yang et al. [6] developed a breast biopsy robot which is actuated pneumatically
and use MRI imaging. Robot is parallel mechanism with 4 DOF. Tanaiutchawoot et
al. [5] designed a passive robotic needle holder based on breast features for breast
biopsy. System has 5 DOF and uses real time optical tracking system for position-
ing. Another breast biopsy mechanism was designed by Nelson et al.[7]. A 6-DOF
articulated arm was integrated into system to reach desired position and to conduct
biopsy. Finding target location and image guidance are performed by ultrasound vol-
ume image data. Moon et al. [2] designed a parallel mechanism to correct possible
misalignment caused by the property of the skin the needle insertion for lung biopsy.
Also Moon et al. [16] designed another system for a complex situation, in which the
needle tip is bended because of the skin’s stiffness. This two DOF system prevents
the needle slippery.

Zaidi et al. [9] developed an MRI compatible robot to perform needle interventions
such as biopsy and brachytherapy for neurosurgery procedures. System consist of
5-DOF; first 3-DOF is a Delta parallel manipulator to control positioning of the
robot and last 2-DOF is rotational serial manipulator to control the orientation of
the needle. Another MRI compatible image-guided robot for percutaneous needle
operations was designed by Melzer et al. [11]. Robot has 5-DOF and it is attached to
a 2-DOF bed to manage preorientation. During experiments, robot reached precision

in axial side of £ Imm and accuracy of angle in transverse plane of + 1°. Raoufi et



al. [10] designed a tele-operated robotic system for neurosurgery operations. Robotic
system is MRI compatible and consists of 3 stages; surgical arm, navigation module,
biopsy module. Surgical arm controls position, navigation module controls orientation
and biopsy module controls needle insertion. In total, system has 10-DOF. Zhou et al.
[3] developed an experimental system for biopsy of lung nodules. System is operated
with a 6-DOF robot manipulator. Aim of the system is to cancel out the effect of
respiratory motion.

Ozyegin Biopsy Robot (OBR) that is presented in this thesis has 5-DOF. The
robot is designed to conduct biopsies on human bodies, especially on the abdominal
region. Due to necessity of precise positioning during percutaneous needle operations,
submilimeter needle tip accuracy was aimed for the design of the robot. OBR is the
base of a 2D ultrasound image guided robotic system. Using ultrasound images,
target position will be detected and the robot will position itself to insert needle.
During insertion, needle tip will be tracked through ultrasound images and positional
information will be fed to the robot to increase needle tip accuracy. Purpose of this
robotic system is to conduct biopsies on human bodies fully autonomous. As the
system will be fully autonomous, respiratory motion would decrease the needle tip
accuracy. Due to the design, dynamic capability of the robot would provide necessary

movement to cancel out the effects of respiratory motion.



CHAPTER II1

DESIGN OF THE ROBOT

A robotic system needs at least 6-DOF to reach any point in 3-D space in any ori-
entation. The aim of the Ozyegin Biopsy Robot (OBR) was to insert needle to body
in order to conduct biopsy. Rotation around the needle axis was redundant for the
design, hence, OBR was decided to have 5-DOF in order to perform needle inser-
tion operations. The robot was divided into two parts, front stage and back stage
(Figure 10). Two stages were designed to be parallel to each other and would carry
the needle. A rhombus mechanism was decided to control the end-effectors of stages.
The reason of choosing a rhombus mechanism was to simplify kinematic calculations.
Each rhombus mechanism would be controlled by 2 DC motors, hence each stage has
2-DOF in order to control end-effector position. These 4-DOF would satisfy to reach
desired needle orientation. A third DOF was added to back stage to provide the robot
needle insertion capability. Every stage was designed to have a gimbal mechanism
which has 2-DOF at their end-effectors. Gimbals were designed to provide needle and
syringe mechanism free rotation around the end-effectors of stages. Their DOF are
passive for the system. Therefore, OBR was designed to have 5 active DOF, 4-DOF
(2 active and 2 passive) on front stage and 5-DOF (3 active and 2 passive) on back
stage. Appearance of whole robot can be seen in Figure 10.

After designing general shape of the robot, first step was the workspace analysis
in order to find link lengths of rhombus mechanism. Workspace of the robot cov-
ers the volume where the needle tip can reach in 3D space. Design criteria of the
workspace is that the body part where the biopsy will be performed should be in the

workspace of the robot. As Ozyegin Biopsy Robot was designed to conduct biopsy on



abdominal region, workspace of the robot is decided to cover at least a cube of 50 cm.
Calculations were conducted as each-DOF is moved by 1 degree to find a new needle
tip position. Positions were mapped on a graph to generate the volume of workspace.
Calculations were conducted for different link lengths. Length of the biopsy needles
in the market ranges from 9 cm to 20 cm. Therefore, distance between the front stage
and the back stage is kept constant at 250 mm during calculations to come up with
a design that is suitable with every size of the biopsy needle. The workspace analysis
for 200 mm link length can be seen in Figure 2. When the simulation results were
compared, minimum link length that would satisfy the design criteria was found as

200 mm. Design of OBR was carried on according to the 200 mm link length.

300
200

o A

£ _100
-200

-300

Figure 2: Workspace analysis of OBR with 200mm link lengths

After specifying the link lengths, the robot was designed. During the design

process, one of the problem encountered was the moment that occurred due to long



links. According to FEM analysis, the links were bending as the force is applied from
tissue to the links through the needle. FEM analysis showed that increasing link
thickness from 3 mm to 4 mm decreased the bending deflection by 50%. Figure 3
shows the comparison of the different links thicknesses. 1 N force was applied to the
free end of the links and deflections were observed at the analysis. Disadvantage of
increasing the thickness of links was increasing total weight and inertia of moving
parts, because links are the moving parts of the robot. One of the goal of the design
was to keep inertia of the system in a minimum level. Therefore, thickness of links

was chosen as 4 mm.

