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Abstract

This thesis presents design, analysis, prototyping, and performance evaluation of a
robotic system to assist physicians to perform ultrasound examinations on patients
located in remote areas. The research is inspired by the desire that uniform healthcare
should be available to all citizens including those living in remote and isolated areas with
less access to medical experts. The system, presented in this thesis, consists of a force-
reflecting hand-controller located at the physician side, and a robotic wrist located at the
patient side. The physician manipulates the hand-controller to control the position of the
robotic wrist holding an ultrasound probe on the patient’s body. The physician observes
captured ultrasound images while feeling the palpation forces between the remote probe

and the patient’s body.

The robotic wrist utilizes a novel combination of asymmetric parallel mechanisms,
universal telescoping joints, ball screws, cable drives, and ball splines. The unique
characteristics of the device are: kinematically decoupled degrees of freedom, one-to-one
position correspondence with the corresponding haptic device to make the usage of the
system intuitive and to reduce physician’s training time, singularity-free workspace (a
conical workspace with a vertex angle as much as 50°), base-mounted actuators to reduce
inertia and simplify device sterilization, and remote center-of-motion to facilitate three
dimensional ultrasound imaging. The weight of the moving elements is 2.5 kg. The
sliding motion of the wrist is able to apply palpating forces up to 24 N. The maximum
velocities of the ultrasound probe during examination for pitch, yaw, rotational, and

palpating motions are 27 deg/s, 32 deg/s, 68 deg/s, and 3 mm/s, respectively.

The hand-controller consists of symmetric parallel mechanisms, universal joints, and
miniature cable drives. The novel characteristics of the device are: static balancing with a
tension spring to reduce operator’s fatigue and to enhance the safety of remote
examination, kinematically decoupled degrees of freedom each corresponding to a
motion of the ultrasound probe, large and singularity-free workspace (a conical
workspace with a vertex angle as much as 50°), base-mounted actuators, and fixed center-

of-motion to enhance operator’s performance. The weight of the moving elements is 452

gr.
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In collaboration with Winnipeg Children Hospital, an ultrasound technologist

successfully performed ultrasound imaging of kidney, heart, spleen, and liver using the

robotic devices developed in this thesis.
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Chapter 1

Introduction

This Chapter presents a background on medical ultrasound imaging, and highlights the
need for providing ultrasound examination services for people in remote areas. It then
presents a survey on existing robotic systems for remote ultrasound imaging, and
challenges remained in the design of more improved systems. Thesis objectives and

scope are outlined last.

1.1 Motivation

This work was motivated by the fact that uniform healthcare should be available to all
citizens. The most advanced medical equipments and professionals are generally located
in large urban hospitals. Under the current situation, access to medical experts for
patients living in sparsely populated areas often results in inconvenience and/or
inefficient use of medical resources. Although, a wide variety of patient’s vital
parameters such as blood pressure, temperature, heart, and respiration rates can be
measured by an on-site nurse, accurate assessment of many clinical conditions such as
interpretation of the abdominal pain must be conducted by an experienced clinician.
Ultrasound examination offers quick and reliable non-invasive diagnosis. However, the
main drawback of the current ultrasound techniques is that the quality of the examination
is highly dependent on the operator’s skills, which are often lacking in small medical
centers and isolated areas. Most commonly, patients travel to see a medical expert at the

urban hospitals, which takes hours of travel for a relatively short examination.

Remote examination is a promising approach for addressing some of the issues
associated with the problem of distance between the patients and clinicians. It offers the
advantage of cost-saving, availability of expertise, remote accessibility and timeliness.
Remote examination has so far been implemented mainly as consultation. It includes the

ability to observe, talk, and listen to patients, or to read ultrasound images taken from a



patient located in a remote clinical center. Remote examination could further employ
robotic devices to enable clinicians to manipulate diagnostic tools such as an ultrasound
probe. This thesis aims to develop a complete robotic System to enable physicians to

perform ultrasound examinations on patients located in remote and isolated areas.

1.2 Medical Ultrasound Imaging

In scanning with ultrasound, high frequency sound waves are transmitted to the areas
of interest and the returning echoes are recorded. In free-hand scanning, the physician,
based on her/his experience and knowledge, manipulates the transducer on the patient’s
organ and mentally transforms the 2-D images into a 3-D tissue structure and makes the
diagnosis (Figure 1-1). The main manipulation techniques consist of pitch, yaw, and

rotational scanning fashions (see Figure 1-2) (Fenster and Downey 1996).

Physician Ultrasound

machine

Ultrasound
probe

Patient

i |

Figure 1-1. Conventional ultrasound imaging whereby physician and patient are at the
same place.

In pitch and yaw scanning (Figures 1-2a and 1-2b), the transducer is pivoted on a
point on the patient’s body, and the physician moves the transducer in a circular motion
about this point while maintaining the contact with the body. In rotational scanning,
Figure 1-2c¢, the transducer rotates about its longitudinal axis. The combination of the
three major motions generates a conical workspace in which the tip of the ultrasound

probe is located at the cone vertex as remote center-of-motion (RCM). Studies by



Delgorge et al. (2005) showed that 60° vertex angle is adequate for most ultrasound

examinations.

Skin
FCM

Organ

Ultrasound plane

@ (b) (©
Figure 1-2. Free-hand ultrasound examination: (a) pitch scanning; (b) yaw
scanning; (c) rotational scanning.

1.3 Remote Ultrasound Imaging

The elements of a system for remote ultrasound imaging are located in two sides:
physician side and patient side. They are separated from each other by a distance barrier
but connected together through a proper communication system such as Internet, satellite
links, and fiber optics lines (Figure 1-3). The physician side consists of a physician, a
force reflecting hand-controller (haptic device') and display systems. The patient side
includes a patient, a robotic arm, an ultrasound machine, and a camera. The physician and
the patient can talk to, and see each other via voice and video links. The physician is able
to manipulate the robotic arm holding an ultrasound probe via the haptic device to
capture and observe desirable ultrasound images from an internal organ. The haptic
device allows the physician to feel and adjust the interaction forces between remote probe
and patient’s body to maintain proper contact between probe and patient in order to

achieve continuous and meaningful ultrasound images for diagnostic purposes.

Success in proper design and implementation of such a robotic system will offer a
new solution to improve the availability of ultrasound examination services for people

living in remote and isolated areas,

! Haptic device refers to devices which interface to the user via the sense of touch by applying forces,
vibrations and/or motions to the user,



Distance

o Display systems barrier
Physician __ Robotic arm
1]
/ \‘ - Ultrasound
o Camera ! machine
% Ultrasound
/. probe
\ O

Patient
Il 55

Physician side Patient side

Haptic device

Figure 1-3. Remote ultrasound imaging using robotic system.

1.4 Survey on Existing Robotic Systems for Ultrasound
Imaging
1.4.1 Robotic Wrist

A comprehensive study of robotic wrist designs for general purposes can be found in
the book by Rosheim (1989). Selected wrist designs that are relevant to this thesis are
reported here.

The wrist by Rosheim (1989) has 3 DoFs (degrees of freedom) with linear actuators.
This provides spherical motion of an end-effector. However, its center-of-motion is
inside the mechanism. For ultrasound imaging the center-of-motion should be located

outside the mechanism.

The parallel wrist” by Vischer and Clavel (2000) provides a 3-DoF rotational motion
about a fixed point. The mechanical design of the wrist offers simplicity of
manufacturing due to placing all the joints of one kinematic chain in one plane. However,
the fixed point is enclosed within the mechanism at some configurations which could

result in having contact between the moving elements and the patient’s body, if it is used

? A manipulator is said to be ‘serial’ if its kinematic structure takes the form of an open-loop chain, It is
said ‘parallel’ if it is made up of a closed-loop chain (Tsai 1999).



for ultrasound imaging. Additionally, the roll motion is limited to + 60°. Another version
of this mechanism, called Pantoscope, can provide infinite roll motion; however, the

actuator corresponding to this degree of freedom is floating®.

The 2-DoF spherical mechanism by Hong (2002) can have both interior and exterior
remote center-of-motions (RCM*). However, these types of mechanisms are shown to

have singular configurations’ inside their workspace (Ouerfelli and Kumar 1994),

Double pointing wrist by Stanisic and Duta (1990) is a singularity-free device. It uses
two pivoted circular sliders located in perpendicular planes. Although, a singularity-free
workspace is an asset, the wrist does not have a RCM. Dexterous spherical wrist by
Wiitala and Stanisic (2000) describes a device in which all links move on sphere. There is

no RCM in the wrist structure.

Carricato and Castelli (2004) introduced a fully decoupled 2-DoF parallel wrist in
which each motor is responsible for one orientation of the moving platform about an axis.
Kinematic decoupling simplifies design and implementation of control algorithms. Asada
and Granito (1985) presented a 3-DoF spherical wrist with no singular configuration in
its workspace. Similarly, the 3-DoF Agile eye mechanism by Gosselin and Hamel (1994)
is composed of three spherical chains made of revolute joints, but has a rotation center
inside the mechanism. Hamlin and Sanderson (1994) used a six-bar pantograph in
different configurations to make modular, reconfigurable parallel manipulators with

novel spherical joints. However, their mechanism cannot be used for ultrasound imaging.

The concept of remote ultrasound imaging was first appeared in the article by Sublett,
Dempsey and Weaver (1995) who presented the design and implementation of a digital
image capture and distribution system that supports remote ultrasound examinations. The
task was accomplished with cooperation between a radiologist and a technician

manipulating an ultrasound probe on the patient at the remote site.

* If an actuator is not attached to a fixed base, it is called a floating actuator.

* Remote center-of-motion (RCM) is a point located outside the mechanism and the end-effector of the
mechanism spherically moves about that point.

* A manipulator is said to be in a singular configuration when the Jacobian matrix losses its full rank.
Singular configurations can be found by setting the determinant of the Jacobian matrix to zero (Tsai, 1999).
For robot manipulators, Jacobian matrix is defined as the matrix that transforms the joint rates in actuator
space to the velocity state in the end-effector space.



The European project TeleinVivo (Kontaxakis et al. 2000) aimed at developing a
transportable telemedicine workstation to be used in isolated areas such as islands, rural
areas, and crisis situation areas. The station consists of a portable PC with
telecommunication capabilities and a light, portable 3-D ultrasound machine. With a 3-D
ultrasound probe a volume of data acquired by the operator close to the patient can be
sent to an expert who can examine the data in much the same way that he would examine
a patient. Operators still have to perform the examination on the patient but they are

guided by the medical expert.

Degoulange et al. (1998) developed an articulated robotic arm based on serial
configuration for moving an ultrasound probe on patient’s body. Due to its serial
configuration, all electric actuators are floating which makes the robot heavier compared

with non-floating actuation system.

Salcudean et al. (2000) developed an ultrasound robot in order to reduce the joint
fatigue of the ultrasound technicians (Figure 1-4). The authors used a pantograph to
generate a conical motion about a fixed point on the patient’s body using a serial
configuration and floating actuators. The whole manipulator is statically balanced by
adding counterbalance weights. Counterbalance weights increase the overall inertia of the
system. Furthermore, in providing palpating motion for abdominal ultrasound

examination, the whole manipulator must be moved up and down.

Figure 1-4. Robot-assisted diagnostic ultrasound (Sacudean et al. 2000).



Masuda et al. (2001) designed and constructed a robot for tele-echography that rests
on the patient’s body during examination (Figure 1-5). There is no reasonable access to
the patient in an emergency case. Furthermore, for orienting the probe about a fixed point

on the abdomen, all joints must move in a coordinated manner.

Figure 1-5. Robotic system for tele-echography: robotic mechanism holding an
ultrasound probe on patient’s body (Masuda et al. 2001).

Koizumi et al. (2008) developed a system for remote ultrasound imaging consisting
of circular guides connected in a serial configuration with floating actuators (F igure 1-6).

The system has a RCM but appears to be bulky.

Figure 1-6. Remote ultrasound examination system: (a) physician manipulating stylus of
a special-purpose haptic device for remote ultrasound imaging; (b) robotic arm

performing ultrasound imaging on a patient (Koizumi et al. 2008).



Vilchis et al. (2003) reported the development of a parallel mechanism for positioning
the ultrasound probe, and a wrist based on serial configuration with remote actuations for
orienting the probe (Figure 1-7b). The system appears to be bulky and entirely embraces
the patient in a way that there is no reasonable access to the patient by attending nurse.

There is continuous contact between moving elements of the arm and the patient’s body.

Figure 1-7. Robotic system for tele-echography: (a) physician manipulating stylus of a
PHANToM device (SensAble) for remote ultrasound imaging; (b) robotic device
performing ultrasound imaging (Vilchis et al. 2003).

Najafi (2004) designed a basic robotic system for remote palpation and ultrasound
imaging. The design of a basic robotic wrist and a hand-controller was presented. The
prototypes of both devices only had three DoFs with no force feedback capability for the
hand-controller. The 3-DoF wrist and Hand-controller were interfaced to a PC. Forward
kinematics and Jacobian matrix of the hand-controller were derived based on Danavit-
Hartenberg method and did not consider the constraints involved in hand-controller

parallel structure.

The European OTELO project described in Delgore et al. (2005) developed a 4-DoF
robotic arm (Figure 1-8b). The system is able to orient an ultrasound probe about a fixed
point on the patient’s body. The actuators in this wrist are floating and coupled. Thus,

they must move together in a coordinated manner to create standard ultrasound motions.



The wrist also has a singular configuration at the middle of its workspace, which can
deteriorate ultrasound images. The ultrasound wrist developed by Gourdon et al. (1999)
uses a differential mechanism with bevel gears and kinematically coupled DoFs. Bevel

gears introduce backlash in the wrist power-train which produce non-smooth motions at

the end-effector.

Figure 1-8. Tele-operated mobile ultrasound scanner: (a) physician manipulating a
special-purpose controller for remote ultrasound imaging; (b) mobile robotic arm for
performing ultrasound imaging (Delgore et al. 2005).

Vilchis et al. (2007) designed and constructed a 4-DoF robotic arm for ultrasound
examinations (Figure 1-9). The device uses circular sliders powered by pinion gears in a
serial configuration which is similar to the ultrasound robot developed by Koizumi et al.

(2008).

Figure 1-9. Robotic arm for ultrasound examination (Gonzalez et al. 2007).



Bassan et al. (2007) developed a 5-DoF manipulator with remote center-of-motion
and cable actuation for 3-D ultrasound guided needle insertion (Figure 1-10). The electric
motors are not mounted on a fixed base. This feature increases the inertia of the moving

elements.

Figure 1-10. Manipulator for 3-D ultrasound guided needle insertion (Bassan et al. 2007).

Surgical instruments also have mechanisms with RCM and thus could potentially be
used for ultrasound imaging. The remote center-of-motion robot for surgery by Taylor et
al. (1995) has 4 DoFs and all the actuators are mounted on the proximal part of the
device. The surgical instrument developed by Madhani et al. (1998) uses a novel cabling
system for remote actuation of a miniature surgical wrist. Taylor and Madhani’s
mechanisms are similar to each other. Using Taylor and Madhani’s mechanisms while
achieving the compactness required for an ultrasound wrist, leads to closeness of the
electrical actuators to the patient’s body. Faraz and Payandeh (1998) designed a RCM
mechanism for laparoscopic surgery with serial configuration and floating actuators.
Similar work has been reported by Cavusoglu et al. (1999) which uses three linear

actuators with base-mounted motors for the first three DoFs, and one floating actuator for

10



the fourth DoF. The RCM device for endoscopic surgery by Funda et al. (2001) provides
a RCM point using two circular guides. Commercially available precision-circular-guides

are normally bulky and heavy.

1.4.2 Haptic Device

There exist many hand-controllers and haptic devices developed for various tasks
including medical training and diagnosis. Bauman et al. (1997) designed a haptic device
that uses a 4-DoF parallel manipulator with a remote center-of-motion for surgical
simulations. The mechanism uses two perpendicular pantographs to provide spherical

motion.

PHANToM by SensAble Technologies (Massie and Salisbury 1996) was built based
on a four-bar mechanism that produces three or six DoFs with force feedback. For
ultrasound examination, the first three motors should be simultaneously torque-servoed to
provide force feedback along the desired axis of the stylus as in the case of holding the
ultrasound probe. Although, the device has been used for proof-of-concept in ultrasound
robotic systems (see Figure 1-7a), the results were not satisfactory due to lack of
PHANToM’s adaptability with ultrasound applications (Vilchis et al. 2003; Tahmasebi et
al. 2008).

The needle-insertion-simulator by Bevrit et al. (2000) has three DoFs and provides a
fixed center-of-motion (FCMG). The first two DoFs create the orientation of the end-
effector. The third DoF provides the linear motion of the end-effector along the radius of

the created hemisphere by the first two DoFs. The actuator of the third DoF is floating.

