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Abstract

Heart function monitoring by attaching an accelerometer directly to the heart
ventricle has been established as an effective way of diagnosing ischemia. The method
holds a number of advantages over conventional monitoring techniques: high
specificity and accuracy surpassing that of electrocardiography, and the ability to
conduct non-stop monitoring unlike x-ray imaging. To this date, the drawback has been
that the accelerometer-based devices have been too large to be used in the post-

operative period, when the patient’s chest is closed. This period is of greatinterest.

The PhD project has focused on developing a heart monitoring device intended
to be used on patients recovering from a Coronary Artery Bypass Graft. The device is
intended to be used during surgery and for the subsequent recovery period (3-5 days).

The project has employed commercial 3-axis accelerometers.

This PhD project has contributed to four different generations of devices, each
one featuring incremental improvements. The first generation validated the concept,
the second outlined the form factor of the device, and the third added extra
functionality and revised the form of the implant. The fourth generation device also
featured a newer, more compact sensor, which in turn, allowed to further miniaturize
the device and evaluate different implant shapes. This evolutionary approach allowed
us to formulate testing methodology for the devices. The latest generation devices
underwent tests of: leakage current according to IEC60601 standard (current below
0.01 mA), including after cyclical loading of the capsule-cable joint, pull-out force
measurements, implant stability evaluation that yielded tilt of no more than 4 degrees.
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Paper Summary

Paper |

Paper | deals with the first prototype. The paper describes the fabrication,
characterization and brief animal tests. The system was able to perform its
function — monitoring from a closed chest condition. Due to system

limitations a conclusion is made that a revision of the design is necessary.
Paper |1

The third generation prototype uses the CMA-3000A sensor, same as two
previous generations, but uses capsules made by additive manufacturing.
This allowed the reduction of the overall size of the device. This

generation added the pacing functionality to the system.

Paper 111

Paper 111 goes in detail describing the second generation device — a device
that added the easy, one step implantation. The fabrication and testing of
the device, including animal trials, are described in this paper. The

characterization was far more in depth than in earlier papers.

Paper IV

Paper IV is about the latest generation device featuring a lessons learned
approach and using a prototype, extra compact accelerometer provided by
a partner company. The device in this paper is far more compact than even
the generation three device. Along with the same tests made on previous
devices, the paper includes the evaluation of rotation of the capsules

insidethe channel where the device is implanted.
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F. Tjulkins: Encapsulation of implantable microsensors

1 Introduction
1.1 Research context and motivation

The use of MEMS (Microelectromechanical system)esmometers for
monitoring cardiac activity has long been proposed number of forms.
Publications on the topic can be found as earl$283 [1]. In this project,
an accelerometer is used for monitoring patientewering from coronary
artery bypass grafting (CABG). Coronary artery Isggrafting is a type of
open chest surgery where arteries or veins fromwéisre in the patient's
body are grafted to the coronary arteries. Thisd@e to bypass
atherosclerotic narrowings and to improve the blosupply to the

myocardium (heart muscle). See Figure 1.

Figure 1 A typical coronary artery bypass set-up — single bypass.
Graft shown in white. Figure adopted from [2].
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Patients recovering from a CABG are at a risk afftgpcclusion leading to
cardiac ischemia. Ischemia is a condition when fircsent blood is
delivered to the organ. Ischemia may lead to cartiéarction. A study
published in 2004 reported 4% of grafts occludingniediately after the
chest is closed [3]. CABG is a “mass market” pragzedin 2006 in United
States alone 444000 CABGs were carried out [4]s,Ttagether with the
limitations of presently available heart monitoribgchniques, creates a

niche for a new monitoring system.

To formulate the requirements for the new systiéms, important to
realize just what are the shortcomings of existioges. ECG
(electrocardiography), is an ubiquotous heart nooimigy technique that is
common in hospitals world-wide. ECG systems arerdéble and well
established in clinical practice. However, the dete of ischemia by ECG
is problematic due to lack of specificity [5, 6]ndiography, a technique
where a contrast medium with high x-ray absorpi®nnjected into the
bloodstream, highlighting the vascular system inxaray image, is an
efficient way of diagnosing the condition of theaf§f{3]. This technique is
unsuitable for non-stop, 24-7 monitoring due to tieed to inject contrast
medium and ionising radiation exposure. The patientposure to radiation
must follow the ALARA (As Low As Reasonably Achebla) principle [7],
and subjecting a living person to non-stop radmtiwould be a clear
violation to this principle. A non-negligible prash with angiography is the
cost of equipment. Somewhat similar is the issu witrasound imaging
and characterization. High degree of accuracy tairgble with this
technique [6, 8], but the limitation is the inatylito conduct non-stop
monitoring. This technique requires an operatowtok with the patient,
and it would not be reasonable to have a team efabprs just for one
patient, especialy given the large number of CARp@&dgormed world-wide.
Other techniques exist, but these are the most @lynused. A system
capable of rapid, accurate and specific ischemiectien was demonstrated
previously [9]. The system consisted of two, twasaxccelerometers in an
arrangement that permitted to monitor all 3 tramshal axis. The

accelerometers were attached directly to the haaface by sutures. A

2
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revised design with one 3-axis accelerometer wasesjuently presented
[10]. The system was successful with one exceptidhe large size of the
accelerometers available at that time made thecdamipossible to remove
from a closed chest without surgery, making theabeundesirable for post-
operative monitoring. At one stage, a custom 3-adselerometer was
fabricated with the goal of miniaturization, moviolgser to the limit when
the system would be small enough to facilitate aotion from the patient
without having to re-operate. The manufacturingcostom MEMS is a
costly and time consuming buisness and it becasa that a commercial,
off-the-shelf device is necessary for this projectadvance. Summary of
technique advantages and shortcomings for post CABGhitoring is

presented in Figure 2.

Affordability Affordability

/]

Accuracy and
ah specificity

Accuracyand Sustained
h specificity monitoring

Sustained
monitoring

Rapid detection Rapid detection

Affordability Affordability
Sustained Accuracyand Sustained /\ Accuracy and
itori ifici monitorin ; ifici
monitoring ) ‘ah specificity g \NC%OW figh specificity
Rapid detection Rapid detection
ECG —— X-ray —— Ultrasound Accelerometry

Figure 2 Diagram indicating desirable chatacteristics of existing
systems: ECG (gold line), x-ray imaging (blue line), ultrasound
(purple line) and the system under development in this project (green
line).

The goal of this project is to develop a monitordeyice to be used during

the in-hospital stay period (4-7 days) of patieatslergoing post CABG

recovery. The sensing principle will be motion segsby means of an
3
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accelerometer, the same as in [9, 11]. The accaktrey would have to be a
commercial one as developing a new sensor is tsthycand takes too long.
The sensors placement on the heart must be suah,rémoval of the
accelerometer would not need a surgical procedure.focus of this work

is the encapsulation and integration of the device.

1.2 Structure of the thesis

The thesis is separated into four sections. Sedtimthe introduction
where the relevance and motivation of the workeisctibed. Section 2 deals
with the background, describing the technology usedabricating the
device and a review of existing technologies thdluenced the device
under development. Section 3 deals with the workeda this project. Four
generations of devices are described; the emphasis is placed on aspects not
detailed in the papers. Section 4 contains cormhssipotential future work

and “cautionary tales” — things that did not gditim the project.
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2 Background
2.1 Accelerometer technology

By definition, an accelerometer is an electromeatsmlevice used to
measure acceleration forces. Acceleration forcefddoe static like the pull

of gravity or dynamic — caused by movement or lyations.

MEMS accelerometers are one of the simplest andaperthe most
easily applicable MEMS devices. Such devices amelyiused in many
industries: automotive, gaming, telecommunicatiats, The first MEMS
accelerometers appeared in 1979 at Stanford Uitiydnst it took well into
the 1990s for these devices to become accepteldebmainstream industry
[12]. MEMS accelerometers were first used in théomnotive industry,
where they replaced the ball-in-tube sensors usesrbags. The demand
for sensors from the automotive industry triggedesgelopment of MEMS
sensors, and at the turn of the century MEMS sens@ade their way into
domestic electronics. They are now found in jusiudtevery laptop HDD,

smartphone or gaming console controller.

MEMS accelerometers, in priciple, consist of twangmnents: the
sensing die, and the ASIC (Application Specificefyrated Circuit). The
sensing die is the micromechanical system whergebenetry is tailored to
respond to acceleration. This can be a beam ornggyates. The sensing
can be based on a number of physical principledist@ome of the more
common ones: piezoelectric, piezoresistive and @apa. A piezoelectric
accelerometer takes advantage of the direct pieeo effect: material
strain produces a charge (contrary to the inveiseopffect, where the
crystals deforms when subjected to an electricgd)athe charge can then
be converted into acceleration. The physical orgdithe piezoelectric effect
is the charge asymmetry within the crystal striet[k3]. Piezoresistive
accelerometers are similair, but the strain prosluee change in the
resistivity of the sensing element, rather tharharge. Capacitive sensors
are different, a capacitive accelerometer relieshenchange in capacitance
of the device induced by the change in the elefigld propagation media.

5
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In its simplest form the device is a set of fixddcgodes and a set of
moving electrodes or two sets of fixed electrodéh & dielectric material
in between them. The relative position of the etetds, or of the body that
is between the two electrodes, leads to a changapacitance that can be
recorded and translated into acceleration. Of @&urseither charge,
resistivity or capacitance are measured directlye ASICs of MEMS
accelerometers vary in complexity, a good exampleghe Wheatstone
bridge (Figure 3) set-up —a common way of meagutie signal from the
sensing die in piezoresistive accelerometers. i gbt-up the sensing die
acts as a resistor in the bridge, and accelerdahah causes the bridge to
become unbalanced which is easy to interpret asrielal signals.

Figure 3 A typical Wheatstone bridge configuration.

Of course, MEMS accelerometers are more than jdst and an ASIC. The
sensor needs an electrical interconnect systenmeacapsulation to protect
the sensor from the environment. The process afigatke chip off a wafer
and turning it into a working device is called “mosystem packaging”.
This is a potential bottleneck in miniaturizatiamdecan be a costly process,
reaching up to 95% of the end systems cost [14¢rd8 s no standard, one-
size-fits-all packaging solution that can be useshyvhere. A common lay-
6
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out of a modern accelerometer is a MEMS-on-chipgtkesvhen the sensing
die is placed on top of the ASIC. Typically a gofdsolder balls (referred to
as BGA, Ball Grid Array) is placed on the bottomtloé ASIC. An example

of such device is shown in Figure 4.

