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l. Introduction

Abstract

The paper aims to aid in developing a monitoring system for surgery
patients who have undergone lumbar interbody fusion (LIF). The
present body of work functions as a comprehensive analysis of
relevant available literature along with our investigation regarding
techniques for power delivery; both energy harvesting and wireless
power transfer (WPT) alike. In addition, biological considerations are
taken into account as they strongly influence the design and testing
methodology of an implanted medical device (IMD). This study
proposes using inductive coupling as a power delivery method. This
was chosen due to the robust nature of the technology, with the IMD
being deeply situated and encased in bone and tissue. Three types
of receiver coil architectures were explored and designed around the
geometry of a polyether ether ketone (PEEK) Extreme lateral interbody
fusion (XLIF) Nuvasive Coroent XL interbody cage. With the use of
off-the-shelf components, functionality was only attainable for the
V3 coil design featured with 0.4 mm wire windings around horizontal
and vertical beams present on the implant. The secondary coil was
resonantly tuned and optimized for a 141 kHz working frequency.
At a 100 mm coupling distance, it was demonstrated that a power
delivery load (PDL) of 3.94 mA was able to be induced resulting
in a power output of 7.21 mW. The recorded PDLs are capable of
powering a high pressure P122 sensor, EFM8BB52 microcontroller,
and Ultra-wideband (UWB) data telemetry link, and demonstrate the
feasibility of this WPT technique for in vivo monitoring of bone fusion
post XLIF surgery.

Keywords

extreme lateral interbody fusion, wireless power transfer, implanted
medical device, polyether ether ketone, specific absorption rate,
anterior lumbar interbody fusion, computed tomography, near field
communication, polydimethylsiloxane

With the aging human populace, one of the conse-
quences faced pertains to the degeneration of the
body which includes all tissues, cells, and bones.
In particular, lower back pain has been attributed to
be one of the leading causes of disability [1, 2]. Low
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back pain is such a common disorder that 70%—-80%
of adults will experience some form of this trauma
throughout their lifetime [3]. Fortunately, most of these
cases are mild in nature with 90% of injuries resolv-
ing themselves within 6 weeks [4]. However, for more
severe cases of low back pain, further treatment is
required.
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When considering severe cases of low back pain,
it is impossible to look beyond disorders such as
trauma, infection, neoplasia, and degenerative pathol-
ogies; all of which can be treated through an estab-
lished surgery known as lumbar interbody fusion (LIF)
[5]. Through LIF, surgeons have the ability to stabilize
and reinforce the problematic vertebrae which cor-
rects spinal deformities such as lordosis; a degenera-
tion of the spine whereby the vertebrae curve inwards
excessively [1]. Research undertaken by Martin et
al. [7] determined that in 2015, 79.8 per 100,000
Americans were undergoing LIF which comes with
significant medical expenses in excess of 50,000
USD [6]. Alongside personal economic detriment,
companies also face significant losses with low back
pain being highlighted as the most frequent cause of
absenteeism from the workplace.

In simple terms, LIF can be likened to a weld-
ing process, whereby problematic vertebrae are
fused to form a single, solid bone [5]. The theory
behind this process was established by Briggs and
Milligan [8] in 1944 and centered around the notion
that restricting the motion of the painful vertebrae
will result in reduced pain, and decompression of
any pinched nerves. In order to accomplish this,
the treatment process involves the replacement of
a problematic intervertebral disk with an insertion
known as an interbody cage. If necessary, further
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securement of the implant may be done so using
metallic instrumentation in the form of rods and
screws which are affixed to the vertebrae. Pockets
in the interbody cage are filled with material used to
promote bone growth to ensure the vertebrae are
joined together [1].

Approaches to LIF surgery typically revolve
around a best-case scenario for both the patient and
surgeon; according to the general criterion of mini-
mally invasive surgery, reduced postoperative pain,
and quicker returns to everyday life [5]. Although
once thought to be best supported through anterior
lumbar interbody fusion (ALIF), Ozgur et al. [9] deter-
mined that their novel surgical application of extreme
lateral interbody fusion (XLIF) was the ideal solu-
tion. Compared to ALIF that provides spinal access
through the abdomen, XLIF approaches the spine
through the side of the body along the flank region
below the rib cage. This allows the interbody cage
to be delivered without manipulation of the spinal
cord or surrounding large vessels [1, 9]. Furthermore,
this method of surgery allows for the implantation
of an interbody cage with the largest footprint [10].
Thus, providing the greatest level of flexibility when
the inclusion of embedded hardware in the implant
is considered. Figure 1 demonstrates the potential
LIF surgery types and their relevant access points.
Typical LIF implants are constructed from titanium or

XLIF
LLIF

Figure 1: A. Cross-sectional view, B. Normal view. LIF surgery types and their relevant access

points [1]. LIF, lumbar interbody fusion.



INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS

polyether ether ketone (PEEK); however, in the con-
text of this project, the latter was chosen due to its
availability, cost, and electrically insulative properties
[11]. In particular, the conductive nature of titanium
was avoided as it may have the chance to interfere
with sensor measurements, wireless data transmis-
sion, and wireless power transfer (WPT) [12].

While there exist several complications that can
arise due to LIF surgery including subsidence [13],
screw loosening [14], and screw breakage [15]; this
project focuses on the development of an implanted
medical device (IMD) capable of monitoring for
pseudarthrosis. Pseudarthrosis refers to the incom-
plete bony fusion of the targeted vertebrae and typ-
ically manifests with pain lasting for months to years
after the initial operation [16]. Following LIF, rates of
pseudarthrosis range in the region of 5%-35%, with
success rates being much lower in those who have
undergone fusion spanning three or more levels, or
those who have poor bone quality [17]. Additional
underlying risk factors that affect the outcome of
bony fusion are cited to be lifestyle-related such as
alcoholism, smoking, and malnutrition [16] as well as
surgery-related such as interbody cage material [18]
and bone graft material [19]. Considering the multi-
tude of factors that may affect the outcome of LIF, it
is essential to have a method through which progress
can be monitored. Or else, surgery is required for a
second attempt at bony fusion [16].

Current monitoring techniques utilized by sur-
geons revolve around imaging methods such as
plain radiographs and fine-cut computed tomogra-
phy (CT) scans. However, in the case of plain radio-
graphs, the approach has been shown to follow no
clear standard and is deemed ineffective at detect-
ing pseudarthrosis [20]. Furthermore, CT scans have
been cited as returning high false-positive results
when assessing bony fusion [21]. Hence, an alter-
nate technique for patient monitoring post-LIF sur-
gery is necessary.

For fully functioning IMDs, there remain a few
criteria that must be achieved. These relate to the
implementation of a sensor, control circuit, and both a
power and communication protocol. If these elements
are not present, then the circuitry designed is not
suitable for IMD use [22]. Thus, the scope of this pro-
ject is related to exploring the methods through which
power delivery can be realized for use in an IMD to
be utilized for those who have undergone LIF. Further
research included the details of the techniques for
sensor data extraction. Additionally, all research that
are undertaken must consider industry standards

and biocompatibility, ensuring adverse effects are not
experienced [23-36].

Due to the deep-situated nature of the interbody
cage, wired in vivo monitoring is not feasible and the
project must use an IMD. Additionally, there remains
a lack of methodology surrounding the detection of
pseudarthrosis which further highlights the require-
ment for a monitoring system. Current literature typ-
ically revolves around IMDs surrounded by soft tis-
sue, except for neurostimulators that are shallowly
implanted. Hence, research are undertaken to deter-
mine the effects of both hard and soft tissue atten-
uation of power delivery to a deeply (up to 12 cm)
located IMD [38-46].

Il. Considerations of IMDS for
Wireless Power Delivery

a. Data transmission

Typically, backscattering is used for passive back-
ward data telemetry in inductive coupling links. This
technique does not require an active antenna, which
minimizes power consumption on the implant side.
The most widely used method of backscattering is
load shift keying (LSK), whereby the load connected
to the secondary side is modulated by shorting the
resonant tuning LC tank [80]. A major requirement for
this method is a high coupling threshold, as defined
by the mutual inductance between the two coils.
Furthermore, LSK represents a source of power loss
when the resonant capacitor is shorted [81]. When
shorting occurs, the connected DC rectifier is starved
of power and does not continue to provide power to
the attached DC load. As such, more complex cir-
cuitry is required in the form of a battery which can
maintain a required level of power to the load while
LSK is employed [49, 53, 56-61].