Translation

Cn Boundary Cn Boundary

Figure 3: FEM analysis for different link thickness. Results showed that with 3
mm thickness maximum displacement is 0.60 mm, with 4 mm thickness maximum
displacement is 0.27 mm. Bending deflection is reduced by 50%
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After finishing the first prototype design of robot, torque analysis was performed
on the robot to in order to select actuators for the robot. To find that a circular path
where the end-effector moves at 5 Hz is generated and a simulation was conducted.
The necessary torque values to perform the trajectory tracking were calculated using
the dynamic equations of OBR. Figure 4 shows the results of the torque analysis for
the front stage. As seen in Figure 4 the maximum torque that should be provided by
the motors is around 250 mNm. In the design, a disc to capstan ratio of 10.8 is used to
transfer the torque from the motor shaft to the link, hence necessary actuator torque
value for motors was calculated as 20 mNm. As the simulation is conducted for a
single frequency, to cover different velocity, frequency profiles and to count for friction
on the system; safety factor of 4 was applied to choose the appropriate motor. To
fulfill the motion generation, Maxon RE30 DC motors which have nominal torque of
85.6 mNm were chosen. Simulation for the back stage was conducted using the path
created for front stage. During simulation Axis3 is kept constant at 0°. Necessary
torque values for Axis4 and Axis5 are shown in Figure 5. Simulation suggested that
maximum torque value will be 400 mNm. Same disc to capstan ratio of 10.8 is used
for Axis4 and Axisb in the design, hence, necessary actuator torque value to fulfill the
motion was calculated as 40 mNm. To count for different velocity profiles and friction
on the system, safety factor of 4 was applied for motor selection. Maxon RE40 DC
motor was chosen for Axis4 and Axisb with a nominal torque of 170 mNm. For the
third axis in the back stage a different simulation was conducted. In the simulation
Axis4 and Axish were kept constant at 260° and 280°, respectively. The reason for this
choice was that rhombus structure would be on the longest position, hence to move
the structure Axis3 would need higher torque values. Axis3 was moved from -50° to
50° at 5Hz during simulation. Results are shown at Figure 6. Maximum necessary
torque value was 500 mNm. Disc to capstan ratio was design as 12.5 for Axis3, hence

necessary actuator torque value was calculated as 40 mNm. Safety factor of 4 was

11



applied to count for different velocity profiles and friction on the system. Maxon

RE40 DC motor was chosen for Axis3 with a nominal torque of 170 mNm.
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Figure 4: Torque analysis for front stage to choose actuators
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Figure 5: Torque analysis for Axis4 and Axis5 in back stage to choose actuators

Design of OBR consists of 5-DOF and 3 main stages; front stage, back stage,
syringe mechanism (Figure 10). Main purpose of the front stage is to give guidance to
the needle during insertion. Needle insertion is carried out by the back stage. Syringe

mechanism was designed to get sample from body or to deliver drug to a specified part
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Figure 6: Torque analysis for Axis3 in back stage to choose actuators

of the body. Actuation of 5DOF is conducted by tendon-driven mechanisms. Tendon-
driven mechanism consists of a quarter disc connected to link, a shaft connected to
the motors and 7 x 7 stainless steel tendons. Two ends of tendon are attached to
the disc through vented-screws which are used to adjust the tension on the tendon.
From one end, tendon goes through the circular portion of the disc and makes 3coils
around the shaft. After those coils, the loose end of the tendon is attached to the
screw. Advantage of using tendon-driven mechanism is to remotely control of moving
parts. In a rhombus structure, actuation of moving links are carried out by motors
that are connected to stationary base, hence inertia of the moving parts are reduced.
In addition, tendon-driven mechanisms have no backlash when compared to geared

systems.

3.1 Front Stage

Main elements of the stage consist of one stationary base and four moving links that
can be seen in Figure 7. Four links are arranged to form a rhombus. Two links are
connected to two discs which are actuated by tendon-driven mechanisms. With the

help of a shaft passes through the center of discs, discs are attached to the stationary

13



base. Discs could easily rotate around the shaft. Links are assembled to each other
with L-shape extensions which are designed to prevent backlash on the system. As
the discs are attached to the stationary base, one edge of the rhombus is fixed to the
stationary base. The edge opposite to the fixed edge is free to translate. 2 DC motors
are attached to the stationary base in order to actuate tendon-driven mechanism to
control the position of end effector. As the motors are connected to the stationary
base and remotely control the end effector position, inertia of the moving parts is
reduced. A gimbal mechanism with 2DOF is connected to the end effector of the
5-bar linkage with a 45° reference angle to simplify the kinematic calculations of the
rhombus. The purpose of the gimbal is to guide the needle during insertion. The
needle passes through the gimbal and rotates freely around the rotational axes of the

gimbal. No torsional effect is applied to the needle by the gimbal.

Base

Axis|

Figure 7: View of front stage
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3.2 Back Stage

Design of the back stage and front stage are quite similar with an addition of a
rotational axis. Figure 8 shows the design of back stage. Back stage also consists
of a base and four links. The links are arranged to form a rhombus. Two discs
are connected to two links in order to provide actuation to the rhombus structure.
One edge of rhombus is fixed to the base through the shaft that is passing from the
center of discs. Motion of the free edge is provided by tendon-driven mechanism
that is controlled by 2 DC motors. Main difference between the back stage and the
front stage is that the base in the back stage also rotates around third axis which
is controlled by a DC motor. Rotation around third axis pushes back stage towards
the front stage. This motion provides robot ability to insert a needle to the target
position through the gimbal of the front stage. Another gimbal mechanism with
2DOF is connected to the end effector of the 5-bar linkage in the back stage. Gimbal
mechanism is also assembled to the end effector of back stage with a 45° reference
angle. This gimbal carries the syringe mechanism which can freely rotate around the

rotational axes of the gimbal.

15



Axis3

Axis4

Links

Figure 8: View of back stage

3.3 Syringe Mechanism

The syringe mechanism is designed to get samples from target position inside the
body (Figure 9). Mechanism is the connection part between the front stage and
the back stage. It is mainly carried by the back stage which effects the inertial
behavior of the back stage. The needle connected to the syringe mechanism passes
through the gimbal in the front stage. Getting sample process from body starts with
the needle insertion by the back stage. After needle tip reaches the target position
inside the body, sample is collected with the help of motor on the syringe mechanism.
Motor torque is transferred through a lead screw into linear translation. This motion
controls the part inside the needle to collect samples. Despite the syringe mechanism
was designed to get samples from body, in the experiments to control the robot only

22 gauge biopsy needles were used without sample collection.
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In the design of syringe mechanism, an Avago HEDR-55L2-BY07 high resolution
encoder was attached to the gimbal of back stage to measure the offset between the
needle and syringe mechanism. In theory, the needle is mounted to the syringe mech-
anism at the back stage without any angular offset. However, during the assembly
process, needle is not mounted perfectly aligned to the syringe mechanism. In order
to calculate needle tip position correctly, offset of needle should be measured and be
integrated inside kinematic calculations. Details of needle offset integrated kinematic

calculations will be given in Chapter IV.

