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Summary  
 
 
The Design of Medical Electronic Instrumentation placement was carried out within 
the Department of Medical Physics and Bioengineering at St George’s Hospital, 
which is part of the St George’s Healthcare NHS Trust. Training was under the 
supervision of Fred Mitchell (Clinical Scientist and Training Coordinator) and 
Valentine Newey (Clinical Scientist and Placement Supervisor). The training was 
carried out over a 22-week period during 15th May – 13th October 2006.  
 
The placement focused on two proof of concept designs for a bone distraction 
implant, originated by a Consultant Orthopaedic Surgeon within the hospital: 1) a data 
telemetry link and 2) a transcutaneous power coupling link. This portfolio documents 
the competencies used and gained working on those projects and through additional 
training and CPD activities carried out in the hospital. 
 
I chose this placement primarily to gain an understanding of the electronic 
engineering and management factors specific to the medical market, for example: 
biocompatibility, patient safety and regulatory compliance. This project was ideal in 
that respect. My skills were stretched by both the depth and breadth of the regulatory 
issues and by the technical challenge of designing the systems.   
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1 DOCUMENT CONTROL 
 
       
1.1 Purpose of this Document  
 
This document is submitted in partial fulfilment for the award of Clinical Science 
Diploma, according to the competency requirements set out by the Institute of Physics 
and Engineering in Medicine [1]. 
 
It is also the intention to document the work carried out on two projects relating to a 
bone distraction system in development by the Medical Instrumentation and 
Computing Department, leaving that department with a working document.  
 
1.2 Definitions, Acronyms and Abbreviations    
 
CASE  - Computer Aided Software Engineering 
MIC   - Medical Instrumentation and Computing 
PIC   - Peripheral Interface Controller 
ICNIRP - International Commission on Non-ionizing Radiation Protection 
NRPB  - National Radiological Protection Board 
WMTS  - Wireless Medical Telemetry Service 
MICS   - Medical Implant Communication Service 
MITS   - Medical implant telemetry system 
ISM  - Industrial Scientific and Medical Band 
SAR   - Specific Absorption Rate 
FMEA  - Failure Modes and Effects Analysis 
ASK  - Amplitude Shift Keying 
FSK  - Frequency Shift Keying 
EDR   - Enhanced Data Rate 
FHSS  - Frequency Hopping Spread Spectrum 
DSSS  - Direct Sequence Spread Spectrum 
ODFM  - Orthogonal Frequency Division Multiplexing 
 
 
1.3 Overview of the Document / Choice of Material 
 
Section 1 of this document establishes the necessary elements for quality control and 
data integrity. Section 2 gives a broad overview of pathological conditions requiring 
bone regeneration. Bone distraction techniques and technologies are introduced. 
These are interesting topics that may not be familiar to the general reader and as such 
detail has not been limited. The remainder follows the design processes of the two 
projects relating to the bone distractor.  
 
Section 3 presents a systems view of the bone distraction project and places my work 
into context. Sections 4 and 5 follow the detailed design of the data telemetry and 
power coupling projects respectively. Section 6 focuses on patient safety implications 
in electronic design. Section 7 contains a review of the work carried out during the 
placement and outlines some recommendations for further work.  
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1.4 Competency Matching  
 
The following tables list the competencies set out by IPEM and the suggested chapter 
and section headings that go towards demonstrating competence in those areas. This 
is not an exhaustive list and has not been used to shape the design life cycle of the 
bone distraction project. Core competencies listing can be found in Appendix A.  
 

Table 1 Evidence of Specific professional competency. 

SPECIFIC Competencies Where 
Demonstrated 

Use of Equipment 
ME 1.1 Use and justify the choice of equipment to measure 

signals in an electronic circuit. 
Section 5.9 

ME 1.2 Identify and demonstrate the errors and limitations of the 
measurement techniques used. 

Sections 5.9 and 
4.7 

ME 1.3 Identify, and justify the choice of components in an 
electronic circuit. 

Chapters 4 and 5 

ME 1.4 Use and justify the choice of tools and techniques to 
produce an electronic circuit. 

Sections 4.5 and 
5.5 

ME 1.5 Identify standard methods of fault finding and use them to 
fault-find in an electronic circuit. 

Sections 4.7 and 
5.6 

Electronic Design 
ME 2.1 Produce an initial specification from a clinical request. Sections 4.2 and 

5.2 
ME 2.2 Implement a logical process for the design of a medical 

electronic instrument. 
Chapters 4 and 5 

ME 2.3 Explain and justify how the design of an instrument meets 
a functional specification, particularly in comparison with 
other devices commercially available. 

Section 2.3 

ME 2.4 Produce a prototype device that may, or may not, 
incorporate embedded software. 

Sections 4.5 and 
5.8 

ME 2.5 Perform prototype assessment, identifying any 
performance characteristics that are inconsistent with the 
original specification. 

Sections 5.6 and 
5.7 

ME 2.6 Test the completed instrument in the laboratory and in 
clinical use. 

Sections 4.7, 5.6 
and 5.9 

Quality Assurance and Safety 
ME 3.1 Produce adequate and appropriate documentation 

(including block and circuit diagrams for hardware, 
flowcharts and appropriate comments for any embedded 
software). 

Chapters 4 and 5 
and Appendices 

ME 3.2 Consider the relevant quality procedures in the design, 
manufacture, and maintenance of electronic equipment for 
medical purposes. 

Section 6.4 
 

ME 3.3 Perform a risk assessment for the design and use of an 
electronic device in clinical practice. 

Section 6.1.7 

ME 3.4 Apply relevant safety standards and guidance to the 
connection of medical electronic equipment both to 
patients and to non-medical equipment e.g. computers. 

Section 6.4 

ME 3.5 Demonstrate awareness of the Medical Devices Directive, 
the IEC standards for medical electrical equipment 
(EN60601) and Electromagnetic Compatibility (EMC) 
Compliance. 

Chapter 6 
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2 INTRODUCTION AND CLINICAL RELEVANCE 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1 Pathologies  
 
The loss of bone or the inhibition of bone re-modelling can be the cause and result of 
a large number of pathologies and abnormalities. This presents a requirement for 
research into areas such as: the acceleration of natural bone regeneration, the 
implantation of prosthetic or allograft bone substitutes and the regeneration of 
surrounding tissue structures. Bone regeneration research themes are focused toward 
two anatomical areas: maxillofacial or orthodontic reconstruction and lower limb long 
bone reconstruction. This report will focus on aspects of the lower limb, taking the 
femur as a typical example.   
 
Leg length discrepancy or lower limb discrepancy (LLD), demonstrated in figure 1, is 
a condition resulting in bilateral variation in the lengths of the femur or tibia, or both 
[2].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1a    Figure 1b 
 

Figure 1 Examples of limb length discrepancy: (a) This patient has a 60.0mm leg length variation due 
to an idiopathic hemiatrophy [3]; (b) A different patient, before and after a surgical process of tibial 

and femoral lengthening and widening [4]. 
 
 

Chapter Aim: 
 

• To place the projects into context.  
 
Key Questions: 
 

• What is the clinical relevance of bone distraction?  
• How does bone re-model following trauma?  
• What current methods can speed up natural recovery?  
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A congenitall variation may be due to an angular valgus-varus variation or to an axial 
variation. Hemimelia causes underdevelopment of the femur, tibia and/or radius, 
whilst hemihypertrophy results in unequal rates of growth between different sides of 
the body. Conditions such as congenital short femur and proximal femoral focal 
deformity (PFFD) also result in short femurs. A LLD of up to 15.0mm can be 
observed in the general population. 30.0mm is generally alleviated with a raised shoe. 
As the discrepancy increases, gait efficiency reduces and the pelvis compensates with 
a greater obliquity. Beyond 30.0mm an increased asymmetry in the lumbar spine 
curvature occurs, causing lower back pain and a significant reduction in gait 
efficiency [5]. 
 
Short Stature (or Dwarfism) can result from achondroplasia, which is the slow 
osseogenesis from cartilage at the epiphyseal growth plates. Rickets and osteomalacia 
may result from a vitamin D deficiency or hypothyroidism and inefficient production 
of the recombinant human parathyroid hormone (rPTH), that stimulates osteoblastic 
action. Traumatic causes of bone shortening could include post oncologic resection, 
the removal of a malignant tumour (a multiple myeloma or osteosarcoma). Injury to 
an epiphyseal growth plate during development can cause diminished bone density. A 
fracture malunion may present the need for extended bone growth. Lower limb 
reconstruction or salvage in more traumatic or infectious cases presents a greater 
requirement for new bone stock, stabilisation and early rehabilitative alignment.  
 
2.2 Osteogenesis  
 
The stimulation of new bone growth requires an understanding of bone formation 
(osteogenesis or ossification) and remodeling. Bone growth begins embryonically 
from connective tissue sheets of mesenchyme, in a process called intramembranous 
ossification. Mesenchymal cells differentiate into osteogenic cells and then into 
osteoblasts, to form an ossification centre. These secrete and surround themselves in 
the organic extracellular bone matrix, then differentiate into mature osteocytes and 
radiate cytoplasmic processes in all directions. The matrix calcifies, surrounding the 
osteocytes in a lacuna. As the bone calcifies trabeculae are formed through which 
blood vessels interweave. The mesenchyme at the periphery condenses and develops 
into a periosteum. Spongy, trabeculae bone is gradually replaced with mature compact 
surface layers. This process is primarily concerned with bone widening [6].  
 
Endochondral ossification is concerned with bone lengthening and is more 
complicated. Mesenchyme accumulates in the shape and site of the required bone and 
differentiates into chondroblasts. These secrete a cartilage extracellular matrix, which 
forms a hyaline cartilage model surrounded by a perichondrium. As the model grows, 
through chondrocyte differentiation, the surrounding matrix calcifies and diaphyseal 
chondrocytes die to form lacunae. A primary ossification centre is formed from 
arteries penetrating the nutrient foramen. The nutrient supply encourages the 
formation of osteoblasts and as bone forms the perichondrium turns into a periosteum. 
Branches of the epiphyseal artery enter the epiphysis and form a secondary 
ossification centre, normally at the time of birth. In contrast with the primary centre 
this develops from the inside out, with no medullary cavity. Articular cartilage is 
formed at the distal surfaces and an epiphyseal growth plate forms where it meets the 
primary ossification centre [7].  
 



 8 
 

 

Zone of resting cartilage 

Zone of proliferating cartilage 

Zone of hypertrophic cartilage 
Calcified cartilage 

Diaphysis 

Lengthwise bone growth, prior to adulthood, stems from the activity within the 
epiphyseal growth plate (figure 2). The resting cartilage acts to anchor the plate to the 
epiphysis. Chondrocytes divide in the proliferating zone and migrate to replenish 
those that die and become engulfed in calcified matrix towards the diaphysis. The 
hypotrophic zone contains maturing columnar chondrocytes. This replenishment 
action ceases when the plates close, at about the ages of 18 and 21 in females and 
males respectively. Fracture of the epiphyseal plate before that time can accelerate the 
plate closure and result in a shortened bone.  
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Epiphyseal growth plate of femur. 
 
When a fracture occurs in mature cortical bone, an immune process proceeds to repair 
the fracture site. Within 6 to 8 hours of trauma a fracture haematoma or clot is 
formed. Osteocytes die, inflammation occurs, phagocytes and osteoclasts then remove 
the dead or damaged debris. Fibroblasts arrive from the periosteum and produce 
collagen fibres. Chondroblasts are also formed from the periosteum and begin to 
produce fibrocartilage, this leads to a fibrocartilaginous callus formation that bridges 
the bone ends. This takes about 3 weeks. In well vascularised areas osteoblasts begin 
producing trabeculae bone, turning the bridge into a bony callus, within 3 to 4 
months. Ongoing bone remodelling takes places in the long term, as osteoclasts and 
osteoblasts work together to reform structured cortical bone [6].  
 
2.3 Artificial Bone Distraction Techniques 
 
Deformity and length discrepancy correction can be achieved with an osteotomy and 
internal fixation; for example, shortening the contralateral limb to match the shortened 
limb. However this is unsatisfactory, it is invasive and shortens patients. Periosteal 
stripping of the slow growing growth plate has been shown to stimulate new growth 
in young children [8]. A number of methods have been employed with the less 
invasive aim of promoting natural ossification. Human growth hormones (hGH) have 
been used to aid hypoparathyroid causes of retarded bone growth. In 1988 the 
recombinant human bone morphogenetic protein (rhBMP-2) responsible for bone 
growth was identified [9]. It is currently being used to coat implants and sponge 
grafts. Prostheses and allografts provide additional material to fill a cavity made by 
lengthening a limb.  
 
Mechanical bone distraction techniques have been developed over the past five 
decades and accelerate the ossification process by drawing two cut bone ends apart. 
The procedures typically comprise: a distraction phase were the bone ends are drawn 
apart, a latency period can be defined between the osteotomy and application of force 



 9 
 

 

and a consolidation phase were cortical bone reforms. Wagner developed a popular 
distraction technique in 1963 involving three operations. Initially a midshaft tibial or 
femoral osteotomy was carried out and an external monolateral fixator was attached to 
span both bone ends. Distraction was initiated soon after surgery at a rate of 1.5-
3.0mm per day until the desired limb length was achieved. The second operation 
replaced the fixator with a cancellous bone graft and an internal plate. After the 
consolidation phase the plate would be removed in a final operation [10].  
 
The Russian Professor G.A Ilizarov developed and successfully carried out a new 
distraction technique in 1950, but his work remained in relative obscurity until the 
early 1970s. The technique is based on what Ilizarov termed a corticotomy, whereby 
two thirds of the cortex is cut with an osteotome and the bone ends are separated. This 
preserves the periosteum and endosteum and hence the blood supply to the cortex. 
Small Kirschner wires are inserted through ‘save corridors’, areas avoiding muscular, 
vascular and nerve structures and through the bone ends. The wires are tensioned to a 
circumferential frame and the system is distracted at a rate of 1.0mm per day. The 
wires can be removed as a low cost outpatient procedure.  
 
Ilizarov demonstrated that the stress created from the application of a gradual 
distraction force would stimulate the regeneration of all new tissue [11]. This is 
termed the tension stress effect. Ilizarov’s application of a frame to utilise this effect is 
shown below (figure 3). Ilizarov also showed that the mass density of bone and joint 
tissues are dependant on the interaction between mechanical loads and blood supply.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig3a   Fig3b   Fig3c 
 
Figure 3 Radiographs showing the stages of treatment of a humeral defect before, during and after the 

use of Ilizarov’s bone transport technique12. 
 
