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CHAPTER 1: INTRODUCTION 

This chapter provides an overview of function, anatomy and disease states of the biliary 

system. An overview of treatment modalities is also presented, along with the research 

goals of the dissertation. Chapter 2 details specific aspects of the design and testing of a 

novel non-migrating biliary stent. Chapters 3-5 cover an additional study focusing on the 

development of a composite orthopedic implant system for reinforcing osteoporotic 

femurs.  

BILIARY SYSTEM ANATOMY 

The biliary system, shown in Figure 1, is comprised of multiple organs and ducts whose 

primary function is to produce, store, and release bile into the digestive track.  

 
Figure 1 - Common anatomical layout of the biliary system 

Bile is comprised of 95% water containing a combination of bile salts, bilirubin 

phospholipids, amino acids, cholesterol, environmental toxins and various other 

constituents. This substance serves three primary functions for the digestive system. 
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Firstly, bile acts as the primary route for the excretion of harmful toxins and waste products 

from the body whose high molecular weights prevent them from being excreted by the 

kidneys. Examples of such substances include bilirubin, bile salts, and other external 

lipophilic substances. Secondly, bile salts help to emulsify fats contained in the digestive 

system aiding in their absorption by the intestinal system. Lastly, bile serves as the primary 

avenue for eliminating excess cholesterol which is processed by the liver [1].   

Bile is produced by hepatocytes located throughout the liver. These cells collect the 

constituents of bile through filtration caused by osmotic gradients which are produced by 

the counter-current flow of blood through the liver [1] . Once bile is secreted into the biliary 

tree, cholangiocytes which make up the lining of the biliary duct epithelium remove excess 

fluid and regulate the bile as it is transported [2]. 

After reaching the biliary tree, bile begins the process of passing through a series of ducts 

including the right and left hepatic ducts which coalesce in the hilum of the liver to form 

the common hepatic duct. The common hepatic duct is then joined by the cystic duct which 

originates from the gall bladder. These two ducts then form the common bile duct. This 

duct continues into the head of the pancreas where it is joined to the duodenum by the 

pancreatic duct forming the ampulla. The ampulla then transitions into a nodular opening 

in the mucosal lining of the duodenum known as the major papilla. The major papilla is 

also where the minor pancreatic duct empties [3].  

This junction has been observed clinically in various configurations as seen in Figure 2. In 

60% of patients, the common biliary duct and pancreatic duct join to form a single 

passageway prior to emptying into the duodenum (Figure 2: A, C). The next most prevalent 
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variation occurs when the common biliary duct and pancreatic duct remain separate but 

share a common junction at the duodenum (Figure 2: B). The least common variation (not 

pictured) occurs when both ducts empty into the duodenum at separate locations [4].  

 
Figure 2 - Variations in the union of the biliary and pancreatic ducts with 

duodenum: (A) short common channel, (B) no common channel, (C) long common 

channel [5]. 

The flow of bile is controlled by several components which include the initial hepatic 

secretion, contraction of the gall bladder, and activity of the sphincter of Oddi. It is 

estimated that the human liver secretes around 1000 ml of bile per day. This volume of bile 

helps to drive the drainage of bile in the digestive system. During digestion, the gall 

bladder experiences contractions that release additional bile into the digestive system. This 

process is not sudden but occurs gradually with the gall bladder never fully emptying. The 

gall bladder also serves as a reservoir for the storage of bile following a meal and during 

periods of fasting. Lastly, bile flow is regulated by the sphincter of Oddi which is 

comprised of smooth muscles surrounding the major duodenal papilla and joining ducts. 

The sphincter of Oddi regulates the release of bile into the duodenum, and prevents reflux 

of duodenal contents back into the biliary system. It accomplishes this through rhythmic 

contractions, likened to the systole and diastole of the heart. When it is closed, bile is 

redirected into the gall bladder for storage [6].  
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CAUSES FOR BILIARY STENTING 

Biliary system function can be disrupted by the formation of strictures along the drainage 

pathway. These strictures are either benign or malignant. Examples of benign strictures 

include surgically induced injury, such as liver transplants [7], inflammatory conditions 

such as chronic pancreatitis [8], as well as several forms of tumor growth [9]. Examples of 

malignant strictures include pancreatic carcinoma, gall bladder cancer, and metastatic 

lymphadenopathy. Between 70-90% of patients with a disruption in bile drainage 

experience a condition known as obstructive jaundice which is caused by elevated levels 

of bilirubin in the blood system. Biliary system blockages are treated with interventional 

surgery to restore patency for the drainage pathway [10, 11]. 