The 3-DoF device by Birglen et al. (2002) uses a spherical parallel mechanism. The
mechanism has a FCM, but does not allow a linear motion along the axis passing through
the FCM. The 6-DoF haptic device developed by Lee et al. (2001) uses parallel structure
and non-floating actuators. In order to move the moving platform about a fixed point, all
DoFs should be controlled in a coordinated manner. Furthermore, the mechanism has
undesirable singular configurations in its workspace. At singular configurations, haptic

devices cannot properly reflect force.

 FCM is defined, in this thesis, as a point which is inside the mechanism and the end-effector of the
mechanism spherically rotates about that point.
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Yoon and Ryu (2001) described the design of a 6-DoF haptic device based on parallel
mechanisms. The device does not have a FCM and all the power chains are kinematically
coupled. The seven-axis haptic device by Hayward (1995) uses a hybrid mechanism
consisting of a serial configuration for positioning and a parallel configuration for
orientation. The orientation mechanism comprises of two five-bar linkages driven by

pulleys.

The haptic pen developed by Stocco et al. (2001) uses two 3-DoF five-bar
mechanisms that provide three translations and two rotations of the end-effector. The
sixth DoF (roll) is provided by an actuator mounted on the five-bar mechanism. The
mechanism has a singular configuration within its workspace which is eliminated by the

addition of a redundant actuator.

Vlachos et al. (2003) developed a 5-DoF haptic device which is used as part of a
training simulator for urological operations. The mechanism consists of a 2-DoF, five-bar
mechanism and a 3-DoF spherical joint. All five actuators are base-mounted and the
orientation DoF's are decoupled. For applications such as ultrasound imaging, however, it
is highly desirable to have a linear force feedback along the roll axis of the spherical
joint. In this device, the desired force feedback along the roll axis demands undesirable

simultaneous movements of all DoFs.

Duriez et al. (2001) developed a 3-DoF parallel mechanism creating a spherical
surface with a variable radius. It was used to simulate abdominal movements during
ultrasound examination. The mechanism does not have a FCM and all DoFs are
kinematically coupled. Koizumi et al. (2007) developed a complete tele-echography
system including a hand-controller. The hand-controller has 6 DoFs to achieve arbitrary
positions and orientations of an ultrasound probe (see Figure 1-6a). A parallel link
mechanism was used for positioning. The degrees of freedom in the orientation and

positioning mechanisms seem to be coupled and the actuators are floating.

Marchal and Troccaz (2004) reported development of a 1-DoF haptic probe, whose
position and orientation is tracked using a magnetic localizer (see Figure 1-8a). The
tracker is attached to an element integrating a floating motor and a ball screw for

transmitting linear force. The entire device must sit on a surface to establish a FCM.
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Remarks

Within the context of ultrasound imaging, the existing robotic arms and haptic
devices described above, have one or more of the following undesirable characteristics:
1- lack of suitable DoFs for producing standard clinical motions of ultrasound
examinations,
2- absence of RCM in robotic arms and FCM in haptic mechanisms to facilitate 3-D
ultrasound examinations,
3- existence of singular configurations in the workspace of robotic wrists and haptic
mechanisms,
4- kinematically coupled DoFs in haptic devices and robotic Wwrists,
5- floating electric motors in the haptic and robotic arms as the main source of excess
inertia and difficulties for sterilization of robotic arms,
6- lack of efficient static balancing of the haptic mechanisms,
7- lack of one-to-one control-action correspondence between haptic devices and robotic
arms,
8- large size of the robotic arms, and

9- no reasonable access to patients by attending nurse.
1.5 Objectives of this Thesis

In view of the above discussion, it is obvious that one needs to design a new robotic
wrist and a corresponding hand-controller which overcome the drawbacks of the
available devices prior to this work while keeping the advantages. The usability of the
outcome devices should be evaluated by ultrasound experts to facilitate its future clinical

trials.
The first objective of this thesis is to develop a robotic wrist having the following
specifications:

1- The wrist mechanism should be able to move the ultrasound probe about a RCM point
that is located outside the mechanism. During 3-D ultrasound examination, this point is

placed on the patient’s body.
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2- The wrist should provide a singularity-free workspace. Singularities can deteriorate
ultrasound images taken by wrist during ultrasound imaging (Delgore et al. 2005). At

singular configurations, actuator saturation, breakdown and undesirable motion happen.

3- The wrist should have structural rigidity. Parallel manipulators provide higher

structural rigidity than serial ones.

4- The wrist should have decoupled DoFs. Kinematic decoupling allows one motion of
the ultrasound probe by only actuating one kinematic chain. This will significantly
simplify design and implementation of control algorithms. Most parallel manipulators
have coupled DoFs (Carricato and Castelli 2004). Achieving kinematically decoupled

DoFs in parallel mechanisms is challenging.

5- It is desirable to have a compact and light wrist. This will increase the portability of

the device which is important in mobile tele-ultrasound systems (Delgore et al. 2003).

6- To maintain the contact between ultrasound probe and the patient’s body and to
capture continuous ultrasound images, the wrist should be able to apply palpation forces
up to 20 N (Guerin et al. 2003).

7- Ultrasound probe velocities vary during free-hand ultrasound examinations. The
robotic wrist should be able to move the probe with the average velocity of 3%s
(Salcudean et al. 2000).

8- The ultrasound probe should move in a conical workspace with a vertex angle up to

60°. The palpating motion should be about 30 mm (Guerin et al. 2003).

9- The wrist should operate in a safe manner. Ikta and Nokata (1999), Morita and Sugano
(1995) and Khodabandehloo et al. (2003) have developed and quantified safety aspects of
the medical robots. Safety goals which are to be considered in the design of the proposed

wrist are:
a- There should be reasonable access to the patient by the attending nurse.

b- The electrical actuators should be as far as possible from the patient. They must be

isolated to prevent electrical shocks and facilitate cleaning.

¢- In case of power failure, the manipulator should fail in a safe and predictable manner.
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d- The inertia of the moving elements should be kept low. This will reduce the impact
force between the patient and the manipulator (lkta and Nokata 1999). Parallel
manipulators give the ability to place all actuators on the ground and consequently reduce

the inertia of the wrist and the size of the actuators.

The second objective of this research is to develop a force reflecting hand-controller
which is suitable for remote ultrasound examination. The following factors should be

considered in the design of the device:

1- The device should be able to generate standard ultrasound movements about a fixed
center-of-motion (FCM), resembling the pivot point of the ultrasound probe on the
patient’s body. At the same time, the hand-grip must also slide as much as 30 mm along
the axis of the probe passing through the pivot point for maintaining continuous pressure
between the remote probe and the patient’s body (Guerin et al. 2003). Further, the output

force of the device applied to user’s hand should be uniform over the entire workspace.

2- The device should be statically balanced. Static balancing implies that no operating
effort for the actuators or the operators, apart from acceleration and deceleration, is
needed to move the device from one configuration to another. Static balancing reduces
operator fatigue and actuator’s inertia size. It also improves inherent safety in case the

operator lets go of the hand-controller.

3- The operator’s hand gestures when she/he holds the hand-grip should resemble holding
an ultrasound probe. This will increase the quality of force feedback because different
joints and muscles have different input force bandwidth (Brooks 1990). It also makes the
use of the hand-controller more intuitive since the operator can move her/his hand and

consequently the slave wrist in its most natural way (Kulishov and Lakota 1988).

4- The workspace created by hand-controller should be singularity-free. Hand-controllers
cannot simply avoid singular points, because they are operated by user’s random
commands. At singular points, mechanisms lose or gain degrees of freedom; thus, force

cannot be reflected properly.
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5- Structural rigidity is an important factor which enables the hand-controller to tolerate
higher forces (Orlov 1979). Parallel mechanisms provide higher structural rigidity than

serial ones.

6- The DoFs should be kinematically decoupled to provide force feedback to the
operator’s hand along each ultrasound motion direction with only one actuator.

Decoupled kinematic also reduces the amount of power train inertia.

7- Inertia of the moving elements should be kept low to reduce fatigue, which in turn
affects the quality of tele-operation. Since actuators are the main sources of inertia in

haptic mechanisms, they should be placed on the base.

8- The power train should be backdriveable’, especially when the position error loop is
used for force control (Daniel and Siva 1990). Although considered in this thesis,
backdriveability is not always an asset especially when the operator lets go of the haptic
(Kulishov and Lakota 1988; Madhani 1998).

9- The DoFs in haptic and wrist should have one-to-one position correspondence
(control-action correspondence), i.e. any control action by the physician and its resulting-
change in the remote robotic wrist moves equally and in the same direction (Sheridan,
1992). It has been argued that, it is very easy for the operator to lose track of relative
position and orientation between remote arm and operator’s hand. This is particularly
aggravated by one’s having to observe the results of remote manipulation through video
or other displays such as ultrasound, or by not having one-to-one position correspondence
(Sheridan, 1992). Therefore, the probe orientation in the wrist mechanism should always
be aligned with the orientation of the operator’s hand. This simplifies control algorithms
and removes operator’s mental load from thinking of the relative position between her/his

hand and the probe.

7 According to Ishida and Takanishi (2006), qualitative definition of backdriveability is that when the
output axis of a mechanism is moved by a force, this motion is conveyed through the power transmission to
the input axis. The level of easiness of force and motion transmission from output axis to input axis is
defined as backdriveability.
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1.6 Scope of this Thesis

This thesis focuses on the mechanical design, kinematics analysis, prototyping and
performance evaluation of a novel 4-DoF robotic wrist and haptic device suitable for
remote ultrasound examination of patients (see Figure 1-11). In particular, this thesis
elaborates on features that have not been previously explored, all together, for ultrasound
application. This thesis also presents the complete mechanical design of both systems
which fulfill the objectives outlined earlier. Control and communication systems are

implemented not as the focus of this work but to make the entire robotic system work.

Specifically in this thesis, the detailed and embodiment design of the 4-DoF robotic
wrist is described. The modifications to the previous wrist by Najafi (2004) include:
changing the design of the universal telescoping joints from single-stage to double stage
to reduce the height of the wrist, changing the detail design of all joints, cable routings,
and combinatory module to make them practical in terms of increasing rigidity and
decreasing friction and inertia of the new device. The complete prototype of the 4-DoF
ultrasound wrist is constructed. The prototype enables physician to remotely maintain the
contact between ultrasound probe and patient’s body which is vital for proper ultrasound
imaging. The 4-DoF haptic device in this thesis is statically balanced using only a tension
spring which required a new design for mechanism’s linkages and their arrangements.
The inertia of the device is significantly reduced by changing the arrangement and
miniaturization of the elements of the third DoF which provides force reflection to the
operator hand. Complete prototype of the device is made and its technical characteristics
such as static balancing performance, static-friction break away force, and maximum
achievable impedances are evaluated. The effect of fixed center-of-motion created by
hardware is investigated and its results are compared with the ones of an OMNI
PHANToM device in which the FCM was created by virtual fixtures. Analytical static
output force and output force error analysis have been presented for the haptic device.
Complete forward kinematic analysis is presented for both wrist and haptic devices based
on successive rotations. The relationship between the actuators and the ultrasound probe
rotations are determined for both devices. The Jacobian matrix of both devices are
derived based on loop-closure equations which considers all the constraints involved in

the parallel structure of both devices. New computer interfacing hardware is developed
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for both haptic and wrist in which the devices are connected together through Internet
using campus network. Bilateral control is implemented to enable physicians to remotely
control the motion of the wrist device while feeling the contact force between remote
probe and patient. Ultrasound imaging tests of kidney, spleen, livers, and heart of a few

volunteers are done during the development of the new wrist and haptic devices.

Figure 1-11. General view of robotic system for remote ultrasound imaging.

The outline of this thesis is as follows: Chapter 2 describes the conceptual and
embodiment design, kinematics analysis, and prototyping of the 4-DoF robotic wrist
suitable for remote ultrasound imaging. Technical specifications of the robotic wrist
including workspace, overall dimensions, and inertial properties are determined and

presented in this Chapter.

Chapter 3 addresses the conceptual and embodiment design, kinematics and output
force analysis, and performance evaluation of the 4-DoF force reflecting hand-controller
for remote ultrasound examination. Performance evaluation aims to examine the

technical characteristics of the device including inertial properties, static balancing,
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static-friction break-away force, maximum and uniformity of the output force, and
maximum/minimum achievable impedances. Additionally, the performance evaluation

identifies the effect of fixed center-of-motion on remote ultrasound examination task.

Chapter 4 describes computer interfacing and performance evaluation of the entire
experimental setup. Force and position tracking responses between the haptic device and
robotic wrist are described. Ultrasound imaging tests of the kidney, spleen, liver and heart

of the volunteers is presented in this Chapter.

Chapter 5 summarizes the contributions of the thesis and presents ideas for future

work.
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Chapter 2

Design of Ultrasound Robotic Wrist!

This Chapter describes the development of a 4-DoF robotic wrist to enable physicians
to perform ultrasound diagnosis on patients located in remote areas. This Chapter also
describes how the basis structure of the wrist is conceptualized to satisfy the objectives
outlined in Section 1.5. Detailed design, kinematics analysis, and preliminary evaluation

of the prototype wrist are presented.

2.1 Basic Structure

There are various planar or spatial mechanisms in the literature which provides
circular or spherical motion of the end-point (Artobolevsky 1979). Spherical five-bar
linkage mechanisms can provide pitch and yaw motions of the ultrasound probe. They
can be designed very light. However, singular configurations may happen in the middle
of the workspace (Ouerfelli and Kumar 1994). Circular-slider mechanisms are planar and
provide the circular motion of the end-point. Two circular sliders can be derived by crank
mechanisms or pinion gears (Artobolevsky 1979; Sclater and Chironios 2001). They can
also be combined together in serial and parallel configurations to provide pitch and yaw
motions. Circular sliders, however, are heavy and need precision machining. Another
idea is to combine two spherical linkages in serial to provide a 2-DoF spherical

mechanism. However, actuators will be floating in this mechanism.

The basic structure of the proposed wrist was inspired by the mechanism introduced
by Stanisic and Duta (1990). They presented a symmetrically actuated double pointing
system, which was a basis for a singularity-free workspace. It consists of two circular

links carrying circular sliders. Circular sliders are pined together to generate a 2-DoF

' Some material of this Chapter has been published in;
Najafi, F. and Sepehri N. (2007). Hand controller and wrist device, US patent No. 7,204,168.
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mechanism. Circular slides are heavy and costly and need precise machining,.
Additionally, the center of rotation is located on the plane in which the actuators are
located. A simple mechanism that achieves the same motions consists of two six-bar
pantographs shown in Figure 2-1a. Each link in this mechanism is easy to manufacture
and can be built light. The end-links of the pantographs (EiF; and E,F,) are connected
together by a revolute joint. By rotating the links A;B; and A,B, via two actuators, point
R of the revolute joint moves on the hemispherical workspace. This mechanism has two
decoupled DoFs in which the singular configurations are located on the great circle of the
hemisphere. By holding the links E,F 1 and EpF in vertical position, and rotating links
A;B) and A;B; about O as much as o with respect to the horizontal plane will move the
remote center-of-motion (RCM), O, outside the wrist mechanism (see Figure 2-1b).
Although, this slightly reduces the workspace of the pantograph, the actuators and
moving links A;B; and A,B, are moved away from the RCM. The mechanism shown in
Figure 2-1b is a parallel mechanism to provide the pitch and yaw scanning motions of the

ultrasound probe.

Revolute

circle

(a (b)

Figure. 2-1. Wrist mechanism: (@) 2-DoF parallel wrist with a singularity-free workspace
in which DoFs are decoupled; (b) 3-DoF parallel wrist with a singularity-free workspace
and decoupled DoFs with RCM, O.
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The rotational motion of the ultrasound probe along its axis is achieved by combining
two universal joints connected by a shaft and actuated by an electric motor (see F igure 2-
Ib). Since point R moves on a sphere, the distance between the centers of the universal
joints changes. Therefore an axial sliding motion is required for the shaft connecting the
two universal joints. The redundancies of the axial slider and universal joints allow the
universal telescoping joint to idly follow the motion of the two pantographs while
independently transmitting the actuator’s torque to the revolute joint of the pantographs.
This produces a decoupled rotational motion about the radius OR of the created
hemisphere (Figure 2-1b). The rotational motion serves two purposes: (1) it can be used
for rotational motion of the ultrasound probe; (2) it can also be converted to a sliding
motion along the axis of the probe for palpating purposes, which will be discussed in

detail in Section 2.2.4.

2.2 Embodiment Design

This section presents the detailed descriptions and assemblies of the wrist. F igure 2-2
shows the front and back view of the wrist. This design uses the basic kinematics
architecture discussed in the previous Section. A pair of six-bar pantographs is mounted
on the circular frame to define the first two DoFs of the ultrasound probe. The circular
frame is connected to the columns and the upper housing which accommodates electric

actuators.

