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Abstract

Osteoporosis or severe reduction in bone mineral density is a disease that

primarily affects elderly people. Osteoporotic hip fracture rates increase expo-

nentially with age in both men and women. In addition to the high mortality

rate for those sustaining such fractures, less than half of the survivors return

to their pre-fracture status concerning the quality of daily living. Augmenta-

tion of the proximal femur with Polymethylmethacrylate (PMMA) bone cement

(femoroplasty) has been identified as a potential preventive approach to reduce

the risk of fracture. Femoroplasty, however, is associated with a risk of ther-

mal damage as well as the leakage of cement or blockage of blood supply when

large volumes of PMMA are introduced inside the bone. Several recent studies

have proposed injection strategies to reduce the injection volume in simula-

tions. This thesis describes the methods and tools developed for multi-physics

planning and the execution of femoroplasty. To this end, computational mod-

els are developed to simulate how bone augmentation affects the biomechani-

cal properties of the bone. These models are used to plan femoropasty for ca-
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daveric specimens and showed the superiority of planned-based augmentation

over generic injection strategies. Experimental tests confirmed the findings of

simulations and showed a significant increase in fracture-related biomechan-

ical properties of the augmented compared to those left intact. In addition to

biomechanical studies for femoroplasty, a heat-transfer model was developed

to estimate bone temperatures during augmentation. Furthermore, a curved

injection strategy was introduced and validated in simulations. These devel-

opments and modeling capabilities can be extended to various augmentation

surgeries including vertebroplasty and core decompression.
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Chapter 1

Introduction

1.1 Motivation

Osteoporosis is a widespread disease, affecting over 75 million people and

is associated with the risk of fracture [1]. In the case of vertebral and hip frac-

tures, incidence increases exponentially with advancing age [2]. The worldwide

occurrence of osteoporotic hip fractures is estimated to increase from 1.7 mil-

lion in 1990 to 6.3 million in 2050 [3]. The mortality rate within one year of

these fractures is between 14% to 58%, depending on the report [4–7]. More-

over, only 60% of the patients who have suffered from an osteoporotic hip frac-

ture recover to their previous level of walking [8]. These patients are 6-10

times more likely to sustain a second fracture [9] and can benefit greatly from

a preventive treatment. Current treatments (i.e. antiresorptive drug usage),
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however, are only effective in the long term. Femoroplasty or augmentation

of bone strength by injecting Polymethylmethacrylate (PMMA) is a potential

treatment option to reduce the risk of such injuries. Several previous stud-

ies have investigated the biomechanical benefits of femoroplasty in an estab-

lished biomechanical model mimicking a fall on the greater trochanter [10–16].

Most of these studies showed an increase of the fracture-related biomechanical

properties as the result of augmentation. However, femoroplasty is associated

with complications such as bone surface temperature-rise that needs to be ad-

dressed before it becomes a clinical procedure. An efficient biomechanically-

guided planning paradigm, along with a robot-assisted execution system can

benefit patients at the highest risk of hip fractures.

1.2 Objectives and Scope

The research presented in this document aims to develop new methodolo-

gies and tools that improve the outcome of femoroplasty. In particular, we aim

to investigate whether the additional computational overhead of the patient-

specific planning can significantly improve the bone strength as compared to

the generalized injection strategies attempted in the literature. Next, we aim

to validate the outcome of the new planning paradigm via direct experiments

that evaluates the biomechanical benefits of the plan as well as bone surface
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temperatures. The next aim was to introduce heat-transfer modeling and cool-

ing solutions to address the risk of thermal damage associated with femoro-

plasty. The final objective is to develop robotic technologies for a more accu-

rate execution of the planned injection. In addition, we propose other novel

approaches that have the potential to promote efficiency and safety of femoro-

plasty and other orthopaedic surgeries.

1.3 Thesis Overview

Chapter 2 provides a brief background about osteoporosis, hip fractures,

current treatment options and efforts to prevent those fractures including patient-

specific and generalized injection strategies. It then provides an overview of

the current system developed for intra-operative navigation and assessment of

femoroplasty.

Chapter 3 describes development of a novel pre-operative planning paradigm

for bone augmentation using Finite Element (FE) modeling and structural op-

timization algorithms. Computer simulations were used to evaluate the biome-

chanical efficiency of this plan against generic approaches previously proposed

in the literature.

In Chapter 4, we investigate the efficacy of the proposed planning paradigm

through direct cadaveric experiments in which both the biomechanical testing

3
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and temperature measurements evaluate the safety and efficacy of augmenta-

tion.

Chapter 5 is dedicated to describing the heat transfer model developed to

estimate bone temperature-rise after femoroplasty. Previously measured bone

temperatures are used for model validation. Furthermore, a conductive cooling

scheme is introduced to lower the risk of thermal damage.

Chapter 6 presents a new planning paradigm for femoroplasty based on

injection patterns that are achieved with curved-drilling.

Chapter 7 focuses on development of a novel large curvature detecting Shape

Sensor Array (SSA) of a continuum manipulator for Orthopaedic surgery. It

presents the conceptual design, SSA modeling, assembly, calibration and real-

time shape sensing results.

Chapter 8 offers a summary and conclusion of this work as well as some

limitations. It also provides brief recommendations for future research in this

area.

1.4 Contributions

The author’s contributions in the presented work include:

• Development of a planning paradigm for patient-specific femoroplasty.

The planing paradigm combines the structural optimization with a gra-
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dient descent optimization that matches the FE pattern with realistic in-

jection blobs. Simulation results showed the superiority of the plan over

generic injection strategies and previously customized plans.

• Performing augmentation experiments, based on pre-operative plans, on

cadaveric femur specimens with osteoporosis and osteopenia and analy-

sis of the results including bone surface temperatures and fracture tests.

Mechanical testing results showed close agreements with those of simu-

lations.

• Development of a heat transfer FE model to estimate bone surface tem-

peratures. Preliminary experimental results showed agreement between

measurements and simulation predictions.

• Development of a novel shape sensor for large deflection shape sensing

of a dexterous continuum manipulator used in orthopaedic surgery. Tip

tracking accuracy of the manipulator was evaluated in different environ-

ments which showed sufficient accuracy for its immediate application.

5



Chapter 2

Background

2.1 Osteoporosis and Hip Fractures

2.1.1 The Burden of Disease

Osteoporosis is a major health concern, affecting over 75 million people and

is associated with the risk of fracture [1]. In the case of vertebral and hip

fractures, the incidence rate increases exponentially with advancing age, while

that of wrist fractures levels off after the age of 60 years [17]. An estimated

1.3-1.7 million hip fractures occurred worldwide in 1990 [3, 18]. As the life

expectancy of the world population increases, the World Health Organization

(WHO) predicts that this number will rise to 3 million by 2025 [19]. The 1-

year mortality rate for those sustaining a hip fracture is between 14%-58%,
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depending on the report [4–7]. Moreover, only 60% of the patients who have

suffered from an osteoporotic hip fracture recover to their previous level of

walking [8].

While most hip fractures occur as the result of a fall, some may occur spon-

taneously when the bone density is significantly lower than the healthy levels.

The lifetime risk of hip fractures is estimated to be 8.1% and 19.5% in men

and women respectively, assuming that all survive to the current average life

expectancy [20]. Estimates increase to 11.1% and 22.7% if calculated based on

predicated mortality rates (increase in life expectancy in the future) [20]. It

is important to note that a previous hip fracture increases the risk of fracture

for the second hip (contralateral hip) are 6-10 times more likely to occur in

patients who have already suffered from a hip fracture [9,21].

Nearly all hip fractures result in hospitalization with a mean hospital stay

of 30 days. In the United Kingdom, the number of hospital bed-days for hip

fracture is similar to those of breast cancer and cardiovascular disease [22,23].

In the United States, approximately 20% of hip fracture patients require long-

term care in a nursing home [24].
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Figure 2.1: Healthy (left) vs osteoporotic (right) femur. Deterioration of bone
micro-structure is evident in neck and trochanter region of the osteoporotic
bone. Image from http://orthopedicsurgerysandiego.com/cardiovascular-
disease-increases-the-risk-of-hip-fractures.

2.2 Assessments and Treatments

By definition, osteoporosis is having a bone mineral density (BMD) of 2.5

standard deviations or more below that of average for healthy, young adults

(T-score of -2.5 or less). This can be determined by Dual-Energy X-ray Absorp-

tiometry (DEXA) scanning of the bone. Patients with osteopenia, or low BMD,

have a BMD between 1 and 2.5 standard deviations below average. Numerous

factors affect our ability to build and retain BMD. These factors include but

not limited to gender, race, hormonal factors, nutrition, physical activity, and

lifestyle behaviors [25]. In recent decades, several studies have focused on os-

teoporosis treatment and some studies have resulted in the development of an-
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tiresorptive drugs such as estrogens, calcitonin, and bisphosphonates [26–30].

These drugs, however, can have long-term effects and are not effective in the

short-term. While the combination of early diagnosis and prescription of these

drugs could lead to a lower risk of future fractures, such treatments are not

sufficient for elderly at the highest risk. In one study Courtney et al. has

shown that an increase in femoral neck BMD of more than 20% would be re-

quired to prevent fracture [31]. This increase requires years if not decades of

antiresorptive drug usage.

Another preventive measure proposed for the patients at the highest risk

is the use of mechanical devices such as hip protectors. In studies of nursing

home patients, the use of hip protectors has reduced the incidence of hip frac-

tures [32–34]. Meanwhile, due to their high cost and difficult to apply mechan-

ical designs, hip protectors are not widely used outside of the nursing home

settings [35]. Therefore, an effective therapeutic approach to prevent osteo-

porotic hip fractures immediately can be significantly advantageous, especially

for patients who have already sustained a fracture.

2.2.1 Fracture Mechanism

The femur fracture is a complex phenomenon and depends on several fac-

tors including bone geometry, degree of bone loss as a result of osteoporosis or

osteopenia, and loading conditions. Reportedly, more than 90% of hip fractures
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were caused by falls from standing heights [36, 37]. Pinilla et al. [38] investi-

gated the influence of loading direction on bone strength through compression

testing of the cadaveric femora and showed that impact direction is a critical

determinant of hip fracture risk. Similar studies have aimed to study the ef-

fects of bone loading conditions using both linear (e.g. [39, 40]) and nonlinear

(e.g. [41]) FE analysis. Bessho et al. [41] showed that the loading condition sim-

ulating a fall in the posterolateral direction is smaller than that of a fall in the

lateral direction. These results are valuable in developing effective treatments

to prevent femur fractures.

In some cases, low BMD can cause a bone (e.g. proximal femur or vertebral

segments) to fracture during normal daily activities without falling or even

sustaining a significant load [35, 42]. These cases are often associated with

severe osteoporosis when the bone has lost its ability to remodel. Remodeling is

a phenomenon that helps the healthy bone adapt its structural density to best

carry the loads while keeping its weight at a minimum [42, 43]. In a recently

published study, Varga et al. [44] proposed treatment strategies based on this

phenomenon which is further discussed in Chapter 3.
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2.3 Femoroplasty

Augmentation of the proximal femur with Polymethylmethacrylate (PMMA)

bone cement, also known as femoroplasty, has been identified as a potential

preventive approach to reduce the risk of fracture. Over the past two decades,

several research groups have presented various prophylactic augmentation

strategies for the osteoporotic proximal femur. The overall procedure involves

drilling a cannula path along the femoral neck region and injecting the liquid

bone cement while retracting the cannula. The neck and greater trochanter re-

gions of the proximal femur are injected with sufficient bone cement to strengthen

the bone against falls.

2.3.1 First-generation Studies

In the first-ever femoroplasty study, Heini et al. showed that gross filling

of the proximal femur with 28-40 ml of PMMA increases both fracture load

(+82%) and fracture energy (+188%) of the bone [10]. Using 50 ml of PMMA,

de Bakker showed an increase of 24% and 84% for the fracture load and frac-

ture energy, respectively [45]. Beckmann et al. used a composite material

(Cortoss Orthovita) that releases less heat and showed comparable strength-

ening results (43% and 187%, respectively) using 40 ml of cement and demon-

strated, for the first time, the feasibly of revision surgery in case of fracture
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after augmentation [46]. Sutter et al. achieved similar results using 40-50 ml

of PMMA bone cement (Spineplx, Stryker, Kalamazoo, MI, USA) [47]. While

the first generation of femoroplasty studies established the biomechanical ben-

efits of femoroplasty, various issues regarding the clinical use of femoroplasty

were not addressed in these studies [47]. Of note, all first-generation studies

involved high volume injection of bone cement in the neck and intertrochanter

regions of the proximal femur.

2.3.2 Second-generation Studies

Following the first-generation studies, the biological risks related to the

large cement volumes were realized [44]. In particular, it was realized that

the gross filling of the proximal femur with PMMA may introduce the risk of

thermal necrosis and other complications such as leakage or blockage of the

blood support [48, 49]. Therefore, in the second generation femoroplasty stud-

ies, researchers focused on reducing the overall volume of the injection. In

the study of Sutter et al. [11], 15 ml injection of PMMA into the trochanteric

or femoral neck region resulted in no biomechanical advantages. Moreover,

no significant difference was found between the fracture patterns of the two

injection scenarios. Van der Steenhoven [50] studied the effects of two min-

imally invasive Elastomer Femoroplasty (EF) techniques on femur strength

and their ability to prevent fracture displacements. Fracture results showed
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no significant increase in femur strength. However, measured displacements

suggested that EFs can stabilize the proximal femur by restoring hip geometry.

Beckmann et al. [12] achieved improvements in biomechanical properties of the

femora when they used a single drilling approach, but injection strategies with

double drilling paths resulted in a non-significant difference, or lower fracture

load and energy. Fliri et al. [51] investigated the biomechanical potential of

V-shaped injection configurations targeting the superior and inferior aspects of

the femoral neck in an in-vitro study and showed that such patterns that result

in 124% more energy absorption before fracture.

