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Abstract

Failure of a primary hip arthroplasty is often caadi®y osteolysis which compromises the
patient’s periprosthetic bone stock. Impactioogihfting involves the use of morselized
allograft bone and cement to stabilize the implamd restore this periprosthetic bone
stock. Although clinical results of impaction alafting are favourable, regions of
necrotic bone graft have been shown to exist fonyngears post-operatively and may
ultimately lead to implant failure. Previous labtmry research has identified a
correlation between mechanical stimuli and bonevthiptherefore, the purpose of this
study was to develop an vivo device that would enable the investigation of ttieat of

mechanical load on bone graft incorporation in iotpd allograft hip prostheses.

An actuator was developed with a finite volume malde its subcutaneous implantation
along the tibia (20mm x 10mm x 10mm) and spine (@5m25mm x 15mm) in a rat
bone chamber model. The actuator was designedetwed a dynamic, (1Hz),
compressive, (-6N), load that was controlled teleivedly throughout a 6-week lonig
vivo study. Independent validations of the mecharactiator and the electrical control
system were performed prior to an electromechan@ladation of the integrated system.
The responsiveness, quantity and magnitude oo Were investigated.

The mechanical actuator was motor-driven and tbettal control system was based on
radio frequency signal transmission. The electiraaical actuator conformed to the
volumetric restrictions of the rat bone chamber eldtibia: 13mm x 17mm x 10mm;
spine: 35mm x 30mm x 11mm). A wide range of opegafrequencies (0.5 to 3.0
0.05Hz) was achieved and a telemetrically contdoléad was produced for 20 seconds
per day throughout a simulated 6 weekvivo study. Due to inefficiencies of the
mechanical actuator and voltage limitations of ¢batrol system, the magnitude of the
compressive load produced by the actuator (-1.67L@&N) was less than specified by the

design criteria.

Future work to optimize the actuator design andi€alion is warranted in order to
increase the maximum load magnitude; however, tireent design provides a novel
means to begin the investigation of the role of maeécal load on bone graft

incorporation in impaction allografting.
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1.0 Introduction

1.1  Overview

A failed hip prosthesis poses a significant chg&emo the patient, surgeon and health
care system. While primary hip arthroplasty issidared a very successful procedure,
revision hip arthroplasty is associated with anreéased incidence of complications.

There are a limited number of surgical solutiongilable to revise a failed hip prosthesis
if sclerotic or segmental defects in the peripresthbone exist. These procedures tend
to be more difficult for the surgeon to perform aar@ more costly to the health care

system compared with primary hip procedures.

Femoral impaction allografting is a type of revisioip surgery that is employed with the
main objective of restoring the patient’s femorahb stock while stabilizing the implant.
This technique utilizes morselized bone graft amelsgurized cement to stabilize the
prosthesis. The periprosthetic bone stock is redtthrough an incorporation process in
which viable host bone circumferentially penetrates necrotic graft, producing more
viable bone and resorbing necrotic bone. To datmjcal results of impaction
allografting are positive, but regions of unincaigged bone graft have been shown to
persist for many years post-operatively. Largeasref necrotic bone graft indicate a
failure to reconstitute the periprosthetic boneclkstand may lead to implant instability
Ullmark and Linder, 1998).

Both human and animal models have demonstratedatioreship between mechanical
load and bone growth (Tagil and Aspenberg, 199%eAberget al., 1996; Duncan and
Turner, 1995; Rubin and McLeod, 1994). Based @selresults, mechanical load may
stimulate incorporation of the bone graft layernmpacted allograft hip prostheses and
ultimately increase the strength and longevityha&f timplant. The purpose of this study
was to develop amn vivo device that would enable the investigation of tiffect of

mechanical load on bone graft incorporation in ioted allograft hip prostheses.



1.2  Anatomy of the Hip

The hip joint is comprised of the proximal femudahe acetabulum of the pelvis (Figure
1). Together, the femur and the acetabulum fonarg stable, ball and socket, synovial
joint. The load bearing surfaces of the joint aeeiprocally curved and covered in
hyaline cartilage. A small degree of incongruigtween the surfaces allows for synovial

fluid to lubricate the joint and provide nourishrhémthe cartilage.

Figure 1: Coronal section showing femoral-acetabal articulation.
[http://www.rpsimc.edu/rumc/page-1098987358358.html

A joint capsule spans between the pelvic bone &edféemur, contributing to motion
control and stability of the joint. The joint caps is reinforced by three functional
ligaments which wind around the hip in a spiralnfation (Figures 2 and 3). The
ischiofemoral ligament stabilizes the joint duriextension and the iliofemoral ligament
prevents hyperextension. The pubofemoral ligarpestents excessive abduction of the
femur. Together, the ligaments of the joint capduglp to control medial rotation and

extension of the hip.

Pubofemoral Ishciofemoral

%
- L -
Anterior Posterior

Figure 2: (left) Anterior view of cadaveric hip stowing ilio- and pubofemoral ligaments.
Figure 3: (right) Posterior view of cadaveric hipshowing ischiofemoral ligament
Images are courtesy of the National Library of Medtine



Muscles spanning the hip joint generate motion piodide stability to the joint (Figure
4). Hip flexion is accomplished though the actimatof muscles in the anterior muscle
compartment including the rectus femoris. Adductis accomplished through the
activation of the adductor compartment includingdadtor magnus. The gluteal
compartment contains muscles such as the glutexsrmsa that function to extend and
laterally rotate the hip. The posterior comparttremtains the hamstring muscles which
also work to extend the hip joint. Stability is @sred in part by co-contraction of
antagonistic muscles throughout the range of motion

Rectus Femoris Adductor Magnus

——— —

Gluteus Maximus

Figure 4. Cross-sectional view of acetabulum shong hip musculature.
[http://en.wikipedia.org/wiki/Image:Gray344.png]

The microstructure of long bones is comprised ghaic and inorganic components. A
gelatinous ground substance makes up the orgampaoent which provides flexibility
and resilience to the bone. The inorganic compbpeavides strength and rigidity to the
bone as it is largely made up of calcium and phasphThe fundamental microstructure
of bone is based on a structural unit called arearst Centrally located within the
osteons are longitudinally-oriented haversian cgnadssels and nerve fibers. Concentric
layers of mineralized matrix called lamellae fornb@undary along which cavities, or
lacunae, filled with osteocytes exist. Channet-ldanaliculi radiate from each lacunae,
forming a network for blood vessels to travel bedawedjacent lamellae and haversian

canals (Figure 5).
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Figure 5: Longitudinal section of hierarchical miaostructure in diaphyseal bone
[http://www.mc.vanderbilt.edu/histology/labmanual2@absection1/CartilageandBone03.htm]

BRANCHES OF
PERIOSTEAL
BLOOD VESSELS

Macroscopically, long bones are composed of a deosical shell lined with spongy

cancellous bone (Figure 6). Cortical bone is emyed in a dense fibrous tissue
membrane called the periosteum. Blood vessels meme fibers penetrate the
periosteum, ultimately connecting with canalicufi @ancellous bone via haversian
canals. Blood vessels in canaliculi running thfougd marrow deliver nutrients to

cancellous bone. The medullary cavity in long lsorelined with a thin membrane
called the endosteum. The medullary cavity contaifsgh concentration of osteoblasts

and osteoclasts which are highly active in bonm&iron and bone resorption.

—(Canhcellous Bone

L FEndosteum

Figure 6: Coronal section of proximal femur comprsed of cancellous and cortical bone.
Images are courtesy of the National Library of Medtine



The blood supply to the proximal femur originatemni the distal aorta. The distal aorta
bifurcates into the common iliac arteries whichrnwfainto the internal and external iliac
arteries (Figure 7). The internal iliac arteryriores posteriorly into the obturator artery
which supplies the femoral head. The externat igatery further branches into the
femoral artery and the deep femoral artery. Froendeep femoral artery arise the medial
and lateral circumflex arteries which supply thdirenproximal femur, including the

trochanters, the neck and the head (Figure 8).

Figure 7: The distal aorta supplies the proximalémur and acetabulum.
[http://radiologynotes.servehttp.com/vascular/viechtm]

Figure 8: Content removed due to copy right restidtions. The restructured figure depicted the
vascularity of femoral head, neck and trochanters.
[http://www.zimmer-latinoamerica.com/z/ctl/op/gldkeection/1/id/379/template/PC/navid/777]



1.3  Total Hip Arthroplasty

It is estimated that 70-87% of total hip arthropfa6THA) procedures in Canada are
performed to alleviate the symptoms of degeneratisgeoarthritis (OA) (Figure 9)
(Kershaw et al., 1991; Ritter and Campbell, 1987, Canadian Instittor Health
Information, 2005, Franklinet al., 2003). OA affects 10% of Canadians and is
characterized by the deterioration of cartilage aubchondral bone at a joint
(DesMeules, 2003). People who suffer from hip OAynexperience joint pain and
stiffness which often disrupts their independersmgial interactions and employment.
When used to treat OA, the main objectives of THA @ reduce joint pain and restore

range of motion at the joint, thereby improving gagient’s quality of life.

Degenerative ostecarthritis B1%
Osteonecrosis 5%
Inflammatory arthritis 485
Acute hip fracture 3%

Childhocd hip problem 2%
Old hip fracture ] 2%
Fost-traumatic ostecarthritis 1%

Other 1%

0% 10% 20% 30% 400 0% BO% T0% 20% a0%
Percentage

Figure 9: The most predominant hip pathology trea¢d with THA is degenerative osteoarthritis.

1.3.1 Primary Hip Arthroplasty

In 1961, Sir John Charnley introduced THA as a radanreduce hip pain and increase
mobility in patients with OA (Charnley, 1961). #&short time, THA became a very
successful procedure with over 18,000 procedurefompeed annually in Canada

(Canadian Institute for Health Information, 2008)uring a THA procedure, the surgeon
may chose to expose the joint via a posteriorrdatar anterior incision. Once exposure
is obtained, the proximal femur is resected andittramedulary canal and acetabulum

are reamed in preparation for the prostheses.sides of the femoral stem, femoral head



and acetabular cup are established using triatipgsess in an iterative fashion. The final
components are implanted with or without cemerd,jtint is reduced and the incision is

closed.

Many combinations of materials and fixation methods be used in THA. The femoral
stem is made from metals such as stainless-stebhltechrome or titanium and is
secured with polymethylmethacrylate (PMMA) bone eemor press-fit into the bone.
Cemented stems have a highly polished surfacehfiaisd depend on the adhesive
gualities of PMMA for fixation. Press-fit stemsveaa textured surface coating with
pores ranging from 150 - 4Qdn. Implant fixation is dependent on the occurreate
osseous integration in which the host bone growestime pores of the implant (Cameron,
1981; Haddaet al., 1987). In modular implants, the head is a sépar@mponent which
is attached to the stem and can be made from roet@ramic. Like the femoral stem,
the acetabular shell is made from a variety of leetad may be polished if cemented in
place or porous coated if no cement is used fatifom. An acetabular liner made from
ultra high molecular weight polyethylene (UHMWPHpetal or ceramic provides a
bearing surface which articulates with the femtwedd. Metal on UHMWPE, metal on
metal or ceramic on ceramic are possible combinat@f bearing surfaces between the

femoral head and the acetabular liner in a tofaréplacement.

The survival rate of a total hip replacement isiaction of the implant type, the surgical
technique and patient-specific factors such as ljoiaéity, age and general health. Using
either a clinical assessment of hip pain and fonctr radiological signs of mechanical
failure as an endpoint, the post-operative succassof total hip replacements is about
94% at 10 years (Herbentsal., 1989; Malchatet al., 1993; Franklinet al., 2003). The
mechanisms of primary implant failure include asepbosening, infection, recurrent
dislocation, bone fracture and prosthetic fractérgeptic loosening is the major failure
mode of primary hip replacements and accountshi@et quarters of failed hip implants
(Bozic, 2005).



Normal wear of the bearing surfaces and micromotibthe implant can produce wear
particles that lead to aseptic loosening. Damddkeoimplant and its interfaces through
repetitive loading, insufficient osseous integmtiand stress-shielding can lead to
micromotion of the implant with respect to the bonélicromotion can cause an
accumulation of three types of particles: UHMWPEtipkes from the bearing surfaces
and the backside of the acetabular cup; PMMA pdedifrom the cement-bone interface;
and metal particles from bearing surfaces and faxtes of modular components
(Hirakawa et al., 2004). Micromotion also creates dynamic pressgradients in
interstitial fluid which distributes the wear pafés along the implant-bone interface
(Freiet al., 2005).

Once distributed, wear particles initiate a loadizinflammatory response in which
immunogenic macrophages phagocytose the foreignm padicles (Papet al., 2001;
Huiskes, 1993; Manlest al., 2002) . The activity of these macrophages aagatsignal
transduction pathway that stimulates the sequerg@bitment of osteoblasts (Horowitz
and Purdon, 1995) and osteoclasts (Goodetaal., 1998; Wanget al., 1997). High
levels of specific cytokines, including Interleulén and Prostaglandin-E2 lead to
pathological bone resorption through hyper-actoratof osteoclasts (Thornhibt al.,
1990; Sunet al., 1999). Osteolysis of the periprosthetic bonesta®wvn in Figure 10,

causes implant loosening and is a precursor tgi@vsurgery.

Figure 10: Osteolysis on the lateral aspect of pigrosthetic bone due to wear particles.
[www.tsuhp.com/uslesion06.htm]



1.3.2 Revision Total Hip Arthroplasty

Revision surgeries account for 11% of all THA pawes in Canada and are
significantly more challenging than primary THA pealures (Canadian Institute for
Health Information, 2002). As compared with prigparip surgeries, revision hip
surgeries are 30% more costly, require 41% moreatipg time and have 32% increased
rate of complication (Bozic, 2005). The compliogtifactor in revision THA is severe
bone loss due to osteolysis. During revision syrgeone loss is further exacerbated by
the removal of the implant. The number of previtatal hip surgeries is correlated with
bone loss and this extensive bone loss often rencamventional revision techniques
impossible (Haddad, 1999).

Primary implant failure due to osteolytic bone lass be treated with cemented stems,
long cementless stems and impaction allograftidgect comparisons of clinical studies
involving different revision procedures are difficto make due to small sample sizes
and variations in patient bone quality, implantigesfailure criteria and follow-up time.
Bearing this difficulty in mind, success rates aswrgical indications for revision
procedures using cementless stems, cemented stelmpaction allografting (1A) are

discussed below.

Long, revision cementless stems have variable sso@es ranging between 82% at 6
years (Kjaersgaard-Andersen, 2004) to 96% at 1YeH6s (Bohm and Bischel, 2001;
Weeden and Paprosky, 2002). Given that cemensiesas depend on a diaphyseal
press-fit for initial stability and subsequent ass® integration for long-term fixation,
they are appropriate for revision patients with &#dinik grade 1, 2 and 3 type bone
loss in which osteolytic defects do not extend i@ mid femoral diaphysis. Inadequate
initial stability results in implant micromotion wdh can lead to incomplete osseous
integration, stem subsidence or the perpetuatioostgolysis through the generation of

wear particles.

Revision cemented THA has a 77% success rate yd@ (Kershawet al., 1991) and is
indicated for patients with good bone stock (EndmiK grade 1 and 2) (Hultmarét al.,



2000; Mahoneyet al., 2005). Cement provides immediate fixation of toenponents;
therefore, touch weight bearing can occur very safiar surgery. A limitation of
cemented stems is that the endosteal surface ofinth@medulary cannal is often
damaged iatrogenically, during the removal of teenent mantle in a revision surgery.
Consequently, cemented revisions are generallyopeed in elderly patients when the

need for a re-revision surgery is thought to berobpble.