The point of application of force, the force vector and the rate and duration of the 
distraction force led to different results and terminology of techniques. Callotasis is 
the general stretching of a reparative callus following a corticotomy, osteotomy or 
fracture [13]. Callotasis employs a latency, distraction and consolidation phase [2]. 
Physeal distraction employs tension at the growth plate. Within that heading, a 
distraction epiphysiolysis uses a rate of distraction in the region of 1.0mm-1.5mm per 
day, to cause sufficient tension to fracture the growth plate. In this instance trabeculae 
bone formation occurs in the fracture gap between the epiphysis and metaphysis. 
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Chondrodiatasis employs a distraction rate of 0.5mm per day to stretch the growth 
plate, this intensifies chondroblastic activity resulting in accelerated osteogenesis.  
Two categories of fixator are currently employed in bone distraction, external and 
internal devices. External fixators such as the Ilizarov frame, attach to the bone 
through wires and pins and can be distracted manually or with the application of an 
actuation mechanism. When used on their own they have to been worn for both the 
distraction and consolidation phases. As an approximation, every 10.0mm of 
distraction requires one month of fixator use. A plaster cast can be used for a short 
time following the removal of the fixator. Circumferential fixators, including the 
Ilizarov frame or the Sequoia ring developed in Sheffield in 1988, can be combined 
with monolateral straight bar fixators, as shown in figure 4 below.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4a    Fig 4b    Fig 4c    Fig 4d 
Figure 4 Examples of external fixators: (a) Sequoia ring fixator [14]; (b) Taylor spatial frame [15]; (c) 

Heidelberg monolateral fixator [15]; (d) Combination monolateral and ring [15]. 
 
Complications arising from external fixators are common [16]. Soft tissue 
transfixation by pins and Kirschner wires can cause muscle contracture and joint 
stiffness, pain and pin site infection [16]. The limb lengthening process can lead to 
secondary fractures and deformity following removal of the fixator. The long post-
operative period delays rehabilitation and the encumbrance of the frame can cause 
emotional strain. The total rate of complications from external fixators in 2004 stood 
at 1.0 to 2.8 per patient [17]. The consolidation phase duration can be reduced from 
approximately three to two months with the use of a passive intramedullary nail, to 
support the limb after distraction. Developed in 1990 by Paley and Herzenberg, this 
process is known as Lengthening-Over-Nail.  
 
Recent trends are towards the use of more active intramedullary distractors. They 
introduce no risk of pin site infection or osteomyelitis. Varus deformity of the femur 
is minimized since the rod is congruent with the bone geometry, as with tibial valgus 
deformity. There is no muscle tethering or subsequent contracture by Kirschner wires 
and hence there is reduced pain and discomfort. A number of internal two-part 
telescoping rods have been trialled over the years [18,19,20,21]. The Albizzia rod 
uses a spring and clutch mechanism to rotate 20° and extend as a result of the patients 
normal movement [22]. This large rotation along the longitudinal axis of the bone 
causes severe pain to the patient. The Intramedullary Skeletal Kinetic Distractor 
(ISKD), produced by Orthofix [14], is a similar device that requires 160 x 3° rotations 
to achieve 1.0mm of distraction in one day [23].  
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Figure 5 shows a series of radiographs taken of an 18 year old patient proceeding 
through a 28 mm tibial correction, using an ISKD. Note the sacrifice of the fibula.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Radiographs of tibia lengthening process with ISKD [17]: (a) Post-operative after osteotomy; 
intramedullary reaming and ISKD insertion; (b) Daily distraction of 1.0mm per day; (c) Consolidation 

callus after 4 months; (d) Early stage of remodelling at 9 months post-operatively. 
 
The Fitbone® device is currently the only distraction device on the market actuated 
by an electric motor. The Fitbone is a 13.0mm diameter straight, steel, two-part 
telescoping intramedullary nail [24]. A 10.0mm diameter motor is housed in a 
hermetically sealed capsule in the proximal part. The geared motor provides 1800N of 
distraction force [24]. Power is either received on demand from a high frequency 
transcutaneous inductive link, or can be stored in an internal battery. Data telemetry 
takes place across the inductive link to a body worn device, when programming in the 
clinic is scheduled. The coils are aligned by palpating for the receiving coil. The 
device can be programmed to distract at small intervals (0.0008mm - 0.003mm), at a 
rate of 0.5 – 2.0mm per day [24].  
 
The cost of the various components of an Ilizarov frame is in the region of €3000, an 
ISKD system is €6300 and the Fitbone system is in the region of €9500.  
 
The proposed bone distraction project originated from a Consultant Orthopaedic 
surgeon in the UK. He has designed a mechanical system that incorporates a novel 
mechanism to eliminate the need for a rotational movement during the distraction 
process.   
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3 BONE DISTRACTOR SYSTEM OVERVIEW   
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1 System Overview 
 
The bone distractor (overleaf) is broken down into three separate units: an implant, a 
body worn device and a clinical PC. These can be broken down to a number of sub-
units, whose functions are described here.  
 
3.1.1 Implanted device 
 
The 10mm diameter telescopic intermedullary rod is secured proximally and distally 
within a long bone. A series AM1020 6 volt stepper motor will drive the distraction of 
the rod through a 4096:1 gearbox. The motor will receive step commands from a 
motor driver and return the number of shaft rotations from a built-in shaft encoder. 
The device is required to distract bone at a programmable rate, over a programmable 
period of time and return a report of the distraction progress. The motor and 
electronics will receive power from coupled transcutenous coils or from an implanted 
power storage facility.  
 
The implant must be robust to internal and external noise and have the ability to 
safely power up and down as required. It must not cause harm to the body and must 
be able to withstand the in-vivo environment. The following sub-units are required:  
 

• Motor driver: an A3966SLB dual full-bridge PWM motor driver, on 
instruction from a slave processor will drive the motor.  

• Slave processor: will manage all in-vivo activities. It will generate the pulse 
timing for the motor driver and receive the number of rotations from the shaft 
encoder. The slave will monitor and act on system parameters available to 
provide safety and stability. It will receive instructions from the body worn 
device and provide a distraction report and system log.  

• Communications transceiver: will provide a wireless asynchronous data 
transmission path between the implant and the body worn device.  

• Power storage: potentially, a device to provide a differing level of power to 
suite the demands of the implant electronics. This may be continuous or a back 
up source. 

• Power electronics: coupled to the external power electronics, will supply 
power to the implant.  

Chapter Aim:  
 

• To introduce the complete distraction system.  
• To define the remit of the placement project within that system. 

 
Key Questions: 
 

• What does the customer want?  
• What system components are required in a bone distractor?  
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Figure 6 Bone Distractor System Overview
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3.1.2 Body worn device 
 
The patient will wear an external device on a belt clip or abdominal strap when 
distraction is required. This device will provide power to the implant through a 
surface electrode style coil. An asynchronous data transmission path between the 
external device and implant will allow distraction profiles to be enacted and the 
distraction progress report to be uploaded and stored for later use. The device will 
also have a communications link with a PC in clinic. The following sub-units are 
required: 
 

• Master processor: will manage all ex-vivo activities. It will generate and 
transmit go and stop commands to the implant and receive and store 
distraction and status reports at defined intervals and events. The Master will 
display system controls and parameters to the user in addition to providing an 
asynchronous communications link with the Clinic Processor. The Master will 
receive power from a body worn power supply, monitor that supply, provide 
feedback to the user and take appropriate actions to minimise system failure.  

• External Power Electronics: coupled to the implanted power electronics, will 
supply power to the implant. 

• Communications transceiver: will provide a wireless asynchronous data 
transmission path between the body worn device and implant.  

• User Interface: An LCD display and input buttons will provide user feedback.  
• EEPROM: A non-volatile storage device to hold distraction reports for a 

duration covering inter-clinic visits. 
• PC Line Driver: A monolithic MAXIM line driver to convert TTL and RS232 

logic levels.  
• Power Supply Unit: Rechargeable battery supply to provide all power 

requirements of external and internal devices. Access point for recharging 
required.   

 
3.1.3 Clinic Processor (Host PC)  
 
Required to act as a high-level user interface for clinical and research staff. It will 
provide a facility to define the distraction parameters such as the duration and rate of 
distraction. A display output is required to present system status, diagnostic and 
historical information. The usual peripherals associated with a workplace desktop PC 
or laptop will be required, eg monitor, keyboard and mouse.  
 
3.2 Project Context  
 
I was given two options by the MIC Department: to re-design the existing motor 
control systems within the implant and explore new solutions, or to design the power 
and data telemetry systems. Since I have experience of motor control from projects 
outside the NHS I chose the unknown, to design the power and data telemetry 
systems. This was the largest outstanding item in the device design and played to a 
significant gap in my knowledge.  
Following a literature review, I split the telemetry system into two projects, to cover 
data telemetry and power transmission separately. This reduced the risks inherent with 
loading all the technology into one solution. The design of the data and power links 
progressed in parallel with initial effort focused towards the data system. 
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4 PROJECT 1 – DESIGN OF COMMUNICATIONS LINK 
        
 
 
 
 
 
 
 
 
 
 
4.1 Overview 
 
The aim of the communications project was to design a system to transfer data 
between the implanted, the body worn electronics packages and a PC. The links are 
all asynchronous operating at standard baud rates. Figure 7 shows the system 
components relevant to this project.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Overview of communications system. 
 
4.2 User Requirements and System Specification  
 
The patient-user requirements are not pertinent to this level of the device design. I did 
however view the MIC department as an internal customer. After initial discussion 
with the Consultant Orthopaedic Surgeon and staff of the MIC department, the 
following system requirements were highlighted. 

Chapter Aim:  
 

• To follow the design process.  
 
Key Questions: 
 

• What technology can be applied to the telemetry problem?  
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The communications link was required to transmit data essentially between two PIC 
microcontrollers. The outgoing data (out to the implant) will be in the form of single 
byte commands to start and stop distraction and bytes to assert ramping and speed 
variables for the distraction profile. The incoming data will equally be a small 
quantity of data.  
 
To determine the data rate requirement, the duration of the distraction period must be 
calculated, since data exchange will only take place during power transfer periods 
when the slave is woken from a sleep mode, as shown in figure 8.   
 
1mm of distraction is required in a 25200 second (7 hour) period. The motor shaft 
(with gearbox) is required to make 8192 revolutions for 1 mm, at a continuous 
running speed of 16.67 revs/sec (1000 rpm). Therefore, at continuous running, 1mm is 
achieved in 492 seconds. (8192/16.67 = 492 seconds). Distributed over a 7 hour 
period this could equate to anything from 1 x 492 second burst to 492 x 1 second 
bursts. The operational period must be long enough to wake up the processor, transmit 
data, overcome stall torque, perform a distraction and receive a status report. It was 
suggested that 123 x 4 second bursts would be a good starting point.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Timing of a typical distraction profile 
 
The size of the status report is unknown at this stage so I worked backwards from 
standard RS232 baud rates. 9600 baud equals 4800 Bytes of data in 4 seconds, this 
equates to over 2 x A4 pages of text. If a status report contains values for date, time, 
number of revolutions, error messages etc. the bandwidth will be very low, permitting 
ample time to transmit pre-ambles, checksums and error checking packets. The lowest 
baud rate (110bps) permits 55 Bytes in 4 seconds, which is still a useful quantity. 
Since received bit error rate increases as the baud rate increases, standard rates below 
9600bps are suitable for the communications link.  
 
The hardware is also required to be as small as possible and comply with all relevant 
standards for: 1) Electromagnetic compatibility, 2) Radio emission output levels and 
3) Bandwidth allocation legislation. Since legislation of these four areas is not 
harmonised Internationally, I have assumed the system will initially operate under UK 
and European (EC) law.   
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4.3 Design Options 
 
The concept of the radio pill (or ‘Endoradiosonde’) dates back to 1957. Combined 
with the growth of single chip microcontrollers, it is the basis for an emerging field of 
Body or Personal Area Networks (PAN). A PAN combines a network of implantable 
radio devices to monitor physiological and implant parameters. Valdastri et al25 have 
used the new rfPICTM, from Microchip Technology Inc., to transmit telemetry data 
from three implantable sensors.  
 
These new single chip devices circumvent the need to design low level features such 
as carrier wave manipulation, data slicing, error checking and packet handling. A 
leading medical applications developer, Cambridge Consultants Ltd, have identified a 
number of wireless technologies in use in medical device applications, from 
ambulatory monitoring to implantable measurement. These are shown below:  
 

Table 2 Summary of mobile technologies [26]. 

Technology Data Rate Carrier 
Frequency 

Method 
(see glossary) 

Bluetooth 
 
(Personal Area 
Networking  
PCs & phones) 

 
723kbit/s standard 

2.2Mbit/s with 
EDR 

 
2.4GHz 

licence free band 

 
FHSS 

Wireless LAN 
IEEE 802.11 
 
(Local area networking) 

 
52Mbit/s 

 
2.4GHz 

licence free band 

 
FHSS, DSSS or 

OFDM 

GSM 3G PP Cellular 
 
(Wide area networking) 

 
9.6kbit/s to 2Mb/s 

 
450MHz - 2.1GHz 

Time and 
frequency 

DECT  
 
(Digital cordless 
handsets) 

 
552kbit/s using 

multiple timeslots 

 
1.8GHz or 2.4GHz  

ZigBee  
 
(Mesh networking) 

 
250kbit/s (2.4GHz) 
10kbit/s (868MHz) 

 
868, 902MHz or 

2.4GHz 

 
Spread spectrum 

Ultra Wide 
Band 
 
(Origins in military 
radar. Very low power 
& short duration signal) 

 
250Mbit/s + 

 
Multiband 

 
Multiband-OFDM 

or DS (Direct 
Sequence) 

Near Field  
Comms. 
(A close range low-
power technology) 

 
424kbit/s 

 
13.56MHz 

 
ASK 

 
Near field communication refers to the technique, predominant in transcutaneous 
telemetry, of modulating data onto an inductive power link. The majority of these 
technologies (Bluetooth, WLAN, GSM and DECT) fall within categories associated 
with nebulous mobile communications legislation. To minimise interference from 
these devices and to adhere to hospital policy on the use of radio communications 
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equipment [74,75] I chose not to place the implant in this category. I found no 
suitable COTS devices based on Near Field or Ultra Wideband technology.  
 
Investigation of the Zigbee platform led to a recently developed range of single chip, 
low power radio modules, some of which include a microprocessor on the die. I 
narrowed down the list to products from three major manufacturers: Zarlink’s 
ZL70100, Chipcon’s CC1100 and Texas Instrument’s TRF 6903:   
 

• Zarlinks ZL70100 Designed for medical applications, the ZL70100 provides 
a single chip low-power, high-bandwidth half-duplex RF communication link. 

o 402 - 405 MHz (10 MICS channels)   
o 433 - 434 MHz (2 ISM channels) 
o 200, 400 or 800 kbps. 

 
• Chipcons CC1100 The CC1100 multi-channel RF transceiver is the world's 

lowest total system cost radio. Very low power consumption and excellent 
radio performance.  

o 315 MHz, 433 MHz, 868 MHz or 915 MHz 
o Programmable from 1.2 to 500 kbps. 

 
• Texas Instruments TRF6903 The TRF6903 single-chip IC low-cost multi-

band FSK or OOK transceiver to establish a frequency-programmable, half-
duplex, bidirectional RF link. 

o 315 MHz, 433 MHz, 868 MHz, 915 MHz 
o 32 kbps (using OOK) or 64 kbps (FSK).   

 
I wanted a radio device that: is a low voltage and low current consumer, could 
interface directly to a PIC microcontroller (using hardware USART, I2C, USB, SPI or 
parallel port), for minimal component count; has high-level support for port functions 
(not machine or assembly code) and has adjustable power output, baud rate and/or 
frequency of operation.  
 
