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Abstract 

The needs for better quality patient care and improved surgical procedures drive the 

development of new surgical tools and techniques that can augment the human surgeon 

capabilities. Over the past decade or so there have been significant advances in the design and 

development of computer assisted image guided surgery systems that can potentially perform 

complex tasks with high dexterity, speed and flexibility. 

The aim of this research work is to investigate various aspects in the design of a new computer 

assisted surgical tool capable of sawing, drilling and sculpturing of bone in support of image 

guided surgery that aims to reduce invasiveness, minimise blood loss and improve surgical 

outcome. The research of this thesis focuses on the design of an active positioning system 

(robotic end-effector) that uses a laser to cut bone to replace some of the currently available 

tools. 

This thesis starts by reviewing medical lasers and laser delivery systems, and discussing the 

effects of different lasers and lasers' parameters on tissue ablation time, rate and depth. It then 

defines criterion for the selection of the most appropriate laser and laser delivery system for 

bone cutting, drilling and sculpturing applications. 

Secondly, the thesis presents a unique design of a robotic laser end-effector. This end-effector is 

designed to provide accurate laser guidance for precise surgical performance (tissue ablation). 

This design is supported by an in-depth forward and inverse kinematic analysis to determine the 

end-effector workspace, resolution, positioning accuracy and manipulation flexibility. 

Thirdly and perhaps most importantly, the thesis presents two innovative laser feedback 

techniques, developed by the author, to determine the laser ablation depth and rate in real time 

during laser tissue interaction. These techniques are presented with complete analysis and 

supported by real time feedback examples. The techniques showed high measurement accuracy 

and reliability. 

Finally the thesis reviews the overall system performance supported by an error analysis model 

to determine the effects of different errors on the manipulation and positioning performance of 

the laser end-effector. It also presents some possible end-effector design modifications, 

alternative feedback techniques and suggestions for future work. 
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Chapter 1 

Introduction 

1.1 Robotic System for Computer Assisted Orthopaedic Surgery 

The needs for better quality patient care, improved surgical procedures and reducing healthcare costs 

are driving the development of new surgical tools. Some of these tools support new surgical 

techniques that can augment the human surgeon capabilities which can reduce surgical invasiveness, 

blood loss, and exposure to X-ray radiation. They may also reduce surgical and post hospitalisation 

time. 

Over the past decade or so there have been significant advances in the design and development of 

computer assisted surgical robot systems. For example surgical robots can potentially perform 

complex tasks with high dexterity. One of the main advantages of active surgical robots is the 

increased precision and repeatability in carrying out surgical procedures where it is often difficult for 

the surgeon to operate consistently with such a high level of precision. 

The aim of this project is to investigate the design of a new orthopaedic surgical tool capable of 

sawing, drilling and sculpturing of bone in support of image guided surgery in orthopaedics. The 

research of this thesis involves the design of an active positioning system (robotic End-Effector) that 

uses an emergent technology for bone cutting; namely a laser. Such a system may potentially replace 

some of the currently available surgical tools. 

The End-Effector provides the physical link between a computer based pre-operative or intra­

operative surgical plan and the patient anatomy. It also provides accurate tool guidance for precise 

surgical performance. The End-Effector would considerably enhance the currently available 

computer assisted orthopaedic surgery system (CAOSS) [PHIL1 OO](PHIL' OO](VIAN 97], developed at the 

University of Hull, by providing robotic positioning of the proposed new surgical cutting tool. The 

main objectives of the research presented in this thesis are 

• to define the set of requirement for the design of a robotic End-Effector 

• to investigate emergent technologies for bone cutting and study the different characteristics 

of these technologies and their surgical capabilities 

• to select one of these emergent technologies as a component of the robotic End-Effector 

• to design an End-Effector prototype that is capable of delivering the new surgical tool to the 

surgical site 

• to design the End-Effector's control and feedback mechanisms 

• to investigate a suitable feedback mechanism for the new surgical tool 
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1.2 Thesis Structure 

The thesis comprises of eight chapters and six appendices. The first two chapters are introductory 

chapters. Chapter 2 provides a literature review of computer assisted surgery systems as well as a 

brief review of the emergent technologies for bone cutting in the medical field. More specifically it 

presents the basic principles of computer assisted surgery systems, the different techniques used and 

some examples of computer assisted surgery systems. It also presents the steps of the surgical 

procedures involving surgical robots. Finally Chapter 2 discusses emergent techniques for cutting 

bone, namely: medical lasers, water-jet and ultrasonic drilling, and presents their use in different 

surgical applications. 

As it was decided to use a laser for this project, Chapter 3 studies the different aspects of medical 

laser and their surgical applications focussing on laser bone cutting, drilling and sculpturing in 

orthopaedic surgery. The chapter starts by a short summary on lasers and their operating principles. 

This is followed by explaining laser tissue ablation and tissue interaction. It then presents different 

types of lasers, their medical applications and tissue interaction mechanisms. The chapter also 

studies the suitability of these for hard tissue ablation in terms of cut quality, damage to the 

surrounding tissue, and laser-tissue ablation depth and ablation rate. Furthermore, the chapter 

presents selection criteria for the most appropriate laser for specific surgical applications. Moreover, 

it investigates the different types of laser delivery systems and identifies the most appropriate one for 

such application. Finally this chapter suggests the most appropriate laser, the type of the laser 

delivery system, the different laser parameters (laser energy level, spot-size and pulse rate), and the 

manipulation speed for further development of the robotic End-Effector of this thesis. 

Chapter 4 starts by introducing the different laser parameters of the most appropriate laser (namely 

Er: Y AG laser) and physical laws that govern its effects on biological tissue during laser tissue 

interaction. It presents an in depth analysis of the effect of different Er: Y AG laser parameters on 

biological tissue during laser tissue interaction. Also presented in this chapter is a modified equation 

of Beer's law for predicting the laser tissue ablation depth according to the given laser type and laser 

parameters as foreseen by the author. This chapter also presents laser bone cutting and drilling 

techniques and identifies the requirements for the design of a suitable laser End-Effector in terms of 

laser safety and laser beam manipulation speed. Finally the chapter presents an experiment prepared 

by the author to validate the laser tissue interaction predictions and prove the modification of Beer's 

law followed by some experimental results and concluding remarks. 

Chapter 5 Investigates the robotic delivery for laser cutting of bone for image guided orthopaedic 

surgery. It introduces a new laser based surgical tool namely the 'laser End-Effector'. This chapter 

provides the blue prints of the proposed design of a prototype laser End-Effector, which should be 
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capable of perfonning the basic tasks of bone cutting and drilling with a high degree of accuracy. 

This chapter first identifies the mandatory design requirements and shows the overall system design 

as foreseen by the author. It presents a complete design procedure and design analysis for a laser 

End-Effector prototype. The laser End-Effector prototype presented in this chapter is a 3 DOF device 

featuring a novel and unique design. This chapter also presents an in depth analysis of the laser End­

Effector's forward and inverse kinematics (dynamic model) and explains its use for cutting and 

drilling techniques. The chapter ends by summarising the major features of the laser End-Effector 

prototype and setting proposed future development phases to attain a clinically approved commercial 

laser End-Effector. 

The topic of Chapter 6 is feedback techniques for laser tissue interaction. The chapter starts by 

identifying the basic feedback and control requirements for the laser End-Effector control unit. These 

include all surgical and functional requirements. It then proceeds in investigating the different 

feedback techniques. These include innovated photo-acoustic feedback techniques devised by the 

author to measure the laser ablation depth and ablation rate inside bone during laser bone interaction. 

These techniques are based on measuring the acoustic time of flight (ATOF) and the phase shift 

(APH) between the laser-induced photo-acoustic waves during laser tissue ablation. This chapter 

present an in depth analysis of theses techniques supported by two illustrated examples. The chapter 

ends by presenting alternative laser feedback techniques followed by an overall summery. 

Chapter 7 presents an overall system error analysis performance evaluation of the laser End-Effector. 

It highlights and analyses the possible sources of errors within the laser End-Effector system (i.e. 

End-Effector, control unit, and feedback mechanisms) during Front End positioning and laser tissue 

ablation. This chapter presents an error analysis model derived by the author to analyse and quantify 

the effect of physical errors within the End-Effector system on the position and orientation of the 

laser cutting tool. This error analysis model is an important aspect of the End-Effector design. It is a 

useful tool for performance accuracy analysis and End-Effector calibration process. The chapter ends 

by a performance and accuracy evaluation of the proposed laser End-Effector and some conduding 

remarks for the proposed future work. 

Finally, conduding remarks regarding this thesis and the author's contribution are presented in 

Chapter 8. The chapter also presents some design recommendations for the developments of a fully 

functional clinical laser End-Effector. 
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1.3 Practical achievements of the research 

The full implementation ofthe proposed laser End-Effector is beyond the scope of this thesis project. 

To set the contest of this thesis, it is worthwhile to swnmarise some of the key practical achievements 

ofthe research. These include: 

1. Selection of the laser type and the laser delivery system 

2. Preparation for various practical laser experiments 

3. Design of the laser End-Effector 

4. Deriving a geometric approach to determine the forward and inverse kinematics ofthe 

proposed laser End-Effector 

5. Design of a high level control and feedback system 

6. Devising an innovative photo-acoustic feedback technique to measure the depth of the laser 

front position inside bone and the laser bone ablation rate during laser tissue interaction. 

7. Design and implementation of a photo-acoustic feedback circuit. 

8. Practical experiments in support of the design and the proposed feedback techniques for 

laser ablation 

9. An in-depth error analysis, positioning accuracy evaluation and evaluation of the overall 

End-Effector system 

10. A general error analysis model equation which can be used to quantify the effects of 

structural and other physical errors on the positioning and orientation of the laser Front and 

the End-Effector's workspace 

4 



Chapter 2 

Literature Review: Computer Assisted Surgery 

2.1 Objective 

This chapter reviews various different Computer Assisted Surgery systems, the technology 

behind them, and their uses in Orthopaedic surgery. Furthermore, this chapter reviews the 

potential of emerging technologies for tissue cutting in surgery that were initially considered as 

alternatives to laser technology for bone cutting. 

2.2 Introduction 

Computer assisted surgery (CAS) systems provide quantitative information for the surgical site. 

Furthermore, CAS typically deskills surgical techniques that are difficult to apply, allowing less 

experienced surgeons to perform complex surgical tasks. It also enables the development of new 

surgical procedures that typically reduce invasiveness of surgery and reduce hospitalisation time 

of surgery [VIAN 97)[NOLT 04). 

CAS systems typically involve components for imaging, measurement and position control of 

surgical tools. These include fluoroscopes, CT or MRI scanners, robots (manipulators), and 

positioning tracking systems. Together, these components enable a surgeon to position surgical 

tools relative to a patient's anatomy with more accuracy and often with less invasiveness than 

conventional techniques [LEA 98]. 

Robots in computer-assisted surgery should be used to perform complementary tasks [MOHS 95) 

that typically require high complexity and precision, be based on a surgical plan designed by the 

surgeon and always be under the control of surgeons [MOHS 95][PROU 96][PHIL' 00]. In the operating 

theatre, safety of both patient and medical staff is paramount. However, it is unlikely that robots 

will ever replace surgeons in performing surgery. 

Presented in this literature review are the basic principles of CAS systems, the different 

techniques used and some of the CAS systems currently available [LAHM 99)[MAI OO)[ORTH 99)[UNIV' nd]. 

These include: CAOSS [MOHS 95][PHIL' OO][PHIL' 00] the Computer Assisted Orthopaedic Surgery 

System developed at the University of Hull [MOHS 95)[PHIL' 00]. 
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Emerging technologies that may be suitable for bone cutting and drilling include water-jet, 

ultrasonic and laser. The first two are reviewed in this chapter with the latter being discussed in 

Chapter 4 as this was the technology selected to develop a new generation of cutting tools for 

orthopaedic surgery. This review discusses the different applications of these technologies and 

their advantages and disadvantages relative to the traditional tools currently in use for surgery. 

2.3 CAS Categorization 

Computer Assisted Surgeries systems may be categorized as including one or more of the 

following functional elements [LEA 98)[NOLT 04]: 

• Surgical planning 

• Surgical navigation 

• Delivery of treatment 

2.3.1 Surgical planning 

Surgical planning typically involves image processing, visualization, image registration and 

surgical simulation. Images are normally used to help surgeons determine the required relative 

positions of bones and implants. Images are also used to navigate surgical tools as surgery 

progresses [ABDE 97][LEA 94][LEA 95J[HOWE 99], but the imaging modality for planning and navigating 

may be different. Imaging systems used in CAS include 2D and 3D fluoroscopy, Computerised 

Tomography (CT) and Magnetic Resonance Imaging (MRI). Surgical planning using 2D 

fluoroscopes typically involves a small number of 2D images where the surgeon mentally 

reconstructs the 3D anatomy of the patient during surgery [LEA 95][NOLT 04]. On the other hand er 
and MRI provide 3D images of patient anatomy, which give surgeons more information for 

creating and exploring alternative surgical plans [LEA' 95][NOLT 04]. Surgical planning could be 

categorized according to the time of application. Planning could be performed prior or during a 

surgical procedure (pre-surgical planning or intra-surgical planning respectively). 

Pre-surgical planning typically starts with 2D or 3D medical images together with information 

about the surgical site [TAYL 03][LEA 94][LEA' 95]. It involves image processing, visualization, image 

registration and surgical simulation using image information for optimal surgical procedure [LEA 

95J[LEA98]. During the pre-surgical planning phase 3D eT, 3D MRI or 2D X-Ray images are used 

to display a graphical model (virtual image dataset) of the patient's anatomy [NOLT04]. A surgical 

procedure is then planned (trajectory plan) on this model and the numerical coordinates which 

describe the procedure may then be used to derive the manipulator's equation of motion [TAYL03]. 
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Intra-surgical planning, on the other hand, could be a computer based image guided approach 

which utilizes a mobile C-arm 3D fluoroscopic image intensifier in a technique known as virtual 

fluoroscopy (VF) [pHIL' 02][PHIL1 02] . This technique produces a 3D virtual image dataset of the 

patient's anatomy and the surgical tool. In such VF systems a number of equally spaced 2D 

images of the operating site are taken using a C-arrn image intensifier, typically there are 50 to 

200 such fluoroscopic images. [pHIL' 02][PHIL1 02][HAZA 03][NOLT 04]. The Siremobile ISO C 3-D 

imaging fluoroscope [NOLT04] is shown in Figure 2.1. 

Figure 2.1: Siemens SIREMOBIL ISO-C 3D image intensifier I OLT041 

The ISO C 3-D has a stepper motor that provides a high precision 1900 orbital rotation around 

the surgical site for capture of the equally spaced 2D fluoroscopic images. These images are 

reconstructed to give a high-resolution 3D image dataset with a volume of approximately 12.5 

cm3 and a voxel size of about 0.5 mm (Figure 2.2). This reconstruction uses a cone beam 

reconstruction algorithm. A recent laboratory study showed that 3D fluoroscopic navigation 

using this device has an accuracy of 1.18 mm (maximum error) [NOLT02][NOLT04]. 

20 Fluorosco ic Imaging 

Surgical Object 

,-~--~ ~3_0_I_m_a~g~e ________ ~ 

3D Image Dataset 
Virtual Obiect 

Figure 2.2: 2D fluoroscopic images to form 3D dataset using the ISO C3D 
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The resulting 3D image dataset for the virtual object (VO) may be loaded into a planning / 

navigation system (based on optical tracking system) using a standard DICOM fonnat [NOLT 

04I1ElILE on During actual navigation system the mobile C-ann is removed from the operation 

field. 

During planning / navigation the position and orientation of the surgical tool are tracked 

optically though a rigid arrangement of at least three optical markers (reference frame) [PHILI.l 

02][NOLT 04][HOFS 99). The planning / navigation system typically provides a visual overlay in real 

time of the surgical tool onto a visualization of the 3D virtual image dataset. This image overlay 

requires immobilization (fixation) of the surgical object. To cater for movement of the surgical 

object an optically tracked dynamic reference frame (DRF) is attached to the bony anatomy of 

the surgical object. Using the 3D virtual image dataset and the overlaid projection of the 

surgical tool, the surgeon plans the surgical procedure taking appropriate anatomical 

measurements if required. 

2.3.2 Surgical navigation 

Surgical navigation concerns the precise guidance of surgical tools to specified locations in the 

operating theatre during surgery [DIGIl 98][JOSK OO](UAO 041. Surgical navigation systems may include: 

• Optical tracking systems and devices [BRUC 02][WILE' 04](RIBO 01]( FRAN 04][LEA 95] 

• Electromagnetic tracking systems [BRUC 02] 

• Acoustic feedback [WEGN 98] 

• Intra-operative imaging such as fluoroscopy, ultrasonography and interventional CT/ MRI 
[MlJRP 02][PIUL' 02][PHIL' 02][JOSK OO][GRUT 04][NOLT 04][MESS 04][[UAO 04] 

• Image free navigation [NOLT04] 

2.3.3 Delivery of Treatment 

The treatment shares many of the features of surgical navigation. It may involve the use of 

robots or active manipulators for the accurate and safe guidance of surgical tools in the surgical 

site [VIAN 95][PHIl.' 95]. During surgery, such robots guided by the surgical plan [PHIL' 95][VIAN 95] to 

position the surgical tools at a specified position set by the surgeon in the plan [PHIL' 95][VIAN 95]. It 

also deals with patient monitoring and peripheral support. Achieving accurate robotic tool 

positioning typically involves: 

• Registration 

• Immobilization or fixation. 
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2.3.3.1 Registration 

Registration is a key technique in CAS. Basically registration is the mapping of one coordinate 

space to another. This registration is required to map a set of 2D images to a 3D space, and also 

to map a 3D image space to 3D patient space [KIMI OO][SIMO 97]. Typically it consists of finding a 

rigid transformation from one coordinate system to another so that all features in one of the 

coordinate systems can be mapped and shown in the other coordinate systems. Registration also 

determines the spatial relationship between the robot coordinate system and the coordinate 

system associated with the patient's anatomy in the robot's workspace [KIMI 00. Registration must 

account for patient movements and interchange of surgical tools during surgery. 

The registration process can occur prior or during surgery (pre-surgical and intra-surgical 

registration, respectively). When registration is completed, a designated position and orientation 

of the surgical object on the 3D virtual image can be translated into a set of control commands 

to control the positioning of the surgical tool [LEA 94][LEA 95]. 

For pre-surgical planning image data registration of patient's anatomy can be used to find the 

correspondence between points in the preoperative image data and points on the patient's 

anatomy on the operating table. The general approaches currently used for patient's anatomy 

registration include [WEST OI][FITZ 01]: 

• Fiducial-based registration 

• Shape-based registration [PIEP 97][NISH 03] 

For fiducial-based registration, fiducials refer to reference features (landmarks) that are present 

in the computer-based image reconstructed models and on the patient's anatomy [TRAX 01]. These 

fiducials are used to register the coordinate frames of the computer-based model of the surgical 

site with that of the patient's anatomy [LEA 95][PHIL2 95][PETE (0). 

Firstly fiducials are identified within the computer based model of the surgical site. Then, 

during surgery the positions of these fiducials are determined using some sensing systems [LEA 

9S][S(,HL 98). Sensing systems used to locate fiducials include optical, magnetic and ultrasonic 

detection. In addition fiducials may be physically located with the aid of a probe attached to a 

robot's end-effector [LEA 95). 

Artificial fiducials [LAVA 94) are also used in CAS systems to establish the anatomic object's 

reference frame [LEA' 95). These artificial fiducials are easily located in the preoperative images as 

well as by the intraoperative locating device. For example, "N' -shaped fiducials have been used 
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in neurosurgery (LEA 95](LAVA 94J[NASS 98J. However, anatomical fiducials are preferable since they 

are inherently non-invasive, not subject to movement during surgery and they are intrinsically 

safe. 

Typically, fiducials registration uses a solid registration technique (linear transformation 

technique) between corresponding pairs of fiducials (landmarks). This requires that the surgeon 

identifies three or more 3D landmarks in the preoperative image and the corresponding 3D 

landmarks in the patient during surgery. Then a transformation matrix is calculated to register 

the 3D patient model with the patient in theatre [TRAX OIJ. These methods of registration often has 

limited accuracy [KIMI OOJ because the 3D landmarks are often difficult to define with high 

accuracy. 

At the University of Hull a number of discrete data matching algorithms have been investigated. 

They include 3D point to 3D points, 3D surface to 3D volume and 2D projections to 3D volume 

(VIAN OO](LiJ. 

Shape-based registration is an alternative to fiducial registration. It is used in many CAS 

applications such as in HipNav and Navitrak [SUGA OO][HOWE 99). Shape-based registration is 

generally image based and one such technique uses a "cloud-of-points". This shape-based 

registration surface matches [GLOZ Ol} the shape of the bone surface model, generated from the 

preoperative images with the surface data points collected during surgery. The intra-operative 

data points can be collected, by direct contact with percutaneous probes [SUGA OO][GLOZ Ol}. 

Alternatively they can also be collected using ultrasonic or fluoroscopic images [SUGA OO}. 

Several techniques are used to sample the large number of points {Pl,P2 ...... Pn} from the 

actual bone surface. These techniques include direct touching of points on the bone surface by a 

probe attached to the end-effector of the surgical robot arm [YANI OO} and on optically tracked 

probe [KUMA 04]). 

A drawback of the cloud-of-points is that only the accessible portion of the bone can be 

sampled. Hence small inaccuracies in matching this portion to image extracted surfaces may 

lead to large inaccuracies for inaccessible portions [TRAX Ol}. 

Other less adopted techniques are laser scanning registration where exposed bone is laser 

scanned [FADD94}[TRAX Ol} and ultrasound registration which provides a non-invasive acquisition of 

a patient's internal bone structure [KIMI OO}. 
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2.3.3.2 Immobilization 

It is clearly important that registration is maintained during surgery. The two primary methods 

for maintaining registration are: immobilization and motion tracking of the patient's anatomy. 

Immobilization or fixation involves fixing the bones with respect to the registered surgical site. 

In many orthopaedic procedures immobilization is applied to large bones of the skeletal system. 

This is done by clamping the bone by some rigid structure. 

However, in some cases where bone movement occurs (e.g. due to breathing), such as in the 

case of pedicle screw placement, an alternative technique is required. This involves tracking in 

real time the motion of the surgical site. In this case, a registration reference frame with infrared 

LED array is placed on a vertebra during spinal surgery which optically tracks vertebral motion 

ILAVA94]. 

Two examples of immobilization are in Total Knee Replacement (TKR) and pelvic surgery. 

For TKR , an intramedullary bone clamp is used which comprises a stainless steel rod 40 cm in 

length and 9.5 mm in diameter and a tapered stainless steel cone which slides along the rod. The 

rod is driven into the intramedullary canal and the cone Wedged into the bone and locked to the 

rod [LEAI 95]. A fixation arm is connected to the outside end of the rod and locked down which 

provides very rigid fixation of the knee joint [LEA 95]. 

For pelvic surgery the pelvis is immobilized [LEAI 95] using a vacuum pack and foam covered 

aluminium blocks. The vacuum pack is placed under the patient's lower back during surgery to 

help prevent pressure sore development. The anatomically controlled foam covered aluminium 

blocks apply a download pressure to the pelvis. 

2.3.4 Navigation 

Navigation of tools and implants within the surgical site is a critical issue in CAS [SUGA DO]. 

Navigation (tracking) systems typically provide the surgeon with numerical and visual feedback 

on the position of tools and implants within the surgical site during the surgical procedure [SUGA 

DO]. This navigation is achieved by attaching tracking devices to the surgical tools (drills, guides, 

etc) during surgery. 

The most common tracking devices used in CAS is optical tracking cameras and infrared light 

emitting diodes (IREDs). Optical sensors are easy to set up, very accurate, have a sufficiently 
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fast sensing rate [SUGA OO][KIMI OO][MITT 94][PHIL' 95) and they can track multiple tools simultaneously. 

However, these devices have a major disadvantage that they require direct line of sight during 

the course of the surgical procedure. They also can be expensive if a very high level of accuracy 

(in the range of 0.1 mm) is required [SUGAOO). 

Other tracking technologies include acoustic (Ultrasound) or magnetic sensors [HUMM 02). The 

latter create a field around the surgical site. This field is altered by magnetic coils attached to 

surgical tools as they move within it. Such devices do not require direct line of sight but they are 

typically not as accurate as the infrared trackers (Optical Trackers) [SUGA 00) [BRUC 02][WILE' O4)[RIBO 

01)[ FRAN 04]. Furthermore, these tracking techniques are affected by moving metal objects and 

they have difficulties tracking multiple tools simultaneously. They are thus of limited utility for 

CAS. 

The following paragraphs present two examples of surgery planning and navigation systems, 

namely: HipNav and KneeNav TKR. 

HipNav (Hip Navigation system) is a navigation system that uses optical tracking cameras and 

IREDs to track tools for Total Hip Replacement (THR) surgery. It has been developed to permit 

accurate placement of the acetabular component during total hip replacement. It comprises of 

three components [MRCA 96][SUGA 00], namely: a preoperative planner, a range of motion simulator 

and an intra-operative tracking and guidance system 

The preoperative planner allows the surgeon to specify the alignment of the acetabular 

component within the pelvis based upon preoperative CT images [MRCA 96)[SUGA 00). The range of 

motion simulator [MRCA 96] determines the range of motion based upon the specific bone and 

implant geometry and alignment. The feedback provided by the simulator permits the surgeon 

to determine the optimal, patient-specific acetabular implant alignment system. 

KneeNav-TKR (see Figure 2.3) is a CT-based surgical planning and navigation system. The 

planar cuts for the femoral component of the TKR prosthesis are planned preoperatively using a 

CT of the patient. The saw cuts are made using the usual TKR mechanical guide [WOLF 04). 

However, to position the guide a hand held tracking device is first placed in the saw slot of the 

guide. As the guide is moved intra-operative measurements of alignment are provided. Once the 

guides are properly aligned bone cuts are made using a traditional oscillating saw [WOLF O4][D1GI od]. 
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Figure 2.3: KneeNav-TKR navigation IWOLF041 

2.4 Review of some Orthopaedic Computer Assisted Surgery systems 

This literature review is mainly concerned with CAS systems for Orthopaedics. These include 

CAS systems for Total Knee Replacement (TKR), Total Hip Replacement (THR) and hip 

trauma surgery. In some of these CAS systems a computer-controlled robot performs the 

surgery with some degree of human intervention. Robotic systems commercially available in 

orthopaedics include [NOBU 00] [TRAX 01]: ROBODOC, CASP AR and Navitrack. 

2.4.1 ROBODOC 

ROBODOC was the first active robot used in medical application. This system is intended for 

primary cementless Total Hip Arthroplasty (THA) [TRAX 01). The ROBODOC system (Figure 

2.4) consists of; a preoperative planning system and a five axis robotic arm with a high-speed 

end milling device that prepares the femoral canal for the femoral component of the THA 

prosthesis according to the planned position. 

Figure 2.4: ROBODOC system components IMITT 941 

The ROBODOC system is supposed to be safe and effective in producing superior implant fit 

and positioning while eliminating femoral fractures [ UGA 00]. It offers complete preoperative 
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planning of the femoral implant procedure. This includes surgeon-controlled selection of 

prosthesis size, shape, and placement. It also offers controlled milling of the femur in 

preparation for prosthesis [STULOO]. 

Early ROBODOC systems used rigid fiducial pins for registration between the preoperative 

planning and navigation during surgery [SUGA 00]. ROBODOC later adopted a matched points 

method for anatomy based registration, thus removing the need for these fiducial pins [LAHM 99]. 

ROBODOC system uses a preoperative planning software called ORTHODOC (developed by 

Integrated Surgical System). This is a CT -based planning software that allows the surgeons to 

develop a plan of the femoral component placement in THA [SUGA OO][HICK 98][STUL 00]. The surgeon 

can check the developed plan by referring to the geometric relationship between the implant and 

the endosteal cortical contour in the coronal, sagittal and axial planes. After the surgical plan is 

completed, a tape of the milling plan for the robot is created by ORTHODOC [HICK 98][STULOOj. 

During surgery an incision is made, the bone exposed and the femur head removed. A bone 

clamp (Bone Fixation Device) is then used for femur fixation. This prevents movement of the 

femur during bone milling. The milling tape then guides the surgical robot arm of ROBODOC 

to accurately mill a cavity in the femur to within an accuracy of 0.1 mm. This allows surgeons 

to properly orient and align the implant [HICK 98]. 

The second generation of ROBODOC features a monitor for bone motion during surgery. This 

monitor comprised of a spring loaded probe that securely attached to the proximal femur. The 

3D displacement of the probe is measured relative to the robot base [MIIT 94]. 

2.4.2 CASP AR 

CASP AR or Computer Assisted Surgical Planning and Robotics system has been designed to 

function as a universal tool for bone and joint surgeries [UNIV2 nd]. It enables surgeons to plan for 

and implant cementless Total Hip Arthroplasty prostheses, Total Knee Arthroplasty prostheses 

and anterior Cruciate Ligament (CL) replacements [UNIV2 nd]. The robot used by the CASP AR 

system is shown in Figure 2.5. 
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Figure 2.5: Computer Assisted Surgical Planning and Robotics (URS OOIlPHIL nd) 

Planning in CASP AR is based on 3D CT images using CAD data for the prosthetics [UNIV' od). 

The robot control plan is saved on an EPROM chip, which is then transferred to the surgery 

robot [UNIV' od). The CASPAR system uses CT-based planning software called (PROTON). This 

software includes biomedical simulation, for example for THA this checks the perprosthetic 

stress distribution and the rotational stability of the femoral component using finite element 

analysis [ UGA 00) . 

Registration in the CASP AR system can either be by shape registration by matching surface 

geometry [VERS 00) or by implanted fiducials that serve as references on the CT scans. The 

positions of these fiducials are measured by the robot during surgery and matched with the 

positions on the CT images [PETE 00) . 

For immobilization of the surgical site a fixation device is connected to the robot that rigidly 

fixes the bone (femur and tibia) by a special clamp (Figure 2.6) [PETE OO)[UNIV' od). The CASP AR 

system has bone-motion sensors which detect excessive motion of the bone and automatically 

stops the drill ing process [PETE 00). 

Figure 2.6: Fixation with CASP AR system (UNIV' od( 
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2.4.3 Navitrack 

Navitrack is a very compact ergonomic and mobile CAS system that was developed by an 

orthopaedic surgeon for orthopaedic surgeons. It was developed by Sulzer Medical and CAS­

partner Orthosoft Inc [SULZ nd] for computer-assisted implants of Total Knee Arthroplasty 

prosthesis. It allows precise positioning of the femoral and tibial components without 

intramedullary instrumentation. 

Navitrack currently has a preoperative CT-based planner [SUGA 00) from which the patient's CT 

scans are transferred to the workstation using the DrCOM interchange format [SULZ2 nd). The 

Navitrack then reconstructs a 3D model of the surgical site automatically [SULZ2 nd]. Navitrack 

uses an image matching technique for registration. In this technique a CT -based 3D model of 

patient anatomical structure is constructed preoperatively. During surgery the instruments are 

calibrated and the patient's anatomy is matched with the 3D model. 

Navitrack provides visual representations for tool navigation during surgery. It provides 

surgeons with a real-time display of the 3D CT images during surgery with the display of the 

tool overlaid. This enables surgeons to track instruments, implants and patient's bone structure 

throughout the surgical procedure [ORTH 99] . For increased flexibility the system can be equipped 

with either optical or electromagnetic (EM) tracking systems [AMIO 00]. 

In addition to the TKA surgery, Navitrack can be used for ACLIPCL reconstruction, pedicle 

screw insertion [SUUndHSUU2 nd] and Total Hip Arthroplasty. Figure 2.7 and Figure 2.8 show some 

of Navitrack's applications. 

Figure 2.7: Spinal Surgery: Pedicle Screw Placement, Cage Placement, DYNESYS IS LZ'od) 
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Figure 2.8: THA Surgery: Pre-operative Planning and Interoperative Navigation of Acetbular 
Cups and Femoral Stems ISULZ' Ddl 

2.4.4 Computer Assisted Orthopaedic Surgery System - CAOSS 

The University of Hull in collaboration with local hospitals has been developing CAS for 

orthopaedics since 1992. They identified a basic principle in orthopaedic surgery which can be 

stated as the "Placement of an object (Guide wire, Screw, Tube, Scope, ... etc) at a specific site 

within a region via a trajectory planned from X-ray based 2D images and other imaging 

modalities and governed by 3D anatomical constrains". [l'HIL' 95][HAFE od] . The CAS system they 

developed is known as the Computer Assisted Orthopaedic Surgery System (CAOSS). This 

system provides computer based intra-operative surgical planning using a fluoroscopic image 

intensifier and a self-supporting passive arm for tool positioning during surgery [PHIL' OO][PHIL' 

OO]fMOHS 95] 

CAOSS is a pre-production prototype of CAOS. It was used to evaluate the efficacy of the intra­

operative image guided surgery approach via a clinical trial [SULZ od]. CAOSS aims to assist 

orthopaedic surgeons to accurately drill bones for the insertion of dynamic hip screw (DHS) 

into the femoral head. It can also be used for the distal locking of the intramedullary femoral 

nails and for the insertion of the cannulated screws for repair of the neck of the femur fractures 

[PHlL' 00] [PHI L' 00]. 

CAOSS comprises of a passive arm and an end-effector for holding the guided cannula (Figure 

2.9A) [PHIL2 00]. The passive arm is commercially available where as the end-effector (Figure 

2.98) is specifically built to hold the guiding cannula. The passive arm comprises of three joints 

that provide 6 degrees of freedom (6 DOF). This passive arm can be locked to position by 

tightening a single knob [PHIL' OO][PHlL' 00). Moreover, it can be attached to the rails on the 

operating table by standard theatre clamps [PHIL' OO]. 
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Figure 2.9: (A) CAOSS equipment set up showing the end-effector with the registration phantom. 
The end-effector is held by a lockable passive arm which is attached to the operating table using a 
Maquet clamp. (B) The end-effector with guiding cannula. (C) The registration phantom. (PHIL100( 

Patient anatomy is localized using a registration phantom (Figure 2.9C) which contains 21 

metallic balls that is placed in the fluoroscopic image beam when imaging the patient [PHIL' 

OO)[P l-llL1 00]. Through back projection of the phantom's balls and the optical tracking of the 

phantom, anatomy can be localised and registered with the image intensifier [PHIL2 00). 

A 3D surgical plan is constructed from a number of 2D fluoroscopic images. To achieve 

accurate reconstruction of the 3D surgical images, accurate calibration of the 2D fluoroscopic 

images is required. Image calibration involves preoperative imaging of an x-ray translucent grid 

containing an evenly spaced grid of 64 x 64 balls [PHIL' 00). This calibration plate is placed on the 

x-ray receptor cover of the C-arm and an image is taken. Software automatically detects the 

grid and calculates a "distortion-undistortion matrix" [PHIL' 00). Intra-operatively, the distortion 

from each fluoroscopic image is removed before using it for planning and display. This 

calibration need only to be performed monthly. 

Surgical planning in CAOSS uses anatomical features acquired by AP and lateral fluoroscopic 

images of the fracture site taken after fracture reduction [PHIL' OO)[PHIL' 00). For the Compession 

Hip Screw procedure these anatomical features include the shaft axis of the proximal femur, the 

femoral neck and the femoral head [VERS 00). The 2D projection of the femur shaft axis and the 

femoral neck and head centres is then determined. These 2D projections are then reconstructed 

to create a 3D surgical plan [PllIL2 00) [PHIL' 00). 
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Figure 2.10: (A) AP and (B) lateral fluoroscopic image for compression hip screw planning. Both 
figures show: points for the femoral shaft, neck and head, the planned trajectory for the guide wire, 
the projection and detection of the registration phantom. 

The implementation of the surgical plan in CAOSS 1S a passive approach. A passive 

manipulator ann is holding a specifically built end-effector. Guided by a computer display, the 

surgeon manually positions a guiding cannula, mounted in the end-effector, at the surgical site. 

The position of the guiding cannula and the end-effector is optically tracked by means of an 

optical tracking system and infrared emitting diodes attached to the end-effector [PHIL' 00] [PHIL2 00]. 

When the desired position of the cannula is achieved, the surgeon locks the passive ann joints 

rigidly holding the cannula in place. An orthopaedic drill is then used to implant the guide wire 

along the planned trajectory. Further fluoroscopic images may be taken to monitor the progress 

on the insertion of the guide wire [PHIL2 00). 

2.5 Summary 

There are potential advantages to using CAS in orthopaedics, for example improved surgical 

accuracy, reducing surgical complexity, reduced surgical invasiveness and dosage reduction of 

the X-ray radiation exposure in orthopaedics. However, there are countering disadvantages. To 

illustrate this point of view, one or more of the CAS systems detailed above suffer from one or 

more of the following disadvantages [SUGA 00] . 

1. Increase surgical invasiveness through additional operations for markers implantation 

2. Elongate the surgical time 

3. Increase blood losses 

CAS technologies are relatively immature. They still offer much potential to reduce 

invasiveness through the integration of newly emerging technology such as Laser, Water-Jet 

and Ultrasound for bone cutting. This could lead to a new generation of surgical tools and 
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instruments, new methods of image hybridization or visualization and perhaps new methods of 

registration. Some of these emerging technologies are discussed in more depth later in this 

chapter and other chapters within this thesis. 

2.6 Emerging Cutting Technologies for Surgery 

At the start of this thesis project, three technologies for bone cutting were considered as possible 

candidates for a new generation of bone cutting tools for CAS in orthopaedics. Water-jet and 

ultrasound are reviewed within this section. The other technology considered was laser and 

since this was the technology selected this is reviewed in considerable detail in Chapter 3. 

2.6.1 Water-Jet Technology in Medicine 

High-pressure liquid jets can be used for cutting or fragmentation of a wide range of materials. 

This section discusses the potential of a high-pressure water jet as a surgical tool. Water-jet 

technology has been used for more than 30 years in industrial cutting and drilling applications. 

It was first used in medical applications in the early 1980s [PAPA 82)[HATA 94][KOTA 01]. and 

pioneering work was continued by doctors in Sweden, Japan, Germany and Switzerland. [HONL 

99)[SAPH 98J 

In the early 1980s, thewater-jet cutting process was utilized for cutting of organs. In a recent 

study, Honl, M. et a1. [HONL 99] investigated the usage of water-jet cutting technology for revision 

surgery of prostheses, where bone and bone cement (Polymethylmethacrylate or PMMA) 

samples were cut at varied pressure using an industrial jet cutting device. 

The results showed that using plain water below 400 bar, PMMA was cut selectively without 

any damage to bone, and by increasing the pressure to above 400 bar the bone was cut yet the 

cutting depth was significantly lower than that of the PMMA (Figure 2.11). 

When a water-soluble abrasive disaccharide was added to the water the results showed a 

significantly higher removal rate for bone and PMMA at the same pressure levels and the 

quality of cuts were better for both materials. [HONL99] 
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Figure 2.11: Samples of bone (left) and PMMA (right) after cutting with different water pressures 
1110 L 991 

Water-jet devices have been investigated for dentistry. Many devices are currently used for 

removing tooth decay. These devices include high-speed-drill (most commonly used), air 

abrasion (AA) unit (uses compressed air to propel and direct small abrasive particles [HANS 00], 

and Laser Technology (approved by the FDA in 1998) [HANS 00]. Based on a study in 2000 for the 

use of water-jet stream for removing tooth decay by [HANS 00] it appears that water-jet has a great 

potential in comparison with the existing methods for removing tooth decay (see Figure 2.12). 

During these studies, variations in fluid pressure, orifice size and type, abrasive type (none, 

baking soda, aluminium oxide), abrasive size and abrasive concentration were investigated. 

Results showed that tooth material can be effectively removed with a water jet stream and 

because decayed tooth material is softer than healthy teeth the appropriate ranges whereby a 

water jet system can effectively remove both healthy and decayed tooth materials were 

identified [HAN 00]. 

Figure 2.12: A cut made into a tooth using water jet stream with a 0.152 mm round orifice, a 17% 
volumetric concentration of 27-micron aluminium oxide, 3.4 MPa, and for a 30 second test duration 
IHA 001. 
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2.6.1.1 Handy-jetH1 dissector 

One of the water-jet products currently available for medical use is the Handy-jet™ dissector, a 

multifunctional saline-jet dissector, developed by SAPHIR Medical-Germany. Handy-jet™ was 

optimally designed for the dissection of parenchymal organs, with a working pressure up to 35 

bar and a jet-diameter of 0.15 mm. In the Handy-jet the water-jet abrasion is integrated with a 

suction system (Figure 2.13) and this combination makes the Handy-jet highly selective, gentle 

and efficient in use. In this system tissue damage is prevented by the avoidance of heat and the 

use ofthe isotonic saline solution as the jet-medium. 

Figure 2.13: Working principle of the Handy-je{M handpiece (SAPH 98( 

According to SAPHIR Medical, the Handy-jet™ was tested and certified at 120 bar and has an 

integrated isomatic heating system (37°C). Dissection pressure can be adjusted from 0 to 35 bar 

and the flow rate can be adjusted from 0 to 1500 rnlJrnin. The Handy-jet™ was used for 

dissection of parenchyma I organs where it resulted in less bleeding, significantly shorter 

operating times and minimized tissue damage (Figure 2.14 and Figure 2.15) 

Figure 2.14: Handy-jetTM in Practice, on the right Liver parenchyma selective preparation of the 
vasculature with the Handy-jetTM (SAPI-I 98( 

In comparison with different technologies such as Nd: Y AG laser and High Frequency 

Electrosurgical system, from the histological effects of the three different technologies, one can 
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see that water jet cause no damage to the surrounding tissue compared with the other systems 

(Figure 2.15). 

Water jet lesion in the hepatic 
parenchyma. H.E.x 200. Note the 
completely intact cell structure 
without any necrotic margins. 

Lesion in the hepatic parenchyma 
caused by a monopolar electrode 
at 60 watts. H.E. x 200. Note the 
irregular and partly fissural 
margins. 

Lesion in the hepatic parenchyma 
caused by Nd: Y AG laser at 45 
watts. H.E x 200. Note the 
caramelised surface and the 
regular margins. 

Figure 2.15: Schurr M.O. et al: Histologic Effects of Different Technologies for Dissection in 
Endoscopic Surgery: Nd: YAG Laser, High Frequency Electrosurgical unit and Water-Jet. 
I APH 981 

The handy-jet technology uses a saline solution bag placed in high-pressure container and 

compressed with pure nitrogen to raise the pressure (Figure 2.16). A high-pressure tube 

connects the bag with a nozzle within the handpiece (Figure 2.17). A sapphire with a pinhole 

of 0.15 mm in diameter produces the cutting jet. The pressure can be adjusted to suit the 

application. [ APH 98]. The most effective distance for tissue cutting is within 40 mm, where the 

jet stream is uniform in diameter (i.e features consistent pressure force). This in effect reduces 

the possibility of lateral damage to tissue and provides more control over the cutting depth. 

High p,"sure 
conIainet 

Saine 
solution bag 

Suction 

SAPHlR Meacol 

Figure 2.16: Concept of the of the Handy-jet™ system (SAPS 981 
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Figure 2.17: Handy-jet™ bandpiece (SAPH 98( 

2.6.1.2 Water-Jet Cutting in Orthopaedics 

In cooperation with Euromed of Schwerin-Germany, HonI, M. et a1. (HONL nd) have developed a 

water jet scalpel suitable for orthopaedic surgery. They have demonstrated via in vitro studies 

the characteristics of this scalpel in terms of; selectivity, efficiency and cutting speed in bones 

cartilage and meniscus tissue. The results acquired showed no thermal damage to the 

surrounding tissue. [110 L nd] 

A study regarding intervertebral discs using three different techniques for spinal discectomy 

[HONL nd]; namely laser, APLD (automated percutaneous lumber discectomy) and hydro-jet 

(water-jet) discectomy, were conducted on 60 sections of intervertebral columns of young pigs . 

The results showed the selectivity of the water-jet discectomy technique over the other two 

techniques. In comparison with the other techniques, a significantly higher amount of nucleus 

tissue was found to have been removed with hydro-jet discectomy than by laser and APLD. 

Moreover, water-jet discectomy was found to be 10 times faster than APLD and 4 times Faster 

than laser with no damage to the surrounding tissue [HONLnd). 

Another study on bone cutting using high-pressure water-jets was conducted by the Gas 

Dynamic Laboratory, National Research Council of Canada in collaboration with a team of 

medical doctors from the Faculty of Medicine, University of Ottawa, Ontario Canada. The study 

investigated the potential of using high pressure water-jets for bone cutting (osteotomies) in 

orthopaedic surgery (VIJA nd). In this study, experiments were carried out to compare the 

osteotomies performed by water-jet and by a conventional Stryker saw (oscillating saw). The 

results showed that the heat developed by the Stryker saw at the osteotomy site was found to be 

greater than that for water-jet osteotomy, which indicates that water-jet might reduce or 

eliminate thermal damage to the bone which is a common problem with the Stryker saw (VIJA nd]. 

2.6.1.3 An Evaluation of the Water-Jet technology 

The potential major advantages of water-jet as a surgical tool over the traditional tools used for 

urgery may include the fo llowing: 
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• No mechanical contact between the water-jet handpiece and tissue 

• Being a point cut the water -jet can follow any cut profile or shape (cutting and drilling) 

• Features high selectivity and precision during tissue cutting and drilling 

• Cause no damage to the surrounding tissue 

• Reduced thermal tissue damage 

• Reduce blood loss 

• Environmentally Safe: cause no environmental hazards 

• Can easily be integrated with robotic systems 

• Water-jet temperature can be regulated and set to be equal to the human body temperature 

• Faster than other technologies (eg. APLD and laser) 

On the other hand, water-jet technology has some potential disadvantages. These include: 

• May exert pressure on tissue during surgery, which may cause tissue movement 

(undesirable in computer assisted surgery) 

• May cause infection due to direct tissue contact 

• High-cost: high pressure pumps are relatively expensive 

In general a high-pressure water-jet has the potential to be effective for bone cutting and drilling 

with high selectivity, efficiency and reduced tissue damage in comparison to traditional surgical 

tools. Water jet can be applied using flexible high-pressure water tubes and lightweight cutting 

tools; these could be mounted to a robot's end-effecter for computer assisted surgery. 

2.6.2 A Ultrasonic Sonic Driller Corer (USDC) 

In orthopaedics the current practice of using power driven rotating drills can cause significant 

stress, strain and excessive heating of the bone sufficient enough to kill it (i.e. bone necrosis). 

Since dead bone will not hold screws securely and will not heal, the type of drill plays a 

significant role in determining the success of the orthopaedic surgery. Some of the problems 

associated with the currently used rotational drills may include: 

I. Tissue vibration; ifthe target surface is too hard for the drill bit. 

2. A drill bit tends to drift from its initial (target) position as it gathers speed. 

3. Jammed drill bits attempt to rotate exerting rotational torque on its holder (e.g. the 

surgeon's arm) 

4. Drill bits tend to brake or bend inside bone. 

As a solution for all these problems and the control problem of the traditional drill used in 

orthopaedics surgery, NASA's Jet Propulsion Laboratory (JPL) in consultation with 

~:;'1 
~----" 
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Cybersonics developed a robust low power Ultrasonic Sonic Driller Corer (USDC). It is a drill 

and core sampler. 

2.6.2.1 USDC Operating Principle and Applications 

The USDC works like a jackhammer [BARC 01] [R&D 00] . It has no gears or motors and only two 

moving piezoelectric parts, which can change their shape under the application of an electric 

field. As the current is switched ON and OFF, the piston-like piezoelectric actuator causes 

ultrasonic and sonic vibration which in turn performs the drilling by forcing the drill bit up and 

down into the object. Figure 2.18 shows the USDC in action where very little torque (i.e. 

holding force to prevent the drill from movement) is applied to produce effective drilling. 

Figure 2.18: The USDC, "Less Torque, More Action" (BARC 01) 

The head mechanism is a mechanical frequency transformer that converts a 20 kHz ultrasonic 

drive frequency to a combination of high drive signal and 60-100 Hz sonic hammering action 

required for the drilling mechanism [SHER 01]. Figure 2.19 shows a photograph and schematic of 

the USDC mechanism. 
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Figure 2.19: A Photograph and Schematic of the USDC mechanism ISHER 011 

The USDC can create holes that are slightly larger than the bit diameter which reduces the 

chances of jamming which is a key problem encountered in conventional drills. Different shape 

and size drill bits can be utilized with no need for sharpening. The drill can be safely guided by 

hand or by an active manipulator with very little axial force (Figure 2.20). 

Figure 2.20: USDC safely guided by hand to drill with long, flexible drill bit ISHER 01( 

The current demonstration unit weighs roughly 0.7 kg. which is sufficient to drill 12 mm holes 

in granite using less than 10 Watt of power. In comparison rotary drills require 20 to 30 times 

the force and more than three times the power of the USDC [R&O 00]. 

The USDC also offers an effective drilling mechanism for very hard objects from an ultra-light 

robot or robot arm with low axial load as shown in Figure 2.21. 
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Figure 2.21: USDC operating from the Arm of the FIDO Rover IBARe OIIlSHER 011 

2.6.2.2 Medical Uses of US DC 

In orthopaedics the USDC would be much easier to control in bone drilling than the traditional 

drill and it may improve surgical outcome since it causes no heating or damage of the bone or 

surrounding tissue. 

USDC may have other potential medical uses such as extracting pacemaker leads and the 

necessary drilling during skeletal diagnostic procedures. It can also be used as a minimally 

invasive surgical instrument and for restoring fluid flow to an implanted brain shunt [R&D 00]. The 

USDC can "core" holes in different cross sections such as square, round or hexagonal. 

The USDC device has been further developed to make it a more intelligent (i.e. smarter tool). 

Figure 2.22 shows a prototype and a schematic diagram of a smart USDC with the coring bit 

running through the actuator. The smart USDC features the integration of onboard sensors to 

determine the various material properties prior or during drilling. It also features the ability of 

extracting dust and any volatiles through the device [SHER 01]. These features add to its advantages 

for the use in medical application such as orthopaedic surgery where bone fragments can be 

extracted and sucked out through the drill bit. It may also provide a haptic feedback regarding 

the type of tissue the corer head is encountering. 
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Figure 2.22: A prototype smart USDC with the capability for sample extraction through the 
actuator (SHEROI( 

2.6.2.3 Evaluation of the USDC 

In general US DC features several potential advantages over the traditionally used surgical drills. 

These include: 

• Easy to control during bone drilling, which may lead to improved surgical outcome 

• Causes no damage to the surrounding bone or tissue 

• Ultra light in weight 

• Can be easily adapted to computer assisted orthopaedic surgery using active robots since it 

causes low axial load on the robotic ann 

• It can "core" holes of different cross sections and shapes 

• The drill bit does not require sharpening and it self-removes debris 

• Operates at low power - it requires only less than 10 Watts of power 

Neverthele s, the USDC technology may suffer from some disadvantages which include: 

• Tissue movement during surgery 

• Physical contact with tissue may cause infection hazards 

• Ultrasonic frequencies may have negative effects on patients with pacemakers or heart 

support devices 
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Chapter 3 

Application of Laser in Orthopaedic Surgery 

3.1 Introduction 

Lasers have been used in several medical and surgical applications and have proven to be 

effective in biological tissue cutting and drilling with high selectivity [KIK OO][NIEM 96)[SHORl nd). 

Reports show that the CO2 laser was first used in orthopaedic surgery in the early 1970s [FRYM 

93)[NIEM 961 for osteotomies. Since then medical lasers have proven to be highly effective in bone 

cutting and drilling with minimum damage to the surrounding tissue [NIEM 96)[SHORl nd)[STANI 01). 

This chapter analyses the different parameters that effect laser tissue interaction and hard tissue 

ablation. The aim of this analysis is to characterize the types of laser according to their surgical 

and medical application and to identify an appropriate laser and laser parameters for orthopaedic 

surgery. This chapter also aims to identify specific requirements for the design of a "laser End­

Effector"; a new surgical tool for computer assisted orthopaedic surgery (see Chapter 5). 

The study of this chapter focuses on hard tissue cutting, drilling and sculpturing with minimum 

invasiveness, on reducing tissue damage and on reducing surgical time. The study indicates that 

the Er: Y AG laser is an appropriate laser for hard tissue interaction in orthopaedics and it is 

discussed in more detail in Chapter 4. As mentioned in Chapter I the intention is to show that 

lasers are viable replacements for the mechanical oscillating saw and pneumatic mechanical 

drill currently used in orthopaedic surgery. 

The chapter starts by a short summary on the laser's background, a brief description of the 

operating principle, and basic system design. This is followed by a section on laser ablation and 

laser tissue interaction. The chapter then proceeds by presenting different types of laser, their 

medical application, laser tissue interaction mechanisms, and the different laser parameters that 

affect hard tissue ablation. It studies the suitability of the different lasers in medical applications 

with a particular focus on hard tissue ablation. 

Also presented in this chapter are the different laser applications in orthopaedics and the laser 

selection criteria for the most appropriate laser system for such application. The chapter 

proceeds further by identifying the appropriate laser delivery system for the most appropriate 

laser. This chapter ends with a short section on laser safety and medical constraints and a 

summary of the set of identified requirements needed for the design of the laser End-Effector. 
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3.2 An Introduction to "Lasers" 

"Laser" is an acronym for Light Amplification by Simulated Emission of Radiation. Laser light 

has several features that are significantly different from regular light. Light from most sources 

spreads out as it travels, so that much less light hits a given area as the distance from the light 

source increases (Figure 3.1). Laser light, on the other hand, is collimated: its light is emitted in 

a very thin beam with all light rays are parallel with very little divergence (Figure 3.2) [NIEM 

96)[PROY nd][SHOR' nd]. 

Furthermore, laser light is monochromatic (i.e. it has a single wavelength) while regular light is 

a mixture of colours with each colour having a different wavelength. Laser is also coherent (i.e. 

laser light waves are synchronised in phase) unlike regular light where there is no definite phase 

relationship between light waves [O'SHE 97][SVEL 82). 

Regular Light 
Source 

Figure 3.1: Regular light with multi-wavelengths 

Laser Source Laser Beam 

Figure 3.2: Collimated laser beam with light rays spreading very little with distance 

3.2.1 Laser Fundamentals and operating principle 

Laser systems contain five primary components regardless of their type, size and application 

(Figure 3.3) [NIEM 96][PROY nd][SHOR' nd][SREG 86). These include 

• Cavity (Chamber) 

• Active medium 

• Excitation energy source 

• High reflectance mirror 

• Partially reflective mirror 

In basic la er the cavity (Figure 3.3) is designed to internally reflect light waves CIR - UV) so 

that they reinforc each other. 
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Figure 3.3: Primary laser system design components 

The Laser was invented in 1958 by a physicist called Gordon Gould [NIEM 96] and the first 

working laser model was built in 1960 by T. H. Maiman (NIEM 96] [O'SHE 97][SVEL 82] . The cavity in 

this laser system contained a synthetic, cylindrical ruby as an active lasing medium with a 

completely reflecting silver mirror on one end and a partially reflecting silver mirror on the 

other. The primary design components of such a laser system are shown in Figure 3.3. 

The choice of cavity material (active lasing medium) determines the wavelength of the output 

laser beam. The active lasing medium may be solid crystals such as ruby or Er: YAG, liquid 

dyes, gases like CO2 or Helium/Neon, or semiconductor (solid state diodes) such as GaAs. 

Active mediums contain atoms whose electrons may be excited to a metastable energy level by 

an exciting energy source. 

The excitation energy source pumps energy into the cavity by one or more of three basic 

methods; optical (Figure 3.3), electrical or chemical. As the active medium is excited electrons 

within the active medium atoms or molecules are pumped into a high energy level (outer orbits). 