Figure 4 CMA3000-A01 3-axis accelerometer. Left side shows the
top of the sensor, right side the bottom where the ASIC and the BGA
are visible. Adopted from [15]
In this project an attempt is made to leverage ititestry’s drive for
miniaturization and develop an encapsulation forearsting device by

providing additional, mission specific encapsulatio

2.2 The human heart

The human heart is a vital organ that is respoadin supplying the body
with blood. The heart is located inside the chasity. It is contained inside
the pericardium — a protective sac that also coataibricating fluid. The

heart consists of four chambers: right atrium, triggmtricle, left atrium and
left ventricle. The blood arrives into the heaunfr the body to the right
atrium. From the right atrium it comes into thehtigyentricle and is then
pumped into the pulmonary artery to the lungs.dasthe lungs blood
exchanges carbon dioxide for oxygen by means ofusidn. This

oxygenated blood comes into the left atrium andnfithere into the left
ventricle. The left ventricle ejects the blood itive rest of the body through
the aorta. The left ventricle is the larger onethva significantly thicker

wall: up to 15mm [16], whereas right ventricle willickness is about 5mm
[17]. The actual heart walls consist of three layepicardium, myocardium

and endocardium. The epicardium is the outer layer; it consists of mostly

7
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connective tissue. Below the myocardium is the muscle that creates the
contractions. The inner most layer is the endocardium, it has a function in
the development of the heart [18]. A schematic drawing of the human heart

is shown in Figure 5.

Superior
Vena Cava

Pulmonary
Artery

Pulmonary
Vein

Right
At:?um .............. Mitral

Pulmonary

Tricuspid ="
Valve

Inferior Vena Cava

Figure 5 A schematic illustration of the human heart. Adopted from
[19]

2.3 Ischemia detection: state of the art

The monitoring of the condition of patients recovering from CABG is
a large research field and there is several techniques capable of detecting
myocardial ischemia. The techniques varies and can conduct the monitoring
under different conditions and with different accuracy. The device under
development in this thesis is designed to provide accurate, specific
monitoring with rapid detection and ability to provide continuous
monitoring in the intraoperative and postoperative phases. The techniques in

this overview will be compared to these requirements.

2.3.1 “Gold standard” for myocardial ischemia detection

Transesophageal Echocardiography and angiography are two
techniques referred to as “gold standard”. These techniques have proven
ability to detect ischemia; however, certain drawbacks are shared by both of

the techniques.

8
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Transesophageal Echocardiography is a techniquerewhan
ultrasound probe is inserted into the patient'®dhrand positioned inside
the oesophagus (the passage from the throat in® dgtomach)
corresponding to a position behind the heart. Hohirtique is commonly
used [20]. The disadvantage is that it is an unootaible technique for the

patient and cannot be used for long term continuoaisitoring.

Angiography is a technique where a contrast medsumjected into
the patient’s bloodstream and an x-ray machineséxiuio map the vascular
system through which that contrast medium is cogrsiThis is a highly
accurate way of evaluating the condition of theftgfd1]. The injection of
contrast media and exposure to ionising radiatioakenthis method

unusable for long term, persistent monitoring.

2.3.2 Electrophysiological methods for ischemia diagnosti

ECG remains a commonly used technique for diagigosichemia.
A twelve lead set-up is typically used. ECG perfechon a patient that is at
rest is called “resting ECG”. This is the type affdiogram that would be
used to monitor a patient in the post-operativeiogerResting ECG is
criticised for low sensitivity (low probability afletection) to ischemia [22,
23]. ECG may be taken on a patient that is sulgeicteexercise, forcing the
patient’s heart to work harder to supply the bodthwlood. Exercise ECG
uses 15 to 18 channel set-up [22]. It is knownhewe improved
identification (high probability of detection) ofemtricular ischemia [24].
The obvious limitation is that not all patients camercise. A study
investigating the prognostic significance of exsecitesting on 6,296
patients showed that the exercise ECG examinataldonly be applied to
62,5% of patients [25].

Enhanced ECG techniques exist, examples includetri¢ular Late
Potentials (VLP), Body Surface Potential Mapping SEB/) and
Cardiogoniometry (CGM).

VLP is a techniqgue where the PQRST complex of BE&G is
recorded and averaged. On the averaged PQRST cqgnmpierovolt level

9
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spikes at the end of the QRS indicate ventricaanycardia. This technique
primarily focuses on detection of patients at hrggk of sudden cardiac
death after myocardial infarction [22]. The techuggs useful for detecting
the aftermath of an infarction but not early iscieerand is criticised for

having a large number of false positives [26].

BSPM is essentially a form of ECG where the nundfezlectrodes
can be from 64 to 120. The electrodes are laicbauhe patient’'s chest, and
on top of recording the standard PQRST complex pbientials can be
mapped and matched with the ECG recordings. BSPHuffes different
approaches for registering different cardiac cood# from diagnosing old
myocardial infarctions to recognizing ventriculayplertrophy [22]. BSPM
ability to diagnose ischemia has also been demetesirin literature [27].
The criticism of BSPM is the complexity and the chder specially trained
personnel [22].

CGM (Cardiogoniometry) is a spatiotemporal elezérdiographic
method utilizing computer-assisted three-dimendiodata on cardiac
potentials. CGM uses 4 electrodes to register theafied vector loop. The
vector loop describes the polarization of the hdaring every cycle. This
can be used to diagnose various heart conditiofe fchnique is
promising, but has not yet been proven in largdistu[22].

2.3.3 Heart sound monitoring for ischemia detection

Listening to the heart sounds is perhaps the bldayg of studying
the condition of the human heart. It has been &stedal that a healthy adult
human heart produces sounds called S1 (Sound 1I32n81 is the sound of
atrioventricular valves closure and the beginninfy tbe ventricular
contraction; S2 is the closing of the semilunar valve and the beginning of
the diastole [28]. Additional sounds, S3 and S4n t® indicative of
pathology [28]. The S3 and S4 sounds have beeblisstad to correlate
well with ischemia and ventricular systolic dysftion [29-31]. The
hardware used in this type of monitoring is a sistiope with electronics to

record and store the sound.
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The state of the art for these devices comes nthteirhardware, but
in the software. The weakness of the method is @nmalbient noise will
interfere with the recording of heart sounds. Terceme the noise, various
signal processing methods have been suggested litetature [32-35]. The
paper from Tseng et al. [35] reports promising itssover 90% accuracy in
S3 and S4 detection. S3 and S4 sounds in ischeahengs appear as fast as
the changes in ECG [36].

The monitoring of heart sounds to diagnose myoahnafarction is
a promising technology — it is non-invasive anddobgn a very well-known
phenomena. The technology does have certain lionigt First and
foremost, the heart sound recordings used in thdies are taken from
databases (cardiac auscultatory recording datalmiselohn Hopkins
University in [35] and “gdheart” database for [34The recordings in these
databases are controlled for noise they are raogsdaken by physicians in
clinical practice. A patient recovering from CABGIMbe released from
intensive care after a few days, and spend theofetfte hospital stay in a
general ward. The patient will be aware expectimg patient to maintain
quiet (as quiet as a patient would in during a pgs’'s stethoscope
examination) for all this time is an unrealistigextation. Continuous, non-
stop monitoring of heart sounds has not been detraded in literature. The
second limitation is that S3 sounds can also b&dom healthy people

under 40 years of age [28]. This compromises tblenigue’s specificity.

In closing, monitoring heart sounds is a promisimgy of post-
operative ischemia diagnostic and could be usedugment ECG and

accelerometer based techniques.

2.34 Graft patency monitoring by means of
ultrasound

Graft occlusion is a risk for patients recoveriingm CABG. An
occluded graft is blocked and cannot supply the@dlthat is necessary for
the muscle to survive. Therefore, monitoring tlevfinside the graft would

provide a picture of how well the graft is perfonmi
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In clinical practice, ultrasound technology callEidhe Transit Flow
Measurement (TTFM) is typically used to evaluat ginaft patency [37]. A
TTFEM system usually consists of two ultrasound $carcers that are placed
on the vessel where the flow is to be measured. {flwesducers are
positioned at a predetermined distance and angje.trensducer exchange
pulses, the pulse traveling up stream will arrated than the pulse traveling
downstream. From this difference the flow veloaiign be calculated. A

schematic representation of TTFM is shown in Fidure

Transducer 1 Transducer 2

B &
Fluid Nl _ ] ..
N T

Ultrasonic path

Figure 6 A schematic representation of transit time flow measurement
technique
An example of a biomedical TTFM probe used foreassg graft
patency is the Medistim VeriQ (Medistim, Norway).h&l CAD
representation of VeriQ placement and a pictureghef device in use are
shown in Figure 7. The system’s ability to predmttcomes in CABG
procedures have been reported in [38].

Figure 7 Left: the placement of the VeriQ probe for succesful
measurement. Right: use of VeriQ in actual surgery. Adopted from
Medistim promotional materials [39, 40].
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The technology has limitations. The promotionaterials [40] point
out that placement must be strictly as shown iufed, if the graft is bent
the flow velocity profile is asymmetric and resuttannot be interpreted.
The size of the device is quite large as well, nreathat it would take a
significant effort to redesign the device to beiraplantable post-operative

monitoring aid.

2.3.5 Magnetocardiography

As the human heart beats its electrical actividpces both electric
potential and magnetic fields. The measurementeatric potentials of the
heart is known as ECG, the measurement of maghetis is referred to as
Magnetocardiography (MCG).

The fact that the human body produces magnetidsfiwas known
for a very long time, but it took into the 1960s t®cord a
magnetocardiogram [41]. The magnetic fields produmg the human body
are faint and hard to detect: 0T — 10" T compared to earth’s magnetic
field of 10°T [42]. The detection of said fields was made palssby a
group of devices called Superconducting Quanturerfietence Device,
often abbreviated as SQUID. Early SQUIDs requiredliag down to 4°K
(-269°C) and a shielded room to operate in [42]thia 1990s the cost of
such magnetometers was around $2 million [42]. Tddvances in
magnetometers as a field of study eventually edalenitoring and
detection of ischemia in an unshielded room [43}je Tdetection of the
changes in the magnetic field of the heart caugeddhemia is both rapid
and accurate [43, 44]. The cooling required foraygtems of the generation
used in [43, 44] made the systems rather large. [Bbither advances in
magnetometers have made it possible to conduct hearitoring at room
temperature. In the new systems, SQUIDs are reglaii a device called
Spin-Exchange Free Relaxation (SERF) magnetomet&ERF
magnetometers are already hailed as a new eragnetametry [46]. The
key component of an atomic magnetometer is a glasthat contains a
vapour of alkali atoms. A laser is used to spinapgeé the atoms via the

process of optical pumping. A magnetic field pegieunlar to the pump
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beam rotates the spins by a small angle propottionide field magnitude.
The rotation angle can be detected and translateml magnetic field
magnitude. Researchers have already demonstrate®F Sbhased
magnetocardiometers that were able to successfullp the magnetic
activity of the heart [47, 48].