Motor

Syringe

Needle

Figure 9: View of syringe mechanism

All parts of the robot were manufactured at Ozyegin University Manufacturing
and Technologies Laboratory using CNC Lathe and CNC Milling machines. In order

to create a lightweight robot, parts of OBR except discs were manufactured from 6063

17



aluminium alloy. Discs of the design were manufactured from synthetic polymer, Del-
rin. The reason of using Delrin for discs is that as the discs are part of tendon-driven
system, Delrin shows low friction and high stiffness characteristics. First prototype of
the robot was assembled to analyze any failures in the design. One major problem of
the first prototype was the backlash at the link joints due to applied external forces.
When the force was applied, the links were rotated around an axis perpendicular to
joint axis. Joint design of the robot was insufficient to prevent the backlash. As a
solution, the shaft was screwed to the link. This design prevents the link to rotate
around any other axis except from the joint axis and solves the stiffness problem of
the robot. Another problem was in the design of the front stage. The front stage had
a design where the motors were facing to the same direction. In the robot design,
as mentioned before, tendon-driven system consists of one disc connected to link and
one shaft connected to motor. Due to the design of front stage, one of the shafts in
tendon-driven system had twice the length of other shaft. The tension on the steel
wire was creating moment on the motor shaft. To prevent any potential damage to
motor, design of front stage was changed. A replica of the back stage design was

applied to the front stage.
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Figure 10: Ozyegin Biopsy Robot (OBR)
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CHAPTER IV

KINEMATICS AND DYNAMICS OF OZYEGIN BIOPSY
ROBOT

4.1 Kinematics of OBR

4.1.1 Forward Kinematics

In order to find accurate needle tip position forward kinematics of the robot was
derived. As mentioned before, OBR has 3 main stages; front stage, back stage and
syringe mechanism. Orientation of the syringe mechanism depends on the positions
of the end-effectors of the front stage and the back stage. To find the positions of the
end-effectors, forward kinematics of the two stages were solved. Coordinate frame
orientations and joint numbers are shown in Figure 11. {F'} and {B} represent the
front stage coordinate system and the back stage coordinate systems respectively. [ is
the front stage link length, [, is the back stage link length, [, is the distance between
last joint of the front stage and the front stage gimbal, [, is the distance between
last joint of the back stage and the back stage gimbal. In order to find the forward
kinematics, Denavit-Hartenberg convention was applied to OBR. Denavit-Hartenberg

parameters can be seen in Tables 1 and 2.
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ai—1 | a1 | d; 0;
1 0 0 0 0,
20 1, | 0 |0 [6,—6
3 [ ¥ 0 0 —99
Ell, | 0 |dy,| 0

-1 | Qi1 | d; 0;
1 0 0 0 90
2 0 90 0 0
3 0 0 0 03
4 0 -90 0 | 64—90
5! lb 0 0 05 - 94
6 &, | 0 ]0 -0,
E| Ly | 0 |[dy| 0

Table 2: Denavit-Hartenberg parameters for back stage

Transformation matrices between joints from base of front stage to the end-effector

21



of front stage can be written from Denavit-Hartenberg parameters as

cos(61) —sin(6y) 0 1f

5 sin(fy) cos(f) 0 0O
TF =

0 0 10

0 0 0 1

cos(fy —0;) —sin(fy—61) 0 I
SiIl(QQ — 91> COS(QQ — 91) 0 0

T =
0 0 10
0 0 0 1
cos(—0,) —sin(—6,) 0 Iy
sin(—#0 cos(—0 0 0
1o |t cost=)
0 0 10
0 0 0 1
1 0 0 Iy
5 010 O
T =
0 0 1 dy
000 1

Back stage transformation matrices can be found as

0 -1 0 0

5 1 0 00
Tl =

0 0 10

0 0 01
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o O

o o O

cos(fy —90) —sin(d, —90) 0 0O
0 0 10
T3 =
—sin(fy — 90) —cos(f4 —90) 0 0
0 0 01
cos(05 —0,) —sin(65 —64) 0 1,
T‘Sl _ sin(95 — 94) COS(05 - 64) 0 0
0 0 10
0 0 0 1
cos(—6,) —sin(—6,) 0 1
sin(—0 cos(—0 0
po [ s
0 0 0
0 0 1
100 1,
010 O
TG, =
0 0 1 dy
000 1
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When the transformation matrix between base and end-effector is calculated, the

position of end-effectors according to the base of stages can be found as

lrcos(0y1) + Lrcos(B2) + Ly cos(02 — 6,)
Pr= |lpsin(01) + lgsin(62) + Lygsin(62 — 6,) (12)

dfg

lycos(0s) + lycos(05) + lygcos(05 — 6,)
Pv= |- dpgsin(f3) + (lysin(0s) + lysin(0s) + lpysin(bs — 6,))cos(63) (13)

dpgcos(0s) + (lpsin(y) + lysin(0s) + lygsin(0s — 6,))sin(6s)

py is the front stage end-effector position according to front stage base coordinate
system, pj is the back stage end-effector position according to back stage base coordi-
nate system. To transform front stage coordinate system into back stage coordinate
system, a transformation matrix between two stages was generated with kinematic

calibration which will be described in Chapter V.