HISTORICAL TREATMENTS FOR BILIARY BLOCKAGE 

Historical treatments for biliary strictures include surgical resection, percutaneous balloon 

dilation, bypass surgeries and drainage. Common bypass surgeries 

include choledochoduodenostomy and choledochojejunostomy [12]. Bypass surgeries 

involve an operation performed laparoscopically where a portion of the biliary tree is 

connected to either the duodenum or jejunum to form an anastomosis. A 

choledochoduodenostomy is shown in Figure 3, where the common bile duct is connected 

to the duodenum. The type of bypass surgery depends on stricture location and native 

anatomy [13, 14]. However, this operation is highly invasive and the efficacy of surgical 

treatment drastically decreases upon repeat attempts, often leading to re-occurrence of 

blockages [15]. 
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Figure 3 - (A) Common bile duct incision, (B) Duodenal incision, (C) Creating an 

anastomosis between common bile duct and duodenum, (D) Finished 

choledochoduodenostomy [5]. 

As an alternative treatment, percutaneous trans-hepatic biliary drainage (PTBD) systems 

have been utilized to provide relief from obstructive jaundice through both internal and 

external drainage. This procedure begins with injecting contrast into the biliary system 

which allows for the selection of the target biliary duct. Next, a Chiba needle is used to 

puncture a dilated duct. The needle is then removed with a guidewire being left behind. 

This guidewire allows for the insertion of a plastic catheter passing through the hepatic 

ducts into the common duct, or into the duodenum in the case of internal drainage 

[16].  These operations were shown to be effective with success rates of 93.5%; however, 

they required high levels of maintenance from the clinicians including the monitoring and 

maintaining of electrolyte balance and educating patients on proper catheter care in the 

case of external drainage [17].  

The invention of duodenal endoscopes or duodenoscopes such as the example shown in 

Figure 4, has allowed for additional treatments for biliary blockage to be developed.  



  6 

 
Figure 4 - TJF-Q190V Therapeutic Video Duodenoscope with Disposable Distal 

Cover (Olympus Medical, Japan) 

Duodenoscopes have enabled clinicians to perform surgeries which allow them to visualize 

and place drainage devices. An example of such an operation is endoscopic retrograde 

cholangiopancreatography (ERCP) shown in Figure 5 [18]. This minimally evasive 

procedure enables both the collection of tissue samples and draining the biliary system 

through placement of a prosthesis or stent.  

 
Figure 5 - (A) Tissue biopsy taken using endoscopic ultrasonography, (B) Plastic 

stent placement into a malignant bile duct stricture using ERCP [19]. 

Internal biliary stenting has been investigated in an effort to provide a more efficacious 

solution for the treatment of obstructive jaundice, with the first studies being conducted 
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using plastic biliary stents in 1978-82 [20-22]. These stents allowed for internal drainage 

of bile without introducing the chance of electrolyte imbalance and immune system 

deficiencies present with external drainage techniques. Additional studies demonstrated 

a long-term efficacy for stenting in patients with biliary obstructions such as chronic 

pancreatitis [8]. One study performed by JR Anderson demonstrated that palliation of 

obstructive jaundice using endoscopically placed endoprosthesis was as effective as 

surgical bypass [23]. Thus clinicians now use stenting as a new standard of care, 

particularly with patients who are not eligible for additional surgical intervention [8, 24].  

CURRENT METHODS FOR TREATING BLOCKAGE 

Current stenting devices fall into two broad categories: plastic or metallic.  Examples of 

both are shown in Figure 6. Plastic stents carry a lower initial cost but have higher 

complication rates, while studies have demonstrated that metallic stents which are more 

expensive initially actually reduce long-term costs for patient management. Thus, the 

choice between stent types is primarily based on the anticipated survival period of the 

patient [11, 15, 25]. 
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Figure 6 - (A) Plastic EVA Stent (Olympus Medical, Japan), (B) Zilver metallic 

biliary stent (Cook Medical, IN) 

PLASTIC STENTS 

As shown in Figure 6 (A), plastic stents provide an alternate pathway for bile, bypassing 

the stricture or occlusion in the bile duct. Such devices can be placed endoscopically or 

percutaneously [26]. Plastic stents are traditionally made from rigid polyvinyl, Teflon, 

polyethylene, or polyurethane, and are usually positioned so that their distal end protrudes 

into the duodenum [27]. The diameters of plastic stents are limited to 12 FR by the 

endoscopic device that is used for placement. This small lumen leads to a high tendency 

for clogging and in some cases migration with complication rates of up to 10% [11, 24]. In 

the case of a failure, plastic stents can either be retrieved and a new stent placed, or 

additional plastic biliary stents may be placed. An example of this is shown in Figure 7. 