The success rates of acetabular and femoral ingmaatiografting (1A) are 83% at 11.8
years (Schreurst al.,, 1998) and 90.5% at 10-11 years (Hallidely al., 2003)
respectively. IA is recommended for patients vadvere bone loss that precludes the
use of traditional cementless or cemented impléésidad, 1999). Specifically, patients
with a thin femoral cortex are predisposed to frextf a cementless implant is press-fit
into the femur. Young patients who may need toeugd multiple revisions in the future
or whose bone loss is thought to be reversible adse suitable candidates for IA
(Mahoneyet al., 2005).

1.3.2.1 Impaction Allografting

Impaction allografting was first introduced for #adeular reconstruction in 1985 (Slooff
et al., 1984) and later for femoral reconstruction (&iel., 1993). The main objectives
of 1A are to provide stability to the implant anal restore the host bone stock (Capello,
1994; Masterson and Duncan, 1997; Tagil, 2000; Kpedial., 1997; Eltinget al., 1995;
Gieet al., 1993). In femoral IA, these objectives are acplished through the creation
of a neomedullary canal. Allograft bone is moedi and impacted into femur thus
creating a rigid cavity in which the implant is lsiteed. The allograft layer provides
both osteoinductive and osteoconductive propettieieh stimulates the differentiation
of mesenchymal cells into osteoblasts and proviglescaffold for the ingrowth of
capillaries and osteoprogenitor cells (Goldberg Stelyenson, 1987). Unlike cemented
or cementless revisions, IA is unique in its pasnb provide both a mechanical and
biological solution to stabilize the prosthesis @odestore viable bone in patients with

severe bone loss.

10



Surgical Procedure

Pre-operative templating using anterior-posteritat Eateral radiographs is performed to
assess bone quality and establish component sigeiréF11). Intra-operatively, an
incision is made through the pre-existing scar @ltre lateral aspect of the femur until
the proximal tip of the greater trochanter, at \hjgoint the incision is extended
posteriorly. Facial and capsular incisions are enadpreparation of dislocation of the
hip. A circumferential arthrotomy is performed émpose the proximal femur and the
primary component along with any cement and bormyowth are removed. A guide
wire with a threaded distal plug is inserted altimg midline of the femur and secured 2
cm distal to the most distal osteolytic defect (ffeg12). Femoral head allografts are
milled to chips 4-6 mm in size (Figure 13) and placed into the femoral canal and
impacted with cannulated, cylindrical and conicahps in a step-wise fashion. Trial
components are implanted and a reduction of thet ji performed to evaluate the
stability of the components and the leg lengthha patient. The trial component is
removed, pressurized cement is inserted into thaufen a retrograde fashion and a
polished tapered stem is stabilized within the agnmeantle (Figure 14). Following
reduction of the joint, the joint capsule and skiaision are closed. Barring no severe
bony or soft tissue defects, the patient may touelght bear with crutches as soon as 2-

4 days post-operatively.

Figure 11: Radiographic templating is performed peoperatively.
[http://www.exeterhip.co.uk/ex_pag_femoral-revisinm]
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Figure 12: (left) Insertion of distal plug and gude wire.
Figure 13: (middle) Allograft femoral heads morsaked with bone mill.
Figure 14: (right) Anterior-posterior radiograph of revised hip using the IA technique.
[http://www.exeterhip.co.uk/ex_pag_femoral-revisinm]

Clinical Results

Direct comparisons between studies cannot be maitteows consideration of the
discrepancies between implant systems, surgicéinigaes and patient-related factors
(Table 1) (Leopoldtt al., 2000). For example, the success rate at 10-afs yd# femoral
IA using a collarless, polished, double-taperedT)Cstem was 90.5% when the failure
was defined as re-revision for any reason and Wak’® when failure was defined as re-
operation for aseptic loosening (Hallidalyal., 2003). Table 2 provides a summary of
clinical results of femoral IA where failure wasfided by re-revision for aseptic
loosening. Each study employed the same basiedAnique described by Gie and Ling
(Ling et al., 1993; Gieet al., 1993) and all but two studies used CPT femorainst
However, the quality of patient bone stock at thmet of surgery and patient
rehabilitation were not standardized between tistsdies. Despite the slight variations

in methodology, the failure rate of femoral 1A 8% or less in all of these studies.
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Table 1: Variables of consideration when making iter-study comparisons.

MATERIAL SURGICAL CLINICAL
IMPLANT ALLOGRAFT INCLUSION CRITERIA
Polished\taper Fresh frozen Simple revision
Roughened Freeze dried Consecutive series
Pre-coated Radiated Severe bone loss
CEMENT APPROACH POST-OP CARE
Type Standard Weight-bearing
Viscosity Transtrochanteric Rehabilitation
Application Extended osteotomy Patient analysis

Table 2: Clinical results of I1A using a common fdure criterion.

STUDY IMPLANT | BONE LOSS | FRACTURE | SUBSIDENCE FAILED
(Gieetal., CPT mild 5% >2 mm: 43% 0
1993) (n=56) >8 mm:7%

(Elting et al., CPT mild 5% >2 mm: 17% 0
1995) (n=60) >8 mm: 3%
(van Biezeret al., CPT extreme 10% >1-6 mm: 629 0
2000) (n=21) >15-32 mm: 20%
(Eldridgeet al., CPT . 520 0
1997) (n=79) not reported >5 mm: 23% 10%
(Masterson, Duncan CPT 0 . 200 o
1997) (n=35) moderate 17% >10 mm: 20% 3%
(Medinget al., CPT 0 . 200 0
1997) (n=34) moderate 18% >4 mm: 38% 6%
(Leopoldet al., Collared . o . Q0 o
(1999) (n=25) mild 24% >1 mm: 8% 8%
(Fetzeret al., Collared o . o 0
2001) (n=20) extreme 12% <5 mm: 5% 0%
(Knight, Helming, CPT , 0 220 0
2000) (n=30) mild/moderate 16% <5 mm:33% 3%

6-8 mm: 13%

>10 mm: 3%

Complications

The incidence of complications during femoral I1Adae as high as 28% (Leopaddal .,
2000). The most commonly reported complicatiopesoperative fracture caused by the
combination of large hoop stresses during impac{ideding et al., 1997) and bone
stock deficiency (Eltinget al., 1995; Fetzeet al., 2001; Gieet al., 1993; Knight and
Helming, 2000; Leopoldt al., 1999; Masterson and Duncan, 1997; Meding., 1997).
Perioperative fractures include intraoperative tirees which occur in 5% of cases
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(Elting et al., 1995) and postoperative fractures which occut4#o of cases (Meding
al., 1997). The following complications are commonptimary THA and IA but are
consistently higher in 1A: dislocation (3% to 13%pstoperative infection (3-6%) and
non-union of greater trochanteric osteotomies (38%0%) (Morgaret al., 2004). The
clinical outcomes of stem subsidence are contréalerghere some authors report a
correlation between thigh pain and subsidence grélaan 10 mm (Eldridget al., 1997)
while others do not (Giet al., 1993).

Subsidence

Subsidence may be caused by insufficient graft otipa (Hostnert al., 2001; Franzen
et al., 1995), cement mantle fracture (Franeeal., 1995; Masterson and Duncan, 1997)
or graft incorporation (Franzest al., 1995; Stulberg, 2002; Tagil and Aspenberg, 2001).
In primary THA subsidence is generally an indicatfor failure; however, subsidence in
IA is controversial issue. Some claim that wedgaped stems can re-stabilize within
the cement mantle through subsidence (Eléng., 1995; Gieet al., 1993). In doing so,
there exists potential for the subsiding stem tondate allograft remodeling as
compressive load is transmitted from the stem tjinahe allograft to the femoral cortex.
However, in one radiostereometric study, no cotiela between subsidence and
radiographic appearance of the femur was identifieh Doornet al., 2002). Others
claim that subsidence is a serious complication iarichplicated in thigh pain, cement
mantle fracture, dislocation, aseptic looseningaigZenet al., 1995; van Doorret al.,
2002; Masterson and Duncan, 1997; Medihg ., 1997; Eldridgeet al., 1997).

The success rates of most revision surgeries anigeti by compromised bone quality
associated with primary implant failure. Unlike myarevision surgeries, IA offers both
biological and mechanical solutions to the faileohj. Low failure rates ranging from 1-
10% suggest that IA provides an efficacious metlbddestoring bone quality and

function to the hip joint.
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1.3.3 Bone Graft Incorporation

The objective of IA in revision hip surgery is testore the patient’s bone stock through
graft incorporation while providing stability to @himplant. Despite this, histological
results of clinical (Linder, 2000; Lingf al., 1993; van der Donékt al., 2002) and animal
studies (Tagil and Aspenberg, 2001; Waedgal., 2000; Lamerigtset al., 2000)
demonstrate that a significant amount of unincaafeat graft persists long after surgery.
Extensive research on various aspects of boneirmggafiuch as histocompatability,
bioactivity and loading has helped elucidate thernelationships that exist between the
biological and mechanical factors of graft incogimn. However, the relationship
between specific loading parameters such as loaphitoa@e and load frequency and graft

incorporation remain unclear.

The incorporation of morselized, cancellous allfigpane proceeds through four discrete
processes: inflammation, revascularization, osteegis and remodeling (Goldberg and
Stevenson, 1987). The rates at which these pres@ssur are largely a function of graft
sterilization, graft impaction, and mechanical log&tevensonet al., 1996).
Histoincompatible graft can delay or inhibit revalscization by inducing an
immunological response in the host bone. Thisaesp can be avoided if the graft is
sterilized prior to implantation. However, certasterilization methods destroy all
biological activity in bone grafts and severely edp osteogenesis. For example,
autoclaving denatures the osteoinductive bone nogetic proteins (Hofmanret al.,
2005). Conversely, osteogenesis can be stimuldwexigh graft impaction. During
impaction the graft releases osteoinductive factoyen microfractures created in the
bone matrix (van der Dondt al., 2002). While impaction may stimulate osteogenasi
has also been shown to reduce the osteoconduatiiviiye graft (Tagil and Aspenberg,
1998) by obstructing capillary and osteoproger&t proliferation (van der Donét al.,
2002). In addition to histocompatability and bitvae factors, bone graft incorporation is
also affected by mechanical load, but the exaaticgiship remains undetermined.
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1.3.3.1 Muscul oskeletal Actuators

Recently, a plethora of actuators have been degdldp investigate the effect of
mechanical stimulation on bone growth in the musskeletal system (Sobalkt al.,
1992; Haradat al., 2002; Lamerigtst al., 2000; Wanget al., 2000; Tagil, 2000; van der
Donk et al., 2002); however, the results of these studiessaneewhat conflicting. The
effect of micromotion at a bony interface has bewerestigated in dog (Sobalkt al.,
1992) and rat (Harad al., 2002) models and compressive load has been igatsd in
rat (Tagil and Aspenberg, 1999), goat (Lameragtal., 2000; van der Donét al., 2002)
and rabbit (Wangt al., 2000) models. The mechanical environment apgeardgluence
tissue regeneration; however, the mechanical emviemt that stimulates bone ingrowth

remains undetermined.

Dynamic Device

Soballe’s dynamic device was used to investigageetiiect of mechanical stability on
tissue ingrowth into porous coated implants in mirea model (Soballet al., 1992). A
polyethylene plug protruding from the condylar scd of distal femur was loaded with
each gait cycle and in turn induced micromotiortha implant-bone interface (Figure
15). Micromotion (50Qum) inhibited bony ingrowth into the implant surfacesulting
in a fibrous tissue membrane. Graft incorporatiaes studied in a similar unloaded
model (Soballet al., 1992) but the relationship between mechanical krad bone graft

incorporation has not yet been investigated in 8@bacanine model.

Piston
Implant
Bone

Figure 15: Micromotion at the implant-bone interface studied with an implant loaded with piston
[Labels have been added to original figure fromNBéal Central for clarity]
[Soballeet al., 1992]
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Micromachine

Harada's micromachine was used to study the eftgctmicromotion on tissue
regeneration. Both fragments of a transverselgatemized vertebra were stabilized in
an external fixator and the caudal fragment wasedaontinuously along an angular arc
(10C°/min) (Haradaet al., 2002) (Figure 16). In contrast to Soballe’s stg8pballeet
al., 1992) in which micromotion induced the formatiohmembranous fibrous tissue,
micromotion induced the formation of articular dage in this study. Although the
results of Harada’s study clearly establish thengkatory role that micromotion had on
tissue regeneration, the effect of micromotion ameb graft incorporation, was not

investigated.

Figure 15: (left) Content removed due to copyrighrestrictions. The figure removed depicts the
attachment of Harada’s (2002) micromachine to the@mal.
Figure 17: (right) Content removed due to copyrit restrictions. The figure removed depicts the
relative motion induced by the micromachine betweenrertebral fragments
[Haradaet al., 2002].

Bone Chamber

Tagil's bone chamber was implanted bilaterally e tcortex of the medial aspect of
proximal rat tibiae to compare the effect of dyneif®.17 Hz), compressive load (2 MPa)
on bone formation with unloaded controls (Tagil afsgpenberg, 1999). The load
chamber consisted of a spring-loaded piston artesaded titanium cylinder which was
manually loaded with a dynamometer (Figure 17). oTdvametrically opposed bone
ingrowth openings in the bone chamber (identifiethwarrows in Figure 17) were placed
at the level of the cortical bone. Compressivel laas shown to reduce bone ingrowth

relative to the non-loaded control and to induagilege formation.
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The bone chamber enabled the application of a digghload, equal to the dynamometer
load, while the contents of the chamber were sshgdded during ambulation.

Although the load was quantifiable, the loading gpaeters employed in this study
correlated negatively with bone formation. Sinssue differentiation is thought to be
governed by various physiological thresholds (Afseg et al., 1996; Duncan and

Turner, 1995; Rubin and McLeod, 1994) the authastylates that the load frequency
used in this study may not be conducive to bone&bion but rather cartilage formation.
Cartilage formation may also have been stimulatethb low oxygen tension caused by

impaired vascularization of the chamber contentstduthe large load applied.

Figure 168: Content removed due to copy right resictions. The figure removed depicts the loading

of graft within the bone chamber via a spring and gnamoneter (Tagil and Aspenberg, 1999).
Subcutaneous Pressure Implant
Lamerigts introduced the subcutaneous pressureamh6PI1) which was later used by
Van der Donket al.,, (2002) to characterize the relationship betweenadyao,
compressive load and bone graft incorporation (Liagtseet al., 2000) (Figure 18). The
SPI consisted of a pneumatic piston implanted daibewusly on the lateral aspect of the
distal femur. Lamerigts compared no load, a mdddoad (2 MPa) and a higher load (4
MPa). Six weeks post-operatively, there were nstomorphometric differences;
however, at twelve weeks both loaded groups exddbitdvanced graft incorporation in
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comparison with the non-loaded group. Lamergistgo@sed that early post-operative
stages of graft incorporation are dominated by lalee repair reaction whereas later
post-operative stages are dependent on mechaoadihy. Despite this conclusion, van
der Donket al., (2002) conducted a 5-week long study comparingefifect of load (3

MPa) and no load. Load did not affect the amodrgraft remnants or the amount of
new bone formation; however, it did increase theamh of revascularized, incorporating

graft.