0.999 0 —0.0007 —1.26

0 0.999  0.0048 —51
T} = (14)
0.0007 0.0048 0.999 246

0 0 0 1

Hence, front stage end-effector position can be transformed into back stage coor-

dinate system as
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— {F}

Pr = (Pix Pty» Pz)

Pb = (Pbx Pbys Pbz)

Pn = (Pnxs Pnys Pnz)

S

Figure 12: Side view of front stage, back stage, syringe mechanism and needle

In order to find accurate needle tip position, needle mounting offset should be
integrated inside forward kinematic calculations. Figure 12 shows the syringe mech-
anism and needle from a side angle. p,, is the needle mounting position, p,, is needle
tip position, [ is the syringe mechanism angle, [, is the length of syringe mechanism
and [, is the length of needle. As f is observed from encoder data at the back stage
gimbal, r,= ([rsirs;7s,])" » unit vector along syringe mechanism, could be calculated.

ls is a known parameter from design, hence p,, is calculated as

pE =1l 7. +pf (16)

Indication shows that calculated mounting position is defined in the back stage
coordinate system. Next step is to find needle tip position, p,. In calculations, needle
is assumed to be straight and it is known that p,,, p; and p,, will be on the same line,

the needle line. Therefore, needle tip position is calculated using the line equation as
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Pmg—Pfy __ Pmy™Pfy __ Pms—Pf, __ l_d (17)
Pmg —Png Pmy —Pny Pmz—Pn; In

where [; is the distance between mounting position and front stage end-effector
position. Both p,, and p; are found during kinematic calculations, hence distance

between two positions is a known parameter. [, is also set during design process.
4.1.2 Inverse Kinematics

Forwards kinematics provides the needle tip position with given joint angles. In
order to reach a desired needle tip position, inverse kinematics of the robot should
also be solved. Desired joint angles that forms the desired needle tip position p, and
orientation HL: ([rnirnjrnk} )T are calculated analytically. p, and ﬁ are provided to

the robot and [,, is a known parameter from design. Therefore, p,, is calculated as

pE =pE =l (18)
As the needle is assumed to be straight and p,,, py and p,, are assumed to be on

the same line, line equation is used to find py.

Pmg —Pfe — Pmy—Pfy — Pmy—Pf, (19)
Pmg —Png Pmy —Pny Pmz—Pnz

ps that is found from line equation is in the back stage coordinate system. To
calculate desired joint angles to reach front stage end-effector position, transformation
from back stage coordinate system to front stage coordinate system is necessary.

Transformation matrix, as mentioned before, is determined by kinematic calibration.

pE = TE x pP (20)

After finding desired front stage end-effector position according to the front stage

coordinate system, desired joint angles to reach that position is calculates from
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l

- - pfcz+pfcy+2mfkf
bf = Qkfpfz + mepfy , Cf = —\/W

0y = atan2(cy, —/1 — c3) — atan2(ay, by)

niy = py,cos(0z) + py,sin(ba) — Iy — ky , noy = —py,sin(0z) + py,cos(6z) + ky

6, = atan2(nayp, nay) + 62
(21)

pm is calculated during inverse kinematics of front stage according to needle tip
position and orientation. Needle mounting offset is observed using the encoder data at
the back stage gimbal. Offset angle is integrated to find syringe mechanism orientation
7?;. Length of syringe mechanism, [, is known, hence back stage end-effector position,

Dy, is solved from

After finding position of back stage end-effector, desired joint angles to reach that

position is calculated from

o 2 2 12 _ PbyYeetPb,lbo I L I
= — — Ca = Sa =
Yee \/ P, + Dy, bos €3 pgy iz 053 ngﬂgo
05 = atan2(ss, c3)

ly
ky = —=,mp = Iy + ky, ay = 2mupy, — 2kpYee

NG

bb = kapbx —+ meyee, Cp =

pl%ac + yge + 2mypky (23)

05 = atan2(cy, —\/1 — ¢}) — atan2(ay, by)

N1y = Pp, c08(05) + Yeesin(Os) — ly — kp, noy = —pp, $in(05) + yeecos(05) + ky

0, = atan2(napy, n1p) + 05
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4.2 Dynamics of OBR

Dynamic equations of motion are substantial in order to create accurate controllers.

Equations of motion can be written as

M(0)6+C(0,0)6+C(0) = 7 (24)
where M is inertia matrix, C is Coriolis matrix, G is gravitational effect and 7 is

joint torque. Lagrangian method was used to derive dynamic equations of motions.

Lagrangian is the difference between the kinetic and potential energy of a system.

L(6, ) =T(6,6)—V(6) (25)
Equations of motion can be derived from Lagrangian using Lagrange’s equation
4(%) - % =~ (26)

Dynamic equations of motion were derived for front stage and back stage individ-

ually [17].
4.2.1 Front Stage Dynamics

In order to calculate dynamic equations of motion for front stage translational kinetic
energy, rotational kinetic energy and potential energy of the system were calculated
as

Kinetic Energy

Ty =Ty, + T}, (27)

where T}, is translational and T, rotational kinetic energy.

. A A :
e (28)
A21 A22
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s+ I+ 1 0 :
1, gy [2 TR fy (29)
0 s+ Iy + 1o + 1)

where

A = mali, + mali, + muli + myli + madi
Ajy = (mslals. + malilye + mglily)cos(0y — 60) + mylilycos(6y — 02 + 6,)
Asy = Ays
Aoy = Apo
Agy = mol3, +msl3 +mall, + my (I3 + 12 4 vV20ly) + mads
(30)

In the equations m refers to mass, [ refers to link length and d refers to distance
between gimbal and last axis of links. 6, is the angle between the gimbal and the link
that it is assembled. 6, was designed as 45°. For details see Figure 13.

Potential Energy

Vf :[(mlllc —|— m411 + m3l3c + mgll)sin(el) + (m4l4c + mglgc + mglg —|— mgl4)sin(02)—|—

mglgsin(0y — 0,) — madisin(0g — 601) + madasin(fs + 04)g
(31)
When we apply Lagrange’s equation, dynamic equations of motion for front stage is

found as

T1 My Mg 91 Cy Gy
= |+ + (32)
T2 My, Moo | |62 Cy Gy
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where

Mpy=An+hL+ L+ 1,
My = Ay
My = Ay
Myy = Agy + Lo+ Iy + Iy + 1,
C1 = ((—mslalse — mulylae — mglily)sin(by — 05) — mylilysin(0; — 62 + Qg))élég
Cy = ((malalse + malilae +mylily)sin(0y — 02) + mylil,sin(6, — 0, + 0,))6,6,
G1 = —((malye + maly + msls. + myly)cos(61) + madicos(8qs — 61))g

Go = —((malae + malae +msly +myly)cos(02) +myl cos(02 — 0,) + madacos(62 + 04))g

(33)

4.2.2 Back Stage Dynamics

In order to calculate dynamic equations of motion for back stage translational kinetic
energy, rotational kinetic energy and potential energy of the system were calculated
as

Kinetic Energy

T, =T, + T, (34)
Asz3 0 0
Tbt = ‘9;{ 0 Ay A éb (35)
0  Asy Ass
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%(Ibase) 0 0

Ty, =00 | 0 YL+ I+ In) 0 O (36)
0 0 S+ Ii+ I+ 1)
where
05
O = |0,
05

Aszz = myl} sin®(0s) + mal.sin®(05) + madisin®(0y — 04) + madisin®(05 + 04) +
ms(losin(0s) + lz.5in(04))* + my(l1sin(0s) + laesin(0s))? + mg(lysin(04) + lysin(05) +
lssin(0s — 6,))?