Magnetography appears to be an accurate, rapidjnvasive and
safe method of diagnosing heart conditions, inclgdschemia. Still, even
the latest devices that require neither coolingaashielded room are fairly
large [47] and have to be positioned directly owee patient’s chest. For
persistent monitoring for the entire duration of BXA recovery period a
way of conducting the monitoring regardless of gras position must be
developed. This would either require a small magmeter placed on the
chest of the patient or one that could map the themgnetic fields
regardless of the patient’s position, whether thatealistic remains to be

seen.

2.3.6 Conclusion on the state of the art

A large number of fundamentaly different heart nbanng techniques
exist and are constantly under improvement. Somneftechniques have
the potential to become new industry standard,dbeitnot at the required
state of maturity yet. Each of the different tecjugis evaluated in this
overview do not alone fulfill all the parametersittithe system presented in
the thesis is set to acheive: accurate, speciticcantinuous monitoring of a
patient recovering from a CABG procedure.

2.4 Accelerometers for heart monitoring

Using an accelerometer to monitor the heart in ssonmeof way is not new.
Plenty of scientifically sound attempts have beauento apply acceleration
measurements to monitoring the cardiac cycle. Bffetypes of techniques

are good for different diagnostic purposes. Itaswenient to look at these
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technologies by separating them into two groupsplamtable and non-

implantable.

2.4.1 Non-implantable accelerometers for heart monitoring

Two key technologies can be  distinguished here:
ballistocardiography and seismocardiography.

Ballistocardiography is a technique, hailing fraantime before
MEMS [49]. In this technique a patient is lying arbed that is suspended
by springs. If the patient is lying motionless, ke recoil of heartbeat and
blood being ejected from the heart will cause tbe to oscillate. Measuring
the acceleration of these oscillations can be tsekktermine physiological
parameters such as the stroke volume [50]. Thelshekvof this technique

is the special bed or scale used to suspend tlenpat

A more relevant  technique is seismocardiography.
Seismocardiography is the measurement of chestawedlleration produced
by myocardial movement. This is, in a way, simitatistening to heart beat,
but instead of using a stethoscope an accelerornse@aced on the chest.
The abundance of modern day hardware that can é&& tasrecord the
acceleration and the relative simplicity of theqadure make the technique
attractive. Such systems can be assembled forthefshelf hardware [51],
or use a smartphone to achieve the same result T5# future of these
systems is for seismocardiography devices to kegiated into fabrics of

clothes allowing for monitoring of ambulatory patig [53].

2.4.2 Implantable accelerometers for heart monitoring

The use of accelerometers in pacing leads has fireposed a long
time ago [54]. The parameter of interest to thelicdmgists is the so-called
Peak Endocardial Acceleration or PEA. The theotyiriz this approach is
that the contractile state of the heart can betifiesh by the maximum
velocity of the contraction. Measuring the endocrdibration in the right
ventricle during the isovolumetric contraction phasakes it possible to
assess a parameter of heart contractility: theobysisovolumetric peak

acceleration or PEA [55]The PEA is recorded by means of a single axis
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accelerometer attached to the tip of a pacemaker[&6]. Note that even if
the sensor is implanted into the right ventriclee tPEA amplitude is
determined by the contraction strength in the Vefttricle, where systolic
myocardial vibrations are generated. Even moreastagly, the sensor can
detect an additional signal, designated PEA II [37EA 1l is recorded

during the isovolumetric relaxation and correspotmishe second heart
sound. Experimental studies indicate that PEAsIthe rate of pressure
gradient rise across the aortic valve at the timheclosure. Its role in

measuring diastolic function has not been confirryetd

Leads with an in-built accelerometer sensor to noorhe vibrations
corresponding to the first heart sound are a comialgoroduct. An Italian
company called Sorin Group offers the SonRtipTMnHrara-atrial pacing
lead with a cleverly designed transducer that endsonitoring the patient’s
heart condition. The sensor has proven to be aulugebl in Cardiac
Resynchronization Therapy (CRT). In a recent st{BB], a multicentre
single blind study with two groups of patients veasluated. In one group
CRT was administered based on PEA based readindsna control group
the treatment was administered based on the ceniseml practices
(echocardiography etc.). After one year of treatim&e% of the group
treated with the aid of PEA was classified as impdy while in the control

group 62% of the patients were classified as imgdov

The other example of an implantable accelerometer Heart
monitoring, is the technology that this projectbised on — attaching an
accelerometer to the left ventricle and processing acceleration to
approximate velocity and displacement [9-11]. Thstinkction from the
other technology is the comparatively large ranigaation characteristic to
ventricle motion as opposed to the vibrations réedrby the SonRtip. The
limitation of the sensor presented in [10] is thdtile it's placement —
suturing of the device to the ventricle — is anyeasy to couple motion
sensor to the heartbeat, it does not feature aryyokaemoving it from a
closed to chest. This forces the surgeon to eifivait the sensors
deployment to operative monitoring, removing theice before the chest is

closed, or leave it inside and re-operate to rentbeesensor. The latter
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option is very undesirable. Those limitations weictated by the size of the
sensors available at that point in time. The enmageof more compact
sensors that could potentially be packaged in a iy would allow

surgery-free extraction was the starting pointtifiis project.

2.5 Cardiac implant placement and fixation

An overview of existing ways of placement and figatfor cardiac
implants is necessary to formulate a placementisoltor the device in this
project. The requirements for the device under dgweent are: placed in or
on the left ventricle (this is where the graft axdted), usable in a closed
chest setting, can be removed with-out the needaflditional surgery.

Certain existing devices provide a good refereresagh.

2.5.1 Endocardial placement devices

A widespread type of endocardial implant, an implkaat is placed
inside the heart ventricle or atrium, is the peremmpacemaker pacing lead.
As the name implies this type of pacing lead isadle for long-term
implantation. Their implantation procedure can laeried out through a
vein, which is minimally invasive, requires onlyghort recovery period and
only local anaesthesia. Two types can be distimguis passive and active
fixation. Passive fixation works like an anchog fins getting caught on the
surface irregularities of the endocardium [59]. ietfixation works like a
corkscrew, burrowing into the heart muscle to aahiéxation [59]. An

illustration of both of these devices is shown iguFe 8.
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A) B) Active fixation screw

Passive fixation tines

Figure 8 A) Passive fixation lead. B) Active fixation leads

The drawbacks of these devices include the sinfigtt that not every
patient actually needs a dedicated, permanent gpdead. CABG recipients
do not need require permanent pacing, so this pgwwee would be
excessive. The other significant drawback is themaations with lead
extraction. Extraction of leads can be a dangerpuscedure with
complications going as far as death [60]. Thevactixation could be an
interesting solution for the device under developtrie this project, but it

would complicate the design.

2.5.2 Epicardial placement devices

Epicardial placement devices are the simplest®ftioup. These are
the devices that are placed on top of the ventrigamally these devices
use sutures as means of fixation. The accelerorbat®d heart monitoring
device that was created before this project [19]a igood example of an
epicardial placement. Other examples include aertgpes of permanent
pacing leads: patients with certain complicatiares, artificial heart valves,
cannot receive transvenous placement and so theagle is sutured on to
the heart directly. These devices are uninteredbinghis project because
they are only meant for extraction in an open cketting. One device, the
M22 atrial pacing lead (AE Medical, USA) presentsirteresting solution.
The pacing lead has a loop that is put under aesutthen the lead needs to
be extracted, it is pull out and the loop will caiegses through the suture.

This allows for both long term fixation and extiact without surgery
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(sometimes called percutaneous removal). A scherllaistration is shown

in Figure 9.

Flexible ring

Pull-out
Suture direction

Figure 9 A schematic illustration of the M22 pacing lead placement
and extraction. Adopted from [61].
This solution is the type of functionality desilalfor the device in
this project. However, fixing the sensor in justeopoint might be not

enough to make the accelerometer follow the vdetriwotion precisely.

2.5.3 Sub-epicardial placement devices

There is a class of devices that follow the desiopérational
protocol: implanted during the open chest surgezpt inside the patient for
the recovery period (closed chest) and removed utyng out through a
channel in a closed chest. This family of devicescalled ,temporary
myocardial pacing leads”, also known as ,heartwir&me sources refer
to this as epicardial pacing [62], for the classifion in this work it will be
referred to as sub-epicardial due to the fact thatactive part is placed
below the external heart layer. Heartwires areqaagithin the myocardium
by making a “stitch” on the outer layer of the heaall. The tissue pressing
on the wire in the stitch keeps he wire fixed.slrémoved by pulling out.
The leads are implanted in a way so as the puloattion is aligned with
myocardial fibre orientation [63], minimizing thehance of tearing.
Schematic illustration in Figure 10.
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Heartwire

Figure 10 A schematic illustration of a heartwire placement.

This is the placement type selected for thea#gevi he procedure is
widely used in coronary patients, and integratiftg tsystem under
development into clinical practice should be anyemasd natural task. The
fact that tissue pressure is what keeps the dewmigdace is an advantage
over having 1 point of fixation as in the M22 parilead described in the

previous section.

2.6 Biocompatible materials

When discussing biocompatible materials it is intgotr to clearly
define “biocompatible”. Two somewhat different dhgfions of a
“biomaterial” exist. Black, in the introduction @Biological Performance of
Materials: Fundamentals of Biocompatibility” statbat: ‘Biomaterials are
materials of man-made or natural origin that areedgo direct, supplement,
or replace the functions of living tissues. Wheasth materials evoke a
minimal biological response, they have come toebméd “biocompatible”.
As it is typically used, the term biocompatibléensppropriate and defective
of content. Compatibility is strictly the quality barmonious interaction.
Thus, the label biocompatible suggests that theeri@dtdescribed displays
universally “good” or harmonious behavior in contawith tissue and body
fluids. It is an absolute term without any refefei®d]. The author goes on
to state that the compatibility is a task-speqifzameter and, due to vastly
different physical parameters, no material willuméversally biocompatible.
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While there is no arguing against that, in thisgrap is assumed that it is
safe to use the term “biocompatible” or “biomatBrias long as the
application for that material is kept in mind, ahere is no reason to over
define materials. By contrast, Davis in the “Hanolbmf Materials for
Medical Devices” gives a succinct definition of adorbaterial: ‘A
BIOMATERIAL is asynthetic material that is used to replace or restore
function to a body tissue and is continuously denmittently in contact
with the body fluids[65]. The objection is that not all materials there
used in this field are synthetic, at the very ldastlegradable materials are
often natural in origin, silk being a prime exampb&]. In this thesis bio
inert materials with track records of successfuplemt applications will be

used.

2.6.1 Types of biomaterials

Biomaterials are represented by a broad range aérmahtypes:
metals, polymers, composites and ceramics. Althdwagkiested tissues can
be put into this category, they were never considiéor this project, and so
will not be discussed. The other classificationbis the specific way of
interaction with the host (other than just ,harnous®).