In cases, where LSK is not a viable means due
to the low coupling factor, active antennas are
required instead. Ultra-wideband (UWB) is a short-
range wireless communication protocol that has
shown to be the most promising when consider-
ing low power requirements and mm-sized com-
ponentry [80]. Two examples in literature utilized
UWB antennas and can transmit data at a 67 Mbps
rate across 1-10 cm with a 1.2 V power supply and
1.833 mA of current [82]. The second example was
able to achieve a 100 Mbps rate across 1-400 cm
with the help of an amplifying horn and required a
similar 1.2V power supply, but only 1.675 mA of
current [83].
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b. Biological tissue damage

In the scope of WPT and IMD use, tissue damage
can occur due to two main reasons. These are () in-
flammatory response [84] and (b) heat damage [85].
Inflammation is best described as the process by
which vascular tissue reacts to localized injury. In the
case of IMDs, the surgical procedure commences
a bodily response where mechanisms are activated
in an attempt to maintain homeostasis. In particular,
Anderson [84] notes that the acute and chronic in-
flasmmatory response alongside foreign body reac-
tion to the formation of granulation tissue all prevent
the healing of a wound and present an issue. Since
Anderson’s research in 1988, further research has
been conducted regarding the biocompatibility of
implant materials. Recent literature suggests that the
biological response can be reduced with the replace-
ment of hard materials with soft materials that match
the tissue stiffness at the site of implantation [62)].

In addition to an inflammatory response to IMD
insertion, WPT techniques impart energy onto tissue
resulting in heating. The measure of volume relat-
ing to heating caused by the impart of electromag-
netic energy is known as the specific absorption rate
(SAR) and must be considered [85]. Furthermore,
inefficiencies in implant circuit design can also result
in component heating, which is conductively trans-
ferred to surrounding tissue. It is essential to ensure
that tissue temperature does not rise by more than
a few degrees, as this is the point at which pro-
tein denaturation occurs [37, 85]. Davies et al. [86]
explored the heat effect of an implanted medical
heart and found that with a temperature increase
of 1.8°C, a fibrous capsule with increased capillary
density developed surrounding the implant over a
period of 7 weeks. However, these results were not
permanent and naturally resolved themselves over
time. Overall, the temperature raise did not result in
adverse effects when staying under the 2°C recom-
mended limit [63-79].

c. Implant biocompatibility

To ensure the durability of the sensor, it is necessary
to encase any open electronics in a material that will
prevent them from being damaged. This is especially
important in the case of IMDs, where human mobility
would result in constant shifting of the components.
Furthermore, IMD components, such as the range
of PZT piezoelectric materials, are toxic and require
encapsulation [87]. When considering the need for

component encasement, an equally important fac-
tor is the requirement for the encasing material to be
biocompatible; meaning that the surrounding tissue
will not experience any long-term adverse effects due
to the implant [88]. Additionally, strong adhesion be-
tween the target tissue and implant must be feasible,
as this remains a critical requirement for stable IMD
performance [87]. Special consideration must be tak-
en as instant adhesion is considerably more difficult
when wet surfaces such as body tissue are involved.
Laube et al. [89] determined that silicone alone
cannot create a hermetic seal around electronics.
Instead, components first needed to be coated in
parylene C which has negligible permeability, high
adhesion to silicon, and in vivo biocompatibility.
This is further supported by Zhuang et al. [90], who
concluded that silicon without an additional com-
pound was unstable in long-term IMD applications.
In their project, parylene C was used which resulted
in increased longevity of insulation in harsh, aque-
ous environments. The authors additionally tested
the use of polydimethylsiloxane (PDMS); however,
results remained inconclusive for this compound.
In comparison, Lee et al. [91] conducted intensive
testing between both parylene C and PDMS coated
implanted in vivo in rats for a period of 12 weeks
and determined that parylene C resulted in greater
biocompatibility, with a reduced immune response.
Despite this, PDMS also presented itself as a viable
option and it had excellent biocompatibility [92, 93].

lll. Performance Analysis of WPT

This section defines the method of approach and
measures of success, as well as the IMD power
requirements.

a. Approach

As this research focuses on the feasibility of WPT for
deep IMDs encased in bone and tissue, a finalized
product is not the goal of this project. Rather, the
methodology and results aim to explore if it is pos-
sible to transmit reasonable amounts of power over
long distances. High-level concepts relating to opti-
mization are not explored, and primarily off-the-shelf
components are utilized [101].