2.2.1 Design of First and Second DoFs

The end-links of the pantographs are connected together with ball bearings. Both end-
links are hollow to provide enough space to accommodate the combinatory module for
the third and fourth DoFs which will be discussed in Section 2.2.4. Since the
interferences between linkages and the connecting shafts make the workspace small,
special crank-shafts have been designed to allow the linkages to move freely without
interference with other connecting shafts (see Figure 2-3). Care has been taken to ensure
rigidity both in the plane of the pantographs and in their normal planes. The electric
actuators can be connected to the input shafts for applications where the closeness of the

actuators to the RCM is not of concern. However, regarding the ultrasound application, it
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is preferred to connect each actuator to its pantograph via cable drives. An open-loop
cable drive system has been designed to prevent slippage of the cable (see Figure 2-3).
The driver and driven pulleys are fixed to the actuator and input shafts respectively.
Cables pass through guiding pulleys. A cable tensioner designed to adjust the cable
tension. A second encoder can be added on the input shaft to check the breakage of the

cable for safety issues.
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— First encoder
Electric actuator 3

Cable tensioner - e

Driver pulley

Cable

Six-bar pantograph
End-link 1 and 2

Guiding pulleys

Driven pulley

Input shaft

RCM

Figure 2-3. Power train of each of the first two DoFs of the wrist.

2.2.2 Design of Third DoF

The third DoF has been designed to produce a sliding motion of the ultrasound probe
along the axis of the probe which is herewith called palpating motion (see Figure 2-4).
The third DoF maintains the contact between probe and patient. Its power train consists
of an electric actuator, an upper universal joint, inner telescoping joint, lower universal
joint and finally the combinatory module. Upper universal joint is connected to the

electric actuator. The lower universa] joint is connected to the pantograph’s end-link by
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decoupling ball bearings (not shown). The inner telescoping joint permits torque
transmission from upper to lower universal joint, while its length between the two
universal joints increases when it idly follows the motion of the pantograph’s end-link. In
order to shorten the overall height of the wrist, inner telescoping joint has two stages. The
first and second stages use a combination of ball spline and linear shafts, respectively.
The rotary motion is delivered to the combinatory module to generate the palpating
motion of the ultrasound probe. The combinatory module is inside the pantograph’s end-
link and will be described in Section 2.2.4. The close-up view of Figure 2-4 shows the
power train of the third DoF where it follows the movement of the first two DoFs created

by six-bar pantographs.

2.2.3 Design of Fourth DoF

The fourth DoF creates rotational motion of the ultrasound probe about its axis. Its
power train consists of an electric actuator, first cable drive, an outer telescoping joint,
second cable drive and combinatory module (Figure 2-5). The combinatory module is
placed inside the pantograph’s end-link. The upper universal joint is actuated by the first
cable drive. The lower universal joint is connected to the pantograph’s end-link by
decoupling ball bearings (not shown). Outer telescoping joint has two stages
accomplished using linear shafts. The outside diameter of the lower universal joint is the
driver pulley for the second cable drive in which a cable passes through guiding and
driven pulleys. The driven pulley is connected to the end-link of the pantographs through
a decoupling ball bearing. Therefore, the rotary motion of the fourth electric actuator is
transmitted to the driven pulley of the second cable drive. This rotary motion is delivered

to the combinatory module to generate the rotational motion of the ultrasound probe,
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Figure 2-4. Power train of third DoF and close-up view in a tilted position.
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2.2.4 Design of Combinatory Module for Third and Fourth DoFs

This module has two inputs and two outputs (Figure 2-6). The module converts rotary
motion of the third DoF (first input) into the palpating motion of the ultrasound probe to
maintain the contact between ultrasound probe and patient’s skin. It also transmits the
rotary motion of the fourth DoF (second input) to the rotational motion of the ultrasound
probe. Since these two DoFs are kinematically decoupled, the module can produce
independent palpating or rotational motions of the probe by each of the two actuators.

Spiral motion can also be achieved if both actuators work simultaneously.

The lower universal joint from the third DoF is connected to the ball screw via a
multi-jaw coupling which allows easy insertion of the module inside the wrist. Upon
driving the ball screw, the slider slides on the linear shafts with respect to the base-plate.
The slider is connected to the spline shaft by a decoupling ball bearing to decouple the
rotary motion imparted by driven pulley from the sliding motion of the slider. The outer
housing is fixed to the driven pulley which receives its rotary motion from the power
train of the fourth DoF (see Figure 2-6). The ball spline nut allows free relative axial
motion of the probe while transmitting the rotary motion. The ball spline shaft is
connected to a force sensor and connector. The pantographs orient the module about the

RCM, and the module provides palpating and rotational motions of the ultrasound probe.
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Figure 2-6. Power train of combinatory module.

2.2.5 Discussion

All DoFs in the present wrist are kinematically decoupled, i.e., each required motion
of the ultrasound probe is accomplished by only one kinematic chain activated by an
electric actuator. The ultrasound robot by Poignet at al. (2003) is a serial manipulator and
uses coordinated joint control to move the ultrasound probe. Robots with coordinated
Joint control have pivot flexibility and increased maneuverability. However, according to
Taylor and Stoinovici (2003), for medical applications, RCM mechanisms with
decoupled motions, as in the proposed wrist, are safer due to their decoupled motions and

simplicity in control implementation.

All RCM mechanisms introduced in the literature, prior to this work, use either serial
or hybrid configurations to achieve decoupled DoFs and a singularity-free workspace
(Taylor et al. 1995; Faraz and Payandeh 1998; Salcudean et al. 2000; Vischer and Clavel
2000). The present design introduces, for the first time, a parallel version of a RCM
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mechanism with decoupled DoFs and, as will be shown later, with singularity-free
workspace.

Compact wrists allow portability towards mobile tele-echography applications
(Delgorge, et al. 2005). Using two six-bar mechanisms in parallel brings the footprint of
the new wrist to the order of 192 x 192 mm. Additionally, the weight of the moving
elements in the prototype wrist is 2.5 kg. According to Ikta and Nokata (1999), reducing
the weight of the moving elements decreases the potential of high impact between robotic

arm and patient.

Ultrasound transducers, connectors and cables must be frequently sterilized (Muradali
et al. 1995). Using parallel mechanisms with remote cable actuation in the present wrist
separate electrical actuators from the linkages and moving components near the probe
and thus simplify disinfection procedure. This characteristic has not been observed in
other devices including those reported by Mitsuishi et al. (2001), Masuda et al. (2001),
Gonzales et al. (2001), and Vilchis et al. (2007). The current practice is to either use
presterilized bags around most of the robot and sterilize only the tool holder (Taylor and

Stoinovici 2003) or, seal all floating actuators to allow cleaning.

Ultrasound robots designed by Masuda et al. (2001) and Gonzales et al. (2001) both
embrace the patient’s body and there is no reasonable access to the patient. Proper
arrangement of power trains in the present design moved all the wrist elements above the
ultrasound probe. Therefore, there is enough access to the patient by the attending nurse.
The ultrasound robots developed by Salcudean et al. (2000) and Delgorge et al. (2005)

also allow reasonable access to the patient.
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2.3 Kinematics Analysis

Forward kinematics consists of finding the position and orientation of the implement
(ultrasound probe) given motor joint variables. With reference to Figure 2-7, the fixed

frame { X,¥,Z,} is attached to point O as the RCM of the wrist. The moving frame
{X,Y,Z,} is attached to the tip of the ultrasound probe. Initially, the moving frame
coincides with the fixed frame. The first two rotations 6, and @, occur about the axes X ,
and Y. Axes X, and Y, are located in the planes X,Z; and ¥,Z,, respectively. The
third rotation @, occurs about the axis Z, of frame { X,Y,Z,}, the frame resulting from
the first two rotations B and 3,. The 4™ motion is the radial displacement r of the tip of

ultrasound probe along the axis Z 5-

Y;

.Q ¥
0,(\
Y

Figure 2-7. Coordinate transformation between the fixed frame { X,¥,Z;} and moving
frame { X, ¥ Z } frames.

m=m=m

The axis X,is rotated as much as @ with respect to axis X,. Moreover, due to

geometrical constraints between two pantographs, the rotation 6, about axis X , causes
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the axis Zj to rotate as much as B, about axis X o- Its rotation matrix can be written as

(Tsai 1999):

1 0 0
Rot(Xy,8)=10 cf, —spB (2.1)
0 Sﬂl CIBI
where
tan6, = 2204, 2.2)
cos¢

and cand s denote “cosine” and “sine” functions, respectively. Detailed derivation of

Eq. (2.2) is presented in Appendix A. The second rotation 6, occurs about axis Y,. Due to
geometrical constraints between the two pantographs, the rotation 6, causes the axis Z ,to
rotate as much as 8, about the unit vector S in a plane which contains Zand X, .
Therefore, the unit vector S(s,,s,,5,) is normal to unit vectors X (ca,0,~sa) and
Z,(0,~sp,,cpB,) described in the fixed frame {X,¥,Z,}. The orthogonality condition leads
to the following Equations:

§.X,=0 (2.3a)
S.Z,=0 (2.3b)

Solving Egs. (2.3) simultaneously, we have:

sa sp, cach ca sp

S = S, =L g = T (2.4)
JI=slac’p 7 Vi-s*ac’p, JI-s*a B,

The rotation matrix about axis S(s,s y»S:) can then be written as (Tsai 1999):

an @ ag
Rot(S,0,)=|a, a, a, (2.5)

a3 4y 0y

where

a :(Sx2 -Dd-cBy)+1; ay, =5.85,(-¢cf,))-s.50,; ay, :stz(l—cﬂ2)+sysﬂ2
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ay =s.5,(1-¢cf,)+s,56,; a,, = (sy2 —DA-cpfy)+15ay, =5,5.(1-cB,)— 5,55,
a5 =58, (1~¢cf))=s,56,; a5, =s,5,(1=cB,) +5.50,; a5, = (Szz —Dd-cB,)+1
The relationship between angles 3, and 8, is given below:

cas0,—sacach,

tan(, —77) = (2.62)

2
s,50 50, —sa cO,(s,ca+ssa)+sch,c’a

cn=sp (ssa+s.ca)+sch ca (2.6b)

Detailed derivation of Eq. (2.6) is given in Appendix B. The first two rotations f, and
B, occur about axes X, and S described in the fixed frame { X oYy Z, }, respectively.

Therefore, the resulting rotation matrix is obtained by pre-multiplying the two rotation

matrixes described in Egs. (2.1) and (2.5). The third rotation 0, occurs about the axis

Z, of the frame { X,Y,Z, }, therefore the third rotation matrix should be post-multiplied.
Rot(B,, B,,65) = Rot(B,,S)Rot(B,, X, YRot(6;,2,) 2.7)

The elements of the homogenous transformation matrix that describes transformation

from frame { X ¥;Z,} to { X, Y Z } is now obtained as:

m-m="m

7| ROUB B0 sy RO Sr05) 5y (0 O 7) iy _| B by by by
O(]><3) ll><]

(2.8)

where

by = a,,c0; + ay,c B, 50, + a5 B, 56, ; by, =~ay,560; + a,cf, ¢, + a5, co,
by =—aypspP, +aycf; by =—a,rsp, +ayref,

by = ayc0; +ayc B, O, + aysp, 56, by =—ay56; + ayc, ¢, + aysp, cty;
by =—aySP, + aych; by =—ayrsp, +ayrep,

by, = a0, +aycf, 56+ aysp, 56, by = —ay50, +as,cf, c6; + a335P, b,

by =—ay,sP, +acfy; by, =—ay,rsp, +ayrep,
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In which a, are the elements of the Eq. (2.5). ris the radial displacement (palpating

motion) of the moving platform { X Y Z } with respect to point O as shown in F igure 2-

7.

Egs. (2.2) and (2.6) describe the relationship between angles B, and f,and their
corresponding angles 6, and 6,. Input shafts of the pantographs are connected to their
corresponding actuators by cable drives with transmission ratio one (see Figure 2-3).

Therefore, we have: 6" =6, and 62 = 6,

Due to use of universal telescoping joint, rotational position 6, is different from its

corresponding motor’s position €, (see Figure 2-8a). However, they are not constant-

velocity joints (Sclater and Chironios 2001; Johnson and Willems 1993) meaning that
input and output velocities of the joint are different. Consequently, this effect shows itself

in the universal telescoping joints used for the third and fourth DoFs.
With reference to Figure 2-8a, the velocity difference in a universal telescoping joint
can be removed if two yokes on the telescoping joint lie in one plane and ¢, = ¢,. Thus,

the transmission ratio between the actuator’s angle 6;" and the ultrasound probe 0, is

one. In the present wrist design, the yokes on the telescoping joint are located in one

plane. However, the deflection angles ¢, and ¢, are not equal. The relationship between

6;" and 6, is (Johnson and Willems 1993):

tan6, = tan o <259 (2.9)
cos ¢,

Angles ¢, and ¢, are the deflection angles of the upper and lower universal joints,

respectively (see Figure 2-8), and can be calculated in triangle ORQ as:

. ... OR
¢, =sin (smw-@;) (2.10)

g 0Q
¢, =7 —sin (smw-QR (2.11)
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where lengths OR and OQ are selected in the current design as 420, 688 mm, respectively
(see Figure 2-8a). With reference to Figure 2-8, OPRS is a cone covered by a portion of a
sphere created by two pantographs in which O is the RCM and the angle 2y is the

vertex angle of the cone. QP and QT are the lengths of the universal telescoping joint in

fully extended and retracted configurations, respectively. Angle v in Figure 2-8a, is the

angle between axes Z,and Z, (see Figure 2-7) and can be obtained by:

LUz,
T = —@nsP +asch (2.12)

In Eq. (2.12), u, and u, are unit vectors along axes Z,and Z, described in the fixed
frame{X,Y,Z,}.
Equations (2.9), (2.10), (2.11) and (2.12) are now used to show the difference

between the actuator rotation and the rotational position of the ultrasound probe at

different orientation, i, (see Figures 2-8a and 2-8b).

100 ,
— y=0 (deg)

8or ... .. =12 (deg) e ///
60 — — — y=18 (deg) '/‘//ﬂ"l

''''' y=35 (deg) R 4

40 r
-60
-80 -
%00 50 0 50 100
65" (deg)
@ X, (b)

Figure 2-8. (a) Orientation of probe and universal telescoping joint; (b) variation of
probe rotation, &, versus motor rotation, ;' , at different orientation, y , of probe.
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The radial displacement, r», is due to converting the rotational motion of the inner
universal telescoping joint connected to multi-jaw coupling into palpating motion of the
probe (see Figure 2-6), which can be obtained from the following relationship
(Berezovsky et al.1988):

nPo,
y =
27

(2.13)

where n=1 and P=4mm are the number of starts and pitch of the ball screw,

respectively. 6, is the input rotational motion of the ball screw. Due to use of universal
telescoping joint for the third DoF, input rotational position 8, is also slightly different
from its corresponding motor’s position, 0, . Therefore, we have:

tan6, = tan g <% (2.14)
cos g,

The relationship between the actuator and the ultrasound probe velocities can be
found by applying a loop-closure method described by Tsai (1999) and kinematic

relations outlined above:
[&5 17] T em= [J ](6>< . [él"’ 49.2'" (9.3'" (9.,;" ]1 (2.15)

[67,6;.,67,6"] and [& V] are actuators angular velocities and ultrasound probe

velocities, respectively. Detailed derivation of the Jacobian matrix, J, is given in
Appendix B. The velocity state of the tip of the ultrasound probe based on actuator’s
velocities is simulated for the full range of motions of all motors, ie., from
[-35°,-35%, -90°,-90°] to [35°,35°, 90", 90°]with constant speed (see Figures 2-9).
The speed of each joint is selected so that the complete range of each joint is traveled in

10 seconds.
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Figure 2-9. Variation of velocity vector of probe.
Singularity Analysis

An important limitation of parallel manipulators is that singular configurations may
exist within its workspace where the manipulators gain or lose one or more DoFs. In this
Section singular configurations of the proposed wrist are investigated and it is shown that
the proposed wrist provides a singularity-free workspace. For pantograph mechanisms,
singular configurations happen only when points O , E, and B, (see Figure 2-10a) lie on
a straight line, which makes each pantograph in a fully-stretched or folded-back position.
In this configuration, the wrist loses one DoF. At the same time, if both pantographs

rotate until EF lie in a plane consisting axes 4B, and 4,B,, it creates four possible

configurations for the wrist mechanism. In these configurations, the mechanism gains one
more DoF, i.e., the ultrasound probe gains small motions even though the pantograph’s
actuators are locked. It is seen that, all singular configurations occur at the boundary of

the great circle of the hemisphere which is physically unreachable by the ultrasound
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probe. Therefore, this type of mechanism creates a singularity-free workspace for the

ultrasound probe.