2.6.1.1 Classification by interaction type
These three interaction types can be singled out:

Bioinert biomaterials. The type of material to hawainimal
interaction with the implant recipient’s body. léttor no host response.

Generally a fibrous tissue capsule will form arotimel implant.

Bioactive biomaterials. The type of materials tteract and cause a

certain desired effect i.e. cell adhesion.

Bioresorbable biomaterials. Materials engineeredlissolve when

placed inside a human body.

Of the three types listed, bioinert materials seenbe the most

attractive, given the temporary nature of the dewimder development.
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Black also gives an updated classification of bitamnals based on the
concept of host response, in this approach 4 tgpestages are identified:
inert, interactive, viable and replant [64]. Thesfiithree are analogous to the
classification listed previously, the fourth onel$ewith samples cultured in
vitro from the cells of the patient. This type isybnd the scope of the

project.

2.6.2 Classification by material group

As mentioned previously there is a broad rangei@hhbterials from

all forms of material groups.

Metallic materials are amongst the most importaomiaterials, and
have been used in implantable systems for manysyd&éetal applications
are too many to list: all sorts of artificial jogatdental implants, pacemaker
casings and leads as well as many others. The tmiaeipal metallic
materials are: stainless steels, titanium and slimyd cobalt-base alloys.
Shape memory alloys, zirconium alloys, tantalum pretious metals are

also viable options [65].

Of stainless steels, the 316L (18Cr-14Ni-2.5Mo)inkémss steel,
which is a vacuum-melted low carbon version ofukeal 316 composition,
is the one most widely used [65]. Vacuum meltingrnaves cleanliness, and
the chemical make-up is designed for maximal gtworrosion resistance
and for a ferrite-free microstructure. Type 316h t& welded. Welding and

soldering can be used to joint wires [65].

Polymeric materials are, perhaps, the most veesaifl all the
biomaterials. To date they have been used in sgstémt address
neurological, cardiovascular, ophthalmic and retroetive surgery related

problems. They come in form of bulk materials, aiNws or coatings.

The most telling distinction of polymers from othmeaterials is their
molecular structure. Polymer materials consistoofyl moleculeschains of
atoms held together by covalent bonds, with caranmally being in high
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proportion. The chains can be linear or branchechemically cross-linked.

Polymer materials are commonly classified into éhgeoups:

* Thermoplastics: These enter the liquid state al@weertain
temperature, and then solidify again upon cooling; hence they
can be recycled. Thermoplastics can be (semi)dliystaor
amorphous.

 Thermosets: These are chemically cross-linked. They
degrade into "short molecules" above a certain &atpre.

» Elastomers (also referred to as rubber). These lwan
thermoplastic (thermoplastic elastomers (TPE)hermosets
(rubber).

Ceramics, glasses and glass-ceramics have hadfaruséong time
in the medical industry, though a lot of it was davices that were not
implantable. Two areas where ceramics are usednplants are dental
prosthetics and bone reconstructive implants — shefaces of these
materials bond well with bones [65]. Ceramics afficdlt to machine and
process because they are hard and brittle, andrisigttemperatures for
ceramics are also typically high [67]. Due to thcgramics were not

considered in this PhD project.

2.7 Sterilization techniques

For an implantable device, sterilization is mandatd68].
Sterilization is defined as complete lack of miegamisms on the object
undergoing sterilization. Due to high survivabilaf viruses and spores, the
sterilization methods can often be harsh and piadgnthis can damage the

Sensor.

2.7.1 Autoclaving

Autoclaving is the practice of sterilization by @sgpre to high
temperature steam. Exposure of microorganismsttwagad steam achieves
their destruction by the irreversible denaturatidrenzymes and structural

proteins [69]. The time and temperature can vasyally 120-130°C for 2-
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15 minutes [64]. Temperature is a concern for MENEvices. Stresses
induced by thermal expansion coefficients of midtimaterials used in the
construction can cause the device to fail [70].

2.7.2 Dry heat

The process is similar to autoclaving but theredssteam involved,
only heat. Dry-heat processes takes effect by twidaf cell constituents
[69]. Temperature is 160-175°C and time is 30 neaub 2 hours [64]. This

process has the same risks as the autoclaving thetho

2.7.3 Gas

Gas sterilization involves subjecting the object dengoing
sterilization to ethylene oxide. The gas is flamfealnd potentially
explosive. The World Health Organization advisesrity use this method if
alternatives are not available [69]. This metholbvg temperature: from RT
(Room Temperature) to 55°C, but is time consumirgn one to 24 hours

with possible 48 hour outgassing period [64].

2.7.4 Plasma

Plasma sterilization involves room low temperatu(ds-55°C),
moderate times (1-2 hours) and uses gas hydrogexige (H202) [69].
This is an attractive method for sterilization dfiet device under
development, but there is possible risk of promotiof unwanted
bioadhesion [71] alongside the typical risk of nialecompatibility [72].

2.7.5 Gamma radiation

Gamma radiation and electron beams are used tct &f@zation of
the molecules in organisms. The process can patigritie time consuming,
as some microorganisms need to build up a congitedose — up to 24
hours. Process is room temperature [69]. Anotheamidge is the fact that
the device can be sterilized while inside the gferaontainer. Gamma
radiation exposure is a risk for MEMS devices; radiation exposure can cause

bulk lattice damage and make the die more profi@tture [70].
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2.7.6 Cold solution

Cold solution sterilization is the process of sogkin a chemical
solution designed to attack microorganisms i.etagaldehyde. This is a
room temperature process, 1-3 hours long [69]. #macive solution for the
device in this project, providing all componentdl e compatible with the

chemicals used for sterilization.

2.8 Animal test subject

Living organisms are highly complex and difficudt émulate. When
the need arises to study an interaction involviigiag organism, it is often
necessary to use an animal model. Use of animalsmiedical
experimentation and study is connected with ethicaicerns and as such,
care must be taken to ensure that the sacrifiteeoinimal is not in vain.
The practice of using an animal as a model of adrubody is referred to as

“comparative medicine” [73].

In order to obtain the best possible results squadning is
crucial. The procedure and the organ of interesstnne identified and a
suitable test animal selected. Conducting experinean animal test
subjects that have notable differences from humaatomy has, on
occasion, lead to false claims of efficacy. For regke, when tested in
humans, certain drugs did not produce the samétsemmithose observed in
canine (dog) experiments [74]. The device describethis thesis is meant
for patients recovering from a CABG procedure, Hraldevice is meant to
be implanted into the left ventricle. The test gabjmust have a heart with
anatomy closely resembling that of a human, pddrbuthe left ventricle.

In comparative medicine, the hearts of large malsimee
used as a model for human hearts [75]. Pig, sheepdag hearts are

commonly used. In human, dog, sheep and pig hetapex is made up of
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the left ventricle [76, 77]. The main differencetween the heart ventricles
of these species seem to be in the way nerves coadmals, and not in the
mechanical properties of the muscle. However, degrts do have
considerably more coronary collateralization — mfane blood vessels in
the ventricle muscle [75]. In general, the heaftpigs, dogs and sheep are
interchangeable for the purpose of modelling a huimeart, but the dog
heart's amount of fine blood vessels make themh#ligess suitable. In
selecting one out of the three animals mentioneattigality must be taken
into account as well. In the modern world dogs @mesidered companion
animals and a large number of dog breeds would hsuitable for
modelling a human heart due to small size. Sheepead for their fleece
and it's in the interest of farmers to maintain #remal for as long as the
fleece can be harvested from it. Pigs are bredhfeir meat and, in a way,
using the animal for experimentation (as long asepted ethical treatment
standards are upheld) is no different than the aFsntife cycle on a farm.
This, along with their anatomical similarity, makeigis the optimal model

species for the evaluation of the device in thesih.
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3 Device Design and Fabrication
3.1 Introduction

3.1.1 The four device generations in this PhD project

The starting point of this PhD project was a dewgth dimensions
14,5x11x5,2 mm that was tested in both animals and humans asaasof
intraoperative monitoring [10]. A requirement froaur partners in the
project, the users at Oslo University Hospital, wa$abricate a device that
could be used in the postoperative stage as welkaVe development time,
a commercialy available sensor was used. At the,tiime smallest sensor
available was CMA3000 (Murata Oy, Finland), finstroduced in late 2008.
In 2014 an even smaller sensor was introduced @miirket, the BMA355
(Bosch Sensortec, Germany). The scope of desigriamitation activities
in the PhD project was to make a device capabtgefating inside a closed
chest and with features for easy extraction. Thgirements formulated
together with our partners at Oslo University Healpare summarised in
Sect. 3.1.2 The test procedures used in the Phjggbrare summarised in
Sect. 3.1.3.

Note that one common trait shared by all four gatiens is that signal
I/O and power was transmitted through the cablee Gdble was used for
extracting the device from the patient, and pradideconvenient way to

supply power and signal 1/O.

The development of the system was an iterativernieg process.
Lessons learned in early stages were carried @avéhd next generation
design. In this project, four generations of enoégi®n can be
distinguished. These are summarised in Table lailBebf the four

generations are given in Sect. 3.2 to 3.5, and sanesare given below:

Generation 1 had a silicone rubber based encapsulation, as the
generations developed and tested prior to this pPrdject. Generation 1
was capable of monitoring, but was difficult to gdain a beating heart and

had no additional functionality. The fixation ofetlievice in the tissue was
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also not reliable and required sutures. More thaoaen generation 1
devices were made, and these were used in a nurhlesperiments. The
surgeons reported that the generation 1 devicesedea complicated
placement procedure. Furthermore, this generaidmat allow for pacing,

due to the electrically insulating rubber materfapacing functionality was
desired by the surgeons. The sensor used in tlsigrgeCMA3000-A01

(Murata Electronics Oy, Finland) introduced in 2088e data in Table 2,
was also used in generation 2 and 3. It shoulddbednthat while having a
number of drawbacks, generation 1 was still a lighlccessful research
tool. Generation 1 sensors were used to valid&eltised chest monitoring

in an animal model [78].

The main effort of the PhD project in the developin&f generation 1
was to make a proof of concept device (with faltiica techniques

developed by Imenes et al. [10].

Generation 1 of the device is described in Paperdlin several other
publications [79-82]. Recently, a paper dealinghvitie “medical” aspects
of using the sensor in a closed chest setting wasighed [78]. The HBV
team, including the author of this thesis are cthvans of that study.