In contrast to generic injection approaches, our lab has developed a patient-

specific planning strategy for femoroplasty. Basafa et al. [15] reported the re-

sults of computational planning and optimization of the procedure for biome-

chanical evaluation. In simulations, it was shown that by introducing less than

10 ml of bone cement into the femur (substantially less than the 40–50 ml vol-

umes used in previous experimental studies [10–12]), it is possible to increase

the yield load of the femur specimens by over 30% [15]. This planning paradigm

which is based on a modified method of Bi-directional Evolutionary Structural

Optimization (BESO) was evaluated on eight pairs of osteoporotic femur speci-

mens and achieved significant biomechanical benefit with an average injection

volume of 9.5(±1.7) ml of PMMA [16].

One of the main elements of an effective plan relies on, among others, is an
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accurate prediction of how bone cement diffuses through the porous medium

of osteoporotic bone. Therefore, as a part of the planning paradigm, Basafa et

al. [52] developed a cement diffusion model and validated its efficacy through

simulations and experiments. Because of the extreme viscosities involved in

the injection of bone cement, a modified method of Smoothed Particle Hydro-

dynamics (SPH) was selected for this purpose [52]. Research work presented

in the upcoming chapters has greatly benefited from this development.
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In a more recent study, Kok et al. [53] investigated the clinical feasibil-

ity of femoroplasty injections using a calcium sulfate/hydroxyapatite based

cement. However, the results of computational models suggest that without

proper planning of the injection location, the increase in fracture strength will

be limited [53]. Table 2.1 summarizes the results of second-generation studies

on prophylactic femoroplasty.

All of the studies mentioned above suggest than femoroplasty is a promising

approach to lower the risk of osteoporotic hip fractures. However, in order for

this surgery to become a routine clinical procedure, further studies are required

to ensure its efficacy and safety. Therefore, this procedure could benefit from

a multi-physics planning paradigm that consists of computational models of

the femur for both the biomechanical and heat-transfer simulations, as well as

cement infiltration of the cancellous bone.
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2.4 Computer-assisted

Orthopaedic Surgery

One of the long-term goal of the research presented in this thesis is to

develop an integrated surgical system for femoroplasty. The overall system

intends to augment the femur using a patient-specific and biomechanically-

guided planning paradigm and consists of three main components:

1. A pre-operative plan to optimize cement location based on biomechanics

2. A navigation system to estimate the 3D pose of the femur anatomy and

the injection device

3. An intraoperative assessment of the injection pattern

Figure 2.3 illustrates these components and information flow among them.

Once a patient is selected for the procedure, the planning module provides

the surgeon with an optimal pattern and volume for the injection using Com-

puted Tomography (CT) images. During the surgery, navigation system guides

the surgeon to drill the bone based on the desired path. Next, injection is per-

formed using an automated injection device that can estimate bone cement’s

viscosity and control the injection accordingly. Finally, intraoperative X-ray

images are taken to assess the pattern of injection, analyze the results, and if

needed, update the plan.
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Figure 2.3: Overview of the main system components for femoroplasty

Most of the work presented in this thesis is dedicated to developing a new

pre-operative plan for femoroplasty (Chapters 3,4, and 5). However, next sec-

tion describes some research efforts towards developing a robot-assisted frame-

work for intraoperative execution of femoroplasty and other orthopaedic surg-

eries (e.g. hip revision surgery). Prior to the work presented here, Kutzer et

al. [54] has designed and built an injection device for precise delivery of PMMA

inside porous media. The device allows high pressure injections to avoid leak-

age of bone cement into unwanted regions of the bone. Furthermore, Otake et

al. [55] developed an intraoperative navigation system using an image-based

2D/3D registration framework with X-ray images and fiducial-based C-arm
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tracking. This system, however, involves attachment of external pins to the

bone and is not ideal for patients with osteoporosis. In addition, manual han-

dling of the injection device may introduce an error in the overall injection

pattern.

2.5 Robot-Assisted System Overview

The Robotic system consists of a 6-DOF robot (UR 10, Universal Robot,

Odense, Denmark), an optical tracking system (Polaris optical system, North-

ern digital INC, Canada), a custom drilling/injection component, and a com-

puter. An overview of this system is shown in Figure 2.4. The robot is used to

guide the drill or the injection needle based on the planned configuration that

is determined in pre-operative planning and evaluated in the simulation prior

to surgery. To this end, two approaches for drilling and injection are designed.

One is an interchangeable system with separated drilling and injection tools;

the other is an integrated system for both drilling and injection.

Figure 2.5 shows the integrated Drilling and Injection Component (DIC) in

which a 3D printed shell attached to the robot is used as a supporter for other

parts. A linear stage provides the push force on the plunger of the syringe and

serves as a hard stop for drilling. The push force is measured by a force sensor

on the linear stage. The injection volume and velocity can be adjusted based on
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Figure 2.4: Overview of the Robot-assisted system components for femoro-
plasty

the feedback force data. A gauge made of stainless steel is the supporter of the

syringe, meanwhile, the slender part of the gauge is used as a guide for both

drill bit and cannula (both are 4mm in diameter). The length of the guide is

75mm and will be inserted into hip tissue during the procedure. Guide’s length

keeps a safe distance from the 3D printed shell to human tissue that helps with

reducing the risk of infection.

To fit the different requirements of drilling and injection, a switch block is

attached to the linear stage. The force sensor is fixed on one side of the switch

to measure cement’s viscosity while there is a limit hole for the drill bit on the

other side. The limit hole would only allow the drill bit to pass through, and
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the other parts of the hand drill will be held to control the injection’s viscosity.

There are 3 different positions the switch can be fixed, as is shown in Figure

2.5. One or two quick-release pins are used to fix the switch.

Figure 2.5: An integrated Drilling and Injection Component (DIC) designed
for Robot-assisted Femoroplasty
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Chapter 3

Significance of Preoperative

Planning for Femoroplasty

3.1 Introduction

As discussed in the previous chapter, different injection strategies are pro-

posed for Osteoporotic Hip Augmentation (OHA) to increase the efficiency and

safety of the procedure [12, 13, 15, 56]. Most of these studies rely on a generic

path for the injection, while others have aimed at customizing the injection

pattern. Beckman et al. [12] concluded that a single central augmentation

aligned with the femoral neck axis results in significant improvements in me-

chanical properties of the femur. However, recent patient-specific planning

and computer-assisted augmentation resulted in significant biomechanical im-
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provements using reduced amounts of bone cement [15, 56] as compared to

studies where gross filling of the neck and trochanter was employed instead

(more than 40–50ml) [11]. In the customized injection scenarios, cement lo-

cation was determined using a modified method of Bi-directional Evolution-

ary Structural Optimization (BESO) [57]. In a recent study, however, Varga

et al. [13] recommends generalized injection strategies for OHA arguing that

detailed preoperative planning and controlled injection techniques are not re-

alistic for the current clinical practice. In their study injection patterns were

developed based on the principles of Wolff ’s law which state [43]:

1. Bone is an optimal structure relative to its mechanical requirements.

2. Bone can maintain an optimal configuration relative to alternative me-

chanical changes to its structure.

Through simulations, the study of Varga et al. [13] considers how bone

would adapt its internal structure to withstand loading of a sideways fall. Nu-

merical results suggested that cementation of the “main compression bridge”

connecting the medial head region of the femur with the greater trochanter pro-

vides a larger increase in the yield load and yield energy of the proximal femur

in side-way falls as compared to the “single central” configuration [13,46]. How-

ever, the assumption that a proposed injection strategy can be executed per-

fectly is not realistic. Therefore, it is also important to consider how the cement

24



CHAPTER 3. SIGNIFICANCE OF PREOPERATIVE PLANNING FOR
FEMOROPLASTY

diffuses inside the osteoporotic bone structure given any preoperative plan or

injection strategy. Our group has previously developed a particle-based hydro-

dynamics model to predict the infiltration of cement into the porous medium

of cancellous bone [52]. This model can be used to validate the effectiveness of

different augmentation strategies prior to the execution.

In this chapter, we investigate if the additional computational overhead of

the patient-specific planning can significantly improve the bone strength as

compared to the novel generic planning attempted in the literature. Other

contributions of this work include: (1) Modifying the computational paradigm

introduced by Basafa et al. [15] to enhance the hydrodynamic simulations; (2)

Demonstrating the significance of the hydrodynamic simulation within the con-

text of overall planning paradigm; and (3) Comparing the effect of homoge-

neous versus inhomogeneous FE models within the proposed overall planning

paradigm. 1

3.2 Methods

3.2.1 Plan-based injection

High resolution Computed Tomography (CT) scans from four osteoporotic

femur specimens (one male and three females) with average neck t-score of 3.2
1This chapter is published as [58]
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(confirming osteoporosis) were obtained. From each pair, one specimen was

randomly chosen for augmentation. The new planning paradigm consisted of

three phases:

1. Finite Element (FE) optimization of the injection pattern based on the

method of BESO;

2. Matching BESO results with realistic injection volumes;

3. Cement diffusion modeling based on the method of Smoothed Particle Hy-

drodynamics (SPH) [52]

To optimize cement pattern, a FE mesh of the femur was first created us-

ing concentric rings of quadratic 20-node brick elements, supplemented with

15-node wedge elements at the center [59]. Next, inhomogeneous material

properties were assigned to these elements based on the bone density observed

from the pre-operative CT scan. Using linear interpolation of known values for

plastic phantom, Hounsfield Unit (HU) intensity values were converted to ash

densities. Apparent density was calculated using 3.1 where ρaparent and ρash are

ash and apparent densities in gr/ml, respectively [60].

ρaparent = ρash × 1.79 + 0.119 (3.1)

Finally, the density values were converted to elastic modulus using 3.2 [61,

62]. In these models, the region above the lesser trochanter was assumed to be
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mostly trabecular bone and the lower region was assumed to be mostly cortical

bone. Figure 3.1 shows the distribution of elastic modulus of the femora.

E = 10, 500× ρash2.29 Cortical Bone

E = 6850× ρapp1.49 Trabecular Bone

(3.2)

where E is the elastic modulus in MPa. The Poisson’s ratio of 0.4 is as-

sumed for the femoral bone elements. In the first iteration of the BESO, we

populate the proximal part of the femur with PMMA elements with elastic

modulus of 1.2 GPa and Poisson’s ration of 0.4. The inefficient PMMA ele-

ments were gradually removed from the FE model while added to the high

load-bearing regions using strain energy as the criterion. Details of the op-

timization is described elsewhere [15] and was previously validated on seven

cadaveric experiments [16].

In the second step of planning, we used gradient-descent optimization al-

gorithm to find the closest match to the BESO results through simulation of

realistic injection volumes (spheroids) of no more than 10ml combined. The op-

timization identifies the lengths (Li) and radii (Ri) of injection blobs in addition

to the target point and orientation of the injection path (angles θ and φ). A

planar schematic of this algorithm is shown in 3.2.
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Figure 3.1: Distribution of the Young’s elastic modulus in the critical region
of the femur. Note that the upper region is assumed to be mostly cancellous.

Max
VBESO

⋂
VSpheroid

VBESO
⋃
VSpheroid

Subject to : VSpheroid < 10ml (3.3)

where

VSpheroid =
N∑
i=1

(πRi
2Li +

4

3
πRi

3) (3.4)

and N is the number of spheroids.

In the final step of the planning, we ran the SPH simulation to estimate

the final distribution of the cement within the bone structure. SPH incorpo-
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Figure 3.2: Schematic of the optimized injection pattern by BESO (green),
practical injection volume (blue) and line of injection (red). Note that the tar-
get point (starting point of injection), length (L) and radius (R) of each injection
blob, and orientation of the injection path are optimally selected to find the
closest match between the BESO pattern and injection spheroids. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

rates the extreme viscosities associated with the bone cement. This is done by

creating a porous model of the proximal femur from CT volume. Assuming an

injection rate of 0.1 ml / s and viscosity of 200 Pa·s for the bone cement at the

time of injection, SPH simulates the hydrodynamics by removing the tissue

particles on the path of a virtual drill (injection line) and gradually introducing

cement fluids on the same path [52]. Three major steps of planning paradigm

are shown in Figure 3.3.
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Figure 3.3: (A) Schematic of the optimized injection pattern by BESO, (B) the
matching spheroids (blue rings) and (C) line of injection with corresponding
results of the SPH simulation (blue).

3.2.2 Generalized Injection Strategies

In addition to the customized injection strategy, three generalized injec-

tion patterns were selected based on the previous studies including the single

central [46] (V1; Red), main compression bridge (V2; Blue) and compression

bridge to the lower part of the femoral head (V3; yellow) [13]. For each of these

injections, we assumed a single injection blob (spheroid) with volume of 10ml

connecting the desired anatomical landmarks (3.4). This was followed by a

diffusion simulation to estimate the final cement blob using the SPH method

described earlier.
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Figure 3.4: Generalized injection strategies: a) Single central (V1; Red), b)
Main compression bridge (V2; Blue) and c) Compression bridge to the lower
part of the femoral head (V3; yellow).

3.2.3 Biomechanical Evaluation

and Data Analysis

To evaluate the biomechanical effect of each injection strategy, a static FE

analysis was performed on each model using ABAQUS (ABAQUS/Standard

V6.8, SIMULIA, Providence, RI). Each model was evaluated with both homo-

geneous and inhomogeneous material properties to investigate the potential

differences of biomechanics when boundary conditions simulating a side-way

fall on the greater trochanter are applied [47] (Figure 3.5). For the homoge-
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neous models, we have assumed an average ash density (ρash) of 0.206 g / ml

for all the bone elements and have calculated the apparent density as 0.488 g

/ ml from Figure 3.1 [60]. The output parameters from the FE solver included

the displacement component of the loaded nodes in the direction of the load

and maximum and minimum principal strain values, reported at the centroid

of each element. Using the parameters at the load of 500N and assuming lin-

earity, outputs could be scaled for any desired load. Following the procedure

in [57], we define yield load as the load at which combined volume of the failed

elements reach 1% of the total volume of the specimen. To compare the ef-

fectiveness of different injection strategies, the values of yield load and yield

energy were normalized to the non-augmented state of the same specimen for

both homogeneous and inhomogeneous models. All generalized injections were

considered based on a 10ml volume of PMMA since the customized injections

were constrained by this value in the gradient-descent optimization described

before. For each group, mean and standard deviation of the data were given as

descriptive statistics. Results of different strategies were compared through a

two-way ANOVA test with state significant level of 0.05.
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Figure 3.5: Boundary conditions simulating a side-way fall on greater
trochanter. The distal vertices were fixed in all three directions and the surface
vertices on the 10mm lateral side of the greater trochanter were restricted to
move only in the y–z plane.