Universal telescoping joints of the third and fourth DoFs follow the spherical motion
generated by the first two DoFs idly. Singularity configurations simply occur when the
deflection angles of each universal joint becomes 90, Figures 2-10b and 2-10c¢ show
singular configurations of the universal telescoping joint. In Figure 2-10, configuration

(b) can not happen because OR is designed to be less than OQ . In order to avoid singular

configuration (c) in the middle of the workspace of the pantographs, the following design

condition must be met once dimensions OR and OQ are chosen.

Figure 2-10. (a) Simplified structure of wrist (b) singular configuration of pantograph;
(¢) geometrically impossible singular configuration of telescoping joint; (d) possible
singular configuration of telescoping joint.
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2.4 Prototype Device

Figure 2-11 shows the prototype of the wrist. The pantographs create the first two
DoFs of the wrist. These two DoFs generate yaw and pitch motions of the ultrasound
probe about RCM. The third DoF is a palpating motion in order to maintain the contact
between the probe and the patient. The fourth DoF generates a rotational motion of the

probe about its axis. .

The wrist structure is made of ordinary aluminum except for the shafts which are
made of steel. The weight of the moving elements of the 4-DoF wrist is approximately
2.5 kg. The inertia matrix of the prototyped 4-DoF wrist has been calculated at the center

of mass using “SolidWorks” software package.

I, -1, -I.) (630 -338 72

xx Xy
=1, I, -I,]=/-33.0 391 -15.0x10" kg.m’
-1, -1, I, 72 -150 80.0

The footprint and height of the wrist is (192 mmx192 mm), and 750 mm,
respectively. The nominal workspace of the ultrasound probe is a cone with 50" as vertex
angle. This workspace is achieved by replacing ordinary shafts with the crank-shafts
allowing the linkages to pass through the centerline of the shafts. Other specifications of
the 4-DoF robotic wrist are given in Table 2-1. Each DoF is driven by a permanent
magnet brushed DC motor equipped with planetary gearbox and a digital encoder (2000
counts/Rev). In this prototype, two of the actuators are directly connected to input shaft

of each pantograph.

Table 2-1. General specifications of prototype 4-DoF ultrasound robotic wrist.

Axis Range of Motor Gear Motor
motion ratio torque/force
Yaw + 25° Maxon RE 36 111:1 88.5 mNm
Pitch + 25° Maxon RE 36 111:1 88.5 mNm
rotation + 90° Maxon RE 25 84:1 29.3 mNm
palpation 32 mm Maxon RE 25 84:1 24 N (measured)
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Proportional and derivative control scheme is used to drive each electric motor.
Typical step responses for DC motors are shown in Figures 2-12 to 2-15. First,
proportional gains were tuned to achieve a satisfactory performance based on steady-state
error and transient response. In the next stage, derivative gains were tuned to modify the
transient responses. One axis force sensor’ (LCMKD 50 N, by Omega) is mounted
between the ultrasound probe and the end-effector of the wrist. The force sensor directly
measures the contact force between ultrasound probe and patient’s body. The
measurement information can either be used in wrist local force control or be transmitted

to the remote force-reflecting hand-controller to provide force feedback to the physician.

? The maximum amplitude of the force-sensor noise was measured and is equal to 0.1 N. The measured
forces by the force sensor goes through a first order low pass filter with cut-off frequency of 1 Hz. The
average applied force to patient’s body by the ultrasound probe during a typical kidney examination is 0.5
N.

4]
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Figure 2-11. 4-DoF robotic wrist for remote ultrasound diagnosis.
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Figure 2-13. Step input response of power train producing pitch scanning motion using
PD control scheme (K= 1.4 V/deg and K, = 0.06 Vs/deg).
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2.5 Summary

A mnovel 4-DoF robotic wrist for remote ultrasound imaging has been designed and
constructed. The proposed wrist has a set of specifications which make it suitable for
ultrasound diagnosis. It has 4 degrees of freedom (DoFs) built upon parallel mechanisms
to provide main clinical motions of the probe required for ultrasound imaging and has a
remote center-of-motion (RCM) which is located outside the mechanism. The existence
of a RCM in the kinematic chain of the mechanism enables the wrist to perform the 3-D
ultrasound imaging with 4 DoFs. All DoFs are kinematically decoupled from each other.
Kinematic decoupling improves the safety of the manipulation by generating each motion
of the ultrasound probe by actuating a single kinematic chain. The workspace produced
by the proposed wrist is singularity-free and all actuators are placed on the ground to
reduce inertia of moving elements and to simplify disinfection-procedure. The wrist
allows a reasonable access to the patient by attending nurse. There is no contact between
moving elements of the wrist and patient’s body except at the tip of the ultrasound probe.
These features (remote center-of-motion parallel mechanism, decoupled DoFs, and
singularity-free workspace) have not been simultaneously considered in the robotic

systems developed prior to this work and described in Section 1.4.1.
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Chapter 3

Design of Ultrasound Haptic Device'

This Chapter describes the development of a 4-DoF force reflecting hand-controller
to enable physicians to remotely manipulate the ultrasound wrist described in the
previous Chapter. The basis structure of the haptic device is described that satisfies the
objectives outlined in Section 1.5. Detailed design, Kinematics analysis, force analysis,

prototyping, and technical performance evaluation of the haptic device are also presented.

3.1 Embodiment Design

The 4-DoF haptic device is shown in Figure 3-1. It has been designed to meet the
requirements outlined in Section 1.5. For the first two DoFs, two eight-bar parallel
mechanisms are mounted on the fixed plate to produce the hemispherical motion of the
hand-grip about the FCM. The eight-bar mechanisms are connected together by a

revolute joint.

The third DoF provides a sliding motion along the axis of the hand-grip. With
reference to Figure 3-1b, the power train for the third DoF consists of an actuator, a
universal joint and a cable drive. The input of the universal joint is connected to the
output of the cable reducer. The center of the universal joint coincides with the FCM. The
rotational motion of the actuator and the universal joint is converted into the sliding
motion of the hand-grip by a cable drive. The cable drive consists of driver and driven
pulleys, frame, cable and hand-grip. The drive pulley is fixed to the connecting shaft of
the universal joint and its rotational motion is decoupled from the frame by decoupling

ball bearings inside the frame (not shown). Therefore, the driver pulley rotates freely on

! Some material of this Chapter has been published in :
Najafi, F. and Sepehri N. (2008). A novel hand-controller for remote ultrasound imaging. Mechatronics,

18(10): 578-590.
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the frame while driving the cable. One side of the cable is fixed to the hand-grip which
slides on a ball spline shaft. The universal joint allows the cable drive to follow the
spherical motion generated by parallelograms, while transmitting actuator’s rotary motion
into the sliding motion of the hand-grip. The eight-bar parallelogram mechanisms carry
the weight of the third DoF’s power train. Additionally, the interaction forces between
user’s hand and the hand-grip is distributed among the eight-bar parallelogram

mechanisms.

Rotational motion of the hand-grip (fourth DoF) is measured by an encoder (Figure 3-
1b). The center of gravity of the mechanism is located on the axis of the hand-grip
regardless of the orientations of the device. The total mass of the eight-bar mechanisms
and cable drive is statically balanced by a zero-free-length tension spring which will be
described next. Each power train in the parallel mechanism can be equipped with base-

mounted actuator to provide force feedback along each motion of the ultrasound probe.
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Figure 3-1. 4-DoF force-reflecting hand-controller: (a) general view of device; (b)
power train of the third and fourth DoFs producing sliding and rotational motions of
hand-grip.

3.2 Design for Static Balancing

Static balancing techniques for mechanisms can be categorized as active or passive.
Active balancing utilizes electric, pneumatic, or hydraulic actuators (Rivin 1988). For
example, Agrawal et al. (2001) described the design of an active gravity balanced planner

mechanism, where auxiliary parallelograms were used to physically locate the center of

the mass of the mechanism.

Passive balancing uses springs or counterweights. Counterweight balancing ensures

that the center of mass of the mechanism remains fixed for every configuration of the
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mechanism. Counterweight balancing has been used in the 3-DoF parallel haptic device
by Steger et al. (2004). In some haptic devices, the weights of the electric actuators were
used as counterweights (Hayward et al. 1998). However, using counterweights, the

overall inertia of the device will increase.

Static balancing using tension springs ensures that the total potential energy of the
mechanism is constant at every configuration of the mechanism. Tension springs have the
advantage of low inertia and high output force over using counterweights (Herder 2002).
This will result in increased bandwidth and acceleration and decreased actuator size.

A combination of spring, cam, and cables can also be used to statically balance the
weight of mechanisms when the center of gravity changes on a predefined path in space
(Tidwell et al. 1994; Kobayashi 2001). Static balancing of parallel manipulators using
counterweights or springs has been thoroughly studied by Wang and Gosselin (1999,
2000) in which 3, 4 and 6 DoF parallel manipulators were statically balanced using 2, 5

and 12 tension springs, respectively.

In this thesis, a tension spring is used to statically balance the weight of the hand-
controller. Thus, to provide insight into static balancing using springs, the conditions
associated with a single body pivoting on a spherical joint are described based on the
method presented by Gosselin (1999). With reference to Figure 3-2, the body with mass,
m, is mounted on a 3-DoF spherical joint, O. The center of mass is located at the tip of

line OC. A fixed coordinate frame {X,¥,Z,} is attached to the base with its origin in O

and its Zy axis pointing in the direction opposite to the gravitational acceleration vector.

It is possible to choose attachment points and stiffness, K, for the spring to obtain a
statically balanced system for any orientation of the body with mass m. The conditions
for balancing are obtained by imposing that the total potential energy including
gravitational and elastic be constant with respect to orientation of the moving body.

According to Gosselin (1999), for mechanism shown in Figure 3-2, we have

‘b_él =@@ 3.1
mg )
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Figure 3-2. Spherical 3-DoF single-body mechanism balanced with one spring (Gosselin
2000).

Equation (3.1) shows that a 3-DoF body that can undergo arbitrary pure rotations
about a fixed spherical joint can be balanced for all configurations using a single spring
(Gosselin 1999). The total potential energy in the system remains constant for any
orientation of the body, and hence the system can be brought to a static equilibrium
without any external force or torque. Note that, the complete static balancing of the
mechanisms using tension springs is only possible when the un-stretched length of the
spring is equal to zero. There is no tension spring that has such a capability. However,
such an elastic element can be realized by a combination of tension spring, cable and

pulleys as shown in Figure 3-3.

To fully take advantage of the above balancing method in the design of the hand-
controller presented here, the overall center of gravity must move on a sphere.
Combining two eight-bar parallelogram mechanisms on two perpendicular planes allows
the overall center of gravity to move on a sphere over the entire workspace (Figure 3-4a).
This unique characteristic is achieved by knowing that the diagonals of a four-bar
parallelogram mechanism bisect each other, and the center of gravity always remains on
the intersection of the diagonals, and moves on a circle. Furthermore, in order to increase
the rigidity, four-bar parallelograms are combined together as shown in Figure 3-4b. In

the resulting eight-bar mechanism, the distance between the center of gravity and the

52



center of base link remains constant at different orientations of the mechanism.
Therefore, the resulting multi-linkage mechanism behaves similar to a rigid body
connected to ground by a spherical joint, and can be statically balanced by a zero-free-
length tension spring as in Figure 3-3. Figure 3-5 shows how the hand-controller

mechanism is statically balanced using a zero-free-length tension spring.

Figure 3-3. Implementation of a zero-free-length tension spring.
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Figure 3-4. Static balancing of two symmetric eight-bar mechanisms: (a) two symmetric
mechanisms on two perpendicular planes with center of gravity moving on a sphere for all
configurations; (b) center of gravity moves on a circle at different orientation of each eight-
bar mechanism.

Zero-free- length
tension spring

Figure 3-5. Static balancing of hand-controller with zero-free-length tension spring.
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3.3 Remarks

Remark 1- The structure of the proposed mechanism can be altered by changing or
reducing the number of linkages. Figure 3-6b shows asymmetric version of the device.
This mechanism uses two six-bar pantograph mechanisms which is simpler than the
mechanism in Figure 3-6a. Figure 3-6¢ shows a version which uses two double-
parallelogram mechanisms located in two perpendicular planes. A much simpler
configuration uses two two-link mechanisms (Figure 3-6d). All links can also be removed
which leads to the mechanism shown in Figure 3-6e. The footprint of the mechanisms
reduces from configurations 3a to e. Mechanisms shown in Figures 3-6a, 3-6¢ and 3-6e
can be statically balanced by a single tension spring. Mechanisms in Figures 3-6b and 3-
6d have simpler structures, but cannot be balanced with a spring. The mechanism shown
in Figure 3-6e can only provide force feedback along the axis of the hand-grip.
Measurement of joint axis in other DoFs can be challenging in this mechanism. The
mechanism in Figure 3-6a has higher structural rigidity than the one shown in Figure 3-6¢
and was chosen in this work. Comparisons between all configurations are summarized in
Table 3-1.

Table 3-1. Comparison between design configurations.

Design a Design b Design ¢ Design d Design ¢

Static balancing with spring N - N - N
Structural simplicity ~ v W NAA NN
(simplest

Possibility of providing of
force feedback (pitch (1), | 1|2 |34 12| 34| v|2|3(4| 1|2]3]{4|1]l2] 3|4
yaw (2), palpation (3) and

rotation (4) axes) \/ \/ \/ N \/ \/ ‘/ B \/ \/ \/ B \/ \/ \/ B R \/
Fooiprin v ey W W WA
(Smallest)
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bar mechanisms; (b) asymmetric
-parallelograms; (d) asymmetric

-6. Possible configurations: (a) symmetric eight-
pantograph mechanisms; (c) symmetric double

parallelograms; (e) one DoF sliding motion.

Figure 3
six-bar
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Remark 2- One may argue that using symmetric mechanisms as in Figures 3-6a and
3-6c, adds more weight and inertia to the haptic mechanism as compared to the
asymmetric mechanisms shown in Figures 3-6b and 3-6d. Here we show that given the
same structural stiffness, the symmetric mechanism becomes lighter than asymmetric
one. A simple model of six-bar and two-link mechanisms shown in Figures 3-6b and 3-6d
is a cantilever beam shown in Figure 3-7a. A simple model of eight-bar and double
parallelogram mechanisms shown in Figures 3-6a and 3-6¢ is a cantilever beam fixed at
both ends shown in Figure 3-7b. The maximum deflections of models at points A4land

A2 under static force, F, are given by (Popov 1976):

Fl’
Y, == 3.2
Al 3EI (3.2a)
y, = 1h (3.2b)
2 192E1, '

where E, and I, = b’ / 12 (i =1,2) are modulus of elasticity and area moments of inertia,
respectively. If the models have the same structural deflection, i.e.,¥, =Y,,, the relation

between widths of the beams should be &, =8b,, assuming % =h,. In this case, the

model shown in Figure 3-7a is four times heavier than the second model in Figure 3-7b,
ie. m =4m,. In terms of mass moments of inertia,l, = %2 m, (b’ +h), (=1,2)
comparison between I/ .and I, assuming m, =4m, and b, =8b, reveals that
I,,. >41,,, . Therefore, the symmetric mechanism shown in Figure 3-7b can be designed
four times lighter than the asymmetric mechanism in Figure 3-7a, but with the same
structural stiffness. Furthermore, the open-loop or mechanical bandwidth, o, = W , of

the symmetric mechanism, @,, = \/k/m, , is two times greater than the one belonging to

the asymmetric mechanism, @,, = \/k/m, , since they have the same structural stiffness & .

Remark 3- Designs presented in Figures 3-6a and 3-6¢ have uniform structures
leading to uniform distribution of reaction forces at the joints. This results in uniform
friction forces inside revolute joints. Uniform frictional behaviour is a desirable feature in

haptic devices since it increases the fidelity of the force reflections (Vlachos et al. 2003).
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Figure 3-7. (a) Simple model of six-bar pantograph mechanism under load F; (b) simple
model of an eight-bar mechanism under load F.

3.4 Kinematics Analysis

In this section, forward kinematics of the mechanism is derived using Euler angles

about moving frames. Detailed derivation of Jacobian matrix is presented in Appendix E.

Forward kinematics

With reference to Figure 3-8, frame { X’ o¥sZ, } is attached to point O representing the
FCM of the hand-controller. Frame { X, Y, Z, } is attached to the hand-grip. Initially, the
moving frame {X,Y Z } coincides with the fixed frame {X oYoZ,}. The first two

actuator (motor) rotations 6," and ;" occur about axes X oand Y, where the pantograph’s

actuators are located. The rotation 8;" occurs about the new axis Z,of frame { X,Y,Z,},
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resulted from the first two rotations 6" and &," . The radial displacement, r, of the hand-

grip occurs along axis Z, .