Testing is conducted to determine the effect of the
following measures of misalignment; being (a) verti-
cal, and (d) angular. A visual representation is pro-
vided in Figure 2, which demonstrates each form of
misalignment.
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Figure 2: Vertical, horizontal, planar, and angular misalignment [113].

b. Measures of success

The following items are measures of success, which
require unanimous satisfaction when considering the
feasibility of an inductive coupling power delivery sys-
tem for in vivo XLIF patients.

1. Coil dimensions must not increase implant dimen-
sions by >1 mm in each direction.

Coil temperature must not rise by >1.5°C while
being powered.

Coupling distances in XLIF patients vary, requiring
WPT to function across a 40-100 mm range.

At the maximum range (100 mm) a minimum of
1.8 V is necessary for the EFM8BB52.

At the maximum range (100 mm) a minimum of
1.9 mA is necessary if LSK can be employed, else
3.8 mA is required.

2.

c. IMD power requirements

c.i. Microcontroller

Representing an unoptimized solution, the current
hardware employed which features successive ap-
proximation ADC is the EFM8BB52 microcontroller
developed by Silicon Labs [94]. When operating at
an ambient temperature of 25°C with a 1.8 V supply
voltage (V, ), the Table 1 represents typical supply
current consumption. The decision to utilize an ex-
ternal voltage reference for ADC was done so as to
using V,,, as the reference voltage (V.- requires
a voltage divider that consumed 16 YA in comparison
to the 5 YA of I, . Additionally, there exists an inte-
grated temperature sensor with a supply current con-
sumption of 50 A (/4. However, in an effort to

save power, this hardware element can be disabled.

Table 1: EFM8BB52 microcontroller
component current requirements [94].

Parameter Symbol Typ Unit
Normal mode at 80 kHz [— 612 pA
using low-frequency

oscillator

ADC supply current at Line 250 pA
full speed with 12-bit

conversions

External voltage reference — 5 pA
input current

Current for VDD divider !oomen 16 pA

when VDD used as VREF

c.ii. Piezoresistive pressure sensor

The piezoresistive sensors used for pressure sens-
ing are the P122 High Silicon Pressure Sensor Die
developed by Amphenol Sensors [95] as shown in
Figure 3. When excited with a 1 mA input, the sen-
sor will produce an output that is proportional to the
pressure exerted upon the die. For full scale output,
a minimum voltage supply of 320 mV is required.
Although there exist seven P122 sensors on the pie-
zoresistive sensor array, it is not necessary to power
all components simultaneously.

c.iii. Data transmission

While not currently realized in this project, data
must be able to be transmitted wirelessly back to
the user for real-time analysis of the fusion process.
LSK is a means of backscatter that allows data to
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Figure 3: Piezoresistive sensor array.

be transmitted back to the primary coil by short-
ing the secondary capacitive tank. Analysis of this
technique allows for data transmission without
the use of extra components which would require
powering. If LSK is determined to be infeasible for
this project, active components will be necessary
for data transmission. UWB is the most promising
technology for this, and it has been shown that data
has been transferred using millimeter-size compo-
nents across centimeter distances. Two examples
in literature have transferred data across 10 cm, re-
quiring a 1.2 V power supply and 1.675 mA [83] or
1.833 mA [82]. As such, the summation of all con-
sidered elements is 1.867 mA if LSK can be utilized,
or 3.7 mA if active data transmission hardware is
necessary [110, 111].

IV. System Design and Results

a. Coil design

To demonstrate the ability of the off-shelf compo-
nents, two commercially available transmitting induc-
tive coupling modules were purchased. It is important
to note that this research focuses on the feasibility
of using WPT for deep-situated IMDs, and that the
components purchased are not representative of the
most optimized inductive coupling transmitting coil
designs.

v

Anterior Right

Lateral

Right | 20.00mm

a.i. Transmitting coil module

With the module developed by the same company,
the high power transmission circuit also makes use of
two ICs created by Taidecent—the XKT-801 and XKT-
1511, as shown in Figure 4.

a.ii. Receiver coil design

Arising from complexities in the geometry of the
screwed interbody cage design as shown in Figure 5,
it was not possible to wrap coils around the horizon-
tal beams of the implant. Rather, coils could only be
wrapped around one external vertical beam and in-
ternal vertical beam. Following the formula for self-in-
ductance Eq. (1), a reduction in turns results in drasti-
cally lower inductance. Ultimately, affecting the mutual
inductance between the transmitter and receiver Eq.
(2). Hence, this project focuses on the feasibility anal-
ysis for the standalone implant architecture before ex-
ploring coil architectures for the screwed variant.
Self-inductance:

2
L= N A ’”‘;”OA (1)

Mutual inductance:

M =kLL, (@)
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Figure 4: High power transmitting coil and circuitry.