3.3 Results

To investigate the possibility of realistically reproducing the generalized

patterns of injection, we ran SPH for the cement blob of each generalized in-

jection strategy. Figure 3.6 shows SPH results of the generalized injections for

specimen 1 and the final distribution of cement elements in the FE model. It

can be observed from the pattern of the FE mesh that the thickness of PMMA

is unlikely to match those of the desired pattern (cylindrical volumes shown in

Figure 3.4).

All injection methods were found to improve the biomechanical properties

of the femur simulating sideway falls. The average injection volume of the

optimized pattern was 9.2 ml (SD=1.0 ml). Most of the optimal injection lines

were directed from the supero-anterior aspect of the neck to the posterior of
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Figure 3.6: SPH results of generalized injection strategies (a) the single cen-
tral mesh of the specimen 1 with diffused volume of cement in different vari-
ations of the generalized injection strategies: The single central (V1; Blue),
main compression bridge (V2; Blue) and compression bridge to the lower part
of the femoral head (V3; yellow).

the greater trochanter. Figure 3.7 shows the conversion of SPH results for

customized injections patterns into FE mesh.

The normalized Results of the FE analysis suggest that the customized in-

jection patterns are significantly more effective in increasing the yield load of

the proximal femur than those of the generalized path in the inhomogeneous

models (P < 0.01). This difference however is not significant in the homoge-
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Figure 3.7: FE mesh of the femur specimens with the optimized injection
patterns after hydrodynamic simulation. Cement volumes were constrained
and initially located based on the modified method of BESO

neous models (P=0.234). In addition, customized injections can increase the

yield energy by 199% (Standard Deviation (SD)=78.4%) which is significantly

higher than those of generalized injections (117% (SD=38.4), 140% (SD= 52.6)

and 136% (SD=52.3%) for V1, V2 and V3, respectively). Relative improvements

on yield load and yield energy were calculated for all injection variations and

are summarized in Figures 3.8 and 3.9. Note that injection in the main com-

pression bridge (V2) is more effective than other variations of the generalized

injection.
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Figure 3.8: Percentage of the yield load increase normalized to the non-
augmented state of the same specimen.

Figure 3.9: Percentage of the yield energy increase normalized to the non-
augmented state of the same specimen. Among different injection strategies,
only the customized injection in the Inhomogeneous group was significantly
higher than the others.
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3.4 Discussion

Results of the hydrodynamic simulations combined with the FE analyses

suggests that OHA can significantly benefit from a pre-operative plan that de-

fines the 3D path of the drill hole and pattern of injection as compared to a

generalized injection recommendation made in recent literature. Several ca-

daveric and simulation-based studies were conducted in the past to evaluate

different injection strategies for OHA [10, 14, 63]. In this study, we have in-

vestigated four of these strategies: V1; the single central augmentation [46],

V2 and V3 that were previously developed based on the principles of bone re-

modeling (Wolff ’s law) and resemble the main compression bridge [13], and

a modified method of patient-specific OHA based on a previously validated

planning paradigm [15]. Simulation results demonstrated that all injection

variations improve the fracture-related biomechanical parameters; however,

the customized injection strategy is significantly more effective in improving

the fracture-related biomechanical properties of femur compared to all general

patterns (P < 0.01).

In this study, we used both homogeneous and inhomogeneous material prop-

erties in FE models to compare different injection strategies. Inhomogeneous

model of the bone, which was previously validated in cadaveric studies [16]

leads to significantly different results from the homogeneous model (P < 0.01)
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suggesting that customized models can greatly benefit OHA, as the mechanical

properties of the bone are calculated based on radiodensities of pre-operative

CT images.

Computational modeling of novel generalized injection strategies was re-

cently presented by Varga et al. [13] using nonlinear FE simulations. Results

of this study are similar in concluding that V2 is a more effective than the

other two injection strategies. However, this study suggests a lower yield load

(32.7% (SD=15%) compared to about 45%, as reported in the literature) for V2.

This difference can be explained by the results of SPH demonstrated in Figure

3.6. The desired pattern of PMMA distribution (shown in Figure 3.4) is con-

siderably different from post-operative results of the injection. Most of such

variations occur in the femoral head and are observed for all generalized injec-

tions. In addition, unexpected leakage of bone cement combined with exother-

mic nature of PMMA curing may result in complications such as osteonecrosis

or blockage of the blood supply. Thus, once a pattern of injection is chosen for

OHA, it is important to consider how PMMA distributes in the proximal femur

altering the biomechanical outcomes.

In a more recent study on patient-specific femoroplasty, it was observed that

11.7 ml of cement can lead to 100% increase of yield load in simulation [56].

Assuming linearity, algorithm presented in this chapter increase the yield load

by 93.1% for the same volume. However, the injection patterns in the study of
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Santana et al. [56], are idealized and do not lie on a single line of injection. The

proposed modifications to the planning paradigm presented in this chapter may

reduce this difference since the algorithm decides on a single line of injection

for all cases.

Apart from the improved outcome of customized planning for OHA, surgi-

cal implementation of this strategy requires an image-guided system for intra-

operative feedback that are discussed in the upcoming chapters. This system

consists of surgical navigation involving 2D/3D registration of pre-operative CT

scans to the femur radiographic images [55], real-time tracking, and a hand-

held motorized bone cement delivery device [54].

The biomechanical evaluation analysis used in this study closely follows the

approach that was previously verified against cadaveric experiments where in-

vasive testing was performed to estimate the yield load (R2 = 0.74) [16]. How-

ever, the future work needs to directly evaluate the modified version of the

Basafa’s paradigm against cadaveric experiments. Furthermore, this study did

not attempt to create a generic approach based on averaging patient-specific

approaches. This may or (may not) provide a better generic approach as com-

pared to the present literature. However, applying such generic approaches

will still require real-time navigation for trajectory planning, 2D-3D registra-

tion, and a motorized device to control the surgical execution. We submit that

the main overhead of both generic and patient-specific femoroplasty come from

39



CHAPTER 3. SIGNIFICANCE OF PREOPERATIVE PLANNING FOR
FEMOROPLASTY

the surgical execution. Thus, the use of a better generic approach may not

turn out to offer much advantage compared to the patient-specific paradigm.

In addition, since the injections of more than one blob requires controlled injec-

tion techniques, all generalized injection were based on a single blob injection

(constant rate).

OHA is shown to improve the fracture related biomechanical properties of

the femur. However, the exothermic reaction of PMMA polymerization may

introduce the risk of thermal necrosis. This point was not addressed in the

current study. In a separate study discussed in Chapter 5, we have shown that

the maximum temperature-rise of the bone surface is 10◦C which occurs about

12 minutes after cement injection [64]. Other studies have pointed out that

the temperature increase in the range of 45–60◦C (temperature-rise of 8–23◦C)

may cause thermal tissue damage, depending on the exposure time [65, 66].

Therefore, in the future, in addition to the mechanical strength of the femur,

maximum temperature-rise and duration of thermal exposure are important

factors that need to be considered while planning the injection parameters for

OHA.

3.5 Recapitulation of Contributions

The author’s contributions in this chapter are as follows:
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• Proposing a new patient-specific plan for femoroplasty to reduce the vol-

ume of PMMA injection. A gradient-descent optimization algorithm was

implemented in MATLAB to find the closest match between the BESO

results and realistic injection volumes (spheroids).

• Developing FE models to evaluate the effects of three generalized injec-

tion strategies on biomechanical properties of the bone.

• Demonstrating the significance of the hydrodynamic simulation within

the context of overall planning paradigm.

• Comparing the effect of homogeneous versus inhomogeneous FE models

within the proposed overall planning paradigm.

The preoperative plan was facilitated through the structural optimization

algorithm previously developed by Dr. Ehsan Basafa. This chapter provides

a baseline for experimental validation, which is discussed in the forthcoming

chapters.
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Chapter 4

Experimental Evaluation of the

Planned Injections

4.1 Introduction

In the previous chapter, we introduced a new patient-specific planning paradigm

to reduce the volume of injected cement [58]. Through FE simulations, biome-

chanical outcomes of injections were compared with those of the generic in-

jections and results showed that injection recommendations of the new plan-

ning paradigm can significantly increase the yield load (79.6%, P < 0.01) and

yield energy (199%, P < 0.01) of an osteoporotic femur. The increase was

significantly higher than those of generalized injections proposed previously

[12, 13, 51]. However, the new approach was not validated via direct experi-
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ments. Contributions of this chapter include:1

1. Investigating the biomechanical effectiveness of the newly proposed plan-

ning paradigm.

2. Evaluating the bone surface temperature rise during cement polymeriza-

tion through cadaveric experiments.

4.2 Methods

4.2.1 pre-operative Planning Paradigm

Details of the biomechanically-guided planning paradigm was fully described

in Chapter 1 and also in [58]. There are two major differences between this

planning paradigm and previously developed augmentation plan described in

[15]:

1. In the previous generation of the subject-specific plan for femoroplasty,

injections were simulated for three different regions of the proximal fe-

mur with each region containing several ‘test’ points and the injection

that overlapped most with the BESO pattern was selected to determine

the drill path [15]. In this study, parameters that determine the injection

profile are selected through an optimization algorithm.
1The majority of the work presented in this chapter is submitted for publication to the

Journal of Clinical Biomechanics and is currently under review.
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2. Cement injections in the new plan were performed dynamically (i.e. the

injection needle was retracted during cementation), while the injection

needle was fixed during cementation previously. This improves the over-

all coverage of the optimal pattern.

For the experiments, six pairs of fresh cadaveric femur specimens (one male

and five females) were obtained from the Maryland State Anatomy Board, Dual

Energy X-ray Absorptiometry (DEXA) scanned (Lunar Prodigy Advance, GE

Healthcare Lunar, Madison, WI), and cleaned of soft tissue. The specimens

were then stored in a freezer (-18◦C) until one day before the augmentation

procedure when they were left at room temperature to thaw. A relevant sum-

mary of cadavers’ demographics and DEXA scanning results are presented in

table 4.1. Next, a high-resolution CT scan (Toshiba Aquilion One, Canon Inc.,

Tochigi, Japan) was obtained for each of the specimens. Following the proce-

dure in [57], a FE model was created for each bone and initial yield load was

estimated. From each pair, one femur with the lower initial yield load was se-

lected for augmentation. The new planning paradigm consists of three steps:

first, the optimal pattern of bone cement was determined through an FE anal-

ysis in which inhomogeneous material properties were assigned to the bone

elements based on density values calculated from CT. This was achieved us-

ing a modified method of Bi-directional Evolutionary Structural Optimization

(BESO) [15]. In the second phase of planning, a gradient-descent optimization
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algorithm was used to find the closest match between BESO results and real-

istic injection blobs of bone cement. The optimization constrains the injection

volume such that only one drill hole is required. In addition, total volume of

injection does not exceed 12 ml, so that we have:

Minimize
Vinjection

Vinjection
⋂
VBESO

Subject to Vinjection < 12ml (4.1)

where VBESO is the optimal pattern of PMMA defined by the FE and Vinjection

consists of 2 or 3 injection blobs in cylindrical shapes with end caps that lie on a

single injection path 4.1. In the third step of planning, cement dispersion inside

the bone was predicted using a modified method of Smoothed Particle Hydro-

dynamics (SPH), which uses discrete particles to approximate continuum field

quantities. In our planning paradigm, we run SPH to predict the actual yield

load of the specimen after augmentation with realistic injection blobs. For this

purpose, we first create a porous model of the proximal femur from the CT vol-

ume (considering the inhomogeneous permeability of the bone) and remove the

tissue particles on the path of a virtual drill (or injection needle). Next, we

simulate the injection of bone cement at the rate of 0.1 ml/s and viscosity of

200 Pa.s. on the same path [52].
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Figure 4.1: Schematic of the optimized injection pattern by FE using BESO
method (green) and the injection blobs defined by the planning paradigm (Blue)

4.2.2 Navigation System

Prior to each experiment, femora were removed from the freezer and left at

room temperature to thaw. This was followed by removing the remaining soft

tissue from the femur. For navigation, we used an in-house system developed

and validated previously by Otake et al. [55]. Briefly, three landmarks, i.e., cen-

ter of the head, lateral most point on the greater trochanter, and the protrusion
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point of the lesser trochanter, were selected on the model of the bone segmented

in the Medical Imaging Interaction Toolkit (MITK) (German Cancer Research

Center, Heidelberg, Germany). Using a tracked digitizer (Passive Probe, NDI,

Waterloo. ON, Canada) and an optical tracker (Polaris, NDI, Waterloo, ON,

Canada) these points were identified on the femur specimen. The transforma-

tion between these two sets, provided an initial guess for registration. Next,

patches of surface points were digitized, and a point cloud-to-surface registra-

tion was performed using the Iterative Closest Point (ICP) algorithm [67] (Fig-

ure 4.2c). Bone registration was followed by navigation of a cordless hand drill

(DCD760, DeWalt Industrial Tool Co., Baltimore, MD) tracked by a rigid body

to drill the injection path defined by the pre-operative plan. The navigation

guides the user to the drill path by providing the distance and angle errors of

the drilling configuration in real-time.