However, this technique requires multiple stent exchanges and is technically challenging 

to perform [9, 28].  
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Figure 7 - Placement of multiple plastic biliary stents [28] 

In early designs, migration was a major issue with plastic stents; however, several design 

features have been added to plastic stents which have been shown to reduce migration rates 

[8, 29]. These designs, shown in Figure 8, include flaps, pigtails [22], and a multi flap 

Tannenbaum stent [30].  

    

 
Figure 8 - (A) Cotton-Leung plastic stent with flaps (Cook Medical, IN), (B) 

Zimmon plastic stent with pigtails (Cook Medical, IN), (C) ST-2 Soehendra 

Tannenbaum stent with flared flaps (Cook Medical, IN) 
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METALLIC STENTS 

Metallic stents were developed to improve the patency of a stenting procedure. Metallic 

stents can either be balloon expandable (BEMS) or self-expanding (SEMS) stents and are 

manufactured using laser cut metallic cylinders or braided metal wire. As shown in Figure 

6, this form of stenting has the advantage of being able to expand to a diameter larger than 

the channel of the endoscope used for placement, improving the lumen of the drainage 

passageway [24]. 

SELF-EXPANDING STENTS 

SEMS undergo a multi-stage manufacturing process shown in Figure 9. First, they are laser 

cut from tube stock. Next, they are expanded to their final diameter using a mandrel. Once 

this has been achieved, they then undergo a fine-tuned heat treatment process to relieve 

material stresses. 

 
Figure 9 - (A) Laser cutting a stent, (B) stents before and after expansion and heat 

setting. 

A sheath is then used to compress the stents to a diameter which allows them to be passed 

through a catheter via the endoscope. As illustrated by two examples in Figure 10 once the 

surgeon arrives at the location for stenting, the sheath is removed, and the stent becomes 
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deployed to its unconstrained shape. The final opened diameter of the stent is achieved at 

an equilibrium state between the radial compression of the tissue wall and elastic force of 

the stent [31]. 

 
Figure 10 - (A) Wallstent (Boston Scientific, MA), (B) Precise (Cordis, FL) 

The mechanical properties of SEMS are dependent on the manufacturing method and type 

of wire used. Early SEMS were manufactured primarily using stainless steel; however, 

most modern designs utilize a nickel and titanium alloy known as Nitinol. This alloy 

provides super-elastic shape memory properties making it an ideal candidate for SEMS 

[32].  

SEMS have been observed to have lower rates of revision surgery (3.4%) in comparison to 

plastic stents (14.8%). In addition, studies have demonstrated higher health-related quality 

of life for patients with SEMS over plastic stents [33]. One major benefit of SEMS is their 

ability to continually exert force to open the vessel. This is especially advantageous in 

locations with elevated levels of tissue compressive forces due to movement or peristalsis.  

BALLOON EXPANDABLE STENTS 

BEMS, such as the two examples shown in Figure 11, began to be developed in the 1980’s 

in conjunction with SEMS and have been studied for their use in vascular applications [31, 

34] as well as treatment for biliary obstructions [35]. BEMS are manufactured using either 

woven metallic wire or are laser cut from a metallic cylinder, commonly some form of 
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stainless steel. After the body structure is finished, they are then crimped onto a balloon 

catheter to ensure the stent remains in place until deployment. The surgeon deploys the 

stent at the appropriate site by expanding the balloon which opens the stent to its final 

shape. Due to the nature of their delivery mechanism which operates through plastic 

deformation, BEMS allow for a more accurate placement of prosthesis in comparison to 

SEMS.  

 
Figure 11 - (A) Valeo (Bard, NJ), (B) Paramount (Medtronic, MN) 

FAILURE MODES OF CURRENT STENTING DEVICES 

Despite the improvement of metallic stents over their plastic counterparts, both SEMS and 

BEMS have risks associated with their use. The method of deployment for SEMS can lead 

to inaccurate stent placement, causing additional complications during surgery and 

possibly less effective outcomes. In a retrospective study performed by Rossi et al. they 

observed multiple cases of inadvertent deployment with SEMS. In some cases the stent 

escaped into the duodenum and had to be retrieved [15].   