Cavities for graft and bone
growth

Figure 5: Implant standalone version (left) and screwed version (right) [96].

Initial receiver coil designs were developed around
a prototype created that mirrored the architecture
of the commercially available PEEK interbody cage
Coroent XL developed by NuVasive [96]. As explained
earlier, for the purpose of feasibility analysis, prelimi-
nary receiver coil architectures were created around
the standalone design seen in Figure 5.

Using the dimensions of the interbody implant, a
CAD model was developed in Creo Parametric [97] to
assist with the hand-winding of coils. The design fea-
tured extrusions which guided the positioning of the
wire. Only minor changes were made in an attempt
to mirror the original implant dimensions as closely as
possible [112].

To create the coils, the coil winding helper was
fastened in place with a clamp and manually wound

using 0.4 mm copper enamel-coated wire. Wire of
this diameter was chosen due to three reasons:

Commercial availability.
Success measure 1—the width added to the
dimensions of implant due to the coil stay within
the constraints.

e Simplicity—a large wire diameter results in less
coils and easier manufacturing.

The three coil architectures can be seen in
Figure 6. The added complexity of V2 and V3 signifi-
cantly impacted the manufacturing time with the V3
coil requiring 60 min of winding time compared to
15 min for V1, and 45 min for V2. Unfortunately for
the experimental results, only the V3 coil resulted in

7
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reasonable levels of induced power. As such results
from the other two coils will not be mentioned.

While not ideal, dependent on the results con-
ducted in the vertical misalignment experiments, cop-
per enamel-coated wire with a diameter of 0.25 mm
also represents a suitable choice for coil material.
A wire of this dimension would allow for an almost
four-fold increase in coil turns if a multilayer design
was employed, resulting in a greater self-inductance
despite the increased coil length Eq. (1).

Consulting the American Wire Gage Conductor
Size table for copper, it can be observed that 22
gage wire (consisting of a 0.254 mm diameter), has
the maximum current carrying capabilities of 0.92 A.
Following the current requirements outlined in suc-
cess measure 5, this proves to be a suitable wire
choice if necessary.

b. Experimental results
b.i. Vertical misalignment analysis

Vertical misalignment refers to the vertical spacing
between the primary and secondary coils. When the
two coils are perfectly aligned with no misalignment,
the coupling factor and mutual inductance have the
highest efficiency [52]. From the point of origin, mag-
netic waves undergo attenuation when propagating

through any medium, with the magnetic permeabil-
ity of the medium influencing this factor [48, 51]. As
such, the effects of vertical misalignment must be
explored to understand the capabilities of the trans-
mitting coil.

Practical analysis for the vertical misalignment
experiments was conducted using the setup seen
in Figure 7. The transmitting coil was affixed to the
elevated wooden beam using a fishing line, and
the coupling distance between the receiver and
the transmitter was varied with a scissor jack. Due
to the metallic composition of the scissor jack, a
wooden spacer was placed between the receiver
coil and the scissor jack plate to ensure no interfer-
ence with the magnetic field. Vertical adjustments
were made by turning the knob attached to the
scissor jack.

As demonstrated in literature [52], inductive cou-
pling WPT is most efficient when resonant coupling
is employed. When the secondary coil loosely reso-
nates at the frequency of the wavelength, the cou-
pling factor increases in strength. This technique
requires integrating the optimal receiver LC circuit as
explored below.

Using the Rigol DS1054Z Oscilloscope [98], it
was seen that the working frequency of the high-
power transmitting coil was 141 kHz with an aver-
age time period of 7.09 ps. It is unknown how the

Figure 6: Coil V1, V2, and V3 designs using standalone implant geometry.
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Figure 7: Vertical misalignment testing setup.

working frequency is dictated, and a discussion with
the IC manufacturer, Taidacent, yielded no results.
The inductance of the coils was measured using a
Keysight U1731C handheld LCR meter [99]. The fol-
lowing formula can be used to determine the neces-
sary capacitor value for the LC circuit.