Generation 2 was a “breakthrough” device that combined the dasi
requirements of operating inside the human bodwo(alulfilled for
generation 1) and an easy one-step implantatiocedroe. The main effort
of the PhD project in the development of generaowas to design and
fabricate the device using a steel capsule, a reabte and a needle with a
thread taken from a heartwire (temporary myocanubaing lead). The steel
capsule was machined with a CNC (Computer Numsri€abntrolled)
machine. The general layout of this device the sensor in a capsule with

thread and needle attachegaved the way for the subsequent generations.
Generation 2 of the device is described in Paper Il

In generation 3we attempted to leverage the capabilties provimed
additive manufacturing. The goal was to achievee sieduction by

redesigning the capsule in ways that would be aliffi to do with
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conventional machining techniques — such as mauipimon rotational
simmetry designs. The main effort of the PhD projec¢he development of
generation 3 was to achieve minituarization anshtimduce electric pacing

and sensing.
Generation 3 is described in Paper Il

Generation 4featured a more compact sensor than the previmas t
generations. This made room for implementing cerfaiatures into the
capsule design. The capsules were made by addn@eufacturing in
stainles steel. The main effort of the PhD projacthe development of
generation 4 was to evaluation of the new compewice, optimal selection
of components, evaluating pacing and sensing wélv rcapsules and
additional implant stability studies.

Generation 4 is described in Paper IV.

3.1.2 Requirements from the users and a summary of the
main advances for the subsequent device generations

The advances from one generation to the next warged by a set of
design considerations and specifications, mostetdaon input from the
project partners at Oslo University Hospital. Thequirements were
formulated as early as the development of generdtiadevice and it took
until generation 3 to fit all criteria. The firsto criteria, that were the most
crucial, were met on all devices. Summary of theias can be found in

Table 1 and Figure 11. The criteria were as foltows

» Successful acceleration recording — the crucialapater. A
packaged device must be able to record the actelerm vivo.
Recordings from older devices developed by HBV dndlo
University Hospital prior to this PhD project [183] were used for
reference.

 The International Electrotechnical Commission (I&@01-1)
regulations set the limit of leakage currents fdt-tgpe (Cardiac
Floating) devices, i.e. devices with direct contaith the heart. The
leakage currents must be below 0.01 mA.
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The procedure for placing the device in the hassue must be easy
and safe. CABG procedures are performed “off th@gumeaning
that the patient’s heart is beating. This can makenulti-step
procedure difficult to employ in practice and being for the
surgeon. A simple placement (implantation) procedsipreferred.
The implant fixation must be such that the deviteys in place
during the time monitoring is necessary, and thendevice should
be easily removed when monitoring is no longer ededf sutures
are needed for sensor fixation, the removal wijuiee an extra step
where the sutures are cut. The alternative is ® desgradable
sutures, but that would mean the device can onlydssl until the
sutures start degraded and it cannot be removextebdegradation
of the sutures. Hence, fixation without suturespisferred. The
effectiveness of fixation would be determined iniarvivo study.
Generation 1 needed sutures, Generation 2, 3 andld be secured
on their own, however, spontaneous unwanted retraetas noticed
in generation 2 devices.

Two key parameters that are closely related arsudischannel
dilation (expansion) and device package crossaecnd volume.
The device will be placed into the left ventricléhis means that a
channel will be created first and the device isithesitioned in that
channel. A greater dilation of the channel meaastte stress in the
tissue will be higher. In generations 2, 3 and & ¢hannel diameter
was the same as the diameter of the device. Inrgioe 1 the
channel diameter was defined by the diameter ot#tleeter used in
the placement. A smaller implanted volume is cogrgd a plus for
similar reasons: the smaller the device, the shostéhe stressed
domain along the implanted device, and the lessntatic is the
extraction procedure. A rounded device shape ixafrse also
important in this respect.

On patients recovering from CABG it is necessaryirplant
temporary pacing leads. Hence, it is desired tegrate the electric

pacing function on the accelerometer device. Thoslld/ reduce the
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number of devices that would be needed to be inbgdam the left

ventricle.

Table 1. Summary of features of different generation devices.

Generation Generation Generation Generation Generation
1 2 3 4

Acceleration Achieved Achieved Achieved Achieved

monitoring

Current <10nA <10nA <10nA <10nA

leakage

Implantation  Difficult Simple Simple Simple

procedure

Fixation Sutures Achieved Achieved Achieved
need

Channel 3.2 mm 2.8 mm 2.8 mm 2.0 mm

dilation

Package 66 mm?3 49 mm? 39 mm?® 26 mm?®

volume

Pacing No No Yes Yes

function

integrated
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Generation 1 Generation 2
10x3x2.6mm?3 10x2.8mm?3

Generation 3 Generation 4
10x2.8x1.8mm?3 10x2.05x1.8mm?

Figure 11 Four generations of devices developed in the project.
3.1.3 Test procedures used in this PhD project

Standard tests that were performed on each dewoergtion were
leakage current measurements and animal trialdgmtgdion of the device,
monitoring with the sensor, and removal of the dejiLeakage current is
an important design criterion — a device with esdeskage current would
not be allowed on the market. The animal trials evey establish the
sensors' capabilities. Some additional tests cdedueith the generation 1

device were different to those conducted on sule®cgenerations.

A total of 12 generation 1 devices were made. T&acgs were tested
for leakage current and then submitted to the pestiat Oslo University
Hospital. Addition tests as part of this PhD projeere a 7-day soak test
[82] and a destructive pull test. [79]. Furthermone tried to understand
why there was flash (thin film where the mold pa#parate) on the molded
parts [79]. The 12 devices were used in an undisdaumber of animal
trials, and the HBV team including this PhD studeat present for at least
six of these trials. By late 2013 all sensors wairsed-up”. Common
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damages were unseated decoupling capacitors, gepeveer transmission
traces and lack of response from accelerometer. #ixems theorized that
the lack of response was due to damage to theesooster’'s sensing die

caused by dropping the sensor.

Twelve capsules were acquired for construction ehegation 2
devices. Four capsules were used for mgek-the rest were used to
fabricate working devices. Starting with generatian pull tests were
performed. The pull tests were used to establighftinces necessary to
implant the sensor ("pull in") and remove it ("pudlt") — and, hence,
indirectly the stresses acting on the heart tis3ine tests conducted on

generation 2 devices are detailed in section 303&4).

Only two devices of generation 3 were made. Gelogr&t introduced
the pacing functionality. Pull tests, leakage cotsetests and animal trials
are described in Paper Il [85]. Capsule polishimglescribed in section
3.4.1.

Generation 4 underwent leakage current tests, amdad trials with
more detailed examination of pacing and implarabity. The descriptions

can be found in Paper IV and section 3.5.

3.2 The first generation of the device

The first generation of the device was a step uritknown territory.
Key requirements were identified as: compact sizeoss section less than
that of a 3mrh cylinder, a biocompatible outer layer of encapsoig
smooth, rounded edges of the encapsulation. Tls¢ fegguirement was
suggested from our medical partners based on tleiperience.
Biocompatible materials are necessary for harmaniateraction with the
host. Sharp edges might damage the organ, eithewdyyof cutting or
pressure induced necrosis. The other constraint thasinterconnection
technology available at that stage. The availafilerconnect technology at

that time was a flexible cable-substrate. The cahblestrate consisted of a
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layered structure of Polyimide, copper traces aifteaive layers. The cable

is described in more detail in [80, 81].

3.2.1 The sensor

The central part of the system was the CMA3000-ABAxis
accelerometer (Murata Electronics Oy, Finland).islta MEMS-on-chip
device with 2x2x0.95mfhdimensions, the most compact available at that
time. The CMA3000-A01 is analog. The analog versiaas preferred for
software compatibility reasons — legacy softwarerkwowith analog
devices. Specifications for the accelerometer @fobnd in Table 2.

Table 2: Performance specifications of the CMA3000 from Murata
Technology Oy.

Property Value

Acceleration +2gor+8g*
range
Sensitivity 450 mV/g 2
Supply voltage 1.7-2.7V (2.7-3.6 V)
(vVdd)
Current 180 - 200 pA 3
consumption
3 dB bandwidth 0 - 120 Hz (x and z
direction)
0 - 200 Hz (y direction)

1g=9.8m/s?
2at2.7V
3in active mode

3.2.2 Assembly and encapsulation

A silicone compound was used to encapsulate arameat fixation
accelerometer in a project prior to this [10]. Hmaating the sensor in
silicone was selected for the first generatiorhis project as well, using the
same technology of molding, but with a new molde H™itractiveness of
silicone is its proven track record as a biomakefi8B], as well as
availability and ease of processing. The partichtand of silicone selected
was Elastosil R 4001/40 (Wacker Chemie, Germangpiee it exhibited
good mechanical properties in the previous resdgdf@h The specifications
for this grade of silicone rubber are given in BBl The curing temperature
of 165 °C was deemed a risk for the sensor ascibmsiderably higher than
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the sensor storage temperature. Increasing the curing time can allow the
silicone to cure at a lower temperature. For fabricating this device, we
worked out an empirical rule — for every 10°C below curing temperature the
time in the oven has to be doubled. The curing schedule for fabricating

generation one prototypes was 2 hours at 135°C.

Table 3. Elastosil 4001/40 properties.

Parameter Units Elastosil 40001/40
Appearance Clear

Press cure Min @ °C 15 @ 165

Cure catalyst Platinum

Tensile strength N/mm? 11

Elongation at break % 940

The encapsulation consisted of three parts: the main body that houses
the sensor, a silicone tail that covers a stretch of the flex and an attachment
in the front of the sensor to aid fixation. The width of the main body was
3mm, the height was 2.6mm, the edges had chamfers with the radius if
0.5mm. The length of the main body was Smm. The cavity for the tail was
3mm wide and 2mm in height, the length was 13mm, edges were also

chamfered with radius of 0.5mm. See Figure 12.

Figure 12 The mold used in the generation one device.

The mold required a coat of a mold release agent on the inner
surfaces. The compound used was NanoMoldcoating™ (MouldPro,
Denmark). To ensure a strong bond between the polyimide of the cable-

substrate and the silicone structure of the encapsulation a primer was
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applied before curing. The primer employed in fingject is G 790 (Wacker

Chemie, Germany). An assembled device is showmguré& 13.

Figure 13 A generation one design.

3.2.3 Implantation procedure

The device was planned with myocardial or sub-ediehplacement
on the left ventricle. The device was somewhaed#int from the heartwires
so another implantation procedure was used. Theedwoe employed in
this device is known as the ,Seldinger technigue”is named after a
Swedish radiologist who created this technique puablished it in 1953
[86].

~>eldinger technique” is a multistage implantatieohnique. Step one
is cannulation — a channel is made in the ventudgld a cannula (large,
hollow needle). Step two is guidewire insertiore tjuidewire is inserted
into the cannula and the cannula is removed fraenctiannel leaving only

the wire inside. Step three dstheterization; the guidewire is used to guide
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the introducer catheter containing the sensor tinéochannel. Step four is

the removal of the catheter leaving the sensod&ssee Figure 14.

e Y
e Y

Figure 14 Schematic illustration of Seldinger technique steps. 1)
Cannulation. 2) Guidewire insertion. 3) Catheterization. 4) final stage,
sensor is implanted.