After contacting the three manufactures and investigating the reference designs and 
support offered, I chose the Chipcon CC1100 and purchased a development kit 
(Figure 11). The CC1100 requires the least number of components and offers a well 
documented reference design. Both Zarlink and TI devices appear under-documented 
and Zarlink provided a lower level of support. 
 
The Chipcon CC1100 is a 4mm square surface mount device, with the ability to 
dynamically monitor and control the power output level. As with all three devices, a 
number of external capacitors and inductors are required at the output stage, in 
addition to an external 26MHz oscillator. Chipcon supply the reference design ready 
made with these features, to enable expedient evaluation of the module. The 
completed radio evaluation module (EM), which uses surface mount components and 
a PCB track antenna, measures approximately 40mm square.  
 
The CC1100 development kit includes: driver software, PC-USB cables, two 
evaluation boards, two radio module boards and two ¼ dipole whip antennas (not 
required for this project). 
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4.4 Chosen Design 
 
Circuit diagrams can be found in Appendix D.  The following is a block diagram of 
the design for one side of the communications link (the body worn device). The 
implanted system is identical except for the absence of a line driver and a PC.   
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Block diagram of communications link components. 
 
The associated components required by the CC1100 were provided by the evaluation 
board reference design. They include: the 26MHz oscillator to provide an IF 
(intermediate frequency) to the mixer section of the Superheterodyne radio; a 
433MHz RF SAW (surface acoustic wave) filter required at the antenna to filter the 
incoming signal; a balun and range of RF matching resistors and capacitors to convert 
the balanced and unbalanced electrical signals from the transmission media to the 
circuit board. The PIC range of microcontrollers is the preferred range of 
microcontroller by the MIC department. A device was chosen from the PIC16F8xx 
range, a good general-purpose family of PICs. The following features make the 
PIC16F876 suitable for this project:  
 

• 8K Bytes of FLASH program memory - enable rapid prototyping.  
• 13 Interrupt sources - for shaft encoder and timing functions.  
• x 8 bit I/O ports – connectivity between components.  
• 3 Timers – for timing functions and program operation.  
• 2 Capture/Compare/PWM modules 
• USART and MSSP Serial Communications modules 
• 35 command instruction set  

 
The MIC department had some PIC16F876 microcontrollers in stock. A number of 
other PICs would have been equally suitable (PIC16F873, 4, 5, 6 or 7). The PIC 
requires an external clock up to a maximum of 20MHz, which can be provided by a 
crystal oscillator, RC network or other resonating circuit. There is little benefit of 
running at slower clock speeds; prototyping tends to push for higher speeds, so 
20MHz was used.  
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The motor and motor driver h-bridge both require 6 volts. The PIC16F8xx range can 
operate at 6v but the CC1100 operates at a maximum of 3.6v. I therefore used a 
variable voltage regulator (an LM317) to step a 6v supply down to 3.3v, operating on 
two voltage levels. Communication between the CC1100 is facilitated using the 4-
wire SPI bus standard.  
 
The SPI Bus  
 
Serial Peripheral Interface (SPI) is a three wire serial bus for 8-bit data transfer. 
Referring to figure 10, the bus controller generates a clock which is used to clock data 
into and out of a slave using shift registers. Data is transferred most significant bit 
first, at a rate of near zero bits/second to 1Mbits/second.  
 
  
 
 
 
 
 
 
 
 
 
 

Figure 10: SPI Bus hardware 
 
3 pins of the PIC16F876 provide a dedicated hardware SPI port. The PIC supports 
high level calls to that port. If this were not the case, an alternative would be to write a 
‘software bus’ using any general purpose i/o pins to emulate the function of bus 
controllers, this is known as a ‘bit-bang’ service.  
 
SPI uses TTL (transistor-transistor logic) levels, which decode logic states using the 
following transitions:  
 

Logic 0  =   0 volts    
Logic 1 =  5 volts    

 
The PIC uses the onboard USART module to facilitate communication to a PC serial 
port, using the RS232 bus standard, based on these levels: 
 

Logic 0 =  +3v to +12v    
  Logic 1 =  - 3v to –12v   
 
Anything between +3 to –3 volts is unspecified in the RS232 standard, so a level 
converter is required. The MAX232 line driver generates a –10 and +10 volt swing 
from a single 5 volt source. I chose to use the serial port over other ports because less 
pins are taken up on the PIC compared to a parallel port. The software behind USB 
and firewire is unfamiliar to me and these ports offer no immediate benefit. 25 pin D-
way connectors are used to terminate the PC to PIC cable.  
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4.5 Prototyping  
 
The aim of prototyping was to establish bi-directional data communication between 
two PIC16F876s, via the wireless link created by two CC1100 transceivers. I broke 
this down into a number of incremental experiments, to make code development 
easier.  
 
Step 1 – Establish serial communications between PIC and PC: 
 
 
 
 
 
 
 
  
Step 2 – Establish control of the CC110 Radio over the SPI bus: 
 
 
 
 
 
 
 
 
 
Step 3 – Establish a loopback of data to the PC using the evaluation board.  
 
 
 
 
 
 
 
  
 
 
 
 
Step 4 – Finally establish a loopback of data with the desired system setup.  
 
 
 
 
 
 
 
 
The final implementation will sever the PC-to-Slave link and see data flowing in both 
directions. 
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4.5.1 Hardware 
 
Whilst component orders were being processed I improvised with components in 
stock as substitutes to speed up the development process. The fastest TTL compatible 
oscillator I could find was 16MHz (the AEL1210CSN). Alteration of the frequency at 
a later stage simply requires a single variable change in software. A connector 
between the CC1100 and PIC was improvised using sections of fine insulated wire. 
The chosen digital components are robust to external noise, static and handling and 
since there were no RF board design considerations I chose to use breadboard for 
prototyping. I constructed a MAX232 line driver circuit on a piece of stripboard.   

 
Breadboard – components plugged into holes 
connect through parallel tracks.   Useful for quick 
prototyping of digital circuits, not high frequency 
work.   
Stripboard – through hole components soldered to 
copper strips, strips can be broken to aid layout. 
Useful if temporary circuit required in the absence 
of PCB making facilities or time. Not ideal for high 
frequency work due to track capacitance.  
 

Figure 11 Prototyping methods used 
 
The CC1100 development board (figure 12) is fitted with an 8051 microcontroller, to 
facilitate control and programming of the radio module. A number of user input 
buttons are provided, as is an LCD, to navigate through programs bootloaded onto the 
8051. The 8051 can be programmed directly or it can be disengaged so that an 
application circuit can directly interface with the CC1100 radio module. The USB 
connection to a PC introduces the user interface software ‘SmartRF Studio’, which I 
downloaded free of charge from the company’s website.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12 CC1100 development board and components. 
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The photograph below shows the breadboard used during the prototyping steps 1 to 4. 
A development board is also connected to the PC via a USB port. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 Prototype communication link. 
 
4.5.2 Software 
 
To pass data around the system it was typically required for a PIC to communicate 
with the CC1100 using spi_read() and spi_write() instructions. It was useful during 
code development to receive visual feedback. In the past I have developed code in 
assembly language and have relied on LED flashes from an output pin, moving the 
instruction BSF PORTA,0 around the code to identify the location of programme flow 
(bit set file port a, bit 0 - turns on LED). This placement introduced me to the CCS c-
compiler, enabling the manipulation of ASCII codes in a single command. More 
importantly for testing - with the use of the printf() function it is possible to write text 
statements across the code to identify programme flow, for example:  
 

printf("waiting for CC1100 loop 3 ..\n\r"); 
 
This outputs to the serial port and can be read using a terminal emulator such as 
‘hyperterminal’ supplied with MS Windows. Using hyperterminal it became very 
easy to write a simple user interface, whereby single ASCII character sent to the PIC 
would direct programme flow through a case structure. Compared to assembly code 
debugging, watching individual register values change alongside a stopwatch and 
directing programme flow with push button inputs, this was a liberating skill to learn!  
Software for the PIC was written in the ANSI C standard as far as possible, using the 
MPLAB Integrated Development Environment (IDE) and compiled using the CCS C-
compiler. It can be found in Appendix F1. MPLAB also linked the code, produced the 
Hex file and provided a hardware link to a PICSTART Plus hardware programmer.  
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4.6 Construction  
 
The communications hardware was not constructed on a PCB for presentation 
because it forms part of a larger electronics design that requires specific PCB layout 
considerations at a later stage. For example: surface mount components will be used 
in the final design. Outside expertise will be required for SMT assembly. The 
assembly method will dictate the family of components used and hence the PCB size 
and layout. This will then dictate the geometry of the PCB track antenna. The above 
breadboard setup was constructed to demonstrate the proof of concept.  
 
4.7 Testing 
 
Testing was integral to the prototyping process and a number of distinct checks were 
made as the system was developed.  
 
Test 1: PIC oscillator 
 
Without a clock pulse a microcontroller cannot work. This is often the simplest thing 
that gets forgotten about and the easiest parameter to check. With a PIC circuit on the 
breadboard, I used a Cathode Ray Oscilloscope (CRO) to look at the input clock pulse 
to the PIC. I chose this over a PC based digital storage oscilloscope because an 
analogue CRO doesn’t experience the sampling errors experienced by digital devices. 
 
For example, this is supposed to be a 20MHz clock pulse as seen by a digital 
oscilloscope, (using a x10 probe):   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14 20MHz Clock pulse taken using a PICO ADC-200/20 

PC based digital oscilloscope. 
 
Even though undersampling makes it impossible to ascertain the wave shape or 
frequency, if a CRO were not available, this could be enough to crudely demonstrate 
the presence of a clock. I used a CRO and confirmed that the PIC was receiving a 
good clock pulse of 20MHz.  



25 

Test 2: Flashing LED 
 
Programming an LED to flash on and off is simple yet it confirms many aspects of a 
microcontroller design. If an LED flashes at the programmed frequency:  
 

• The PIC circuit is working correctly – the oscillator is oscillating, the reset 
circuit is adequate, the chosen output pin and LED are correctly wired.  

• The hardware programmer is correctly installed, communicating with the 
development environment and has correctly programmed the device.  

• The program code structure is successful – the device type, memory address 
locations written to and the output port have been correctly chosen and set.  

• The compiler, linker, builder and language tools are correctly configured and 
calling the correct files, libraries and functions on disk. 

 
I constructed a bank of 8 test LEDs on stripboard that can 
be connected to any output pin of the PIC (figure 15).  
 
These were used to identify program flow and to display 
individual data bytes sent around the system. This was 
useful later to confirm that I had sent data the right way 
up (MSB first).  

         Figure 15 Test LEDs 
Test 3: PC loopback 
 
During serial communications with a PC a ‘loopback’ test is done to confirm the 
correct serial port has been opened and can transmit and receive data. The full RS232 
standard uses a number of handshaking lines when two ‘Data Terminal Equipment’ 
(DTE) talk to each other. These lines can be removed if handshaking is not required.  
 
 
 
 
 
 
 
     DTE              DTE 
Figure 16a Simple Null modem    Figure 16b RS232 Loopback connector 
 
Pins 2 and 3 are connected together to allow data to flow back into the serial port. 
This can be done with a connector (fig. 16b), a wire, or pair of tweezers. Text is 
written in hyperterminal, if the text is echoed back onto the screen a loopback has 
been established, if not; either the port is incorrectly configured or there is a hardware 
failure. I carried out this test every time I used a serial port.  
 
Test 4: Hyperterminal to PIC 
 
An extension of the loopback test is to use a microcontroller to poll (or interrupt) for 
data on the USART serial pin and transmit the same data back over the transmit pin. 
This is step one of the four steps outlined for prototyping.  
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Test 5: Evaluation board test 
 
The final hardware tests, carried out before the code was developed, were to follow 
the setup procedures and tests documented for the CC1100 Radio evaluation module 
and development board. A firmware test program is provided on the 8051 
microcontroller and can be entered into using the input buttons when the board is 
powered up. With both development boards in this configuration, it is possible to 
transmit packets of information between the two boards to assess the Packet Error 
Rate (PER).  
 
SmartRF Studio provides an interface to read and write to the CC1100 registers. A 
facility is included for three tests. An Rx/Tx test transmits and receives a user defined 
byte. A packet Rx/Tx sends and receives a user defined packet and a PER test as 
previously mentioned. The software allows the transmission parameters to be 
modified. These parameters include: Crystal frequency and accuracy, RF power 
output, RF frequency and data rate, channel bandwidth, an option for Manchester 
coding and modulation method (amplitude shift keying, frequency shift keying and 
on/off shift keying). 
 
I carried out each test and found zero percent PER with and without the attachment of 
the whip antennas, with the units at distances of 2 metres and 10 mm from each other. 
 
A typical example of data transmitted and received across an RF radio link is shown 
below. The blue trace shows the transmitted data stream, the red trace is the received 
data. The reduction in magnitude is due to the receivers lower supply rail and output. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17 Typical example of transmitted and receiver data streams [27]. 
 
Four preamble bytes are sent to initialise the receiver. They are of equal mark-space 
ratio to bias the receiver’s data slicer at the mid point between logic 1 and 0. An 
address byte is sent for the specific receiver, followed by data. The remaining bits are 
parity and stop bits required by the RS232 standard. The packet error rate increases if 
the coding and modulation strategies don’t give the receiver time to initialise, or cause 
the data slicer to swing away from the mid point.  
 
SmartRF Studio allows these features to be analysed.  
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4.7.1 A note on On/Off Keyed (OOK) coded data  
 
Manchester coded data is coded as; 0 = 01 and 1 = 10. For example the data byte 
01111011 has two zeros and six ones, the mean dc voltage seen by a data slicer will 
bias the receiver towards the +5 volt level. Coding the data will produce 
0110101010011010, there are now eight zeros and eight ones, the receiver will now 
bias itself at the mean dc level, which provides optimum performance. 
 
Another technique commonly used is pulse width modulation coding (PWM). Data is 
coded as 0 = 001 and 1 = 011. PWM systems allow the transmission of data over a 
radio link but suffer from a number of significant disadvantages when compared to 
Manchester coding. Data is expanded by the ratio 3:1 as compared to 2:1 for 
Manchester code. Receiver data disparity is reduced and in some cases the bias of one 
type of data element to the other can be as large as 2:1. This will occur for instance 
when a string of zeros is sent, when each data bit contains two ‘zero’ states and only 
one ‘one’ state. Both Manchester and PWM coding provide the ability for error 
detection at the reception end, this is since data is coded ‘data bit’, ‘inverse data bit’, 
so providing the receiver is synchronised with the transmitter, individual bit errors can 
be identified.  
 
 
4.8 Evaluation 
 
With the tests complete, I progressed to develop software routines required by both 
PICs to handle the data. At this stage an error occurred rendering the CC1100 radio 
inactive. The cause was unconfirmed, but the most plausible explanation involves the 
split power rails required by the CC1100 and the PIC. Although both devices were 
provided with suitable supply voltages, the logic output from the PIC SPI port 
remained at a higher level than the CC1100 SPI input parameter. This variation may 
have been enough to over-drive the SPI port and cause an internal IC failure.  
 
Prototyping has established a working system up to step 3 before the hardware failure 
occurred. A new device order has been generated and is being held by the purchasing 
department, pending new supplier setup. Given the unknown length of this process, it 
was decided to close the project at this stage and proceed to the power coupling link.  
 
