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Abstract

DebTech Pty(LTD), a subsidiary of De Beers South Africa, has designed a low dosage
digital X-ray machine called LODOX. This innovative machine has been commis-
sioned in Groote Schuur Hospital in Cape Town, South Africa. It is capable of per-
forming standard radiological scans, producing high quality images quickly and in a
digital form.

It is planned that Computed Tomography (CT) and screening for Tuberculosis (TB) will
be incorporated into future LODOX machines’ capabilities. To this end the mechan-
ics, electronics and software will have to be redesigned. This project was concerned
only with the design of the mechanics of a future machine. An alternative option fo
redesigning the mechanics of the existing machine is to make use of an industrial
robot such as the MOTOMAN SK150 instead. Motivations in favour of the robot in-
cluded: the robot has many degrees-of-freedom, and hence any type of movement
can be achieved; utilising an off-the-shelf industrial robot could be more cost effec-
tive than redesigning the mechanics of the existing machine; the robot conforms to
international safety standards, and therefore certification of a LODOX machine incor-
porating such a robot may be relatively simple to achieve.

This project was therefore a feasibility study to determine the suitability of utilising an
industrial robot to enhance the capabilities of future LODOX machines. The feasibil-
ity study incorporated the aspects of simulation, accuracy and safety to come to a
conclusion.

Simulation software and a model of part of the existing LODOX machine were used
to simulate the movements of different types of scans. From these simulations, im-
portant issues including the benefits of using simulation software, potential cabling
(electrical and cooling) problems and the weight restrictions of the robot were discov-



ered. These issues would have a bearing on the design of such a machine in the
future.

The accuracy of the robot was evaluated in terms of repetitive positioning, linear
movement and constant velocity. This accuracy was compared to that of the present
LODOX machine in an effort to determine if image quality would be compromised by
using the robot. Various accuracy measurement techniques were used to achieve
this. The results of the accuracy analysis revealed that on the whole, the robot was
less accurate than LODOX. For the robot, the repetitive positioning accuracy was
< +1mm, while the linear movement accuracy was < £0.5mm. Equivalent accuracies
for LODOX were not determined, as it was assumed that due to the high quality
images produced, these accuracies were perfect or very small. Constant velocity
accuracy tests were conducted on both the robot and the LODOX machine using
three different measurement techniques (with three different data capture rates). The
values measured were inconsistent from one measurement technique to another. All
that could be concluded was that LODOX had a more constant velocity accuracy than
the robot.

The last aspect of the thesis concerned the issue of safety. The utilisation of an
industrial robot in a medical environment raises many questions about the safety
of clinicians and patients interacting with such a machine. This issue was investi-
gated through looking at the literature on the subject, assessing relevant safety stan-
dards and performing a risk analysis of the present LODOX machine. The results of
the safety assessment were a set of proposed safeguards and safety strategies that
aimed to create a machine that was as safe as possible.

In conclusion, the incorporation of an industrial robot into a future LODOX machine
was found to be feasible. However it is recommended that further accuracy measure-
ments be made, a more in depth safety strategy be developed, and a detailed cost
analysis be completed before such a machine enters the design stage of develop-
ment.
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Chapter 1
Introduction

DebTech Pty (Lid), a subsidiary of De Beers South Africa, has developed a tech-
nique for producing high definition digital X-ray images with greatly reduced radiation
dose. They designed, built and supplied the LOw DOsage X-ray - Medical Proto-
type (LODOX-MP)} machine which was installed in the Trauma Unit of Groote Schuur
Hospital Cape Town, in June 1999. A later model, LOw DOsage X-ray - Limited Angle
Computed Tomography (LODOX-LACT) was commissioned in the Faculty of Health
Sciences, University of Cape Town, during April 2001. A key feature of these ma-
chines is that they are able to produce high definition full body X-ray images in only
15 seconds, and at a significantly lower radiation dose to the patient (as compared to
similar resolution images captured on standard X-ray machines).

The LOw DOsage X-ray (LODOX) machine consists of an ionizing X-radiation emit-
ting tube and a Charged Coupled Device (CCD) detector mounted on a C-arm. This
C-arm is connected via a support housing to a base frame, and the base frame is at-
tached to the floor and/or ceiling. A patient trolley specially designed for the LODOX
machine then docks with the base frame.

The LODOX machine takes an X-ray by emitting a fan beam while the C-arm moves
along the length of the trolley. The image is captured by the detector using the tech-
nique of Time Delayed Integration. The images are then reconstructed by the Image
Preprocessor computer and are displayed on the Diagnostic Viewing Station com-
puter.









This thesis project was therefore a feasibility study. The purpose of the study was to
determine if an industrial robot could replace the existing mechanics of the LODOX
machine, in order to give greater freedom of movement, and hence allow other types
of radiological scans to be performed.

This study involved three theoretical aspects:

1. the testing of a new hypothesis,
2. the gathering of data, and

3. the development of new technologies/techniques.

The new hypothesis was that the existing mechanics of the LODOX machines could
be replaced by an off-the-shelf industrial robot such as the MOTOMAN SK150. This
necessitates the accuracy of the robot to be the same or better than that of the exist-
ing mechanics of the LODOX machines.

Therefore the second aspect of the thesis, the gathering of data included taking mea-
surements of accuracy of movement of both the LODOX machines, and the robot.
Data were captured using optical, mechanical and vibrational techniques.

The development of new technologies/techniques part of the project consisted of
designing a computer based simulation depicting the robot replacing the mechanics
of the LODOX machines. In addition to the simulation, a full scale model of the C-
arm was constructed and attached to the MOTOMAN SK150, and the movements of
the LODOX machines were emulated. The MOTOMAN SK150 robot has six degrees
of freedom, thus enabling far more complex movements to be accomplished. With
this greater freedom, simulations of LODOX technology being used for CT and TB
scanning were to be constructed.

Another area where the development of new technologiesi/techniques occurred was
in the area of safety. Robots have been used in medicine for more than two decades,
particularly in surgery (Davies, 2000). Regulatory bodies have set guidelines for the
use of robots in surgery (Varley, 1999). For the most part these robots are custom
designed for their specific purpose and the safety issue is part of the design from the
beginning. The robot MOTOMAN SK150 is most commonly used for arc-welding in
industries such as motor car manufacture and other industrial situations. The robot



is normally programmed for a specific job by the operator and then left to repeat the
process continually. There is no human-robot interaction and hence little need for
safety guidelines, other than fencing off the area within which the robot operates.
To use an industrial robot in a hospital setting with all the equipment of a medical
ward (monitors, intravenous drips, etc.), as well as the patient and the clinicians, the
safety issue needed to be carefully addressed. A safety strategy and safety guide-
lines were therefore drawn up for a possible LODOX-Robot machine. Some of the
methods that were considered included: collision control, out of bounds areas, cam-
eras, touch sensitive surfaces and ‘dead man's handles’. In addition a risk analysis
tool called Failure Modes, Effects and Criticality Analysis (FMECA) was performed on
the existing LODOX.

1.2 Objectives of the Study

The specific objectives of the feasibility study were therefore to:

1. Simulate the movements of the current LODOX using the MOTOMAN SK150.
This included virtual simulations on a computer and real simulations with the
robot.

2. Simulate other movements that are not possible with either LODOX machine.
These movements included those needed for CT and TB scanning.

3. Determine the repetitive positioning, linear movement and constant velocity ac-
curacy of the industrial robot MOTOMAN SK150 and the LODOX machines.

4. Investigate issues of safety when using an industrial robot in a medical setting,
and draw up guidelines for a possible LODOX-Robot machine.



Chapter 2

Literature Review

This feasibility study required in-depth background research in the area of robots, in
particularly industrial and medical robots. The issue of safety in robotic environments
was researched, and a Risk Analysis engineering tool called Failure Modes, Effects
and Criticality Analysis (FMECA) is also evaluated for possible use in the safety part
of the project.

2.1 Robots

A definition of a robot is: ‘a machine with a human appearance or functioning like a
human; a machine capable of carrying out a complex series of actions automatically’
- The Concise Oxford Dictionary, Ninth Edition.

Robots are normally associated with artificially intelligent humanoids like R2D2 and
C3PO of the Star Wars series of movies fame. These robots fall within the first part
of the definition in that they have a human appearance and function and "think” like a
human. However the second part of definition describes machines that are far more
common in society. In essence it states that any machine that functions automatically
and repetitively could be classed as a robot. Contrary to this, roboticists feel that
the characteristics that make robots different from regular machinery are that robots
usually function by themselves. In addition they are sensitive to their environment,
they adapt to variations in the environment or to errors in prior performance. They are



also task-orientated and often have the ability to try different methods to accomplish
a task. The earliest example of a robot comes from around 270 B.C. when the Greek
engineer named Ctesibus made organs and water clocks with movable figures (ROver
Ranch, 2001). The word “robot” was first introduced in a play in London written by
Czechoslovakian Karel Capek. He introduced the word from the Czech “robota”,
which means a serf or one in subservient labour. However the Science fiction writer
Isaac Asimov was the first to truly popularise the word “robot”. Through his stories
beginning in 1941 he coined the word "robotics” to describe the technology of robots
and predicted the rise of a powerful robot industry (ROver Ranch, 2001).

Although there are many different types of robots, this chapter will concentrate on
only industrial and medical robots, as they are the most relevant to the study.

2.1.1 Industrial Robots

The first industrial robots were designed in the 1950s and 1960s. The first robot
company was Unimation which formed in 1954. Later in 1959, Planet Corporation
marketed the first commercially available robot. The first industrial robot saw service
in 1962 in a car factory run by General Motors in Trenton, New Jersey. The robot
lifted hot pieces of metal from a die-casting machine and stacked them (DULLIER,
2002).

Typically industrial robots do jobs that are difficult, dangerous or repetitive. They
lift heavy objects, paint, handle chemicals, weld and perform assembly work. They
have high duty cycles while maintaining good levels of precision. Industrial robots
can generally be broken up into six categories defined by mechanical structure and
principle (Figure 2.1) (IFR, 2001):

Cartesian/Gantry Robot: Robot whose arm has three prismatic joints, whose axes
are coincident with a Cartesian coordinator.

Cylindrical Robot: Robot whose axes form a cylindrical coordinate system.

Spherical Robot: Robot whose axes form a polar coordinate system.

Selective Compliant Assembly Robot Arm (SCARA) Robot: Robot which has two
parallel rotary joints to provide compliance in a plane.



Articulated Robot: Robot whose arm has at least three rotary joints.

Parallel Robot: Robot whose arms have concurrent prismatic or rotary joints.

The MOTOMAN SK150 robot is an Articulated type robot as it has more than three
rotary joints. Of the different types of industrial robots, all but Cartesian/Gantry and
Parallel robots could be used for the proposed project. Cartesian/Gantry and Parallel
robots could not be used for the project because their kinematic structure does not
allow the movements needed. However, Parallel type robots are ideally suited to
medical applications because of their high accuracy.

2.1.2 Medical Robots

Robots work in many areas of medicine, such as laboratories, hospitals, rehabilitation
and surgery.

L.aboratory Robots

Laboratory robots today are the third generation of laboratory systems which first
appeared around the 1990's. Laboratory robots carry out hundreds of tests (blood
testing for HIV, automated haematology, clinical chemistry, immunochemistry, coag-
ulation and urinalysis) in parallel, saving time and freeing manpower for other pur-
poses. They are used mainly because of their ability to perform repetitive tasks at
high speeds, reliably and without fatigue. Hoffmann (1998) states that the latest gen-
eration of laboratory robots encompass two key concepts: consolidation and integra-
tion. Consolidation refers to combining different analytical technologies or strategies
on one instrument or on one group of connected instruments. Integration refers to
linking analytical instruments or groups of instruments with pre- and post- analytical
devices. An example of such consolidation and integration is an automated coagula-
tion workstation (Graves ef al., 1998). Graves ef al. (1998) constructed a prototype
workcell using a mobile robot, an articulated robotic arm, and a coagulation ana-
lytical system to automate the analysis of citrated whole blood for the diagnosis of
haemostasis disorders.






Because of their ability to perform repetitive tasks at high speeds, reliably and without
fatigue, laboratory robots result in saving time, costs and freeing manpower for other
purposes, while maintaining performance levels to that of a manual systems (Mifflin
et al., 2000; Prouskas and Oakman, 1996).

Hospital Robots

Hospital robots are essentially a broad group of service robots working in hospitals.
They include mobile robots and are involved in such tasks as fetching and distributing
medicine, carrying specimens and pharmaceuticals and even sometimes in patient
handling (Lob, 1990). Prouskas and Oakman (1996) state that the use of robots
in hospitals may be due to the short supply of hospital staff. An article by Deery
(1997) concludes that the use of a robot to courier after-hours deliveries of meals and
supplies, maintains high standards of patient care in the face of budget constraints
by freeing support staff to focus on other tasks. Hospital robots also include robots
used for cleaning. RoboKent and Dolphin are two such robots that scrub floors and
vacuum and clean carpets in the hospital environment (Quayle, 1996).