Ay = my 2.+ mal3, + myl? + mgl? + mgd?

Ays = (mglalse + mylilye + mylily)cos(0y — 05) + mylily,cos(6, — 05 + 6,)
A5y = Ays

Ass = mal3, + msl3 +mald, + my(3 + 12 + v2luly) + mad3

(37)

In the equations m refers to mass, [ refers to link length and d refers to distance
between gimbal and last axis of links. For details see Figure 13.

Potential Energy

Vb = ((mlllc + m4l1 + mglgc + msll)sin(04) + (m4l4c + mglgc + mglg + m8l4)sin(05)+

mglssin(0s — 6,) — madysin(0q — 04) + madasin(0s + 04))cos(0s)g
(38)

When Lagrangian is found and Lagrange’s equation is applied, dynamic equations of
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motion for back stage is solved as

T3 Mss 0 0 05 Cs G
| = 0 My M| |64 + |[Cu| + |Gy (39)
T5 0 Mss Mss 95 C5 G5

where

Mss = A3z + lpase
My =Au+5L+ 1L+ 1n
Mys = Ays
My = Asy
Mss = Ass + Lo+ Iy + I + 1
C;3=0
Cy = (myl2.sin(04)cos(04) + mzlsccos(0,) (Iasin(0s) + lz.sin(6,)) +
mylicos(04)(l4esin(0s) + l1sin(64)) + madisin(0y — 04)cos(0s — 04) +
mglicos(0a)(lasin(bs) + lisin(0s) + lssin(fs — 99)))6’2 —

((mglglsc + m4l1l4c + m5l1l4)8in(94 — 05) — mslllssm(94 — 95 + 09))9495

Cs = (mal3.sin(05)cos(05) + mylyccos(0s) (laesin(0s) + lisin(6y)) +
malacos(05)(lasin(0s) + laesin(0s)) + madisin(0s + 04)cos(0s + 0a) +
ms(lycos(05) + lscos(05 — 0,))(lasin(bs) + lisin(6q) + lssin(0s — 99)))93 +

((m312l36 + m4l1l40 + mslll4)sin(94 - @5) — mslllssin(84 - ‘95 + Hg>)94é5

Gs = ((malye + myly + mglse + mgly)sin(0y) + (mylse + malae + msly + mgly)sin(0s) +
mglssin(bs — 0,) — madysin(0q — 04) + madasin(0s + 64))sin(6s)g

Gy = —((malie + muly + mglse + mgly)cos(04) + madicos(04 — 04))cos(03)g

Gy = —((malse + maloe + mgly + mly)cos(8s) + mglscos(0s — 0,) + madacos(05 +
64))cos(03)g
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(40)

Using the derived dynamic equation of motion, gravity compensation and controllers
were implemented on the OBR. Details of gravity compensation and controllers will

be given in Chapters V and VI.
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Figure 13: Center of gravity positions, link lengths of front stage and back stage for
dynamic equations of motion
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CHAPTER V

CALIBRATION AND MODELING

After designing and assembling OBR, to create an accurate controller, calibration and
system modeling were performed on the robot. System identification were conducted
on the robot to model dynamics of the system’s motion. Calibration of the robot
was carried out using OptiTrack motion capture system. Motion capture system
consists of 6 OptiTrack S250e infrared motion capture cameras, Motive optical motion
capture software and markers. Position of markers were detected using motion capture
cameras according to a world coordinate system which is defined before calibration
procedures. RMS error of motion capture system is + 1 mm. All calibration procedure
data was collected using Motive optical motion capture software at 10 Hz. In order
to create a torque computed controller, gravity compensation and friction modeling
was performed. All experiments were processed with MATLAB 2014b 64-bit on
workstation with a processor Intel® Xeon® CPU E5-2620 @ 2.00 GHz 16 GB RAM.
Quanser Q8 Data Acquisiton Board was used to get data from the robot and send
data to the robot at 1kHz. ESCON 50/5 4Q Servocontrollers were used to drive the

motors.

5.1 System Identification

In order to create an accurate controller for a system, dynamics of the system’s motion
should be known to designer; hence creating an accurate model of dynamic plant is
a substantial step during controller design. In our system, one frequency at a time

method was used [18]. If the system is described as
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Y(z) = G(2)U(z) + H(z)W(z) (41)

where Y is plant output, U is plant input, W is unmeasured noise, G is plant
transfer function and H is noise transfer function. If noise is assumed to be zero,

plant transfer function can be calculated as

u(kT) = Asin(wokT')
y(kT) = Bsin(wokT + ¢p)
B

B o) (12)

o = £G(e70T)

where A and B are amplitudes of the input and the output respectively. wyq is
the frequency and ¢q is the phase between the input and the output. For different
frequency values, magnitude and phase values of the system can be calculated using

FFT of the system as

FFT o
FFTEZ; = |G| e (43)

For the experiments, 100 different frequency values which are logarithmically
spaced were chosen between 1-100 Hz. A reference signal combining all the frequency
values was created. The signal starts with 30 s of zero reference signal. It is followed
by a sinusoidal signal at a specified frequency for again 30 s. This order is proceeded
to combine signals of all frequency values into one reference signal. Reference signal
was fed to the robot and response of the system was recorded from encoder data.
The reason of using 30 s of data is to let the system to reach stable oscillation in
steady-state region. Frequency response of the system was calculated using the ref-

erence signal. For every frequency value magnitude and phase of frequency response
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was calculated using the above equations. Figure 14 shows the frequency response of
the Axisl. A transfer function of the form s*/s% was fit to the frequency response of
the Axisl. The transfer function of the fit was used to create a pole placement con-
troller for the system. However, the fit had unstable poles and the transfer function
was uncontrollable. In order to have a controllable model, a reduced order transfer

function with the form s?/s? was fit to the frequency response of the system.
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Figure 14: Frequency responce of Axisl for frequencies between 1-100 Hz

