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Abstract 

Lumbar spinal fusion surgery is performed on patients in whom non-operative treatments have failed to 

relieve chronic lower back pain (LBP) and restore functionality. The procedure involves inserting titanium 

alloy rods adjacent to two or more vertebrae on each side of the spine to support spinal fusion. Currently, 

clinicians rely upon periodic x-ray radiographic images to track fusion progress and determine whether 

patients can resume normal activities or to assess if the fusion has failed. However, the reliability of 

imaging evaluation techniques is questionable and leads to either very conservative (and prolonged) 

restrictions on activity or additional exploratory surgeries. The definitive criteria for a successful fusion 

remain ambiguous, and determining the progress of spinal fusion remains a challenge for orthopaedic 

surgeons and clinicians. Observing strain variations on a spinal fusion rod post-implantation has been 

demonstrated to correlate with changes in bony mass stiffness as fusion progresses, indicating the state 

of fusion. The challenge with strain measurements relates to having a reliable implant which aligns with 

existing clinical workflows and provides new data on the state of healing. If the existing titanium alloy rod 

could be made "smart", i.e. the strain measurement capabilities are embedded into the rod, then the 

existing clinical, surgical workflow could be maintained. 

This research focuses on the design and development of a smart spinal fusion implant with the potential 

to measure strain without complication in the surgical procedure. To meet this aim, two key research 

questions were addressed. First, a fully implantable wireless spinal rod was developed to support animal 

trials of spinal fusion. The implant was constructed by mounting a semiconductor strain gauge sensor 

into a housing machined into a custom spinal rod. A miniaturised electronic module was developed to 

measure the strain and transmit the data to an external wireless receiver. The module consisted of a 

strain gauge signal conditioning which was controlled by a microcontroller, and a custom wireless power 

and data transfer application-specific integrated circuit (ASIC) developed previously at the Auckland 

Bioengineering Institute (ABI). The electronics module was mounted into the housing, and a printed 

circuit board (PCB) coil was placed on top of it. This was sealed under a liquid crystal polymer (LCP) lid. 

Wireless power was transferred to the implant from an external coil at 6.78MHz for 980ms, over which 

10 samples of strain were measured. The data was then transmitted using phase-shift keying at a data 

rate of 678kbps at 6.78MHz. Data was received at an external coil, demodulated and logged to a 

computer with a measurement cycle taking one second. The implant was characterised on a test rig, and 

it was confirmed that the 24-bit strain values could be wirelessly measured using the smart spinal implant 

designed to achieve 1µε resolution. This showed that the device was ready for animal trials to quantify 

strain as fusion occurs in a sheep model.    

Second, to make the implant clinically relevant, it would be preferable to replace the LCP lid with titanium. 

LCP is an appropriate seal for animal trials with a lifespan of around several months before water 

permeates through it, and the device becomes unreliable. Titanium can be welded to the rod to achieve 

a hermetic seal (gas-tight) with a lifespan of many years, which leads to a smaller device and eases 

reliable manufacturing as welding is possible. However, this would require transferring inductive power 

through the conductive titanium lid, which has not been achieved in a spinal implant. Thus, inductive 

power transfer through metal sheets was investigated via a combination of numerical and experimental 

tests. A simple test set-up based on hand-wound, cylindrical 10-turn primary (inner radius of 30mm) and 
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10-turn secondary coils (inner radius of 5mm) was created into which metal sheets could be introduced 

to allow study their impact on wireless power transfer. The equivalent 2D axisymmetric FEM models 

were developed to analyse inductive link principles and validate experimental studies. The hand-wound 

coils were also used to investigate the impact of a titanium enclosure on IWPT system parameters 

through both simulations and experiments. The simulation results matched experimental results 

reasonably well, validating the approach; thus, in the future, the validated FEM simulations could be used 

to investigate power transfer to a miniaturised titanium-packaged smart spinal fusion implant. The impact 

of the titanium spinal fusion implant, consisting of a titanium spinal rod, housing, and lid, on an IWPT 

system and an optimum frequency for maximum power transfer was determined. The maximum 

transferred power was dependent on the titanium alloy, lid thickness, implant size, implant coil location, 

frequency of power transmission, magnitude of the primary field, and primary and secondary coils 

dimensions and configurations. FEM simulation results revealed that a maximum power of 1.84mW, at 

1A primary current and an operating frequency of approximately 400kHz, could be transferred through a 

110µm-thick Grade-5 titanium lid used to seal a 5.5mm-thick, 50mm-long Grade-5 titanium rod, and 

0.5m-thick, Grade-5 housing with an internal volume of 18 x 8 x 5mm (L x W x H) for this spinal fusion 

application. The maximum link potential of 0.035 at 199kHz could be achieved for the same set-up. 

These results indicated that an acceptable amount of power could be transferred through titanium to 

power the implanted electronics, supporting the future development of titanium packaged smart spinal 

fusion rods. 

This research supports the hypothesis that it is feasible to construct a smart spinal fusion implant that 

includes the function of measuring strain, can ultimately be employed in clinical practices of spinal fusion, 

detection of the onset of fusion, non-union or other complications, determination of the efficiency of 

various bone treatments, and the design of rehabilitation protocols. 
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1. Introduction 

There are currently no standardised procedures for using sensors to monitor bony fusion after spinal 

fusion surgery. Clinicians rely on x-rays which are only effective at later stages of the healing process 

[1]. This thesis aims to develop a smart spinal fusion implant that monitors the strain values on a spinal 

fusion rod to help track fusion progresses. This implant is powered by an external reader inductively and 

obtains strain readings using strain gauges and electronics encapsulated in a titanium housing mounted 

on a titanium spinal fusion rod and transfers the measurements wirelessly to an external reader. 

This chapter begins with a review of the anatomy of the vertebral column and lumbar vertebrae. Lumbar 

spinal fusion surgery and drawbacks of the current bone healing monitoring techniques are discussed. 

Experiments that have been conducted to track forces on spinal implants are reviewed. This chapter also 

includes an overview of hermeticity, housing materials, and wireless power transfer for medical implants.  

1.1 Vertebral Column Structure  

A series of interconnected bones called vertebrae running from the base of the skull to the tailbone form 

the spine. The vertebrae are separated by shock-absorbing intervertebral discs. The vertebral column is 

composed of approximately 33 individual spinal bones in humans, although many are fused. It can be 

divided into five different regions, including cervical (C1-C7), thoracic (T1-T12), lumbar (L1-L5) vertebrae, 

which individually articulate, followed by the sacrum (5 fused sacral vertebrae) and the coccyx (4 fused 

coccygeal vertebrae) as illustrated in Figure 1.1 [2], [3]. 

 

Figure 1.1: The lateral (right) and posterior (left) views of the vertebral column in an adult human [3]. 

The main functions of the spinal column are to [3]: 

• Protect the spinal cord and nerve roots, 

• Provide structural support to carry the weight of the body above the pelvis,  

• Maintain an upright posture, 

• Enable flexibility and range of motion, and 
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• Form the central axis of the body. 

Facet joints are the small joints in the spine that connect each vertebra to the one above and below it 

and assist in providing stability and prevent hyperextension of the back by interlocking and creating a 

stop to movement. The facet joints and intervertebral discs collaborate to allow for back and neck 

bending and twisting motions. The spinal cord is protected within the vertebral column and connects the 

brain to the rest of the body [2], [3]. 

1.2 Lumbar Vertebra  

The lumbar vertebrae are the skeleton region that makes up the low back and begins with L1 below the 

last thoracic vertebra (T12) and ends with L5 at the top of the sacral spine or sacrum (S1), as presented 

in Figure 1.1. Most people have five lumbar vertebrae, referred to as L1, L2, L3, L4, and L5; some people 

may also have an extra lumbar vertebra. Due to pressure from body weight and activities such as lifting, 

carrying, and twisting, the size of each vertebra becomes bulkier and taller in the lumbar region of the 

spine. Large muscles attached on or near the lumbar spine also exert extra pressure on the lumbar 

vertebrae. The vertebra consists of two parts: two pedicle bridges of bone attach the vertebral body to 

the two laminae, creating a ring with the pedicles to form a protective shelter around the spinal cord [2], 

[3]. The regions of the lumbar vertebra are illustrated in Figure 1.2. 

  

(a) (b) 

Figure 1.2: Lumbar vertebra [2]. 

The spinous process is the bony knob that protrudes posteriorly from the spine where the two laminae 

connect. The transverse processes are two bony protrusions on each vertebra pointing laterally, one on 

the left and one on the right. These processes are broader in the lumbar region of the spine, carrying 

more considerable forces due to the large back muscles attached to them [2], [3].  

1.3 Spinal Fusion Procedure 

Spinal fusion is an orthopaedic procedure that permanently connects or fuses two or more adjacent 

vertebral bones to minimise any movement between the affected vertebrae and allows them to heal into 

a single, solid mass of bone. It is essentially a "welding process", and it is used to prevent painful motion 

and to restore stability to the spine. It also prevents nerves and surrounding ligaments and muscles from 

being stretched or compressed. This procedure can be performed on any spinal region, including the 

lumbar spine, thoracic spine, and cervical spine, to achieve decompression of the spinal canal and 
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nerves while maintaining spinal stability [4]. Spinal fusion has been performed for over a century. Each 

year, more than 500,000 procedures are performed in the United States, and more than doubled from 

1997 to 2010 [5], [6].  

Spinal surgery is usually recommended only when the surgeon is able to determine the source of pain 

using imaging tests, such as x-rays, computerized tomography (CT) scans, and magnetic resonance 

imaging (MRI) scans. Only individuals with the necessary health to withstand a major surgery and severe 

enough symptoms to warrant surgical intervention after conservative non-surgical treatments have failed 

are candidates for this procedure. Pain, weakness, numbness, loss of bowel or bladder function, and 

inability to walk even short distances are some of the symptoms that patients may experience due to 

problems with their spine before undergoing spinal fusion surgery. The patient must undergo a thorough 

evaluation that includes electrocardiograms (EKGs) and laboratory tests to facilitate preoperative 

planning [4]. An orthopaedic surgeon may perform a spinal fusion to help relieve a wide variety of spinal 

conditions, including [7]: 

• Instability and pain in the spine due to excessive motion between vertebrae, 

• Spondylosis, a degenerative arthritic disorder that may result in the loss of typical spinal structure 

and function, 

• Spondylolisthesis, a condition in which one vertebra shifts forward relative to the one next to it, 

• Spinal deformities such as scoliosis or kyphosis, 

• Degenerative disc disease in which the space between the discs is too narrow, and they rub 

together, 

• Spinal stenosis, which is narrowing in the spinal canal that can compress spinal nerves and 

cause sciatica pain, 

• Osteoarthritis of the facet joints or facet joint degeneration, 

• A bulging or herniated disc presses on the exiting spinal nerve, 

• Spine weakened by tumours or infections, 

• Lower back pain originated from the lumbar region, and 

• Fractured vertebra. 

1.3.1 Lumbar Arthrodesis or Spinal Fusion  

Lower back pain (LBP) is the main cause of disability worldwide and the reason for spinal fusion surgery 

[6]. It is divided into three categories based on the duration of symptoms: it is classified as acute when 

present for less than four weeks, subacute when the patient is symptomatic for more than 12 weeks and 

chronic when it lasts more than three months. Chronic LBP is usually refractory to treatment [7]. LBP is 

the most common cause of lost productivity, workers' compensation claims, and early social security 

disability benefits in the United States. Nearly half of adults experience a period of significant and 

disabling LBP each year that can sometimes last for several weeks [7].  

Spinal fusion is recommended for chronic, debilitating back pain when all other treatment options have 

been exhausted. The week before the surgery, the patient may have some additional spinal x-rays. In 

an open procedure, the surgeon starts the procedure by making an incision on the skin with a scalpel. 
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Dissection through the subcutaneous tissue is done either with electrocautery or blunt dissection, 

depending on the patient's size and surgeon's preferences. Once the surgeon has made it through the 

fat beneath the skin, the tissues and muscles are shifted to the side to create a passage to the spine. 

The joints between the damaged or painful discs are then sometimes removed. If the fusion is performed 

as part of a procedure to relieve pressure on the spinal nerves, the surgeon may remove part or all of 

the lamina from one or more vertebra to create more space for the spinal nerves. If a bony growth is 

pressing against the nerves, the surgeon may remove the overgrown bone as well.  

Spinal fusion surgery is usually done under general anaesthesia; however, some patients may opt for 

spinal or local anaesthesia [4]. Morselised bone graft, often taken from the pelvis' iliac crest or 

alternatively provided by a donor, is placed in the surgical wound between the vertebrae provide them 

stem cells required to trigger a fracture healing response to fuse them together. The surgeon removes 

some bone from the surface of the vertebrae and the transverse processes to create a bed where a bone 

graft can grow. The surgeon stabilises the spine by implanting surgical hardware, such as rods, plates, 

screws, or other devices to prevent the bones from moving while the spinal fusion heals, a process that 

takes several months. The incision is closed once the procedure is finished. A brace around the patient's 

torso may be used to support the spine. 

In the weeks following surgery, new woven bone forms and grows around the spine. This woven bone is 

slowly infiltrated with minerals such as calcium, resulting in a permanent solid fusion. Depending on the 

patients' status before and after surgery, they may benefit from physical therapy as the fusion solidifies; 

however, this can be difficult to determine using x-rays. The clinicians use lumbar spine imaging, 

including radiography with anteroposterior (A/P), lateral, neutral, flexion, extension views, CT scans, and 

MRI to identify spinal instability after spinal fusion surgery [4], [7]; however, most commonly, they use 

only x-rays with A/P and lateral views. The lumbar spine radiographs of a 47-year-old woman who had 

a lumbar spinal fusion surgery are presented in Figure 1.3. 

The spine may be fused using a variety of surgical approaches to reach the spine and perform spinal 

fusion: 

• Anterior lumbar fusion in which the doctor goes in through the belly. This approach requires an 

incision in the lower abdomen for a lumbar fusion, 

• Posterior fusion in which the surgeon goes in from the back, and 

• the lateral approach in which the pathway to the spine is made through the patient's side. 

Anterior and posterior fusions are the two most common forms of spinal fusion. Minimally invasive 

surgical (MIS) techniques have also been developed to allow fusions to be performed with smaller 

incisions, such as in laparoscopic procedures. The laparoscope and special instruments are inserted 

through multiple tiny keyhole incisions during MIS.  
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(a) (b) 

  

(c) (d) 

Figure 1.3: Lumbar spine radiographs. (a) Anteroposterior and (b) lateral views are showing spondylolisthesis in a 47-year-old 
woman (c). (d) Postoperative radiographs one year following lumbar spinal fusion demonstrate stable fusion. The patient returned 
to normal activities [7]. 

Fusion may reduce spinal flexibility, but most spinal fusions are done on small spine segments and do 

not restrict the range of motion very much. The success rate of fusion surgery varies based on the 

condition for which it is performed [7], [8]. The results reported are generally positive when performed for 

spinal deformities and spondylolisthesis [9], [10]. However, the success rate of spinal fusion treatment 

for degenerative disc disease and discogenic pain remains controversial [11]. Table 1.1 summarises the 

success rates of four lumbar studies. 

Table 1.1: Success rates of four lumbar fusion studies [8]. 
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Studies show that among 400,000 lumbar spinal fusion surgeries performed each year, approximately 

30% of cases experience postoperative complications [7]. 

1.3.1.1 Surgical Instrumentation 

The purpose of instrumentation is to stabilise or fix the spine in position and set up the conditions for 

spinal fusion to enhance fusion rates and improve clinical outcomes. The instrumentation includes 

titanium, titanium alloy, stainless steel or non-metallic rods, hooks, braided cable, plates, bone screws, 

fasteners, and interbody cages. Rods are used to hold the bones in place while they fuse, and screws 

are inserted into the weakened vertebrae and into adjacent healthy vertebrae to support the structure 

and take on the load until the bone fuses. The screws are threaded through the pedicles into the sidewalls 

of the vertebral body. The appropriate rod length is measured to span the distance between the screws 

[12].  

1.3.1.2 Fusion Time Frame 

Patients are encouraged to sit and walk after their anaesthesia has worn off if they are comfortable. 

However, they are advised to avoid excessive trunk flexion, heavy lifting, and activities for a minimum of 

6 weeks [4]. The typical recovery period for spinal fusion surgery varies widely from a minimal four to six 

weeks for a single level fusion in a young, healthy patient to as much as six to ten months for more 

extensive surgery in an older patient. Each patient needs to undergo physical therapy during the recovery 

period in order to return to normal activities and work [13], [14]. 

1.4 Current Postoperative Fusion Assessment Drawbacks 

Bony union is usually determined based on physical evaluations and radiological findings of plain 

radiographs. In addition, dynamic bending films, including the use of stereophotogrammetry, x-ray 

polytomography, computed axial tomography including two-dimensional (2D), multiplanar reformations 

and three-dimensional (3D) reconstructions, direct coronal CT scanning, MRI, and radionuclide imaging 

may be used, but these methodologies are rare [15]. Accurate radiologic assessment of fusion is one of 

the essential factors in evaluating and managing patients after surgery, particularly in individuals who 

remain symptomatic after surgery. Further investigation or exploration of the fusion site is impractical, 

invasive and has high morbidity and costs involved [15], [16], [17].  

Clinicians use various radiologic evaluation techniques for determining union after spinal fusion surgery. 

However, the radiographic images can lead to a false interpretation of bony union due to multiple 

confounding factors and are unreliable in determining the stage of bone healing [8], [16], [18], [19]. 

Physical evaluations by clinicians are also subjective and may lead to imprecise assessments. 

Mechanical and histologic maturation of the fusion mass was discovered to occur significantly sooner 

than was visible on radiographs [13]. Kanayama et al. reported that the posterolateral fusion mass in 

sheep matured at about eight weeks, although radiographs and histologic examination did not reveal 

maturation until 16 weeks [20]. In general, the presence of metallic screws, plates, and rods make the 

evaluation of plain films challenging and, in addition, may cause multiple artifacts that obscure the fusion 

mass. This also occurs when using CT or MRI to assess the solidity of a fusion [15]. As shown in Table 

1.2, reported fusion rates obtained using alternative assessment methods differ. More importantly, they 
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are inconsistent with one another, which identifies the limited reliability and utility of current fusion 

assessment tools.  

Table 1.2: Spinal fusion rates determined with the use of different imaging assessment tools. Hutter [21] and Simmons [22] methods 
refer to flexion-extension radiographs [16].. 

 

Plain radiography is widely used to evaluate fusion status, mainly because of its low cost and easy 

availability [15]. However, plain static radiographs provide unreliable results in fusion assessment as 

they only provide two-dimensional images, and therefore cannot accurately detect union, which is a 

three-dimensional phenomenon. As reported in various papers, a poor correlation between the actual 

fusion status and the radiographic interpretation was observed. A good percentage of all non-unions 

confirmed on surgical exploration were initially identified as unions on radiographs, resulting in 

overestimation of union, as shown in Figure 1.4 (a). Also, union could not be assessed in several cases 

because the fusion site was obscured by the soft tissue density, as illustrated in Figure 1.4 (b) [16], [19], 

[23]. 

  
(a) (b) 

Figure 1.4: (a) Solid fusion is interpreted at L4-L5 and L5-S1 using x-rays. However, a pseudarthrosis at L4-L5 was found at the time 
of surgical exploration. (b) Lumbar fusion was performed on a patient with spondylolisthesis at L4-L5. The existence of fusion is 
difficult to be determined  [23]. 

Dynamic or flexion-extension radiographs are used to determine non-union by observing relative motion 

between the vertebral bodies and across fusion levels [16]. However, the absence of movement on 

flexion-extension radiographs does not necessarily correspond with solid fusion, as subtle motion is not 

often detectable in these radiographs [24]. Also, the movement can be masked by nearby muscles or 

internal fixations. Furthermore, technical measurement errors are inevitable in evaluating flexion-



8 

 

extension radiographs. Thus, it is possible to minimise, but not eliminate, these inaccuracies when 

radiographs are taken [16].  

CT scan imaging has also been used to measure fusion integrity by demonstrating the presence or 

absence of bridging bone in three dimensions. CT provides greater detail than radiographic images, as 

shown in Figure 1.5 (b); however, it cannot be used to measure relative motion because the patient must 

remain in a fixed position during scanning. In this method, the pedicle screws, rod instrumentation, and 

nearby muscles may also interfere with proper visualisation of the fusion site [15]–[17], [25]. In addition, 

the cost per image and the dose of radiation that patient is exposed to are also limiting factors for the 

use of CT [1]. 

  
(a) (b) 

Figure 1.5: The assessment of fusion on the same patient with spondylolysis showing (a) bony union on radiography and (b) non-
union on CT scan  [18]. 

MRI is considered the best for spinal imaging due to its superior resolution and ability to provide a sharp 

distinction between different types of soft tissues. MRI is usually employed to explore the fusion mass 

rather than solid bone, as MRI relies upon water content in the tissue. The sensitivity of MRI for the 

identification of bony fusions is between 90-95%. However, MRI has several limitations including, longer 

examination time, the necessity of using sedation, and artifacts of stabilisation devices. It is also 

exorbitantly expensive and not available at all surgical facilities. In addition, MRI is absolutely 

contraindicated in the presence of ferromagnetic implants and may cause a lethal injury [7]. 

In conclusion, there are currently no standardised methods for assessing bone fusion. Imaging methods 

are subjective and do not provide objective data that can definitively verify the presence of fusion or 

detect the fine gaps found in pseudarthroses. In addition, finding the right balance between unnecessary 

further surgical intervention and allowing severe failure to progress due to procrastination is challenging. 

Hence, more accurate non-invasive methods are needed to determine the solidity of spinal fusion to 

avoid the time delays, cost, pain, and risks associated with exploratory surgeries.  

Due to the spine's intrinsic and extrinsic neighbouring muscles, the loading on the spine is extremely 

complex. After surgery, the implant is exposed to axial forces as well as bending moments in flexion, 

extension, lateral bending, and torsion. It is essential to understand these forces for choosing the 

appropriate intervention, developing effective implants and deciding on optimal postoperative 
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rehabilitation [6]. There is also an opportunity to capitalise on the existence of these forces to measure 

loads and strains that vary with a solidifying spinal fusion. 

1.5 Smart Orthopaedic Implants 

Smart implants are medical devices that can be implanted inside the body and communicate information 

on the status of the medical implant and/or the surrounding biological tissues to external monitoring 

equipment. These devices provide therapeutic and diagnostic benefits to improve clinical outcomes while 

reducing costs [26]. Instrumented medical implants (IMI) equipped with electronic systems have drawn 

much attention in the last several years. Exciting applications of IMIs have become available as a result 

of breakthroughs in IC technology that resulted in the miniaturisation of electronics and the evolution of 

microprocessors in recent decades. The fully implantable cardiac pacemaker, inserted in the chest to 

control irregular heart rhythms through electrical stimulation, is one of the most famous examples [27], 

[28]. IMIs have been widely used in cochlear [29], retinal [30], muscle stimulation [31], and pressure 

monitoring implants [32]. Applications of IMIs in orthopaedic surgery include joint replacement (knee, 

hip, elbow, shoulder, etc) [33], [34] ,[35] fracture fixation [36], [37] (ulna, femur, etc), spinal fusion [38], 

[14], and more [39]. Several studies have been conducted to evaluate bone healing with embedded 

sensors either applied directly onto the bone [40] or onto implanted instrumentation [6], [41], [42]. An 

example of a smart orthopaedic implant is illustrated in Figure 1.6, where two strain gauges were 

attached directly onto the cervical spinal interbody cage to monitor the fusion [6]. 

 

Figure 1.6: Two strain gauges mounted onto the surface of the 2.5 mm wide cervical spinal interbody cage. Lead wires are used 
to connect gauges to signal conditioning electronics [6]. 

Westerhoff et al. [35] developed an instrumented shoulder implant capable of measuring the contact 

forces and moments acting in the shoulder joint, as presented in Figure 1.7. An average measuring 

precision of approximately 2% was achieved. The implant electronics consisted of six strain gauges, a 

nine-channel wireless telemetry unit and an inductive power supply. The antenna at the right end of the 

implant is made of thin niobium wire and tethered to the internal telemetry unit. A biocompatible polyether 

ether ketone (PEEK) cap covers the antenna to allow communication. Electronic beam welding was 

utilised to hermetically seal the upper and lower ends of the implant. 
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Figure 1.7: Instrumented shoulder joint implant consists of six strain gauges, the internal induction coil to power the implant 
inductively, the antenna at the tip of the stem, and the telemetry unit in the hollow neck [35]. 

The instrumented locking plate developed in [43], Figure 1.8, was applied in 20 clinical cases to measure 

implant loads continuously and transmits data to a smartphone to determine the progression of fracture 

consolidation.  

  
(a) (b) 

Figure 1.8: (a) Instrumented external fixator and (b) instrumented implantable locking plate for monitoring bone fracture healing 
[43]. 

Recent breakthroughs in wireless sensors and telemetry systems have opened up new and unexplored 

opportunities in orthopaedic implants. There is a requirement for smart orthopaedic implants to be small, 

robust, inexpensive, and involve minimal to no modification to existing medical instrumentation in order 

to someday be integrated into daily clinical practice. Over the last decades, there has been much 

research and development in smart orthopaedic implants due to the opportunity to integrate sensors, 

electronics and telemetry systems within these physically large implants or on their surfaces [6]. 

1.5.1 Smart Spinal Implants 

Measurement of forces and loads on spinal instrumentation has become a research focus over the past 

few decades. Waugh [44] attached ten strain gauges onto Harrington distraction rods and implanted 

them into three patients with scoliosis to collect force data, as shown in Figure 1.9. These instrumented 

rods had lead wires connected to a data logger percutaneously and were later replaced by a traditional 
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rod in a follow-up procedure. Several similar studies were subsequently conducted by others to read 

spinal rod strain values [45], [46]. 

 

Figure 1.9: An instrumented Harrington rod with ten strain gauges [44]. 

Later, Elfstrom et al. [47] used a different method to measure the forces on the Harrington distraction rod 

during and after the surgery. They attached variable inductance transducers onto the rod and connected 

them to a telemetry system, as illustrated in Figure 1.10. They then measured variances in inductances 

with changes in force. The instrumented rods were inductively powered and implanted in 11 spinal fusion 

patients with scoliosis for two weeks. They discovered that the axial forces dropped rapidly within the 

first three days and stabilised after 11 days. 

 

Figure 1.10: The modified Harrington rod with (A) silicon rubber encapsulated transmitter and (B) power transfer coil [47]. 

To overcome some of the drawbacks of the previous instrumented rods, Daniels et al. [48] mounted 

strain gauges onto the hooks of a Harrington rod, as shown in Figure 1.11. They utilised this instrumented 

rod to evaluate forces during spinal distraction in the correction of scoliosis.  
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Figure 1.11: Instrumented hook. Strain gauges attached to the hook on the Harrington rod [48]. 

A new generation of smart spinal implants was developed as the use of Harrington rods were made 

redundant. Hollow spaces were made in Dick spinal fixators [49], Figure 1.12, to house strain gauges, 

signal conditioning electronics and telemetry systems for laboratory tests. This new generation of smart 

spinal implants was able to measure forces and bending moments in all directions. They were inductively 

powered, communicated wirelessly and fully assembled by electron beam welding to achieve hermetic 

sealing. Loads were measured in different body positions in vivo as well as during physiotherapy and 

various activities [50], [51]. 

  

Figure 1.12: Instrumented titanium spinal fixator used for thoracic and lumbar spinal fractures. The top left picture is the original 
implant, and the middle left picture shows the cross-sectional model of the modified Dick spinal fixator with a power coil and 
telemetry system. The right image illustrates different parts of the modified implant [51]. 

Strain measured on posterior spinal rods can provide valuable insights into the forces on rods [52]. 

Because these rods share the load with the spine, forces in the spine itself cannot be quantified with 

these techniques. Unlike posterior rod-based systems, interbody implants and vertebral body 

replacements are loaded in series with the spine and thus can be utilised to measure spinal loads and 

better understand the biomechanical behaviour of the spine. Figure 1.13 depicts one such instrumented 

vertebral body replacement [53].  
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Figure 1.13: Instrumented vertebral body replacement consists of six load sensors, a telemetry unit and a power coil  [53]. 

These studies provided valuable quantitative data on forces and loads on spinal instrumentation during 

and after orthopaedic surgery. However, the feasibility of installation, long term implantation, and implant 

size remain unresolved issues. Chapter 2 summarises existing studies on smart implantable spinal fusion 

rods using sensors and electronic systems to detect the onset of fusion.  

1.6 Mechanical Forces on Spinal Instrumentation 

Several studies were found dedicated to measuring loads and moments on spinal instrumentation [14], 

[54]. Data from these posterior fixator solutions demonstrated that implants were loaded differently in 

different patients and during different activities. The implant loads were highly influenced by muscle 

forces [52]. Forces measured were as high as 300N to 500N during coughing and vomiting in one of the 

patients [45]. Forces experienced while sitting were measured at 176N [44], and twisting and lifting a 2kg 

weight resulted in forces as high as 412N [45]. Maximum bending moments on the rods exceeded 9Nm 

during walking, and peak compression forces reached 400N during flexion [52], [55]. Applying a cast or 

a stabilisation torso brace decreased forces on the rods [45], [47]. Activities such as walking (resulting 

in higher loads) and walking speed had little influence on measured spinal loads. The spine loads were 

relatively lower when the spine was in a neutral position, like in lying, sitting, or standing, versus in a 

flexed or twisted posture. However, the distribution of forces was non-uniform and dynamic [54], [55]. 

The use of a wheeled walker reduced forces in the spine by about 25%. Staircase walking resulted in 

slightly higher forces than normal level walking [55]. However, the implant loads were mainly unaffected 

by upper body flexion and extension [56]. 

1.7 Biomedical Implant Housings 

In order to protect implanted electronics from body chemicals and increase the lifespan of said 

electronics, the electronics must be encapsulated in a housing. The implantable encapsulations or 
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housings act as barriers between the human body's environment and the electronic devices. The housing 

must have the required properties in terms of mechanical and chemical stability, biocompatibility, 

durability, water tightness, resistance to corrosion and being lightweight. In the selection of a 

biocompatible material, the sealing feasibility should also be considered [57]. Therefore, materials like 

titanium, titanium alloys, PEEK, and liquid crystal polymer (LCP) are commonly used as biomedical 

implant housings in devices from pacemakers to cochlear implants due to their biocompatibility and 

possibility of accomplishing hermetic sealing in metallic and ceramic housings as well as quasi-hermetic 

sealing in non-metallic housings [58]. Non-metallic materials such as PEEK and LCP are quasi-hermetic 

since gas can still permeate through the bulk of these materials [59]. Metallic and non-metallic materials 

can be sealed by laser welding or with use of appropriate epoxies [60], [61]. Implantable medical devices 

are also sterilised to remove harmful microorganisms on the material surface before implantation [57]. 

1.7.1 Hermetic Sealing 

Protecting sensors and electronics from body fluids is a challenge. The implant itself can sometimes be 

modified by creating a cavity or recess to house sensors and electronics to overcome this challenge. A 

lid is then securely attached to hermetically seal the cavity. Another strategy is to develop a hermetically 

sealed housing and lid to guard the sensitive electronics, which is then mounted onto the implant [6], 

[57]. 

Percutaneous lead wires that connect instrumented implants to an external data logger present barriers 

for their use, including infection and limiting the mobility of the patient [46]. Battery-powered systems, on 

the other hand, do not have the disadvantages of percutaneous leads. However, these systems are 

limited by their size and the finite life of their batteries [6]. In recent decades, there has been a significant 

investment in powering and communicating with smart implants wirelessly to obviate these challenges.  

1.8 Wireless Power and Data Transfer  

Supplying power to implanted medical devices is a common key issue. For decades, wireless power 

transfer (WPT) has been used in telemetry, satellite communications, and radio frequency identification 

(RFID) tags. Several methods exist to wirelessly transfer power between a source and receiver, including 

radiofrequency waves, optical links, ultrasound, capacitive, and inductive. In practice, all these different 

mechanisms can act simultaneously, albeit one is usually dominant. The characteristics of each method 

make them suitable for specific applications [62], [63]. This section focuses mainly on inductive wireless 

power and data transfer amongst the several methods of accomplishing wireless power and data 

communication.  

1.8.1 Inductive Wireless Power and Data Transfer 

The most common WPT method is inductive coupling which was first presented by Nikola Tesla in 1891 

[63]. The basic principles and safety risks of Inductive wireless power transfer (IWPT) are well 

understood. Therefore, IWPT is very popular for mid-range transmission of power and data delivery in 

biomedical applications where short-range, non-contact transcutaneous power delivery and 

communications are desirable. Recent developments in the semiconductor industry have made this 

technology even more suitable for biomedical applications. Low amounts of power in the range of 
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microwatts to milliwatts can now power implants wirelessly when utilising batteries or supercapacitors 

are inadequate due to their size, operational life, and/or risks associated with chemical leakage [64]. 