The work required to integrate the communications link into the existing distractor 
hardware:  
 

• Write data handling routines in software, this can be combined with routines 
already written to control the actions of the Master and Slave.  

• Evaluate the data transmission performance and select optimum transmission 
parameters.   

• Evaluate the near and far field emissions and design compliance to EMC 
regulations.  

• On completion of both body worn and implanted prototypes, choose which 
surface mount component families can be practically used, draw the package 
types and footprints for these components in ISIS and ARES and design the 
PCB layout with consideration for the loop antenna geometry.  
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5 PROJECT 2 – DESIGN OF POWER COUPLING LINK  
 
 
 
 
 
 
 
 
 
 
5.1 Overview 
 
The aim of the power coupling project was to design a system to supply power to the 
implant. The power source will be carried by the patient in the body worn device. 
Power will be delivered transcutaneously to the implant, via a pair of magnetically 
coupled coils, to accommodate all in-vivo requirements. Figure 18 shows the system 
components relevant to this project.  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 Overview of power coupling system components  
     showing detail of peritoneal cavity cross section [28] 

 

Chapter Aim:  
 

• To follow the design process.  
 
Key Questions: 
 

• What technology can be applied to the problem?  
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5.2 User Requirements and System Specification 
 
From initial discussion with Val Newey from the MIC department and from the 
Consultant Orthopaedic Surgeon, I ascertained the following requirements:   
 
Load Power Requirement 
The load consists of the stepper motor, motor driver, slave processor and associated 
circuitry. The current demand was determined experimentally operating without a 
load to the mechanical distraction rod (expected during operation):  
 
Quiescent current 20mA  
Running current 150mA, 6V supply 
 
This presents an equivalent resistance of 40Ω (neglecting imaginary impedances), a 
full load power demand of 900mW and a sleeping power demand of 120mW. A 
safety margin will be required to accommodate for variations in load impedance, coil 
coupling and displacement.   
 
Operational protocol 
As discussed in Section 4.2, 1mm of distraction will potentially take place over a 7 
hour period. This could equate to 123 x 4 second bursts of implant activity, going into 
a sleep state between bursts. It was suggested that the full power requirement be 
delivered continuously within that duration. Additional power will be required to 
maintain the quiescent current during sleep mode.    
 
Power storage 
The risk of a battery cell rupture or leakage was deemed too high to warrant supplying 
that additional power from a battery. However, this option is not ruled out and a 
review of implantable power sources is recommended. A storage capacitor could be 
used for sleep and power-up states.  
 
Power transmission media  
The implanted device will be located within the peritoneal cavity. This cavity is 
separated by the outer parietal peritoneum, which is congruent with the abdominal 
wall and the inner visceral peritoneum, congruent with lower abdominal organs. The 
cavity contains an amount of serous fluid to facilitate movement between these 
surfaces. The cavity is spacious, but limiting the physical size of the implanted coil 
will help reduce any problems associated with attachment to the abdominal curvature 
and assist the surgeon on implantation. In-vivo and ex-vivo coils will be separated by 
layers of differing tissue types. The thickness of this propagation path will vary 
according to the fat thickness of different patients. It has been suggested that the 
separation will range from approximately 10mm to 40mm.    
 
Operating Frequency  
The transmission system will operate in the non-ionising region of the 
electromagnetic spectrum. The system: must not induce harmful effects to the 
patient’s health, must not interfere with nearby electronic equipment and must 
function properly when exposed to electromagnetic fields. The system must therefore 
comply with electromagnetic compatibility and implanted medical devices standards. 
I have assumed the device will initially operate under UK and European (EC) law.   
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Coil Design 
The diameter of the internal coil will be in the region of 40-55mm and the external 
coil 60-80mm. The focus of initial investigation will be on existing uncharacterised 
coils developed by the department, which are based on a design by Donaldson [29].  
 
Other Considerations 
Prototype design must consider potential for future miniaturisation, component and 
software availability. The final device must facilitate surgical implantation and 
withstand sterilisation procedures.  
 
In summary, the aim was to safely transmit over 900mW of power across 10 to 40mm 
of tissue. I was provided with two sets of uncharacterised coils; a pair of pancake 
wound coils and a pair of cylindrically wound coils.      
 
5.3 Design Options 
 
I carried out a thorough literature review of the technologies surrounded this type of 
problem. This included some new and novel technologies still in the research stage. 
Current medical applications for transcutaneous power links include those used in 
pacemaker and left ventricular assist device (LVAD) power provision, cochlear 
implant power and data telemetry, implantable Functional Electrical Stimulators 
(FES) for bladder muscle stimulation, neuro-prosthesis and a novel retinal implant.  
 
Commercial and industrial applications using wireless power transmission also exist, 
for example: wireless electric toothbrush chargers, wireless PC mice and tyre pressure 
monitoring systems for the automobile industry [30]. Each application presents 
specific demands on the required technology. I searched for commonality in the 
design methods and grouped the technologies into three areas:  
 
1) Techniques loosely based on the class-E power amplifier (proposed by Zierhofer 
[31,32]) and resonant converters arranged in a totem pole configuration. These have 
minimised switching losses and harmonics, but require an RF-choke. The control 
stage is generally auto-oscillating or it is driven by microprocessor logic. Examples 
include a power link developed by Gerald et al [33] delivering 500mW and data to an 
active cortical neuro-prosthesis. Wang and Liu [34] have developed a retinal 
prosthesis that receives data and 250mW. An implantable FES system has been 
developed by Sauermann [35], which receives data and 600mW of power. A power 
only system developed by Miller et al [36] can deliver 60Watts of power to left 
ventricular assist devices, artificial hearts, pacemakers and defibrillators. Other 
examples include [37,38,39].   
 
2)  Techniques based loosely on full-bridge DC to DC resonant converters. This 
topology has the advantage of a double resonant output voltage, which is insensitive 
to coupling variations. The major disadvantage is the need to drive both sides, which 
introduces high losses and harmonic components. Mitamura et al [40] have delivered 
22Watts of power to a LVAD, using a microprocessor to generate PWM drive signals. 
Miura et al [41] have transmitted approximately 56Watts to cardiac devices and 
Nishimura et al [42] have provided 340mW to a rechargeable cardiac pacemaker. 
Data is not transmitted in these examples.  
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3) Other techniques. The above electromagnetic powering systems operate with 
resonant frequencies in the range of a few kHz to a few MHz. A number of workers 
have used infrared to transmit data to superficially situated implants [43,44,45], whilst 
others have combined an RF system for power transmission with an infrared system 
for data transmission [46,47]. Another area of interest is power harvesting. 
Scavenging power from natural body processes and movements is an emerging field 
primarily focused on the use of piezoelectric composite materials [48]. However, this 
is a relatively young discipline yielding power levels in the region of microwatts. 
From this review I found that the major design compromises, leading to different 
technologies, include: 
  

• Power requirement – efficiency, limitations of supply (mobility), heating 
effects, voltage and current levels and quality of delivered power.  

• Configuration - power alone, data alone, or combined power and data. 
• Size of application – from retinal implant to industrial power transmission.   

 
Typical design factors could include: overall power transfer efficiency, transformer 
voltage ratio, phase angle between input and output voltages, tolerance to coil 
displacement variations and the size and bulk of the coils. Driver considerations 
include: the switching harmonic content, the frequency of operation which is limited 
by FET switching times and the method of producing the driving signal.   
 
5.4 Prototype 1  
 
Given the range of possibilities and the intricacies of power converter design I was 
advised to follow a methodology set out in a paper by Donaldson [29]. He presents an 
example of a power coupling link with design requirements very similar to those of 
the bone distractor.  
 
The analysis is based on a voltage source, which best approximates a battery, and a 
series tuned transmitter coil, as shown below (Figure 19). This combination has 
shown to yield an optimum coupling coefficient.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 Series tuned transmitter coil with voltage source and shunt tuned receiver coil with rectifier 

and resistive load. 
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V1 Voltage source   L2 Primary self inductance 
RO  Driver output resistance  RP  Primary coil resistance 
RS  Secondary coil Resistance   C2 Capacitance for resonance 
C1  Tuning capacitance   D Rectifier Diode 
L1  Secondary self inductance   CL Load smoothing capacitor 
M  Mutual inductance   RL Load Resistance 



32 

For clarity the mutual and self inductances can be separated, the rectifier is 
approximated as a resistance and lumped in with the load and coil resistances. The 
output resistance and transmitting coil resistance are also lumped together. This 
provides a circuit model which Donaldson used to derive the transfer function and 
hence find the coil parameters that give optimum coupling coefficient. The simplified 
circuit model is shown below (figure 20).  
 
 
 
 
 
 
 

  where  R1 = RO+RS and  R2 = 
LP

LP

RR

RR

5.0
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Figure 20 Simplified analysis of power coupling circuit. 
 
5.4.1 Effect of Tissue 
 
To quantify the effect tissue has on the performance of the power coupling, two 
approaches can be taken. The first is to derive a relationship between the mutual 
inductance of coupled coils and the transmission media, then model a tissue volume in 
terms of permeability to represent that media. Since the tissue cross section has 
differing thickness layers of different permeabilities this method is seldom used. The 
second method is simpler and looks at the efficiency of the overall coupling. 
 
Not all the flux generated inside one coil will link all the turns of the other coil. This 
is accounted for by k the coupling coefficient. This is a measure of coupling or the 
amount of flux being cut between the coils and hence can be used to assess the 
voltage transfer efficiency of the transformer using the relationship between mutual 

inductance (M) and the coil inductances (L1,L2), 21LLkM = .  

 
Maximum secondary voltage occurs at some value k = kcrit (critical coupling). At kcrit 
the receiver is least sensitive to changes in k. For air-core inductors k is typically very 
small, so the design aims to modify the system parameters to achieve a low kcrit, to 
match the k of the coils.  From figure 20 Donaldson derived the following equations, 
which relate the system parameters to the critical coupling and the critical gain:  
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 (eqn2) for a derivation see appendix E. 

 
Since the system parameters are interdependent, compromises must be struck to 
achieve a low kcrit, a high efficiency and a good displacement tolerance:   
 
• For the transmitter coil diameter: higher working k against displacement tolerance.  
• For the driver stage output resistance RO: lower kcrit against losses in the previous 

stage.  
• For the receiver coil loss resistance RP: lower kcrit against losses in the receiver.  

 R1 C1 L1 

 

L2 

 

M  C2 R2 V1ω 
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Donaldson used these principles to experimentally find the combined optimum values 
for the number of turns, method of winding and wire thickness for the two coils. This 
provided a range of empirical data to help establish boundaries in the design windows. 
The design is then a progression through calculation and experimental practice to 
arrive at values for C1, R1, C2 and R2. In addition, the receiver coil diameter is limited 
by anatomical constraints. Tuning the transmitter coil to the resonant frequency of the 
receiving coil provides a small driving current, compared to the load. 
 
5.4.2 Circuit Explanation 
 
The driving circuit suggested by Donaldson, shown below (figure 21), can be divided 
into a number of sections, from left to right:  
 
The 28-turn inductor and parallel capacitors (18pF and 68pF) are set to oscillate at a 
set frequency. A 2.3 turn inductor is mutually coupled to the oscillator providing an 
input to the feedback transistor (BC337). The 30kΩ resistor and 470pF capacitor act 
as a low pass filter regulating the frequency of the main oscillator.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21 Coil driving circuit proposed by Donaldson [29] 
 
The 11 turn coil presents a square wave to switch an n-type MOSFET in anti-phase 
with a p-type MOSFET, connected in common drain configuration. The output from 
the FETs make up a half-bridge which drive an LC resonant tank. The diode and 
330Ω resistor limit the overlap current between the two switched FETs. Since, in an 
LC circuit, current is highest at resonant frequency, the tank will operate at the 
resonant frequency of the coil pair. The resonant frequency of the implanted coil is 
set. C1 is represented by the 150pF capacitor, the 18pF capacitor provides variability 
to tune the transmitting coil.  
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5.5 Construction  
 
5.5.1 CAD work 
 
I used an electronics development package called Proteus to produce schematics for 
PCB production. Proteus comprises two parts: ISIS and ARES. ISIS (figure 22a) is a 
circuit design and simulation tool based on SPICE modelling. It is possible to work 
with analogue, digital and mixed signal designs using Proteus. I decided not to 
simulate the circuit given the inherent errors of using a digital system to simulate 
analogue components such as inductors and transformers.  
 
 
 
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ARES, (figure 22b) is a PCB design tool that allows the development of printed 
circuit boards, with 2 outer and up to 14 inner layers. The screenshot shows two 
layers under development: red and blue copper layers used for double sided boards. 
Connections can be made through the board using via pins, but use of these is poor 
design practice for production, even the densest surface mount devices can be 
accommodated with carefully track planning. Autoplacer and autorouter functions are 
provided but the placement algorithms produce poor quality results.  
 
The completed ISIS circuit schematic is transferred to ARES, along with a netlist text 
file which details all the component names and pin connections. ARES uses that 
information to generate a ratsnest for wiring. It is important to appreciate the end 
result and the electrical implications of the circuit layout whilst wiring in ARES. For 
example, it is very easy to forget the size of mechanical connector housings or to 
place components in such a way as to prevent access with a soldering iron.  

Figure 22b 
A screenshot 
from ARES 

Figure 22a Screenshot 
from ISIS 
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Since the coil driver circuit operates in the region of 4MHz, the following RF design 
considerations were made for the PCB layout:  
 
• A large ground plane, clearly separated on the board from the power plane. Proteus 

has a ground plane generator that fills in all blank space between the tracks at a 
defined separation, this is popular for digital work but not so for RF designs.  

• Good decoupling of power and ground rails and point of power entry to the board.  
• Separation of areas predominant with digital and analogue components.  
• Obtuse angles on adjoining signal tracks.  
 
Breadboard and stripboard are unsuitable for RF circuit design, since it is not possible 
to take these factors into account. The capacitance between tracks also has a 
significant impact of circuit operation, adding parasitic reactances to the circuit.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5.2 PCB Production 
 
The process of manufacturing a printed circuit board is akin to that of 
photolithography.  
 

1. The ARES layout is printed, using a high quality black ink-jet printer, onto an 
acetate sheet to create a mask (figure 23). It is wise to turn on the etch tank at 
this stage to allow the etchant to reach temperature.   

 
2. A blank board is prepared: by cutting it slightly oversize using a metal 

guillotine, the film protecting the undeveloped surface is removed and the 
mask is quickly placed onto the surface. Care must be taken to ensure that the 
mask is the right way around and that the undeveloped surface is exposed to as 
little UV from sunlight as possible.  

 

Safety Note  
 
Before producing the PCB, a number of health and safety issues should be 
observed:  
 
• Ensure the board is produced away from areas were eating and drinking take 

place.  
• Work in an uncluttered environment. 
• Be aware of the location of an eye bath, telephone and name of the nearest first 

aider.  
• Wear appropriate PPE (personal protection equipment), in this case: gloves, 

apron and eye glasses for the handling of chemicals.  
• Have access to a running supply of water.  
• Read and act on the appropriate Hazcard for the chemicals used.  
• Be aware of the relevance of the Control of Substances Hazardous to Health 

Regulations 2002, (COSHH) to the procedure.   
• All the chemicals highlighted under COSHH, within the department are held in 

a locked metal chemical grade storage cabinet.  
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Figure 23 PCB mask for coil driver 
 

3. The mask and blank are placed in a UV exposure cabinet and exposed for 90 
seconds. This exposes the unmasked photoresist changing the chemical 
structure in a way that makes it soluble to the developer.  