A

m

Hand-Grip

X2

Figure 3-8. Coordinate transformation between fixed frame { X,Y¥,Z,} and moving
frame{ X Y Z }.

ma-m=m

With reference to Figure 3-8, rotation 6" about axis X, causes axis Z, to reach to

axis Z, . Its rotation matrix can be written as (Tsai 1999):

I 0 0
Rot(X,,6")y=|0 cO" —s6" (3.3)
O s 91"1 ce]’”

where cand s denote ‘cosine’ and ‘sine’ functions, respectively.

Rotation 6," about axis ¥;, causes axis Z, to rotate about the moving axis Y, of moving

frame {X,Y¥,Z,}asmuch as j:
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cf 0 sp

Rot(Y,p)=| 0 1 0 (3.4)
-sf 0 c¢f
Angle B is obtained from the following relation
1B
te m — 3 .5
2 celm ( )

t in Eq. (3.5) denotes ‘tan’ function. Detailed derivation of Eq. (3.5) is given in
Appendix D. The rotation &;" is about axis Z, of moving frame {X,¥,Z,}. Its rotation

matrix can be written as;

c6,) —-s6 0
Rot(Z,,0]")=|s6, c6] 0 (3.6)
0 0 1

Therefore, the elements of the homogenous transformation matrix that describes the

transformation from frame {X ¥, Z,} to {X, ¥ Z } is:

T = Rot(@l"’,ﬁ,éﬁ")(3x3) ROt(glm’ﬂﬁf)(axs)(o 0 ")T(3X‘) - Iy Iyp In Iy
O(lx3) 1(1><1)

where

Rot(9)", 8,6,") = Rot(X,,0") Rot(Y,, B) RoK(Z,,6]")

and

L, =cfch;
t, =—cf 56,
s =sB
hy=rsp
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t,, =cO" s0; +s6" spco;
ty, =cb" c8;" —sO" sp s6;
by =—s0" cf

Ly =—1s6" cf

t;, =56 56, —cb" spcb;
t =567 07 407 55 50
by =co" cff

L3 ="09,m cf

In Eq. (3.7), r is the radial distance of the hand-grip from point O. It is related to the

third rotation &' (see Figure 3-10) as follows:

b d,
2

r= (3.8)

where d, is the diameter of the driver pulley.
Note that due to the universal joint (see Figure 3-10), rotational angle ; is different
from its corresponding actuator angular position &;". They are however related by the

following relationship (Hinkle 1960; Johnson and Willems 1993):

n cy

nis cable reduction ratio (see Figure 3-10). y is the angle between axes Z, and

Z, shown in Figure 3-8, and can be obtained in terms of actuator rotations from by the

following equation:

cy=cfcl" =c[t™ (cO" 18))]co" (3.10)
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Singularity Analysis

Investigating Eq. (e.8) in Appendix E, indicates that it is physically impossible for the
haptic mechanism to have both vectors (@xag) and (O—E.xC_,’z_E') become zero
simultaneously. Therefore, singular configurations happen only when one of the vectors
is zero. In these configurations, each pantograph is in a fully-stretched or folded-back
position as shown in Figures 3-9a and 3-9b. The hand-controller, in these configurations,
loses one DoF. Additionally, the determinant of the right-hand side of Eq. (e.7) in
Appendix E, is zero when both pantographs rotate as much as 90°. Four more singular
configurations as shown in Figures 3-9¢ to 3-9f can happen. In these configurations, the
mechanism gains one additional DoF, i.e., the hand-grip can move even though all

actuators are locked.

Finally, with respect to the third and fourth DoFs, since they follow the spherical
motion generated by the first two DoFs idly, singular configurations only occur when the
deflection angles of the universal joints becomes 90 (see Figures 3-9a to 3-9f)

The above analysis shows that all singular configurations occur at the boundary of the
great circle of the hemisphere which is physically unreachable by the hand-grip.

Therefore, the proposed design creates a singularity-free workspace.
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Figure 3-9. Singular configurations of hand-controller with simplified structure. In
configurations (a) and (b) hand-controller loses one DoF. In configurations (c), (d), (e)
and (f) hand-controller gains an extra DoF.

3.5 Output Force Analysis
3.5.1 Maximum and Uniformity of Output Force

Providing force reflection along the axis of hand-grip assists physicians to properly
maintain the pressure between the remote probe and the patient’s body in ultrasound
examinations. This Section describes the maximum magnitude and uniformity of static

forces that the hand-controller is able to apply against the user’s hand along the axis of its

grip. With reference to Figure 3-10, motor torque and position, 7;" and ", are
converted to torque and position, 7y and &; , by the cable reducer. Torque and position,

Ty and 67, at the output of cable reducer are converted next to, 7, and 6, by the
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universal joint. Finally, 7, and &} are converted to output force and displacement, F; and

r, of the hand-grip via the cable drive. The following relationship exists between the

input and output rotational angles of the universal joint (Johnson and Willems 1993;

Sclater and Chironis 2001):

tan@; = cosy tand;

where w (hand-grip orientation) is the angle between hand-grip and vertical axis.

Hand-grip
Fy —
Cable drive
(r F3)\
Universal joint

(65,75)
d>

Cable reducer

DC motor

Figure 3-10. Power train of third DoF showing torques and angular positions.

(3.11)

In static equilibrium, the relation between input and output torques of the universal

joint, 7)" and T}* is:

cos’ 8, .,
3

T =
3 2911
COSy/ Cos 3

Combining Egs. (3.11) and (3.12),

cosy ,
3

u o
T; - 2911 + 2 Zgu
sSm- &; +C0oS” ¥ Cos )
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With reference to Figure 3-10, we have Ty =nT}", Ty = F;d,;/2, and r=d,0; /2
where n, d; and r are cable reduction ratio, diameter of driver pulley at the cable drive,

and radial displacement of the haptic-grip, respectively. Therefore, the applied force, F3,

on the user’s hand along the axis of the hand-grip is:

__lf;_: 2ncosy (3.14)
I d,[sin’ (:2}) +cos’  cos’ (g)]

3 3

Equation (3.14) describes the analytical relation between motor torque,7;", and the
output force, F;, as a function of hand-grip displacement, 7, and orientation, y . Using
Eq. (3.14), variation of the output force F; is simulated and shown in Figure 3-11 for
I}" =1Nmm, d; =22mm, —60° <y <60°, ~15<r <15 mm, and » = 5. The dashed-
rectangle shows the workspace of the device presented in this thesis. From Figure 3-11,
the lower bound of the output force is 0.45 N/Nmm. The maximum continuous and stall
torque of the selected actuator (RE25 Maxon motor) are 29.3 Nmm and 129 Nmm,
respectively. Thus, the lower bounds of the output force, F;, using maximum continuous
and stall torque of the actuator, are 13.2 N and 58.1 N, respectively which are enough for
ultrasound imaging applications (Guerin et al. 2003). Moreover, the variation of the

maximum output force in the workspace of the device is less than 10% which is

desirable.
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Figure 3-11. Iso-value output force per unit motor torque (N/Nmm) on user’s hand for
I" =1Nmm, d, =11mm, —60° <y <60°, -15<r <15 mm,and n=5 .

3.5.2 Output-Force Error

Once a force is exerted to user’s hand, elastic members of the hand-controller deflect.
In the present hand-controller, the power train of the sliding motion of the hand-grip
consists of a DC motor, cable reducer, universal joint, and cable drive (see Figure 3-10).
The deflection of the cable reducer and cable drive, combined with the motion of the

universal joint affect the accuracy of the output force on the haptic-grip. The deviation

between the intended force and the actual output force applied to the user’s hand, |AF , 18

called force error. The relative output force error is then defined as the ratio of force
error, | AF' |, over the acting force, | F|, that can be exerted (Mason and Salisbury 1985).
In this Section, we derive the analytical expression of the relative output force error for
the present hand-controller.

With reference to Figure 3-10, deformation of the cable at the cable reducer leads to a

position error, A; (Townsend and Salisbury 1988):

86 = [Ala o o<ar < (3.15)
P g B4 4 )
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where 7, and T, are the high and low tension sides, respectively. £ and A are module of

elasticity and cross sectional area of the cable, respectively. In the cable reducer, the
driver pulley is threaded which engages the cable in a way to form a friction drive. Two
or three warps is sufficient to prevent the cable from slipping on the pulley since the ratio
of the high to low tension sides of the cable increases exponentially with wrap angle.

Thus, with reference to Figure 3-10 for the cable reducer, we have

L _ (3.16)

T2
4 and y,are the coefficient of friction in cable-pulley assembly and wrap angle for cable

reducer, respectively.

Position error of the cable reducer, A&, , results in a position error, Af}, at the output

of the universal joint which can be found using Taylor series and Egs. (3.11) and (3.15):

cosy(1+tan” 4))
(1+cos’ptan’ 0))

d [tan™ (cosy tan ] )] = A6} (3.17)

r
3

AGY =AB]

Similarly, position error due to the deflection at the cable drive, A@; , can be obtained as:

F-F d T
AGf = |23 gor 0<o* <= 3.18
; I s 0sE<D (3.18)
where
f‘—=e”’f (3.19)
F,

The total position error can be obtained by adding Egs. (3.17) and (3.18):
AG = Ay +AO]

The output torque of the universal joint, 7}', has the following relation with the high

and low tension sides of the cable drive (see Figure 3-10):

Ty =0.5d,(F - F) (3.20)
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The relation between output torque of the universal joint, 7', and the motor torque

Ty" can be found using Eq. (3.13):

; ncosy
T = 7. 3.21
> sin? @ +cos’ y cos? or -’ (3-21)

Combining Egs. (3.19), (3.20), and (3.21), we have:

F= 1 ncosy T (3.22)
0.5d,(1——)(sin’ 6; +cos® y cos’ A)
e

HYr

The total position error, A@;‘”‘” , creates an output force error, AF,, which can be

calculated using Taylor series and Eq. (3.22):

4ncosy sin’ i sin ' cos 6y

AF; =A9;0m/ dF; = Ae;alal

u T (3.23)
d 3 d3 (1 -

)(sin® 65 +cos’ yrcos? 0)?

uy
™

, is determined using Egs. (3.22) and (3.23) as

. AR,
Therefore, the relative force error,n = ‘?‘
i

follows:
total 2. 2 2]’
’2A03 sin t,utan(d—)
n= 5 2 (3.24)
2,4V 2
tan”(—)+cos“ '
ds

Equation (3.24) describes the relative force error, 77, based on the total deformation of
the cables, AG;"", radial displacement of the hand-grip, r , orientation of the hand-grip,
¥, and diameter of drive pulley, d, . Figure 3-12 shows the relative output force error of
the hand-grip for d, =12 mm, d,=60mm, d;=d,=22mm, -60° <y <60°,
~15<r<15 mm, n=5, E=210GPa, 4=1.6x107 m’,x=0.61, y, =y, =67 rad,

and 73" =129 Nmm (Motor stall torque). This Figure shows that the relative force error
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of the haptic is % 0.8 which indicates a high-fidelity static force reflection considering

the effect of cable deformation and universal joint of the power-train.
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Figure 3-12. Relative output force error of hand-grip over entire workspace.

3.6 Prototype Device

System and Characteristics

Figure 3-13 shows the prototype hand-controller. The sliding motion of the hand-grip
is driven by a Maxon permanent magnet DC motor (RE 26) and cable reducer (reduction
ratio: 1/5) to provide force feedback to the operator’s hand along the axis of the hand-

grip. The continuous output torque of the DC actuator is 29.3 Nmm and the range of the

sliding motion is 32 mm.

The workspace of the hand-controller is a cone with vertex angle as much as 70°
which is adequate for performing ultrasound examination (Guerin et al. 2003). The
workspace of the hand-controller is singularity-free. The footprint and height of the
device are (232 mm x 232 mm), and 280 mm, respectively. The inertia matrix of the
prototype device has been calculated at its center of mass, using SolidWorks, and for the

device in its upright position.
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The haptic structure is made of ordinary aluminium except for the shafts which are
made of steel. The weight of all the moving elements is 452 gr. The weight of the device
is effectively balanced with a zero-free-length tension spring of stiffness 0.4x107
kg/mm when the hand-grip is in the middle of its stroke. The spring stiffness is chosen
based on Eq. (3.1).

Figure 3-13. Prototype of hand-controller with force reflecting hand-grip and close-up
view of cable drive.
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Static Balancing Test

In order to test the performance for static balancing, the hand-grip was moved in
various orientations by an operator for about 4.2 sec and before the operator lets go of the
hand-grip (Figure 3-14). As is seen, the mechanism remained stationary which showed a
satisfactory performance for static balancing. Similar results were repeatedly achieved

throughout the entire workspace.

Relationship between Control Signal and Output Force

The relationship between the control signal and output force applied to the user’s
hand along the axis of the hand-grip was also obtained experimentally (Figure 3-15). A
miniature force sensor (LCMKD 50 N, by Omega) was used within the hand-grip.
Control signal was incrementally increased while output force was measured which
showed a linear pattern. This result was used for output force calibration of the device

during remote ultrasound imaging which involved force reflection to operator’s hand.

Static-friction Break-away Force

The static-friction break-away force is defined as the minimum open-loop force
increment when the change of the hand-grip position is the position resolution of the
hand-grip (Yoon and Ryu 2001). This force was measured for the sliding motion of the
hand-grip and is equal to 0.26 N (see Figure 3-16). This force was measured by
incrementally increasing the weight-compensated hand-grip until it started to move. The
measured static friction force for the present device is similar to the haptic device

reported by Yoon and Ryu (2001).
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Figure 3-14. Demonstration of static balancing of prototype device. Device is moved
arbitrarily and then released at about -18° and 20° orientation.
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Figure 3-15. Experimental relation between control signal and measured output static
force along the axis of hand-grip.
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Figure 3-16. Static-friction break-away force along the axis of hand-grip.

3.7 Performance Evaluation

3.7.1 Evaluation of Entire Device

Virtual surface simulation was used to measure maximum achievable wall impedance
while keeping the device stable. Stability is defined as a situation where sustained
oscillations occur at the onset of contact. The virtual surface is modeled as a spring-

damper system (Yoon and Ryu 2001):

Eyurface = —Q[K (X hand X surface) + IB BX hand ]
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where o and S are constraints, K is the wall stiffness and Bis the wall damping

coefficient. The Constraints « and S are:

1 gf X hand >X surface
o= 0 lf X hand <X

surface

and

,B _ 1 lf Xhand >0
B O lf Xhand < O

The parametera provides the force to the hand-grip only when the operator’s hand

penetrates inside the surface. The parameter S ensures that the damper does not provide

any force on the hand-grip when it is moved away from the surface. In this experiment,
the operator moved the hand-grip downward from zero position to contact and then to
penetrate inside the surface. Stability was evaluated by recording the position
(penetration depth) of the hand-grip. The maximum surface stiffness without inducing
sustained oscillations was found to be 5 N/mm. The Figure 3-17a shows virtual surface
simulation for the maximum surface stiffness. The maximum surface damping without
stiffness was found to be 0.1 Ns/mm. Figure 3-17b shows virtual surface simulation for
the maximum surface damping without stiffness. The maximum surface stiffness and
damping without creating sustained oscillations at the boundary of the surface were found

to be 5.6 N/mm and 0.06 Ns/mm, respectively (Figure 3-17c).
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Figure 3-17. Virtual surface simulation without inducing sustained oscillations: (a) for
maximum achievable surface stiffness of 5 N/mm and without damping; (b) for maximum

achievable surface damping of 0.1 Ns/mm without stiffness; (c) for maximum achievable
combined surface stiffness of 5.6 N/mm and damping of 0.06 Ns/mm.
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3.7.2 Effect of Fixed Center-of-Motion
3.7.2.1 Introduction

In a conventional ultrasound examination, a physician moves an ultrasound probe in a
circular motion about a fixed center-of-motion (FCM) on the patient’s body. A
considerable performance measure in this task is the operator’s ability to minimize the
error movements, i.e., unwanted movement of the probe in the plane other than the one
containing desired scanning motion. Without minimizing the error movements during
scanning, the operator would run the risk of not successfully capturing the intended
ultrasound images. This problem can be amplified in any robotic-based ultrasound

examination task.

The developed haptic device in this thesis has a physical fixed center-of-motion to
facilitate 3-D imaging. As far as remote ultrasound imaging using a hand-controller is
concerned, the benefit of having a fixed center-of-motion (FCM) on remote ultrasound
task performance has not been investigated in the prior work (Vilchis et al. 2003;
Koizumi et al. 2008; Delgorge et al. 2005; Marchal and Troccaz 2004).