The most significant limitation of the SPI was thascularization of the graft. In an
impacted allograft femur, proximal femoral resestiand intermedullary reaming
compromise the blood supply arising from the cirflamn and perforating arteries.
Comparatively, the vascularization of the grafttihe SPI was optimized through the
location of the implant and the diamond drill usectreate the defect. Unlike IA where
the graft is revascularized via one surface, thiep®@Hnitted the superior medial, superior
lateral and the saphenous branches of the geniarary to permeate the graft
circumferentially and end-on. While the optimizedascular bed of this
microenvironment is conducive to graft incorporatiat fails to provide a clinically

relevant model of graft incorporation in IA.

!
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Figure 17: Pneumatic actuator loaded graft which nderwent increased vascularization short-term
and increased incorporation long-term compared withan unloaded control.
[Lamerigtset al., 2000]
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Rabbit Prosthesis

Wang’s rabbit prosthesis model was developed testigate the effect of mechanical
loading on periprosthetic graft incorporation (Wagtgal., 2000) (Figure 19). Tibial
stems were implanted in a bed of impacted, momsglallograft bone. In half of the
animals, the stems were loaded via a tibial platgathe stem while the other half were
unloaded. The results demonstrated more bone fammsurrounding the loaded stems

than the unloaded stems.

The rabbit prosthesis model is limited by the Valealoads applied to the stems. The
magnitude and frequency of the load in additiorthi® duty cycle and number of load
cycles were a function of the individual animal'stigity level and gait pattern.
Furthermore, the graft bed of this model is noaecurate surrogate for the graft bed that
is constructed clinically. The small diameter oé ttabbit cortex limits the thickness of
the graft layer and allows for only 1-2 mm of bangrowth. This is not representative
of the clinical scenario in which the graft thicksecan reach up to 8 mm. In addition,
the cement mantle surrounding the implant was alfsem this model. The absence of
cement may affect the stability of the prosthesid e@onsequently, the pattern or extent of

bone ingrowth.

Figure 18: Content removed due to copy right resfctions. The removed figure depicts the loading
of graft in the rabbit prosthesis model (Wanget al., 2000)
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1.4  Objective

Impaction allografting has demonstrated a strondjtytio stabilize the implant and
restore the host bone stock following revision sypgery. However, large amounts of
graft remain unincorporated for years followingsttsurgery and perhaps indefinitely.
Research has demonstrated a relationship betweehameal load and bone graft
incorporation but the results have been unclearthadefore inconclusive. Therefore,
there is a need to fully characterize the relatigmbetween mechanical load and graft
incorporation. To do so, an actuator must be apezl to apply load to bone graft, in an
in vivo animal model. The objective of this thesis isdesign and validate am vivo
actuator and a telemetric control system that @anded to investigate the effect of load

on graft incorporation.

15  Scope

The actuator must conform to three conditions.sthiy the actuator must be very small
and have low-profile geometry such that the actuartd the power supply can be
implanted subcutaneously in a clinically relevaminal model. Secondly, it must output
a dynamic, compressive, physiologically-based loathirdly, it must be controlled
telemetrically and operate on very low power inesrtb study bone graft incorporation

process over a period of six weeks or longer.
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2.0 Methods

21  Design Criteria

The development of the actuator was guided by ttesegn criteria based on its physical
size, mechanical performance and control systeimwas intended that the actuator be
used in conjunction with a previously designed rahe chamber model (Fretf al.,
2005). The animal size limited the overall dimensi of the actuator and power supply
to 2000 mm along the spine of the animal and 13125 *matong the tibia. The
mechanical performance criteria of the actuatorewbased on physiologic loads
determined both clinically and experimentally. &equently, the performance criteria
was determined to be a dynamic, compressive load BfPa at 1 Hz applied for 20
seconds per day over 6 weeks (Chahg., 1998; Verdonschot and Huiskes, 1996; Frei
et al., 2005; Lamerigt®t al., 2000; Wanget al., 2000; Tagilet al., 2000; van der Donk
et al.,, 2002; Bumaet al., 2002; Aspenbergt al., 1996). To control the actuator
following implantation, a compact, low-power telene control system was required to

remotely operate the actuator.

2.2 Anima Mode

The actuator was designed to apply load to moesgliimpacted allograft bone contained
in a rat bone chamber model (Figure 20) (Etal., 2005). A fundamental advantage of
this bone chamber model as compared with othergil(dad Aspenberg, 1999) was its
ability to reproduce the damaged endosteal inter{&ogure 21) that is characteristic of
impaction allografting (IA). In this model, the dosteal circulation is impaired by
removing the endosteum and part of the endostedéxcavith a flattened mill bit.
Following this, a hollow (2 mm inner diameter), daded (M3), stainless steel (316L)
bone chamber is screwed into the medial tibia gistal to the insertion of the medial
collateral ligament and the opening of the chanibeseated on the lateral endosteal
surface. In this manner, not only is the endossemface disrupted but the interface
between the endosteum and the graft in impactimyralfting is recreated (Figure 22).
See Appendix A for a mechanical drawing of the bcmamber.
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Figure 19: (left) Endosteal rat bone chamber modedescribed by Freiet al. (2005).

Figure 20: (right) Content removed due to copy ridt restrictions. The removed figure depicts the
periosteal rat bone chamber described by Tagil anéspenberg (1999).

APk Allograft Bone
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Figure 21: Characteristic interfaces in an impactd allografted femur.

The actuator, including the telemetric control gitc was required to be implanted
subcutaneously due to the animal’s intolerancees€ytaneous devices. Two possible

sites of subcutaneous implantation in the rat mauglded a) along the length of the

tibia in proximity to the bone chamber and b) adjecto the spine. To accurately

determine the subcutaneous volumes available setleeations, a mock bone chamber,
actuator and control circuit were implanted intoeathanized, Sprague-Dawley rat
(485g). The volumes along the tibia and spinelalik to house these components were
2000 mnf (approximately 10 mm x 10 mm x 20 mm) and 13125 rtapproximately 35
mm x 25 mm x 15 mm) respectively. These were apprate volumes that permitted

unstrained wound closure with subcutaneous suamdsan unrestricted range of motion
at the knee and the spine.
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2.3  Load Paramaters

The actuator's mechanical design criteria were ngefi by an optimal set of
physiologically relevant load parameters estabtisiiem the literature (Table 3). The
intended magnitude of the load output from the @tcty as determined by finite element
analyses of cemented stems, was 2 MPa (Clkaal, 1998; Verdonschot and Huiskes
1996; Freiet al., 2005). Given this 2 MPa load and an approximateebgraft stiffness
of 4 MPa (Dattaet al., 2006), the required stroke of the actuator wasn@nd. Larger
loads of 4 MPa were shown to impede incorporatioth @modeling (Lamerigtst al.,
2000). Conversely, the absence of load resultedess graft resorption, less bone
formation (Wanget al., 2000; Tagilet al., 2000) and a smaller area of active graft
incorporation (van der Dondt al., 2002).

The intended frequency of load output by the actyats established by previous bone
graft incorporation studies, was 1 Hz (Lamerigtal., 2000; van der Donkt al., 2002).

Smaller load frequencies of 0.17 Hz and staticddaalve been negatively correlated with
bony ingrowth (Aspenbergt al., 1996). Higher, unphysiologic load frequencies were

deemed outside the realm of this study.

The intended duration of actuation, as determingdwmn histomorphometric studies
using rat bone chamber models (Aspenleti., 1996; Freiet al., 2005) was 20 seconds
per day for 6 weeks. Although one study examimeoriporation of graft under load for
1 hour per day for 12 weeks in a goat model, thegis approximately 60 times more
graft volume to be incorporated relative to themaidel used for this study (Lamerigts
al., 2000). Additionally, bone apposition rates arehbgic as they are greatest post-
operatively due to the associated trauma with pess$ implantation and subsequently
slow down after a short period of time (van der Benal., 2002). Thus it is expected
that the graft in this study would be incorporatgagickly due to its size and the
incorporation would occur most rapidly in the egrbst-operative stages.
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Table 3: Actuator mechanical design criteria.

LOAD PARAMETER VALUE
Magnitude 2 MPa (6 N)
Frequency 1Hz

Duration 20 s/day for 6 weeks

24  Actuator Selection

The volume constraints of the rat model and thesjihygic load parameters previously
discussed were used to evaluate the suitabilityvafious actuator technologies.
Comparisons between actuators were made on thes lmdsienergy density and
electromechanical efficiency which distinguisheduators based on their physical size
and ability to efficiently tranduce energy. A caanigon of the properties, strengths and

limitations of various actuators is presented ibl&al.

Table 4. Comparison of energy density, efficiencystrengths and limitations for various actuators.

ENERGY
ACTUATOR DENSITY SHAIGIEN S STRENGTHS LIMITATIONS
3 (%)
(J/lem’)
Dielectric 0.15 30 Large displacement Very poor hgn_dlmg
elastomer characteristics
Torque, displacement Requires drive
Brushless motor 165 59 and fre_qugncy are easilycircuitry and rotary to
varied; practical linear motion
technology conversion
Piezoelectric 1.00 90 Very high output stregs \_/ery small
crystal displacement
Shar;ehg;emory 100 10 Very high output stregs Low efficiency
Voice coil 0.02% 90 H|gh efficiency .| Incorrect aspect ratig
practical technology;

Energy density is a critical factor in the companiof small actuators and is defined as
the mechanical work performed per unit volume. BRogiven size and geometry, a
typical brushless motor was determined to providaisicantly greater energy density
(165 J/cm) when compared to other actuators. However, dwethe limited
subcutaneous volume available to houseénanvo power supply, actuator efficiency had
to be evaluated in parallel with energy densityherefore, all other actuator technologies

could not be eliminated without further investigati
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Electromechanical efficiency is defined as theoraaf mechanical energy output to
electrical energy input. This is a critical pardeneto consider due to the volume
limitations of the animal model. In a comparisdriypical actuators of suitable size and
geometry, the efficiency of the brushless motorkeaihsecondr = 59%) behind the

piezoelectric crystam(= 90%) and the voice coil(= 90%). Since the brushless motor
was not superior to the other actuators investthatith regards to both energy density

and efficiency, a more detailed analysis of ea¢hator was conducted.

A comprehensive evaluation of the data in Tablevealed that nickel-titanium shape
memory alloys and acrylic dielectric elastomers evansuitable for this study. The
shape memory alloy exhibited extremely low efficgnn = 10%); therefore it was
eliminated based on an inability to provide suffidi power within the available
subcutaneous volume, despite its high energy de(id0 J/cr) (Hunteret al., 1991).
Typically, the energy density (3.4 J/&mand efficiency 1 = 30%) of the dielectric
elastomer was relatively low in comparison to tkieeo actuators in Table 4 (Madden
al., 2004). Poor handling characteristics of the dielecelastomer were identified
through experimental work which made design, tgstand manufacturing of this
actuator technology very challenging. For thesesoas the dielectric elastomer was

excluded from subsequent actuator comparisons.

Piezoelectric crystals were limited by their in&pito provide large displacements (1.7%
strain) (Park and Shrout, 1997). Based on Hookew of linear elastic materials
(Equation 1) the theoretical force applied to theftgoy a single piezoelectric crystal was
calculated to be 0.66 MPa. In this equationis the stress, E is the approximate
compressive modulus of impacted, morselized boradt gand € is the strain. A
conceptual design of a lever system which mechlyieaplified the displacement of
the piezoelectric crystal was drafted; however, #tess-strain properties of the
piezoelectric crystal could not be augmented withiagiven volume constraints to meet

the force and displacement requirements of Table 3.

o=FE-€ (Equation 1)
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Voice coils were unable to meet the design objestif this project based on their aspect
ratio. The aspect ratio of a voice coil, as defibg the ratio of its diameter to its height,
is typically less than one, while the aspect rafithe subcutaneous volume available for
implantation of the actuator was greater than dneorder to generate 2 MPa of stress, a
voice coil 16 mm in diameter was required. Voiodswere unable to generate a stress
of 2 MPa under the geometry restrictions of thigjgrt and were thus eliminated from

further consideration.

This comprehensive evaluation of each actuatornidolgy revealed that the most
appropriate technology was the brushless motoe sktengths of the other actuators did
not compensate for their low energy density anctieficy. The primary limitations of
the brushless motor included a requirement of perg drive circuitry and a rotary to
linear motion conversion system for which multipliesign solutions existed. In
summary, when the energy density, efficiency, gfites and limitations of each actuator

were considered, the brushless motor provided &mapdesign solution for this study.

25  Actuator Design Solution

The final design solution consisted of a lead screwtor and gearbox which were
mounted to the previously described bone chamb@omponent models, machine
drawings and full assemblies of the actuator weredyced using CAD software
(Parametric Technology Corporation, Massachuse®8)lhnd are located in Appendix
A. The actuator was controlled telemetrically witie use of a custom-designed printed
circuit board (PCB) which consisted of a radio treqcy (RF) circuit, a programmable
integrated circuit (PIC), a motor driver and a poveeipply. Circuit board design
software was used to establish the layout and gvidhthe circuit board (Altium Ltd,
Sydney Australia). The actuator and the electonvere sealed in separate housings
which were designed to fit within the subcutanewolsime along the animal’s tibia and
spine respectively. Details of the lead screw, anogearbox, control circuit, power

supply and sealing are described below.
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251 Leadscrew

A lead screw mechanism was designed to transd@centtor torque to a compressive
force on the graft. The basic equation describeayl screw mechanics (Equation 2)
(Shigley and Mischke, 2001) was used to determimeedesign parameters of the lead
screw and the required motor torque in an iterativenner (Equation 2). In this
equation, T is the torque, F is the forcgisithe pitch diameter,,fs the major diameter,
K is the co-efficient of friction and | is the pitchSee Appendix C for the derivation of

this equation.
T= (deOS)((T[dmu + I)/(T[dm - ||J.) (Equation 2)

An externally threaded section of the lead screwmi® in length) mated with the

internally threaded lead screw sleeve (M2, | = (rith) was designed to provide up to 2
mm of displacement. A non-threaded section (2 miemgth) at the bottom of the lead
screw was machined with a free-running fit (1.2 d9)/with respect to the internal

diameter of the bone chamber. The lead screw sleas 3 + 0.1 mm in height and
press-fit (4 H7/s6) into the base plate of the lpear

A static coefficient of friction | = 0.31) recommended by the American Society for
Metals was used to model the interface betweerstdialess steel internal threads (M2)
of the lead screw sleeve and the stainless steetrnat threads of the lead screw (The
American Society for Metals Handbook, 1989). Based a standard set by the
International Organization for Standardization (I881), the pitch diameter {¢ 1.84
mm) was calculated from the major diametegs £d2 mm) (Equation 3). When a direct
drive between the motor and lead screw was assuthediequired motor torque was

calculated to be 1.98 mNm.

d =dn - 0.649:-1 (Equation 3)
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2.5.2 Motor

The stall torque and the output power were usedetermine the required motor size.
The stall torque of the brushless direct curren€)Dnotor was proportional to the
maximum current drawn prior to winding burnout. iSfmaximum current depended on
the Joule power losses due to the electrical easist of the windings. Since the
windings were located peripherally on the statiog, ihaximum current also depended on
the amount of heat dissipation permitted by theamotount to the gearbox. Because the
gearbox design was conducted in parallel with tl¢omsizing, the mount design which
governed the rate of heat dissipation from the matms unknown. Therefore, although
the stall torque was considered in the motor selegirocess, the universal parameter of

output power was ultimately used to size the motor.