BEMS on the other hand, are inherently at risk for irrecoverable plastic deformation caused 

by crushing forces. This can lead to loss of lumen and overall failure of the stent. In an 

example case, Ahmed et al. reported a patient who underwent provisional surgery of a 

femoro-anterior bypass graft due to a crushed BEMS which led to restenosis [36].  
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Additionally, all metallic stents run the risk of occlusion from tumor ingrowth [11]. Work 

has been done to minimize the rate of tissue ingrowth through creating fully covered self-

expanding metallic stents (FCSEMS), an example of which can be seen in Figure 12.  

 
Figure 12 - BCG Covered Biliary Stent (Diagmed Healthcare, England) 

These designs utilize an interior and exterior covering for the stent commonly made from 

polytetrafluoroethylene, silicone, and polyurethane [32]. However, these polymer coatings 

have led to increased rates of migration which is usually caused by insufficient coupling 

with the tissue wall [24, 33] with reported migration rates of 9-17% in fully covered 

metallic stents [9, 37].  

Innovative design features have been added to stents in an effort to aid in the reduction of 

migration rates. Several examples of such designs can be seen in Figure 13. 
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Figure 13 - (A)  SX-ELLA stent Esophageal HV (Ella-CS, Czech Republic), (B) 

Anchor flap and flared end stents [38], (C) Viabil stent (W. L. Gore and Associates, 

Delaware) 

However, even with these features SEMS have been clinically observed to migrate, 

especially when placed in locations that only provide a short landing site. These include 

the major duodenal papilla and at an anastomosis between common bile duct and 

duodenum. While anti-migratory features have been added to SEMS, they have yet to be 

incorporated into BEMS.  

RESEARCH OBJECTIVES 

Several characteristics of BEMS make them an ideal starting point for designing a non-

migrating biliary stent.  First, the nature of their expansion results in a rigid structure which 

provides a strong tissue coupling, helping to prevent migration. Second, their method for 

deployment allows for a more accurate placement, which is necessary for targeting a short 

landing site.  
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The overall goal of the work presented in Chapter 2 was to develop a balloon expandable, 

non-migrating biliary stent. This was accomplished through utilizing computer aided 

design and simulation to create a prototype which was then tested to provide a baseline 

analysis of the stent’s performance. The resulting design will serve as a basis for future 

adaptations, and successfully demonstrates the mechanics of the novel hook features of the 

stent.  
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ABSTRACT 

Complications from stent migration in the biliary system remain an issue especially when 

placed in a short landing zone such as the duodenal papilla. Several self-expanding stents 

have begun to include features such as flared ends and/or hooks to reduce the occurrence 

of migration. However, these market-available stents have yet to demonstrate effective 

anti-migration behavior in clinical practice. We have designed a balloon expandable stent 

for short landing sites with rigid anti-migration hook features that deploy out of plane as 

the stent expands radially. Computer aided design and finite element analysis were used to 

simulate stent expansion and radial crush. These tests were used to analyze geometric 

goals, stress concentrations, and likely failure mechanisms. Prototypes were manufactured 

and tested under the same loading conditions. Our simulation was found to be in close 

agreement with experimental tests, differing by less than five percent in expansion studies. 

This study demonstrates the development and validation of novel anti-migration features 

in a balloon expandable stent for short landing sites and will serve as a basis for future 

design adaptations.  

INTRODUCTION 

Biliary system function can be disrupted by the formation of benign or malignant strictures 

as a result of surgically induced injury [1] and tumor growth [2]. This disruption in bile 

drainage can cause pain, obstructive jaundice, and cholangitis resulting in the need for 

interventional surgery to restore the patency of the drainage pathway [3-5]. 
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Historical treatments for biliary strictures include surgical resection, percutaneous balloon 

dilation, bypass surgeries, and drainage [6]. To provide a more long-term solution for 

strictures, however, endoscopic biliary stenting has become the new standard of care [4, 

7].  

Current stenting devices fall into two broad categories: plastic or metallic. Plastic stents 

are lower cost but have a shorter lifespan of 2-5.5 months, often needing to be replaced due 

to clogging. For this reason many patients are now treated with metallic stents, which 

despite their higher initial expense have a better patency of 4-10 months, partially due to 

their larger diameters [3, 8, 9]. 