In addition, data communication in both directions can be established over an inductive link. Both power 

and data transmission possibilities make an inductive link very appealing for certain applications. They 

allow for the fabrication of highly integrated and low-cost transponders, such as those used in common 

RFID applications [62], [65]. IWPT has several advantages over wired connections and is thus applied 

in consumer electronics charging [66], wearable electronics [67], health care [29], and the automotive 

industry [68]. 

Figure 1.14 represents a block diagram of an IWPT system. The power source feeding the IWPT system 

consists of the rectification and inversion stages. According to Faraday's Law of Induction, power is 

transferred from the primary coil to the secondary coil due to the magnetic field of the primary coil being 

coupled into the secondary coil. The wireless power is delivered through the receiver coil and rectifier 

stages [63]. 

 

Figure 1.14: Block diagram of a two-coil IWPT system [63]. 

1.9 Research Objectives  

This research aims to develop an implantable instrumented spinal fusion rod for animal trials and 

investigates the feasibility of inductive wireless power transfer through titanium barriers. The ultimate 

goals of the developed system are to aid in monitoring the progression of spinal fusion, understand spinal 

fusion biomechanics, and help improve clinical outcomes through quantitative measurements. This 

research's findings can further assist in earlier diagnosis of successful fusion, reduction in costly 

postoperative X-rays, and improved timing for revision surgeries if fusion does not occur. Monitoring the 

integrity and progress of spinal fusion on a patient also leads to an earlier return to normal activities and 

work. 

The specific objectives of this research were to: 

1. Review existing technologies for monitoring bone healing and spinal fusion. 

2. Develop a readout circuit for a fully implantable spinal fusion monitoring system. This requires 

implementation of sensor signal conditioning, wireless power reception and data transmission 

circuitry. 
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3. Demonstrate strain measurement using strain gauges on a benchtop-scale version of the 

measurement system. 

4. Miniaturise the implant electronics, including the PCB and planar PCB coil, to be incorporated 

into an implantable titanium rod and housing. 

5. Integrate the implant electronics into a spinal fusion implant suitable for use in animal trials. 

6. Explore the feasibility of wireless inductive power transfer through metallic barriers to enable 

fully titanium implants to be created as a path to creating hermetically sealed implants for use in 

human. 

1.10 Thesis Outline 

This thesis consists of five chapters to present the development of an implantable, instrumented spinal 

fusion rod to track the progression of spinal fusion quantitatively. The electronics housing was 

constructed of titanium due to its characteristics and because actual spinal rods are made of titanium. 

Various lids, including polymeric and thin titanium options were investigated for their suitability in this 

application. The titanium housing was analysed for its impact on the properties of the inductive link and 

its performance.  

Chapter 1 begins with an introduction to the work and the motivation behind it. It includes background 

information on spine structure, lumbar spine anatomy, lumbar spinal fusion surgery, spinal 

instrumentation, current post-operative fusion assessment drawbacks, materials used for housings, 

hermetic sealing, and methods for wireless power transfer. The research objectives and thesis outline 

are listed in this chapter. 

Chapter 2 provides an overview of methods used for bone strain measurements, a literature review on 

recent instrumented spinal fusion implants, and existing implantable smart spinal fusion rods. This 

chapter also describes the system requirements and design challenges. 

Chapter 3 consists of the theory of a two-port IWPT system in general and in the presence of a nearby 

conductive medium. A literature review on through-metal inductive power delivery is included in this 

chapter.  

Chapter 4 contains the development of the readout printed circuit board (PCB), incorporating the strain 

gauges and planar PCB coil design. The integration and testing procedures of the developed implant, 

benchtop measurements, and technical specifications of the hardware are also listed in this chapter. The 

test results are discussed and compared to the system requirements.  

Chapter 5 presents the experimental studies and FEM modelling results to explore the impact of a 

titanium housing and a thin titanium lid on wireless power transmission efficiency in a spinal fusion 

implant. Inductive wireless power transfer in the presence of metallic materials in a nearby environment 

is dependent on the operating frequency of the system, the type of the material, the thickness of the 

metallic material. This study investigated the possibility of transferring power through a titanium lid after 

determining the right operating frequency for the system. The given set-up is evaluated across several 
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parameters such as type of lid material and its thickness, secondary coil displacement, the existence of 

a ferrite sheet and its location to understand the impact of system variations. 

Chapter 6 summarises the work, and the future directions of this study are discussed. 
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2. Use of Sensors in Spinal Strain Measurement 

2.1 Introduction 

Determining when solid bony fusion has occurred after spinal fusion surgery is one of the most significant 

clinical challenges for this procedure [25]. Spinal instrumentation, which includes screws, spinal rods or 

plates, and fasteners, is implanted across the impacted vertebrae to provide stability and promote fusion 

throughout the healing process. Typical spinal fusion fixation consists of rods and pedicle screws with 

fasteners, as shown in Figure 2.1. Preliminary understanding of the relationship between spine loading 

and bone healing has been gained via several studies investigating bone formation during fusion [14], 

[54], [69], [70]. 

 

Figure 2.1: A typical lumbar spinal fusion fixation on a spine model [12]. 

Spinal loading is important in both the disease process and the healing phase for individuals who 

undergo surgical intervention [71]. Load sharing between the injured or unstable spine, the implant, and 

the fusion mass with healing transfers to the fusing vertebrae as the grafted bone fuses, resulting in a 

decrease in the bending strain of the implanted rod. The load on the spinal rod eventually reaches a 

plateau at a minimum value and remains relatively constant, indicating the bony fusion has reached its 

full strength. According to White and Panjabi [72], there is no initial fusion mass, so it has no contribution 

to the stability of the treated segment, and the load is shared by the implant and the spine. As the fusion 

mass develops and stiffens over time, the load across the fused segment is distributed to the fusion 

mass, resulting in the fixation being under proportionally less load. According to these authors, bone 

healing is a complex process, meaning that the plots of the implant load and fusion mass load versus 

fusion progress over time are not mirror images of each other [72]. The load distribution between the 

implant and the spine remains unknown. Importantly, changes in load-sharing occur as the fusion mass 

becomes mechanically mature, even before solid fusion can be confirmed radiographically or 

histologically [20]. Therefore, the bending strain of the spinal implant can be utilised as an alternative 

method to track the progress of spinal fusion as well as for detecting the onset of fusion [13]. 

Barri et al. [73] recently performed a study investigating a new approach to continuously track the 

progress of lumbar spinal fusion by using a self-powered Fowler-Nordheim (FN) sensor data logger. The 

healing process was replicated by inserting various materials with progressively increasing elastic 

modulus into the space between two synthetic vertebrae composed of ultra-high molecular weight 
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polyethylene (UHMWPE). Air, cork, low-density polyethylene (LDPE), polyurethane rigid foam (PUR), 

and UHMWPE were used to fill the space between the two UHMWPE blocks respectively to cover the 

whole cycle from the non-healing stage to successful union. Their phantom experimental set-up is 

displayed in Figure 2.2. The measured voltages, which corresponded to strain on the rods, decreased 

using materials with higher stiffness, implying the healing progress. 

 

Figure 2.2: Benchtop set-up to assess the sensor's efficacy in monitoring posterior lumbar spinal fusion. The fixture consists of two 
UHMWPE blocks, two titanium rods, each 5.5 mm in diameter, and four 6.5 mm pedicle screws. Kyowa CC-33 Adhesive is used 
to attach the piezoelectric wire to the front side of the left rod [73]. 

The stiffness of the bridged spinal segment, which is determined by researchers using various 

parameters such as bone graft, bone quality, musculature, and the way the fixators are implanted, affects 

load sharing on the spinal implant [52]. The loads on spinal rods are further affected by the preload 

applied during surgery, load-sharing with adjacent structures, and the patient's posture and activities. 

The loads carried by a spinal fusion implant in vivo remain unclear. However, smart spinal fusion implants 

have been used to quantify fusion progress as the loads on the implant change as bone forms, and 

fusion matures [12], [56], [73], [74], [75]. It has been reported by Ferrara et al. [75] that both graft site 

pressure and implant load can be used in the assessment of fusion after spinal surgery. 

Several approaches have been proposed in the literature for detecting fusion in pedicle screw-based 

spinal implants [12], [74], [76]. Although some studies have found no link between implant loads and the 

occurrence of bony fusion [77], new research using interbody implants has shown that forces on those 

implants correlate with the state of the fusion. Older studies utilised strain sensors to assess bone healing 

progress both ex vivo and in vivo, which had limitations such as limited range of detection due to noise 

from surrounding tissue, low sensitivity due to the type of sensor and the placement, and inadequate 

histological analysis [14], [78]. 

Quantitative data captured using these smart implants could be used for realistic implant testing, 

research models optimisation, and implant design refinement. Furthermore, postoperative care and 



20 

 

rehabilitation for individuals could be managed by identifying physical activities that risk implant stability 

and assessing the efficacy of devices like braces and crutches [6].  

2.2 Bone Strain Measurement Methods 

Several methods have been used to measure strains on bones, including resistive and capacitive strain 

gauges and sensors, fibre Bragg grating sensors, digital image correlation, and digital volume correlation, 

as shown in Figure 2.3 [79].  

  

(a) (b) 

  
(c) (d) 

Figure 2.3: Different strain measurement methods: (a) strain gauges, (b) fibre Bragg grating sensors, (c) digital image correlation, 
and (d) digital volume correlation [79]. 

2.2.1 Resistive Strain Gauges 

The change in unit length of a material under load relative to its gauge length is defined as strain. Strain 

gauges are thin foil arrays deposited onto a backing substrate that is bonded directly to an implant's 

surface using an adhesive to monitor strain changes. Strain gauge-based sensing has been utilised in 

smart implants since the 1960s [6], [80], [81]. As the implant deforms, the strain gauge deforms 

equivalently, changing the resistance of the gauge, ∆𝑅, which is proportional to the implant strain. Given 

the initial resistance of the material at zero strain, 𝑅, its variation, ∆𝑅 , as a function of the applied strain, 

휀, is represented by [82]: 

 ∆𝑅

𝑅
= 𝐺𝐹. 휀 (2.1) 

Where 𝐺𝐹 is the gauge factor that represents the sensitivity of the strain gauge. 

Proper bonding of the backing material to the implant is required for accurate strain measurement. Non-

uniform stress may exist due to the use of glue or epoxy and the temperature variation due to different 

temperature coefficients between the strain gauge and the implant. Hence selecting a suitable epoxy is 

essential [42]. Optimally, the surface to which the strain gauges is bonded should be chemically clean, 

with an appropriate roughness according to the gauge installation requirements and surface alkalinity 

corresponding to a pH of about 7 [83]. The location of strain gauges on the implant must be determined 
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in advance, either through numerical simulations or by keeping their placement consistent with previous 

research [79]. 

Strain gauges have been utilised successfully in several trials involving monitoring bone fracture healing 

[84], [85], [86]. They are considered the gold standard in bone strain measurement because of their 

precision, measurement reproducibility, and high-frequency response [79], [87], [88]. However, they can 

only measure the average strain of the area to which they are bonded and have non-zero stiffness, 

leading to the so-called "reinforcement effect" [89].  

There are several types of strain gauges, including metal foil gauges and semiconductor gauges. Metal 

foil gauges consist of a small section grid or filament mounted on a substrate that responds to the 

changing load with a change in resistance. Semiconductor gauges consist of doped silicon or germanium 

crystals and offer an order of magnitude higher sensitivity than foil gauges. These gauges exhibit a 

piezoresistive effect in which the resistance changes with changes in strain regardless of the rate of 

deformation. Compared with metal foil gauges, semiconductor gauges have a narrower band for linear 

strain measurement, are more challenging to handle, and more sensitive to temperature fluctuations. In 

terms of biocompatibility, semiconductor gauges may provide a risk due to leakage of the doping agent. 

Impurities from the body can also contaminate these gauges at the same time, or at the very least, the 

metallisation of these gauges can deteriorate [46]. In general, metal foil gauges have low sensitivity but 

are known for their stability over time. Semiconductor piezoresistive gauges are more sensitive but have 

a high-temperature dependence. The Semiconductor piezoresistive gauges are now appearing in many 

high-precision applications [90]. 

2.2.2 Capacitive Strain Sensors 

The basic capacitive strain sensor consists of a pair of metallised parallel plates with a dielectric gap. As 

the area of the plate, the gap, or the dielectric medium between the plates varies, the capacitance of the 

sensors changes, ∆𝐶

𝐶
, which correspond to strain, 휀, on the structure: 

 ∆𝐶

𝐶
= 𝐺𝐹. 휀 (2.2) 

Microelectromechanical system (MEMS) capacitive strain sensors are widely used in a variety of 

applications due to their higher sensitivity, minimum temperature dependence, low noise, large dynamic 

range, and potential monolithic integration with complementary metal-oxide semiconductor (CMOS) 

electronics, as well as low current requirements for sensing and associated circuitry [91]. There are two 

types of MEMs capacitive strain sensors: area variational with a fixed or variable gap. MEMS capacitive 

sensors have been assessed in different applications, including humidity, temperature, and pressure 

sensing devices [90], [92], [93].  

An example of a MEMS capacitive-base pure bending sensor with a cantilever structure was published 

in [74], Figure 2.4, which consisted of two parallel plates of silicon and glass beams joined at one end 

and open at the other end with a narrow variable gap to measure the bending strain on the spinal rod. 
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The bottom silicon plate of the gauges was attached to the bending test structure. Thus, as the structure 

bent, the bottom plate conformed to it and moved away from the straight top plate. As a result, the gap 

expanded along with the stretch of the sensor. The final developed sensor had an electrode area of 2mm 

x 4mm, and a gap of 3μm, which achieved a nominal capacitance of 42pF and a near-linear gauge factor 

of 252 [74].  

 

Figure 2.4: Developed MEMS capacitive-based pure bending sensor in [74]. 

2.2.3 Fibre Bragg Grating Sensors 

Fibre Bragg grating sensors are used to monitor strains at the interface between two materials, e.g., at 

the bone and implant interface, to aid in implant design. The inner and outer cores of these sensors are 

made up of fibres with varying refraction indexes. By stretching these sensors, the grating period 

changes, resulting in a change in the wavelength of the reflected ultraviolet light that is proportional to 

the applied strain. These sensors are smaller, lighter and more biocompatible than traditional sensors. 

However, they are less precise and less accurate than strain gauges and susceptible to temperature 

variations [79]. The size and power consumption of the read-out circuitry on implantable devices are also 

constrained, limiting the use of these sensors for biomedical applications. Furthermore, they are 

recommended for areas where the deployment of strain gauges is limited for practical reasons, such as 

the risk of causing damage to the strain gauges' electronic circuitry during the process [79]. 

2.2.4 Digital Image Correlation 

A 2D non-contact method for mapping one digital image onto another is referred to as digital image 

correlation. The transformation field between the two images is used to retrieve the displacement field 

on the surface of the specimen. This method has several advantages over utilising strain gauges, 

including the ability to reconstruct full-field strain patterns rather than a finite number of discrete strain 

measurements and the ability to detect strains on the order of a few hundred microstrains. However, in 

order to achieve a proper strain resolution, the noise must be managed with caution. This method is 

difficult to use in implantable devices as it is almost impossible to achieve repeatable results, and the 

changes in strain over a period of months are easily lost in the noise due to the slight changes in the set-

up [79]. 

2.2.5 Digital Volume Correlation 

In the digital volume correlation method, a 3D imaging device, e.g., X-ray tomography, is used to obtain 

3D images of the specimen. The internal strain distribution in bone responds to various applied loading 
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circumstances, and when the specimen is approaching yield, the measured output is augmented using 

this method. However, it is susceptible to noise in the collected strain data. The applicability of this 

method is limited by the long acquisition time and cannot be done with a patient. 

2.2.6 Other Methods 

The use of different sensors in monitoring callus formation during fracture healing have been investigated 

in several studies. For example, Lin et al. [1] implanted microscale sensors directly in a mouse fracture 

gap to measure the changing callus through electrical impedance spectroscopy (EIS), as shown in Figure 

2.5. Their results were in good agreement with standard quantitative micro computed tomography (µCT) 

values.  

 

 

 

Figure 2.5: The sensor placed in a mouse tibia fracture gap. The fracture site is stabilised with an external fixator, and the sensor 
is connected to external measurement hardware [1]. 

Tan et al. [42] used a passive sensor consisting of a magnetoelastic material to monitor the strain on a 

bone plate wirelessly in real-time to facilitate tracking the healing state of fractures. The magnetoelastic 

material subjected to an alternating magnetic field experienced an inverse magnetostriction effect under 

stress, resulting in a magnetic flux fluctuation in the sensing coil. The developed sensor was attached to 

a bone plate and subsequently attached to a goat hindquarter tibia in vitro, as shown in Figure 2.6. This 

was then mounted on a loading platform to indirectly acquire the relationship between the strain and the 

sensor output by applying force. This sensor was suitable for both wireless and passive applications but 

was dependent on being able to apply a known force. 
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Figure 2.6: The sensor attached to the surface of the bone plate implanted in a goat hindquarter tibia [42]. 

2.3 Monitoring Progress of Lumbar Spinal Fusion Using Sensors 

Lin et al. [38] developed a smart lumbar spine implant system with three major parts; a strain sensor, a 

battery-free transducer circuit that wirelessly communicated with the strain sensor, and an external 

reader that powered the implant and collected strain data from the transducer circuit at 10cm distance, 

as illustrated in Figure 2.7. The developed MEMS capacitive-based pure bending strain sensor for spinal 

fusion monitoring was presented in [74]. The sensor was housed in a PEEK housing affixed to a spinal 

fusion rod and wirelessly communicated with an inductively-powered strain measurement system. The 

smart spinal rod consisted of a MEMS bending strain sensor, inductively powered telemetry circuitry, 

and a receiving coil packaged in a quasi-hermetically sealed PEEK housing that is attached to a 6.4mm 

diameter and 50.8 mm long stainless-steel spinal fusion rod. The PEEK housing had a limited life and 

transferred the bending strain from the rod to the sensor as described in [12].  

  

(a) (b) 

Figure 2.7: (a) The concept of the spinal fusion implant attached to a spinal fusion rod proposed by Lin et al. [74] (b) The bending 
sensor, transducer circuit, housing without a cover, and a reference metal foil gauge attached to the spinal fusion rod [38]. A metal 
foil strain gauge is mounted on the rod as a reference strain gauge to characterise strain transfer efficiency.  

In [12], the PEEK strain transferred from the housing for monitoring lumbar spinal fusion was presented. 

The housing used friction clamping and could be mounted without the use of adhesives. The 2mm thick 

plastic housing accommodated the cylindrical surface of the rod by creating a 1mm trimmed flat surface 

of 2 x 10mm for the sensor to be mounted. The housing was installed between two pedicle screws, as 

demonstrated in Figure 2.7 (a). The housing was made as one piece with a large side aperture to 
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accommodate spherical bearings, which were snapped onto the rod and secured with the Medtronic 

Sofamor Danek Atlas cable system, as demonstrated in Figure 2.8 [12]. Various aspects were tested in 

order to optimise the strain transfer efficiency of the housing, including the sensor surface thickness and 

placement as well as cable guide thicknesses.  

  

(a) (b) 

Figure 2.8: (a) Designed and manufactured PEEK housing as one piece with narrow cable guides, and (b) Medtronic Sofamor 
Danek Atlas cable system to secure the housing onto the rod. The housing cover is missing in these images [12]. 

To monitor the strain of the rod wirelessly, the battery-free, wireless telemetry system used an inductively 

coupled, load modulated system similar to what is utilised in RFID, as shown in Figure 2.9 [94]. The 

reader's 125kHz magnetic field induced a voltage in the LC tank of the implant. A low quiescent power 

regulator was then used to rectify, filter, and regulate the AC voltage. The oscillator and frequency divider 

circuits required 3VDC, 28 µA to operate. The oscillator circuit acted as a capacitance to frequency 

converter (CFC), converting the strain signal into a signal that could be transferred wirelessly. The 

capacitive strain sensor is represented by the variable capacitor C in Figure 2.9. This signal is then 

conditioned before being used to modulate the load [38]. The load modulation technique is suitable for 

applications with strong coupling between the primary and secondary coils (see section 3.2), which is 

not the case for small implantable devices. 

 

Figure 2.9: Block diagram of the (a) transducer and (b) oscillator circuits [38]. 

The external reader in Figure 2.10 operated on 12VDC, 175mA, and provided the 125kHz magnetic field 

for the implant. The reader antenna had a diameter of 24cm and was tuned to 125kHz. An on-chip 

oscillator, antenna driver, and a demodulation circuit were all included in the EM4095 Integrated circuit 
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(IC). An Agilent 53131A counter was used to measure the demodulator's output which was then logged 

using a computer-based data acquisition system [38].  

 

Figure 2.10: Block diagram of the external reader [38]. 

Their developed spinal fusion rod was tested with a near-linear response for 0 to 1000µε strains, as 

illustrated in Figure 2.11. Their baseline capacitance was approximately 25pF. 

 

Figure 2.11: Comparison of the calculated and experimental strain measurements on the smart spinal fusion rod [38]. 

Intellirod Spine Inc. developed an interoperative orthopaedic strain sensor based on the research by Lin 

et al. [38] that was snapped onto the spinal rod by a surgeon to measure strains on posterior spinal rods 

during spinal surgery [95]. This was a disposable tool for a standard 5.5mm diameter titanium or cobalt 

chrome rod that could be used with the X-Spine Systems' Fortex pedicle screw system. The 

intraoperative device could provide static and dynamic strain measurements on the spinal fusion rod 

during surgery.  

Their smart device consisted of a sealed titanium and zirconia ceramic enclosure containing a battery-

less strain sensing device, a telemetry circuit that utilised RFID technology (13.56MHz), and a passive 

transponder, inserter, and reader, as demonstrated in Figure 2.12. The ceramic enclosure could 

hermetically encapsulate the implanted electronics, making the implant reliable over time; however, this 

enclosure would be bulky and expensive. The telemetry circuit and sensor were powered by inductive 

coupling from the reader. The reader detected the sensor's signal as a varying load. The nominal data 

frequency was 33kHz (a 66-bit data packet transmitted in 2 msec bursts). The transponder acquired real-
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time microstrain values on the rod and its unique identification code, which the reader measured during 

the surgical procedure [95]. The device was removed post-surgery prior to closing the wound.  

 

 

(a) (b) 

 
(c) 

Figure 2.12: Exploded view of (a) the LOADPRO™ interoperative rod strain sensor consisted of a strain sensor, sensor telemetry 
circuitry, inductive link and data converter electronics, all contained in zirconia ceramic and titanium enclosure (b) LOADPRO™ 
handheld reader and (c) image of the LOADPRO™ Intraoperative rod strain sensor attached to a pedicle screw system using 
5.5mm titanium alloy rods. This implant was attached directly to the spinal fusion rods in the space between two pedicle screws 
using a clamp mechanism [95]. 

The handheld reader consisted of an integrated antenna, display screen, and "Scan" and "Clear" buttons. 

When a reading took place, the reader was turned on and received the data from the sensor, performed 

validity checks, and then displayed the value for that reading in units of microstrain. 

2.4 Fully Implantable Smart Spinal Fusion Implant Requirements 

Spinal fusion rods are typically made of titanium alloy (Ti-6Al-4V), containing 90% titanium, 6% 

aluminium, 4% vanadium, maximum 0.25% iron, and a maximum of 0.2% oxygen [96]. Bending of the 

spinal fusion rod can be used to convert mechanical strains on the spinal rod into electrical signals.  

Some of the considerations in designing a smart spinal fusion rod are: 

• Long-term implantation feasibility over its lifetime by having a biocompatible, hermetically sealed 

housing. 
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• Proper bonding of the sensors and its housing to the spinal rod. 

• The size of the housing must fit between adjacent vertebrae. 

• The implant must be tolerant of preloads due to the surgeons' placement of the pedicle screws 

and how that influences loads in the rod implanted inside the body. 

• Any modification of a standard spinal fusion rod should not impact its existing regulatory approval 

(which precludes any reductions to its minimum diameter of 5.5mm) nor affect its functionality or 

usability in a surgical procedure or induce any additional risks. 

In conclusion, the implant for spinal fusion applications must fulfil the following requirements: 

• Electronic components may not be biocompatible and must therefore be hermetically 

encapsulated. The optimal solution to achieve this goal would be a complete titanium alloy 

(Ti6AI4V) implant consisting of a rod, housing, and lid by achieving a more reliable bond between 

two metals than between an LCP or PEK lid and a metal housing. Therefore, this study 

investigates the possibility of using titanium alloys for the housing lid whilst avoiding making a 

Faraday cage. 

• The system should be compatible with an inductive power transfer to work with the available 

technology at IDG. 

• The minimum range for wireless power and data transmission is estimated to be 100mm through 

the skin for most patients. 

• The system must be wireless for long-term use to avoid feed-throughs through the subcutaneous 

tissue. 

• The housing must be large enough to house the sensor, electronics, and implant coil for inductive 

power and data transmission. 

2.5 Overall Spinal Fusion System Diagram 

The light orange side in Figure 2.13 refers to the implantable part of the system located on the spinal rod 

inside the body, consisting of a strain sensor, signal interface IC, processing unit, and wireless power 

and communication unit. The external part of the system includes the processing unit, communication 

unit, and power management circuitry, which powers the implant inductively and reads the values 

transmitted through the tissue by the smart spinal fusion implant. For this study, the processing unit 

transports data to capture and visualise them on a personal computer (PC) via Bluetooth. The overall 

block diagram of the system is presented in Figure 2.13. 



29 

 

 

Figure 2.13: Overall spinal fusion system block diagram. 

2.6 Summary 

Bone healing is a complex process that is influenced by a number of parameters. It has been shown in 

various studies that monitoring the stiffness of the spinal fusion implant following surgery helps with 

understanding the biomechanical behaviour of the musculoskeletal system by tracking the bone healing 

progress and degree of osseointegration over time. These measurements provide advances in 

rehabilitation management as well as feedback on bone healing progress. Strain sensors are widely 

used to measure the surface deformation of various materials. The resolution of commercially accessible 

strain sensors has improved, making them suitable for tracking spinal fusion development. Furthermore, 

it has been demonstrated that implants' strain can be monitored over time by combining strain sensors 

with a telemetry circuit. 
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3. Inductive Wireless Power Transfer Through Titanium 

3.1 Introduction 

The functionality and performance of IMIs are constrained by power, volume, and size. Use of batteries, 

which have a limited energy budget, and add bulk, can limit or increase the size of an implant [62]. In 

addition, the costs and risks of replacing energy storage devices, such as batteries, inside the body add 

complexity to the performance of the IMIs [28], [63]. For medical implants designed to remain in the body 

for a more extended period, wires travelling through the skin cause additional complications [62]. A 

hermetically sealed housing is essential to protect the implanted electronics from harsh body chemicals 

and keep the body safe from the implant and the materials from which it is made. Feeding wires through 

an IMI's enclosure wall reduces the strength and integrity of the structure and also causes practical 

issues, including leakage, loss of pressure, or loss of vacuum [97]. An ideal solution for these issues 

would be to develop a device that can be powered wirelessly without requiring physical penetration 

through the mechanical structure [98].  

The materials used for an implant housing must have specific characteristics such as biocompatibility, 

right mechanical strength, and chemical stability to meet the requirements for use in the body. Several 

materials exist to obtain that goal, such as titanium or titanium alloys, PEEK and LCP. Amongst the 

different materials available, titanium and titanium alloys are often best due to their mechanical strength, 

chemical stability, water tightness, and biocompatibility. However, using a metallic enclosure adds 

complexity in implementing wireless power transfer due to its electromagnetic shielding effects.  

3.2 Inductive Link 

An inductive link can be created by applying an alternating current to a coil and receiving the power using 

a second coil. This technique is a commonly used method for wireless power and data delivery in 

biomedical implants as a means to transmit power from an external coil to the implant. A time-varying 

magnetic field created by an alternating current in the primary coil induces an alternating current (AC) 

electromagnetic field (EMF), which is then picked up by the coupled secondary coil and produces a 

voltage or an electromotive force (emf) on the load unit [64]. Figure 3.1 shows two versions of the 

principle of inductive power transmission. The coils derive their names from transformer terminology, 

with the transmitting coil referred to as the primary coil and the receiving coil (the implanted coil) referred 

to as the secondary.  

  
(a) (b) 
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(c) 

Figure 3.1: Principle of inductive wireless power transmission in (a) transformer [63], (b) closely-coupled [63] and (c) loosely-
coupled [99] systems. The arrows show the magnetic fields. 

The mutual coupling between the coils determines the amount of transferred power, and it divides IWPT 

systems into three categories: transformer (a), closely-coupled (b) and loosely-coupled (c) systems, as 

shown in Figure 3.1. In transformer systems, where a standard ferrite or iron core couples the primary 

and secondary coils, the coupling coefficient, 𝑘, is close to unity. Closely coupled systems have similar-

sized coils which are coupled by air and close to each other. This results in almost identical magnetic 

flux through the primary and secondary coils; therefore, the transfer efficiency is relatively high. The coils 

are far apart in loosely coupled systems, or one coil (the implant coil in biomedical applications) is much 

smaller than the other, so the coupling coefficient is relatively low. The lack of a highly permeable 

magnetic path linking the two coils, the substantial distance between the coupled coils and the coil sizes 

contribute to a low coupling coefficient [63]. Hence, the power received by the secondary is insignificant 

at the primary coil, meaning that the primary coil can operate without noticing the secondary.  

Aside from eddy current losses in the surrounding medium, active losses in the primary power converter 

and the receiver rectifier, a large loss mechanism usually found in inductive coupling is the power loss 

in the resistance of the primary coil. This loss is due to the alternating current needed to produce the 

required magnetic flux. The larger this loss is, the weaker the magnetic coupling with the secondary coil 

becomes. As a result, the power dissipated in the primary coil can be much larger than the power 

received by the load unit. Both primary and secondary coils are typically tuned into resonance, meaning 

that a capacitor cancels the coils' inductive impedances to increase the system's overall efficiency [62]. 

The inductive link can be optimised for maximum power transfer, maximum link efficiency, or insensitivity 

to coupling variations. It can also be optimised to have higher limits for link efficiency while the link gain 

is relatively unaffected by coupling variations [63], [100]. 

3.3 Equivalent Two-Port Representation of an IWPT System 

A simplified equivalent RL model (section 3.4) of the coils can be used to expand the equivalent two-port 

representation of a coupled coil pair, as shown in Figure 3.2 (a). It consists of two separate coils of self-

inductance 𝐿1 and 𝐿2 coupled by mutual inductance 𝑀 that models the inductive coupling. 𝑅1 and  𝑅2 are 

the equivalent series resistance of the coils, modelling the losses in the primary and secondary coils, 

respectively. The inter-winding parasitic capacitances are not considered here.  
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(a) (b) 

R1 L1 - M R2

M

+ +

--

V1 V2

L2 - MI1 I2

 
(c) 

Figure 3.2: The equivalent two-port representation of an IWPT system assuming that parasitic capacitance in the coils is negligible. 
(a): RL model, (b): Current Controlled Voltage Source (CCVS) representation [62], and (c): modified representation based on [101]. 
M refers to the mutual inductance. 

The equivalent two-port network of the system is used to derive the link equations, where 𝑗 = √−1, 𝑍 

and 𝐼 are impedance and current matrices of the system, respectively [62]: 

 
𝑉 = [

𝑉1

𝑉2

] = [
𝑅1 + 𝑗𝜔𝐿1

𝑗𝜔𝑀
      

𝑗𝜔𝑀

𝑅2 + 𝑗𝜔𝐿2

] [
𝐼1
𝐼2

] = [
𝑍11 𝑍12

𝑍21 𝑍22
] [

𝐼1
𝐼2

] = 𝑍𝐼 (3.1) 

A resonance capacitance can be introduced at both the primary and the secondary sides of the inductive 

link to improve the performance of the IWPT link. This capacitance can compensate for the inductive 

behaviour of these coils and help obtain resonance conditions. The inductance and resonance 

capacitance cancel out at the specified frequency, leaving behind just the AC resistance of the coil. 

Tuning can happen in series or parallel with the coils. As shown in Figure 3.3, the resonance capacitor 

is added in series with the secondary coil. Simple resistor, 𝑅𝐿, represents the load. 

 

Figure 3.3: Secondary coil compensated with capacitance 𝐶2 and 𝑅𝐿 is the load [62]. 

It can be shown that for a given 𝜔, coil set-up, and 𝑅L, the value of 𝐶2 for series compensation can be 

calculated as [62]: 

 
𝐶2 =

1

𝜔2𝐿2

 (3.2) 
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The parasitic inter-winding capacitance may be added to 𝐶2. Even though the capacitances are not 

connected directly in parallel, the equation 3.2 can be a good approximation as long as 𝜔𝐶2 ≫ 𝑅𝐿, which 

is usually the case [62].  