From the law of conservation of energy, Equatiomag derived to calculate the required
power delivered to the graft. In this equatiorsfhe force, d is the displacement and f is
the frequency of the force. The magnitude andueegy requirements of the load were
previously established in Table 3. An approximatad the actuator displacement (0.5
mm) was established based on the applied streB4P@ and the stiffness of allograft
bone (4 MPa) (Dattat al. 2006). Although a 3.6 mW motor was required, ghlr
power motor (30 mW) was chosen in order to expaedoperating range of the actuator
and compensate for potential mechanical ineffiagenin the lead screw and gearbox.
Once the power rating was established, a flat,Hdess motor was selected based on its
‘low profile’ geometry (height: 5.75 mm:; tolerancé®%,3; mm) and small diameter

0

(diameter: 6 mm; tolerance.
USA) (Figure 23). See Appendix D for the produatadsheet.

/.0, mm) (263800 Maxon Precision Motors, Burlingame

P = (F-d-f) (Equation 4)
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Figure 22: Flat, brushless motor 6 mm in diametemade by Maxon Motors USA.
[www.maxonmotorusa.com]

The operating range of the motor is shown in Figi4e Two distinct operational regions
were identified based on the motor’'s ability tostsite heat generated in its windings
through the housing-ambient environment interfaber(nal resistance: 330 K/W) and
the winding-housing interface (thermal resistark@0 K/W). The area shaded in white
represents the operational parameters which pénenotor to be briefly overloaded for
short periods of time. The area shaded in redessmts the region of continuous
operation. The motor was required to deliver aaayic load for brief periods of time
and could therefore be overloaded. However, emghe overloaded operational region,
the motor torque (0.04 mNm) was less than the ®rgguired (1.98 mNm). Since the
motor power was sufficient, the torque charactessbf the motor were augmented
through the design of a gearbox.

n [rpm]

15000

10000

0.01 0.02  0.03M[mNm]

Figure 23: Continuous (red) and discontinuous (whe) operation zones of the motor.
[www.maxonmotorusa.com]
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253 Gearbox

A gearbox ratio of 1:50 was required to amplify thetor torque; however, a gearbox
with a ratio of 1:60 was designed to expand thaaip® range of the actuator. Over-
designing the gearbox would enable the motor toaipaat 80% of the stall torque (0.033
mNm), thereby increasing its efficiency and dedrepghe probability of winding
burnout. A model of the gearbox including the calfy located motor (yellow), gears
(white), lead screw (dark grey) and bone chambezefy) is presented in Figure 25. A

parts list and machine drawings are located in AdpeA.

BASE PLATE
COLLAR

BONE CHAMBER

Figure 24: Side view of solid model of gearbox.

Three internally threaded, cylindrical struts weiged to separate two unsymmetrical
plates. Three countersunk screws (M1x 3 mm) weed uo fasten each plate to the
struts. The bottom surface of the motor stator fhasl with cyanoacrylate to the base
plate of the gearbox. A pinion was also fixed wianoacrylate to the motor output
shaft. With a medium-drive fit (1.2 H7/s6), eigidditional gears were fixed on four
shafts. The machining tolerances on the face widththese gears and the assembly
tolerances on the axial placement of these geartha&in respective shafts were £0.01
mm. To avoid the use of bearings, floating geaftshwere designed. The vertical play
in the shouldered shafts was 0.1 mm. The endiseo$hafts were chamfered (d x d, h =

0.1 mm) and machined with a close running fit [88%h7).
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The tolerances on the shaft hole centers in thebgregplates and the outer diameter of
the lead screw collar were critical to gear meslaing lead screw alignment respectively.
The gear tooth clearance is a property of meshesysgand is defined as the distance
between the teeth of meshing gears (Figure 26)is phArameter was calculated by
finding the difference between the major and midiameters of meshing gears where
the major diameter is the sum of the pitch cirdarteter (dotted lines) and the gear
addendum, A (C = 0.045 mm) (Figure 27). Toleranmegshe shaft hole location (x =

*00% , mm) were established to ensure that the maximuenedse in the distance (d)

between the axes of gear shafts §x¢]°° = 0.014 mm) was less than the gear tooth

clearance, thereby eliminating the occurrence af g@oth interference.

Figure 26: Tolerance on shaft hole placement isds than gear tooth clearance.
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254 Control Circuit

The operation of the actuator was controlled tetewsdly with an RF circuit. The motor
was controlledby a digital motor drivern vivo (Maxon Motor USA, Burlingame USA).
The motor driver was controlled by a PIC (MicrocAipchnology Inc., Phoenix USA)
which was in turn controlled by an RF receiver (MI¢c San Jose USA). Tha vivo
circuit was powered by a lithium-ion battery (Vaishite Planes USA). Aex vivo, RF
transmitter (Micrel, San Jose USA) was powered bgata acquisition card (DAQ)
(National Instruments Corporation, Austin USA) awdntrolled by a customized
software program (National Instruments Corporatidastin USA) which was run on a
laptop computer. The location of thevivo andex vivo components of the actuator and

control system are shown in Figure 28.

e e e =
| mn: !

Ex w'vo{ " = I
! Computer Transmitter I
I LabVIEW

in vivo : -
'< I Receiver Motor Gearbox Allograft -
. PIC Lead screw |
I Driver .
o s i s 'y s iy §, it J

Figure 27: Locations ofex vivo and in vivo components.
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Motor Driver

The motor driver was implemented into the contriotwit to moderate the speed and
direction of the motor rotor rotation. The spedédh@ motor was linearly related to the
voltage applied across the motor windings and wastrolled using pulse wave
modulation. By manipulating the duty cycle of thatage signal applied across each of
the motor windings, the average voltage delivecedach winding was changed. When
the duty cycle was increased, the average voltsiggnn schematically in red) delivered
to each winding increased and thus the motor speedased (Figure 29). The converse
was true when the duty cycle was decreased. Trieetain of the motor rotor rotation
was controlled by sending a high (>2.4V) or a Ic#.8V) signal to the direction pin on
the driver. The voltage signal on this pin coréwolthe sequential order with which

voltage signals were applied to the motor windings.

Voltage (V)

Time (s)

Figure 28: Average motor winding voltage increasewith increased duty cycle.

Programmable Integrated Circuit

Using an onboard microcontroller, the PIC decodgdads from the receiver to control
the driver. Additionally, the PIC was capable btiging off the entire control circuit to
conserve power. Custom assembly code stored iEERROM (electronically erasable

programmable read only memory) of the microcongroinabled this functionality.

The output of the PIC was a function of the sigietiected by the receiver. When a 400
Hz signal was detected, the PIC shut down the vecand put itself to sleep in a very

low power consumption mode (2@, 2.0 V). Using the ‘watch dog timer’ functiorhe
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PIC woke up the circuit every 2.3 seconds. Fom8QGevery 2.3 seconds, the PIC and the
receiver operated at full power (3.5 mA, 2.0 Vj.al300 Hz signal was detected by the
receiver during this 2.3 second interval, the P#&ptkthe circuit awake. Otherwise, the
receiver shut down and the PIC was put back topsleafter a 300 Hz signal was
detected and the circuit was woken up, a 100 Hzasigrould cause the PIC to apply a
high voltage signal to the driver supply pin whidused the motor to spin clockwise. A
200 Hz signal caused the PIC to send a high voltageal to the driver supply and
direction pins, resulting in counter clockwise taia of the motor. By alternating
between 100 Hz and 200 Hz signals, the motor capfay a dynamic load through the

gearbox and lead screw to the gratft.
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Radio Freguency Components

The receiver and transmitter were assembled with ghidance of circuit diagrams
supplied by the manufacturer (Figures 30, 31). aktglist for the control circuit is
located in Appendix B. The RF components trangdittata at a rate of 2.5 kB/s and a
frequency of 9.8 MHz over a range of approximatglyn. The components were
operated in ‘SWP mode’ which allowed the receivesweep the local oscillator faster
than the data was transmitted. This increasedahnelwidth of the receiver without the

need for a highly accurate and expensive resonator.
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Figure 29: (left) Circuit diagram for RF receiver.
Figure 30: (right) Circuit diagram for RF transmit ter.

Printed Circuit Board

A PCB was designed to mount and wire the terminélthe driver, PIC, receiver and
power supply (Figure 32, 33). To minimize the stfethe board, surface mounted
components, three conductive layers and a compmrtildesign were employed. The
antenna of the receiver was located on the sidleeoPCB opposite the components. The
overall size of the control circuit including thewer, PIC and receiver circuits (22 mm x
15 mm x 4 mm) was similar to the motor driver (28nm 20 mm x 3 mm) which

permitted a low-profile and compact assembly ohlmmponents.
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Figure 31: (left) Bottom layer of PCB showing antena.
Figure 32: (right) Top layer of PCB showing electical contacts for all components.

255 Power Supply

Factors considered in the selection of an apprtppawer supply were the: operating
voltage, physical size, capacity and maximum disgdaurrent. The control circuit was
experimentally determined to operate between 2#h% 5.5 V and the motor could be
operated at any voltage, permitted the windingsldvowt overheat. Consequently, the
magnitude of the power supply voltage was limitgdH®e maximum allowable voltage of
the control circuit. The power supply had to fitmin the subcutaneous volume available
along the rat spine (35 mm x 25 mm x 15 mm). Téguired discharge current and
capacity of the power supply were determined by sueag the current consumption

during different operational modes of the actuator.

The actuator was designed to apply a dynamic loa8@ seconds per day for a period of
6 weeks at a frequency of 1 Hz and a duty cyclB08b. Only during these 20 seconds
periods of actuation, when the motor was spinningtalled, did the driver consume
power. Based on performance specifications pravigethe manufacturers, the current
consumption of the control circuit was calculatethe average driver consumption was
calculated to be 55.5 mA as it alternated betweemgimum (100 mA) when the lead
screw contacted the graft and a minimum (approxiyatl mA) when the load was
removed. The PIC consumed minimal current durleggsmode (2QA) and maximal
current (1.1 mA) when the ‘watch dog’ function weasabled for 60 ms every 2.3 seconds

and during periods of actuation. The receiver aoredd current while the ‘watch dog’
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function was enabled (2.4 mA) and during actua({@4 mA). Therefore the average
consumption of the PIC and receiver was 0.11 mAer@ 6 weekn vivo study, the total
current consumed was calculated to be 123 mAh.leTalzontains a summary of the
current consumption under different operationaldittons.

Table 5: Current consumption during different operational modes.

CONSUMPTION | SLEEP | WAKE | LOAD
PIC 0.02 1.1 1.1
Receiver 0 2.4 2.4
Motor 0 0 555
Total (mA) 0.02 35 59

Although the control circuit and the motor driverutd operate at voltages as high as 5.5
V, a single battery could not supply this magnitwafevoltage. The limited volume
available for the power supply eliminated the optio combine multiple batteries in a
series-wired battery pack. Consequently, a sibgliery with a voltage less than the
maximum operational voltage of 5.5 V was chosen.high-performance, lithium-ion
rechargeable battery was selected as it providedytbatest voltage to volume ratio of
standard off-the-shelf battery packs. The smak §84 mm x 29 mm x 4.0 mm) and
high discharge current (600 mA) of this batterypsisised the established power supply
requirements of the actuator; however, the voli@g2 V) was approximately 25% less
than the maximum operational voltage of the conggatem (5.5 V). The discharge of
this battery was found to be relatively flat, piivig a fairly constant voltage to the
circuit throughout over time. A comprehensive &atidata sheet is located in Appendix
D.

25.6 Sealing

A rigid housing was designed to seal the actuatdrfacilitate its attachment to the tibia
of the rat (Figure 34). The housing was made digiberetherketone (PEEK), a
biocompatible and sterilizable polymer. The contoiuthe housing closely followed that
of the gearbox, avoiding sharp corners and minimgizhe external dimensions (17 mm x
13 mm x 10 mm). The actuator was slid into thediay base and the lead screw sleeve

was press-fit in a hole in the bottom of the bd3agyre 35). Sealing at the lead screw—
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bone chamber junction was provided by this prassHierface in addition to the threads
of the lead screw. An interference fit between bsad screw sleeve and the bone
chamber fixed the actuator to the tibia and a Esssteel wire further secured the
housing to the bone. Functional design featuregshenhousing included a pin and

alignment tab. The pin was press-fit into thedesof the housing lid to prevent the lead
screw from inadvertently backing out of the leadescsleeve during actuation. The
alignment tab was located on the lid to aid in addg of the housing prior to sealing

with polymethylmethacrylate (Figure 36).

T

Figure 33: (left) Solid model of gearbox housingh®wing alignment tab feature.
Figure 34: (right) A press-fit between bone chambreand housing sealed actuator from animal body.

Figure 35: A pin and alignment tab limit lead screv motion and assist assembly respectively.
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The control circuit and power supply were packagegether and embedded in a
biocompatible and sterilizable silicone polymer §Nsilicone Technology, Carpinteria
USA). The overall dimensions of the sealed eleit®were 35 mm x 30 mm x 11 mm.
The motor driver wires were sealed in a flexibléyteirafluoroethylene (Teflon®) tube
(Small Parts Incorporated, Miami Lakes Florida) ethiexited the silicone mold, ran

subcutaneously from the rat spine to the tibia wiee tube entered the housing.

2.6  Validation

The actuator and electronics were analyzed asiessef discrete systems, connected
through their inputs and outputs. The mechanical alectrical components were
validated independently prior to an integrated¢ctetenechanical validation. The motor
speed constant, the time response of the mechaystm and the lead screw force in
the mechanical system were evaluated. SimilaHg, telemetry system and the time
response of the electrical system were validatdebllowing the integration of the
mechanical and electrical systems, the numberaxt kycles, a typical load profile and
the complete actuator force of the electromechémicmator were evaluated. Average
values of these performance variables and assd@tdadard deviations were calculated.
Regression analysis was used to compare experiltyededermined data to predicted,
manufacturer data where appropriate. The studgaii®d t-test was used to compare
actuator force at different voltage levels in theecimanical and electromechanical

systems. The threshold valueoofor statistical significance was set at p=0.05.

Three interrelated parameters were investigatedhen validation of the mechanical
system which was comprised of the driver, the madtoe gearbox and the lead screw.
The motor speed constant describes the relatiorstipeen the supply voltage and the
motor rotor speed. The time response is a measurewo quickly the motor responds to
a change in direction signal. The lead screw fasdehe load generated by the
mechanical system as a function of supply voltablee time response and the lead screw
force are dependent on the motor speed constanbwe specifically, the supply voltage
and the motor rotor speed at any given operatingtpdn a piece-wise fashion, the time

response and the lead screw force of the mechasystdm were validated.
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The motor speed constant was measured, using a stroboscope, as a functiagheo
voltage applied to the driver. The driver voltagas increased from 0 V to 5.5V at 0.5
V intervals at a rate of 0.05 V/s. The maximumragienal voltage of the motor driver,
as specified by the manufacturer (5.5 V), was moeeded in order to prevent damage to

the motor driver.

During the following stage of the mechanical vdiidia, the gearbox and lead screw were
incorporated into the experimental set-up. Usimg dutput pins of the DAQ card, one
for the driver voltage and one for the driver dil@c pin, the driver was controlled

directly (without the RF control circuit). The Bkascrew was clamped rigidly and

positioned to apply load to a load cell (Futek Adsed Sensor Technology, Orange
County USA) in its most extended position beforeagting. The measurement range of
this S-type load cell was 4.5 N £ 0.1%. Data frdme load cell was filtered using a
signal conditioning amplifier system (Advanced Teguipment Corporation, San Diego
USA). The load cell was covered with a 3 mm thlaker of polymeric material

(stiffness = 3 MPa) which had the approximate rstifls of morselized, impacted allograft
bone (stiffness = 4 MPa), (Datth al., 2006). All load data was collected at 200 Hz

unless otherwise stated.