There are two types of metallic stents: Self Expanding Metallic Stent (SEMS) and Balloon 

Expandable Metallic Stent (BEMS).  Metallic stenting methods suffer from several forms 

of failure which include occlusion from epithelial hyperplasia and tumor tissue ingrowth 

leading to jaundice [3, 8], inaccurate stent placement [9], and migration, all of which can 

lead to tissue damage and the need for revision surgery [7, 10].  

Tissue ingrowth has been minimized through utilizing a covering for the stent made from 

materials such as polytetrafluoroethylene, silicone, and polyurethane [5, 11]. However, 

studies have found these polymer coatings cause insufficient coupling with the tissue wall 

leading to increased rates of migration ranging from 9-36% for fully covered stents vs. 1-

2% for non-covered metallic stents [2, 11-13]. Additionally, covered stents have been 

shown to cause increased rates of pancreatitis and cholecystitis (6% vs. 1%) due to the stent 

blocking adjacent pancreatic and cystic ducts [3, 13].  
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Work has been done to reduce migration rates of SEMS in other areas of the body using 

innovative anti-migratory features, several of which are shown in Figure 13.   

 
Figure 14 - (A)  SX-ELLA stent Esophageal HV (Ella-CS, Czech Republic), (B) 

Anchor flap and flared end stents [12], (C) Viabil stent (W. L. Gore and Associates, 

Delaware) 

Uitdehaag et al. analyzed a fully covered SEMS with hook features that had been developed 

for the treatment of dysphagia caused by esophageal cancer [14]. Park et al. conducted a 

pilot study examining two fully covered SEMS, one with flared ends and the other with 

hook features [12]. Bakhru et al. evaluated outcomes among patients that underwent 

endoscopic retrograde cholangiopancreatography (ERCP) with a Viabil stent (W. L. Gore 

and Associates, Delaware) to treat a distal malignant biliary obstruction [15]. 

Despite this progress, SEMS have still been clinically observed to migrate, especially in 

surgical interventions where stents must be placed in short landing sites. In such scenarios, 

SEMS migrate due to their compliance and length, which often causes the stent to protrude 
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out of the original placement location. Examples of this include a stricture of the major 

duodenal papilla or at a junction between the common bile duct and the duodenum resulting 

from a bypass surgery, in which case the stent often protrudes into the duodenum.  Thus 

there is a need to design a stent capable of achieving excellent tissue coupling with a small 

engagement length. 

These design criteria make a Balloon Expandable Metallic Stent (BEMS) an ideal 

candidate. Whereas SEMS are compliant, rebounding to their shape after being deployed, 

BEMS plastically deform throughout radial expansion. This allows for more accurate 

placement [16, 17]. While anchoring features have been incorporated into SEMS, they have 

yet to be added to a BEMS design. Therefore, the goal of this study was to create a BEMS 

with anti-migratory hook features to use for short landing sites.  

MATERIALS AND METHODS 

Computer Aided Design (CAD) and Finite Element Analysis (FEA) were utilized to design 

and optimize a BEMS model with anti-migration hook features, shown in Figure 15.  

 
Figure 15 - (A) Stent CAD model, (B) laser cut stent prototype 
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The deployment of each hook requires large displacements which produce high stress 

concentrations at focal bending points. To allow for this motion a triple islet hinge design 

(Figure 16) was developed to redistribute stress during the bending motion. 

 
Figure 16 - (A) Hinge design for stent, (B) hinge under simulated loading 

The hook and expansion feature of this improved stent design relies on a double four bar 

linkage mechanism and occurs in three stages (Figure 17). Stage one (blue) involves the 

radial expansion of the stent by the balloon drawing the side support structures apart. The 

mid-hook support structure pulls in the opposite direction of foreshortening in stage two 

(orange).  Lastly in stage three (green), the hook is pulled out of plane, creating the final 

hook profile.  

 
Figure 17 - Four bar mechanism used for out-of-plane deployment of hooks. 
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During manufacturing, laser cut stents undergo a process of acid pickling and electro 

polishing to both remove slag and smooth the surface in order to remove stress 

concentrations and improve biocompatibility. While these steps are necessary for stent 

production, they have been shown to result in a substantial material reduction. To account 

for this reduction, measurements were taken of multiple locations on post-processed stents 

and on average found to be 19%, which agrees with observations from previous literature 

which had found dimensional changes ranging between 17.6-21.8% [18, 19]. These values 

were then used to create a realistic stent model with similar material reductions for use in 

comparative simulation.   