When an electron drops from an outer orbit to an inner orbit (low energy level), "excess" energy 

is given off in the form of electromagnetic radiation such as light photons (spontaneous 

emission) [ REG 6][0' HE 97][ VEL 82] . 

If a wave emitted by one excited atom strikes another, it stimulates the second atom to emit 

energy in the form of a second wave that travels parallel to and in step with the first wave. This 

stimulated emission results in amplification of the first wave. If the two waves strike other 

excited atoms, a large coherent laser beam builds up. 
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The waves reflect back and forth between the mirrors. The length of the cavity is such that the 

reflected and re-reflected waveforms reinforce each other in phase at the natural frequency of 

the active lasing medium. Electromagnetic waves at this resonant frequency emerge from the 

end of the cavity where the partially-reflective mirror is placed. The output may appear as a 

continuous beam or as a series of brief, intense pulses. When most of the excited atoms are back 

in the ground state, they absorb light, and the lasing action stops. In continuous-wave lasers, 

such as the helium-neon laser, electrons emit light by jumping to a lower excited state, forming 

a new atomic population that does not absorb laser light, rather than to the ground state [N IEM 96] . 

3.3 Laser Ablation 

Lasers have frequencies that extend from ultraviolet through visible light to the infrared portion 

of the electromagnetic spectrum (Figure 3.4). These lasers can be delivered as a free beam to 

hand held tools via fibre optics, waveguides, or articulated arms to the patients' space [ABSTI 

OOJ[N IEM 96] . 

Ho:YAG 
Pulsed Dye 

Er:YAG 

j M."IM~ 
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Figure 3.4: Medical Lasers Wavelengths [SHOR2 nd] 
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The photo-thermal effect of lasers can be used to cut, drill, coagulate, vaporize or weld tissue 

[N IEM 96J[PROV nd] . As some lasers produce intense heat, they must be precisely localized to avoid 

damage to the surrounding tissue [AM ER 93]. The heat produced by laser depends on several 

factors. These include laser wavelength, output power, spot size and application time IFRYM 

93lfN IEM 961 . This heat can also be affected by tissue factors such as water content, tissue colour 

and the surrounding medium (gas or fluid) [EVAN 9311FREN 99][NIEM 96j[PROV nd]. 

There are many medical laser systems available and they all use the principle of getting the right 

amount of laser energy of the right wavelength to the right tissue to be able to selectively 

destroy the targeted tissue [FREN 99][NIEM 96]. Typically for these systems the surgeon can control 

the laser power, laser waveform (continuous or pulsed), pulse energy, pulse duration, pulse 

repetition time and laser spot size. 
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It is important to note here that pulse duration is as important as the wavelength and the power 

setting in medical surgery [SHORt nd] . This is true since continuous wave lasers tend to cause 

temperature rise and thermal damage to the surrounding tissue [SHORt nd] where short pulse laser 

tend to cause less damage [FEMT ndl[LAWR nd] . In medical application the laser energy and pulse 

duration settings are based on the type of the laser and the specific medical application [NIEM 96] . 

3.3.1 Laser Tissue Interaction 

Different lasers have different thermal effects on biological tissue. Laser beam absorption in 

biological tissue is mainly due to the presence of free water molecules, proteins, pigments and 

other macromolecules and this absorption is governed by Lambert's law [NIEM 96]. 

When the laser light energy is absorbed by tissue it is transformed into an effective thern1al 

energy that can cut, coagulate, or ablate target tissue [N IEM 96]. The ability of laser beam to be 

absorbed by a tissue is determined by the wavelength of the laser beam applied and the optical 

properties of the target tissue. The laser wavelength and the optical property of tissue also 

determine the laser cutting efficiency and absorption rate. 

Figure 3.5 shows the main laser absorbing components, or chromophores, of tissue [SHORt nd]. 

Each type of tissue has its specific absorption characteristics depending on specific components. 

The main absorption components, or chromophores, of tissue are: haemoglobin, melanin and 

water. 

Infrared light such as Er: Y AG (A.= 2.94~) and CO2 (A.= IO .6~) laser is absorbed primarily by 

water, while visible light and ultraviolet light are mainly absorbed by haemoglobin and melanin, 

respectively. As the wavelength decreases toward the blue-violet and ultraviolet, scattering 

limits the depth of light penetration into tissue. 
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Figure 3.5: The most absorbing chromophores of tissue [SHORt nd] 
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Studies on laser tissue interaction show that there are five main categories of interaction types 

[NIEM 96][MtJLL 91). These are photochemical interaction, thermal interaction, photo-ablation, 

plasma-induced ablation, and photodisruption. Figure 3.6 shows the interaction types [NIEM 

96][MULL 91J found in several experiments. All these different interaction types share a common 

characteristic energy density range from approximately 1 J/cm2 to 1000 Jf cm2 with a laser 

power density variation of over 15 orders of magnitude (Figure 3.6). The exposure time scale 

can be roughly divided into five sections: continuous wave or exposure time greater than 1 sec 

for photochemical interaction, from 1 sec down to 1 J.1S for thermal interaction, from 1 I.1s to 1 ns 

for photoablation, and less than 1 ns for plasma-induced ablation and photodisruption. 

Figure 3.6 clearly shows that the reciprocal correlation between power density and exposure 

time. It also shows the different types of lasers and their normal type of tissue interaction. 

Plasma­
Induced ablation " 
(Electro Mechanical ' , 
Interaction) 

Photodisruption 

Photochemical Interaction 

10-15 10-12 10-9 10-(i 10-3 

Exposure Time (s) 

Figure 3.6: Map of Laser-Tissue Interaction [NIEM 96] 

a) Thermal Interaction (Photothermal) 

Thennal interaction is the heating of tissue through the conversion of the optical light energy 

into thennal energy when light is applied and dissipated into tissue. For Infrared (IR) lasers, 

absorption by water molecules plays a significant role in thermal interaction, for example 
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Continuous Wave (CW) CO2 laser [EYAN 93][FREN 99][PROY nd). Thennal interaction also occurs with 

long duration laser pulses in the millisecond to second range [EVAN 93]. 

b) Photochemical Interaction 

Laser energy can initiate chemical reactions with specific molecules within tissue. In 

photochemical interaction laser light induces chemical effects and reactions within 

macromolecules or tissue [NIEM 96). The idea of photochemical interaction is that a chromophore 

receptor (photosensitizer or organic dyes) acts as a catalyst. Laser irradiation puts these 

receptors into an excited state where they are able to store energy transferred from resonant 

absorption. The deactivation of these receptors causes photosensitizer oxidation leading to toxic 

compounds and leaves the photosensitizer in its original state. 

Photochemical interaction mechanisms play a significant role during photodynamic therapy 

(PDT) in which a photosensitizer acts as a catalyst. For example in the case of tumour cells, a 

photosensitizing drug is administered which is selectively absorbed by tumour cells. When 

irradiated with an appropriate laser wavelength a chemical reaction takes place releasing a toxic 

substance that destroys the tumour. Another application of photochemical interaction is 

biostimulation [NIEM 96]. 

Photochemical interaction takes place at very low power densities (ranging from 0.01 to 50 

W /cm2
) with long exposure time ranging from seconds to continuous wave. The lasers used for 

photochemical interaction are wavelengths in the visible range for their efficiency and their high 

depth of optical penetration [NIEM 96]. 

c) Plasma-induced Ablation (Electromechanical Interaction) 

When laser power density exceeds 10" W/cm2
, an optical breakdown phenomenon occurs 

resulting in a clearly visible bright plasma spark pointing toward the laser source (NIEM 96). The 

plasma sparks (fonned by ions and free electrons) creates a large shockwave, propagating at the 

speed of sound that mechanically ruptures the cells in its path [EYAN 93]. By choosing appropriate 

laser parameters the plasma-induce ablation, results in a very clean and well defined removal of 

tissue without evidence of thennal or mechanical damage. The most important parameter of 

plasma induced ablation is the local electric field strength E which is related to local laser power 

density I by the basic electrodynamic equation 

Equation 3.1: Electrodynamic Equation 
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where eo is the dielectric constant, and c is the speed of light. The local electric field detennines 

the occurrence of the optical breakdown. For optical breakdown to occur, E must exceed a 

certain threshold value for the ionization of atoms and molecules [NIEM 96). 

Plasma-induced ablation occurs when the laser pulse duration is in the range of 100 

femtosecond (fs) to 500 picoseconds (ps) and typical power densities ranging from 1011 to 1013 

W/cm2 [NIEM 961. Ultra-Short Pulse Lasers [LAWR nd) are examples of the types of laser causing 

plasma-induced ablation (electromechanical interaction). Special applications of the plasma­

induced ablation include refractive corneal surgery and caries therapy (minimally invasive teeth 

caries removal) [NIEM 961. 

d) Photodisruption Interaction "cold cut" 

Photodisruption interaction is also an electromechanical interaction process. It is a process that 

results from high energy laser pulses where fragmentation and cutting of tissue is by mechanical 

forces. The physical effects of photodisruption associated with optical breakdown are plasma 

formation and shockwave generation. In soft tissue or fluids cavitation and jet formation may 

also take place. 

During photodisruption, while plasma-induced ablation is spatially confmed to the breakdown 

region, shockwave and cavitation effects propagates into adjacent tissue, limiting the 

localizability of the interaction zone (i.e. causing damage to the surrounding tissue). The 

generated shockwave results in a high pressure gradient at the shock front moving at supersonic 

speed causing photodisruption and tissue ablation. 

In cavitation a vapour inducing mechanical stress causes a successive expansion of a cavitation 

bubble resulting in tissue ablation [NIEM 96). Lasers causing photodisruption include solid-state 

lasers, such as Nd: Y AG, Nd: YLF and Ti: Sapphire, with laser pulse durations ranging from 

100 fs to 100 ns and power densities in the range of 1011 to 1016 W/cm2
• The applications of 

photodisruption include lens fragmentation and lithotripsy [NIEM 96)[HELFOI). 

e) Photoablation Interaction 

The main idea of photoablation interaction is the direct breaking of tissue molecular bonds by 

high energy UV photons. Research observations [EVAN 93)[FREN 99)[NIEM 96)[PROV nd) showed very 

clean tissue removal without any appearance of thermal damage. During photoablation the 

resulting energy elevates the electrons of the molecules to a higher state leading to disturbance 

of intra-molecular bounds. The physical principles of photoablation are summarized in Table 

3.1. 
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Table 3.1: Principle of pbo-,.;t..;.oa..;.h..;.l....;.a.;..ti..;.on__.,IN_I_EM_96..:.1 _________ --.., 

Absorption of high energy UV photons 
U. 

Promotion to repulsive excited states 
U. 

Dissociation 
U. 

Ejection of fragments (no necrosis) 
U. 

Ablation 

The main advantages of photoablation lie in the etching precision, predictability and the lack of 

thennal damage to the surrounding tissue. Excimer lasers, such as (ArF, KrF, XeCI, and XeF) 

are typical examples of lasers that cause photoablation interaction with tissue. The typical pulse 

duration and power densities causing photoablation interaction are between 10 and 100 ns and 

107 to 1010 W/cm respectively. One of the major applications of photoablation interaction is the 

refractive corneal surgery (NIEM 96) . 

3.3.2 Effects of focusing on laser beam interaction 

When a laser beam is applied to body tissue, body fluid (water) (which fonus 76% of the 

biological tissue) absorbs the laser beam energy and causes a localized instantaneous 

temperature increase in tissue. This heat energy in turn causes localized tissue destruction [PROY 

od J. The resulting depth of the tissue damage or cut is highly dependent on the focusing of the 

laser beam. A focused laser beam will produce a deeper cut than either a pre-focused or 

defocused beams (Figure 3.7). A focused beam causes a narrow incision to the tissue with a 

relatively large depth whereas a defocused laser beam damages a wider area of tissue with a 

lesser distance (Figure 3.8) [PROV odJ. 
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Defocus 

Laser Source 
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J 

Figure 3.7: Prefocused, focused and defocused laser 
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Figure 3.8: Focusing, pre-focusing & defocusing application in tissue effect [PROV od) 

For a C02 laser beam, for example, Photothennal interaction causes tissue fluid vaporization 

that leads to tissue vaporization and this tissue destruction produces a degeneration layer, a 

carbonisation area and ablated tissue where incision is to take place. Figure 3.9 shows the 

sequence of events for the affect of CO2 on tissue. 
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Figure 3.9: Model of CO2 laser beam ablation of tissue [PROV nd] 

The extent of the degeneration layer and carbonisation area is highly dependent on the type of 

laser beam, it beam parameters and type of issue. Ultra-Short Pulse Lasers (USPL), for 

example, creates high precision tissue cuts with minimum damage to the surrounding tissue. It 

produces such short bursts of laser energy that removes surface materials without any 

significant transfer of energy to the surrounding area. 

For USPL laser pulses that are less than lOps, cutting occurs without any collateral damage to 

the UITounding tissues [NIEM 96J. The short pulse length can be advantageous in that it reduces the 
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build up of thennal effects as the tissue has time to relax between pulses. Also the pulses can 

have high peak power even though the total output energy is low [N IEM 96] . 

3.3.3 Laser Tissue Ablation 

Factors that influence tissue ablation mechanisms include laser wavelength, laser fluence 

(energy density), pulse duration and pulse repetition rate as well as the nature of the tissue to be 

ablated. 

Figure 3.10 shows the typical ablation curve for a pulsed laser. The shape of this curve is 

independent of the laser's wavelength [NIME 9][ARCH 00] . At low energy density (fluence), there is 

no material removal. As fluence increases, the 'Ablation Threshold' point is reached, where 

material removal begins. As fluence increases further, more material is removed until the curve 

plateaus where the amount of material removed increases very little as the tluence increases. 

Hence it is not beneficial to run lasers at fluence levels beyond the operating range as they may 

cause secondary thermal side effects. 

~ 
(f) 

:; 
Cl.. 

Operating Range 

No material Removal Ablation Threshold Fluence 
Figure 3.10: Typical ablation curve - graph of ablation rate vs. Fluence [N IM E 9j[ARCH 00] 

3.4 Types of Lasers and their Suitability for Medical Applications 

This section identifies several types of medical lasers, their properties and current medical 

applications. Table 3.2 classifies a number of laser systems used in medical application by their 

lasing medium. Later in Section 3.6 Table 3.3 provides further details of these laser systems in 

tenus of their wavelengths. peak power, medical applications costs and other features. A scoring 

system is then applied to these medical lasers in order to evaluate their suitability for bone 

cutting in rthopaedic surgery (Section 3.6). 
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Table 3.2: Laser Classification Accor mg to t e asmg e mm d' h L . M d' 

Solid Lasers Solid State Lasers Gas Lasers Dye and Vapour Laser 

Er: YAG -- -
Diode _________ .. __ . Ii~9.~Qg~~£.I_~g_tj~_~_ ....... _ ..... _. .~_l!l~~~U~y.~. __ ...... ___ ... _ .... _·.R··_ .... _ -

Ho: YAG CO2 Copper Vapour 
~-

Nd: YAG Excimer 

KTP Argon 

WL - -
-

Ruby 
Alexandrite 

3.4.1 Solid Lasers 

YAG Lasers 

Y AG lasers use a Yttrium-Aluminium-Gamet crystal rod as the host medium. Dispersed in the 

Y AG rod are rare earth elements, such as Neodymium (Nd), Erbium (Er) or Holmium (Ho), 

which are responsible for the different properties of each laser. 

All Y AG lasers may be operated in continuous wave or pulsed delivered through fibre optics 

and operated Q-Switched mode. The latter enables much higher peak power to be obtained for a 

given pump energy. In Q-Switch mode an optical shutter is placed in the cavity between the 

back mirror and the laser medium within the laser system [NIEM 96] . This increases the ability of 

the cavity to store energy between pulses over its normal value enabling very high power output 

ISIIOR2 ndllN IEM 961 · 

a) Er: Y AG Laser 

Er: Y AG laser also known as "Erbium" laser emits a mid-infrared beam at A = 2.94 )lm which 

coincides with the absorption peak for water (Figure 3.5) [NIEM 96][STANI OI][HOFF OO][FARR nd]. When 

an Er: Y AG laser beam hits a biological tissue, its wavelength dissipates heat and acoustical 

stress rapidly heating the localized tissue causing sudden explosive evaporation (micro­

explo ives) of tissue water. The resulting micro-explosives tear pieces out of the tissue and 

cause tissue removal ISTAN' 01]. This photothermal mechanical ablation process of localized 

thermal decomposition of tissue [IVAN' 02][NIEM 96][STAN' Oil results in high ablation efficiency [MAlA 

98] and minimal damage to the surrounding tissue. Research on Er: Y AG laser has shown that at 

an energy d nsity of 35 J/cm
2 

using 250 ~s pulses it is estimated to produce a thermal damage 

zone of only 12 )lm is estimated [NI EM 961 . 

Uses of Er: Y AG laser include; tissue ablation and cosmetic laser resurfacing for wrinkles. It 

offers the advantage of reduced redness, decreased side effects and rapid healing compared to 
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pulsed or scanned CO2 laser because of its limited tissue penetration. Er: Y AG laser has also 

been used as a dental drill substitute to prepare cavities for filling [S HOR' nd][FBIH 02][IVAN 001. In hard 

ti ssue ablation in dentistry, Er: Y AG laser seems to offer the best combination of safety, 

efficiency and speed of other laser systems [AlTR nd] . It also offers a higher degree of surgical 

precision by being able to precisely cut through bone and other mineralized tissue with no or 

little lateral damage (Figure 3.l1 & Figure 3.13) [STAN' OI][ IVAN 00] . As an "excellent bone saw" 

lAB T ' 00. STA 1 001, Er: Y AG laser is highly promising laser for use in orthopaedics [A BST' OO][FITZ 

95][JOOS 96]. 

In comparison to other lasers such as Ho: Y AG, a lower energy density of Er: Y AG laser is 

required to obtain a similar ablation depth in hard tissue with much less thermal damage effect 

(Figure 3. I I) [FREN 99](N IEM 96] . 

Er:Y AG (150 mJ 

...... 50 pm thermal damage ........ 1200 ILm thennal damage 

Figure 3.11: Live - dead staining of bovine cartilage after Er: YAG and Ho: Y AG laser Irradiation 
IFREN991 

An analysis of the Er: Y AG laser cuts performance reveals that the Er: Y AG laser runs in multi­

transverse electromagnetic mode (TEM) profile [STAN ' 0 1] (the TEM structure of a laser beam 

describes the power distribution across the beam (Figure 3.12) [HEell 92][ KOGE 96]) resulting in an 

almost rectangular cut shape with very steep sides (Figure 3.13) [STANI 0 1] . 

A a result of the multi-transverse electromagnetic mode (MTM) a negligible amount of the 

pulse energy is deposited in the sides allowing for deep tissue cutting. The only significant pulse 

energy losses are su tained as the beam passes through water spray (required for tissue cutting 

to prevent tissue carbonisation [IVAN OO][IVAN' OO][FREN 03] ) and the debris cloud (Plume) [A BST' OO][STAN' 

Ol ll MAJA 98j. 
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Figure 3.12: Intensity distribution of some laser beam transverse electromagnetic modes IKOGE 961 

A major negative feature of Er: Y AG laser lies in its power delivery. The Er: Y AG laser 

wavelength (A. = 2.94 ~) does not transmit through standard quartz fibres; consequently, other 

types of optical fibres and waveguides need to be used [A BST' OO][NIEM 96][MATS OD] (see Section 3.6: 

Er: YAG Laser Power Delivery). 

Figure 3.13: Cut through a bovine femur sample irradiated by a free running Er: YAG Laser with 
an energy density of 60J/cm2 and a pulse overlap of 12 ISTAN I 011 

b) Ho: VAC laser 

Ho: Y AG laser emits a mid-infrared beam at A. = 2.1 llm. The principal use of the Ho: Y AG 

laser is for cutting and shaping cartilaginous tissues hemostatically [ABST' 00] It also features high 

fluence light that creates very clean vaporization and is effective on all cartilages regardless of 

their toughness [ABST' 00] . It has been used for bone ablation and many other applications 

including: 

• Orthopaedics for arthroscopy in a fluid filled joint [A BST' 00] 

• Urology for lithotripsy (Kidney stones removal) 

• ENT for endoscopic sinus surgery 

• Spine surgery for endoscopic disc removal 
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• TURP (Prostate removal) [SHOR' od] 

The Ho: Y AG laser can be transmitted through standard quartz fibres, which is convenient for 

medical laser systems (tools) [ABST
2

00]. 

c) Nd: Y AG Laser 

The Nd: Y AG laser emits a near-infrared invisible light at A. = 1.064 f..1ID that may be delivered 

in continuous wave (cw) mode through fibre-optics to a sapphire tip to cut tissue. It features 

deep penetration of tissue and it is used for direct tissue coagulation. The Q-Switched Nd: Y AG 

is effective for removing black tattoo ink and it also has been used for hair removal. 

d) KTP Laser 

The KTP laser is aNd: Y AG laser with A. = 1.064 f..1ID that passes through a Potassium-Titanyl­

Phosphate (KTP) crystal to produce laser light with its wavelength A. halved to 0.532 f..1ID 

(brilliant green light). 

KTP can be used in CW mode to cut tissue, in pulsed mode for vascular lesions including facial 

and leg veins, and in Q-Switched mode for removing red/orange tattoo pigment delivered via an 

articulating arm. In CW and pulsed modes it can be delivered through an insulated fibre to a 

hand-piece, scanner, or microscope [SHOR2 nd]. One of the major applications of KTP laser is 

spinal disc decompression using a silicoa optical fibre for laser delivery into the disc. 

e) Ultra-Short Pulse Laser (USPL) 

USPL produce low energy ultra-short pulses formed in a mode-locked Ti-sapphire laser and 

amplified in a regenerative amplifier where the ultra short pulses are first stretched by 

separating the pulses into their colour elements, amplifying the individual elements and then 

recombining [LAWR od]. 

Ultra-Short Pulse Lasers create high precision cuts without damaging the surrounding tissue. 

USPL Systems are still being researched for clinical applications. Future potential uses ofUSPL 

include; heart surgery for Transmayocardial Revascularization (TMR) [LAWR od]. dentistry for 

teeth drilling (LAWR od]. spinal and neurosurgery for the removal of the bone impingement into 

openings of nerves (pinched nerve), and in bone drilling [LAWRnd]. Figure 3.14 below shows the 

high precision of USPL drilling on a pig myocardium. 
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Figure 3.14: Histological section of a pig myocardium drilled by an USPL showing a smooth-sided 
hole free of thermal damage to surrounding tissue ILAWR ndl· 

In dentistry the USPL can drill teeth with minimum heat transfer and no thermal damage or 

cracking to tooth enamel (see Figure 3.15). Other major applications of USPL in dentistry 

include root sterilization and soft tissue sculpting. 

Figure 3.15: Smooth hole with no thermal damage after drilling a tooth with a USPL [LAWR nd]. 

1) Ruby Laser 

A Ruby laser emits red light with A = 0.694 /lffi. It features strong absorption by blue and black 

pigments and by melanin in skin and hair. Ruby laser systems are available in Q-switched mode 

with an articulating arm, "free running" ms range mode with fibre optic cable delivery or dual 

mode delivery. Current uses of the Ruby laser include tattoo removal , treatment of pigmented 

lesions and laser hair removal [NIEM 96]. 

g) Alexandrite Laser 

The Alexandrite laser emits a deep red light with A = 0.750 J.lm. It has similar properties to those 

of the Ruby laser yet it features slightly deeper skin penetration and lesser absorption by 

melanin. Uses of this laser include; hair and tattoo removal [NIEM 96]. 

b) Solid State Lasers 

Solid state lasers are electro-optical devices, capable of delivering coherent radiation at very 

speci fic wavelengths, either narrow band or broad band emission. They are composed of a solid 
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lasing media (crystal or glass) doped with ions (e.g. Nd3+, Cr/, Er3+) that can emit coherent light 

under special physical conditions [ABST' OO][ABST' OO][NIEM 96][IVAN 97]. 

Solid state lasers are widely used for various medical applications including; hair removal, 

periodontal surgery [MORI 987][MORI 98], treatments of leg and facial veins [NIEM 96]. 

3.4.2 Gas lasers 

Gas lasers include Hydrogen Fluoride (HF) (A. = 2.94 J..1ffi), CO2 (A. = 9.6 and 10.6 J..1ffi), Excimer 

(UV) and Argon (A. = 0.488-0.514 J..1ffi). 

a) Hydrogen Fluoride OF Laser 

The Hydrogen Fluoride (HF) laser emits an infrared light at about 2.94 ~m wavelength, a 

wavelength which is highly absorbed by water. Like the Er: Y AG laser, the HF laser has the 

ability to precisely cut through bone and other mineralized tissue such as tooth enamel, which 

make it an excellent bone saw with minimal lateral heat damage. However this wavelength of 

2.94 ~m will not pass through standard quartz fibres. Other types of fibre such as single-crystal 

sapphire fibres and small-bore hollow waveguides could be used for HF laser delivery [ABST'OO]. 

b) C02 Lasers 

The C02 laser is often referred to as the "Surgical Laser". They were the first lasers widely used 

by surgeons for ablation of soft biological tissues [IVAN 98][NIEM 96][SHOR' ndJ[IVAN 97]. CO2 lasers 

feature strong water and bone absorption and emit either CW pulsed far infrared light at 9.6 J..1ffi 

and 1 0.6 ~ wavelengths. CO2 lasers also feature high power, high efficiency and reliability 

[IV AN 97J. The CO2 lasers can be focused into a thin beam and used to cut like a scalpel, or 

defocused to vaporize, ablate and shave soft tissue [SHOR' nd]. However, the lack of a good IR 

fibre necessitates the use of an articulated mirror arm and long focusing optics which limits the 

usefulness of the CO2 lasers [BIRM OOJ[IVAN 97]. 

C02 lasers can operate in several modes; quasi-CW, ultra-pulsed and Q-switched modes. Early 

attempts to cut bone with CW and long-pulsed CO2 lasers caused heavy thermal damage of the 

bone tissue. Conversely; the application of sub-~s CO2 laser pulses or Q-switch CO2 lasers in 

combination with an air water spray to cut cortical bone lead to a minimal thermal damage of 2 

- 6 J..1ffi thick at the surface ofthe bone [IVAN' OO][IVAN' 00]. Mechanically Q-switched CO2 lasers can 

provide a lasing mode very close to TEMoo (a Gaussian-curve mode (Figure 3.12) that is the 
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best collimated and produces the smallest spot size) which results in the typical cut profile 

shown in Figure 3.16. Uses of CO2 lasers include: 

• Removal of benign skin lesion 

• A a "Laser Scalpel" in patient or body areas prone to bleeding 

• No- touch tumours removal 

• Laser surgery for snoring 

• Dermatological applications 

• Cosmetic laser resurfacing of wrinkles 

N •• = 65 200 780 2850 

1mm 

h 
D 

d 

Figure 3.16: Typical cut profile in hard cortical bone with a nearly Gaussian beam of Q-switch CO2 

laser after different irradiation time. Also indicated the equivalent pulse number Neq effectively 
acting at the same place IIVAN' 001 

c) Excimer Lasers 

Excimer laser is an alternative name for "Excited Dimer laser". Excimer lasers use a gas 

mixture as the lasing source to emit invisible ultra-violate (UV) light. These include Argon 

Fluoride and Xenon Chloride lasers. In medical applications this UV light triggers a 

photochemical reaction in the target tissue. The very short wavelengths of Excimer lasers are 

capable of high resolution and microscopic surgery [SHOR' nd][NIEM 96] . 

The Argon Fluorine (ArF) laser at 0.193 ~ is the most common excimer laser for medical 

applications such as vision correction. Excimer lasers can be delivered through an operating 

microscope integrated with the laser housing and operating table. Excimer laser radiation shows 

great promise for cardiac revascularization and lithotripsy, yet its use is currently limited by the 

lack of durable UV -capable fibre optic delivery devices [SHOR' nd][ABST' 00]. 
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3.5 Lasers in Orthopaedics 

Standard mechanical tools in orthopaedic surgery operate in contact mode and possibly induce 

severe mechanical vibration and haemorrhage. Thus it appears to be worth investigating laser 

beam as an alternative tool, particularly as lasers have proven to be an excellent tool in many 

other medical applications [LAWR nd][NIEM 96). 

The hardness of the bone is due mainly to its complex structure of hydroxyapatite, water, 

soluble agent, collagen, and proteins. The high water content of bone makes it a strong absorber 

of infrared radiation, therefore CO2, Er: Y AG and Ho: Y AG lasers are likely to provide an 

efficient mean for ablation of bone [FRYM 93). 

The remainder of this section discusses the current use both clinically and in research of lasers 

in orthopaedics. 

a) Osteotomy 

Reports show that the laser was first used in orthopaedics in the early 1970s [FRYM 93) on 

osteotomies performed with a CO2 laser. These reports showed delayed healing when compared 

with conventional osteotomies due to the thermal damage of the bone rim. XeCl lasers at 308 

nm were also used to perform osteotomies, yet they too were associated with severe thermal 

damage as was the C02 laser, and again this damage was believed to have caused delayed 

healing [FRYM 93). 

Although CW CO2 lasers produce severe thermal side effects in bone, there is a great potential 

of the C02 laser for bone ablation with very little thermal damage by selecting carefully the 

laser parameters for the applied laser, i.e. wavelength (A), pulse duration and energy density. 

Forrer et al. (1993) [FRYM 93) demonstrated this potential of the C02 laser by selecting A = 9.6 J..lm, 

a pulse duration of 1.8 J..ls and an energy density of 15 J/cm2
; the thermal damage zone was 

found to be 10-15 J..lffi [NIEM 96). Other research on CO2 laser osteotomy showed thermal damage 

in the range of 2-6 J..lffi [IVAN' 00][IVAN2 (0). In this case both the wavelength and the pulse duration 

play a significant role since bone absorption at A = 9.6 J..lffi is higher than that of A. = 10.6 J..lffi 

and the shorter pulse duration tends to be associated with less thermal damage. 

The Hydrogen Fluoride laser (HF) at A = 2.9 J..lffi and the Er: YAG laser at A. = 2.94 J..lffi have 

shown efficient ablation of both bone and cartilage [A BST' OO][FRYM 93). 
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Another promising laser in orthopaedics is the Ho: Y AG laser which emits at A = 2.1 jlm. Its 

major advantage is that it can be efficiently transmitted through flexible fibres. However, its 

thermal effects on bone are higher compared to Er: Y AG at 'A = 2.94 Jlffi which are associated 

with very little thermal damage [FREN 99]. In comparison to the Ho: Y AG laser, a lower energy 

density of Er: Y AG laser radiation produces a similar ablation depth as with the Ho: Y AG and 

with lesser thermal damage (see Figure 3.11). 

Excimer lasers have also been proposed for the ablation of bone material due to their high 

precision in removing tissue. However, their efficiency is much too low to justify their clinical 

application IFRYM 9~J. 

b) Arthroscopy 

Arthroscopic surgery with lasers offers a number of potential advantages for their ability to cut 

and coagulate simultaneously. The laser allows the surgeons to access areas that are difficult to 

reach with standard instrumentation. The laser also allows for either precise incision of meniscal 

tissue or ablation of large areas of synovial tissue IFEMT nd]. Current arthroscopic surgical 

procedures that use lasers in the knee joint include: meniscal excision, plica resection, lateral 

release, excision of scar tissue and synovectomy [FEMT nd]. 

Laser energy can be used to ablate hypertrophic synovium, to smooth or remove fibrillated 

articular cartilage and resect and contour tom menisci. Also depending on the wavelength many 

lasers produce effective haemostasis retinacular release, bursectomy and resection of 

coracoacromialligaments [AMER 93]. 

A major limitation for all infrared lasers in arthroscopic surgery is that the laser is delivered via 

flexible optical fibre cable which is regarded as a mandatory requirement for an efficient 

surgery procedure. 

c) Lumber Spine 

In the USA lasers have been used for the removal of intervertebral disc material in the lumber 

spine (diskectomy), yet this treatment is restricted to patients with contained disc herniations. 

However, large extruded or sequestered fragments of disc can not be removed safely by lasers 

lAMER 93J. 

Also with the aid of a flexible spinal endoscope through small catheters, containing an on board 

laser, lasers can be used for the excision of herniated fragments in the spinal canal [AM ER 93]. 
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Another major application for the laser in lumber spine surgery IS using the KTP laser 

transmitted via silica optical fibre inserted into the disc through a needle placed into the disc at a 

forty five degree angle. A needle placed at this angle causes no vital danger to nerves and blood 

vessels within the vertebral column lAMER 93]. Laser energy transmitted to the disc causes the loss 

of water and some soft materials from within the disc leading to disc shrinkage by decreasing 

the pressure in the disc. As the disc shrinks it pulls the offending bulge off the nerve root 

relieving the pain totally or substantially reducing the pain. 

d) Joint Revision 

In total joint revision a laser has been used to vaporize polymethyl-methacrylate. However this 

application is limited by the toxic and flammable plume produced from the vaporization of the 

super heated polymethyl-methacrylate lAMER 93]. 

e) Other Orthopaedic uses of lasers 

Lasers have been used to debride soft tissue wounds and ulcers, as well as tissue welding to 

repair small vessels lAMER 93]. Other orthopaedic uses of lasers include excision of 

musculoskeletal tumours, revision arthroplasty (cement removal), amputation, nail bed surgery 

and hand disorders (arthroscopic carpal tunnel release) IFEMT Dd]. 

3.6 Selection of a Laser for Bone Cutting 

Evaluation of laser types for selecting a suitable laser for further investigation is based on a 

scoring system developed by the author. Individual scores are given to various laser properties 

such as the laser delivery system, general medical application and existing applications in 

orthopaedics. The individual scores are then summed to give a total score. The resulting scores 

are shown in Table 3.4 and plotted in Figure 3.17. Lasers with higher scores are likely to be 

more suitable for bone cutting in orthopaedic surgery. The individual scores assigned are 

explained below. 

a) Threshold Ablation Energy Density 

A maximum score of 4 points is given to lasers with threshold ablation energy densities less 

than or equal to 1 J/cm2
• 3 points are assigned for lasers with thresholds ablation energy 

densities less than or equal to 10 J/cm2
• 2 points are assigned for lasers with thresholds ablation 

energy densities less than or equal to 50 J/cm2 and 1 point is given for any value greater than 50 

J/cm2
• 
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b) Thermal Damage 

The maximum score of 4 points is given for lasers with minimum thermal (heat) damage to 

surrounding tissue « 20 J..11l1). I point score is given to lasers causing very large thermal damage 

(> 200 J..11l1). Two other levels of scores are also given for lasers with moderate thermal damage, 

3 points for ranges of 20 - 100 J..11l1 and 2 points for ranges of 100 - 200 J.Lm. 

c) Orthopaedic Application 

Maximum points (4) are given for lasers used in hard and soft tissue ablation including bone 

cutting and drilling. Three and two points are rated based on specific surgical applications in 

orthopaedics such as spinal disc decompression while no points are given to lasers with no 

orthopaedics applications. 

d) Water Absorption 

Since water plays a significant role during hard tissue ablation and laser tissue interaction, 

scores are given to the different types of laser according to their level of water absorption. A 

maximum score of 4 points is given to the Er: Y AG laser, which coincides with peak absorption 

of water. No points are given to lasers with very small water absorption coefficient < Icm· l
. 

Two and three score points are given to lasers based on their level of water absorption. 

e) Typical Pulse Duration 

• Pulse and Q- switched mode (4 points): Q-switching produces short optical pulses with high 

peak power [YUSH 04][SHOR' nd][NIEM 96]. This provides high controllability over pulse duration 

and pulse rate and high pulse amplitude stability and low power consumption. Hence, 

allowing for high control of the ablation depth and ablation time 

• Continuous and pulsed mode (3 points): less controllable and typically limited pulse 

durations and pulse rates 

• Pulse mode only (2 points): limited pulse durations and pulse rates 

• Continuous wave only (I point): may cause energy build up which reduces the quality of the 

cut and the efficiency of the cutting system [NIME 96] 

f) Lasing Source 

The lasing source is very important in terms of environmental safety, size of the laser system, 

power consumption, durability and cost. Solid state lasers, for example, are given 4 points 
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because they are environmentally safer than other solid, chemical or gas lasers, more compact in 

size, consume less energy, and normally low in cost. 

• Solid state laser 4 points 

• Solid laser 3 points 

• Liquid IChemical lasers 2 points 

• Gas laser I point. 

g) Lasing Medium Durability (life span) 

• Long lasing life 4 points 

• Moderate lasing life 3 points 

• Short lasing life 2 points 

• Very short lasing duration I point 

h) Laser Delivery System 

A maximum score of 4 is given for lasers which can be delivered using silica- based glass fibre 

optics for its low cost, availability, and high dexterity and flexibility. 3 points are given to lasers 

which require hollow waveguides since; hollow waveguides offer several advantages over many 

other solid core fibres. These include high power handling capabilities, durability, lack of 

fresnellosses and small beam divergence yet with limited flexibility and dexterity. 2 points are 

given for lasers that require special optical fibres (such as single-crystal sapphire fibre) for their 

high manufacturing cost in comparison to silica-based glass fibres or hollow waveguides. I 

point is given for lasers that require an articulator arm delivery system for lack of flexibility and 

bulkiness of the delivery system. 

i) Surgical IClinical 

A maximum of 2 points is given for lasers which can be used surgical applications which is a 

basic requirement for this project. I point is given for lasers which offer clinical applications 

only. 
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Table 3.3: Laser classification according to the wavelength (colour),water absorption (p.a cmm-I
), medical applications, Threshold ablation energy density "" °peak power, 

Absorption lengthlThermal Damaae)otber features [ABSTI OOJ[IVAN 97][LA WR nd)[NIEM 96J[SH0R2 nd][HOFF (0) 

La T Laser Wavelength H20 Thresbold ablation 1 P k P 
ser ype . \ ea ower (Colour) JUI MedIcal Applications energy density t/)0 I 

c~1 ~ -

Absorption length 
\Thermal Damage\ 

E:uimer I 0.1931l11l ~ 0.018 -- - T Ophthalmology-Comeal reshaping ! 
ArF I 0.3081l11l I 0.0058 I Cardiovascular - angioplasty : I J/cm2 i 1.6W 611m [10 50llffi) 

Argon 0.488 IlI1l & 0.514 J1IIl \ .. I Ophthalmology i .. I IOW .. 

Other Features 

Fast Pulsed Lasers 

.... -+ ... __ .. __ . __ .H ••• •••••••• __ ••• _______ ••••••••••••• 

: Used in Entertainment 
~ ----- t:IJ1 .... "'ktL _- -~---~--.. --.-... -... --.............. --..... -·----·······-···-··-·--··t-·-·-····-·-····· .. "'."'."' ...... L._ ... __ ._._ .. _._._.,_'_'" 

I--::c.---~----. Blue and Green) --+. __ --.L .. _._. __ .. __ .. _. ___ ._ ...... __ ... _ ........... _ .... __ ._ ..... __ .+._ .. ___ .. _ ....... _ .. _ ...... _\--__ .. __ .. _ .... _ .... _ ..... __ ...... .. 
KTP 0.53211J1l I .. I Laparoscopy, ENT and Dermatology ! .. . .. , .. 

.._. ___ ... ____ . __ !" ._ •..• H._ .. ___ ._. __ . _____ .. __ ._ -_ ... 

(Brilliant Green Light) i 1 
Pulsed Dye I 0.517 - 0.585 I1JIl I .. I Dermatology - Vascular lesions & lithotripsy I .. 

(Yello'!!. 
Copper Vapour 

USPL 

Ruby 

Aleundrite 

Diode 

Nd:YAG 

Ho:YAG 

Hydrogen Fluoride 
(HF) 

CO2 

0.577 IlI1l and 0.511 J1IIl 
(Yel1o~ 

- 0.600 J1IIl 
_('r'c:Jlo~~e.l 
0.694 J1IIl 
(Red) 

0.755 J1IIl 
(Deep Red) 
7 fIJ - 1060 J1IIl 
(Deep Red- Near Infrared) 

1.06411J1l 
(Near Infrared) 

.. 

.. 

.. 

.. 

.. 

0.61 

I Dermatology 
Pigmented lesions 
Medical applications 

Dermatology 
Tattoo and Hair removal 

Dermatology 
Hair removal 
Bio-stimuIation (Low Power) 
Dermatology for hair removal and Urology (High 
Power) 
General 1aparoscopy, hysteroscopy, flexible 
endoscopies. 
Dermatology 
OphthaJrnology 

9,fIJ IlI1l I Hard tissue cutting & Drilling 

I .. 

I : 
I .. 

.. 

250 J/cm2 

40J/cm2 

.. .. 

.. .. 
lOkW .. 
100MW .. 

.. .. 
30W .. 

50MW 13001lffi [3 50llffi) 

IOW 2001lffi [75-300Ilffi] 

151lffi [>200Ilffi] 

... _._ ..... __ ._._.-L_l~~;:~1.._. __ ._._.L~~ ... _._.L~~~:~~~~~g~ ... ____ .... _ t 3 J/cm

2 

j 200W , * Insufficient Data or Not Appficable .. - ...... -- .- -- -'.'.'." .. ".'_.'.-.'.' - .. - ........ -...... -.-.. - .. -................... - ..... - .............. . 

Pulsed laser 

Fast Pulsed laser 
Precision .. 
Live holography 

i Q- switched and Long­
i pulse modes 
i Q- switched (ns) and 
, Long-pulsed (2-20 ms) .. 

_ Q-switched mode .. 

Q-Switched 
Quasi-cw (single shot) 
Ultra-pulses (200Hz) 

.g~~~~c.~~~~~~L ...... . 
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- ---- -- -- --- ---- -- ~.- b ______ .., 'Y the author, accordiD~ to the laser orthopaedic application 
Threshold Ablation Lasing 

Minimum Water Typical Lasing Laser 
Laser Type ablation Time for Orthopaedic Medium Surgical/ 

Thermal Absorption Pulse Source Delivery Total Points 
energy Bone Application Durability Clinical 

Damage coefficient Duration (medium) System 
density (/) 0 [CHAR 90] ( Life span) 

Euimer 4 0 4 0 0 3 2 I I 2 17 

Argon 0 0 I 0 0 I 2 I 4 I 10 

KTP 0 0 I 2 0 4 3 3 4 2 19 

Pulsed Dye 0 0 I 0 0 2 I I 4 2 11 

Copper Vapour 0 0 2 0 0 2 2 I 4 2 13 

USPL 2 3 4 4 2 4 3 3 4 2 31 

Ruby 0 0 2 0 0 2 3 3 4 2 16 

Aleundrite 0 0 2 0 0 2 3 3 4 1 15 

Diode 0 0 3 0 0 I 4 3 4 2 17 

Nd:YAG 1 0 1 0 0 4 3 3 4 2 18 

Ho:YAG 2 2 3 4 I 3 3 3 4 2 27 

Er:YAG 4 4 4 4 4 3 3 3 3 2 34 

Hydrogen Fluoride 4 4 4 4 4 3 I 1 3 2 30 

COz 3 I 3 3 3 4 2 1 2 2 24 
'----
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Figure 3.17: Laser types and the scores given by the author according to preference 

One may conclude from the above results of Figure 3.17 that the Er: Y AG is a good candidate 

for being a suitable laser for the application in computer assisted orthopaedic surgery. It also 

shows that other laser, namely USPL, Ho: Y AG and HF have good potential for being suitable 

for such applications as well. 

3.7 Er: Y AG Laser Delivery Systems 

One of the major problems associated with the Er: Y AG laser wavelength (2.94 ~m) is that it 

cannot be transmitted over silica-based glass fibre due to absorption by the glass core. Much 

research in recent years has focused on the development of solid core optical-fibre and hollow 

waveguide IKOZO 9611PRY 96][ UBL 97)[WANG 97][MATS 97][RABI 99][WILK 99][SHI OI][MATS 01] delivery systems 

that meet the Er: Y AG laser wavelength (IR laser) requirements of optical efficiency, durability 

and ea y handling. 

Solid core IR transmitting fibres have been produced from glass such as fluoride glass fibre, and 

crystalline materials, including heavy-metal fluorides , low-molecular-weight chalcogenides 

(AS2S3), Silver halide , and Sapphire [PRYS 96][NUBL 97]. However, most of these IR transmitting 

solid-core fibre have significant drawbacks, such as: 

• low laser damage threshold 

• poor chemical and mechanical properties 
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• difficult and expensive fabrication 

IR transmitting hollow waveguides offer several advantages and present an attractive alternative 

to solid-core IR fibres. Listed below and in Table 3.5 are some of the IR transmitting delivery 

systems available and their properties. 

3.7.1 Single-Crystal Sapphire Fibre 

Single-crystal sapphire fibres have proven to be an effective delivery system for the Er: Y AG 

laser and have many physical properties that make them ideal for infrared transmission as high 

as - 3.5 J1IIl (PRYS 96][NUBL 97J. Theoretically, sapphire fibre has an intrinsic loss of O.l3dB/m at the 

Er: Y AG laser wavelength of 2.94 J1IIl [NUBL 97J. Saphikon, Inc. (a commercial source of optical­

quality sapphire fibres) has reported losses as low as 0.2 dB/m at 2.94 J1IIl wavelength [pRYS 

96][NUBL 97J. 

Sapphire is chemically inert and has a melting point in excess of 2000°C. It also has the 

potential of delivering very high laser energies (greater than 1 J/pulse or IOW at 10Hz pulse 

rate) (PRYS 96][NUBL 97J. Furthermore, sapphire fibres are extremely durable and have a distinct 

advantage in medical applications because they can be safely inserted directly into the body 

(NUBL 97J. Sapphire fibres are fairly stiff with minimum bend radius of a 300-um-diamerter fibre 

-45 mm. Conversely, sapphire fibres are very expensive and difficult to manufacture in large 

diameters. 

3.7.2 Fluoride Glass Fibres 

Fluoride glass fibres are IR transmitting fibres that are good candidates for sensory and power 

delivery applications. They transmit up to - 3.5 J1IIl with losses below 0.05 dB/m at A = 

2.94J11Il. They are also quite flexible and have been used to deliver Er: Y AG laser fluence as 

high as 200 J/cm2
• 

One of these fibres is fluorozirconate (ZBLAN) which uses zirconium fluoride (ZrF 4) as the 

fibre material; it has an attenuation of 0.01 dB/m at A = 2.94)1111 [HARR OOJ. However, fluoride glass 

fibres have major drawbacks: limited mechanical strength, low glass transition temperature 

(150°C), chemical reactivity with water and extremely sensitive to being damaged when 

contaminated at their distal ends by tissue material ejected from the operation area [NUBL 97]. 
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3.7.3 IR Transmitting Hollow Waveguides 

IR transmitting hollow waveguides are made from glass, plastic or metal tubes with highly 

reflective coating deposited on the inside surface. These waveguides are available with bore 

sizes range from 200 to 1000J.Ull. They offer several advantages over solid-core fibres; such as 

high power handling capability, lack of Fresnel losses, durability, and small beam divergence. 

Hollow waveguides have proven to be an excellent delivery system for Er: Y AG and mid­

infrared laser with very low losses (--0.1 dB/m) [KOZO 96)[HARR1 (0) depending on the type and the 

bore diameter of the hollow waveguide [KOZO 96). The key features of hollow waveguides are 

their: 

• ability to transmit beyond 20J.Ull wavelengths 

• inherent advantage of having an air core for high-power laser delivery 

• relatively simple structure 

• low cost 

In general hollow waveguides have the advantage of high laser-power thresholds, low insertion 

loss, no end reflection, ruggedness and small beam divergence. However; their potential 

disadvantages include bending losses and a small NA [HARRI (0). 

In 1996 Kozondoy R. et al [KOZO 96) introduced flexible hollow glass waveguides with diameters 

as small as 250J.Ull capable of efficiently delivering up to 8 W of Er: Y AG laser power with 

straight losses ranging from 0.1 to 1.73 dB/m. Wang et al (1997) [WANG 97) demonstrated that 

hollow waveguides as small as 320 and 200J.Ull were fabricated for the transmission of Er: Y AG 

laser radiation. These waveguides, with proper input coupling, are capable of efficiently 

delivering up to 5 W of Er: Y AG laser light. 

IR transmitting hollow waveguides are useful for variety of medical treatments including 

dentistry, orthopaedics and dermatology [WANG 97)[HARRI OO)[MATS 01). 

57 



Table 3.5: £R tr -- - ·ttinl! fib --- --- -- - d - --·d _ ... l .... ...... &.J ...... .,, "Jl • . ........... &J .". It ' ..... oJ " .... !I.u ........... VUjl· ·· · .. · ..J ..., . J 

Delivery System Losses (dB/m) Maximum Maximum Fluence Durability I Mechanical Transmission Range Melting Point I Chemical Flexibility 

at 2.94J1m Energy (J) (J/cml) Strength (Jlm) ITransition Reactivity I 

lPower I(w) Temperaturel medical safety 

SingllXrystal sapphire fibre 02dB/m > IJ or [>IOW @ 1250 J/cml Extremely durable > I 0000 0.5 - 3.5J1Ill 2030° C Inert I medically Fairly stilT (300JlIll 

10Hz] pulses @ 400mJ safe fibre quite flexible) 

Chalcogenide glass fibre As, 5dB/m I Weak shear strength 4-IIJlm 245° C Fragile 

Ge, Se, S and Te 

Fluoride glass fibres 0.05 dB/m 200 J/cm2 Poor I limited mechanical Up to - 3.5J1Ill Low melting point I Reactive Quite flexible 

strength [ISOO Cl witb Water 

Fluorozirconate 0.01 dB/m 300mJ at 300Jllll 424JI cm2 Medium 0.25 - 4Jll1l 265°C Reactive Quite flexible 

ZBLAN (ZrF.-BaF2-LaF]- core with Water 

A1FJ-Naf) 

Fluoroaluminate O.ldB/m 850 mJ at 500JlIll 433JI cm2 Excellent 0.25 - 4J1Ill 400° C Reactive Quite flexible 

(AIFJ-ZrF.-BafrCaF2- YFJ) core witb Water 

NA for Erbium 

Silver halide 0.I-O.5dB/m 50 W (C02 laser) Sensitive to Light! Weak 4 to 20JlIll 415°C 

for CO2 

Size dependent 

Hollow waveguides 0.1 dB/m 80W Sensitive bending 0.9-25Jlffi 150°C flexibility 

............. . 
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3.8 Laser Safety and Medical Constraints 

No discussion on the use of laser in health care and medical surgery would be complete without 

considering safety aspects and the potential hazards associated with the use of the laser. 

Applying laser in health care and medical surgery requires very careful consideration of the 

potential hazards associated with lasers. Surgeons as well should be aware of the safety 

principles and biologic tissue effects of the specific laser wavelength chosen for use in surgery. 

Lasers emit beams of optical non-ionising radiation that poses ocular and skin hazards in 

addition to other clinical and environmental hazards. 

3.8.1 Hazards 

Laser hazards include ocular, skin, toxic smoke and other environmental and health hazards. 

Ocular Hazards 

Laser energy can be dangerous to eyes and tissue. It represents a potential for injuring several 

different structures of the eye, for example corneal and retinal burns. Retinal effects are possible 

when the laser emission wavelength is in the visible and near-infrared spectral regions (0.4 JllI1 

to 1.4 JllI1). Laser emissions in the ultraviolet and far-infrared outside the (0.4 JllI1 to 1.4 JllI1) 

region however can produce ocular effects primarily at the cornea. Laser radiation at certain 

wavelengths can also cause damages to the lens structure lAMER 93][NIEM 96]. 

As a safety measure for ocular hazards, eye protection such as wavelength specific goggles for 

all operating personnel is suggested to prevent ocular damage. 

Skin Hazards 

Lasers emitting in the ultraviolet spectrum as well as high power lasers can cause skin erythema 

(sunburn), skin cancer, and accelerated skin aging. These skin effects are possible to occur 

while using ultraviolet lasers with wavelengths ranging from 230 nm to 380 nm, with the most 

severe effects occur in the UV -B (280 nm to 315 nm). Other laser wavelengths have different 

hazards on tissue and the most significant of all are the skin bums caused by skin exposure to 

lasers in the infrared range of 700nm - 1000nm lAMER 93][NIEM 96]. 

Hazards due to Toxic Smoke Production 

As with the use of electrosurgical devices, tissue vaporisation with lasers produces a plume of 

steam or smoke which causes safety concerns in the operating theatre. The most significant 
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concern is the possible spread of viral infections. Furthennore, vaporization of poly­

methylmethacrylate (PM MA) results in the release of toxic gasses in the operating environment. 

Superheated PMMA is also flammable and may pose a risk to patients. And the exposure of 

such flammable material to laser beams poses a potential fire hazard [AM ER 93]. 

As a safety measure for such hazards, products of vaporization of both tissue and PMMA must 

be safely evacuated from the operating theatre environment. 

Other Laser Hazards 

Other laser hazards include energy dissipation which may affect tissue adjacent to the 

immediate target. 

Certain procedures using the CO2 laser in the theatre may require positive pressure gas 

insumations and this may cause tissue emphysema or gas embolus, with possible fatal results. 

Yet the risk of this hazard can be reduced with careful "gas bubble" or "ambient air" technique 

[AMER 93]. 

3.8.2 Laser Safety Standards and Hazard Classification 

Lasers are classified based upon the hazard they presents and for each classification there is a 

standard set of control measures applied. The higher the classification number the greater are 

the potential hazards. Brief descriptions of each laser class are sumrnariesed below [NIEM 96][DUKE 

01]: 

• Class I. Lasers: 

Class I lasers do not emit harmful levels of radiation during normal operation. They are 

low power lasers that are enclosed and safe to view [NIEM 96][DUKE 01). 

• Class 11. Lasers: 

Class 11 lasers emit visible laser light and are capable of causing eye damage through 

chronic exposure. The Blink reflex within 0.25 seconds provides adequate protection, it 

is dangerous to stare into the beam. Class 11 lasers have power levels less than 1 m W 

and are commonly found in alignment applications. 

• Class IlIa. Lasers: 

Class IlIa lasers are medium power lasers (1- 5 mW). They are normally not hazardous 

when viewed momentarily by an unaided eye, however, they pose severe eye hazards 

when viewed through optical instruments. 
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• Class IIIb. Lasers: 

Class IIIb lasers have output power ranging from 5 -500 mW continuous wave or less 

than 0.03 Joule (1) for a pulsed system. These Lasers cause injury upon direct viewing 

of the beam and specular reflections. 

• Class IV. Lasers: 

These lasers include all lasers with power levels greater than 500 m W CW or greater 

than 0.03 Joule (1) for a pulsed system. These lasers pose significant skin and ocular 

hazards as well as fire hazards [NIEM 96]. 

Certain safety consideration and measures are to be taken into account in the operating theatre 

and other medical applications will be discussed further in future work 

3.9 Summary 

The aims of this chapter to identify the most appropriate laser, laser properties and laser delivery 

system for computer assisted laser orthopaedic surgery have been achieved. This study shows 

that the Er: Y AG laser is a good candidate for being the most suitable laser for such application. 

Although other lasers such as USPL, Ho: Y AG and HF have good potential for being suitable as 

well. The study also identified the most suitable delivery system, namely hollow waveguides, 

for the selected laser type. Hollow waveguides have proven to be an excellent delivery system 

for Er: YAG and mid- infrared lasers with very low losses (-0.1 dB/m) [KOZO 96][HARRI (0). They 

also feature some advantages over other means of laser delivery systems. These include high 

laser-power thresholds, low insertion loss, relatively simple structure, no end reflection, 

lightweight, low cost, ruggedness and small beam divergence. Although, they have the 

disadvantages of bending losses and a small NA [HARR' 00]. 