1 1

=2nf, =— f =—
29 7ly \/E 0 T,
A

Tar’l anriL )

In an attempt to offset the instantaneous forward
voltage drop introduced with rectifying diodes, test-
ing was conducted using Schottky IN5822 diodes
from Onsemi [100]. For instantaneous forward current
values of 50 mA and below at 25°C, each Schottky
diode exhibits only a 0.22 V forward voltage drop.
For minimum forward voltage drop, a half wave recti-
fier circuit was implemented using the IN5822 and a
large smoothing capacitor. The circuit can be seen in
Figure 8.

At varying heights, by varying loads, the volt-
age and current levels were tested with a half-wave

Schottky diode bridge rectifier. It was determined
that to meet success measure 4 and 5, a 463.8 Q
was ideal, as demonstrated in Figure 9. At 100 mm,
1.828 V and 3.941 mA were achieved. While the min-
imum voltage was achieved at later distances using
a smaller DC load, the induced current was not suffi-
cient for powering of an active antenna.

b.ii. Angular misalignment analysis

Inductive links have the tightest coupling factor when
the primary and secondary coils are parallel to one
another, with no angular, planar, or horizontal mis-
alignment present. Due to the vertebral alignment of
the spine, natural angle is introduced and results in
angular misalignment if the transmitting coil is held
parallel to the back region. Figure 10 demonstrates
the natural curve of the spine, along with spinal
deformities which XLIF aims to provide relief from [1].
Utilizing the same testing setup outlined before,
the effects of angular misalignment were explored
across the 40-120 mm range at 20 mm intervals as
shown in Figure 11. The primary coil was attached
to a dowel constructed from wood and was rotated
clockwise along specified angles the range of 0-90°,
with 90° being perpendicular to the receiving coil.

9
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Figure 8: Half-bridge receiver perfectly tuned for 0.4 mm standalone v3 coail.

L2 Induced CC Voltage with Half Wave Rectifier
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Figure 9: Receiver half-bridge distant dependent CC results through air.

The transmitting circuit uses the high-power transmit-
ting coil provided with 32V, and the receiving circuit
makes use of a Schottky diode half wave rectifier. The
DC load connected to the filtered rectified output was
463.8 Q.

Table 2 demonstrates the losses in PTE and
power delivery load (PDL) at varying misalignments
and distances in reference to the baseline 0° values,
whereby the two coils are perfectly aligned in a par-
allel manner.

Angular misalignment results in greater WPT dis-
ruption when comparing CC values. Thus, it would
be preferable for the patient, or doctor, to rotate the
transmitting coil to be parallel with the interbody
cage. In doing so, it is important to note that reducing
angular misalignment results in a greater level of verti-
cal misalignment [114-116, 120].

While there have been inductive coupling receiver
architectures designed which limit the effects of
angular misalignment [54, 55], these systems are not
suitable for the project as the designs necessitate
coils traveling along all three-dimensional planes. As

10

necessitated by success measure 1, increasing the
implant size with further coils is not a feasible solu-
tion. A reduction in wire size would facilitate a 3D
receiver coil architecture but would require timely
manufacturing methodology. Rather, it is suggested
that a more optimized transmitter coil and transmitter
circuit design is employed.

Considering the fact that the current unopti-
mized equipment meets the minimum threshold
defined by feasibility success measure 4 and 5,
angular misalignment is not an element that can be
present in the system. As suggested, when design-
ing the optimized primary coil, it is essential that
an ‘overhead’ is implemented, whereby the trans-
mitting coil is able to be rotated by a reasonable
degree while still providing the necessary power to
the IMD.

b.iii. Tissue attenuation analysis

As the scope of the project revolves around the crea-
tion of an in vivo biomedical implant, it is essential for
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Figure 10: X-ray of a natural spine [119], kyphosis [118], and lordosis [117].

L2 Induced CC Voltage at Varying Angles
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Figure 11: Receiver CC results at different distances and angles.

Table 2: PTE and PDL losses due to
angular misalignment.

Misalignment (°) Loss in PTE Loss in PDL

(%) (%)
0 0 0
15 24-34 24-34
30 56-59 56-59
60 74-81 74-81
90 95-97 95-97

PDL, power delivery load.

testing to be conducted through the medium of tissue
substitutes to determine whether the biomechanical
properties of the body affect the propagation of mag-
netic waves.