The stent, balloon, and crushing surface models were created using the CAD program 

SolidWorks 2019 (Dassault Systèmes, France) and then imported into the FEA package 

Abaqus 2019 (Dassault Systèmes, France) using the “SolidWorks to Abaqus” interface 

tool. The simulation described in this study was run using Abaqus with a standard quasi-

static dynamic, implicit solver and included models for the stent, as well as the expanding 

balloon and radial crush surfaces. The symmetry of the stent allowed for a one-twenty-

fourth model to be used for simulation run time reduction. 

The stent model was meshed using 8-node linear brick hexahedral elements with reduced 

integration (C3D8R). These elements were chosen for their ability to capture shear strain 

at node points while avoiding shear locking. However, since this element type only has a 

single integration point, it must be controlled for hourglassing, which is a non-physical 

zero energy mode that can cause excessive element distortion. This can be accomplished 

through Abaqus’ native hourglass control and through ensuring a minimum of 4 elements 

are used through any particular cross section. For the simulations conducted in this study 
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it was verified that the artificial energy used for hourglass controls remained below one 

percent relative to the internal energy during all simulations.  

The stent was modeled using an elasto-plastic material model representative of fully 

hardened stainless steel 304 with the following manufacturer parameters: density = 8000 

kg/m3; Young’s modulus = 193 GPa; Poisson’s ratio = 0.29; yield strength = 844 MPa; and 

ultimate strength = 1028 MPa. A hybrid model was used based upon manufacturer data for 

yield stress, ultimate strength, and a tangent modulus for the plastic portion of the stress-

strain curve. A sensitivity analysis was conducted on the tangent modulus with results 

showing little impact for the range of stresses and strains observed. 

The balloon and crushing objects were modeled using Abaqus’ surface formulation and 

were meshed using 4-node quadrilateral surface elements with reduced integration 

(SFM3D4R).  Past studies have modeled the expansion of the balloon either as a direct 

uniform applied pressure to the inside of the stent [20], a cylinder [21], a folded balloon 

model [22], or pressurization of a balloon with hyper-elastic material properties [23]. Most 

recently, De Beule et al. and Wiesent et al. found that a cylindrical displacement approach 

focusing on the mechanical response and stress behavior was adequate [24, 25]. Thus, since 

the simulations in this study are not focused on balloon interaction, it was decided that 

modeling the balloon as a rigid surface was sufficient for studying hook deployment 

response and stress analysis.  

Abaqus’ native general contact formulation was used for all simulations with a friction 

coefficient, µ, of 0.1 [24]. This method allows for all surfaces in the model to be included 

into the contact formulation, eliminating the need for assigning individual contact pairs for 
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most of the model. Individual surface-to-surface contacts were defined for the analytically 

rigid surfaces which simulated stent self-contact across the planes of symmetry during the 

radial crush stage of the simulation.  

The simulation and experimental tests were conducted in two primary phases: expansion 

and radial crush. In the simulation, these two phases were comprised of the six steps 

illustrated in Figure 18, including: stent at rest, stent under expansion, stent relaxation, 

radial crush, crush hold, and crush release.  

 
Figure 18 - Simulation stages of a one-twenty-fourth model of the stent, with 

symmetry boundary conditions applied using cylindrical coordinate system: (A) 

Stent at rest, (B) Stent under expansion, (C) Stent relaxation, (D) Radial crush, (E) 

Crush hold, (F) Crush release 

During expansion the stent model was constrained along geometric symmetry lines using 

a cylindrical coordinate system (Figure 18A). The rigid balloon surface was then expanded 
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from an initial diameter of 3 mm to a final diameter of 8 mm using displacement control 

(Figure 18B). This was followed by a relaxation phase where the balloon was returned to 

its original diameter (Figure 18C), allowing the stent to rest. Following the relaxation phase 

the stent was subjected to a radial crush.  

In the radial crush phase (Figure 18, D-F), a rigid surface with an initial diameter of 12.5 

mm was displaced radially inward crushing the expanded stent model until it reached a 

final diameter of 3 mm. Analytical rigid surfaces were created to model self-contact across 

the planes of symmetry. After reaching a diameter of 3 mm the surface reversed directions, 

allowing the stent to recoil.  