Rehabilitation Robots

Rehabilitation robots are used as either an aid in the rehabilitation therapy process or
as a permanent aid to the disabled. Robots used as permanent aids are either fixed
in a position at a workstation or are mobile. Workstation rehabilitation robots usually
perform simple tasks such as raising food to the mouth or turning a page in a book.
The mobile robots consist of a mobile platform or a powered arm on the side of a
motorised wheelchair (Prouskas and Oakman, 1996).

Permanent robot aids in development including DeVAR in the U.S., SPARTACUS and
MASTER in France, HANDY1 in the UK, Neil Squire MOM in Canada, and so forth
(Busnel and Cammoun, 1999). The MASTER system as described by Busnel and
Cammoun (1999) is composed of a fixed robotised workstation that includes a six-
axis SCARA robot mounted on a rail to allow horizontal movement and is equipped
with tools for various tasks. This robot is aimed at aiding a functional person with
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tetraplegia in tasks such as giving a drink, loading a floppy disk into a computer or
grasping a phone receiver.

Many of the rehabilitation aid robots make use of off-the-shelf commercial and indus-
trial robots which have been modified. This is due to the high cost, limited utility of
the equipment, lack of reliability, frequency and technicality of maintenance, and dif-
ficulty in training people to use a particular system. Hence Regalbuto and Krouskop
(1992) at Rice University and the Baylor College of Medicine are developing a sim-
ple, relatively inexpensive robotic system that can aid severely disabled persons by
providing pick-and-place manipulative abilities to augment the functions of human or
trained animal assistants. They are using an off-the-shelf modified HERO 2000 robot,
a Macintosh SE host computer, and the X-10 Powerhouse household appliance con-
troller.

In addition to giving mobility and independence to physically disabled people, robots
can be used to develop skills. The PLAYBOT is one such system that assists disabled
children in learning to play (Tsotsos et al., 1998). The aim of this project is to develop
a robot based on a motorised wheelchair on which the child sits. Mounted on the
wheelchair is a robotic arm and hand, a stereo-colour vision robot head, and a control
panel making use of the BLISS symbolic language. The robot is operated by the
child choosing a sequence of pictorially represented actions that he or she wishes to
perform with the toy. In essence the PLAYBOT is used to retrieve and “play” with the
toy.

Robots used as rehabilitation therapy aids is a relatively new concept compared to
robots being used as permanent aids to the disabled. A area where there in much
activity is in robot aided neuro-rehabilitation, particularly for patients that have suf-
fered a cerebrovascular accident or stroke. With the improvements in medicine and
health care, resulting in an increase in human life expectancy, the incidence of stroke
is becoming far more prevalent among older adults. Post-stroke therapy is labour-
intensive, usually relying on one-on-one, manual interactions with therapists and with
the constant demand for increased contact time and performance improvement at
lower cost and in shorter time, robots have become a possible alternative (Krebs
et al., 2000; Dijkers and deBear, 1991). A second incentive for using robots for post-
stroke therapy is that the quality of therapy can be improved. Robots can repeat the
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same movement many times with a high level of precision as well as keep count and
monitor patient treatment time in great detail (Dijkers and deBear, 1991).

Surgical Robots

Davies {2000), in a paper reviewing robotics in surgery, gives a definition of a surgical
robot:

“a powered computer controlled manipulator with artificial sensing that can
be reprogrammed to move and position tools to carry out a range of sur-
gical tasks”.

He goes on further to distinguish between surgical robots and the related field, Com-
puter Assisted Surgery (CAS). Surgical robots are moved by some motorised system,
while CAS systems are generally powered manually by the surgeon. There are many
reasons for using robots in surgery. Lueth and Bier (1999) describe the seven most
important:

» Robots show the same power all the time and execute their tasks in a well-

balanced manner.

» The behaviour of a robot is exactly known before execution, during execution
and can be protocolled for documentation, evaluation and education after exe-
cution.

= Robots shake or vibrate much less than a human being.

» Robots can move much more precisely in space and time than a human being.
* Robots can react much faster than a human being.

« Robots can be controlled remotely.

» Robots and control systems can coordinate complex processes or events and
are able to cooperate with other machines in the operating room within millisec-
onds.
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The classification of surgical robots should be made according to their technology
basis rather than for the tasks for which they were designed (Davies, 2000). The four
categories of surgical robots that he describes are: robots used as passive tool hold-
ers; active robots; synergistic systems; and master—slave ‘telemanipulator’ systems,

Robots used as passive tool holders are just that. They are used to hold a tool in
position during a procedure. They may be powered or un-powered. Active robots are
used to actively interact with the patient during the procedure. Synergistic systems
are robot systems in which the surgeon drives the robot with force control. This is
a haptic system, in that there is active force feedback to the surgeon. Master—slave
‘telemanipulator’ systems are robots that are controlled remotely via some kind of
‘joystick’.

Typical robotic surgery includes four stages: surgical planning; registration of the
robot to the patient; execution of the procedure; and evaluation of the procedure
(Prouskas and Oakman, 1996).

Surgical planning includes imaging the patient via X-ray, CT or Magnetic Resonance
Imaging (MRI). A three-dimensional model is then created from the imaging data
and the operation is rehearsed. The registration of the robot to the patient is the
correlation of the robot's data about the patient with the actual patient, in terms of
positioning. The execution of the procedure is monitored by the surgeon directly or
remotely via monitor. Sensors on the robot are also monitored by the system in real-
time. Lastly is the evaluation of the procedure. The surgeon evaluates the procedure
and decides if it needs to be repeated by the robot again or manually by the surgeon
themselves.

Minimally Invasive Surgery (MIS) came into development in the last twenty years. Iis
advantages are that due to the small size of incisions, the patient experiences less
trauma and pain, and recovery time is decreased. The disadvantages of MIS are that
the surgeon has less dexterity and restricted view because of the small size of the
incision. These problems have partly been overcome by using a robotic application.
As an example robots are used to position laparoscopes or directly manipulate the
surgical instruments during laparoscopic surgery (Kwon et al., 2001).

In addition to invasive surgery, robots are being used for non-invasive surgery. A
similar study to the present project discusses the use of a FANUC Robotics computer
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description of this technique is presented in the last section of this chapter, while the
actual analysis is given in Chapter 5 - Safety.

2.2.1 Industrial Robots

Various safety standards for industrial robots exist. These include standards from
the International Standards Organisation (ISO), the American National Standards In-
stitute (ANSI) and the European Union (CE). Robotic Industries Association (RIA)
is the industry leader for all robotic issues. The ANSI/RIA R15.06-1999 Safety Re-
quirements for Industrial Robots and Robot Systems standard (American National
Standards Institute/Robotic Industries Association, 1999) is ‘the’ safety standard for
industrial robots. Although it is not law in the United States, more and more users
require compliance with this standard in their contract specifications. In addition, for
use in the United States manufacturers are required to comply with the Occupational
Safety & Health Administration (OSHA) directives that include the ANSI/RIA R15.06-
1999 standard by reference.

The ANSI/RIA R15.06-1999 standard includes sections on:

B

manufacture, remanufacture and rebuild of robots

@

design and manufacture of safety devices

installation of robots and robot systems

&

safeguarding of personnel (risk assessment)

®

safeguarding of devices

&

maintenance of robots and robot systems

@

testing and safety training of personnel

Most industrial robots do not interact with humans other than during teaching or pro-
gramming. Hence safetly considerations are relatively simple and require only that
the robot operate inside a cage away from people, and that the robot is only powered
up when all personnel are excluded from the robot’s working area (Davies, 2000).
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2.2.2 Medical Robots

Many international standards provide guidelines and directives for medical electrical
equipment, although there are currently no specific standard safety guidelines for
medical robots (Baowei et al., 2001; Davies, 2000). Prouskas and Oakman (1996)
have suggested three reasons for this fact: the definition of safety depends largely
on the application; there are no clear boundaries to the extent of the surgeon’s and
the manufacturer's responsibility in case of a fault; and manufacturers are reluctant
to make all design specifications available to medical safety committees.

There is a great need for such a “Medical Robotics Standard” with many groups
working toward this end. As recently as September 2001 a workshop sponsored by
the United States National Institute of Standards and Technology (NIST), the United
States Food and Drug Administration (FDA) and the RIA was convened to identify
the metrology and standards needs of medical robots in order to allow the medical
robot market to grow safely and rapidly. Issues identified for further analysis included:
fail-safety, failure mode analysis, redundancy, review of existing standards applicable
to medical robots, issues in taking industrial robots into the medical field, ergonomics,
the man/machine interface and others.

Three factors present designers of medical robot systems with more complicated
safety problems than their counterparts designing industrial robots (Prouskas and
Oakman, 1996).

The first is the human presence. In the industrial sector there are no humans present
in the application environment. Should humans enter the robot's workspace, safety
regulations stipulate that the robot be de-activated. In the medical sector the robot
often acts as an assistant, and hence it works in close proximity to humans. As the
medical robot may work in a chaotic, time-varying environment such as an operating
room, it is required to have great sensory capabilities.

The second factor is fault consequence. If safety strategies are followed, a fault in
the industrial sector would result at worst in the loss of physical equipment, while the
worst case scenario in the medical sector would be the loss of human life.

The third factor concerns the type of task that the robot is required to perform. In the
industrial sector the tasks are normally repetitive and the series of movements are
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performed in a pre-defined order. Not so in the medical field where the robot may
be required to take account of the differences on an object-to-object basis. Hence
testing is required for the many different scenarios that may occur.

Other safety strategies that must be employed in medical robot design include re-
dundancy, limited operation and the idea that in the event of failure, the robot must
fail-safely. These topics are discussed in Chapter 5 as safety strategies that could be
employed in the proposed LODOX-Robot system.

2.2.3 Failure Modes, Effects and Criticality Analysis (FMECA)

Failure Mode and Effect Analysis (FMEA) is a tool which was originated by the United
States Society of Automobile Engineers (SAE) and is used extensively by risk analy-
sis engineers in many different fields of engineering design. It is an essential function
in design from concept through development (United States Department of Defense,
1980). It analyses the potential effects caused by system elements ceasing to behave
as intended (Mohr, 1994). FMEA can find the weaknesses in designs before the de-
sign is realised, either in prototype or production, hence saving time and money. It
can also inherently add to the safety of a design.

FMEA is a qualitative reasoning approach best suited for reviews of mechanical and
electrical hardware systems. The FMEA technique firstly considers how the failure
modes of each system component can result in system performance problems. Sec-
ondly it ensures that appropriate safeguards against such problems are in place.
Failure Modes, Effects and Criticality Analysis (FMECA) is known as the quantitative
version of FMEA, in that a numerical value is assigned to how critical the failure mode
is perceived to be (United States Coast Guard, 2002). ‘

The process of a FMEA/FMECA consists of the following steps:

1. Define the system fo be analysed and obtain all necessary drawings, charts
and descriptions, diagrams and component lists. Clearly define the boundaries
of the system, what is and what isn't included in the study.

2. Break the system down into convenient and logical elements or sections.
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3. Choose the type of FMEA/FMECA approach for the study. Either functionalitop-
down—according to what the system elements do, or geographic/bottom-up—
according to where the system elements are, or a hybrid of the two.

4. Establish a coding system to identify system elements.
5. ldentify the potential failure modes for each system element.
6. ldentify the potential failure effects for each failure mode.

7. Perform a quantitative evaluation (Criticality Analysis) of each of the failure ef-
fects by assigning a value according to probability and severity (FMECA).

8. Continue the analysis up (geographic approach) or down {functional approach)
a level.

9. Document the analysis and use the results in modification of the design.

While designs continue to be upgraded or modified, the FMECA study never com-
pletes, hence the documentation should always be updated.
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Chapter 3

Simulation

3.1 Introduction

The first objective of this project was to simulate the movements of the LODOX
machines using the MOTOMAN SK150 robot, both virtually on a Personal Com-
puter (PC) and physically using a phantom. The second objective was to simulate
other movements not possible with the present mechanics of LODOX. These were to
include movements required for CT and TB scanning.

3.2 Matérials and Methods

3.2.1 Description of the MOTOMAN SK150 Industrial Robot

The MOTOMAN SK150 industrial robot is designed for assembly, material handling,
material removal, spot welding and surface finishing tasks in an industrial environ-
ment. It is an articulated robot as designated by the IFR (2001) because it has at
least three rotary joints.

An industrial robot system includes the power supply, controller and remote controls
as well as the robot itself. The MOTOMAN SK150 consists of the manipulator or
robotic arm, the Manual Robot Controller (MRC), the programming pendant (Fig-
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Table 3.1: Basic Specifications of the MOTOMAN SK150 industrial Robot.

Controlled Axes 6
Payload 150kgs

Repetitive Positioning Accuracy | +0.4mm

Weight 1500kgs
Power Supply 22kVA
Ambient Temperature 0-45°C
Ambient Relative Humidity 20-80% RH
Ambient Vibration 0.5G or less

The position of the robot is defined by both a Reference Co-ordinate System (RCS)
and a Tool Centre Point (TCP). The RCS defines an origin from which the position of
the robot TCP is measured from. The default TCP is the centre of the flange of the
robot wrist. When a tool is attached to the wrist, a new TCP must be assigned to the
*working” point of the tool.