The time response of the mechanical system was characterized by measuring the
frequency of the voltage signal sent to the drideection pin with respect to the
frequency of the load applied to the load cell. aAtominal value of 3.5 V the frequency
of the motor driver voltage signal was initiallyts® O Hz and was incrementally
increased every 2 minutes by 0.5 Hz until 3.0 Hz weached. The corresponding force
frequency measured by the load cell was averagedgleach 2 minute interval and

associated standard deviations were calculated.

Using the same validation set up, flead screw force in the mechanical system was
measured as a function of the voltage applied & dhver. The driver voltage was
initially set to 0 V and was incrementally increasery 2 minutes by 0.5 V until 5.5 V

was reached. The corresponding force output bylehe screw was measured by the
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load cell during 2 minute intervals. The averaggat force and the associated standard

deviation were calculated during the 2 minute weés.

The electrical validation was conducted in a stegevmanner similar to the mechanical
validation. The electrical system consisted of sloétware run on the laptop, the RF
transmitter, the RF receiver, the PIC and the batteundamental tests investigating the
electrical system’s ability to telemetrically trémsand decode the commands input into
the software were conducted. The control algorjttim time response and the number
of load cycles were investigated by comparing thed| profile constructed with the

software to the RF signal transmitted and the RItput signals sent to the motor driver.

Specifically, thetelemetric control algorithm was investigated by inputting a known load
profile into the customized software program whaedmnsisted of 5 load cycles at 1 Hz
and measuring the output signals from the PIC withigital oscilloscope. The software
generated signals for the RF transmitter whichsmatted one of a 100, 200, 300 or 400
Hz signal to the RF receiver. The PIC decodedetlseggnals and used them to control the
motor driver supply and direction pins. The PIGKa@ 100 Hz signal from the receiver
and sent a high voltage signal to the motor drswgply pin to spin the motor and lead
screw clockwise (CW) and apply a load. A 200 Hmal was decoded to a high voltage
signal on the driver supply and direction pinsdtate the motor and lead screw counter
clockwise (CCW) and remove the load. A 300 Hz aignarked the beginning of a new
load profile and while no signals were sent to thator driver, the receiver remained
fully powered in an awake mode. A 400 Hz signalseal the PIC to power down the
receiver to a sleep mode for 2.3 s before waking ihgain in search for a 300 Hz signal.

The time response of the electrical system was evaluated by comparing the PIC output
(motor driver direction signal) to the frequencypum to the software. The digital
oscilloscope recorded the RF transmitter signal motbr driver direction signal as the
input frequency was varied between 0.1 to 5.0 Hie time lag between a) the onset of

the 200 Hz RF transmitter signal which caused tbé&mto reverse direction and b) the
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motor driver direction pin voltage, characterizdg ttime response of the electrical

system.

The number of load cycles was also varied at the user interface and compaitdthe
PIC output (motor driver supply and direction pignals). The following load profile
was looped 42 times to simulate a 6 waekivo study: a sleep period (10 s), a wake-up
period (1 s), and 20 consecutive load cycles wii®% duty cycle and a frequency of 1
Hz. While the motor driver supply pin was monitréne number of voltage pulses on

the motor driver direction pin was compared wita thumber of input load cycles.

The mechanical and electrical systems were intedraind an electromechanical
validation of theelectromechanical force, a typical load profile and thecomplete
actuator force was performed. The output voltage, direction armligd signals from the
PIC were connected to the input of the motor drivéfith the use of a potentiometer on
the driver, the motor voltage was varied from itsimum operational voltage of 2.5 V
to the maximum battery voltage of 4.2 V at 0.5 ¢raments. The lead screw force was
measured at each voltage level for a period of Autes and the average force and
associated standard deviations were calculateds dlactromechanical force produced
by applying 2.5 to 4.0 V to the motor driver wasmgared with the force of the
mechanical system alone at each voltage levelh Wit same set up, representative load
profiles were visually inspected in order to chéeeee the typical load profile output by

the electromechanical actuator.
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Another fully-charged battery was installed and ¢tiaplete actuator force with respect
to time was measured. The 6-week vivo simulation was condensed during the
validation and the complete actuator output forgth wespect to time was measured.
The load applied in the condensed validation stwdyg identical to the load applied in
the 6-weekin vivo study; however, the period of time in between ingderiods (24
hours) was reduced in the validation study (60 sdsp Starting in sleep mode, the
system was woken up, 20 load cycles were appli¢id a/b0% duty cycle at 1 Hz and the
system was put back to sleep for 60 seconds. drige tlata was collected at 100 Hz and
average values and standard deviations were ctdduliuring the 20 second loading
periods. A custom software program was developéakh{works Incorporated, Natick
USA) to analyze the results of the force versustdata collected during the validation
process (Appendix E).

27  Summary

The physical size, the mechanical performance hadcontrol system design were the
criteria which guided the design and the develogméthe actuator. The subcutaneous
volume available for implantation of the actuatoaswan estimate based ex vivo
experimentation. Due to the elasticity of epithktissue, the dimensions of the actuator
could be roughly 5% larger in any given directiohile still allowing wound closure
around the actuator. The power consumption ofcthrol system should be optimized
in order to minimize the size of the power suppie control system should also be
telemetrically controlled to enable to the realdimperation of the actuator following
implantation into the animal. The mechanical periance of the actuator should be
compressive and dynamic in nature. The specifrédr@ for the magnitude (2 MPa),
frequency (1 Hz) and duration (20 seconds per dmy6f weeks) of the load were
established by physiologic values cited from therditure. Due to the variable results in
the literature, these load parameters should bepéed as an approximate starting point

for a systematic validation and evaluation of therent actuator design.
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3.0 Results

3.1  Mechanical Validation

The experimentally determinedotor speed constant was determined by measuring the
motor speed as a function of the motor driver \ggtaThe minimum voltage required to
operate the motor driver and motor was 2.5 V whigls approximately 45% less than
the cut off voltage specified by the manufactuseb (V). The relationship between the
motor speed and the applied motor driver voltagse Weaear within the voltage range
investigated (2.5 — 5.5 V)4~ 0.996). Over the entire operational voltagegearthe
experimentally determined motor speed constant3%agreater (3407 rpm/V) than the
value specified by the manufacturer (3300 rpm/Mp@Fe 37). At voltages less than
approximately 4.5 V (15000 rpm), there was a tresrxdhe motor speed to be less than
theoretically predicted at a given voltage while valtages greater than 4.5 V, the

opposite was true.
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Figure 36: Experimentally derived speed-voltage da points superimposed on manufacturer data.
The time response of the mechanical system was investigated through a comparison of
the frequency of the lead screw force and the aragred frequency of the motor driver

direction signal. The mechanical system could ajgem a stable manner between 0.5

and 3.0 Hz. At a programmed frequency of 1 Hz,abtiator produced a force at the
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lead screw at 1 + 0.0025 Hz, where 0.005 Hz was rdsolution of the digital
oscilloscope during this particular test. Over &mtire operational frequency range, the
frequency of the lead screw was 8% less than #wuéncy of the motor driver direction
signal (F = 0.999) (Figure 38). At low frequencies, thedesarew frequency matched the
driver direction frequency very well but as theedifon signal frequency increased, the
discrepancy between the two frequencies increaskie frequency of the lead screw
force became unstable at frequencies above 3.0ghen a nominal 3.5 V supply

voltage.
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Figure 37: Lead screw and motor driver frequency sperimposed on line y = x.

The averagéead screw force in the mechanical system as a function of the motor driver
voltage at a nominal frequency of 1 Hz is presemdeigure 39. As expected, there was
a positive correlation between the motor drivetage and the average magnitude of the
lead screw force fr= 0.89). A minimum of 2.5 V was required to ofierthe mechanical
components of the actuator including the motor ettivmotor, gearbox and lead screw.
This minimum voltage produced a force of -1.22 810N. At the maximum motor
driver voltage (5.5 V), a maximum force of -1.8966 N was produced.
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Figure 38: Force magnitude increases with appliedoltage in mechanical system.

3.2  Electrical Validation

To validate theelemetric control algorithm, 5 load cycles at 1 Hz punctuated by 3.5 s
dwell periods were programmed into the softwareriorPto loading and unloading
(alternating 100/200 Hz RF signal), the system pragrammed to wake up from sleep
mode (300 Hz RF signal) for 1.5 s; after loadirge system was programmed to go to
sleep (400 Hz RF signal) for 3.5 s. The drivermgypoltage and driver direction voltage
generated in response to these RF signals arenpedse tabular form (Table 6). The
decoded signals sent from the PIC to the motoredrsupply and direction pins were

measured by the digital oscilloscope and are shinvagures 40 and 41 respectively.
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Table 6: RF signal controls motor driver and setgircuit operational mode.

DURATION | RF SIGNAL | DRIVER SUPPLY | DRIVER DIRECTION MODE

(s) (Hz) V) V)
1 400 low low Sleep
15 300 low low Wake-uf
0.5 100 high low Load
0.5 200 high high Unload
0.5 100 high low Load
0.5 200 high high Unload
0.5 100 high low Load
0.5 200 high high Unload
0.5 100 high low Load
0.5 200 high high Unload
0.5 100 high low Load
0.5 200 high high Unload
15 400 low low Sleep
1 400 low low Sleep
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Figure 39: PIC output signal sent to motor driversupply pin versus time.
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Figure 40: PIC output signal sent to motor driverdirection pin versus time.

The time response of the electrical system was investigated through the use of a digital
oscilloscope where the measured frequency of themabiver direction signal from the
PIC was compared with the frequency entered irgcstiftware program. The frequency
of the PIC signal tracked the software frequencgrdtie range of 0.1 to 5.0 Hz within
0.0001 Hz as determined by visual inspection wite tise of a digital oscilloscope.
Greater frequencies were well outside the rangehgs$iologic loading and thus were not

investigated.

The number of load cycles entered into the software program was decodecth&yPIC
and output in the form of motor driver supply ancection pin signals. The validation
load profile (10 s sleep, 1 s wake-up, 20 load eyct 1 Hz, 50% duty cycle) was
replicated with 100% accuracy as determined byaliswamination of the PIC signals
using a digital oscilloscope. The system operatea stable manner and any potential
interference in the transmission of the RF signeds not reflected in the PIC output

signals.
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3.3  Electromechanical Validation

In the electromechanical system, a maximum voltagje 4.2 V produced an
electromechanical force of -1.67 £ 0.10 N and a minimum voltage of 2.5 Mguced a
force of -1.16 + 0.05 N, at 1 Hz. Below 2.5 V aH1%, the system was unstable and the
load applied by the lead screw was highly varigbigure 42). There was no difference
between the force produced by the mechanical am@ldctromechanical systems at any
voltage level investigated (p > 0.05) (Figure 43lthough not statistically significant,
the magnitude of the force from the electromecharsgstem was on average 3.6% less
than the mechanical system between 2.5 and 4.@tva nominal voltage of 3.5 V, the
coefficient of variation of the electromechanicgstem force (COV = 0.05) was greater
than that of the mechanical system force (COV 3Difdicating that there was slightly
more variability in the electromechanical forcestes the mechanical force.
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Figure 41: Mean force output from electromechanicbsystem versus motor driver voltage.
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Figure 42: Mean force from electromechanical and mchanical systems versus motor driver voltage.

A typical load profile output by the electromechanical actuator at 3&ndf 1 Hz consists

of four distinct phases: loading, relaxation, udiog and dwell (Figure 44). During the
loading phase, the lead screw generated a comyedssce at a rate of -45.4 = 1.2 N/s.
The load relaxed by 34% (0.55 + 0.016 N) during teriod while the motor generated a
maximum torque. During unloading, the load wasaeed at a rate of 15.9 + 1.3 N/s.

Each load cycle was proceeded by a dwell period.44 + 0.04 s where the motor was
not powered.
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Figure 43: Electromechanical system load profileloading, relaxation, unloading and dwell phases.
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The mean force applied during each loading pemoithé simulated 6 week vivo study

is presented in Figure 45. The average force egphroughout the entire validation
study was -1.55 =+ 0.04 N. The maximum force gaeedrat the lead screw was -1.67 +
0.15 N and occurred during the first loading periodThe force decreased by
approximately 8% within the first 3 loading pericalsd stabilized at -1.54 + 0.02 N.
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Figure 44: Average force applied during each conaesed load period.
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4.0 Discussion

An electromechanical actuator was designed andlatakl to investigate the effect of
dynamic, compressive load on allograft remodelifidghe results of the mechanical, the
electrical and the combined electromechanical a#ibeh of the actuator are discussed
below. Additionally, the strengths and limitatioofsthe design and performance of this
device are discussed along with the implicationthefresults.

4.1  Mechanical Validation

The mechanical performance criteria stated thatattteaator must produce a dynamic,
compressive load of 2 MPa (6 N) at 1Hz applied re@eatable manner for 20 s/day over
the course of 6 weeks. The next section will disctilee experimentally determined

actuator performance in the context of this evabumatriteria.

4.1.1 Motor Speed Constant

The experimental motor speed constant exhibitecdbbahbehaviour with respect to the
theoretical, manufacturer’s speed constant. Atagels less than 4.5 V there was a trend
for the motor speed to be less than theoreticaliyglipted while at voltages greater than
4.5 V, the opposite was true. This deviation frtraory at lower speeds could most
likely be attributed to the control algorithm oktimotor diver. The sensorless controller
governs rotor position through a back electromotivece (EMF) sensing technique
which can be explained by Faraday's Law. Any cleaimgmagnetic environment of a
coil of wire will induce a voltage in the coil. iEhvoltage is termed the EMF. In a
brushless motor, as the rotor magnet moves pastititings, a back EMF is generated
in the windings. The back EMF is proportional be tangular velocity of the rotor, the
magnetic field generated by the magnets and thebauof turns in the motor windings.
In compliance with Lenz’s Law, the magnetic fieldtloe back EMF opposes the change
that produced it. Therefore, in a brushless mdtaw,back EMF is in opposition to the
supply voltage in the windings. The voltages ia three phases of motor windings are
switched continuously during commutation but duriag individual commutation

sequence, one winding will experience a positivikage, one a negative voltage and one
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a zero voltage. The controller bases its comnmarnatin the zero-crossings when the
voltage in each winding changes polarity and pasisesigh a zero voltage. At low

speeds the angular velocity of the rotor is smadl therefore the magnitude of the back
EMF is small. As a result, when the polarity chesithe zero-crossing of the back EMF
is very difficult to detect. Therefore, when thetor is operated from stand-still or at
very low speeds, the controller operates in an 9pep manner without feedback of the
EMF. At higher speeds, sufficient EMF is generatethe windings and the back EMF

sensing control is reinstated.

The control algorithm, specifically the open-loopntrol strategy at low speeds, may
cause the discrepancy between the speed constargdgby the manufacturer and the
speed constant measured experimentally. In opgm-tontrol the controller does not

know the actual rotor position but rather commugdtes current based on a pre-defined
commutation pattern that is proportional to thepypoltage. This approximation does

not take into account mechanical losses or ineltiafls that are associated with the
experimental set up. Any eccentricity in the afigent of the mechanical components of
the motor such as the motor output shaft, the fipead to the motor output shaft and the
bearing on the motor output shaft could generateesased frictional and inertial loads

which may be responsible for the discrepancy betviiee manufacturer’'s speed constant
and the experimentally measured speed constardwatspeeds when the motor was

operated in open-loop control.

4.1.2 Time Response of the Mechanical System

The mechanical system operated in a stable manrieed Hz frequency specified by
the design criteria of the actuator. The frequeoicthe signal sent to the motor driver
direction pin was reproduced by a lead screw fovith a frequency of 1 + 0.0025 Hz.