The experimental testing for this study was conducted using the same boundary conditions 

as the simulation. All expansion tests were conducted in air at room temperature using a 4 

cm low profile PTA balloon dilation catheter. Measurements were taken using a VHX-

5000 digital microscope (Keyence, Japan) to allow for the characterization of expansion 

properties of the stent. Stent profile, outer diameter, and length change were measured 

according to ASTM F2081-06 [26]. Recoil was measured and calculated as described in 

ASTM F2079-09 [27]. The initial, expanded, and relaxed stent diameters were recorded at 

angles, 0° and 90°. Five locations, show in Figure 19, were measured, including the 

proximal body and hooks, middle body, and the distal body and hooks using a calibrated 

microscope measurement system. The full list of measurements is given in the appendix.  
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Figure 19 - Measurement locations on stent 

The change in length was calculated using equation 1, and the stent recoil was calculated 

using equation 2.  

∆𝐿 = 100 ∗
𝐿𝑢−𝐿𝑑

𝐿𝑢
       (1) 

Where ∆𝐿 is the change in the length, 𝐿𝑢 is the undeployed stent length, and 𝐿𝑑 is the 

deployed stent length.  

𝑅 = 100 ∗ (1 −
𝐷𝑓

𝐷𝑖
)     (2) 

Where R is the stent recoil, 𝐷𝑖 is the outer diameter of the stent while the balloon is inflated, 

and 𝐷𝑓 is the outer diameter of the stent after balloon deflation.  

In a similar fashion to previous studies examining self-expanding stents, radial force tests 

were run by placing stent samples in a low friction RX550 Machine Solutions Radial 

Expansion Force Gage (Machine Solutions, Arizona) [28]. The entire stent was then 

compressed from its post-expansion diameter to its pre-deployment diameter of 3 mm at a 
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rate of 0.1 mm/s. Radial force and diameter measurements were captured using a Machine 

Solutions data acquisition software (Machine Solutions, Arizona).  

RESULTS 

The expanded state of the stent is shown in Figure 20, demonstrating the deployment of 

the hook in both the experimental and simulation tests. Dimensional comparisons between 

the experimental and simulation tests captured at both the fully deployed and relaxed phase 

tests are given in Table 1. These include measurements of stent length, diameter at both 

the hooks and body, recoil, and foreshortening. 

 
Figure 20 - (A) Experimental stent expansion testing, and (B) simulation results 
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Table 1 - Dimensional comparison between mean experimental and simulated stent 

expansion 

      

Average 

Experimental 
Simulation Difference (%) 

          

D
ia

m
et

er
 (

m
m

) 

H
o
o
k

 

Deployed 10.89 ± 0.38 11.17 2.68 ± 3.59 

Rest 8.53 ± 0.16 8.96 5.10 ± 2.14 

B
o
d

y
 

Deployed 8.20 ± 0.09 7.97 -2.80 ± 1.06 

Rest 6.85 ± 0.17 6.78 -0.91 ± 2.36 
  

  
 

   
 

 

R
ec

o
il

  
  

(%
) Hooks  21.15 ± 2.50 19.79 -1.36 ± 2.50 

Body  16.52 ± 1.73 14.92 -1.60 ± 1.73 

Foreshortening (%) 1.63 ± 0.68 3.49 1.86 ± 0.68 

                    

          

Values are presented as the mean value and standard deviation.  

Differences are calculated for the simulation with respect to the experimental data.  

 

Radial crush tests were completed on four manufactured stents (S-1 to S-4). Images 

captured during experimental testing and simulation are shown in Figure 21. The resulting 

reaction force versus displacement data from the radial crush simulation and experiments 

are shown in Figure 22. Crushing energy was calculated by integrating the force-

displacement data in order to compare the experimental tests to simulated values. The 

results of this analysis are given in Table 2. 
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Figure 21 - (A) Radial force experimental testing and (B) simulation results 

 

 
Figure 22 - Reaction force vs. displacement for radial crush simulation and 

experimental testing 
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Table 2 - Peak force and crush energy measurements for experimental and 

simulated stents 

  

Average 

Experimental 
Simulation Difference (%) 

        

Peak Force (N) 10.318 ± 1.06 10.320 0.86 ± 10.79 

Energy (J) 0.0183 ± 0.0018 0.0180 -0.92 ± 10.50 

                

      
  

Values are presented as the mean value and standard deviation. 

Differences are calculated for the simulation with respect to the experimental data.  

 

DISCUSSION 

This study investigated the development and validation of a non-migrating balloon 

expandable stent design using a combination of finite element modeling and experimental 

testing. The finite element model allowed for initial design optimization and will serve as 

a tool for future model adaptations.  