3.4 Equivalent Electrical Model of a Coil 

One of the most prominent models for describing the frequency-dependent properties of a coil is the 

resistor inductor capacitor (RLC) model [62], as shown in Figure 3.4. Where 𝐿 is the inductance and 𝑅 

describes the equivalent series resistive losses of a coil. 𝐶𝑝 and 𝑅𝑝 are a coil's parasitic capacitance and 

resistance respectively, leading to the self-resonant frequency, 𝑓𝑟: 

 
𝑓𝑟 =

1

2𝜋
.√

𝐿 𝐶𝑝 − 𝑅2⁄

𝐿2
 (3.3) 

L

Cp

R

Z

 

Rp

 

Figure 3.4: The lumped model of a coil consists of the inductance 𝐿 and the equivalent series resistance 𝑅. The parasitic parallel 

capacitance and resistance of the coil are 𝐶𝑝 and 𝑅𝑝, respectively. 𝑍 indicates the total impedance of a coil. 

3.5 Inductive Link Quantities 

3.5.1 Mutual Inductance 

Mutual inductance, 𝑀, indicates the effectiveness of the coupling between a pair of coils and depends 

on the number of turns, the width of the coil wire, the separation between the coils, and the coils 

configurations in addition to the exterior geometry of the coil. Figure 3.5 illustrates two filamentary, 

circular coils with radius  𝑟1 and 𝑟2. Although the coil centres are on the same axis, 𝑧, they are misaligned 

by angle 𝜃 and the separation between coil centres is 𝑐. 



34 

 

 

Figure 3.5: Two filamentary circular coils with angular misalignment and coil centres on the same axis [102]. 

According to Figure 3.5, the mutual inductance, 𝑀, between two filamentary circular coils with inclined 

axes can be calculated as follows [102], [103], [104]: 

 
𝑀 =

𝜇0

𝜋
 √𝑟1𝑟2  𝑐𝑜𝑠𝜃 ∫

Ψ(𝜅)

√𝑉3
 𝑑𝜙

𝜋

0

 (3.4) 

Where ∅ is the angle of integration at any point of the secondary coil. 𝑉  and κ are calculated as: 

 𝑉 = √1 − 𝑐𝑜𝑠2𝜙 𝑠𝑖𝑛2𝜃 (3.5) 

 
κ = √

4a𝑉

1 + 𝑎2 + 𝑏2 + 2ab𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃 + 2a𝑉
 (3.6) 

𝑎 =
𝑟2

𝑟1
 , 𝑏 =

𝑐

𝑟1
 and Ψ(𝜅) is: 

 
Ψ(𝜅) = (

2

𝜅
− 𝜅) 𝐾(𝜅) −

2

𝜅
𝐸(𝜅) (3.7) 

𝑟1 is the radius of the primary coil. Subscript 1 refers to the primary coil; 

𝑟2  is the radius of the secondary coil. Subscript 2 refers to the secondary coil; 

𝑐 is the separation between coils' centres; 

𝜃 is the angle between coils' planes; 

𝐾(𝜅) is the complete elliptic integral of the first kind; 

𝐸(𝜅) is the complete elliptic integral of the second kind; 

𝜇0 = 4𝜋 𝑒−7 𝐻 𝑚⁄ = 1.26 𝑒−6  𝐻 𝑚⁄  is the magnetic permeability of vacuum/free space. 
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3.5.2 Self-Inductance of a Coil 

The self-inductance of a circular coil at low frequencies can be approximated as follows [105]: 

 
𝑳 = 𝑁2 𝜇0 (2𝑟 − 𝑟𝑤) [(1 −

𝜅′2

2
)𝐾(𝜅′) − 𝐸(𝜅′)] (3.8) 

Where, 

 
𝜅′ = √

4𝑟(𝑟 − 𝑟𝑤)

(2𝑟 − 𝑟𝑤)2
 (3.9) 

𝑁 is the number of turns of the coil, 𝑟𝑤 is the wire radius, 𝑟 is the coil radius, 𝜇0 is the permeability of the 

vacuum, and 𝐾(𝜅′) and 𝐸(𝜅′) are the complete elliptic integrals of the first kind and the second kind, 

respectively. 

3.5.3 Coupling Coefficient 

Some derived quantities are widely utilised in inductive coupling in addition to the physical quantities 𝐿, 

𝑀, and 𝑅. The coupling coefficient, 𝑘, can be used to specify the strength of the coupling without needing 

to know the characteristics of the coil. It can be defined as a ratio of mutual inductance and self-

inductances. This derivation of 𝑘 is independent of the number of turns of the primary and secondary 

coils [62]: 

 
𝑘 ≡

𝑀

√𝐿1𝐿2

 (3.10) 

3.5.4 Quality Factor 

The ratio of the imaginary part of coil's impedance to its real part is described as the quality factor of a 

coil, 𝑄: 

 
𝑄 ≡

𝜔𝐿

𝑅
 (3.11) 

Where 𝑅 is the frequency-dependent equivalent series resistance (ESR) of the coil, and 𝜔 = 2𝜋𝑓 is the 

angular frequency. An RL equivalent circuit of the coil is considered below, as was illustrated in Figure 

3.4. 

The mutual inductance between the coils and self-inductance of a coil can be represented in terms of 𝑁 

as: 
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 𝑀 = 𝑁1𝑁2𝑀0 (3.12) 

 𝐿 = 𝑁2𝐿0 (3.13) 

𝑀0 and 𝐿0 are the single-turn equivalent self-inductance and the single-turn equivalent mutual 

inductance, respectively. These values are independent of 𝑁 for a given geometry and can define the 

coupling coefficient, 𝑘 as [62]: 

 
𝑘 =

𝑀0

√𝐿10𝐿20

 (3.14) 

As discussed in [62], by assuming that the quality factor 𝑄 is independent of 𝑁. Then 𝑅 can be written 

as: 

 𝑅 = 𝑁2𝑅0 (3.15) 

Where 𝑅0 is the single-turn equivalent series resistance, the quality factor, 𝑄, can be calculated as: 

 
𝑄 =

𝜔𝐿0

𝑅0

 (3.16) 

The assumption that 𝑅0 is independent of 𝑁 is only valid for the direct current (DC) resistance of a coil 

when there is no skin or proximity effect. The constant-Q assumption occurs when 𝑅0 is assumed to be 

independent of 𝑁 [62].  

3.5.5 Link Potential 

The variable 𝑋 fully determines the achievable power efficiency of a given coil set-up at a given operating 

frequency, 𝑓 = 𝜔/2𝜋 [62].  The link potential, 𝑋, is a unitless variable and defined as:  

 
𝑋 ≡ 𝑘2𝑄1𝑄2 =

𝜔2𝑀2

𝑅1𝑅2

=
𝜔2𝑀0

2

𝑅10𝑅20

 (3.17) 

When the constant-Q assumption is considered, 𝑋 is independent of 𝑁1 and 𝑁2. Hence, 𝑋 is a very useful 

parameter for comparing the potential of different coil set-ups. 

3.5.6 Load Factor 

Load factor, 𝛼, is the ratio of load resistance 𝑅𝐿 to the impedance of the secondary resonance capacitor 

𝐶2. This value is defined in parallel resonance as [62]: 
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 𝛼 ≡ 𝜔𝐶2𝑅𝐿 (3.18) 

Where 𝑅𝐿 represents the implanted electronics, including rectifier and voltage regulator. 

3.5.7 Transmitted Power 

As calculated in [62], the amount of transmitted power, 𝑃𝑅𝐿
, in the load resistance, 𝑅𝐿, is [62]: 

 
𝑃𝑅𝐿

= 𝑃𝑅1

𝑋𝑅2𝑅𝐿

(𝑅2 + 𝑅𝐿)
2
 (3.19) 

The power dissipated in 𝑅1, 𝑃𝑅1
, is [62]: 

 
𝑃𝑅1

=
𝐼1
2𝑅1

2
=

(𝑁1𝐼1)
2𝑅10

2
 (3.20) 

Where 𝑁1 is the number of turns of the primary coil and 𝐼1 is the current in the primary coil. Equation 3.19 

demonstrates that the amount of 𝑃𝑅𝐿
 is directly proportional to the amplitude of the primary magnetic 

field, 𝑁1𝐼1. As shown in equation 3.19, the transmitted power 𝑃𝑅𝐿
 is maximised for a load resistance 

𝑅𝐿𝑃𝑚𝑎𝑥
= 𝑅2. So maximum transferred power, 𝑃𝑅𝐿𝑚𝑎𝑥, is calculated as [62]: 

 
𝑃𝑅𝐿𝑚𝑎𝑥 = 𝑃𝑅1

𝑋

4
 (3.21) 

This equation shows that the amount of 𝑃𝑅𝐿𝑚𝑎𝑥  is also directly proportional to the amplitude of the primary 

magnetic field, 𝑁1𝐼1. 

3.5.8 Link Efficiency 

Coil geometry (such as size and structure), the distance between the coils, alignment between the coils, 

and properties of the environment surrounding the coils all affect the link efficiency. According to [62], 

total link efficiency, 𝜂, can be obtained as: 

 
𝜂 =

𝑋
𝑅2

𝑅𝐿

(1 +
𝑅2

𝑅𝐿
+ 𝑋

𝑅2

𝑅𝐿
) (1 +

𝑅2

𝑅𝐿
)
 (3.22) 

The condition to achieve maximum link efficiency, 𝜂𝑚𝑎𝑥, is: 

 
𝑅2𝜂𝑚𝑎𝑥

=
𝑅𝐿

√1 + 𝑋
 (3.23) 
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This equation thus defines the number of turns of the secondary coil, 𝑁2, to achieve maximum efficiency 

as [62]: 

 
𝑁2𝜂𝑚𝑎𝑥

= √
𝑅𝐿

𝑅20√1 + 𝑋
 (3.24) 

Which leads to maximum link efficiency, 𝜂𝑚𝑎𝑥: 

 
𝜂𝑚𝑎𝑥 =

𝑋

(1 + √1 + 𝑋)
2 (3.25) 

3.5.9 Link Gain 

The inductive link gain, 𝐴, is defined as the load voltage magnitude divided by the magnitude of the 

voltage in the primary coil [62]: 

 
𝐴 ≡

|𝑉𝑅𝐿
|

|𝑉𝐿1
|
 (3.26) 

As shown in [62], link gain 𝐴 is calculated as: 

 
𝐴 =

𝜔𝑀𝑅𝐿

√[𝑅1(𝑅2 + 𝑅𝐿) + 𝜔2𝑀2 ]2 + 𝜔2𝐿1
2(𝑅2 + 𝑅𝐿)

2
 (3.27) 

 
=

𝜔𝑀

𝑅1

𝑅𝐿

𝑅2

√(1 +
𝑅𝐿

𝑅2
+ 𝑋)

2

+ 𝑄1
2 (1 +

𝑅𝐿

𝑅2
)

2

 
(3.28) 

3.6 IWPT Compensation Topologies 

A two-coil IWPT system can have six different compensation topologies depending on the type of 

resonant circuits for the primary and secondary coils, as shown in Figure 3.6. The primary coil can be 

resonating or non-resonating as it does not affect the link efficiency. A voltage source drives a series-

resonant primary coil, and a current source drives a parallel-resonant primary coil. The values of 

capacitors 𝐶1 and 𝐶2 are chosen to obtain the resonance condition at the considered frequency. 



39 

 

 

Figure 3.6: Resonance topologies for primary and secondary sides of an IWPT system [63]. 

The secondary coil is expected to resonate at 𝜔 = 𝜔0 in series or parallel. The current output used with 

a series-resonant secondary coil makes it appropriate for low values of 𝑅𝐿. On the other hand, a parallel-

resonant secondary coil has a voltage output ideal for large loads. The parallel-resonant secondary also 

has the advantage of including the coil's parasitic capacitance in the parallel compensating capacitor. 

The disadvantage of parallel resonance is that the resonant frequency is set by the value of 𝑅𝐿 [63]. 

3.7 Loose Coupling Approximation for an IWPT System 

A small link potential, 𝑋 (equation 3.17), characterises a weak interaction between the primary and 

secondary sides. So the condition to consider for an inductive link with a resonant secondary loosely 

coupled is [62]: 

 𝑋 ≪ 1 (3.29) 

When the coupling is weak, which is the case for implantable devices, the influence from the secondary 

to the primary side can be neglected. The equivalent circuit can be simplified as Figure 3.7.  
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Figure 3.7:  Equivalent circuit for a loosely coupled inductive link [62]. 

The condition for resonance and maximum transmitted power, 𝑅𝐿 𝑃𝑚𝑎𝑥
= 𝑅2 for a series-resonant 

secondary coil remain unchanged as they only apply to the secondary side, as shown in equation 3.19. 

Also, equation 3.19 remains indifferent to the loose-coupling approximation. 

The maximum power 𝑃𝑅𝐿𝑚𝑎𝑥 dissipated in 𝑅𝐿  remains unchanged: 

 
𝑃𝑅𝐿𝑚𝑎𝑥 =

𝜔2𝑀2|𝐼1|
2

8𝑅2

=
𝑋

4
𝑃𝑅1

 (3.30) 

By applying the loose coupling condition (substitute equation 3.29 in equation 3.25), the maximum link 

efficiency becomes: 

 
𝜂𝑚𝑎𝑥 =

𝑃𝑅𝐿

𝑃𝑅1

=
𝑋

4
 (3.31) 

As shown in [62], the equations for parallel-resonant conditions can be derived by substituting secondary 

compensation capacitance, 𝐶2 and load resistance, 𝑅𝐿 with their parallel equivalent, as in Table 3.1. This 

table contains a summary of the approximate system parameters for a loosely coupled inductive link. 

These parameters are not dependant on the primary coil's compensation topology. In addition, the 

maximum link efficiency for both series and parallel resonant secondary coils have the same equation 

as shown in equation 3.31 [62], [63].  

Table 3.1: Approximate design equations for a loosely coupled IWPT system with series and parallel-resonant secondary coil [62], 
[63]. 

Parameter Definition Series-Resonant Parallel-Resonant 

  

  

𝝎𝟎 Resonance frequency of 
the system 

1

√𝐿2𝐶2

 
√

1

𝐶2𝐿2

−
1

𝐶2
2𝑅𝐿

2 
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𝑪𝟐 Secondary 
compensation 
capacitance 

1

𝜔0
2𝐿2

 1

2𝜔0
2𝐿2

(1 + √1 −
4𝜔0

2𝐿2
2

𝑅𝐿
2 )  

𝑸𝟏 Quality factor of the 
primary coil 

𝜔0𝐿1

𝑅1

 
𝜔0𝐿1

𝑅1

 

𝑸𝟐 Quality factor of the 
secondary coil 

𝜔0𝐿2

𝑅2

 
𝜔0𝐿2

𝑅2

 

𝜶 Load factor - 𝜔0𝐶2𝑅𝐿 

𝑿 Link potential 𝜔0
2𝑀2

𝑅1𝑅2

=
𝜔0

2𝑀0
2

𝑅10𝑅20

 
𝜔0

2𝑀2

𝑅1𝑅2

=
𝜔0

2𝑀0
2

𝑅10𝑅20

 

𝑷𝑹𝟏  Power dissipated in the 
primary coil 

𝐼1
2𝑅1

2
=

(𝑁1𝐼1)
2𝑅10

2
 

𝐼1
2𝑅1

2
=

(𝑁1𝐼1)
2𝑅10

2
 

𝑷𝑹𝑳  Power transferred to the 
load 𝑃𝑅1

𝑋𝑅2𝑅𝐿

(𝑅2 + 𝑅𝐿)
2
 𝑃𝑅1

𝑋𝛼𝑄2

(𝛼 + 𝑄2)
2
 

𝑷𝑹𝑳𝒎𝒂𝒙 Maximum power 
transferred to the load 𝑃𝑅1

𝑋

4
 𝑃𝑅1

𝑋

4
 

𝑵𝟐 𝑷𝒎𝒂𝒙
= 𝑵𝟐 𝜼𝒎𝒂𝒙

 Number of secondary 
turns maximising power 
transmission 

√
𝑅𝐿

𝑅20

 √
𝑅𝐿

𝑅20(1 + 𝑄2
2)

 

𝜼 Link Efficiency 𝑋
𝑅2

𝑅𝐿

(1 +
𝑅2

𝑅𝐿
)

2 

𝛼𝑋𝑄2

(𝛼 + 𝑄2)
2
 

𝜼𝒎𝒂𝒙 Maximum link efficiency 𝑋

4
 

𝑋

4
 

𝑨 Link gain 
𝜔0𝑀

𝑅1

𝑅𝐿

𝑅2

(1 +
𝑅𝐿

𝑅2
)√1 + 𝑄1

2
 

𝜔0𝑀𝑄2

𝑅1(𝛼 + 𝑄2)
√

1 + 𝛼2

1 + 𝑄1
2 

 

3.8 Efficient Magnetic Link Design  

Optimal IWPT system design must consider operating frequency, link dimensions, coil shape, placement, 

and the type of material and conductor used. As described previously, the maximum link efficiency is a 

function of link potential, 𝑋. To increase link efficiency, both the primary and secondary coils' coupling 

factors and quality factors need to increase. Furthermore, the emf generated by the AC magnetic field is 

also perceived in the surrounding medium. Conduction and displacement currents may rise in a coil wire 

depending on the characteristics of the medium. The currents in the medium induce their own magnetic 

fields, affecting the total magnetic field. In practice, these effects become more significant only at high 

frequencies and in environments with high conductivity, like in copper [62]. Several journal articles 

provide insights on designing an inductive link, such as [30], and can be referred to optimise the inductive 

link for biomedical applications such as the one for this thesis.  
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3.8.1 AC losses in Coil Windings – Skin Effect and Proximity Effect  

The current density is not distributed evenly in a conductor. In the skin effect, the current flows mainly in 

the skin-depth region of the conductive region, where the skin-depth region is defined as the depth where 

the current density is approximately 37% of its value at the surface of the conductive region. The 

conductive region includes the coils windings, the metallic lid, the Ti spinal fusion rod and housing in our 

specific application, as shown in Figure 3.8. 

 

Figure 3.8: Different regions of the smart spinal fusion implant. 

The operating frequency, 𝑓 = 𝜔/2𝜋, the electrical conductivity of the material, 𝜎, and the magnetic 

permeability of the medium, 𝜇 = 𝜇0𝜇𝑟 , all influence the skin-depth or penetration depth of the material, 𝛿, 

as defined in equation 3.33. 

 
𝛿 = √

2

𝜔𝜇𝜎
 (3.32) 

 
= √

1

𝜋𝑓𝜇𝜎
 (3.33) 

Where 𝜇𝑟 is the relative magnetic permeability of material (𝜇𝑟 = 1 for air). 

The skin-depth of materials has a direct impact on the performance of any IWPT system. Titanium alloys 

have a relative magnetic permeability of slightly more than one. Implants composed of such alloys 

moderately reduce low-frequency magnetic fields compared to ferromagnetic materials with relative 

magnetic permeabilities of 80 to 600, such as Co or Ni, that almost completely shield the interior of a 

metallic implant [33]. The skin-depth of some materials of interest versus frequency are shown in Figure 

3.9. The skin-depth of these materials is calculated using equation 3.33. The greater a material's skin-

depth, the deeper the electromagnetic fields can penetrate into it. The skin effect also becomes more 

dramatic as the frequency rises. Titanium has a larger skin-depth at all frequencies due to its lower 

electrical conductivity. The electrical conductivity of Grade-2 titanium sheet is almost a factor of 31 below 

that of copper. 
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Figure 3.9: Frequency behaviour of the skin-depth for conductive materials such as Grade-5 and Grade-2 titanium, aluminium, and 
copper. 

The Garde-2 titanium skin-depth is about 51mm, 16mm, 5mm, 1.6m, and 500µm at 50Hz, 500Hz, 5kHz, 

50kHz and 500kHz, respectively. The copper skin-depth is 9.2mm, 2.9mm, and 290µm at 50Hz, 500Hz, 

and 5kHz, respectively.  For a Grade-5 titanium sheet, its skin-depth is about 95mm, 30mm, and 3mm 

at 50Hz, 500Hz, and 5kHz, respectively. In general, if the conductivity of the housing, 𝜎, increases, the 

same skin-depth is obtained at a lower frequency. As a result, the AC resistance rises in the skin region 

since the inner section of the conductive region has almost no current flow [63]. 

Metallic materials such as aluminium and stainless steel often restrict the power transfer due to losses 

caused by the shielding effect or skin effect with these materials. The electromagnetic field cannot 

effectively pass through these materials, making them unsuitable for use as a housing due to their 

potential interference with the telemetry system. Metallic housings made of titanium and titanium alloys 

are commonly used in biomedical applications due to their biocompatibility and hermeticity properties. 

Titanium materials have a lower conductivity in comparison to highly conductive materials such as copper 

[98]. Since the skin-depth of metallic substances increases rapidly with the increase of frequency, IWPT 

systems must operate at low frequencies to mitigate the effects of Faraday shielding, where a continuous 

covering of a conductive material surrounds the implant coil. Geselowitz et al. [106] developed useful 

theoretical expressions, and Jacobi et al. [101] used simulations to evaluate the effect of nearby metallic 

objects on inductive coupling.  

When alternating current flows through two parallel wires, the magnetic field of one wire 

induces eddy currents in the adjacent wire, altering the overall distribution of current flowing through 

them. As a result, the current is concentrated in the small area of the wire away from the other wire. 

Hence, the proximity effect increases the coil's AC resistance, which is more significant at higher 

frequencies. Careful selection of coil parameters such as the number of turns, layers, the separation 

between these turns, and the existence of a ferrite core is critical for minimising proximity effect and AC 

resistance [63]. 

https://en.wikipedia.org/wiki/Eddy_currents
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3.8.2 Operating Frequency 

One of the most critical aspects of designing an efficient link is the system's operating frequency. Lower 

frequencies allow the magnetic field to penetrate deeper into the body, but the efficiency of the IWPT 

system decreases. On the other hand, higher frequencies may cause eddy current losses and tissue 

heating and could generate EMC issues. Furthermore, the operating frequency of a system is regulated 

by national and international standards [28]. 

3.8.3 Link Dimensions 

The coupling coefficient of an inductive link, 𝑘, is 𝑀 √𝐿1𝐿2⁄ . The coupling coefficient is proportional to the 

ratio of the two coils surface areas and inversely proportional to the distance between the concentric 

coils. The closer the primary and secondary coils are to each other, the larger the coupling between 

them. The maximum coupling for coils that are relatively close to each other occurs when the coils are 

the same size. There is also a known optimum ratio between the coil surface area and the distance 

between the coils to maximise the coupling coefficient [62], [63].  

3.8.4 Coil Shape and Alignment 

Considerations that influence the size and shape of coils include self-inductance and geometric 

restrictions on the coils. In biomedical implants, where the secondary coil located inside the body, there 

are typically more significant geometric constraints. Misalignment between the coils is another critical 

factor that affects the coil shape. Misalignment-tolerant IWPT systems can be designed such that a slight 

misalignment between coils does not decrease the link efficiency or power transfer efficiency. These 

systems often use a larger primary coil to allow for slight movements in the secondary coil while keeping 

the 𝑘 constant. Another method to improve misalignment tolerance is to have multiple primary coils [62], 

[63].  

3.8.5 Ferrite  

Using soft magnetic materials such as ferrite sheets are another technique to boost the coupling factor. 

Because the magnetic flux lines follow the path with minimum magnetic reluctance, a high permeability 

ferrite sheet can shape the flux path and thus improve coupling. Ferrite cores are placed on one side of 

the primary or secondary coils to improve coupling. These cores also shield the magnetic field from 

exposure to the surrounding environment. Hence, ferrite cores can help an IWPT system meet health 

and safety requirements for devices with high magnetic field strengths; adding a ferrite sheet to one of 

the coils assists with shielding the high-frequency magnetic fields from penetrating nearby objects and 

thus can reduce the electromagnetic interference (EMI) disturbance in some applications [62], [63]. 

3.8.6 Coil Winding 

Reducing a coil's AC resistance is also essential in IWPT design as it increases the coil quality factor 

and link efficiency. The AC resistance of a coil is composed of three components [107]: 

 𝑅𝐴𝐶(𝛺) = 𝑅𝐷𝐶 + 𝑅𝑆 + 𝑅𝑃 (3.34) 



45 

 

Where 𝑅𝐷𝐶 is the DC resistance of the coil, 𝑅𝑆 is the resistance produced by the skin effect, and 𝑅𝑃 is 

the resistance generated by the proximity effect of adjacent wires. 

A coil conductor can be solid, tubular, foil or twisted multistrand Litz wire [62], depending on the operating 

frequency. AC power losses in a current-carrying conductor are caused by several factors, including the 

induced high-frequency eddy currents from a time-varying internal magnetic field, skin effect, external 

magnetic field, and proximity effect. Solid round coil conductors are the most common type and have 

advantages, including ease of manufacture and low cost. Multistrand Litz wire is constructed from these 

types of conductors. The current flow is nearly uniform when the conductor radius is close to skin-depth. 

Hence, tubular conductors with optimum current flow that employ multiple insulated, concentric tubes 

can reduce the AC resistance produced by the skin effect. Copper foil conductors have a large cross-

sectional area, which allows them to carry more current, have improved thermal performance, and have 

a smaller overall thickness than alternative geometries [62], [63].  

Power losses in multi-turn coils are typically separated into their skin and proximity dissipations, and 

these losses increase with the number of coil turns. Hence, optimal design of a single-turn winding 

minimises skin effect losses. The proximity effect, however, depends on the field of nearby turns. For 

minimising the proximity effect and hence overall AC resistance, the coil's overall structure, including the 

number of turns, layers, the distance between each turn, and the presence of a ferrite core, all play vital 

roles [62], [63].  

3.8.7 Induced Eddy Currents in Nearby Conductive Mediums 

Eddy currents are produced in metallic sections of objects near the IWPT coils by induced time-varying 

magnetic fields. Eddy currents can only flow near the surface of metallic materials. Consequently, 

penetration depth is determined by the electrical conductivity of the material, its magnetic permeability, 

and the operating frequency, as shown in equation 3.33 [108]. Hence, eddy current losses and the 

shielding effect can be reduced by operating at lower frequencies and utilising low conductivity, low 

permeability, and thin metallic barriers. Eddy currents are useful in a variety of applications, including 

induction heating. However, they cause energy loss in the form of heat in inductive power transfer 

through metallic barriers [109]. 

At high frequencies, the induced eddy current on metallic barriers is extremely large, reducing the 

magnetic field generated by the primary coil, as illustrated in Figure 3.10 (b). Hence, as compared to low 

frequencies ranging from 50kHz to 1MHz (Figure 3.10 (a)), transferring power through metallic barriers 

at frequencies above 1MHz is highly challenging [110]. In biomedical applications where the implants 

have conductive enclosures, the induced eddy currents in the surroundings mediums are highly 

important. 
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(a) (b) 

Figure 3.10: Penetration depth into metallic mediums at (a) relatively low frequencies, materials with low conductivity, low 
permeability, and (b) relatively high frequencies, materials with high conductivity and high permeability [111]. 

Table 3.2 summarises the effects of some system parameters, categorised by electrical, coil, and 

housing parameters [112]. Additionally, the effects of metal objects on transcutaneous energy 

transmission systems are investigated in [106].  

Table 3.2: Effect of different parameters on encapsulated implants with inductive data and power links based on [112]. 

Type Parameter Advantages Disadvantages 

 

 

 

 

Electrical 

Higher frequency  Increased data rate Smaller skin-depth, therefore higher 
attenuation, and smaller range 

Lower frequency Considerable skin-depth, therefore 
negligible attenuation, and more 

considerable range 

Decreased data rate 

Higher transmission power Increased range Hard to achieve inside the implant 
because of the limited power source 

Higher modulation rank Increased data rate Requires higher bandwidth or 
reduces the Signal to Noise Ratio 

(SNR) 

 

 

 

 

 

Coil 

Increased geometric coil size Increased range Usually limited by the overall size of 
the implant and the space inside the 

housing 

Higher quality factor Increased range Reduced bandwidth leads to a lower 
data rate 

Lower quality factor Increased bandwidth allows a higher 
data rate 

Smaller range 

Using Litz wire instead of 
solid wire for coil windings 

Reduces proximity and skin effect, 
which reduces the ohmic losses and 

increases power transmission 

Usually more expensive 

Intermediate resonant coil 
outside the housing under 

the skin 

Increase range More expensive, complicated set-up, 
additional encapsulation necessary 

 

 

 

 

Reduced conductivity of the 
material 

Increase skin-depth, which reduces the 
attenuation and increase power 

transmission and range 

Approval for material usage 
necessary, eventually reduced 

mechanical properties 

Reduce wall thickness Decrease attenuation by eddy 
currents, which increases power 

transmission and range 

Reduced mechanical strength 
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Housing 

Non-conductive material 
such as LCP, glass, or PEEK 

No eddy currents, hence, no negative 
effect of the housing 

Smaller longevity, biocompatibility, 
and mechanical strength 

Reducing hotspots of eddy 
currents 

Reduced attenuation, which improves 
power transmission and range 

More complexity in housing design 
and extensive effort to find the 

hotspots 

Ferrite plate below the coil 
inside a housing 

Deviation of the magnetic field and 
reduction of eddy currents, which 
improves power transmission and 

range 

Problematic for MRI scans 

Coil outside the housing Improved power transmission and 
range 

Feed throughs and additional 
encapsulation of coil with non-
conductive material necessary 

 

3.9 Effect of Nearby Conductive Medium on IWPT 

Conductive objects, such as bulk metal or metal sheets in the vicinity of an inductive link influence the 

link behaviour. These materials magnetically couple with the primary and secondary coils. This research 

project has a bulk metal housing that encapsulates the electronics. The effect of the metallic housing or 

any conductive objects in the vicinity of the inductive link can be estimated by expanding the two-coil link 

model. As a result, the housing can be seen as an additional short-circuit winding that is inductively 

coupled to the rest of the inductive link [62]. 

Figure 3.11 shows the equivalent three-port network for modelling magnetic coupling between three 

coils. Here, the third winding is used to represent the housing or conductive medium. Symmetric coupling 

is assumed between the coils and also between the conductive medium or housing. 

 

Figure 3.11: Electrical schematic for three coupled inductors [62]. 

The current-voltage relationships are [62]:  

 
𝑉 = [

𝑉1

𝑉2

𝑉3

] = [

𝑅1 + 𝑗𝜔𝐿1 𝑗𝜔𝑀12 𝑗𝜔𝑀13

𝑗𝜔𝑀12 𝑅2 + 𝑗𝜔𝐿2 𝑗𝜔𝑀23

𝑗𝜔𝑀13 𝑗𝜔𝑀23 𝑅3 + 𝑗𝜔𝐿3

] . [

𝐼1
𝐼2
𝐼3

] = 𝑍𝐼 (3.35) 
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The induced eddy current flowing in conductive objects runs in closed loops. It can be modelled by an 

electric circuit containing an inductance 𝐿3 and a series loss resistance 𝑅3 representing the parasitic 

tertiary circuit. Since 𝑉3 = 0, the induced eddy current 𝐼3 can be expressed in terms of 𝐼1 and 𝐼2: 

 
𝐼3 =

−𝑗𝜔𝑀13

𝑅3 + 𝑗𝜔𝐿3

. 𝐼1 +
−𝑗𝜔𝑀23

𝑅3 + 𝑗𝜔𝐿3

. 𝐼2 (3.36) 

By substituting equation 3.36 in 3.35, the variable 𝑉3 and 𝐼3 are eliminated from the equations, and the 

result is simplified as [62]: 

 

[
𝑉1

𝑉2
] = [

𝑍11 𝑍12

𝑍21 𝑍22
] =

[
 
 
 
 𝑅1 + 𝑗𝜔𝐿1 +

𝜔2𝑀13
2

𝑅3 + 𝑗𝜔𝐿3

𝑗𝜔 (𝑀12 −
𝑗𝜔𝑀13𝑀23

𝑅3 + 𝑗𝜔𝐿3

)

𝑗𝜔 (𝑀12 −
𝑗𝜔𝑀13𝑀23

𝑅3 + 𝑗𝜔𝐿3

) 𝑅2 + 𝑗𝜔𝐿2 +
𝜔2𝑀23

2

𝑅3 + 𝑗𝜔𝐿3]
 
 
 
 

. [
𝐼1
𝐼2

] (3.37) 

 
[
𝑉1

𝑉2
] = [

𝑅1
′ + 𝑗𝜔𝐿1

′ 𝑗𝜔𝑀′

𝑗𝜔𝑀′ 𝑅2
′ + 𝑗𝜔𝐿2

′ ] . [
𝐼1
𝐼2

] (3.38) 

The conductive object influences the transmission system. The equivalent 𝐿′, 𝑅′ and 𝑀′ values of a 

coupled coil pair in the vicinity of a conductive object can be derived from the matrix above. By 

incorporating the constant-Q assumption, the expressions for 𝐿0
′ , 𝑅0

′  and 𝑀0
′  for each inductive link are 

obtained [62]: 

 
𝐿10
′ = 𝐿10 −

𝜔2𝑀130
2 𝐿30

𝑅30
2 + 𝜔2𝐿30

2  (3.39) 

 
𝑅10

′ = 𝑅10 +
𝜔2𝑀130

2 𝑅30

𝑅30
2 + 𝜔2𝐿30

2  (3.40) 

 
𝐿20
′ = 𝐿20 −

𝜔2𝑀230
2 𝐿30

𝑅30
2 + 𝜔2𝐿30

2  (3.41) 

 
𝑅20

′ = 𝑅20 +
𝜔2𝑀230

2 𝑅30

𝑅30
2 + 𝜔2𝐿30

2  (3.42) 

 
𝑀0

′ = 𝑀12 −
𝑗𝜔𝑀13𝑀23

𝑅3 − 𝑗𝜔𝐿3

= 𝑀120 − 𝑀130𝑀230 . (
𝜔2𝐿30 + 𝑗𝜔𝑅30

𝑅30
2 + 𝜔2𝐿30

2 ) (3.43) 

The first term on the right-hand side of the equations for 𝐿0
′  and 𝑅0

′  expressions are the initial 𝐿0 and 𝑅0 

value without the presence of the tertiary conductive medium. The parasitically coupled third conductor 

contributes to the second term. As demonstrated above, the self-inductance of coils is reduced by a 

nearby conductive medium while the ESR is increased. As a result, the resonant circuit on the secondary 
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side detunes due to the changed equivalent inductances. Furthermore, changes in 𝑁1 or 𝑁2 do not affect 

the current distribution at the tertiary side [101]. The parasitic contribution to the effective mutual 

inductance 𝑀0
′  may either be positive or negative. Depending on the relative location of the coils and the 

object, the polarities of 𝑀120, and 𝑀130 can be positive or negative [62]. A modified two-port 

representation of an inductive link with a nearby conductive medium is presented in Figure 3.12. 