The mechanical system reproduced frequencies ess3.0 Hz within 8%; however, at

frequencies greater than 3.0 Hz the mechanicaésybecame unstable. This instability
at higher frequencies can be explained by thecdtatiion associated with motor start-up
as well as the open loop-control that governs ewnotor direction change. At higher

frequencies the direction of the motor is switcheare often and the motor must begin
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spinning more often than at lower frequencies. kVtiee motor begins spinning, the

inertial load of the gearbox and lead screw andsth#c friction between the gears and
the lead screw must be overcome by the motor torgMben the motor was operated at
frequencies greater than 3 Hz the motor could motetate adequate torque at a fast

enough rate to move the gears and lead screwepeatable manner.

The previously mentioned open-loop control algonthoverns a direction change of the

motor. During a load cycle, the mechanical loadtfme motor increases and the speed
decreases as the lead screw applies load to théodldecell. The load subsequently

decreases and the speed increases when the matdresadirections and the load on the
load cell is relieved. The open-loop control algun approximates the rotor location at

low speeds during a direction change and failotapensate for this variable mechanical
load on the motor. When the actuator is operatdtgaer frequencies a greater amount
of time is spent changing direction than under dpep control. The error associated

with approximating the rotor location under a valgamechanical load is a likely cause

of the observed instability of the motor at freqcies greater than 3 Hz.

4.1.3 Lead Screw Forcein the Mechanical System

A sophisticated operational design of the actudtelped to circumvent the large

variation in motor torque that was inherent in heck commutation pattern of the motor
driver. Consequently, the forces produced by tlsom motor driver, gearbox and lead
screw were repeatable within 4% at a nominal 3.5M62 + 0.064 N). Despite the

actuator’s repeatability, the magnitude of the mmaxn force (at 5.5 V) and the nominal
force (at 3.5 V) was 69% and 73% less than theférée specified by the design criteria.
The unexpected discrepancy in force generationavasult of an electrical limitation of

the operational voltage of the motor driver. Despi large factor of safety on the motor
output power, the low mechanical efficiency of Hotuator also contributed to this low

force production.

The high degree of repeatability of the motor's poit torque and hence the

electromechanical actuator’s output force was ag@dishned by eliminating the inherent
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effect of the motor torque ripple. Torque ripplecors when the angle between the
magnetic fields of the stator and rotor is not @ely 90°. The magnitude of the torque
ripple is a function of the commutation patterntioé motor. Sinusoidal commutation
eliminates torque ripple entirely by generatingusmidal winding currents that vary
continuously with time. However, this type of commation requires high resolution
signals obtained from expensive encoders. Blockiroatation is an alternative
commutation pattern which is used in sensorlessraboalgorithms. The magnitude of
the torque ripple in block commutation is large d&e®e current is commutated to the
motor windings irrespective of the rotor position law speeds. Unlike sinusoidal
commutation, the binary winding current of a matontrolled by block commutation is
either high or low. Torque ripple is the resultaohon-orthogonal relationship between
the rotor position and hence its magnetic fieldhwigspect to the magnetic field of the
winding at the instant of current commutation. Ttential for non-orthogonality
between the rotor and winding magnetic fields rgdain block commutation due to the
binary nature of the winding current. Consequerttig magnitude of the motor torque

ripple is also large.

To circumvent the 14% torque ripple of the motootgd by the manufacturer, the
actuator was designed to generate its maximum tet@le when load was generated.
Each time the lead screw applied load to the loafl the motor stalled and a load
proportional to the stall torque was applied to lieed cell. When the load was applied,
the rotor was not moving and the relationship betwthe rotor magnetic field and the

winding magnetic field was not changing, thus awvadhe torque ripple.

The limit on the maximum motor driver supply vokad5.5 V) contributed to the
discrepancy between the 6 N design force, or theesponding 0.033 mNm torque,
specified by the design criteria and the experimlgntmeasured maximum force (-1.89 *
0.06 N). Theoretically, the no load speed andstiadl torque at 1.0 V from the motor
data sheet can be used to construct a load litlkeeospeed-torque graph (Figure 46). The
speed-torque gradient, which is an internal prgpeftthe motor and is valid at any

voltage, can be determined from the slope of tbéllline. Using this information, a
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motor voltage of 6.6 V was calculated to produceN6of compressive force,
corresponding to 0.033 mNm of torque. At the maximdriver voltage of 5.5 V, the
output force was calculated to be 5 N, correspanthr0.028 mNm of torque. Therefore,
the restriction on the motor driver supply voltageounted for 17% of the discrepancy

observed between the design force and the expetathemeasured force.
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Figure 45: Speed versus torque relationship at tlee given voltage levels.

The mechanical inefficiencies of the motor, gearboxl lead screw also contributed to
the discrepancy between the design force and tperiexentally measured force. In
general, efficiency is a measure of the energyuupy a system to the energy input to
that system. Efficiency can also be determinediHgy ratio of the input and output
energy per unit time, or power, of a system. Thergy associated with a certain force
applied to the load cell by the actuator can beutated by the product of the stroke of
the lead screw (1.0 mm) and the magnitude of theefo The power associated with that
same force can be calculated by finding the prodfidhe linear velocity of the lead
screw and the magnitude of the force. The enesgg@ated with the actuator force as a
function of voltage is presented in Table 7. Tieotetical force and energy calculations
were made using motor curves constructed from #teait performance data based on
100% energy transduction.
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Table 7: Comparison of efficiencies at various opating voltages.

Voltage | Theoretical Theoretical Experimental Experimental Efficiency
Force Energy Force Energy
M) (N) Q) (N) Q) %
25 -2.27 2.27 -1.22 1.22 54
3.5 -3.18 3.18 -1.62 1.62 51
55 -5.00 5.00 -1.89 1.89 38

The inefficiency of the motor contributed to theeaadl inefficiency of the actuator. The
motor efficiency is a measure of the mechanicatggnassociated with the motor torque
and rotation with respect to the electrical eneagyociated with the voltage and charge
supplied to its windings. The motor efficiencyalso equal to the ratio of input to output
power which is equal to the product of the voltage current and the product of motor
torque and rotational velocity respectively. Thiéedence between the electrical power
input and the mechanical power output from the mitequal to the power lost due to

the motor inefficiencies.

As described by Joule’s first law, these inefficies can be attributed to the heat
generation that occurs as a result of electricatecti passing through the motor
windings. The losses that occur within the moter® iron losses which are due to eddy
currents generated by the fluctuating magnetid f@fl the commutated current and 2)
copper losses due to resistive heating of the wgsli The iron losses are described by
Equation 5 where Fe represents the iron losges, the no load current and V is the
operational voltage. The copper losses are destbly Equation 6 where Cu represents
the copper losses, | is the operating current aigltRe resistance of the motor windings.
There are additional frictional losses between riter and the stator; however these
losses were minimized through the use of a lowtifnc ruby bearing. When these
frictional losses are considered negligible andyothle copper and iron losses are
considered, the motor efficiency is a function loé iho load current and the operating
current (Equation 7). When the motor operates udgieamic conditions, its efficiency
is a minimum. As the motor starts spinning fromnsistill, it draws a large current to
overcome the static friction and inertial loadstieé system. When the motor stalls and

stops spinning, it also draws a large current ienapt to keep spinning. Under dynamic
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conditions, large currents associated with starang@ stalling lead to maximal copper

losses and very low efficiencies.

Fe = |0'V (Equation 5)
Cu = |2'R (Equation 6)
= (1- (I /1)%)*? (Equation 7)

The efficiency of the motor is difficult to quantifas it operates throughout a range of
efficiencies between the point of start up andlisgal However, an average motor
efficiency of 36% can be approximated using Equeffoif we consider the average
current consumption during a load cycle (55.5 mA{l éhe no load current (7.4 mA)
from the motor data sheet. This approximate mefticiency is comparable to the
efficiency ranges (27% - 44%) published by the niacturer. Efficiencies in this range
are quite typical for electrical motors and therdsis very little opportunity to

significantly increase the efficiency with this &/pf technology.

The remainder of the inefficiencies of the actuasodue to the friction generated in the
gearbox and lead screw. Friction was generatedhr@e interfaces: between the
individual teeth of meshing gears, between thetifigagear shafts and the alignment

holes in the plates and between the lead screvadbrand the lead screw sleeve.

Interference due to misalignment of the teeth o$immeg gears generated friction within
the gearbox. This misalignment can be attributethe gear shaft hole placement, the
position of the bore in the gear and the orientatibthe gear with respect to the axis of
the gear shaft. In the case that the shaft hols® wrilled too close together, friction
would be generated at the interface between therahlon and dedendum of meshing
gears. If the bores in the gears were drilled mitmally, the gear teeth may have slid
past each other, unengaged, during a portion df eaweolution and interfered during

remaining portion of the revolution. Interferertmetween the gear teeth due to eccentric
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motion could also occur if the axis of the gearfisheas not straight. Interference
throughout an entire revolution could occur if fear was press-fit on the shaft in such a
way that the face of the gear was non-orthogon#heéogear shaft axis, or if the teeth of
the gears were not parallel to the gear shaft axis.

4.2  Electrical Validation

4.2.1 Telemetric Control Algorithm

The telemetric control algorithm based on a laptopnputer, an RF transmitter and
receiver and a PIC provided effective control @ #ttuator. Advantages of this control
algorithm include the minimal power consumptiorttod circuit and the control system’s
compact size. A disadvantage of this control atbari is its lack of two-way
communication to allow feedback on the actuatofgoerance. These advantages and

disadvantages are discussed below.

The volume availablen vivo to house the control circuit and the power suppbs
limited by the subcutaneous volume along the bdcthe animal. Therefore, the RF
components selection was based on an optimizatioboth their size and power
consumption. The monolithic receiver required ddlgxternal components based on the
integrated circuit’s ability to automatically turteelf. This low part count conserved the
overall volume of the circuit as well as simplifigdl design and assembly process.

The RF receiver itself was an inherently low powevice due to the nature of the RF
wave. RF signals have a long wavelength (0.2 —r8Q)Q and thus a low frequency (0.5
— 1600 MHz), f; the product of which is equahiothe speed of the wave (Equation 8).
The energy associated with an RF wave is quantizgshotons which act as energy
carriers. The energy, E, of an RF wave is reldatedhe wave’s frequency through
Planck’s constant, (h = 6.63 e -34 Js) (Equation 9)

v =2Af (Equation 8)
E =h-f (Equation 9)
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The effective power, which is the average powersaamed by the circuit over a period of
time, was further reduced by operating the cortir@uit in two modes: ‘wake up’ mode
and ‘shut down’ mode. The program stored in thd®BE@M of the PIC forced the
receiver to shut down and the PIC to sleep fors2iftervals and subsequently woke up
the circuit for 60 ms. This was repeated until pecsfic RF signal signifying the
beginning of a load cycle was detected. When 1edPd the receiver were awake, 3.5
mA of current were consumed compared to 0.02 mAseored by the PIC in sleep
mode. The average current consumed over this ArBesval was 0.11 mA. The
reduction in power consumption achieved by shuttirggcircuit down was determined to

be 89% using Equation 10 which was derived from GHraw.
P = i2 ‘R (Equation 10)

The selected RF components permitted the one-vamsfer of information from the
transmitter locateakx vivo to the receiver which was intended to be implantedhe
animal. The replacement of the receiver with andcaiver would allow real-time
information to be sent to and from threvivo control circuit. With the ability to transmit
from within the animal body, signals such as theéanaurrent or the battery voltage
could be monitored in real-time throughout the 6ekvén vivo study. The actual
magnitude, frequency and number of loads appligdeégyraft could be determined from
this data. Serial radiographs could be obtainealifhout the course of the vivo study
and correlated with the mechanical load historylieagpo the bone graft. Additionally,
in the event of a malfunction such as the jammihthe gearbox or lead screw, the point
of the malfunction would be known and possibly eoted while the previous load
history applied to the graft in the animal coulddstermined. The control circuit could
be immediately shut down to prevent damage to tbeomand a recalibration protocol
could be activated in attempt to unscrew the leagkvs un-jam the actuator and

reposition the lead screw in preparation for thet set of load cycles.

A transceiver could also be used to monitor théebatvoltage. Multiple batteries may

be required in the event of longer term studiesxoess of 6 weeks, or a load protocol
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with a greater number of load cycles applied togtadt. In these cases, feedback of the
battery voltage via a transceiver could identifyemtthe need arises to explant a drained

battery and implant a fully charged battery.

4.2.2 Time Response of the Electrical System

The electrical system switched the motor directibmough the production of an

alternating voltage signal sent to the motor dridegection pin. The range of signal

frequencies (0.1 - 5 Hz) and the repeatability le# signal frequency (z 0.0001 Hz)
successfully met the 1 Hz frequency establishedha evaluation criteria and also
provided significant flexibility around that opeirag point. The ability of the electrical

components to track frequencies up to 5 Hz didinot the actuator’s performance with

respect to its time response as the mechanicat¢mmystas observed to operate in an
unstable manner at frequencies above 3 Hz. Théard the gearbox and lead screw,
the static friction present while the motor stantethting from a stand still and the block
commutation pattern of the motor driver had morgnificant effects on the time

response of the actuator than did the electricdlictance of the control circuit. Given

the 1 Hz frequency established in the design @itexf the actuator, neither the

mechanical or electrical systems limited the openal frequency of the actuator.

4.2.3 Number of Cycles

The electrical system output electrical signalgsh® motor driver supply and direction
pins with 100% accuracy during the simulated 6-weekivo study. Although no
changes are expected, if the total number of lgates or the number of load cycles per
loading period were changed, a supplementary waiaf the number of cycles should

be conducted to ensure the system would perforimiesded.

4.3  Electromechanical Validation

4.3.1 Electromechanical Force

The integration of the mechanical and electricalteays to form the electromechanical
system did not change the relationship betweenldhd screw force and the battery

voltage when compared to the mechanical systeneal@ince the lead screw force and
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the motor current are coupled through the motaguer it is clear that the battery and the
power supply provided the same current to the mattre electromechanical system and
mechanical system respectively. This result detnates that the battery selected had an

adequate current discharge capacity to power #wremechanical system.

4.3.2 Electromechanical Force Profile

The load profile was previously described by fobages: loading, relaxation, unloading
and dwell. Interestingly, the rate of unloading.@ N/s) was 65% less than the rate of
loading (45.4 N/s). Because the voltage appliedhto supply pin of the motor was
constant during loading and unloading, the mot@esdpand thus the rate of loading and
unloading were expected to be equal. Anotherasterg observation involved the 34%
reduction in load that occurred during the relaatphase of each load cycle. During
this phase, the motor was stalled and drew maxiroumnrent. The torque generated and
thus the lead screw force was not expected to eéhdagng this phase as the current was

constant. These observations are discussed below.

One possible reason for the observed discrepantwyeba the loading and unloading
rates could be related to the average velocityhefléad screw. While it is true that the
motor speed is proportional to the motor voltage simould be constant given a constant
supply voltage, the start-stop operation of the anaturing loading and unloading
involved acceleration to a maximum velocity and edexation to a zero velocity each
time a load was applied. In the electromechaniaitiation experiments, the lead screw
was positioned 1 mm above the surface of the ledduhich was covered with a layer of
acrylic polymer. After the dwell period, the mosiarted spinning from a stand still and
the lead screw accelerated to a maximum veloditymediately following the point of
maximum velocity, contact was established betweenidad screw and the polymer, the
motor stalled and the lead screw decelerated to welocity. In effect, the lead screw
was moving at maximum velocity when loading comneehcTherefore, the rate of load
application was high. This is in contrast to uling where the motor and lead screw
started moving from stand still. Contact betwela lead screw and load cell ceased

before the lead screw reached its maximum velociyhe maximum velocity was
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reached just prior to the onset of the dwell pretsehich point the voltage signal to the
motor driver supply pin was removed and the motopged spinning. The loading rate
was greater than the unloading rate because diadalng, the lead screw was moving at
maximum velocity when loading began whereas duamigading, the lead screw started
spinning from stand still and did not reach maximeetocity before contact between the

lead screw and polymer ceased.