To simulate adipose and muscular tissue, chicken
breast was used. In addition, there were two synthetic
bone mediums developed by Sawbones [102] which
were created to mimic the mechanical properties of
human bone. The synthetic vertebrae consisted of
a 0.3 mm layer of cortical bone and a 5 mm layer of
cancellous bone. Cortical bone is the hard compact
type of bone found on the outer layer of long bones,
with a typical 0.3 mm shell seen on vertebrae in the
lumbar spine [103]. The width of cancellous bone

1



Analysis of wireless power delivery to implanted sensors: Mukhopadhyay et al.

was determined based on the average dimension
(29.7 mm) of the lumbar intervertebral disk [104].

Although substitutes for tendon were not inte-
grated into the phantom tissue design, the three
mediums chosen represented a tissue design from
which assumptions could be formed. Figure 12
demonstrates the tissue substitutes, forming a
120 mm vertical misalignment between the two coils.

Closed circuit tests were conducted three times
and averaged at distances of 40 mm, 80 mm, and
120 mm with varying loads as outlined in the closed
circuit results through air. A slight variance was
observed in the closed circuit voltage measurements
but can be attributed to a small shift in the transmis-
sion position when contact was made between the
coil and the silicone rubber. Overall, negligible differ-
ences were observed when comparing Figure 13 with
Figure 11.

It is seen that reducing the frequency at which
the secondary coil resonates will provide PDL gains;
however, at the expense of PTE [52]. As the perfectly

tuned circuit is only capable of providing 1.8V at
100 mm, it is not possible to reduce PTE. It is crucial
to note that increasing PTE should remain a major
focus on any further project developments as a lack
of efficiency indicates heat dissipation in coils, tissue
exposure to AC magnetic field, and interference with
nearby electronics [50, 51, 47]. Furthermore, it is not
recommended to reduce PTE in favor of increasing
PDL as the current capabilities at 100 mm are already
sufficient for the project following success measures
4 and 5.

For both the preliminary and secondary receiver
circuits, a 1000 pF capacitor was chosen for the
smoothing filter because a capacitor of this value
highly minimizes DC voltage ripple. It is to be noted
that the form factor of this capacitor is quite large,
and in the context of an IMD where miniaturization
is required, does not represent the optimal solution.
This project limitation must be explored to determine
the maximum allowable level of voltage ripple while
still meeting the measures of success.

Figure 12: Vertical misalignment testing setup using tissue substitutes.
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Figure 13: Receiver CC results at different distances through tissue.

Regarding AC to DC voltage rectification, we
must highlight the importance of developing a circuit
that features minimal voltage drop. When observing
the results from the experiments, using the IN5822
Schottky diode which featured a 0.22 V forward volt-
age drop, it is observed that the maximum powering
distance is 100 mm when considering the same fac-
tors for success. Further optimized methods of recti-
fication should be explored to optimize the PTE and
PDL across the DC load on the secondary caoil.

b.iv. Receiver coil temperature analysis

Temperature measurements were taken using a com-
mercially available, low cost, high accuracy TMP117
sensor developed by Texas Instruments [105].
Presenting itself as the ideal solution for this analysis,
the TMP117 provides 16-bit resolution with an accu-
racy of +0.1°C across the range of —20°C to 50°C with
no calibration. Electronics company Core Electronics
[106] integrated the sensor in a package that allows
for simple connectivity between the TMP117 sensor
and a Raspberry Pi using the 12C data transfer proto-
col programmed in Python version 3+ [107].

Direct contact was made between the TMP117
and the receiving 0.4 mm standalone V3 coil under
the following test conditions:

e High power transmitter operating at 32V and
0.07 A

40 mm vertical misalignment

0 mm horizontal misalignment

0° planar misalignment

0° angular misalignment

463.8 Q DC load

In these conditions, the receiver coil outputted
12.26 V and 26.43 mA resulting in a power output
32.41 mW. While it is unexpected that power will be
transmitted to the receiver for long periods of time,
the aforementioned testing conditions were main-
tained for a 15 min time period to demonstrate the
suitability and power carrying capabilities of the
0.4 mm solid copper wire.

Software application PuTTY [108] was used in
tandem with a Raspberry Pi Zero W [109] to allow
transmission of the 12C data back to the author’s
computer over Secure Shell Protocol. The equipment
setup is demonstrated in Figure 14.