The location of the TCP is given as co-ordinates measured from the origin of the RCS.
There are three different RCSs: BASE, ROBOT and USER. The origin of the BASE
RCS is defined as a point which is common to all robots within a specified area. This
could be a corner of the room, or a mark on the floor, etc. If the BASE RCS is used
when there are multiple robots within an area, all TCPs of robots within such an area
are measured from the same BASE origin. The ROBOT RCS is defined as having an
origin in the centre of the robot base. All TCP co-ordinates are measured from this
ROBOT origin. The third RCS is the USER RCS. it is a defined by a user-defined
origin which is only applicable to specific robot jobs (applications). There can be up
to twenty-four different USER RCSs programmed and stored on the MRC.

The MOTOMAN SK150 used for this project is located in a operating room of the
Faure Hospital at the National Accelerator Centre (NAC) (recently renamed iThemba
LABS), in Faure, South Africa. The robot was commissioned for another project at
NAC but was available for use on the current project. ’
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3.2.2 Virtual Simulation

In industrial situations where most robots are used, robots can be programmed or
taught in two ways, either on-line using a programming pendant or remote control, or
off-line using simulation software.

On-line programming of MOTOMAN robots entails moving the TCP from point to point
in space using the programming pendant. This is done in the teach mode of the MRC.
At each point the coordinates are stored in a job-file together with the speed that the
TCP shouid move to those coordinates. Once all coordinates are programmed, the
MRC is changed to play mode and the programmed job-file can be run.

Off-line programming of robots requires simulation software. MOTOMAN's own pro-
prietary simulation software is Robot Off-line Teaching System of Yasakawa (ROTSY).
It is a graphically intensive off-line teaching system for Motoman robots using MRC
controllers. The features of ROTSY as stated in the manual (Motoman, 1996) include:
Import Capabilities (Faro Arm data, 3-D Computer Aided Design (CAD), ROTSY
MDL, and many other file formats), TriSpectives Technical (a fully functional 3-D CAD
package from 3D/EYE, Inc.), External Teach Capability (utilising a 6-degree-of- free-
dom positioning device), Accurate Job Cycle Time Calculation, Off-line Programming,
Collision Detection (between the robot and other objects), Virtual Programming Pen-
dant (resembling the Programming Pendant on the MRC), Full-control Cameras (to
view the robot model from any point in space), Automatic Job Creation (attaches jobs
to parts instead of robots), Trace (displays each update point as a path while the
robot program executes; the points can be copied to the clipboard in a spreadsheet
format), OLE (allows other programs to share information with ROTSY).

The ROTSY software is normally purchased with the robot, although in the case of
NAC’s robot the software was never supplied. For this project the local suppliers for
MOTOMAN kindly loaned us a copy together with the required “dongle” or computer
hardware-key. Much time was spent waiting for this software and during this time
other manual ways of programming the robot off-line were investigated, but were
found to be too laborious.

The simulation of the LODOX movements using the robot were created using the
ROTSY software in the following stages:
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1. The correct model of robot was chosen from the list available. This was confus-
ing as there were five robot models called SK150, the only apparent difference
being their different colours. The default model was chosen for the simulation.
The robot was placed in the workspace with sufficient room for the other parts
of the simulated environment.

2. The dimensions of the LODOX ftrolley were measured and a scaled model of
the trolley was constructed in the program.

3. A model of a 1.8m person was found in the sample files of the ROTSY software
and placed on the trolley in a suitable position.

4. The C-arm of the LODOX machine was then created. Because of its more
complex shape than that of the trolley and even the human model it was decided
to make use of a CAD package to design the C-arm. Although the features of
the ROTSY software indicate that the TriSpectives Technical 3D CAD package
is installed with ROTSY, it was found to be not so. The package was then
borrowed from the local Motoman agents in Johannesburg. The C-arm was
then designed in this package and an attempt to export the model to ROTSY
was made. After little success it was concluded that this was not possible as our
ROTSY version was not compatible with the TriSpectives Technical software. .
The C-arm was then designed using two other CAD packages, AutoCAD and
ProEngineer. The models were exported as formats supposedly recognised by
ROTSY according the manual (Motoman, 1996). Once again the models could
not be imported. The C-arm was finally constructed in ROTSY directly. This
was particularly tedious and resulted in a model inferior to those created in the
CAD package, as ROTSY has limited design capability. Once the C-arm model
was finished, it was attached to the wrist of the virtual robot.

5. A model of a partition was then created to hide the view of the virtual robot from
the virtual patient lying on the trolley model.

6. All the various models of the simulation were moved into the correct positions,
while keeping the area of floor space taken up by the virtual robot, trolley, human
and C-arm to a minimum.
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7. The movements of the robot and C-arm were then programmed in ROTSY, and
different configurations were tried until a movement similar to LODOX was found
recorded.

3.2.3 Physical Simulation
The physical simulation entailed three stages:

1. A phantom C-arm was designed and built according to measurements taken
from the original LODOX assembly drawings. It was built from plywood in the
departmental workshop by Mr John Marcus.

2. The phantom C-arm and a spare frolley from the Groote Schuur LODOX ma-
chine were then transported out to the NAC. The C-arm was attached to the
robot, and the trolley was placed before the robot as depicted in the simulation.

3. The ROTSY simulations of the LODOX movements were then converted into
job files and uploaded to the MRC. These job-files were then run on the robot
with the phantom C-arm attached, and a subject lying on the trolley.

3.2.4 Simulation of CT, TB and Other Movements

Unfortunately the hardware key that was on loan from the South African supplier of
the ROTSY software had to be returned before the any further simulations could be
performed. .

3.3 Results

3.3.1 Results of Virtual Simulation

The different simulations created in ROTSY and are difficult to display in print. They
are depicted in a frame-by-frame form and must be “read” from top left to bottom
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right. The actual simulations are given as .avi files on the CD-ROM attached to this
document.

Figure 3.3 is the frame-by-frame simulation of LODOX conducting an antero-posterior
scan, while Figure 3.4 is the frame-by-frame simulation of LODOX conducting a lateral
scan. Note that the lateral scan simulation has a simplified C-arm.

3.3.2 Results of Physical Simulation

Figure 3.5 depicts the phantom C-arm attached to the robot “scanning” the subject
lying on the trolley. A video of this is also given on the attached CD-ROM.

3.4 Discussion

Off-line programming using simulation software like ROTSY is more advantageous
than on-line programming for a number of reasons:

Safety There is no chance of collisions when using simulation software, and there
is also automatic collision detection built into the software. In addition, no-go
areas can be defined to isolate the work area of the robot.

Speed Programming with simulation software is also faster, because of the above
reason. There is no need to worry about hitting anything or going too fast while
working out robot jobs. However, when programming on-line, the rcbot arm is
moved slowly for safety reasons, and instructions have to be constantly con-
firmed, making the process much slower.

Ease of use Conceptualising the work environment is easier in simulation, and dif-
ferent views are available at the touch of a button.

The simulation of the LODOX movements in ROTSY was sufficient to give a simple
conceptual idea to the feasibility study. With the physical simulation, potential prob-
lems and other issues were identified, including:
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» The location of the attachment of the C-arm to the robot was chosen for simplic-

ity in the simulations, although the attachment location would not be suitable for
a real machine for two reasons. Firstly, the present attachment is at the location
of the X-ray tube. Secondly, the attachment site is not suitable when consider-
ing the large cantilever effect the C-arm would produce at this point. A more
suitable site would be further down the C-arm closer to the centre-of-mass.

» The actual connection between the robot and the C-arm would have {0 be in-
vestigated. The surface area of the connection would have to be increased
to reduce vibration on acceleration and deceleration, due {o the inertia of the
C-arm.

+ Although the robot was programmed to move linearly in the ROTSY simulation,
there were periods in the physical simulations when this did not occur. What was
simulated in ROTSY was not what was always simulated physically. The reason
for this is not totally understood, but may be due to the wrong robot model being
used in ROTSY. Also, the version of the ROTSY software is quite old, and this
issue may have been rectified in a later version. The correct co-ordinate system
may also not have been used.

« There are thick cables running between the C-arm and the base frame of LO-
DOX (electrical cables and cooling pipes for the X-ray tube). These cables have
not been included in the simulation and would be difficult to model in ROTSY be-
cause of their flexibility. Issues with said cables have occurred on the LODOX-
MP machine during its commissioning. Brackets had to be fitted to stop the
cables catching on the base frame and parts of the C-arm. For the robot, the
cable issue is far more complex due to its greater freedom of movement. Tan-
gling and twisting of the cables would be a major concern. The weight of the
cables would also have to be taken into consideration.

* The weight of the phéntom C-arm was only a few kilograms, compared to that
of the real C-arm which weighs over three hundred kilograms. The robot is
certified to a maximum load of one hundred and fifty kilograms, and hence the
C-arm would have to be redesigned to be significantly lighter. However, the
general shape of the C-arm would not have to be restricted to the status quo.
All that is required is that the clearance volume, support for the same size and
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weight components (i.e. the detector, tube and mirror/collimator assembly), and
the stiffness qualities between the tube and source, have to remain constant.
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Chapter 4

Accuracy

4.1 Introduction

The effect of vibrational movement on the image quality of the LODOX system is not
precisely known and was felt to be not part of this feasibility study (another student
is conducting such a study for their Master’s dissertation). However it was assumed
that as long as the robot's movements were equal to or more precise than that of
the LODOX machine, image quality would not be compromised. Hence the second
aspect of this project was to determine the Repetitive Positioning (RP), Linear Move-
ment (LM), and Constant Velocity (CV) accuracies of the industrial robot MOTOMAN
SK150 and compare them to that of the LODOX machine values.

4.2 WMaterials and Methods

4.2.1 Repetitive Positioning Accuracy Tests

The RP accuracy is defined as the accuracy to which the TCP can repetitively re-
turn to the same position in three dimensional space. Motoman maintain a figure of
< 0.4mm with the maximum recommended payload of 150kg (Table 3.1).
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lite. Deviations from the linear line could be measured by noting the position of the
cross-hairs in reference to the stepped diameters. Images from ROTSY simulations
of each of the tests are given in Figure 4.3 and Figure 4.4 respectively.

4.2.3 Constant Velocity Accuracy Tests

Calculating CV accuracy involved determining the velocity deviation from a prepro-
grammed linear velocity. Such a deviation can be measured directly by conducting
velocity tests. The deviation can also be measured indirectly by conducting acceler-
ation or displacement tests, which can then be integrated and differentiated respec-
tively, to give a velocity. The constant velocity accuracy tests were conducted on both
the robot and the LODOX machines. Three different testing regimes were employed
using: digital cameras (optical technique), a rotary encoder (mechanical technique)
and an accelerometer system {vibrational technique) .

Digital Cameras

A digital camera system normally used for human movement analysis was employed
to track the movement of both the robot and LODOX machines. This testing regime
directly measured velocity. The digital camera system comprised: the Vicon 370,
6 camera motion analysis system and the Vicon Workstation 3.0 motion analysis
software from Oxford Metrics, and the Rdata2 conversion program from Motion Lab
Systems. The principle of this testing regime was to track retro-reflective markers
which were attached separately to the robot and the LODOX-MP machine, by syn-
chronously strobing infra-red light (from light emitting diodes) on the markers and
Capturing the position of the markers with the digital cameras.

In conducting the tests, the tripod mounted digital cameras were arranged around
each of the subjects as far back from the subject as possible and the camera’s fields of
view were focussed and aligned to capture the full range of movement of the subjects.
For all tests conducted, only three of the six cameras of the system were utilised, and
the strobe rate of the diodes and capture rate of the cameras were both set to the
maximum, 120Hz. A single passive retro-reflective marker was placed on each of the
subjects: the default TCP of the robot—the centre of the flange of the robot wrist, and
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different step sizes, 0.05mm — 2mm. A step size of 2mm used every fortieth pulse,
while a step size of 0.5mm used every pulse.

The tests on the LODOX were made with both wide (8mm) and narrow (4mm) video
tape, half of each moving towards the pulley and half away. Tests were also made
with different sample steps. A total of thirty-two tests were conducted on the LO-
DOX machine. All tests on the LODOX machine were conducted over a distance of
approximately one metre and at the maximum speed of 140mm/s.

Many tests were conducted on the robot at speeds of 100, 200mm/s, 500mm/s and
1000mm/s. The distance of movement was approximately 1m and the tests were con-
ducted both towards and away from the robot. Various step sizes from 0.05mm — 2mm
were also used.

Accelerometer System

The third method for measuring CV accuracy was by using a system of miniature
accelerometers to measure the acceleration of the subjects. This acceleration was
then integrated to give a velocity. '

The accelerometer used was the Analog Devices ADXL105 . The ADXL105 is a
high performance, high accuracy single axis accelerometer. It can measure both
dynamic accelerations typical of vibration, and static accelerations such as inertial
force, gravity or tilt. It has a full scale range of +£5g and a resolution of 2mg. The full
data sheet for the ADXL105 can be found in Appendix B.