3.2.4 Deployment in animal trials and system tests

Generation one sensors were used in a set of aekpatiments. The
performance was satisfactory as a proof of consagmy, but revealed a
number of drawbacks. Characterization included stadting, leakage
current measurements and destructive testing. Tak sest indicated
sufficient insulation as the sensor was not afttig the exposure to saline
solution, destructive tests indicated over 35N donecessary to forcefully
strip the encapsulation from the sensor-substratemably and leakage
current was below the threshold set by InternatioBkectrotechnical
Commission’s (IEC) standards. The tests and thesults are detailed in
[79, 82]. Sensors performed well in lab trials, bt animal experiments
exposed the limitations of the design. The stubgt bur medical partners
used generation one devices for, needed 4 sernsdrs tised at the same
time: one sensor implanted with sub-epicardial gtaent on the left
ventricle, one sutured on top of the ventricle elby (reference sensor), one
sutured to the posterior wall (the back wall) andlee right ventricle. It was
observed that the Seldinger technique creates mneh#hat is too dilated.
This is likely due to the large diameter of theraducer used in the
procedure. The zig-zag attachment in the tip ofdénace was not enough to

ensure fixation so additional stitches had to bedust is still possible to
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pull the device out, but the stitch has to be fenough to ensure fixation
but loose enough to make the extraction possiliies makes the procedure
less reliable and less predictable. The other problvas that the flexible
substrate-cable is very stiff in the lateral dil@et and may cut the tissues in
the point of contact (the channel under the rikecabere the cable exits the
body). While the results were positive, and theceh was validated, it was
obvious that a redesign was necessary. An expetahset-up from one of

the animal trials is shown in Figure 15.

Figure 15 The set-up from one of the animal trials. In the middle a
sensor is placed sub-epicardialy with the reference sutured left of it.
Towards the right the cable from the sensor placed on the posterior
wall can be seen, top center the tip of the sensor sutured to the right

ventricle can be seen.
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3.3 The second generation of the device

Generation two devices were called to address itblelgms with the
implantation method used to achieve subepicardiatibn. This device is
described in Paper Il or [84]. The decision wasrtwlate the heartwires not
just in the placement but also in the layout. Gaten two device consisted
of a round cable, a tapered, cylindrical capsulg&aiaing the sensor, and a
thread with a needle salvaged from a heartwire.aldoeleration sensor was
the same as in generation one (CMA3000-A01). Thisag was somewhat
less manufacturable (requiring more manual worlkantithe previous

generation but proved to be superior in animaldria

3.3.1 Assembly and encapsulation

The chief component of the encapsulation of themsgageneration
device is the capsule containing the sensor. Adyical shape was selected
due to ease of manufacturing. 316L formulation tH#irdess steel was
selected. 316L is a widely used biomaterial and éxallent mechanical
properties [65]. The dimensions of the capsulesamvn in Figure 16. The
tip of the capsule is solid except a channel ferttiread due to machining
method limitations.

io
0,50

® 2,80
b 2,40
@0

Figure 16 Dimension of the capsule used in the second generation
device. All dimensions in mm unless otherwise stated.
A thread with a needle, taken from a commerciariwgre, was
attached to the capsule. It was accomplished bgtiigea stretch of the
thread through the channel in the tip and tyinghatlon the end inside the

capsule. Two types of threads were used in progotygsembly: a non-
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absorbable, monofilament polypropylene suture; Surgipro II V-20
(Covidien, USA) and a steel wire Ethicon MPW10 temporary myocardial
pacing lead (Johnson and Johnson, USA). Both the pacing lead and the
suture had the same type of needle: half circle, taperpoint, arc length 26mm.
The polypropylene suture was very robust and was the preferred solution for
sensors that would be re-used. However, in animal trials, the metal thread
from the Ethicon lead demonstrated advantages — the metal wire could be
bent or kinked for additional fixation. Figure 17 shows the package of both
the suture and the heartwire used in the construction of generation two

prototypes.

Figure 17 Surgipro Il V-20 (top) and Ethicon MPW10 (bottom).

A critical part of the system is the joint between the capsule and the
sensor-cable assembly. The mechanical joining techniques that was
considered: crimping, threaded connection and welding. Crimping is the
technique of joining two pieces of metal or other ductile material by
deforming one or both of them to hold the other. This process does not have
a high degree of control over joint geometry. A threaded connection would
require making room for the thread inside the capsule and that would be
undesirable. Welding, for example a laser welded connection between
capsule and a feedthrough, is a very popular way of making hermetic
connections for medical devices [87, 88]. This is a highly attractive method,
but it was decided against using this technique due to lack of flexibility.
Welding would require a metal feedthrough to be a part of the cable and
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would have to match the capsule. It was foresedhattpoint, that neither
the cable, nor the capsule are final. A new feeditin would have to be
made for every change in the cable or capsule. Batlieedthrough and the
laser welding would have to be outsourced. A cosisersolution, one that
allows for control of the joint geometry, possesseafficient mechanical
strength and is flexible enough to be applied toious geometries of
capsules and cables was needed. Potting, a protdgbng a complete
assembly with an adhesive compound, was selectéaeasolution for the

joint.

To create the joint, the capsule was filled witthesive and the
sensor was placed inside. The displaced excessiadhvas removed and a
swab was used to shape the geometry of the tramditetween. In the
process of manufacturing prototypes it became a@ppahat the “ideal”
adhesive would need to have conflicting properti@sv viscosity adhesive
easily fills the inside cavity of the capsule, wdes a high viscosity
adhesive was difficult to get inside the cavity.loW viscosity adhesive,
however, gave very little control over the tramsitigeometry, whereas a
high viscosity adhesive was easy to shape. Threesates were used in the
fabrication of generation two prototypes: the 353WNCEpoxy (Epotek,
USA), 203TX Cyanoacrylate adhesive (Panacol, Geypnand MED-4211
two component silicone (Nusil, USA). Specificatiare listed in table 4.

Table 4 Adhesive properties per specification.

Appearance Viscosity@ Curing Post curing
20RPM/23°C
Cyanolit  transparent 2,200 cPs Dependant 24 hours at
203TX on room
conditions  temperature
353ND amber 9,000- Minimum n/a
15,000 cPs 30 min at
80°C
MED- translucent  Part A: 3 min at 1 hour at
4211 grey 105,000 cPs 150°C 150°C
Part B: 1,500
cPs
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MED-4211 adhesive was eliminated from further I$riavhen it
demonstrated poor adhesion to metal. 353ND-T ardd 2adhesives both
proved to be usable for fabrication of the devigeSolidWorks CAD
(Computer Aided Design) model of the assembly carsden in Figure 18

and photo of an assembled device can be seenuneFl§.

Figure 18 A CAD model of a generation two prototype. Capsule
made transparent to provide a view of the inside.

Figure 19 Left, a capsule and a sensor-cable assembly prior to
potting, right, an assembled device. Coin shown for scale purposes.
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3.3.2 Implantation procedure

The implantation procedure for the generation twavice would
closely emulate that of a heartwire, not only ib-gpicardial placement but
also by the procedure used to get there. The naedised to make a
channel in the tissue, and then the thread is tespdll the capsule into the
channel. This technique is called “blunt dissectioffter the capsule is

placed, the thread with the needle is cut. Proeediown in Figure 20.

Figure 20 Placement by blunt dissection. A) Channel has been made
and the sensor is pulled into the channel. B) Device placed, white
oval highlights the device position.

3.3.3 Animal trials and system tests

3.3.3.1 Pull-in tests

It is important to estimate the forces acting oa tevice assembly
and to evaluate the robustness of the adhesivé gmd to evaluate the
forces acting on the organ. To approximate cardissue, a soft tissue
phantom (Blue Phantom, USA) was used. It is to beetstood that this
phantom lacks a number of features present iniaglikieart, such as heart
contractions, blood vessels and a fibrous layewéi@r, as it is tailored to
represent soft tissue and is intended to be usettrasound guided biopsy
training. We therefore found the soft tissue phan&uitable for carry out
initial testing. However, to provide data closerreal-life scenarios, pig
hearts were acquired from a butcher to be usednaaltarnative to the
phantom. A force gauge (Model M4-2, Mark-10, USAgsmwsed to record
pull in and pull-out forces. The device samplingertor continuous, force-
over-time measurements is 10Hz, for single measem&n3000Hz. The
resolution is 0.005N, accuracy is -/+0.2% of scé@eD2N). The pulls
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indicated a near linear increase of force as tipsuda dissects the channel.
The Blue Phantom demonstrated much higher forcas those found on
the pig hearts, particularly on the pull-out. THacement procedure would
also go more smoothly on the phantom. On the pagthaitial resistance
would be followed by capsule quickly entering thenel, on the phantom
the capsule would enter the channel proportiontieédorce applied. Over a
series of 15 pulls on the phantom pull in forcerage was 5.5N and pull-
out 4N. The pig hearts displayed average 3.9N @drip and 1N for pull-
out.
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Figure 21 Pull in and pull-out force-over-time curves for one of the
pulls on the phantom.
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Figure 22 Pull in and pull-out force-over-time curves for one of the
pulls on a pig heart.
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Figure 21 and Figure 22 represent a typical fonae-éime curve for
a capsule being placed (pulled in) and pulled Gut.both figures the peak
of the pull in curve means the sensor is placedessred, pull-out peak
means the sensor started moving out of the chaatribis force. More pull
data is available in Paper IV. Pulls were conductét both functioning
devices and mock-ups without the sensor insidanachanical damage to
the assembly was observed.

3.3.3.2 Animal trials

The generation two sensors were used in a numbaniofal trials,
normally it would be deployed alongside generatoe sensors that acted
as a reference. The placement by blunt dissecBoopaosed to Seldinger
techniqgue was found to be a good solution. The teshnique is less
traumatic — the channel is dilated less and is lenp execute with a less
possibility for errors. On two occasions unwantedraction from the
channel, in the direction of the cable, was obskrie avoid retraction an
additional stitch was made with the thread attadbetie capsule. Probably
the placement of the sensor is dependent on theordperforming the
operation. The retraction was observed only in tases, the rest of the

times the sensor was deployed, placement was fiauibe stable.

3.4 The third generation of the device

Generation three had the same general lay-outeagéheration two
and used the same accelerometer. The innovationnve capsule shape
and the manufacturing method of the capsule. Gaoerdhree metal
capsules were made by additive manufacturing uai@pncept Laser M2
Cusing (Concept Laser, Germany) machine. Theseulesgpallowed testing
geometries that are difficult to manufacture witladitional methods.
However, post processing steps was necessary. Hberiad used is the
same as in the previous generation device, 316hl8¢a Steel. In addition
pacing and electric sensing function were integratéo this prototype. This
was an important development. Heartwires are conynased on CABG

patients. If the device under development is unablbe used for pacing,
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then heartwires would have to be implanted in aoidito the device. Using
the metal capsule as a unipolar pacing electrotteval decreasing the

number of implanted devices.