The metallic elements in the TMP117 module as
well as the wiring did not create interference in the
magnetic field generated by the high-power transmit-
ter. This was observed through the Rigol DS1054Z
Oscilloscope [98], with no change in the CC voltage
regardless of the module’s presence.

As observed in Figure 15, a strong positive cor-
relation was seen which related wire temperature
to time and power. Temperature variance (AT) was
measured to be 0.242°C, starting at 21.367°C (T )
and ending at 21.609°C (T

max) '

AT = Tmax - 7—min (6)

The results observed from the experiment high-
light the power transmission capacity of the 0.4 mm
solid copper wire, with a AT of 0.242°C. This temper-
ature fluctuation is deemed negligible, as it remains
well under the 2°C threshold at which protein dena-
turation becomes a risk in the human body [37, 85].

It is to be noted that there are limitations involved
with this preliminary testing which do not account for
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Figure 14: Temperature sensor setup.
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Figure 15: Receiver coil temperature as a function of time.
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the coil starting temperature when encased within the
human body. It remains unexplored whether the
relationship between temperature, power, and time
behaves differently if the receiver coil’s starting
temperature is elevated. Despite this, test condi-
tions involving the delivery of excessive power over
an extended time period affirm the attainment of
success.

V. Conclusions

Inductive coupling as a form of WPT for deep-situated
IMDs encased in tissue and bone was shown to be
feasible, following the measures of success outlined
before. Three types of receiver coil architectures
were explored and designed around the geometry
of a PEEK XLIF Nuvasive Coroent XL interbody cage.
With the use of off-the-shelf components, function-
ality was only attainable for the V3 coil design with
featured 0.4 mm wire windings around horizontal
and verticals beam present on the implant. This de-
sign involved manually winding a 0.4 mm wire around
every horizontal and vertical beam present on the
interbody cage.

Optimized for a 141 kHz working frequency, at a
100 mm coupling distance with a 463.8 Q DC load
attached, it was shown that 1.83 V and 3.94 mA can
be induced. Therefore, resulting in a power output of
7.21 mW. Testing was conducted at increased verti-
cal misalignment for outlier patients who required a
larger coupling distance between the coils, but this
was not realized due to the lack of induced power.
Furthermore, vertical misalignment testing occurred
through cancellous bone, cortical bone, and adipose
tissue substitutes and found that no losses in PTE or
PDL were observed.

The effects of angular misalignment were tested
and determined that even at small angles such as 15°,
PTE and PDL are reduced by up to 34%. As such,
the transmitting coil must be kept perfectly aligned to
reach the required PDL and PTE. In addition, planar
and horizontal misalignment effects were observed.
However, these forms of misalignment are easier to
resolve and simply require rotating the primary coil or
translating the position of the primary coil when paral-
lel to the patient’s back.

At decreased coupling distances, biological safety
must be considered when regulating voltage for the
EFM8BB52 microcontroller. A temperature sensing
module using a highly sensitive TMP117 sensor was
explored in section 3.9 and can be utilized for testing
of this nature. One such example was the testing of
the receiver coil resistance to temperature increases.

It was observed that for a PDL of 26.43 mA, which
greatly exceeds the power requirement for the IMD,
the temperature of the receiving coil increased by a
negligible factor of 0.242°C over a period of 15 min.
Thus, highlighting the power-carrying capabilities of
the 0.4 mm solid copper wire.

In addition, LSK as a means of data telemetry
was attempted; however, due to a low coupling factor
between the primary and secondary coils, it was not
realized. As such, this necessitated the requirement
for an active means of data transmission. UWB was
researched and showed the most promising results,
with the power for these active antenna components
being the factor in the feasibility analysis.

It is recommended that a custom transmitting coil
is developed, alongside circuitry which will power
the system. In doing so, a great level of control will
be afforded to the system designer and can result in
gains in PTE and PDL through impedance matching
and working frequency optimization. Furthermore,
the inclusion of a steel core in the interbody cage
should be explored to increase the coupling factor.
Thus, potentially allowing LSK to be used as a form of
data transmission.

VI. Patents

A patent has been published as “A Surgical
Implant” by the International Application Number
W02022/232861 A1, dated November 10, 2022, by
the inventors, V. Ramakrishna, G. Prusty, A. Diwan
and S. C. Mukhopadhyay.
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