Having identified the most suitable laser, laser properties and laser delivery system, the author 

identifies the following requirements for the design of an overall "laser End-Effector system"; a 

new surgical tool for computer assisted orthopaedic surgery (discussed in Chapter 5). These 

requirements include: 

• The laser End-Effector must be able to manipulate and position a lightweight laser 

waveguide and hence the laser beam within the surgical site with high accuracy and 

precision. 

• The End-Effector's manipulation speed and time must match the Er: Y AG laser properties 

in terms of ablation depth, ablation rate, laser spot size and ablation time. 
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• For environmental safety, certain measures must be taken into account. These may include: 

o The use of safety goggles by all medical staff and patients during surgery 

o Limitation imposed on the manipulation angles (laser ablation workspace) of the 

laser End-Effector 

o The overall system design must incorporate an air vacuum system to evacuate the 

toxic gases and vapours produced during the laser tissue ablation. 
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Chapter 4 

An Investigation of how Er: YAG Laser Parameters Affect the 

Ablation of Biological Tissue 

4.1 Introduction 

Chapter 3 concluded that the Er: Y AG laser appears to be a suitable laser for applications in 

computer assisted orthopaedic surgery. This is also confirmed by other research works [ABSTl 

OOJ(FRYM 93]. Its suitability stems from its characteristics in terms of the quality of hard tissue 

ablation, the cutting depth per laser pulse which provides control flexibility, and the peak 

absorption of water which offers efficient ablation of both bone and cartilage [ABSTl OOJ(FRYM 93]. 

This chapter first introduces the different laser parameters and the physical laws that govern 

their effect on biological tissue during laser tissue interaction. The chapter discusses Beer's Law 

and modifications to it so that it accurately estimates ablation of bone for the Er: YAG laser. 

This chapter focuses on an evaluation of the Er: Y AG laser parameters on ablation of biological 

tissue. The chapter presents predictions on the effects of varying these parameters on the depth, 

volume and time for ablation. These predictions are based on specific laser bone cutting and 

drilling techniques and a modified form of Beer's Law. The chapter also presents an experiment 

prepared by the author to validate these predictions and prove the modification of Beer's Law. 

The chapter ends by introducing some experimental results illustrating the performance and 

ablation quality of the Er: Y AG laser. This is followed by some concluding remarks. 

4.2 Evaluation of the Effect of Laser Parameters on Tissue Ablation 

The focus of this chapter is to investigate the ablation effect of the different Er: Y AG laser 

parameters on biological tissue. These parameters include laser energy density, pulse duration, 

optical absorption, pulse repetition rate, beam diameter (laser spot size) and the dynamic 

movement of the laser beam during tissue ablation. 

4.2.1 Laser Pulse duration (Er: Y AG) 

Studies have shown that during Continuous Wave (CW) laser cutting of biological tissue, the 

ablated material is vaporized and some of it is deposited onto the walls or upper surface of the 

cut [FEMT nd][NIEM 96). This causes bending of the inCOming laser beam and produces a rough edged 
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cut which reduces the quality of the cut and the efficiency of the cutting system. However for 

pulsed lasers, a pulse deposits its energy so quickly that it does not interact with the plume of 

vaporized material. Here, the plasma plume leaves the surface very rapidly ensuring that it is 

well beyond the cut edges before the arrival of the next laser pulse thus leading to a smooth cut 

[FEMT nd][FBIH 0211HOFF 00). 

Studies have also shown that short laser pulses help reduce the extent of damage of tissue. This 

is because energy deposition in the pulse is shorter relative to the thermal relaxation time (t 

therm). The thermal relaxation time is the rate at which a structure can conduct heat. When the 

laser pulse duration is shorter than this, the heat damage is confmed to a limited region of the 

target thus reducing thermal propagation into the remaining tissue [NIEM 96)[HOFF 00). 

Other studies showed that for laser pulse duration t < t therm heat does not even diffuse beyond 

the distance given by the optical penetration depth L (l/a) where a is the effective absorption 

coefficient. However, for 't > 't therm' heat can diffuse to many times the optical penetration depth 

causing thermal damage to adjacent tissue. 

This conduction effect imposes a limitation on the laser pulse duration for a specific laser 

application. In order to reduce thermal damage to the adjacent tissue, the laser pulse duration 

must be adjusted to minimize the thermal damage to the adjacent tissue. The scaling parameter 

for this time dependent problem of "thermal relaxation time" is obtained by the optical 

penetration depth (L), which equals the thermal penetration depth (lIa), given in Equation 4.1. 

Equation 4. t: Optical penetration depth 

L = (~ )= .J(4KT .. ~) 
where K = 0.9 x 10-7 m2/s is the thermal diffusivity of water [NIEM 96]. The shortest thermal 

relaxation time of approximately 1 )..IS occurs at the absorption peak of water around 2.94 !lffi 

(Er: Y AG laser). Laser pulse durations of t < 1 J.1s do not normally cause thermal damage, this 

is known as "the I J.1s rule" [NIEM 96]. Other studies revealed that reducing the laser pulse duration 

to the nanoseconds region lead to an alternative laser tissue interaction namely "Laser 

Spallation". Here tissue removal is attributed to a fast expanding bipolar pressure wave that 

induces a strong mechanical tension at the tissue surface [MROC 00]. 

There are limitations on the laser pulse duration in the nanosecond region. These limitations 

include: low laser pulse amplification, and low damage threshold of commercially available 

optics for the 2.94 JIlIl wavelength. Furthermore, in Q-switched mode experimental results [MROC 

00) have shown high instability in tissue removal, which may stop after four laser pulses as a 
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result of dehydration of adjacent tissue after each laser pulse. This effect leads to major 

technical limitations on laser pulse duration [MROC 00). It is worth noting that some studies have 

showed that for a free running Er: Y AG laser of 100-700 f.lS pulses the depth of the craters made 

do not depend on the pulse duration but depend only on the energy density [YOON 02). 

4.2.2 The Effect of Varying the Laser Pulse Repetition Rate 

To determine the effect of varying the pulse repetition rate for the Er: Y AG laser, calculations 

of the ablation depth and time were carried out according to Beer's Law (NIEM 96)[FARR Dd) which 

relates fluence at depth (F(x) to the incident fluence (Fo), the absorption coefficient (a) and the 

distance into the sample (x) by [FARR od]: 

Equation 4.2: Beer's Law 

F{x) = Fe-a>: => x =(~)ln[~] 
o a F{x) 

The maximum etch depth (d) is reached when the optically transmitted fluence (Fo) decays to 

the threshold fluence for material removal (FT) leading to: 

Equation 4.3: Etch depth of laser IFARR od] 

d=~.ln[F ]-~.ln[F.] 
a 0 a T 

Taking into account the plume effect on the etch rate (x) Equation 4.2 is modified such that: 

Equation 4.4: New form of Beer's Law IDYER03\. 

d = [~J+ + Pp(;,:FTl] 

where d is the etch depth per pulse (or etch rate), FT is the threshold fluence required for bone 

removal (FT = 10 J/cm2 for a laser pulse duration of 200-250 f.LIll [APEL 02]), and p and Pp are the 

mass absorption coefficients for the bone and plume, respectively. The etch depth d depends on 

whether the plume is equal (pp = p), less (pp < p) or more (pp> p) absorbing [DYER 03) than bone. 

For the Er: YAG laser, in order to take account of the micro-explosion effect that tears out 

pieces of the tissue during hard tissue ablation, Equation 4.1 is further modified as follow: 

Equation 4.5: Modified Beer's Law 

d = m[ ~p HI + pp(;,: FT l] 
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where m is the scaling factor that takes account of the micro-explosion effect and is 

approximately 15. This modification is based on studies done by other researchers [NI EM 96][WANN 

96J[MAJA 98][BERG 98J on the Er: YAG laser ablation depths. This value of 15 is used throughout the 

laser tissue interaction analysis presented in this chapter. 

Prediction times were calculated for ablating 450 mm3 (15 x 15x 2 mm) of bone with a varying 

pulse rate of 1 to 23 Hz. The volume of 450 mm3 was chosen as it represents a typical volume 

ablated for a bone cut for a tibial osteotomy. The results in Figure 4.1 show that ablation time 

decreases exponentially with the increase in pulse repetition rate. However, there are some 

problems associated with increasing the laser pulse repetition rate. These include a lensing 

effect generated within the laser system [DU 03), and the thermal damage induced within the 

ablated tissue. 

The thermal lensing effect can cause a substantial decrease of lasing efficiency. Previous Er: 

Y AG laser research has shown [YOON 02) that the value ofthe heat deposition may reach 35 - 50% 

of the pumping energy and about a 30% decrease of lasing efficiency is observed as the pulse 

repetition rate increases from 10 to 20 Hz. This is because the Er: Y AG crystal is a medium 

with a high thermal loading factor. These effects impose some limitations on the frequency of 

pulse repetition rate. 

The following parameters were used in the calculations: 

• 
• 
• 
• 
• 
• 
• 
• 

Laser pulse energy = 250 mJ 

Threshold fluence = 10 J/cm2 

Beam diameter (Spot Size) = 0.5 mm 

Laser pulse duration t = 150 Jls 

Bone absorption coefficient Cloone =1500 cm-I (Estimated for a.H20 = 10000 cm-I) 

Ablation movement speed 0.1 mmls 

Pulse repletion rate of 1 to 23 Hz 

The volume of bone to be removed is 450 mm3 

66 



I 350.0 

300.0 1 

,-. 250.0 • 
c 
·S ...., 
'" 200.0 1 
E 

E= 
c 

150.0 1 0 
~ 

'" :c 

-+- ~ > ~p (=10) 

--- ~=~p 

< 100.0 ~ < ~p (=3) 

50.0 ' 

0.0 

3 5 7 9 11 13 15 17 19 21 23 

Pulse Repetition Rate (Hz) 

Figure 4.1: Ablation time as a function of pulse repetition rate for a bone volume of 450 
mm3 

Furthermore, as mentioned in 4.2.1 an increase in pulse repetition rate may increase the 

interaction with the plume of vaporized material resulting in a rough edged cut. Thus sufficient 

time should be allowed for the plasma plume to leave the surface before applying a second 

pulse. This effect limits the repetition rate of the lasing pulse to a level that ensures the ejection 

of the plasma plume before the arrival of the next laser pulse. 

In addition to the pulse repetition rate controlling the ablation time, the author suggests that it 

can be used to control the ablation depth during dynamic movement of the lasing system. This 

may be achieved by regulating the dynamic movement speed of the laser beam over the bone 

while varying the pulse repetition rate to control the ablation depth. Figure 4.2 shows the effect 

of the laser pulse repetition rate on ablation depth for a constant scanning speed of the laser 

beam. Figure 4.2 shows that the ablation depth increases with an increase in the pulse repetition 

rate and vice ver a. Hence by increasing or decreasing the repetition frequency one can control 

the ablation depth and the level of tissue damage during tissue cutting or drilling. This effect 

give the surgeon more flexibility during laser surgery and could simplify the design of a 

delivery ystem. The following parameters were used in the ablation depth calculations of 

Figure 4.2: 

• Scanning speed = 0.1 mmls 

• Beam diameter = 0.5 mm 

• Pul e energy = 250 mJ 

• Thre hold flu nce = 10 J/cm
2 

• Laser pul e duration 't = 150 /..I.S 
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• Pulse repletion rate of 1 to 23 Hz 
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Figure 4.2: Ablation depth per pass as a function of pulse repetition rate 

4.2.3 Optical Absorption Coefficient a on Tissue Ablation 

This section considers the effect of the optical absorption coefficient a on laser ablation of 

bone. The Er: Y AG laser with a wavelength (A) of 2.94 ~ coincides with the peak absorption 

of water (a :::::; 104 cm-I). This explains the significance of water during Er: YAG laser tissue 

interaction. When the Er: Y AG laser beam hits the tissue rapid heating of the localized tissue 

causes the intrinsic water to vaporise into steam (ablation) [NIEM 96][SH0R2 nd). This feature makes 

the Er: Y AG laser an excellent cutting and drilling tool in medical applications [WANN 96). It is 

important to note here that the optical absorption coefficient (a) plays a significant role in 

determining the ablation depth of the materiaL Biological tissue with high water content has an 

optical coefficient of a relatively high value with an optical penetration depth of l/a (the depth 

at which transmitted intensity has decayed to lie of the surface value) according to the Beer­

Lambert Law [FARR nd)[NIEM 96][WANN 96) 

Equation 4.6: Beer Lambert law 

where lex) = the transmitted intensity at point 'x' (W/cm2) 

10 = intensity incident at surface (W/cm2
) 

R = surface reflectivity (fraction) 

x = depth into tissue (cm) 

Cl = optical absorption coefficient (cm-I) 
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Bone as a biological tissue contains 15-20 % water with a. typically between 1500 -2000 cm-I. 

This results in high absorption of laser radiation and a low optical penetration depth which 

explains the minimum thermal damage caused by the Er: Y AG laser during tissue ablation. The 

optical penetration depth given by 1Ia. = (111500) cm-I. 

4.2.4 Energy Density on Ablation Depth 

According to Beer's law the bone ablation depth as a function of laser fluence is expected to 

follow the curve shown in Figure 4.3. However, experimental and modelling studies on bone 

ablation [NIEM 96][WANN 96][MAJA 98][BERG 98) have shown that the ablation depth increases linearly 

with the applied laser energy density within a certain range [MAJA 98)[STAN2 (0) with ablation depth 

far exceeding that predicted by Beer's law [BERG 98)[MAJA 98)[FREN 99)[STANI (0). These experimental 

results appear to agree more with the predicted calculations shown in Figure 4.4 This figure 

shows the Er: Y AG laser bone ablation depths as predicted by the modified equation of Beer's 

law Equation 4.5 for three different conditions of the mass absorption coefficients J..L and /lp of 

the bone and the plume respectively. 

The following parameters were used in the depth calculations of Figure 4.3 and Figure 4.4: 

• Scanning speed = 1 mm1s 

• Beam diameter = 0.5 mm 

• Pulse energy of 25 to 300 mJ 

• Threshold fluence = 10 J/cm2 

• Laser pulse duration 't = 150 JlS 

• Pulse repletion rate = 10Hz 
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Figure 4.3: Er: Y AG laser bone ablation depth as a function of energy density (Beer's law) 
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Figure 4.4: Predicted bone ablation depth according to the modified equation of Beer's 
law with variable energy density. 

4.2.5 Effect of Laser Spot Size on Ablation Depth and Ablation Volume 

Studies have shown that ablation rate is highly dependent on the laser spot size (diameter) [PROV 

nd)[NIEM 96](FARR nd). Laser spot size affects both laser penetration depth and ablation volume. 

Figure 4.5 shows predictions of the effect of laser spot size (or beam diameter) on the ablation 

depth. The figure shows that a well focused laser beam, where the laser spot size is very small, 

causes a narrow incision to the tissue with relatively large depth. However, for a larger spot size 

a wider area of tissue is damaged to a lesser depth. The calculations were carried out using the 

modified Beer's law equation (Equation 4.5) using the following parameters: 

• 
• 
• 
• 
• 
• 

Scanning speed = 1 mmls 

Beam diameter ranges from 0.2 to 1 mm 

Pulse energy = 250 mJ 

Threshold fluence = 10 J/cm2 

Laser pulse duration 't = 150 J..lS 

Pulse repletion rate = 10Hz 
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Figure 4.5: The predicted effect ofthe laser spot size on the ablation depth (etch depth) 

On the other hand, as the spot size increases the ablation volume increases leading to reduced 

ablation time. These effects are illustrated in Figure 4.6 and Figure 4.7. The figures show the 

predicted effect of laser beam diameter on the bone ablation volume. The calculations were 

carried out using Equation 4.5 and the following laser parameters: 

• Scanning speed = 0.1 mm1s • Threshold fluence= 10 J/crn2 

• Beam diameter ranges from 0.2 to 1 mm • Laser pulse duration 't = 150 Jls 

• Pulse energy = 250 mJ • Pulse repletion rate = 10Hz 
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Figure 4.6: Ablation volume per laser pass as function of laser spot size 
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Figure 4.7: Bone ablation rate as function of laser spot size with constant pulse energy 

The results gained from these analyses reveal that reduced laser ablation time per cut volume is 

associated with a larger spot size (Figure 4.7) though it appears that a smaller spot size can cut 

faster through tissue. The reason for this is that a small spot size ablates less bone volume to 

produce a cut of the same depth. 

4.2.6 Laser Spot Size on Ablation Time 

Considering, the ablation time required to cut through bone having a specific surface area will 

depend on the laser beam diameter. To illustrate this, Figure 4.8 and Figure 4.9 show the time 

required for a laser cut through bone as a function of beam diameter for cortical bone with an 

approximate bone volume of 450 mm3
. Figure 4.8 predicts the ablation time for a constant laser 

energy density (127.3 J/cm2
) and variable beam diameters. Figure 4.9 predicts the ablation time 

for constant laser pulse energy (250 mJ) and variable beam diameters. The other parameters 

used in these predictions are: 

• 
• 
• 
• 
• 

Scanning speed = 0.1 mm/s 

Beam diameter ranges from 0.2 to 1 mm 

Threshold fluence = 10 J/cm2 

Laser pulse duration 't = 150 J.ls 

Pulse repletion rate = 15 Hz 
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Figure 4.8: Er: YAG Laser bone ablation time as a function of laser beam diameter and 
constant laser beam energy density 
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Figure 4.9: Er: Y AG Laser bone ablation time as a function of laser beam diameter for 
constant pulse energy 

For spot sizes less than about 0.50 mm, the ablation times in Figure 4.9 are less than that shown 

in Figure 4.8 this is because energy density values of the spot in Figure 4.9 is greater than the 

constant energy density value of 127.3 J/cm2 in Figure 4.8. 

There are limits imposed on the maximum laser spot size with constant pulse energy in terms of 

reducing ablation time. As the laser spot size initially increases, the ablation volume increases 

which reduces ablation time. However, beyond some threshold a further increase in the laser 
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spot size the reduction in fluence is sufficient to reduce the ablation volume and thus increase 

ablation time. This effect imposes a limit on the maximum laser spot size for a specific set of 

laser parameters for the optimum ablation time. The predictions in Figure 4.10 are based on the 

following laser parameters for cutting through a cortical bone volume of 450 mm3
: 

• 
• 
• 
• 
• 
• 

Scanning Speed = 0.1 mm1s 

Beam diameter ranges from 0.2 to 1.7 mm 

Pulse Energy = 250mJ (constant) 

Threshold fluence = 10 J/cm2 

Laser pulse duration 't = 150 JlS 

Pulse repletion rate = 15 Hz 
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Figure 4.10: The Effect of increasing the laser spot size on the total bone ablation time 

4.2.7 Laser Bone Cutting and Drilling Techniques 

The analysis presented here assumes that the delivery system for the Er: Y AG laser focuses the 

laser on the bone and that it moves in a plane either perpendicular or in an angle with the bone 

surface It is further assumed that the focused laser pulses scan the target at a constant speed. 

This causes a pulse overlap along the cutting path, and the amount of overlap (n) depends on the 

spot size (<p), scanning speed (v), and the laser pulse repetition rate (f) (see Figure 4.11). 
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Figure 4.11: Laser bone cutting process 

The depth of the cut depends on the laser pulse energy, pulse duration, and the amount of pulse 

overlap. For a gi en laser pulse energy and pulse duration as the laser scanning speed increases 

the displacement (x) between the laser spots increases. This effect causes a decrease in the 

number of laser pulses which overlap (n). As a result the ablation depth is expected to decrease. 

Figure 4.12 show an illustration of the effect of the laser spot displacement Cx) (Figure 4.11) on 

the la er ablation depth. This figure clearly shows that as the displacement increases due to an 

increa e in the laser scanning speed (for given laser parameters) the ablation depth decreases 

and vice r a. Hence one way to control the laser ablation depth would be by controlling the 

laser canning speed. The predicted results of Figure 4.12 are calculated based on following 

laser parameters: 

• Scanning speed = 10 - 640 J..lIllIs 

• 
• 
• 
• 
• 

La er Pulse energy = 250mJ 

Beam diameter = 0.5 mm 

Thre hold fluence = 10 J/cm2 

La er pulse duration 't = 150 J.l.S 

Pul e repletion rate = 10 Hz 
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Figure 4.12: Laser ablation depths as a function of laser spot displacement <x) 

Bone cutting is a repetitive process in which the laser beam is scanned over the target until the 

cut is complete. After each laser cut is completed, the laser is advanced towards the target by an 

amount equivalent to the ablated depth of the cut so that the laser remains focused on the bone 

surface. In reality there may be a need for a water spray and some form of evacuation to reduce 

heat build-up and prevent carbonization to assist in producing a clean and smooth cut. 

Laser bone drilling is a very similar process. However, bone drilling requires further mechanical 

control and involves more complex planning and manipulation movements. Details on the laser 

bone drilling technique proposed by the author are presented in Chapter 5. 

In orthopaedics laser drilling for certain applications can be optimised. In the case of fractures 

for the femoral neck, a guide wire is normally placed in the femoral head to guide the fixation 

screws during the surgical procedure. Laser drilling can play a significant role in accurate 

placement of the guide wire. In this case a large spot size laser beam (- 1.5 mm) with a high 

energy density and a high repetition rate can be used to drill through a hole (approximately 1.5 

mm in diameter) to the required depth. This hole can be used as a guide for the surgeon to 

manually insert the 3 mm guide wire. Using computer guidance of the laser beam this leads to 

high accuracy in the placement of the guide wire which has the potential to improve the surgical 

outcome. 
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4.3 Er: Y AG Laser System Specifications 

Finding the appropriate Er: Y AG laser system with the desired specification was a major 

concern for this research work. Efforts were made to find the proper laser system, yet with no 

success. An Er: Y AG laser system was fmally found in the Physics Department at the 

University of Manchester. This system is a prototype Laser System which was built by the 

Department in the early 1990's. It is a flash-lamp pumped Er: YAG with a free space delivery 

(see Figure 4.13). 

Figure 4.13: Er: YAG laser system at the University of Manchester 

In this system the laser beam is directed onto the target via a focussing lens, and glass filters are 

used to reduce the energy level. Although, this Er: Y AG laser system was assumed to have a 

maximum output power of 5 watts (1 J/pulse at 5 Hz pulse repetition rate (PRR», when tested it 

showed much lower output levels. This drop in energy level may be due to aging, laser system 

misalignments, and / or changes in flash-lamps and lasing source (erbium rod) properties. A 

preliminary testing of the Er: Y AG laser system revealed the following issues. 

Variable laser spot size and the effective focal length: due to lensing effects within the Er: 

Y AG laser system, the spot size and focal length were not consistent. Variation in the laser 

pulse repetition rate or laser output power produced changes in the laser spot size. Therefore, a 

change in the energy setting required new measurements to obtain the laser spot size and focal 

length. Setting and measuring the spot size and the effective focal length was not an easy task. It 

requires a highly calibrated optical microscope and several measurements of the laser spot size 

to find the minimum spot size relative to the focal distance. Furthermore, during the 

measurement time the laser spot size may change due to laser power variation. 
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Variable pulse energy and power levels: the pulse energy is voltage, pulse rate and time 

dependent with maximum laser pulse energy of 293 mJ/pulse (at 1.2 kV and 3 Hz) 

corresponding to an output power of 881.7 mW. A maximum output power of 1.6 W was 

measured at 7 Hz corresponding to a laser pulse energy of 234.9 mJ/pulse. A minor change in 

the applied voltage level or pulse repetition rate may result in a major change in the pulse 

energy (Figure 4.14) and output power levels (Figure 4.15). Time also appears to be an 

important factor in determining the output power levels. As time passes the pulse energy levels 

appeared to drop. 

Energy Level as a Function of Pulse 
Repetition Rate 
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Figure 4.14: Laser pulse energy level as a function ofthe pulse repetition rate 
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Figure 4.15: Laser output power as a function of pulse repetition rate 

High attenuation effect of the glass filters: The glass filters had a very high attenuation effect 

on the laser energy and power levels as shown in Figure 4.16 and Figure 4.17. This was due to 
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low initial levels of laser pulse energy where the glass filters tended to reduce the energy level 

below the laser bone ablation threshold. This resulted in bone necrosis (damage) rather than 

cutting. The figures also show the effect of the pulse repetition rate on the laser pulse energy 

and power levels. 
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Figure 4.16: Energy levels as a function of attenuation fiJters PRR 
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Figure 4.17: Attenuation effects of glass filters and PRR on the laser power level 

Other technical problems: The laser system appeared to have some technical problems due to 

aging. These include; degradation in the laser rod (source) and flash-lambs, as well as problems 
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with the water cooling system. These problems limited the operation of the system over long 

period of time. 

4.4 Design of the laser bone cutting experiment 

The following experiment (Experiment 4.1) was prepared by the author to investigate the 

performance of the Er: Y AG laser during laser bone cutting and drilling in terms of ablation 

rate, cut quality and damage to the surrounding tissue. The aim of this experiment is to study the 

effect of different la er parameters on laser bone cutting and drilling and to deduce the most 

appropriate laser parameters for such applications and thus inform the design of a computer 

assisted laser ystem for orthopaedic surgery. The experiment also aims to validate the 

theoretical analysis, modifications and predictions, as well as laser bone cutting and drilling 

techniques presented earlier in this chapter. 

This experiment is designed to use a free space Er: Y AG laser source (Figure 4.13) and a one 

degree of freedom variable speed manipulation stage (Linear Drive). In this experiment the 

target bone is fixed to the manipulation stage and it moves in a plane that is perpendicular to the 

focused laser beam (Figure 4.18). The laser beam is focused onto the surface of the bone via 

optical lenses with different focal spot distances and spot sizes. The manipulation stage is 

manually positioned with the laser source in accordance with the lens focal distance. 

Er: YAG Laser 
Source 

Lens 

Free Space Laser 
Beam 

Focused Laser 
Beam 

Bone Samp le 
Manipulatio JI. Stage 

ManipulatioJl. Range 

Line ar Positioning Range (MaJl.uel) 

Figure 4.18: Basic laser bone cutting experiment design 
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4.4.1 Experiment 4.1: Laser Bone Cutting Experiment 

4.4.1.1 Objective: 

The aim of this experiment is to study the effect of different laser parameters on laser bone 

cutting and drilling, validate the theoretical analysis and predictions, and evaluate the cutting 

and drilling techniques. The experiment also aims to deduce the most appropriate laser 

parameters for such applications 

4.4.1.2 Material and measuring equipments 

• Er: Y AG laser system (2.94 J.lIIl) • Oscillator (frequency generator) 

• Water spray airbrush and smoke • Motor controlled positioning system 

evacuation systems (Linear or xyz translation stage) 

• Bone sample • Computer 

• Goggles (safety glasses) • Optical microscope 

• Measuring micrometer and calliper • Laser energy detector 

4.4.1.3 Experimental Setup and procedure 

The laser system to be used in this experiment is a free running Er: Y AG laser with a - 4mm 

multi-mode laser spot (with a fairly uniform power distribution over the spot area). This laser 

system has a maximum output power of 5 Watt or 1 J/pulse (pulse energy) at a repetition rate of 

5 Hz. It also features constant laser pulse duration of approximately 200 IJ.S. 

Setting up the laser power 

The laser output power and pulse energy can be adjusted either via attenuation filters, with 

known attenuation factors (10% ... 20% ... etc) , placed in the path of the laser beam or by 

controlling the voltage level applied to the laser excitation lamps. However; controlling the 

voltage level can affect other beam parameters such as laser spot size, power distribution form 

(or mode), pulse energy and pulse duration. This effect may lead to an increase in the 

experimental time for determining the beam parameters for the different voltage settings. 

Spot size setup 

Controlling the laser spot size is achieved using special laser optics (elements) with different 
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focal lengths (FL) and magnification factor M. Assuming infinite/infinite conjugates, positive 

and negative elements maybe utilised for such application as shown in Figure 4.19. The output 

laser spot size can be calculated by following equations. 

I~ d-71 

Figure 4.19: infinite/infinite conjugates 

Equation 4.7: Spot Size Calculations 

where 

M: is the Magnification 

M= -Fo = HI 
F; Ho 

d=Fo+F; 

Laser Spot size = 2H; 

-F 
Laser Spot size = 2 __ 0 Ho 

F; 

Fi: is focal length of the lens closest to the image 

Fo: is focal length ofthe lens closest to the object 

Table 4.1: Input/Output Spot Size & distance d 
Er:YAG 

Spot Size 2Ho 
(mm) 

Input lens 
Fo(mm) 

Output lens 
Fi (mm) 

I 

I Lens Output 
I Spot Size Hi (mm) 

Distance between 
Lenses d (mm) 

------~,-- --~I-------'~-----+-~----------"j-"-'"' ... -.--- .-.. ------.~--.~.- ···-····-·---·-·-----·-------·-1-· - - --.-_______ .. ___ . __ . __ .___ _ ______ " ___ '_"' __ _ 

I ! t ,-, ,---'----'t"--"------"---··,,-,,···-'----,,··- " .. -.-------".-"-------,, ... -.--.-+----.. _._-.- ".------.----.--.-, ----.----,,--.-.-.--------
i i 

On the other hand, for finite output, assuming an infinite source, a one lens system can be used 

in which the laser spot can be found at the focal point as shown in Figure 4.20. The laser spot 

size is detennined by the lens specific parameters such as f-number, focal length, numerical 

aperture (NA) and laser's wavelength. 
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Figure 4.20: Infinite/finite conjugates 

Here e is the full angle of the cone of light emitted by the lens and can be calculated as follows: 

Equation 4.8 

where 

NA is the Numerical Aperture of the lens. 

Given the value for e, the spot size along the line passing through the focus point could be 

calculated at any position relative to the focus point. The spot size (spot diameter) "h" at the 

distance L (Figure 4.20) for example can be calculated as follows: 

Equation 4.9: 

where 

h = (L - F) tan(O) + SpotSize 
2 

SpotSize is the laser spot diameter at the focal point. 

(L-F) is the distance of the spot from the focal point. 

Table 4.2: Spot Size as a function of (L-F) 
F L I Spot Size @F 

(mm) (mm) I (pm) 

r---' 
_ ... _._w_~ ___ ·· ._.-

--.- . -.- .- '--"-"-'~-----'--'-" .... 

4.4.1.4 Experimental Procedure 

eo I h 
Degree I (mm) 

In this experiment, it is suggested that the bone sample or the commercial hydroxyapatite (bone 

analogue) is fixed on a linear motorized stage facing the focused Er: YAG laser beam as shown 

in Figure 4.18. The motorised stage allows for the manipulation of the bone sample across the 

focused beam with high resolution and controllability. 
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Three motorised stages may be utilized to allow for XYZ manipulation. The manipulation speed 

and movement can be controlled by a computer based control unit. The laser irradiation of the 

bone must be limited to within the boundaries of the bone sample and cut specifications in order 

to avoid damage to the surrounding. The dynamic movement speed of the bone sample across 

the focused laser beam is very important in determining the cut depth, ablation volume and 

ablation time. 

During the laser irradiation, the bone sample can be moisturized with water spray by means of 

an airbrush water spray system. The water layer deposited on the cut area of the bone is used to 

prevent bone carbonization and to assist in providing a smooth cut. At the same time a smoke 

evacuation system (smoke filter) must be used to filter out the smoke generated by the laser 

bone interaction. This smoke filter reduces the potential hazards associated with the exposure to 

the laser interaction procedure. 

Safety glasses (goggles) must be used throughout the experiment to protect against any potential 

hazards due to direct or indirect exposure to the laser beam. 

This experiment consists of four sections; each of these sections deals with the effect of varying 

a specific laser parameter during bone ablation and cutting. 

Section I: The effect of varying laser spot size on bone ablation 

In this section the laser spot size (spot diameter C\)) will be varied from 200 J.UIl to 1.2 mm, while 

all other laser parameters including laser energy density, pulse energy, pulse duration and pulse 

repetition rate will be kept constant throughout this section of the experiment. Similarly the 

dynamic movement speed of the laser beam will also be held constant. 

The laser bone cutting takes place as the bone sample, placed at the focal point of the laser 

beam, is driven perpendicular to the focused beam at constant speed. This effect causes the laser 

beam to scan over the bone where the cut is to take place. The depth of the cut and the cut time 

is determined by the dynamic rate (speed) of the motorized stage. 

The motorized stage moves the bone back and forth across the focused laser beam several times 

for the complete cut to take place. The number of passes over the bone depends on the cut depth 

per pass and the bone volume to be cut. For this experiment it is suggested that the Er: YAG 

laser parameters are as follow: 

• Pulse repetition rate 15 Hz 

• Pulse energy 250 mJ/pulse 

• Pulse duration (t) 200 JlS 

• Dynamic rate (speed) 100 J.UIl /sec 

84 



Assuming that the Threshold fluence (Ft) = -10J/cm2, Setting the above laser parameters, this 

experiment would be carried out by varying the spot size only while recording and calculating 

the etch depth/pass, ablation volume/pass and ablation time for the specific laser spot size and 

bone volume; reporting the optimum laser parameters for bone cutting. 

Depth measurements can be attained using an optical or electron microscope. The ablation time 

can be calculated from the dynamic speed of the motorized stage and the number of overlap 

pulses. The acquired experimental data would be recorded in Table 4.3 and compared to the 

theoretical values plotted in Figure 4.21 and Figure 4.22. 
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Figure 4.21: Ablation time as a function of laser beam diameter with constant energy 
density 
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Table 4.3: Study of the effect of laser spot size on the etch depth and overall cut time with constant 
)ulse energy of 250 mJ/pulse 

i Bone Ablation 
Laser Beam Laser spot Over all Etch Depth / I Laser Energy I Volume to volume / 

Diameter I size area Density I be cut Pass I Cutting time 
pass 

J.Ull Cm2 J/ cm2 ! mm3 Ilm i mm3 
Sec 

0.000314 t 795.77_ ti - -- -----r-
0.001257 198.94 

200 
400 
600 
800 
1000 
1200 

0.002827 1 88.42 - -!----:1.==----= _ -=- -- I 
0.005027 49.74 i K ~i~~6 -}= -~fn----"I=~:==~==:~=~~·--t···r="~_":""="-=~-.:: .. ~~.~"-::'"::~ ... '-"'.' .. "" .. '.':~. :-~:::.~:.:.=~:::~ .... -' .-.... " .................. " .. -............. -.... _""." 

Section D: The effect of varying laser pulse energy and energy density on bone ablation 

In this section laser pulse energy will be varied from 100 to1000 mJ/pulse, while all other laser 

parameters including laser spot size, repetition rate and pulse duration are kept constant 

throughout this section of the experiment. Similarly the dynamic movement will also be held 

constant. Figure 4.23 shows the expected ablation depth as a function of energy density or 

fluence according to the modified equation of Beer's law. 
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Figure 4.23: Ablation depth as a function of energy density (Fluence) 

For the Er: Y AG laser it is suggested that all other parameters are as follow: 

• 
• 
• 

Pulse repetition rate 

Spot size(~) 

Pulse duration (t) 

10Hz 

500/lm 

200 JlS 

• Beam dynamic rate (speed) 100 J.Unlsec 

• Threshold tluence (Ft) 10 J/cm2 

• Bone volume 450 mm3 

Setting the above parameters, the experiment would be carried out by varying the pulse energy 

in steps of 100 mJ. This is achieved by setting up the laser system to deliver maximum energy 

of (1 J/pulse) and using thin film attenuation filters to allow for specific energy to pass through 

86 



(10%, 20% .. .. etc). The acquired experimental results for the specific pulse energy would be 

recorded in Table 4.4, plotted and compared to the theoretical values in Figure 4.23 & Figure 

4.24. Measurements of the etch depth/pass, ablation volume/pass are achieved using an electron 

or optical microscope. 
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Figure 4.24: Ablation time as a function of energy density (fluence) 

The overall ablation time is calculated from the motorized stage dynamic rate, the ablation 

volume/pass and the number of passes required to cut through a specific bone volume using the 

following equation: 

Equation 4.10: Ablation time calculations 

. . ( Bone Volume J AblatlOnTzme = (sec) 
2 X speed x length x depth 

where speed is the dynamic movement speed (mm1s), length is the cut length (mm) and depth is 

the cut depth (mm). 

Table 4.4: The effect of varying laser pulse energy and energy density (fluence) on bone ablation 

La er pulse Laser Energy Bone volume Etch Depth 1 Ablation Over all Cutting 
Energy Densit~ to cut Pass volume 1 pass time 

mJ (11 cm ') (mm3) (~m) (~m3) (min) 

100 25.45 

200 50.91 

300 76.36 

400 101.82 

500 127.27 

600 152.73 

700 178.25 

800 203.75 
900 229.18 

1000 254.65 
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Section m: The effect of varying laser pulse repetition rate on bone ablation 

In this section the laser pulse repetition rate (PRR) will be varied from 1 to 10 Hz, while all 

other laser parameters including laser spot size, pulse energy and duration as well as dynamic 

movement speed of the laser beam will be held constant throughout this section of the 

experiment. Figure 4.25 and Figure 4.26 show the expected ablation time and depth as a 

function of pulse repletion rate (PRR) according the modified Beer's law. It is suggested that 

the laser parameters are as follow: 

• Pulse energy 250 mJ 

• Spot size (q,) 500 Ilm 

• Pulse duration ('t) 200 Ils 

• Threshold fluence (Ft) 10 J/cm2 

• Dynamic rate (speed) 100 J1l1l /sec 

Setting the above parameters, the experiment would be carried out by varying the pulse 

repetition rate in steps of I Hz, recording and calculating the etch depth, ablation volume and 

ablation time for the specific pulse energy. The acquired experimental data would be recorded 

in Table 4. 5 and compared to the theoretical values of (Figure 4.25 and Figure 4.26) 
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Figure 4.25: Ablation time as a function of pulse repetition rate (PRR) 
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Figure 4.26: Ablation depth per pass as a function of pulse repetition rate 
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Section IV: The effect of varying laser beam dynamic movement rate on bone ablation 

In this section the bone sample would be fixed to a motor controlled positioning system 

(motorized translation stage) which can move it perpendicular to the laser beam at variable 

speed (dynamic rate). The speed will be varied from 1-200 J.lIIlIsec, while all other laser 

parameters including laser spot size, pulse energy, pulse repetition rate are held constant. It is 

suggested that all other laser parameters are as follows: 

• Pulse energy 

• Spot size (cl» 

250mJ 

500~ 
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• Pulse duration ('t) 

• Pulse repetition rate 

• Bone Volume 

• Threshold fluence (Ft) 

200 J.ls 

10Hz 

450 mm3 

10 J/cm2 

The experiment would be carried out by varying the dynamic movement rate while recording 

and calculating the etch depth, ablation volume and ablation time for the specific pulse energy. 

The acquired experimental data would be recorded in Table 4.6 and compared to the theoretical 

values (Figure 27 and Figure 4.28) derived by the modified Beer's law. Theoretically one can 

see that ablation rate (mm3/s) remains constant regardless of the dynamic rate. However, the 

dynamic rate highly affects the ablation depth/pass by increasing or decreasing the pulse 

overlap. 
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Figure 27: Ablation time as a function of dynamic movement rate (v) 
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Figure 4.28: Ablation depth as a function ofthe beam dynamic movement rate (v) 

Table 4.6: The effect of varying laser beam dynamic movement rate on bone ablation 
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4.4.1.5 Results 

Although this experiment was tailored to fit the assumed specifications of the available Er: 

Y AG laser system, the author was unable to perform this experimental procedure and obtain the 

required measurements. This was mainly due to the limitations imposed on setting-up and 

adjusting the different laser parameters and other technical problems associated with the 

available Er: Y AG laser system. 

Despite these limitations, a laser bone cutting experiment was carried out using the Er: Y AG 

laser system (Figure 4.13) which revealed some promising results. Figure 4.29 shows two 

images of bone cuts attained using a focused Er: Y AG laser beam. The images show very clean 

and uniform cuts with minor damage to the surrounding tissue (less than 10J.lII1 on either side). 

For this experiment the laser spot size was approximately 500 J.lII1 in diameter with a laser pulse 
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repetition rate of 3 Hz and energy level of 283 mJ/pulse. The cut depth of - 1.8 mm was 

measured using an optical microscope. The number of pulse overlaps was calculated to be 20 

giving an average ablation depth per pulse of 90 JlIIl. This result is plotted in Figure 30 against 

the predicted values of the Er: Y AG laser bone ablation using Beer's Law and the modified 

equation of Beer's Law (Equation 4.5) for Il is less than, equal to or greater than IIp. The figure 

shows that measured ablation depth (cut depth) far exceeds the results predicted by Beer's Law 

and is within the prediction range of the modified Beer's Law equation. 

Figure 4.29: Bone cuts using Er: Y AG Laser 

Measured Bone Cut Depth versus Predicted 
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Figure 30: Measured bone cut versus the predicted values by Beer's Law and the modified 
Beer's Law equation (Equation 4.5) for the conditions where (J.1) is less than, equal to or 
greater than (Ilp) 

4.5 Conclusion 

Different la er parameters have significant effects on ablation rate, depth, volume and time of 

biological tissue. These effects need to be clearly understood in designing an effective bone 

cutting ystem for orthopaedic surgery. For example, an increase in the laser pulse repetition 
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rate speeds up the laser bone-ablation process and increases the ablation depth. However, there 

are limitations imposed on the pulse repetition rate. For the Er: Y AG laser system the pulse 

repetition rate is limited to about 30 Hz. Above this limit interaction with the plume of 

vaporized material reduces ablation performance. This interaction could distort and bend the 

incoming laser beam resulting in a rough edged cut. The plume's mass absorption coefficient 

(Jl
p

) can have positive and negative effects on the laser ablation rate and ablation time. This 

depends mainly on the ratio between the mass absorption coefficients of the plume (Jlp) and the 

biological tissue (Jl). Thus sufficient time should be allowed for the plasma plume to leave the 

surface before applying a second pulse. This effect limits the repetition rate of the lasing pulse 

to a level that ensures the evacuation of the plasma plume before the arrival of the next laser 

pulse. 

On the other hand. for a specific set of Er: Y AG laser parameters there are limitations imposed 

on the maximum laser spot size (beam diameter) that can be used to cut through bone. A small 

spot size (in the order of 200 J..Lm in diameter) may result in higher ablation depths in 

comparison with a I mm spot size. However, a I mm spot size features a faster volume ablation 

rate than smaller spot sizes. This study shows that as the laser spot size gets larger (larger than 1 

mm in this case) for specific laser pulse energy the laser ablation time tends to increase. This 

increase in the ablation time is mainly due to the fact that, for a given laser pulse energy, the 

laser energy density decreases as the spot size increases. 

Furthermore, an increase in the energy density or pulse energy for a set of specific laser 

parameters may result in an increase in the bone-ablation depth and reduced ablation time. 

This study also shows that the cutting technique presented in this chapter seems to be very 

effective for laser-hard tissue ablation. This technique can easily be adapted to a robotic end­

effector which can accurately control the speed of laser waveguide manipulation (laser 

scanning) and hence control the ablation depth, rate and time. The experimental application of 

this technique for laser bone cutting showed a relatively clean and straight cut with evenly 

distributed ablation depths. 

The experimental results also showed that the Er: Y AG laser is an excellent candidate for bone 

ablation with an average ablation depth per pulse of 90 J..Lm and less 10 J..Lm damage to the 

surrounding tissue (for a specific set oflaser parameters). They also show that Er:YAG laser can 

cut bone with high selectivity and it has the potential to replace the standard cutting and drilling 

tools currently used in orthopaedic. 
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Chapter 5 

Robotic Delivery of Laser Radiation for Image Guided Orthopaedic 
Surgery 

S. t Introduction 

A key aim of this research is to investigate novel robotic delivery for image guided orthopaedics 

surgery by introducing a new laser based surgical tool. Thus, the project involves specification 

and design of an active robotic end-effector suitable for a laser delivery system (i.e. a laser end­

effector). In robotics, an end-effector is a device or tool connected to the end of a robot arm [FU 

87J. 

The laser End-Effector to be designed should be capable of performing the basic tasks of bone 

drilling, sawing and sculpturing with high accuracy, selectivity, flexibility and dexterity [STEV 

98j[HOWE 99J. It should also be able to provide positioning and perfonnance feedback. It should be 

designed with minimum degrees of freedom, yet, fulfilling all mandatory engineering and 

clinical requirements. 

This chapter first identifies the end-effector's design requirements and shows the overall system 

design as foreseen by the author. Secondly it presents a complete design procedure and design 

analysis for the laser End-Effector prototype. It also presents some illustrations of the bone 

cutting and drilling as foreseen by the author to justify some of the overall design requirements. 

The End-Effector prototype presented in this chapter is a three degrees of freedom (OOF) 

device, capable of robotic delivery of a laser beam to the surgical site. The mechanical design of 

the End-Effector is novel. It comprises of three major joints connected together with rigid links 

in a unique way whereby all joints manipulate about a single origin point. 

The chapter ends by summarising the major features of the laser End-Effector prototype and 

proposes future developmental phases required to attain a clinically approved commercial laser 

End-Effector. 

S.2 Design Requirements 

The design of the End-Effector is based on various sets of requirements. These include: 

• Clinical and surgical requirements 
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• Engineering requirements 

• Surgical laser requirements (introduced in Chapter 4) 

5.2.1 Clinical and Surgical Requirements 

The main clinically motivated requirements that have been considered are as follows: 

a) Clinical accuracy 

b) Clinical and environmental safety 

c) Functional scope 

d) Improvement to existing surgical outcome 

Under ideal conditions the End-Effector should be capable of positioning the laser spot (known 

as the laser front) with high accuracy (i.e. within ± 0.5 mm from the desired position [MAVR 97J) 

and repeatability. The End-Effector geometry and actuator control should feature fail-safe 

design even during power failure [HOWE 99J. It should not occupy a large area in the theatre room 

and it must not block the surgeon's working area. The End-Effector must have a functional 

scope that covers a number of orthopaedic surgical applications. However, the End-Effector's 

workspace should be constrained to cover just the surgical volume for a specific task. The End­

Effector should be "User Friendly". It must be easily fixed and removed and it should not 

require an engineer as part of the medical staff present during surgery. 

The End-Effector design must be clinically approved biocompatible and cause no hazards to 

patient, medical team nor environment. To prevent laser hazards (as mentioned in Chapter 4), 

debris from the laser-tissue interaction must be removed and the End-Effector speed and 

workspace should have a safe upper limit during surgery. 

The End-Effector aims to improve the surgical outcome by providing a new surgical tool that 

has some of the following features: high surgical dexterity, reduces surgical invasiveness, 

reduces tissue damage and reduces blood losses [HOWE 99] [PROU 96][LEA 94] , 

5.2.2 Engineering Requirements 

A performance goal of the designed End-Effector is to achieve an accuracy within ± 1 mm of all 

intended rotational and translational positioning of the laser front. The engineering requirements 

for the design of the laser End-Effector to achieve this goal may include: 

• Minimisation of design complexity (e.g. minimum number of degrees of freedom (DOF» 

• High design accuracy 
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• Selecting high accuracy, high repeatability, robust and reliable components 

• High accuracy machining of the different End-Effector's link elements 

• Precise and accurate assembly 

• Safe manipulation (in terms of speed and obstacle avoidance) 

• Confined functional scope 

• High accuracy and resolution feedback systems 

• High accuracy control system 

• Complies with the surgical, clinical and environmental safety requirements 

Other desirable engineering and design requirements may include: 

• Auto-lock when power is off 

• Low power consumption 

• Ease of control 

• Light in weight 

• Easy to fix and remove 

• Portable 

• Small in size 

The laser End-Effector should be capable of drilling sawing and sculpturing of bone. It should 

feature high flexibility and dexterity. The laser End-Effector is intended to be attached to a 

passive or active manipulator (Robot Arm). It should also provide automatic implementation of 

a surgical plan created pre-operatively or intra-operatively. Seeking to minimize the number of 

DOF for the End-Effector may result in increasing the DOF to the Robot Arm holding the End­

Effector. 

Besides the design of a robotic End-Effector and its control unit, the development of a feedback 

mechanism is required for controlling the laser front position within the surgical site. This is 

required to produce an accurate and effective laser cut. This feedback mechanism may include 

visual, auditory and sensory systems to provide a suitable computer based control unit with 

accurate positioning information, subsequently providing surgeons with a real time display of 

the surgical site during surgery. Techniques to provide this feedback control are discussed 

further in Chapter 6 Section 6.3. 

The following section gives a general overview of the interaction between the major design 

components including the navigation, optical tracking and monitoring systems as foreseen by 

the author. 
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5.3 y tern De igo for Laser Cutting for Computer Assisted Surgery 

The ystem design block diagram is shown in Figure 5.1 and Table 5.1. They show the major 

design components that form the overall system architecture. These include the Robot Arm, the 

laser End-Effector, the surgical tool (laser waveguide) and all control and feedback modules 

associated with the positioning system. The block diagram also presents other elements which 

are as ociated with the overall design (shaded blocks) and these are outside the scope of this 

chapter. 

This section di cusse the basic operating principle of the positioning system (Robot Arm and 

End-Effector). It also analyses each block independently giving more details on the design and 

interaction of these blocks. This thesis focuses on the un-coloured blocks in Figure 5.1. 
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Figure 5.1: Block diagram of a robotic laser cutting system for computer assisted surgery 
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Table 5.1: Information flow table for the block diagram in Figure 5.1. 

Label 

a 

b 

c 

e 

f 

g 

h 

j 

k 

d 

" -" "" '''. ~'''''''-'''''''''--'''''''r--~'~'r ''''''''''''''',-' "" 

Descriptions I Label l Descriptions 
, ',,"" .., ...... _ .• ~_,. ......... __ ~_~""._~ __ ,,_,."'''''~"''' ....... M.~ 

Setting the trajectory plan I L I Surgical laser beam 

Tra;ectory plan data input ; m ;Position FB data( Pulses) 
" , ! 

End-Effector and Robot arm initial positioning n lLaser enable (ON/OFF) and pulse rate control 
I 

Setting laser parameters: pulse energy, spot size ... : 0 ;FB on manipulation speed, cut depth & position, 
f t 

Laser beam parameters 

i Robot arm position control signals (output) 

,End-Effector position control signals (output) 
I 

End-Effector base position 

Laser beam position control (Front End position) 

DSA !Direct surgical application /System override 
, I I IR 0-1 I Infrared signals for position tracking system ! 

I LF-in IReflected laser beam (from laser front position)' 

I LF-out ITime of flight / laser front position 
! ! 
INS-out 14x4 transformation matrices on patient surgical· 
I ' 

'End-Effector's optical encoders output pulses' ! site, front End and End-Effector base 

Robot's arm optical encoder output pulses i P {Laser energy level detection control signal 
• ", """, ".< ,',"_,_", "",~._""L, '~""~_' __ """" _~ __ '" ' 

The Master (The Surgeon) 

The Master represents the surgeon who controls the manipulation of the active robotic arm. The 

surgeon defines the surgical plan [PHIL 95] for the surgical procedure that controls the 

manipulation and positioning of the Slave (the Robot Ann), the laser End-Effector and the 

surgical tool parameters (laser beam parameters) [NIEM 96][IVAN 00] for the specific surgical 

procedure. 

The PC-Based Control Unit 

The PC-based control unit provides the surgeon with feedback on the Robot Ann and End­

Effector manipulation, bone cutting and drilling speed, and the laser front's position and 

direction. The control unit is directly guided by the surgeon typically through an image-based 

trajectory plan. It is highly desirable that the control unit controls the position and the 

orientation of the Robot Ann and the laser End-Effector, to switch the laser system on and off 

and control the End-Effector's manipulation speed and laser pulse rate. This unit should also 

display feedback information on the End-Effector manipulation and the performance of the laser 

during surgery. In addition to the direct control inputs (Figure 5.1), it is desirable that the PC­

based control unit receives position feedback information from the Robot Arm, the End-Effector 

and the surgical site through the different feedback modalities as indicated in Figure 5.1. 

The Robot Arm (The Slave) 

The Robot Ann is basically an active or passive manipulator [FU 87]. It is to provide manipulation 

and positioning of both the laser End-Effector and the surgical tool to a finite range within the 

surgical workspace. Passive manipulators could be positioned manually by the surgeon while its 
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position and orientation are directly monitored by the control unit, which guides the surgeon for 

high positioning accuracy. On the other hand, in the case of an active manipulator, the active 

robot arm may get its position control commands (trajectory plan) from the Master (Surgeon) 

via the PC-based control unit and positions itself accordingly. 

The robot arm should provide high accuracy and dexterity in manipulation, positioning and 

orientation. It should be designed to meet all engineering, clinical and safety requirements and 

cause no hazards to the patient, surgical team or environment. 

The Surgical Control Unit (Laser Controll 

The surgical control unit controls the activation of the surgical tool (laser beam) and sets the 

required laser parameters (pulse duration, pulse energy, spot size and application time) [NIME 96]. 

This surgical control unit gets its surgical tool performance feedback information through the 

PC-based control unit. This assumes direct access of the control panel of the surgical control 

unit by the PC-based control unit (to enable automatic control). Given the proper feedback 

information, it is highly desirable that the surgical control unit is capable of automatically 

controlling the laser output level, pulse rate, spot size and activation time during surgery. It also 

helps prevent accidental tissue damage and other hazards. 

5.4 Bone Cutting, DriUing and Sculpturing Techniques 

The following techniques are proposed by the author for bone cutting, drilling and sculpturing 

using the laser End-Effector. These techniques require pre-surgical 2D or 3D images ofthe bone 

at the surgical site. These images provide the surgeon with information regarding the cutting 

area and bone shape. During the trajectory planning, the surgeon specifies the surgical 

boundaries (Dashed line Figure 5.3) of the cutting area, which confines the manipulation of the 

surgical tool (laser End-Effector). 

Bone Cutting Technique 

Figure 5.2 gives an illustration of the bone preparation (cutting, drilling and sculpturing) for 

Total Knee Athroscopy TKA with the number of OOF required for bone cutting. This figure 

shows that bone cutting may require only 2 or 3 DOF. This in effect sets the number of degrees 

of freedom requirement for the laser End-Effector design. 
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Figure 5.2: TKA bone preparation and the required DOF for bone cutting 

The bone cutting technique shown in Figure 5.3 suggests that laser bone cutting requires a 

minimum of two degrees of freedom. These include rotational and linear movements about the 

origin of manipulation. The rotational movement allows the laser waveguide to swing between 

points on the bone boundaries (Figure 5.3) while the linear movement drives the focused laser 

beam into the bone. 

As the focused laser beam swings over the bone at constant speed, it cuts through at a relatively 

constant depth in an arc form. The beam is then driven forward toward the bone for the 

following swing. Laser bone cutting is a repetitive process in which the laser beam swings over 

the target until the cut is complete. 

Diagonal cutting on the other hand, requires a minimum of 3 degrees of freedom where 

horizontal and vertical manipulations are required in conjunction with linear manipulation. 

However limiting the End-Effector degrees of freedom would impose limitation on the 

different cutting angles and shapes. Hence, care must be taken during trajectory planning and 

End-Effector initial positioning. Laser bone cutting is highly dependent on the laser parameters, 

laser manipulation speed and bone characteristics. The latter plays an important role in 

determining the cutting rate, depth and time. Since cortical bone may require more laser 

irradiation time than other bone tissue, a high accuracy feedback technique may be required to 

determine the la er penetration depth (laser front inside tissue). 
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Figure 5.3: Laser bone cutting technique with a flXed focus beam 

Bone Drilling 

Bone drilling i anoth r form of bone ablation. The laser beam tends to form round holes with 

diameters roughly qual t th beam (focal spot size) diameter near the surface [ALLM 98]. 

However as the hol grow d p r it usually narrows below the surface. The reason for this 

phenomenon is the 'channelling of the beam by the steep wall of the hole. This channelling 

keeps the beam power concentrated near the axis of the hole as the ablation point advances into 

the bone. [ALLM 9 J. 