As the ADXL105 accelerometer measures only a single axis, three accelerometers
were needed to measure in the three planes. The output of the accelerometer is an
analogue voltage nominally 250mV/g. A major concern with using accelerometers
is increasing the signal-to-noise ratio. An R-C low-pass filter was therefore added
between the Vg pin and the supply. In addition to further reduce noise on the supply,
common mode rejection was employed, and the voltage was outputted in a differential
mode. A schematic of the aforementioned circuit is given in Figure 4.7. Although
the ADXL105 has both an uncommitted amplifier for setting the output scale factor,
and a ratiometric voltage-output-temperature sensor for optional calibration of the
accelerometer over temperature, neither of these were used. The capture card was
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1. The captured data file must be loaded into memory.
2. The calibration files must be loaded into memory.

3. The scale factor for the conversion of voltage (V) to acceleration (m/s?) must be
calculated from the calibration files, and must be applied to the data file.

4. The acceleration must be low-pass filtered.
5. The velocity must be calculated by integrating the acceleration (raw and filtered).

6. The displacement must be calculated by integrating the velocity (raw and fil-
tered).

7. The acceleration, velocity and displacement curves must be plotted (raw and
filtered).

initially MATLAB code was written to implement the aforementioned functions. This
code can be found in Appendix D. In addition, the same functions were implemented
in code written for the National Instruments LabVIEW package. LabVIEW allows
the user to create a Virtual Instrument (V1) which represents a standard laboratory
instrument on a PC. Signals are directly input into the PC via a capture card, or
are loaded from text files. Vls are extremely customisable with highly configurable
Graphical User Interfaces (GUIs). This was the reason for using LabVIEW as well as
MATLAB to analyse the sampled data.

A VI was designed for the analysis of the captured data, using many built-in func-
tions. This VI applied the aforementioned functions to the outputted text files from
LabVIEW. The GUI of this VI has two pages: the first depicting the acceleration in
volts, both raw and filtered; and the second depicting the scaled and filtered acceler-
ation, and the integrated velocity (integrated from the raw acceleration){Figure 4.10).
The “circuit diagram” of this VI is given in Appendix E, together with a legend of some
of the built-in functions used. In addition to the designed VI, a VI supplied by Eagle
Technology for their PC30FA capture card was used for monitoring the output of the
accelerometers in real-time. This VI was used to calibrate the zero-offset of each of
the accelerometers by adjusting the variable resistors for each plane of movement.

The CV accuracy tests using the accelerometers were run with the capture card set
to its maximum sampling rate of 333kHz. At this rate each plane of movement had to
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be captured individually. Five tests each per plane of movement were made on the
LODOX machine with the C-arm moving at the default speed of 0.14m/s. The same
was also conducted on the robot. Moreover each set of five tests were conducted
in three different areas of the robot’'s working envelope. These different areas of
movement are depicted in Figure 4.11.

The placement of the accelerometer rig on LODOX-LACT and the robot are shown in
Figure 4.12.

4.3 Results

4.3.1 Results of the Repetitive Positioning Accuracy Tests

For the two tests conducted on the robot, the deviations were smaller than the reso-
lution of the theodolite (0.1mm), hence actual values can not be given.

4.3.2 Results of the Linear Movement Accuracy Tests

For all six tests conducted, in both orthogonal directions to the axis of movement, the
deviation was observed to be less than 5 millimetres. Once again actual values can
not be given, as the movement was “watched” through the viewfinder of the theodolite
and the deviation was constantly varying. '

4.3.3 Results of the Constant Velocity Accuracy Tests
Digital Cameras

Three dimensional displacement data were outputted from the Vicon system. The
data were then filtered and the first and second derivatives in the time domain were
calculated using first-order finite differences. The above process was all done auto-
matically in software called GGPSA developed by Giannis Giakas (Giakas and Balt-
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Table 4.1: Results of the Constant Velocity accuracy tests on LODOX using the digital cam-

eras.

(mm/s) | OpenLR1 | Open RL1 | Open LR2 | OpenRL2 | Closed RL | Closed LR
Mean 135.8 135.8 135.8 135.8 136.0 136.0
Std.Dev. 0.6 0.5 0.7 0.7 1.6 1.2

zopoulos, 1997a,b; Giakas, 2001). The data were filtered by the software using a
second-order Butterworth low-pass filter. The cut-off frequency was determined by
the software through assessing the power spectrum of the raw displacement data.

It was difficult to align the co-ordinate system of the digital cameras with both the robot
and the LODOX co-ordinate systems. Hence it could be seen in the displacement
data that there appeared to be gross movement on all axes, when there should have
been only movement along one or perhaps two axes (depending on the job). This
problem was worst for the tests on the robot as can be seen in Figure 4.13. The
blue line (X) depicts displacement in the horizontal plane, which is correct, although
movement in the other two planes is evident from the not-zero gradient of the purple
(Y) and red (Z) lines, which is incorrect. To resolve this problem, resultant velocities
were calculated from each set of co-ordinates using pythagoras in three dimensions.

Both sets of tests (robot and LODOX) captured data which included acceleration up
to and deceleration from the programmed velocity. As only the period of constant
velocity was of interest, each test was cropped. A standard deviation and mean for
each of these cropped tests was then calculated for LODOX (Table 4.1) and the robot
(Table 4.2).

Table 4.2: Results of the CV accuracy tests on the robot using the digital cameras.

(mm/s) | V1000 | H1000 | D1000
Mean | 235.2| 331.3| 495.9
Std.Dev.| 07| 22 1.1

In Table 4.1, OpenLR1 refers to the first test with the C-arm of LODOX in its normal
position moving from the left to the right, ClosedRL2 similarly refers to the second

45



test with the C-arm of LODOX in its extended position moving from the right to left. In
Table 4.2, V1000 refers to the vertical test with the speed set at 1000mm/s, similarly
H1000 and D1000 are for the horizontal and diagonal tests respectively at 1000mm/s.

Rotary Encoder

The pulses outputted from the rotary encoder were captured by a PC. The data were
then differentiated and outputted as text files. No filtering occurred prior to differenti-
ation.

The tests performed on the LODOX machine with the rotary encoder totalled thirty-
two, eight tests each for step sizes ranging from 0.1mm — 2mm. Unfortunately the
tests with the 0.1mm step size were corrupted by the capture PC. Only tests with a
velocity of 100mm/s were considered for the robot, as this was the speed closest to
that of LODOX.

The results of the tests on LODOX and the robot are given in Table 4.3 and Table 4.4
respectively. For each test, test number, tape width, distance between pulses, equiv-
alent sample rate at constant velocity, direction of test (away from—A, towards—T
encoder), standard deviation and mean are given. Again all tests were cropped, to
remove the acceleration to and deceleration from the programmed constant velocity,
this before calculation of mean and standard deviation.

Accelerometers

The results of the CV accuracy tests using the accelerometer block are given in Ta-
ble 4.5. Tests 1-45 are concerned with the robot, and 46-60 with the LODOX ma-
chine. The tests on the robot are divided into three sets, each one for a different area
of movement in the robot’'s working envelope (Figure 4.11). For each test, a mean
and a standard deviation are given. As five tests were conducted for each axis and
position, an average mean and standard deviation for the five tests are also given.
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Table 4.3: Results of the CV accuracy tests on LODOX using the rotary encoder.

Broad Tape
Test Number -1 2 3 4 5 6 7 8 9 10 11 12
Pulse Distance(mm) 1 1 1 1 2 2 2 2 0.2 0.2 0.2 0.2
Equiv.Sample Rate(Hz) | 1401 140} 140 140 70 70 70 70} 700| 700} 700| 700
Direction A A T T A T A T A T A T
Mean(mm/s) 139.5|139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.5 | 139.4
Std.Dev(mm/s) 1.0 1.1 1.0 1.0 0.8 0.8 0.8 0.8 2.2 24 22 2.8

Narrow Tape
Test Number 21 22 23 24 25 26 27 28 29 30 31 32
Pulse Distance(mm) 0.2 0.2 0.2 0.2 1 1 1 1 2 2 2 2
Equiv.Sample Rate(Hz) | 700 700 700} 700| 140 | 140| 140 140 70 70 70 70
Direction A T A T A T A T A T A T
Mean(mm/s) 139.5 | 139.5 | 139.6 | 139.5 | 139.5 | 139.5| 139.5 | 139.5 | 139.6 | 139.5 | 139.5 | 139.5
Std.Dev(mm/s) 2.0 1.9 21 1.9 1.3 1.3 1.3 1.3 8.5 0.7 0.7 0.6




Table 4.4: Results of the CV accuracy tests on the robot using the rotary encoder.

Broad Tape | Narrow Tape

Test Number BT1| BT2| NT1| NT2
Pulse Distance(mm) 0.1 0.2 0.1 0.2
Equiv.Sample Rate(Hz) | 1000 | 500 | 1000 | 500
Direction A T T A
Mean(mm/s) 100.0 | 100.0 | 100.0 | 100.0
Std.Dev(mm/s) 3.0 3.0 29 2.9
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Table 4.5: Results of the CV accuracy tests on the robot and LODOX using the accelerometer block.

ROBOT POS1 ROBOT POS&2 ROBOT POS3 LODOX
Axis | Test | Mean | Std.Dev. | Test | Mean | Std.Dev. | Test | Mean | Std.Dev. | Test | Mean | Std.Dev.
0 1 11649 44 16 | 156.8 3.3 31 [ 1940 46| 46 | 1345 4.5
0 2 11544 51| 17 | 1434 35| 32 |181.7 46| 47 | 143.7 2.3
0 3 | 161 0 491 18 | 160.2 3.3 33 | 182.0 421 48 | 1425 3.6
0 4 11545 55| 19 | 1616 411 34 |176.7 51| 49 | 148.0 25
0 5 1163.6 55| 20 | 164.6 33, 35 |1804 35| 50 | 1477 4.6
Ave. 159.7 5.1 157.3 3.5 183.0 4.4 143.3 3.5
1 6 -3.1 30| 21 -0.3 19| 36 3.6 25| 51 3.5 2.7
1 7 | -10.8 3.0 22 -9.9 39| 37 | 145 62| 52 -0.6 1.2
1 8 -3.4 34 23 5.5 3.3] 38 4.4 34| 83 | -10.3 2.1
1 9 -8.7 33| 24 5.5 3.3 39 -1.8 47| 54 -7.4 1.6
1 10 54 20| 25 21.3 7.7 40 -1.6 32| 55 10.0 8.2
Ave. -4.1 29 4.4 4.0 -2.0 4.0 ~1.0 3.2
2 11 -7.9 43 26 | -13.0 35 41 8.8 59| 56 -8.9 23
2 12 3.1 15 27 0.4 2.1 42 -2.0 3.2 57 -0.8 3.1
2 13 0.2 15| 28 22 52| 43 -04 421 58 3.8 1.6
2 14 | -10.3 16| 29 8.6 3.0 44 5.8 28| 59 | 175 6.8
2 15 | -10.3 16| 30 8.6 3.0 45 -4.7 25 60 0.1 1.4
Ave. -5.0 2.1 14 3.4 15 3.7 -4.7 3.0




4.4 Discussion

The high definition images that are produced by the LODOX technology are due to the
algorithm used to capture the images, the high quality CCD cameras which actually
capture the images and the accuracy of the mechanics of the machine itself. The
first two issues are not relevant to this project, although the last is most important.
When assessing the mechanics of the LODOX machine, a conclusion may be easily
drawn that the whole machine is very strong structurally, the aim being to keep the
machine very stiff to reduce vibrations. Vibrations of the machine would affect image
quality, in particular vibrations of the C-arm and between the two ends of the C-arm.
There are only two degrees-of-freedom in the present LODOX machines, with the
other degrees being provided by the trolley. It follows that with the more degrees of
freedom a machine has, the more chance that vibration problems would occur. Hence
with a six degree-of-freedom robot arm, vibration is far more of an issue. In addition,
repeatability is also more likely to be affected by higher degrees-of-freedom.

In addition to image quality being affected by vibration, X-ray dosage to the body
would be affected to a lesser extent. The movement of the C-arm must be constant
and smooth, so that each part of the body gets the same dose of X-rays. Although
non-constant movement would probably only minutely affect the evenness of dosage
to the patient, this may be a stumbling block when applying for FDA or CE certification.