4.2.3 Cement Injection

and Temperature Measurement

After drilling, we used a custom designed injection device similar to that of

previously developed by Kutzer et al. [54] for cement delivery. The modified de-

vice utilizes a 20 ml syringe. Consequently, 15 g of radiopaque dose Spineplex

(Stryker, Kalamazoo, MI) was mixed with 13.5 ml of the monomer liquid
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about 60 s. We then filled the syringe with this mixture, attached a 15.2 cm,

8G cannula (Scientific Commodities Inc., Lake Havasu, AZ) and placed it in

the injection device. Approximately 12 minutes from the start of mixing the

powder and liquid, we estimated the viscosity of bone cement by ejecting 0.5

ml of cement at the rate of 0.1 ml / s while measuring and averaging the pres-

sure using a compression load cell (OMEGA Engineering Inc., Stamford, CT).

This viscosity estimate, along with previously extracted viscosity-time calibra-

tion curves for this cement mix using the same setup, was used to calculate

the remaining time before the cement reaches the desired viscosity of 200 Pa.s.

At that time, cement was automatically ejected at the controlled rate of 0.1 ml

/ s while the injection device retracted the cannula from the start of the first

injection blob (target point) towards the bone surface. Note that the retraction

rate of the cannula varies for each blob depending on their size (length and ra-

dius). Meanwhile, from the start time of the injection, we measured the surface

temperature of the bone at one second intervals in three regions, i.e., greater

trochanter, trochanteric crest, and femoral neck using previously planted k-

type thermocouples (Thermometrics Inc., Northbridge, CA) with probe diame-

ter of 0.6mm. Thermocouples were placed inside 1mm drill holes made on the

surface at the depth of 2mm to minimize the effect of room temperature on the

measurements. Figure 4.3 shows the location of the thermocouples with re-

spect to the femur anatomy. These regions were selected based on the location
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of main arteries that supply blood to the femoral head [68,69].

Figure 4.3: Thermocouple placement for temperature measurements. Note
that k-type thermocouples recorded the temperature at one second interval
and depth of 2mm from the surface on trochanteric crest (TC1; red), the greater
trochanter (TC2; blue), and femoral neck (TC3; black)

4.2.4 Post-operative Mechanical Testing

and Data Analysis

Following the plan-based injections, another set of CT scans were obtained.

To discover how closely PMMA distributions matches those of pre-operative

simulations, we used the technique previously described in [16] to estimate

the translational error between their corresponding isosurface. This was fol-

lowed by mechanical testing to failure in configuration of a fall to the side on

the greater trochanter. As shown in Figure 4.4, we positioned the axis of fe-

mur shaft so that it was 10 degrees below a horizontal plan parallel to the
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MTS table and rotated the femoral shaft 15 degrees internally [47]. While the

greater trochanter was supported by a dollop of PMMA, the femoral head was

pre-loaded to 50N by the MTS machine (Bionix 858 Test System, MTS, Eden

Prairie, MN). Next, femoral head was displaced downward at the rate of 100

mm / s until failure [47]. For each specimen, the first inflection point of the

load-displacement curve was recorded as yield load. In addition, we recorded

the maximum load. Yield and maximum energy were defined as the area under

force-displacement curve up to yield and maximum load respectively [16](see

Fig. 4.5). A paired t-test was used to compare the biomechanical outcomes of

the augmented and control femora (P < 0.05). In comparison of the biomechan-

ical properties, we have only considered the osteoporotic specimens (Sample 1,

2, 4, 5 and 6).

Figure 4.4: Experimental
set-up simulating a fall on
the greater trochanter using
MTS machine (Bionix 858
Test System, Eden Prairie,
Minnesota)
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Figure 4.5: Representative force-displacement curve used to determine the
yield and maximum energy and their corresponding energies

To evaluate the potential risk of thermal damage, we recorded the peak tem-

perature of bone at each of the three regions of interest as well as the exposure

time for temperature rise of 8oC, 10oC, and 12oC in these regions (Fig. 4.3).

4.3 Results

FE simulations predicted an average yield load of 1866(SD=359)N for the

osteoporotic specimens of the control group (those left intact), while that of

their augmented pairs prior to cementation was lower with an average of 1659(SD=453)N

(P = 0.039). With some variations, the pre-operative plan recommended injec-

tion (drilling) paths that start from the vicinity of the supero-posterior aspect
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of the greater trochanter and continue towards the superior part of the neck.

The algorithm also suggested that a mean of 9.1(SD = 1.2)ml of PMMA in-

jections adequate to increase the yield load of the osteoporotic specimens by

an average of 73% (from 1659(SD=453)N to 2877(SD=345)N). Yield load val-

ues measured in mechanical testing were found to be linearly correlated with

those of simulations (R2 = 0.77) (Fig. 4.6). The fracture tests revealed that on

average, augmented specimens have a 42% larger yield load (1951N vs. 2774N,

P < 0.001) and 29% larger maximum load (2216N vs. 2853N, P=0.01) compared

to those of the control group. Consequently, yield and maximum energy of the

augmented pairs were larger by an average of 137% (4.4J vs. 10.5J, P =0.062)

and 29% (24J vs. 30.9J, P= 0.23) respectively (Table 2.1). Figures 4.7 shows the

results of fracture tests for the osteoporotic pairs. In most cases, femur frac-

tures of the control group occurred in locations that are clinically defined as the

intertrochanteric fractures [70]. The fracture locations were slightly different

for the augmented pairs depending on the injection location. The osteopenic

sample fractured from the inferior part of the femoral head (Figure 4.8). Fe-

mur specimens were registered to the segmented model of the bone with root

mean squared errors of less than 1mm in all experiments. However, the error

due to injector placement and pre-operative simulations yielded to an average

distance error of 6.2 mm between the isosurface of planned and injected volume

of PMMA.
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Figure 4.6: Measured vs. Predicted yield loads. The overall correlation coeffi-
cient is 0.77.

Temperature recordings of the bone surface shows that the areas close to

the greater trochanter will experience the highest temperature rise with an

average peak temperature rise of 12.1 oC. The trochanteric crest and femoral

neck experience a lower temperature rise with an average peak rise of 6.17 oC

and 5.26 oC respectively. In all experiments, greater trochanter area of the bone

experienced a temperature rise of over 8 oC for an average period of about 9.2

minutes. In four specimens, this area experienced a temperature rise of over 10

oC. Meanwhile, these critical exposures were only observed in one specimen for

the trochanteric crest. Table 4.3 details the summary of the peak temperature

rises and duration of the critical exposures for all specimens.
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4.4 Discussion

In this in-vitro study, we aimed to validate the fracture-related biomechan-

ical outcomes of femoroplasty using a novel planning paradigm on human

cadaveric femora with osteoporosis. The planning paradigm utilizes a gra-

dient descent optimizer to determine a continuous pattern for PMMA injec-

tion. As expected, results demonstrated that osteoporotic specimens benefit

greatly from injections that connect the supero-posterior aspect of the greater

trochanter to the inferior aspect of femoral head. This distribution of bone

cement is similar to the findings of other patient-specific plans [16, 56]. The

biomechanical effectiveness of injections is comparable to those of Basafa et

al. [16] where local optimization defined the location of three static injections

and an average of 9.5 ml of cement increased the yield load by 33% and yield

energy by 118%. The outcomes for these parameters have been improved by

respectively 27% and 16% in the current study while the injection volume was

reduced to 9.1 ml. Furthermore, the new plan did not require a second drill

hole for any of the specimens. Findings also showed that bones with lower

neck t-score benefit greater from the augmentation. Although the investiga-

tion was beyond the scope of this study, it was determined that the osteopenic

sample does not benefit from the augmentation. This femur fractured from the

inferior part of the head which was different from the osteoporotic femora of
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both control and augmented groups (Fig. 4.8).

Previous studies have established that thermal necrosis may occur when

tissue is exposed to temperatures higher than 60 oC. That is equivalent to tem-

perature rise of approximately 23 oC. Lower temperatures can still cause necro-

sis depending on the exposure time [49]. Notably, temperatures of 45 oC (rise

of 8 oC) for over 600 s, 47 oC (rise of 10 oC) for over 60 s, and 50 oC (rise

of 13 oC) for over 30 s lead to necrosis [49]. Temperature recordings of bone

surface in this study allowed for a quantitative assessment of this risk. Re-

sults presented in table 3 indicate that all injection scenarios except that of

specimen 3 may risk thermal damage at the greater trochanter or trochanteric

crest region of the bone. Future work will include addition of a FE model to

predict the bone temperature (e.g. [64]) to the existing planning paradigm in

order to remove the risk of thermal damage. In addition, integration of a cool-

ing system with femoroplasty can extend the polymerization time of PMMA,

thus reducing the risk of thermal necrosis due to the temperature rise. Ap-

proaches for integration of a cooling system have been previously used for ver-

tebroplasty [71]. It is important to note that our temperature rise estimation

may be over-estimations since 1) initial tissue temperatures in all in-vitro ex-

periments of this study averaged 21 oC, well below the normal body tempera-

ture (37 oC); and 2) lack of blood flow results in higher temperatures in cadav-

eric experiments. A more realistic evaluation of necrosis risk may be achieved
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through live tissue injections of PMMA.

The current study focused on PMMA based femoroplasty which is shown

to be effective in several computational and experimental studies [12, 13, 16].

However, a recent study showed that injections of biphasic calcium sulfate /hy-

droxyapatite (CaS/HA) in the proximal femur is also feasible and may lead to

reduction in fracture risk if cement is injected optimally [53]. Additionally,

study of Stroneck et al. [72] proposed a triphasic calcium-based implant as an

alternative approach material that is designed to replace the bone loss due to

osteoporosis. Combination of such materials with the planning and injection

techniques proposed here can lead to a faster clinical adoption for femoroplasty.

Among other limitations of this study is the accuracy of cement injection

based on the plan. The average shape error between the injected and planned

path of cementation remains relatively large in this study (6.2 mm average dis-

tance error). While the overall planning paradigm has been improved, intra-

operative execution of the plan remains a challenge. Although specimens were

injected with the same volume of cement as planned, direction and location of

cementation is different from desired path, lowering the biomechanical benefits

of augmentation. Since both bone and tool registrations have errors that aver-

age <1mm, it can be assumed that the error of the user drilling with provided

visual feedback and injector placement are the major contributing factors for

the injection accuracy. Therefore, use of a robotic system for drilling and injec-
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tion of bone cement may increase the accuracy of cementation, thus improving

the overall reliability of the procedure by improving the biomechanical benefit

and reducing the risk of cement leakage. The simplifying assumptions made

in the SPH and errors in cement segmentation are other sources of error.

4.5 Conclusion

To summarize, this study shows that a planned injection of PMMA into

the proximal femur can significantly improve its fracture-related biomechan-

ical properties (yield load and yield energy). The new planning paradigm of-

fers a more efficient injection strategy with injection volume of 9.1 ml on aver-

age. Meanwhile, temperature recordings of bone surfaces suggest that risk of

thermal necrosis remains as a concern with PMMA-based femoroplasty. This

may require additional provisions (e.g., a cooling mechanism) to lower the cur-

ing temperature. Future work involves incorporating modes that predict bone

temperatures and conducting surgical interventions that aim at lowering those

temperatures during femoroplasty.
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4.6 Recapitulation of Contributions

The author’s contributions in this chapter are as follows:

• Biomechanical planning for six pairs of cadaveric femora based on the

patient-specific strategy described in chapter 3.

• Performing augmentation experiments on weaker bone from each pair

according to the plan.

• Evaluating and analyzing the bone surface temperature rise during ce-

ment polymerization in cadaver experiments.

• Conducting invasive biomechanical testing to evaluate the outcome of

augmentation on fracture-related properties of the bone.

Dr. Ryan Murphy implemented the navigation software used in the cadaver

experiments in 3D-Slicer. Dr. Ehsan Basafa and Ms. Mahsan Bakhtiarinejad

helped the author in performing the injection experiments.
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Chapter 5

Heat Transfer Analysis for

Femoroplasty

5.1 Introduction

As discussed in the previous chapters, higher volumes of PMMA injection

may introduce the risk of thermal necrosis. Prior studies have pointed out

that the temperatures in the range of 45 ◦C to 60 ◦C may cause thermal tissue

damage, depending on the exposure time [65,66]. Therefore, in addition to the

mechanical strength of the femur, maximum temperature-rise and duration

of thermal exposure are important factors that needs to be considered while

planning the injection for femoroplasty.

Previous studies have developed simulation models to study the temper-
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ature distribution after cementation with PMMA both in 2D and 3D, most

of which have considered cement and bone as homogeneous continuum ma-

terials and the bone-cement-interface is often characterized by its conductiv-

ity [73, 74]. Baliga et al. [73] presented a methodology for numerical simu-

lation of unsteady heat conduction in PMMA during its polymerization and

demonstrated an agreement between the numerical predictions and the corre-

sponding experimental results. Hansen et al. [74] proposed a general model for

acrylic cementation in hip-joint-replacement surgery based on the principles

of polymerization kinetics and heat transfer. The validity and capabilities of

such methods has inspired us to consider FE heat transfer modeling as a poten-

tial approach for predicting the temperature rise during cementation, thereby

lowering the risks associated with femoroplasty.

This chapter first presents a 3D heat transfer simulation model for bone

temperature evaluation during femoroplasty. The modeling approach is then

evaluated through direct measurements of bone surface temperature in exper-

iments where bone injection profiles are customized based on a novel planning

paradigm for bone augmentation. 1

1Majority of the work presented in this chapter is published as [64] and [75]
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5.2 COMSOL Simulations

Following the injection experiments discussed in the previous chapter, an-

other set of CT scans of the proximal femur were obtained. These scans were

used to segment the injected PMMA along with the bone surface in an open-

source software MITK (German Cancer Research Center, Heidelberg, Germany)(Fig.