Figure 15 shows the difference between s*/s® and s?/s? fits. s!/s% order transfer
function was trying to fit spikes in the experimental data. Therefore, s?/s* fit was
controllable and it was used to fit the transfer function to the frequency response
of all axes. Figure 21 shows all fitting transfer functions to all axes. As seen from
figure, the front stage axes (Axisl and Axis2) show similar results with consistency.
Behavior of the back stage axes (Axis4 and Axish) also show same response. Reason
of this is the rhombus structure of the design. As the results suggest, the front stage
axes can keep their inertial behavior up to 30 Hz, however the back stage axes can

only keep their inertial behavior up to 12 Hz. The reason for the difference is that
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weight of the syringe mechanism is mostly carried by the back stage. The fitting

models were analyzed to create pole placement controllers. Details of the controller

will be given in the next chapter.
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Axisl Frequency Response
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Axis3 Frequency Response
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Figure 18: Frequency response fit for Axis3
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Axis5 Frequency Response
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Figure 21: Frequency response fits for all axes of robot
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5.2 Calibration

In order to increase the end effector position accuracy, calibration procedures was
conducted on the robot. First calibration was performed on the misalignment between
the front stage and back stage. On the design, syringe mechanism is assembled to
the back stage, hence gimbal on back stage is longer than the gimbal on the front
stage. To align the end effector positions of the front stage and the back stage on
a line parallel to table surface, a misalignment between front stage base and back
stage base was designed on the robot. Angular misalignment between two base could
also occur during assembly process. To observe these misalignments on assembled
robot, calibration was performed between front stage and back stage. As seen in
Figure 22(a) two optical markers were placed on two bases and transformation matrix
between two bases were obtained from OptiTrack system. Second calibration was
conducted on tendon-driven mechanism. Despite the fact that no gear is used in the
robot, due to usage of tendon-driven system, gear ratios were formed on each motor.
In the calibration procedures, optical markers were attached to the links that are
connected to different motors (Figure 22(b)). While the links were moving, encoder
data from motors and angular position data from OptiTrack system were collected
synchronically. A least square fit was processed on data to find gear ratios on each
motor-link connection. Table 3 shows the gear ratios found from calibration and gear
ratios expected from design. Lastly, due to design, robot has hardware limitations
on its workspace. These limitations positions were calculated from Optitrack system
data as angular positions and were included in kinematic calculations to increase the

accuracy of needle tip position.
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Gear Ratios from Calibration | Gear Ratios from Design
Motorl 0.0874 0.0923
Motor2 0.0877 0.0923
Motor3 0.0752 0.0800
Motor4 0.0917 0.0923
Motorb 0.0878 0.0923

Table 3: Gear ratios calculated from calibration procedures and expected gear ratios
from design specifications for each motor

(c) Calibration of design limitations
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Figure 22: Calibration procedure applied on Ozyegin Biopsy Robot



5.3 Gravity Compensation and Friction Modeling

Stiction and viscous friction forces are two elements affecting robot motion. Robot
dynamics are insufficient to calculate stiction and viscous friction effects on each
joint, hence a disturbance observer was created to observe the friction forces on the
system [19]. On an accelerating system, there are four forces acting as disturbance;
gravitational, frictional, external and inertial forces. As no external force is acting on
the robot, disturbance observer would sense gravitational, inertial and frictional forces
as disturbance. In order to observe only frictional forces as disturbance, dynamic
equations of motion that were derived in Kinematics and Dynamics of Ozyegin Biopsy
Robot chapter were used to compensate gravitational and inertial forces acting on
each joint. Gravitational forces from robot dynamics were tested on the robot. Initial
tests showed that except from Axis3, robot were able hold its position. Gravitational
forces calculated for the Axis3 of the back stage are inadequate to hold the back
stage in different positions while canceling the gravitational effects. In order to fix
this issue, a simplified model was generated. Rhombus structure of the robot was
simplified into one-bar mechanism which has a changing center of mass proportional
to the change of orientation of rhombus structure. Figure 23 shows the simplified
model. Therefore, whole back stage design was simplified into a one-bar mechanism
and a gimbal connected to the end effector of one-bar mechanism. Gravitational force
for Axis3 that is calculated from dynamic equations of motion was updated according

to the simplified model. It is calculated as

Gz = ((mupar)(hsin(0s + 04/2) + lpe) + ms(2hsin(fy + 04/2) + lssin(05 — 0,)) +
madysin(0y — 04) + madasin(bs + 04))sin(6s)g
(44)
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where

0s=05—0,4

h =licos(04/2) (45)

Qs m, Q4 + QA/2

my
ms

Figure 23: Simplified version of back stage for gravity compensation calculation

Experiments using simplified model showed that the Axis3 was able to hold the
backstage in different positions while canceling the gravitational effects.

Next step after implementing gravity compensation was to create a disturbance
observer to find frictional forces acting on each joint. Schematic of the disturbance
observer can be seen in Figure 24. Disturbance observer output can be calculated

from the schematic as
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Figure 24: Disturbance observer schematic
Thi = fJImisthi — #(Tm + fJmist;)
— S2J 1‘9 1
Tdi = ( 15:7; 11) - (ls + 1)T1n
f f (46)
T = (Jyibli — Tui = Tus)

where T),; is input torque, Ty; is disturbance torque, T\di is observed disturbance

torque, J,,; is motor inertia and f is the frequency of low-pass filter. A ramp input

was fed to each joint individually while gravity compensation was enabled on joints.