Different approache and different drilling techniques may be adopted depending on the size of 

the hole (i.e. diameter and depth). To drill a very fme hole less than 0.5 mm in diameter for 

example require the focu ing of a laser beam on the bone surface in the direction of drilling. 

The depth of the hole dep nds upon the laser pulse energy, pulse rate, spot size and irradiation 

time in addition to bone density IEM 96] [ALLM 98]. The drilling technique in this case may involve 

the utilization of only one degree of freedom after setting the End-Effector's initial position. 10 

this technique a linear drive can advance the laser focal point (i .e. laser front) towards the target 

as the hole get d p r in ide the bone. When taking the channelling phenomenon into account 

then it may be po ible to maintain the focal point fixed on the surface. On the other hand, to 

drill a large diameter hole the technique involved may require a minimum of 3 degrees of 

freedom. In thi technique drilling is done through a layer etching process (sculpturing). This 

proces in 01 e th following: 

• 
• 
• 

Fixation of the target bone (relative to the laser front) 

Setting of the initial p sition of the laser wave guide along the axis of drilling 

Scanning manipulation) of the focused laser beam on the surface of the bone within the 

hole boundarie etching through the bone. 
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After the initial position is set the scanning process may require all three degrees of freedom to 

perfonn the etching. This etching technique for drilling is described in Figure 5.4 and Figure 

5.5. These figures show the laser drilling process assuming a laser beam drilling diameter 

equivalent to the laser spot size on the surface of the bone. In this technique, drilling is an 

iterative process in which the beam is scanned within the hole boundaries; etching bone layers. 

The drilling technique shown in Figure 5.4 suggest that the End-Effector's origin of 

manipulation is fixed at a point along the axis line passing through the centre of the hole with its 

laser waveguide initially set to point towards the centre. The laser beam is then scanned within 

the boundaries of the hole etching through at relatively constant depth. A complete laser scan of 

the hole diameter results in an etched layer of bone where its depth depends on the laser 

parameters, manipulation speed and etched bone characteristics. The number of layers required 

for the laser to drill through the required depth depends upon penetration depth for each 

individual layer. 

The drilling technique shown in Figure 5.5 suggests that the laser beam drills through the bone 

in an angle. To avoid drilling outside the required hole boundary, the maximum drilling and 

manipulation angle needs adjusting by an angle equivalent to the angular resolution of the 

manipulator Figure 5.5 (also see Section 5.4). The number of adjusted maximum drilling angles 

is independent from the number of etched layers and can be calculated as follow 

where 

Ndma 

Ndma =191 ~9nl 
where 

9 = sin-I(IPh -IPB 1 
1 2L 

1 

9 =sin-I(IPh -IPB 1 
n 2L 

n 

is the number of maximwn drilling and manipulation angles 

is the maximum angle within the hole boundary between the surface of the bone 

and the origin of manipulation 

is the maximum angle within the hole boundary between the deep end of the 

hole and the origin of manipulation 

is the manipulation angular resolution (the smallest manipulation angle) 

is the hole diameter 

is the laser beam diameter (spot size) 

is the distance of the laser front to the origin of manipulation 

102 



.. 

Hole 

~ 
Etched layers 

Bone 

sea ni rg process 

Figure 5.4: Laser scanning process 

• 

Figure 5.5: Laser drilling technique 

The abo e drilling technique results in a hole with a screw edge like 'teeth' , as shown in the 3D 

model of Figure 5. 6. The tooth magnitude "t" is calculated as follows: 

where 

t = (Ln - Ln_1 )sin( On) 

where 

Ln =Lo +D 

0" =tan-t~2 J 

is the distance from the laser front to the End-Effector origin of manipulation 

where L is the initial length 
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0" 

D 

fP" 

is the angle of the laser beam measured with respect to the axis passing through 

the centre of the hole 

is the required depth of the hole 

is the required hole diameter. 

A 3 mm hole with the depth = 120 mm for example would have teeth magnitude ranging 

between 53.6-79.0 flm which represent 3.6 - 5.2 % of the hole diameter. Practical experiments 

are needed to conftrm these results and to provide insights into the best way to refme further this 

laser drilling technique. 

Figure 5. 6: A 3D AutoCAD IAUTO 001 model of a laser driUed hole cross section 

Bone Sculpturing 

The bone sculpturing technique is a combination of bone drilling and bone cutting techniques. 

Although sculpturing can be achieved with only 3 DOF, limitations are imposed on the shape 

size and type of the sculpturing. 

5.5 Description of the Laser End-Effector 

The laser End-Effector is a core component of the research of this thesis. It has been designed 

by the author to meet the manipulation and application requirements (reviewed in Section 5.2) 

for use of a specific surgical tool (i .e. the laser waveguide) to the surgical site. The design and 

calculations have been carried out using AutoCAD and MathCAD respectively, in accordance 

with the engineering and clinical requirements. However, the End-Effector was not 

implemented due to cost and other logistic issues. 

The nd-Effector's manipulation has been limited to three degrees of freedom due to the 

requirements of surgical application, i.e. bone cutting, drilling and sculpturing. It comprises of 

two revolute and one prismatic joint connected together with rigid links. These joints are driven 
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by high positioning accuracy and high torque stepper motors, gearboxes and a leadscrew. The 

first revolute joint (Figure 5.7) has an axis of rotation parallel to the Z axis and can rotate ±30°. 

The second revolute joint has an axis of rotation parallel to the X axis and can rotate ±30°. The 

maximum travel for the third joint is 160 mm in the direction of the longitudinal Y axis. These 

values are selected in accordance with the orthopaedic surgical requirements. They allow for 

medium range functionality scope work volume and high functional flexibility for bone cutting 

drilling and sculpturing. 

The functionality scope of the End-Effector is much less than that of the robotic arm, yet it plays 

the important role of fine tuning and accurate poisoning and manipulation of the surgical tool 

(laser waveguide). The End-Effector design incorporates stepper motors as the main driving 

force and high resolution optical encoders for position and orientation feedback. 

Information regarding the position and orientation of the End-Effector and the laser waveguide 

are fed back to the control unit via the position feedback circuits, navigation system, and a laser 

front position feedback system. The feedback information provided would probably be in the 

form of pulses (pulse train), transformation matrices, and time. This information holds the 

position and orientation parameters of the End-Effector and the surgical tool relative to a fixed 

reference frame (for example the origin of the optical tracking system). This feedback to the PC­

based control unit enables accurate and fine positioning of the laser waveguide within the 

surgical site. 

The supporting structures [Appendix c: AutoCAD Blueprints) of the End-Effector are made out of 

aluminium to provide high strength and low weight specifications. For maximum ease in 

manipulation, the centre of mass for each component as well as the overall joint centre of mass 

were calculated and taken into account during the design process. The overall joint centre of 

mass was then aligned, to a specified accuracy, with the centre (origin) of manipulation. This 

helps reduce the effects of inertial forces and torque during manipulation. An illustration of the 

End-Effector's joint's movements about the centre of manipulation is presented in Figure 5.8. A 

description of each of the three joints of the End-Effector is given in the following sub-sections. 
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Figure 5.7: The End-Effector illustration of the joints and links 

Figure 5.8: End-Effector's movements' illustration 

5.5.1 End-Effector Joint-l 

10int-1 fonus the Back Bone" of the End-Effector and the link to an active or passive 

manipulation system [LERN 99). It is a revolute joint which has an axis of rotation parallel to the Z 

axis and can rotate ±30°. It was designed to allow for fine and accurate manipulation. It 

comprises of (Figure 5.9): [ONDR01J[Appendix E: Data Sheets) 

• Stepper motor 

• Reduction gearbox 
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• Gearbox output shaft 

• Optical encoder and coupling 

• Radial thrust bearings 

• Bearing hou ing 

• Stepper motor - gearbox coupling 

• Links and support components and fixtures 

This joint is capable of supporting the weight and the movements of the other two joints and can 

overcome the inertial forces of the attached joints. Joint-l is responsible for the rotation about 

the Z axis (rotation in the XY plane). The laser front end position and rotation angle are 

determined by an optical encoder attached at the output of the gearbox along the line of rotation. 

Stepper M -Geabox coupling 
\ 

End-Effector Robot Link 

Figure 5.9: Joint 1 of the End-Effector assembly components 

5.5.2 End-Effector Joint-2 

Joint-2 is responsible for the vertical manipulation. It is a revolute joint [FU 87) which has an axis 

of rotation parallel to the X axis and can rotate ±30° for from a fixed zero point. This joint 

consist of: 

• Stepper motor 

• Reduction gearbox 

• Optical encoder 

• Gearbox output shaft 

• Optical encoder input Shaft 

• Radial thrust bearings 
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• Stepper motor - gearbox coupling 

• Joint links and support components and fixtures 

This joint fonns the link between joint 1 and joint 3 and it supports the weight and movement of 

the components in joint 3. It is also responsible for the vertical manipulation of the laser 

waveguide [KOW 96)[WA G 97)[MATS 00] by rotating about the X axis Figure 5.1 O. The optical encoder 

in joint-2 i connected along the line passing through the gearbox output shaft to directly 

measure the rotating angle and hence determine the laser front end position. The positioning of 

the encoder at the gearbox output allows for high resolution measurements thus reducing the 

positioning error. 

Optical Encoder 

\ 

/' 
Encoder Holder 

~ 

Gearbox Output 

/. Shaft 

Joints Link & Supports Radial Bearings 
Rduction Gearbox 

Figure 5.10: Joints-2 and assembly components 

5.5.3 End-Effector Joint 3 

The third joint is a prismatic one [FU 87] . It fonns the third degree of freedom. This joint is mainly 

responsible for the linear manipUlation and positioning of the laser waveguide in the Y axis 

direction during the surgical application. In this joint the power is transmitted by a stepper 

motor driven leadscrew [Appendlx E: Data heelS) forming a linear drive. This joint consists of (Figure 

5.l1): 

• 
• 
• 
• 
• 
• 

Stepper motor 

Anti-backlash Miniature leadscrew and nut combination 

Radial thrust bearings 

Bearing support housing 

Linear shaft-guides 

Linear bearings 
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• Laser waveguide 

• Laser waveguide holder/driver unit 

• Links and support components 

Other supporting components include: laser waveguide and waveguide holders. Positioning in 

this joint is controlled by the number of pulses applied to the stepper motor; however, an 

additional linear encoder [Appendix E: Data Sheets) may be built into the design to give a more accurate 

linear position measurement. 

Rear Support 

Anti-bachlash Nut 

Figure 5.11: Joint 3 the linear drive 

5.6 Design Considerations and Selection of Components for the End-Effector 

All design components and parts were selected and designed according to the engineering 

requirements. Summarized below are some of the components applications, specifications and 

features. 

5.6.1 The Stepper Motors 

The stepper motors used in the design were selected to fulfil the engineering design 

requirements. They provide high output torque and accurate positioning with low power 

consumption. They were selected to provide the required power for the attached components 

and overcome their inertial forces and input torque. They also feature: [Appendix E: Data Sheets) 

• Compact and low weight 

• Step angle =1.80 per steps (200 steps / revolution) 
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• Excellent speed torque relation (to allow rotation at high speed while maintaining high 

output torque Figure 5.12) 

• High torque per volume 

• In addition to other control parameters such as rated voltage and current, and maximum 

control pulse frequency (15 kHz) 

Motor Speed and Manipulation Time Limitations 

The data provided by the stepper motor manufacturer, indicates a decrease in the motor's 

pullout torque [Appendix E: Data Sheetsj as the running speed increases (Figure 5.12). This in effect 

imposes some limitation on the joint's manipulation speed and time. 

The gearboxes at the rotational joints require a minimum input torque of 0.271 Nm. This 

gearbox requirement limits the stepper motor manipulation speed to a value less than or equal to 

300 Rpm (or 1 kHz pulse speed) causing an increase in a joint's manipulation time. 

On the other hand, to drive a leadscrew assembly (Joint 3) the motor speed should not exceed 

the maximum leadscrew allowable speed provided by the manufacturer (lOO mm/s) [RELI OO][DAVA 

n.d.j. As the required motor torque to drive a leadscrew assembly should be greater than the sum 

of: inertial torque, static friction torque and the torque to move the load [Appendix E: Data Sheetsj [RELI OOj. 

This is in addition to the torque values associated with the driving and supporting components 

such as the radial and linear bearings, and the coupling components. The calculations for the 

various torques of the leadscrew are as follows: 

The leadscrew inertial torque (T/) 

1'; =Ia 

where 

I = inertia of the leadscrew (8.34 x 10-7 kgm2) 

a= Angular acceleration (rad/s2
) (a. = 0 for constant angular velocity (w» 

Leadscrew static friction torque (T.tl 

According to manufacturer information [RELI OOj, the miniature leadscrew used in the design have 

a typical static friction torque < O.OO7Nm 

110 



Torque to move the load (T,) 

The torque to move a certain load is a function of the lead and the efficiency of the leadscrew 

assembly. 

T. 
- LoadxLead Jl r 

, - IVm 

27r X Efficiency 

where the lead for the selected leadscrew is 10.85 mm and the efficiency = 84% 

For a given load of 1 N, T, is approximately 0.002 Nm. Thus the overallleadscrew drive torque 

would be (0.009 Nm). Taking the above data and calculations into account while selecting the 

leadscrew assembly driving motor, one can see that the selected motor specifications fit the 

design requirements . 

• PK235PB Bipolar (Series) 
Bipolar Constant Current Or t-ier 
Wi1h Il3mper D4CL-5.0F: JL" 0.1B6 crz-inl (34 x 10' 1 kg .J1i!) 
Step Angle t lfl3tep 

0.4 
60 - 24 VD 

Bipola r Series (0.85 AlPhase) - - - 4BVD 

50 

- 0.3 .'F 40 E 
:Z ~ 
~ 0.2 ~ 30 

~ 
~ Cl 

t- 20 

0.1 
10 

0 0 

"r': '" • i ... ~ , 
':,,-I\. 

~ '. ~ 
..... 

" .' I". ~. 
1\ r-..", 

~ ~UIlOut Torque , .. -. 
Is fs. 

1000 1500 2000 2500 
Speed Ir/min] 

, , 

o 2 4 G Full Step 
Pulse Speed 1kHz] 

Figure 5.12: Stepper motor torque characteristics IAppendlx E: Data Sheets) 

5.6.2 The Reduction Gearbox 

The selected reduction gearboxes [ONOR 01] provide high position accuracy of the End-Effector 

front end, and it magnifies the output torque of the attached stepper motors. It transmits the 

stepper motor output power to the moving parts at reduced speed and magnified torque [MERI 93] . 

The selected high gear ratio (1 20:1) allows for fme output resolution and precise manipulation. 

These gearboxes feature 

• Compact and lightweight 

• Low backlash value (8') 

• High output torque 

• High input speed 

• Low cost 

111 



The net effect of backlash [ONOR OI][RELI OO][OAVA n.d.) on the front end of the cutting tool ranges 

from (0 .29 - 0.75 mm) depending on the length of the laser waveguide. This effect may be 

eliminated by selecting an anti-backlash gearbox. The gearbox output power and torque 

parameters were selected based on inertial [MER! 93) and torque calculations for the moving parts 

of the End-Effector. 

The Gearbox Input Torque Requirements 

According to data provided by the gearbox manufacturer [ONOR 01), the required input torque can 

be calculated by the following equation: 

T T = oul +T 
In G G FT 

R X E 

where 

T ill is the input torque 

T OIII is the output torque 

GR is the gear ratio 

GE is the gear efficiency 

TFr is the friction torque (ranges from 0.1 - 0.2 Nm) 

In addition to the gear ratio the gearbox output torque is highly dependent on the running speed. 

Figure 5.10 and Table 5.2 show that the gearbox output torque drops as the motor speed 

increases and the maximum output torque is achieved at low running speed. The calculated 

gearbox input torque shown in Table 5.2 suggests that the driving stepper motor should have a 

minimum pullout torque of 0.271 Nm to overcome the gearbox input torque requirements. 

Gearbox Input-Output Torque as a Function of 
Motor Speed 

3.0 

E 2.5 

2:-
~ 2.0 
e-
o 
~ 15 
~ 
Cl. 

:; 10 o 
~ 
~ 
Cl. .= 0.5 
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Motor Speed (Rpm) 

.T out' 

EHln 

Figure 5.13: Gearbox input/output torque versus input speed at 120:1 gearbox ratio 
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Figure 5.13 shows that the gear box output torque drops as the motor speed increases, however, 

this torque decrease is not very significant within the range of operation. 

Table 5.2: Gearbox Output Torque Nm IONDROII 

I Output Torque 
I 
I 

Input Tor ue for Gear ratio =120:1 I 
" 

Ratio I ! i 

"120'1,, 1 Gear Gear Friction! Input 
Rpm' I " 10:1" I " 12:1" "15:1 " "20:1" "30:1" "60:1" 

. IEfflCienc~ Ratio TorquerrorquE 
Input "J ! Max 

I 
_,_t ,L __ _ ,JAL _ _ ,,?, .. :L ___ I ! 3000 1.,.4_ _1.5 _ ,_ 1..!§ ___ ..J .. :?~--+ ___ 9..!.:J.,L , 120 

~~~:~=J~~'~ii' r 
-,,-,-

_ 2000_ 1.7 1.7 _ ' 1,.8"",_" _______ 1,,~ __ ___ ?,1, __ _,_,?,1 ,_, 1.42 I 0.32 120 

1000 2.1·_t 2.3 __ _ 2.3 ___ __ ?,L_ .. __ ..J.2 _ -.?:.~-.. - -=~1-.7-l~~i~i=- _1_~9 ___ _Qc~U .. Q:.~~_ .. 
500 2.7 2.7 2.8 2.9 3.2 3.5 1.94 i 0.32 120 0.2 ' 0.251 ---r-

!-~ 3.7 3.9 4.1 2.27 I 0.32 120 0.2 , 0.259 200 33_ _3.5 -,-
lOO 3.9 I ~g -r- .11 4.2 4.3 4.5 2.55 I 0.32 120 0.2 ! 0.266 

50 4.4 
, 

4.5 4.5 4.6 4.7 4.8 2.72 J 0.32 120 0.2 10.271 - -
10 4.8 4.8 4.9 4.9 5 5 2.72 I 0.32 120 0.2 10.271 

The Impact of Gearbox Ratio on Speed, Time and Resolution 

The gearbox ratio has a very significant influence on the manipulation and positioning speed, 

time and resolution. As the gearbox ratio increases the output manipulation speed decreases 

causing an increase in positioning time. However, the best resolution can only be achieved by 

high gearbox ratio. Therefore, to select the proper gearbox one has to compromise for the 

positioning time to achieve best output resolution. 

Gearbox Output Speed 

The impact of gearbox ratio on the output speed is shown in Figure 5.14 and Table 5.3 . In 

addition to the gear ratio speed limitations the gearbox output manipulation speed is also limited 

by the speed of the driving stepper motor and the gearbox input torque requirements. The 

maximum stepper motor speed that fulfils the gearbox input torque requirements is 300 Rpm. 

Table 5.3: Gearbox output speed as a function of stepper motor (input) speed and gear ratio 

In ut ----'-
~~r Motor S..Q.eed 

(Rpm) 

3000 

2000 ________ t-

1000 
1---

500 
- ---"3-00- ·-

200 

100 

50 

10 

Rev/sec Rev/sec Rev/sec Rev/sec I Rev/sec Rev/sec Rev/sec 
ratio = 10:1 I ratio=12:1 ratlo=15:1 ratlo=20:1 I ratlo=30:1 ratio=60:1 rati0=120:1 , 

- - - -- - ---0.333 0.278 0.222 0.167 0.111 0.056 0.028 --- -
0.167 0.139 0.111 0.083 0.056 0.028 0.014 -.- -~ --0.083 0,069 0,056 0.042 0.028 0.014 0.007 -- ,-
0.017 0.014 

1 0.011 0.008 0.006 0.003 0.001 

• Maximum running speed 
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Gearbox Output Speed as a Function of 
Motor Speed and Gear Ratio 

6.00 

0.00 
o 500 1XXl 1iOO 2<XXl 2SOO 3(0) 

Stepper Motor Speed (Rpm) 

-+- ratIO = '1):1' 
__ ra1l0=' 12:1' 

ratlO='1;:1' 

~ ra1l0='30:1' 
___ ra1lO='60:1' 

_ ra1lO='120:1' 

Figure 5.14: The impact of gear ratio on the gearbox output manipulation speed 

Gearbox Positioning Resolution 

The gearbox positioning resolution is highly affected by the gear ratio and the linear positioning 

distance from the origin of manipulation. Table 5.4 shows that high gear ratio feature small 

angular resolution per step which indicates a fine positioning resolution. The gearbox 

positioning resolution is also controlled by the distance of the laser front end to the origin of 

manipulation as shown in Figure 5.16. The figure shows that the best resolutions are achieved at 

high gear ratio and smaller positioning distance. 

Table 5.4: Gearbox angular and positioning resolution 

Input I Output 

Gear Ratio : 1 10 12 15 20 30 J 60 120 
t- - .- -.- ._---_ .. -_. _~_HH.~_"_H .... _ . M._.H_ .. H_ .. _ .... · __ ... _ .... _____ ._. __ .. __ ._"",-_ .•... _ . . -.. ·-·-O'060----r- -O~030 .. --· __ H . . ..... ___ .. _._._ ..... ..-._ 

~ep ~~gle ~ 0) 1.B 0.18 0.15 0.120 0.090 0.015 
-- -_._-_ .. ._----

!Step Angle «9 rad) 0.031416 0_00314 0.00262 I 0.00209 0.00157 0.00105 0.00052 0.00026 

Distance Positioning Resolutlon= 2rsln«6I2) mm [r] 

200 mm 0.628 0.524 I 0.419 0.314 0.209 0.105 0.052 - 240 mm 0.754 _° .628-1-_0.503 -.- 0.3n 0.251 0.126 0.063 
.- ---- - - - - -- ... _.- - - - - --

280 mm 0.880 0.733 0.586 0_440 0.293 0_147 0.073 
-"-'- --- ._ ......... _ ... ' ... , .. '.- --_.-t .-- -... ------ . -._----- "-_ . -_ .. -_.- -_._-_ ... __ ._ .......... . _ .. 

-.~.----

320 mm 1.005 0.838 t 0.670 0.503 0.335 

- ~~:-.-.. + 0.084 .- ---._ .. - -_. __ ._ . . _.- . _ ... 
,,-~ . .. -- ----- --.--_. --_ . .. - .. -- --~--.-.--- '--""'-'''--'-''-'' .~- .. .... -.. - ---.. 

360 mm 1..131 0.942 0.754 0.565 0.377 0.094 
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Angular Resolution as a Function of Gear 
Ratio 
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Figure 5.15: Angular resolution (Step Angle) as a function of gear ratio 

Positioning Resolution as a Function of 
Linear Positioning Distance 

1.2 
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Figure 5.16: Gearbox positioning resolution as a function of gear ratio and linear positioning 
distance 

Gearbox Positioning Time 

The gearbox positioning time is a function of gearbox ratio, stepper motor speed and the 

manipulation angle. As the gearbox ratio increases its output speed deceases causing an increase 

in positioning time (Figure 5.17). Similarly an increase in manipulation angle results in an 

increase in positioning time. Figure 5.17 shows the effect of gear ratio on the manipulation time. 

Figure 5.17 shows that better (shorter) manipulation time can be achieved at a low gear ratio, 

however, a lower gear ratio results in a larger positioning resolution Figure 5.16. 
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Manipulation Time as a Function of Rotation 
Angle, Motor Speed and Gear Ratio 
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Figure 5.17: Manipulation time as a function of gear ration manipulation speed and rotation angle 

5.6.3 The Optical Encoders 

The optical encoders used in the design are high resolution rotary incremental mini-encoders. 

They are attached to the End-Effector revolute joints to accurately measure the joint's rotation 

angles relative to an initial zero position. This can be achieved by converting the optical encoder 

output data into an equivalent rotation angle. This in effect results in accurate measurement of 

the rotation angles despite the different joint errors and backlash values (discussed further in 

Chapter 7). These optical encoders [Appendix E: Data Sheets] were initially designed for applications that 

require high resolution in a very small packaging. The encoder also features: 

• Long life LED illumination (> 100,000 hours) 

• Differential photo-detectors for signal stability 

• Differential line drive output for noise immunity 

• Zero index signal 

• Monolithic integrated ASIC for internally interpolated resolution up to 10,240 cycles Irev 

(40,960 counts I rev) 

The optical encoders play important roles in measuring the positioning and orientation of the 

laser front end by sending real time data to the PC-based control unit. 

5.6.4 Miniature Anti-backlash Leadscrew-Nut Combination (Joint 3) 

Many factors contributed to the selection of the leadscrew - nut combination used in the design 

of Joint 3 (the linear drive). These factors include: [ONDR OI][REU 00] 
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• Maximum load • Accuracy 

• Traverse speed • Efficiency 

• Lead • Environmental constraints 

• Backlash • Cost 

• Drive torque and Back drive torque 

The selected leadscrew-nut combination feature 

• Zero backlash • Repeatability 0.0015 mm 

• Lead 10.85 mm • Unloaded friction torque < 0.007 Nm 

• Lead accuracy 0.0006 mm1mm • Efficiency 84 % 

The lead value of the lead screw is a very important factor in the design. This value in 

combination with the stepper motor specification can determine the maximum resolution and 

the positioning time as follows: 

Linear Positioning Resolution (R) 

Linear Positioning Time (P1) 

where 

R = Lead (mm / rev) mm1step 
Steps/ rev 

PT = __ D--,(_m_m..;...)_ 
LPS(mm/sec) 

sec 

D is the leadscrew distance of travel from the origin of rotation 

LPS is the linear drive positioning speed which can be calculated as follow 

Linear Positioning Speed (LPS) 

. Lead(mm/ rev) 
LPS = MotorSpeed(rev/mtn)x--..:.....-_-.;;... 

60(sec/min) 
mm1sec 

The data provided by the leadscrew manufacturer [RELI (0) suggests that the maximum allowable 

linear traverse speed is 100 mm1sec. However, the drive torque requirements for the leadscrew 

assembly limit the traverse speed to a much lower value. 

The maximum linear traverse speed is controlled by the stepper motor speed and the leadscrew 

lead value. The figures in Table 5.5 show the effect of the lead value on the manipulation and 

positioning speed, the positioning time, and the linear positioning resolution. These figures 

show that a larger lead value allows for faster manipulation and less positioning time; yet they 
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provide a larger positioning resolution. Thus, while choosing the specific leadscrew for the 

design, the speed, time and resolution requirements were taken into account. 

Table 5.5: Tbe affect of tbe leadscrew lead value on tbe linear positioning resolution manipulation 
seed and ositionin time 
Lead = 0.5 mmlrev 
Linear Positioning Resolution = 2.5 IIm 
Maximum Linear Traverse Speed = I OOmmls or 12000 rev/min 
Max. Travel Distance = 160 mm (200-36Omm) 
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Figure 5.18: Positioning speed as a function 
of stepper motor speed witb Lead = 0.5 mm 
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Figure 5.20: Linear drive positioning time as 
a function of stepper motor speed and linear 
positioning distance (D) witb Lead = 0.5 mm 
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Figure 5.19: Positioning speed as a function 
of stepper motor speed witb Lead = 10.85 
mm 
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Figure 5.21: Linear drive positioning time 
as a function of stepper motor speed and 
linear positioning distance (D) witb Lead = 
10.85 mm 

The above specifications suggest that the leadscrew assembly can provide laser front end 

positioning at high speed and accuracy with a maximum resolution of -54 ~m. 

5.6.5 Design Considerations between the Gearbox, Stepper Motor and Leadscrew 

Together the gearbox, stepper motor and leadscrew combination set up the final resolution and 

accuracy of the End-Effector laser front end. 
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The uniqueness of the design is that the axes extensions of all the joints meet in a single point 

namely the 'Origin of manipulation (Figure 5.22). This in affect governs the manipulation of 

the End-Effector and limits its workspace to a spherical movement. This spherical movement 

may have many inherent advantages 

• End-Effector movement can be broken-down into easily quantified and defined individual 

movement 

• Reduced positioning error since multi-axis movements are not required for positioning 

Origin of 
manirmlation ___ ____ 

Joint 1 -~-

•••• 

Figure 5.22: This Figure shows that the axes extensions of all three joints meet in a single Origin 

The stepper motors can be driven either independently or together with the other motors 

depending on the specific application. 

5.6.5.1 The Total Manipulation and Positioning Time 

There are many factors involved in the total manipulation and positioning time of the laser End­

Effector. These include the rotation angles, linear positioning displacement, gearbox gear ratio, 

leadscew specifications, and stepper motor's running speed. Another major factor that affects 

the total manipulation time is the laser cutting or drilling rate. This may involve laser pulse rate 

(j), spot size (tP), power (W) and the amount of pulse overlap (n) and this was discussed in 
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Chapter 4. The total manipulation and positioning time while the laser is off is expected to be 

much less than the surgical application time while the laser is on because laser front 

manipulation is more or less continuous during bone. The laser End-Effector can operate in four 

different modes. These include: 

• Manipulation and positioning mode 

• Tissue cutting mode 

• Tissue drilling mode 

• Sculpturing mode 

During the manipulation and positioning mode the End-Effector operates while the laser beam 

is off, thus manipulation and positioning time can be minimised. On the other hand, during the 

tissue cutting, drilling and sculpturing modes, the laser beam is on and the manipulation time is 

mainly controlled by the laser penetration depth and cutting rate. 

Manipulation and Positioning techniques 

The author suggests two manipulation and positioning techniques. These include synchronous 

(parallel) and asynchronous (sequential) joints manipulation techniques. In the synchronous 

manipulation all joints are driven simultaneously and potentially at different speeds. 

Alternatively, in asynchronous manipulation the joints are driven one at a time to reach the end 

position. 

Synchronous or ParaDel Manipulation 

In the synchronous (parallel) manipulation technique, one approach is to drive all joints 

concurrently so that they all reach the end target position at the same time. This implies that the 

time required for the laser front end to move from one point to another is equal to the 

manipulation time of a single joint only. 

Tsync = 1jointl = 1joinQ = 1joint3 

where 

Tsync is the total synchronous manipulation time 

]jointl is Joint 1 manipulation time 

]joinQ is Joint 2 manipulation time 

1joint3 is Joint 3 manipulation Time 

This parallel technique suggests that the 9 rotation at Joint 1, (l rotation at Joint 2 and LD 

displacement at Joint 3 take place simultaneously in a minimum possible time T Sync. The 

manipulation time is controlled by the motors speed, rotation angles and/or the linear 
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displacement distance as well as the End-Effector components specifications [Appendix E: Dam Sheets]. 

The joints' manipulation time can be calculated as follows assuming maximum manipulation 

stepper motor speed equal to 1000 P/sec or 300 Rpm: 

P2 

Ori~in of 

Figure 5.23: End-Effector manipulation from position PI to P2 

~oinll = 
Gearbox Step Resolution 

Stepper Motor Speed (p/sec) 

a 
Gearbox Step Resolution 

Stepper Motor Speed (P/sec) 

LD 

Leadscew Step Resolution 
sec) 

Stepper Motor Speed (P/sec) 

An alternative approach for synchronous mode, is to drive the stepper motors at a fixed speed. 

Thus the total manipulation time will be equal to the maximum manipulation time of the single 

joints (i .e Tsync = Max( Tjointl , Tjoin12 ,TjointJ». This is illustrated in Table 5.6. 

Table 5.6: The manipulation time as all joints runs at the same speed (Laser off) 

Variables M Speed M Pulse GOS TJ1 TJ2 TJ3(L2) TJ3(L 1) SynchL2. A8ynch. 
GOS =Gearbox output Speed RIm Rate Rls (8) (8) (8) (8) 1!me (8) T1me(8) 

Leadl (mm) Ll 0.5 3D _ t J.QD t-D.q.o412.. 2.0 . .0.0 20 . .0.0 29.49 640 . .0.0 29.49 69.49 

Lead2 (mm) L2 10.9 6D _ gQ!L +J) .DD83.~ 1.0 . .0.0 1.0.00 1~.75 32.0.00 14.75 34.75 

120:1 
90 + _'!QO 1O.0J211 ' .67 

I 
213.33

1 
Gear Ratio 6.67 9.83 9.83 23.16 

Gearbox resolutlon(' ) 0.015 12.0 .... 4.0.0 -1 .0 . .01667 6 . .0.0 6 . .0.0 7.37 16.0 . .0.0 7.37 17.37 

Rotation about Z (0°) 30 150 l soo 0.02083 4.00 4 . .0.0 6.9.0 128.00 6.90 13.90 

Rotation about X (aO) 30 18.0_.. 6.0_.0 l-D.D~DQ 3.33 3.33 4.92 1.06.67 4.92 11.58 

Linear distance (mm) 160 21.0 . . _7.0.0 . .0 . .0_2917. . 2.86 2.86 4.21 91 .43 4.21 9.93 

Length of laser wavegulde Min. 2.0.0 24.0 ....1 ..... J~Q9_ ...... ..().D:P~.3 . 2.5.0 2.5.0 3.69 8.0 . .0.0 3.69 8.69 
Length of laser wavegulde 
Max. 36.0 27.0 9.0.0 .0 . .0375.0 2.22 2.22 3.28 71 .11 3.28 7.72 

Lead8crew Resolution mm) 0.0543 - 3.0.0 -1 1".00.0 .. .0 . .04167 2 . .0.0 2 . .0.0 2.95 64.00 2.95 6.95 
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For the manipulation time to be identical in all joints, the actuators attached to the joints may 

have to be driven at different speed. The speed relation between the joints can be found from the 

following equations. 

T = ~ =T .. = ~ = T . = ~ [(~ 1] [(~ 1] [(~ 1] 
joinli SMSl )0 10, 2 SMS2 jO lO,3 SMS3 

This leads to 

SMS'"[ !l}MSI 
SMS3 =[~}MSl =l~}MS2 

( GSRl ) ( GSR2 ) 

SMS2 = [0' ~15 }MSl =( ~fMSl 
0.015 

SMS3 =[ 0~~~4 }MSl =( LDI!.617 fMS1 =( LDI!.617 fMS2 
0.015 

where GSR is the gearbox step resolution and SMS is the stepper motor speed. 

For parallel manipulation where all joints operate and stop simultaneously, the above speed 

relation must be taken into account during calculating the motors running speeds. However, one 

must take into consideration that the maximum manipulation speed must not exceed the 

maximum design requirements (300 Rpm or 1000 PIs). In this case the manipulation time 

would be Tsync = ]joint I = 1}oint2 = 1}oint3 as shown in Table 5.7 

Table 5.7: Manipulation time and joints motor speed relations for maximum manipulation 

VarIables 

Lead (mm) L1 

L2 

Gear Ratio 

Gearbox resolution(O) 

Rotation about Z (9°) MAX 

Rotation about X (<l0) MAX 

SMS1 

PIs 

SMS2 SMS3 TJ1 TJ2 TJ3(lead2) SynchL2. Asynch. 

PIs PIs sec sec Sec Time (sec) Tlme(sec) 

0.5 67.82 67.82 I 100 i 29.49 i 29.49 ! 29.49 

10.85 136.64 1136.64 200 1 14.74 i 14.74 ' 14.75 I , .1. ! ! 

120:1 203.46 ; 203.46 I 300 I 9.83 · -1 9:83-'- 9:83 
0.015 271 .28 1 271.28 . 400 r 7.37 + 7.37 7.37 

30 339.09339.09 i 500 r·- 6:90 · .... 1 6.90 6.90 i 

30 406.91 406.91 ' 60"0 -4.92 -+--4.92 4.92 

88.47 

I 44.24 

9.83 '- 29.49 

7.37 22.12 
.. - .j 

6.90 17.69 
_.[-

4.92 14.75 

Linear distance (mm) MAX 160 474.73 - i60 4.21 i 4.21 4.214.21 12.64 

Min laser waveguide length (mm). 200 542.55 I 542.55 ! 800 

Max laser wavegulde length (mm). 36061_0.37
1

61"0 '-37 ; 900 

Leadscrew resolution 0.0543 678.19 678.19 1 cioo 

3.69 : 3.69 3.69 3.69 I 11.06 

T- 3.-28 t 3:"2·8 3 28 . t-- 3 28 983 
r·- ~i:95-1 2.95 i ·2:95 - ... 2:95 -·+-0:85 
I ! 
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Asynchronous or sequential manipulation mode 

In the asynchronous (sequential) mode, the total manipulation time is equal to the overall sum of 

the time required for individual joint's manipulation. This is illustrated by the equation below 

which assumes no switching time delay between joint movements. 

TASynC = 1jointl + 1joinQ + 1joint3 

where TAsyncis the total asynchronous (sequential) manipulation time 

The above equation indicates that the total manipulation time is the maximum during the 

asynchronous manipulation technique Table 5.6 and Table 5.7. Depending on the application 

and the operation mode, one may choose either of the above techniques. 

5.7 Kinematics 

The laser End- ffector can be modelled as an open loop system with 3 degrees of freedom. 

These degrees of freedom are generated by 2 revolute joints and one linear joint connected 

together with rigid links and driven by stepper motors. One end of the End-Effector is connected 

to a supporting base with the other end having a laser waveguide. The relative motion of the 

joints results in the positioning of the "Front End" of the laser waveguide in a desired location 

and orientation. This section addresses the analytical description of the spatial displacement of 

the laser End-Effector as a function of time, joint space and the Front End position and 

orientation. It also addresses the forward and inverse kinematics problems of the End-Effector 

(Figure 5.24). 

Joinls angles and 
linear displaceme nt 
a.., 6 ani d 

Joinls ~lesand 
lirear displacement 
ex, e ardd 

link Parameters 

Fonvard 
Kinematics 

link Parameters 

Inverse 
Kinematics 

Pooition and 
Orien1a tion of the 
lase r Front &Id 

Figure 5.24: The forward and inverse kinematics problems of the End-Effector (Fu 87) 
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5.7.1 The Fonvard Kinematics 

Since the links of the End-Effector may rotate for translate with respect to a base reference 

coordinate system of the End-Effector, the total spatial displacement of the laser front end is due 

to the angular rotations and linear translation of the links. This section presents two techniques 

to describe and represent the spatial geometry of the links within the End-Effector with respect 

to a fixed reference frame. 

The first technique is the standard Denavit and Hartenberg [FU 87][BALA n.d.) representation. This 

technique is a systematic and generalized approach that uses matrix algebra to describe and 

represent the spatial geometry of the robotic links. 

The second technique is an intuitive geometric approach which takes advantage of the fact that 

the three joints share the same origin for manipulation. This technique was derived by the author 

to represent the spatial geometry of the End-Effector links and joints with respect to a fixed 

reference frame (the base coordinate system). This is a more straightforward approach than the 

Denavit and Hartenberg approach but it gives similar results. Hence, this second technique is 

used more during the analysis presented in this thesis. 

Joints argles and 
lire ar displacement 
ex, e am d 

link Parameters 

Kinematics 

Figure 5.25: Forward kinematics problem IFU 87J 

Position and 
Orienla tion ofthe 
laser Front End 

For the forward kinematics problem (Figure 5.25), given the joints' angles and linear translation 

parameters of the links one can calculate the position and orientation of the waveguide front end 

with respect to the base reference frame. This following subsections show how this can be done 

for both techniques. 

5.7.2 The Denavit and Hartenberg Representation 

Denavit and Hartenberg [1955] [FU 87) proposed a systematic method to describe the translation 

and rotation relationships between adjacent links within a kinematic chain with respect to a 

fixed reference frame. This method uses homogenous transformation matrices to describe the 

spatial relationships. In the forward kinematics the Denavit and Hartenberg (D-H) 

124 



representation results in a 4 x 4 homogeneous transfonnation matrix representing each link's 

coordinate system at the joint with respect to the previous link's coordinate system. Using this 

method the forward kinematics problem of the End-Effector is simplified through sequential 

transformation to a 4 x 4 homogeneous transfonnation matrix [FU 87][BALA n.d.). This matrix 

describes the relation between the Front End of the laser waveguide and the Base coordinate 

system of the End-Effector [FU87]. 

In the D-H representation an orthonormal Cartesian coordinate system (Xi, Yi, li) can be 

established for each link at its joint axis where i =1,2,3 .... n (n=number of degrees of freedom 

plus the base coordinate frame). The Base coordinates of the End-Effector are defined as the Oth 

coordinate frame (Xo, Yo, zo) which is also the inertial coordinate frame of the End-Effector. The 

spatial description of the Front End of the laser waveguide relative to the fixed Base coordinate 

system is shown in Figure 5.26. This spatial description may indicate that the End-Effector has 

more than 3 Degrees of freedom, However, since the extension of all joints meet at the single 

point namely the Origin, the End-Effector is limited only to 3 degrees of freedom with 3 joints 

and 3 links. 

In the D-H representation every coordinate frame is determined and established on the basis of 

three rules [FU 87] : 

1. The Zi_1 axis lies along the axis of motion of the ith joint 

2. The Xi-I axis is normal to the Zi_1 axis, and pointing away from it 

3. The Yi-I axis completes the right-hand coordinate system as required 

The D-H representation of the rigid links depends on four geometric parameters associated with 

each link. These parameters completely describe any revolt or prismatic joint (linear joint) [FU 

87][BALA n.d.]. 

fJ; is the joint angle from the Xi-I axis to the Xi axis about the zi_Iaxis (using the right hand 

rule. 

d; is the distance from the origin of the (i_l)th coordinate frame to the intersection of the Zi_ 

laxis with the Xi axis along the Zi_1 axis 

a; is the offset distance from the intersection of the zi_Iaxis with the xi axis to the origin of 

the ith frame along the Xi ( or the shortest distance between the Z i-I and the Zi axes) 

ex; is the offset angle from the zi_Iaxis to the Zi axis about the Xi axis (using the right hand 

rule. 

Once the D-H coordinate system has been established for each link and the joints and link 

parameters are found, the homogenous transfonnation matrix can be developed to relate the ith 
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coordinate frame to the (i_lyh coordinate frame. The resulting homogenous transformation 

matrix (lA; ) is a composite of four basic rotation-translation matrices and can be determined as 

follow : 

where 

Tz.d is the translation along the Zj.1 axis a distance of dj to bring the xj.land Xi axes in 

coincidence. 

Tz.e is the rotation about the zj.laxis an angle of 9i to align the xi.laxis with the Xi axis 

Tz.a is the translation along the Xi axis a distance of ai to bring the two origins as well as the 

x axis into coincidence. 

Tx.a is the rotation about the Xi axis and the angle of ex; to bring the two coordinate systems 

into coincidence. 

;- 1 Aj = TZ.dTz.eTx.aTx.a 

0 0 0 cos (Jj - sin (Jj 0 0 1 0 0 a j 1 0 0 0 

j- IA. = 0 1 0 0 sin (Jj cos(J; 0 0 0 1 0 0 0 cosaj -sinaj 0 
I 0 0 1 dj 0 0 1 0 0 0 1 0 0 sinaj cos a; 0 

0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 

Thus 

cos (J; - cos a; sin (J; sin a; sin (J; a; cos(Jj 

;-IA . = 
sin(J; cos a j sin (J; - sin a; cos (J; a; sin (J; 

I 0 sin a; cosaj d ; 

0 0 0 1 

Where a;, 8;, ai, and dj are the joints parameters of the End-Effector. For the rotary joints 1 and 2 

of the End-Effector the joint parameters a;, a j, and dj remain constant while 8; is the joint 

variable that changes when the link i moves with respect to link i-I . However, for the linear or 

prismatic joint Uoint 3), the joint parameters a;,8;, and aj remain constant while d; is the joint 

variable. 
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Origins Coincide 
d3 = d4 = 0 

Joint 1 (HR) 

, 

Z5 

The Front End 

Base 

Figure 5.26: The spatial description of the Front End of the 

laser waveguide with respect to the Base coordinate system 

For the forward kinematic problem of the End-Effector the D-H transformation matrices can be 

applied to relate the Front End of the laser waveguide to the Base coordinate frame of the End­

Effector. This can be done by establishing the link coordinate system of the End-Effector, and 

finding the joint coordinate parameters Figure 5.26 and Figure 5.27. 

End-Effector link parameters 

Joint i 9/ rad alrad a/(",,,,) / (mm) 

I 0 0 0 59 

2 rrJ2 0 0 57.25 

3 0 rrJ2 0 0 

4 rrJ2 rrJ2 0 0 

5 0 0 0 05 

Figure 5.27: Establishing link coordinate system of the laser End-Effector 

Assuming the Base coordinate system is established at point (0, 0, 0), the D-H transformation 

matrix for joint 1 coordinate frame and the Base coordinate frame (BaseA jOinr t) can be found as 

follow [Appendix B: MathCAD Work]. 
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cos B) - cos a) sin B) sin a) sin B) a) cos B) 

Base A °A -
sin B) cos a) sin B) - sin a) cos B) a) sin B) 

joint )- ) 0 sin a) cos a) d) 
0 0 0 1 

And the D-H transformation matrices of the successive joints is as follow 

cosB2 - cos a 2 sin B2 sina2 sinB2 a2 COSB2 

joint)A . =)A = sinB2 cosa2 sin B2 - sin a 2 cos B2 a2 sin B2 
jo mt 2 2 0 sina2 cosa2 d2 

0 0 0 1 

COSB3 - cos a 3 sin B3 sina3 sinB3 a3 cos B3 

joint 2 A .. =2A = sin ()3 cos a 3 sin ()3 - sin a 3 cos ()3 a3 sinB3 
Jo mt 3 3 0 sina3 cosa3 d3 

0 0 0 1 

COS()4 -cosa4 sinB4 sina4 sin()4 a4 COSB4 

joint 3 A . =3A = sin ()4 cosa4 sin ()4 -sina4 COS()4 a4 sinB4 
jo mt 4 4 0 sina4 cosa4 d4 

0 0 0 1 

cos Bs - cos a s sin ()s sin a s sin ()s as cos Bs 

j oint4 A -4A- sin ()s cos a s sin ()s - sin a s cos ()s as sin ()s 
jo ints- S-

0 sin a s cos a s ds 
0 0 0 1 

5.7.2.1 Kinematic Equations for the End-Effector Manipulation 

According to the D-H representation, the homogenous transformation matrix (BaseTFronIEnd) 

which specifies the location of the laser waveguide Front End coordinate frame with respect to 

the Base coordinate system is the chain product of successive coordinate transformation 

matrices of ()A ,) and expressed as 
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where 

BaseT Base A joint I A joint 2 A joint 3 A joint 4 A 
FrontEnd - joint I jomt2 jomt3 jomt4 FrontEnd 

or 

° 0A lA 2A 3A 4A T5= I 2 3 4 5 

° [X5 Ts= o 
Y5 
o o 

[xs Ys zs] is the orientation transfonnation matrix of the Front End coordinate frame with 

respect to the Base coordinate system. It is the upper left 3x3 partitioned matrix 

of the °Ts. 

°p5 is the position vector which points from the origin of the Base coordinate 

system. It is the upper right 3xl partitioned matrix of the °T5. 

°R5 is the orientation transformation matrix of the Front End coordinate frame with 

respect to the Base coordinate system. It is the upper left 3x3 partitioned matrix 

of the °T5. 

The direct (forward) kinematics solution of the End-Effector is simply a matter of calculating 

the homogenous transfonnation matrix BaseTFrontEnd by the chain mUltiplying the five i.IAi 

matrices and evaluating each element in the T matrix (BaseTFrontEnd). Note that the forward 

kinematics solution yield a unique T matrix for a given q=(qJ q2 ... q5)T and given a set of 

coordinate systems, where q; = ~ for the rotary joints 1 and 2 and q;=di for the linear joint 3. 

The only constraints are the physical bounds of ~ (± 30°) and d; (200-360mm) for each joint of 

the End-Effector. 

Having obtained all the coordinate transformation matrices i-lA; for the End-Effector, the next 

task is to find an efficient method for computing the T matrix on a general purpose computer. 

The most efficient method is by mUltiplying all five i-lA; matrices together manually and 

evaluating the elements of the T matrix out explicitly on a computer program. However, this 

approach is difficult, time consuming and lacks flexibility. 

An alternative approach is to "hand" multiply the first three i-lA; matrices together to form Tt= 

OAt tA22A3 and also the last two ;-IA; matrices together to form T2= 3A4 4As Then we express the 

elements of the TI and T2 out in a computer program explicitly and let the computer multiply 

them together to form the resultant End-Effector homogenous transformation matrix T 

(BaseTFrontEnd). This method has both fast computation and flexibility. For the laser End-Effector 

T l = °A l IA2 lA3 was found to be 
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T; = . 0 

o S3(C\C2 -S\S2)+C,(C\S2 -S\C2) 

o S3(S\C2 +C\S2)+C3(S\S2 -C\C2) 

o 
[

[C3(C\C2 -S\S2)]-S3(C\S2 +S\C2) 

C,(S\CZ +C\S2)-S\S2S3 -C\C2S 3 

o 0 o 

where 

C; = cos 8; and Si = sin 8; 

and T2= 3A44AS was found to be 

Hence the End-Effector homogenous transformation matrix T (BaseTFrontEnd) can be found by 

multiplying TI by T2 and substituting for the values of the link parameters a;,8;, ai, and di given 

above in Figure 5.27. 

BaseT - T-T T _0,4 lA 2A 3A 4A FrontEnd- - I 2 -./'SI 2 3 4 S 

and 
Front EndT _( BaseT )-1 

Base - FrontEnd 

[xs Ys Zs ~']=[O~s O~'J=[~ s a ~] T= 
0 0 0 0 0 

nx Sx ax Px cos 92 cos 94 sin 92 eos92 sin 94 ds cos 92 sin 94 

T= 
ny Sy ay Py sin 92 cos 94 -eos92 sin 92 sin 94 ds sin 92 sin 94 = 
n: s: a= P= sin 94 0 -cos94 - ds cos 94 + 116.25 

0 0 0 1 0 0 0 1 

where 

n = [nx ny nJT 
[ n, 

Sx a,] 
o Ps = [~:J s = [sx Sy SJT ° Rs = ny Sy ay and 

a = [a x ay aJT nz Sz az 

It is worth noting here that the End-Effector homogenous transformation matrix depends only 

on the joint rotation angles 9 2 and 9 4• and the linear translation d6. These results were expected 

because the rotation angles 9 2 and 9 4 are responsible for the horizontal and vertical rotation 

respectively. And dj represents the linear translation of the laser waveguide along the direction 

of application. 
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5.7.2.2 End-Effector Work-Space 

Using the above equations of the D-H representation one can easily derive the End-Effector's 

work space. Figure 5.28 shows a MathCAD 3D model [MATH 95] of the End-Effector workspace 

based on the D-H representation [Appendix B: MathCAD Work]. 

Figure 5.28: End-Effector workspace using D&H representation (Units are in mm) 

One of the major requirements of the End-Effector applications is that, the surgical site should 

be within the reachability or the workspace of the laser End-Effector which is limited in the 

angular and displacement movements and the number of degrees of freedom. 

The workspace reachable by the End-Effector is shown in Figure 5.28. The boundaries of the 

workspace are limited by the maximum and minimum lengths of the laser waveguide and the 

preset maximum rotation angles. As shown in the figure the workspace is bounded by two 

spherical shapes representing the maximum and minimum reachable area of application. 

5.7.3 The Geometric Approach for Solving the Forward Kinematics 

This approach was developed by the author to represent the spatial geometry of the End­

Effector links and joints with respect to a fixed reference frame (the Base coordinate system). 

This approach considers an End-Effector with a single joint and two links as shown in Figure 

5.29. This joint is at the origin of rotation and featuring three degrees of freedom; two rotational 

and one linear. The origin of rotation is connected through links to the laser Front End from one 

side and to the Base from the other side. The origin of rotation is positioned at a fixed distance 

from the Base coordinate system with its coordinate system parallel to that of the base. The 

range of movement of the laser front End is limited by ± 30° of rotation about the z and x axes 
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and 160 mm of linear movement of the laser waveguide in the direction of application (y axis) 

(between 200 - 360 mm from the origin). 

z P(x,y, z) ........... ~ 
.... 1' ............. . 

r'=rcosa Front End 

Origin 

,-' d 

Base 

x 

Figure 5.29: Geometric approach joints and links model 

The geometric approach states that as the laser waveguide rotates about the z or x axes it forms 

an arc of a circle with its radius (r) equal to the length of the laser waveguide. The position of 

the Font End of the laser waveguide could be at any point within this arc. 

A rotation of ex about the x axis for example followed by a rotation of e about the z axis while 

keeping the length of the laser waveguide constant (r) results in a Front End position within an 

arc whose radius (r'= r cos (ex) ). In general the position and orientation coordinates of the laser 

waveguide Front End can be calculated as follow: 

The Front End position PFronlEnd (Px py Pz) and the orientation of the laser waveguide with 

respect to the Base position (Bx By Bz) are 

Position 

pz = rsin(a) + Bz 
Py = rcos(a)cos(O) + By 

px = -rcos(a)sin(B) + Bz 

Direction 

[

- eos( a) sine 0)] 
YFronlEnd = cos(a)eos(O) 

sin(a) 

As shown in Figure 5.29 above the orientation of the laser waveguide Front End is in the 

direction of its y coordinate. In general position and orientation of the transformation matrix TG 

based on the geometric approach is given by 
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cos(8) - cos(a)sin(8) sin(a)cos(8) - rcos(a)sin(8) + Bx 

Tgeo = 
sin(8) cos(a) cos(8) - sin(a)sin(8) rcos(a)cos(8) + By 

0 sin(a) cos(a) rsin(a) + Bz 

0 0 0 1 

where the upper left 3x3 partitioned matrix represents the orientation transformation (rotation 

matrix) of the laser Front End coordinate system and upper right 3xl partitioned matrix of TG is 

the position vector of the laser Font End which points from the origin of the Base coordinate 

system. Calculating the work space using the geometric approach results in very similar 

workspace derived by the H-D representation stated above. 

Figure 5.30: End-Effector workspace plot using the geometric representation (Units are in mm) 

5.7.4 The Inverse Kinematics 

In general the Inverse kinematics problem can be solved by several techniques such as matrix 

algebra, iteration and the geometric approach. A solution for the inverse kinematics problem can 

be easily achieved using the geometric approach derived by the author. With this approach, 

given any point in space (Px, Py, pz) within the reachability of the End-Effector, all angular and 

translation parameters required for manipulation (e, <X. and d) can be calculated using the 

following equation 

P -B 
d = y y 

cos(a)cos(8) 

where 
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8: 

a 

d 

is the angular rotation about the Z axis at the origin of manipulation 

is the angular rotation about the X axis at the origin of manipulation 

is the displacement of the laser waveguide in the direction of application 

are (x y z) Base coordinate system parameters. 

5.8 Summary and Proposed Phases of Future Development 

The laser End-Effector prototype presented in this chapter is a 3 DOF robotic delivery system 

that is capable of delivering a laser surgical tool for image guided orthopaedic surgery. It is a 

three degrees of freedom device with a novel design. It comprises of three major joints 

connected together with rigid links in a unique way; where all joints manipulate about a single 

origin point. The laser End-Effector design is based on a set of requirements that govern its 

functionalities, capabilities and performance. These requirements impose certain limitations on 

the End-Effector's dexterity, flexibility and workspace. However, these limitations will have 

very little effect when taking into considerations that the laser End-Effector is to be attached to a 

passive or active manipulator. Since the latter contributes to the number of degrees of freedom 

and the manipulation dexterity and flexibility. 

The End-Effector prototype features several advantages and disadvantages. The advantages are 

associated with the 

• Design simplicity 

• Ease of control and manipulation 

• Simple solution for the forward and inverse kinematics 

• Fast manipulation time 

• Ability of sequential time and parallel time manipulation 

The disadvantages, however, are linked to the manipulation technique which limits the 

functionality scope and workspace. These include: 

• The bone fixation requirement 

• Limited degrees of freedom 

• The selected components 

Future phases of development 

The second development phase of the laser End-Effector would be to design and implement a 

complete laboratory End-Effector prototype. The new prototype should fulfil all mandatory and 

desirable requirements taking into account all the problems associated with the first laser End-
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Effector prototype. It may incorporate more sensory feedback elements including visual and 

auditory sensing devices [KIRK OO}. It may also feature higher degrees of freedom to enhance the 

basic end-effector performance capabilities allowing for performing new tasks such as bone 

sculpturing with improved dexterity and accuracy. The new prototype would be utilized to 

perform in-vitro experiments on real bone. The overall new prototype system may incorporate a 

water spray system [IV AN OO} and a debris removal suction device [Chapter 4} during the laser bone 

cutting process to insure safe and clean cutting. 

The third development phase may involve the design and development of a fully functional 

clinically approved End-Effector system (Le. a clinical prototype) which can be used in the 

operating theatre for in-vivo orthopaedics surgery. The design must fulfil all engineering, 

clinical and safety requirements. This clinical prototype may feature six or more degrees of 

freedom, additional means of control modalities and feedback mechanism [STON n.d.J[ADAM 98). It 

may also feature more control flexibility, portability and lightweight. The design modification 

may include an adaptive automatic control system to adapt for patient movements. End-effector 

of the clinical prototype may also introduce new surgical techniques for orthopaedics. 

The fourth development phase may involve the design and development of a clinically approved 

commercial End-Effector system which can be manufactured to fit the needs of different 

orthopaedics applications. 
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Chapter 6 

Feedback Techniques for Laser Tissue Interaction 

6.1 Introduction 

The design and development of a computer assisted laser End-Effector for orthopaedic surgery 

requires a feedback system. This system must consider all mechanical movements and positions. 

It must also consider the position of the patient's anatomy, the laser End-Effector and other 

monitoring devices relative to each other. Most importantly this feedback system must 

determine the laser-front position during laser bone interaction and give accurate measurements 

for the laser ablation depth and ablation rate in real time. 

Although, laser feedback systems exist in a variety of applications, very few are available for 

medical applications. This chapter presents two innovative laser feedback techniques developed 

by the author to measure the ablation depth and ablation rate during laser bone interaction. The 

aim of these techniques is to develop a real time feedback system to control the depth of the 

laser cut into bone suitable for use in computer assisted orthopaedic surgery. This feedback 

system must give sufficient information about the overall surgical performance for both the 

computer based control system as well as the surgical team. This information also allows for 

automatic manipulation control of the laser delivery system as well as control of the laser 

parameters and for switching on and off the laser beam. 

This chapter specifies first the basic feedback and control requirements for the design of the 

laser End-Effector control unit: these include all surgical (clinical) and functional requirements. 

Then it discusses the laser feedback techniques developed by the author followed by alternative 

laser feedback techniques. 

6.2 Basic Feedback and Control Requirements 

Certain requirements must be met by the design and implementation of the laser control system. 

These include surgical and functional requirements. The surgical requirements include: 

registration, trajectory planning, surgical navigation and treatments (laser bone ablation). The 

functional requirements include: 

• Safe and accurate manipulation control of the laser End-Effector 
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• 
• 
• 

Accurate and precise positioning control of the laser front 

Accurate implementation of the End-Effector's equation of motion 

Accurate feedback and navigation measurements 

• Confine the operation of the laser bone ablation to within the workspace boundaries 

specified by the preset trajectory plan 

• Accurate estimation of the laser ablation depth per pulse at any given moment in time. 

Other requirements related to the design and implementation of the control unit are presented 

and discussed within this chapter. 

6.3 Feedback 

Feedback is a key requirement in computer assisted surgery. It can provide information about 

surgical tool performance, the property of the tissue undergoing surgery and the overall surgical 

application. It contributes to safe and accurate manipulation of the laser End-Effector as well as 

the accurate positioning of the laser front. It also aids in pinpointing the position and orientation 

of the surgical tool relative to the patient's anatomy, and in regulating the output level of the 

surgical tool (laser). Feedback systems in computer assisted surgery may include (Figure 5.1): 

• Visual or imaging feedback 

• Optical tracking of instruments, implants or anatomy 

• Mechanical feedback 

• Sensory feedback devices related to the surgical tool and patient anatomy 

Feedback is considered it two parts. Firstly, feedback is required to determine the position of the 

laser End-Effector so as to correct for errors in manipulation due to estimates in driving motors, 

small errors in limb lengths, backlash in joints, etc. This is described in 6.3.1. Secondly, 

feedback is required to monitor the progress of the laser cut, i.e. localisation of the laser cut, and 

to modify the laser parameters and movement of the End-Effector laser waveguide. Solution to 

this problem is the main focus of this chapter and this is discussed in 6.4 onwards. 

6.3.1 Position tracking and feedback devices for the laser End-Effector 

The type of feedback for computer assisted surgery feedback depends upon the type of surgery 

and the surgical tool involved. This section presents two different feedback techniques proposed 

by the author for manipulation of the laser End-Effector, namely: absolute optical encoders and 

optical tracking systems. 
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Absolute optical encoders are position verification feedback devices that provide unique shaft 

position infonnation with very high resolution and accuracy [PARK nd). They feature the capability 

of reading actual shaft position without loss of position infonnation during power failure. As 

feedback devices the absolute optical encoders are connected directly to the outputs of the End­

Effector's joints (the gearbox shaft) to measure the exact manipulation angles or displacement at 

the joints. These angles allow calculation of the position and orientation of the laser waveguide 

Front End relative to the End-Effector's base coordinate system. 

Optical tracking is used widely for registration and navigation in computer assisted surgery. It 

can provide the necessary infonnation needed to perfonn pre-surgical and intra-surgical 

registration, planning and navigation [LEA 94)[LEA 98). Optical trackers such as NDI Polaris (by 

Northern Digital Inc) [BRUC 02l[WILE O4I[RIBO OIl[ FRAN 04) are Infrared-based navigation systems. For 

this project it is proposed to use optical tracking of the position and orientation of the End­

Effector, the laser waveguide Front End and the surgical object (SO) [BRUC 02)[LEA 94)[LEA J 95). 

Optical tracking systems support real-time tracking. This feature together with tracking 

infonnation about the location and orientation of equipment and anatomy provides a basis for a 

computer based control unit to control precisely the manipulation of the laser End-Effector and 

adapt for any bone movement during surgery. 

It is envisaged that the optical tracker would be placed in the surgical room in a position where 

it can monitor the laser End-Effector and the surgical object (SO) with no obstacles. Figure 6.1 

shows a block diagram of a proposed registration and navigation technique for laser bone 

cutting. 
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Figure 6.1: Registration and surgical navigation technique 

6.4 Localisation of the laser cut 

Research on the laser tissue interaction showed that laser pulses (such as Er: YAG, Ho: Y AG 

and C02) striking biological tissue produce loud photo-acoustic effects [KIRK 00] [KU OO][HARR OO][IVAN 

02]. These effects are caused by the rapid expansion of water molecules and localised water­

microexplosions inside the tissue [IVAN 02J [NICO 02] [ZHIG 99] [KODA 99]. These effects feature a wide 

range of audio frequencies ranging from sonic to ultrasound that depends on the ablated material 

and the ablation process. 

Photo-acoustic effects are depth related [HARR 00] and therefore they can be utilised for depth 

measurements and localisation of the laser front position inside tissue. The magnitude and 

duration of the photo-acoustic waves are directly related to the laser energy density, laser pulse 

duration and depth inside tissue. However, the photo-acoustic response time is affected by other 

factors such as the speed of sound (temperature and humidity dependent), the level of laser 

induced pressure, velocity of ejected molecules during laser ablation [ZHlG 97], and tissue type (in 

terms of water contents). 
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The photo-acoustic effect and response time during laser tissue interaction provide a basis for an 

innovative laser feedback techniques developed by the author to measure and calculate the 

Laser Front position and the laser ablation rate inside tissue. These techniques aim to measure 

the depth of the laser cut into bone to provide feedback to the control system for the laser front. 

Two main techniques were investigated, namely acoustic time of flight (ATOF) and acoustic 

phase shift (APS). 

6.5 An Overview ofthe AT OF System Design 

The basic principle of the acoustic time of flight (ATOF) measurement technique is shown in 

Figure 6.2. The figure shows a block diagram of the overall system design which comprises of 

the following components: 

• Laser and photo-acoustic detection devices 

• Detection and interface circuit 

• Dual channel data acquisition and sampling unit 

• Signal processing and data manipulation software 

The output of this feedback system includes information about the ATOF, the position of the 

laser front inside bone and the bone ablation rate. 

Photo-acoustic sensor 

Photo-detector 

Data 
Acquisition & 

Sampling 

Detection & 
Interface 
circuit 

Signal Processing & 
Data Manipulation 

Control Unit 
Controls 

• The End-Effector Manipulation 
• The Laser Parameters 

Figure 6.2: A block diagram of the ATOF feedback and control system design 

The detection and interface circuit involves the detection of the reflected laser ablation beam 

(interaction induced light) and the induced photo-acoustic waves. The induced light is detected 

using a narrow band photo-detector (matches the ablating laser wavelength) with a high gain, 

high signal to noise ratio (SIN) amplifier circuit. The induced photo-acoustic waves, on the 

other hand, are detected using a low cost (41 kHz) ultrasound transducer with fast response time 
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and a high signal to noise ratio (SIN). These photo-acoustic waves are amplified using a 

wideband (up to 200 KHz) acoustic amplifier circuit with high gain and automatic gain control. 

This detection and interface circuit have two outputs. The first output carries an amplified 

analogue pulse that corresponds to the laser ablation pulse in terms of starting time and pulse 

duration. The second output carries the amplified photo-acoustic waves. These outputs are 

directly connected to the data acquisition and sampling circuit. 

The data acquisition and sampling circuit acquires the amplified laser pulse and photo-acoustic 

waves (Figure 6.3) and samples them in real time. The sampled results (data) are stored in direct 

access memory locations. This data contains time and magnitude information for both signals 

that can be accessed in real time by a signal processing software for further data manipulation. 

-Pulse Duration 

T 

~ 
Photo-Acoustic Wave 

Figure 6.3: Typical laser and photo-acoustic waves detected during CO2 laser bone ablation 

The signal processing and data manipulation software is designed to perform the following 

signal processing tasks: 

• DC offset nulling (setting the signals baseline to zero for both signals) 

• Photo-acoustic waves rectification (inverting the negative side of the photo-acoustic 

waves) 

• Envelope detection of the rectified photo-acoustic waves 

• Setting threshold levels for the laser pulses and photo-acoustic waves' envelopes. 

Variable threshold levels may be used for the photo-acoustic waves' envelopes to 
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compensate for the effect of speed of sound variation and response time for the photo­

acoustic sensor. 

• Finally, pulse shaping (converting the analogue signals into pulses). The analogue 

representation of the laser pulse and the envelope of the photo-acoustic wave are 

converted into pulses as soon as the signals pass the preset threshold levels. This in 

effect results in a single laser pulse and a train of overlapped photo-acoustic pulses as 

shown in the illustrations (Figure 6.4). This pulse overlap is due to the variable 

threshold levels. 

Once the signal processing is completed the software calculates for ATOF, ablation depth (i.e. 

the laser front position) and the ablation rate. This information is then fed back to the control 

unit to adjust the End-Effector's manipulation speed and to control the different laser parameter 

including switching the laser beam on / off. 

6.6 Acoustic Time of Flight (ATOF) Measurement and Calculation Techniques 

The basis of this technique is to measure the elapsed time between the start of the laser bone 

ablation pulses and the return of the induced photo acoustic effects. The ATOF is defmed as the 

time required for the induced photo-acoustic waves to reach an acoustic sensor placed at a fixed 

distance from the surface of the surgical object. 

There are two approaches to calculate the acoustic time of flight. The first approach is the direct 

measurement of the time difference between the start of the laser pulse and the average start 

time of the photo-acoustic pulses This in effect requires a timing circuit with start and stop 

control inputs. The second approach, however, is a novel technique which employs a sampling 

frequency and a number of sample points calculated between the start of the laser pulse and the 

start of the photo-acoustic wave. This approach removes the need for a timing circuit. 

6.6.1 Calculating Laser Ablation Depth and Ablation Rate 

Given the speed of sound at the time of the laser tissue interaction, the acoustic time of flight 

can be used to calculate the laser ablation depth per laser pulse as follows (Equation 6.1): 

Equation 6.1: Calculating the ATOF and ablation depth 

ATOF = T.tart - T.top 

D=v·ATOF 

d=D-D fIXed 
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where 

Tstart is the start time of the laser ablation pulse 

T. is the arrival time of the induced photo-acoustic wave stop 

A TOF is the acoustic time of flight 

D is the measured distance between the acoustic sensor and the laser ablation Front 

v is the speed of sound 

D(IXed is the distance between the acoustic sensor and the surface of the surgical object 

d is the laser ablation depth 

Alternatively, the ablation depth per pulse can be calculated from the difference in time between 

two consecutive ATOF (ATOFl, ATOF2) values (Figure 6.3) multiplied by the speed of sound 

(Equation 6.2). Given the laser pulse repetition rate (PRR), the laser ablation rate can be 

calculated as follow: 

Equation 6.2: Calculating the ablation depth per pulse and the ablation rate 

dpp =(ATOF2-ATOFI)xv 

AR=dppxPRR 

where 

dpp 

A TOFl 

A TOF2 

v 

AR 

PRR 

is the ablation depth per laser pulse 

is the time of Flight for the first laser pulse 

is the time of Flight for the second laser pulse 

is the speed of sound 

is the laser ablation rate 

is the laser pulse repetition rate 

A summary of the ATOF measuring and feedback technique is presented in Figure 6.4. The 

block diagram in this figure shows chronologically the steps of this technique. It starts by 

detecting and processing of the induced interaction light (laser beam) and photo-acoustic waves 

and ends with the ATOF value and the laser ablation depth. The illustrations on the right side of 

the figure show the progression of the waves processing for evaluating the ATOF. Further detail 

of the block diagram of Figure 6.4 is shown in the ATOF example presented later in this chapter 

(Section 6.6.3). This example shows an illustration of ATOF calculations for real data acquired 

during a laser bone ablation feedback experiment. 
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6.6.2 Laser Bone Ablation Feedback Experiment 

This section presents the experiment conducted to investigate the feedback technique presented 

in 6.6.1 for determining the laser front position during laser bone-interaction in real time. The 

apparatus used for this experiment included: 

• A laser source (C02) 

• Fresh bone samples 

• Digital Storage Oscilloscope 

• A photo-acoustic sensor (41 kHz Piezoelectric Ultrasound Transducer) 

• A photo-detector (light detector) 

• An interface circuit 

• An optical rail 

This experiment was initially designed to be carried out using an Er: Y AG laser system for bone 

cutting. However, due to the unavailability of an Er: Y AG laser system at the University of Hull 

a decision was made to use a surgical CO2 laser system in place. This could have a negative 

impact on the results due to the following factors: 

a) The Er: Y AG laser causes a slight rise in temperature to the surrounding tissue [KIRK OO][NIEM 

96] and there is less heat build-up than for a CO2 laser. This is because the ablation time for 

Er: YAG laser is almost equal to the thermal relaxation time (i.e. Tab == t r "", 3~s) whereas, a 

CO2 laser Tab>>tr (Tab= 6000~ and tr = 500~) causes a gradual heating around the area 

of interaction [KIRK 00]. This heat build-up may alter the speed of sound causing uncertainty 

in the measurements. 

b) The Er: Y AG laser features a high induced photo-acoustic levels (measured 99 dB for 

2mm spot size at 1.5J for skin ablation [KIRK 00]) compared with CO2. 

c) Er: Y AG laser systems use a lower pulse repetition rate (~30 Hz) than CO2 laser [NIEM 

96][KIRK 00] which can be in the kHz range. Thus for an Er: Y AG laser, this allows for total 

decay of the tissue heating effect of the previous Er: Y AG laser pulse before the next pulse 

arrives which is not the case for CO2 laser especially at high pulse repetition rates. 

In this experiment, the bone sample is placed on an optical rail at a specified distance from the 

front-end of the laser source (Figure 6.5) and facing the laser beam. The photo-acoustic sensor 

and photo-detector are also placed at specified distance from the laser-bone interaction point. 
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Figure 6.5: Laser feedback experimental setup 

c 

As the laser pulses hit the bone they cause bone ablations which generate bright visible light 

waves and photo-acoustic waves. The induced bright light wave represents the laser ablation 

pulse while the photo-acoustic wave represents the sound generated during the laser bone­

interaction. These induced light and photo-acoustic waves are detected, amplified by the 

interface circuit, recorded and sampled by the digital storage oscilloscope. The sampled waves 

(Figure 6.6) are then imported by the MathCAD software and processed to provide 

measurements for the bone-ablation ablation depth and laser ablation rate. 

Obviously a feedback system for the proposed laser cutting surgery system would require 

measurements and calculations in real time. In this case the digital storage oscilloscope and the 

MathCAD software may be replaced by multi-channel data acquisition card, digital signal 

processing circuits and software and software for the mathematical manipulations. 
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Figure 6.6: A digital storage oscilloscope plots of the generated light and photo-acoustic waves 
recorded for a single laser pulse during a laser bone ablation experiment. The plots show the time 
difference (ATOF) between the start of the laser pulse and the arrival of the photo-acoustic wave. 

Experimental results on the photo-acoustic feedback for CO2 laser bone ablation showed a linear 

correlation between the laser front position on the tissue surface and the acoustic feedback time 

of flight - ATOF (Figure 6.7). The accuracy of this technique however, is highly dependent on 

the accurate evaluation of the speed of sound during the laser tissue interaction and the 

specifications of the photo-acoustic sensor. Hence accurate measurements may require real time 

speed of sound measurement. 

The inaccuracies in the measurements were mainly due to variation in the speed of sound, the 

acoustic response time of the photo-acoustic sensor and the environmental noise. Figure 6.8 

clearly shows higher speed of sound values at close ranges to the ablation site than those at 

further distances. This is due mainly to the heat propagation and heat buildup during laser tissue 

interaction, and other environmental factors such as humidity (water vapor), ablation debris and 

pressure buildup close to the laser bone ablation point. 
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Figure 6.8: Calculated values for speed of sound over distance during COzlaser bone ablation 

6.6.3 ATOF Calculation Results 

This example calculates the acoustic time of flight ATOF using MathCAD. This section 

presents data and results for measuring ablation during using the experimental set up as 

presented in the previous section (6.6.2) In this experiment the distance between the photo­

acoustic sensor and bone surface at the ablation site was measured to be 50 mm. 

The tables below present the data acquired for the induced light (reflected laser beam) (LP) and 

the photo-acoustic waves (AFB) during a laser bone ablation experiment with a sampling 

frequency of 500 k Samples /sec. These data are then plotted against time in Figure 6.9. The 
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figure clearly shows the time difference between the reflected laser beam at the time of ablation 

and the start of the induced photo-acoustic waves. 

n := 700 .. 1200 

LP := 
0 1 

0 -0.04168 -1.69 

1 -0.04167 -1.7 
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Figure 6.9: Reflected laser beam and generated photo-acoustic waves as a function of time 

To calculate the time difference between the two signals (LP and AFB) both signals must be set 

to the zero baseline (i.e. DC offset null). This can be achieved by filtering out the DC offset 

components of the two signals leaving the AC components unchanged. This can be done 

physically using a high pass (AC) filter circuit, or mathematically using Equation 6.3 and 

Equation 6.4. These equations calculate the average baseline value for each of the acquired 

signals and subtract the average value from the original signal over the entire time span. The 

resulting signals with a single base line at the zero DC level as shown in Figure 10. 

Equation 6.3: DC offset nuU of the photo-acoustic wave 

AFbase:= mean {AFBt>oo, 1 ,AFBsso, 1 ,AFBsoo, 1 , AFB4S0, 1 , AFB400, 1 ,AFB:3so, I) 

AFn, 1 := AFBo, 1 - AFbase 

Equation 6.4: DC offset nuU of the reflected laser beam 

LPbase:= mean {LP600 , 1 ,LPSSO, 1 ,LPSOO, 1 , LP4S0, 1 , LP400, \ , LP3S0, \) 

LPn , 1 := LPn , 1 - LPbase 
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Figure 10: The acquired laser beam and photo-acoustic waves set at the zero base line 

The next step is to rectify (inverting the negative part of) the photo-acoustic signal to insure that 

all AC signal components are involved in the calculation. This can be implemented 

electronically using a high rectifier circuit or it can be modelled mathematically as follow: 

Equation 6.5: Photo-acoustic wave rectification model 

AFAl:= IAFn, d 
and the resulting signals are as shown in Figure 6.11 
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n 

Time (s) 

0.00215 0.0024 

Figure 6.11: Reflected laser beam and rectified photo-acoustic wave as a function of time. 

The next step is to generate an envelope for the resonated acoustic wave. This is important for 

determining the state of the detected photo-acoustic wave. Electronically this can be achieved 

using an envelope detection circuit. Alternatively, a mathematical model for envelope detection 

was provided in MathCAD. In this model Equation 6.6 calculates the peaks (Figure 6.12) of the 

photo-acoustic wave while Equation 6.7 smoothes the curve that forms the envelope (Figure 

6.13). 

Equation 6.6: Calculation f the photo-acoustic wave envelope (Peak-Detection) 

Peakn := AFAl if AFAl > max (AFAl_1 ,AFAl-2' AFAl-3, AFAl-4, AFAl-5, AFAl-6) 

max (AFI\t-1 • AFAl-2 • AFAl_ 3 • AFI\t-4 • AFAl-s • AFAl-6) otherwise 
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Equation 6.7: Curve smoothing 

SP := medsmooth (Peak, 25) 

where 

SP: smoothed curve (envelope) of the photo-acoustic wave 
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Figure 6.12: The calculated peaks envelope of the photo-acoustic wave 
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Figure 6.13: Smoothing of the photo-acoustic wave envelope 
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The next step is to normalize (convert into step pulses) the reflected laser beam pulse and the 

envelope of the photo-acoustic wave (Figure 6.14). This can be achieved by setting threshold 

levels for both signals. These threshold levels are normally less than or equal (0.1 V) and used 

to determine the start points of the reflected laser beam and the photo-acoustic wave. A high 

value (5V) is assigned if the signal is above the threshold level otherwise a low value (OV) is 

assigned (Equation 6.9 and Equation 6.10). Different threshold levels may be set for both 

signals depending on the baseline signal to noise ratio. Furthermore, to eliminate the ambiguity 

in determining the exact start point of the photo-acoustic wave several threshold levels may be 

used and the average TOF used. This helps reduce early detection due to noise, however rather 

than using the average TOF the TOF values could be analysed to provide a better TOF estimate. 

The lower and upper threshold level limits in this example have been carefully selected after 
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performing a large number of TOF experiments. Although a better TOF estimate may be 

attained by increasing the number of threshold levels within these limits. 

Equation 6.8: Calculating the photo-acoustic threshold values 

k := 0 .. 4 AT~:= 0.03+ O.Q1(}k 

where 

ATH: is the photo-acoustic threshold 

Equation 6.9: Normalising the photo-acoustic wave 

0.03 '\ 

0.04 

ATH= 0.05 

0.06 

0.07 J 

An,k:= 15 if SPn> AT~ 
o otherwise 

where 

A: is the Normalised pulse of the photo-acoustic wave 

Equation 6.10: Normalising the reflected laser pulse (Threshold = 0.1 V) 

T . '-LIJl .-

where 

5 if LPn , 1 > 0.1 

o otherwise 

L : is the Normalised pulse of the reflected laser beam 
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Figure 6.14: Normalised reflected laser beam pulse and photo-acoustic wave envelope 

The time delay between the reflected laser pulse and the pulse that represents the arrival of the 

photo-acoustic wave is calculated by counting the number of sample point between the pulses 

(i.e. total number High level sample points (Figure 6.15)). 
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Figure 6.15: The difference in samples point and time between the detection of the laser pulse and 
tbe pboto-acoustic wave 

According to this technique for the given sampling rate (SR =500 K Samples /sec), the time 

delay (TOF) can be calculated as follows 

Equation 6.11: General form of time delay calculation 

SR := 500· 1 cl 

where 

SR: is the sample rate (Sa/sec) 

A.: is time duration per sample pulse 

1 
':1._­,... .-

SR 
TOF:= S·1.. 

S: is the total number of samples with high values that form the difference between the start of 

the reflected laser pulse and the start of the photo-acoustic wave. This can be calculated as 

follows: 

Equation 6.12: Sample points with high (5V) value 

91n ,k:= 11 if (Ln - An,k) > 0 

o otherwise 

where 

91: is the sample point with high value (5V) 

Equation 6.13: Total number ofsample points with values for different acoustic threshold levels 

68 '\ 

68 

S = 70 

79 

84 i 

Hence the time delay (TOF) for the different photo-acoustic threshold levels is: 
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l.36x 10- 4 ') 

l.36x 10- 4 

TOF= lAx 10- 4 sec 

1.58x 10- 4 

1.68x 10- 4 ) 

For the given distance of SO mm between the photo-acoustic sensor and the bone ablation site 

and a speed of sound = 340 mls. The measured distance using this technique is estimated as the 

average distance calculated for the different photo-acoustic threshold levels as shown below: 

Equation 6.14: Calculated distance for the different photo-acoustic threshold levels 

For V := 340 mls 

D :=v·TOF m 

And the average calculated distance is 

Distance := mean (D) m 

46.24x 10- 3 , 

46.24x 10- 3 

D = 47.6x 10- 3 

53.72x 10- 3 

57.l2x 10- 3 

m 

Distance = 50.l8x 10- 3 

The median and standard deviation of the calculated distance are: 

median(D) = 47.6x 10- 3 m 

cr := stdev(D) cr = 4A36x 10- 3 m 

m 

This ATOF technique shows an average calculated distance of 50.18 mm with a standard 

deviation of - 4.4 mm. This stand deviation value is highly dependent on the preset Acoustic 

Threshold (ATH) levels. As the difference between the acoustic thresholds levels decreases, the 

standard deviation decreases and vice versa. These ATH levels may also affect the average 

measured distance hence the initial threshold level must be carefully set to avoid noise detection 

yet to be small enough to detect the start of the rising edge ofthe induced photo-acoustic wave. 

Although the standard deviation value seems large, the average measured distance (50.18 mm) 

using the ATOF appears to agree with the preset distance (50 mm) between the photo-acoustic 

sensor and bone surface at the ablation site. The ATOF's average measured distance of 50.18 

mm represents the position of the Laser Front at the ablation site relative to a fixed reference 

point (the position ofthe photo-acoustic sensor). Errors in the measurement are possibly due to: 

• measurement error in the preset distance between the photo-acoustic sensor and bone 

surface at the ablation site 
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• the Laser Front propagation into bone during the laser ablation 

• the response time for the photo-acoustic sensor 

• the assumed value of the speed of sound (340 m/s) used in this calculation. Ideally due 

to environmental factors [Appendix F], the speed of sound may fluctuate. Therefore, for 

higher accuracy measurements, an adaptive calibration circuit may be required to 

adjust the value of the speed of sound in real time. 

Despite the large standard deviation value and the ATOF measurement error, this result shows 

that with the proper detection components this technique may be effective in accurately 

determining the position of the Laser Front inside tissue during the laser tissue interaction. 

6.7 Acoustic Phase Shift Technique 

This second technique developed aimed to measure the average ablation depth per laser pulse in 

real time during laser tissue interaction. It measures the phase shift between "non-uniform" 

irregular waveforms sharing similar characteristic in terms of their frequency and waveform and 

calculates the average ablation depth per pulse and the ablation rate. Figure 6.16 shows the 

phase shift between two subsequent induced photo-acoustic waves, achieved by synchronising 

the corresponding ablation laser pulses. 

This phase shift technique features time independent measurements which have high immunity 

to amplitude noise. It measures the phase shifts over a number of photo-acoustic cycles by 

means of a sampling frequency and the number of sample points involved. Section 6.7.1 

explains steps of the phase shift technique. Section 6.7.2 then verifies the technique using a 

mathematical model that provides idealised waveforms. Finally, Section 6.7.3 validates the 

technique using real data measurements for waveforms acquired during CO2 laser bone ablation. 

This technique is frequency dependent and can measure depths ranging from 0 to A. mm (the 

wavelength of the acquired photo-acoustic wave) corresponding to 0 to 27t radians of a phase 

shift. Therefore, the maximum measurable depth is limited by the frequency of the acquired 

photo-acoustic waves and the speed of sound. For example, a 40 kHz photo-acoustic wave at a 

speed of sound of 340 m/s limits the maximum depth measurement to about 8.5 mm; at 100 kHz 

the depth measured is limited to 3.4 mm. 
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Figure 6.16: Phase shift of two sequential acoustic waves with synchronized laser pulses 

6.7.1 Phase Shift Measurement and Feedback Technique 

The phase shift measurement and feedback technique consists of the following major design 

components: 

• 
• 
• 
• 

Laser and photo-acoustic detection devices 

Detection and interface circuit 

Dual channel data acquisition and sampling unit 

Signal processing and data manipulation software 

The output of this technique contains information about the average phase shift between the 

induced photo-acoustic waves (could be more than two waves: Group Phase Shift). This phase 

shift in time corresponds to the bone ablation depth per pulse or number of pulses. The output 

may also contain information about the ablation rate. 

Figure 6.17 shows a block diagram of the operation principle of this phase shift measurement 

and the feedback technique with step by step illustrations of the signal processing and data 

manipulation. The phase measurement system can either be implemented by software or 

hardware and the major implementation components as shown in the circuit design in Figure 

6.18 include: 

• AC coupled analogue switch (tri-state analogue buffer) 
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• Synchronisation window generator circuit (analogue switch control circuit) with TIL input 

• Sampling circuit (Sample and Hold) 

• Comparator (normalising circuit) 

• Memory locations 

• XORGate 

• Up-Counter 

• Divider 

• Multiplier 
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Induced photo-acoustic effects of two ~" '''' ,'. '," - .-j, 

laser pulses at Time to and tl 
~--'t'\~~{ ,~"'-f 

fJ 
, _ ___ I 

'1\ 
j . 

.... . -:;:..?,}. ,I. :}.: ::-. 

li ;~~-~ LPRR Sync Window Interface circuit ) ~ ; ~ '.:r :. 1 .. -' ,- I~ ~ ', ~\Y \y' r~\ eLK & control • Input Buffer (Analogue SW) 

!! -1°0 XI 100 

~ ___ o...~ ___ 

Sampling Frequency 
Sample & Hold ] (N) Samples 

~. ~ 
6 - .-. - .-

H 
.. - .- - ... ,'" 
1 -. -. ... .• o. 
0 

-] .. -' - -rmpmto, - 4 - ..... - ...... 
-6 •. - .. -. -... -. 

Output = t if sample weight > 0 
-, 

-1°0 JI 1111 

I 

o otherwise 

H_aliMl& .... flX li M_w,dvalua.flY 

I I 

Memory 9 Logic Circuit p Memory 1 Y, I )~ , 
Block Block ,; .. OJ 'J ... ~, 

MI to tl M2 

L GG ,. 100 

fl 

DO 1O I .. 

- . i 