5.1). Next, an FE heat transfer model was created to estimate the bone sur-

face temperature at every one second interval following cement injection in

COMSOL Multiphysics, Inc (Burlington, MA). For this purpose, we assumed a

homogeneous material property inside the bone and a uniform heat flux from

the bone-cement-interface towards the cortical shell. For the conductive heat

transfer between the tissue and PMMA, COMSOL solves the following equa-

tions:

ρCp
∂T

∂t
+ ρCpu · ∇T +∇ · q = Q+Qted (5.1)

q = −k · ∇T (5.2)

where ρ is the density in kg/m3, Cp is the specific heat capacity of the ma-

terial at constant pressure in J/(kg.K), T is the absolute temperature, u is the

velocity field vector in m/s, q is the conductive heat flux in W/m2, Q is the heat

source (PMMA exothermic reaction) in W/m3, and Qted is the heat source as the

result of thermoelastic effects in W/m3. Table 5.1 shows the constant material

properties used for this simulation.
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Table 5.1: Material properties of the bone used in FE simulations

Property Value Unit
Thermal Conductivity (k) 0.6 W/m.K

Density (ρ) 1000 kg/m3

Heat capacity at constant pressure 2200 J/(kg.K)

Figure 5.1: Segmented geometries of the bone and PMMA (left) FE mesh of
the bone geometry (right). Note that the FE mesh was created using the largest
mesh size that would produce the converging results.

PMMA curing temperature profile at the bone-cement-interface was directly

measured in a 130 mm by 45 mm by 40 mm open cell block (7.5 PCF) (Sawbone

Inc., Vashon Island, WA), resembling human cancellous bone where 30cm3 of

canola oil was added to the block mimicking the bone marrow. This data was

later used in simulations to estimate the bone surface temperature.
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5.2.1 Model Validation

To validate the COMSOL model, we used direct temperature measurements

from the first two cadaver experiments discussed in chapter 4. From planning,

it was determined that 7.7cm3 of PMMA is sufficient to increase the yield load

of the first specimen by 67% (from 1350 N to 2256 N). For the second specimen,

9.1cm3 of PMMA results in 105% of yield load increase (from 1170 N to 2395

N). Planning also suggested that the yield energy of these specimens increases

by 161% and 116% respectively. Temperature measurements for the first speci-

men indicated that greater trochanter’s temperature rises about 10◦C about 12

minutes after the start of injection. Maximum temperature-rise at the femoral

neck and trochanteric crest were 7.1 ◦C and 5.9◦C respectively. Temperature

profiles of this specimen were estimated in the FE simulation with an average

error of 1.87◦C at the Trochanteric crest, 1.23◦C at the greater trochanter and

2.1◦C at the femoral neck. Temperature distributions of the bone surface after

injection are estimated at different time intervals (time after injection) and il-

lustrated in Figure 5.2. Note that most of critical temperature-rises occurs at

the superior and inferior aspects of the neck as well as supero-posterior aspect

of the greater trochanter.

To further validate the model, we compared the temperature measurements

of the second specimen with those of FE simulations. As shown in Figure 5.3,

estimated temperatures of the second specimen at greater trochanter and
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trochanteric crest matches those of the measurements. Maximum tempera-

tures of bone surface at different time intervals following the injection were

extracted from simulations and are shown in Table 5.2.

Figure 5.3: Surface Temperature-rise of the Second femur specimen for the
first 1000 seconds after the injection- Experimental results vs. predicted val-
ues.

Table 5.2: Maximum temperature-rise of the bone at discrete time-intervals
following PMMA injection

Maximum temperature rise [◦C]
Time[s] Specimen 1 Specimen 2

0 4.34 4.08
550 25.75 25.75

1050 26.67 29.15
1800 12.51 12.47
2300 9.09 9.07
3000 6.34 6.32

71



CHAPTER 5. HEAT TRANSFER ANALYSIS FOR FEMOROPLASTY

5.2.2 Discussion

The preliminary experiments on two femur specimens indicate that low-

ering volume of PMMA may reduce the risk of thermal necrosis. For the first

specimen where 7.6 cm3 of bone cement was injected, the maximum temperature-

rise is 10oC which occurs at about 780 seconds after the injection. The expo-

sure time for this rise is less than 30 seconds which is well below the levels

causing thermal necrosis [49, 76]. In the second injection experiment, greater

trochanter of the femur was exposed to temperatures above 10◦C for over 200

seconds. Therefore, the thermal necrosis can be expected for these injection

scenarios which confirm the potential need of cooling technique during cemen-

tation. For the heat transfer model, we have assumed a homogeneous material

property for the bone tissue. The parameters shown in 5.1 were estimated and

modified based on the direct temperature measurements of the bone surface.

To validate the simulation results, we compared the temperature measure-

ments on the surface of the second femur with corresponding temperatures

from the FE simulation without further modification of the material proper-

ties (Fig. 5). One of the limitations of the in-vitro experiments presented in

this study was the base-temperature of the bone tissue during the injection

(about 22◦C) that is well below the 37◦C body temperature. In addition, lack of

blood flow in cadaver specimens may result in an increased temperature-rise

during PMMA curing. Previous studies pointed out that thermal necrosis is
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expected when tissue is exposed to more than 60◦C [49]. Therefore, with the

temperature-rise values shown in 5.2, both injection scenarios may result in

tissue damage. Among other limitations of this study was the technique used

to fix the thermocouple on the bone surface prior to each injection experiments.

Points of measurements were manually selected in the regions of interest and

localized through X-ray images of the bone. Therefore, the verification of the lo-

cation of the maximum temperature in the bone, as determined by simulation,

was not possible.

5.3 Conductive Cooling Scheme

It is apparent that increasing the curing time of PMMA results in lower

maximum temperatures for both the cement and surrounding bone tissue. In

the study of Langdown et al., it was shown through in-vivo experiments that

there is an inverse relationship between ambient temperature and the setting

time for Simplex cement (Stryker Orthopaedics, Mahwah, NJ) [77]. Moreover,

Chavali et al., proposed a technique in which loaded syringes of PMMA were

placed in an iced sodium chloride bath, extending the PMMA curing time to

over 2 hours in percutaneous vertebroplasty [71]. Although the main purpose

of their technique was to increase the injectability time of the cement, it is

expected that the temperature-rise of the tissue will also reduce. In a simi-
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lar study, Lai et al., studied the effects of precooling (i.e. lowing the initial

temperature of the liquid) and ice bath cooling (lowering the surrounding tem-

perature) on the curing time of PMMA and found both techniques effective for

percutaneous vertebroplasty [78]. These techniques, however, may not be suit-

able to be used for OHA because of two major limitations. First, the curing-time

alterations of up to 2 hours can change the biomechanical properties (i.e. elas-

tic modulus) of the bone cement which is important for OHA as a preventive

approach. Second limitation is that surgeons have no control over the cement

temperature after injection and, therefore, potential risk of osteonecrosis re-

mains. To address the issue, we proposed a novel bone augmentation cooling

scheme for OHA to lower the PMMA’s curing temperature after cement injec-

tion and, therefore, reducing the risk of thermal necrosis. We aim to validate

the proposed cooling system through in-vitro experiments and the simulation

model discussed in the previous section. We performed FE heat transfer simu-

lation of the proposed cooling mechanism in three-dimensional (3D) models of

the femur with injected PMMA and compared the temperature-rise of the bone

against models without using the cooling system. Moreover, we performed con-

trolled sawbone experiments with a K-wire via a conductive heat transfer to

examine the feasibility of the proposed cooling system. The metallic k-wire is

attached to an ice-water bath and inserted through the injected PMMA in the

drilled tunnel immediately after the injection. The schematic illustration of
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the cooling system is shown in Figure 5.4.

Figure 5.4: Schematic Illustration of the proposed cooling system. In the first
step (left), bone cement is injected through the planned path and then K-wire
attached to the ice-water bath is inserted in the drilled tunnel right after the
injection (right).

5.3.1 Geometrical Modeling

and FE Simulations

For the purpose of temperature estimation simulations, we used Post-op CT

of two femur specimens to create FE heat transfer models as described in sec-

tion 5.2. Through a threshold-based segmentation of the bony anatomy, the do-

mains of the femur and injected PMMA were identified using image processing

software; MITK (German Cancer Research Center, Heidelberg, Germany). We

then improved the segmentation by manual refinement and created smoothed

3D models of each femur with associated PMMA. Next, we placed a stainless-

steel k-wire with 3mm thickness diameter based on the location of the opti-
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mized drilled path that is identified through the planning paradigm. Conse-

quently, the K-wire is inserted through the injected PMMA. The FE model of

the two specimens with the associated segmented PMMA are generated using

linear tetrahedral elements in COMSOL Multiphysics (COMSOL AB, Stock-

holm, Sweden). Figure 5.5 demonstrates three-dimensional FE model of the

femur together with the injected PMMA and metallic K-wire inside the ce-

ment. The femoral bone, PMMA and 301 Stainless steel K-wire elements are

assumed linear and isotropic with the homogeneous material properties shown

in Table 5.3.

The heat transfer simulation is performed in two steps.: In the first step,

the temperature-rise estimation of the bone during cement augmentation is

performed. We also calculated total heat flux generated using temperature

profile of the bone-cement interface. We then simulated the bone augmentation

cooling process via conductive heat transfer to investigate the effect of cooling

on the bone temperature-rise. For this purpose, we imported and implemented

the heat flux profile as a heat source to the bone-cement interface and assigned

0◦C constant temperature to the metallic K-wire surface so that the cement

augmentation and cooling procedure are performed simultaneously. Similar

to the previous step, time-dependent simulation is carried out at one second

interval during hip augmentation procedure.
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Figure 5.5: 3D
Geometrical and FE
mesh of the femur
with segmented
PMMA and k-wire

Table 5.3: Summary of the material properties involved in cooling simulations

Property Unit Bone PMMA 301 Stain-
less Steel

Thermal Conductivity (k) W/m.K 0.6 0.2 16.3
Density (ρ) kg/m3 1000 1190 8030
Heat capacity at constant
pressure J/(kg.K) 2200 1420 500

5.3.2 Sawbone Experiment

To better investigate the functionality and feasibility of the proposed cooling

system, we conducted a controlled sawbone experiment using 3mm metallic K-

wire attached to an ice-water bath. For this purpose, 15 cm3 of PMMA was

injected uniformly into a 130 mm x 45 mm x 40 mm of an open cell block (7.5

PCF) resembling the human cancellous bone. Before injection, 30 cm3 of canola

oil is added to the block mimicking the bone marrow.
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In this setup, temperature profile of the bone-cement interface is measured

using k-type thermocouples at 3 locations. Next, similar experiment was per-

formed incorporating the aforementioned cooling system to the augmentation

setup (Figure 5.6, right). Prior to the injection, the metallic K-wire is placed

in a mixture of ice water bath for 5 minutes to ensure that the temperature

of the K-wire prior to insertion is 0◦ C. We then insert the K-wire through the

drilled tunnel keeping it in contact with the injected cement while the end of

the K-wire is kept in the ice-water bath. In order to avoid K-wire to adhere

to the PMMA during cement polymerization, we rotate the K-wire gently in a

uniform motion while inserting it through the foam block.

Figure 5.6: Cooling Experimental Setup: Cement Injection with (left) and
without (right) the cooling system.

78



CHAPTER 5. HEAT TRANSFER ANALYSIS FOR FEMOROPLASTY

5.3.3 Results and Discussion

During both steps of the simulation, we measured temperature-rise of two

specimens at three key locations. For specimen 1, maximum temperature-rise

were reported as 4.3◦C, 5.8◦C and 9.7◦C at the femoral neck, introchanteric

crest, and greater trochanter respectively. These temperatures were lowered

to 0.9◦C, 1.2◦C and 2.1◦C respectively when the augmentation setup is incor-

porated with the cooling system. Figure 5.8 demonstrates the comparison be-

tween the temperature-rise of the augmentation model with cooling system

and the control augmentation without cooling at three key locations.

Figure 5.7: Predicted temperature of the specimen 1 for the first 3000 seconds
after injection with and without the cooling
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Both femoral bone specimens exhibit similar temperature distributions af-

ter the cement injection. In simulations, temperature-rise of the specimen with

cooling was significantly lower than those without cooling. The Maximum tem-

perature of both specimens are compared to those without cooling in Figure

5.8. The maximum temperature-rise in both models occured at the superior

and inferior domains of the neck as well as superior posterior portion of the

greater trochanter. Furthermore, Figure 5.9 compares the geometrical distri-

bution of the temperature of the augmentation model with the cooling system

against the model with no cooling at the time interval of 1050 seconds.

Figure 5.8: Simulated maximum temperature with cooling vs. without cooling

In the pilot sawbone experiments, fluoroscopic images were captured after

augmentation and temperature values were measured using three K-type ther-

mocouples at sawbone-cement interface in one second intervals (Figures 5.10

and 5.11). We performed two sets of experiment to investigate the effect of
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rotating the K-wire on the temperature measurements. The investigation of

temperature-rise profiles of thermocouples TC1, TC2, and TC3 confirms that

the peak temperature of the sawbone-cement interface has been substantially

decreased when cooling system was integrated to the bone augmentation setup

(TC1 64%, TC2 34% and TC3 69%). Moreover, the corresponding time of the

maximum temperature has also been reduced. Similarly, in the second experi-

ment, when the k-wire rotated about its own axis, the peak temperatures were

also substantially decreased in all three thermocouples. However, curing was

delayed when compared to the first case and the pattern of injection is affected

due to the speed of the rotation which can be controlled in the future.

Figure 5.9: Tempera-
ture distribution of the
femoral bone during
PMMA polymerization
with (top) and without
(bottom) the cooling.
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Figure 5.10: X-ray images of PMMA profile inside the open cell foam block
(Sawbone) without cooling(top) vs. with cooling (bottom). Note that the location
of thermocouples (TC1, TC2, and TC3) were the same in both experiments.