It was thought that while the links are moving Coriolis effect would be sensed as

disturbance, hence to cancel out the effect, using robot dynamics torque due to Cori-

olis effect was calculated and fed to the system with gravity terms. The frequency
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for low-pass filter was chosen as 5 Hz. Different ramp inputs were fed to joints and
disturbance observer data was recorded. As suggested inertial forces would be also
observed as disturbance, hence inertial forces were calculated from dynamic equations
of motion and were subtracted from recorded disturbance observer data. Figure 25-
29 show the recorded disturbance observer data for all axes after subtracting inertial
forces. It was observed that stiction and viscous friction is not showing a symmetry
for positive and negative angular velocities as expected. Another observation was the
non-increasing characteristics shown by axes. As the angular speed is increasing, fric-
tion shows stationary behavior. For all axes, friction models were created according
to disturbance observer data. Friction models were also shown in Figure 25-29. The
models were tested on each joint and tuned. Experiments showed that robot was mov-

ing as it is in a frictionless environment while both gravity and friction compensation

were enabled.
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Figure 25: Stiction and viscous friction data using different ramp inputs and fitted
friction model for Axisl
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Figure 26: Stiction and viscous friction data using different ramp inputs and fitted

friction model for Axis2
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Figure 27: Stiction and viscous friction data using different ramp inputs and fitted

friction model for Axis3
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CHAPTER VI

CONTROL OF THE ROBOT

After specifying robot kinematics and dynamics, next step was to create an accu-
rate controller to reach the desired needle tip position. Three different controllers
were implemented to be tested on the robot, PID+Gravity controller, pole placement
controller and torque computed controller. For PID+Gravity controller, system was
controlled with a PID controller while the gravity compensation was enabled. Torque
computed controller consists of a PD controller and compensated dynamic effects. In-
ertial, Coriolis and gravitational forces were calculated using the dynamic equations
of motion and were fed to the robot as inputs. Friction models that were generated
from disturbance observer were also introduced as input to compensate frictional
forces. For pole placement, models that are derived during system identification were
used. To verify the accuracy of controllers a path was created where the robot inserts
the needle with a 30° insertion angle. Firstly, robot moves through the limit posi-
tions that are calculated in calibration procedures. Path for testing the controllers
start from this position. From limit positions, robot moves to an orientation where it
could insert the needle with a 30° insertion angle. After needle insertion orientation
is reached, robot makes a translational motion along the needle axis. When the robot
arrives the needle tip target position, it follows the translational motion trajectory in
backward direction. Finally, robot moves toward its stationary position. Reference
angles of the path were calculated using inverse kinematics of the robot and were fed
to the robot to test the accuracy of controllers created. Encoder data from motors

were recorded to calculate the accuracy of each controller.
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6.1 PID+Gravity Controller

First controller tested on the robot was PID+Gravity Controller. A PID controller
was created. Gains of the system were tuned using a sinusoidal signal. Controller
was supported by gravity compensation. Gravitational forces were calculated from
dynamic equations of motion and were fed to the robot as input. The reason of
implementing a PID+4Gravity controller instead of PID+Disturbance controller was
that during gravity compensation and friction modeling experiments, it is seen that
gravitational forces are higher than frictional forces. Therefore, implementing a
PID+Disturbance controller would increase the effort of PID controller as the con-
troller tries to compensate the gravitational effects. Table 4 shows the tuned gains of

the controller. Results of the controller accuracy is given in Table 7.

Axis | K, | K; | Kq
Axisl | 500 | 6 | 3
Axis2 | 700 | 6 | 5
Axis3 900 | 5 | 6
Axis4 | 300 | 5 | 3
Axis5 | 800 | 5 | 6

Table 4: Proportional, Integral and Derivative gains of PID+Gravity controller

6.2 Pole Placement Controller

Secondly, pole placement approach was used to create a controller. An observer was
designed to predict the states of the system. The challenge of the controller design
was to pick desired pole placement. The poles of fitting models were too close to unit
circle. To design an accurate controller, both poles of observer and controller should
be faster than poles of plant. In our system, it was impossible to choose faster poles
for observer and controller. The selected poles for observer and controller are shown

in Table 5. Results of the accuracy of controller is shown in Table 7.
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Observer Poles | Controller Poles
0.99+4-0.1i 0.98+0.0331
0.99-0.1i 0.98-0.033i
0.940.43i 0.87+0.451
0.9-0.43i 0.87-0.451

Table 5: Desired observer and controller poles

6.3 Torque Computed Controller

Thirdly, a torque computed controller was chosen to be implemented on the robot.
Figure 30 shows the schematic of the controller performed. While the robot is moving;
inertial, Coriolis, gravitational and frictional forces act on the robot. The purpose of
the controller is to cancel out these effect by feedforwarding the compensated inertial,
Coriolis, gravitational and frictional torques into the control loop. Robot dynamics

can be written as;

Te + Teat = M(q)G + C(q,4) + G(q) + Fr(q) (47)

where 7, is controller input, 7., is external force, M(q) is inertia matrix, C(q,q)
is Coriolis effect, G(q) is gravitational forces and Fr(¢g) is frictional forces acting on

robot. Controller input can be chosen as

Te = Kpqe + KagGe + M(q)qrey + Clq, §) + G(q) + Fr(q) (48)

where K, and K, are proportional and derivative gains. If no external force on

the system is assumed, then error dynamics can be linearized as

Kpq. + Kad. + M(q)d, = 0 (49)
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Figure 30: Torque compensated controller schematic

Figures 31-32-33 show the reference signal fed to Axis3, Axis4 and Axish respec-
tively during needle insertion and needle pulling back. Output of controllers are also
shown in the same figure. Table 7 shows the accuracy results of controllers for tra-
jectory following of the path created. Results show that PID+Gravity controller has
1.56 mm, pole placement controller has 3.90 mm and torque computed controller
has 0.678 mm RMS needle tip error. Even though pole placement controller shows
sufficient results for controlling front stage axes, pole placement controller results for
back stage axes were inaccurate. Reason of this inaccuracy is the location of poles
of the fitting models. On the other hand, when PID-Gravity controller and torque
computed controller results are compared, torque computed controller achieves more
accurate results as expected. Reason of creating a torque computed controller was
to feed forward inertial, Coriolis, gravitational and frictional effects as input to the
system in order to decrease the controller effort. Error results and tuned controller
gains for both controller support this reasoning. Torque computed controller ensures
submilimeter needle tip accuracy, hence it is proved as a robust controller for the

system.
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Axis Kp Kd
Axisl | 200 | 4
Axis2 | 200 | 4
Axis3 | 300 | 4
Axis4 | 200 | 4
Axish | 200 | 4