Hence the testing of accuracy of the robot and LODOX was an integral part of this
project, which consumed more than half of the time allocated to the project. The
major problem in assessing the accuracy of the two machines, was that there was
no guantifiable evidence of how or what type (frequency, amplitude, etc.) of vibration
affected the image quality of the LODOX images. Therefore the frequency bandwidth
of the accuracy tests had to be as wide as possible, which resulted in large and
cumbersome files. Also to filter out noise was very difficult as the frequency of the
signal and of the noise was not known.
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4.4.1 Repetitive Positioning Accuracy Tests

The RP accuracy tests were only conducted with Rod 2 as it is the longer of the two
rods and any deviation by the robot would be more accentuated with the longer rod.
The results of the RP accuracy tests on the robot revealed no detectable deviation
{smaller than resolution of theodolite—< +1mm) , and therefore this confirmed MO-
TOMAN's statement of an RP accuracy of < 4mm. However the independent tests
conducted at the NAC were with the robot unloaded, while MOTOMAN's were at full
load of 150kg. Hence further tests were conducted with a load of 90kg. Again no devi-
ation was detected. But the conditions under which both machines were tested were
still not the same. The RP tests by MOTOMAN were conducted at full load, as well
as full speed. Although there was a difference in load between MOTOMAN's and the
NAC tests, it was felt that as there was no difference in the measured RP accuracy
between the unloaded and the 90kg loaded test, the extra 60kg would still have no
effect on RP accuracy. The reason for using lower than the full load was for safety
reasons and for convenience. in addition, the speed of MOTOMAN's tests and ours
were not the same. This is because the robot at the NAC has had its acceleration
retarded for safety reasons. Hence the maximum speed attained was not that which
MOTOMAN tested their robot at.

Allin all, the RP tests were satisfactory, as this type of accuracy is the least important
for the plane x-rays that LODOX produces. It does not really affect the image quality,
as where a scan actually starts and stops, does affect the image quality. On the other
hand, for possible CT scanning this type of accuracy would be more critical, as the
alignment of CT slices would rely on RP accuracy. Also it may be required to know
the accuracy of the RP down to a matter of microns.

4.4.2 Linear Movement Accuracy Tests

The LM accuracy tests were carried out using the theodolite. Once again the results
were mostly qualitative, although some quantitative results were also recorded. The
LM accuracy was seen (through the theodolite) to be < £0.5mm in both possible
planes of movement. This figure was achieved by the use of the machined point which
was attached to each rod. The cross-hairs of the theodolite could be seen to move
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less than the step between the different diameters, which is 0.5mm. The deviation
from the perfect linear movement was not repetitive or regular. By duplicating a test,
it could again be seen that the inaccuracies were not in the same place. A problem
which occurred with using a theodolite to measure this LM accuracy, was that the view
finder had to be continually focussed as the distance to the point constantly changed.
This therefore enforced the LM tests to be done at low velocities. LM accuracy may be
seen as part of the CV accuracy. Essentially if the LM is totally accurate, the velocity
tangentially to the line of movement is constant and zero. Hence the LM accuracy
can be compared to the the other constant velocity tests.

Both the RP and LM test results were mostly qualitative rather than quantitative, due
to the type of testing instrument. Also the resolution of the theodolite is only a tenth
of a millimetre, whereas accuracies of microns may be required. Possible test equip-
ment which could produce more quantitative results and have a finer resolution are
that of laser displacement testing devices. These devices should be used in any
further testing of the RP and LM accuracies.

It was assumed that the RP and LM accuracies of the LODOX machines were per-
fect, or accurate enough to produce high quality images, hence these accuracy tests
were only conducted on the robot. This assumption may not be true, and further
RP and LM may be needed to be conducted on the LODOX machines. Accuracy
tests for constant velocity however were conducted on both the robot and LODOX, as
accuracy of this sort was felt to be the most critical to image quality.

4.4.3 Constant Velocity Accuracy Tests

Three different testing methods were used to test CV accuracy for the robot and
the LODOX machine. The reason for this was that the early results of first two testing
regimes were initially not felt to be suitable, as their resolutions were not high enough.
Also the sample rates of the first two methods were felt not to be high enough to cap-
ture any high frequency vibration that may be present on the two machines. However
the resuilts of each of the regimes will be discussed separately and then will be com-
pared.
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The tests using the digital cameras yielded good results at first glance. The mean
velocity was essentially constant at 135.8mm/s with a standard deviation of 0.5mm/s-
0.7mm/s for LODOX in the normal position, and a mean of 136.0mm/s and a stan-
dard deviation of 1.2mm/s — 1.6mm/s in the extended position. This is just a range
of 0.4% — 1.1% standard deviation from the mean. The increased standard deviation
for the extended position can be attributed the greater lever-arm when the LODOX is
extended, hence greater vibration.

Although the standard deviation for the three CV tests with the digital cameras on the
robot were very good with values of 0.7mm/s — 2.2mm/s, a range of 0.2% —~ 0.7% stan-
dard deviation from the mean, the means varied greatly from 235.2mm/s — 495.9mm/s.
The velocity was programmed to be 1000mm/s for all three tests, although due to the
acceleration retarding that is built into the NAC robot for safety reasons, this velocity
was never reached. The question may be asked then, why were the attained veloci-
ties not the same? The reason is that depending on the type of movement and where
exactly the TCP of the robot is in its working envelope, affects its maximum accel-
eration. The robot has six different joints and moves according to these joints. To
achieve a linear movement requires constantly varying angular velocities for each of
the joints. The retardation of the acceleration is not on linear acceleration but rather
on angular acceleration. Further tests should be conducted with the programmed
velocity being that of LODOX and nothing else, then a proper comparison could be
made between the two machines.

When applying Butterworth low pass filters to the displacement data captured by the
digital cameras, it is important to choose the correct cut-off frequency. There are
many semi and automatic filtering algorithms which can perform this.

On further consideration, the results from the cameras were found to be not accurate
enough. The reasons for this was that it was felt that the sample rate of the digital
cameras was not high enough to capture possible high frequency vibrations, and the
resolution of the cameras was also insufficient. The cameras sampled at only 120Hz,
hence only 60Hz of the signal was able to be used because of Nyquist. In addition
the GGPSA program filtered the displacement data to frequencies below 10Hz to
reduce large errors occurring in the first differential-velocity plots. The resolution of
the camera system was also estimated to be only 3mm which is much larger than the
standard deviations achieved.
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Hence another testing method was employed with a higher resolution and sample
rate, this was by making use of a rotary encoder. The encoder produces 500 pulses
per rotation, hence with the 25mm circumference pulley, the encoder has a maximum
resolution of 0.05mm. The sample rate for rotary encoders is dependant on the linear
speed of what is being measured. For the tests on LODOX and the robot, the reso-
lutions were 0.2mm and 0.1mm respectively. Both the resolutions were supposed to
be at the maximum of 0.05mm, but the capture PC and software could not handie the
size of the files. As can be seen from Table 4.3 the mean was essentially constant a
139.5mm/s. However the standard deviation varied for the different resolutions from
0.6mm/s — 2.4mm/s (test 29 should be ignored as part of the data were corrupted).
Generally the standard deviations were lower for the tests conducted with the narrow
tape. This was because the narrow tape did not touch the sides of the pulley as much
as the wider tape. Hence the narrower tape produced less noise. Also the stan-
dard deviations were greater for the tests at higher resolutions. This implies that the
tests conducted with larger pulse distances were essentially low-pass filtered. The
best data captured by the rotary encoder on LODOX were therefore at an equivalent
sample rate of 700Hz and yielded a standard deviation of 1.4% of the mean velocity.

The CV tests with the rotary encoder conducted on the robot yielded slightly higher
standard deviations. Although a slightly higher equivalent sample rate was achieved
of 1000Hz, the standard deviation was 2.9% of the mean velocity. This was with the
narrow tape and with a pulse distance of 0.1mm. The tests were not run at the same
speed as LODOX, because these tests were run independently for another project at
the NAC, and 100mm/s was more relevant to the NAC project, than for the robot.

It is clear from this testing method that the CV accuracy of the robot is half of that
of LODOX, remembering that the rotary encoder could only capture in the line of
movement, and therefore did not take into account the movements in the other two
planes.

Once again the sample rate (or equivalent sample rate) of the chosen method—the
rotary encoder—was not felt to be sufficient for measuring the possible high frequency
vibrations that may occur in the robot and LODOX. The use of accelerometers was
then considered. Rather than measuring displacement, from which velocity profiles
were calculated by differentiation, the velocity profiles were instead formed by inte-
grating the accelerometer data. Displacement data which are to be differentiated for
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velocity profiles always have to be filtered first, or gross noise artifacts may be gen-
erated. Capturing the acceleration directly, essentially gives an idea of the vibrations
directly. Also the capture rate of the accelerometers used is much higher than that of
the digital cameras and the rotary encoder.

Although the PC30FA card can capture multiple signals at a maximum of 100kHz
simultaneously, it was found that capturing at 333kHz yielded better results. This is
because aliasing is reduced by sampling at higher frequencies. As a result of the high
sample rate, enormous data files were produced which were cumbersome to handle
and their analysis took some time to compute.

An analysis of the results of the tests conducted on the robot and the LODOX machine
(Table 4.5) vields three important issues.

Firstly, the set of tests conducted at positions 1 and 2 yielded different resuits com-
pared to those measured at position 3. The mean velocities in the plane of motion
(Axis 1) measured at position 3 were significantly higher than those measured at
position 1 and 2. This illustrates that the linear movement of the robot differs depend-
ing on where in the robot’s workspace it occurs. It was expected that the vibration
(amplitude and frequency) of the robot would differ at different points in the robot’s
workspace, due to the different positions of the six joints. This is illustrated, as the
two planes tangential to the line of movement (Axis 1 and 2) for position 3 showed
a mean generally lower than that of position 1 and 2. Hence from the above it can
be concluded that linear movement of the robot is subject to where in the robot's
envelope this movement occurs.

Secondly, while the robot was programmed to move at 140mm/s, the actual mean
velocities of the different robot tests varied significantly from this, and from each other
(143.4mm/s — 194.0mm/s). The mean velocity of the tests conducted on the LODOX
machine also varied from the stipulated value of 140mm/s, (134.5mm/s — 148.0mm/s),
but to a lesser degree. The average standard deviation of the means of the LODOX
machine was also lower than that for the robot. It can be concluded that there is less
deviation {vibration) from the constant velocity of 140mm/s by the LODOX machine
compared to the robot, and therefore the LODOX appears to have a more constant
velocity than the robot. Furthermore, it could be detected from some of the data
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displayed in LabVIEW that there was regular vibration present in the signal of the
robot, while it was not present in any of the signals of the LODOX machine.

Thirdly, there appears to be a problem with the accelerometer data. The manufacturer
of the linear motor, KOLMORGEN claims that the motor is capable of a constant
velocity with an accuracy of 0.01%. This is significantly less than the values that the
accelerometer produced. The means of the velocity in the direction of movement
for the LODOX machine varied by 9.6%, signiﬁéantly more than that stated by the
manufacturer. Although there may be other factors that affect the speed of the C-
arm of LODOX (encoder feedback, misalignment, etc.), it is difficult to believe that
they would have such an effect. From further research into velocity and position
applications of accelerometers, it was found that accelerometers tend to produce
“random walk drift”. This means that minute changes in temperature and attitude of an
accelerometer are exaggerated greatly when integrated once for velocity or twice for
displacement (Hague et al., 2000). Although accelerometers are still used for position
and velocity measurement, such systems use other dead reckoning sensors such as
Global Positioning Systems (GPSs) to reset the accelerometers on a regular basis.
Such measures are not suitable for the current project, and hence the data from the
accelerometers were also not sufficient to assist in making a definitive judgement of
the accuracy of the robot and of the LODOX machine.

60



Chapter 5

Safety

5.1 Introduction

The Three Laws of Robotics (Asimov, 1942) state:

1. A robot may not injure a human being, or, through inaction ailow a
human being to come to harm.

2. A robot must obey the orders given it by human beings except where
such orders would conflict with the First Law.

3. A robot must protect its own existence as long as such protection
does not conflict with the First or Second Law.

Isaac Asimov's famous three robot laws continue to apply to all areas of safety in all
fields of robot design. The first law is the most important and is the primary focus
of all safety standards. The second and third laws in turn follow the first and are
indirectly implemented by following safety standards and good design principles. Risk
management in robotics is discussed by Clarke (1994) in an article entitled: Asimov’s
Laws of Robotics—implications for Information Technology. In the article he states:

Whether or not subjected to intrinsic laws or design guidelines, robotics
embodies risks to property as well as to humans. These risks must be
managed; appropriate forms of risk avoidance and diminution need to be
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applied, and regimes for fallback, recovery, and retribution must be es-
tablished. Controls are needed to ensure that intrinsic laws, if any, are
operational at all times and that guidelines for design, development, test-
ing, use, and maintenance are applied.

This chapter therefore documents the development, and the actual laws needed to
ensure safety of both people and equipment through the safe design of the proposed
LODOX-Robot (LR) machine. It begins by describing the existing safeguards in place
for LODOX and for the robot. Following this a Failure Modes Effects and Criticality
Analysis performed on LODOX is discussed. Finally a safety strategy for the LR
system is proposed taking into account the results of the FMECA studies described
above, relevant safety standards, and the literature on industrial and medical robot
safety.

5.2 Existing Safety Strategies

Safety strategies that are described here concern safety of humans and not equip-
ment, although they are often not mutually exclusive.

521 LODOX

There are three sources of hazards to humans who come into contact with the LO-
DOX machine, be they patients, clinicians or others. These are from radiation, physi-
cal motion and electrical discharge.