As shown in Figure 5.8, the temperature-rise of the simulation model with

incorporated cooling system has been reduced about 80% in all three locations

compared to those of the control augmentation with no cooling. Therefore, the

simulation results confirm that the critical temperature-rise emerging at the

femoral neck and greater trochanter has been reduced substantially when us-

ing the cooling system. Moreover, it is important to point out that the cooling

is applied throughout the duration of the bone augmentation. In the future

work, the duration of the cooling phase can be optimized to reduce the thermal

effect of cement polymerization while maximizing the mechanical strength of

the PMMA augmentation.

Both simulation and experimental findings reinforce the fact that integrat-
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Figure 5.11: Temperature-rise measurement of the 3 thermocouples at saw-
bone cement interface with cooling vs. without cooling: TC1 (left), TC2 (mid-
dle), and TC3 (right)

ing the cooling system to the bone augmentation set-up has noticeably declined

the peak temperature-rise that usually occurs 10-12 minutes after the injec-

tion. In addition; it is also revealed that there are various criteria that affect

the cooling system including but not limited to the duration of the cooling ap-

plied, the speed and frequency of rotation of the K-wire, all of which needs to

be explored in more detail in the future experiments and simulations. Further-

more, due to the fact that points of temperature measurement are randomly
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selected in the regions of the interest, importing the accurate locations of the

K-wire in simulation is not possible. Moreover, the distance between the bone-

cement interface and fixed positions of thermocouples can affect the peak tem-

perature measurement during injection; therefore, the technique to place the

K-wire in in-vitro experiments at regions of interest can be enhanced by 3D op-

tical tracking and navigation. With navigation we could accurately locate the

position of K-wire in the simulation to acquire a comprehensive understanding

of the maximum temperature-rise.

The preliminary simulation of the cooling system demonstrates a promis-

ing agreement with in-vitro sawbone experiments. In the future, the proposed

bone augmentation cooling system need to be experimentally validated through

cadaveric femoral augmentation and evaluated against the simulation model.

5.4 Conclusion

We have developed an FE model capable of estimating the bone surface tem-

perature based on a given pattern of injection. This model is validated through

direct measurements via K-type thermocouples and can be used to avoid in-

jection scenarios that may result in thermal necrosis. In future studies, this

model can be integrated into the planning paradigm to lower the risk of tissue

damage. In addition, we introduced a novel bone augmentation cooling scheme
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for osteoporotic hip augmentation, capable of reducing the PMMA’s curing tem-

perature after the injection. FE heat transfer models were developed to inte-

grate the cooling system with the augmentation. The proposed cooling system

was tested through sawbone in-vitro experiments demonstrating the satisfac-

tory performance and feasibility of the incorporated cooling systems for femoro-

plasty. The proposed bone augmentation cooling methodology can be used to

reduce the risk of thermal necrosis due to the excessive temperature-rise.

5.5 Recapitulation of Contributions

The author’s contributions in this chapter are as follows:

• Developing a 3D heat transfer model in COMSOL to simulate the effects

of femoroplasty on surface temperature of the proximal femur.

• Validating the model performance through comparison of the simulation

results with direct temperature recordings of the bone in two cadaver

experiments.

• Introducing a conductive cooling approach to reduce the PMMA’s curing

temperature after cement injection.

• Conducting sawbone experiments to evaluate the efficacy of the cooling

approach.
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Ms. Mahsan Bakhtiarinejad helped the author in performing the injection

experiments and analysis of the simulation results. Ms. Mahsan Bakhtiarine-

jad and Mr. Alireza Chamanni integrated the cooling mechanism to an early

version of the heat transfer model developed by the author (results shown in

Figure 5.8)
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Chapter 6

Curved Injection Paths

6.1 Motivation

To this end, all femoroplasty studies, including the planning paradigm dis-

cussed in chapter 3 have considered injections that occur on a straight line

(e.g. [16,44,46,56,58]). This, however, can significantly limit the overall match

between the desired cement pattern and the injected volume. With new tools

developed for Minimally Invasive Surgery (MIS), it has been made possible to

plan and drill the bone based on a curved trajectory [79]. The goal of this study

is to develop a new optimization algorithm for femoroplasty using a curved

pattern of PMMA injection. We aim to test the proposed algorithm using a

previously validated modeling technique described in section 3.2.1.1

1Majority of the work presented in this chapter is published as [80]
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6.2 Methods

6.2.1 Optimization of the Injection Trajectory

and Rate

Four pairs of cadaver femora were obtained from the Maryland State Anatomy

Board. Specimens were cleaned of soft tissue and CT scanned (Toshiba Aquil-

ion One, Canon Inc., Tochigi, Japan). We estimated the yield load of each femur

using the FE modeling approach described in chapter 3 and selected the weaker

bone of each pair for augmentation. Augmentation planning consisted of two

main phases. Table 6.1 shows the samples demographics along with their yield

loads.

Table 6.1: Sample demographics and predicted yield load of the selected
femora for augmentation.

Sample Age Gender Pre-injection yield load [N]
1 89 F 1495
2 69 F 1745
3 72 F 1165
4 92 F 1815

In the first step, the ideal cement distribution is defined with respect to

the bone elements using a modified method of BESO [81]. This FE-based opti-

mization algorithm estimates the yield load of the bone after each iteration and

algorithm continued until the yield load drops below twice of its biomechani-

cal state prior to augmentation. At that point, a list of cemented elements is
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recorded. Figure 6.1 shows a potential region of the bone selected for augmen-

tation.

Figure 6.1: Sagittal (left) and axial (right) view of FE mesh with desired ce-
ment elements (green) selected based on the method of BESO.

In the second step of planning, we use BESO results to determine the 3D

trajectory and injection parameters required for the clinical practice. For this

purpose, we start by creating a 3D virtual volume of the bone volume and as-

signing value of 1 where there are cement elements and zeros elsewhere. Next,

we create an isosurface of the cement elements (Figure 6.2a). This can be cou-

pled with a selection of a Region of Interest (ROI) to ignore cement elements

in the lower part of the femur. Using coronal planes, we divide the cement vol-

ume into regions that are 5-7 mm thick (Figure 6.2b). After that, each region

is represented with a single center-point defining the trajectory of drilling path

(Figure 6.2c). Note that the points on the drilling trajectory would need to be
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reached by the injection equipment (i.e. flexible needle). We define an injec-

tion blob between each of the trajectory points and apply a gradient descent

algorithm to optimize the rate of injection between these points (Eq. 6.1). Op-

timization was initiated assuming a constant rate of injection throughout the

injection trajectory (Figure 6.2d). The optimization is constrained so that the

total volume of injection blobs is less than 10 ml (Eq. 6.1).

Figure 6.2: Overview of the optimization algorithm: Creating an isosurface of
the cement elements from BESO (a), Dividing the cement volume into regions
(b), finding the center points (c), initiating the optimization algorithm to find
injection rates (d), and final drill trajectory and injection volume (e).

Min
VBESO

⋃
VInjection

VBESO
⋂
VInjection

Subject to : VInjection < 10ml (6.1)

Next, we can calculate the rate of injection distribution between the two
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trajectory points:

in =
Vn
Ln

(6.2)

Where in, Vn, and Ln represent the injection distribution (in ml / mm), volume

of injection (in ml), and length of the injection blob (in mm) respectively.

6.2.2 Data Analysis and Validation

Planning was repeated for all 4 samples to find the best match between

BESO and curved pattern of injection. To evaluate the injection outcome,

we used the Smoothed Particle Hydrodynamics (SPH) method as described in

chapter 3 (and also in [52]). SPH creates a porous model of the bone from

CT scans and incorporates the extreme viscosities associated with the bone ce-

ment. We assumed injection rate of 0.1 ml / s for bone cement and modified the

needle retraction rate to achieve the desired injection distribution (in) for each

blob. In addition, we assumed the viscosity of 150 Pa.s for PMMA at the time

of injection. Finally, we created a post-operative FE model of the bone from

the SPH results to estimate the yield load. PMMA elements were assigned

constant material properties with elastic modulus of 1.2 GPa and Poisson’s ra-

tio of 0.4. Assuming inhomogeneous material properties for the bone, a static

FE analysis was performed on each model using ABAQUS (ABAQUS/Standard

V6.8, SIMULIA, Providence, RI). We compared the results for yield load for
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each specimen with its non-augmented state using a two-way ANOVA test with

state significant level of 0.05.

6.3 Results and Discussion

It was determined from planning paradigm that only 7.2 ml of cement is

required for augmentation on average. Consequently, FE analysis showed that

curved injections results in an increase of 69% for the yield load. This is signif-

icantly lower than the volumes used in previous studies [12,16,44,56]. Figure

6.3 shows the average yield load of the bone for the non-augmented (control)

and augmented state of the bone. In study of Basafa et al. [15], yield load was

increased by 33% with average injection of 9.5 ml . Moreover, in generalized

injections proposed by Varga et al. [13], yield load was increased by 64% with

approximately 12 ml of bone cement. Therefore, Curved drilling has allowed

to reduce the average injection volume as compared to straight line injections.

The biomechanical benefits of the injection (yield load) was found to be sig-

nificant (P < 0.01) and comparable with those of the previous studies where

higher volume of PMMA were injected along a straight path. Figure 6.4 shows

the optimization convergence for the first two samples where objective function

(Eq. 6.1) is calculated in each iteration. The algorithm converged within 30 it-

erations for all samples with an average objection value of 2.81 for the final
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iteration.

Figure 6.3: Bone yield load before
and after injection.

Figure 6.4: Results of the optimization convergence for sample 1 (left) and 2
(right).

In the proposed planning paradigm, thickness of the injection pattern changes

throughout the needle path. The sudden significant increase in the thickness

of the cement blob may increase the potential risk of cement leakage outside

the desired path. However, SPH results showed no significant of cement leak-

age for the samples used in this study. Figure 6.5 shows the results of SPH for

cement diffusion of sample 3. Although we have introduced a new approach for
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cement injection, the feasibility of this approach remains to be verified via di-

rect experiments where flexible tools are used for drilling and injection of bone

cement. The results presented in this study assumed an ideal execution of the

plan. Also, we have only considered the yield load to evaluate the biomechan-

ical outcome of the injection. Including other biomechanical properties (i.e.

yield energy) would be advantages to verify the superiority of the augmented

bones.

Figure 6.5: Sagittal (a) and axial (b) of SPH Results after cement injection for
sample 3.

In the recent study of Alambeigi et al. [79], a novel cable-driven Contin-

uum Dexterous Manipulator (CDM) was combined with flexible cutting tools

to achieve curved-drilling. This technique was initially introduced for core de-

compression of osteonecrosis. The high dexterity of CDM can result in sig-

nificant improvements for implementation of femoroplasty as compare to the

rigid tools. Alambeigi’s study showed that the dominant parameter in con-

trolling the drill trajectory are the cable tension applied to the CDM and the
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cutting feed rate [79]. Figure 6.6 shows an X-ray view of the flexible drill inside

the femur. As shown by the results shown above, a major advantage of using

curve-drilling in femoroplasty is reaching all regions that would benefit from

cementation including some of which that are not possible with the rigid tools.

Figure 6.6: Curved-
drilling of the proximal
femur using a cable-
driven CDM

6.4 Conclusion

This chapter presented a new planning paradigm for osteoporotic bone aug-

mentation based on injection patterns that are achieved with curved-drilling.

Through preliminary simulations, it was shown that using curved patterns for

cementation can be highly advantageous and results in reduced volume of ce-

ment injection. This algorithm can be extended to other bone reinforcement

applications to reduce the risk of thermal necrosis. Future works involves ex-

perimental validation of the algorithm in cadavers where invasive mechanical
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testing is performed to evaluate the biomechanical outcome.

6.5 Recapitulation of Contributions

The author’s contributions in this chapter are as follows:

• Implementing a new optimization algorithm for femoroplasty using curved

paths for the injection profile.

• Performing simulation experiments to validate the algorithm’s efficiency

through FE and hydrodynamics analysis.
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Chapter 7

Large Deflection Shape Sensing

7.1 Introduction

Flexible instruments and Continuum Dexterous Manipulators (CDMs) are

commonly used in minimally-invasive surgery (MIS) due to their superior steer-

ability and large operating space. Several groups have proposed a variety

of surgical dexterous manipulators. Examples include active cannulae com-

posed from a series of nested and curved tubes [82, 83], shape memory actua-

tion units [84], and cable-driven manipulators such as one discussed in Section

6.3 [85–87].

Previous efforts in Biomechanical and Image-guided Surgical Systems (BIGSS)

laboratory has led to development a cable-driven 2D CDM. This highly dex-

terous CDM was initially designed for MIS treatment of Osteolysis occurring
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after total hip arthroplasties [88]. The goal of this procedure is to remove and

replace the bone defect caused by polyethylene liner of an acetabular implant.

Without removing the well-fixed acetabular implant, the MIS approach uses

the holes in the implant to access the osteolytic lesion (Figure 7.1). This cable

driven CDM with a 6 mm outer diameter was built from two nested nitinol

tubes. The major features of this CDM for orthopedics applications include rel-

atively large inner to outer diameter ratio (4mm / 6mm) and relative structural

strength in the plane orthogonal to its bending plane. These features enable

inserting custom-designed tools (e.g. flexible cutter, gripper, curette, flexible

endoscope) through the lumen of the CDM for the proposed procedure as well

as other similar MIS applications.

Figure 7.1: The (a) osteolysis and (b) CDM with a tool through screw hole on
acetabular cup.
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Previous efforts for intraoperative control of the CDM involved developing mod-

els for estimating the shape from cable-length measurements [89, 90], as well

as the intermittent use of x-ray for updating the model estimation [91]. This

approach would, however, require a trade-off between accurate real-time con-

trol and the amount of x-ray exposure to the patient. Real-time shape sensing

would reduce the reliance on using intermittent x-rays for estimating the shape

of the CDM.

Approaches for shape sensing may include the use of electromagnetic sen-

sors. In the presence of metal implants and tools, however, electromagnetic

interference will limit the accuracy of the sensors [92]. Also, these sensors usu-

ally have a rigid body and cannot adapt to the continuous bending of the instru-

ments or robots, especially for a small continuum robot [90]. In addition, the

tracking frequency is limited to less than 50Hz. Other competitive approaches

for large deflection shape sensing include piezoelectric [93] and piezoresistive

polymers [94]. However, their size, the stress-strain hysteresis of the piezore-

sistive polymer and the bias and drifting problem of PVDF are limitations that

are difficult to overcome.