~~~ •• "-..,-~ ! 
- ' ................ , ... , I ..... 

r ': [ S = S(MI ®M2) I 
U o '" lID 

i 

[ Phase = Sn: / N I 
U 

TimeDelay = o()X~ 
21r 

AbJationDepth = V X Tim eDeJay 

Figure 6.17: A block diagram of the phase shift measurement technique operation principle 
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Figure 6.18: A block diagram of the phase shift measurement technique circuit design 

The AC coupled analogue switch (Figure 6.18) controls the acquisition of the laser induced 

photo-acoustic waves by allowing only a limited number of acoustic cycles to pass through to 

the sampling circuit (Sample and Hold). 

The Synchronisation window generator circuit is basically an analogue switch control circuit. 

This circuit synchronises the acquisition of the photo-acoustic waves with respect to the ablation 

laser pulses. This circuit is triggered by TIL input pulses representing the laser and generates 

delayed output pulses with a pulse repetition equivalent to that of the laser, and pulse duration 

much larger than that of a single acoustic wave. The pulse delay is required in order to avoid the 

acquisition of the early acoustic response cycles. However, this delay should not affect the pulse 

repetition rate by any means. 

The sampling (Sample & Hold) circuit is a device for analogue signal conversion into a train of 

amplitude modulated pulses [GOPA 88]. The actual design of a sample and hold circuit is shown in 

Figure 6.19. It typically consists of a capacitor, an electronic switch and operational amplifiers. 

The operational amplifiers are needed for isolation, to reduce the capacitor loading effect on the 

analogue signals. The capacitor (Hold Device) holds the value of the sampled pulse for a 

prescribed time duration. 
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Figure 6.19: A sample and hold device 

The output of the sampler can be viewed as a train of impulse functions whose weights are 

equal to the values of the continuous input signal at the instants of the sampling (impulse 

modulation). It is important to note here that sampling frequency should be at least twice the 

input frequency to avoid aliasing [GOPA 88] [HAYK 99]. For high sampling resolution the sampling 

frequency must be much larger than the input frequency. Mathematically the sampled signal 

Vou.,(t) of an ideal sampler is represented as the product of the original input continuous-time 

VIN(t) signal and an impulse train P(t) [GOPA 88] [HA YK 99]. (Equation 6.15). 

Equation 6.15 

VOVT (t) = VrN (t)P(t) 

where 

n-I 

P(t) = :L<>(t - nT) 
o 

and T is the sampling interval with a sampling frequency Is equals liT, and n is the number of 

sample points. 

The main function of the comparator circuit is to compare the weights of the sampled signal's 

impulse functions with zero and generate a binary output accordingly. A (1) value is given for 

all sample data points whose weights are greater than zero and (0) otherwise (Figure 6.20). 

These binary outputs are then stored in pre-specified memory locations. 
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Figure 6.20: Comparator Input / Output relation 

As shown in Figure 6.17, the phase shift technique requires two memory blocks. These memory 

blocks are to store binary information representing the normalised values of the sampling 

points. Memory block MI is used to store information from the initial photo-acoustic waves (at 

time [toD while M2 stores information for all other subsequent waves [to +tle]; where 't is the 

duration between laser pulses and le is the pulse number. The size of the memory blocks 

determines the maximum number of data samples (n). 

The X-OR gate calculates the absolute difference between data stored in Ml and M2. The X­

OR gate output will be (1) if and only if the absolute difference between data stored in Ml and 

M2 at address x, equals (1) (i.e. I MI-M21 =1). This output increments an up-counter every time 

the output is a (1). The (1 s) here represent the sample points that are out of phase. 

An alternative to the X-OR would be a comparator circuit that compares the data points in Ml 

and M2 generating a (1) output if and only ifMl>M2 and (0) otherwise. Figure 6.21 shows the 

expected outputs of the both the X-OR circuit and comparator circuit for two signals out of 

phase. 
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FIgure 6.21: The expected X-OR and Comparator outputs for the same analogue signals 
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The up-counter sums up the total number of points that are out of phase (S) over the entire 

sampling window. This number is then used to calculate the phase shift between two wave 

forms. 

Equation 6.16 

n-I n-I 

SXOR = I,\M1-M2\ or Scomp = I,[(M1-M2) >0] 
o o 

The Divider and Multiplier can be implemented by software to calculate the phase shift between 

two consecutive signals. The phase shift equals to the total number of (1 s) over the total number 

of samples multiplied by 1t for the X-OR implementation or 21t for the comparator one Equation 

6.16. This gives the phase shift value in radians which can then be converted to time and 

distance as shown in Equation 6.17 below. The phase shift technique presented is immune to 

amplitude noise and can be applied to real time or streaming signals with high accuracy. 

Equation 6.17 

where 

1r of} = SXOR­
n 

09 is the calculated phase shift in radians 

or 
21r of} = Scomp­
n 

S is the total number of (1 s) for either the X -OR and comparator implementations 

n is the total number of sample points 

Once the phase shift is calculated one can easily calculate the corresponding laser ablation 

depth, by calculating the time delay corresponding to the amount of phase shift. This can be 

done using Equation 6.18 and Equation 6.19. 

Equation 6.18: Time delay 

Equation 6.19: Ablation depth 

where 

T 
TD=OBx-

21r 

AD=vxTD 

TD is the time delay corresponding to the amount of phase shift 

09 is the calculated phase shift in radians 

T is the period (in radians) of the given signal (photo-acoustic wave) 
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v is the speed of sound 

AD is the laser ablation depth 

The following section presents a mathematical model of the phase shift measurement technique 

followed by an example on real data acquired during laser bone ablation. 

6.7.2 Mathematical Verification ofthe Acoustic Phase Shift Measurements Technique 

This section uses a mathematical model implemented in MathCAD to verify the phase shift 

measurements technique. This model also demonstrates the efficiency of the technique that 

calculates the phase shift between two waves which have similar properties in terms of 

wavelengths and wave shape. The waves (x and y) presented in this model are computer 

generated waves with differences in magnitudes and a pre specified phase shift (L\9). As 

discussed in the previous section this model uses sampling to calculate the phase shift between 

waves. The model involves a number of steps. 

Stept: Creating the Waveforms 

Let (i) be the number of sample points. x and y (Figure 6.22) are the two waves that shifted in 

phase by &9 

10 
g 
6 
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gO 

Figure 6.22: Two waves X and y that are out of phase 
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Step 2: Wave Normalising 

A value [1] is assigned for all points greater than 0 and [0] otherwise. 

Equation 6.20: Wave Normalising equations 

where 

Xi := 11 if ~ > 0 

o otherwise 

Yi := 1 if Y
i 

> 0 

o otherwise 

X and Y: are the nonnalised values for the x and y waves respectively 

I 
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Figure 6.23: Normalised values of the x and y waves 

Step 3: Calculating the Phase Shift 

-

lOO 

To calculate the phase shift one must calculate the nwnber of Normalised sample points that are 

out of phase. These points are equal to the absolute difference between the normalised values of 

x and y (Equation 6.21) 

Equation 6.21: Phase shift calculations 

where 

PSpoints: are the out of phase sample points 
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Figure 6.24: Sample points that are out of phase 

Equation 22: Total number of points tbat are out of pbase 

S := L PSpointsi 

where 

S = 20 

S is the total number of points that are equal [1] value. 

Equation 6.23: Phase shift 

"'''' 

S1t 
PHASE:= - rad 

100 
PHASE = 0.628 rad 

where 

-

11111' 

100 

PHASE: is the phase shift value and (100) is the number of sampling points 

The phase shift calculation results using this APS model show that the calculated phase value 

(PHASE) is 0.628 radians which is identical to the preset phase shift value (A9). This verifies 

the phase shift technique is accurate and indicates that it has the potential to provide an accurate 

phase shift measurement values. More supporting examples are presented in Appendix A: 

Feedback Techniques. 

6.7.3 Experimental Evaluation of the Acoustic Phase Shift Measurements Technique 

(APS) 

The acoustic phase shift technique is applicable to real time or (streaming) waves. Thus it 

provides a means to calculate the bone ablation depth per pulse by measuring the phase shift 

between the induced photo-acoustic waves. As mentioned previously the measured bone depth 

is limited to the acoustic wavelength and the laser bone ablation rate is easily calculated from 

the ablation depth. In order to apply this technique for laser bone ablation measurements, the 

following is required: 
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• The laser pulse repetition rate 

• The period between laser pulses 

• A limited number of photo-acoustic waves cycles (window) 

• The exact frequency of the acquired photo-acoustic waves 

• An accurate evaluation of the speed of sound at the time of laser tissue interaction 

In this technique the laser pulse repetition rate is mainly required for photo-acoustic waves' 

synchronisation as shown in the following example: 

Data and results are given below from an experiment conducted to calculate the phase shift 

between two induced photo-acoustic waves acquired during CO2 laser bone ablation. These 

waves are acquired for two sequential laser pulses (Figure 6.25). The acquired data as stated in 

Section 6.7.1 are captured via a digital storage oscilloscope and exported to MathCAD for 

further calculations and analysis. Samples of the acquired data are presented in the following 

tables: 

n := 100 .. 9000 

LP := AFB := 
0 1 0 1 

0 -0.05154 -1.78 0 -0.05154 0 

1 -0.05154 -1.77 1 -0.05154 0 

2 -0.05153 -1 .76 2 -0.05153 -0.01 

~ LP 
~ n , 1 

LPIn 0 := LPn 0 - LPO 0 , , , 

Timcn := LPIn , 0 

LP 
AFB 

is the Laser Pulse 
is the acoustic Feedback 

column (0) represent the time 

5~--------r-------~~------~~--------

B --- O~~~~----------~~~-----­
:.= AFB 
~ __ n , 1 

-5 ~ ___ ~ ____ L-___ ~ _______ ~ 

o 0.005 0.01 0.015 0.02 

Time 
n 

Time (s) 

Figure 6.25: Acquired induccd light and photo-acoustic waves plotted as a function of time 

The acquired waves undergo the following signal processing procedure and mathematical 

manipulation in order to calculate the acoustic phase shift. The fIrst step was to remove the DC 
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component of both signals and set the zero baselines for each of the induced light (laser beam) 

and photo-acoustic waves (DC offset null). Due to possible variation in DC levels for each 

induced wave, the zero baseline for each signal should be set independently (Equation 6.24 and 

Equation 6.25) 

Equation 6.24: Setting the photo-acoustic zero baseline 

AFbase1:= mean (AFBsoo, 1 ,AFB4so, 1 ,AFB4oo, 1 ,AFB.3so, 1 ,AFB.3oo, 1 ,AF~so, 1) 

AFn , 1 := AFBn, 1 - AFbase1 

AFbase2 := mean (AFBssoo, 1 , AFBs4S0, 1 , AFBs400, 1 , AFBs350, 1 , AFBs300, 1 , AFBs250, 1) 

AFo+5000,1 := AFBn, 1 - AFbase2 

Equation 6.25: Setting the laser pulse zero baseline 

LPbasel := mean (LPSOO, 1, LP450, 1, LP400, 1, LP3S0, 1, LP300, 1, LP250, 1) 

LPo , 1 := LPn , 1 - LPbasel 

LPbase2 := mean (LPS500, 1, LP5450, 1, LPS400, 1, LP5350, 1, LPS300, 1, LP5250, 1) 

LPo+5000, I := LPn , I - LPbase2 

The next step is to synchronise the induced light waves (laser pulses) by overlapping the two 

laser pulses with 0 phase shift. This in effect results in overlapping the induced photo-acoustic 

waves (Figure 6.26). However, due to the time difference between laser pulses the photo­

acoustic wave will be out of phase. 

LPo , I 
,-. 

C LP 
~ 0+5000, I 
=--... 
:= AF e 0,1 
<--

AF 0+5000, I 

8r-----~----~----,-----_r----~----~ 

6 

4 

2 

0 

-6.0112 0.0114 0.01l6 0.0118 

Time 
° Time (s) 

0.012 0.0122 0.0124 

Figure 6.26: Synchronized laser pulses and phase shifted induced photo-acoustic waves plotted as a 

function of time 

166 



Next a window of a number of sample points is set up for calculating the average phase shift 

between the two photo-acoustic waves over a number of wave cycles (Figure 6.27). 

w := 200 

-> - AF I ~ 
'C n, 
=--.... 
:= AF E' n+5000, I 
<--

n := 5850 .. 6150 

2 

0 

-I 

-2 
5850 5900 5950 6000 6050 

n 
Sample Points 

6100 6150 

Figure 6.27: A window of 200 points for the overlapped photo-acoustic waves 

The next step would be wave nonnalising; where logic [1] value is assigned for all points 

greater than 0 and [0] otherwise. 

Equation 6.26: Normalising the induced photo-acoustic waves 

VOn:= 11 if AFn , I > 0 Vln := 11 if AFn+SOOO, I > 0 

o otherwise 0 otherwise 

where 

UO and Ut: are the Nonnalised sample values for the photo-acoustics waves 

r: 
~ 
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i 
0 vo 
~ D 
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D 
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6100 61S0 

Figure 6.28: Plot of the normalised sample values of the photo-acoustic waves as a function of 

sampling points. 
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Once the nonnalising is completed the phase shift can be calculated. As explained in 6.7.1 the 

phase shift is calculated using the number samples that are out of phase. This can be done as 

follows: 

Equation 6.27: Points out of phase 

POPn := IUOn - Ulnl 

where 

POP: represents the points that are out of phase 

! 
if 
'S 
i pop 0 0.5 o D. 

:I± 
01 : 

5900 5950 6000 

D 
SampUng Points 

6050 6100 6150 

Figure 6.29: The Normalised out of phase points for the photo-acoustic waves 

Equation 6.28: Total number of points that are out of phase 

SReal := L POPn. 0 

n 

SReal = 71 

where 
SReal: is the total number of points that are out of phase 

Equation 6.29: Phase shift calculation 

where 
PHASE: 

SReaht 
PHASE:= PHASE = 1.115 rad 

w 

is the phase shift in radians 

Equation 6.30: The Phase shift value in degrees 

180 
PHASE_deg:= SReal·- PHASE_deg = 63.9 Deg. 

w 

where 
PHASE_deg: is the Phase shift in degrees 

To calculate the laser ablation depth one must first calculate the phase shift in time (the Time 

Delay). This can be achieved using Equation 6.31 which involves the frequency and wavelength 

of induced photo-acoustic waves. For this example the frequency of the photo-acoustic waves is 

36.03 KHz and wavelength T is 27.751J.S. Thus time delay can be calculated as follows: 
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Equation 6.31: Time Delay (TO) Calculation 

T 
TO := PHASE deo.­

- e 360 

and the corresponding ablation depth is: 

Equation 6.32: Laser Ablation Depth 

Depth := 345· TD 

TD = 4.926x 10- 6 sec 

Depth = 1.699x 10- 3 m 

This yields the CO2 laser bone ablation depth per pulse For the purpose of comparison the 

following section calculates the ablation depth using the new fonn of Beer's Law equation 

(Equation 6.33) for the given laser and bone parameters used in the actual experiment. 

Equation 6.33: New Form of Beers Law 

[ 
J.1 '\ In[ (F - Fth) J x:= --. 1 + J.1p~-~ 

<XJ.1 p J J.1Fth 

where 

x is the ablation depth 

J..l is the mass absorption coefficients for the bone 

J..lp is the mass absorption coefficients for the plume 

a is the absorption coefficients 

F is the incident Fluence J/cm2 

Ftb is the threshold Fluence 1.4 J/cm2 [IV AN 98] 

Given the following parameters: 

Spot Size = 52 J..Lm a = 875 cm-1 Ftb =1.4 J/cm2 F = 47.087 J/cm2 

For~ 9lp 

x = 4.018x 10- 3 

x = 8.453x 10- 3 

x := (0.33 1.1n[1 + (F - Ftb) '3J 
a J Fth 

x = 1.733x 10- 3 
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Comparing the above results with the laser ablation depth results obtained using the acoustic 

phase shift technique (APS); one can see that the APS technique shows an ablation depth per 

pulse, for the given set of laser parameters and a speed of sound = 345 m/s, approximately equal 

1.7 mm. However, the ablation depth per pulse as predicted by the new fonn of Beer's Law is 

highly dependent on the mass absorption coefficients of the bone and the plume. For ~ = Jlp for 

example the ablation depth per pulse is predicted to be -4 mm and for ~ = lOJlp the ablation 

depth per pulse is predicted to be ~8.5 mm. 

On the other hand, for Jlp = 3~ (i.e the mass absorption coefficients for the plume is three times 

that of the bone) the ablation depth per pulse is predicted to be approximately equal to 1.7 mm 

which is similar to the acoustic phase shift calculations results. However; further investigation 

may be required in the future in order to validate these results. This may include: accurate 

evaluation of the speed of sound and the mass absorption coefficients during the laser bone 

interaction, and the direct measurements of the ablated craters (Microscopic Measurements). 

This also may include: the use of a spectrum analyser to investigating the exact frequency of the 

induced photo-acoustic waves. This in effect helps in selecting the most appropriate photo­

acoustic feedback sensor (narrow band), that matches the frequency of the induced photo­

acoustic waves. This may insure the detection of similar photo-acoustic waveforms and 

eliminate the ambiguity in identifying the depolarisation start points of the photo-acoustic 

waves. This may also insure no random phase shift between two consecutive pulses. 

6.7.4 Potential Sources of Errors in the Measurements 

The potential sources of errors associated with the photo-acoustic time of flight and phase shift 

measurements are mainly due to the following factors: 

• Speed of sound variation due to environmental factors (Appendix F) 

• Environmental noise 

• Response time of the photo-acoustic transducer and Photo-detector 

• The mass absorption coefficient of the plume relative to that of the bone 

• Factor associated with the steps of the technique. These include: zero offset nulling, 

threshold level setting and accurate envelope evaluation (ATOF) 

Over time bone loses some of its fluid due to dehydration. This in affect may cause an initial 

rise in temperature at the ablation site leading to an increase in the speed of sound. This may 

help explain the variation of the speed of sound through out the experiment. 
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6.8 Alternative Techniques for Measuring the Laser Front Position 

Due to the environmental affects on the speed of sound and affects on the photo-acoustic 

measurements the author suggests the use of non-contact laser feedback ranging techniques as 

alternatives to photo-acoustic waves. These techniques include laser time of flight (TOF) and 

laser phase shift (PS) measurements. 

Several other techniques have been developed elsewhere for laser range fmding and distance 

measurements each of which is suitable for different application and measuring ranges. Some of 

these techniques may be applicable for laser orthopaedic surgery to determine the laser front 

position inside tissue. This section discusses three techniques worthy of further investigation but 

are beyond the scope of this project. 

6.8.1 Laser Time of Flight (TOF) Measurement 

This technique would measure time of flight of a laser thus it would remove the speed of sound 

variation problem the acoustic time of flight method presented earlier 

Photons require a certain period of time to cover a distance from the sensor (Tx / Rx) to the 

target and back. In the laser TOF measurement system a short laser pulse is sent out toward a 

target and the time ,,11 required for the laser pulse to return is measured. This time is directly 

proportional to the distance travelled; taking into account the velocity of light in the medium 

involved it can be calculated as follows 

where 

d is the travelled distance 

e is the speed of light (3xl08 m1s) 

d = ellt 
2 

..1t is the time required for the round trip of the laser pulse 

The TOF measuring technique may be applied during Er: Y AG laser tissue interaction to 

measure the ablation depth and the position of laser front inside tissue. However; it may only be 

operational during the relaxation time between the ablation laser pulses. Given that the Er: Y AG 

a laser pulse repetition rate of 1-30 Hz and a pulse duration of approximately 200 J.Ls, the 

relaxation time would be in the range of33.3328 -999.8 ms (- 33 -1000 rns). 

For high accuracy and precise measurements the TOF technique can be applied several times 

during the time interval between the laser ablation pulses. Figure 6.30 shows the operation 
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principle and implementation of the TOF technique. This technique suggests repeated TOF 

measurements for a single position where the actual TOF is the average. Repeated TOF 

measurements may improve the signal-to-noise ratio and result in higher accuracies. The 

Advantages of the laser TOF over the acoustic TOF (ATOF) are as follow: 

• Straight line active sensing (The transmitted and received laser pulses follow the same bath 

(Figure 6.30) 

• The absolute range to the observed point is readily available with no complicated analysis 

(d = c!1tI2) and no assumptions and no environmental affects on the speed of light 

• Accuracy is independent of the range in the laser TOF whereas in the ATOF accuracy is 

highly dependent on the magnitude of the induced photo-acoustic wave. 

• Repeated TOF measurement for the laser type to improve accuracy while only one photo­

acoustic measurement may be taken per laser pulse. 
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Figure 6.30: TOF laser ranging system during laser tissue ablation 

The TOF technique must meet certain requirements. These include: 

• Laser diode source (Class -1 eye safe) with a high sensitivity photodiode detector 

• Short laser pulse durations. 
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• Non or minimal interaction with tissue (very low tissue interaction coefficient) 

• High reflectivity (high tissue reflective or scatter coefficient) 

• Safe to patient, medical staff and environment (cause no hazards) 

• Accurate alignment and positioning relative to the laser line of interaction 

• Must be fixed to the laser End-Effector and cause no constraints on laser manipulation 

• High speed measurements (much higher than 30 Hz) 

• Laser frequency response other than that of the Er: YAG (ablation) laser. 

• The partially reflective mirror must cause no affect on the Er: Y AG laser while causing total 

reflection of the diode laser 

• Diode laser spot size must be much less than that of the ablation laser to allow for 

measurements inside holes. 

• Ideally low cost 

• Lightweight 

The cost and complexity of this method depends upon the precision and resolution required. 

Precision in sub-millimetre range requires pulse lengths of few tenths of picoseconds and the 

associated data acquisition and electronics [Laser Components)[ABOS 03). The standard deviation in the 

measured distance with TOF is proportional to the optical pulse rise time and is inversely 

proportional to the signal-to-noise ratio [ABOS 03). Compared to sonar sensors the laser range 

finder is still very expensive. 

Besides cost and complexity issues, potential error sources for TOF would need to be 
investigated: 

• Uncertainties in determining the exact time of arrival of the reflected pulse due to varying 

reflectivity of the target 

• Inaccuracies in the timing circuit 

• Laser tissue interaction may result in a high laser energy absorption with minimum 

reflection (i.e. received signal with low Signal-to-Noise ratio) 

6.8.2 Laser Phase Shift Measurement 

This method effectively measures the "echo" of a modulated continuous wave (CW) laser beam 

(Figure 6.31). The phase shift between the emitted and received signal is proportional to the 

distance travelled which can easily be calculated. With this method the maximum useful 

measurable distance is half of the distance travelled by light during one period, because for 

phase shift of over 3600 (21t radians) the determination of measuring the distance travelled is not 

trivial. This method is typically used for measuring distances of a few tens of metres and can be 
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extended by using modulation with variable frequencies or at more than one frequency 

simultaneously (ABOS 03]. This technique when implemented can make use of the phase shift 

model presented in Section 6.7. 

-~--'---'------'---------------------.., 

~cp A. = ~ = Tc 
f 

Mp = 4nd 
A. 

where 
LJIp is the phase shift 
d is the distance to target. 

(Distance d must be < 1I2) 
A. is the modulation wavelength 

Figure 6.31: Laser phase shift measurement technique 

6.8.3 Laser Absolute Interferometry 

Absolute distance Interferometry (ADI) has been developed for high precision simultaneous 

absolute distance measurements [COE 02)[KIND 02). It is a general technique for measuring an 

interferometer of unknown length by comparing with a reference interferometer [DUNN 96) [COE 02). 

The absolute distance interferometry allows for an unambiguous measurement of unknown 

length interferometry. It compares the distance to be measured with the wavelength of a known 

frequency of light. 
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Figure 6.32: A schematic diagram of an absolute distance interferometer (ADI) (KIND 02) 
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The measurement principle of absolute distance interferometry is shown in Figure 6.32. A 

certain number of light waves (of wavelength AI) correspond to distance L. If this wavelength is 

continuously tuned (stretched) to A2, the number of wave forms corresponding to distance L will 

change. This number can be determined using an interferometer. The measurable phase 

difference resulting from this wavelength stretching is ~q" where [ABOS 03): 

The phase change during the wavelength change from AI to A2 can be measured using an 

interferometer. During the continuous laser tuning from AI to A2 a second reference 

interferometer is used to simultaneously monitor a well-defined reference path, since the 

wavelength change of the diode laser is difficult to reproduce exactly [ABOS 03) [COE 02). Because 

the phase change in the interferometer is proportional to its length, the ratio of phase change in 

the measurement interferometer (~tP) to the phase change in the reference interferometer (~f/Jref) 

is just equal to the ratio of the unknown measurement length (L) to the known length of the 

reference interferometer (Lr~f) [STON 99)[ABOS 03). This gives 

The reference interferometer, on the other hand, may be replaced by a regulating interferometer 

which changes a defined AI by a known increment M [ABOS 03). 