 
4. The developed board is then bathed in a sodium hydroxide solution (CPD5 1:5 

with water), to remove the unmasked photoresist. A visual check is made 
whilst the underlaying copper appears. Care must be taken to ensure that 
masked copper isn’t exposed through over-developing.  

 
5. Rinse in running water to remove developer.  

 
6. Using a basket, place the board into the etch tank for approximately 15 

minutes. This removes the exposed copper. Turn the board in the basket to 
ensure an even etch, because the concentration of etchant and heat may vary in 
the tank. Jiggle occasionally and make a visual inspection to ensure the 
masked copper isn’t removed. The etchant used in St Georges is ferric 
chloride (FeCl3), care must be taken not to over heat ferric chloride, since that 
will lead to the production of the corrosive hydrochloric acid.  

 
7. Rinse in running water to remove etchant and gently dry with tissue. 

 
8. Expose and develop again for 90 seconds to remove previously masked 

photoresist. 
 

9. Rub gently with a fine abrasive block.  
 

10. Rinse 
 

11. The board is then placed in an inversion tin (or silver) plating bath, to cover 
the copper tracks before they oxidise in the atmosphere.  

 
Carry out a visual inspection of the board, comparing the product with the CAD 
schematic to ensure that the quality meets the requirements of the design. If so, the 
board is now ready for drilling.  
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5.5.3 Drilling and populating the board.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where not obvious, I chose drill bit sizes from the mechanical specifications of 
component datasheets. All of the holes were less than 1mm, so I chose a suitably fast 
speed setting for the pillar drill and drilled the holes against a wooden block.  
 
5.5.4 Coil Winding  
 
The four inductors were custom made for the circuit. Donaldson specified that they all 
be wound on a 10mm diameter ferrite toroid. The inductor polarity is indicated on the 
diagram (figure 21) by a plus sign. To avoid confusion with the polarities and assist in 
planning the winding, I found it useful to draw the toroid as a long straight conductor, 
showing the directions of windings and number of turns. Then mentally wrap the 
diagram into a circle. A number of attempts were made since the wire thickness was 
not specified and these problems occurred:  
 
The wire ends required delicate brushing with 
emery paper causing them to break. Fitting the 
coils into the small space required tight 
windings. I experimented with various tapes and 
bands to hold the wires in place while winding 
but to no avail.  
The greatest challenge was to ensure the eight 
wire ends arrive on the board as close to their 
destination as possible, this was particularly 
difficult for the 2.3 turn coil!  

                 Figure 24 Coil winding attempts 

Safety Note  
 
Before working with mechanical hand tools, a number of health and safety issues 
should be observed:  
• Ensure the work is carried out away from areas were eating and drinking take 

place.  
• Be aware of the location of an eye bath, telephone and name of the nearest first 

aider.  
• Wear appropriate PPE (personal protection equipment), in this case eye 

protection for drilling is essential.  
• To prevent dermatitis, it is advisable to wash hands and use a moisturiser if 

working with oil based lubricants.  
• Use a fume extraction system or work in a well ventilated room if working with 

a high lead content solder. 
• Tie long hair back and fasten necktie when operating a pillar drill, to avoid 

superfluous appendage entanglement  
• Be aware of the location and operation of the emergency stop button for the 

pillar drill.  
• Use a chuck key to secure bit, do not rely on hand tightening.  
• Check quality of drill bit. 
• Where possible, secure the job with a machine vice.  
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5.5.5 Populating the PCB 
 
On PCBs with a range of component types and mechanical accessories, it is good 
practice to solder the components onto the board in a particular order.  
 

• Components should be placed loosely onto the board before soldering, to 
ensure there are no foreseeable problems.   

• Surface mount components should be attached first. The process requires a 
clean flat board and could melt the solder of other components.  

• Chip sockets and low laying components such as resistors can be placed next, 
simply because it is easier to place the board flat on the worktop whilst 
soldering.  

• Raised components such as capacitors, LEDs and inductors should be soldered 
last.  

 
The design and test of a circuit may dictate that areas of the board are populated 
before others, to facilitate expedient testing. In the case of the coil driver circuit 
(figure 25), I attached the custom wound coil first, to allow access with pairs of 
tweezers and forceps.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25 Completed coil driver circuit and receiving coil 
 
The in-vivo and ex-vivo coils were produced in the department to specifications from 
Donaldsons paper. Resistances and inductances are measured values.   
 

Table 3 Coil Parameters 
 In-vivo coil Ex-vivo coil 
Diameter 45mm 60mm 
No of turns 8 3 
Wire diameter 0.25mm 0.375mm 
Resistance 0.640Ω 0.132Ω 
Inductance @1kHz 4.7uH 0.6uH 
Inductance @120Hz no reading possible 1uH 
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5.6 Testing  
 
After populating the board, I carried out the following generic PCB test process:  
 

� Visual inspection to ensure correct orientation of components, component 
values and quality of soldering.  

 
� Check track continuity at various locations, to ensure no short circuits. 

Measure impedance between power and ground rails to ensure no short 
circuits.  

 
� Set current limiter and apply power to board at voltage lower than operating 

voltage. 
 

� Visual – heat from components? If so, remove power and inspect board. 
 

� Increase power to operating levels 
 

� Measure power to component supply pins and ground 
 

� Proceed with circuit tuning.  
 
5.6.1 Tuning the coils 
 
To tune the two coils according to the requirements of the circuit design method, the 
following steps were taken:  
 

• Find  R1 = R0 + RS 
 
   Measure R0 (output impedance of driver)  
   Measure RS (secondary coil resistance)  
 
• Find  R2 = RP + RL  
 
   Measure RP (primary coil resistance)  
   Approximate value for RL (load resistance = 40Ω) 
 
• Tune the receiver coil to 4MHz resonant frequency  
 
• With known values for R1, R2, C2 and kcrit calculate C1 from equation 1 (page 31) 
 
• Solder C1 to transmitter board.  
 
• Adjust master oscillator to 4MHz using onboard trimmer capacitor 

 
I measured inductance using an LC meter, but as can be seen from the previous table, 
values for inductance vary with frequency. The meter provides values at test 
frequencies of 1kHz and 120Hz. The circuit will operate at the resonant frequency of 
4MHz. Without an accurate value for coil inductances at 4MHz it is not possible to 
calculate a capacitor value to achieve resonance.   
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vo vi 

5.6.2 Measuring Inductance 
 
An alternative method to measure an unknown inductance (L1), is effectively to carry 
out a frequency response test of a low pass filter containing the unknown inductor.  
 
 
 
 
 
 
 
R2 represents the coils internal resistance, R1 is known and vi, vo are input and output 
sine waves respectively. From simple circuit analysis:  
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Setting vo = vi ensures that G = 1, the other parameters can be obtained from the 
circuit. The test results showing the output waveform to the MOSFETs is included in 
Appendix G.  
 
5.7 Evaluation 
 
The major problem associated with the circuit was in getting the self-oscillating 
circuit to produce a stable frequency and hence adjust that to tune the circuit to 
resonance. Each MOSFET requires a 4MHz square wave in anti-phase with the other. 
The outputs from the self-oscillating circuit were not suitable, being highly unstable 
(one can be seen in Appendix G1) and exhibiting highly non-linear behaviour. Such 
that any slight movement of the custom made inductor would cause the oscillation to 
jump to different states. When a stable oscillation was maintained for a length of time, 
the on-time of the resultant square wave presented to one MOSFET was up to three 
times longer than the complimentary signal (i.e. an uneven mark space ratio).  
 
The signals also overlapped which exaggerated the harmonics generated by the 
MOSFET switching. From variations in the drain-source current before and after 
attachment of an oscilloscope probe at the signal output, I inferred that the probe 
loaded circuit (even with additional capacitances added) causing the circuit dynamics 
to change. To resolve this I set the gain of the oscilloscope to its highest setting and 
placed the probe near the circuit to act as a near field probe – the waveform was 
observable but voltage readings were unreliable. From this I discovered the generated 
signal varied in the region of 500-755kHz.  
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In an attempt to stabilise the circuit and reduce spurious RF emissions, I shortened all 
the component legs as far as possible. Removed connectors that may have added 
additional capacitance to the circuit, carefully positioned the wires of the custom 
made inductor and introduced a variable resistor to adjust the RC frequency regulation 
section. This was successful in producing a stable oscillation, albeit a lower frequency 

than desired. Since resonant frequency occurs at 
LC

f n π2

1= , reducing the 

capacitance and inductance would increase the frequency. Reducing the capacitance 
steadily from 68pF caused the output frequency to increase to approximately 1MHz. 
Further reduction in capacitance (removing the capacitors from the board) resulted in 
no further frequency increase. I attempted to reduce the inductance by unwinding 
some of the coils, but again this only produced a small change. Without a stable, clear 
and adjustable signal driving the MOSFETs it was impossible to set the circuit 
working at resonance. Out of curiosity I tried transmitting power across the coils but 
only mWatts were seen. After two versions of the coil driving board were constructed 
and four coils were wound, I redesigned the coil driving circuit.  
  
5.8 Prototype 2  
 
The aim was to keep the existing LC tank section and replace the remainder of the 
circuit with a digital alternative. It should provide a stable frequency output that could 
be controlled to aid tuning the coils. A digital system was chosen (figure 25) for the 
stability and high level functionality that can be provided in monolithic packages. 
 
5.8.1 Component choice 
 
An LTC6904 programmable oscillator outputs TTL level oscillations on receipt of 
three command bytes. Output frequency can be controlled from 1kHz to 68MHz with 
a 1% output resolution.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25 Coil driving circuit - prototype 2 
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5.8.2 Driving signals 
 
A 16MHz pulse train outputs from the LTC6904 into a 4-bit ripple counter, the 8MHz 
and 4MHz outputs are used through some 74HC series logic gates to generate the 
waveforms below.  
 
            
            
 
 

           

            
 
 

           

FET1    FET1    FET1    
 
 

           

  FET2    FET2    FET2  
 
 
The last two waveforms above are the MOSFET switching signals. A deadband is 
provided between conduction times to prevent current overlap. The frequency of 
operation is 4MHz, frequency adjustment is provided by the LTC6904. This is a fairly 
crude method since the duty cycle is halved.  
 
A more efficient alternative, with a higher duty cycle is shown below. It was not 
possible to construct this circuit because the supplier of the series 1503 mechanically 
variable delay line, Data Delay Devices Inc. is not an NHS approved supplier. To 
establish an account would take longer than the remainder of the placement. The 
approved supplier, RS, were out of stock of similar devices. Addition of a variable 
delay would allow control over the deadband period.  
 
 
 
 
 
 
 
 
 
 
 
 
This can be realised with the following gates:  
 
 
 
 
 
 
 

 
8MHz output  
 
 
4MHz output  
 
 
8 AND 4 
 
 
8 AND 4 
 

      

A out 2 to FET 

out 1 to FET 
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Since the MOSFETs receive alternating drive signals, I chose to use two n-channel 
enhancement mode MOSFETs. The BS170s used in the previous prototype have the 
following useful parameters:  
 

Parameter BS170 
Drain-Source voltage 60V 
Drain-gate voltage 60V 
Gate-Source voltage 20V 
Drain current – pulsed 1200mA 
Gate input capacitance  17pF 
Turn-on time  10ns 
Turn-off time  10ns 

  
A fast switching time, low gate capacitance, high drain-gate voltage and current 
sourcing capacity made this a suitable device. Because the drain-gate voltage is rated 
at 60 volts, a driver was required to make the most of the input swing.  
 
Many dedicated MOSFET drivers are available for switch mode power supply 
applications that operate in the kHz range. Some have built in voltage controlled 
oscillators and feedback circuitry that would have been ideal for this application, if 
the frequency were lower. I had difficulty finding a device that could switch a large 
drain-gate voltage in such a short time. After contacting Philips, Texas Instruments 
and Fairchild, I made a compromise and used Microchip’s TC4428, a 1.5A dual high-
speed power MOSFET driver.  
 

Parameter TC4428 
Peak output current  1500mA 
Operating Range 4.5V – 18V 
Drive capacity  1000pF in 25nsec  
Delay time <40ns 
Output impedance  7Ω 
TTL level inputs 

 
The three command bytes required by the LTC6904 are sent from a PIC16F876 
microcontroller via the I2C (inter-integrated circuit) bus. 
 
The I2C (or IIC) bus is a serial bus protocol with the following characteristics:  
 

• Only two bus lines are required; a serial data line (SDA) and a serial clock line 
(SCL) 

• Each device connected to the bus is software addressable by a unique address 
and simple master/ slave relationships exist at all times; masters can operate as 
master-transmitters or as master-receivers 

• It is a true multi-master bus including collision detection and arbitration to 
prevent data corruption if two or more masters simultaneously initiate data 
transfer 

• Serial, 8-bit oriented, bidirectional data transfers can be made at up to 100 
kbit/s in the standard mode or up to 400 kbit/s in the fast mode 

• On-chip filtering rejects spikes on the bus data line to preserve data integrity 
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• The number of ICs that can be connected to the same bus is limited only by a 
maximum bus capacitance of 400 pF. 

 
As with the SPI, the PIC supports a hardware implementation of IIC using the MSSP 
(Master Synchronous Serial Port). The IIC bus specification states the use of pull up 
resistors on bus lines and the addition of serial resistors to protect against high-voltage 
spike, as shown below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26 Bus line series and pull up resistors 
 
High level software support is provided by the CCS c-compiler, with these 
statements: i2c_stop(), i2c_read(), i2c_write() and i2c_poll.  
 
The three command bytes required by the programmable oscillator are:  
 

0 0 1 0 1 1 ADR WR 
        
OCT3 OCT2 OCT1 OCT0 DAC9 DAC8 DAC7 DAC6 
        
DAC5 DAC4 DAC3 DAC2 DAC1 DAC0 CNF1 CNF0 

 
 

• Bits 0-6 are the device address, bit 7 is changeable.  
• WR = 1 sets write mode.    
• OCT0-3 is a value between 0-15 determined by the equation:  

 

• 






=
1039

log322.3
f

OCT   where f is the desired output frequency.  

 

• DAC is determined by the equation: 
f

DAC
OCT )10(22078

2048
+•−=  

• CNF0-1 refer to a truth table, to configure two hardware outputs (output 
and/or output).  
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5.8.3 Software for user control of frequency 
 
To enable a user to easily change the drive signal frequency, I wrote a graphical user 
interface with the Labview programming language (see Appendix F3). Push buttons 
allow a user to alter the frequency. Values for OCT and DAC are calculated and 
packaged into three bytes along with the address and other bits. A serial port is 
opened and the bytes are sent to the PIC, a MAX232 line driver is used.  
 