Fiber-optic sensors offer a number of advantages over conventional sensors,

including the absence of electromagnetic interference, lightweight structures,

stability, repeatability, high sensitivity, fast response, integrated structure, and

a potentially low cost. Owing to their intrinsic characteristics, FBGs are par-
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ticularly well suited for measuring strain with a high bending sensitivity. By

analyzing the reflected wavelength from each fiber, the curvature and bending

direction can be obtained.

Two different approaches are commonly used for curvature detection with

FBG sensors: 1) integrating the sensor with a substrate to form an assembly

(e.g. [95,96]), and 2) creating a bundle of sensors and optical fibers (e.g. [97,98]).

For both approaches, maximizing detection range has rarely been consid-

ered in the literature. For the osteolysis surgery or curved cementation dis-

cussed in Chapter 6, the largest bending radius can reach to approximately 6

mm, where the curvature is 166.7 m−1. This value is much larger than what

current methods of shape sensing can measure. To detect relatively large cur-

vatures, it is not possible to directly connect the FBG sensor to the CDM (i.e.

approach 1), because the bending strains of the CDM are much higher than

what optical fibers can handle. Therefore, a special supporting structure may

be required to reduce the bending strain of the optical fiber for large curvature

bending. By using Multi-core fibers, eccentric-core fibers, and D-shape fibers

(approach 2), we can reduce the bending strain to a fairly small value. This,

however, may cause light interference for the multi-core fiber or reduce the

stiffness of the D-shape sensor. It is also challenging to keep sensors bending

in a specific direction.

This Chapter focuses on design a novel large curvature detecting Shape
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Sensor Array (SSA) for the aforementioned CDM. Section 7.2 describes the

conceptual design, SSA modeling, assembly and preliminary calibration results

and an algorithm for getting the 2D shape of the CDM. The experiments and

evaluation of the shape sensing performance is described in Section 7.3.

7.2 Shape Sensing Approach

7.2.1 Design Concept

Generally, the shape of the sensor is obtained from interpolation of discrete

FBG strain data along the arc length. Because of this, the configuration of

the FBG sensor should be properly designed to meet requirements of large

curvature detection for our CDM. The basic principle of curvature detection is

as follows [92–101]:

∆λ = kεε+ kT∆T (7.1)

ε = δ × ρ (7.2)

where ε is the strain for FBG sensor, δ is the bias distance of the optical

fiber from the neutral plane of the sensor (Figure 7.2), k is the curvature of the

body being tested, ∆λ is the wavelength shift, k is the strain coefficient, and kT

is the temperature coefficient.
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Figure 7.2: Sensor configuration for larger curvature detection.

If temperature is well compensated, the wavelength shift of FBG optical

fiber is proportional to the strain as well as the curvature. Therefore, the max-

imum curvature is largely dependent on δ which should be kept as small as pos-

sible. In contrast to making the core biased or cladding asymmetrical within

the optical fibers, our sensor is designed with one FBG optical fiber and two

nitinol wires that are bonded together, as shown in Figure 7.2. The distance

between the FBG core and the line connecting two nitinol wire centers is t and

φ represents a certain bending direction which will be used later for evaluating

the bending modulus.

The dimensional requirements are as follows:

• The FBG allowable strain requires the FBG fibers to be located near the

neutral plane of the SSA. FBG fibers should work within certain strain

range. Previously it was shown that optical fibers can handle strain val-

ues that are less than 0.5% [98]. In our study, we have used FBG fibers
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that can measure up to 1% strain without breaking;

• In order to distinguish wavelengths for all FBG sensing points, the wave-

length ranges must ideally have no overlap. The wave length range for

the used interrogator was 40nm (Micron Optics, USA). However, some

overlap will enable employing more FBG sensing points within the wave-

length range and, therefore, provide higher shape sensing precision.

The nitinol wires prevent local stress concentration. Different materials can

be used for this application, but considering the allowable strain under large

deformation, nitinol is the most suitable choice for this application. As a result

of its superelasticity property, nitinol works in its elastic region (with constant

modulus) within the allowable strain range of the optical fiber.

The FBG center line to the SSA neutral plane distance can be adjusted to a

small value by changing the relative distance of two nitinol wires, as shown in

Figure 7.3. The triangular cross section of the SSA (shown in Figure 7.2) has a

non-uniform elastic bending modulus which keeps the SSA from twisting.

7.2.2 Shape Sensing Scheme

The CDM in this paper can bend in a plane, called bending plane. The

CDM’s bending modulus in this plane is much smaller than that of other planes.

Therefore, 2D shape sensing is sufficient to track the position of the CDM. Fig-
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Figure 7.3: Strategy to reduce the range of wavelength shift by increasing the
center distance between nitinol wires (L1 > L2) a) reduced wavelength shift
and b) larger wavelength shift.
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ure 7.4 shows the overall design, in which two SSAs are inserted through the

channels within the CDM wall. At the distal end of the CDM, the SSAs are

attached to the CDM body keeping their neutral planes perpendicular to the

CDM bending plane. In our proposed design, the SSAs are allowed to freely

move parallel to the CDM bending plane. At the proximal end, there is a slid-

ing support with tiny triangular holes in it, through which the SSA will be

inserted.

Figure 7.4: Shape sensing for osteolysis dexterous manipulator.

The design features of the CDM sensors are shown in Fig. 4 and described in

the following:

• The CDM has an inner lumen for the surgical instruments, such as a

cutter, or a brush to get through. Sensors cannot occupy this lumen since
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they may interfere with those instruments. Also, we cannot place the

sensors on the outer surface of the CDM since that increases its overall

size. Therefore the sensor is inserted in the channels through the wall of

the CDM.

• The SSA can freely move along the CDM. A single sensor on one side

of the CDM is either in tension or compression. This will result in a

biased length for the sensor. By using two SSAs in opposite sides, we can

compensate for the changes in lengths due to tension and compression

effects.

• The twisting of the SSA will affect the results of shape sensing to a great

extent [102]. Since the SSAs are flexible, they can easily twist as the CDM

bends. To prevent torsion, a sliding support was added to the proximal

end of the CDM. This, together with the non-uniform bending modulus of

the SSA will prevent the sensor from twisting.

• The CDM is a segmented structure. The nitinol fibers allow the SSA to

maintain a continuous curvature through the CDM channels in order to

prevent the FBG fiber from breaking.
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7.2.3 Modeling

To develop a theoretical model for the SSA, it is necessary to find its neutral

plane (Figure 7.2). We assume the SSA is a composite beam with a different

material at each section. The neutral plane can be obtained from the equilib-

rium equation of forces:

∫
A1

σ1dA1 + 2

∫
A2

σ2dA2 = FN = 0 (7.3)

σi = Ei(y − δ)/ρ (7.4)

where σi, Ai and Ei (i = 1,2) are the stress, cross sectional area and Young’s

modulus for optical fiber and nitinol wire (Figure 7.2), therefore the location of

neutral plane is:

δ =
2E2D2

2t

E1D1
2 + 2E2D2

2 (7.5)

where

t ∈ [
dcore

2
,

√
(D1 +D2)2 −D2

2

2
] (7.6)

dcore is the radius of the optical fiber core and Di (i = 1,2) are the outer diameter

of optical fiber and nitinol wire.
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7.2.4 Shape Sensor Assembly

The optical fiber used in this study contains an array of 3 FBG sensors dis-

tributed 10 mm apart. The length of the active area for each sensor is 3 mm

(Technica SA, China). LOCTITE 3101. A modified acrylate UV glue (Henkel,

Germany) was used to glue two nitinol wires with oxide surface (NDC Tech-

nologies, USA) to the FBG optical fiber. An assembly device was designed to

precisely maintain the relative position between the optical fiber and these

wires. Figure 7.5 shows the SSA assembly under microscope (ZEISS, Germany)

at 25 times magnification. After the assembly, the SSA was placed inside the

CDM wall channels. The optical fiber was fixed at the distal end, and a trian-

gular slot (shown in Figure 7.4) was manufactured by laser cutting (Laserage

Technology Corporation, USA) to maintain its orientation at the proximal end.

Figure 7.5: The (a) Parallel nitinol wires and (b) whole assembly under micro-
scope.
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7.2.5 Sensor Calibration

To validate the linearity of the curvature-wavelength relationship, a multi-

channel calibration board with different curvatures was designed and 3D printed

(Figure 7.6). For this experiment, two clamps with triangular slots were fab-

ricated to preserve the orientation of the SSA on both sides. Figure 7.7 illus-

trates the results of calibration for all 3 sensors within the SSA. The slopes of

the fitting lines are slightly different. This may be due to the precision of the

assembly or the use of a varying amount of glue. Fig. 7 shows the calibration

results for 3 FBG sensors.

Figure 7.6: Calibration board for 2D Shape Sensor Array.

109



CHAPTER 7. LARGE DEFLECTION SHAPE SENSING

Figure 7.7: Calibration board for 2D Shape Sensor Array.

The relationship between curvature and wavelength shift are shown below:

∆λ1 = 0.091× k1 + 1556

∆λ2 = 0.103× k2 + 1545

∆λ3 = 0.093× k3 + 1533

7.2.6 2D Shape Reconstruction

The wavelength range for each FBG sensor, and the number of FBG sensors

that we can use are limited due to the wavelength range of the interrogator. In

this case, within the 40 nm wavelength range of the interrogator, 3 FBG sen-

sors were placed along the optical fiber. For the 2D shape reconstruction, a

linear relationship was assumed between curvature and the arc length so lin-

ear interpolation is done for two segments connecting these three FBG sensors.
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Usually, the coordinate system is built at one end of the shape sensor and the

tangential direction at the end is set to be and the Y axis.

The tangential angle with respect to X axis, θ is calculated from the inte-

gral of curvature and the coordinates can be calculated numerically using the

equations below:

θ(s) =

s∫
0

k(s)ds+ θ0 (7.7)


∆x = cosθ(s) ·∆s

∆y = sinθ(s) ·∆s

(7.8)

where θ0 is the tangential angle at the starting point, s is arc length and ∆x

and ∆y are the increments for an arc length infinitesimal ∆s.

7.2.7 Shape Sensing Scheme of CDM

Figure 7.8 shows the arrangement of the FBG sensors (yellow dots) on SSA

along the CDM. There are two segments without sensor covered. The curva-

tures are assumed to be constant. When the CDM bends, the arc length for the

side where SSA 1 is located increases and the 3 FBG sensors cannot cover the

whole length of the CDM. On the other hand, the arc length for the side where

SSA 2 is located decreases and its 3 FBG sensors can cover the arc length.
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When the CDM bends towards the opposite side, the opposite is true about

these sensors. Therefore, the two SSAs are highly complementary and by us-

ing the combination of their shape in their coordinate system Σ1 and Σ2, we

can construct the 2D shape for the CDM’s centerline.

Figure 7.8: Arrangement of the FBG sensors for Shape reconstruction.

7.2.8 Sensor Calibration inside the CDM

For reconstructing the shape of the CDM in real-time, we first found the

wavelength-curvature relationship for SSA inside the channels within the walls

of the CDM. For this purpose, we designed and manufactured a calibration

board that contained 5 slots with different curvatures, ranging from 15.6 m−1

to 50.8 m−1. These slots were built according to the dimensions of the CDM (6

mm outer diameter and 35 mm length) such that it could fix the position of the
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CDM within a constant curvature. The CDM was manually placed in the slots

and wavelength data were recorded for all of the FBG sensors. This process

was repeated 10 times for each slot. Figure 7.9 shows the constant curvature

bending of the CDM inside the slot. Since the curvature was constant, the

wavelength shifts for all of the FBG sensors within SSA were expected to be

the same.

Figure 7.9: Shape sensing with constant curvature bending.

7.2.9 Results and Error Analysis

For a preliminary verification of our proposed method, we generated the

calibration curve from wavelength data obtained from four of the slots at each

113



CHAPTER 7. LARGE DEFLECTION SHAPE SENSING

time. The wavelength data from the fifth slot was then used for predicting the

curvature of that slot (leave-one-out experiments). The leave-one-out verifica-

tion experiments were performed for the three middle slots. The mean error

was found to be 7.14% for the 16.7m−1 curvature, 1.02% for 23.5m−1 curvature,

and 1.25% for 30.1 m−1 curvature. Figure 7.10 shows the mean wavelength

shift of the FBG sensors for different curvatures. In this case, the verification

was done for the slot with a 23.5 m−1 curvature.

Figure 7.10: Wavelength shift for different curvatures, calibration (blue) and
verification (red).
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7.3 Dynamic Shape Tracking

7.3.1 Experimental Platform

Experiments evaluated the accuracy of the shape tracking during the ma-

nipulator’s motion. Figure 7.11 shows the experimental platform, which in-

cluded a custom actuation unit, FBG interrogator (Micron Optics, USA), and

PL-B741 camera (PixelLink, USA). Three types of experiments were performed:

1) free bending (i.e., no external loads applied to the CDM), 2) bending in the

presence of an obstacle, and 3) bending in the presence of a tool inside the

inner-lumen. The FBG interrogator recorded the wavelengths of each FBG sen-

sor during the experiment and also the estimated tip position based on these

wavelengths. The calibrated overhead camera captured planar images of the

CDM at 0.5 mm increments of cable displacement to analyze and compare to

the shape sensor data as a ground truth. The CDM actuation unit used a 3

mm diameter, 1 mm lead ball screw assembly (Steinmeyer, Germany) to actu-

ate both drive-cables during each bending cycle [103]. Custom C++ software

controlled the CDM and collected synchronized data from the shape sensors

and the camera.
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Figure 7.11: Overall view of the experimental setup.