Safeguards against irradiation of the operator and other persons in the vicinity of
the LODOX machine (not the patient) include lead shielded walls, floors and ceilings
where necessary. In some cases lead is not required as the concrete of the walls,
floors and ceilings may provide sufficient shielding from the scattered radiation. Be-
tween the operator and the machine is a lead lined partition which includes a shielded
window. A red line on the floor demarcates an area around the machine outside of
which it is safe to stand during a scan. Any persons (other than the patient) residing

62



within this area during a scan are required to wear lead lined aprons. Radiation warn-
ing lights are present at the entrance to the room as well as on the operator console
and the Local Positioning Console (LPC). These glow red while a scan is in progress.

Touch sensitive covers on both the detector housing (attached to the bottom of the
C-arm) and the C-arm extension (attached to the top of the C-arm) act as safeguards
against collision of the C-arm with anything in its path. The only other direct protection
from possible hazards pertaining to the physical motion of the machine is a safety
feature built into the linear and rotary motors. If a force of a certain amount is applied
on the C-arm, either the linear motor drive or the rotary motor drive or both will trip
and the system will halt immediately. The size of the force is programmed to be
less than that which would cause a moderate injury. Emergency-stop buttons on the
LPC, the operator console and on the base frame of the machine serve as indirect
protection from possible hazards due to physical motion. In addition, the scan lever
on the operator console is of the “dead man’s handle” type, therefore scans cannot
be run without an operator being in control of the machine. The emergency-stop
buttons and the scan lever also help indirectly to protect against unwanted radiation
exposure.

Potential hazards from electrical discharge are prevented by correct insulation of con-
ductors and the presence of earth leakage circuits as stipulated in safety standards
for electrical medical devices. The floor is also shielded against electro-static dis-
charge.

5.2.2 MOTOMAN-SK150

There are two main sources of hazards to humans from industrial robots like the
MOTOMAN-SK150. These are from physical motion and electrical discharge.

The safeguards against hazards caused by physical motion in place on the robot
at NAC are only the limitation of the robot's acceleration and the emergency stop
buttons. The robot has been limited to one hundredth of its maximum acceleration.
Hence its maximum speed is greatly reduced. This helps to reduce the risk of the
operator losing control of the robot during a teaching or programming phase. The
emergency stop buttons are located on the MRC and the local positioning pendant.
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There is no “dead-man’s-handle”, an operator is only required to begin a robot job,
but not be present while it is running.

Safeguards against electrical discharge exist only through the principles of good man-
ufacturing-practice for all wiring and insulation. These are laid down in various stan-
dards on the design of industrial electrical equipment (American National Standards
Institute/Robotic Industries Association, 1999; U.S. Department of Labor, Occupa-
tional Safety & Health Administration, 1981).

As the source of most hazards are from the physical motion of the robot, most safe-
guards are therefore concerned with this. These safeguards are designed to restrict
access of persons from the robot’s working area, and to shut the robot down (or not
allow it to begin moving) if access is gained to its working area. The robot at the NAC
was purchased to work in the medical sector and hence with clinicians and patients
very near and sometimes in direct contact with it. Therefore the many safeguards
used normally for this type of robot in an industrial environment are nonsensical, be-
cause their specific aim is to restrict persons from the robot working area. The robot
at the NAC is hence potentially very dangerous, as it can damage equipment and
harm people, without the system even detecting any problem.

5.3 Failure Mode Effects and Criticality Analyses

The Failure Modes, Effects and Criticality Analysis (FMECA) technique was described
in Section 2.2.3. This section describes the results of the FMECA on LODOX and the
reason for not conducting one on the robot.

5.3.1 LODOX

At the time of this project, Lodox Systems (PTY) LTD had made their first submission
to the FDA for 510k approval. One of the procedures that they followed to get to this
point was to have a risk assessment undertaken by an outside company (DEBTECH,
2002). This risk assessment was conducted at a very macro level (systems), it was
therefore decided to conduct an FMECA at more of a micro level (systems, subsys-
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tems, assemblies, subassemblies). The data gathered in the previous risk analysis
were incorporated and expanded (in some cases) in the FMECA.

At the time of the project there were three distinct versions of the LODOX machine
in existence. Firstly the oldest, LODOX-MP, the machine in Groote Schuur Hospital;
secondly LODOX-LACT, the development model located in the Biomedical Engineer-
ing Department of the University of Cape Town; and thirdly LODOX 3, the model
being built at DebTech in Johannesburg for commercial sale. It was decided to con-
duct the FMECA on the LODOX-LACT machine as this was the most convenient, and
it was also the machine that had been worked on the most by the LODOX team who
were the main source of information for the analysis.

The boundaries of the study were defined as the machine and the surrounding envi-
ronment required for radiological equipment. This included shielded walls, floors and
ceilings. Access control and radiation warning lights were also within the boundaries
of the study. Air-conditioning and dust protection mechanisms were also included, as
ambient environment conditions are required for the machine to work at its optimum
level. Power supply to the machine as a whole was not within the boundaries, but
a Uninterruptable Power Supply (UPS) were included. The communication network
between the various computers and the Programmable Logic Controller (PLC) of the
system was included, but not the network to the outside world (computers not part of
the scanning or viewing system).

The LODOX-LACT machine and everything within the boundaries of the study was
broken up in to systems, subsystems, assemblies and subassemblies. Because the
systems and subsystems described functional elements, while the assemblies and
subassemblies described geographical elements, it was decided to conduct the hy-
brid type of FMECA. All the elements of the machine were then coded logically ac-
cording to their level.

The actual analysis of the whole system was then conducted. Initially data from the
previous risk analysis were converted into a form suitable for the FMECA. Following
this, through many hours of consultation with the LODOX team, failure modes and
effects were determined for the elements of the machine. In addition quantitative
assessments of the criticality of many of the failure effects were recorded. Finally
recommendations for the reduction of risk of failure for each element were discussed.
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All of the these steps were recorded in spreadsheets allowing for further analysis as
an FMECA is never actually completed.

The results of the FMECA concerning safety indicated that the machine was generally
safe for operators and patients. Radiation safety was sufficient, however restricting
access to the LODOX room during scans needed to be implemented. Patient and op-
erator safety issues were acceptable, but a few issues with the trolley design needed
to be addressed, many of which were subsequently fixed on the trolley for the LODOX
3 machine.

As an example, part of the FMECA conducted on the LODOX-LACT machine con-
cerning the patient interface (includes trolley and its location with the machine) is
given in Appendix F. Legends for the various codes in the FMECA are also presented.

5.3.2 MOTOMAN-SK150

An analysis of the robot was not conducted. Firstly the author had little success in
gathering in-depth data/specifications for the robot from the manufacturer in Sweden
or the local agents in South Africa. One reason for this is that many robot manufac-
turers are uninterested in a medical projects, as liabilities from potential failures are
too great. In comparison, all data on the LODOX system were readily available. In
addition it was possible to speak directly with the designers at DebTech and hence
gain insights into aspects of the machine that had not been documented.

Secondly, an FMECA should ideally be undertaken during development. The MO-
TOMAN SK150 robot has many years of past development as it is now a discontin-
ued model. The reason for the use of a discontinued robot is that it was simply the
only robot available. It is felt that the conclusions drawn from this study will be as
attributable to newer robot models as they are to this discontinued model.

Thirdly the robot has been built according to international quality and safety stan-
dards. As the SK150 robot has been discontinued, if the LR system was found to be
feasible, then another robot would have to be selected. Presently all of MOTOMAN's
(and many other manufacturers’) robots conform to the ANSI/RIA R15.06-1999 stan-
dard, therefore risk analyses on the robot in its (industrial) environment are not re-
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quired as these analyses have been conducted already by the manufacturer during
development.

5.4 Safety Strategy For A LODOX-Robot System

Due to the fact that the design of the proposed LR system is little more than a concept,
it is difficult to specify safety measures for such a system. Rather strategies and
general measures are proposed from the existing safeguards in both LODOX and the
robot, results of the FMECA study described above, relevant safety standards and
the literature on industrial and medical robot safety.

5.4.1 Classification Of The Proposed LODOX-Robot System

Before laying down a safety strategy for the proposed LR system, the system had to
be categorised within the various medical robot types as described in Section 2.1.2.
The LR machine fits best into the surgical category. This is despite the fact that sur-
gical robots assist or do actual surgery, while the LR system is only a diagnostic tool.
The other feature which defines surgical robots different to the other categories is that
surgical robots can only be operated with a person present and in control. All other
types of medical robots need not have a clinician present. Even some rehabilitation
robots can be operated by the patient alone. The proposed LR system will require
human control to operate (a “dead man’s handle”). For this reason the LR system is
categorised a surgical robot.

An example of a similar machine which falls in the surgical robot category is the Ac-
curay CyberKnife system (Adler et al., 1999). Just like LR it also cannot be operated
without an operator being present, but although it does not ever make contact with
the patient during normal operation, it is unlike LR in that it is a true surgical robot, be
it of the non-invasive type. However the Accuray CyberKnife is still the closest type
of medical robot to LR on the market. This is for two reasons: it carries a radiological
source and it makes use of a large industrial robot. For these two reasons it was most
interesting to the author for safety issues.
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5.4.2 Possible Hazards From The Proposed LODOX-Robot Sys-
tem

Of the three sources of possible hazards to the patients and clinicians from the current
LODOX machine, physical motion hazards are the most difficult to protect against.
Therefore in the proposed LR system, physical motion hazards are of even greater
importance to protect against, as the robot increases the kinetic energy greatly over
that of the existing LODOX machine.

The safeguards against radiation and electrical discharge hazards in the proposed
LR system can be taken from the existing LODOX machine because nothing in these
two areas would change significantly.

The hazards due to physical movement can be broken up into three subsections:
hazards from mass, hazards from speed, and hazards from power (Figure 5.1).

POTENTIAL HAZARDS OF
- THE LODOX-ROBOT
SYSTEM

PHYSICAL ELECTRICAL
MOVEMENT DISCHARGE

onon | |

| MOMENTUM |

MASS SPEED

Figure 5.1: Potential hazards of the proposed LODOX-Robot system

Hazards From Mass

Due to the large mass of the C-arm, a heavy duty industrial robot is required to
move it around. The C-arm including both the X-ray tube assembly and the detector
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assembly weigh more than 300 kilograms. The MOTOMAN SK150 is actually only
certified to carry a maximum of 150 kilograms. It is unclear in the robot specifica-
tions if this weight limit is due to a static (zero acceleration) or dynamic (maximum
acceleration) stress limit. Therefore for a real LR system fo be built, an even stronger
and potentially more dangerous robot may possibly be required. However if the C-
arm could be redesigned to optimise for a minimum mass, possibly a smaller robot
could be utilised. Nevertheless the weight of the X-ray tube assembly and the detec-
tor assembly (together they weigh approximately 110 kilograms) cannot be reduced
without major redesign of the core of the LODOX system. Therefore a medium to
large industrial robot is still required.

The main possible hazard attributed to the mass of the LR system is its momen-
tum. All surgical robots that the author has encountered, other than the Accuray
CyberKnife, make use of small desktop-type robots with maximum load bearing ca-
pacities of less than 10 kilograms. This is mainly because the tools which the robots
are manipulating are relatively small and light. Small robots are also used to reduce
momentum, hence making it easier and quicker to bring the too! attached to the robot
to a halt in both normal working conditions and in emergencies. A mitigating factor in
the LR system's favour is that the system never makes contact with the person during
normal operation, therefore there is a margin of area for the system to come to a stop
safely before colliding with anything. |

Hazards From Speed

Three issues relating to the speed of the robot have implications on possible haz-
ards. Firstly the robot is capable of high speeds, secondly momentum is directly
proportional to speed, and thirdly the distance travelled during a fault is determined
by the velocity of the robot.

The maximum speed of the present LODOX machine in any direction is 0.14 metres
per second, while the robot can reach speeds of 1.5 metres per second under some
conditions. Hence the maximum speed of the robot could be reduced to something
similar to that of the existing LODOX machine. However one of the main reasons
for this feasibility study is to enable the machine to perform other types of scans,
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in particular CT. For CT, faster speeds may be required particularly in rotation, the
maximum speed may therefore not be able to be reduced as much as was hoped for.

Hazards from momentum were discussed in the previous section. As speed is directly
proportional to momentum, it is important to reduce the speed as much as possible
to reduce momentum and its related hazards.

Equipment damage and injuries resulting from a fault are limited by the velocity of the
robot. This is because the displacement travelled is limited by the velocity.

Hazards From Power And Torque

One of the problems with using industrial robots in medical environments is that the
robots are not “intrinsically safe”. What this means is that all the failures of the robot
should be predictable and all the faults should be handled online (Pierrot ef al., 1999).
Such robots are designed from the ground up with safety as a priority. The main
aspect which make these robots intrinsically safe is that they are designed with low
installed power. The motors and joints used in these types of robots provide the
minimum amount of power required for the task, thereby ensuring that in the event
of a fault such as a collision with a person, as small an injury as possible is inflicted.
in the development of a robotic system to assist doctors in monitoring arteries for
cardiovascular disease prevention, Pierrot ef al. (1999) conducted a feasibility study
with an industrial robot to validate the concept. However the group had to abandon
the industrial robot as the system was not considered safe enough for human testing.
The actuators at the joints were too powerful and hence an intrinsically safe robot
was rather designed—the Hippocrate robot.