The PIC interrupts when the bytes arrive and relays the data to the CC1100 using the 
i2c_write() function: 
 
    void change_frequency(void) 
   {  
    i2c_start(); 
    i2c_write(data_a);   // Device address 
    i2c_write(data_b);   // Data to device  
    i2c_write(data_c);   // Data to device  
    i2c_stop(); 
   } 
 
For PIC code see Appendix F2. The hardware was assembled on breadboard; there 
were no problems associated with RF noise.  
  
 
5.9 Testing        
 
I carried out the same generic tests described in section 4.7, to ensure the hardware 
was working correctly. Some adjustments were made to the PIC and Labview 
programs to get the PC and PIC talking to either. The resulting waveforms presented 
to both MOSFETs can be seen in Appendix G2.  
   
5.9.1 Additional notes on test equipment - errors and limitations 
 
On first observation, I watched the TTL pulse train rise up and down as it was being 
modulated onto a 50Hz carrier. It was clearly an earthing issue. The power supply 
providing power and ground rails to the application board had a floating earth, i.e. the 
ground rail was not connected to the incoming mains earth. I made the connection 
externally to the power supply and the pulse train settled.  
 
The following devices were used during the placement: 
 

• Cathode ray oscilloscope (Philips PM3350) 
• PC based digital storage oscilloscope 

  (my own Picoscope ADC200/20).  
 
The CRO has a higher bandwidth and resolution (50MHz, 100MS/s) than the digital 
‘scopes 10MHz, this was not an issue for the project. The ADC200/20 however has a 
20MS/s sampling rate, at 4MHz this equates to 5 samples per 250ns, although within 
the rate suggested by Shannon, this gives poor clarity to the waveform. The advantage 
given by the digital scope is its compatibility with windows applications - data can be 
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captured, clearly analysed and reported on very easily. Another advantage is the 
software based spectrum analyser, which overcame problems of aliasing FET 
switching harmonics, whilst sweeping through the frequency range.  
 
The CRO suffered no aliasing or under sampling problems but 
the crude triggering facility made it difficult to grab serial 
data, for example. I could also put the small, light picoscope 
in my bag and work at home. When used with a PC without 
an earth connection, a laptop for example, the picoscope 
manufacturers recommend using class II (double insulated) 
probes. Both oscilloscopes had dual inputs, the same 
selectable x1 - x10 probes were used.  
 

• Function Generator (Philips PM5138) 
 
Standard function generator with a 50Ω output impedance. I used it to create a sine 
wave for the inductance measurement tests, making sure to check the output wave 
shapes and frequencies with a CRO and that impedance was matched to the 
application.  
 

• Multimeter (my own Tektronix DMM914) 
 
Used to measure all a.c. and DC voltages and currents, resistances and continuity. 
When measuring voltage - high meter impedance is desirable to prevent current 
draining from measured device. When measuring current - low meter impedance is 
desirable to prevent current reduction in measured device.  
 

• LCR meter (Tenma 72-960)  
 
Measures inductance, capacitance, resistance and Q factor with 
selectable test frequencies of 1KHz or 120Hz. Having two discrete 
test frequencies is a major limitation of the meter. A large variation in 
results was found from these frequencies, demonstrating the 
frequency sensitive nature of inductance measurement.  
 

• Grid Dip Meter 
An order was placed for a MFJ-201 grid dip meter. 
The meter magnetically couples to the application 
circuit using one of a range of calibrated coils, the 
needle dips at the resonant frequency (because 
impedance is lowest). Since it is a contactless device, 
the aim is to use it to set the resonant frequency of the 
implant and tune the transmitter accordingly. 
Unfortunately, the supplier is not approved by the 
NHS. The NHS process of opening an account with 
the supplier is still ongoing, a number of weeks toward 
the end of the placement.  
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5.10 Evaluation  
 
The circuit was very successful in presenting the desired pulse-train and its anti-phase 
to the MOSFETs. The waveforms can be seen in Appendix G2. Comparison with the 
result from the first prototype shows a clear improvement in the wave shape and 
frequency. Frequency can be controlled by the user from a PC. A simple modification 
can be made to enable user control of the deadband period. Both parameters will 
impact on the efficiency of the coupled link; this design makes it possible to study 
these factors. The circuit is un-tuned and as such it does not operate at resonant 
frequency. Up to 2 volts peak to peak was transferred to the receiver in this state.  
 
The work required to integrate the power coupling link with the existing distractor 
hardware:  
 

• On arrival of the grid dip meter, tune the implant coil to 4MHz.  
• Tune the external coil to the same frequency away from the coil driver circuit 

and then complete the circuit.  
• Study the frequency response of the system to ascertain the optimum driving 

frequency.   
• Introduce the alternative logic circuit and study the frequency response of the 

system to variations in deadband time.  
• An additional power saving can be made by finding a rectifying diode in the 

implant with a very low forward bias voltage drop.  
• Study influence of coil winding parameters.  
• Integrate Labview and PIC software code with that developed for the existing 

systems.   
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6 PATIENT SAFETY  
 
 
 
 
 
 
 
 
 
 
 
 
Patient safety was central to the project and feature predominantly when considering 
the design options (Chapter 5). However I felt these themes warranted this separate 
chapter.  
 
6.1 Risk Management  
 
6.1.1 General 
 
Risk can be defined as “the combination of the probability of an event and its 
consequences” [49]. The consequences can be both positive and negative, but in terms 
of health and safety management these are negative consequences and as such the 
management of safety risk is focused on the prevetion and mitigation of harm. I have 
chosen the model shown below (Figure 22) to guide the reader through the general 
implementation methodology of risk management. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22 A general implementation methodology for risk management [50]. 

Chapter Aim:  
 

• To ensure patient safety.  
• To understand the patient–implant interactions.   

 
Key Questions: 
 

• What are the project risks?  
• How can those risks be managed?  
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6.1.2 NHS strategic objectives  
 
I met with the Trust’s Director for Corporate Risk and Safety (Mr Philip Nye) to gain 
a broad understanding of how risk is managed in the NHS. He gave a broader 
definition of the term risk: “anything that impacts on the objectives of the 
organisation”. As such, I discovered that implementation of a risk management 
strategy using a top down approach across a National Health Service is a highly 
involved process, bringing together the work and responsibilities of a number and 
range of separate bodies, such as:  
 
• Department of Health (DoH) – central government office.  
• National Health Service Litigation Authority (NHSLA) - a Special Health 

Authority responsible for handling negligence claims, they operate an active risk 
management programme to help raise standards of care.  

• Willis Ltd – responsible for much of the day-to-day administration of the NHSLA 
risk management programme. 

• The Healthcare Commission (HC) - responsible for the co-ordination of 
inspections in the NHS. 

• The National Patient Safety Agency (NPSA) - responsible for monitoring all 
adverse incidents in the NHS, regardless of whether they are linked with a 
negligence claim. 

• The Health Care Standards Unit - provide advice and support on implementing the 
Department of Health’s controls assurance requirements.  

• The Modernisation Agency (MA) - provide support to NHS organisations that wish 
to change the way they provide services.  

• The Health and Safety Executive (HSe) - responsible for the regulation of almost 
all risks to health and safety arising from work activity in Britain. 

• The Royal Society for the Prevention of Accidents (RoSPA) - a registered charity 
which provides information, advice, resources and training to promote safety. 

• The Medicines and Healthcare Products Regulatory Agency (MHRA) - promote 
public health and patient safety by ensuring that medicines, healthcare products 
and medical equipment meet appropriate standards of safety, quality, performance 
and effectiveness and are used safely.  

• The National Institute for Clinical Excellence (NICE) - make recommendations on 
treatments and care using the best available evidence. 

• MPS Risk Consulting, part of the Medical Protection Society - provide specialist 
risk management consultancy and advice to primary and secondary care 
organisations. 

• The Counter Fraud and Security Management Service (CFSMS) - responsible for 
all policy and operational matters relating to the prevention, detection and 
investigation of fraud and corruption and the management of security in the NHS. 

• The Healthcare Concordat website has been developed to support the 
implementation of the Concordat between bodies inspecting, regulating and 
auditing healthcare.  

 
The HCSU work within a corporate governance framework to support and develop 
the use of standards in the DoH and NHS [51], the Unit also maintains and evaluates 
the DoH’s “Standards for Better Health” [52]. This document sets out a risk 
management framework in seven ‘domains’: 1) Safety, 2) Clinical and Cost 
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Effectiveness, 3) Governance, 4) Patient Focus, 5) Accessible and Responsive Care, 
6) Care Environment and Amenities and 7) Public Health. Of particular relevance is 
the Domain 1, Core Standard 4b:  
 
“Health care organisations keep patients, staff and visitors safe by having systems to 
ensure that: b) all risks associated with the acquisition and use of medical devices are 
minimised.” [52]  
 
6.1.3 Risk assessment within St Georges Healthcare NHS Trust  
 
Based on the “Standards for Better health” [52] and the principles within the 
Australian and New Zealand risk management standard [53], the Trust has produced a 
risk management strategy that incorporates a “Risk Assessment and Evaluation, 
Policy and Procedures” Annex [54]. The first step in mitigating risk is to identify and 
classify risks using a qualitative grading system; this process of risk assessment and 
evaluation requires an examination of work carried by individuals and those they 
supervise. All accidents, incidents and near misses should be assessed, as should all 
complaints, claims, new projects, research and trials. An example risk assessment 
form is provided in Appendix H. St George’s Hospital New and Novel Procedures 
Committee also meet to assess proof of concept projects such as this, in terms of 
efficacy and value to the Trust.  
 
Wandsworth PCT classifies risks as either Acceptable or Unacceptable. An acceptable 
risk is “one which has been accepted after proper evaluation and is one where 
appropriate controls have been implemented. The risk must not only be identified, but 
also quantified to the maximum practicable, analysed and communicated to the 
appropriate level of management” [54]. To be deemed an acceptable risk it must be:   
 

1. Identified and entered on the risk register. 
2. Quantified to the maximum practicable (consequences and likelihood) 
3. Analysed 
4. Communicated to the appropriate level of management, and then 
5. Appropriately controlled and kept under review. 

 
Action should be taken to reduce any unacceptable risks to an acceptable level. All 
acceptable risks are measured according to their likelihood (or frequency) and 
severity (or consequences) and entered into a risk matrix (Table 1 below). The 
acceptance of a risk should therefore represent an informed decision to accept the 
consequences and likelihood of that risk. Table 2 overleaf shows the descriptors used 
to quantify risk likelihood and Table 3 shows the risk severity descriptors. 
 

Table 1 Risk Matrix 
Severity (consequences)  

Likelihood 
(frequency) 

1 
(Insignificant) 

2 
(Minor) 

3 
(Moderate) 

4 
(Major) 

5 
(Catastrophic) 

5 Certain 5     Y 10   Y 15    R 20    R 25      R 
4 Likely 4     G  8    Y 12    Y 16    R 20      R 
3 Possible 3     G  6    Y  9     Y 12    Y 15      R 
2 Unlikely 2     G  4    G  6     Y  8    Y 10      Y 
1 rare 1     G    2    G  3     G  4    G   5      Y 
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Table 2 Likelihood (frequency or probability) or risk occurring or repeating. 
SCORE DESCRIPTION 

1 RARE Do not believe will happen, one off. Exceptional circumstances 
2 UNLIKELY Not expected but possible. Could occur at some time 
3 POSSIBLE May/should occur at some time 
4 LIKELY Will probably occur. 
5 ALMOST 

CERTAIN 
Likely to occur on many occasions. A persistent issue 

 
 

Table 3 Risk severity levels identified by the National Patient Safety Agency. 

Description Impact 
on individual 

Impact on 
organisation 

Person 
affected at 

any one time 

Financial 
Impact 

Complaint 
Litigation 

1 
Insignificant 

No injury 
 

No risk to the PCT 
No impact on 

service 
No impact on 
environment 

None 

Theft/loss up 
to £1k 

Complaint 
unlikely 

Litigation risk 
remote 

2 
Minor 

First Aid 
Minor Injury or 
Minor illness up 

to 1 month 

Minimal risk to 
PCT 

Slight impact on 
service 

Slight impact on 
environment 

Very few 
1-2 

Theft/loss 
between £1k - 

£5K 
Complaint 
possible 

Litigation 
<£50K 

3 
Moderate 

Temporary 
incapacity.  Short 
term monitoring.  

Additional 
Medical 
treatment 

required up to 1 
year 

Some service 
disruption. 

Potential for 
adverse publicity 
Moderate impact 
on environment 

Small 
numbers 
3 - 15 

Theft/loss £5k 
- £25k 

Complaint 
expected 
Litigation 

possible >£50k 
- £500k 

4 
Major 

Major Injury 
(reportable) 

major clinical 
intervention 
Permanent 
incapacity 

Service restriction 
Adverse publicity 
Loss of reputation 
Major impact on 

environment 

 
 

16 – 50 

Theft/loss  
£25k – £200k 

Litigation 
>£500 - £1m 

expected 

5 
Catastrophic 

Death 
National Media 
Interest.  Severe 

loss of confidence 
50+ 

Theft/loss over 
£200k 

Litigation 
>£1m 
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6.1.4 Risk reporting  
 
The risk matrix identifies and prioritises acceptable risks as either ‘high’, ‘medium’ or 
‘low’. Green risks, regarded as low, are investigated by local managers. Yellow risks, 
regarded as medium are investigated and acted on by senior managers, a Head of 
Service or an equivalent. Medium risks must also be reported to the Associate 
Director of Clinical Governance & Risk. Red risks are regarded as high and must be 
reported to the Associate Director of Clinical Governance & Risk by telephone 
immediately and confirmed in writing. Red risks must also be reported at Director 
level for an action plan to be agreed and implemented as quickly as possible. The 
Associate Director of Clinical Governance & Risk will add the risk to the risk register 
and submit a report to the next Clinical Governance & Risk Management Committee 
and to the Board. This committee will determine if the risk is acceptable.  
 
The score generated by the risk evaluation matrix is also used to priorities the 
allocation of resources, with attention paid to high risk areas.  
 
 
6.1.5 Risk treatment 
 
Following reporting and the production of an action plan, a number of measures can 
be taken to minimise the risk, including: 
 

• Elimination or removal of the risk 
• Substitution with a less risky option  
• Enclosure or segregation of the risk  
• Prevention of access to the risk  
• Organising work to reduce exposure to the risk (e.g. exposing less people to 

the risk) 
• Safe systems of work (e.g. procedures or protocols) 
• Issuing personal protective equipment (ensure that it is correct for the hazards) 

 
These are broad recommendations and do not take into account factors associated 
with risk mitigation, through good engineering design of medical electronic 
instrumentation. Chapter 5 and sections 4.3 to 4.6 will look at this in more detail in 
relation to the bone distraction project.   
 
 
6.1.6 Risk monitoring 
 
To ensure progress has been made a continuous review process is in place. Managers 
must sign the re-assessment to ensure they are aware of any actions required.  
 
High level risks are reviewed 1-6 months following the action plan.  
Medium level risks are reviewed 6-12 months following the action plan. 
Low level risks are reviewed 2 years from following the action plan.  
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6.1.7 Bone distraction risk assessment  
 
I carried out the following risk assessment of the clinical use of the completed bone 
distraction system. This was completed prior to designing the telemetry system thus 
enlightening the design considerations. A more detailed Failure Mode and Effect 
Analysis (FMEA) study will be carried out by MIC.  
 