+ +

--

V1 V2

R1 L1 - M12 - M13 R2

M12 

I1 I2L2 - M12 - M23R3L3 - M13 - M23

M13 M23 

 

Figure 3.12: Modified two-port equivalent circuit of an inductive link and a conductive medium in its proximity with their 
corresponding mutual inductances based on [101]. 

The equivalent circuit consists of 𝑅1 and 𝐿1 for the primary coil, 𝑅2 and 𝐿2 for the secondary coil, and  

𝑅3 and 𝐿3 for the conductive medium. 𝑉1 is the voltage on the primary side, and 𝑉2 is the voltage on the 

secondary side. It is assumed that both the primary and secondary sides are tuned. Figure 3.13 depicts 

the equivalent two-port circuit for a loosely coupled inductive link in the presence of a conductive medium. 

 

Figure 3.13: Equivalent circuit of a loosely coupled inductive link in the vicinity of a metallic object to estimate the transfer function. 

The equivalent 𝐿
′
, 𝑅

′
 and 𝑀

′
 values include the effect of conductive medium and are all function of the degree of coupling with the 

conductive medium [62]. 

Equations in Table 3.1, 𝐿0
′ , 𝑅0

′ , and the absolute value |𝑀0
′ | are employed instead of 𝐿0, 𝑅0, and 𝑀0 

because it is usually difficult to evaluate the properties of the conductive medium, 𝐿30 and 𝑅30 separately. 

The eddy current distribution inside the conductive medium, related to the operating frequency and 

physical geometry of the given set-up, determines these values. Changing the orientation or location of 

the object relative to the coupled coils has an impact on the electric current patterns, and thus the 𝐿30 

and 𝑅30 values [62]. 

3.10 Magnetic Field in the Surroundings  

The magnetic field present in the surrounding environment is one of the most significant problems in the 

IWPT systems applications. Strong magnetic fields may cause several issues [113]. For human 

exposure, magnetic fields must not exceed the reference levels for EMF safety requirements [114]. 
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Magnetic fields must also comply with electromagnetic compatibility (EMC) regulations to prevent 

interference with other electric and electronic devices [113]. 

The eddy currents create a magnetic field opposite to the original one. The magnetic field passing 

through the secondary coil is the difference between the exciting magnetic field and the eddy current 

field. As a result, the total magnetic field is decreased, causing heating and losses in the surrounding 

conductive material, and the system's overall performance is degraded. Hence the exact location of the 

secondary coil inside the enclosure is important, as was investigated theoretically and experimentally for 

a cardiac pacemaker shell by Xiao et al. [115]. 

In addition, the electromagnetic field generated by an external coil induces a current in the human body. 

However, the induced current density is minimal because the body's conductivity is about seven orders 

of magnitude lower than the copper typically used in coil windings. The rate of power absorbed by the 

human body is insignificant in frequency ranges below 10MHz. At higher frequencies, the power 

absorption and hence attenuation by biological tissue can be considerable. As a result, magnetic field 

mitigation is a significant issue for IWPT systems in different applications. Electromagnetic safety issues 

such as electromagnetic radiation, tissue Specific absorption rate (SAR), and heat losses must be 

considered. It is critical to optimally design the best location for the secondary coil where both small size 

and sufficient power transfer are achieved [115]. 

3.11 Prior Studies 

There is a demand for wireless power transmission through metallic barriers in many different industries. 

Product manufacturers need to power and communicate with sensors encased in sealed metallic 

enclosures (or located in positions isolated by metal walls). Examples include vacuum or pressured 

vessels like fill-level measurements in cryogenic tanks [116] and mass flow measurements of material 

through screw conveyors [117]. Sensors enclosed in sealed metallic containers can communicate and 

be powered using technologies shown in flowchart Figure 3.14 without the need for wire feed-throughs 

given the appropriate parameters to enable transmission are considered, such as the coupling type, 

power and data transmission characteristics, power delivery efficiency, achievable data rate, 

requirements to contact the metallic barrier, and cost [97]. 
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Figure 3.14: Summary of wireless power and data transmission methods through metallic mediums [97]. Magnetic resonance 
coupling is closely related to inductive coupling, except that a medium transmission range can be achieved by using high 𝑄 coils. 

The most significant advantage of electromagnetic coupling methods is that there is no need for the 

primary and secondary coils to contact the metallic barrier. Acoustic methods were deemed out of scope 

for this thesis. Various methods have been investigated extensively in [97]. 

In 2014, Yamakawa et al. [111] at the University of Tokyo magnetic coupling technique to transmit power 

wirelessly into a space enclosed by metal walls. It was shown that 3W of power could be supplied to light 

emitting diodes (LEDs) through a 1mm-thick stainless-steel wall with 43% link efficiency at 50Hz over a 

transmission distance of 120mm. In a separate experiment, 1.2W of power were transmitted to LEDs 

through a 5mm thick open stainless-steel pipe with an efficiency of 10% over a 120mm transmission 

distance. The experimental set-ups are presented in Figure 3.15. The coils are solenoid with cores made 

of multi-layered electric steel sheets. 

  

(a) (b) 

Figure 3.15: Demonstration set-ups to transfer power through (a) a space enclosed by 1mm thick stainless steel metal walls; (b) a 
5mm thick open stainless-steel pipe using magnetic coupling method [111]. 

Another example of magnetic coupling to deliver power through metallic barriers was presented by Ishida 

and Furukawa [118]. They transferred power through a reinforced concrete plate containing a steel frame 

to demonstrate charging batteries of robots operating in environments where humans cannot enter, such 
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as areas contaminated by radioactivity. It was reported that 165W of power was transmitted over a 

100mm distance with an efficiency of about 67% at 60Hz. The barrier, however, was not a metallic barrier 

in a full sense. There are also publications on transferring power through metal walls involving capacitive 

coupling in [119], [120], and [121]. Other methods found in the literature were acoustic or ultrasound-

based methods to transfer power and data wirelessly through metal walls. In this thesis, only the inductive 

coupling method is of interest. 

Table 3.3 summarises the performance of some of the previously published IWPT systems. These 

results show that IWPT can transmit sufficient power through thin metal walls for low-energy applications. 

However, little information on the experimental details and the systems were provided in these journal 

articles. 

Rohlmann [50] in 1994 developed an instrumented titanium spinal fixator that was wirelessly powered at 

a frequency of 4kHz to overcome the shielding effect of a titanium implant. The frequency was chosen 

as a trade-off for the losses in the implant, the amount of ripple in the rectified voltage, and the 6mm 

separation between the patient's skin and the implant. However, the thickness of the titanium cover was 

not stated. 

Vu et al. [98] transferred 5W of power wirelessly through a 3.1mm thick aluminium plate at 200Hz with a 

link efficiency of 9%. Imoru et al. [108] investigated the amount of power transferred through steel pipes 

and the efficiency of the given IWPT system using an analytical model and experimental validation. Their 

studies used two different steel pipes: stainless-steel and ferrous steel material with 220mm outer and 

200mm inner diameters. It was found that the maximum achievable efficiency of the system was in the 

range 40Hz to 100Hz. There was no detectable current when a ferrous steel pipe with high permeability 

was used as the primary and secondary coil barrier.  The diagram of their experiment is shown in Figure 

3.16. 

 

Figure 3.16: Experimental diagram for power delivery through metal pipes using the IWPT method [108]. 

Graham et al. [122] investigated the feasibility of power delivery through a 20mm thick, 130mm diameter 

stainless steel disc (𝜇𝑟 = 1.1) using inductive coupling. It was shown that a link efficiency of 4% was 

achievable at 400Hz. The authors stated that when the relative permeability of the metal was increased 

to 𝜇𝑟 = 10, the maximum achievable link efficiency was reduced to 0.2% at 200Hz. In conclusion, the 

efficiency degraded as a function of increased permeability. They suggested that inductive data 

transmission was best used only for applications requiring low data rates. 



53 

 

Zangl et al. [123] reported that 30μW power could be transferred through a 5mm thick tin tank wall using 

an IWPT system at frequencies of about 50Hz to power the fill-level measurement capacitive sensor 

circuit in cryogenic tanks. However, there was no information on link efficiency in that paper. Pham et al. 

[124] presented the results of the design and fabrication of helical circular coils to transfer power using 

an IWPT through a 3mm thick sealed aluminium container. A link efficiency of 4% was attained. In 

addition, the authors reported details of their energy harvesting system through metal in [125]. They 

achieved a link efficiency of 3.4% through a 4mm thick aluminium container over a 20mm distance. In 

[126], Hassan et al. published their simulation results for transferring power wirelessly to a high 

temperature and high-pressure zone in a rocket booster through different metallic layers using their 

designed IWPT system. They achieved a link efficiency of 38% through a 15mm-thick titanium casing. 

Table 3.3: Summary of publications demonstrating IWPT through metal.  

Design Frequency 
(Hz) 

Coil 
Topology 

Metallic Material Transmission / Coil 
to Coil Distance 

(mm) 

Delivere
d Power 

Link 
Efficienc

y (%) 

Vu et al. [98] 200 Helical 
Stacked 

Coils 

3.1mm Thick 
Aluminium Sheet 

     N/A  5 W 9 

Imoru et al.  [108] 100 Solenoid 220mm Outer 
Diameter and 
200mm inner 

Diameter Open 
Stainless-Steel Pipe 

N/A N/A 22 

Graham et al. [122] 400 Loop 
Solenoid 

20mm Thick 
Stainless-Steel Disc 

N/A N/A 4 

Zangl et al. [123] 50 Solenoid 5 mm Thick             
Tin Container 

     N/A  30 μW N/A 

Pham et al. [124] 350 Helical 
Circular 

3mm Thick Sealed 
Aluminium 
Container 

15 N/A 4 

Pham et al. [125] 200 Helix Coil 4mm Thick Sealed 
Aluminium Tank 

20 N/A 3.4 

Hassan et al. [126] 450           
220 

Circular 
Planar 

15mm Thick 
Titanium/ Steel 

Casing 

N/A N/A 38                
5.5 

Gruenwald et al. [112] utilised equations in [62] to determine the transmission parameters for conductive 

encapsulated biomedical implants at a frequency of 125kHz. They used circular air coils with a diameter 

of 71mm and a height of 3mm with different wire diameters and numbers of turns to analyse the influence 

of a given hermetically sealed grade-2 titanium housing on the impedance and transmission parameters. 

They performed these analyses through simulations as well as experimentally. These analyses were 

then used to design a communication link for an implantable infusion pump to communicate with an 

external controlling device over a 10mm to 60mm transmission range with a data rate of 10kBits/s (kbps). 

This implant was powered by a non-rechargeable battery with a capacity of 100mAh.  

There have also been attempts to combine different technologies as described in flowchart Figure 3.14 

to transfer power wirelessly across a metal barrier. For example, Zhou et al. [127] combined capacitive 

and inductive couplings to transfer 11.09W of power across a 2mm thick aluminium sheet. 
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3.12 Summary 

In this chapter, the principles of analysing inductive power transfer systems have been introduced. The 

type of materials in the surrounding medium, operating frequency, use of ferrite materials, and the 

separation between the coils all influence the performance of the IWPT system. The derivations for 

loosely coupled IWPT systems in the presence of nearby metallic mediums were presented. The IWPT 

method might be more feasible at low frequency and with low conductivity, low permeability materials 

like titanium or titanium alloys. The presence of metallic mediums in the vicinity of the inductive link 

causes a reduction in coupling due to the induced eddy currents on the surface of the metallic medium. 

The severity of the drop is determined by the shape, size, thickness, material and location of the metallic 

medium. In Chapter 5, power transfer through a conductive medium with the aim of understanding the 

possibility of transferring power into a smart spinal fusion implant is investigated. 
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4. Smart Spinal Fusion Implant Development 

4.1 Introduction 

This chapter presents a smart spinal fusion implant that utilises strain gauges to provide quantitative 

data on postoperative fusion progress. The purpose of this study is to investigate whether a smart spinal 

fusion implant can be integrated into current bone healing management solutions, providing clinicians 

with their patients' healing trajectory information to support clinical decision-making. An overview of a 

preliminary study to test a MEMS capacitive strain sensor is available in Appendix A. Due to the limited 

number of capacitive sensor samples, semiconductor strain gauges were subsequently utilised to 

monitor the strain variations on a spinal fusion rod. A block diagram of the smart spinal fusion implant is 

shown in Figure 4.1.  

 

Figure 4.1: Block diagram of the smart spinal fusion implant. 

As shown in Figure 4.1, the design for the overall system used train gauges to track strain changes on 

an implant and subsequently enable monitoring of the changes in stiffness of a bony mass. The signal 

interface stage read resistive values of the strain gauges adhered to a spinal fusion rod and transmitted 

these measurements to an external reader or PC wirelessly. A serial peripheral interface (SPI) bus was 

used for configuration and reading the measurements. The implant was powered wirelessly and 

communicated with an external reader using the application-specific integrated circuit (ASIC) developed 

by the IDG, which was suitable for deeply implanted low power sensor systems [128], [129]. 

4.2 Overall Spinal Fusion System Overview 

In practice, a spinal fusion implant is fixed between two vertebrae using pedicle screws during spinal 

fusion surgery. The developed external reader by IDG would be placed in the vicinity of the implant near 

the skin and allow for bidirectional wireless communication with the smart spinal fusion implant. The 

exchange protocol would ensure that only authorised devices had access to the implant. Figure 4.2 

represents a block diagram of the implantable spinal fusion system, with the smart spinal fusion implant 

inside the body on the top and the designed external reader on the bottom. The main smart spinal fusion 

implant components are the semiconductor strain gauges, signal interface IC, microcontroller, data and 

power communication ASIC, and the implanted coil.  
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Figure 4.2: Overall system block diagram of the implantable spinal fusion system with the smart spinal fusion implant inside the 
body (top) and the external reader (bottom). The implanted coil is located inside the housing. 

The interior of the implant will be sealed by a housing made of a Grade-5 titanium alloy. The electronic 

circuitry of the implant has been designed for a long lifespan by using low-power components and by 

keeping the implant in sleep mode most of the time. The implant will be wirelessly powered using the 

ASIC [130] and an external coil at 6.78MHz for 980ms when the implant resonant circuit (implant coil 

and secondary resonant capacitor) is placed in the external reader's magnetic field generated by the 

reader's resonant circuit (reader coil and primary resonant capacitor. A MAS6505 will then power on and 

start measurements. Subsequently, the ASIC will transmit the collected data wirelessly as a binary 
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phase-shift keying (BPSK) modulated signal at a data rate of 678kbps at 6.78MHz to an external reader 

via an inductive link consisting of the implant and reader resonant circuits [130]. Data was received at 

an external coil, demodulated and logged to a computer. Figure 4.3 contains the overall system 

architecture of the smart spinal fusion system. 
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Figure 4.3: Overall architecture of the implantable spinal fusion system. 

4.3 Semiconductor Strain Gauges 

Strain gauges are widely used in testing of materials. Most metal foil strain gauges measure changes in 

electrical resistance that occur when an object undergoes strain. Semiconductor strain gauges behave 

differently. One advantage of semiconductor strain gauges over metal foil gauges is their higher gauge 

factor and higher sensitivity [131] which is useful in spinal fusion applications where measured strain 

could be relatively small due to the stiffness of the rod. This higher sensitivity comes at the expense of 

stability compared to metal foil strain gauges; however, this is less of an issue in this study's application 

as implant rod strain can be measured under well-defined spinal movement to minimise sensor offset 

issues. However, semiconductor strain gauges are also more temperature-sensitive, making their output 

more sensitive to temperature changes [131]. For example, a 500ohms (Ω) semiconductor strain gauge 

can change 2Ω for every one degree Celsius (°C) change. A typical temperature coefficient of resistance 

(TCR) of a resistor is 0.4% per °C.  

Lin [94] used a model of an adult human of 90.7Kg (200 pounds) with two spinal fusion rods (6.4mm in 

diameter and 50.8mm long) attached to a fixture on hard plastic blocks using pedicle screws to obtain 

the range of strain on the pair of spinal fusion rods. An MTS material testing machine was used to apply 

force to the fixture in order to create a bending moment between the ends of the rods, replicating the 

bending effect of the spinal fusion rod implanted on a patient. Lin's study [94] suggested that the strain 

gauge mounted on the spinal fusion rod was expected to detect strains in the range of 100 to 1000 

microstrain (µε). Therefore, 1µε was chosen as the resolution requirement to ensure that a high signal-

to-noise strain measurement was obtained under a 100-1000µε load to detect fusion. The environment's 
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temperature had to be controlled within ±2.5µ°C to maintain a 1µε thermal noise limit for a single 2000Ω 

strain gauge [132]. Rana et al. [71] and Gibson [133] studies also provided strain measurements on 

spinal fusion rods. 

Semiconductor strain gauges have large resistance temperature coefficients, making single strain gauge 

measurements difficult unless used at a constant temperature. Due to this, gauges are typically 

configured in half-bridge or full-bridge circuits [82]. Based on the spatial and placement considerations, 

sensitivity, and minimum resistance requirements for the MAS6505 signal interface IC, the half-bridge 

semiconductor strain gauges SSGH 060-033-2000PUB-M1 LOAD from Micron Instruments, shown in 

Figure 4.4 (a), were chosen for this study. The half-bridge configuration was constructed using two 

thermally matched gauges bonded onto a backing, one of them positioned at 90 degrees to the other, 

which allowed them to compensate for the temperature changes as they both saw the same thermal 

expansion and temperature [134]. This configuration was designed to be sensitive to both axial and 

bending strains.  

The gauges were mounted on a flexible high-temperature membrane (FR4 TG-250) that could be bent 

around a half-inch radius without damaging the gauge. The gauge factor (𝐺𝐹) of the gauges was 155±10. 

The solder pads and traces were tinned copper, and solder tabs were also used for direct attachment of 

the connecting wires. The nominal resistance of these gauges at 78 degrees Fahrenheit (°F) (25.56°C) 

was reported to be 2000 ± 100Ω. The total gauge length (X), active length (Y), thickness, and width (Z) 

for these gauges were 1.52mm, 0.84mm, 0.01mm and 0.41mm, respectively, as labelled in Figure 4.4 

(b) [132]. 

  
(a) (b) 

Figure 4.4: (a) Micron Instrument SSGH 060-033-2000PUB strain gauges with solder tabs for direct attachment to the gauges. (b) 
Close-up view of each strain gauge [132]. 

4.3.1 Wheatstone Bridge Configuration 

Strain gauges can be connected as quarter, half, or full Wheatstone bridge configurations, allowing 

measurement of the increase or decrease in resistance when a part is stressed. A full-bridge 

configuration with four variable resistors representing the strain gauges is shown in Figure 4.5. one or 

two variable resistors in Figure 4.5 can be replaced with fixed resistors, allowing analysis of quarter or 

half-bridge configurations.  
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Figure 4.5: Conventional Wheatstone bridge. Variable resistors represent the strain gauges. 

The output of the Wheatstone bridge at full load is determined by [82]: 

 𝑉𝑜
𝑉𝑒𝑥𝑐

=
1

4
 (

∆𝑅1

𝑅1

− 
∆𝑅2

𝑅2

+
∆𝑅3

𝑅3

−
∆𝑅4

𝑅4

) (4.1) 

Where, 

𝑉𝑜 is the bridge output, 

𝑉𝑒𝑥𝑐 is the bridge excitation voltage, 

∆𝑅𝑛 is the change in resistance of stain gauge n, and n represents gauges 1 to 4, 

𝑅𝑛 is the nominal resistance of strain gauge n, and n represents gauges 1 to 4. 

The relationship between the change in gauge resistance and the structural strain for strain gauges is 

represented in equation 2.1 (∆𝑅 𝑅⁄ = 𝐺𝐹. 휀) [82], where 𝐺𝐹 is the gauge factor, and 휀 is the structural 

strain. Therefore, the full-scale bridge output, 𝑉𝑜, is determined by the amplitude of structural strain at full 

load, the gauge factor of the strain gauge, the bridge excitation voltage, and the position of the strain 

gauges in tension and compression regions. 

Due to the larger footprint of a full-bridge and limited space available on the spinal fusion rod, a half-

bridge configuration was used for this application. In the half-bridge configuration, two active gauges 

were used, and two were replaced by fixed precision resistors. The full Wheatstone bridge equation can 

be simplified to equation 4.2 for a half-bridge: 

 𝑉𝑜
𝑉𝑒𝑥𝑐

=
𝐺𝐹

4
 휀 (1 + 𝑣) (4.2) 

Where 𝑣 is the Poisson ratio which is about 0.3 for steel, 0.37 for Grade-2 titanium and 0.342 for Grade-

5 titanium (section 5.4). 

The strain gauges were configured in a Wheatstone half-bridge arrangement and wired on opposite sides 

of the Wheatstone bridge arm, as shown in Figure 4.4 (a) and Figure 4.5. A set of series and shunt 
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resistors could be added to the bridge configuration to bring the bridge to a near-zero output at no load 

and have the bridge self-compensate for temperature changes. 

4.3.2 Strain Gauges Location on the Spinal Fusion Rod 

The location and orientation of gauges on the chosen material play an important role in strain 

measurements. For this study, it is assumed that the amount of monolithic bending rotation of the rod is 

small compared to the bending strain, as the spinal rod is fixed between two or more vertebrae by pedicle 

screws. The strain gauges are designed to be attached to the top centre of the titanium spinal fusion rod 

to maximise their response to bending strain and provide enough space to mount the housing containing 

the electronics. As per Figure 4.5, 𝑅1 was bonded along the long axis of the spinal fusion rod, and 𝑅4 

was perpendicular to that to maximise noise reduction in a half-bridge configuration. 

4.3.3 Preparation of Bonding Surface and Strain Gauges Attachment 

Adequately bonding the strain gauges to the test fixture is critical for proper strain transfer [135]. A 

defective bond between a strain gauge and the surface results in inaccurate measurements [40]. The 

surface of the Ti rod, therefore, needs to be prepared to achieve the optimum surface condition for the 

strain gauge adhesive. The bonding surface of the rod in this study was cleaned and degreased with 

acetone and isopropyl alcohol (IPA) and then was abraded with two different grit sandpapers, coarse 

and fine, to develop a surface texture suitable for bonding. It is also considered good practice to put the 

titanium implant, as being a porous material, in an oven for a few minutes to drive off any absorbed 

hydrocarbons or other liquids, so this was done. The bonding surface was then carefully cleaned and 

chemically etched using Micro Measurements M-PREP M-CA-1 conditioner and then brought back to 

neutral pH using MN5A-1 neutraliser to obtain maximum bonding strength. The strain gauges were then 

fixed under pieces of Mylar tape using small pliers in order to protect the gauges and transfer them onto 

the prepared surface for attachment. After placing each strain gauge on the rod, a small amount of 

appropriate epoxy was applied to the under-surface of the gauge by pulling up the gauge using the tape. 

Then the strain gauge was pressed against the rod. A standard clamp and a piece of acrylic were used 

to clamp down the gauge with just enough pressure to obtain intimate contact during cure and not 

squeeze out all the adhesive when fixturing. The epoxy was cured at desirable temperature according 

to its datasheet. The gauges were then left to dry at room temperature for 24 hours. Once the strain 

gauges were affixed in their appropriate places, the tape was removed. 

4.4 Sensor Signal Interface 

The semiconductor strain gauges attached to the spinal fusion implant were used to sense the strain 

variations of the rod. The strain was recorded by a high-resolution piezoresistive sensor signal interface 

IC, the MAS6505 from Micro Analog Systems, designed for piezoresistive sensor modules. It had a built-

in low noise analog front-end (AFE) and an analog-to-digital converter (ADC), which employed a delta-

sigma conversion technique with high-resolution performance. It could operate from a range of supply 

voltages (1.7V to 5.5V) and had low current consumption (down to 0.8μA), making it an ideal solution for 

low power and battery-powered applications. In addition to strain measurement, this IC could be 

configured to measure temperature either from the internal temperature measurement bridge or an 
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external temperature sensing diode [136]. Figure 4.6 depicts the block diagram of a MAS6505 IC with 

internal temperature measurement bridge and strain measurement half-bridge. 

 

Figure 4.6: Block diagram of MAS6505 [136]. The strain measurement half-bridge (consists of two fixed resistors (𝑅2, 𝑅3) and two 
strain gauges (𝑅1, 𝑅4)) were connected to MAS6505 via the VDDS, PI, NI, and GNDS pins on the left-hand side. The right-hand 
pins of the MAS6505 were connected to the KL03 microcontroller. The strain gauges were placed in the bottom half of the bridge 
to achieve better temperature compensation. 

The MAS6505 chip had a suggested sensor resistance range between 3kΩ and 6kΩ. Hence, the total 

strain bridge resistance needed to be approximately within this range. However, other sensor resistance 

values could be used by choosing low or unity gain amplification at the AFE amplifier, but this could 

come at the cost of reduced measurement resolution [136]. 

4.5 Development PCB Prototyping and Debugging 

The strain gauges were wired as in Figure 4.4 (a). The 𝑅1 strain gauge was connected between the 

positive signal line (PI) and the negative source or ground (GNDS), and 𝑅4 strain gauge was connected 

across the negative signal line (NI) and GNDS. For this bridge configuration, a ~2 VDC excitation voltage 

was used.  

4.5.1 Implant PCB Design and Development 

The development version of the final printed circuit board (PCB) was designed and built for benchtop 

testing with a total size of 58.8 x 21mm (L x W). Both development and final miniaturised PCBs were 

designed in Altium Designer 20.2.6. The electronics mainly comprised the signal interface IC (MAS6505), 

microcontroller (KL03) and the power and communication ASIC. A schematic of the PCB is shown in 

Figure 4.7. The exposed thermal pads underneath the MAS6505 and KL03 ICs were connected to 

ground to minimise noise [136]. The development PCB is shown in Figure 4.8 (a). EPO-TEK H20E from 

Epoxy Technology, an electrically conductive epoxy with high thermal conductivity, was applied to mount 

the power and communication ASIC and other quad-flat no-leads (QFN) packages on the PCB thermal 

pads, and this was cured in an oven at 120°C for 20 minutes. The wireless power and communication 

ASIC was designed by the IDG to transfer power and data to implanted electronics. The IDG ASIC was 
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wire bonded to the PCB using 25µm gold ball bonding with the TPT HB10 wire bonder, as shown in 

Figure 4.8 (b). After wire bonding, Polytec PT 2144, UV-cure epoxy, was poured on the IDG ASIC and 

wire bonds to prevent any damage during testing. Care was taken to avoid shorting the wire bonds on 

the IDG ASIC by applying the epoxy. 

 

Figure 4.7: Schematic of the development implant PCB, including the MAS6505 signal interface IC, KL03 microcontroller, and 
power and communication ASIC. There were pads for connecting an implant coil in parallel with resonant capacitors, 𝐶1 and 𝐶2 on 
the PCB. 

The 𝐶1 and 𝐶2 were secondary resonant capacitors. The 𝑅2 and 𝑅3 fixed bridge resistor values were 

3.9kΩ. According to Figure 4.5, the total series resistance of each arm would be 5.9kΩ that brought the 

total resistance of the bridge to about 3kΩ, which fell within the range required for the MAS6505 IC. 

 
(a) 

 
(b) 

Figure 4.8: (a) Development PCB for benchtop assessment with an 11-turn secondary wire coil and (b) 25µm gold ball-bonded 
ASIC prior to epoxy encapsulation. NI, PI and GNDS pads are shown on the development PCB. 
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4.5.2 System-Level Benchtop Testing 

Initial testing involved turning PCBs on using a DC power supply by applying 3V across three 22µF 

capacitors, 𝐶3𝐴, 𝐶3𝐵, and 𝐶3𝐶 in Figure 4.7 and ensuring huge currents were not observed due to a short-

circuit. Under normal conditions, about 6-7mA are drawn. The IDG developed the firmware for the spinal 

fusion implant (UniSG_Implant_V01.zip) from an existing firmware created for pressure measurement. 

The debug version of the firmware was loaded onto the microcontroller (KL03) to test the KL03 micro, 

test the MAS6505 and adjust its parameters and obtain debugging information from the debugger. The 

Segger J-Link and MCUXpresso IDE were used to upload the firmware to the PCB. The debugging log 

showed system identifier (ID), strain gauge and temperature values, and the entire packet on the 

MCUXpresso integrated development environment (IDE) console. The pin D4 on the J2 header in Figure 

4.7 was connected to the master in/ slave out (MISO) pin using a jumper.  

Preliminary testing was performed as follows: 

• The freedom software development kit (SDK) for the Kinetis KL03 microcontroller (FRDM-

KL03Z) was installed in MCUXpresso.  

• Debug definition mode was modified to 1 with the "DEBUG_CON 1U" command in 

common_util.h file to obtain debug info from the console. By default, this is defined as 0, which 

means "disable". The command “#define DEBUG_CON 1U” was then set. 

• The PCB was connected to a computer with Segger J-Link and powered up with an external DC 

power supply (3VDC). 

• The firmware was uploaded to the PCB. 

• Debugging was started, and log information was captured in the console of the MCUXpresso. 

• The 16-bit ID, temperature, and strain values were checked. The ID for each PCB could be 

changed in the "main.c, static uint8_t implant_id[2] = {0x00, 0x03}". The firmware had to be built 

for each device with an individual ID. 

Table 4.1 summarises the parameters for the strain gauges. These parameters were defined based on 

outputs captured using the MAS6505 evaluation board (MAS6505 QFN board rev 1.0 and MAS6505 

Motherboard rev 2.0). 

Table 4.1: Parameters for setting up the strain gauges. 

Parameter Value 

IIR filter coefficient* 4 

Oversampling ratio for temperature and strain 2x and 16x, respectively 

Temperature sensor bridge resistance Rsensor = 2936Ω 

Strain gain including sign** Positive 5.6x (15dB) 

Temperature gain including sign Positive 1x 

Temperature and strain offset***
 Positive 0% for both 
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* Infinite impulse response (IIR) filter as 4 means it takes 5 samples (500ms) to reach 75% of step response, 8 

samples (800ms) to reach 90% of step response as stated in Table 18 of the MAS6505 datasheet [136]. This 

number can be set according to the acceptable noise level and oversampling ratio (OSR). 

** By dividing the maximum input signal (1400mV) [132] by the output at the maximum strain range (~250mV), 

the gain was set to 5.6X, which prevented the output from being saturated at the maximum loading. 

*** Strain offset seemed to vary from gauge to gauge. Also, the initial gluing process affected this value 

significantly. 

To adjust the gain, offset, and bridge resistance values, the "ms6505_init(void)" functions in mas6505.c 

file needed to be altered. The set-up in Figure 4.9 was used to test the PCB. It consisted of a Cleverscope 

CS1070 power amplifier, an Analog Discovery 2 oscilloscope and signal generator and its BNC adapter, 

probes to monitor signals, and the secondary/implant coil and primary/external coil for wireless power 

and data transmission. The system must work in a US Federal Communications Commission (FCC) 

approved bandwidth for industrial, scientific medical (ISM) devices. The IDG ASIC works at 6.78MHz, 

and this band is approved by FCC. Hence, the primary and secondary coils needed to be tuned to the 

operating frequency of 6.78MHz due to poor inductive link (see section 3.6). The primary coil was 

compensated for by adding a series capacitor, while a parallel capacitor compensated for the secondary 

coil. A Würth Elektronik coil (Manufacturer Product Number (MPN): 760308102308) was used as the 

primary coil. This coil had a 3.40μH inductance, 6.47Ω resistance at 6.78MHz, and a self-resonant 

frequency of 29.63MHz. The IDG secondary coil was a designed single-layer, 11-turn coil (15.8 x 2.5 x 

1mm (L x W x H)) with inductance and series resistance values of 2.24µH and 4.60Ω (𝑄 = 20.7) at 

6.78MHz, respectively. The values of the series resonant capacitor for the primary coil and parallel 

resonant capacitor for the secondary coil were chosen as 220pF and 230pF, respectively (see Table 

3.1). 