According to the specifications of the MOTOMAN SK150, its weakest joint (T-axis)
can impart a torque of 441 Newton metres, while its strongest joint (L-axis) can impart
greater than 3600 Newton metres. The power of the robot is therefore easily sufficient
to cause a major injury or fatality. An example of the power of the robot was made
evident on one occasion when the author inadvertently drove the robot into the ceiling
(at low speed). A 15mm mild steel plate was bolted onto the robot's TCP at the time
and this plate was bent easily without any warning or alarm being issued from the
system (no damage was done {o ceiling or the robot in this collision).
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5.4.3 Recommended Safeguards For The Proposed LODOX-Robot
System

Safety strategies cannot prevent a machine from ever failing, but they can lower the
probability of failures occurring. However only one failure in a thousand or a million is
more than can be tolerated when such a failure could cause injury or death. Hence
a system must be designed with the knowledge that it will fail at some time, and this
failure must be detected and controlled. This concept is called “failing safely”. In the
case of surgical robots this usually involves shutting the robot down and removing it
from the patient (Prouskas and Oakman, 1996).

Hence the safety strategy of the LR system should be to firstly prevent failure using
safeguards, secondly if a failure occurs it must be detected using sensors, and thirdly
once the failure is detected it must be controlled to minimise damage or injury through
the use of intelligent control systems. Preventing, detecting or controlling potential
failures that involve radiation and electrical discharge hazards will not be discussed
here as the mechanisms in place on the existing LODOX machine are sufficient and
should be included on the proposed LR machine. Only potential failures concerning
physical movement hazards are discussed in the following sections.

Preventing Potential Failures

To prevent physical movement hazards attributed to the momentum of the robot and
the C-arm, requires the reduction of the mass and speed of the moving part of the
machine. Reducing the mass involves reducing the the mass of the C-arm either by
using different materials or by totally redesigning the assembly in such a way that it is
lighter. All that is required is that the detector assembly and the X-ray tube assembly
be held in the same orientation and distance from each other as they are on the
LODOX machine. The mass of the aforementioned assemblies can only be reduced
by reducing the mass of their housings, and nothing else. The reduction of mass of
the C-arm must not compromise the structural stiffness of the C-arm or this will impact
badly on the image quality of the machine. By reducing the mass of the C-arm and
the two assemblies attached to it, in essence the load of the robot is lessened and
hence a smaller robot can be used, which in turn results in lower total momentum.

71



The maximum speed that the robot can reach is determined by the acceleration. This
acceleration as mentioned before in Section 5.2.2 can be limited by the MRC. The
maximum total linear and angular velocities need therefore to be determined for the
movements involved in the scans that the LR machine would perform. Then the ac-
celeration constant could be determined and programmed in the PLC. In addition it
should be determined if the deceleration constant would also be affected, as keep-
ing the deceleration constant as high as possible is preferential for safety reasons
(emergency stops).

Preventing hazards due to the power and torque of the robot is difficult as the power
of the robot is proportional to the load it is required to bear, and the momentum it
is required to overcome. The best way to limit the power is to limit the size of the
robot. Ancther way of limiting the power would be to use mechanical torque limiting
devices which could be incorporated into each joint of the robot (Pierrot et al., 1999).
However this would require redesigning the robot itself, which defeats the purpose of
using an off-the-shelf robot.

There are many other preventative strategies that could be employed on the LR ma-
chine, the most important two being redundancy and motion restriction (Kassel ef af.,
1997; Pierrot et al., 1999).

Redundancy of all safety critical systems is needed. There is obviously an increased
cost but this should not amount to much in comparison to legal costs if a person is
injured or killed and and the manufacturer is blamed for the accident. Redundant
position and velocity sensors on the robot must be installed as the encoders on each
motor of the robot may fail and there may be a loss of mechanical motion between
the sensor and the actual output it is supposed to measure (Ng and Tan, 1996). All
redundant sensors should be connected to a separate dedicated safety controller,
with a separate UPS. This controller must be able to override the normal control of
the machine and disable it at any time.

The range of motion of the proposed LR system is significantly more complicated
than that of the existing LODOX machine because of the greater degrees-of-freedom
of movement, hence there is a higher probability of movement error for the LR system
over the LODOX system. To further reduce the chance of hazards from physical
motion, the range of movement of the robot must be restricted. This motion restriction
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is described in terms of restriction of working volume or axes limiting and issues of
singularity (Kassel et al., 1997; Fryman, 2002).

The working volume can be restricted by disabling some of the degrees of freedom
of the system that are not needed. The robot can be restricted from a certain area by
software as well as by hardware. Axes limiting is performed by providing adjustable
mechanical stops which would physically prevent the robot from rotating further on
a certain axis. The use of such mechanical methods are preferential to electrical or
software methods in preventing hazards as they are found to be more reliable (Ng
and Tan, 1996).

Singularity which is unique to robotics, is a condition caused by the collinear align-
ment of two or more robot axes resulting in unpredictable robot motion and velocities
(Fryman, 2002). In other words a singularity is a point in space that a robotic arm
reaches that presents it with many different, but correct routes for it to follow from its
present position to the next position in space. Hence its motion is unpredictable and
may result in a hazard. Such singularities are encountered first during “teaching” or
programming, the risk of such a hazard occurring is therefore for the programmer and
not the end users (clinicians and patients). The programmer must adjust the route to
avoid the singularity when one is encountered and check the robot job runs correctly.

A “dead-man’s-handle” device and emergency stop devices are the two safeguards
which guard against all potential hazards (radiation, electrical discharge and physi-
cal movement) which must be implemented on the proposed LR machine. Both are
found on the LODOX machine, while the former is not present on the robot. The
dead-man’s-handle on the LODOX machine is sufficient for the LR system, but can
be improved. Recent studies have shown that such a device should not be a simple
off-on device, but an off-on-off device (Fryman, 2002). People often react to emer-
gencies by initially clenching their hand rather than releasing it, thereby not stopping
the machine immediately. By having the three position handle this is alleviated.

Emergency stops are found on almost all large machines. They act to totally override
and shut down the system. Although this is important, operators of such equipment
try not to use these emergency stops or even try to “short-cut” the devices (Fryman,
2002). This is because of the loss of productivity and time wasted from having to
restart the system after an emergency-stop button has been hit. injuries can and have
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occurred due to this reason. To combat this there should be two types of machine
stops, a emergency-stop and a safety-stop. The emergency-stop should act normally
and shut the whole system down, while the safety-stop should only disable the local
part of the system, thereby alleviating the need to totally restart the system. The
safety-stop may also be a passive stop and be triggered by another hazard preventing
safeguard.

From the use of the FMECA technique in analysing the LODOX machine it is rec-
ommended that the technique be used if the LR machine were to enter the design
and manufacture stage. This is ratified by the use of FMECA in every step of the de-
velopment of the Hippocrate robot (Pierrot ef al., 1999) which acts to assist doctors
in early detection of heart disease through the use of ultrasonic probes. Other risk
assessment techniques may also be used during development.

Detecting Potential Failures

Before failures can be controlled, they must first be detected. The LODOX system
has many “watchdog” devices to detect potential failures that may lead to hazards.
These include the touch sensitive covers which detect collisions as well as a limit
switch on the shutter in the X-ray assembly which reports that the shutter is open and
x-rays may be emitted. All of the existing devices on the LODOX machine should be
implemented on a future LR machine. In addition, further external sensors such as
cameras and accelerometers should be used to help detect erratic movement and/or
collisions. These external sensors should be connected to the same dedicated safety
controller which the redundancy sensors are connected to. The mechanical limiting
devices mentioned earlier should also be able to detect, and hence warn the system
of a failure, and not just physically prevent one.

Controlling Potential Failures

Once a failure has been detected it must be controlled to ensure that the LR “fails
safely”. This means that the robot must shut down, and all danger to the patient
and/or clinicians be removed. An example of a system where a robot does not “fail
safely” is if during robotic surgery the robot (surgeon) falls onto the patient because
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the holding torque of the joints is removed due to a power failure. This system should
have mechanical breaking on the joints of the robot which activate automatically when
the power is off.

Hence for the LR machine, all possible failure scenarios should be determined and
be accounted for in the control system, particularly in the case of power failures, the
safety and emergency-stop buttons being hit, and fire. In the event of power failure
the robot is locked in position mechanically by its gearboxes. This is advantages in
that the robot cannot ever fall onto somebody when the power is removed, however
in the case that the robot has pinned a person or a limb, it is impossible to move the
robot without power. To plan for this, there must always be sufficient battery backup
power to move the robot,

Fail-safety concerning electrical discharge and radiation are sufficient on the LODOX
machine and conform to safety standards, therefore nothing further is required for the
LR machine in these respects.

In conclusion, a summary of the recommended safety strategy for the LODOX-Robot
machine follows:

* Reduce the momentum of the machine by limiting the speed and the mass of
the machine.

» Reduce the power of the robot through the use of a less powerful robot which is
still suitable for the system, and investigate torque limiting devices being retro-
fitted to the robot.

« Install redundant position and velocity sensors which are monitored by a sep-
arate dedicated safety controller. The controller must be able to disable the
system at any time safely.

* Reduce the range of motion of the machine as much as possible through the
use of mechanical and electrical limiting devices.

+ Eradicate all singularities from all possible movements during the programming
of the system. Particular vigilance must be taken by the programmer in this
regard as they are the most at risk.

» Upgrade the “dead man’s handle” to an off-on-off type of device.
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Design and install safety-stops as well as emergency-stops.

Conduct and update an FMECA for the whole duration of the design and devel-
opment of the machine.

Implement all “watchdog sensors” present on the LODOX machine, on the LR
machine.

Install further external sensors such as cameras and accelerometers to detect
erratic movement and collisions. These sensors must be monitored by the ded-
icated safety controller.

Ensure the machine “fails safely” by anticipating all possible failure scenarios, in
particular during a power failure, deactivation of the machine by an emergency-
'stop and fire.
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Chapter 6

Summary

The LODOX machine is an unconventional X-ray system capable of performing con-
ventional radiological scans. It produces high quality full-body images in a digital
format and at a lower radiation dosage than conventional X-ray systems. Possibilities
exist that the machine may be adapted in order to perform addition types of scans
such as Computed Tomography (CT) or scanning for TB. In order for these scans to
be possible, the mechanics, electronics and software would need to be upgraded.
This project was concerned only with the mechanics of such a machine and how they
would have to be redesigned.

Two options exist: first, the mechanics could be redesigned in order to facilitate the
required movements of these additional scans; or second, an off-the-shelf industrial
robot could become the mechanics of such a system. This project was a feasibility
study to assess the suitability of such an option. Three aspects had to be assessed:

» Could an industrial robot physically do the job required? This was addressed
through virtual and real simulations.

« Would an industrial robot have accurate enough movements for the proposed
system? This was assessed by comparing accuracies of the robot with that of
the existing LODOX machine.

* How can an industrial robot be made safe enough to work in a medical environ-
ment? Standards, research and risk analysis techniques were studied and/or
performed in an attempt to answer this question.
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6.1 Cost Implications

A brief investigation into the cost of a LODOX-Robot machine was conducted. The
MOTOMAN SK150 robot is discontinued and has been replaced by the MOTOMAN
UP165 robot. This model has all the features of the older robot, but with greater
Repetitive Positioning accuracy, a larger working envelope, and a larger load carrying
capacity (165 kilograms). The cost is R650 000 per robot, with a discount of up to
15% for larger quantities. There would also be further costs for the added safety
features required and development of the machine.

in comparison, the mechanical development of the LODOX-LACT machine cost R1
200 000. In addition the price of the mechanics is R420 000 per machine, but larger
quantities (50 manufactured per year) would bring the cost price down by half.

6.2 Conclusions

The simulation part of the project was conducted by using MOTOMAN's proprietary
simulation software ROTSY, and by constructing a phantom C-arm which was at-
tached to the robot for real simulations. The benefits of off-line simulation compared
to on-line programming were noted through the use of the software. In programming
a robot job, off-line software was found to be safer, faster and easier to use than
on-line programming.