Table 6: Proportional and Derivative gains of Torque Computed controller
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Figure 31: Reference signal fed to Axis3 during needle insertion and needle pulling
back. Results of torque computed controller, PID+Gravity controller and pole place-
ment controller are shown.
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Figure 32: Reference signal fed to Axis4 during needle insertion and needle pulling
back. Results of torque computed controller, PID+Gravity controller and pole place-
ment controller are shown.
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CHAPTER VII

CONCLUSION

Reasoning behind this thesis was to design a robot that will conduct biopsies on
human bodies. The robot will be the base of a 2D ultrasound image guided robotic
system. The aim of the system is to perform biopsies fully autonomous. As explained
before percutaneous needle operations needs precise positioning. Collected samples
are important for the diagnostics, hence the samples must be collected from the exact
place of the tumor or the anomaly for further analysis. The challenge of needle
operations is to take enough samples with least number of trials to prevent damage
to the healthy tissue. Robustness and accuracy of robotic systems would be a key
factor to reduce the risk of false sample collection. In a single attempt, robot would
get the correct sample from target position. Hospitalization time of patients would
be reduced as the procedure will succeed in one single attempt. In overall, cost of the
operation would be also decreased. Due to these reasoning, in this thesis design and
modeling of a 5DOF parallel robot for biopsy procedures on human was presented.
To reach any desired position in 3D space in any desired orientation, a robot
needs to have at least 6-DOF. As Ozyegin Biopsy Robot (OBR) would insert needle
to the body, rotation around needle axis was redundant for the design of the robot.
Therefore, OBR was designed to have 5-DOF. Robot divided into 3 parts; front
stage, back stage and syringe mechanism. For front stage and back stage a rhombus
mechanism that consists of 4 links was designed. Both stages have 2-DOF to control
the end-effector of rhombus structure. An additional third DOF was added to back
stage to provide the robot needle insertion capability, hence in total OBR has 5-

DOF. Syringe mechanism that connects two stages was designed to collect sample
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after needle insertion.

Aim of the robot is to conduct biopsy on abdominal region,hence workspace of the
robot was decided to cover at least a cube of 50 cm. Necessary workspace analysis were
performed in order to find minimum link lengths to reach 50 cm cube workspace goal.
Calculations showed that link length of 200 mm would satisfy the goal. After finding
appropriate link lengths, robot parts were designed. For tendon-driven mechanism, a
disc to capstan ratio of 10.8 was used for Axisl, Axis2, Axis4 and Axisb. For Axis3 a
bigger disc to capstan ratio was used, 12.5. Next step after designing to robot was to
choose appropriate actuator. Torque analysis was conducted where the end effectors
of stages were moved on a circle path. According to calculations, Maxon RE30 DC
motor was chosen for Axisl and Axis2, For Axis3, Axis4 and Axish, a stronger motor
was needed, Maxon RE40 DC motor.

In order to find accurate needle tip position, kinematic calculation was conducted
on the robot design. Calculations were performed using Denavit-Hartenberg nota-
tions. Needle mounting offset was also considered in the kinematic calculation to
increase the accuracy of needle tip. Dynamic equations of motion were derived in
order to create accurate controllers for the system. Calculations were performed us-
ing Lagrange’s equation. System identification were also carried out to find system
dynamics in order to create accurate controllers. Calibration procedures are con-
ducted on robot to increase the accuracy of the system. First, a transformation
matrix between front stage and back stage were calculated in order to find the mis-
alignment between two stages. Secondly, gear ratios on each motor were calculated.
Even no gear is used on the system, due to tendon-driven mechanism gear ratios
were formed on each motor. Thirdly, mechanical limitation were measured and were
used in kinematic calculation of end-effector position. After calibration of the robot,
gravity compensation and friction modeling were performed on the robot. Gravity

compensation was implemented using robot dynamics. For Axis3, a simplified model
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of back stage was created to fulfill gravity compensation. A disturbance observer was
created to find the stiction and viscous frictional forces acting on joints. According
to experimental data, friction models for each joint was created.

Three different controllers were implemented onto OBR; PID+Gravity contoller,
pole placement controller and torque computed controller. For PID+Gravity con-
troller and torque computed controller, dynamic equations of motion were used. For
pole placement controller, models from system identification were used. Controllers
were tested on a path where the robot inserts needle with 30° insertion angle. Results
showed that pole placement controller was a weak controller for the system. Controller
reached a RMS needle tip accuracy of 3.90 mm. The reason was that pole locations
of fitting models were close to unit circle. In order to create an accurate, robust
controller with pole placement method, controller poles should be faster than system
poles. For the fitting models of system identification procedures, choosing faster poles
was not feasible, hence pole placement controller showed inaccurate results. When
PID+Gravity controller and torque computed controller were compared, torque com-
puted controller showed more accurate results. PID+Gravity controller reached an
RMS needle tip accuracy of 1.56 mm. On the other hand torque computed controller
reached an RMS needle tip accuracy of 0.678 mm. The reason of implementing a
torque computed controller was to feed inertial, Coriolis, gravitational and frictional
forces as an input to the system in order to decrease the controller effort against a
classical PID controller. According to results torque computed controller reached a
submilimeter needle tip accuracy and controller is verified as a robust controller for
the system.

As torque computed controller was verified as a robust controller for the system,
next step for the development of the OBR is to implement a force feedback architec-
ture. During the insertion of the needle, force is applied to the needle tip from the

body. Applied force causes the needle to bend and changes the needle tip position.
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In order to calculate accurate needle tip position, bending of the needle should be
included in the kinematic calculations. To find the bending of the needle, force on the
needle tip should be known to the controller. Syringe mechanism could be modified
to have a force sensor in order to calculate the force applied to the needle tip from the
body. Using the force feedback data, the needle could be modeled as a simple beam
and deflection of the needle tip could be found accurately. Calculating deflection is
also a key step for needle tip estimation from 2D ultrasound images. As the needle is
seen as straight in the ultrasound images, including deflection on the needle tip would
increase accuracy of needle tip estimation. Overall, needle tip deflection due to force
applied from the body to the needle could be calculated and included to kinematic

calculations in order to increase target reach accuracy.
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