7.3.2 Case I: Free Bending

A total of 3 free bending experiments with variable cable displacement rates

(0.5 mm / s, 0.75 mm / s, and 1 mm / s) were performed. With these rates,

the CDM can bend to the maximum cable displacement of 3 mm in 6, 4, and 3

seconds, respectively. Prior to each experiment, a manual calibration procedure

defined the zero cable position. Zero position is the point where the cable is in

tension and if a small delta is applied to the cable position, the CDM starts to

bend [103]. In each experiment, the CDM was actuated for 5 bending cycles.
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Each cycle included free-bends to 3 mm cable displacement and return to the

zero position on both bending directions. Although this manipulator is capable

of larger bends, this threshold was set to avoid potential damage to the shape

sensors. Figure 7.12 shows the CDM configuration during a free bending test

captured by the camera.

Figure 7.12: Free
bending configura-
tion of the CDM
at 2 mm cable dis-
placement.

7.3.3 Case II: Bending with an Obstacle

Two bending experiments were carried out at 0.5 mm / s and 1.0 mm / s cable

displacement rates. Similar to the free bending case, CDM actuated for 5 cy-

cles, starting and ending at the zero position. In this case, however, maximum

cable displacement was set to 2 mm. To create an obstructed environment for

the CDM, a rigid path obstacle with diameter of 25 mm was fixed on one side.

Figure 7.13 shows the CDM configuration during its contact with the obstacle.
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Figure 7.13: CDM bending configurations at 2.0 mm cable displacement in
free bending (left), and bending in the presence of an obstacle.

7.3.4 Case III: Bending with a Tool

A recent surgical tool developed for osteolysis treatment utilizes a flexible

torque coil [104]. In this experiment, a torque coil (Asahi Int. USA, Inc.) with

a 3.3 mm outer diameter was inserted in the lumen of the CDM to evaluate

FBG-based shape sensing similar to the experiment for case I (Figure 7.14).

Each experiment ran for 5 cycles with the cable displacement rate at 0.5 mm /

s and maximum cable displacement of 2 mm.

Figure 7.14: CDM
bending configuration
in a presence or a
torque coil inside its
lumen.
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7.3.5 Data Analysis

Prior to data collection, camera calibration using a square chessboard iden-

tified the intrinsic parameters. A previously validated 2D-3D registration algo-

rithm developed by Otake et al. [105] processed each image to provide a ground

truth CDM shape. This method outputs the shape curve associated with the

CDM’s centerline, given a planar image of the CDM. The method optimizes

a normalized gradient information similarity metric between a reconstructed

2D image and the raw camera data. Registration results served as the ground

truth to evaluate the tracking accuracy of the sensors. For this purpose, the

timestamp of each camera image is used to associate each ground truth mea-

surement with the appropriate FBG data. Linear interpolation of the FBG

measurements is performed when an image timestamp lies between two FBG

measurements. We compared the ground truth coordinates with the corre-

sponding values measured by the shape sensors to measure error. ANOVA

analysis of variance was performed to compare different experimental groups.

7.4 Results

The average and standard deviation of the tip tracking errors of all experi-

mental cases are shown in Table 7.1. In the free-bending case with a 0.5 mm / s

cable displacement rate, mean error was 1.14±0.77 mm. This value increased
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to 3.49±1.3 mm when the cable displacement rate changed from 0.5 mm/s to

1.0 mm/s. These values correspond to 3.25% and 9.9% of the CDM’s length,

respectively. In the case of bending with an obstacle, the average error was

2.77±0.77mm which is 7.8% of the CDM’s length. In the case of bending with a

tool, the average error was 0.93±0.59mm or 2.6% of the CDM’s length. ANOVA

analysis of variance shows that free bending accuracy is significantly different

with those of bending with an obstacle (p > 0.99). However, these is no signifi-

cant difference (p = 0.96) between the shape sensing accuracy with and without

a tool.

Table 7.1: Summary of tip tracking results for all experimental groups.

Case Free Bending Bending with
an Obstacle

Bending
with a tool

Cable displacement
[mm/s] 0.5 0.75 1.0 0.5 1.0 0.5

Max cable displace-
ment [mm] 3.0 3.0 3.0 2.0 2.0 2.0

number of images per
cycle 24 24 24 16 16 16

Mean trajectory error
[mm] 1.14 0.81 3.49 2.73 0.96 0.93

SD of error [mm] 0.77 0.99 1.30 0.77 0.35 0.59

Using the extracted coordinates of the tip position from the images and sen-

sor data, planar trajectories of the tip position were plotted for 3 cases of free

bending, bending with an obstacle, and bending with a tool (Figure 7.15).
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Figure 7.15: This figure shows (a) Comparison of shape sensing trajectory
with the trajectory extracted from images in free bending, (b) bending with an
obstacle (Figure 7.13), and (c) bending with a tool.

To find the exact sources of error, we have considered a free bending exper-

iment with the cable displacement rate of 0.75 mm / s and examined the tip

position on the x-axis and y-axis separately 7.16. In this case, tip tracking had

an error of 0.76±0.92 mm in the x-direction and a mean error of 0.25±0.36 mm

in the y-direction.
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Figure 7.16: Tip position on the x-axis (a) and y-axis (b)-free bending case at
0.75 mm/s cable displacement rate.

7.5 Discussion

This chapter demonstrates the feasibility of large deflection shape tracking

for a 35mm length CDM using two shape sensors. For this purpose, we used

FBG fibers along with nitinol wires as the supporting substrate to form a tri-

angular cross section. The neutral plane of the SSA assembly was adjusted to

reduce the wavelength shift of the FBG sensors. In addition, the bending mod-

ulus was kept non-uniform causing the SSA bend in the same direction as the

CDM. The calibration curves in Section 7.2.9 showed a fairly linear curvature-

wavelength relationship for SSA sensors.

Furthermore, we considered dynamic case when the CDM is undergoing

continuous bends. It showed, through 120 captured images during the free

bending test (rate = 0.75 mm / s), that if the CDM is moving, the average er-

ror increases to 2.31% of the CDM’s length. In each of the bending cycles, the
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maximum error occurred at the maximum cable displacement. Due to a higher

range of motion in the direction of x-axis (Figure 7.8), tip tracking experienced

a larger error in this direction, compared to errors of the y-axis. Considering

the immediate application of this CDM for osteolysis treatment, the 2.31% er-

ror will not jeopardize the safety since there are no critical tissues or organs

in the operating space of the CDM. We have also seen that if the CDM bends

twice as fast (1 mm / s), the error increases to about 10% of the CDM’s length.

Therefore, it is important to identify obstacles and if we want to consider the

feedback from FBG sensors in the control loop. We do not, however, foresee a

requirement for fast motion of CDM when debriding osteolytic defects behind

the acetabular implant.

One of the main characteristics of the operating space in treatment of oste-

olysis is the presence of obstacles. Therefore, it is important to evaluate shape

sensing capabilities of the FBG-sensors in those environments. When the CDM

is in contact with an obstacle (Figure 7.13), it begins to deform and the linear

interpolation of the curvature between sensing nodes may not be accurate. For

this reason, the increased error of 7.8% of the CDM’s length was expected. One

way to avoid this error is to increase the number of sensing nodes on each sen-

sor. However, given the limited range of the interrogator, adding more sensing

nodes is challenging. Further studies are required to evaluate shape sensing

with an increased number of sensing nodes, as well as the optimization algo-
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rithms to find the optimum location of the FBG sensing nodes along the CDM.

To avoid potential damages to the CDM and FBG-sensors maximum cable dis-

placement was reduced to 2 mm in these experiments.

A major advantage of the osteolysis CDM is the 6 mm inner-lumen. In the

treatment procedure, surgeons can use the CDM to introduce flexible tools to

the operating area. The tools, however, may alter the trajectory of the CDM

by changing the system stiffness [106]. To address the issue, shape sensing

accuracy was evaluated when a torque coil was inserted inside the CDM lumen.

Results indicate that there is no significant difference (P = 0.96) between the

shape sensing accuracy with and without a tool. Due to increased stiffness of

the CDM in the presence of a tool, these experiments were also conducted with

maximum cable displacement of 2 mm.

For these experiments,the 2D/3D registration algorithm of Otake et al. [105]

was as the ground truth. However, the mean error of 0.4 mm associated with

this technique may affect the analysis. In addition, lower frequency of images

compare to FBG data collection may introduce an error while considering the

experimental cases with faster cable displacement rate. Although all experi-

ments were performed at the room temperature, small temperature changes

may introduce an error in our calculations. In addition, accuracy of the shape

sensors is dependent on the reference wavelengths which are defined as the

wavelengths of the sensors at zero position. Potential changes to the CDM
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configuration during the initialization, is another source of error for these ex-

periments.

7.6 Conclusion

This chapter introduced a novel shape sensing technique and evaluated its

capability in a 35 mm length CDM in 3 dynamic cases. Results have shown

that FBG sensors can track the tip position with an average error of 0.81 mm.

It was also shown that there’s no significant difference between the accuracy

of free bending with those of bending with a tool (P = 0.96). However, we have

observed a significant increase of mean error in the presence of an obstacle (P

> 0.99).

It is important to note the developments presented in this chapter were

part of early efforts for real-time tracking of the CDM. After these efforts and

motivated by less-invasive treatment of pelvic osteolysis during total hip revi-

sion surgery, Sefati et al. [107] proposed a new design for the sensing unit that

eliminates fabrication challenges by embedding the FBG array and NiTi wires

inside the tube in a more robust, repeatable, and time-efficient manner. Sefati

et al. [108] also developed an optimization-based algorithm based on FBG tip

position feedback to control the CDM when interacting with obstacles and used

a data-driven approach to estimate FBG-based position of the CDM from raw
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wavelength data [109].

7.7 Recapitulation of Contributions

The author’s contributions in this chapter are as follows:

• Proposing and fabricating a novel, large deflection, shape sensor to track

the shape of a 35 mm CDM originally designed for a less invasive treat-

ment of osteolysis.

• Conducting calibration experiments for verification of successful sensor

fabrication and its integration into the CDM.

• Conducting dynamic shape sensing experiments to evaluate the sensor

accuracy in three cases of free bending, bending with an obstacle, and

bending with a tool.

The original idea and initial testings for the design of the the shape sen-

sor used in CDM were introduced by Dr. Hao Liu and Dr. Iulian Iordachita.

Dr. Ryan Murphy contributed to the shape sensing experiments discussed in

section 7.3 by implementing the CDM control software. Dr. Robert Grupp

performed the analysis of imaging data and Dr. Sahba Aghajani Pedram con-

tributed to the design of the calibration board showed in Figure 7.6.
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Conclusion

8.1 Summary

This dissertation described the methods and tools developed for multi-physics

planning and execution of femoroplasty. Computational models were devel-

oped to simulate how bone augmentation effects the biomechanical properties

of bone. These models were used to plan the injections for cadaveric speci-

mens and showed the superiority of planed-based augmentation over generic

injection strategies. Experimental tests confirmed the findings of simulations

and showed significant increase in fracture-related biomechanical properties of

the augmented femora as compared to those left intact. The outcomes for the

yield load and yield energy improved by respectively 27% and 16% in the cur-

rent study as compared to the previous generation of the patient-specific plans
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while the injection volume was reduced to 9.1 ml. In addition to biomechanical

studies for femoroplasty, a heat-transfer model was developed to estimate bone

temperatures during augmentation and a conducting cooling mechanism was

proposed to lower the risk of thermal damage. Furthermore, a curved injection

strategy was introduced and validated in simulations.

Chapter 7 introduced a novel shape sensing technique and evaluated its

capability in a 35 mm length continuum manipulator in 3 dynamic cases. Re-

sults have shown that the optical sensors can track the tip position with an

average error of 0.81 mm. It was also shown that there’s no significant differ-

ence between the accuracy of free bending with those of bending with a tool

inserted. While the immediate application of the manipulator was in hip re-

vision surgery, integration of the device with an injection unit can be used in

various augmentation surgeries including a minimally invasive femoroplasty.

8.2 Limitations and Future Work

The following is a list of major limitations and possible future directions

towards the ultimate goal of making femoroplasty a clinical orthopaedic proce-

dure:

• The experimental validation of the femoroplasty (discussed in chapter 4)

was carried out prior to the development of the robot-assisted framework
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to execute the procedure. Therefore, the drilling and injection tasks were

performed manually by the author with the aid of a navigation system.

As a result, the average shape error between the injected and planned

path of cementation remains relatively large in this study (6.2 mm aver-

age distance error for the bone cement). Repeat of these tests using the

recently developed robotic system can improve the system’s accuracy in

executing the plan.

• To show the safety of the system, in-vivo tests on animal subjects have

been suggested. These tests can not only help investigate the feasibility of

the robotics system, it can evaluate the long-term effects of femoroplasty

including the risk of thermal damage in a live tissue.

• The heat transfer analysis discussed in chapter 5 involves semi-autonomous

segmentation of the bone. Furthermore, the postoperative scans of the

bones used in model validation went through a semi-autonomous seg-

mentation for the injected cement. Automating these task could lead to

a faster heat transfer analysis for the femoroplasty candidate and easier

integration of the results with the proposed planning paradigm. In addi-

tion, integration of the heat transfer analysis with the biomechanically-

guided plan introduced in 3 can improve the overall safety of the proce-

dure.
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• The preliminary simulation of the cooling system demonstrates a promis-

ing agreement with in-vitro sawbone experiments. However, in the fu-

ture, the proposed bone augmentation cooling system need to be experi-

mentally validated through cadaveric femoral augmentation and evalu-

ated against the simulation model.

• We simulated curved injection approach. Future work may include de-

velopment of the experimental procedure and experimental evaluation of

the curved injection approach.

• The developments and modeling in this dissertation focused on the pre-

vention of fracture in osteoporotic hip. These capabilities, however can

be extended to the augmentation of other bones susceptible to fracture

such as the proximal humerus, the distal radius and the pelvis, as well

as treatments involving filling bone defects such as osteosarcoma and os-

teonecrosis.
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