3.4.1 Capsule

The generation three devices followed the generatwo device
assembly process, but for two distinctions: thesadp and the integrated
monopolar pacing lead function. The capsules madge ddditive
manufacturing allowed for geometries that are hardttain by machining.
The AM capsules, however, required post procegsiagedures (polishing)
to be made suitable for use. Multiple capsule geépese were
manufactured, but the selection was made in fawduthe capsule that
would make the smallest device. This was achieyefthiiening the top and
bottom of the cylindrical capsule, leaving just egb room to place the
sensor and to secure it with an adhesive. The diloes are presented in
[85].

The capsules were washed prior to being sent tdaboratory. Upon
visual inspection rust was observed on some oté#psules, see Figure 23.
Rust on stainless steel is not an unknown phenomd®uasting of stainless
steels is a surface effect, this can occur whemyerlon the surface of the
material is not sufficiently mixed with chromium cimay rust. This can
happen after procedures such as welding [89]. ThrecDMetal Laser
Sintering (DMLS) used in Cusing machines is eq@malto welding fine

steel powder [90].
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Figure 23 Capsule used in the assembly of generation three
prototype before any post processing steps. Note the rust spot.

It was decided to polish the capsules to removd. r8sirface
roughness was also unacceptable. Polishing wasucted by a two-step
procedure. The first step was to polish the cagsoitea Struers Knuth Rotor
grinding station. The capsules were first polisiath a P1500 grit SiC
paper, then with a P2100 grit paper. The polisitiegred the rust and made
the surface considerably less rough. No rusting elaserved on polished
capsules, even after lengthy exposure to salingisol such as the leakage
current test detailed in [85]. Abrasive polishileft a small number of
“pits” on the surface of the capsule. These surfdefects sensitize the
metallic part to pitting corrosion [64]. The 316ariulation of stainless
steel is vulnerable to pitting corrosion [91]. Titiek of such corrosion was
reduced by performing electrochemical polishing PEE{92-94]. Not only
does the electrochemical polishing make the surfsmeother, it also
preferentially removes iron atoms compared to clwomleaving a more
corrosion resistant layer on the surface [93]. $hdace of the capsule is
rough not just on the outside, but also the indidgure 24 shows the cross
section of a polished capsule of the same design[85)].
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Figure 24 Cross section of a capsule used in generation three
device, note the inner surface roughness.

With the idealised geometry from the CAD file, assing 316L steel
density is 8000kg/m3 the mass of the capsule afterpolishing steps is
still about 20% higher. See Table 5.

Table 5. Capsule mass comparison.

Calculated Unprocessed Mechanical ECP

polish
Mass  0,0510 0,0990 0,0710 0,0602
(¢)] 0,1080 0,0740 0,0615
0,0940 0,0699 0,0595

3.5 Assembly and encapsulation

The solution used to enable pacing functionalitydenghe assembly
process more complex. The potting would take 3sstéjrst, a drop of
adhesive was put into the capsule’s tip. The seied would involve
placing conductive adhesive on a dedicated padhenbbttom of the
substrate and placing the assembly inside. Thel tetep would be
completing the potting. The schematic illustrat@frthe device is shown in

Figure 25.
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Conductive adhesive

Figure 25 Schematic illustration showing the way of achieving an
electrical connection to the capsule. Top — substrate with a contact
pad to connect to metal capsule. Bottom — cross section of an
assembled device, non-conductive adhesive not shown.

3.5.1 Animal trials and system tests

Two devices of generation three was made. The dswdemonstrated
good performance in both system tests and aninadé.tThe details of the
tests can be found in [85]. Some concerns weedaas to the current
density. The surface area of the capsule is lalgar that of a pacing lead,
which could, in theory, lead to insufficient curtetensity and inability to
pace. The pacing threshold recorded when pacinbdbd was at the lower
end of the scale of the pulse generator. This ldada conclusion that
current density achievable on that capsule is@efit. Experimental set-up
is shown in Figure 26.

Figure 26 A generation three sensor implanted alongside a heartwire
in a sensing and pacing set-up.

3.6 Generation four

49



F. Tjulkins: Encapsulation of implantable microsensors

The generation four devices used a new, more canagaelerometer.
The sensor was provided by a partner company,ahgos is much like the
Bosch BMA355. The sensor dimensions are 1.5x1.2rtn8. The other
important advantage of this sensor over the CMA2086vice is the high
maximum storage temperature - +150°C. This tempegas higher than the
temperature used in autoclaving and should enatfte serilization of the
devices with this method. The layout was the sasntha previous devices,
but the capsules were more compact and had a nuvhloiéstinct features.
As this was device was assembled late in the projealso the best

characterized device.

3.6.1 Cable flexural rigidity evaluation

Over the course of the project two approaches weesl: a round
cable [84] and an integrated cable and flex sutessalution [79, 80]. The

cables evaluated are:

A. Around cable that was used in early stages opthgct [10]
(@ custom cable ordered from New England Wire
Technologies, USA), outer diameter of 2.0mm. Thetan
requires five conductors, and this cable has ted,i&s outer
diameter is larger than some of the capsules. Wasld
further complicate its use with some capsules. H@wet has
been successfully used previously as well as bapugyoved
for clinical trials.

B. A flex in tube design; a narrow, flat flex cable-substrate inside
a polyethylene terephthalate (PET) tube, with arterou
diameter of 1.2mm. The flex cable-substrate is ataru
solution from Dyconex (Switzerland).

C. A silicone overmolded flex; the same flex cable-substrate as in
B, but overmolded with a two-component silicone (ME211
from NuSil, USA) using a custom mold.

D. A custom made round cable manufactured by New Edgla

Wire Technologies (USA). Outer diameter of 1.2mm.
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E. Aflex in a silicone tube with an outer diameterla2mm. The

flex is the same flex cable-substrate as in B and C

Schematic illustration of the cables cross sectamesshown irFigure

27. Cables shown are to scale.

A) B) C) D) E)
Silicone sheath
Silicone -
overmold Sili Silicone
PET tube ilicone -
; sheath \
Leads  Kevlar strength @ @
member corge Flex cable- Flex cable- Leads Kevlar
. substrate substrate strength Flex cable-
member core. Substrate
i
Imm

Figure 27 Cross sections of cables evaluated for flexibility.

A sensor implanted into the cardiac tissue will dabjected to a
number of forces. The force the bending of the eaxerts on the implant
may cause accidental retraction. A test setup wadento imitate this
situation and to measure the force from the differeables. The sensor
placement in a patient was approximated with ao$dtvo fixtures: one
fixture to emulate the placement in the heart &edsecond where the cable
exits through the chest and is fixed, see FigureT2#& heart motion was
approximated by motion along two axes only. Thedogauge was placed
on the bench and the cable was attached to the &mage, the other end of
the cable was attached to a moving stage — anabdhker (GFL 3005
from GFL, Germany) with 20mm circular orbit. 100mang stretches of
cable were used in the test. Two sets of expersneetre conducted with
varying maximum distance between the fixtures (veayylack): 95mm and
80mm. It is to be understood that the cable orgdiua in the chest cavity
will always be decided by the medical professiqmaiforming the surgery.
However, the results of this experiment can helpntdate guidelines on

cable organization.
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Figure 28 Schematic illustration of the flexural rigidity test. A) Start of
test, platform at 12 o’clock position. 1 — clamp on the moving platform
(fixture to emulate the placement in the heart), 2 — cable under test, 3
— force gauge (fixture to emulate the cable exit through the chest). B)
Moving platform in 6 o’clock position.

The test revealed significant differences in calgelity. The A and
B type cables turned out to have the greatestitygid/ith 5mm slack cable
A displayed 0.035N force (in both 6 o’clock and @2lock positions).
Cable B recorded forces or 0.11N in the 6 o’clodsifpon and as high as
0.26N in the 12 o’clock position. Slacking the @algreatly reduced the
forces, even cable B displaying forces of 0.03 atclock and 0.025N at
12 o’clock. The forces recorded with the thinneblea (C, D, E) were

below the accuracy of the force gauge (0.02N).

3.6.2 Joint design analysis

The joint between capsule and cable could not b&ufaatured
uniformly. As the capsules and cables got smatk@nual handling became
more and more of a problem. It is relevant to knewkether the
inconsistencies of joint geometry can compromigedbsembled system. A
FEM model was created with this purpose in minchgishe COMSOL
platform. Three types of joint geometry were prewn&l “normal” — the
transition is hemispherical or close to it, “bert’the cable was not held
upright during the curing process and the cableffisxis to the capsule,
“overflow” — too much excess adhesive resultingimuch larger joint. See

Figure 29.
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Figure 29 Joint geometris evaluated in the model. A) normal, B)
bent, C) overflow.

The model consisted of the metal capsule, and thesave with a
channel in the middle corresponding to the cablamni@ter corresponded to
the type C capsule’s channel found in Paper IV. Tferent models were
created for each geometry. One model had the fgrasking on the inner
channel in the Y direction to represent the loadnogn the cyclical motion
inside the heart. Second model with loading dikétethe Z direction to
represent the loads during pull-out. Force direxiare indicated in Figure
30. The decision to use the 0.2N force in the #htdirection was based on
the force measured in the cable stiffness test downpaper IV. Force
simulating the pull-out was double the maximum jouit force found in a
living heart for C type capsule. The material prtips for the 353ND-T
epoxy were taken from [95]. Young’s modulus — 2RaGPoisson’s ratio —
0.391, density 1020 kgfinyield strength — 36 MPa (36 000 000 K)ynThe
fixed constraints were on the outer walls of theektapsule. The success
criteria was if the von Mises stresses in the janet below the yield strength
then the design is sound. The model probes werapsét calculate peak

stress concentrations and the average for thesgatit.
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Figure 30 Forces applied in the two models for the «normal»
geometry, the boundary where the force was applied is highlighted in
blue.

The results indicated that all three geometries aangéable and do not
compromise the mechanical integrity of the joirtreSses are concentrated
along the edges of the capsule in the directioth@fsideways pressure. For
the pull-out, the “bent” geometry showed stressceotrations at the edge
of the transition. The calculated stress valuesridutions are shown in
Figure 31 and the peak and average stress valeissiarmarized in table 6.

Table 6. Von Mises stress values from the models.

Geometry Sideways load Pull-out load
Peak Average Peak Average
(N/m?) (N/m?) (N/m?) (N/m?)
Normal 81,736 9,096 1,297,707 343,011
Bent 89,117 9,113 1,740,252 343,220
Overflow 120,407 13,296 1,106,251 288,581
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1.2139-10% N/m?2 Y 7763108 Nfm?