The accuracy of this technique depends on the laser diode tuning range: the wider the 

continuous tuning (wavelength stretching) range of the laser, the higher the phase resolution and 

therefore the accuracy [ABOS 03). 

Certain system requirements must be met before using absolute distance interferometry (AD!) 

as feedback system in the medical field during laser surgery; these include: 

• The ADI laser source wavelengths must be safe and cause no tissue interaction or 

environmental hazards 

• The ADI detectors must not react to reflected laser ablation beam wavelength 

• The ADI must be compact and cause no constraints to other systems during surgical 

application 
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The major disadvantage of the variable-wavelengths ADI system is its high sensitivity to all 

error sources that affect the phase of the interferometer signals [KIND 02]. These sources may 

include analogue electronic circuits (amplifiers, band-pass filters and so on) that cause 

electronic phase shift. Large errors can occur if the distance being measured changes during the 

laser frequency sweep [KIND 02]. 

6.9 Summary 

With the development of two innovative photo-acoustic feedback techniques presented in this 

chapter it appears possible to implement a closed loop control system for computer assisted 

laser bone surgery. These techniques detennine the position of the laser front inside bone during 

laser bone interaction. 

The acoustic time of flight technique (ATOF) can be used to measure the distance between the 

Laser Front position inside tissue and the photo-acoustic sensor placed inline with the laser 

beam at a fixed position from the tissue surface (Dmeasured). Hence, given the distance (D) 

between the acoustic sensor and the tissue surface, the depth of the laser front inside tissue can 

be calculated from the difference between Dmeasured and D. The ATOF can also be used to 

measure the laser ablation rate and the laser ablation rate per pulse. 

The alternative acoustic phase shift (APS) technique also measures the laser ablation depth and 

ablation rate. However this technique is limited in measurement to a maximum depth of one 

photo-acoustic wavelength for the ablation caused by a single pulse. An advantage of this 

technique over the ATOF is that it does not depend on the position of the photo-acoustic sensor 

relative to the ablation site. It only requires information about the start of the laser ablation pulse 

and the pulse repetition rate. This technique showed 100% accuracy for measuring the phase 

shift between well defined waves. This technique can also be used to measure group delay 

(phase shift) between a number of waves at one time for condition that the maximum delay is 

less than or equal to one acoustic wave length. 

Although these two techniques offer the potential of being effective in determining the laser 

front position inside tissue, both are very sensitive to variations in the speed of sound which can 

be affected by environmental factors such as temperature, humidity and pressure. Therefore 

further investigation of the practical realisation of these techniques is required and alternative 

laser ranging techniques based on the sampling points principle should also be considered. 
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Chapter 7 

Error Analysis and Evaluation of the End-Effector 

7.1 Introduction 

In computer assisted laser bone surgery sufficiently accurate position of the Front End of the 

laser waveguide is a mandatory requirement. A positioning or orientation error beyond the 

specified error tolerance can have dangerous and costly consequences. 

This chapter aims to analyse the errors that might occur, and quantify them during the 

positioning of the laser waveguide. It also aims to pinpoint potential sources of errors that are 

associated with the design components, feedback measurements and control mechanisms. 

Positioning inaccuracies within the laser End-Effector system can stem from a number of 

sources. These include: 

• End-Effector's structural errors 

• End-Effector base positioning and orientation errors 

• Measurements and registration errors 

• Controller errors 

End-Effector error analysis is an important aspect of design that ensures the overall performance 

requirements are met and optimised for positioning accuracy. Kinematic error analysis is an 

essential step during the design phase in order to verify whether or not a proposed end-effector 

design meets the accuracy requirements. It is also important during the End-Effector 

implementation and calibration phase. Hence, correct identification of the laser End-Effector's 

kinematic errors can serve to increase the effectiveness of the calibration process and thereby 

improve the End-Effector's positioning accuracy. 

A considerable amount of research work has been conducted in the area of kinematic error 

analysis and calibration of robotic manipulators [MAVR 97][MOON OI][FU 87][RIVA 04]. Mathematical 

models of kinematic errors have been developed based on screw theory [MOON 01], Jacobian 

matrices [FU 87][RIVA 04], homogeneous matrices, and Denavit and Hartenberg representation [FU 87]. 

Some of the conducted research work has considered the effect of manipulation joint errors 

[BENH 87][W ALD 79] while other has focused on the effect of dimensional errors of the links [FERR 

86][VAIC 87]. 

The error analysis model for the laser End-Effector presented in Chapter 5 is based on the 

geometric approach for solving the forward kinematic model (Section 5.7.3). This model can be 
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used to perfonn worst case accuracy evaluation and it can help to set the requirements for the 

calibration process. It can also analyse the effect of physical error sources that may exist within 

the laser End-Effector. The error analysis model presented in this chapter was implemented 

using MathCAD and tested over a range of different error sources to study their overall effect on 

the laser delivery and positioning. 

In addition to the physical errors, this chapter also presents other sources of errors that may have 

an effect on the perfonnance and positioning accuracy of laser delivery during laser bone 

cutting and drilling applications. These include: error related to the mechanical structure of the 

End-Effector, mechanical feedback errors, Laser Front position feedback errors, and controller 

errors. 

7.2 End-Effector Structural Error 

Errors within the laser End-Effector structure can be classified according to their source, type 

and their overall effect on the manipulation and positioning of the laser. There are many 

possible sources of errors in the laser End-Effector system. These errors are referred to as 

physical errors. 

The two types of physical errors that may occur within the End-Effector structure are linear and 

rotational errors. Linear errors are defined as errors that can cause translations in the positions of 

the coordinate frames (systems) without affecting their orientations. Rotational errors on the 

other hand affect both the positions and orientations of the coordinate frames. 

7.2.1 Physical Errors 

Physical errors within the basic structure of the End-Effector system can be caused by several 

factors. The main sources of these physical errors include: 

• Machining errors 

• Components errors 

• Assembly errors 

• Deflection errors 

• Clearance 

Machining errors result from machining tolerances of the individual mechanical and support 

components of the laser End-Effector. These errors can cause a shift in the origin of 

manipulation ofthe laser End-Effector. 
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Components errors are associated with components accuracy and resolutions as specified by the 

manufacturers. They may also include bearing run-out errors in the rotating joints and leadscrew 

curvature (deformation) in the linear drive. The resolution of the stepper motors, gearboxes and 

leadscrew are examples of this type of errors. 

Assembly errors can include both linear and angular errors [MARV 97] that may be produced during 

the assembly of the various End-Effector mechanical and support components. These errors can 

result in a shift or rotation in the centre of manipulation (manipulation origin) of the Laser End­

Effector. They can also result in multiple origins of manipulation. This can cause large errors at 

the point of laser delivery. 

Deflection errors may occur within the linear drive and the laser waveguide of the End-Effector. 

This may be due to the light weight requirement of the structural components. This light weight 

requirement suggests a high possibility of structural deformation [MEGG 98] which can cause 

deflection errors. 

Furthermore, the flexibility of the laser waveguide attached to the linear drive can be a major 

source of deflection errors. This is due to the unsupported structure of the laser waveguide Front 

End. Local material deformation within other parts of the laser End Effector can also form a 

source of deflection errors [MA VR 97] which can affect both the positioning and manipulation. In 

most cases, these deflection errors can cause very large Front End positioning errors [MEGG 

98][MAVR 97] and limit the absolute positioning accuracy [MEGG 99] of the End-Effector especially at 

the maximum extension of the laser waveguide. 

Joint clearances due to manufacturing tolerances and wear can seriously affect the dynamic 

response of the End-Effector mechanical performance and positioning [GOss 02][SCHW 02]. It is 

considered one of the most important factors affecting the relative and absolute positioning 

accuracy [BODU 88] [KAKI93] [WANG 88]. 

Joint clearance may be inherent within gearboxes or stepper motors and is referred to as 

backlash. Backlash can cause rotational errors at the joints of the End- Effector. These errors 

can be amplified by the End-Effector structure to cause larger errors at the laser waveguide 

Front End. Therefore, it is important to quantify the effects of joint clearance on the End­

Effector positioning accuracy in order to define the minimum level of suitable tolerances that 

achieves the required performance. 

In general the physical errors discussed above are expected to be very small during the 

implementation of the laser End-Effector. However, these small errors can cause large 
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positioning accuracy errors at the Front End of the laser waveguide. Therefore, it is important to 

identify such errors which can highly influence the End-Effector positioning and orientation 

accuracy during the design and calibration stages. 

7.2.2 Other Errors Affecting End-Effector Positioning 

Unlike the End-Effector's structure errors, the base positioning and orientation errors are mainly 

caused by external factors, yet they can produce similar effects on the overall End-Effector 

performance. These errors can be produced by the End-Effector delivery and positioning system 

such as a passive or an active robot arm. Base positioning can also be influenced by 

measurement, registration and navigation errors. These errors can lead to an inaccurate 

positioning and orientation of the End-Effector relative to the laser ablation site (surgical site). 

Errors associated with the measurements and navigational systems, optical encoders, and optical 

tracking devices can cause inaccuracies in the positioning and manipulation of the laser End­

Effector prior or during the bone cutting or drilling process. They can indirectly cause 

deviations from the required bone ablation sites resulting in damage to the surrounding tissue. 

Inaccuracies in the feedback systems and devices can have a high impact on the overall 

performance of the laser End-Effector. A low resolution optical encoder for a joint, for example, 

can cause an error in determining the actual position and orientation of that joint, resulting in a 

large Front End positioning error. Therefore, selecting high resolution components on feedback 

systems plays a great role in reducing the effects of feedback errors. 

Errors within the control system or the actuators (stepper motors) can also cause Front End 

positioning and orientation errors. The magnitudes of these errors are highly dependent on the 

resolutions of these devices and systems, and the error type (linear or rotational). Perhaps, high 

resolution components and devices can also overcome this problem. 

7.3 Kinematic Model without Errors 

The geometric kinematic model for the laser End-Effector manipulation (Chapter 5) gives the 

relation between the laser waveguide Front End position (Px,Py,Pz) (Figure 7.1), the origin of 

manipulation (Ox,Oy,Oz) and the End-Effectors base coordinate system (Bx,By,Bz) as shown 

below (Equation 7.1 and Equation 7.2). 
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The origin of manipulation where the two axis of the revolve joints and the axis of the linear 

joint intersect is located along the z-axis base coordinate system at a distance of 116.25 mm 

from the base. Its coordinates relative to the base can be calculated as follow: 

• 

Origin of 
manit>ulation 

Joint 1 -~-

•••• ,+, Base 

Reference Coordinate ~-~i!II. 

Figure 7.1: The End-Effector's coordinate system 

Equation 7.1: The Origin of Manipulation 

Ox =O+Bx 
Oy =O+By 

Or = 116.25+ Br 

The position of the laser waveguide Front End (p x,P y,P z) relative to the base coordinate system 

can be calculated using the geometric approach for solving the kinematic problem for the laser 

End-Effector (Equation 7.2): 

Equation 7.2: The Front End Position 

where 

(J. 

Px = -rcos(a)sin(8) + Ox = -rcos(a)sin(8)+ Bx 

Py = rcos(a)cos(8)+ Oy = rcos(a)cos(8)+ By 

Pz =rsin(a)+Oz =116.25+rsin(a)+Bz 

is the rotation angle about the X-axis of the origin of manipulation 

e is the rotation angle about the Z-axis of the origin of manipulation 

The orientation of the coordinate system of the laser waveguide Front End relative to the base 

coordinate system is governed by the following relation: 
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Equation 7.3: Transformation Matrix 

Xx Yx Zx Px 

FEr =["R .. , FE~ .. } Xy Yy Zy Py 
Base 0 Xx Yz Zz Pz 

0 0 0 1 

cos(fJ) - cos( a) sin( fJ) sin(a)cos(fJ) - rcos(a)sin(fJ) + Ox 

FET = 
sin(fJ) cos( a) cos( fJ) - sin( a) sin( fJ) r cos( a) cos( fJ) + 0 y 

Base 0 sin(a) cos(a) rsin(a)+Oz 

0 0 0 1 

where 

FERBase is the rotation matrix of the laser waveguide Front End coordinate system 

FEPBase is the Position of the laser waveguide Front End relative to the base 

The direction of the laser waveguide Front End is in the direction of the Y coordinate vector. 

The above kinematic equation assumes an error free system with respect to the origin of 

manipulation (i.e. single origin of manipulation with no offsets and angulations (rotational) 

errors within it). However, errors within the laser End-Effector structure can alter the 

manipulation scheme resulting in positioning and orientation errors. Hence, with the existence 

of such errors the above equation (Equation 7.3) will no longer represent the forward kinematic 

problem. In this case Equation 7.3 must be modified to account for assembly errors that may 

alter the origin of manipulation resulting in multiple origin points or other manipulation errors 

as illustrated in Figure 7.2. The figure gives an illustration of the ideal condition (Figure 7.2A) 

which can be represented by Equation 7.3 in comparison with five other cases containing offset 

or rotational errors. As shown by the figure a single offset assembly error (Figure 7.2B) may 

result in two origins of manipulations. A combination of offset and rotational assembly errors or 

multiple offset errors, on the other hand, may result in multiple origins of manipulations as 

illustrated in Figure 7.2C and Figure 7.2D respectively. Furthermore, assembly rotational errors 

can still exist within a single origin of manipulation (Figure 7.2E and Figure 7.2F). Such errors 

may have "static" effect on the manipulation and positioning (i.e. these error would not effect 

the positioning and orientation repeatability). 

The mathematical analysis of these errors is out of the scope of this research work. However, 

the effects of some of these errors on manipulation, positioning and the End-Effector's 

workspace are briefly discussed later in this chapter. 
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Figure 7.2: Possible offset (linear) and rotational origin of manipulation assembly errors 

The following section studies the effect of different types of errors on the End-Effector 

manipulation and positioning. It also introduces equations which are formulated to accurately 

represent the forward kinematic problem based on the ideal case condition where the origin of 

manipulation is error free. 
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7.4 Kinematic Model with Errors 

The aim of this error analysis model is to give a clear idea on the perfonnance accuracy of the 

laser End-Effector prior to the implementation, and to clarify whether or not the End-Effector 

complies with the clinical accuracy requirements. The results obtained from this analysis can be 

used to identify the potential sources of errors within the design of the End-Effector, state 

possible solutions to overcome such errors, and set the guidelines for modifying the design. 

Physical errors within the End-Effector structure can cause a change in the geometric properties 

of manipulation. As a result, the coordinate frames defmed at the manipulation joints will be 

slightly displaced from their expected ideal location as illustrated in Figure 7.3 and Figure 7.4. 

These figures show the effect of the End-Effector's base errors on the positions and orientations 

of the manipulation origin and the Front End coordinate frames 

Manipulation 
Origin 

(No Errors) 

Sae 
Position 

(no Error) 

Ideal Front End 

<--..;.~:;:~:;--------- --- -- -~! [P 1 
(W,th l:.rrorl x + ez 

[

O%+ EZ] AcrualFronrEnd Pe = Py + ey 
OE = Oy + El' PosItIon (with Error) P, + e, 

0 , +E, 

Base PosItion 
WIth Linear 

l:.rror 

Figure 7.3: The effect of a linear base error on the position and orientation of the origin and Front 
End coordinate frames 

Linear errors within the End-Effector, as illustrated in Figure 7.3 result in equal magnitude 

errors at the laser waveguide Front End. The magnitude of rotational errors Figure 7.4 on the 

other hand, is dependent on the distance between the manipulation origin and the Front End (i.e. 

the length of the laser waveguide). 
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Figure 7.4: The effect of a base rotational error on the position and orientation of the origin and 
Front End coordinate frames 

7.4.1 Linear Errors 

Linear errors within the End-Effector are caused by several factors. These factors include: base 

positioning error, design errors, components accuracy and structural errors. 

A linear base positioning error £ = (Ex Ey Ez), for example, causes a shift in the ideal (required) 

base position by a value equal to the magnitude of the error (1£1). This in effect results in equal 

magnitude shifts in the origin of manipulation and the laser waveguide Front End as illustrated 

in Figure 7.1. Assuming an ideal base position B = (Bx By Bz), The effect of the positioning 

error on the base, the manipulation origin and the Front End can be calculated as follow: 

Ideal (Required) Base Position Actual Base Position due to Linear Error 

B= [~ ] 
The Magnitude of the Linear Base Error 

where 

B is the required base position 

is the actual base position due to a linear error 
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are base position error values relative to xyz base coordinates 

Assuming that the ideal positions of the origin of manipulation and the Front End, relative to the 

base, are 0 = (Ox,Oy,OJ and FE = (Px.Py,PJ respectively, the actual positions due to a linear 

base error would be: 

Actual Origin of Manipulation position Actual Front End Position 

Similarly other linear errors within the End-Effector structure would have an analogous effect 

on the Laser Front position (laser spot). Hence, minimising the effect of such error may be 

achieved by minimizing the error at the source. Therefore, accurate base positioning and End­

Effector structural implementation are essential to effectively reduce the effect of such errors. 

Errors within the End-Effector structure could be classified as "static" or "random". Static linear 

errors within the physical structure of the End-Effector may result from assembly misalignment 

or design errors. The effect of static errors on the overall positioning and manipulation is 

repeatable and can be accounted for during the calibration process. Minimizing or eliminating 

the effect of such errors can be easily achieved via accurate and precise End-Effector's 

structural adjustments or modification of the End-Effector manipulation equation. 

Random errors, on the other hand, are not easy to predict and must be dealt with as they occur. 

An example of random linear error is the error that may occur within the End-Effector's linear 

drive due to the clearance (backlash) within the leadscrew system assembly. Minimising such 

error could be achieved by selecting zero backlash components. 

7.4.2 Rotational Errors 

Rotational errors within the End-Effector structure could also be related to the same factors that 

cause the linear errors. However; these errors can have more effect on the manipulation and 

positioning of the laser waveguide Front End and the Laser Front. They can affect both the 

position and orientation of the coordinate systems within the End-Effector structure leading to 

large positioning errors at the laser waveguide Front End and the Laser Front. The rnagnitudes 

of such errors are dependent on the error sources, positions in space relative to the origin of 
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manipulation, and the length of the laser waveguide (the distance (R) between the origin and the 

laser waveguide Front End). 

Figure 7.4 shows the effect of the End-Effector's base rotational error on the position and 

orientation of the manipulation origin, the Front End, and the Laser Front. It also shows the 

direct relation between the Front End error magnitude and the length of the laser waveguide. To 

calculate the effect of the End-Effector rotational errors on the manipulation and the Front End 

position, the following rotational error matrix was derived by the author. 

The rotational error matrix (Equation 7.4) was derived using the basic rotation matrices [FU 87] to 

represent a general form for the rotational errors that may occur within the End-Effector's 

structure. This matrix can be used to calculate the effect of rotational errors within the End­

Effector on the origin of manipulation and the Front End position. 

Equation 7.4: Rotational error matrix 

[

COS(OJCOS(OV) 

RE = sin(o.)cos(Oy) 

-sin(oy) 

where 

- sin(oz)cos(o.) + cos(o.) sin(oy) sin(o.) 

cos(oJcos(o') + sin(o.)sin(oy)sin(o.) 

cos(oy)sin(ox) 

RE represents the rotational error matrix 

sin(oz)sin(ox) + cos(o.)sin(Ov)cos(Ox) 1 
- cos(o.)sin(o.) + sin(o.)sin(Ov)cos(OJ 

cOS(Oy)cos(oJ 

b represents the actual rotation error and the subscript donates the rotation axis 

Rotational errors within the End-Effector can cause a shift in the position of the manipulation 

origin in addition to the orientation effects. The amount of this position shift is dependent on the 

distance between the origin and the error source. The orientation effect is equivalent to the error 

orientation angle. The shift in the origin position can be calculated as follow: 

Equation 7.S: Shift on the origin position 

where 

OPshift is the origin position shift magnitude 

are the xyz coordinates of the error position 

A rotational error at the base for example can cause a shift in the origin of manipulation 

resulting in a new origin position (NOP). Using the rotational error matrix the NOP can simply 

be calculated as follow: 

187 



Equation 6: New origin position due to a base rotational error 

where 

NOP is the new origin position due to a base rotational error 

This shift in the origin position can affect the overall End-Effector performance causing a large 

error at the laser waveguide Front End as illustrated in Figure 7.4. This figure shows the effect 

of base rotational error, on the position and orientation of the origin of manipulation and the 

laser waveguide Front End. It also shows that the magnitude of the Front End error (lel) is 

directly related to the rotational error (ox). Therefore, minimizing the magnitude of the Front 

End error can be achieved by reducing the size of the rotational error. This can be done by 

accurate positioning and orientation, accurate calibration, and accurate machining and assembly. 

7.5 Generalized Error Model 

Combining the physical error models stated above, results in a generalized error model which 

can be applied to study the effect all physical errors within the End-Effector structure. This 

model can be presented in a homogeneous transformation matrix form as shown in Equation 7.7 

and can be used to calculate the actual laser waveguide Front End position and orientation 

relative to the ideal one. 

Equation 7.7: Generalized Error Model 

~X!] Error,., 

[

Rotation 

SIX! = Perospective 

Traans!ormation!xJ 

LinearPosition + 
Error,x, 

Scaling\x\ 

GE= . 

r

COS(8JCOS(8Y) 

sin(8z)cos(8.) 

- sin(8,) 

- sin(8.}cos(8x) + cos(8z)sin(8y)sin(8,) 

cos(8Jcos(8,) + sin(8.)sin(8y )sin(8
x

) 

cos( 8 y) sin( 8 x> 
o o 

where 

GE is the generalized error matrix 

R3x3 represents the 3x3 rotational error matrix 

sin(8, )sin(8,) + cos(8.)sin(8.)cos(8
x

) 

- cos(8,)sin(8x) + sin(8z)sin(8,)cos(8x) 

cos(8y)cos(8x ) 

o 

P3xl represents the linear position vector including error (Xe+e.x Ye+ty Ze+&)T 

hx3 represents the Perspective Transformation [(0 0 0) for robotics] [FU 87] 

X, +EX] r. +Ey 
Z, +£, 

I 
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Slxl is the global Scaling factor which is equal to 1 in robotics [FU 87] 

X Ye Ze are the coordinates of the error source position relative to the fixed reference 

Dx ~ b: are x y z rotational error parameters 

Ex Ey Et are the x y z linear error parameters 

The above generalized error model can be applied to calculate the effects of different errors that 

may occur within the End-Effector system including those caused by external factors. The 

following example (Example 7.1) gives an illustration of the use of the generalized error model 

for determining the effect of base rotational errors on the Front End positioning and orientation. 

Example 7.1: To determine the effect of base positioning error on the positioning and orientation of 
the laser waveguide Front End and the Laser Front. 

The aim of this example is to study the effect of a base positioning error on the position and 

orientation of the laser waveguide Front End and to identify the maximum tolerable base error 

that achieves the required performance. 

Assuming a rotational base error of 1 degree about the x-axis 

bt 
&:=-

180 

Xe:= Bx 

Ox 
/)y:=-

180 

Ye:= By 

Ox 
&:=-

180 
ey:=O £z:=o 

Ze:= Bz 

Using the generalised error model in Equation 7.7 one can calculate the effect of the base error 

on the laser waveguide Front End as follow: 

Equation 7.8: General model of the base error affect on the Front End position and orientation 

[

cos( &) -cos( Iiy) 

sin(&) -cos( Iiy) 
GBE:= 

-sin(liy) 

o 

-sin(&)-cos(&) + cos(&)-sin(Iiy)-sin(&) sin(&)-sin(&) + cos(&)-sin(Iiy)-cos(&) Xe+ EX \ 

cos(&)-cos(&) + sin(&)-sin(Iiy)-sin(&) ~s(&)-sin(&) + sin(&)-sin(Iiy)-cos(&c.) Ye+ £Y I 
cos(liy) -sin(&) cos(li}') -cos(&) le + £z 

o o 
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Equation 7.9: The actual Front End position, error magnitude and orientation due to a 10 

rotational base positioning error (about the X-axis) 

New Front End Position 
Px -Bx) 

m,n 

Py - By 
m,n 

NewFE := (GBE)· 
m,n pz - Bz 

m,n 

) 

BEPx \ 
m,n I 

BEPy m n 
, := NewFE 

BEPz 
m,n 

s ) 

m,n 
[

BEPX \ 
m,D I 

BEFE := BEPy I m,D m,D 

BEPz ) m,n 

Error magnitude 
Orientation Relative to Ideal 

MagFEerrorl := I BEFE - FE I m,n miD miD 

MaxI := max(MagFEerrorl) Maxi = 7.506 mm 

MinI := min(MagFEerrorl) Mini = 4.842 mm 

where 

GBE is the generalised base error model 

[

GBEO'O GBEO,l GBEO,2) 

RBTM:= GBEl,O GBEl,l GBE l ,21 

GBE2 ,O GBE2 ,l GBE2,2) 

RBTM = [~ ~ -O.~17 i 
o 0.017 

NewFE is the new Front End position including scalar factor 1 

BEFE is the co-ordinates of the Front End position 

MagFEerrorl is the magnitude of the Front End Positioning Error. 

Max is the maximum Front End error magnitude (R =360 mm) 

Min is the minimum Front End error magnitude (R =200 mm) 

RBTM is the rotational error effect on the ideal orientation of the Front End 

Similarly 0.50 and 0.10 rotational errors about the x-axis can cause Front End positioning and 

orientation errors with the following magnitudes when compared to the ideal or desired 

positions. 

Tbe Max & Min Front End error magnitudes and orientation due to a O.so rotational base error 
about tbe x-axis 

o.SIt 
&:=--

180 
07t 

liy:=-
180 

07t 
&:=-

180 

Error Magnitude 

MagFEerror05 := I BEFE - FE I m,n m.n m,n 

Max05:= max(MagFEerror05) Max05 = 3.753 

Min05 := min(MagFEerror05) MinDS = 2.421 

ex:= 0 

mm 

mm 

£y:= 0 ez:= C 

Orientation Relativeto Ideal 

[

GBEO 0 GBE 
, 0,1 

RBTM05:= GBEl,O GBEl,1 

GBE
20 

GBE 
, 2,1 

GBEo,21 
GBEI,2i 

GBE2 ,2 ) 
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The Max & Min Front End error magnitudes and orientation due to a 0.10 rotational base error 
about the x-axis 

0.17t 
/ix'---.- 180 

On 
Iiy:=-

180 

Error Magnitude 

MagFEerrorO] := I BEFE - FE I m,n m,n mtn 

MaxO] := max(MagFEerrorO]) MaxOI = 0.751 

MinO] := min(MagFEerrorO]) MinO] = 0.484 

On 
&:=-

180 

mm 

mm 

EX:= 0 ey:= 0 ez:= C 

Orientation Relativeto Ideal 

[

GBEO•O GBEO.I GBEO 2 1 
RBTMO]:= GBE I •O GBE I •I GBE I •2 1 

GBE2.0 GBE2.1 GBE2.2 ) 

RBTMO] = [: : 

-3 o 1.745x 10 

o 1 
-1.745x 10-

3
1 

Plotting the magnitude of Front End positioning error against the rotational base errors shows a 

linear correlation between them as shown in Figure 7.5. This is also clearly illustrated by the 3D 

plots shown in Figure 7.6. This figure shows 3D plots relating the Front End error magnitude as 

a function of the rotational base error and the End-Effector's manipulation angles. 

10 
---~ 
'-' 8 g 
~ 
"Q MaxFEerror. c:: 6 \.T.l 1 ... +-+ ~ MinFEerror. t.L.. 1 4 ...... 
0 ~~ 
] 
.~ 2 
«S 

:E 

0 0.2 

>(
, ... 

-.' ,.-

0.4 

BaseE. 
1 

.. ,-

0.6 

Rotational Base Error (Degree) 

0.8 1 

191 



Figure 7.5: The magnitude of t.he Front End positioning error as a function of rotational base error 

Rotation about z-axis (0) Rotation about x-axis (0) 

Figure 7.6: 3D plot of the magnitude of the Front End errors relative to 1°, 0.50 and 0.1° rotational 
base errors about the x-axis and the End-Effector manipulation angles (l and e 

Calculating the slopes of the lines in Figure 7.5 one can derive the line equation which can be 

used to predict the magnitude of the Front End positioning error for any given value of the 

rotational base error. Hence, given the maximum tolerable magnitude of the Front End 

positioning error, using the derived line equation, one can calculate the maximum allowable 

rotational base error. This correlation can be very beneficial during the design components 

selection and the calibration process of the delivery system which puts the laser End-Effector in 

the desired position relative to the surgical site and the fixed reference frame. 

Equation 7.10: Line Slope Calculation 

[

(Maxi - Max05) J 
Maxslope:= 

(BaseE
2 

- BaseE
I 

; 

. [ (Mini - Min05) J 
Mmslope:= ( '\ 

BaseE
2 

- BaseE
1 J 

is the rotational base error of the End Effector 

Maxslope = 7.506 

Minslope = 4.842 

where 

BaseE 

MaxSlope is the slope of the line linking the base errors to the maximum magnitudes of 

the Front End error 

MinSlope is the slope of the line linking the base errors to the minimum magnitudes of the 

Front End error 
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Equation 7.11: The maximum magnitude ofthe Front End error line equation 

MagFEPerror := (Maxslope) {BaseE} 

where 

MagFEPerror is the maximum magnitude of the Front End error due to any rotational base 

error value. 

Using Equation 7.11 one can calculate and plot the magnitude of the Front End error relative to 

any rotational base error value (Figure 7.7). 
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Figure 7.7: The maximum magnitude of the Front End errors relative to rotational base errors 

The base rotation error about the Y or Z axes showed similar results, however, the magnitude 

and direction of the error appear to vary depending on the errors' positions within the 

workspace of the laser End-Effector. Figure 7.8 and Figure 7.9 give an illustration on the effect 

of a (10) base rotation error about the Y-axis. Figure 7.8 shows the End-Effector workspace 

assuming maximum extension of the laser waveguide and a laser focal point of 50 mm (i.e. the 

Laser Front is at 410 mm linear distance from the End-Effector's origin of manipulation). 

Figure 7.9 on the other hand shows the magnitudes and orientations of Laser Front positioning 

errors. These magnitude variations depend on the laser Front error position with respect to the 

base coordinates. The Laser Front (laser spot) error magnitude for the given (l0) base rotation 

angle varied from (0.198 to 7.98) mm. It is worth noting here that such base rotation error may 

have different effects on the position of the error magnitude and orientation at the Laser Front 

depending on the rotation axis. 
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Figure 7.9: Laser Front position errors (magnitude and orientation) due to a (1°) base rotational 
error about the Y-axis 

The same techniques can be applied to quantify the effects of other types of errors on the Front 

End and Laser Front positions. The Laser Front is in line with Front End of the laser End­

Effector with a distance equal to the focal length of the focusing lens placed at the tip of the 
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laser waveguide Front End. The following table (Table 7.1) summarises the effects of the 

different types of errors on the magnitude of the laser waveguide Front End positioning and 

orientation. 

Table 7.1: The affect of different types of errors on the magnitude of the laser Front End 
positionmg and orientatIOn errors 

Error Type Error 

Magnitude & 

Type 

Min. Front­

End Error 

Magnitude 

R=200 mm 

Ma<. F".t- I 

End Error 

Magnitude 

R=360 mm 

Orientation of the Front End 

Coordinate system Relative to the 

Ideal Value 

Physical Errors 

Linear Machining 

- '--'-.-------.-.. -.---r.-.. -.--.. ---... ---.. ----.. -·---·---···--·--··-···-·-· ... ·--····I···-·········i-·--o·--0'\ ...... -... --..... ---.. -.... -..... - ............ -........... -..................... -

Ey = 0.1 mm 0.1 mm 0.1 mm i [0 1 0 I 
(Origin hift) I 0 0 1 ) 

No Rotation 
error 

--- -'- --- .- --·-·----+------+I-;r--
I
----I.3--0--9

X
- I-0--4--O' \ -_ .. 

Stepper motor error 0.9°/120 (ooz = 0.050 mm 0.067 mm I 
(0.5 Step) Rotational. 0.00750) 1.309x 10-

4 
I 0 

i 0 0 I ) 

Assembly error 
(Rotational about the 
z-axis) 

oz = 0.1 ° at the 
Origin 

0.544 mm 0.628 mm I [ I - 1.745x 10-
3 

0 ' 

I 1.745x 10-
3 

I 0 1 

_ .-.-.. -.... -........ -...................... - .. -- .... _ ... _ .. ___ ... _ .. ___ ._ .. __ .... ___ .. _ .. _.. __ .. _ .. .J!._ .. ________ .. _Q ... __ 1_1 .. _____ _ 

- 3 - 6 ' 
Clearance error (Dual ox = ooz = 0.890 mm 1.185 mm I -2.327 x 10 5.4 15x 10 

Joints) GearBox- 2.327E-3° (8'of 2.327x 10- 3 
I -2.327x 10- 3 1 

Backlash· arc) - 3 

_ .. - ----- .---.--... - .. ------ --.. -.--._--.. - .. --.. ------ _ _ ...Q ____ ~2.~~.1..~ .. __ . __ . __ ... ,._1._._ .... __ '<.. .. 1 
I 0 0 ' 

Clearance error 
(Singlc Joint) 
GearBox-Backlash * 

Ox = (2.327E-3)0 0.726 mm 
(8'of an arc) 

0.838 mm 
o -2.327x 10-

3
1 

o 2.327x 10-
3 

I -- -----t------~----+-----~~~~--~-_L-~ 
- 3 - 6 \ 

Deflection error Ox = 0.1 ° Soz = -
O. I ° reflected at 
Origin 

0.667 mm 0.889 mm 1.745 ~ 10 ~~.:::: ::-31 
I 

I - 1.745x 10- 3 

I o 1.745x 10- 3 I 
_ ControIE~r~r~or~s~ __ .- __________ ,-________ -, __________ ,-~ __ ~~ ______ ~ __ ~ ____ 1 

I Pulse (I step) 0.082 mm 0.094 mm [I 0 0 \ Stepper motor drive 
pulse error 
(Rotational Joint) 

Ox =1.8°/ 120 0 I -2.6 18x 10-
4

1 

(about the Origin 
of manipulation) 0 2.618x 10-

4 
I 

f- ) 

Stepper motor drive I Pulse 0.0534 mm 0.0546 mm [1 0 0 'I 
pulse error (Linear Oy = ± 1.8° -+ Ey 0 1 0 
Drive) = ±O.054 mm 1 

____ -'- ... --.------. ....L... _______ .......L ___ ---...J 0 0 1 I No Rotation 

Feedback .:::E!.-'rr,""o:;..crs"--...---r-·-------.----------,------------r-r'":I-----O--... ---0 -_-4-'1 --~= 
Optical Encoder (x- I count (I pulse) 0.048 mm 0.055 mm 
axis) -+ I - 1.534x ID 

Ox = ±(8.789E- - 4 
3)° 1.534x 10 I J 

... Errors that are inherent within the system (worst condition error values) 
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The table shows large affects on the magnitude of the Front End positioning error with slight 

change in the orientation. It also shows that certain errors such as backlash and deflection errors 

can greatly affect the laser waveguide Front End positioning accuracy and repeatability. 

Therefore; these error sources need to be consided when designing and implementing future 

versions of the End-Effector (future work). 

Studying the effect of some of the errors labelled with "*,, (Table 7.1) on the overall positioning 

accuracy of the End-Effector, one can see that some Front End positioning accuracy values are 

greater than the maximum allowable (±O.5 mm). Assuming the linear combination of all of the 

errors presented in Table 7.1 The total Front End positioning error would be approximately 

three times greater than the allowable maximum value. However, some of these errors are 

random in nature and can have error values in different directions (thus they may cancel each 

other out) and result in the error being a lot less than the maximum quoted value. An example of 

total positioning error reduction due to the error's orientation is presented in Table 7.1 (Gearbox 

Backlash errors). The example shows that for a single Joint backlash error the maximum Front 

End positioning error is 0.889 mm while it is 1.185 mm for dual Joints backlash. The reason for 

the reduction in the total error magnitude is related to the difference in the orientations of the 

backlash errors. 

Therefore, to calculate the total Front End or Laser Front positioning error one must know the 

direction and the magnitude of each error. In this case the total positioning error could have a 

smaller magnitude than the above prediction. 

A solution to the total positioning error problem would be selecting components with better 

design specifications in terms of accuracy, resolution and repeatability to replace some of the 

existing End-Effector's components. 

The error values presented in Table 7.1 do not account for other physical or external errors that 

may arise during the initial positioning of the End-Effector. Therefore, it is not possible to 

predict the overall accuracy of the system unless it is implemented and tested. However, as the 

overall accuracy of the End-Effector is governed by all physical and external errors, its value 

would be related to the total positioning error at the laser Front (Spot) which can be calculated 

as follow (Equation 12): 

Equation 12:Total Laser Front Error Calculations 

TLFPerror = max(LiLFerror _ due _to _ PhysicaL Errorsi) + max(liLFerror _ due _to _ External_ Errorsi) 

where 

The equation assumes vector summation 
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TLFPerror 

LFerror 

is the total Laser Front positioning error 

is the Laser Front End Error 

7.6 Error Compensation 

Provided having a stable feedback and control system many of these errors can be compensated 

for since the optical tracking (Chapter 5) can verify the end position of the laser Front End 

relative to the surgical site. These errors may include linear static errors that can affect the 

position of Laser Front without altering the Front End orientation and the positioning 

repeatability. They may also include other structural errors which may have similar effects to 

linear static errors and cause no alteration to the End-Effector's workspace. 

7.7 End-Effector Performance and Accuracy Evaluation 

A large set of potential physical errors has been identified for the End-Effector system. The 

effects of these errors were modelled mathematically and some of the results were presented in 

Example 7.1 and Table 7.1 

The overall accuracy of the laser End-Effector system is determined by all factors that influence 

its performance. Under ideal conditions the End-Effector should be capable of positioning the 

laser waveguide Front End with high accuracy (to within ± 0.5 mm from the desired position), 

resolution, and repeatability. However; this can only be achieved by minimizing or eliminating 

the effect of all error sources, for example by selecting the appropriate system components and 

devices that guarantee that. 

In addition to the external error sources the overall system accuracy, resolution and repeatability 

are influenced by the individual components' properties. Accuracy, cost and speed were the top 

priority factors during the design phase of the initial laser End-Effector. This resulted in 

selecting design components with lower specifications than intended. These components 

include; gearboxes with (1:120) 8' of an arc backlash, high lead value leadscrew (10.85 mm), 

incremental optical encoders (40,960 counts) and relatively low step per revolution high torque 

stepper motor (200 steps/rev). The components' specifications can have major impact on the 

overall accuracy and resolution of the laser End-Effector when the system is implemented. 

Studying the worst case scenario for the effect of the above components' resolution on the 

overall Front End positioning resolution shows that: 
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• The stepper-motor-gearbox combination would have an angular positioning resolution 

ranging from 52 to 94 ~ in the XZ plane 

• The stepper-motor-leadscrew combination within the linear drive would have a linear 

positioning resolution along the Y-axis that is equal to 54.25~ 

These values tend to have negative effect on the laser cutting and drilling speed due the fact that 

they impose some limitations on the number of laser spot overlap. 

7.8 Conclusion 

This chapter fulfils the goal of evaluating the overall system performance as foreseen by the 

author due to the fact that the system was never implemented and tested physically. The chapter 

introduced an error analysis model to quantify the effect of the potential sources of errors within 

the End-Effector and its impact on the Front End and Laser Front position and orientation. 

This chapter also identifies potential sources of errors that are associated with the design 

components, feedback measurements and control mechanisms. It also gives some suggestions 

for error reduction or elimination 

The error analysis model presented in this chapter appears to be effective in determining the 

Laser Front positioning error at any point within the End-Effector work space. This model as 

indicated earlier is based on an ideal condition and may need further modifications to account 

for assembly error that affect the origin of manipulation. However, this model can still be 

applied to specify the maximum tolerable errors that will allow for End-Effector positioning 

accuracy of ± 0.5 mm. 

The major sources of origin of manipulation offset errors as foreseen by the author may be due 

to machining and assembly problems. Therefore, care must be taken during the machining 

process of the End-Effector's supporting components to avoid such conditions. Also during the 

assembly process some form of calibration technique must be implemented to insure accurate 

and precise components of the laser End-Effector 

For the future work the author suggests modification of the error model and the manipulation 

equation to account for any offsets in the origin of manipulation. Furthermore, the next version 

of the End-Effector prototype-2 should take into account all sources of errors that exist within 

the proposed End-Effector and minimize them. 
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Chapter 8 

Conclusion 

8.1 Introduction 

The aim of this project is to investigate the design of a new orthopaedic surgical tool capable of 

sawing, drilling and sculpturing of bone in support of image guided surgery. The research of 

this thesis involved the design of an active positioning system (i.e. a robotic End-Effector) that 

uses laser technology that potentially may replace some of the current orthopaedic surgical 

tools. This End-Effector aims to introduce new surgical techniques that can augment the human 

surgeon capabilities which can reduce invasiveness, blood loss and exposure to X- radiation. It 

may also reduce the surgical and post hospitalisation time. This End-Effector provides the 

physical link between a computer based preoperative or intra-operative surgical plan and the 

patient anatomy. It also provides accurate laser beam guidance for precise surgical performance. 

At the early stages of this research the author investigated the different computer assisted 

surgical systems currently available (Chapter 2). The investigation also included some of the 

newly emerging technologies (namely water-jet, ultrasound and laser) and the possibility of 

integrating such technologies with an active positioning system. These investigations aimed to 

define a set of requirements for the design of the new surgical tool and identify the type of 

technology that can potentially improve on current orthopaedic surgical tools. 

The investigations led to the selection of the laser, as the new surgical tool. The design of the 

laser End-Effector prototype was provided in Chapter 5 Section 5.5. This design was based on 

several factors including; system's flexibility, dexterity, precision, reliability, and ease of 

control. This is in addition to some other medical related factors such as, surgical time, 

invasiveness, blood loss, and most importantly environment, staff and patient's safety. 

This thesis identifies the basic principles and design requirements of the robotic laser delivery 

system (the laser End-Effector). It identifies the most appropriate type of laser and laser delivery 

system. It also introduces the mechanical design of a laser End-Effector prototype with its 

feedback and control mechanism (Chapter 6). The thesis also presents an overall mechanical 

system and error analysis models (Chapters 5 and 7). 
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8.2 Laser Selection and Beer's Law Modification 

The thesis investigates the different types of laser currently available and studies their suitability 

for hard tissue ablation. Moreover, it presents the selection criteria for identifying the most 

appropriate medical laser (Er: Y AG) and laser delivery (laser waveguide) system (Chapter 3) 

for applications in orthopaedic surgery. These laser selection criteria were based on several 

factors including: the type of laser tissue interaction, the damage to the surrounding tissue, water 

absorption, ablation rate and other factors. 

Furthermore, the thesis introduces an in depth analysis on the predicted effect of the different 

Er: YAG laser parameters on biological tissue (Chapter 4) as foreseen by the author. This 

analysis was founded on the modified Beer's law equation (Section 4.2.2) in accordance with 

the laser cutting and drilling techniques presented in Section 4.2.7 and Section 5.4. This 

modification of Beer's law is based on different studies obtained by other researchers on the 

behaviour of the Er: Y AG laser during hard-tissue interaction. These studies showed that the Er: 

Y AG laser does not directly follow Beer's law for laser tissue ablation depth. In fact, due to the 

microexplosion effects of the Er: Y AG laser during laser tissue interaction, the laser ablation 

depth is much higher than that predicted by Beer's law. This in effect justifies the equation's 

modification. 

To validate the modification of Beer's law equation the author prepared a set of experiments 

(Chapter 4) to study the affect of varying the different laser parameter on bone ablation. 

However, the lack of flexibility in the available Er: Y AG laser system prevented the author from 

fulfilling this goal. 

8.3 The laser End-Effector 

The development of a fully functional, theatre ready laser End-Effector system necessitates the 

design and development of an experimental prototype which can be tested on real bone (in­

vitro). Once the performance of this prototype is validated, the system can be further modified 

to become a complete laboratory prototype then a fully functional clinical system which can be 

developed further to be a theatre ready system. The End-Effector prototype presented in Chapter 

5 features a unique design which allows for a 3 DOF manipulation about a single manipulation 

point (origin). This design was based on a number of predefmed requirements. These include: 

design simplicity, low cost, limited functional scope, safety (environmental, staff, and patient 

safety) and minimum degrees of freedom. These are in addition to other medical, laser, and 

functional requirements. By itself, the End-Effector's dexterity, flexibility and workspace is 

limited and do not satisfy all the clinical functional requirements. However, these limitations are 
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removed as the laser End-Effector would be attached to a passive or active manipulator which 

increases the number of degrees of freedom and the working volume of the full system. 

The detailed End-Effector's design is presented in Chapter 5 and the AutoCAD blue prints for 

some of the supporting elements and the design components' data sheets are presented in 

Appendices C and E respectively. 

Chapter 5 also presents two approaches for the complete kinematic analysis of the laser End­

Effector. The first approach is based on the Denavit-Hartenberg representation (Section 5.7.2) 

and the second is a geometric approach developed by the author (Section 5.7.3). 

With the limited degrees of freedom the laser End-Effector is expected to fulfil the requirements 

for an experimental laser active delivery system. The kinematic models showed that with 

accurate design implementation, the End-Effector can reach any point within its workspace with 

high accuracy. Assuming an error free system, the End-Effector can have a linear positioning 

resolution as low as 2.5 J.Ull and a rotational resolution of 54 J.Ull. However, these values can be 

affected by physical and structural errors (Section 7.2) which may arise during the 

implementation and manipulation. 

Guided by a preset trajectory plan and controlled by a PC based control unit with multiple 

feedback modalities, the laser End-Effector is expected to feature high performance accuracy. 

The control and feedback modalities aim to provide accurate manipulation of the laser End­

Effector during the implementation of the trajectory plans. 

8.4 Current Status of the Laser End-Effector 

Unfortunately, due to some logistic problems including cost of components, manpower 

construction costs, etc. it was not feasible to construct the laser End-Effector within the budget 

constraints of the project, even though this was an early goal of the project. However, a single 

stage linear drive was used (as shown in Figure 4.18) to investigate the laser cutting and drilling 

techniques presented by the author in Section 4.2.7 and Section 5.4. 

8.5 Feedback Techniques and Mechanisms 

The design and development of a computer assisted laser End-Effector requires a feedback that 

can provide information about the laser ablation rate and ablation depth. The feedback 

modalities presented in this thesis include: real time mechanical, position and orientation 

tracking, and laser tissue interaction feedback. The mechanical feedback is achieved via optical 
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encoders linked to the individual End-Effector's joint to determine the joints' rotational angles 

or linear displacement with respect to predefined initial values. The position and orientation 

tracking feedback, on the other hand, is achieved by an optical tracking system which monitors 

the position and orientation of the Front End of the laser End-Effector relative to a fixed 

reference frame and to the surgical site. Finally, for the laser tissue interaction feedback 

techniques, two innovative techniques were developed by the author to measure the laser 

ablation depth and ablation rate during laser tissue interaction (Section 6.6). These feedback 

techniques give feedback information about the overall surgical performance in terms of bone 

ablation depth and ablation rate for both the computer based control unit and the surgical team. 

These techniques are based on the photo-acoustic effects produced by the rapid expansion of 

water molecules and the localized water microexplosions inside tissue during laser tissue­

interaction. 

These laser feedback techniques measure the ablation depth and ablation rate by means of 

measuring the photo-acoustic time of flight (ATOF) and the acoustic phase shift (APS) of the 

laser induced photo-acoustic waves. The techniques were tested on real data gathered during 

laser bone ablation using a CO2 laser. For a preset distance of 50 mm, the ATOF results showed 

an averaged measured distance of 50.18 mm with a standard deviation of -4.4 mm for a given 

set of acoustic threshold levels (ATH). However, these results could be improved by selecting 

higher quality photo-acoustic detection devices, refining the acoustic threshold levels and 

accurately measuring the speed of sound in the air at the vicinity of the laser tissue interaction. 

Similarly the APS technique showed 100% accuracy when applied to well-defmed waveforms 

sharing similar characteristics in terms of frequency and wave-shape. It even showed high 

immunity to amplitude noise as shown in the examples presented in Appendix A. The APS 

technique can also be used to measure group delay (phase shift) between a number of waves at 

one time for the condition that the maximum delay is less than or equal to one wavelength. 

Although the ATOF and APS techniques offer the potential of being effective in determining 

the laser front position inside tissue, both are very sensitive to variations in the speed of sound 

which can be affected by environmental factors such as temperature, humidity and pressure. 

Therefore further investigation of the practical realisation of these techniques is required and 

alternative laser ranging techniques based on the innovative sampling points principle warrant 

further consideration. 

8.6 Overall System Evaluation 

This research study showed that the laser cutting technique presented in Chapter 4 seems to be 

very effective for laser-hard tissue ablation. This technique can easily be adapted to a robotic 
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end-effector which can accurately control the laser waveguide manipulation speed (laser 

scanning speed) and hence control the ablation depth, rate and time. The experimental 

application of this technique for laser bone cutting showed relatively clean and straight cuts with 

evenly distributed ablation depths (Figure 4.29). 

The experimental results also showed that the Er: Y AG laser is an excellent candidate for bone 

ablation with an average ablation depth per pulse of 90 J.1m and less than 10 J.1ffi damage to the 

surrounding tissue (for a specific set of laser parameters) (Figure 4.29). They also show that 

Er: Y AG laser can cut bone with high selectivity and it has the potential to improve on the 

standard cutting and drilling tools currently used in orthopaedic surgery. 

The laser End-Effector prototype presented in this thesis appears to be an excellent surgical tool 

with a unique design; however, care must be taken during the structural implementation and 

development of this tool. An implementation error for example can result in large Laser Front 

positioning and orientation errors. To study the effect of these errors on the manipulation and 

positioning process of the Laser Front an error analysis model was developed by the author 

(Section 7.4). This error analysis model quantifies the effect of the potential sources of errors 

within the End-Effector and its impact on the Front End and Laser Front position and 

orientation. In addition to this error analysis model, Chapter 7 identifies the potential sources of 

errors that are associated with the design components, feedback measurements and control 

mechanisms and gives some suggestions for error reduction or elimination. 

The error analysis model presented in this thesis was tested on several errors examples (Table 

7.1) and appears to be effective in determining the Laser Front positioning error at any point 

within the End-Effector's workspace. Further, this model can also be applied to specify the 

maximum tolerable errors that will allow for total End-Effector positioning accuracy of ± 0.5 

mm. 

8.7 Achievements 

The following is a list of achievements that were successfully completed by the author during 

this PhD research work: 

• The selection of the most appropriate medical laser and laser delivery system 

• The suggested modification of Beer's Law equation for bone ablation depth 

• The preparation of laser experiments to validate the modification of the Beer's Law 

equation 

• The design of a unique laser End-Effector prototype 
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• The development of two kinematics analysis models for the laser End-Effector 

• The development of an error analysis model which can determine the effects of most 

mechanical, structural and control errors on the positioning, workspace, functionality 

and overall manipulation performance of the laser End-effector 

• The development and implementation of two innovative laser front feedback techniques 

• The preparation and carrying out experiments to measure the laser ablation depth and 

ablation rate using the laser feedback techniques 

8.8 Contributions 

This thesis has proposed a new surgical tool that could be an orthopaedic surgical tool of the 

future. Such a tool could revolutionise the future of orthopaedic surgery and contributes to the 

development of new surgical techniques that are safe (in terms of the amount of X-Ray 

radiation) less invasive, and may result in faster post-surgical recovery time. Furthermore, the 

design of such tools for computer assisted image guided surgery may set the platform for the 

design and development of specific purpose small surgical robotic arms for the operating 

theatre. 

Moreover, the development of the photo-acoustic laser feedback techniques appears to be a step 

forward towards the development of a closed loop control system for laser surgery. In addition 

the methodology used in these techniques could have many other applications, these include: 

medical imaging and diagnostic systems, communication and radar systems and digital signal 

processing in general. 

8.9 Future work 

The author suggests further investigations of the Er: Y AG laser bone cutting and drilling 

techniques in order to validate the suggested modification of Beer's Law. This may be achieved 

by performing the laser cutting and drilling experiments prepared by the author and comparing 

the results with pre-predicted values. 

The author also suggests the modification of the laser End-Effector by increasing the number of 

degrees of freedom to accommodate for higher manipulation dexterity and flexibility. This may 

also include the modification of the kinematics and error analysis models. 
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ABSTRACT 

Acoustic Feedback for Laser Tissue Interaction 

Ahwal. F. & Phillips, R. 
Department of Computer Scielll'C 

University of Hull 

Rescurch on Ia.o;er tissoo interaction showed that as laser pulses strike hiological tissoo they produce a 
loud Photo-acoustic effect [KIRK OOJ [HARR 00]. This photo-acolL'itic effect is due to the laser­
induced pressure on tissue and the rapid expansion of water molecules resulting in steam (ejected 
molecules). localised water-mlcroexplosions and tissue ablation [IV AN 02]. The magnitude. duration 
and response time of the photo-acoustic effect. depend on the la.~er energy density. pulse duration and 
ablation depth. Other factors effect the photo-aCOu.\1ic response time include lhe speed of sound. the 
magnitude of laser-induced pres.-.-ure, the velocity of ejected molecules during laser ablation. and the 
biological tissue type. 

The aim of our research is to develop a feedback mechanism for laser ablation depth and the depth of 
laser front inside tissue ha.'iCd on the photo-acoustic re.\-ponsc time. Our poster session prescnt'i two­
ft'edback techniques developed for Ia.-er front detection and laser ablation depth. These techniques are 
the acou.o;tic time of flight (A TOI-) and the acou.'ilic phase-shift measurements. 

The A TOF k!chnique DlCa.'iUreS the elapse time between the start of laser ablation pulse and the arrival 
of the photo-acou.~tic wave. This technique requires the detection of the reflected laser beam and the 
photO-aCOll,\UC wave during ablation. Measurements are in real time and give the position of the laser 
front inside tissue relative to a fIXed reference (photo-acoustic sensor position). The accuracy of the 
measurement, however. is highly affected by the speed of sound (temperature and humidity 
dependent), and the response time of the acou.'itic sensor. To compensate for the aCOll'itic sensor 
response time. a multi threshold measurement levels are considered to give an average A TOF 
measurement. 

The aCOLL'itic pha.'iC-shift measurement technique, on the other hand. is time Independent and can 
measure the laser ablation depth per pulse with a maximum depth of one acoustic cycle (frequency 
dependen!). However. given the number of laser pulses and the average ablation depth per pulliC one 
can calculate the position of the laser front inside tissue regardless of the depth. This technique IL'OeS the 
sampling frequency and the numher of sample points to calculate the pha.'ie shift measuremenb with 
high accuracy. 

The above techniques were tested on real data during CO2 la.o;er bone drilling. And the experilllental 
results showed that the ablation depth is linearly related to the photo-acoustic pha~ shift and time of 
flight. They also showed that the phase shift technique is immune to amplitude noise and can be 
applied in real time to measure the pha.o;e with high accuracy. For real time acou. .. tic feedback 
measurement. however. a highly controlled environment is recommended for accurate speed of sound 
evaluation. 
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Photo-Acoustic Feedback Techniques for Laser Tissue Interaction 
Ahwal F. and Phillips R. Department of Computer Science 

Introduction 
The design and development of a computer 
assisted laser delivery system for 
orthopaedic surgery (laser End-Effector) 
necessitate the presence of an adequate 
feedback system. This system must consider 
all mechanical movements and positions. It 
must also consider the positions of patient 
anatomy. the laser End-Effector and other 
monitoring devices relative to each other and 
to a fixed reference point. Most importantly 
this feedback system must resolve the laser­
front position inside tissue during laser tissue 
interaction and give accurate measurements 
for the laser ablation depth and ablation rate 
in real time. 
Although. there are various laser feedback 
systems. very few are available for medical 
applications. This paper presents innovative 
laser feedback techniques to measure the 
ablation depth and ablation rate during laser 
tissue interaction. The aim of these 
techniques is to develop a real time 
feedback system to control the depth of the 
laser cut into bone in computer assisted 
orthopaedic surgery. This feedback system 
must give sufficient information about the 
overall surgical performance for both the 
computer based control system and the 
surgical team. This information allows for 
automatic manipulation control of the laser 
delivery system as well as the onloff 
switching of the laser system. 
Research on laser tissue interaction showed 
that laser pulses striking biological tissue 
produce loud photo-acoustic effects (1J[2)[3). 