The relaxation phase of a typical load profile gated by the actuator may likely be
attributed to the presence of polymeric materiaédi to the surface of the load cell.
Similar to morselized allograft bone, polymeric eréls undergo load relaxation due to
their viscoelastic material properties. In a pyedhstic material the relationship between
stress and strain is independent of time becausendation occurs through the stretching
of atomic or molecular bonds along crystallograpbliEnes. In a viscoelastic material,
the stress-strain relationship changes with timalefermation is based on atomic or
molecular diffusive process. Therefore, it canabsumed that the relaxation phase of a
typical actuator loading profile, wherein the lcdetreases with time, is representative of
the viscoelastic polymeric properties. A simil&coelastic response would be expected
if the polymeric material was replaced with bonafgrhowever, additional information

on the viscoelastic response of bone graft woultehaired.

4.3.3 Complete Actuator Force

The loading periods in the simulated 6 weéekivo validation study were condensed to
60 s which was less than the 24 hr period that foated the loading periods in the actual
6 weekin vivo study. However, the current consumed by the cirtugleep mode in
between loading periods was very low (20 nA), thie reduction in total current
consumption as a result of condensing the loadergpgs was less than 7%. Based on
this examination, the performance of the actuatming the condensed study can be
safely extrapolated to the 6 weekvino study as the battery’s capacity was 60% greater

than the total current consumption during the idezh 6-weekin vivo study.
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The biphasic behaviour of the electromechanicalefanay be attributed to the discharge
characteristics of the battery. During the ficsiding period, the force was maximum
(-1.67 £ 0.15 N) although 72% less than the 2 MPPH) specified in the requirements of
the actuator. Throughout the first 3 loading pasiacthe magnitude of the load decreased
linearly according to y = 0.05x - 1.7 & 0.99), where y is the force and x is the number
of loading periods. During the remaining 17 loadiperiods, the load stabilized
according to y = 0.0029x — 1.6%(= 0.8). This linear decrease and subsequent
stabilization of force may be a reflection of thisatharge kinetics of the battery. When
the battery is fully charged the cathode made tbfuim cobalt oxide is saturated with
anions and the discharge reaction occurs rapidbaume it does not depend on mass
transfer of the anions through the electrolyteh ¢athode. This initial discharge rate is
a function of the surface area of the electrodeklasted for 3 loading periods (60 s of
load). The remainder of the discharge rate isnatfan of mass transfer, or the diffusion
of ions through the electrolyte. The diffusive pges has a more constant rate and is

reflected in the constant load applied by the d@otuduring the last 17 loading periods.

To circumvent the initial decrease in the comphatuator force that is associated with
the saturation of the battery electrode, the batteuld be slightly discharged prior to
actuation. In vivo, the lead screw could be programmed to operatevarse where it
contacted the pin on the housing (Figure 36). @hmverse loading periods could be
applied to the housing pin prior to the commencednodérthe 6 weekin vivo loading
protocol. Given the large capacity of the battgpgcified in this actuator design, it is
feasible that it would be capable of powering tltuator throughout this extended
loading protocol; however, further validation iseenmended.

Another possible reason for the decrease in theplmimactuator force during the initial
loading periods of the simulated 6 waakivo study is related to the thermodynamics of
the actuator. The reduction in force may be attal to the resistive heating of the
motor coils upon initial start up. During the 6ekan vivo study, this observation was
analyzed quantitatively. The mean force appliednduthe first 3 loading periods (-1.63

+ 0.05 N) decreased by 8% relative to the mearefofdhe remaining 17 load cycles of
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that load period (-1.54 + 0.02 N). Since this éese was only observed in the
preliminary loading period when the actuator sthue, it is feasible to believe that the
decrease in force is a product of the resistiveimgaf the motor windings. Resistive
heating generates heat which increases the wintingperature and resistance thus
creating more heat. Ultimately the increased teatpee of the motor weakens its
magnet and lowers the maximum attainable motowiand thus the force produced at

the lead screw.

Heat transfer from the motor windings is a functafrthe motor design and is described
by the manufacturer, Maxon Motor, by Equation The change in winding temperature,
AT, varies with the winding current, I, and is retht® design features of the motor
including the thermal resistance of the windingestanterface (R = 330 K/W) the
housing-environment interface {R= 120 K/W), the winding resistance at ambient
temperature (R = 68 Q) and the thermal resistance of coppe¢,(= 0.00392 /K)
(Equation 11). Using the change in winding tempees ATy, from Equation 11, the
winding resistance at an elevated temperatuge, iRcreases according to Equation 12
which involves the winding resistance at ambiemhgerature, B and the thermal
resistance of coppetic, (note: T measured in °C). As the motor tempeeaincreases,
the magnet in the motor becomes weaker and thenmoaxi attainable stall torque is
decreased. The stall torque generated at thetetbvamperature, M, with increased
winding resistance, &, at a nominal voltage (U = 3.5 V), with a torquenstant
(km=0.33 mNm/A) is given by Equation 13.

ATW = [( R1+R2) . R25' |2]/[1- Ocy - ( R1+R2) . R25' |2] (Equation 11)
RET: R25 (1+ Ocy AT\N) (Equation 12)
MET = km . [U/ RET] (Equation 13)

Based on a maximal motor current (55.5 mA) thd statjue at an elevated temperature
(0.011 mNm) will be 37% less than the stall torqate25°C (0.017 mNm). This
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theoretical predication does not take into consitien the thermal interface between the
motor housing and gearbox; therefore the torquesared experimentally at an elevated
temperature would be expected to be less. Sireentbtor torque is directly related to
the theoretical lead screw force, comparisons batwie reduction in motor stall torque
and reduction in lead screw force can be made. Cowributing factor to the
discrepancy between the theoretical reductionah &irque (37%) and the experimental
reduction in lead screw force (72%) is the addaidhermal interface introduced by the
gearbox. When the motor is assembled in the ggatieat must dissipate through the
winding-stator, housing-gearbox and gearbox-ambietgrfaces. Therefore, although
the experimentally observed reduction in forcelighfly greater than that predicted by
the winding heating theory, it is logical to attrte a portion of this discrepancy to the
additional thermal boundary introduced by the pneseof the gearbox.

The reduction in motor torque and ultimately leadew force observed due to motor
winding heating will be amplified when the actuatserimplantedin vivo due to the
increase in ambient temperature. The actuator elllocated superficially on the
animal’s tibia and therefore heat generated byntle¢or will be conducted through the
skin and ultimately transmitted away from the atduahrough convection currents. A
conservative approach to amvivo thermal analysis would set ambient temperature at
body temperature (37.5 °C) and ignore the condecéind convective cooling of the
actuator. Using Equation 9, the increase in wigdesistance, 5 due to the elevated
ambient temperature can be calculated. Replatiegdriable R with Rs75 Equations

9 - 11 can be used to determine the decrease ior tostjue as a result of the increase in
ambient temperaturg vivo. Based on these calculations, the torque produceain
vivo environment at 37.5°C is predicted to be 5% |eas the torque generated at 25°C.
Therefore, when the actuator is implanted intoahienal, the maximum force generated
by the lead screw (-1.56 N) may be 0.08 N less thiaat was measured in the laboratory
(-1.67 N).

To fully understand the implications of this woik,is important to acknowledge its

fundamental limitations. The primary limitation tiis work is the discrepancy between
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the magnitude of load generated by the actuatotladiagnitude of the load previously
demonstrated to stimulate bone graft incorporaf@manget al., 1998; Verdonschot and
Huiskes, 1996; Fregt al., 2005). A secondary limitation is the actuatonability to

provide feedback on the status or the history afllapplied to the graft. These two

limitations are discussed below.

This actuator produced a repeatable, compresside bad with a 50% duty cycle as
specified by the design requirements (Table 3);éw@n, it generated only 30% of the 2
MPa compressive load predicted by finite elementi@liog of cemented hip prostheses
in vivo (Chang et al., 1998; Verdonschot and Huiskes, 1996; Feeial., 2005).
Interestingly, multiple animal studies have podedathat a compressive load of 2 MPa
or greater may inhibit revascularization and subeat|bone graft incorporation (Tagil
and Aspenberg, 1999; Lamerigit al., 2000). Since the optimal mechanical
environment for graft incorporation is unknown athis actuator’s operating range is
broad, it will provide a useful research tool i thystematic investigation into the effect
of load on bone graft remodeling. To investigateager, clinically-relevant loads with
this actuator, modifications to the energy inpbé electromechanical efficiency and the
motor size should be revisited. Specifically, tbad magnitude could be increased
through the design of a customized battery, theesse in gearbox efficiency or the

incorporation of a larger motor.

The voltage of the lithium-ion battery at its nomlirtapacity (3.6 V) was less than the
maximum motor driver voltage (5.5 V) which limitéde stall torque of the motor and
ultimately the force generated at the lead scr®&welume restrictions on the battery size
governed by the subcutaneous space available ®ratiuator in the animal model
precluded the use of a battery pack. Given sefficvolume, series wound batteries
could provide a higher voltage to the motor driaed thus, produce a higher force at the
lead screw. In order to fit two, series wound d&@s in the limited subcutaneous
volume, the individual battery design could also rbedified. Features such as the
positive temperature coefficient switch which temates discharge in the event of over-

heating, the pressure vent which allows pressuref l@nd the thermal interrupt which
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prevents over charging could be eliminated fromhdaattery. Through modification of
these features on the existing battery designekpected that the volume of each battery

could be reduced by approximately 25%.

In addition to increasing the motor driver suppbjtage through the use of a customized
battery pack, the energy transduction through tkarlgpx could be improved by
increasing the mechanical efficiency of the gearbdtechanical energy is dissipated
though frictional heating caused by contact betweening parts. In order to reduce the
frictional losses associated with the misalignnmanneshing gears, the tolerances on the
critical dimensions that effect gear alignment dtiobe minimized. These critical
dimensions include the location of the shaft haleked in the plates of the gearbox, the
location of the bores drilled in the gears, thaigtitness of the gear shafts and the

orthogonality of the gear faces with respect tosthaft axis.

In this gearbox, the gear shafts, the gearbox plkatel the lead screw were manufactured
manually on a milling machine and a lathe while gears were press-fit onto the shafts
using a drill press. Greater accuracy and thudlemaorking tolerances on the critical
dimensions could be achieved through the use anapater numerical control (CNC)
machine which is capable of producing parts witleremces on the order of 0.001 mm.
CNC machines accomplish this high degree of acgusgidknowing the relative position
of the part with respect to the tool at all timés.contrast to manual machines with open-
loop position control and single chuck tool hea@kslC machines have high resolution,
position sensors and a magazine of tool headsittatrately move the tool and eliminate
the need to reposition the part when differentdae required. With the use of CNC
machines, interference between meshing gear teethed by eccentricity of the gear
bore or the shaft hole in the gearbox plate cowddebiminated and the efficiency of

energy transduction from the motor to the leadw@an be greatly increased.
Since the gear shafts were designed to float withan holes of the gearbox plates,

friction was generated between a) the cylindricafaces of the end of the gear shaft and

the inner diameter of the hole in the gearbox pkatd b) the planar surfaces of the
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shoulder on the shaft and the inner surface ofydeebox plate (Figure 47). To reduce
the friction between the cylindrical surfaces ahohimate the friction between the planar
surfaces, a bearing could be used. A simple asnidbricated from a biocompatible
material such as ultra high molecular weight pdlyltne (UHMWPE) could be press-fit
into the gearbox plate to provide a low frictiorrfage with which the gear shaft could
articulate. Since the magnitude of the radial #twdst loads on the gear shaft are very

small, a roller bearing could also be used to redbe friction at this interface.

SURFACE CONTACT GEAR BOX PLATE

GEAR SHAFT

Figure 46: Two surfaces (red) between the gear shiand the gearbox plate generate friction.

Friction generated between the threads of the $eselv and the lead screw sleeve could
be reduced through the use of a different type coéws drive. The sliding friction
generated by a lead screw is inherently greater i rolling friction of a ball screw. In

a ball screw, motion is transmitted through poiottact with rolling balls. While ball
screws are a low friction alternative to lead s@gethie balls generate noise and vibration
as they move past one another. Therefore, althaulgll screw would provide a low
friction alternative to the lead screw, a noisyl kalew may be unsuitable for an actuator
which is intended for implantation into an animalAdditionally, the mechanical
stimulation associated with the vibration of thdl Iserew would be undesirable as it
would be difficult to separate the potential effetvibration on bone graft incorporation
from the potential effect of the dynamic compresdoad the actuator was generating.
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The 30 mW motor selected for the actuator provideshfety factor of 83 based on the
power requirement of 3.6 mW calculated with Equatd. However, the power
transmitted to the bone graft via the lead screw imadequate. Specifically, it was the
motor torque, not the motor speed, which limiteel power, as the motor was capable of
driving the gearbox and lead screw at a wide raosfgigequencies. A larger, 10 mm
motor was investigated with a power rating of 30@Wn{Maxon Motors USA,
Burlingame USA); however, the motor required a petpry control chip (Maxon
Motors USA, Burlingame USA) to excite the motor diimgs in a specific manner. This
chip was not available at the time that this thesas completed. This 10 mm motor is
capable of producing over 200% more torque (0.13%minthan the 6 mm motor
currently used in the actuator design. A largetanavould provide a larger operating
range for the actuator, enabling the investigatibthe effect of various load magnitudes
on bone graft incorporation. Future iterationghed actuator design should involve the
use of a more powerful motor to provide the clilliceelevant load magnitude to the

bone graft as specified in the actuator requirement

The absence of closed-loop force feedback was @ndacy limitation of the actuator.
Following implantation of the actuator into the mal model, the status of the actuator
would be completely unknown for the 6 waekvivo study period, until the actuator was
explanted. If the gears in the gearbox jammedntb®r could burn out after a less than
a minute and no load would be applied to the gr&imilarly, if the teeth of the gears
became unengaged, the motor could spin freely withpplying a load to the graft. If
the actuator appeared functional upon explantatloere would be a possibility that the
lead screw became uncalibrated causing the stmkedome too short to apply load to
the graft. Without feedback of the actuator's perfancein vivo, many animals,
actuators and time associated with conducting aékwn vivo study could be lost, or

conclusions regarding graft incorporation in reg®to load may be made in error.
To avoid the aforementioned issues due to the &umm-control algorithm of the

actuator, a robust system on chip (“SoC”) completth an RF transceiver and

microcontroller integrated on one chip could repldlee currentn vivo control circuit
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(Texas Instruments, Dallas USA). This technologyld allow two-way communication
between arex vivo transceiver and the vivo SoC. For example, if the motor current
was measured and transmitted to ¢kevivo transceiver, the load history applied to the
bone graft could be recorded in real-time. Addi#lly, a detection loop in Lab View
could monitor the current until a threshold valugsvexceeded at which point the system
could undergo an auto-calibration or an automdtigdown followed by an immediate

explantation to protect the animal and the actuator

Despite these limitations, the novel actuator degigesented herein represents a step
forward for possiblein vivo loading of bone graft during the remodeling and
incorporation process. The fundamental strengththie work reside in the actuator’s
ability to apply a quantified force to bone graftiin a clinically relevant animal model.
Unlike other studies in which the effect of load tessue remodeling has been
investigated, this actuator provides a quantifiead! which is distinct from physiologic

loads produced by gait and normal locomotion.