In this Section, the effect of FCM on the user performance of the developed haptic
device is studied. The results are compared with the performance of the general-purpose
and widely-used OMNI PHANToM haptic device which does not have a physical FCM.
A canonical task closely representing the main motion of the ultrasound task was chosen.
The subjects were asked to perform the task with minimum hand-trajectory errors. Task
completion time, root-mean-square of error of operator’s hand-movements, and error

band (peak-to-peak error), were chosen as performance indices.

3.7.2.2 Task Description

A canonical task which simulates the circular motion, + 25°, of an ultrasound probe
about a FCM on the patient’s body, is shown in Figure 3-18. This experiment investigates
if the haptic device developed in this thesis allows operators to execute this task without
introducing unwanted gross orientation on the plane orthogonal to the plane of the

desired motion.
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Figure 3-18. Pitch scanning motion of an ultrasound probe about a fixed center-of-
motion.

User Interfaces

The first interface employed the developed haptic device. In this interface, the
operators performed the pitch task about FCM in XZ plane and about Y axis (Figure 3-
19a). The error angle was measured as unwanted angular motion about X axis. A constant
1 N force was applied to the user’s hand along the axis of hand-grip in all orientations.

The second interface used a commercially available OMNI PHANToM? device
(Figure 3-19b). In this interface, in order to assist the operator to perform pitch scanning
task about Y axis, the gimbal center of the PHANToM device was confined in XY plane
by creating a virtual fixture of cylinder type with wall stiffness of 0.3 N/mm and radius of
1 mm. A constant 1 N force, representing the contact force between probe and patient’s
body, was applied to the operator’s hand only along the Z axis to allow the operator to
hold the FCM in place. The error angle was measured as unwanted angular motion about
X axis.

Two numbers were shown on computer monitor for both interfaces, the first number

showed the pitch angle and the second number showed operator’s hand-error.

2 OMNI PHANToM is a six DoF haptic device with force reflection capability along XYZ axes. Technical
specifications of the device are: (/) nominal position resolution of 0.055 mm; (/i) maximum output force 3.3
N at nominal position of the device.
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Figure 3-19. Interfaces for pitch scanning task: (a) ultrasound haptic; (b) Phantom virtual
cylinder.
Experimental Procedure

Ten subjects participated in this experiment. All of them had previous experience
using standard joysticks. Each of the 10 subjects performed 10 trials for each interface.
Prior to the trials, participants practiced until they felt comfortable with both interfaces.
In order to initiate each experimental trial, the users had to locate the end-effector of the
devices at the starting position of the circular path. The participants were then instructed
to scan the path for ten times within 2 minutes and to maintain the error angle as small as
possible. The task completion time was recorded for the movement of the end-effectors
from the start position to the end position for each trial. During the task, time history of
the measured error angle was recorded so that the root-mean-square’ (RMS) of error as
well as error band could be calculated for each trial. This set of experiments used a 2
(interface) x 1 (task) factorial design. The independent variables were interface types. For

each experimental condition, the users performed 10 trials. This gave a total of 10

3 The root-mean-square of collection of # values {xl,xz,...,x"} is defined as X, =

mathematics the root mean square also known as quadratic mean, is a statistical measure of the magnitude
of a varying quantity. It is especially useful when variables are positive and negative. The result is a
measure of the magnitude of a set of numbers. In other methods such as average and mean, the positive and
negative numbers cancel each other.
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(subjects) x 2 (interfaces) x 10 (trials) = 200 trials. The design was fully counterbalanced

on interface type.

Results

Figure 3-20 shows typical hand and error trajectories for pitch scanning task using the
above mentioned interfaces. Error trajectories decrease from PHANToM to ultrasound
haptic device (Figures 3-20b and 3-20c). The results of the statistical analysis are
presented below. Figure 3-21 shows the mean completion times for both interfaces. The
results of the univariate analysis® show that there is no significant difference between
interfaces (p=0.074). However, it took longer for the subjects to perform each trail for the
ultrasound haptic device as compared with the PHANToM, probably, due to higher

inertia of the ultrasound haptic.
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Figure 3-20. (a) typical hand-trajectory during pitch task for a randomly selected subject;
(b) typical error trajectory for ultrasound haptic interface; (c) typical error trajectory for
Phantom virtual cylinder interface.

4 Univariate analysis explores each variable in a data set, separately. It looks at the range as well as the
central tendency of the values. The value of P shows that if there is a significant difference between

interfaces. In particular, P <0.05 indicates that the smallest and largest means of interfaces are
significantly different from each other.
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Figure 3-21. Mean task completion times.

Figure 3-22 shows RMS of errors for each interface. A univariate analysis was used for
comparing the RMS of errors. The results show that there is no significant difference
between interfaces (p=0.183). However, the performance of the PHANToM device is still
lower than the ultrasound haptic. According to subjects, they were more comfortable with

the stiff FCM created by hardware as compared with the FCM created by software.
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Figure 3-22. Mean RMS errors.

The error band for each interface is also shown in Figure 3-23. The results of a
univariate analysis show that there is no significant difference between interfaces

(p=0.056).
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Figure 3-23. Mean error band (peak-to-peak error).

Discussion

From the above results, there was no significant difference in task completion time, RMS
of errors, or error bands for interfaces in this experiment. The device proposed in this
thesis has a FCM created by hardware. The PHANToM device was programmed to
provide a FCM and to allow the user to move the stylus in a spherical coordinate system.
The performance of the PHANToM device, in terms of RMS of errors and error band,
was still lower than that of the ultrasound haptic interface. According to participant
comments, the ultrasound haptic that uses physical FCM gave more support to hand
motions during pitch scanning task. This result is inline with Vilchis et al. (2003) who
physically fixed the center of PHANToM’s gimbal mechanism when used for remote
ultrasound examination. Moreover, the FCM created by mechanical hardware keeps the
device in its workspace in case of power or software failure while in haptic mechanisms
with FCM created by software, the mechanism collapse and move out of its intended
workspace. In this case, the remote robotic arm will follow the haptic motions and

generate unwanted motions on patient’s body.

3.8 Summary

A novel 4-DoF force reflecting hand-controller for remote ultrasound imaging has

been designed and constructed. The proposed force reflecting hand-controller is built
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upon parallel mechanisms with base-mounted actuators, has 4 degrees of freedom to
provide standard clinical motions of ultrasound imaging, and has a fixed center-of-motion
(FCM) located inside the mechanism. The existence of FCM in the kinematic chain
enables operators to perform ultrasound examination with only 4 DoFs leading to
reduction of the inertia of the moving parts. User performance evaluation shows that
operators are more comfortable with the FCM created by hardware as compared with the
FCM created by software. The proposed hand-controller in this thesis, exhibits a one-to-
one-mapping between its movements and the movements of the ultrasound probe at the
remote site. Moreover, all DoFs are kinematically decoupled from each other, i.e.,
independent drive system with base-mounted actuator for each degree of freedom.
Finally, the workspace produced by the proposed hand-controller is singularity-free. The
proposed device consists of miniaturized mechanisms with reduced inertia and intrusion
with operator’s hand. A novel balancing technique has also been used to statically
balance the weight of the device by only a tension spring. The above mentioned features
(parallel mechanism with base-mounted actuators, existence of physical FCM, decoupled
kinematic, and static balancing) have not been simultaneously observed in the other

haptic devices prior to this work.
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Chapter 4

Experimental Setup of the Entire
Robotic System

This Chapter describes the entire robotic system for remote ultrasound imaging. In
particular, hardware setup, computer interfacing, and control implementation of the
robotic system are presented. Experimental setup used for technical as well as ultrasound

imaging evaluation of the system is presented.

4.1 Overview of the System

Figure 4-1 shows the entire robotic system developed in this thesis. The patient side
consists of an ultrasound machine, a 4-DoF robotic wrist holding an ultrasound probe, a
3-DoF Scara robot (built by Quanser) for holding the robotic wrist, and video cameras.
The physician side consists of a 4-DoF force reflecting hand-controller, a 2-axis spring-
loaded joystick, and video displays. The two sides are connected together by Internet.

Using this setup, the physician is able to remotely relocate the ultrasound probe on
the patient’s body. This is done using the 2-axis joystick to control XY position of the
Scara robot and consequently ultrasound probe. Joystick’s push buttons enable the
physician to lock the XY position of the entire wrist at the specific area of the patient’s
body. The physician then places the probe on the patient’s body by moving the slider of
the haptic device and consequently the robotic wrist along the axis of the ultrasound
probe. The physician also feels the contact force between the probe and the patient’s
body. A force sensor is placed between the ultrasound probe and the wrist’s end-effector
to directly measure the interaction forces between the probe and the patient’s body. Upon
achieving contact between the probe and the patient’s body, the physician is able to
change the orientation of the probe by moving the remaining DoFs of the haptic device in

order to capture the desired images of the affected organ.
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Patient-side views Distance  Ultrasound Scara robot
barrier machine

2-axis joystick 4-DoF Ultrasound haptic Camera Patient  4-DoF ultrasound robotic
device wrist

Physician side Patient side

Figure 4-1. Proposed robotic system for remote ultrasound imaging.

There is a one-to-one position mapping (control-action correspondence) between
corresponding DoFs in the hand-controller and robotic wrist and standard scanning
schemes for ultrasound imaging (see Figure 4-2). This means, any control action by the
physician and its resulting change in the remote wrist mechanism move equally and in the
same direction. Therefore, the probe orientation in the wrist mechanism is always aligned
with the orientation of the physician’s hand. This makes the usage of the system intuitive

and it is believed to reduce physician’s mental load.

The physician uses camera views of the patient side when she/he is coordinating the
Scara robot and wrist motions. 3-D cameras could be deployed which provides better 3-D
perception for the physician. During ultrasound examination, the physician concentrates

on the ultrasound images and haptic feedbacks coming from the patient’s side.
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Spinning scanning

Figure 4-2. Motion correspondence between standard ultrasound motions, 4-DoF hand-
controller, and robotic wrist.

4.2 Computer Interfacing

Figure 4-3 shows computer interfacing of the robotic system. Patient and physician
sides are connected to each other through Internet. As network communication protocol,
UDP (User Datagram Protocol) is implemented using C++ socket programming. Using
campus network, the measured network round-trip delays between two sides is less than 1

ms.

Devices at both the physician and patient sides use similar control hardware as shown
in Figure 4-3. They use Pentium 4 with 2.6 GHz CPU. Robotic wrist, 3-DoF Scara robot,
hand-controller, and joysticks are connected to their computers via Q8 data acquisition

boards', by Quanser, and LSC servo amplifiers by Maxon motor. The Q8 boards support

! The general specifications of the board are: (i) PCI interface; (i) PCI bus width 32-bit; (ii7) bus speed 33
MHz. The key features of the device are: (i) 8 x 14-bit (for 0-100% to the A/D converter the resolution is
0.006 %) programmable analog inputs (= 10 V) with 56 kHz sampling frequency; (i) 8 x 12-bit (resolution
0.025%) D/A analog voltage outputs (+ 10 V); (iif) 8 x 32-bit (resolution 0.001%) encoder counter. The
board provides a high accuracy resolution for the application studied in this thesis.
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all input/output applications. Each servo amplifier is a linear servo controller to control

the current of each permanent magnet DC actuator.

Physician Side Patient Side
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Figure 4-3. Schematic of computer interfacing.

In the proposed system, the physician is able to move and position an ultrasound
probe on the entire body of the patient. Position control is preferable in applications
calling for precise coordination of end-effector’s movement. This method allows the
physician to move the ultrasound probe as much as 25 mm for the maximum deviation of
the joystick from its neutral position. Therefore, this method does not allow the physician
to generate coarse motions over the patient’s body. However, the physician is able to
move the ultrasound probe over a long range of distance by multiple movements of the

joystick.

A system capable of controlling the position of the robotic arm in remote side and at
the same time reflecting forces to operator’s hand by a haptic device is known as bilateral

servo system (Kulishov and Lakota 1988). It is believed that this type of control
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architecture enhances task performance in remote ultrasound examinations. A bilateral
servo system as shown in Figure 4-4 is implemented in the proposed robotic system
between corresponding DoFs in the haptic device and the robotic wrist. The input for the
subsystem that controls the position of the robotic wrist is haptic device position. This
subsystem has the property of position servoing. Proportional plus derivative (PD)
controllers have been implemented on the 4-DoF robotic wrist to track physician’s hand
movements. The input for the force servo subsystem (haptic side) is the measured force at

the endpoint of the probe attached to the remote robotic wrist.

Force feedback to the physician’s hand assists the phyéician to both maintain the
probe contact and to adjust the applied pressure between the probe and the patient’s body.
Open-loop force feedback to physician hand is implemented in this subsystem. The shaft
of any degree of freedom in the haptic and, in consequence, the respective shaft in the
remote robotic wrist will remain stationary only if the slave contact force is equal to the
reflected force to user. The user perceives at her/his haptic device the slave contact force
scaled as much as n (see Figure 4-4). In the present system, n=1. The sampling frequency
of control loop” is 1 kHz which is thirty times greater than the maximum frequency of the

human wrist’s motions.
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Figure 4-4. Block diagram of bilateral servo system used for position control of wrist and
force control of haptic device.

2 Nyquist rate suggests that sampling frequency of a signal should be at least two times greater the
maximum frequency involved in the signal (Proakis and Manolakis 2007).
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When the communication systems with constant or random round-trip delays used,
several challenges and difficulties arise. Private fiber optic communication systems and
Internet have constant and random round-trip delays, respectively. Most importantly,
communication delays cause instability, loss of transparency, operator performance
degradation, and desynchronization in real-time closed-loop bilateral tele-robotic systems
(Anderson and Spong 1989; Niemeyer and Slotine 1998; Park and Kenyon 1999; Xi and
Tarn 2000). However, these problems have not been addressed for the robotic system
developed in this thesis. Dynamic modeling of the robotic wrist and haptic device
considering nonlinearities such as backlash and friction is necessary for developing a
practical control system in which instability and transparency of the robotic system are
addressed (Lee and Spong 2006).

4.3 Ultrasound Imaging Tests

Experiments were performed with the robotic system on volunteers to show its
capability to perform ultrasound examinations. An ultrasound technologist from
Winnipeg Children Hospital used the robotic system to capture ultrasound images from
volunteer’s heart, kidney, liver and spleen. Images include long and short axes views of
those organs (see Figures 4-5 and 4-6). The mechanical features of the entire robotic
system were matched to what an ultrasound expert needed for ultrasound examination.
Therefore, there was a very short training time of 2 to 5 minutes for the technologist to
become familiar with the system. He was able to locate the ultrasound probe over the area
of interest on the patient’s body, and change the orientation of the probe to capture
desired ultrasound images. Haptic feedback to his hand enabled him to maintain the
contact between the ultrasound probe and the patient’s body and obtain continuous
ultrasound images. Moreover, haptic feedback was helpful for adjusting the amount of
pressure between the probe and the patient’s body. He was able to successfully capture

the desired ultrasound images of the kidney, spleen and liver, and heart.

Figures 4-7 to 4-10 show position tracking responses of the robotic wrist during
kidney examination by the ultrasound technologist. The steady-state position error of the

robotic wrist appeared to be of limited importance for medical experts since they control
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the probe motion as a function of what they observe in the ultrasound image rather than a
function of the position of the real probe relative to the body surface (Vilchis et al. 2003).
Figure 4-11 shows open-loop force-tracking of the haptic device while the robotic wrist

was moving an ultrasound probe on a volunteer during typical kidney examination.