These photo-acoustic effects are caused by 
the rapid expansion of water molecules and 
localised micro-explosions inside thelissue 
(2) (<4) (5). The photo-acoustic effects are depth 
related (3J and therefore they can be utilised 
for depth measurements and localisation of 
the laser front position Inside tissue. The 
magnitude and duration of the photo­
acoustic waves are directly proportional to 
the laser energy density. laser pulse duration 
and depth inside tissue. However. the photo­
acoustic response time is affected by other 
factors such as the speed of sound 

(temperature and humidity dependent). the 
level of laser induced pressure, velocity of 
ejected molecules during laser ablation (5) , 

and tissue type (in terms of water contents). 
The photo~acouslic effect and response time 
during laser tissue interaction are the bases 
of the innovative laser feedback techniques 
presented in this paper. An advantage of 
these techniques is that they are applicable 
in many disciplines besides medicine. 

Method 
The method used is described in Figure 1 
Where a photO-detector and acoustic sensor 
are used to detect the reflected laser beam 
and the induced acoustic respectively. The 
acquired signals are then processed to 
calculate acoustic time of flight (ATOF) and 
phase shift CAPS) which can reveal the 
laser-front position. ablation ra te and 
ablation depth. The approaches used by the 
feedback system to measure acoustic time 
of flight (ATOF) and acoustic phase shift 
(APS) are as follows: 

1. The Acoustic Ime of Flight 
This technique measures the elapsed time 
between the start of the reflected laser beam 
and the induced photo-acoustic waves. 
This elapsed time is directly related to the 
laser front position inside tissue relative to a 
fixed reference (photo~acoustic sensors 
position). 
Figure 2 presents a block diagram of ATOF 
starting from data acquisition and signal 
conditioning then time evaluation. The signal 
processing and conditioning involves: null 
offsetting of the acquired signals (i.e. signals 
must be centred about zero dc line). photo· 
acoustic wave recllfication and envelope 
detection. The next step is to compare the 
two signals with a preset threshold to 
determine the start points of each signal with 
no noise effect. From this the time difference 
represents the ATOF. This ATOF is then be 
used to calculate the ablation depth. 

0 ....... 
• .. ,Of 
• .AIlS 
• ... iittHlr .... L 
. ...... kM.,Sf 
,. lMlifaNJLI .. ,. 

Fi~ure 1: A block diaAl'iltn of tht fcedbilck methodoloA)' 
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Fit!tJl'c 2: ATOF mC:I!lIIrCmcllt npproach 

2. The Acoustic Phase Shift 
This innovative technique was developed to 
measure ablation depth per laser pulse in 
real time during laser tissue interaction. It 
measures the phase shift between two or 
more photo-acoustic waves sharing similar 
characteristics in terms of frequency and 
waveform. The measurement technique 
involves: data acquisition and sampling , zero 
comparison and normalising, real time data 
storage and logic maniputation to ca lculate 
the phase shift between the acquired photo­
acoustic waves. The phase shift will then be 
used to calculate the ablation rate and 
ablation depth per pulse. This technique 
features time independent measurements 
and high immunity to amplitude noise. 

Results and Discussion 
Experimental results on photo-acoustic 
feedbacK of C02 laser bone ablation showed 
a linear correlation between the laser front 
position on the tissue surface and the 
acoustic time of flight (ATOF). In these 
experiments the feedback system showed 
that measurements were accurate to within 
1 mm over a 50 mm distance. The accuracy 
of the measurements, however, was highly 
affected by the speed of sound which may 
vary during the experiment. It can also 
depend on the photo-acoustiC transducer 
response time and other environmental 
factors such as humidity and temperature. 
Thus, higher accuracies may be achieved 
with accuracy detection devices and highly 
controlled environment. The phase shift 
measurement technique , on the other hand, 
showed high immunity to amplitude noise 

and high measurement accuracy with 0% 
error on well defied waveforms. It also 
showed high measurement accuracy with 
real time photo-acoustic data. -
,,.. ~=~ __ ...IL_--.. 
Ilk 1----0)1 

Figure 3: APS measurement approach 

Conclusion 
The feedback techniques presented are 
highly effective in computer assisted laser 
surgery . They proved to provide real time 
feedback infonnation on the position of the 
laser front inside tissue with relatively high 
accuracy under controlled environment. 
Although these techniques were specifically 
developed , they can have high potential 
application in short distance ranging , 
acoustics, radar communication . robot vision 
and group phase delay measurements. 
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ample 1 :Time of Flight Calculations 

Thl ample demon trate the time of !light calculation technique on real data acquired 
2 la er bone ablation u 109 MAthCAD. 

cquired Data 

n := 700 .. 1200 

LP '= 
0 

0 -0.04168 

1 -0.04167 

2 -0.04167 

1 

-1.69 

-1.7 

-1.71 

LPln .O := LPn • 0 - LPo . 0 

AFB:= 

0 

1 

2 

LP 
AFB 

0 1 

-0.04168 -0.03 

-0.04167 -0.02 

-0.04167 0 

is the La er Pulse 
i the acou tic Feedback 

Timen := LPl n , 0 column (0) represent the time 

5 r-------------------------------~ 

>' LP '-' n . 1 

~ --
.E A FB 0 I------f--.......... N 
..... n I 
~ -- ' 
-<: 

-8.0014 0.00165 

Data Analysi Processing 

0.0019 

Time 
n 

Time (s) 

0.00215 0.0024 

Fba e := mean lAFB600. I, AFB550. 1. AFB500. I, AFB450 . 1 , AFB400. 1, AFB350. 1) 

F n .1:= FBn .1 - AFbase 

LPba e := mean (LP600. 1, LPS50. \. LPSOO, I, LP450, 1, LP400. 1, LP350 . I) 

LPn , 1 := LPn , 1 - LPbase 

C' LP 
G n .1 
~ -­
= F := n . I 

~ --
-<: 

10r-------,--------.--------.-------~ 

5 

O l------~----~~ 

-8.0014 0.00165 0.0019 

Time 
n 

Time (s) 

0.00215 0.0024 
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Rectifying the Acou tic ignal 

Tn ertmg the negatIve ide of the acoustic ignal 

Fp n := I Fn , d 

La er Pulse and Rectified AF Vs. Time 
10.---------.---------.---------.---------, 

~ LP 
n , I 5 

Cl.> 
"0 

.€ Fp 
-a n 

E 0 
.( 

-6.0014 

Peak Detection and moothing 

0.00165 0.00 19 

Time 
n 

Time (s) . 

0.00215 0.0024 

Peakn := AFpn if AFpn > max (AFpn-1 , AFpn-2,AFpn-3, AFpn- 4,AFpn- 5,AFpn-6) 

ma (AFpn- l, AFpn-2, AFpn-3 , AFpn-4, AFpn- 5 ,AFpn-6) otherwise 

P := medsmooth( Peak , 37) 

6 

~ 
LP 4 n ,l 

Cl.> 
"0 Fp 
Cl 2 ;': n 

-a 
E Peak 
.( n 

0 

- 2 
0.0014 0.00 165 0.0019 0.00215 0.0024 

Time 
n 

Time (5) . 

6 

4 

~ 
LP 

n , I 
'-' 

Cl.> 
"0 Fp 
.B n 2 
C. 
ea P 
<: n 

0 

-6.0014 0.00165 0.0019 0.0021 5 0.0024 
Time 

n 
Time (5) . 
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ormali ing the Acou tic Feedback according to a threshold level 

k := 0 .. 4 THk := 0.03 + O.OIO·k 

0.03 

0.04 

ATH = 0.05 

0.06 

0.07 

v 

n , k := 5 if Pn > ATHk 

o otherwise 

Ln := 5 if LPn , I > 0.1 

o otherwise 

LPTh = 100mV 

6 r-------7=F=========F=========~======~ 

LP 
n . I 4 

~ L 
~ n 

"0 
:) .... 

:.::: 2 
Q. n . k 
El 
< P 

n 010--------

-2 ~--------~----------~--------~~--------~ 
0.00 14 0.00165 0.00 19 0.0021 5 0.0024 

6 I 

4 -
~ 

"0 L - A 
.~ n n , k 
"a .... 
S 
< 2 1-

0 
I 

0.0014 0.00165 

a lculating the time Dela 

Time 
J 

Time (s) ' 

I 

I 

0.0019 

Time 
n 

Time (s) 

I 

-

-

I 

0.00215 0.0024 

The Time Delay = (The tart time of the acou tic pul e) -(the tart time of the la er Pul e) 

Stn . k := The time delay between LP and AP 

o otherwi e 

fo r ampling freq uency of 500k a/ each ample will be (1/500,000) 
between pul e could be calculated from the total number of ample 

(211 ). 

or 211 . The time delay 
and the amp ling time 
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SR := 500· 103 

1.36 x 10 -4 

1.36 x 10 -4 

TOF = 1.4 x 10 -4 

1.58 x 10 -4 

1.68 x 10 -4 

I 
).,:= -

SR 

68 

68 

S = 70 

79 

84 

sec 

TOF:= S·). 

TOF := S·)" 

The measured distance was 50 mm the calculated speed of sound would be: 

v := 
50.10- 3 

TOF 

367.647 

367.647 

v = 357.143 

316.456 

297.619 

m/s 

Assuming speed of sound at room temperature 

For v:= 340 rnls 

D:= v·TOF mm 

46.24 x 10- 3 

46.24 x 10- 3 

D = 47.6 x 10- 3 

53.72 x 10- 3 

57.12x 10- 3 

mean( v) = 341.302 

medlan(v) = 357.143 

stdev( v) = 28.86 

m 

Distance := mean(D) m Distance = 50.18 x 10- 3 m 

median(D) = 47.6 x 10- 3 m 

CJ := stdev( D) CJ = 4.436 x 10- 3 m 
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E ample 2: Photo-Acoustic Phase Shift Calculations 

This example demon trate the Photo-Acoustic feedback Pha e Shift CAPS) during CO2 laser 
bone ablation 

cquired Data 

n := 100 .. 9000 

LP := AFB := 
0 1 0 1 

0 -0.05154 -1.78 0 -0.05154 0 

1 -0.05154 -1.77 1 -0.05154 0 

2 -0.05153 -1 .76 2 -0.05153 -0.Q1 

LPln ,O:= LPn ,O- LPo,O LP i the La er Pul e 
AFB is the acoustic Feedback 

Tim n := LPIn , 0 column (0 represent the time 

S ~-------r--------.-------~--------~ 

~ LP 
~ n ,l 

E ---- O ~~~~------------~~~-------­
::: FB 
~ __ n .1 

-S L--------L--------~------~--------~ 

igual rruccsslIIg 

o 
Time 

n 
Time (s) 

eUing a Zero Ba e Line 

O.OI S 0.02 

Fba el := mean (AFBsoo , I, FB4S0 , 1 , AFB400 , 1 ,AFB SO , 1 , AFB300, 1 , AF~sO , 1) 

Fn ,I:= FBn , I - AFba el 

AP 

Fbase2 := mean (A FBssoo , 1 , AFBS4S0 , 1 , AFBS400 , I , AFBS3S0 , 1 , AFBS300 t 1 , AFBS2S0 . I) 

Fn+SOOO,l := FBn , I - AFba e2 

LPba el := mean (LPsoo , 1 , LP450 , 1 , LP400 , 1, LP3S0 , 1, LP300 , 1 , LP2S0, d 
LPn ,l := LPn , 1- LPba el 

LPba e2 := mean LP SOD, I , LP54S0, I t LPS400 , I • LPs SO , 1 , LPS300 , 1 • LPS2S0 , I) 

LPn+ 000,1 := LPn , 1 - LPba e2 
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nchronisation 

n := 5600 .. 6200 

LPn . 1 

;;- -­
-- LP ~ n + 000. I 
B --
:: F 
~ n. 1 

F 
n +5000. ! 

6 

4 

-2~----~----~------~----~----~----~ 
0.0112 0.0124 

Time 
n 

Time (s) 

Pha e hin Window etting 

w := 200 n := 5850 .. 6150 

2.----------------------------------, 

~AF 
~ n .! 
B -- 0 
:: F 6' n+5000. I 
< -- -I 

UOn := 

0 

if 

-2~----------------------------------~ 
5 50 5900 5950 6000 6050 6100 6150 

Fn.1 > 0 Ul n := 

n 
Sample Points . 

if AFn+SOOO , 1 > 0 

otherwise 0 otherwise 

POPn := IUOn - U1nl POPn ~ I: if IUOn - Ulnl >0 

wher 

VO and VI : 
POP: 

Real: 
PH E: 
PHA E_deg: 

otherwise 

are the normali ed value of all point above 0 level in both ignal 
IS the difference between the normali ed points relative to real time 
IS the total number point representing the pha e hift 

is the pha e hift in radian 
IS the phase hift in degree 

AP 
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~ 
;>­
<C 

~ 
u 

-.:3 
'" :: 
8 uo 
<c n 
I 

S .r 0.5 
o 1 
f n 
"C 
Q,I 

.!::l 
-; 
E 
o 
:z 

Examples and Calculation 

~850 5900 5950 6000 6050 6100 6150 

41 

'" <c 
.c 
Q., ... 
o 
:: POP 05 o n,O' 

~ ± 
Cl .Q 

Q., 

~850 

Phase Calculations 

Real := L POPn , 0 

n 

5900 

The calculated value of the phase would be 

Reaht 

n 
Sampling Points 

5950 6000 6050 

n 
Sampling Points 

SReal = 71 

PHA PHASE = 1.115 rad 
w 

In degrees 

1 0 
PH E_deg:= Real·­

w 

Time Dela Calculations 

PHASE_deg = 63 .9 Deg. 

The time delay can be calculated as follow 

given the frequency of the data = 36.03 kHz and T = 27 .76 m 

6100 6150 

AP 
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- 0 sec 
T := '27,70' 10 

T 
TO '= PHASE deg·-, - 360 

Depth Calculation 

Examples and Calculattons 

TO = 4.927 X 10- 6 sec 

The depth corresponding to the above time delay TO can be calculated as follow: 

Depth := 345, TD Depth = 1.7 X 10- 3 m 

APS 
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Example 3: Magnitude effects on Phase Shift Measurement 

This example gives an illustration of Phase Shift measurement between two out of phase 
signals (x and y) having the same frequency yet different magnitudes 

• 1t 
i := 0 .. 100 0 i := 1' -

10 

X
i
:= lO sin( 01) 

y I := 3 sin ( 0 I - .18 ) 

XI 

YI 

Waves Normalising 

if x. > 0 
I 

o otherwise 

0.5 

.M := ~ .10 = 0.628 
5 

10 

8 

6 

4 

2 

0 

- 2 

- 4 

- 6 

-8 

-10 
0 20 40 

180 
.10_Deg := .10 ·-

60 

if y. > 0 
1 

1t 

80 

o otherwise 

I I I 

-

I I I I 

20 40 60 80 100 

100 

Phase Shift 
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Samples out of Phase 

Phase. := 
I 

if X. - Y. > 0 
I I 

o otherwise 

Phase, 0.5 

± 

Examples and Calculations 

1 I I 

-

........... 1 11111111111111 1111111 1111111111 1111111111111111 111111 111 11111 

s:= L Phase i 

Phase Calculation 

S·21t 
PHASE := -­

lOO 

20 40 60 80 

S = 10 

PHASE = 0.628 

180 
PHASE_Deg:= PHASE ·- PHASE_Deg = 36 Deg 

1t 

(PHASE Deg -119 Deg) ·100% 
% PSError := %PSError = 0 

119_Dcg 

Conclusion 

lOO 

Phase Shift 

The above results show that the signals magnitude difference in the signals has no effect on 
the phase shift measurements and technique showed zero percent error in the Phase shift 
measurement. 

243 



ppendlx : Feedback Technique ' Examples and CalculatIOns GPSM 

Exa mple 4: Group Phase Shift Measurements (GPSM) 

This example gives an illustration of using the phase shift measurement technique for group 
phase measurements. The example shows four waves having similar frequencies and wave 
form yet they have different magnitudes and phase. The example shows phase measurements 
for the y waves with respect to x and the phase shift measurements between the individual y 

signals 

Assume the following 

i := 0 .. 99 j := 0 .. 

9 - [ 1.~9 1 
~. 7 

.06 

, . . - 10 in(9i) 
I 

, 7t 
9· := ,·­

I 100 

180 
69 Ocg := 69 ·-

- 7t 

• • 1C 
.19J· := I + J - J -

10 

[

57.31 
96.6 

69 Dcg = 
- 135.9 

175.2 

30 ~------.-------.-------'--------r-------' 

I. 

1.1 

1 .. 1 

Wave ormali ing 

- If . > 0 Y .. := I: if . . > 0 
i ' I I,J I.J 

0 othcrwi e otherwise 
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.!. 

, I,() 

1. 

'I 
1. 

O. 
' 1.2 

1. 

ampl out of Pha e 
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S. := , Phase
l 

. 
J £.... .J 

Phase Calculations 

2S·7t 
PHASE:= --

1000 

180 
PHASE_Deg:= PHASE--

7t 

Examples and Calculations 

[

159] 269 
S= 

379 

489 

PHASE = [~·~:JL.d 
2.381 

3.072 

[

57'24] 
96.84 

PHASE Deg= 
- 136.44 

176.04 

Measurement Error Percentage 

(PHASE_De~ - AO_Degj). lOO 
%PError. :- ....l.... ___ ---=~ __ __" __ % 

J 

O/oPError. = l( ~~~ ] % 
J 0.41 

0.49 

Samples out of Phase 

[ 

1'~861 AO = 
2.372 

3.058 ) 

Degree 

The above results show highly accurate phase measurements with percentage errors not 
exceeding 0.5% this is mainly due to sample points overlap. 

Phase between the y signals 

Phase .:= 11 if VI I - VI 0> () I.J •. 

o otherwise 

SI0]:= , Phase .. £.... Id 
I 

S10
1

=110 

Phase Shift Between Y u: and Y I&-

2 SIO(7t 

PHASE 10 := 1000 PHASE
IO 

= 0.691 rad 

GPSM 
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Phase .. :== 11 if Y. , - VI () > 0 I.J 1._" 

o otherwise 

S30j := " Phase. . 
~ I.J 

Phase Shift Between Y ~ and Y!&-

PHASE
10 

:== 

2 S30
1

·7t 

1000 
PHASE

30 
= 2.073 rad 

PHASE_De~o == 118.8 Deg 

Similarly the phase between any two signals can be calculated 

GPSM 

S301 == 330 
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ffcct on oi e on Phase hift Measurement (NPSM) 

The aim r tIll!> ample I, tudy the eITect of random noi e on pha e mea urement 
aUfl11ng Ih nOle onl f1i t the amplitude and not the frequency. 

Assume the follOWing 

1:= 0 . 99 
• 7t 
1' -

10 

7t 
d S := -

5 
t.9 = 0.62 rad [Assumed Phase Shift] 

Signal with Random Noise 

O· in(S i i := (20,sln (Oi - dO )) .(2 rnd (O.S)) 

"i ' 20· 'n a, - a)) 

40r----.-----.-----r----,---~ 

-40 L-__ ---'-____ --'-____ ...I-____ ...l....-__ ---J 

o 0 100 

i 
ampling Point Relative Timc(s) 

Fig.l: ormsl ignals Out of Pha e 
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o 20 40 60 80 100 

i 
smpling Points Relative to Time 

Flg.2:E ffect of Amplitude 01 e on Phase 

orma li IJl g the po it! e value of the data 

- 101 If 
othcn I e 

if yN, > 0 

o othenvi e otherwise 

PSM 
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2 := L Phase21 
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27t 
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PHASE22 = 0.628 
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-
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(PHASE22 - Aa) 
% Error22 := . 100% 

A9 
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Appendix B: Laser F..xperiments 

Laser Feedback Experiments 

Objective 

The aim of these experiments is to investigate the possibility of detecting laser front position 

during laser tissue interaction and measure the laser penetration depth. They also aim to device a 

control mechanism for the laser End-Effector. 

Introduction 

Detection of laser front inside tissue during laser tissue interaction is not an easy and 

straightforward process. It requires a full understanding of the nature of the laser tissue 

interaction and the identification of the laser parameters, tissue type, plume components and the 

heat and sound propagation properties. 

Current surgical laser applications are open loop; in which no direct feedback mechanism is 

available. The process of laser feedback helps surgeons in determining the position of the laser 

front during surgery, and aids in setting the laser control and manipulation parameters. 

The feedback techniques presented in these experiments include: Detection of laser front during 

laser tissue-interaction via acoustic feedback. This technique investigates the possibility of 

providing position feedback of the laser front inside tissue, using the acoustic waves generated 

by the laser tissue-interaction. 

Experiment I: Acoustic Detection of Laser Front on the bone surface 

Objective 

The main objective of this experiment is to investigate the detection of the laser front on the 

surface of the bone during laser-bone interaction. 

Equipments 

• Oscilloscope 

• Ultrasound piezoelectric transducers 

• Wideband amplifier with power source 

• Infrared (IR) Photoconductive detector 

• IR Laser source (Er: YAG or Medical-C02) 

• Smoke removal system (Vacuum) 

• Bone Sample (or Bone Analogue) 
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Appendix B: Laser Experiments 

Experimental setup 

Figure J shows the experimental setup. 

-- Di<t.nce I ~ : 
--:...----.~, Di<lance 2 

Distance 3 
I 

Figure 1: Experimental setup of the acoustic feedback system of laser front from the bone surface. 

Procedure 

In this experiment the targeted bone is placed on an optical rail in line with the laser beam at 

fixed distances from the laser front-end as shown in Figure 1. The acoustic and optical sensors 

are placed at fixed positions relative to the laser front-end in line with the optical rail and facing 

the laser tissue interaction point. As laser pulses hit the targeted bone the reflected light and 

acoustic waves generated by the laser-tissue interaction are detected by the photo-detector 

(photo-sensor) and the acoustic sensor respectively. Because of the relatively small distance 

between the laser front-end and the targeted bone the light pulses detected by the photo-sensor 

can represent the real time laser pulses. And due to the relatively slow speed of sound (relative 

to the speed of light) there would be some time delay before the laser-bone interaction acoustic 

waves are detected by the acoustic-sensor (Bi-Morph element). This time delay as shown in 

Figure 2 is directly related to the distance between the laser tissue-interaction point on the bone 

surface and the acoustic sensor and can be calculated by the following equation: 

Equation Bl 
d =t·v 

where 

d is the displacement distance 

t is the time delay 

v is speed of sound (- 340mls) 

The minimum measurable resolution depends on the frequency of the acoustic waves generated 

by the interaction can be calculated as follow 
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Appendix B: lAser Experiments 

Equation 82 

where 

v 
R. =­

mm f 

Rmin is the minimum measurable resolution 

f is the acoustic wave frequency 

For a 200 kHz sound wave for example the minimum measurable resolution is approximately 

1.7 mm corresponding to a 5 J1S delay time (Duration of the sound wave). 

-en 
::I -Cl) 

E 
i= 

450 

400 
350 

300 
250 
200 
150 

100 
50 

0 

0 

~T - - -----,------ -~--I-- -- ----1---- ". --1--

20 40 60 80 100 120 140 160 

Displacement D (mm) 

Figure 2: Acoustic delay time as a function of displacement (distance from the laser front-end to the 
interaction point at tbe target bone) 

Measurements 

Initial measurements can be made using the optical and acoustic sensors and a high frequency 

(100 MHz) memory storage oscilloscope. Signals generated by the sensors are measured by the 

oscilloscope in real time during laser tissue interaction; where the time delay between the 

signals is measured (Figure 3) and recorded. The measured time delay can then be used to 

calculate the distance between the bone and the laser front-end using Equation B1. Figure 3 

shows the optical and acoustic signals for three known distance positions for the target bone 

from the laser front-end. 
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T = 33ms - 200ms 
---+- +- Pulse duration = O.ISms 

~ erpu)sJll......-__ -.Jn'--_ 
Acoustic FB I ~I.-' _________ D_i_s_ta_n_ce_l ____ ~ .... --

Acou tic FB2 ~ Distance 2 ~ 

t\C(lustic f 133 ~ 
-------------- 1'-----------------------------

Distance .3 

tl ---+ 

t2 

tJ 

---+1. . i ~ Pulse width < 0.5 ms 

Figure 3: Delay time measurements 

Experimental setup for deep drilling 

To be able to do similar measurements as above while drilling deep inside bone we may have to 

alter the setup. This is so because as the drilled hole gets deeper inside the bone the optical 

sensor may not function properly (It may not pick up directly reflected interaction light waves). 

In this case we may use a beam splitter with different reflection ratios to allow the high 

percentage of the laser light to pass to the target bone while reflecting a fraction of beam toward 

an optical sensor placed perpendicular to laser beam as shown in Figure 4. Deep drilling may 

also effect the acoustic measurement which may require some modification to Equation B 1. 

Acoustic-sensor 

Laser System 

-- Distance I 

o 
o 

PhotCKletector 

Distance 2 

Distance 3 

Figure 4: Experimental setup of the acoustic feedback system of laser front for deep drilling. 

Calibration 
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Appendix B: Laser Experiments 

Calibration is required for speed of sound since it is highly affected by environmental factors. 

This can simply be done by placing two ultrasonic transducers (Tx and Rx) at fixed distance 

apart and measuring the time delay between the transmitted and received signals and hence 

calculating the speed of sound in real time. 

Modifications 

This experiment could be modified by incorporate a timing circuit and a computer to measure 

the time delay, from which spatial distances can be calculated and monitored in real time 
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Appendix C: 

AutoCAD Blueprints 

256 



Appendix C: AutoCAD Blueprints End-Effector Design 

Blueprints of the Laser End-Effector Design Components 

z 

Figure ACt: Un-assembled Laser End-Effector Design Components 

z 

Figure AC2: Laser End-Effector 
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Figure AC3: A blueprint of the laser End-Effector design components 
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Figure AC4: A blueprint of the Laser End-Effector top view 
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Appendix D: End-Effectors Kinematics Denvit - Harttenburg Representation 

Denavit - Harttenburg Representation 

The following is the End-Effector's kinematic analysis using the D-H representation 

Let 

is the angle of rotation about the Zi-l axis to align the Xi-1 axis with the ~ axis (i.e 
~_I axis is in parallel to ~ and pointing in the same direction). 

is the translation distance along the Zj_lto bring the ~_I axis with the ~ axis into co 
incidence 

is the translation distance along the ~ axis to bring the two origins as well as the X axis 
into coincidence. 

is the angle of rotation about the ~ axis to bring the two co-ordinate systems into 
coincidence 

The basic homogeneous rotation-translation matrix of the D-H representation 

Tz9 Rotation about the Zi_l axis 

Tzd Translation along the the Zi_l axis 

Txa Translation along the Xi axis 

Txa Rotation about the ~ axis 

I 0 0 01 cos( Si) -sin( Si) 0 01 

0 0 

~i 1 
sin( Si) cos( Si) 0 

~ 1 
Tzd:= Tz9:= 

0 0 0 0 

0 0 0 I ) 0 0 0 1) 

0 0 al 1 0 0 0 01 

0 0 

~ 1 

0 cos( ai) -sin( ai) 

:1 
Txa:= Txa:= 

sin( ai) cos( ai) 0 0 I 0 

0 0 0 1 ) 0 0 0 1) 

The D-H Transformation matrix for the adjacent co-ordinate frames i and i-I is A(I_I)I 

A(. ).:= Tzd· Tz9· Txa· TXI1 
\-1 1 

cos( Si) -cos( aJsin( Si) 

sin( Si) cos( ai)·sin( Si) 

A(i_l)i := 0 sin( ai) 

0 0 

sin( aJsin( Si) lIj'cos( Si) 1 
-sin( ai)ocos( Si) lIjosin( Si) 1 

cos( ai) cl-\ 

0 ) 
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Figure 1: End Effector 

Origins Coincide 
d3 = d4 = 0 

, 
I \ 

I , 

I \ 
X4 I \. Y 3 . , 

Joint 3 (LD) k ~2 94 ~JOint 2 (VR) 

Y4 9 Z4 ~93 '/,)" X3 
5 --_ Y2 "-

Joint 2 (Origin) - - : .)(2 ~ 
,".... d, 

~ , " 1r"""'"",~_---
;!:: 9, d, "'* '/ 

: ' ..Y J 1 y, Z5 I _ 

: '" Joint 5 (Front End) 

Joint I (HR) 
X, 

~ r' 
B." '" *~~~,J 

Figure 2: End-Effector Link coordinate system 

End Effector link parameters 

Joint i 9i <Xi ai di 
rad rad (mm) (mm) 

1 0 0 0 59 
2 7tl2 0 0 57.25 
3 0 rrJ2 0 0 
4 7tl2 rrJ2 0 0 
5 0 0 0 360 

Figure 3: End Effecor link coordinate parameters 
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i:= 0 .. 5 

9 i := ui := 
1Ij:= di := 

0 0 
0 59 

Tt 0 
0 57.25 

2 Tt 
0 0 

0 2 0 0 
Tt Tt 0 280 
2 2 

0 0 

Transformation from The Base (Joint 0) to Joint l(Horizontal Deflection unit) 

cos( 90) -cos( ao),sin( 90) sin( ao),sin( 90) ~.cos(90) 1 

AO.I := 
sin( 90) cos( Uo)·cos( 90) -sin( ao)'cos( 90) a(sin( 90) 

0 sin( a o) cos( a o) dO 

0 0 0 ) 

Transformation from Joint I to Joint 2 ( The Origin of the End Effector) 

cos( 9 1) -cos( a I ).sin( 9 1) sin( a I)·sin( 9 1) a(Cos(9 1) 1 

Al 2:= 
sin(9 1) cos( a d'cos( 9 1) -sin( a I)'cos( 9 I) a(sin( 9 1) 

0 sin( ad cos( a I) d
l 

0 0 0 ) 

Transformation from Joint 2 (Origin) To Joint 3 (Vertical Deflection Unit) 
Note:- Joint 3 is at the Origin (i.e. d = 0) 

cos( 92) -cos( ( 2)·sin( 92) sin( (X2)·sin( 92) Iiz·cos( 92) 1 

A2,3 := 

sin( 92) cos( (X2)'COS( 92) -sin( (X2)'cos( 92) a(sin( 92) 

0 sin( (X2) cos( (X2) d2 

0 0 0 ) 

Transformation from Joint 3 (Vertical Deflection Unit) to Joint 4 (Linear Drive Unit) 
Note:- Joint 4 is also at the Origin (i.e. d = 0) as shown in Figure 1 

COS(93) -cos(03)·sin(93) sin( (3) ,sin( 93) a3·cos( 93) 1 

A3,4 := 
sin( 93) cos( (X3)'cos( 93) -sin( (X3)'cos( 93) a(Sin(93) 

0 sin( (X3) cos( (3) d3 

0 0 0 ) 
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Transformation from Joint 4 (The Linear Drive) to Joint S (The laser waveguide Front End) 

o 0 

1 0 0 0) 

AO, I = ~ 0 0 s091 

o 0 0 ) 

o -1 0 0 ) 

AI,2 = ~ ~ ~ S7~2SI 
o 0 0 ) 

o 0 0) 
o 0 -1 

o 1 0 ~I 
o o 0 1) 

o 0 0) 

o 0 00 1 
A3,4 = 0 0 

o 0 0 1) 

o 0 0) 

A4,5 = ~ 0 ~ 2~0 1 

o 0 0 1 ) 

Front End to Base 

sin( a 4) .sin( 94) 

-sin( a 4)'cos( 94) 

cos( ( 4) 

o 

a4·cos( 94) ) 

al·sin( 94) 

d4 

) 

o 0 0) 

AI.O= ~ ~ ~ -~91 
000 ) 

o o o ) 

A2.1 = ~I ~ ~ -s~.2sl 
o 0 0 ) 

o 0 0) 
o 0 

A3.2 = 0 -1 

o 0 

o ~ 1 

o I) 

o 1 0 0) 

o 0 00 1 
A4.3 = 1 0 0 

o 0 0 1) 

o 0 0) 

A5.4 = ~ 0 0 -:80 1 

o 0 0 1) 

The homogeneous matrix T 05 specifies the location of the Sth co-ordinate frame with respect to 
the base co-ordinate system 

010 

o 0 
TO.5 = 1 0 0 

000 

o ) 
280 1 

116.25 

1 ) 

001 

o 0 
T5.0 = 0 1 0 

000 

-116.25 ) 

-0 1 
-280 

) 
The homogeneous matrix T25 specifies the location of the Sth co-ordinate frame with respect to the 
Origin co-ordinate system 
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0 0 280 1 0 0 1 0 1 
0 -I 0 -0 I 0 -1 0 

-~80 I T2.5 = 
0 0 -0 

T5.2 = 
1 0 0 

0 0 0 1 ) 0 0 0 1 ) 

Forward Kinematics Equation for the Laser End-Effector 

The homogeneous matrix T oi which specifies the location of the ith coordinate fram with respect to the 
base coordinate system is the chain product of successive coordinate transformation matrices of 

~i-I)i and expressed as 

Where 

In leneral 

A := i,(i+ ,) 

Ci := cos( 9i) 

G:= TO.5 

T := (R05 POSl 
0,5 0 1) 

is the orentation matrix of the ~h coordinate system established at 
link i with respect to the base coordinate system. It is the upper left 
3 xl3 partitioned marix ofToi 

is the position vector which points from the originof the base 
coorinate system to the origin of the ith coordinate system. It is the 
upper right 3 x 1 partionend matrix ofT Oi 

cos( 9 i) -cos( ai)·sin( 9i) sin( a i)' sin( 9i) lIj'cos( 9i) 1 

sin( 9i) cos( a}sin( 9i) -sin( aJcos( 9i) lIj,sin( 9i) I 
0 sin( ai) cos{ ai) di 

0 0 0 ) 
Si := sin( 9i) 

Co -SO 0 01 c, -SI 0 01 C
2 

0 S2 Thus 

So Co 0 0 S, C, 0 0 S2 0 -c 

AO,' := AI ,2 := A2,3 := 
2 

0 0 dO 0 0 d l 0 0 

0 0 0 1 ) 0 0 0 1 ) 0 0 0 

C
3 

0 S3 01 C
4 -S4 0 01 

S3 0 -c 0 S4 C4 
0 0 

A3.4 := 
3 

A4,5 := 
0 0 d

3 0 0 d4 

0 0 0 1 ) 0 0 0 1 ) 

Let TI := AO, (AI,iA2,3 and T2 := A3,4· A4,5 

This wUllead to 

[Ci(CO'CI-So'SI)]-Si(COSI +SOC I) 0 S2( Co Cl - So SI) + C2( Co SI - So Cl) 

C2( So Cl + Co S d -So SI S2 - Co C I S2 0 siSoCI + COS I) + ciSoSI - COC I) 
TI := 

0 0 

0 0 0 

01 

0 

d
2 

1 ) 

0 

0 

116.25 

1 
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Let 

T2 := 

T:= 

T:= 

UII :=[Ci(Co'CI-So'SI)]-sdCo'SI +So·cd 

U\3 := Si( Co·C 1- SO,SI) + Ci ( CO,S I - So·C I) 

U21 := Ci ( So·C 1+ CO·S I) - SO,St" S2 - CO,Ct" S2 

U23 := Si( So,C I + CO·S I) + Ci ( SO,SI - CO·CI) 

C3 
0 S3 01 C4 

-s 
4 0 o 1 

S3 0 -C3 
0 S4 C4 0 0 Then T2 := 

0 0 d3 
0 0 d4 

0 0 0 1 ) 0 0 0 1 ) 

UII 0 UI3 0 1 
C

3
C4 -S4 C3 S3 d4 S3 1 

U21 0 U23 

11~.251· 
S3 C4 -S3 S4 -c -d

4
C

3 3 

0 0 S4 C4 0 0 

0 0 0 ) ) 0 0 0 

UII.(C3 C4)+UI3,(S4) -UII,(S4 C3)+U\3.(C4) Ull,(S3) 

U21.( C3 C4) + U23,(S4) -U21,(S4 C3) + U23.(C4) U21'(S3) 

C
3

C
4 -S4 C3 

S3 C4 -S3 S4 

S4 C
4 

0 0 

UII.(d4 S3) 

U21.(d4 S3) 

-C3 -d4 C3 + 116.25 

o 

Thus the vector X (nx,nY,nz) can be calculated from the following 

nx:= Ull.(C3·C4) + UI3,(S4) 

ny:= U21.(C3·C4) + U23,(S4) 

S3 d4 S3 1 

-c 
3 

-d
4

C
3 

0 0 

0 ) 

nx:= [ Ci ( CO,C I - SO,SI) - Si( CO,S I + So·C l ) lC3'C4 + S4-[ Si( CO,C l - SO,SI) + Ci ( CO,S I - So'C l)] 

ny:= [Ci ( SO,C I + CO·S I) - SO·S(S2 - Co,C(S21C3 C4 + S4: Si( SO,C I + CO·S I) + Ci (SO,SI - CO·C l)] 

nz:= S3 C4 

T 
X:= (nx ny nz) x = [~l 

1 ) 

The vector Y (sx,sy,sz) can be calculated from the following 

sx := -Ull.( S4, C3) + UI3.( C4) 

sy:= -U2I.( S 4, C3) + U23.( C4) 

Hence 
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T 
Y:= (sx sy sz) (

11 
Y = 0 \ 

0) 
The Vector Z(ax,ay,az) can be be found from the following 

ax:= U\\,(s3) 

ay:= U21.(S3) 

Hence 

az:= -C3 
T 

Z:=(ax ay az) 

The Rotation matrix R is 

R:= (X Y Z) 

Z= (~i 
0) 

[[
01 (1 1 [01] 

R= 0\ 0\ 1\ 

1) 0) 0) 

And the Position Vector P (px,py,pz) can be found from the following 

px := U\\.( d4 s3) 

py := U2\.( d4 S3) 

px:= d4·S3-[ ci( CO'C I - So· SI) - si( CO·S I + so·cd] 

py:= d4 S3-[ ci(so·cI + CO·s I) - SO·S(S2 - CO.C(S2] 

pz:= -d
4 

C3 + 116.25 

T 
P := (px py pz) 

( 

0 1 
P = 280 \ 

116.25 ) 

The homogeneous transformation matrix T is 

nx sx ax px 1 
ny sy ay 

py I As a check for the End- Effector 
T·- Home Position .-

nz sz az pz 

0 0 0 1 ) 

0 0 0 1 
0 0 280 I T= 
1 0 0 116.25 

0 0 0 1 ) 

Note:- that maximum rotation angles are +1- 30 degrees H & V and the laser waveguide ranges from 
200-360 mm in length 
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For 

~ 

X 

0 

Tt Tt 
r-+-
2 18 

0 

Tt Tt 
f-+-
2 9 

0 

(Xi := 

0 

0 
0 

0 
0 

Denvit - Harttenburg Representation 

di := lIj:= Ci := cos( 9 i) Si := sin( 9 i) 

59 0 

57.25 0 

0 0 

0 0 

200 0 

nx:= [ Ci ( CO,C I - SO,SI) - sz"( CO,S I + SO·CI) lC3,C4 + S4-[ Si( CO,C1 - So·Sd + Ci( CO,S I - SO·C I)] 

ny:= [Ci( SO,C I + Co' SI) - SO,SI, S2 - CO'C(S2l C3 C4 + s4: Si( SO,C I + CO·S 1) + Ci ( SO,SI - CO·C I)] 

nz:= S3 C4 

~ 

y 

-7 

Z 

ax'-S .[c .(C.C -S·S )-S .(C.S +S.C)] .- 3 2 0 I 0 I 2 0 1 0 1 

-7 

P 

px:= d4·S3{ Ci ( CO,C I - SO,SI) - Si( CO,S I + So·C1) ] 

py:= d4 S3{Ci ( SO,C 1 + CO·S I) - SO·S(S2 - CO.C(S2] 

pz:= -d
4 

C3 + 116.25 

T 
P := (px py pz) 

[ 

0 ) 

p = 200 I 
116.25 ) 

The homogeneous transformation matrix T is 

nx sx ax px) 

ny sy ay py I Ttest := 
nz sz az pz 

0 0 0 1 ) 
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0 0 0 1 
0 0 1 -1160251 

0 0 1 200 I -I 0 0 0 

I Ttest = Ttest = 
1 0 0 116025 0 0 -200 

0 0 0 1 ) 0 0 0 1 ) 

Since 90= 9 2= 94= 0 

C = 1 0 So = 0 

C = 1 
2 S2 = 0 

C = 1 
4 

S = 0 
4 

This will lead to 

~ + + -+ 
n s a p 

nx:= C(C3 
sx:= SI ax:= S30CI px:= d4oS3oCI 

ny:= S(C3 
sy:= -Cl ay:= S3oS1 py:= d4oS3oS1 

nz:= S3 sz:= 0 az := -C
3 

pz:= -d
4 

C
3 

+ 116025 

And the homogeneous transformation matrix TR would be 

C(C3 St S30C t d4oS3oCI 1 
0 0 1.225 x 10- 14 1 

S(C3 
-C S30S t d4oS3oS1 0 0 1 200 

TR:= 
I 

TR= 

S3 0 -C
3 -d4 C3 

+ 116025 0 0 116025 

0 0 0 

From the above we can sea that 

nz:= sin( 93) sx:= sin(9d 

Hence 

nx:= C t C3 
nx:= syoaz 

ny:= SI C3 
ny:= -sxoaz 

nz:= S3 nz:= nz 

ax:= S3°C\ ax:= -nzosy 

ay:=S3 S t ay:= nzosx 

) 0 0 0 1 ) 

sy:= -cos( 9 t ) az := -cos( 9 3) 

SX := SI sx := sx 

sy:= -Ct sy:= sy 

sz:= 0 sz:= 0 

Px:= d4oS3oCt 

Py := d4oS3oS1 

Px := -d
4 

nzosy 

pz := -d
4 

C
3 

+ 116025 

Therefore homogeneous transformation matrix HTM would be 

az:= -C
3 

az:= az Pz:= d
4

0az + 116025 

syoaz sx -nzosy -d
4

onzosy 
1 '1 0 1 0 0 

-sxoaz sy nzosx d °nzosx 0 0 200 I 4 
HTM:= HTM = 

nz 0 az d4
0az + 116025 0 0 116025 

0 0 0 ) 
0 0 0 ) 
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Inverse Kinematics 

Given the homogeneous transfonnation matrix by the Optical Tracking system with reference to the 
dynamic reference frame coordinate system, one can drive the homogeneous transfonnation matrix HTM 
in the base coordinate system from which the angles of rotation and displacements can be calculated. 

Note: Assuming the rotation matrix given by the Optic tracing system is given in unit vectors 

Inverse Kinematics Example:-

Given the following HTM calculate 81. 82 and 0 

C(C3 SI S3· CI d
4

,S
3
,C

I 1 sy·az sx -nz·sy -d
4

·nz.sy 1 
S(C3 

-C S3, SI d
4

,S
3
,S

I -sx·az sy nz·sx d ·nz·sx 
HTM := 

I 
HTM:= 

4 

S3 0 -C
3 -d4 C3 

+ 116.25 nz 0 az d4·az + 116.25 

0 0 0 ) 0 0 0 ) 

Giving that 

1.225x 10- 141 0 1 0 

Tt 
and 

Tt 0 0 1 200 
91 :=9 1-2" 93:= 93 -"2 HTM = 

0 0 116.25 

where 0 0 0 ) 

91 is the rotation angle about the Z axis at the origin (Joint 2) ranging from -(rrJ6 to rrJ6) 

is the rotation angle about the X axis at the origin (Joint 2) ranging from -(ro'6 to n/6) 

is the displacement of the End Effector in the direction of application ranging from 200mm 
to 360 mm 

Also knowing that from homogeneous transformation matrix HTM 

sy := -cos( 9 1) And 

9
1 

:= acos( -sy) 

9
3 

:= acos( -az) 

pz = 116.25 

Pz:= d
4

·az + 116.25 

(pz - 116.2S) 
d
4 

:= 
az 

d
4 

= 200 

9 1 = 1.745 

91 = 0.175 

9
3 

= 1.92 

rad 

rad 

rad 

93 = 0.349 rad 

180 
91:= 0.175·-

Tt 

93 := 0.349. 180 
Tt 

91 = 10 Deg 

93 = 20 Deg 
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"Camera" x 

system 0"----

Opllcal tracking syste~ 
Reference CoordInate 

y \ -.;-------

\ 

-'_'-----' Surgical Site "Target" 
--_________ Local reference coordinate 

\' -~>;*, 
RotationJoint(O~gin) ......... z ",,' y 

y 

Base 
Reference coordinate system 

r:_ .... _,. .... r~ ........... __ I .. _ ... _ .... -_:".- _ ..... - .. : __ ............ __ : ........... :.,.. ..... _ ...... ___ ... __ ~ 'P_ .... 'J;\n"" .......... _ ........... _ ._ .L
A ..... .,-- - ....... -_ ..... _ .......... __ •• __ ................ ·_ ..... ··a ... _- .,_ .. e---- ....... - ....... _- et-- --- --- _ ...... __ ........ -_ .. - ....... ---

camera coordinate system 

The Figure above relates the local coordinate systems of both the End Effector's base and the 
surgical site to the camera or optical track coordinate system. The camera is able to see the two 
coordinate systems and generate a transfonnation matrix for each of the target and the base relative to 
its own coordinate system 

Given a homogeneous transfonnation matrix of the surgical site (Target) by the optical tracking system 
(camera) relative to its origin, one has to drive the homogeneous transfonnation matrix of the Target 
relative the base coordinate system of the End-Effector HTM. Hence, given the HTM and using the 
drived equations above one can calculate the horizontal and vertical rotation angles q 1 and q2, and the 
linear translation displacement of the laser waveguide in the direction of application d4. 

(

nsa p ] 
T Camera-Target:= 0 0 0 1) 

T ._ (N SAP] 
Camera-Base'- 0 0 0 1) 

where 
n. s. a are the rotation (orientation) vectors of the Target with respect to the Cameras' coordinate 

system 

p is the position vector of the Target relative to the Camera coordinate system 

N. S. A are the orientation vectors of the Base with respect to the Camera coordinate system 

P is the Position vector of the Base with respect to the Camera coordinate system 

The above matrices can also be expressed as follow 

nx Sx ax Px] N x Sx Ax px ] 

T Camera-Target := 
ny Sy By :1 TCamera-Base:= 

N y Sy Ay 
P

y I 
n z Sz ~ Nz Sz A z pz 

0 0 0 1 ) 0 0 0 1 ) 

T Base-Target := T Base-Camera' TCamcra-Target 

T Base-Target := (Tcamcra-Base) -1. TCamcra-Target 
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T " nx ny nz -n p 

T 
Sx Sy Sz -s P 

T Base-Camera := 
T 

~ ay 8z -a P 

0 0 0 1 ) 
Then -/ pI Pxl nx ny nz Nx Sx Ax 

T Ny Sy Ay 
P

y I T Base-Target := 
Sx Sy Sz -s P 

T Nz Sz Az pz 
~ ay 8z -a P 

0 0 0 1 ) 0 0 0 1 ) 

where (~ I 1 
:= (tlx tlz ) 

T 
Sz) 

T 
:=(~ 8z) p:= py I n ny s '- (s Sy a ~. ,- x 

pz) 

Therefore 

T 
-s P:= -( sx Px + Sy Py + Sz pz) 

T 
-a P:=-(axpx+~,py+azpz) 

Now let 

T Base-Target := TIn 
Then 

o o o ) 
Which can also be expressed as follow 

T T T T 
n N n S n A n (P - p) 

T T T T 

TBT := 
s N s S s A s (P - p) 

T T T T 
a N a S a A a (P - p) 

0 0 0 1 

where 

[n'l [" I a=(~ i (P'I n:= ny I 5:= Sy I p:= Py I 
nz) SI. ) az ) Pz) 

[N'I [S'I (A' I [P'I N:= Ny I S:= Sy I A:= Ay I P:= Py I 
Nz) Sz) Az) Pz) 
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Comparing the above matrix with the Homogeneous Transformation Matrix of the End Effector base 

co-ordinates 

C(C3 SI S3, CI d
4

,S
3

,C
I 1 

S(C3 -c 
HTM := 

I S3, SI d
4

,S
3

,S
l 

S3 0 -C3 
-d

4 
C

3 
+ 116.25 

0 0 0 ) 

T T 1 1 C(C3 S, S3· C I d4'S3'C, ) 
n N n S n A n (p - p) 

1 T r r S(C3 
-C S3' S , d

4
·S

3
·S

I s N s S s A s (P - p) 1 
-

'1 T r r 
S3 0 -C

3 
-d4 C3 

+ 116,25 
a N a S a A a (p - p) 

0 0 0 1 0 0 0 ) 

Then 

T 
a S:= 0 

1 d S (., 
n (P-p):= 4'"3"\ 

r 
a (P-p):=-d

4
C

3
+116.25 

For The Inverse Kinematics of the Laser End Effector 

or and 

or and 

or or 

Hence given the transfonnation Matrices of the Target and the Base with respect to the Camera co-ordinate 
system one can drive the transfonnation matrix of the Target with respect the base co-ordinates. he/she can 
also calculate the required kinematic parameters of the End - Effector. 

Inverse Kinematics Example:-

A Target is placed within the workspace of the laser End Effector and its origin can be seen by an optical 
tracking system (Camera). The Camera can also see the origin of the Base coordinate system of the End 
Effector. If the local coordinate system has been established at origin of the Target, this coordinate as 
seen by the Camera can be represented by a homogeneous transfonnation matrix T et. The origin of the 
Base coordinate system can also be expressed by a homogeneous coordinate matrix T cb with respect to the 
Camera coordinate system. 

Assuming al := 20 a2:= 10 

286 



Appendix 0: End-Effector's Kinematics Denvit - Harttenburg Representation 

0.059 0.342 0.059 50 ' 0 1 0 100' 

-0.163 -0.94 0.925 lIO I and 
1 0 0 20 I Tct := Tcb := 

0.985 0 0.1736 10 0 0 1 129 

0 0 0 1 ) 0 0 0 1 ) 

Solution 

To find the position and orientation (Tbt)ofthe Target with respect to the End Effector Base coordinate 
system we use the following chain product 

-I 
Tbt := Tcb . Tct 

0 

-I 
Tcb = 

0 

0 

Knowing that 

C(C3 SI S3, CI 

SI· C3 -Cl S3, SI 
Tbt := 

S3 0 -C
3 

0 0 0 

Using the above equations 

It 
93:= aeos(-0.174)--

2 
It 

91 := aeos( -0.342) --
2 

0 -20 1 
0 0 

-
100

1 
0 I -129 

0 0 I ) 

d
4

,S
3
,C

I 1 
d4·S3·S1 

-d4 C3 + 116.25 

) 

and 

and 

93 = 0.175 

91 = 0.349 

Thus 

rad 

rad 

(-119 - 116.25) 
d .=~-----
4' -eos(O.l74) 

d4 = 238.857 mm 

End Effector Workspace 

Basic Requirements and Limitations 

or 

-0.163 -0.94 0.925 90 1 
0.059 0.342 0.059 -50 I 

Tbt= 
0.985 0 0.174 -119 

0 0 0 1 ) 

T T T T 
n N n S n A n (P - p) 

T T T T 

Tbt := 
s N s S s A s (P - p) 

T T T T 
a N a S a A a (P - p) 

0 0 0 1 

d4 := 
[[aT.(p - p)J - 116.25J 

-eos( ( 3) 

180 
93:= 0.175·- 93 = 10.027 Deg ... 

180 
91 := 0.349·- 91 = 19.996 Deg 

1t 

~d:= d
4 

- 200 ~d = 38.857 mm 

One of the major requirements of the End Effector applications is that, the surgical site should be within the 
reachability or the workspace of the laser End Effector which is limited in the angular and displacement 
movements and the number of degrees of freedom. 

End Effector's Workspace Limitations 
• Maximum rotation angle is 60 degrees (n/6) ranging from ( -n/6 to n/6) vertical or Horizontal 
• Maximum linear displacement of the laser waveguide is 160mm ranging from 200 - 360 mm 
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Given 

where 

j := 0 .. 20 i := 0 .. 20 

Tt ( i - 10) ·1t 
9· .= - + ...:.--...:.--
I' 2 60 

1t (j- IO)·1t 
9 · .= - + ~---:.--
J' 2 60 

Denvit - Harttenburg Representation 

k := 0 .. 5 

9 I . := .-;..( i_-_l_0,-) .1t_ 

I 60 

93 . := ~(J,-' -_1_0,-) .1t_ 

J 60 

59 

57.25 

° o 
200 

91 is the rotation angle about the Z axis at the origin (Joint 2) ranging from -(rr/6 to rr/6) 

93 i the rotation angle about the X axis at the origin (Joint 2) ranging from -(rr/6 to rr/6) 

o is the displacement of the End Effector in the direction of application ranging from 
200mm to 360 mm 

Let 

Ci := cos( 9 i) 

Given the homogeneous transformation matrix HTm 

CrCj Si SrCi d,SrCi ') 
Si ,Cj -Ci SrSi d,SrSi I 

Thus HTmi ,j := 
S · ° - Cj - d Cj + 116.25 

J 

0 0 0 ) 

For maximum displacemen where d = 365 

d := 365 

CrCj S· I SrCi d,SrCi ') 
Si ,Cj - Ci SrSi d,SrSi I 

Thus HTm2i ,j := 
Sj ° - Cj - dCj + 116.25 

0 0 ° 1 ) 

Figure 5 shows the workspace of the end Laser End-Effector 

(PI x, PI y, PI z), (P2x , P2y , P2z) 

Sj := sin( eJ 

PI Xi,j := d,Sr Ci 

PIYi ,j := d,SrSi 

PI Zj,j:= - dCj + 116.25 

P2Xi , j := d,Sf Ci 

P2Yi,j:= d,SfS i 

P2Zj,j:= - dCj + 116.25 

Figure 5: The workspace ofthe laser End-Effector 
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End-Effector Design Electrical and Mechanical Components 

GEARBOXES 
{foj'ftWj Worm & Wheel Reduction Gearbox~_ 

38 

I 

Fitted with 24V DC Motor (0.50Nm - 2.1 ONm) 

5 

20 

40 

06H8BORE 
--_. , 2 WIOE KEVWII Y 

UUN42X4o-24 

24V OC MOTOR (3100 Rpm) 

OPERATE 0 12V OCTO ACHIEVE 1550 Rpm 

__ 86_ 

~ __ .. _ ._. ___ ..... _ ..... ___ .. _1~!_ ..... ___ ._. __ ._ .. _ .. _______ _ 

Input Nom. Efficiency Nm Output 

'! 
- r 

I 
"'22 
i I 

042 

I I 
I 

............ 1. 