The debug mode was disabled by setting it to zero using the "#define DEBUG_CON 0U" command as 

the debug version of the firmware consumed more power than anticipated, which resulted in a powering 

up issue that interrupted sampling timing. Channel 1 of the Analog Discovery 2 was connected to the 

"Data Enable" signal from the IDG ASIC, and channel 2 was attached to VC-. Some x10 probes were 

used for collecting data, and the rising edge of channel 1 was used to capture the waveform. The 

firmware was uploaded using the Segger J-Link and Segger J-Flash Lite program.  
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Figure 4.9: The benchtop set-up to examine the wireless data and power transmission showing a single-layer, 11-turn secondary 
coil on top of a Würth Elektronik primary coil. 

The firmware sampled strain and temperature every 60 times for 100ms with a sampling rate of 10Hz 

and 1 second latency. The implant sent one packet of data (952-bit fixed length) which contained 

preamble (8bits), start sequence (16bits), 10 x samples of strain (24bits each), 10 x samples of 

temperature (24bits each), reserved bits (400bits), firmware version (16bits), implant ID (16bits), and 

cyclic redundancy check (CRC) (16 bits) to the receiver via the IDG ASIC. The block diagram of the 

smart spinal fusion implant is available in Figure 4.2. 

The complete sampling cycle included: 

1. Analog Discovery 2 powered the device up. 

2. After the KL03 micro boot up and finished all initialisations, it started sampling strain and 

temperature 10 times for 100ms. 

3. KL03 Micro generated a packet with all samples and sent it to the IDG ASIC. 

4. Analog Discovery 2 turned the power off after 980ms. 

5. IDG ASIC turned the "Data Enable" signal high as a trigger to capture the waveform. 

6. IDG ASIC then sent the packet (952bits) wirelessly to Analog Discovery 2. 

7. Analog Discovery 2 turned the power on after 20ms, making a 1 second cycle and returned to 

(1). 

Analog Discovery 2 decoded the BPSK signal from VC- (channel 2, navy-colour signal) and split it into 

phase, amplitude, in-phase, Id, and quadrature, Qd, components as shown in Figure 4.10.  
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Two 3.9kΩ resistors were inserted between NI, PI and GNDS pads on the PCB, as shown in Figure 4.8 

(a), to complete the strain measurement bridge for the initial tests instead of the strain gauges. The 

bridge was not balanced due to the resistance of the connecting wires, and the output voltage values 

could be measured. A 1Hz amplitude modulated (AM) signal with constant frequency and amplitude 

carrier (6MHz, 5V) was generated by an Analog Discovery 2 and then fed into the Cleverscope power 

amplifier (PA). The output signal of the PA was then used as the input into the primary coil to generate 

alternating magnetic fields. The log information from the MCUXpresso console is available in Appendix 

C. The wireless data from the IDG ASIC including, VC-, preamble (0xaa) and the start of data sequence 

(0x4B54) values, were captured using a Digilent Analog Discovery 2 to examine the wireless data and 

power transmission, as further shown in Figure 4.10.  

 

Figure 4.10: Start of wireless data from ASIC, including the preamble and start sequence values captured on Analog Discovery 2 
to examine the wireless power and data transmission. Analog Discovery 2 decoded the BPSK signal from VC- (channel 2, navy-
colour signal) and split it into phase, amplitude, in-phase, Id, and quadrature, Qd, components. 

4.5.3 Benchtop Testing with Semiconductor Strain Gauges  

Micron Instrument SSGH 060-033-2000PUB strain gauges were then mounted with epoxy on a 

machined 5.5mm diameter Grade-5 titanium rod with a machined flat slot (McMaster-Carr, MPN: 

89055K53). The epoxy was EPO-TEK MED-301, a transparent and biocompatible epoxy. The 

development PCB was then connected to the strain gauges in a half-bridge configuration and placed in 

the loading rig to demonstrate the gauges and electronics working together. There was an inconsistency 

across the rod’s diameter due to machining, varying from 5.5mm to 5.6mm from one end to the other. 

The loading rig applied a controlled and repeatable amount of flexion to the spinal fusion rod to measure 

changes in the output voltage. The rod was placed into the rig provided by the University of Canterbury 

(UC), as shown in Figure 4.11, consisting of two hinged plates and a turnbuckle. The spinal fusion rod 

was tightened into the pedicle screws on the test fixture when the plates were level. The hinged plates 

pivoted by turning the turnbuckle, causing a bending moment on the spinal fusion rod comparable to the 

physiological bending moment experienced by the human spine as fusion progress [137].  
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Figure 4.11: The test set-up with the strain gauges attached to the machined titanium rod wired to the development PCB. 

The raw strain sensor and temperature sensor average output voltage values (in mV) were recorded 

versus flexion of the rod counted as the number of full rotations of the turnbuckle, as illustrated in Figure 

4.12. 

 

Figure 4.12: Preliminary average strain sensor output voltage values of the machined Grade-5 titanium rod versus rod’s flexion. 

The measurement results showed that as flexion increased, there was a linear change in the output 

strain values, confirming the use of these semiconductor strain gauges and electronics to support 

appropriate strain measurements on a spinal fusion rod.  

The corresponding input analog signal voltage of the ADC, (𝑉𝑖𝑛), or alternatively, the output voltage of 

the half-bridge after the AFE stage could be calculated as [136]: 

 
𝑉𝑖𝑛 =

𝐼𝑆𝑅𝐴𝐷𝐶

𝐺𝑎𝑖𝑛
. (

𝐶𝑂𝐷𝐸

𝐶𝑂𝐷𝐸𝐹𝑆
−

1

2
+

𝑂𝐹𝑆%

100%
) (4.3) 

Where, 
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𝐼𝑆𝑅𝐴𝐷𝐶 =  1400mV, the anticipated overall input signal range of ADC stated in [136]. 

𝐺𝑎𝑖𝑛 = ± (1x …  55.8x) Analog Front End (AFE) gain setting. 

𝐶𝑂𝐷𝐸 (𝐷𝑒𝑐) = ADC conversion results in decimal.  

𝐶𝑂𝐷𝐸𝐹𝑆 (𝐷𝑒𝑐) =  11184810, the ADC maximum code value (minimum code was zero) stated in [136]. 

𝑂𝐹𝑆(%) = −49% … + 49%, the ADC offset setting in percentage. 

The actual measured bridge temperature, 𝑇, could be calculated from the following equation [136]:  

 

𝑉𝑖𝑛(𝑇) = 𝑉𝐷𝐷𝑆.

[
 
 
 
 

1

𝑅1

𝑅2
+ 1

−
1

𝑅𝑠. [1 + 𝑇𝐶𝑠. (𝑇 − 𝑇𝑟𝑒𝑓)]

𝑅4. [1 + 𝑇𝐶𝑟 . (𝑇 − 𝑇𝑟𝑒𝑓)]
+

𝑅3

𝑅4
+ 1

]
 
 
 
 

 (4.4) 

Where, 

𝑉𝐷𝐷𝑆  was the sensor supply voltage 

𝑅1,2,3,4 (Ω) were internal resistors. 

𝑅𝑠 (Ω) was the sensor bridge resistance.  

𝑇𝐶𝑠 (ppm/°C) was sensor resistance temperature coefficient. The ppm is an abbreviation for parts per 

million. 

𝑇𝐶𝑟  (ppm/°C) was the internal resistor temperature coefficient.  

𝑇𝑟𝑒𝑓  (°C) was the reference temperature for the resistor values (Typically +25°C). 

The values of 𝑅1,2,4 = 12000Ω, 𝑅3 = 9064Ω, 𝑅𝑠 = 2936Ω and 𝑇𝐶𝑟 = −70 ppm/°C were extracted from 

the MAS6505 datasheet [136]. The value for 𝑇𝑟𝑒𝑓 was selected as +25°C, and the temperature coefficient 

of the strain gauge (𝑇𝐶𝑠) was calculated from its resistance values of 1999Ω at 25.56°C (78°F) and 

3245Ω at 136.67°C (278°F). The 𝑇𝐶𝑠 was then calculated using the following equation [138]: 

 𝑅 = 𝑅𝑟𝑒𝑓[1 + 𝑇𝐶𝑠 (𝑇 − 𝑇𝑟𝑒𝑓´)] (4.5) 

Where, 

𝑅 was conductor resistance at temperature 𝑇 

𝑅𝑟𝑒𝑓 was conductor resistance at the reference temperature 𝑇𝑟𝑒𝑓 
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𝑇𝐶𝑠  was temperature coefficient of resistance for conductor material 

𝑇 was conductor temperature in °C 

𝑇𝑟𝑒𝑓´ was reference temperature at which 𝑇𝐶𝑠 was specified for the conductor material 

For the SSGH 060-033-2000PUB-M1 LOAD strain gauges, the 𝑇𝐶𝑠 was calculated to be 0.5% per °C or 

5609.81 ppm/°C. Figure 4.13 shows the bridge temperature variations versus the titanium rod's flexion. 

 

Figure 4.13: Measured bridge temperature versus titanium rod’s flexion. The temperature remained relatively constant. 

The temperature measured using the internal temperature bridge of a MAS6505 (Figure 4.6) remained 

relatively constant as rod' flexion increased. The slight temperature variations could be due to 

measurement errors from the equipment, set-up and changes in the environment temperature. 

A customised 3D printed titanium rod and housing provided by UC, as illustrated in Figure 4.14, were 

also used to test the designed PCB.  

 

Figure 4.14: 3D printed titanium rod and housing used in the test set-up. 
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The housing dimensions were 18.00 x 7.20 x 4.00mm (L x W x H). The strain gauges were attached to 

the rod using Loctite EA E-30CL epoxy and cured at room temperature. The average strain and 

temperature sensors output data from testing are shown in Figure 4.15. The bridge's temperature values 

versus titanium rod's flexion are illustrated in Figure 4.16. 

 

Figure 4.15: Average strain sensor output voltage values of the 3D printed titanium rod and housing versus the 3D printed Ti rod’s 
flexion. 

 

Figure 4.16: Measured bridge resistor temperature versus 3D printed Ti rod’s flexion. The temperature remained relatively constant. 

4.6 Miniaturised Implant PCB  

Modelling by UC suggested that the maximum inner dimensions of the titanium housing that could be 

accommodated for a sheep model of lumbar spinal fusion were 18.00 x 8.00mm (L x W). As illustrated 

in Figure 4.17, the development board was therefore shrunken down to fit into the provided housing on 

the titanium spinal fusion rod. Some of the tracks, pads and headers were removed in this version of the 
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PCB. Due to the sizing requirements, some vias were placed directly on the pads and made un-tented 

to allow for soldering. Only tracks and pins required for programming the micro were maintained. The 

essential tracks were routed for testing and troubleshooting on headers J3 and J4. The PCB was designed 

with tabs that could be snapped off after programming was done. The routed tracks were bundled 

together into a few points to minimise the length of break-off tabs. The exposed thermal pads on the 

KL03 microcontroller and MAS6505 were grounded to reduce noise. Pads were also used under the 

PCB to connect to the strain gauges. The ground plane was poured inside the small PCB area to avoid 

exposing it to the side of the PCB once it was cut. The final dimensions of the designed PCB were 17.75 

x 7.50 x 2.00mm (L x W x H). The height included the height of the largest components on the PCB. The 

schematic of the miniaturised implant PCB is available in Appendix D.  

 

Figure 4.17: Benchtop set-up to capture strain values on the MCUXpresso console, including the miniaturised PCB with break-off 
tabs. 

For the initial testing, two 3.9kΩ resistors were populated instead of the strain gauges on the bottom half 

of the bridge for simplicity. The PCB drew 6-7mA while connected to the 3VDC external power supply. 

The initial results showed that the ID was correct and strain values were reasonable. The log information 

of the miniatured PCB on the MCUXpresso console is available in Appendix E. The wireless data 

transmission assessment results are shown in Figure 4.18.  

 

Figure 4.18: Start of wireless data from ASIC using the miniaturised PCB, including the preamble and start sequence values 
captured on Analog Discovery 2, which decoded the BPSK signal from VC- (channel 2, navy-colour signal) and split it into phase, 
amplitude, in-phase, Id, and quadrature, Qd, components. 
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4.7 Planar PCB Coil Design 

An 11-turn wire coil was used for preliminary testing, although the spinal rod housing height constraints 

required a low-profile planar PCB coil. Designing a high quality factor coil in a small form factor was 

essential for attaining high transferred power [125]. The study aim was to design a planar PCB coil that 

fit into the titanium housing and served as the secondary coil for wireless power and data transmission. 

4.7.1 Secondary Coil Design Constraints 

The planar PCB secondary coil design constraints were coil size, implant load, operating frequency, and 

working range. The implant coil required 3V to provide an operating voltage of at least 2V after the 

rectification and regulation stage for the readout circuitry. The maximum current consumption of the 

implant, 𝐼, was about 10mA, which was translated to a DC load resistance, 𝑅𝐿, of:  

 
𝑅𝐿 = 

𝑉2

𝑃
=

32

30 × 10−3
= 300𝛺 (4.6) 

This equation gave the load presented by the implant after the rectification stage. Given the high value 

of 𝑅𝐿, a parallel resonant secondary was chosen to improve the power transfer efficiency due to high 

output impedance [99]. The equivalent parallel loss resistance of the secondary coil, 𝑅𝑃, was calculated 

from the series loss resistance, 𝑅𝑆, and the quality factor, 𝑄: 

 𝑅𝑃 = (1 + 𝑄2)𝑅𝑆 (4.7) 

For this to be effective, the equivalent parallel resistance of the coil must be greater than or equal to the 

DC resistance of the load, 𝑅𝑃 ≥ 𝑅𝐿, to reduce losses due to the series resistance of the coil and increase 

the power transfer efficiency [62]. 

Furthermore, the IDG ASIC required a minimum input impedance, 𝑍𝑖𝑛, of about 2kΩ, as shown in Figure 

4.19, to drive the oscillator in Figure 4.3 above 2V amplitude. Once the 2V amplitude was reached, data 

transfer started.  

C2

R2

L2 Zin

 

Figure 4.19: Equivalent impedance of implant resonant circuit. 

The equivalent impedance of the implant resonant circuit seen by the IDG ASIC, 𝑍𝑖𝑛, was obtained as 

follows: 
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𝑍𝑖𝑛 =

𝑅2 + 𝑗𝜔0𝐿2

1 − 𝜔0
2𝐿2𝐶2 + 𝑗𝜔𝐿2𝑅2

 (4.8) 

By substituting 𝐶2 = 1 𝜔0
2𝐿2⁄  in equation 4.8: 

 
𝑍𝑖𝑛 =

𝜔0
2𝐿2

2

𝑅2

− 𝑗𝜔0𝐿2 (4.9) 

Hence, for small 𝑅2 and large 𝜔0𝐿2 values:  

 
|𝑍𝑖𝑛| ≅

𝜔0
2𝐿2

2

𝑅2

 (4.10) 

By substituting equation 3.11 (𝑄2 = 𝜔0𝐿2 𝑅2⁄ ) in equation 4.10: 

 |𝑍𝑖𝑛| ≅ 𝑄2𝜔0𝐿2 (4.11) 

4.7.2 Single-Layer Planar PCB Coil 

The inductance value was calculated for a single-layer square inductor in the Saturn PCB Toolkit V7.13 

software by entering values for the number of turns, conductor width, conductor spacing and outer 

diameter of the coil. The inductance of the PCB planar coil was also a function of the separation or 

dielectric thickness of the layers. A Webench Coil Designer by Texas Instrument was used to design and 

evaluate the designed multi-layer PCB coil [139]. An Altium designer planar script was used to design 

the planar PCB coils. A range of coils were designed to assess the performance of the implant coil based 

on coil size and number of turns [140]. Figure 4.20 shows the fabricated single-layer planar PCB coils.  

 

Figure 4.20: Designed single-layer PCB coils. 
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The characteristics of the coils, including their inductance and series resistance at 6.78MHz measured 

using the Keysight E4990A impedance analyser, are reported in Table 4.2. The coils were fabricated on 

a 1.6mm thick PCB with 1-oz copper traces. Single-layer planar PCB coil 𝐿10 with five turns had the 

highest 𝑄 and 𝑅𝑝 amongst the fabricated single-layer planar PCB coils (𝑄 = 20.76, 𝐿 = 388.11nH, 𝑅𝑠 =

0.8Ω) and was therefore selected.  

Table 4.2:  The characteristics of designed single-layer planar PCB coils. 

Prototype 
PCB Coils 

Number 
of Turns 

(𝑵) 

Copper 
Trace 
Width 
(mm) 

Trace 
Space 
(mm) 

Measured 
Inductance 
(𝑳) (nH) @ 

6.78MHz 

Measured 
Series 

Resistance (𝑹𝒔) 

(mΩ) @ 
6.78MHz 

Calculated 
Parallel 

Resistance 
(𝑹𝒑) (Ω) @ 

6.78MHz  

Calculated 
𝑸 @ 

6.78MHz 

Approximate 
Dimension of the 

Coils (L x W) 
(mm) 

𝑳𝟏 4 0.5 0.1 229.17 521.3 183.40 18.73 13.15 x 7.23 

𝑳𝟐 4 0.4 0.1 225.33 555.16 166.71 17.3 12.33 x 6.33 

𝑳𝟑 4 0.3 0.1 233.96 577.75 172.49 17.25 11.55 x 5.45 

𝑳𝟒 5 0.3 0.1 313.24 708.90 251.80 18.82 12.38 x 6.25 

𝑳𝟓 5 0.3 0.1 382.67 797.57 334.02 20.44 15.40 x 6.30 

𝑳𝟔 4 0.5 0.1 232.70 533.88 184.64 18.57 13.33 x 7.85 

𝑳𝟕 4 0.4 0.1 224.17 557.01 164.20 17.14 12.38 x 6.30 

𝑳𝟖 4 0.3 0.1 223.54 593.02 153.55 16.06 11.53 x 5.45 

𝑳𝟗 5 0.3 0.1 313.62 711.04 251.75 18.79 12.40 x 6.20 

𝑳𝟏𝟎 5 0.3 0.1 388.11 796.57 344.10 20.76 15.43 x 6.28 

𝑳𝟏𝟏 4 0.5 0.1 229.06 536.63 177.90 18.18 13.20 x 7.70 

𝑳𝟏𝟐 4 0.4 0.1 225.34 560.26 164.96 17.13 12.43 x 6.30 

𝑳𝟏𝟑 4 0.3 0.1 219.34 612.24 143.18 15.26 11.55 x 5.40 

𝑳𝟏𝟒 5 0.3 0.1 312.51 713.08 249.27 18.67 12.45 x 6.28 

𝑳𝟏𝟓 5 0.3 0.1 169.80 710.08 74.44 10.19 10.40 x 6.28 

𝑳𝟏𝟔 4 0.5 0.1 246.87 537.82 206.09 19.55 13.15 x 8.20 

𝑳𝟏𝟕 4 0.4 0.1 224.75 566.59 162.39 16.9 12.30 x 6.35 

𝑳𝟏𝟖 4 0.3 0.1 229.51 636.93 150.71 15.35 11.55 x 5.43 

𝑳𝟏𝟗 5 0.3 0.1 319.04 716.96 258.45 18.96 12.43 x 6.20 

𝑳𝟐𝟎 5 0.3 0.2 384.55 828.82 324.45 19.76 16.25 x 7.20 

The 𝐿10 planar PCB coil was connected to the development PCB by twisted-pair insulated 0.09mm 

diameter copper wires, and the length of the wires was kept minimum to reduce the parasitic noise. The 

wireless power and data transmission were assessed using the development PCB (Figure 4.8 (a)) and 

𝐿10 PCB coil, as illustrated in Figure 4.21.  
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Figure 4.21: Start of wireless data from ASIC, including the preamble and start sequence values captured on Analog Discovery 2. 
The 𝐿10 designed PCB coil is used as a secondary coil. Analog Discovery 2 decoded the BPSK signal from VC- (channel 2, navy-
colour signal) and split it into phase, amplitude, in-phase, Id, and quadrature, Qd, components. 

As shown in Figure 4.21, the amplitude of the signal (blue trace) was low. The IDG ASIC did not start 

transmitting data due to the low equivalent parallel resistance of 𝐿10 (<2kΩ). Therefore, a secondary coil 

with a higher 𝑄 required to increase the secondary coil impedance and enable data transmission 

(equation 4.11). 

4.7.3 Multi-Layer Planar PCB Coil 

Multi-layer, 2-layer and 4-layer, planar PCB coils were designed and tested at the desired frequency to 

meet the minimum inductance requirements of the implant coil. The long traces of the coils on each PCB 

layer were not put directly on top of the other trace layers to avoid capacitance between PCB layers. The 

inductance and series resistance of each coil were measured at the operating frequency of 6.78MHz. 

Figure 4.22 depicts the designed two-layer and four-layer planar PCB coils.  
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Figure 4.22: Designed multi-layer planar PCB coils. 

The aim was to maximise the 𝑄 of the coil and achieve a specific impedance of at least 2kΩ for the IDG 

ASIC to function. Increasing the coils' number of turns reduced the proximity effect, which was larger in 

wide PCB coils, increased the coil's inductance and corresponding 𝑄 up to the point at which the 

increased losses outweighed the increased inductance and caused a decrease of 𝑄 (see section 3.5) 

[99]. Furthermore, increasing the number of turns reduced the self-resonant frequency of the coils. The 

maximum allowed number of turns for a coil is the point at which the self-resonant frequency starts 

approaching the operating frequency. As reported in Table 4.3, 𝐿2′ had the highest 𝑄 with the right 

dimensions to fit into the titanium housing. Figure 4.23 illustrates the results of wireless power and data 

transmission assessments using the 2-layer 𝐿2′ PCB planar coil. It indicates that the impedance of the 

coil, 2.33kΩ, was high enough to allow the proper function of the IDG ASIC and start the data 

transmission, as shown in Figure 4.23.  

Table 4.3: The characteristics of the 2-layer and 4-layer planar PCB coils. 

Prototype 
PCB Coils 

Number 
of 

Layers 

Number 
of Turns 

(𝑵) 

Copper 
Trace 
Width 
(mm) 

Trace 
Space 
(mm) 

Measured 
Inductance 
(𝑳′) (µH) @ 

6.78MHz 

Measured 
Series 

Resistance 
(𝑹𝒔) (Ω) @ 

6.78MHz 

Calculated 
Parallel 

Resistance 
(𝑹𝒑) (kΩ) @ 

6.78MHz 

Calculated 
𝑸 @ 

6.78MHz 

Approximate 
Dimension of 
the Coils (L x 

W) (mm) 

𝑳𝟏′ 2 5 0.3 0.1 1.0642 1.3320 1.57 34.29 15.44 x 6.85 

𝑳𝟐′ 2 6 0.3 0.1 1.5082 1.7765 2.33 36.17 16.48 x 7.28 

𝑳𝟑′ 2 7 0.3 0.1 2.0624 2.3214 3.33 37.85 17.28 x 8.23 

𝑳𝟒′ 4 5 0.3 0.1 4.0079 6.0392 4.83 28.27 15.57 x 7.23 

𝑳𝟓′ 4 6 0.3 0.1 5.9410 9.0338 7.10 28.02 16.44 x 7.84 

𝑳𝟔′ 4 7 0.3 0.1 8.4107 13.784 9.33 26 17.11 x 8.58 

𝑳𝟕′ 2 6 0.3 0.1 0.7266 1.1991 0.80 25.81 8.23 x 7.98 
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𝑳𝟖′ 1 6 0.3 0.1 0.5303 0.8257 0.62 27.36 16.56 x 7.63 

𝑳𝟗′ 4 6 0.3 0.1 2.6126 5.6718 2.20 19.62 9.00 x 7.85 

 

 

Figure 4.23: Start of wireless data from ASIC, including the preamble and start sequence values captured on Analog Discovery 2.  

with 𝐿2′ (6 turns, 2 layers), 1.51µH, 1.78Ω at 6.78MHz. 

Based on measurement results and the size of the appropriate coil to fit into the titanium housing, 𝐿2′ (the 

2-layer, 6-turn planar PCB coil) was manufactured on a 1mm thick PCB and integrated with the titanium 

housing for testing with a benchtop reader. The coil had an inductance and resistance of 1.44µH and 

1.96Ω at 6.78MHz (𝑄 = 31.3), respectively and operated well when connected to the miniaturised PCB 

and placed outside the titanium housing. However, the system did not work properly when the PCB coil 

was placed inside the titanium housing in close proximity to the titanium housing's walls. The overall 

performance of the IWPT system was deteriorated due to the induced eddy currents in the housing's 

walls. 

Three 4-layer planar PCB coils were designed and manufactured, as shown in Figure 4.24, to overcome 

the above issue by reducing the size of the PCB coils and maintaining the same inductance and 𝑄 for 

the PCB coils.  

 

Figure 4.24: Designed 4-layer planar PCB coils. 
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The characteristics of the designed 4-layer planar PCB coils are shown in Table 4.4. 

Table 4.4: Designed 4-layer planar PCB coils with a different number of turns. 

Prototype 
PCB Coils 

Number 
of 

Layers 

Number 
of Turns 

(𝑵) 

Copper 
Trace 
Width 
(mm) 

Trace 
Space 
(mm) 

Measured 
Inductance 

(𝑳") (µH) @ 
6.78MHz 

Measured 
Series 

Resistance 
(𝑹) (Ω) @ 

6.78MHz 

Calculated 
Parallel 

resistance 
(𝑹𝒑) (kΩ) @ 

6.78MHz 

Calculated 
𝑸 @ 

6.78MHz 

Approximate 
Dimension of 
the Coils (L x 

W) (mm) 

𝑳𝟏" 4 3 0.3 0.1 1.086 1.9849 1.08 23.3 12.38 x 5.65 

𝑳𝟐" 4 4 0.3 0.1 1.937 3.3453 2.04 24.7 13.10 x 6.50 

𝑳𝟑" 4 5 0.3 0.1 3.1 5.6295 3.11 23.5 14.13 x 7.23 

 

4.7.4 Impact of Nearby Titanium Housing and Rod on Power and Data Communication 

Housing material should have low electrical conductivity to reduce the eddy currents generated on its 

surface and low permeability to avoid absorption of the magnetic field produced by the primary coil [126]. 

The UC-provided titanium housing was made of Grade-5 titanium alloy, compatible with the human body 

environment. This section investigates the impact of the integration of a miniaturised PCB and secondary 

coil with the titanium housing on wireless power and data transmission. The strain gauges were replaced 

with fixed 3.9kΩ resistors, and a benchtop experiment was performed using different secondary coils 

and housing lids. The secondary coil was placed outside, above, or inside the titanium housing. For each 

step, data was captured and transferred into Microsoft® Excel for analysis.  

A flexible ferrite sheet with 0.18mm thickness (MPN #364004) was added underneath the secondary coil 

to prevent the magnetic fields from penetrating the electronics. At 6.78MHz, the inductance, series 

resistance, and self-resonance frequency of the 4-layer 𝐿2" secondary coil were 1.94uH, 3.35Ω (𝑄 =

 24.7), and 65MHz, respectively. The inductance of 𝐿2" increased to 2.54uH (𝑅 = 4.65Ω, 𝑄 = 23.3) with 

a ferrite shield of approximately 13 x 6.5mm (L x W) placed flush with it. 

Next, 3M amber-coloured 69µm thick Kapton tape (MPN # 5413 9MM) was placed on the sidewalls of 

the titanium housing for shielding in order to prevent needing to shorten the PCB to fit in the titanium 

housing. A piece of 1.3mm thick Biograde glass (microscope slide) was used in place of the lid for the 

housing to assess the wireless power and data transmission through the lid. Figure 4.25 illustrates the 

secondary coils integration with a miniaturised PCB and titanium housing with a rod. 

 
(a) 



79 

 

 
(b) 

Figure 4.25: Integrated titanium housing and rod with electronics and (a) an 11-turn coil and (b) planar PCB coil (𝐿2′ PCB coil is 
shown in this picture).  

Several units (U1 to U8) were assembled with different configurations and tested with the preliminary 

benchtop version of the external reader to understand how the titanium rod and housing were impacting 

the data and power transmission. The strain and temperature values were binary values returned from 

the ADC on MAS6505 [136]. These binary values were then converted to decimal values in Microsoft® 

Excel. In Table 4.5, S1 to S10 are measured strain values in decimal, and T1 to T10 are measured bridge 

temperature values in decimal for 10 samples of strain and temperature in one packet of transmitted 

data. The "PCB" in Table 4.5 is the miniaturised PCB used to evaluate the effect of encapsulation of the 

secondary coil on data and power transmission.  

Table 4.5: Benchtop measurements to evaluate the impact of the titanium rod and housing on wireless power and data 
transmission. S1 to S10 are the strain values (decimal), and T1 to T10 are bridge temperature values (decimal). Ferrite thickness = 
0.18mm, Glass lid thickness = 1.3mm. 

Unit U1 U2 U3 U4 U5 U6 U7 U8 

Preamble Error Correct Correct Error Error Correct Error Correct 

Start Sequence Correct Correct Correct Correct Correct Correct Correct Correct 

S1 5373444 5574572 5314712 5481632 5564004 5573872 5396780 5373692 

S2 5373200 5574496 5318832 5485048 5564272 5573072 5398932 5375980 

S3 5373020 5574488 5321324 5487200 5564300 5572548 5400808 5377860 

S4 5372916 5574420 5323948 5489288 5564392 5572476 5402820 5379792 

S5 5372752 5574376 5326120 5491240 5564600 5572404 5404848 5381712 

S6 5372616 5574328 5327920 5493004 5564744 5572216 5406800 5383532 

S7 5372576 5574316 5329540 5494556 5564888 5572096 5408644 5385212 

S8 5372460 5574264 5330796 5495948 5564992 5572056 5410336 5386724 

S9 5372356 5574224 5331576 5497172 5565072 5571928 5411912 5388116 

S10 5372276 5574160 5332208 5498244 5565092 5571716 5413360 5389312 

T1 5815712 5821696 5818816 5814272 5833728 5838560 5856192 5854496 

T2 5815616 5821600 5819104 5814464 5834016 5838400 5856224 5854592 

T3 5815648 5821440 5819392 5814560 5834240 5838432 5856192 5854752 

T4 5815680 5821440 5819520 5814688 5834272 5838336 5856192 5854880 

T5 5815488 5821376 5819520 5814720 5834432 5838368 5856256 5854912 
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T6 5815680 5821248 5819552 5814720 5834624 5838304 5856256 5855040 

T7 5815616 5821216 5819744 5814784 5834688 5838368 5856352 5855104 

T8 5815840 5821280 5819648 5814784 5834720 5838304 5856384 5855328 

T9 5815872 5821312 5819616 5814848 5834720 5838304 5856416 5855360 

T10 5815904 5821248 5819776 5814944 5834688 5838304 5856448 5855392 

Firmware Version 100 100 100 100 100 100 100 100 

Implant ID 4 4 3 3 4 4 1 1 

CRC 54097 30577 19754 39826 45258 46858 63937 57983 

Stack-up 

 

 

 

 

 

 

 

 

 Secondary Resonant 
Cap 

147pF 147pF  342pF  342pF 147pF 147pF 220pF 220pF 

Secondary Coil 
Location 

Outside 
Housing 

Above 
Housing 

Outside 
Housing 

Above 
Housing 

Inside 
Housing 

Inside 
Housing 

Outside 
Housing 

Inside 
Housing 

Primary Coil Voltage 3.1V 3.1V 3.1V 3.1V 3.1V 7V 3.1V 5V 

In all these tests, the start sequence was detected correctly; however, the preamble value was not 

recovered correctly in many instances, mainly because the first bit was not recovered correctly. As shown 

in Table 4.5, once the implant coil was placed inside the titanium housing and covered by a glass lid, the 

primary coil magnetic field or primary coil current was increased to compensate for the portion of the field 

absorbed by the titanium rod and housing. This was performed by increasing the primary coil voltage. 

The firmware also checked the CRC value calculated from the start sequence (excluding preamble) to 

the implant ID in the data packet. The CRC used for this implant was CRC-16-CCITT with an initial value 

of 0xFFFF. The collected data for different configurations were checked manually for corruption using 

an online calculator (https://crccalc.com/). The final version of the external reader will discard corrupted 

data automatically.  