Figure 4-5. Remote ultrasound examination of kidney, spleen, and liver: (a) ultrasound
technologist manipulating the hand-controller to capture ultrasound images; (b) 4-DoF
wrist; (c) ultrasound image of kidney and liver; (d) 4-DoF wrist moving a volunteer; (e)
ultrasound image of spleen and short axis view of kidney.
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Figure 4-6. Remote ultrasound examination of heart: (a) ultrasound technologist
manipulating the hand-controller to capture ultrasound images; (b) 4-DoF wrist moving on
a volunteer; (c) short-axis image of Aortic valve; (d) image of Mitral valve.
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Figure 4-7. Typical position tracking response of pitch motion of ultrasound probe
obtained by an ultrasound technologist during kidney examination (PD control gains:
K,=1.4 V/deg and K,=0.06 Vs/deg).
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Figure 4-8. Typical position tracking response of yaw motion of ultrasound probe obtain
ed by an ultrasound technologist in kidney examination (PD control gains: K;=1.4 V/deg
and K,=0.06 Vs/deg).
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Figure 4-9. Typical position tracking response of rotational motion of ultrasound probe
obtained by an ultrasound technologist during kidney examination (PD control gains:
K,=0.3 V/deg and K,=0.03 Vs/deg).
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Chapter 5

Conclusions

Ultrasound examination offers quick and reliable non-invasive examination. However
the main drawback of current ultrasound techniques is that the quality of the examination
is highly dependent on the operator’s skills, which are often lacking in small medical
centers and isolated areas. As a solution to this problem, a complete robotic system for
remote ultrasound imaging has been developed in this thesis to assist specialized
physicians to perform ultrasound examination on patients located in remote and isolated
areas. The system consists of a 4-DoF robotic wrist and a 4-DoF hand-controller with
force reflecting capability along the axis of the hand-grip. Their functionalities have been
evaluated analytically and experimentally. From the robotic point-of-view, this is the
most complete system for performing ultrasound imaging. The mechanical features of the
entire robotic system were matched to what an ultrasound expert needed for ultrasound
examination. Haptic feedback to operator’s hand was helpful and enabled him to
maintain the contact between the ultrasound probe and the patient’s body and obtain
continuous ultrasound images. Moreover, haptic feedback enabled the operator to adjust
the amount of pressure between the probe and the patient’s body. An ultrasound
technologist from Winnipeg Children Hospital performed ultrasound imaging on few
volunteers and he was able to locate the ultrasound probe over the area of interest on the
patient’s body, and change the orientation of the probe to capture images from desired
anatomical targets. It was shown that meaningful ultrasound images of heart, kidney,

spleen and liver can be obtained using the developed robotic system in this thesis.

5.1 Contributions of This Thesis

The developed robotic system features novel characteristics that have not been

incorporated all in a single device. These features are described below.

1- Both the robotic wrist and the haptic device have been designed using parallel

mechanisms to reduce the inertia of the moving elements by placing the actuators, as the
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main source of inertia, on the base. In the hand-controller, this characteristic improved
the quality of force reflection to operators. In the robotic wrist, this feature reduced the
inertial contact forces between the device and patient’s body. This feature also facilitates
the sterilization of the robotic wrist by placing the electric motors far from the ultrasound
probe. This feature has not been considered in any other robotic devices designed for

ultrasound imaging.

2- Kinematically decoupled DoFs is realizable in serial manipulators. However, it is
far more difficult in parallel manipulators. Prior to this work, there was no parallel
manipulator which had 4 kinematically decoupled DoFs. In this thesis, it was shown how
the combination of dissimilar kinematic chains and decoupling ball bearings can lead to a
parallel robotic wrist with kinematically decoupled DoFs. Kinematic decoupling in the
proposed robotic wrist allowed one motion of the ultrasound probe by only actuating one
kinematic chain which enhances the safety of manipulation. This is particularly important
for the palpating motion of the robotic wrist in which the inertial forces of the moving
parts involved in the contact force between the ultrasound probe and the patient’s body

can be reduced.

3- The force reflecting hand-controller has been statically balanced with a single
tension spring. Other parallel manipulators with 3, 4 and 6 DoFs are statically balanced
with 6 or 12 tension springs. The lower the numbers of springs, the less complex the
mechanism is. Prior to this work, there was no parallel mechanism with 4 DoFs which
was statically balanced with only one tension spring. Static balancing reduces physician’s
fatigue during remote manipulation since no operating effort for the actuators or the
physicians, apart from acceleration and deceleration, is needed to move the device from
one configuration to another configuration. Static balancing also improves the safety of

remote examination in case of power failure or when the physician lets go of haptic.

4- The FCM of the haptic device and the RCM of the robotic wrist are necessary for
3-D ultrasound imaging. The FCM and RCM were created by hardware in the haptic and
wrist mechanisms. They enhanced the safety of examination. In case of power failure, the
FCM and RCM, keep the ultrasound probe in the limited workspace without causing

injuries to the patient’s body. There exist many parallel mechanisms with 3 DoFs having
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FCM. However, prior to this work, there was no parallel mechanism with 4 DoFs which
had either FCM or RCM. Hybrid parallel and serial mechanisms with 4 DoFs have
previously been designed with RCM. In this thesis, it was shown how the usage of
concentric universal telescoping joints and linkage mechanisms leads to a parallel robotic
wrist with 4 DoFs having a RCM.

With respect to the remaining objectives of this thesis listed in Section 1.5 for the
robotic wrist, the ultrasound probe moves in a conical workspace with a vertex angle as
much as 50° which is free of any singular configuration. The palpating motion is about 32
mm and is able to generate palpating force up to 24 N. The maximum velocities of the
probe during ultrasound examination for pitch, yaw, rotational, and palpating motions are
27 deg/s, 32 deg/s, 68 deg/s, and 3 mm/s, respectively. The weight of the moving
elements of the 4-DoF wrist is 2.5 kg. Moving elements of the wrist except the ultrasound

probe are far from the patient and there is access to the patient by the attending nurse.

With respect to the remaining objectives listed in this thesis for the haptic device, the
device utilizes parallel mechanisms to enhance its structural rigidity. The workspace of
the hand-controller is a cone with a vertex angle as much as 70°. The sliding motion of
the hand-grip is 32 mm. The workspace of the device is singularity-free and all DoFs are
backdriveable. The operator’s hand gestures when she/he holds the hand-grip is similar to
holding an ultrasound probe. The weight of the moving elements of the device is 452 gr.
The DoFs in the haptic and the wrist have one-to-one position correspondence to reduce
operator’s mental load from thinking of the relative position between her/his hand and the

probe.

5.2 Future Work

The following tasks can be performed to make the developed robotic system available for
daily clinical practice.
¢ Image Compression and Transmission

Appropriate algorithms should be used for real-time compression, transmission and
recovery of ultrasound images between physician and patient sides connected by a private

and reliable Internet or ISDN communication systems.
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e Synchronization of Haptic and Ultrasound Images

There is no guarantee that both haptic information and ultrasound images reach to the
physician at the same time especially in the presence of communication delays.
Therefore, the effect of network delays on the performance of remote ultrasound

examination should be investigated.

e Stability of the Robotic System
Stability of the tele-robotic system must be guaranteed, in the presence of network

delays, using one of the well-known methods such as passivity (Anderson and Spong
1989), wave-variables (Niemeyer and Slotine 1998), and event-based (Xi and Tarn 2000).

e C(linical Evaluation

Comprehensive clinical testing of the entire robotic system must be performed on
patients to investigate the examination efficiency of the developed system when used for
a large population of patients with different health conditions. The ultrasound images
obtained by the robotic system must be similar with those obtained from standard

ultrasound examinations performed directly on the patients.

e Assessment of Patient’s Satisfaction

The ultrasound probe is in continuous contact with patient’s body in ultrasound
examination. Therefore, patient’s satisfaction and comfort are crucial. For example,
patient’s satisfaction, in terms of fear of using the robotic wrist for examination or the
amount pressure applied by the wrist must be examined through questionnaires during

clinical testing of the developed system.
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Appendix A:
Derivation of Eq. (2.2)

With reference to Figure a-1a, axis Z; is normal to axis X, and is located in the plane
XoZy. Axis Zy is also located in the plane containing axes Z,; and Y. This plane is normal

to axis X, at point O. When the input shaft of the first pantograph rotates as much as 4,,
vector OF, rotates to OF? as much as B, (see Figures a-1a and a-1b). This motion
happens in plane Y,Z. The corresponding vector OF rotates to OF?as much as 6, in
plane YoZ, (see Figures a-la and a-1d). The orientation of plane Z;Y, with respect to
plane Z,¥; is shown in Figure a-1c. The projections of vector OF, on axes Y, and Zy are
shown as OM,” and ON [, respectively (F igures a-1a and a-1b). The projections of vector
0}7“,20n axes Yy and Z,; are shown as OM 12 and ON ,2 , respectively (Figures a-1a and a-
1d).

According to Figure a-1b, the following relationships hold:

OF' = OF? (a.1a)
OM} = OF'sin g, (a.1b)
ON; = OF] cos 3, (a.lc)

Referring to Figures a-1b, a-1c and a-1d, one can write:

ON? = ON? cosa (a.2)
Substituting Eq. (a.1c) into Eq. (a.2):

ON} = OF;' cos 8, cosx : (a.3)
With reference to Figure a-1d, the following relationship can be obtained:

2
tanf, = —O—AAL; (a4)
1

Substituting Eqgs. (a.1b) and (a.3) into Eq. (a.4), one can see:
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tan
tan @, = A

(a.5)

cosS @

(b) () (d)

Figure a-1. (a) Relation between rotation, 0,, of the input link about axis .X; and
rotation of axis Zj, /3, about axis Xp; (b) projection on plane Z;Y,; (c) orientation of

plane Z,Y, with respect to plane Z,Y, ; (d) vector Oﬁl‘ rotates as much as 6, to reach to
OF? in plane Z,,Y, normal to axis X .
p Inp ndo 1
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Appendix B:
Derivation of Eq. (2.6a)
With reference to Figure b-1a, axis Z,, is normal to axis AX: and is located in the plane

containing X,Z;. The normal to plane X,Z; is defined by unit vector S (Figure b-1a). The

axis Z3 is located in the plane Z,,X, which is normal to axis Y, at point O. The axis Z,,
is also located in plane Z,Y, (see Figures b-la and b-1b). Figure b-lc shows the
orientation of plane Z,,X, with respect to plane Z,X,. When the input shaft of the
second pantograph rotates as much as 6,, in the plane normal to Y, at point O (plane
Zi3Xy), the vector OF? moves to OFwhere the angle between OF® and OF* is
6, (Figures b-1a and b-1b). This also causes axis Z; to rotate as much as B, to reach to

axis Z; (Figures b-1a and b-1d). Therefore, the vector OF? moves to OF? in plane X, Z;
(see Figures b-1a and b-1d).

With reference to Figures b-1a and b-1b, the unit vector Oﬁ‘f has the projections on

axes Xpand Z;. These projections can be calculated as follows:

OW; =siné, (b.1a)

OP’ = cosé, (b.1b)
With reference to Figures b-1b and b-1c, vector OP, has projections on the axes Zy

and Xp. Therefore, the unit vector 013",3 can be described in fixed frame {X,¥,Z,} as:

°01§l3 =(sind, cosé,sina cosd, cosar)’ (b.2)

In the plane containing axes X; and Z,, axis Z,, is normal to X; at point O (Figures b-1a

and b-1d). The unit vector Sis normal to plane X,Z;. Axis Z,, is located in plane X.Z;.
Therefore, vector S is normal to axes Z,, and X, and the unit vector along axis Z, can be

calculated as:
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s, sing
°Z,="X,x°S =| — (s, siner + §, CoS) (b.3)

Sy cCoso

where
. T
°X, =(cosar 0 —sina)

.
°S=(sx s, sz)

The projections of vector 0()]::\,3on axes X, and Z,, (Figures b-1a and b-1d) can be

calculated as:

0Q="0F}-"X, =sin6, coser — cos 8, cosasing (b.4.2)
OVP="0F’Z,, = s sinasin@, - sin & cos O, (s, sina +s, cosa) +s, cos® a cosé,

(b.4b)

Therefore, with reference to Figure b-1d and using Egs. (b.4a) and (b.4b), one arrives at

Eq.(2.6a):

0Q; sind, cosax — cos B, cosa sin o
tan(ﬁZ - 77) = 3 = . .
or, s, sinasiné,

—sinacosb, (s, sina + 5. cosa)+s, cos’ a cos ,

(b.5)
where 7 can be calculated from the following relation:
cosn="2,,-°Z, =sin B, (s, cosx + 5. sina)+s, cos f, cosar (b.6)

and °Z, can be obtained from Eq. (2.1). Angle ¥ in Figure b-1d can be calculated from

the following relationsship:

cosy="Z,-'X =sinacos B, (b.7)
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42
B

(b) (©

(d)
Figure b-1. (a) Relation between rotation, &, , of input link about axis Y, and rotation of

axis Z;, f3,, around vector S (b) unit vector OF? rotates in plane Z.X, as much as

0, to reach to 015“,3 (¢) orientation of plane Z,3 X, with respect to plane Z,Xy; (d) axis
Z,rotates in plane Z,, X, as much as 5.
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Appendix C:

Derivation of the Jacobian Matrix of the Wrist

With reference to Figure 2-7, given actuators velocities 0,0y ,6" and 07, the
objective is to find the velocity state of the moving frame {X,Y,Z, }attached to the

ultrasound probe. Actuators and moving platform velocities are related together by a

Jacobian matrix. The velocity vector of the moving platform {X Y Z } can be described

in the fixed frame {X,Y,Z,} by [& V] where & and ¥ are angular and linear velocity
vectors, respectively.

The third and fourth DoFs are kinematically decoupled from the first two DoFs
generated by pantographs. Their power trains idly follow the first two DoFs while
transmitting motions to the combinatory module. Thus, the derivation of the Jacobian

matrix of the first two DoFs are described first. The conventional velocity vector-loop

method as described by Tsai (1999) has been used. Since the mechanism shown in Figure

c-1 possesses only two rotations, the input vector can be written as ® = [9{” 9'2’"]"' and the

output vector can be described by the angular velocity of the end-link EF , X = [o, a)y]T.

Figure c-1. Kinematic chain of two pantographs.
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Referring to Figure c-1, a loop-closure equation for the i pantograph (i =1,2) can be

written as;

OE=0B,+BC, +C,E (=12) (c.1)

Taking derivative of Eq. (c.1) with respect to time yields a velocity vector-loop equation:

Ve =05 xBC +a,,xCE  (i=12) (c.2)

where w,. and o, are the angular velocities of links BC, and C,E, respectively. In

order to eliminate @c,; from Eq. (c.2), both sides of Eq. (c.2) are dot-multiplied byC_’,—E.

_— —

CE-(V;)=(BC,xCE)- Ope,  ((=12) (c.3)

The polygon OBC,E in Figure c-1 is a parallelogram. Therefore, the vectors B.C,

and CT,E are equal to OE and Eé , respectively. Eq. (c.3) can then be written as:
CE-(7;)=(OExCE) 0,  (i=12) (c4)
Using Eq. (2.8), vector OE inF igure c-1 can be written as:

—ay,sp +aep

— ;

OF = [ex e, ez] =e| —aynsP +aycp, (c.5)
— a5, 86, + aycp

where e =,/(e; +e, +e’) is the length of the vector OE (see Figure c-1). Taking
derivative of Eq. (c.5) with respect to time, we have:

Vi=le. ¢, el (c.6)
where EITE = E—a =[-bca 0 bsa| and (TE = ;37) =[0 -bca bsa|" in which

b is the length of vector EB By substituting Eq. (c.6) into the left-hand side of Eq. (c.4)

we have;:
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— — (-béca+bésa L LYo
CE.V. = 2% /
Tt ~bécarbesa) \1, L, \ér

where

Ly = =b(mymy + mymgmy e + b(msmy + mgmgmy )sa ; Iy, =~bm,m,co +bmgm,sx
Iy, = =b(mymy +mymgmy)cor + b(msm, + mgmgm, )sc ; l,, =—bm,m,ca + bm;m,sc
and

_—ecas‘as2p sp,

L -sacp)t

ecocpf,

(-sadp)

m,

m, = e(=cf, cf, - sac’p, sﬂ2l N sas*2p, sﬁ23
(-5t ?B)?  21-s'a By’

sa 20 cf,
21-s*a )

my, =e(spf, sp, —

m = e(sp cpy——2P Lo, LS i3y @7
(-s'ac’B)’  (-sac'f)

m,=e(=cp, sp, AL
(I-s’ac’p)”

. = ca—sa) ) (I_SZ(ZCZIBI)%

’ (16, —sa)’sa cf, *0,
_=28%asB B (-5 czﬂ,)% —sa sp (1-s’a cz/f,)y2 16, —ca
mg = ( 2 2 X _ )
s‘acf 10, —sa
_cac’P,
> %,

Note #denotes “tan” function. The right-hand side of Eq. (c.4) can be written as:

(OExCE)- oo <[ CEXGE) | @ :__(m ru] o,
' . (OExCE)\@, | \ry m\o,
where

107



m=besa; n, =-blesa+eca); r =blesa+eca);r, =—besa (c.8)

Equating right-hand sides of Egs. (c.7) and (c.8), we will have:
-1 Am Am
(a’uJ _ (’”n ’”12) (ln Ly J(‘?lm] _ (”11 ny, I@.]m] , (.9)
@y B Iy Ly Ly o, My Ny N6,
where

_ by —haby e = Py =Foly P Wby —mlyy N = Hubyy =1y
I = > My = s My = 5 By =
N1l —haly M —hly Wy —hoty M —haly

The second component of @ comes from the rotational velocity 6, of the ultrasound
probe. The rotational velocity has projections on the axes of the fixed frame {X’ oYoZo}-
These projections can be obtained from the following Eq.:

(—apsp, + ae, )93
o2 @, @,.]7= Rot(B,,Rot(B, X0 0 6] '=| (-ansh+ancB)E | (10)
(=a3,5B, + az3e5,) 6,
The relationship between 6, and 6" can be found using Egs. (2.9), (2.10), (2.11), and
(2.12) as follows:

0, = my B! +mym,m,,6;" + mgm,, (mg + mgmg )O," (c.11)
where
24 2 2
mw:—i%%; n= Az (acy 14, 165" —bey t4, 16,) ; a=—0—§; b:“Og
cp, c6; sy cg, OR OR

Parameters ms,mg,m,, mg, and m, are given in Eq. (¢.7). By adding the right-hand

sides of Egs. (c.9) and (c.10), we will have the angular velocity vector & described in

fixed frame {X,1,Z,} :
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An Am Am
Dy Wy, + @y, (ny, + gmom,, (ms + mgmg )0 + (1, + gmgm,m, )0, + gm,, 60,

o=, = oy, +@,, |=|(ny +dmym, (ms "'mems))élm + (1, +dm6m7m”)(9.2'" +dm1093m
@y @), Jmomy, (ms +mgmg)0" + fmgm,m, 0 + fm, 6

where

g8 =(—apsP +apehy) s d=(—aysP +aych)); f=(a,sp,+ as;;cf) (c.12)

The linear velocity vector, ¥ =[V, ¥, ¥,]", of the moving platform also has two
components. The first component of ¥V is due to the angular velocity @ of moving
platform {X,Y,Z,}, which can be described as:

[le Viv V;z]T =OXF = [a)er = Wg1,  OiF, —QyF, Oy, ‘a)yrx]T (c.13)

where 7 is the palpating motion of the ultrasound probe describing the distance between

frames {X,Y,Z,} and {X,Y,Z,} in fixed frame {X,¥,Z,} (see Figure 2-7). Therefore

7 can be described as:

(—a,sB, +aeB)r
F=lr. . ] =Rot(BnS)Rot(B. X0 0 r] =|(—a,sp, +anch)r (c.14)
(—aysp, +aycf)r

r is the magnitude of 7 and can be calculated by substituting Eq. (2.14) into Eq. (2.13):

r =22 an (tan o 0501 (c.15)
27 cos g,

where 6," is the motor angular position which provides the palpating motion of the

ultrasound probe.