Process / Activity: Clinical use of bone distraction implant, following implantation, 
user training and patient discharge (for outpatient cases).  
 

 
Risk/Hazard 

Persons 
at Risk 

Existing 
Control 

Measures 

Severity / 
consequence 

Likelihood 
/ frequency 

Risk 
Rating 
(SxL) 

1 

Excessive or 
uncontrollable bone 
distraction through: 

 
Insufficient patient-

user training or 
misuse of external 

device. 

Patient-
user 

 

Supervised user 
training following 
surgery. Planned 
post operative 

assessment. Home 
assistance through 

NHS Direct. 

 
3 

Moderate 

 
1 

Rare 

 
3G 

Low 
Risk 

2 

Excessive or 
uncontrollable bone 
distraction through: 

 
Internal device 

failure. 

Patient-
user 

 

Robust fail safe 
methods built in 
during design. 
(See note 1) 

 
3 

Moderate 

 
1 

Rare 

 
3G 

Low 
Risk 

3 

Excessive or 
uncontrollable bone 
distraction through: 

 
External device 

failure. 

Patient-
user 

 

Robust fail safe 
methods built in 
during design. 
(See note 1) 

 
3 

Moderate 

 
1 

Rare 

 
3G 

Low 
Risk 

4 

Overheating, tissue 
burns across 
external and 

internal devices. 

Patient-
user 

 

Robust fail safe 
methods built in 
during design. 
(See note 1) 

 
3 

Moderate 

 
1 

Rare 

 
3G 

Low 
Risk 

5 Stimulation of local 
nerve fibres 

Patient-
user 

Robust fail safe 
methods built in 
during design. 
(See note 1) 

 
2 

Minor 

 
1 

Rare 
 

 
2G 

Low 
Risk 

6 

Damage to third-
party through 

misuse of external 
device. 

 

Third-
party 

 
 

Robust fail safe 
methods built in 
during design. 
(See note 1) 

 
1 Insignificant 

 
2 

Unlikely 

 
2G 

Low 
Risk 

 
Note 1: Refers to systems in place to ensure risk reduction through device design, 
these are highlighted in Sections 4.2 – 4.6 and throughout the design Chapter 5.  
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6.2 Biocompatibility 
 
The bone distraction project combines implanted and externally worn electronics, 
with two transceivers operating under different principles, within in-patient and out-
patient environments. I therefore found it useful to view the device-patient safety risks 
in terms of the concept of biocompatibility. Biocompatibility is variously defined as:  
 

“The ability of a material to perform with an appropriate host response in a 
specific application” [55] 
 
“compatibility with living tissue or a living system by not being toxic, injurious, 
or physiologically reactive and not causing immunological rejection” [56]  

 
The term is generally used in relation to implantable biomaterials and can be 
summarised as: the effect of the material on the host and the effect of the host on the 
material. I have added a third category - the effect of the material on the environment. 
Consideration of the following properties must be taken into account when assessing 
the impact of a patient-implant interaction: Chemical, Mechanical, Biological – 
Immunological, Electromagnetic, Optical, Physical and Thermal.  
 
My remit was to provide a working prototype for the telemetry system, this does not 
encompass the production of an implantable final product (these areas are discussed 
further in section 4.6). As such I did not had to consider the choice of encapsulation 
and the physical contact made between the body and the implant. The properties 
considered here are predominantly electromagnetic, thermal and biochemical.  
 
6.2.1 Effect of implant on host – harm to patient 
 
6.2.1.1 Physiological Effects of Electricity.  
 
How the body responds to electricity is a well documented science with a long 
history. If the body forms part of an electric circuit a current will flow which is 
proportional to the voltage applied between the two contact points (the skin surface 
electrodes for example) and inversely proportional to the complex impedances of the 
various tissues that make up the circuit. The musculature and nervous system are the 
main physiological systems operating under ionic charge flow and therefore most 
susceptible to electrical disturbance. At very low currents (0.5mA at 60Hz; 2-10mA 
DC) [57] a tingling sensation can be felt as sensor nerve fibres are stimulated. This is 
called the ‘threshold of perception’ and is known to any schoolboy who has touched 
a 9 Volt battery with their tongue, stimulating chemo-receptors. As the current 
increases, motor nerve fibres are increasingly recruited and stimulated. This may 
cause fatigue, discomfort and/or pain. Within the region of 6mA at 60Hz [57] the 
strength of involuntary muscle stimulation becomes greater than voluntary withdrawal 
actions. Here, the ‘let-go current’ is defined as the maximum current at which the 
subject can voluntarily withdraw. If the back of the hand touches a conductor carrying 
the let-go current, there is less risk of physical injury, because the fingers will not 
wrap around and grip the conductor. With increasing current flow, involuntary muscle 
contraction affects the respiratory muscles (the diaphragm and intercostals), causing 
asphyxiation. Respiratory arrest, the cessation of normal tidal flow, has been shown to 
occur at currents of 18-22mA [57]. This is accompanied by increased pain and 
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fatigue. Gas filled lungs and bony ribs have the lowest conductivities in the body 
(0.13Sm-1 and 0.04Sm-1 respectively, at 433Hz) [58], offering some protection to the 
intricate electrophysiology of the heart. When an externally applied current is 
sufficiently great to reach and stimulate part of the heart, the rhythmic wave of 
propagation becomes disrupted, resulting in a disorganised and tachycardic rhythm 
called ventricular fibrillation . The brain remains oxygenated for approximately 6-7 
minutes before death occurs. Ventricular fibrillation is the major cause of death due to 
electric shock and takes place within the region of 75-400mA [57]. A defibrillator can 
be used to discharge a capacitor across the heart, applying a brief peak biphasic 
current of 50Amps at 7500 Volts [59]. A complete myocardial contraction will 
occur with the application of 1–6 Amps. This causes the entire heart muscle to 
contract and when the stimulus is removed, in some instances, forces the heart back 
into a normal rhythm.  
 
As the current increases beyond 10Amps, the high skin resistance at the electrode 
contact points cause resistive heating and skin burns. High current densities arise from 
small electrodes, exacerbating the effects. The nervous system fails to function and 
muscle contraction is so strong that muscles are ripped away from the bone.  
 
There is great variability across the population to these effects; small people with oily 
skin are more conductive than large people with dry skin and as such will experience 
effects at the lower end of the ranges quoted. An implant design must ensure that, 
unless designed for nervous or muscle stimulation, no current imparted to surrounding 
tissue exceeds the threshold of perception. In the case of cochlear implants for hearing 
assistance, patients can experience twitches when charge propagates to the facial 
nerves. The application, location, local tissue conductivity, surrounding nerve 
structures and acceptability from the user set the design considerations.  
 
6.2.1.2 Physiological Effects of Non-Ionising Radiation 
 
Non-ionising radiation refers to the range of frequencies in the electromagnetic (EM) 
spectrum with insufficient energy to cause the removal of an electron from an atom or 
molecule. This energy and hence the boundary between ionising and non-ionising 
radiation is in the region of 10eV. Non-ionising radiation covers a broad band of the 
EM spectrum, as shown below. This section will focus on the radiofrequency band, 
which extends from approximately 30kHz to 300GHz, as this accommodates the 
systems under consideration. 
 
 
 

 Radio Microwave Infrared Visible Ultraviolet 
Wavelength 
(Angstroms) 

> 109 109 - 106 106 – 7000 7000 - 4000 4000 - 10 

Wavelength 
(cm) 

> 10 10 - 0.01 0.01 - 7x10-5 7x10-5 - 4x10-5 4x10-5 - 10-7 

Frequency 
(Hz) 

< 3x109 3x109 - 3x1012 3x1012 - 4.3x1014 4.3x1014 - 7.5x1014 7.5x1014 - 3x1017 

Energy 
(eV) 

< 10-5 10-5 - 0.01 0.01 – 2 2 – 3 3 - 103 

Table 4 Non-ionising portion of the electromagnetic spectrum. 
 
 

non-ionising radiation ionising radiation 
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Tissues are composed of cells filled with and surrounded by fluid containing various 
salt ions, polar protein molecules and water molecules. When subjected to an 
electromagnetic field the oscillations of free charges (ions) give rise to conduction 
currents (or Eddy currents) and the rotation of dipole moments effect displacement 
currents. The response of biological tissue to varying frequencies is therefore 
dependant on the dielectric characteristics of the tissue. This relationship can be 
shown by the admittance (Y) of the tissue: Y )( CjG ω+= …...…………………….(1) 

With conductance 
d

A
G

σ=  and capacitance 
d

A
C 0εε

= , where εo = permittivity of 

free space, ε = relative permittivity and σ = conductivity. A complex relationship 
exists between the applied frequency and tissue properties, as can be seen from 
equation 2, which relates a signal attenuation (α) to frequency (ω), permittivity (ε), 
conductivity (σ) and permeability (µ). 
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A high water content tissue with a higher relative permittivity and lower conductivity 
has a shorter depth of penetration than a low water content tissue. The rate at which 
energy is absorbed by a particular mass of tissue (m), is mσE2/ρ, (where ρ is the 
density and E is the rms value of the electric field). The quantity σE2/ρ is called the 
specific energy absorption rate (SAR), it is measured in watts per kilogram and used 
as a quantitative guide to non-ionising dose rate. Power is dissipated through ohmic 
losses in conduction currents and dielectric losses in displacement currents.  
 
There have been numerous studies into the physiological effects of specific non-
ionising radiation frequencies. But the bandwidth is wide and it is not efficacious to 
correlate results from in-vitro to in-vivo scenarios. There has been renewed interest in 
this subject following consumer fears over the use of mobile phones and living near 
communications transmitters and power transmission lines. In 1999 the UK 
Government commissioned Sir William Stewart to set up the Independent Expert 
Group on Mobile Phones (IEGMP), which reported its findings in May 2000 [60]. 
The Stewart Report focused on the health implications of mobile phone use and in 
doing so carried out a wide-ranging review of the evidence associated with RF 
interactions with biological systems. I found that this echoed and supported much of 
the guidance on offer from the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP). The interactions fall into two categories: thermal and non-
thermal. It is suggested that magnetic field effects are due to the level of magnetite 
(Fe3O4) present in a large number of animal cells [60]. Time-varying magnetic fields 
induce electric fields and it is generally agreed that the electric field has a greater 
influence than the magnetic field. The application of an electric field causes 
intracellular and extracellular ions to oscillate at the frequency of the applied field 
resulting in the flow of conduction and displacement currents. The electrical 
resistance of the material through which these currents flow causes heating - a thermal 
effect. The heat input causes a rise in temperature, which must be balanced by the 
body’s ability to remove that heat; this is done through blood flow and metabolic 
processes. One study [61] applied 0.25W to a finite element thermal model of the 
head (a SAR of 1.6W/kg) reporting a maximum brain temperature increase of 0.110C. 
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The IEGMP have shown that a 10C rise in core temperature effects changes in 
neuronal excitability, neurotransmitter function, and innate and learned behaviours 
[60], in addition they state: 
  

“specific frequencies of amplitude modulation and energy levels may affect 
membrane proteins, the flux of calcium and other ions across the membranes of 
neurons, and EEG rhythm” [60]  

 
Studies have been carried out to assess non-thermal effects for a range of systems and 
functions, including: auditory response, the blood-brain barrier, pineal function - 
melatonin production, the eye, foetal health, male fertility, the cardiovascular system 
and blood pressure [60]. All have shown to be inconclusive or show no evidence of 
effect [60]. A range of studies also suggest no convincing patterns of carcinogenesis, 
cell proliferation, mutation, DNA damage, or chromosomal aberrations related to RF 
radiation. The energy quanta of radiation at 0.9GHz is 4µeV, which is a factor of 
250,000 lower than that required to break the weakest chemical bond in DNA.  
 
These results do not take into account changes to the electric and magnetic fields in 
near field conditions, or from different frequency spectrum and coherence properties. 
The ICNIRP suggest that human exposure occurs under near-field conditions for 
some devices operating above 10MHz [62]. Conway and Anderson [63] also state that 
inductive heating techniques operate in the region of 10-30MHz, with depreciable 
effects below 10MHz. Both telemetry systems considered for this project will 
therefore operate below 10MHz.  
 
6.2.2 Effect of host on implant  - harm to implant  
 
The design of the electronic telemetry system does not require consideration of the 
physical interaction between the host and implant. However, a healthy peritoneal 
cavity contains a small quantity of chemically neutral serous fluid. Rupture of the 
intestine can cause acidic content to enter the cavity. The implant must withstand this 
hostile biochemical environment, in addition to presenting a bioinert material to the 
immune system. The implant must continue to operate in the presence of both ionising 
and non-ionising radiation. The device must also withstand the sterilisation and 
surgical implantation procedures. 
 
6.2.3 Effect of implant on environment 
 
Traditionally, the consideration of factors associated with medical implants has 
focused on the body and the implant. There is increasing use of implantable radio 
communications devices that operate through the body [64], in electrically noisy 
environments. The device must not interfere with electronics devices sharing the EM 
environment, such as other medical electronic devices both patient worm and 
external. As such, electromagnetic compatibility (EMC) must be addressed at the 
design stage, this is discussed in section 4.3.3. By complying with EMC regulations it 
is expected that the device will not interfere with any electronic device, such as a shop 
security alarm, an aircraft navigation system or the operation of a defibrillator for 
example. 
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6.3 Fault Conditions  
 
The following definitions are encountered in the design and use of medical electrical 
equipment.  
 
A macroshock arises from an externally applied device presenting an unwanted 
current to the body. The current follows a high resistance path, a proportion of which 
may reach the heart. A microshock is experienced if a current follows a direct 
conductive path to the cardiac muscle via an applied part. An invasive catheter may 
create such a path. A microshock requires a lower current to cause ventricular 
fibrillation than a macroshock. The impact of the shock will vary with the path 
impedance of local skin and body structures, moisture level and the points of entry of 
the current.   
 
A single Fault Condition is a “condition in which a single means for protection 
against a SAFETY HAZARD in EQUIPMENT is defective or a single external 
abnormal condition is present” [65]. A single fault condition may involve:  
 

• A broken earth 
• A broken neutral line 
• A reversed polarity supply 

 
If a single fault condition occurs, the risk of a macroshock is increased if a person 
touches the chassis of the faulty device. For this reason continuity of the ground wire 
must be tested periodically.  
 
An applied part is: “a part of the EQUIPMENT which in NORMAL USE:- 
necessarily comes into physical contact with the PATIENT for the EQUIPMENT to 
perform its function; or - can be brought into contact with the PATIENT; or - needs to 
be touched by the PATIENT” [65]. The flow of energy between patient and device 
through an applied part may be bi-directional.  
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6.4 Managing Risk  
 
6.4.1 Safety standards 
 
Gaining an understanding of the fault paths and implications of risks is the first step in 
managing risk. The next stage is to build safety into a set of standardised working 
practises. Safety is an international theme and the standards will inevitably become 
harmonised across the various continents. Since that is not currently the case, I have 
assumed the system will initially operate under UK and European (EC) Law.  
 