4.8 Manufacture of the Fully Integrated Smart Spinal Fusion Implant 

The strain gauges were mounted on a 5.5mm diameter titanium rod inside an integral housing using an 

appropriate epoxy. Desiccant tape was added to assist with controlling moisture inside the housing and 

https://crccalc.com/
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to act as a spacer to provide a gap between the strain gauges and the PCB. The electronics were flush 

with the height of the housing. Figure 4.26 provides a detailed description of the cross-section of the 

stack-up used for prototyping and testing. The final prototype smart spinal fusion implant consisted of 

semiconductor strain gauges, electronics, PCB coil, titanium housing, and lid. The internal space of the 

spinal fusion integrated housing on the rod was 18.02 x 8.02 x 3.80mm (L x W x H).   

 

Figure 4.26: Cross-section diagram of the smart spinal fusion implant with electronics stack-up around semiconductor strain 
gauges. Strain gauges are fixed with epoxy to the rod. 

Mechanical parts of the implant, including the machined LCP lid and titanium rod with integrated housing, 

were provided by UC. LCP material was chosen for the lid because of its low water permeability (lower 

than PEEK), material properties (retains a high modulus of elasticity), biocompatibility, ease of injection 

moulding, and availability (section 1.7) [59]. The ferrite sheet makes the PCB design easier by protecting 

it from the wireless power field. Kapton tape used on the sidewalls minimises the chance of a short 

circuit. The desiccant tape placed on the floor of the housing serves as a spacer and reduces moisture 

inside the housing. Figure 4.27 (b) shows the integrated smart spinal fusion implant.  

 
(a) 

 
(b) 

Figure 4.27: (a) Main parts of the smart spinal fusion implant, and (b) integrated smart spinal fusion implant without an LCP lid. 

The inductance and series resistance values of the coils were obtained by measurement using a 

Keysight E4990A Impedance analyser. A 220pF secondary parallel resonant capacitor was chosen to 
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tune the secondary coil at 6.78MHz and compensated for the detuning of the resonance frequency by 

the titanium housing and rod.  

4.8.1 Evaluation of Strain Gauges Attached on a Machined Titanium Spinal Fusion Implant 

The strain gauges were attached to the provided machined, titanium spinal fusion rod and housing using 

two-part Master Bond EP40Med epoxy cured overnight at 75°F followed by a post-cure at 120-150°F for 

2-3 hours [141]. The strain gauges were then tethered to the Wheatstone half-bridge configuration in 

Figure 4.6 using connecting wires as shown in Figure 4.28. The connecting wires were flexible enamelled 

copper wires with a cross-section of 0.0064mm2. A MAS6505 evaluation board was used to assess the 

performance of the strain gauges. The signal outputs from the strain gauges were recorded on a PC. 

 

Figure 4.28: Machined titanium spinal fusion rod and housing with a strain gauge attached and connected to the MAS6505 
evaluation board 

The strain sensor output voltage values versus the number of samples are illustrated in Figure 4.29. The 

peaks showed the instances when the spinal fusion rod was compressed by hand. 

 

Figure 4.29: Plot of measured strain sensor (top) and bridge temperature sensor (bottom) output voltage values versus the number 
of samples collected using the MAS6505 evaluation board. The settings are the same as in Table 4.1. 
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4.8.2 Benchtop Testing Smart Spinal Fusion Implant with External Reader 

A clinician could monitor the fusion progress over time using a hand-held reader to work with this study's 

device. As illustrated in Figure 4.30, a benchtop set-up of an external reader was utilised to test the 

developed smart spinal fusion implant. The external DC power supply provided +12V to operate a Nordic 

Bluetooth transceiver evaluation board (MPN #NRF52840-DK) and a Laird Connectivity Inc. Bluetooth 

dongle (MPN: 451-00003) transferred the collected measurements from the external reader to a personal 

computer. The primary power coil was a 6-turn planar PCB coil. The reader drew 66mA of current from 

a 6VDC power supply while reading the measurement values. The primary functions of the external 

reader were to:  

• Transmit signal to power the gauges and electronics 

• Read data from the gauges 

• Determine if data reading was valid 

• Display valid strain and temperature measurements 

The implant will continuously collect and transmit data to the external reader as long as it is placed within 

an inductive coupling distance of the reader and the inductive link provides power. If the power and data 

coils are not close enough to the secondary coil to fully operate the device, the reader will reject any 

corrupt data. If the reading does not pass all validity checks, the data is discarded, and the next reading 

is collected. To test the spinal fusion implants with the developed benchtop reader by IDG, the SPI was 

wired up to a Nordic Bluetooth transceiver evaluation board with developed firmware by IDG to log spinal 

fusion implant data to a PC through a Laird Bluetooth dongle. The raw strain data was plotted on a screen 

and saved to a .CSV file. The set-up included a DC power supply, Nordic board, benchtop external 

reader, primary power coil (50 x 50mm (L x W)), smart spinal fusion implant with the strain gauges 

attached, PCB, and the secondary coil with ferrite sheet attached.  

 

Figure 4.30: Benchtop set-up to test the spinal fusion implant with the external reader. 
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A strong load was applied to the smart implant by bending it by hand at both ends, and strain 

measurements were captured versus time on a PC using the benchtop external reader, as depicted in 

Figure 4.31. While the stiffness of the smart spinal fusion implant was not captured accurately and further 

study will be required to capture the implant's strain variations under different loads, these initial 

measurements confirmed that the implant's strain variations could be captured using the developed 

system of this study.  

 

Figure 4.31: Measured strain sensor output voltage values in decimal (Dec) vs time captured on a PC using the benchtop external 
reader while bending the implant by hand at both ends. 

In the initial testing, the reader's transmission range through the air was measured to be 10-20mm. The 

transmission distance could be improved by increasing the primary coil's current and adopting larger 

primary power and data coils.  

4.9 Summary 

The mechanical response of spinal fusion implants can be monitored to indirectly measure the stiffness 

of a fusion site over time by utilising semiconductor strain gauges. This study demonstrated a wireless, 

implantable spinal fusion system to monitor the bending strain on a titanium spinal fusion implant. The 

key components of the smart spinal fusion implant were the semiconductor strain gauges with high 

sensitivity to rod bending, signal interface IC, microcontroller, and an implant coil. The implanted 

microprocessor handled data collection and processing, and an implanted coil was utilised for inductive 

wireless power and data transmission. All implanted electronics, including the gauges, communication 

and power management units and coils, were encapsulated in a titanium housing mounted on a spinal 

fusion rod. The developed implant was tested using a benchtop external reader connected to a PC. 

These results of this chapter indicate that the strain gauges mounted on this study's smart spinal fusion 

implant with integrated housing to accommodate the necessary electronics could monitor variations of 

the spinal fusion implant strain to assess spinal fusion progress. However, further measurements must 

be performed to evaluate the performance of the implant under various loading conditions. It is important 

to note that strain gauges' response can be influenced by several parameters, including rod material and 

stiffness, the initial gauges' bonding process, implant orientation, and applied loads. Also, a smart spinal 

fusion implant usually experiences an initial strain when it is fastened to the vertebrae using pedicle 

screws during surgery which needs to be considered.  
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5. Through-Titanium IWPT Assessment  

5.1 Introduction 

Implantable electronic devices are typically hermetically sealed to achieve high reliability and long-life 

spans. In a previous chapter, as a proof of concept, a smart spinal fusion implant was created using an 

LCP lid which allows wireless power and data transfer whilst providing a moderate implant lifespan 

(quasi-hermetic) of the order of 3-6 months before water ingress creates the possibility of device failure. 

It would be desirable from a patient safety and reliability point of view to hermetically seal this implant. 

Ceramic would conventionally be used to make a hermetic but electromagnetic transparent window. 

However, such solutions are bulky and require complex manufacturing processes to bond the ceramic 

to the titanium housing. It would be highly desirable to make the implant from titanium as this leads to 

smaller, simpler to manufacture implants. For instance, leadless pacemakers have achieved extreme 

miniaturisation using titanium construction.  

Therefore, in this chapter, transferring power through a titanium lid to an implant coil is investigated. This 

chapter begins with a model of a two-coil IWPT system in COMSOL, and various metallic sheets are 

introduced between the coils to understand how this affects the behaviour of an IWPT system. A titanium 

enclosure is then modelled to assess the performance of the IWPT system surrounded by titanium 

housing and lid. The experimental set-ups are also created to validate the simulation results. The 

complexity of the FEM model is increased through these studies to get closer to a system like a real 

spinal fusion implant. 

5.2 Modelling Primary and Secondary Coils in COMSOL Multiphysics 

A simple test set-up based on hand-wound 10-turn primary and 10-turn secondary coils was created, as 

shown in Figure 5.1, into which sheets of metal could be introduced to allow study their impact on wireless 

power transfer through modelling and experiments. 

 

Figure 5.1: Model of the preliminary test set-up. 

For this project, Finite Element Method (FEM) models were employed to analyse inductive link principles 

and validate experimental results. COMSOL Multiphysics 5.4 software was used to implement the 
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inductive link and enclosure models. Using a concentric arrangement of the coils, quasi-static and 

frequency-domain studies computed the mutual inductance and induced current between primary and 

secondary coils. Each turn of the coils was modelled explicitly as well as homogenised into multi-turn 

coils. Small signal analyses, including quasi-static and frequency domain results, were compared against 

each other and against analytical predictions. 

5.3 Model Definition 

The primary and secondary coils are modelled in a 2D axisymmetric space where z is the symmetry axis 

to simplify FEM models and reduce solving time. It is assumed that there is no physical variation around 

the centreline, as shown in Figure 5.2. 

 

Figure 5.2: a 2D axisymmetric model of concentric primary and secondary coils. Dashed window displays a close-up of the region 
for clarity. 

Various coil geometries could have been modelled, including rectangular, circular, hexagonal. A circular 

solenoid coil was selected for ease of modelling and to shorten simulation time. The structure was 

modelled using a 2D-axisymmetric model, as shown in Figure 5.2. The model was used in conjunction 

with physical prototypes to perform simulations to obtain some preliminary results. To minimise parasitic 

resistance and obtain high quality factors, the material used for the prototype coils needed to have high 

electrical conductivity. Copper was selected due to its non-magnetic and high electrical conductivity 

characteristics. 

The primary and secondary coils are shown in Figure 5.3. The primary coil was hand-wound with 𝑁1 = 

10-turns, and an inner radius of 𝑟1 = 30mm using single-strand enamelled copper wire with an outer 

diameter of dw1(OD) = 2 rw1 = 0.5mm. The secondary coil was composed of 𝑁2 = 10 turns and was 

concentric with the primary coil. The inner radius of the centroid of the secondary coil was 𝑟2 = 5mm and 

was made from a dw2(OD) = 2 rw2 = 0.25mm outer diameter single-strand enamelled copper wire. Both coils 

were modelled in a 2D axisymmetric space. The coils' conductors were assumed to be solid copper 

cylindrical wires with some inter-turn spacing. The pitch of the coil and end-effect were neglected, and it 
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was assumed that the coils looped back upon themselves. There was a 25mm distance between primary 

and secondary coils' centres, named as "c" to represent the subcutaneous fat and muscle. 

 

Figure 5.3: Hand-wound primary and secondary coils in the test set-up. 

The primary and secondary coils were modelled using the built-in "Coil" feature with the "Coil group" 

setting on to enforce the same amount of current flow through each turn of the coils (the coil turns were 

connected in series). A region of infinite elements surrounded the modelling domain to truncate the 

domain that stretches to infinity and makes the model independent of how close these coils can be to 

the magnetic insulation boundary or how big the domain size needs to be an accurate model. The Copper 

and Air materials from COMSOL built-in material library were assigned to the coils and the rest of the 

domains. The primary coil was excited by specifying a current of 1A passing through it, and the model 

was solved by COMSOL for magnetic vector potential A, with Ar, Aphi, and Az components in r, phi, and 

z directions, respectively [142]. Only the out-of-plane vector potential component was considered. Key 

design variables were parameterised to streamline the studies and make them easier to change and 

optimise. The voltage of the coil was set to 0V for modelling a short-circuit, and the current through the 

coil was specified to be 0A to model an open-circuit case.  

5.3.1 Quasi-Static Analysis 

The coils are set-up as described in Figure 5.2. A series of 2D quasi-static analyses were undertaken to 

better understand the inductance and retrieve the inductance matrix of the system. The primary coil was 

excited with a direct current of 1A. The magnetic flux density, B, is plotted in the coils and the free space 

for an open-circuit secondary coil case, as shown in Figure 5.4. A fine physics-controlled mesh was 

chosen for these quasi-static simulations to reduce the processing time. The red arrows show the 

direction of magnetic flux and level of magnetic flux density in various locations, with the arrow length 

corresponding to the magnetic flux density. The magnitude of the induced magnetic field in the secondary 

coil was relatively low compared to the primary coil magnetic field, as shown by red arrows and the colour 

bar on the right side of Figure 5.4, thereby leading to a low mutual inductance.  
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Figure 5.4: 2D plot of magnetic flux lines in primary and secondary coils and free space when the secondary coil is open-circuited, 
quasi-static study, 𝑐=25mm. 

Several approaches could have been used to extract the inductance matrix of the IWPT system using 

the FEM model. Initially, the inductance matrix of the system was extracted by performing two quasi-

static analyses for the open-circuit case, one by exciting the primary coil and the other by exciting the 

secondary coil in COMSOL. It is also possible to extract a similar estimate of the inductance matrix by 

computing the linear integral of the magnetic flux along the coils, which can be less accurate due to 

neglecting the coils' turns, as shown in Table 5.1. The self-inductance of primary and secondary coils 

can also be calculated using the magnetic energy equation, which gives approximately the same results.  

 
𝑊𝑚 =

1

2
𝐿𝐼2 (5.1) 

Where 𝑊𝑚 is the magnetic energy stored, 𝐿 is the inductance, and 𝐼 is the current of the coil. 

The precision of the different approaches was compared by obtaining the values of the self-inductance 

and mutual inductance of the primary and secondary coils using the quasi-static studies, as shown in 

Table 5.1. This table also contains values calculated using a homogenised approach that does not 

explicitly consider each coil turn. In this approach, the coil was modelled using a domain that described 

the outside envelope of the coil that carried a homogenised current that flowed only in the circumferential 

direction. The mutual inductance was calculated using an internal function in COMSOL [142]. 
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Table 5.1: Inductance matrix elements of the two concentric coils, 𝑐=25mm, 𝜃=0. The obtained values using simulation or 
calculation are rounded. 

 Explicitly designed coils Homogenised Multi-turn coils Analytical 
Solution in 
MATLAB 

(Equations 

3.4 and 3.8) 

Simulated in 
COMSOL 

Simulated in 
COMSOL 
using line 
integral 

Simulated in 
COMSOL 

Simulated in 
COMSOL 
using line 
integral 

Primary coil self-inductance L1 
(µH) 

11.17 11.8 10.85 11.68 11.84 

Mutual inductance of the 
primary coil with respect to 
the secondary coil L12 (µH) 

0.078 0.078 0.078 0.078 0.078 

Secondary coil self-
inductance L2 (µH) 

1.22 1.32 1.16 1.3 2.41 

Mutual inductance of the 
secondary coil with respect to 

the primary coil L21 (µH) 

0.078 0.078 0.078 0.078 0.078 

According to Table 5.1, all considered approaches estimate the inductance matrix values reasonably 

well with discrepancies due to errors in simulations or analytical solutions and limitations of some of 

these approaches.  

The self-inductance values match the calculated values from the total magnetic energy in the model. The 

effect of increasing the separation distance, 𝑐, between the centres of primary and secondary coils on 

mutual inductance is evaluated in Figure 5.5. The mutual inductance reduces significantly as the 

separation between the coils increases. According to Figure 5.5, The mutual inductance of the IWPT 

system would be very small at distances above 50mm between the primary and secondary. A power 

transmission distance of 100mm was required for a spinal fusion implant application. 

 

Figure 5.5: Mutual inductance of the inductive link versus distance between coils' centres, quasi-static study, 𝜃=0. 𝑐 is varied from 
0 to 100mm to estimate the coupling behaviour. The primary coil was excited by a current of 1A passing through it. 

From quasi-static studies, the total loss in the primary coil, 𝑊𝑚1 was found to be 161mW with a DC 

resistance of 0.161Ω. As there was no other source of dissipation within this model (no other conductive 
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objects), this number equalled the primary coil's total power. The DC resistance and total dissipation of 

the secondary coil were 0.11Ω and 110mW, respectively (refer to section 5.4.3 for AC losses in the coils 

and nearby conductive objects).  

5.3.2 Frequency Domain Studies 

In another simulation study, the primary coil was excited with a current of 1A that flowed through each 

turn of the coil. The voltage difference at the open-circuit secondary coil and the induced currents for the 

closed-circuit secondary coil were then computed. The model was solved for a magnetic vector potential, 

A, with Ar, Aphi, and Az as its components [142]. 

5.3.2.1 Mutual Inductance 

Assuming the system is purely reactive with no conductive medium nearby, mutual inductance, 𝑀, can 

be computed as below [143]: 

 
𝑀(𝐻) =

𝑉2(𝑂𝐶)

𝑗𝜔0𝐼1
 (5.2) 

 𝑀 = 𝑀12 = 𝑀21 (5.3) 

𝑉2(𝑂𝐶) is the induced open-circuit voltage in the secondary coil, and 𝜔0 is the angular frequency, 𝐼1 is the 

current in the primary coil and 𝐼2 is the current in the secondary coil.  The mutual inductance at the 

presence of the conductive domain, 𝑀′, was obtained at different frequencies, 𝜔0, when 𝐼1  ≠  0𝐴 and 

𝐼2  =  0𝐴 using equation 5.4 in COMSOL: 

 
𝑀′ =  𝑖𝑚𝑎𝑔 {

𝑉2(𝑜𝑐)

𝜔0𝐼1
} (5.4) 

When there was no conductive domain near the IWPT system, the simulated value of 𝑀′ = 𝑀. 

A user-controlled mesh with boundary layer mesh was applied to the conductive domain and coils for 

this study to have better skin-depth resolution and more accurate current distribution in the primary coil. 

In practice, mutual inductance is measured by feeding an AC signal into the primary coil and measuring 

the induced voltage in the open-circuit secondary coil. The same procedure was possible in COMSOL 

by using a "Frequency Domain" study step. The computed value of mutual inductance agreed well with 

the mutual inductance predicted by the quasi-static study, as illustrated in the figures below. Figure 5.6 

shows the magnetic flux density for an open-circuit secondary coil excited at 1kHz. 
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Figure 5.6: Magnetic flux density norm in the open-circuit secondary coil at 1kHz, 𝑐 =25, 𝜃=0. The primary coil was excited by a 

current of 1A passing through it 

The induced current in the secondary coil for the closed-circuit case at 1kHz is illustrated in Figure 5.7. 

The skin effect is visible in Figure 5.7, shown by the current driven to the boundaries of the coil's 

conductor. 

 

Figure 5.7: The induced current density in the closed-circuit secondary coil at 1kHz, and 𝑐 =0. The primary coil was excited by a 
current of 1A passing through it 

5.4 Introducing a Metal Sheet between the Primary and Secondary Coils 

For this research project, the desired solution was not through open space but for a housing sealed by 

a thin membrane of metal between the primary and secondary coils. A sheet of metal, 140 x 140mm (L 

x W), was added at half of the distance between the primary and secondary coil, 𝑐 2⁄ = 12.5𝑚𝑚 , as 

shown in Figure 5.8. 
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Figure 5.8: 2D axisymmetric FEM model (COMSOL model #1) with primary, secondary coils, and the added metal sheet to the 
COMSOL model of the experimental set-up #1 where z is the symmetry axis. 

As materials of interest for this research project, the electrical properties of copper, Grade-2 titanium, 

and Grade-5 titanium (Ti-6AI-4V), are listed in Table 5.2. All material properties were considered linear 

and invariant with respect to the magnetic field strength. The electrical conductivity of titanium is much 

smaller than copper and has a permeability close to air. Titanium is also non-magnetic with a relative 

permeability of 𝜇𝑟 ≈ 1. The different materials were evaluated to investigate the impact of their properties 

on the given inductive link. Table 5.3 contains the experimental set-up and COMSOL model 

specifications. 

Table 5.2: Properties of copper, Grade-2, and Grade-5 titanium sheets 

Property Unit Copper Grade-2 Ti  Grade-5 Ti (Ti-6AI-4V) 

Electrical conductivity S/m 5.998e7 19.23e5 5.62e5 

Relative permeability 1 1 1.00005 1.00005 

Relative permittivity 1 1 1 1 

Thermal conductivity W/m.K 400 16.4 6.7 

Young's modulus Pa 110e9 105e9 110e9 

Poisson’s ratio 1 0.35 0.37 0.342 

Density kg/m³ 8960 4510 4430 

Thermal expansion coefficient 1/K 17e-6 8.6e-6 8.6e-6 

Specific Heat capacity J/kg.K 385 523 526.3 

 

According to Table 5.2 and section 3.8.1, the undesirable impact of Grade-5 titanium alloy on the IWPT 

system was lower than that of Grade-2 titanium alloy. It was expected to achieve better IWPT system 

performance with a Grade-2 titanium alloy enclosure and lid in the vicinity of an IWPT system. 
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5.4.1 Magnetic Flux Density Distribution in the Metallic Barrier 

The penetration of the primary magnetic field into a 110µm thick Grade-2 titanium sheet at various 

frequencies was investigated in this section. Figure 5.9 presents the plot of the magnetic flux density 

norm in arrow and contour representations for frequencies of (a) 50Hz, (b) 500Hz, (c) 5kHz, (d) 50kHz, 

and (e) 500kHz using a 110µm thick Grade-2 titanium sheet. Simulation results revealed that magnetic 

fields penetrate the titanium sheet better at low frequency (below 50kHz). The impact of the sheet is 

visible as a deformation of the magnetic field lines, which is less pronounced at low frequencies. At higher 

frequencies, the received magnetic field by the secondary coil that could be used to power the implant 

are reduced due to the presence of the titanium sheet. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5.9: Magnetic flux density norm (T) with a presence of 110µm thick Grade-2 titanium sheet at a frequency of (a) 50Hz, (b) 
500Hz, (c) 5kHz, (d) 50kHz, and (e) 500kHz using the COMSOL model #1. At higher frequencies, the titanium sheet blocks the 
magnetic fields.  
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The simulation results showed that the magnetic field was well shielded within the part and did not 

penetrate the titanium sheet at higher frequencies (above 50kHz). Furthermore, these COMSOL 

simulations indicated that there was significant penetration of magnetic field at low frequencies into the 

titanium, while the actual magnitude of the magnetic field (magnetic flux density norm) at the secondary 

side was low. 

5.4.1.1 Magnetic Flux Density Norm in the Metallic Barrier Using Impedance Boundary Condition 

The magnetic flux density on the top surface of the 110µm Grade-2 Ti sheet using the impedance 

boundary condition is depicted in Figure 5.10. Fillet rounds were added to avoid the singularity of the 

magnetic field at sharp corners and thus obtain a more accurate estimation of the magnetic field. 

 

Figure 5.10: Magnetic flux density norm along the top surface of the 110µm thick Grade-2 titanium sheet, at stated frequencies 
using the COMSOL model #1, 𝑐=25mm. To avoid sharp corners in the metal sheet, fillets are added to the corners of the sheet. 

The magnetic flux density norm on the bottom plate is about zero and hence not included. 

According to Figure 5.10, the magnetic flux density norm was higher in the middle region of the titanium 

sheet and steeply decreased and approached zero near the edges at higher frequencies (above 5kHz).  

5.4.2 Eddy Current Density Distribution in the Metallic Barrier  

The eddy current distribution in the metallic barrier was simulated in this section. In these simulations, 

the metal sheet and coils were modelled using the boundary layer mesh. The boundary layer mesh was 

not applied to the air domain as there was no conduction current in the air. The Garde-2 titanium skin-

depth is about 51mm, 16mm, 5mm, 1.6m, and 500µm at 50Hz, 500Hz, 5kHz, 50kHz and 500kHz, 

respectively (section 3.8.1). The higher the frequency, the more the skin effect and the higher the eddy 

current density norm (magnitude of the eddy current) was in the titanium sheet. The eddy current density 

norms in the titanium sheet at frequencies of (a) 50Hz, (b) 500Hz, (c) 5kHz, (d) 50kHz, and (e) 500kHz 

are shown in Figure 5.11.  
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5.11: Current density norm (A/m2) in 110µm Grade-2 Ti sheet using the COMSOL model #1, at (a) 50Hz, (b) 500Hz, (c) 
5kHz, (d) 50kHz, and (e) 500kHz, 𝑐=25mm. The current density norm is only shown in the titanium sheet, and only the primary coil 
is visible (on the top of the image). 

5.4.3 AC Losses in the Coils and Surrounding Materials 

The loss mechanism for the described system is complicated by the presence of several different loss 

sources – from the coils and the surrounding materials. A comparison between the losses in a pair of 

coils without the presence of a conductive medium and a pair of coils with a 110µm Grade-2 titanium 

sheet between them is presented in this section. The same coils' number of turns and geometry for the 

coils and set-up are used as given in section 5.4. The volumetric electric loss density in the primary and 

secondary coils without the presence of a titanium sheet is available in Figure 5.12. Both magnetic loss 

and conductivity of the material affect the computed loss in the titanium sheet. The simulated volumetric 
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electric loss density in the coils and the 100µm Grade-2 titanium sheet over all frequencies is shown in 

Figure 5.13. 

 

Figure 5.12: Volumetric electric loss density in primary and secondary coil without the presence of a 110µm Grade-2 titanium sheet 
using the COMSOL model #1. Boundary layer mesh is applied to coils and metal sheet boundaries and 𝑐=25mm. 

 

Figure 5.13: Volumetric electric loss density in the primary coil, secondary coil and a 110µm Grade-2 titanium sheet using the 
COMSOL model #1. Boundary layer mesh is applied to coils and metal sheet boundaries, and 𝑐 = 25𝑚𝑚. 

5.5 Experimental Validation 

An experimental set-up was created to match the geometry of the CMOSL model for comparison and 

allow measurement of the shielding effect when various metal sheets are placed between primary and 

secondary coils. The test fixture in Figure 5.14 was designed in SolidWorks 2018 and then 3D-printed 

using a polyester polylactic acid (PLA) fused layer deposition material. The set-up consisted of fixtures 

to hold both coils in place, a frame to retain a metal sheet, and a rail to change the distance between the 

coils. The square PLA frame with a 120 x 120mm (L x W) opening was designed for a 140 x 140mm (L 

x W) metallic sheet that could be swapped with the different barrier materials, such as other metals or 

glass coated with metallic films. Table 5.3 reports the physical set-up of the experiment. The coils were 

separated by distance 𝑐 =  25𝑚𝑚 for the wireless power transfer.  
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Figure 5.14: Experimental set-up #1. Both coils are in free space—the primary and secondary coils with fixtures to hold the coils 
and a metal sheet. 

Table 5.3: The experimental set-up #1 and COMSOL model #1 specifications. 

Physical Specification Value 

Primary coil inner radius, 𝒓𝟏 30mm 

Secondary coil inner radius, 𝒓𝟐 5mm 

Number of turns of the primary coil, 𝑵𝟏 10 

Number of turns of the secondary coil, 𝑵𝟏 10 

Outer diameter of enamelled copper wire used in the primary coil 0.5mm 

Outer diameter of enamelled copper wire used in the secondary coil  0.25mm 

Metal sheet size (L x W) 140 x 140mm 

Separation between coils' centres, 𝒄 25mm 

Separation between the centre of the secondary coil and the centre of the metal sheet 12.5mm 

 

5.6 IWPT System Parameters Evaluation 

5.6.1 Coils Inductance and Equivalent Series Resistance Variations 

According to theory, the current distribution in each winding and eddy current distribution in nearby 

conductive objects affects the ESR of the coils due to the skin effect and proximity effect [112]. Since 

both effects are frequency-dependent, it was essential to recalculate or simulate the system parameters 

for every variation in the chosen IWPT system consisting of the primary and secondary coils and metallic 

medium. Several methods could have been used to extract the lumped parameters of the IWPT system 

using the FEM model. For this study, the impedance parameters of the primary coil, such as the 

equivalent self-inductance and ESR, were extracted in COMSOL by applying a current, 𝐼1, of 1A to the 

primary coil and measuring its impedance, 𝑍11, when the secondary coil was open-circuited, with 𝐼2  =

 0𝐴 . 𝑅1
′  could then be obtained from the real part of the input impedance 𝑍11 and the inductance 𝐿1

′  from 

its imaginary part as below: 
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𝑅1

′ = 𝑟𝑒𝑎𝑙 {
𝑉1

𝐼1
} = 𝑟𝑒𝑎𝑙 {𝑍11} (5.5) 

 
𝐿1
′ = 𝑖𝑚𝑎𝑔 {

𝑉1

𝜔0𝐼1
} = 𝑖𝑚𝑎𝑔 {𝑍11} (5.6) 

Secondary coil lumped parameters 𝑅2
′  and 𝐿2 

′ were obtained in a similar way where 𝐼1  =  0𝐴 and 𝐼2  ≠

 0𝐴. The equivalent self-inductance and ESR values of the primary and secondary coils were measured 

using the Keysight E4990A Impedance analyser with and without the presence of different metal sheets 

at specified separations. Figure 5.15 shows the variation of inductance and ESR of the primary coil with 

and without intervening metallic mediums. The same parameters for the secondary coil are illustrated in 

Figure 5.16. 

 
(a) 

 
(b) 

Figure 5.15: Measured and simulated inductance and ESR values of the primary coil using the experimental set-up #1 and 
COMSOL model #1 with and without the presence of a conductive medium. 
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As shown in Figure 5.15 (b) and Figure 5.16 (b), the coils' resistances increased considerably above 

100kHz, where the skin and proximity effect were dominant. The impedance analyser had limitations in 

measuring coils' inductance at very low frequencies (below 100Hz). The coils' impedance values were 

very low below 100Hz frequencies, and therefore the impedance analyser could not measure those 

values precisely.  

 
(a) 

 
(b) 

Figure 5.16: Measured and simulated inductance and ESR of the secondary coil using the experimental set-up #1 and COMSOL 
model #1 with and without the presence of a conductive medium. 

Shinagawa et al. [107] presented methods for reducing undesirable skin and proximity effects of a coil 

at high frequencies. In our studies at low frequencies, however, these effects were insignificant for the 

chosen coil set-up. 
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5.7 Preliminary Evaluation of the IWPT System 

Experiments with different metal sheets and different separation between the primary and secondary 

coils were conducted to preliminary investigate the impact of different conductive sheets and separation 

between the primary and secondary coils on inductive link performance. A power transmission distance 

of 100mm was required for a spinal fusion implant. In these studies, the two coils were considered 

concentric. The primary coil was excited using CS1070 Cleverscope power amplifier (PA), and the 

secondary coil open circuit voltage was measured using CS448 Cleverscope oscilloscope after adding 

different metal sheets between the coils. A parallel capacitor 𝐶2 compensated for the secondary coil at 

the specified frequency (see Table 3.1). The distance between the coils was varied from 25mm to 125mm 

at 10mm intervals. The ratio of secondary coil voltage to primary coil voltage, 𝐴𝑣, at the specific frequency 

and distances, was calculated, as shown in Figure 5.17.  

 

Figure 5.17: 𝐴𝑣  versus distance between coils' centres at 100kHz using the experimental set-up #1 and varying separation between 

primary and secondary coils. 

Based on preliminary experimental results in Figure 5.17, the 𝐴𝑣 reduces considerably when metal 

sheets are added between the coils. At distances below 60mm, the calculated 𝐴𝑣 for the 110um titanium 

sheet between the coils was higher and more promising than the other metals used in this experiment. 

In contrast, it was found that adding a highly conductive metal sheet, like copper, blocked the magnetic 

fields and reduced the 𝐴𝑣 to near zero. 

5.8 Two Case Studies  

The ultimate goal of this research was to determine the performance of implanted electronics, which 

would have some kind of enclosure with a lid. This would act as a barrier to wireless power and data 

communication. Two further case studies were conducted to evaluate the performance of the IWPT 

through metallic barriers experimentally at the extremes of conditions as a means to validate the 

simulation results: 

1. Both primary and secondary coils are in free space (air), with a metal sheet placed between 

them.  
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2. The primary coil is in free space outside the body, and the secondary coil is encapsulated within 

a titanium enclosure with a metal lid inside the body.  

The geometry of the coils was considered to be the same for these two cases. A CS1070 Cleverscope 

power amplifier with a low output resistance of 1Ω was connected to the primary coil to drive it directly. 

The root mean square (RMS) values of the primary coil current, 𝐼1, and secondary open-circuit voltage, 

𝑉2(𝑜𝑐), were measured using an Agilent N2775A current probe (0.1V/A) and a CS448 Cleverscope 

oscilloscope, respectively. The primary and secondary coils parameters, such as equivalent self-

inductance and ESR values, were measured using the Keysight E4990A Impedance analyser with and 

without the presence of different metal sheets at specified separations. 

The 2D axisymmetric model of the set-up was also created in COMSOL Multiphysics 5.4 for validation. 

The coils' conductors were assumed to be solid copper cylindrical wires with some inter-turn spacing, 

and the metal sheet was modelled as a simple rectangular block with the specified dimensions as in 

Table 5.3. The FEM simulation results were subsequently compared with the experimental results. The 

obtained values for these parameters were used to analyse the link properties further in the following 

sections. 