The virtual and physical simulations were very helpful in identifying potential prob-
lems of the proposed LODOX-Robot system. These included: the site for attachment
to the C-arm would have to be carefully assessed to balance the mass and not ob-
struct any components; the actual connection between the robot and the C-arm would
have to be investigated to reduce possible vibration; the implementation of the off-line
program did not always produce the expected movements, this may have been a soft-
ware or configuration problem; the cabling and tubing on the LODOX machine were
not modelled in the simulation software, this issue would have to be addressed for
the proposed machine; the weight of the existing C-arm is in excess of what the robot
can handle, the C-arm may need to be redesigned to reduce the weight.
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In assessing the accuracy of the robot compared to the existing LODOX machine,
three types of accuracies were measured: Repetitive Positioning (RP) accuracy, Lin-
ear Movement (LM) accuracy and Constant Velocity (CV) accuracy. RP and LM ac-
curacy were measured manually using a theodolite. These two accuracy tests were
only conducted on the robot, as it was assumed that the LODOX machine’s RP and
LM accuracies were perfect. Although the results of the tests to establish RP and
LM accuracies of the robot were not accurately quantifiable, they did indicate that the
robot was quite accurate in these two respects. However RP accuracy and LM accu-
racy are of lesser importance than that of CV accuracy, as image quality is negatively
affected most by vibration.

CV accuracy was calculated for both the robot and the LODOX machine. This was
the most difficult accuracy to measure. Three different methods were undertaken
utilising digital cameras, a rotary encoder and accelerometers. The tests run with the
accelerometers produced the best results. This was due to the higher resolution and
higher sample rate of this method compared to the other two methods. The results
of the CV tests undertaken with the accelerometers indicated that there was greater
vibration in the movements of the robot. This had been expected, as the robot has
more degrees-of-freedom than the LODOX machine, and it is intuitive that with more
degrees-of-freedom, there should be greater possibility of error.

The actual values for CV accuracy for the robot and particularly for the LODOX ma-
chine were not believable because the linear motor driving the C-arm of the LO-
DOX machine has an accuracy far better than the actual values measured by the
acceleromsters. This was concluded from the values given for the mean velocity of
the C-arm during a normal full-speed scan, which were found to be significantly differ-
ent to the predicted value. The difference between the measured and the predicted
value was many orders of magnitude greater than what the manufacturer of the linear
motor in the LODOX machine claimed. Later investigation and research suggested
that accelerometers experience drift, which is magnified when integrated to get ve-
locity and position data. Hence the measurements of CV accuracy calculated using
the accelerometers were not as informative as was hoped.

In assessing the safety of using an industrial robot such as the MOTOMAN SK150
in a medical environment, many safeguards and safely strategies were suggested.
These included: reducing the momentum of the machine, by reducing speed and
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mass; reducing the physical power of the robot; installing redundant sensors and
control systems; reducing the range of motion of the machine; eradicating danger-
ous singularities from all robot jobs; upgrading/redesigning the “dead man’s handle”
and the emergency stop buttons; conducting risk analysis studies such as FMECA
throughout the design process of the proposed system; install sensors to detect pos-
sible failures; and ensuring that in the event of failure, the machine would always
“fail-safely”.

The cost of a LODOX-Robot machine would appear to be higher than that of the
LODOX-LACT machine. The LODOX-LACT machine is already capable of CT type
movements, but it is still fairly restricted in its overall movements. Therefore the higher
cost of the LODOX-Robot machine could only be justified by the added flexibility in
movements (allowing further types of scans) that it would provide.

6.3 Recommendations

Unfortunately the simulations of CT and TB movements that a possible LODOX-Robot
machine may be required to perform were not created. This was due to the loaned
hardware key for the ROTSY software being returned to the MOTOMAN agents be-
fore all simulations could be completed. If further simulations are to be made, then the
software should be purchased from MOTOMAN, or other simulation software should
be utilised. Simulation is crucial when working with robots. For the proposed LODOX-
Robot machine, the simulation software would be required by the design engineers
of the system, and possibly by the clinicians who would run the machine. The design
engineers would use the software in many areas of the design process, particulary
the safety aspects. Itis envisioned that the clinicians using the machine would choose
from a database of standard scans, or use the software to design specific scans.

The accuracy of the LODOX machine and the robot need to be further assessed
before any proposed LODOX-Robot machine can be designed. This feasibility study
could only show that the robot was less accurate than the LODOX machine, but quan-
titative values could not be calculated because of the testing methods used. In mea-
suring CV accuracy in particular, another testing method must be found that is more
accurate and less suspectable to noise than the methods previously used. Perhaps
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a purely optical method such as laser-interferometry would be suitable. However, no
matter what method is chosen, the effect of vibration (including the type, magnitude
and frequency) on the image quality of the LODOX machine must be quantifiably
determined and measured. Without this, the CV accuracy is extremely difficuit to
measure as the range of frequencies recorded has to be as large as possible to in-
clude all possible vibrations, which causes subsequent problems when computing the
resulting gigantic data files.

The safety of a machine in a medical environment is of paramount importance. If a
machine is not totally safe, it will never be approved by the various regulatory bod-
ies. Further work must be done to optimise the safety strategy of using an industrial
robot in a medical environment. The strategy must guarantee total fail-safety. Other
robot manufacturers who design their robots for medical applications should be ap-
proached. In addition the designers of the ACCURAY CyberKnife® should be ap-
proached in an effort to ascertain how they made their system safe enough to get FDA
approval, as the CyberKnife® is the closest system to the proposed LODOX-Robot
system in existence.

A detailed cost analysis of the proposed LODOX-Robot machine should be made.
The added value due to the further flexibility of utilising a robot, should be compared
to the increased cost of such a system.

This feasibility study found that the use of an industrial robot to be part of a future
L.ODOX machine is possible. However, much more information is needed concerning
the accuracy required from such a system, as well as determining which, and what
type of industrial robot would be most suitable. The safety issue must also be further
investigated and a safety strategy must be further developed. In addition the cost
benefits should be thoroughly assessed before the project proceeds any further.
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Appendix A

The MOTOMAN-SK150 Industrial
Robot
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Appendix D

The MATLAB Accelerometer Data
Analysis Code
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% BEGIN PROGRAM
Yolotnlaotolo ol ato s oo et o tatado s oo o tore ot o oo do o fodo o fodb fo o oo o o oo tada oo oo ola oo s o do o ota s o ot oo

clear all

% SET PRINTING PREFFERENCES

Tl T et oo folo o s T o Fo To o To oo o o o o J T e o o o o o o o Fa o e o o a o 1o o o o oo o oo o o o oo o #o 1o Fo o oo o ot
set (0, 'DefaultFigurePaperOrientation’,’landscape’)

set {0, ’DefaultFigurePaperUnits’,’centimeters’)

set (0, 'DefaultFigurePaperType’,’A4’)

% LOAD CALIBRATION FILES

Tt oo s To oo o T T oo o o Ja o o o o o oo o o o o o o dodo 1o 1o 1o 1o 1o 1o oo oo oo o oo o Jo o o 1o o 1o o o oo o oo oo
load up.txt;

load down.txt;

posg = (up(:,1));

negg = (down(:,1));

% APPLY SCALE FACTOR
II T Tt o o TotoToto 2o o o o oo T Jo T o o o o oo o o o Fo oo o fo oo o o T Jo o o oo o o o o o o oo T oo o o o oo 2o oo o o o Fo o o e
scale = (~{(mean(posg)-mean(negg))/2)/9.80665;

% LOAD CAPTURED DATA FILE

Tototololototototo oottt o Ta oo ottt tata o ot to o e o dadeds o o fo o do o o oo o oo oo oo o s ds ds o do o o tote oo sode
temp = input(’Enter DATA file name: ’,’s’);

disp(’loading DATA file...’);

filename = load(temp);

sample_rate = 333333.344;

sample_time = 10;

f

no_of samples = sample_rate * sample_time;

no_of _samples = round(no_of_samples);

acc = filemame(:,1);
accM = mean{acc);

acceleration = (acc - accM)/scale;
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% FILTER ACCELERATION

el T Tl e T T T T T oo o oo oo oo oo o oo oo o e oo oo oo o o o o o fo o fodo oo oottt o oo o oo do o ot to o o
disp(’filtering...’J;

[b,a] = butter(5,150/(sample_rate/2), low’);

accF = filter(b, a, acc);

accFM = mean(accF);

accelerationF = (accF - accFM)/scale;

% CALCULATE VELOCITY BY INTEGRATION
ot T oo do o o oo o fodo oo o oo oo oo o o oo oo oo o o oo do oo oo o odo oo foda o oo do oo fo o o oot o

disp(’calculating velocity...’);

tempv = acceleration(2:no_of_samples);
diffv

vel = (diffv./2 + acceleration(l:(no_of_samples - 1)))*(1/sample_rate);

il

tempv - acceleration(l:(no_of_samples - 1));

old_velocity = cumsum{vel);
posv = [1:3:no_of_samples];¥make the file smaller by taking every 3rd sample

velocity = old_velocity(posv,:);

% CALCULATE DISPLACEMENT BY INTEGRATION AGAIN
Tolado o lotolo a o oo oo Fato ot oo fole oot oo oot fo o Jods oo fda o oo oo ftefo o o oo foto o oo o o oo Fa o oo o

disp(’calculating displacement...’);

tempd = old_velocity(2:no_of _samples - 1);
diffd

dis = (diffd./2 + old_velocity(1l:(no_of_samples - 2)))*(1/sample_rate);

fi

tempd - old_velocity(1l:{(no_of_samples - 2));

old_displacement = cumsum(dis);
posd = [1:3:no_of_samples];%make the file smaller by taking every 3rd sample

displacement = old_displacement(posd,:);

% CLEAR MEMORY

Tt e e To o Tt T T T T T o To oo o o o o oo o 1o oo o o o fodo ot 1o o 1o 1o o oo oo oo oot oo ot o do o o oo oo oo
disp(’clearing memory...’);

clear a

clear acc

clear accF

clear accFM
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clear accM

clear b

clear diffd

clear diffv

clear dis

clear down

clear filename
clear negg

clear no_of _samples
clear old_displacement
clear old_velocity
clear posd

clear posg

clear posv

clear sample_rate
clear sample_time
clear scale

clear temp

clear tempd

clear tempv

clear up

clear vel

clear acceleration
clear accelerationF

disp(’memory cleared!’);

% PLOTTING

Tt Tlololo el e b oo To T T oo o oo oo oo Yoo o o oo oo oo JodoFad oo Yoo o oo oo o o o oo Jo o oo o oo o do
disp(’plotting...’)

figure;

plot(accelerationF)

figure;

plot{velocity)

figure;

plot(displacement)
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% END PROGRAM
Tl s o o ToTo oo o T oo do oo o T o oo oo oo oo o oo o o o oo oo oo oo oo oo o o oo oo o oo o o oo oot do o oo
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Appendix E

The LabVIEW Accelerometer Data
Analysis Virtual Instrument (Vi)
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Appendix F

The Failure Modes, Effects &
Criticality Analysis (FMECA)
Conducted On The LODOX-LACT
Machine
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SOl

LODOX-LACT FAILURE MODES, EFFECTS \& CRITICALITY ANALYSIS

] RISK
TEM/ A MENT
e FUNCTIONAL febeoins ot reer 8 AEEEER o ACTION REGURED/REMARKS
. IDENT. 3 SEV PROB
T Code
i€ _limage Capiure o -
1C-01 Patiant Interface
1C-01-01 Troliey
1C-01-01-01  [Helght Adjustable Frame Clirician unable o raise the Clinician not strong andfor tall  [Require another taller/stronger | R E 2
frame anough person {o assist
Release levar jsmmed ~ |Mechanism seized orwom  [Unable to perform R g 4 )
Trendelenburg or lateral scans
Frame lowers erroneously with {Too low gas pressure in Bilurred image captured, R E 4
patient on i cylinder, seals womn, patient patient would have o be P
. e e e JoOheaVY - rescanned BEU R D R -
Frame drops suddenly when  [Loss in gas pressure from Possible patient or dinician P o4 4
release lever is pulled cylinder, patient too heavy injury, equipment damage C
M
IC-01-01-02 [Tabletop Stips out of locating pockets Rough handiing during Patient falls which may lead to | P o] 3
Trendelenburg procedure; injury
excessive wear-and tear or
loose locating boits of the
upright supporis
Cracksibreaks/bends Bad manufacturing; Possible injury to patient P c 4
.. e L mishandeling _ ___ andlor clinician e L E -
1E-01-01-03 {Mattress Patient uncomfortable Mattress compressed from Possible patient moverment 3 E 4
overuse during scan, hence possible R
bad image quality
Mattress fabric tawn/cut Wear and tear, carelessness | Fluid absorbed into mattress, M E 3
possible cross-contamination P
IC-01-02  [Trofley Location (On ASP) e o
iC-01-02-01 |TLA Frame e
IC-01-02-02 {Trolley Mechanical Location Difficult to aliign trofley with if the arm of the TLA with the  |Only one position sensor R E 2
TLA flat focation point is docked detacts the trofley, hence
first with the trofley, there can | system inoperable
be misallignment for the other
U B e jend W 1 Y -
IC-01-02-03  [Trolley Clamping Troltey does not clamp 1o TLA [Electromagnets not Position sensor does not R £ 4
funclioning, wiring, hardware  (detect trolley, hence system
problem inoperable
1C-01-02-04  ICMC Fesdback Traltey is not detected when in [Position sensor hardware or | System inoperable R E 4
correct position wiring problem

Figure F.1: FMECA Of The Patient Interface Of The LODOX-LACT Machine
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