The Medical Devices Directive (MDD 93/42/EEC) [66], is one of three European 
Directives in force concerning medical devices and applies to medical devices not 
covered by the Active Implantable Medical Devices Directive (AIMDD 90/385/EEC) 
[67] or the In Vitro Diagnostics Directive (IVDD 98-79-EEC) [68]. The Medical 
Devices Directive is supplemented by 2000/70/EEC and 2001/104/EEC. These are 
embedded in UK law by Statutory Instrument No 618 (the Medical Devices 
Regulations 2002, MDR) [69] and by Statutory Instrument No 1697 (the Medical 
Devices (Amendment) Regulations 2003) [70]. The Commission Electrotechnique 
Internationale’s 60601 standard is an authoritative standard harmonised across the 
United States, Canada, the European Union, Japan, Australia and New Zealand. For 
products within the European Union that comply with IEC60601 (or the UKs BS 
EN60601) there is a “presumption of conformity” to the Medical Devices Directive 
93/42/EEC. The IEC 60601 comprises four parts:  
 
• The 60601-1 base standard is the core of the standard and with the collateral 

standards covers all of the general requirements for electrical medical products. 
For example collateral standard IEC60601-1-2 covers aspects of electromagnetic 
compatibility.  

• The 60601-2 group are particular standards that include particular device-specific 
standards. For example collateral standard IEC 60601-2-2 covers high frequency 
surgical devices.  

• The 60601-3 group are performance standards that cover performance 
requirements for specific devices. For example IEC60601-3-1 contains 
requirements for the performance of transcutaneous oxygen and carbon dioxide 
partial pressure monitoring equipment.  

 
6.4.2 Classification of medical devices 
 
The MDR places devices into three classes according to risk:  
 

• Class I – “low risk” devices. Generally non-invasive and reusable devices, low 
significant risks to the patient. 

• Class IIa – “medium risk” devices, such as single use instruments, medium 
risk active devices and monitors etc. 

• Class IIb – “medium-high risk” devices, some examples include long term 
implants, x-ray units, some contraceptive devices. 

• Class III – “high risk” devices such as devices that contact the heart and brain, 
devices with medicinal substances and animal materials etc. 

 
BS EN 60601-1 defines three classes for medical electronic instrumentation: 



60 

 
Class Definition Designated Symbol 

I 

Devices powered by an external source, provided 
with a reliable protective earth such as a complete 
metal enclosure that is protectively tied to the 
ground pin of a three pin power plug 
A fuse is in place in the live path 

No symbol 

II 
As above, without a protective earth, relies on 
double insulation or reinforced insulation to protect 
against electric shock 

 
 

III 
Safety extra low voltage (SELV) devices 
Externally powered <24Va.c. or < 50 VDC 
Not recognised as medical devices 

No symbol 

Figure 23 Classification of medical devices 
 
The class classifies the level of electrical protection that a device has. Three further 
classification types exist for patient connected equipment or ‘applied parts’ that come 
into direct physical contact with the patient.  
 
 

Designated Symbol 
Type Definition 

Applied Parts Defibrillation-
proof applied parts 

B 

An internal or external 
connection (excluding 
direct cardiac 
connection)    

BF 
Type B with a floating 
(isolated) input 

  

CF 
Suitable for direct 
cardiac application 

  
Figure 24 Type classification of medical devices 

 
According to rule 8 (surgically invasive, long-term use and implantable devices) of 
the 93/42/EEC guidance document [71], the implantable bone distractor system is a 
Class IIb device. Whilst the externally worn device is classified, according to 60601-
1, as a Class II, type B device. 
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6.4.3 Protection from the effects of electricity 
 
6.4.3.1 Visual inspection 
 
70% of faults are identified during visual inspection [72]. The inspection includes:  
 
• Housing / enclosure - look for damage or cracks.  
• Cabling – look for cuts, misconnections, exposed wires, incorrect colour coding.  
• Fuse rating – check value against device specification 
• Markings and labelling – check the integrity  
• Mechanical parts – check integrity or obstructions  
 
The following measurements are then used to ensure a medical device complies with 
60601 standards. Earth bond or ground bond testing, tests the integrity of the current 
path from the earth pin at the mains plug to any conductive surface on the device. If a 
fault condition occurs to cause the casing to become live, a low resistance path to 
earth will reduce the risk of shock if a person touches the case.  
 
6.4.3.2 Earth leakage current measurement  
 
The earth leakage current is “current flowing from the MAINS PART through or 
across the insulation into the PROTECTIVE EARTH CONDUCTOR” [65]. Leakage 
currents exist by virtue of capacitive coupling between the mains lines. Figure 25 
shows the path of an earth leakage current through a grounded device. This assumes 
that the ongoing ground path from the device to the mains is unbroken. St George’s 
Hospital require all extension leads to be tested for compliance to 60601.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25 Earth leakage current and its measurement 
 
The measuring device measures the current flowing through the device’s protective 
earth conductor. The test is conducted under normal and a reverse polarity fault 
condition using switch S5 (Figure 25) and with an open neutral line fault condition 
using switch S1. A 25A test current is commonly used. Test limits are shown in Table 
4.  
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6.4.3.3 Chassis (or enclosure) leakage current measurement 
 
Enclosure leakage current is “current flowing from the ENCLOSURE or from parts 
thereof, excluding APPLIED PARTS, accessible to the OPERATOR or PATIENT in 
NORMAL USE, through an external CONDUCTIVE CONNECTION other than the 
PROTECTIVE EARTH CONDUCTOR to earth or to another part of the 
ENCLOSURE” [65].  
 
 
 
 
 
 

 
 
 
The current is measured 
flowing from the 
conductive enclosure to the 
protected earth. The test is 
performed with normal and 
reverse supply polarity 
(S5), with an open neutral 
(S1) and an open earth (S8).  

 
Figure 26 Chassis (or enclosure) leakage current and its measurement 

 
6.4.3.4 Patient leakage current measurement  
 
Patient leakage current is “current flowing from the APPLIED PART via the 
PATIENT to earth, or flowing from the PATIENT via an F-TYPE APPLIED PART 
to earth originating from the unintended appearance of a voltage from an external 
source on the PATIENT”.  
 
 
 
 
 

 
 
 
 
For type B and BF devices, the 
current is measured between the 
applied parts connected 
together and earth. Type CF 
applied parts are measured 
separately.  

 
Figure 27 Patient leakage current and its measurement 
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The mains voltage supply is also connected to the applied parts and the leakage 
current that would flow from an external source into the patient circuits is measured. 
The purpose is to ensure there is no danger of electric shock to the patient who may 
be raised to a potential above the earth when connected to the applied parts of the 
device under test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 28 Mains on applied part patient leakage current and its measurement 
 
 
6.4.3.5 Patient auxiliary current measurement  
 
Auxiliary current is “current flowing in the PATIENT in NORMAL USE between 
parts of the APPLIED PART and not intended to produce a physiological effect”. 
Examples include the bias current of an amplifier or the current used in impedance 
plethysmography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 29 Patient auxiliary current and its measurement 
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6.4.4 Compliance Test of an ECG Monitor 
 
The following test was conducted on an HP Merlin Monitor with 3-lead ECG 
monitor, using the Bio-Tek 601 Pro electrical safety tester. All tests comply with BS 
EN IEC60601. The monitor is a class 1, type CF device. Serial number: 3051G04784.  
 
 

Table 3 Test results for ECG monitor compliance to 60601 

Test 
no Test Description Results 

0 
Plugs and cables in 
satisfactory condition?  

Yes 

1 
Mains voltage and 
current 

249.3V and 0.4A 

 
 Measured 

Value Unit Result Accepted 
Limit 

2 
Insulation resistance 
(mains to earth) 

Over MΩ(min) Pass >50MΩ 

3 
Insulation resistance 
(applied parts to earth) 

Over MΩ(min) Pass >50MΩ 

4 Earth continuity  0.125 Ω(max) Pass <0.2Ω 
 

 Normal Reverse Unit Result Accepted 
Limit 

5 
Earth leakage (normal 
condition) 

66 55 µA Pass 0.5mA 

6 
Earth leakage (single 
fault, supply open) 

59 58 µA Pass 1mA 

7 
Enclosure leakage 
(normal condition) 

1 1 µA Pass 0.1mA 

8 
Enclosure leakage (single 
fault, earth open) 

66 55 µA Pass 0.5mA 

9 
Enclosure leakage (single 
fault, supply open) 

0 0 µA Pass 0.5mA 

10 
Patient leakage (normal 
conditions) 

0 0 µA Pass 0.01mA 

11 
Patient leakage (single 
fault, earth open) 

2 2 µA Pass 0.05mA 

12 
Patient leakage (single 
fault, supply open) 

0 0 µA Pass 0.05mA 

13 
Patient leakage (mains on 
applied part) 

9 9 µA Pass 0.05mA 

14 0 0 µA DC Pass 0.01mA 
15 

Patient auxiliary current 
(normal conditions) 2 2 µA a.c. Pass 0.01mA 

0 0 µA DC Pass 0.05mA 
16 

Patient auxiliary current 
(single fault, earth open) 0 0 µA a.c. Pass 0.05mA 
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The following table summarises BS-EN IEC60601 leakage current limits, (all values 
are given in mA). Note the earth leakage current limit occurs at around the threshold 
of perception. Auxiliary currents and those experienced in type CF applied parts are 
50µV.  
 

Table 4 IEC60601-1 Test Limits 

 
 
6.4.5 Medical Electrical Systems  
 
It is important to stress that the act of attaching a medical device to a non-medical 
device constitutes the process of manufacturing a new medical device, which must 
then be tested for compliance to 60601, this can be as simple as plugging a lamp into 
an extension lead. This aspect of safety is covered under BS EN 60601-1-1:2001 
“Safety Requirements for medical electrical systems”.  
 
Since the recent loosening of restrictions on the use of mobile phones in hospitals, 
some concern has been raised that hospital visitors may plug mobile phone chargers 
into hospital electrical circuits and potentially unplug incorrect devices. The 60601 
regulations is particularly pertinent in such cases, with the requirement that enclosure 
leakage currents from or between parts of the system with the patient environment 
shall not exceed 0.1mA. The patient environment is a clearly defined envelope 
extending 1.5 metres around the bed and 2.5 metres above the bed. This equally 
applies to visitors televisions and devices produced during research and development.  
 
 
 
 
 
 
 
 

Non-detachable power cord <0.1Ω 

Detachable power cord <0.2Ω 

 Type B 
Applied Parts 

Type BF 
Applied Parts 

Type CF 
Applied Parts 

Leakge Current Type NC SFC NC SFC NC SFC 

Earth leakage 0.5 1 0.5 1 0.5 1 

Enclosure leakage 0.1 0.5 0.1 0.5 0.1 0.5 

Patient leakage (DC) 0.01 0.05 0.01 0.05 0.01 0.05 

Patient leakage (a.c.) 0.1 0.5 0.1 0.5 0.01 0.05 

Patient leakage (F-Type) NA NA NA 5 NA 0.05 

Patient leakage NA 5 NA NA NA NA 

Patient Auxiliary Current (DC) 0.01 0.05 0.01 0.05 0.01 0.05 

Patient Auxiliary Current (a.c.) 0.1 0.5 0.1 0.5 0.01 0.05 
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6.4.6 Electromagnetic compatibility (EMC) 
 
EMC is defined as:  
 

“a measure of a devices ability to perform its intended function within a given 
electromagnetic environment without adversely affecting or being adversely 
affected by other objects sharing that environment” [73] 

 
A topical example of an EMC concern is the use of mobile phones in hospitals, where 
there exists a wide range of safety-critical electronic equipment. In 2001 the outgoing 
Head of Medical Physics at St George’s Hospital issued the Trusts policy regarding 
the use of radio communications [74], this was augmented by a telecommunications 
policy in 2004 [75]. The policy divides radio communications devices into six 
categories:  
 

1. Emergency Radios - used by Ambulance, Police, and Fire Service personnel. 
2. TETRA (Terrestrial Trunked Radio Systems) – used by emergency services 

and commercial organisations. 
3. Security Radios - used by security, maintenance, and portering staff. 
4. Cellphones, including analogue and digital mobile ‘phones. 
5. Cordless ‘Phones, including pagers, and radio computer local area networks. 
6. Unlicensed Personal Mobile Radios (UPMRs), or walkie talkies, (output 

power, 500mW), having a power output similar to cellphones, UPMRs exhibit 
the same level of interference as cellphones.  

 
“Because there is some risk of interference between Cellphones, UPMRs, and 
TETRA systems, and patient monitors and life support devices, their use is banned in 
operating theatres and other treatment areas, and at the patient’s bedside when 
monitors or life support devices are in use.” [73]. 
 
All electromechanical devices are, to some degree, capable of causing and susceptible 
to electromagnetic interference. There are two European standards to the EMC of 
medical devices.  These are “The EMC Directive, 89/336/EEC” and BS EN 60601-1-
2. The EMC Directive was enacted in European Law in January 1992. EMC is 
achieved by limiting or controlling electromagnetic emissions in addition to ensuring 
that electrical systems are sufficiently immune to EM interactions. BS EN 60601-1-2 
sets out tests and detailed standards for testing a medical device for both its 
electromagnetic emissions and its immunity to external disturbances. The immunity 
tests include testing for protection from: 
 

• Radiated RF 
• Conducted RF 
• Electrostatic Discharge 
• Electrical Fast Transient / Burst Transmissions 
• Surge 
• Voltage Dips / Short Interruptions 
• Power Frequency Magnetic Fields 
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The emission tests include testing the device for: 
 

• RF Emissions 
• Harmonic Emissions 
• Voltage Fluctuations / Flicker Emissions 

 
 
6.4.7 Quality systems in design and manufacture 
 
In order to obtain CE marking for devices, it is important for the production process to 
be governed by a quality system.  A harmonised British, European and International 
standard, BS EN ISO 13485 provides guidance on the quality systems that should be 
applied to the manufacture of medical devices.  It bases its guidance on the 
application of ISO 9001 to medical device design and manufacture. 
 
The ISO 9001:2000 standard is an international standard governing general quality 
systems.  It is taken to be a guarantee that work processes within a ISO9001 
compliant company will be clear and traceable.  This allows the customer to have 
confidence in the quality of the products produced by that company. 
 
The Medical Instrumentation and Computing (MIC) department have achieved 
ISO9001 accreditation, meaning that the process for carrying out each piece of work 
undertaken within the department will follow the procedures laid down in the 
department’s quality system manual.  Each project that is undertaken will have all 
stages of the work undertaken, detailing custom requests, specification developments, 
hardware designs, software documentation and component sourcing information.  All 
this information is useful for any product that is produced by the department which is 
intended to be put on the market, as it forms the basis of a technical file, which is 
required for CE marking.   
 
In view of the wide-range of standards and regulations applicable to a radio implant I 
first contacted Ofcom (Office of Communications) to find that they have a special 
projects team who can review the UK and European radio bandwidth regulations and 
provide advice specific to this project. I also contacted NHS Innovations to find out 
what support is available to NHS Clinical Scientists. St George’s Hospital is a 
subscriber to the NHS Innovation service and as such the service can carry out 
literature and standards reviews on St George’s behalf, in addition to organizing EMC 
and CE testing and offering expertise on marketing and sales aspects. I also met with 
the Trusts intellectual property advisor to discuss the options for IP protection.  
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