2 

Part Speed Output at at 155DRpm Price Each 
Number ~tio Rpm Rpm 1000 Rpm Input DC Motor 1 - 5 

PF20DU·10 10:1 1550 155.0 86% 0.50 DUN42x40·24 £200.52 
PF20DU·12 12:1 1550 129.0 85% 0.70 DUN42x40-24 £200.52 
PF20DU·15 15:1 1550 103.0 84% 0.80 DUN42x40·24 £200.52 
PF20DU·20 20:1 1550 77.5 78% 1.10 DUN42x40-24 £200.52 
PF20DU·30 30:1 1550 51 .0 71% 1.70 DUN42x40-24 £200.52 
PF20DU-60 60:1 1550 25.0 60% 2.10 DUN42x40-24 £200.52 
PF20DU·120 120:1 1550 13.0 32% 1.25 DUN42x40-24 £200.52 
PF20DU·SP 5:1 - 120:1 1550 Seecial Retios: Reelece SP w ith regulred ratio DUN42x40-24 ,£228.21. 

Motor No load No lo~d Nomi .... 1 Nominal Nom. Moment of 
Part Voltage Sp •• d CU""'"t Cur",nt Mu. Torquu Spevd INJrti .. 

Number (V) (Rpm) (AI (A) Efficiency (N~m) (Rpm) (g~') 

DUN42x4o-24 24 3800 0.175 1.22 63% 5.7 3100 110. 

01her IniX'! spffillll'lilabi<. f« dotJlh of PFlO Gem. Of to p<lchm '..,..0111'1, ... pogt. For dtbih of DUN42 DC MaIOf or to iX'rchJ1. IOptrat.Iy, !Of page. 

24V DC Motor Discounts 
Commutation: G~te Number of Secto.,: 11 BnllhH: Rotary Magnets: Ferrite Axial Baddasft <O.l5mm Radial ;:;1 Q::':';:I'::;:t~6t:'::;2Of.""'--""'" 
Backlash: <O.lSrrm Maximum AxI.ll.oad: JaM Maximum Rldill Load at 20nvn: 60N Maximum Shift Push Disc list .a" .,." 
Pn!5IU": 200N Operlting Temperatullllange: -20'( 10 +85'C Mass: O.4!Xr:g • • 
Mlllmum Housing Temperatu,,: ..85' ( Starting '«lltage: IV 

Other Info. 
Iv'dor peria"mance data is based If,al an operatng terr'Perature of +25'C. Testing in yw applications is l1eCess.Yy. 
You wil need to assez cirt~ tydes and (oofirr gearbox suitdbitity \\ith 'fJJ (7,\11 calOJlatoo. lorqJe fgures are to tJ! used for guidance orIy. 

PF Type only. 
TiWed'"hOIes on i'4lJt fl.!nge are not relatile in ~tion 10 the geMhox body and wll arer from bac to 00x. llis eta <wIies 10 the rrota' leads. 
fbolM't", IW can rrachi1e the t<wed holes alfr assemblj 50 they are relative i1 position to the gealOOxlxrlj. llis Il il afifct delivery. 

Q sales@ondrives.com !;,(~ www.ondrives.com 
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LB 
LBE 

LINEAR MOTION 
Linear Bearings/Bushings 

With Seals For Use with Linear Shafting 

I~f-~I~A ~~~Cl 'E3~ 
LBE·A LBE·B LBE·C 

Closed (Standard) Adjustable Clearance Open 

For use with h6 
Ha'd lineCl' \haftirg 
Z-A. Z- B ~::$$~- - -11tH-I-
60 HRC. GrruxJ & 
pOOI-ed 

Part Wt. 9 A .sail Wl!l B ·Ball wt .g C ·Ball Tol. ToI . ToI. 
Number Typ .. A Ora. Type B Orcs. TypeC Gm. "B "m "0 I"" L "'" 

lOO 158Q 
5 4: 

N. 
N. 

• s.al< ~1Id • mrudl A little from width of ntJIrnal cylinder 
•• Not Avall;oble seAled 1kgf = U07N = 2.20Slbs. 1mm = 0.019 Inm. 

M 

lA 
lA 

+ 

U!E: Hardmd St~1 LB: Hard Stainle~ Stet! sirnlar to 44DC 
Performance 
Shaft ToIfranct: h6 (Normal Ft) j6 (CkRI Fit) 

LBE60 & L8E80 ire not ~aIed ~ Me frttld wih metal 
ball retaine~. Other lize! have resin retaOOI fitted as 
sIa1ddrd ' lI'etal retai1ers avaiable on request, P.O.A. 

Housing Tolerance: H7 (Clearance Fit) J7 Unterrerence Fit) 
Maxmum Operating Temperlture: + 1 OO'C flllermltent) 

+80'C (continlKlUl) 

it +44 (0)1246 455500 .lil +44 (0)1246455522 
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LINEAR MOTION 
Z-A Linear Shafting, Steel Hardened & Ground 

h6 tolerance For use with Linear Bearings 

Specials to order 

~----------"f f-----------~-_$3 
I..... length ~I 

Part Nom.Oi. . ToI .... nce Standard Maxrmum W"'ght Dl>pth of Price fam 1 • 5 
Number aD hIi "'" length l.c>ngth per m Kg Hardcniftg per std. length 

Z-3·300A 3 300 £53.82 
Z ... ·300A 4 300 
Z·5·1000A 5 0/·8 1000 3800 0.15 0.80 £18.90 
Z-6·1000A 6 0/·8 1000 3800 0.22 0.80 £18.90 
Z-8·1000A 8 0/·9 1000 3800 0.39 1.00 £18.90 ) 
Z·1O-1000A 10 0/·9 1000 3800 0.61 1.00 £24.04 
Z·12· 1000A 12 0/· 11 1000 3800 0.89 1.30 QA,04 
Z·14-1000A 14 0/· 11 1000 3800 1.21 1.30 £29.21 
Z·15·1000A 15 0/· 11 1000 3800 1.37 1.30 £41.48 
Z-16-1000A 16 0/· 11 1000 3800 1.57 1.60 £27.48 
Z·18-1000A 18 0/· 11 1000 3800 1.98 1.60 00,92 
Z·2o-1000A 20 0/-13 1000 7000 2.45 1.60 £30.92 
Z-22-1000A 21 0/· 13 1000 7800 1.80 £n.32 
Z-2S-1000A 25 0/· 13 1000 7800 3.83 1.80 £44..66 
Z-3O-1000A 30 0/·13 1000 7600 5.51 2.00 £~98 
Z-40-1000A 40 0/· 16 1000 7600 9.80 2.50 £108.84 

£198.52 
Z-50·1000A 50 0/·16 1000 7600 15,30 3.00 £139,44 
Z·60·1000A 60 0/· 19 1000 7600 12,10 3.00 
Z-8o-1000A 80 0/· 19 1000 7600 39,20 3,00 £233,98 

Material Discounts 
(m I ( /53 Steel 62 HRC QIy, 1 + 6+ 10. 2Gt 50+ 1(0; 

Performance 
Surface Finish: <O.301JIl Ra Stralohtness: O,IOrrcrJrn 

Extras 

0i1C list ·20" ·25UJIJI -40" -42" 
Qty. 200+ 
OIIC -45~ 

~ machini1g avaiklble on shaftilg. special tolerances on length. 

lintar shaftil19 deligned 10 be used with oor linear beari~ 
· lBE, lSP. lSB, lST8, !le. 

~ +44 (0)1246 455500 @) +44 (0)1246455522 
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Bearings » Deep Groove 8earln9~ 

6 & 16: Single Row 010 to 022 

BOlwdary 
Dimensions 

(11Iml 

Open Type Shielded Type 
ll. 

Material: 
·Steel 

Ordering Information: 
Add -IL for shielded bearings 
Add -LLU for sealed bearings 

Contact Sealed Type 
LLU 
~!l. 

Up 10 800mm bore diameters are available upon requesl 

(apllfOX., 
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J Couplings lie Clamps » ~tlnl"ture Rigid Coupling. 

MRG : Aluminium with Set Screw 

M 
I 

• i 

w 

~ 
; 
! 
I i -'Ir-r-v --

00>: 

I 
-_. 

Material: (all Sizes) 
-Aluminium alloy, Anodic Oxide coated 

Max . rev. 
per mill 

(Ipm) (min- I) 

Moment 
of Inertia 
(kg .m") 

I I 
I I 

The m torque of the miniature two·fold of the rated torque. Select a type in which torque generated during continuous 
operation does not exceed the rated torque of the miniature coupling. 

Standarll 
Bores Dimellsions (mm) 

These ri gid couplings transmit the torque and rotational angles while absorbing misalignments. When the misalignment exceeds allowable 
values , vibration may result or the life of the coupling may become short ened. Make sure to adjust the alignment accordingly. 
There are three types of shaft misalignment , namely in terms of paralle l misalignment, angular misalignment and shaft end-play. Adjust the 
alignment to be below allowable values listed in the spec ification table. 
The maximum misalignment is the allowable value when only one of the misa lignments exists alone. In case two or more misalignments exist 
at the same time, the allowable values shall be less than half of the maximum misalignment listed in the specification table. 
We recommend you to adjust the shaft misalignment to be below 1/3 of maximum values for the elongation of the life of the coupling. 
IMPORTANT:- Couplings and other rotational parts should be protected by covers for safety operation. Also, take note that operation under 
misalignment exceeding maximum values and excessive torque may re sult in shorter life of the coupling due to plastic deformation. 

Features 
-Lightweight 
·High response 
-Minimum moment of inert ia 
.Maintenance-free and excellent resistance to oil and chemicals 
.Max. temperature (approx .) 100·C 

Options 
-Also available in stainless steel (SUS303). 
-One-piece clamp type 
-Two-piece clamp type 

UFl(H~ · ca. 010 

~:-' I I 
00:l -_._ .. _. __ .... _ ..... 

The MRG can be bored out for er bore sizes. 
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AI c!lme<I<lMS In mm 
General lDIofanatt: 

to., 3mm 
Ma"""" : 

$aew • Stalnl ... 
11001 JOS. 
IWI· PayllC<llal 

Standard toad: 
Rlghll\and 

Associated 
Products 

R ....... FIo .. coup"'os 
Uneat beatings 
Unea, $Ide$ 
Stepper molOtS 
PlIli l t>aamgo 

Visit 00f m llne 
c.laloQ .... for 
.""odatod pmc1uct. 

End-Effector's Design Components 

Anti-backlash Sizes 3, 5 & 6 

Min iature Leadscrews 
Anti-backlash, sizes 3 & 5 

Anti-backlash, size 6 

19.05 icO.25 

25.70 
, 25.15 

"", " \/113.46 max '........... ." 
3 holes (2\3.63 
equisp on 
~'9 .05 peD 

• Precision rolled thread for greater accuracy . 
• Polyacetal nut with lubricating additive for longer life. 
• Standard lead accuracy 0.0006mm/mm. 
• Repeatability 0.0015mm. 

en 
t.) 

'c 
o 

!Non-standard optIons, please enquire .... 

'--co 
.r: 
t.) 
ID 

K 
'-

4 

Low friction TFE coating extends nut life by 300%, add -TFE to part 
number. 

• Some leadscrews available with left hand thread, t add -LH to part 
number. 

Standard Product Sales: +44 (0)1484 601060 & +.C4 (0)1484 601061 
www.rpmechatronlca.co.uk sales@rpmechatronlcs.co.uk 

e Rtllanc. P*ilicIn IHcflaliOil iCoi UP 
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Sizes 3,5 & 6 Anti-backlash 
Miniature Leadscrews 

Ipart number selection table 

Example Part No:· LNTBF5-MOO5·100mm or LNTBF5-0192 ·100mm 

\ \ 
Lead sc rew 

Cia 
Metric Leads Inch Leads 

0A# Lead Eff.t Basic Lead Eff,t 
(Series) % Part No. % 

0.0120" 26 
0.0240" 43 

3.18mm 0.0480" 61 
(LNTBF3) 0.07SO" 70 

(size 3) 
0.0960" 75 
0.37SO" 85 

0.0240" 31 
0.0313" 39 
0.0480" 50 

4.76mm 0.0500· 52 0.50mm 30 LNTBF5-MOOS 
(LNTBF5) 

10.85mm 85 LNTBF5·M109 
0.0960" 66 

(size 5) 0.1875" 78 
0.1920" 78 
0.2500" 81 
0 .3750" 84 
0.0250" 30 
0.0357" 35 
0.0500"1" 4S 

1.0mm 40 LNTBF6-M010 0.0625" 52 
6.35mm 1.5mm 52 LNTBF6-M015 0.1000· 62 

(LNTBF6) 2.0mm 59 LNTBF6-M020 0.2000" 65 
(size 6) 3.0mm 68 LNTBF6-M030 0.25oo"t 79 

10.0mm 78 LNTBF6·M100 0.4000" 84 
O.50oo"t 85 
0.7500" 86 
1.0000· 84 

t Efficiencies quoted are maximum theoretlcal- see page 54. 
# Thread dimensions are lead dependant - see page 14. 

Basic 
Part No. 

LNTBF3-0012 
LNTBF3-0024 
LNTBF3-0048 
LNTBF3-0075 
LNTBF3-0096 
LNTBF3-0375 

LNTBF5-0024 
LNTBF5-0031 
LNTBFS-0048 
LNTBFS-0050 
LNTBF5-0096 
LNTBF5-0188 
LNTBF5-0192 
LNTBF5-0250 
LNTBF5·0375 

LNTBF6'()025 
LNTBF6"()036 
LNTBF6'()050 
LNTBF6'()063 
LNTBF6-0100 
LNTBF6-0200 
LNTBF6"()250 
LNTB F6'()400 
LNTBF6'()500 
LNTBF6-0750 
LNTBF6-1000 

Unloaded 
Friction 
Torque 

<0.OO7Nm 

<0.OO7Nm 

<O.OO7Nm 

For leadscrew lengths up to 450mm for LNTBF3 & LNTBF5 and 
lengths up to 1 OOOmm for LNTBF6, add required length to basic part 
number. 

Standard Product Sales: +44 0 1484 601060 a +44 0 1484 601061 
www.rpmechatronlcs.co.uk sales@rpmechatronics.co.uk 

C>R._. Prclllorl Moo; .... oni .. LLP 

General J 
Information 

All dlmonslons .. mm 
General lotentnoD&: 

1O.1:lmm 
Malariat 

Se,.... · SlIlnloss 
...... 303. 
Nul · PoIyacotal 

Slandald load: 
Right hand 

A .. oc:iated J 
Products 

R ..... ·F •• • ClOUpllng. 
linear bearings 
linear .. Ides 
S_motors 
Plllnbeat~ 

Vlsl OUt MIne 
ca talogoo for 
... odaled prodocIo 

5 
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.Y. 
:J 

8 
(/) 

.~ 
c e -en 

..c: 
u 
Q) 

E 
0-
'-

52 

C _____ L_e_a_d_s_c_r_e_w_s ___ )£-_ _ T_e_c_h_n_ic_a_' _'n_fo_r_m_a_t_io_n 

FEATURES 

Reliance precision leads crew assemblies are designed specifically for motion control 
applications where accuracy must be maintained. Rather than being adaptations of 
general purpose screw or nuts they have a precision rolled screw thread which has been 
designed for maximum life and quiet operation. 
A further enhancement available on stainless steelleadscrews up to 2.4 metres long is a 
specially formulated TFE coating which can extend normal nut life by up to 300%. 

Innovative anti~backlash nut designs provide assemblies which are wear compensating 
with low frictional drag torques and excellent positional repeatability. 

Reliance stainless steelleadscrews offer the following: 

1. High Accuracy 
Precision thread rolling process provides a standard lead accuracy of O.OOOSmmlmm. 
Higher accuracies up to O.OO01mm/mm can be provided. 
The unloaded repeatability of anti-backlash assemblies is within O.0013mm. 

2. Long Life 
More than 7.S million metres of travel can be expected. 

3. Low Drag Torque 
An anti-backlash nut design which does not require high spring forces to maintain 
bidirectional anti-backlash characteristics gives a very low nut to screw friction. 

4 . Low Maintenance 
Self lubricating and wear compensating nuts eliminate the need for repeated lubrication 
or adjustment. 

5. Wide Range 
Diameters from 3.2mm to 16mm. 
Leads from O.30mm to 2Smm. 
Lengths up to 1 metre . 

6 . Custom Thread Design 
Unique thread form designed specifically for leadscrews in anti-backlash applications. 

7. Smooth Quiet Operation 
No recirculating ball noise or metal to metal contact. 

8 . Lower Cost 
Less then comparable ball screws or ground leadscrews, while still providing high 
accuracy and long life. 

9 . Modifications 
Special leadscrew ends, aluminium alloy shafts and other leads are available on the 
stainless steel leadscrew range in selected sizes. Please contact Reliance Technical 
Sales or refer to the leadscrews modification section of this brochure. 

Standard Product Sales: +44 (0)1484 801060 &~ (0)1484601061 
www.rpmechatronlcs.co.uk sales@lrpmechatronlcs.co.uk 

o ltelilllCil P..c:lliion M.cI\6""",b lLP 
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_~_eC_h_n_i_ca_I_I_nf_o_rm __ a_ti_on ____ ~C~ _____ L_e_a_d __ s_C_r_e_\M_S ____ ~) 

ENGINEERING DATA 

1. Lead 
The lead of the screw is the amount of linear movement of the nut for one revolution of 
the leadscrew. 

2. Drive Torque 
The required motor torque to drive a leadscrew assembly is the sum of three 
components: inertial torque. static friction torque and torque to move the load. Additional 
torque associated with driving and supporting the lead screw must also be considered. 

Inertial torque: 

Static friction Torque: 

Torque to move load: 

equations) 

4. Backdriving 

T = 1(1 I = Inertia of leadscrew (kgm') 
a. = Angular acceleration (rads/s2

) 

Anti-backlash leadscrews are typically supplied with a static 
frictional torque of 0.007 - O.OSNm. Higher pre-load forces 
lead to higher frictional drag torques but better anti-backlash 
characteristics. 

The torque to move a certain load is a function of the lead 
and efficiency of the leadscrew assembly. 

Torque = Load x Lead 
21t )( Efficiency 

Torque = Newton metres 
Load = Newtons 
Lead = Metres 

(Note - efficiency of 70% would require 0 .7 in these 

In general when the screw pitch is less than 1/3 its diameter, backdriving will not occur. 
For higher leads where backdriving is likely, the torque required for holding a load is as 
follows: 

Backdrive torque = Load x Lead x EffICiency Torque = Newton metres 
21t Load = Newtons 

Lead = Metres 

5. Traverse Speed 
The Polyacetal nut materials provide long wear-life over a wide variety of conditions, but 
very high loads and/or high speeds will accelerate nut wear. We reoommend the 
following maximum linear traversing speeds for optimum life: 

Lead 
2.5mm - 12mm 
12mm - 25mm 

Maximum traverse speed 
100mm/sec 
250mm/sec 

Standard Product Sales: 1484 601060 .+44 01484601061 
www.rpmeehatronlcs.co.uk sale.@1pmeehatronlcs.co.uk 

Cl R.li8nc. Ptecialan MechIIroIIIca LLP 

v 
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54 

C Leadscrews ) Technical Information 
---------------~~-------------

6 . CrHical Speed 
This is the rotational speed at which a leadscrew will experience vibration or other 
dynamic problems. See the critical speed chart below to determine if the application 
parameters result in speeds approaching critical. 
To minimise critical speed problems use a longer lead, choose a larger diameter screw 
or increase the bearing mount support. 

CRITICAL SPEED 
3000 --'&..\ -- --r-- "-.--- --1-- --..--r-- --- ----r-----

2000 

I ~ ~ I 
1000 -- - --~~ ~:-s t_= :::=-=-: '----:::::- - ) - I::::=~ ---' ...... 

:~ 1::::=:: 
jl 800 .. __ ." w. __ •• "--' --- --"-'-- - -- ---_'CC- ... _-_. .. -.-.. 

600 • 15_88mm 
:I '" 

~" ...... /' ~=:.L d 400 -..;: ~ ~ 
~~ 

200 ~~P' ~ 
....... 
~ 

U 
--

~ ~ ~ 
- 1--- -

.cr.w f 
,,/ r-..... ~I -- ::~o:;t r-..... lOO - S. ~ ~ --:= 1--- ---- ----eo 

so '.63mm --- -.. -.- --.. __ .- ._ ... _---" .. -I ,'Qr.,;, f I i-- ,--I-- -- ._-- r-=-:: ~O '-
-30 I 
~r .. 12 2' :Ji! ~O eo 72 ~ 1Ml 10() 120 

81~. ~ 40 00 eo 100 120 I~O W) 100 200 
Rig /SImpo ~ q 13 97 121 145 170 194 218 242 

RigJdIIOgI4 Xl 00 90 "9 1~9 179 2!J9 239 261l 2911 

" ... 
FlJG.D fR~E Sl"'I'1.E l>IMPlE RIG IO SIMPlE RICID 1\1(;'0 

"1\\\\\\\-1"\\\\\1 iil\\\\\\\-·~\\\W~ +i~\\\\\W"" A\\\\\~ "i\\\\\\\-'l\\\\\\'" 
f' .!-L 

Leasl Suppol1 G"~atest SUPr>Cft 

7. Maximum Load 
Although the leadscrew assemblies are able to withstand relatively high loads without 
catastrophic failure. these units have been designed to operate with the loads shown on 
the product pages. 

8. Efficiency 
The efficiency of a lead screw varies with the lead angle of the screw. The theoretical 
maximum efficiencies of all our leadscrews are given in the part number tables on the 
product pages. These have been calculated using the static coeffICient of friction 0.08. 
For applications where the dynamic efficiency is critical please contact Reliance 
Technical Sales. 

9. Leadscrew Inertia 
Values of leadscrew inertia are given in the Typical Mechanical Properties chart on the 
next page. 

10. Screw Straightness 
Typical screw straightness is O.25mm/metre. 

11 . Leadscrew Interfacing 
A table of leadscrew minor diameters and examples of options for machined ends can 
be found on pages 14 and 15 . 

Standard Product Sales: 4Z +44 0 1484 601061 
www.rpmechatronlcs.co.uk sales@rpmechatronlcs.co.uk 

10 RtlliItIce ~Ion u.tlliboo\tc. LLP 
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_li_ec_h_n_ic_a_I_1 n_f_O_rm_a_t_io_n ___ C..::.. ___ L_e_a_d_s_c_r_e_w_s _____ ) 

Physical Properties 

Leadscl8w Nuts Assembly 

Surface Tensile Operating Coefficient of Friction 
Material 

Finish 
Material 

Strength 
Temp. 

Nut to Screw 
Range 

Stainless 
Poiyacetal Static = 0.08 0 .08# 

steel 
Better than with 67N/mlTl' o ~ 93·C Dynamic = 0.150.09# 

303 series 
0.4 ~m lubricating 9.700psl 

Additive # - with TFE coating 

Typical Mechanical Properties 
Leadscl8w Static Frictional Screw Inertia Anti-backlash life + 

Series Drag Torque 
(Nm) Kg m'/m Plain Screw TFE Coated Screw 

LPX6 8.341E-07 
LPX10 Free 

4.171E-06 N/A N/A 
LPX11 Wheeling 

9.731E~6 Typical Backlash Typical Backlash 
LPX13 1 .446E~5 0.076-0.25mm O.076-025mm 
LPX16 3.948E-05 

LAF6 0.007-0.03 8.341E~7 
LAF10 0.01-0.03 4. 171E~6 

1.0 - 1.5 million 3.8 - 5.0 million 
LAF11 0.02-0.04 9.731E~6 
LAF13 0.02-0.04 1.446E-OS 

metres metres 

LAF16 0.03-0.05 3.948E-OS 

LAK10 0.007-0.02 4.171E-06 2.0 - 2.5 million 4.S - S.8 million 
metres metres 

LAX13 0 .01 -0.04 1.446E-05 5.0 - 5.7 million 7.6 - 8.8 million 
LAX16 0.01-0.04 3 .948E~5 metres metres 

+ Life will vary with loading, operating environment and duty cycle. 
Longer screw leads generally give longer life. 

TFE Coated Leadscrew Assemblies 
The TFE coating is designed to supply a more even distribution of lubricant than is 
normally achieved when using standard self lubricating plastics on steel. The entire 
scrfYoN surface is coated which gives an extremely even lubrication distribution, and an 
expected increase in normal nut life of up to 300%. Lubrication to the screw/nut interface 
occurs by the nut picking up TFE particles from the coating as well as from migration of 
the intemallubricant from within the plastic nut. 
Although care should be taken to ensure that chips and voids do not occur in the 
coating. small voids have been shown to have little effect on the system performance. 
The lubricant, although solid, has some of the ' spreading" ability of fluid lubricants. 
When machining for bearing ends, soft fixtures are recommended. 
TFE coated screws provide the maximum level of self-lubrication and should not be 
additionally lubricated or used in environments where oils or other lubricant 
contamination is possible. 

Standard Product Sales: +44 0 1484 iI01060 4J +44 0 1484 601061 
www.rpmeehatronlcs.co.uk sales@rpmethatronlcs.co.uk 

OReliance Prec:iI'lOnloleo:Jlltranlca LIP 

v 
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1.80 SIZE 11 STANDARD MOTOR 

33 

211 

NEMA Size 11 Mounting 
Small Package 

• Cost Effective 
Custom WlOdings Available ( 0 Additional COst) 

• SPECIFICATIONS 

Plel"'~. ourloplca""" cIauIlh«l1Ol a,""'nl .. -.g. 
_ kIf>!lIt _ can t.6 lilY"'''''' .. Iotig .. "" a_, OIl",", C1JI1oAf 10 ''''0''0i00i1' "'" ,,,.. .. . ,*IOI! .... T .. ~. 

COlUO ~lU~_ ... OOOJ.oo1t18Jpo1a< """' .. ,.,... • . 
~,nr;:e . U!.ft . and appelf1l'''· .. 1ptto, ~IOOJ er the prnd\~ itslt'd hete "'-f' subjcw'1 10 d\IIl\Qe wtlh0l4 OOUC& . 

• ':or opoHltMlg l~fPoH"Llfn., '" pec," 9 -4 . 

• DIMENSIONS (,ncI1et) 

m 
(01 ........ tr M1N. 

111 .. +"'" -I.aar 

010 YOU KNOW ... 
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TORQUE CURVES 
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D 1.38 in. (0 35 mm) 
Step Angle 1.80 

PK Series Standard P Type (High Torque) 
••••••••••••••••••••••••••••••••••••••••••••••••• 

o 
E .. 
~ 
1 
; , 

o 
ii , 
El • ! , , 
El 

! 
o 
~ , 
o • 1 

• Specifications 
Male! 

Connecion 
Single Sl<ltt 
D:lIible Shalt 

Type 

PK233PA Bipolar (Serie,) 

PIC233PI U.ipolu - PKU5PA Bipolar (Serie&) 
PIC2S5PB Unipolar 

How to Read Specftlelllans . p~oe C-g 
M M Wlrilg DJaanms ·Pnge C-I80 

Hdding Cunent 
Torque rer PhilS& 

oz-In N'm .Alf)hase 

28 0.2 O ,B~ 

22 0,16 1.2 
52 0.37 0.85 
42 o,a 1.2 

• ne ~ngth 01 machining on doubl. shalt model Is 0,591",0,01 0(IS:!:0,25), 
• These dimslsions art 'm double shilft models, For &Ingle sh3ft rtodel~ Igl10re 

Ile shaded MM. 

Appflceble ConMCtor 
The IoI1olL'ing housing .lIld contacts mll~t be pUlchased sepJrl1t!Iy, 
Housing: 5110:>-0600 (L.OlEX, POII~YI Lock Typ.) 01 

511 02-0600 (~I OLEX, FrlcUo" Lock Type) 
Cool:lcl: s03S1-al00 (MOLEX) 
ConniIrtJ AssemblyTool : S129'~ (MOLEX) 

C-200 OIIltI<fALUOfOll_".LCA' ... OO ......... 

Voltage Re!iS1.ll1ce 
per Phllle 

VOC U.ph3le 

4,6 ~,4 

3.2. 2.1 
s ,~ 6,8 

4,08 :u 

Model 

PK233PA 
PK233'B 
PK23SPA 
PK2UPI 

Inducl:mce 
Rotor inertia 

lead J 
Wires 

mfVpluSl Ol-In' kg·m' ( Pin~) 

~,6 
14)(10-' 6 

l A 
0.13 1 

8 
2 

1,21 !0,, 1Q"' 6 

L1 L2 Welgln DXF Inch (mm) inch (mm) Ib. (kgl 
-,. 

1.46(31) 
2.05 [52) 

0.4 (0.1&) 8329 

.. _-
2,Q5 (52) 

2,64 (61) 
o,sa (0,265) 83aO 
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• Speed-Torque Characteristics _"R .. dlp •• H.~.Chnttellatitl ·· P'lleC-l0 
• PK2UPI ~ar l$eflet) • PK:a33PI Unipolar 

0.25 

0.20 

11Il0l'' Cor;to)nl CUlIOIt D,I'«J' 
wtl DilI'OlI D4Cl·5_0F=..l.0.lIaOa' (~" 1O -' IIf· n') 
SUIlAlQII:l.nllfl) 

~ ~ 
;;. O. ,~ 2. ID 1-++t-Plod-t-H"ld-H-Hrl-1H-H-t+t-H 

io.IO : 
0.05 

1000 '!\OD 2000 I~OO 

&1100 Il'flIlIl 

4 
pUI!Il5PIIO Il<H1l 

• PK23SPl llIpoIar l$efloo) 

o.~ 10 

!Il 

~D.3 ~~ 
!!. i!. i 0.2 

1.:11 

!:o 
0.1 

10 

BIIOIOIf COtIstlnI cm"l DrI'Alr 
\\It! D.InIlOI D4CL-SAf: J,. 0.1l1li Ol -In' (s.t ~1D"7 q 'Il') 
SIiIIIA.gto· 114. 0 

BtPO\ll' e.;nlS (0.&5 A>I'MSt) 

. 

-. 
"UIOOIITOf11Ui! -. 

1 000 1 !lOO 2000 2500 

8,'ai Irmll'l 
l FII I'SIlltJ 

"U"SlXiXI lkHl ) 

• Motor Cables (Sold separately) 

0.20 

25 

20 
~ i ,. 
iO.1 

.2. 15 
~ 

~ /2 ID 

0.25 

30 
~O.20 i ~o.~ .r0 

~ 0.10 

10 
0.115 

These e&I)Ies make 11 easy to connect the Standard P type motor. The crimped 
con eclors eliminate the need Ior assembly. There are two cable lengths 10 
choose from 

_I C3IJleLength NUmbOfof L .. d. 
LtDd SpIO::IIcatiOll& 

Itet (rnl UL si\4t No. I lING No. 
lC2U061 2 (0.6) 

6L..,ds I LC2U1OI 3.3 (1) 326e 24 

p""" _,ut 2~ voc UN''''''' CIlmtrot 011'0'" llf1I'or 
wlln D.1I111'Of IMCL-Sd: J. • 0.1l1li 01-1n' (34 )( 10-' IrQ .... ) 

I,: 1.I·1S~ 

PUlloIITllrqUl 

!\OD 1000 ' !\od 2000 2500 
SIJIId 1 ~1lI11 

l AJU Shp 
PII'" 6p,,0 !lHq 

,ii1l"I
AIPftI 

p~~~111 

&)0 '000 '500 2000 2500 
S"III !"ml'] 

~ FUll 51' 0 
P""'S~IIiHl] 
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( MOTION TYPE: ) 
ROTARY 

( USAG E [3RADE: ) 
LIGHT INDUSTRI AL 

( OUTPUT: ) 
INCREMENTAL 

( MAX RESOLUTION: ) 

65,536 COUNTS/ REV 

MINIATURE HIGH-RESO,LUTION ENCODER 

The Models R119 and R120 optical incremental encoders are designed for light Industrial 
applications that require high resolution In a very small package. The two models share these 
features: 

• Represent eithershafted or blind-hollOW shaft version 
• LED illumination for long life (>1 00 ,000 hours) 
• Differential pholcKletectors for signal stability 
• Single-board, surface-mount electronics for reliability 
• RS-422 differentlall lnedrlver output for noise immunity 
• Zero index signal 
• Monolithic Integrated ASIC for Internally Interpolated resolutions up to 16,384 

cycleslrev (65,536 counts/rev) 

ISO 

9001 
CERTIFIED 

R119: , 19-mm body; ribbon cable 
R120: $20-mm body: round cable with shielded twisted pairs 

Gurley Precision Instruments 
514 Fulton Street 

TrO'!. NY 12180 U.S.A. 
(800) 7Sg-1844, (518) 272-6300, fax (518) 274.0336, 

Onllne at www.gurley.com.e-malklnfo@gurley.com 11 1111111 1I111 
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SPECIFICATIONS 

See Note Models R119 and R120 
Maximum line count on disc 1024 
Maximum cvcles frev (auad sa waves) 16,384 
Max counts/rev (after auad decode) 65,536 
Internal square wave Interpolation 1x. 2x.5x, 10x,or16x 
Instrument error ± arcmlnutes 1,2 4 

Quadrature error ± electrical deQrees 1.3 24 
Interoolation error ±Quanta 1,4 0.15 

Maximum output frequency. kHz 
1x SQuare waves 100 
2x SQuare waves 150 
5x square waves 300 

10x 16x souare waves 500 
Starting torque, In-oz (N -m) @2O"C 0.07 (5 x 10" ) 
RunninQ torQUe In-oz (N-m) @J20"C 0.04 (2.9 le 10~ ) 

Moment of inertia. In-oz-s2 Io-cm') 5.7x 1 er' 10,4) 
Maximum welQht. oz (Q) 1 (30) 

ISeallna IPSO 
Max. Radial or axial shaft load Ib (N) 5 0.7 (3) 
BearlnQ life with 0.25 Ib radial load 6 1 x 10'· rev 
Operating temperature, OF (OC) 32 to 158 (0 to 70) 
Storage temperature, °FloCl -22 to 185 (-30 to 85) 
Humiditv, % rh non-condensing 96 
Shock 309 (300mfs2) 
Vibration 10g (100mfs2) 

Notes: 

1. Total O~lcal Encoder Error Is the algebraic sum d Instrument Error. Quadratuf9 Error. Interpolation Error. Typically, these error 
sources sum to a value less than the theoretical maximum. error Is defined at the signal transitions and therefore does not include 
quantlzatlon error. which Is :t112 quantum. ("auantum" Is the final resolution of the encoder, alter user's 4X quadrature decode.) 
Accuracy Is guaranteed at 20· C. 

2. Instrument Error Is the sum of disc pattern error.;, disc eccentriCity, bearing runout and other mechaniCal Imperfections within the 
encoder. Thlserrortends tovaryslo,vlyaround a revolution. 

3. Quadroturo Error Is the combined effect of phasing and duty cycle tolerancesaMothervarlables In the basic analog signals. This error 
applies to daIS taken at all four transitions within a cycle; if data are extracted trom 1X square waves on a 1X basis (I.e .• at only one 
transition percycle). thlserror can be Ignored. 

Error In arcmlnums -(60) le (error In electrical degrees) (disc line coun~ 

4. Interpolallon Errorls present only when the resolution has been electronically Increased to more than tour data points peroptlcal cycle. 
It is tile sum otall the tolerances In tile electronic interpolation circuitry. 

Error In arcmlnutH -(21600) le (error In quanta) (counts/rev) 

5. The maxlmt.m recommended shaft load Is based on bearing life considerations. If accuracy Is critical, shalt loads should be kepla! low 
as possible. 

6. Beari~ life Is based on fatigue failure criteria. In many Iong<luratlon applications. lubrication retention becomes the determining factor. 

As part o( oor continuing product Improvement program, all sped6cations Bre subject to change without no~ 

R 1 1 9S/ R 1 20B 
PAGE :z OF' 6 

V3.1 

Gurley Precision Inatruments 
51" Fullon Street 

Troy, N'V 12180 U.S.A. 
(800) 759-1844, (518) 272-6300, 'ax (518) 27"-G336, 

Onllneat WWW.9urley.com. e·mall: In'o@gurley.c:om 
GI 
IIIHIIIIIIIII 
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, SPECIFICATIONS 

INPUT POWER 
+5 VDC ±O.25 V @100 mA max. 

SQUARE WAVE OUTPUT 
Quadrature square waves at 1, 2, 5, 10, or 16 times the line count on the disc. On all channels: 
EIAlRS-422 ba/anoed differentlall ine driver, protected to survive an extended-cluration short circuit across 
its output May be used single..anded for TTL-compatible inputs. Index Is Y.-cycle wide. gated With the high 
states of channels A and B. 

OUTPUT WAVEFORMS (CW rotation shown) 

CHANNEL A 

CHANNEL! A 

CHANNEL B 

CHANNEL! B 

INDEX 

I INDEX 

ELECTRICAL CONNECTIONS 

R119 R120 
Output ('~Ire Colors c~~~o~~~ Functions nn Code P 

Wire Colors 
r.nnn ("MA P i~~~~~~ 

NOTE: Channel A leacls 
Channel B for clockwise 
rotation. looking at A Oranae 

lA Yellw 
B Vonl..t 

IB Grav 
INO Green 
liNO Blue 
+V R Ati 

COMMON White 
CASE 

FLEXIBLE SHAFT COUPLINGS 

Maximum parallel offset, 
in (mm) 

Maximum axial extension 
or compression, In (mm) 

Maximum angular 
misalignment, degrees 

R119S/ R120B 
PAGE :3 OF" Et 

V3.1 

Tether Mount 
for .a version 

0.002 (.05) 

0.008 (0.2) 

2.0 

2 
3 
6 
7 
4 
5 
1 
8 

YAllow 
Rrnwn 
I'::" ... n 

Oranae 
Blue 
White 

RAti 

BI.,r.Ic 
BAre ll':hiAjd\ 

SCD Coopling 
for -S version 

0.008 (0.2) 

0.008 (0.2) 

0.5 

.4 
A the shaft end. 
"t 

7 
2 
~ 

J:; 

0 
1 

See separate data sheet for specifications and 
ordering information for the Model SCD coupling. 

NOTE: Flexible couplings are intended to absorb 
nonnal installation misallgnrnents and run-outs in 
order to prevent. undue loading ofthe encoder 
bearings. To realize all the acruracy inherent in 
the encoder. the user should minimize 
misalignments as much as possible. 

Gurley Precision Instrurnents 
514 Fulton Street 

Troy, NY 12180 U.S.A. 
(800) 759-1844, (5t8) 272-&300, fax (5t8) 274-41336, 

Onllne at www.gurloy.com. e-mail: Info@gurley.com 

GP 
11111111111111 
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_2&.2 (H I) 

_ ... 

8 COHOUc:TOR 
RIBBON CABLE 

R 1 1 9 S I R 1 2 Cl 
PAQ 4 OF' Et 

V3.1 

End-Effector's Design Components 

R 1 1 9 DIMENSIONS 

TETHER MOIJNT ROTATED 
liD' THIS VIEW FOR cv.RfT'r 

3.5 [.14)--1 F 
I 19.0 [.75J --1 

~i-------. 

2.2 [..(9) SlOT 
CO«ERtD ON A 
• 2A (u~) B.C. 

F1JlL R EACH END I 
TYP 2 Pl.CS 

6.5 [.26) IoW( -~ 
SlWT INTRUSION 

IR119B (BASE CODE A)! 

4115.0 [ • . ssl 

"9.0 
[1.75) 

1.2 [.05J l[2J'0 [ .91J MAX l 
"[::1 11 

1 •. 0• - ------- [.~~~ 
"H ( •. 30).J F 

IR119S (BASE CODE B)I 

'·0· TARt [ 

·OIA· 
Rl1gs Rl1ea COVE 

04~ e4mm hIS NIA 
03/.1 IIJmm h6 .3mm H' 

02E jj() . 1 25·~:~ 'O. 12~·!~ 

Guriey Pr.elalon Instruments 
514 Fulton Street 

Tray, NY 12180 U.S.A. 
(800) 759·'&W, (518) 272-6300, fax (518) 274"()336, 

Onllne at www.gurley.com. e-mal!: Info@gurl.y.com 11111111111111 
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--_. 

R 1 1 '3 S I R 1 208 
PAD£: !5 CF 6 

V3.1 

End-Effector's Design Components 

R 120 DIMENSIONS 

Ml.. 2 P!.CS 
(SHCS SHOWN, 
MAY vtVrf) 

( .24 [!I.94J B.C, fE 

TETHER IAOONT IlOTAlEl) 
90' THIS IIItw /"OR ClARfTY 

:S.S [.1 4
J-1 r 28.0 [1.1011 __ 
-1 1.5 [.08] 

1ft1~. 02.00 [4.79] 

2.2 [.e>gJ SLOT .7.5 [~.30] ''-+------r-+-.>:l~ C£NTF.I!.E:D ON A 
' .24 [O .04} S.C. 

FULL R rACH (NO I 
1YP 2 PLCS 

6.5 [.261 !.lAX -
SHAFT INl'RUSlOtI 

3.5 [.141-1 

I R 1208 (WE CODE A}I 

1.5 [.061--1 

IR 1205 (BASE CODE C)I 

1.5 [ .05] 

3.5[.141-1 

."0' TAIlLE 
"O\A" 

RI20S R120B CODE 
().41j "'mm h6 NIII 
rot.! fJmrn h6 'Jmm H7 
02( ~.125·!:~· ~.'2$·!:~ 

Gurley Precision Instruments 
514 Fulton St.reet 

Troy, NY 12180 U.S.A. 
(800) 759-1844, (518) 272-6300, fax (518) 274-0336, 

Onl/ne at www.gurley.com.e·mal~ Info@gurley.eom 
GPI 
11 If flllIIlIlI 
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( MOTION TYPE: ) 
ROTARY OR L I N E A R 

( USAGE GRAD£: : ) 
PROTE C TED I N DUSTR IAL 

( OUTPUT: ) 
ABSOLUTE 

( * MAX R ES OLUTION: ) 
STEPS/ REV. (~0.3 A RCS) 

0.25 ~lM 
. W / £XTERNAL ELECTRONICS 

ABSOLUTE OUTPUT • FRICTION FREE OPERATION 

• MANY DISC SIZES • VACUUM-COMPATIBLE OPTION 

The Model 971 0 is a versatile read head that can be configured for use with either a rotary disc 
or linear scale . Its modular construction provides friction-free operation, and the wide selection 
of disc sizes gives the design engineergreat flexibility 

When used with the Model VA or other interpolating decoder, its optical resolution is 
electronically increased. The natural-binary position output is augmented by a number of built­
in testfunctionsformaximum system reliability. 

For incremental positioning in a modular encoder, please refer to the 9710 (rotary). 7700 
(rotary and linear in a compact package). and 9717 (linear only) datasheets 

I SO 

9 0 01 
C ERTIF' I ED 

Gurley Precision Instruments 
514 Fulton Street 

Tray, NY 12180 U.S.A. 
(800) 759-1844, (518) 272-6300, ' ax (518) 274-0336, 

Onllne at www.gurley.com. e-mail: Info@gurley.com 
GPI 
11111111111111 
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Electrical 

Input Power 

Light Source 

Output Signals 

Mechanical 

Materials 
Enooder Body 
Scale of Disk 

Weight 
Read Head 
Scale 

Performance 

Frequency Response 

Quadrature Error 

Scale Accuracy 
Standard 
Optional 

Disc Accuracy 
DIa ~ 3" 
Die > 3" 

Environmental 

Operating Temp. 
Humidity 
Shock 
Vibration 

End-Effector's Design Components 

SPECIF'ICATIDNS 

Vee. +5VDC025VDC@ 10 mA 
I...,: +20mA regulated DC current source 

Screened infra-red LED: rated life> 100,000 hours 

Hlgh-<>utputdifferential Sine, Cosine, and Index photocurrents. 
Signal levels are designed for proper operation with GPl's various 
electronics packages. Consult factory to establish criteria for 
waveforms when 9710 Is used with other electronics. 

Aluminum 
Vacuum-deposited chrome pattem on glass 

1.7 oz (49g) + cable @ 0.034 oz/in (0.04 g/mm) 
0.31 oz/in (0.34 ~mm) (1 .125" x 0.189" cross-section) 

50 kHz, all channels (Max. Speed may be limited by subsequent 
electronics; see data sheet for Model VA Interpolating decoder.) 

_ 30" typical (depends on user's Installation) 

:to.OOOl In/ft ( 8 ~uTl/m) 
_ O.OOOOS inlft ( 4 I-\mlm) 

± 10 arcs 

± S arcs 

-40 F to +185 F (40 C to +65 C) 
98% rh, non-condensing 
50g, 11 ms 
2g, 0-2000 Hz 

As palt 01 our continuing product Improvement program. aJl specifications 8re svbjectlo change without notice. 

9710 VA 
PAGE 2 OF" 6 

V3.1 

Gurley Precision Instruments 
514 Fulton Street 

Troy. NY 12180 U.S.A. 
(800) 759-18 ..... (518) 272-6300. fax (518) 274.0336. 

Onllne at www.gurley.com. e·mall: Info@gurley.com 11111111111111 
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9710 VA THEORY 

THEORY OF OPERATION -SHORT VERSION 
Virtual Absolute (VA) discs and scales are similar to incremental discs and scales in that they contain a cydic track and an 
index track. In an Incremental enroder, the index occurs at one place In the full travel, but In a VA encoder. the index track Is a 
continuous serial code (similar In appearance to a bar code). You don't know position Immediately upon start-up, asyou do In a 
conventional absolute. bul after a very short travel, in either direction and starting from anywhere. you know exactly where you 
are. I n a rolary VA, this Initialization angle is typically about one degree. depending on the encoder's line count; In a linear VA 
encoder. less than 1 mm motion is needed. From then on. the encoder is truly absolute. (There are ways to build a 
pseudorandom encoder so that absolute Information is available on power-up without in~ializlng. but these techniques require 
far more complex sensing hardware: they often impose slower operation as well. And none of them offers the sophisticated 
built-in testing of GPI's VirtualAbsolutetechnoiogy.) 

To complete the system. the 9710 is used with one of Gurley's Interpolating Decoders. The size of a credit card. it contains 
patented high-speed circuitry to decode the special serial Index track and Interpolation to increase the final resolution. In 
addition to the natural binary position output, a Status bit Is provided to tell you when the encoder is Initialized. This bit is at a 
logic high whenever the Initializing motion Is not yet complete, or when some other problem such as supply voltage 
interruption. electrical noise. damage. or fouling of the disc Interferes with the proper code sequence from the Index track. 
When these self-tests are all satisfied. the status bit Is iow, Indicating the position data output is valid. The 9710 Is usually used 
with the Model VA Interpolating decoder, but other versions are added from time to lime. 

For a more thorough discussion, refer to the data sheetforthe Model VA . 

DISCS 
Gurley does nol offer disc hubsas catalog items. butwe will mount discs to customer-fumished hubs. andwe can provide hubs 
designed for your specific application. Even if we are not providing the mounting or the hub. we strongly suggest that you 
consultwith us regarding the proper design ofthe disc/hub assembly and mounting ofthe9710 Read Head. 
All dimensions are In inches (mm). Consult factory for other sizes or line counts (Including non-binary numbers). 

0 .0 . 1.0. Thick #Llnes (1) Init. angle Throat CL-Mntg 

3.13 1.45 0.125 4096 R 1.05" 0.105 1.918 
(79.S02) (36.830) (3.17S) (2.667) (48.717) 

4.30 2.78 0.100 4096 R 1.0S· 0.100 2.S00 
(109.220) (70.612) (2.540) (2.540) (63.500) 

4.80 2.90 0 .120 4096 R 1.0S" 0.10S 2.755 
(121 .920) (73.630) (3.048) (2.667) (69.977) 

6.40 4.40 0.125 
4096R 1.0S· 

0.106 3.556 
(162.560) (111 .760) (3.175) (2.692) (90.322) 

9.00 6.00 02S0 16384 R (2) 0.31' 
0.062 4.812 

(228.600) (152.400) (6.350) (1.575) (122.225) 
16.25 14.00 0.235 

40965 1.05· nla 6.650 
(412.750) (355.600) (5.969) (168.910) 

19.50 15.50 0.010 
2048 R 1.94· 

0.105 9.480 
(495.300) (393.700) (.02S4) (2.667) (240.792) 

(1) R means read head straddles disc 0 .0 .; this Is the preferred method. 
S means read head straddles disc 1.0.; consult factory. 

(2) This disc requires an Interpolating decoder other than the Model VA; consult factory. 

9710 V A 
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Gurley Precision Instruments 
514 Fulton Street 

Troy, NY 12180 U.S.A. 
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Appendix E: Data Sheets End-Effector's Design Components 

DRAWINGS 

SCALES 
The following scales are available from existing masters. Additional standard scaies may be added periodically: we can 
always make special scales on a custom basis. 

Scale pitch 
Maximum 

Max. measuring length Cross-section 
I nitlalizalion 

resolution' distance 

64 ~m 0.25 ~m 

, with Model VA support electronics 

971 0 Encoder 
CircLit 

~ EMiTTER ASsV - - : 
I · 
:-OE-TECrORASSV- : 
· ..... : .... 
I 
I 
I 

' .... : ... · 
· ,,,," , ... 
, .... , ... , , 
· , .... : .... 
· , , 
' .... .--+ - -' : 
: ... , 

I 

• I 
I _ __ ___ .. __ _ .A 

9 710 VA 
PA GE 4 OF" 6 

V3.1 

VlO 
Bl K 

REO 
GRY 

SRN 

VEl 

ORN 

GRN 

BLU 
WHT 

262.144 mm (10.32") 1.125' x 0.125' (28.575 
x 3.175 mm) 

· , 
, 

· · , 
, 

· 

Suggested Interface 
Circuit 

_ 20"" 
. $ V 

00.1111 00.91"1 

::;J; fiaJF 

10K lK -- LED< 
, LEo.. 10K ,K 

• \lCC 

, COM 

I SlN" 
SIN 

I SIN. 

, cos· ,OK lK 
1 co.';,.. 
• INO- 10K lK 

>--<~-o COS 

10 

>-..... -o IND 

Gurtey Precision Inlltrumenll 
51~ Fulton Street 

Troy, NY 12180 U.S .A. 
(800) 759·1844. (518) 272-6300. tax (518) 274~136. 

Onllnt at www.gurley.com. e·mall: Into@gurley.com 

768 ~m 
(0.030' ) 

GI 
" 111111111111 
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End-Effector's Design Components 
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Environmental Effects on the Speed of Sound during 

Laser Tissue Interaction 
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Appendix F: Factors Effecting the Speed of Sound 

Environmental Effects on the Speed of Sound during laser tissue Interaction 

It is evident that the speed of sound is highly affected by temperature variation. Researches 
also showed that the speed of sound is highly dependent on the humidity the molecular weight of 
the medium and the pressure. 

Temperature Effects on the Speed of Sound 

The speed of sound is seen to increase as the square root of the absolute temperature. and it can 
be calculated as follow: 

t:= 0 .. 600 

Vt:= vo) 1 + 2~3 
where 

Vo:= 331 

[BOHN 88] 

is the temperature in degrees C 
vt is the speed of sound at temperature (t) 
vO is the speed of sound at 0 degree C 

600 .--. 
'" E 520 ......, 

"0 = 440 :::s 
0 

VI CIl .... 360 0 

1 280 
CIl 

200 
0 120 240 360 

t 
Temperature (Deg C) 

480 600 

Figure 1: Speed of Sound vs.Temperature 

The percent increase of the speed of sound due to temperature can be calculated as follows 

(Vt-VO)'lOO 
%VT := ....:.....--..:..--

t Vo 

Humidity Effects on the Speed of Sound 

To accurately determine the humidity effect on the speed of sound one must take into account the 
specific heat ratio 'Y and the average molecular weight of the different types of molecules in the 
air M. The affect of humidity on the speed of sound can be calculated as follow [ BOHN 88] 

i:= 0 .. 7 Temp.:= 5·(i + 1) k:= 0 .. 20 
I 

et := 
1 RH

k
:= 5·k 5 1 

P:= 1.013.105 Pa d:= 5 DOF 

(d + 2 + hi,k) 
'Yi,k := 

d + h. k 
I, 

872 

1228 

1705 
2338 

3169 

7376 

Temp = 

10 

15 

20 

25 

30 

35 

40 ) 
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M:= 29 - II ·h 

--- ---- -------, 

20 

,~'-I,L..-~--Ul-~-20 

B~e.2 : Molecular Wei ht vs H & T. Fi ure 3: % of water molecules vs H & T 

And the increase of speed of sound due to Humidity is as follow: [BOHN 88] 

( ~j 'k l 
%Vh. := 455.J3. -- - lOO 

I,k M. ) 
I,k 

where %Vh is the percent increase in the speed of sound due to humidity 

Hence the speed of sound due to humidity effect (only) would be as follow: 

[
( %Vhj ,k) ] 

vH1' k:= + 1 ·vO 
, 100 

Figure 4: Speed of Sound vs Humidity 

Hurnidit : Temp 

The speed of sound due to Temperature and Humidity effect combined would be as follow: 

Temp. 
vTemPi:= vO' 1 + __ I 

273 [ 
( %Vh. k) ] 

vTR- k:= 1 + I , .vTemp· 
I , 100 1 
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Figure 5: Speed of Sound vs. H & T 

20 

Temp Humidity 

Note 

It is evident the speed of sound is highly effected by temperature variations and with lesser extend 
by humidity as shown in Figures 4 and 5 

Acoustic Feedback of laser tissue ablation 

Experimental results showed that it is possible to the determine the laser front position during laser 
tissue interaction using the photo-acoustic feedback technique. However this feedback 
mechanism is govern by some factors which limit its functionality and impose limitations on its 
accuracy. these factors include environmental effects on the speed of sound as well factors related 
to the nature of the laser tissue interaction (Type of laser, type of tissue, and other laser and tissue 
parameters) . 

The following model discusses the effect of heat propagation due to laser tissue interaction on the 
speed of sound, while ignoring the effect of humidity, pressure and molecular weight of the 
transmitting medium. The results presented below were based on a study made using CO2 laser for 
bone drilling. The study assumes that heat and temperature follow the inverse square law, (i.e. 
heat or temperature intensity is relative to the inverse of the square of the travelled distance). 

Let D:= 0 .. 15 Then 

where 
x is the normalised temperature (heat intensity) relative to the distance d 

I!) ... 
;:l 

~ 0.8 
Cl.. 

~ xD 0.6 
f-

] 0.4 
~ 
E 0.2 0 
Z 

Figure 6: Heat prepagation 

3 6 9 

D 
Distance (mm) 

12 15 
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Taking the above into account, and assuming that the ablation temperature is 400 deg C (due 
to laser tissue interaction), The speed of sound would be affected as follow. 

For a Temperature of (400 Deg C Er: Y AG Laser-hard tissue ablation and 1500 C for C02 laser- hard 
tissue ablation) the Heat propagation (HPErY AG and HPC02) would be 

HPErYAGD := 
[ 

400 ] 

(D + 1)2 

HPC02D := 
[ 

1500 ] 

(D + 1)2 

Note: heat propagation time is also an important factor here 

Figure 7: Laser Heat Prepagation 
2000 

G 
g HPErYAGo

l600 
. 

'Q)' 1200 ., 
B HPC020 \ [ ............. . 800 

~ 400 

3 6 9 

D 
Distance (mm) 

12 15 

Assuming the speed of sound at room temperature is nRT = 340 mls 

( 

HPErYAGD 1 
vEro:= vO· 1 + ) + 9 

273 

( 

HPC02D 1 
vC02D:= vO· 1 + ) + 9 

273 

Speed of Sound due to Laser Abaltion 
1000r---,----r--~----~--, 

~ ~ vEro 750 
g --

r/l vC020 500 
"-' o ............. . 

1 250 

3 6 9 

D 
Distance (mm) 

12 15 

From the above one can see that the ablation due to CO2 laser results in a much higher effect on 
the speed and results in a much higher reading error 

NOTE must Average the speed 0 sound over the distance to reduce the error 

Average speed of Sound 

VC02av := mean( vC02) VC02av = 400.956 

VErav := mean( vEr) VErav = 360.252 
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