The parameters of the specified loosely coupled IWPT system were calculated based on measured and 

simulated values (See section 3.7). The system's electrical performance was evaluated by fixing the 

input delivered current at 1A at different frequencies. The block diagram of the IWPT system used for all 

analyses is illustrated in Figure 5.18.  

 

Figure 5.18: The block diagram of the IWPT system for the two case studies. 

The AC signal supplied by the signal generator was amplified using a PA and fed directly into the primary 

coil. The frequency could be swept over a large range using a PA, which was difficult with a power 

converter. The shared flux lines between the two coils induced an emf in the secondary coil and load. 

The equivalent circuit model of the given link is shown in Figure 5.19. 
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Figure 5.19: The equivalent circuit model of the IWPT system for the two case studies. The primary coil, 𝐿1, was driven at a constant 
current of 1A. 𝐶1 and 𝐶2 resonant capacitors and resistive load 𝑅𝐿 are considered for calculating the IWPT system parameters 
(Table 3.1) based on measurement and simulation results.  

As shown in Figure 5.19, the primary side consisted of a power amplifier with a voltage generator and 

primary resonant circuit, including the primary coil self-inductance, 𝐿1, and a resonant capacitor, 𝐶1, in 

series. The secondary resonant circuit consisted of a secondary coil self-inductance, 𝐿2, and a capacitor, 

𝐶2, in parallel, followed by a resistive load of the system, 𝑅𝐿, which represented the strain gauges and 

readout circuitry. The 𝑅1 and 𝑅2 indicated the internal series resistance of the primary and secondary 

coils, respectively. Table 5.4 summarises the experimental setups and FEM models for this research, 

the purpose of the comparison and where to find the relevant set-up specifications. 

Table 5.4: Summary of experimental setups and FEM models, the aim of the study and the relevant set-up specifications. The 
specifications of the coils are detailed in section 5.3. 

 Experimental Set-up 
/COMSOL Modell 

Case Study Aim of Study Physical 
Specifications 

1 Experimental set-up #1 
and its equivalent 
COMSOL model #1 

Both primary and 
secondary coils are in 
free space with a metal 
sheet between them. 

To investigate the impact of the presence of a 
metal sheet between primary and secondary 
coils on IWPT system parameters. 

Table 5.3 

2 Experimental set-up #2 
and its equivalent 
COMSOL model #2 

Primary coil is in free 
space, and secondary 
coil is inside a titanium 
enclosure with a metal 
lid. 

To investigate the impact of a fully enclosed 
secondary coil in a titanium enclosure and a 
metal lid on IWPT system parameters. 

Table 5.5 

3 Experimental set-up #3 
and its equivalent 
modified COMSOL 
model #1 

Both primary and 
secondary coils are in 
free space with a metal 
sheet between them. 

To compare the results of an enclosed 
secondary coil in a titanium enclosure with a 
metal lid (2) with a secondary coil in free 
space and a metal sheet between primary and 
secondary coils (3). 

Table 5.5 

4 CMSOL model of a 
titanium spinal fusion 
rod with an integrated 
titanium housing and a 
metal lid  

Primary coil is in free 
space, and secondary 
coil is inside a titanium 
housing with a metal lid 
mounted on a titanium 
spinal fusion rod. 

To explore the impact of a spinal fusion 
implant with a titanium lid on the IWPT system 
parameters and optimise the link design. 

Table 5.6 
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5.8.1 Comparison of Measurement and Simulation Results with both Coils in Free-Space 

The magnetic field produced by the IWPT system produced eddy currents in the metallic barrier, which 

changed the system's coupling and, consequently, the values of the self and mutual inductances [113]. 

The mutual inductance of the system in the presence of different metal sheets, 𝑀′, is shown in Figure 

5.20.  

 

Figure 5.20: Calculated and simulated mutual inductance of the IWPT system in μH based on measurement and simulation results 
versus frequency (up to 630kHz) using the experimental set-up #1 and COMSOL model #1. Both primary and secondary coils are 
in free space.  

As shown in Figure 5.21, obtaining high values of link potential is difficult at low frequencies.  

 

Figure 5.21: Calculated and simulated link potential of the IWPT system based on measurement and simulation results versus 
frequency (up to 630kHz) using the experimental set-up #1 and COMSOL model #1. Loosely coupled (𝑋 << 1). 

As explained in section 3.7, link potential, 𝑋,  is much smaller than one for loosely coupled IWPT systems. 

As seen in Figure 5.21, the calculated IWPT system parameters based on measurements indicate that 
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the 𝑋 in the presence of 110µm Grade-2 titanium sheet is achieved at 112kHz, which is 0.006. The 

maximum link efficiency can be increased by increasing the coils' number of turns. However, more turns 

increase the coil ESR, which decrease the link potential and hence the link efficiency. Therefore, 

optimising the coil parameters is always required in these types of systems. 

The maximum transferred power, 𝑃𝑅𝐿𝑚𝑎𝑥, for the given configuration (Table 3.1) was calculated based 

on measurements and simulations, as shown in Figure 5.22. The maximum transferred power with the 

110µm Grade-2 titanium sheet increased with increasing frequency and reached the maximum at the 

operating frequency of about 220kHz, with a value of 527 microwatts (µW) (-2.78 decibel-milliwatts 

(dBm)), as shown in Figure 5.22. These figures demonstrate that an optimum operating frequency exists 

for a through-metal IWPT system. Analysing the system parameters 𝑀, 𝑅1 and 𝑅1 indicate the origin of 

this optimum frequency. The mutual inductance, 𝑀, decreases as a function of frequency due to the 

reduction in skin-depth, 𝛿. In addition, the series parasitic resistance of the coils, 𝑅1 and 𝑅2 decrease 

with an increase in frequency (Figure 5.15 (b) and Figure 5.16 (b)). As a result, the link potential, 𝑋, 

reaches a peak at a specific frequency, resulting in maximum link efficiency, as shown in Figure 5.21. 

This frequency is specific to each system and is determined by the metallic barrier and coils 

characteristics.  

 

Figure 5.22: Calculated and simulated maximum transferred power of the IWPT in dBm based on measurement and simulation 
results versus frequency (up to 630kHz) using the experimental set-up #1 and COMSOL model #1. Assuming the primary coil 
current, 𝐼1 remains constant at 1A (peak). Simulation (dash line) and measured (solid line) results. 

The discrepancies between the measured and simulated values for this study were primarily due to the 

difference between the measured and simulated values of 𝑅1, 𝑅2. At frequencies above 1MHz, the curves 

started to deviate due to the additional parasitic components, such as the probe's parasitic capacitance 

(the probe used to measure the open circuit secondary voltage experimentally), which was not included 

in the COMSOL model. 
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The link efficiency is defined as the ratio of the power delivered to the secondary coil to the power 

supplied by the primary coil. The variation in the maximum link efficiency with different frequencies is 

available in Figure 5.23. 

 

Figure 5.23: Calculated and simulated maximum link efficiency of the two-coil system based on measurement and simulation 
results in percentage with respect to frequency (up to 630kHz) using the experimental set-up #1 and COMSOL model #1. 

The measured values slightly diverged from the measured values in Figure 5.23. However, the trend 

was predicted correctly.  

5.8.2 Experimental Set-up with a Primary Coil in Free-Space and a Secondary Coil inside a 

Titanium Enclosure with a Lid 

To evaluate the performance of a fully enclosed secondary coil inside a titanium enclosure with a lid, as 

would occur in an actual implant, and determine its impact on the performance of the defined IWPT, 

experimental set-up #2, as shown in Figure 5.24, was designed and made. The purpose of this study 

was to assess the effect of a titanium enclosure, varying separations, and the lid material type on the 

inductive link and work on optimising the link by appropriately designing the coils. 
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Figure 5.24: Experimental set-up #2. The secondary coil from experimental set-up #1 is placed inside this enclosure. The enclosure 
is machined out of a titanium Grade-5 block. 

The titanium enclosure in experimental set-up #2 was modelled in COMSOL, as depicted in Figure 5.25. 

It comprised two coils and the titanium enclosure with a lid, indicating different conditions for each zone 

and the dimensions of the coils and separations described in Table 5.5.  

 

Figure 5.25: 2D axisymmetric COMSOL model #2 of the experimental set-up #2 with primary and secondary coils used for FEM 
simulations.  

In the COMSOL model, the material type of the metal lid was varied for different metallic barriers. The 

overall physical dimensions of both coils were kept similar to physical experiments to achieve a 

reasonable comparison, and the specifications of experimental set-ups matched the relevant COMSOL 

model. The physical specifications of experimental set-up #2 and COMSOL model #2 are listed in Table 

5.5.  
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Table 5.5: The experimental set-up #2 and COMSOL model #2 specifications. 

Physical Specification Value 

Primary coil inner radius, 𝒓𝟏 30mm 

Secondary coil inner radius, 𝒓𝟐 5mm 

Number of turns of the primary coil, 𝑵𝟏 10 

Number of turns of the secondary coil, 𝑵𝟐 10 

Outer diameter of enamelled copper wire used in the primary coil 0.5mm 

Outer diameter of enamelled copper wire used in the secondary coil  0.25mm 

Metal lid size (L x W) 25 x 25mm 

Separation between coils' centres, 𝒄 17mm + metal lid thickness 

Separation between the centre of the secondary coil and the centre of the metal lid 6.5mm  

The designed encapsulation, made from titanium alloy TiAl6V4, produced a significant frequency-

dependent loss. Any energy loss was accompanied by an increase in the temperature of the metallic 

implant. The magnetic flux density at (a) 50Hz (b) 500Hz (c), 5kHz (d) 50kHz and (e) 500kHz frequencies 

are presented in Figure 5.26. The arrow length corresponds to the magnetic flux density. Due to eddy 

currents in the enclosure walls, the primary field was shielded at higher frequencies (above 500Hz). The 

field strength at the location of the secondary coil determined if the given implanted device could be 

powered wirelessly, and it was found that the low-frequency range, below 500Hz, could be suitable for 

transmitting power. 

  
(a) (b) 

  
(c) (d) 
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(e) 

Figure 5.26: FEM simulation results of the influence of titanium enclosure with the secondary coil located inside the titanium 
enclosure. Magnetic flux density norm (T) with a presence of 110µm thick Grade-2 titanium lid at a frequency of (a) 50Hz, (b) 
500Hz, (c) 5kHz, (d) 50kHz, and (e) 500kHz using COMSOL model #2.  

5.8.2.1 Comparison of Measurement and Simulation Results with a Primary Coil in Free-Space and a 

Secondary Coil inside a Titanium Enclosure with a Lid  

By extracting the impedance parameters from FEM simulations with and without the housing, the IWPT 

system parameters and the influence of the titanium housing could be estimated. The simulation results 

of COMSOL model #2 and its equivalent experimental set-up #2 are compared in this section, as shown 

in Figure 5.27. 

  
(a) (b) 

  
(c) (d) 

Figure 5.27: Calculated and simulated IWPT system parameters based on measurement and simulation results using the 
experimental set-up #2 and COMSOL model #2. (a) Mutual inductance of the IWPT system in μH (up to 10MHz), (b) link potential, 
X << 1, (c) maximum transferred power in dBm, and (d) maximum link efficiency in percentage vs frequency (up to 10MHz) using 
the experimental set-up #2 and COMSOL model #2. The secondary coil was inside the titanium enclosure. Assuming the primary 
coil current, 𝐼1 remains constant at 1A (peak). 
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The frequency dependency of link potential was shown in Figure 5.27 (b), which was relatively consistent 

with simulation results. The presented figures in this section demonstrated a good agreement between 

measured and simulated link parameters. Maximum power of -28.95dBm was transferred with the 200µm 

copper lid at 3.55kHz. With 110µm Grade-2 titanium, maximum transferred power of -22.75dBm was 

achieved at 8.9kHz. The results at higher frequencies above 10MHz may not be valid due to the parasitic 

effects at such frequencies, such as capacitive coupling between the source and the secondary. 

5.8.3 Comparison of Measurement and Simulation Results with Modified Experimental Set-up  

Due to the limitation of the experimental set-up #1, the separation between the two coils could not be 

less than 25mm. The experimental set-up #3 was designed to achieve a minimum 17mm separation 

between the two coils with the secondary coil inside the enclosure to enable measurements at smaller 

separations and comparison of the free space case study IWPT system parameters with their equivalent 

parameters of the enclosed secondary coil case study (Figure 5.28). The COMSOL model #1 was also 

modified to match experimental set-up #3. The experimental set-up #2 and #3 and their relevant 

COMSOL model #2 and modified COMSOL model #1 are compared in the following section (Table 5.4). 

The specifications of COMSOL models matched the experimental set-ups.  

  

Figure 5.28: Experimental set-up #3. 

The relationship between 𝑀′ and the operating frequency is illustrated in Figure 5.29 (a). It can be seen 

that 𝑀′ reduces with frequency due to the skin effect. However, 𝑀′ remains relatively constant over a 

range of frequencies based on the metallic barrier type. 

  
(a) (b) 
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(c) (d) 

Figure 5.29: Calculated and simulated IWPT system parameters based on measurement and simulation results using experimental 
set-up #3 and its equivalent COMSOL model (modified COMSOL model #1) in free space. (a) Mutual inductance of the IWPT 
system in μH versus frequency, (b) link potential versus frequency, X << 1, (c) maximum transferred power in dBm versus 
frequency, and (d) maximum link efficiency (up to 400kHz). Assuming the primary coil current, 𝐼1 remains constant at 1A (peak). 

5.8.4 Comparison of Measurement and Simulation Results of two Case Studies 

The latter IWPT system parameters, which were calculated based on measurements and simulation 

results of two different case studies (experimental set-up #2 and #3), are compared in Figure 5.30. The 

aim of this study was to compare the impact of the presence of a titanium sheet between the primary 

and secondary coils with the influence of an enclosed secondary coil by a titanium enclosure and a metal 

lid on the given IWPT system performance.  

  
(a) (b) 

 
(c) 

Figure 5.30: Calculated IWPT system parameters based on measurement results using experimental set-up #2 and #3. (a) Link 
potential, (b) maximum transferred power in dBm (up to 320kHz), and (c) maximum link efficiency in percentage vs frequency for 
two considered case studies. In experimental set-up #2, only the secondary coil is inside a titanium enclosure, and in experimental 
set-up #2, the primary and secondary coils are in free space, and X << 1. Assuming the primary coil current, 𝐼1 remains constant 
at 1A (peak). 
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The calculated maximum efficiency of the considered IWPT system for two case studies (section 5.8) 

based on measurements results were reported in Figure 5.30 (c). The results shown in Figure 5.30 

indicated that the maximum transferred power in the presence of 110µm Grade-2 titanium sheet between 

the primary and secondary coils was achieved at the operating frequency of about 158kHz, with a value 

of 1.064mW (2.7dBm). The maximum power of -22.7dBm (5.4µW) was transferred at 7.9kHz once the 

secondary coil was placed inside a Garde-5 titanium enclosure with a 110µm Grade-2 titanium lid.  

While the calculated and simulated IWPT system parameters based on measurement and simulation 

results of various topologies were slightly different, the trends were relatively consistent. The 

discrepancies can be attributed to the mechanical inaccuracies in the built prototype, measurement 

errors, numerical errors, and material property inaccuracies. Hence, FEM models of an IWPT system 

can be created to investigate the feasibility of wireless inductive power transfer through-titanium to an 

implant such as the developed spinal fusion implant in Chapter 4. 

5.8.5 Impact of a Titanium-Sputtered Acrylic Sheet on the IWPT System  

A sputtered thin layer of titanium on glass or acrylic could be used as a lid for implant housing which 

might improve the performance of the IWPT system and implant integration. Titanium-sputtered acrylic 

sheets, which UC provided to be used as a lid for the experimental set-ups #2 and #3, were used to 

evaluate the performance of the IWPT system, as shown in Figure 5.31. A layer of 100nm titanium was 

sputtered on a 2mm-thick acrylic sheet. Both the measured and simulated results did not show a 

significant effect on the performance of the system. This was likely due to the very thin layer of titanium 

deposited on the acrylic sheet.  

  

Figure 5.31: Profile snapshots of the titanium sputtered acrylic sheet taken using DHM-R2100, LynceeTec optical profilometer. 
The average measured sputtered titanium thickness was 76.53nm. 

It was shown that the calculated and simulated IWPT system parameters based on measurement and 

simulation results of different set-ups were comparable. Thus, all further studies were done solely in 

COMSOL to investigate the effect of the titanium spinal rod and enclosure on the IWPT system.  
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5.9 Spinal Fusion Implant COMSOL Model 

The FEM model for the simulation of the at-scale titanium housing and lid mounted on a titanium rod, 

based on a prototype for an implantable spinal fusion implant, is shown in Figure 5.32 (c). The model is 

axially symmetric to the z-axis and consists of the primary coil outside the housing and the secondary 

coil inside the titanium enclosure. The enclosure was modelled as a 0.5mm thick Grade-5 titanium 

enclosure with an internal volume of 18 x 8 x 5mm (Lx W x H) mounted on a 50mm long Grade-5 titanium 

rod with a 5.5mm diameter. The secondary coil radius was adjusted to fit the dimensions of the designed 

titanium enclosure. The housing was modelled as a side wall, bottom plate, and top lid with air as a 

surrounding medium. 

All physical dimensions of the IWPT system are given in Table 5.6. The separation between the coils' 

centres was 17mm to match with previous studies and allow for comparison if required. The separation 

between primary and secondary coils' centres, 𝑐, represented the subcutaneous fat and muscle. The 

initial thickness of the lid was selected randomly and then varied through simulations. The thickness of 

the ferrite sheet was chosen based on the thinnest available ferrite. The 1.91mm separation between 

the secondary coil and the ferrite sheet was chosen to enable placing the secondary coil in the titanium 

housing. The 2.6mm separation between the secondary coil and lid was specified based on the 

separation between the coils, lid thickness, and housing dimensions. All IWPT system parameters were 

calculated based on simulation results in COMSOL. The configuration of the system is depicted in Figure 

5.32. 

  

(a) (b) 
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(c) 

Figure 5.32: Axisymmetric FEM model of (a) a Grade-5 titanium housing without the presence of a rod, (b) Grade-5 titanium 
housing with a Grade-5 titanium rod, and (c) Grade-5 titanium housing and rod with a ferrite sheet for the estimation of the inductive 
link parameters. The dimensions were based on a prototype housing for the spinal fusion rod with integrated housing. 

A thin layer of ferrite sheet (MPN #364004) of 0.18mm thickness was modelled as placed in parallel and 

underneath the secondary coil covering the metallic titanium surfaces at a variable distance from the 

secondary coil. The ferrite layer served as a magnetic shield with high magnetic permeability and low 

losses, diverting magnetic flux lines away from the titanium enclosure by providing a preferred path for 

the magnetic flux to reduce interference with surrounding electronic devices. Consequently, it improved 

the inductance of the coil and the performance of the IWPT system. The characteristics of the examined 

ferrite sheet are reported in Figure 5.33. A ferrite sheet increases the coil inductance, and consequently, 

the quality factor of the coil improves [113].  

Table 5.6: COMSOL model specifications of Grade-5 titanium spinal rod and enclosure with a layer of ferrite sheet under the 
secondary coil. 

Physical Parameter Value 

Thickness of the Grade-5 titanium enclosure 0.5mm 

Internal volume of the enclosure (L x W x H) 18 x 8 x 5mm  

Grade-5 titanium spinal rod dimensions 50mm long, 5.5mm in diameter 

Thickness of Grade-5 titanium lid 0.2mm 

Thickness of ferrite sheet 0.18mm 

Separation between the centres of the ferrite sheet and the secondary coil 1.91mm 

Separation between centres of the secondary coil and the Grade-5 titanium lid  2.6mm 

Separation between coils' centres, 𝒄 17mm 

 



114 

 

 

Figure 5.33: Magnetic permeability of the 0.18mm thick ferrite sheet versus frequency [144]. 

5.9.1 Simulation Results with a Primary Coil in Free-Space and a Secondary Coil Enclosed by 

a Spinal Fusion Implant and a Lid 

Figure 5.34 represents the effect of the titanium rod's presence on system parameters. Figure 5.34 (b) 

compares the link potential with and without the ferrite sheet. The results obtained in Figure 5.34 (c) 

show that the maximum transferred power increased when using the ferrite sheet until a specific 

frequency. The mutual inductance slightly increased in the presence of the ferrite sheet.  

  
(a) (b) 

 
 

(c) (d) 
Figure 5.34: Simulated IWPT parameters to evaluate the effect of titanium rod and housing on wireless power transfer. (a) Mutual 
inductance in μH, (b) link potential, (c) maximum transferred power in dBm, and (d) maximum link efficiency in percentage vs 
frequency of the IWPT system up to 10MHz. Assuming the primary coil current, 𝐼1 remains constant at 1A (peak). 
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As shown in Figure 5.34 (c), the maximum transferred power to the enclosed secondary coil with the 

presence of a 0.5mm Grade-5 titanium lid and no Garde-5 titanium rod was achieved at 177.4kHz with 

a value of 2.3m. The presence of the Grade-5 titanium rod and the same lid reduced the maximum 

transferred power to about 452µW at 250.6kHz. The results shown in Figure 5.34 (c) indicated that a 

0.18mm thick ferrite sheet could improve the IWPT performance by increasing the maximum transferred 

power to 1.41mW at 315.5kHz. 

5.9.1.1 Ferrite Sheet Thickness 

The effect of varying the thickness of the ferrite sheet on IWPT parameters is investigated in Figure 5.35. 

The thickness of the Grade-5 titanium lid remained 0.2mm to allow only assessing the impact of varying 

ferrite sheet thickness on the IWPT system performance. The separation between the secondary coil 

and the ferrite sheet had to change slightly according to the thickness of the ferrite sheet and ranged 

from 1.91mm for a 0.18mm thick ferrite sheet to 1.775mm for a 0.45mm thick ferrite sheet. The separation 

between primary and secondary coils was kept the same. 

  
(a) (b) 

Figure 5.35: Simulated IWPT parameters for various ferrite sheet thicknesses. (a) Link potential and (b) maximum transferred 
power in dBm versus frequency (up to 10MHz) for different ferrite sheet thicknesses. Assuming the primary coil current, 𝐼1 remains 
constant at 1A (peak). 

The maximum transferred power was also simulated with variation of the ferrite sheet thickness. The 

thickness of the ferrite sheet had a slight effect on the maximum transferred power (𝑃𝑅𝐿𝑚𝑎𝑥 = 1.41mW at 

315.5kHz with a 0.18mm thick ferrite sheet and a 0.2mm thick Grade-5 titanium lid).  

5.9.1.2 Lid Thickness 

The different thicknesses of the Grade-5 titanium lid are investigated below, as illustrated in Figure 5.36. 

All system parameters remained the same as previously discussed, but the separation between the 

secondary coil and lid slightly changed according to the different thicknesses of the titanium lid. 
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(a) (b) 

Figure 5.36: Effect of varying the thickness of Grade-5 titanium lid on IWPT system parameters. (a) Link potential versus frequency 
(up to 10MHz) and (b) maximum transferred power in dBm (up to 10MHz). Assuming the primary coil current, 𝐼1 remains constant 
at 1A (peak). 

The link potential was very low due to the presence of a Grade-5 titanium enclosure and rod. The link 

potential and maximum transferred power increased rapidly as the thickness of the lid decreased, as 

illustrated in Figure 5.36 (a). 𝑃𝑅𝐿𝑚𝑎𝑥 =  1.84mW was achieved at about 400kHz with a 110µm thick 

Grade-5 titanium lid with a maximum 𝑋 = 0.035 at 199kHz. 𝑃𝑅𝐿𝑚𝑎𝑥 =  5.16mW at 7.10MHz for a 20µm 

thick Garde-5 titanium lid and 𝑋 = 0.044 was maximised at about 250kHz. The 20µm titanium lid might 

be too thin to be used in conjunction with a practical implant. 

5.9.2 Planar Coils 

Planar spiral coils could produce a more uniform magnetic field distribution than cylindrical coils, which 

could improve the system's efficiency and would be a better option for this design, given the limited space 

inside the enclosure. In the following simulations, the primary and secondary coils were substituted with 

their equivalent planar coils, as shown in Figure 5.37, to further investigate the IWPT system 

performance, as depicted in Figure 5.38. In these simulations, the specifications of the IWPT system 

remained as stated in Table 5.6.  

 

Figure 5.37: 2D axisymmetric COMSOL model of the equivalent planar primary and secondary coils. 
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(a) (b) 

Figure 5.38: Simulated IWPT system parameters. (a) Maximum link potential and (b) maximum transferred power in dBm versus 
frequency for cylindrical and planar primary and secondary coils. Assuming the primary coil current, 𝐼1 remains constant at 1A 
(peak). 

As shown in Figure 5.38, the planar primary and secondary coils slightly improved the IWPT system 

parameters. 

5.9.2.1 Separation Between the Secondary Coil and the Ferrite Sheet 

The effect of changing the separation between the secondary coil and a 0.18mm thick ferrite sheet was 

evaluated, as shown in Figure 5.39. The separation between the centre of the secondary coil and the 

0.2mm thick titanium lid was 2.6mm. All the other system parameters were the same as in Table 5.6. 

  
(a) (b) 

Figure 5.39: Simulated IWPT system parameters. (a) Link potential and (b) maximum transferred power (dBm) changes versus 
frequency with varying the separation between the planar secondary coil and fixed thickness of 0.18mm ferrite sheet. Assuming 
the primary coil current, 𝐼1 remains constant at 1A (peak). 

The results showed that the 𝑃𝑅𝐿𝑚𝑎𝑥 remained relatively unchanged with varying separation between the 

secondary coil and ferrite sheet. The maximum transmitted power fluctuated no more than 0.7dBm. 

𝑃𝑅𝐿𝑚𝑎𝑥 = 1.67 mW was achieved at 315.4kHz once the separation between the centre of the ferrite sheet 

and the secondary coil was 0.41mm.  

5.9.2.2 Separation Between the Secondary Coil and the Lid 

In another study, the effect of changing the separation between the secondary coil and the 0.2mm Grade-

5 titanium lid while the separation between centres of the 0.18mm thick ferrite sheet and the secondary 

coil was maintained at 1.91mm was evaluated, as shown in Figure 5.40. 
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(a) (b) 

Figure 5.40: Simulated IWPT system parameters. (a) Link potential and (b) maximum transferred power (dBm) versus varying 
separation between planar secondary coil and titanium lid. The separation between the planar secondary coil and the ferrite sheet 
was kept constant. Assuming the primary coil current, 𝐼1 remains constant at 1A (peak). 

When the separation between the secondary coil and the 0.2mm titanium lid was varied, as illustrated in 

Figure 5.40, after a certain distance of approximately 1.1mm, the closer the secondary coil was to the 

titanium lid, the smaller the 𝑋  was, indicating that the magnetic field that passed through the secondary 

coil was smaller. The 𝑋 = 0.043 at 141kHz and 𝑃𝑅𝐿𝑚𝑎𝑥 = 1.85𝑚𝑊 at 281.2kHz. for 1.1mm separation 

between the centre of the secondary coil and a 0.2mm titanium lid. 

5.10 Summary 

This chapter has presented a study of inductive power transfer through metallic barriers to evaluate the 

possibility of power transfer into titanium packaged spinal fusion implants. This was investigated using a 

benchtop test system and FEM techniques. The benchtop system was compared to the FEM results, 

which showed a good agreement between simulated and measured results, giving confidence that the 

simulations were appropriate for estimating the power available in a spinal fusion rod application.  

FEM simulation results predicted a maximum power of 1.84mW at 1A primary current and an operating 

frequency of approximately 400kHz, and a maximum link potential of 0.035 at 199kHz through a 110µm 

thick Grade-5 titanium lid used to seal a 5.5mm thick, 50mm long Grade-5 titanium rod, and 0.5m thick 

Grade-5 housing with an internal volume of 18 x 8 x 5mm (L x W x H) for this spinal fusion application. 

This amount of transferred power could be sufficient to power an ASIC designed to read out implanted 

sensors, such as presented by Zhang et al. [145], with a low power requirement in a range of 10s of µW.  

It can be concluded that through-metal wireless power delivery can be achieved through thin non-

ferromagnetic metallic barriers. In addition, materials with high permeability, at any practical thickness, 

are not ideal for transferring power through them using the IWPT method, which is consistent with the 

findings of prior studies. Suitable materials will need to have low magnetic permeability and low electrical 

conductivity, such as stainless steel, aluminium, and titanium alloys. Furthermore, as the skin-depth of 

the material rapidly decreases with increasing frequency, to reduce eddy current losses in the 

surrounding metal objects in the form of heat, it is necessary to choose low frequencies, up to a couple 

of 100kHz, for effective power transfer through metallic barriers.  

To miniaturise a design, both the primary and secondary coils should be designed carefully to avoid a 

significant reduction in the efficiency of the system. Because of the needed low frequency, the current in 
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the primary coil must be large enough to generate sufficient EMF in the secondary coil; otherwise, the 

power received by the implant will be very low. The reviewed papers also indicate that their investigated 

systems have disadvantages, including poor transfer efficiency, instability of power transmission, and 

difficulty in implantation into the human body due to their large dimensions. Thus, the results of this study 

may benefit the design of inductive links for achieving through-metal power transmission in implantable 

medical devices. The effect of a nearby conductive medium on data transfer has not been examined in 

this study and should be investigated in future. This study was done at a large scale to allow easy 

measurement. The results match the simulations reasonably well, validating the approach; thus, the 

simulations could be used to investigate much smaller constructions that would be used in a real implant 

in conjunctions with the models.  

The findings of this study can be applied to a wide range of wireless devices across industries, including 

consumer electronics and medical devices. However, this research focused on assessing the general 

behaviour of the inductive link in the presence of a titanium smart spinal fusion implant. The FEM model 

could be expanded in the future to estimate the behaviour of other materials, modify coils geometries, 

and include effects from the electronics, PCB, and surrounding environment. 
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6. Conclusions and Future Work 

This study has investigated the feasibility of key requirements for a smart spinal fusion implant intended 

to be used during surgical intervention to provide clinicians with quantitative information on the state of 

bone fusion during postoperative assessments. This research has focused on the ability to deliver power 

to implanted electronics which are miniaturised and protected within a hermetically sealed titanium 

enclosure.  

The objectives of this research were: 

1. Review existing technologies for monitoring bone healing and spinal fusion.  

2. Develop a readout circuit for a fully implantable spinal fusion monitoring system. This requires 

implementation of sensor signal conditioning, wireless power reception and data transmission 

circuitry.  

3. Demonstrate strain measurement using strain gauges on a benchtop-scale version of the 

measurement system 

4. Miniaturise the implant electronics, including the PCB and planar PCB coil, to be incorporated 

into an implantable titanium rod and housing.  

5. Integrate the implant electronics into a spinal fusion implant suitable for use in animal trials.  

6. Explore the feasibility of wireless inductive power transfer through metallic barriers to enable 

fully titanium implants to be created as a path to creating hermetically sealed implants for use in 

human.  

6.1 Concluding Remarks 

Chapter 1 provided an overview of the vertebral column and lumbar vertebra structure, lumbar spinal 

fusion procedure, shortcomings of current postoperative techniques to assess spinal fusion, prior studies 

on smart orthopaedic implants, including spinal implants, and the motivation behind this study. These 

postoperative assessment techniques do not provide an objective assessment of bony fusion and rely 

on the clinicians' experience to a large extent. The only methods to evaluate the fusion site's status 

reliably are biomechanical and histological investigations, which are not feasible in the clinical setting. 

As a result of existing limited approaches, clinicians make decisions on the status of fusion based on x-

ray images in combination with patient-reported pain levels, a methodology that delays rehabilitation and 

the patient's return to normal activities by months.  

The discrepancies between the outcomes for various assessment methods, such as radiographic 

assessments, surgical findings, and prior studies, indicated that surgeons and clinicians could not 

accurately rely on radiographs to detect spinal fusion. A quantitative method to track fusion progress 

accurately would greatly assist patient management by reducing the cost, muscle atrophy, and risk of 

delayed diagnosis. The physical size of orthopaedic implants makes them good candidates for housing 

sensors, electronics and telemetry systems. Different methods are currently utilised to monitor bone 

healing by implanting sensors directly onto the bone, on the surface or inside a cavity on orthopaedic 

implants. This chapter also outlined a biomedical implant's housing requirements, such as type of 
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material, hermetic sealing, and inductive wireless power and data transfer method in biomedical 

applications.  

Chapter 2 summarised existing studies on smart implantable spinal fusion rods using sensors and 

electronic systems to monitor spinal fusion. Previous studies have been able to quantify bone healing 

patterns by monitoring strain on internal or external fixators. However, there are no reports of achieving 

a fully implantable spinal fusion implant. This chapter also investigated the existing bone strain 

measurement methods, considerations, and requirements for a fully implantable smart spinal fusion 

implant.  