1.1921:10° N/m® " 1.804-108 N/m?

1.7587-10% N/m*

Figure 31 Left column — sideways stress distributions, right column —
pull-out stress distributions.

Overflow geometry yielded high stresses for sidesMaad. This is
due to the fact that in this type of loading, stressconcentrated on the edge
on the metal capsule. The overflow joint has thieeatve on both the inner
edge and the outer edge, compared to other geesettowever, the larger
area over which the load is distributed reducespiiéout stresses. The
“bent” geometry, in the case of a pull-out loadhas a stress concentration
in the part of the joint that directly over the trahaxis of the capsule. The
normal geometry distributes the stresses more gvémn the other

geometries.
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4 Concluding remarks and potential future
work

The project has achieved its main goal. Heart manij with easy
implantation and removal with additional pacing abaipity was
demonstrated. Over the four generations of theopypés developed, each
individual generation decreased traumatism, imptowgability and added
functionality. System tests, such as leakage ctumecordings, indicated
compliance to the appropriate standards. The anmmadel trials have
verified two important aspects: traumatism leved ability to sense heart
ventricle motion. The traumatism level was deemedbé acceptable.
Momentary bleeding was observed, likely from thmeefblood vessels in the
cardiac muscle, in a minority of the implantatiarfsgeneration 2 devices.
Most implantations showed no signs of bleeding.hgiimia was never
observed in any of the animal tests, including rafiall-out. It can be
concluded that the fixation of the implant in thsstie is sufficient to
perform heart monitoring in open and closed chesiditions. This is the
main acheivement of the project. The fixation, heare may still be
vulnerable to extraction, so organising the cabid &king care not to

disturb the sensor is important.

This technology is targeted at patients recovefingn CABG. It is
targeted for 4-7 days inside the patient, follovisgdextraction. The device
is not to be reused. The device developed in tluget fits those conditions
well. Given the limitations of time, funding andcass to animal models
there are still ways to improve the device. Somareuwork is described in
the following section, roughly in the order of imtance.

4.1 Device regulatory status

The devices presented in this thesis were fabdcatrsing
prototyping means, and they would have to be rgdesl for manufacturing
before any such certification or approval wouldréevant. Clinical studies
with humans do not require a CE mark — a risk assest is sufficient.
Such a risk assessment was carried out for theel@vesented by Imenes et
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al. [10]. The devices described in this thesis oatyderwent the risk
assessment necessary for animal trials. Subsedusnan trials will be
conducted after due risk assessment, with a dedogpted for commercial

manufacturing.

In this PhD project, prototype devices have beesd uis animal trials
in a pre-clinical stage. The device described iis thesis is an active,
implantable diagnostic device that is in direct tagh with the circulatory
system. This puts the device into Class Ill aceuydio the 93/42/EEC
directive [96].

Class lll devices require extensive testing betbey are allowed on
the market. In Europe a certificate of conformitarin (CE mark) must be
obtained. Obtaining the CE mark means going throagltonformity
assessment procedure, such as having a notifieddordiucting an audit of
the device’s design, based on the standard 1SO513d@83. In the United
States, the Food and Drug Administration manddtes the device must
pass premarket approval — a process of scientific ragulatory review to

evaluate the safety and effectiveness of Clasaélical devices.

4.2 Potential future work

4.2.1 Survival trials

“Survival” in this case refers to the test subjectan animal model
study. The performance of the sensor should baiated in a living organ
for the entire duration of a 4-7 day hospital diayeframe. The remodeling
of the tissues could affect the pull-out proceduned in vivo force
recording would be interesting. However, the sismue formation might be
incomplete and an extraction after 4 days might betdifferent from an
extraction on the same day. Timeframe given for 8saue encapsulation of

implants is given as “weeks” [64].
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4.2.2 Finite Element Model

A working Finite Element Model would simplify tesgj of capsule
geometries. This could also greatly reduce the mundd animal trials
necessary to establish the preferred geometry. Mottt describe the
mechanical properties of the heart muscle do esusth as [97], and could
serve as a basis for a working model. In thisguopjsome attempts were
made at a model to study tissue — capsule interactiowever, due to
problems with the model it was decided to focusvesrk with actual

SEensors.

4.2.3 Smaller accelerometer

Within this project an effort was made to use timaléest, comercialy
available accelerometers. Due to this, prototypebs @istom made devices
were not considered. However, MEMS Tronics, a dIdMBMS foundry,
has a prototype 3-axis accelerometer with 1.05xfrB5footprint (height is
not specified) [98] that is in a high state of reads. If the height is
comparable to the Bosch BMA 355 then the encapeuldor this sensor

could be made even more compact.

4.2.4 Reusable device

The sensor is disposable, targeted at single useettr, there might
be a need for a reusable device. This could beredhdevice for clinical
practice or a device that could be used for trginkor clinical practice, the
redesign would have to include measures that wewmsure the device
remains functioning after multiple sterilizationdaimplantation procedures.
The device would also need a reliable and simpletovaie-attach the thread
to the capsule after it is removed. A reusable @eused for training would
only need to take care of the needle re-attachmeodpsule was fabricated
for such a device — the channel in the tip wasaegd by a “needle eye”
type of design. See Figure 32. This design wasmeiee out in an animal
model, as priority had to be given to other devices
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Figure 32 Capsule model with an «eye» for needle attachement.
4.2.5 6-axis sensing

The limitation of the system under developmentis thesis is that it
only monitors 3 translational axis. Heart motiors laarotational component
to it as well. A 6-axis sensor that can monitotation together with
translational axis would be more descriptive of ¥leatricle motion. To the
best of author’s knowledge, this work is alreadydemvay at the
Intervention Centre of Oslo University Hospital. Wwiever, currently
available IMUs (Inertial Measurement Units, a conmmpame for a
combined 3-axis accelerometer and 3-axis gyroYaréoo large to permit

sub-epicardial placement.

4.2.6 Active fixation

An active fixation, such as a retractable screwuldcsimplify the
implantaion procedure. It could remove the subpesith due to different
techniques of blunt dissection that would be indiinal for any given
physician. This might not be feasible for a disgdsalevice, as this would

complicate the design and make it more expensive.

4.2.7 Use in long term monitoring

Long term monitoring of the human heart is typigaccomplished
by pacemakers where electrodes are placed ins&deetfiricles and atria of
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the human heart. However, in certain cases, pembgraeemaker leads are
implanted directly on top of a ventricle, not insidThis type of lead, if
equipped with an accelerometer, would provide #raeseffect as the sensor
in [10]. The actual encapsulation would have todwsed to be suitable for
permanent implantation and additional signal prsicgs would be
necessary to filter out non-cardiac componentfiefacceleration. In a long
term monitoring device using a cable would not bsgible so a wireless
protocol would be necessary to transfer data armwhtgery or an energy
harvester. The accelerometer used in generati@vides, the BMA355, has
a current consumption of 130 A at full operation &5pA in low power
mode [99]. Whether currently available batterieg aufficient or an
additional energy harvester would be necessarynsure sufficient long

term operation, is a question that needs a sepstralg.

4.2.8 Bipolar pacing

The device in this thesis works as a unipolar gat#ad — it needs a
second electrode to form a circuit and conductrgpor ventricle electrical
activity sensing. Bipolar devices come with twoctledes and allow pacing
and sensing with just one implant. Bipolar paciagiot necessarily better
than unipolar, both have their uses [100]. Howetbere could be a
situation where bipolar pacing would be preferabled this could be

implemented by a slight redesign of the existingfem.

4.2.9 Expanding the diagnostic application

The advantage of ventricle motion sensing over EGiGalways be
that it is a direct way of characterizing heart tcactions. ECG effectively
records what the nervous system tells the heartclemigo do, whereas
ventricular motion recording tells you what the wlasis actually doing.
This might be advantageous not only for ischemieepgs but also for other
heart conditions. To author’s best knowledge, titervention Centre team
had deployed the sensor in heart failure triale €kperimental conditions
are when the function of the left ventricle is ee@d by a pump and only

the right heart (ventricle and atrium) remain fumging. The device was
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used to sense the failures in right heart. Thes p®tential avenue for future

work.

4.3 Cautionary tales

The projectwas quite successful; the design was validated both in
system test and animal experiments. This is neayothat the project didn't
have its fair share of failures. Among a numbethaigs that didn’t go right

two in particular stand out.

4.3.1 Capsule with a collapsible ring design

A collapsible ring was an attempt to emulate the2Miacing lead
fixation solution (described in 2.5.2). Capsules dmaby additive
manufacturing could, in principle, seamlessly insg this flexible ring into
the capsule design. A capsule was modelled witm@ on the tip. The

thickness of the ring was 0.1mm. See Figure 33.

Figure 33 The capsule with a collapsible ring CAD image.

COMSOL FEM (Finite Element Modeling) suite was dige evaluate the
ability of the ring to collapse under applied fardée model demonstrated
that the ring would deform under 6N load. The inéégon Mises stress was
0.15 N-nf, the maximal von Mises stress was 3.34210N.n?. The

maximum stress was a concern, however, the st@ssentrations were
only found on the edges of reference geometry useskt up boundary
conditions. The cause could be the unrealistic tcam$ of the boundary
loads. The face where the load was applied woulddedorm and that

would cause the stress to be concentrated on tliebof the loaded face
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and the rest of geometry. Despite these stressentmations concerns a
batch of these capsules were included in the osdat to the company
responsible for additive manufacturing. The reswitsre a spectacular
failure. The rings ended up being sharp, stiff, gmdne to breaking at
unpredictable loads and in unpredictable placegurgi34 demonstrates an

untouched capsule with a ring and two that failedifferent ways.

Figure 34 A) Capsule «as is». B) Ring that separated at the base. C)
Ring that tore on the right hand side.

The end result was so different in geometry andenatproperties to the

model that the results were made completely ireeteviNo further attempts

at making a collapsible ring by additive manufaictgiwvere undertaken.

4.3.2 Heat shrink encapsulation

At very early stages of the project, before thecaile based,
generation one encapsulation was designed, an sradpn based on
medical grade heat shrink tubing was considereds, Tih theory, would
allow for very cheap and quick encapsulation foe tbevice. The
complications were finding a suitable heat shrinthvappropriate diameter
and stiffness. Sealing one end of the tube wous alirn out to be a
challenge. The idea was abandoned when it becarparaag that a
sufficiently tapered tip is impossible to achievighout using a long stretch
of tube and that a neat welding joint is beyond d@bdity of the author to
create. Measuring the tube stiffness using the goe@ from Paper IV
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indicated that the stiffness of the cables is dihett the forces they create
during cyclical loading are on the order of thecbonecessary to pull out the

implant.
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