By substituting Eqs. (c.14) and (c.15) into Eq. (¢.13) we will have:

Ve = (g1, + mom,, (m + mgmy )(dr, _ﬁy))élm +(nyr, + mgm,my, (dr, _f”y))ézm
+my,(dr, — ﬁy )@m

Wy = (@nyr, +mgm,, (mg + mgmg )(fr, ..grz))é]’” +(=myr, + memymy, (fr _grz))@'z’”

+ mlO (ﬁx - grz )6.3:"
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V.= (”nry = NyyF, + Mgty (s + msms)(gry _d”x))élm (c.16)
+ (n12ry —hyt. + m6m7mll(gry —dr, ))Hzm + mlo(g"y - d"x)é;”

The second component of ¥ is the effect of linear velocity (palpation velocity) 7 of

the moving platform {X, Y, Z }. This linear velocity has projections on the axes of the

m-m—m

fixed frame {X,Y,Z,}. These projections are obtained as shown below:

(—a,s5, + a;cp)r
[VZX 7, sz]" = Rot(,,S)Rot(B, X)[0 0 7] =| (—apsB, +ayeB)i (c.17)
(—ay,sB, + asscfB)r

7 is the magnitude of 7 and can be calculated by:

am ) S
;= nP(mymy, (m; + mgmg)6" + mgm,m, 0, +m,,6;")

— (c.18)

In Eq. (c.18), 9;” is the motor angular velocity which provides the palpating motion of

the ultrasound probe.

By substituting Eq. (c.18) into Eq. (c.17) and some mathematical manipulation, the

following relationships can be obtained:

gnP oL . o
Vye = zﬂ“(m9mn(ms +mgmg )0 + mgm,my, 0" +m,,0,")
- anP 9'177 9’m 9’07 19
=5 (momy, (ms + mgmg)O" + mgm,m;,0;" + my, i) (c.19)
fnP . . .
v, = Py (mymy, (ms + mgmg )" + mgm,m, ;" +my,6,")

By adding Egs. (c.16) and (c.19), we will have the linear velocity vector ¥ of the
moving frame {X Y, Z }described in fixed frame {X,¥,Z,}:
I/lx + V2x
v=lr, v, v.I =|v,+m, (c.20)
I/]z + V2z

By considering Egs. (c.12) and (c.20), the Jacobian matrix can be obtained:
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6 7] =)ol 62 6 o

where

iy =y + gmomy, (ms +mgmg); J, =My + gmemamy 3 Jyy =gmy; Jy, =0
I = 1y +dmgmy, (ms +mgmyg), Jy, =y, +dmgmmy, s Jy =dmyy; Jy =0
Sy = fimgmy, (ms +mgmy) 5 Jy, = fingm,m,, ; i3 = fmg; Jyy =0

nP
a1 = 1yt + momy, (ms + mgmg )(dr, —fr i”

nP nP
J i = (M, + mgm,m,, (dr, —ﬁ’y +%7—r—); J s =my,(dr, =) Ju =——‘g;7[ My,

danP
Jsi = —=ny ¥, + memy, (ms +mgmg )(fr, — gr, + by )

dnP dnP
Iy = (=t + mgmymy, )(fr, — gr, +——) 3 J =my(fr, —gr.); Js = (o
27 27
o = (1, = nyy 1, +mymy, (my +mgmg)(gr, —dr, +

P,
/A

in_j_? fnP

Jo = Hpaty —npt, + mgm,m,, (gr, —dr, + 27r);J63 =my(gr, —dr.); Jo = 2 o

(c.21)
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Appendix D:
Derivation of Eq. (3.5)

With reference to Figure d-la, Axis ¥; is normal to axes Xp and Zp. Rotation

6" transforms axis Z; to Z;. Rotation @, transforms axis Z; to Z, as much as B.
Therefore, it rotates vector OF,' to OF as much as B as shown in Figure d-1b. This
motion happens in plane XpZ;. The corresponding vector Oﬁll rotates to 0]312 as much as
;" in plane XyZ) as seen in Figures d-1a and d-1d. The orientation of plane Z X, with
respect to plane Z, X, is shown in Figure d-lc. The projections of vector OF! on axes
Xp and Z; are shown as OM and ON}, respectively. The projections of vector OF? on

axes Xy and Zp are shown as OM[ and ON?, respectively.

According to Figure d-1b, the following relationships hold:

OF; = OF? (d.1a)
OM! = OF!sin (d.1b)
ON} = OF' cos (d.1c)

Referring to Figures d-1b, d-1c, and d-1d, we have:
ON? = ON? cosa (d.2)

Substituting Eq. (d.1c) into Eq. (d.2), we have:

ON? = OF} cos Bcosar (d.3)
With reference to Figure d-1d, we have the following relationship:

2
tan g, = gM ! (d.4)

AT 2
i

Substituting Egs. (d.1b) and (d.3) into Eq. (d.4), we have:

tan
cosa

tand, = (d.5)
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(b) (c) @

Figure d-1. (a) Relation between rotation, 6;", of input link about axis ¥, and rotation
of axis Z;, f, about axis Y; (b) projection on plane Z,X,; (c) orientation of plane

Z,X, with respect to plane Z,X,; (d) vector OF rotates as much as @, to reach to
OF in plane Z, X, normal o axis ¥, .
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Appendix E:

Derivation of the Jacobian Matrix of the Hand-controller
With reference to Figure 3-8, the objective is to find the velocity state of the moving
platform (X, Y.Z,} attached  to  the hand-grip given  actuator

velocities 6", 07", 0" and 6" . The velocity vector of the moving platform {X,Y, Z } can

be described in the fixed frame {X,Y,Z,} as [& V]" where & and V are angular and
linear velocity vectors, respectively. Note that third and fourth DoFs are kinematically
decoupled from the first two DoFs generated by eight-bar mechanisms. This simplifies

the derivation of the Jacobian matrix.

The angular velocity Ez[wx w, o, ]Tof the moving platform {X,Y Z }

attached to the hand-grip consists of two components. The first component,

@1 = [a)lx w,, O]T , comes from the angular motor velocities of 8" and 6;" of the two

eight-bar mechanism’s actuators. The conventional velocity vector-loop method is used
(Tsai 1999) to obtain the non-zero elements of the first component. This will be described
below.

Referring to Figure e-1, a loop-closure equation can be written as:

OE=O0B,+B,C, +C.E (i=12) (e.1)

Great circle

Figure e-1. Simplified structure of hand-controller.
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Taking derivative of Eq. (e.1) with respect to time, yields the following velocity vector-

loop equation:

Ve =ty xBC,+0,;xCE  (1=12) (€2)

where @, and @ are the angular velocities of links B,C, and C,E, respectively. In

order to eliminate E from Eq. (e.2), both sides of Eq. (e.2) are dot-multiplied by ~CTE"

CE-(V;)=(BC,xCE)-w,, (i=12) (3)

Polygon OB.C,E is a parallelogram (see Figure e-1). Therefore, vectors B.C, and

C?*f are equal to OFE and Eé , respectively. Equation (e.3) can then be written as:
CE-(V))=(0ExCE)-w,  (i=12) (e4)

Referring to Eq. (3.7), vector OE inF igure e-1 is written as:

sp
OE=[e, e, e =e|-cpsor (e.5)
cﬁ 091"1

where e = 1/(e,f +e§ +e?) is the length of vector OF (see Figure e-1). Derivative of Eq.

(e.5) will yield to the following relation:
— - ﬁ' Cﬂ
Vi=le. ¢, o.] =¢ Bspsor—6repeor (e.6)
_ ,B S,B ce}m _ g'lmcﬂ S01m
In fixed frame {X,¥,Z,}, C,E=BO=[p 0 0, C,E=B,0=[0 & 0] and bisthe
length of vector ﬁ By substituting Eq. (e.6) into the left-hand side of Eq. (e.4) we will

have:
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CEV | _yf&) . Bep =(zl, z,zJ ér .
C,EV, e, BsBsO" -6, cpco Ly I, \6r

where £ is obtained from the derivative of Eq. (3.5):

. . . cem
,B — Czﬂ (_QIIIISHIIII[Q;II + 92711 - 1
2 c gm
2

and

L, = -bec*B sO" tO)

bec’BcO
112 = 2 m
c°6,

Ly ==bec’BsBs’0" t0) —cfcO"

, _be c?BsBsO"co
2 2qm
c°o,

The right-hand side of Eq. (e.4) can be written as:

(OExCE).wy; = ( @? X@);] Z)):y - (r” r”](“"‘] (.8)
(OEXCLE) 0 D1 " \ @y

where

=0

r, =becfcO”

ty =-becf cO"

ry =0

Equating right-hand sides of Egs. (e.7) and (e.8), we will have:

-1 . .
(wl"j = (r“ rm_] (le 112)(91"1j = (”11 ”12](91'"] (e.9)
Wy I Ly Iy 6y ny p \ 6y
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=r221”—r12121 " _ply —nyly " :”11]21_"21111 . :rlllzz_rﬂln

1 s Ny = s My > My
bty —haty My =Nty PP = oty "Mifyp —haty

The second component of @ , & = [a)2x @, a)zz] ", comes from the rotational

velocity 9;" of the hand-grip. The rotational velocity has projections on the axes of frame

{X,Y,Z,} . These projections can be obtained by the following equation:

9’:1&5
o, @, @] = Rot(X,.0" ) RotX BP0 0 @] =| 67 cpsay (e.10)
9';71 C',B Cglm

The rotation matrices Rot(X,,6") and Rot(Y,,[) are given in Egs. (3.3) and (3.4).

Combining Egs. (e.9) and (e.10), one can determine the angular velocity vector @

A Am ym
n, 0" +ny, 6 +m, 6]

_ - ) . ;
o= [a)X y a)z] =1y 0" +n,, 6, +m, 6 (e.11)
m; 6,
where
my =sp
= m
m, =—cf3s6,
m
my =cf ch,

The linear velocity vector ¥ = v, v, VZ] "of frame {X,Y,Z,} attached to the
hand-grip has two components. The first component, V', = [V])r ", Vu] ", is due to

angular velocity o of moving platform {X,¥ Z }:

[Vle V'ly VIZ] T: B X; = [(a)yrz - a)zry) (a)zrx - a)xrz) (a).\'ry - a)yrx)] ’ (e'lz)
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where 7 = [rx r, rz] " is the vector describing the distance between frames { X Y2}

and {X Y, Z 1} infixed frame {X,Y,Z,}.

rsp
r= [rx 3 rZ]T = Rot(X,,60"Rot(Y, P[0 0 r]"=|~rcBso" (e.13)
recpch”

By substituting Egs. (3.8), (e.11) and (e.13) into Eq. (e.12) and some mathematical

manipulation, we will have:

m, 6" +ms 65
Ve v, WI'=|mgérem, o (e.14)
m8 allll +m9 02”1

where

m. = d; 05 ny cff c6

! 2
m, = d, 65 }1222 cfco,
m, __ 40 nlz1 cf c6,
m =— d, 6 n122 cpch,

d, 6; m
my =— 32 ~(ny, cf 56" +ny, )

d 9“ m
my =-— 32 3 (1, ¢ 56" +ny sPB)

The second component of V', ¥, = [sz V. sz] ", is the result of linear velocity

2y
7 of frame {X,Y,Z,} attached to the hand-grip. This linear velocity has projections on

the axes of frame {X,Y,Z,}:
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Fsp
Voo 7 70]7= Rot(X,.607 ) Rot%, B0 0 #]7=|~#cpsor (e.15)
Fepfc”

where 7 is obtained from combined derivative of Egs. (3.8), (3.9), and (3.10). Therefore,

—

V, can be determined by the following relation:

A A 3
my O +my, 0 +my, o,
T 3m 3 Am
sz] =|m3 " +my 0, +mys 6; (e.16)

m Am An
My O +my; O +mg 6,

. .

2y

where

_dysfcfc’o; 0, so

my, = 5 (~cBspch" 6, +1)
I d, s*B B0k 16, c*o"
11 2c262m

dycy spB oy
3

2 2 Nnu 2
—— L 923 6 50" _ep sB O 10" +1)

_4 B sB oy 16, sO" o

14 26292111
d; cy cf3 Oy
mys =-— 2
2c¢°6,
2 2 nu m m
m16 =__d3 c ﬁc 93 ;93 Sel Cel (_cﬂsﬂcglm t92m+1)
_ 4 B spc’ol o, o
17 20292171
dycy cfB el
myg = 3
2¢7°6,
6,=%
n
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Adding the right-hand sides of Egs. (e.14) and (e.16), we will have:

Vie tVo, (m, + m:o)élm +(my +my, )‘9.2”1 + m12‘9'3m
V=l v V=70, | 2| Ong+m O (my 4 )00 4 (e.17)
V. +Va, (mg +m )0 + (my +my;)0)" + 65"

Considering Egs. (e.20) and (e.26) together, the Jacobian matrix can be found from
the following relation:

[Z) ?]T(ﬁxl)z [Talér 67 ér or]’ (e.18)
where

Jn=my; Jy =ny; Ji3=0; Jiy =m,

Jou =0y 5 Iy =hyy 5 Jpy =0, J,, =m,

=05 J3y =05 Jyy =05 Jyy =m,

Jn=myrmg; Jo=ms+m,; Jy=my,; Ju =0

sy =mg+my; Jg =my +my; Sy =mys; Joy =0

Jor =mg+myg; Jg, =My iy Jeg =myg; Jg, =0
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Appendix F:

Technical Specifications of the Wrist and Haptic Device

Technical specifications of 4-DoF robotic wrist

Range of motion | Motor Gear ratio Motor torque/force
Yaw axis + 25° Maxon RE 36 111:1 88.5 mNm
Pitch axis +25° Maxon RE 36 111:1 88.5 mNm
Rotational axis +90° Maxon RE 25 84:1 29.3 mNm
Palpation axis 32 mm Maxon RE 25 84:1 24 N (measured)

Footprint & height

(192 mm = 192 mm) and 750 mm

Encoders 0.18 deg

resolutions

Weight of moving | 2.5 kg

elements

Force sensor LCMKD 50 N, by Omega

Technical specifications of 4-DoF haptic device

Range of motion | Motor Cable reducer ratio | Motor torque/force
Yaw axis +35° - - -
Pitch axis + 35° - - -
Rotational axis +30° - - -
Palpation axis 32 mm Maxon RE26 | 5:1 29.3 mNm

Footprint & height

(232 mm x 232 mm) and 280 mm

Encoder 0.7 deg
resolutions

Weight of moving 452 gr
elements

Static balancing

With one tension spring with stiffness 0.4 x 10~ kg/mm

Static-friction

break away force

026 N
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