The repeatability of the load generated by theaotucan be attributed to the operational
algorithm by which it is controlled. As the motatated the lead screw would extend
until it contacted the polymeric material, at whigbint the motor would stall, imparting
a maximum force until the motor direction was reeel. Since the stall torque is a fixed
property of the motor, inherent to the motor desemd operational voltage, the
magnitude of the force output by the actuator wassistent. Because the stroke of the
lead screw (2 mm) was greater than the average r@nodigraft compaction (0.5 mm),
the actuator was capable of applying a constartt toathe graft over time, dependent

only on graft compaction.

A constant magnitude force was not achieved withynamic Device (Soballet al.,
1992), the Micromachine (Harad# al., 2002) or the Rabbit Prosthesis (Wagigal.,
2000). The force applied to these tissues was ralpe on the amount of tissue
compaction because these actuators were controlitda finite displacement. The

Dynamic Device transmitted load to tissue via aaqgpisthat was compressed a given
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distance through the tibiofemoral articulation dgreach gait cycle. As the surrounding
tissues were compressed, the load transmitted fitwentibiofemoral reaction force
decreased over time. Similarly, the Micromachimduiced relative angular displacement
between adjacent fragments of the osteomeotizedbrar With time, the tissue began to
remodel changing the mechanical properties anchatgly the force distribution within

the tissue.

The clinically relevant rat bone chamber model (Etal., 2005) upon which the current
actuator design is based, simulates the microemviemt of bone graft incorporation in
impaction allografting. The rat bone chamber maafeFrei et al., (2005) permits the
investigation of endosteal bone graft incorporatrath compromised revascularization
limited to one revascularization interface. Thisni€ontrast to previous studies including
the Tagil Bone Chamber model (Tagil and Aspenber@99) wherein periosteal
incorporation of the bone graft was investigatedopposed the endosteal bone graft
incorporation characteristic of impaction allogrmadt The Tagil Bone Chamber model
failed to recreate the clinical microenvironmentdw the differences in osteoclastic
activity and revascularization between cortical aadhcellous bone. In addition, the
Tagil Bone Chamber model restricted the potentalrévascularization of the graft to
two diametrically opposed openings which is not regpntative of the single
revascularization interface present in the impacédldgraft hip. Conversely, the
Subcutaneous Pressure Implant (Lameréytal., 2000) is implanted into an optimized
microenvironment with circumferential and end-owascularization interfaces which
provides a highly optimized and thus unreasonaiohellation of the vascularization of
the impacted allograft femur.

The current actuator decouples the load applieddaraft through physiologic gait from
the load generated by the actuator. This load W#tw is a significant improvement
over similarin vivo studies which have reported graft remodeling spo&se to actuator
loads combined with loads associated with individar@mal’'s variable activity levels
and gait patterns (Sobake al., 1992a; Wangt al., 2000; Lamerigt®t al., 2000). The

current actuator stress-shields the bone graftaocoed within the bone chamber from
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axial loads developed during normal locomotion endoing so, allows the investigation
of bone graft incorporation in response to the aggdde, quantified load applied by the

actuator.
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5.0

Conclusions and Future Work

A novel electromechanical actuator has been dedigize investigate the

relationship between mechanical load and bone gredtrporation.

A low-power telemetric control system has been tgperl to control the

frequency and duration of loading throughout a @kva vivo study.

The actuator and control system volume has beenimizied to allow
subcutaneous implantation into a clinically relavanimal model of femoral

impaction allografting.

The actuator and control system have been validhtedighout their operational

range and shown to deliver a quantified dynamimm@ssive load.

Due to mechanical inefficiencies, the force produiog the gearbox was less than
established by simulations of cemented hip prosthes vivo. Future work
should include modification of machining methods iteprove accuracy on
critical dimensions of the gearbox thereby incnegsihe efficiency of energy
transduction and ultimately the magnitude of fopzreduced and design of a

customized battery with a higher operational vadtag

The utility of the current actuator can be expanidefditure work. The individual
components of the actuator can be scaled up inasideused in different animal
models to investigate the effect of a range of raawal stimuli on various types

of tissue remodeling.
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Appendix A:

Mechanical Drawings



Mechanical Actuator: Parts List

Item # | Description Quantity
1 Gearbox Assembly 1
1A Base Plate 1
1B Top Plate 1
1C Strut (M2) 1
1D Strut (M1.6) 1
1E Gear Shaft (d1.5mm) 2
1F Gear Shaft (31.2mm) 2
1G Motor Gear (22.25 mm Pinion 1
1H Gear 1 (85.25 mm Gear) 1
11 Gear 1 (83.15 mm Pinion) 1
1J Gear 2,4 (5.5 mm Gear) 2
1K Gear 2 (1.5 mm Pinion) 1
1L Gear 3 (J 5.4 mm Gear) 1
1M Gear 3 (81.95 mm Pinion) 1
IN Gear 4 (23.25 mm Pinion) 1
10 Motor (@6 mm) 1
2 Lead Screw Assembly 1
2A Lead Screw Mate 1
2B Lead Screw 1
2C Bone Chamber 1
3 Housing 1
3A Housing Lid 1
3B Housing Base 1
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Mechanical Actuator Machine Drawings
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LEAD SCREW
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LEAD SCREW ASSEMBLY
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GEAR MOLIF ICATIONS
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MOTOR ASSEMBLY
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Appendix B:

Electrical Drawings



Control Circuit: Parts List

ITEM | DESCRIPTION QUANTITY
1 Integrated Circuits
1A | Micrel Receiver. MICRF002 1
1B | Transmitter: MICRF102 1
1C | Microchip Controller: PIC12F629 1
1D | Maxon Motor Driver: 274645 1
2 Battery
2A | BT1: LPP 402934E 1
3 Transistors
3A | Q1l: PZTAO6 1
4 Oscillators
4A | X1: 6 MHz 1
5 Resistors
5A | R1: 100 I& 1
5B | R2,3: 1 2
6 Capacitors
6A | C1:470nF 1
6B | C2:47 nF 1
6C | C3,4: 150 nF 2
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Radio Freqguency Receiver
(MICRFO002, MICREL Inc.)

seLo [1] 4 16| sSwWEN
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Radio Freqguency Transmitter

(MICRF102, MICREL Inc.)
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To Driver

Electrical Wiring Diagram
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Printed Circuit Board Conductive Paths: Two Supermposed Layers with Components
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Printed Circuit Board Conductive Paths: Top Layer




Printed Circuit Board Conductive Paths: Bottom Layer
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Appendix C:

Derivation of Required Torgue



Derivation of Required Motor Torque

Unrolled Lead Screw Thread Force Analysis:

Frictional Element on Thread
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Derivation of Required Motor Torque (Continued)
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Appendix D:

Product Data Sheets



Motor Performance Data Sheet: 263800, Maxon MotorElSA

EC 6 Flat motor 6 mm, brushless

2__.2 -0,15
2 H005_ - __1,55 -0,
| -
o
w— = -
E Iu; —1ir ] u:ln [}
8 ®
i
© 5 Myl
=) | u
= = i o
o X |
] i
E PINT_A |
: |
0,3 “om 4 s |

10¢



Motor Performance Data Sheet: 263800, Maxon Motor6/SA (Continued)

Motor Data (provisional) L ]

CQCOONOOO D WN =

R = =h ek k] ek [k ok kb
COO~NOOO S~ WN=

Assigned power rating W
Nominal voltage Volt
No load speed rpm
Stall torque mNm
Speed / torque gradient rpm / mNm
No load current mA
Terminal resistance phase to phase Ohm
Max. permissible speed rpm
Max. continuous current at 15 000 rpm A
Max. continuous torque at 15 000 rpm mNm
Max. efficiency %
Torque constant mNm / A
Speed constant rem / V
Mechanical time constant ms
Rotor inertia gcm?
Terminal inductance phase to phase mH
Thermal resistance housing-ambient K/W
Thermal resistance winding-housing K/W
Thermal time constant windings s
Thermal time constant stator S

0.03
1.0
15900
0.005
7740000
7.4
68
50000
0.06
0.015
n.v.
0.33

3300
280

0.006

0.121
120
330
n.v.
n.v.
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Motor Controller Data Sheet: 274645, Maxon MotordJSA

maxon motor

Operating Instructions

1-0-EC Amplifier DECS 5/0.05 sensorless

2 Performance Data

2.1

2.2

2.3

2.4

2.5

2.6

2.7

Electrical data

Inputs

Outputs

Motor connections

cuppl}.r\ut:l age V.. -
Continuous output cument
Max. cutput cument lpas .
Max. cutput voltage ...
Current c::uns,'npl on -nc: load at rotor sha

1000 11in" typ-
15000 min™": typ. 11 m.ﬁ‘
oo 1000 .. 15 000 min?

._peed range

DHrECtion oo eeeeeeeee. 0GPE SigRAl (3 W) or switch against Gnd

T NPTV TSR RSORPROPOPORPI | - 2181 11 = | I |

Motor winding 1
Motor winding 2
Motor winding 3

Ambient temperature / humidity range

Mechanical data

Terminals

Power | Signal

Motor terminal

Operation.... 0 .. #80°C
Storage =0 .. 285°C
Mo condensatio 20 .. BD%
Weight ... - - approx. 3g
Dimensions (L x W x = 0% 20,7 x 12 mm
Mountng 2 rm,mmg holes, diameter 2 mm

Mounting hele distance. . .- 156 = 16.2 mm

... poles
254rr'|1
.. 0.5

Screw terminals J1
Pitch...

AWE 26-20

.3 poles
-1.0 mm
-...maxon EC0G flat motor

Flex print connecior J2 .
Piteh...........
suitable for.
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Radio Frequency Component Data Sheets: MICRF002 Reiver, MICRF 102 Transmitter, Micrel Inc.

MICRFOOZ QwikRadio ™ Micrel
ABSOLUTE MAXIMUM RATINGS Operating Ratings
Supply Voltage (WVDDRF, VDDBB).......oel +7V Supply Voltage (VDDRF, VDDBB).................4.75V to 5.5V
Voltageonany WO Pin..................... V55-0.3 to VDD+0.3 Ambient Operating Temperature (Ta).._...._.. ADPC to +85°C
gunctmnTTemperature.é-----------------------------éé-é------jggg Package Thermal Resistance 84 (16 Pin DIP)......._90°C/W

torage Temperature Range.................... -B65°C to + d . : s
Lead Temperature (soldering, 10 seconds)..............+ 260°C Package Thermal Resistance 6.4 (16 Pin SOIC)....120°C/W
MICRF102 Micrel
Absolute Maximum Ratings (Note 1) Operating Ratings (Note 2)
Supply Voltage(Vpp) . oo +6Y Supply Voltage (Vpp).o oo 475V 1o 5 AV
Voltage on WO Pins.......... Vgg—0.3to Vppt0.3 Maximum Supply Ripple Voltage.............................. 10mYy
Storage Temperature Range ... —65°C to + 150°C PClnputRange ... 150mV < Vpe < 350mV
Lead Temperature (soldering, 10 seconds)............ + 300°C Ambient Operating Temperature (T,)......... -40°C to +85°C
ESD Rating ... Note 3 Programmable Transmitter Frequency Range:

300MHz to 470MHz
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Battery Data Sheet: lpp402934e, Varta MicrobatteryGmbH

A\ VARTA

LPP 402025 CE

Rechargeable Lithium-lon Pouch

Type Designation
Type Number
System

UL Recognition
Nominal Voltage [V]

Typical capacity [mAh]
Minimum capacity C [mAh]

] Dimensions [mm]
* ' Length (1)
Width (w)
- & Height (h)

Weight, approx. [g]

h Charging Method
W — Charge Voltage [V]
Initial charge current [mA]

Charging cut-off { a) or b))
a) by time [h]

b) by min. current [mA]

Discharge cut-off voltage [V]

! Prior to use read Handling Precaution and
Prohibitions for VARTA Li-Ion Batteries

LPP 402025 CE
56416
Li-lon

UL 1642

3.7 (average)
150 (at C/5 from 4.2 V to 2.75 V at 20°C)
140 (at C/5 from 4.2V to 2.75 V at 20°C)

25 +/-0.5 (without Tabs)
20 +/-0.5
4.0+/-0.3

3.7

Constant current + Constant voltage
4.20 (+/- 50 mV)

Standard Charge: 70

Rapid Charge: 140

Standard Charge: 3

Rapid Charge: 25
C/50

3.0

VARTA Microbattery GmbH
Daimlerstr. 1, D-73479 Ellwangen, Germany

Tel: (+49)7961-921-0; Fax: (+49)7961-921-553

Subject to change without prior notice !

Date of Issue: 30.06.2005/1k
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Appendix E:

Custom Software



Labview Virtual Instrument

# RF Control Program.vi Front Panel *
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Force Peak Detection Software Program

function maxforcestats()

%LOAD RAW DATA FROM LOAD CELL FORCE AND TIME DATA ACQUIRED
VIA LABVIEW

load('’xNOOO.mat')
load('fNOOO.mat')
load('tNOOO.mat")

A1=fNO0O’;
alltime=tN0OOQO";
nowpeak=0;
M=1;

xX=1;

y=0;
|=size(Al);
max=zeros(l);

%CODE FINDS PEAK FORCE AND TIME AT WHICH PEAK FORCBCCURS.

counter=0;
for N=1:1(2)-1,

now=A1(N);
next=A1(N+1);
if now > -5
X =0;

elseif ((now + next) < -200) && (x == 0)
y =y+l;
if (now < next) || (now == next)
if (nowpeak == 0)
nowpeak = A1(N);

elseif (nowpeak > A1(N) || nowpeakAL(N))
nowpeak = A1(N);
end

elseif (y > 100)
max(M)=nowpeak;
nowpeak = 0;
peaktime(M)=alltime(N);
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Force Peak Detection Software Program - Continued

y=0;
x =1
M = M+1;
counter=counter+1;
end
end
end

%CONSTRUCT AND FILL ARRAYS WITH TIME OF PEAK FORCEND PEAK
FORCE VALUES

peaks=zeros(counter);

time=zeros(counter);

for M=1:counter,
peaks(M)=max(M);
time(M)=peaktime(M);

end

%COMPILE DATA INTO SMALLER, NON-ZERO ARRAYS

timepoints=time(:,1);
force=peaks(:,1);
meanforce=mean(peaks(:,1))
sdev=std(peaks(:,1))
matrixsize=(counter+3)

%CONSTRUCT MATRIX CALLED data TO HOLD MEAN FORCE XV AND
TIME OF MAX FORCE

data=size(matrixsize);
data(1,1)=meanforce;
data(1,2)=sdev;
data(1,3)=counter;
data(4:matrixsize,1)=timepoints;

%PLOT RAW DATA AND PEAKS wrt TIME
figure
plot(alltime,Al);

figure
plot(timepoints,force, '0");
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Force Peak Detection Software Program - Continued

%SAVE TIME AT MAX FORCE, MAX FORCE, MEAN FORCE ANESDEV TO
TXT AND XLS FILE

save dataNOO0O data force -ascii;

xlswrite((FORCE_TIME', data, 'xN0OQO', 'a2";
xlswrite(FORCE_TIME', force, 'XNOOOQ', 'b5");
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