Chapter 3 investigated the inductive power transfer mechanism. Wirelessly powering implantable 

biomedical devices offers the prospect for the longevity of operation and miniaturisation. Inductive 

coupling with two coils is a popular technique for wireless power, and data transmission can also be 

achieved over the same link. However, this technology typically encounters difficulties when a metal 

(such as titanium) is in the vicinity of the device as it partially absorbs the magnetic fields and limits power 

transfer due to AC losses and the shielding effect. The latter constraints suggest that IWPT systems may 

be inefficient and impractical for applications with metallic mediums in the vicinity of an inductive link. 

The loss is dependent on the alloy, implant size, implant coil location, and frequency of power 

transmission. Loses will also create a rise in temperature at the implant, so both the power consumption 

and the shielding loss must be quantified. The conventional solution is to separate conductive parts from 

the electromagnetic field, but that is not a viable approach for a miniature implant embedded into a 

titanium rod. In this spinal fusion application, the implant rod with housing for electronics are both made 

of a titanium alloy (Ti6AI4V), and it is preferable to have the titanium housing's lid achieve a hermetical 

seal with the housing to guard the sensitive electronics and increase the implant's usable lifespan. This 

means that the implant coil is not only close to metallic objects but is also surrounded by a titanium 

housing and lid, which effect the inductive wireless power and data transmission.  

The effect of a conductive medium on an inductive link was determined by analysing the two-port model 

of an IWPT system and defining the IWPT system parameters to provide insights into the IWPT system's 

performance. The quality factors of the coils and the coupling coefficient, 𝑘, determine the power transfer 

efficiency of the system. The coils' quality factors increase as a function of frequency, whereas the 

coupling coefficient decreases with frequency due to the skin effect. The product 𝑋 = 𝑘2𝑄1𝑄2 is desirable 

to be as high as possible. However, 𝑘 would be severely degraded due to the shielding effect of metallic 

barriers and due to the frequency dependant eddy current distribution in metallic objects; whereas, the 

proximity effect between the coil and the metal surface reduces the quality factor of the coils, 𝑄1 and 𝑄2. 

Hence, the link potential, 𝑋, reaches a peak and consequently defines the optimal operating frequency 

for maximum IWPT efficiency. This chapter also explored prior studies with power transfer through 

metallic barriers or space enclosed by metallic walls and the design strategies for achieving an efficient 

inductive link, including parameters such as the AC losses, operating frequency, link dimensions, coil 

shape, coils' alignment, use of ferrite, eddy currents in the nearby conductive medium, and coil winding. 

In Chapter 4, a proof-of-concept study and experiment were undertaken to adapt an existing circuit 

developed for measuring pressure changes for another project by the implantable devices group (IDG) 
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and modify it to measure strain changes on a spinal fusion rod. A system was developed to connect to 

a spinal rod and a bending fixture to assess its performance while applying loads onto the spinal rod. A 

predeveloped coil was used to power the implant and to communicate with it wirelessly. A miniaturised 

version of the measurement system was developed to fit into a custom spinal rod with integrated housing. 

A planar PCB coil was also designed to be used as a secondary coil inside the implant housing. 

This chapter presented the details on the development of the strain sensing electronics, strain 

measurements using a benchtop-scale version of the measurement system, miniaturisation of the 

electronics and an implant coil such that they could be incorporated into an implant. The strain values 

on a titanium spinal implant, consisting of a 5.5mm titanium rod and integrated housing, are collected by 

the smart spinal fusion implant and transferred wirelessly to an external reader, which also powers the 

smart implant inductively. The implanted electronics are encapsulated in the titanium housing mounted 

on a titanium spinal rod. The wireless data and power transmission into a titanium rod were implemented 

to increase the lifespan of the implanted electronics, reduce implant size, and risk of infection by 

eliminating the need for feed-throughs for data collection or powering the electronics. Different methods 

were explored to improve the integration of the implant with its electronics in the housing. The implant 

was fully assembled and tested with an external reader to investigate its functionality. The results of this 

chapter indicated that the strain gauges attached to the spinal fusion rod and including modifications to 

accommodate the necessary electronics would be capable of monitoring variations of the spinal rod 

strain under realistic physiological loads. 

If the existing titanium alloy rod could be made “smart”, i.e. the strain measurement capabilities are 

embedded into the rod, then the existing clinical, surgical workflow could be maintained. This approach 

relies on the sensor and measurement system to be small, which is enabled by wireless power delivery 

to avoid the need for a battery. From a reliability viewpoint, the solution would also benefit from having a 

titanium encapsulation system which has an established track record for protecting active devices such 

as pacemakers. Much of the research presented in this thesis deals with the challenges of achieving 

wireless power transfer into a small space inside a hermetically sealed titanium enclosure. An important 

part of this research was conducting experiments to understand the influence of a titanium housing and 

thin titanium lid on an IWPT system and to determine the amount of power transferred and the link 

efficiency for a chosen configuration using FEM modelling and experimental validation.  

In Chapter 5, FEM models of an IWPT system were created to explore the feasibility of wireless inductive 

power transfer through-titanium to a spinal fusion implant in order to allow creation of miniaturised 

hermetically sealed devices such that the developed implant in Chapter 4 could be used in humans in a 

highly miniaturised form. Experiments were conducted to validate the analytical analysis and FEM 

modelling of a chosen IWPT system. This study focused on loosely coupled IWPT systems due to the 

characteristics of the considered system. Equivalent 2D axisymmetric FEM models of the loosely coupled 

link were established to analyse the frequency characteristics of the key IWPT system parameters. 

A simple test set-up based on hand-wound, cylindrical 10-turn primary (inner radius of 30mm) and 10-

turn secondary coils (inner radius of 5mm) was created into which metal sheets could be introduced to 

allow study their impact on wireless power transfer and validate simulation studies. The hand-wound 



123 

 

coils were also used to investigate the impact of a titanium enclosure on IWPT system parameters 

through both simulations and experiments. The simulation results matched experimental results 

reasonably well, validating the approach; thus, the FEM simulations could be used to investigate much 

smaller constructions such as the developed smart spinal fusion implant. Furthermore, to develop a 

method to estimate the influence of a spinal fusion rod with housing on an inductive link and the possibility 

of using metallic lids for said housing, the spinal fusion implant and housing characteristics were 

determined through FEM simulations, then applied to the standard two-coil inductive link. These 

measurements and simulations provided insight into the possibility of using a titanium housing and thin 

lid to encapsulate the electronics, their constraints, as well as their effect on inductive link characteristics. 

Finally, the identified relevant parameters were addressed in order to highlight the opportunities for 

modification and optimisation. 

FEM modelling results were in line with the experimental results. A specific frequency range was 

determined through measurements and FEM modelling to achieve the necessary wireless power transfer 

overcoming the limitations introduced by the presence of titanium in the spinal rod device – provided a 

110µm thick titanium lid was used. The amount of reduction in the electromagnetic field depended on 

the material used, its thickness, the size of the metallic implant, the magnitude of the primary field, and 

the system's operating frequency. This chapter identified the optimum operating frequency range of 100s 

of kHz for power transfer via an inductive link for this application. The metal type and thickness, inductive 

link parameters, and the gap between each coil to the metal barrier affected this range, and the optimum 

operating frequency had to be simulated or measured specifically for every coil configuration and set-up. 

The overall volume of the titanium enclosure also influenced the optimal frequency range for inductive 

power transfer. The study showed that it was possible to transfer maximum power of 2.65dBm (1.84mW) 

at an operating frequency of approximately 400kHz, and the maximum link potential of 0.035 could be 

achieved at 199kHz through a 110µm-thick Grade-5 titanium lid with a 5.5mm-thick, 50mm-long Grade-

5 titanium rod, and 0.5m thick, Grade-5 housing with an internal volume of 18 x 8 x 5mm (L x W x H) for 

this spinal fusion application. This amount of power is appropriate to power ASIC circuits designed to 

read out implanted sensors which consume of the order of 10s of µW [145]. This indicates that in the 

future spinal fusion implants could be developed which are fully sealed in titanium.   

6.2 Future Direction and Recommendations 

The long-term goal of this research is to utilise the fully implantable smart spinal fusion system to support 

existing clinical care by quantitatively monitoring the state of bone healing in patients through regular 

strain measurements at the site. The clinicians' benefit is to allow for early detection of non-union and to 

support accurate scheduling of the implant removal as early as is safe, and not sooner. 

6.2.1 Biomechanical Testing and in vivo Animal Trials 

The new smart spinal fusion implant is ready to be implanted in vivo in a sheep to verify the strain gauge 

readings and correlate strain measurements to bone strength. A sheep has six lumbar vertebrae, larger 

transverse processes, and a smaller vertebral diameter than a human. Although the anatomy of a sheep 

spine differs from that of a human spine, sheep are used for animal trials because the basic geometry 
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and biology of bone-graft healing are similar. In addition, because the pedicles in sheep have a large 

diameter, human-sized pedicle screws can be used for posterolateral spinal arthrodesis [20].  

While implant strain may be a valuable biomechanical indicator of spinal fusion as a biological 

phenomenon, further research is required to determine statistical significance. Biomechanical tests need 

to be performed by mounting the smart spinal fusion implant on pedicle screws implanted on a spine 

model, or a cadaver and measurements must be taken at various body positions. The spine model could 

be mounted on a material testing machine and subjected to various loads before and after vertebra 

manipulation to simulate union and non-union conditions. Biomechanical investigation and FEM 

modelling of a spinal model and the smart spinal fusion implant are recommended to evaluate the implant 

strain, prediction of spinal loads, and strain gauges' performance prior to animal trials. Furthermore, 

modification of the FEM analysis is advocated for the evaluation of implant strain for varying loading 

modes and geometries. The effect of the structural modifications of the spinal fusion rod on the integrity 

of the rod must also be evaluated through mechanical testing and FEM modelling. 

6.2.2 Characterisation of Strain Condition on the Smart Spinal Fusion Implant and Strain Gauge 

Selection 

While the preliminary results support the use of semiconductor strain gauges for this application, 

mechanical testing is required to assess the performance of the strain gauges. Several parameters, 

including rod material and stiffness, initial bonding technique, implant orientation, and applied loads, can 

affect the response of the strain gauges. Furthermore, the smart spinal fusion implant usually 

experiences an initial strain when it is connected to the vertebrae using pedicle screws during surgery. 

Further FEM modelling in conjunction with experimental studies can help understand the strain vectors 

in more depth, select future strain sensors, strain gauges calibration and help adjust the strain settings 

for the firmware. Other types of strain sensors should be assessed for this application for the potential 

benefits of reduced strain gauge footprint and higher sensitivity. 

6.2.3 Eliminate Temperature Dependency of Strain Gauges 

In addition to having the strain gauges in half or full bridge configurations to minimise the sensitivity of 

the semiconductor gauges to temperature variations, there is an opportunity to have a temperature 

measurement and a compensation structure to reduce the effect of strain gauges' output variations due 

to temperature changes inside the body. 

6.2.4 In-Depth Characterisation of Inductive Wireless Power and Data Transfer in the Presence 

of Nearby Conductive Mediums  

The through-titanium IWPT performance was carried out at a large scale in order to facilitate easy 

measurements. The measurements results match the simulations reasonably well, validating the 

approach; consequently, the FEM modelling technique could be applied to evaluate the power transfer 

performance for other types of active implantable devices and much smaller constructions that would be 

used in a real implant.  
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The preliminary results of through-titanium IWPT can be improved by optimizing the coils' configurations 

by reducing the skin and proximity effect losses. Due to the finite nature of the source and load 

resistances, two-coil IWPT systems have low power transfer efficiency. However, a multi-coil system can 

be used to improve power transfer efficiency. The effect of coils' misalignments should be considered in 

further studies. The development of an analytical model for the system would allow investigation of the 

relationship between frequency and efficiency. The safety of the IWPT system working at low 

frequencies, up to 100s of kHz, must be evaluated through modelling and measurements. The possibility 

of using different frequencies to transmit data and power could be assessed. While inductive coupling 

could be suitable for transmitting power through thin metal lids, combining wireless power delivery 

methods such as inductive and capacitive wireless power transfer techniques (section 3.11) may lead to 

more practical and reliable long-term solutions [127]. Furthermore, the effect of nearby metallic mediums 

on data transfer should be investigated.  

6.2.5 Long-term Implantation 

When used for animal trials, a smart spinal fusion implant needs to survive inside the body between six 

to 12 months. The durability of the fully assembled implant can be evaluated with a series of cyclic and 

hermeticity tests before long-term implantation. A limitation of the testing completed to date is that the 

performance of the strain gauge and communication system was carried out under room temperature 

(20 to 25°C) conditions. During use, the implant can be expected to be near body temperature of 37 ± 

1°C, and during engineering evaluations, a much wider temperature range would be expected for safety 

and durability testing.  

6.2.6 Further Miniaturisation of the Implanted Electronics 

The implanted electronics still have prospects for further miniaturisation. It will always be beneficial to 

reduce the size of modification required for a smart rod closer to a standard spinal rod. In addition to 

enabling a more compact housing, it is likely to reduce the influence of the housing on the spinal fusion 

rod overall structure. The size of the PCB can be reduced by utilising different types of surface mount IC 

packages, such as wafer-level chip-scale package (WLCSP) and integration of the microcontroller into 

a custom ASIC. 
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Appendices 

Appendix A: Capacitance Change Measurement on Spinal Fusion Rod 

A proof-of-concept study is performed to investigate the possibility of using a MEMS capacitive strain 

sensor to track strain changes on a Ti spinal fusion rod. The set-up consists of MAS6510 IC, NXP KL03 

microcontroller, and a variable capacitor. 

MAS6510 is used to read the capacitive sensor values attached to the titanium spinal fusion rod. The 

block diagram of the capacitive sensor signal conditioner, MAS6510, is shown below. This IC is a 

capacitive sensor signal interface that uses a 24-bit capacitance-to-digital convertor (CDC) to produce a 

high-resolution result using an on-chip decimator filter. MAS6510 is run by an internal clock oscillator 

and can interface both single and dual capacitance sensors. It has two capacitance measurement 

modes: difference and ratio capacitance modes. MAS6510 can be operated either via a 2-wire I2C bus 

or via a 4-wire SPI bus. The SPI/ I2C Bus Selection (XSPI) pin is for selecting which bus type is used 

and can choose SPI when XSPI pin is low and I2C communication when it is high. This IC has a low 

current consumption of 47.9µA with high resolution and 3.3µA for low resolution. This chip also features 

a built-in temperature sensor for temperature monitoring and temperature compensation purposes [146]. 

 

MAS6510 block diagram [146]. 

The EB6510 evaluation board includes a MAS6510 capacitive sensor signal interface IC in a 16-lead 4 

x 4 x 0.75 mm (L x W x H) QFN package and five pads for connecting sensors (𝐺𝑁𝐷, 𝐶𝑅, 𝐶𝐶, 𝐶𝑆, and 

𝐺𝑁𝐷). The board has gold plating, which makes it suitable for wire bonding. The 𝐺𝑁𝐷 pads are for 

sensors requiring grounding. Single capacitance sensors are connected between 𝐶𝑆 and 𝐶𝐶 inputs, and 

if the sensor includes reference capacitance, it is connected between 𝐶𝑅 and 𝐶𝐶 inputs. The 𝐶1 (1uF) and 

𝐶2 (1nF) chip capacitors are used for decoupling of the supply voltage (VDD) and voltage regulator output 

(VREG), respectively. A static shield can be soldered on the metal ring surrounding the sensor and the 

MAS6510 area to reduce the effect of the parasitic capacitances. The board also has two 10-pin headers 

for connection to the EB65XX Motherboard. The schematic of the EB6510 evaluation board is shown 

below.  
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(a) (b) 

(a) EB6510 QFN evaluation board rev 1.0 without static shield and (b) its schematic [147]. 

The set-up to read different values of a capacitive sensor utilises the FRDM-KL03Z evaluation board and 

the EBS6510 board. In this set-up, a 2-18pF trimmer capacitor is connected between 𝐶𝑆 and 𝐶𝐶 pads on 

the EBS6510 board to evaluate its functionality. The microcontroller is NXP MKL03Z32VFK4 

(Manufacturer PN #MKL03Z32VFK4) which is based on ARM technology and is programmed using the 

MCUXpresso IDE software. The firmware was developed by the IDG at ABI.  

 

Initial set-up to assess the performance of the electronics with a trimmer capacitor. 

MAS6510 is used in capacitance ratio mode in which the output is proportional to capacitance ratio 

(𝐶𝑆 – 𝐶𝑅)/𝐶𝑆. The CDC converts the input capacitances into a 24-bit output word (CODE). The output 

data is available in the following table. 

The values of four trim registers need to be adjusted to determine the input capacitance conversion 

range: CS_INT capacitor matrix register (E3/63HEX), CR_INT capacitor matrix register (E4/64HEX), Gain 

register (E5/65HEX), and Oscillator frequency control register (E6/66HEX). The CS_INT and CR_INT 

capacitor matrix registers select internal capacitors connected between 𝐶𝑆 and 𝐶𝐶 pins and between 𝐶𝑅 

and 𝐶𝐶 pins, respectively. Both matrix capacitor values can be chosen independently between 0pF and 

22pF in 86.3fF steps and are programmable by the 8-bit register. These internal capacitor matrices, 

CS_INT and CR_INT, can be used for sensor offset calibration by adding capacitance in parallel to external 
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sensor capacitor (CS_EXT) and external reference capacitor (CR_EXT), respectively. The gain register 

controls the gain of the CDC front-end and is also programmable with 8-bit resolution, and it sets the 

input range for sensor changing capacitance ∆C=CS_MAX-CS_MIN. The Oscillator frequency control register 

is only utilised during internal clock oscillator trimming, and the default frequency is 200 kHz in normal 

operation.   

The internal clock frequency of 200kHz is used for all the measurements. The output data can be read 

by triggering the data enable pin using a pulse generated by Digilent Analog Discovery 2 (Manufacturer 

PN # 410-321). The measured output data is measured by varying the trimmer capacitance, as shown 

in the table below. The Matlab code written to determine values of trim registers is available in Appendix 

B. In addition, the simulated output data versus values of 𝐶𝑆 is available below. 

 

Simulated output data in decimal versus trimmer capacitor, 𝐶𝑆, values. 

From this, values of CS_INT, CR_INT capacitors matrix registers, and gain register are 0×00, 0×15, and 

00×C2 in hexadecimal for the used 2-18pF trimmer capacitor, and OSR of 256. 

Measured output data using the initial set-up. 

Hexadecimal 0x00, 
0x00, 
0x00 

0x00, 
0xc0, 
0x0e 

0x02, 
0x30, 
0xed 

0x03, 
0x43, 
0x86 

0x03, 
0x78, 
0x00 

0x02, 
0xea, 
0x8c 

0x01, 
0xbf, 
0xb9 

0x00, 
0x08, 
0x00 

Decimal 0 49,166 143,597 213,894 227,328 191,116 114,617 2,048 

The interdigitated MEMS capacitive strain sensor is illustrated below. The strain change due to the 

lengthwise movement on the rod surface results in a change in fingers overlap area and thus a change 

in capacitance [137]. The capacitance of an interdigitated MEMS capacitive sensor can be calculated 

using [137]: 
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𝐶 =

휀0. 휀𝑟 . 𝐴. (𝑛 − 1)

𝑑
 (44) 

 
=

휀0. 휀𝑟 .𝑊. (𝐿 − 𝑋𝑑). (𝑛 − 1)

𝑑
 (45) 

Where 휀0 = 8.85 × 10−12 𝐹/𝑚 is the permittivity of free space, 휀𝑟 = 1 is the permittivity of air, 𝐴 is the 

area of the plates, 𝑊 is the width of the plates, 𝐿 is the length of the plates,  𝑋𝑑 is the amount of 

displacement due to strain, 𝑑 is the gap between the plates, and 𝑛  is the number of interdigitated fingers. 

This sensor has 51 free-standing fingers. The following table contains the properties of the interdigitated 

sensor. 

Properties of the interdigitated MEMS capacitive strain sensor. 

W (µm) L (µm) d (µm) n 

40 150 5 51 

The capacitance of the sensor, 𝐶, is calculated as 531fF under no strain (𝑋𝑑 = 1) and 443fF with a 

displacement of 25µm. Thus ∆𝐶, the changes in sensor' capacitance, is 88fF for 25µm of movement 

(𝑋𝑑 = 25𝜇𝑚). 

The MEMS capacitive strain sensors provided by the UC are mounted on a 5.5mm diameter titanium rod 

using LOCTITE EA E-30CL epoxy to be tested with the electronics. Sensors were carefully detached 

from the wafer to avoid chipping and prevent debris from filling the fingers gap. The gold bond pads on 

the sensor are cleaned using acetone to help remove oxidised and oily layers. The movement of the 

fingers of the capacitive sensor is observed under the microscope to check its performance. However, 

the attempt to observe the movement of the fingers did not produce any decisive results. The images 

have been taken using the Nikon SMZ18 microscope at the ABI with a magnification range of 0.75X up 

to 13.5X. In addition, gold pads have been added using a small amount of epoxy adhesive on copper 

pads. The connection between copper and gold pads is made using solder joints. The TPT HB10 wire 

bonder is utilised to wire bond the sensor to the gold pads with a gold wire size of 25µm. The mounted 

capacitive strain sensor on a titanium spinal rod is shown below. 

  

(a) (b) 

(a) close-up view of the interdigitated MEMS capacitive strain sensor (b) MEMS capacitive strain sensor mounted on the machined 
titanium spinal fusion rod before adding the gold pads for wire bonding to the sensor. 
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The UC provided a test fixture to bend the titanium spinal rod to determine the impact of applying a 

physical load to the sensor mounted on the spinal rod. This test fixture applies a controlled and 

repeatable amount of flexion to the spinal rod to simulate the same bending moment on the rod inside 

the body as fusion progresses. A 5mm Allen key is used to loosen the grub screw to mount the rod. An 

adjustable spanner or a 12mm socket wrench can be used to turn the side bolt to bend the rod. The wire-

bonded MEMS capacitive strain sensor replaces the trimmer capacitor, as illustrated below. 

 

Test set-up to measure changes in a capacitive strain sensor when the fixation rod is under strain. 

After the first few attempts to bend the rod, the output data did not change and eventually, the sensor 

was damaged. 

 

Damaged capacitive strain sensor. 

The next attempt to wire bond to the remaining sensors failed due to the oxidisation on the pads. Also, 

the rest of the sensors produced no results, mainly due to the debris in the finger areas and damaged 

fingers. The capacitive MEMS sensor will be redesigned and fabricated to increase its baseline 

capacitance to meet the requirement of MAS6510. 

Appendix B: MATLAB Code to Determine Values of MAS6510 Trim Registers 

clear all 

% Note that the capacitance unit is pF  

% Sensor Parameters  
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 CS_EXT_MIN = input('Enter a value for CS_EXT_MIN (pF) = ');                  

%Minimum CS pin side (base) capacitance in pF 

CS_EXT_MAX = input('Enter a value for CS_EXT_MAX (pF) = ');                 

 %Maximum CS pin side capacitance in pF 

CR_EXT_MIN = input('Enter a value for CR_EXT_MIN (pF) = ');                  

%Minimum CR pin side (base) capacitance in pF  

CR_EXT_MAX = input('Enter a value for CR_EXT_MAX (pF) = ');                 

 %Maximum CR pin side capacitance in pF  

 DeltCS_EXT = CS_EXT_MAX - CS_EXT_MIN;                                       

 %Changing CS pin side capacitance 

fprintf('DeltCS_EXT(pF) = %d \n', DeltCS_EXT);                              

DeltCR_EXT = CR_EXT_MAX - CR_EXT_MIN;                                        

%Changing CR pin side capacitance 

fprintf('DeltCR_EXT(pF) = %d \n', DeltCR_EXT);                           

 % Required Clock Signal 

 %f_CLK (KHz)   

if (CS_EXT_MAX/20) > 2 

   f_CLK = round((200*20)/(max([CS_EXT_MIN,CS_EXT_MAX,CR_EXT_MIN,CR_EXT_MAX]))); 

   fprintf('f_CLK(kHz) = %d \n', f_CLK);                           

elseif (max([CS_EXT_MIN,CS_EXT_MAX,CR_EXT_MIN,CR_EXT_MAX]))/20>1 

    f_CLK = 100; 

    fprintf('f_CLK(kHz) = %d \n', f_CLK);   

else 

    f_CLK = 200; 

    fprintf('f_CLK(kHz) = %d \n', f_CLK);   

end 

 % MAS6510 Parameters  

 OSR = input('Enter a value for OSR = ');                                   

 %Selected over sampling ratio 

if OSR == 4096 

    CODEFS = 14671872;                                                     

 %Maximum output code range which depends on OSR selection 

    fprintf('CODEFS = %d \n', CODEFS); 

    elseif OSR == 2048 

        CODEFS = 14663680; 

        fprintf('CODEFS = %d \n', CODEFS); 

    elseif OSR == 1024 

        CODEFS = 14647296; 

        fprintf('CODEFS = %d \n', CODEFS); 

    elseif OSR == 512  

        CODEFS = 1826816; 

        fprintf('CODEFS = %d \n', CODEFS); 

    elseif OSR == 256 

        CODEFS = 227328; 

        fprintf('CODEFS = %d \n', CODEFS); 

    else  

    disp('Not Valid'); 

    exit; 

end  

 % Ratio Mode Calculation  

 if CR_EXT_MIN ==0 && CR_EXT_MAX == 0 

        COFS = (0.8*CS_EXT_MAX*CS_EXT_MIN)/(0.9*CS_EXT_MAX-0.1*CS_EXT_MIN);      

else 
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    COFS = (0.9*CS_EXT_MAX*(CS_EXT_MIN-CR_EXT_MAX)-0.1*CS_EXT_MIN*(CS_EXT_MAX-

CR_EXT_MIN))/(0.9*CS_EXT_MAX-(0.1*CS_EXT_MIN)); 

    fprintf('COFS(pF) = %d \n', COFS); 

end 

     if COFS >=0   

        CR_INT = COFS;                                                     

%Optimal internal CR matrix capacitance in pF 

        fprintf('CR_INT(pF) = %d \n', CR_INT); 

        CS_INT = 0;                                                        

%Optimal internal CS matrix capacitance in pF 

        fprintf('CS_INT(pF) = %d \n', CS_INT); 

    else 

        CR_INT = 0;      %pF 

        fprintf('CR_INT(pF) = %d \n', CR_INT); 

        a = 0.8;                                                           

%2nd order equation coefficient "a"             

        fprintf('a = %d \n', a); 

        b = 0.9 * (CS_EXT_MAX + CS_EXT_MIN - CR_EXT_MAX)-0.1 * (CS_EXT_MAX + CS_EXT_MIN - CR_EXT_MIN); 

%2nd order equation coefficient "b" 

        fprintf('b = %d \n', b); 

        c = 0.9 * CS_EXT_MAX *(CS_EXT_MIN - CR_EXT_MAX)-0.1 * (CS_EXT_MIN * (CS_EXT_MAX - CR_EXT_MIN));  

%2nd order equation coefficient "c" 

        fprintf('c = %d \n', c); 

        CS_INT1 = (-b+sqrt(b^2-4*a*c))/2/a;    

        fprintf('CS_INT1(pF) = %d \n', CS_INT1);      

        CS_INT2 = (-b-sqrt(b^2-4*a*c))/2/a;    

        fprintf('CS_INT2(pF) = %d \n', CS_INT2); 

         if CS_INT1 >=0  

            CS_INT = CS_INT1; 

            fprintf('CS_INT(pF) = %d \n', CS_INT); 

        else 

            CS_INT = CS_INT2;  

            fprintf('CS_INT(pF) = %d \n', CS_INT); 

        end 

    end 

 KRATIO = 0.1*(CS_EXT_MIN+CS_INT)/(CS_EXT_MIN + CS_INT-CR_EXT_MAX-CR_INT);   %Optimal gain factor KRATIO 

fprintf('KRATIO = %d \n', KRATIO); 

OCDACS = (CS_INT/22)* 255;                                                  

%OCDACS (REGE3HEX) offset capacitor register setting_ DEC 

OCDACSRN = round (OCDACS); 

OCDACSHEX = dec2hex(OCDACSRN,2);       %Hex 

fprintf('OCDACS (DEC) = %d \n', OCDACS); 

fprintf('OCDACS (HEX) = %s \n', OCDACSHEX); 

 OCDACR = (CR_INT/22) * 255;                                                

%OCDACR (REGE4HEX) offset capacitor register setting_ DEC 

OCDACRRN = round (OCDACR); 

OCDACRHEX = dec2hex(OCDACRRN,2);       %Hex 

fprintf('OCDACR (DEC) = %d \n', OCDACR); 

fprintf('OCDACR (HEX) = %s \n', OCDACRHEX); 

 GRDAC = 193.8/KRATIO;                                                      

%GRDAC (REGE5HEX) gain register setting_ DEC 

GRDACRN = round (GRDAC); 

GRDACHEX = dec2hex(GRDACRN,2);       %Hex 
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fprintf('GRDAC (DEC) = %d \n', GRDAC); 

fprintf('GRDAC (HEX) = %s \n', GRDACHEX); 

%Plot 

i = 1; 

j = 1; 

m = 1; 

 for DelCS_EXT = CS_EXT_MIN : ((CS_EXT_MAX - CS_EXT_MIN)/10): CS_EXT_MAX  

    CS (i) = DelCS_EXT + CS_INT;               %External sensor + internal sensor matrix capacitance between CS and CC pins 

    DeltaCS_EXT (i) = DelCS_EXT; 

    i = i + 1; 

end 

 if  CR_EXT_MIN == CR_EXT_MAX 

    CR  = (CR_EXT_MIN + CR_INT)* ones(1,i-1); 

else 

    for DelCR_EXT = CR_EXT_MAX : ((CR_EXT_MIN - CR_EXT_MAX)/10) : CR_EXT_MIN 

      CR (j) = DelCR_EXT + CR_INT;          %External reference + internal reference matrix capacitance between CR and CC pins 

    j = j + 1; 

    end 

end    

 for m = 1 : i-1 

    CODE(m) = CODEFS*(1-(CR(m)/CS(m)))* KRATIO; 

End 

plot(DeltaCS_EXT,CODE,'bo'); 

xlabel('C_S(pF)]'); 

ylabel('CODE (Dec)'); 

title('Ratio mode output CODE'); 

 

Appendix C: Development PCB Log Information  

The MCUXpresso console log information from testing the development PCB is: 

SEGGER J-Link GDB Server V6.86 - Terminal output channel 

 

Uni Strain Gauge implant V01 started! 

ID; 3 

Strain; 5766948, Tmp; 5793632 

Strain; 5766652, Tmp; 5793696 

Strain; 5766492, Tmp; 5793728 

Strain; 5766400, Tmp; 5793760 

Strain; 5766464, Tmp; 5793760 

Strain; 5766628, Tmp; 5793824 

Strain; 5766880, Tmp; 5793792 

Strain; 5767256, Tmp; 5793824 

Strain; 5767748, Tmp; 5793824 

Strain; 5768328, Tmp; 5793856 

Data collection completed! 

 

---- Packet (120 bytes) ---- 

00 aa 

4b 54 
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57 ff 24 58 67 60  

57 fd fc 58 67 a0  

57 fd 5c 58 67 c0  

57 fd 00 58 67 e0  

57 fd 40 58 67 e0  

57 fd e4 58 68 20  

57 fe e0 58 68 00  

58 00 58 58 68 20  

58 02 44 58 68 20  

58 04 88 58 68 40  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

01 00 

00 03 

55 9d 

Packetization completed! 

 

Packet transmission completed! 

Sleep now. 

 

Appendix E: Miniaturised Implant PCB Schematic 

 

Schematic of the miniaturised implant PCB 

 

Appendix D: Miniaturised PCB Log Information 

The MCUXpresso console log information from testing the Miniaturised PCB is: 

SEGGER J-Link GDB Server V6.86 - Terminal output channel 

 

Uni Strain Gauge implant V01 started! 

ID; 1 
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Strain; 5817336, Tmp; 5879328 

Strain; 5816308, Tmp; 5879328 

Strain; 5815496, Tmp; 5879520 

Strain; 5814800, Tmp; 5879584 

Strain; 5814228, Tmp; 5879712 

Strain; 5813776, Tmp; 5879744 

Strain; 5813416, Tmp; 5879840 

Strain; 5813124, Tmp; 5879808 

Strain; 5812864, Tmp; 5879840 

Strain; 5812664, Tmp; 5879968 

Data collection completed! 

 

---- Packet (120 bytes) ---- 

00 aa 

4b 54 

58 c3 f8 59 b6 20  

58 bf f4 59 b6 20  

58 bc c8 59 b6 e0  

58 ba 10 59 b7 20  

58 b7 d4 59 b7 a0  

58 b6 10 59 b7 c0  

58 b4 a8 59 b8 20  

58 b3 84 59 b8 00  

58 b2 80 59 b8 20  

58 b1 b8 59 b8 a0  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

00 00 00 00 00 00 00 00 00 00  

01 00 

00 01 

58 f4 

Packetization completed! 

 

Packet transmission completed! 

Sleep now. 
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