EXPANSION 

The expansion testing portion of this study demonstrates a close dimensional agreement 

between the simulation and experimental testing results. As shown in Table 1, both the 

hook and body of the simulation did not exceed a five percent difference from the 

experimental tests. This data also demonstrates the deployment mechanics of the out-of-

plane hook feature which reached a diameter of 8.53 mm in comparison to the body’s final 

diameter of 6.85 mm. This additional 1.68 mm of deployment should help improve tissue 

engagement leading to a reduction of migration risk.  

The stent design exhibits a low foreshortening value of  1.63% which is less than other 8 

mm simulated and commercial stents which have foreshortening values of 2.8-3.54% [29, 
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30]. However, the design does exhibit an above-average recoil of 16.46% compared to 

<3.4% for other balloon expandable stents [20, 29]. This higher value of recoil can be 

partially attributed to the material properties of SS304 which was used in this study in 

comparison to SS316L which is commonly used in other balloon expandable stents. Since 

the yield stress of SS304 is higher than that of SS316L, (844 MPa vs. 205 MPa, [31]) while 

both materials have comparable elastic modulus, the percentage of elastic recovery is 

greater in SS304 for a given strain, which contributes to a higher radial recoil. Future design 

changes will consider alternative materials to aid in decreasing the recoil since the accuracy 

of deployment is highly dependent on correctly sizing the stent to the intended placement 

site.  

RADIAL CRUSH 

The ability of a stent to withstand radial crushing force is key for its patency once deployed. 

The results from this study demonstrate close agreement between the simulation and 

experimental testing both for peak force and total energy with percent differences of 0.12% 

and 1.72%, respectively. This demonstrates that the simulated model successfully captures 

the radial stiffness of the stent and can serve as a representative model for further 

evaluation.  

While comparable radial force data for other balloon expandable stents was unavailable, a 

study by Isayama et al. collected data for multiple SEMS [28]. The normalized radial force 

(N/mm) was compared between each stent and is shown in Figure 23. This demonstrates 

the stent examined in this study performed comparably to several nitinol SEMS with the 

laser cut BEMS having a more rigid structure.  
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Figure 23 - Normalized radial force comparison between the S stent design and 

commercially available SEMS [28] 

LIMITATIONS 

We did not have access to the raw materials and were unable to provide a full stress – strain 

curve as previous studies have done [24, 32]. However given the low percent differences 

between our simulation and experimental data, as well as the results of the sensitivity 

analysis run on material parameters we believe this to be acceptable for the purpose of the 

study. 

The simulation in this study assumed a fully symmetrical crushing pattern. In reality, due 

to gravity, the complex contacts involved, and microscopic imperfections in material as a 

result of manufacturing the experimentally tested stent did not crush in a perfectly 

symmetric fashion. This is thought to contribute to the shape discrepancies seen between 

the radial force curves shown in Figure 22. 
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Lastly, this study did not consider stent expansion into a surrounding biliary duct tissue 

model, rather it focused on a free expansion. Future work will need to be done to 

characterize the stents performance when expanded in a tissue model of the biliary duct.  

It is important to note that, due to their rigid structure, BEMS may be harder to remove 

than SEMS which are more compliant. It is likely that the presence of anchoring hooks in 

our design would only amplify this difficulty. Tissue damage during removal has been 

observed with the Viabil SEMS (W. L. Gore and Associates, Delaware) which has 

anchoring fins [33]. The design presented in this study also does not address the concern 

of tissue ingrowth which leads to occlusion [8], or of potential damage to surrounding 

tissue, which has been observed to cause hemorrhaging [34, 35]. Future designs will further 

evaluate either partial or full stent coverings which have been shown to help reduce tissue 

ingrowth [5, 36].  

CONCLUSIONS 

This study presents the development of a novel BEMS designed with anti-migratory 

features for short landing sites. FEA was utilized to create a validated computer model 

which can be adapted for future design iterations. Prototypes were successfully 

manufactured and tested, demonstrating the deployment of the hook features and the 

overall crush resistance of the stent.  

Future work will include the examination of design adaptations which include asymmetric 

hooks, and alternative body structures. Translating this design into a SEMS is also of 

interest, as Nitinol provides improved fatigue life, removability, and lessens the concern of 

stent collapse observed in BEMS [37]. Balancing the material properties of the stent with 
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its crush resistance and deployment accuracy will be key for future design iterations, 

especially as this design targets short landing sites such as the duodenal papilla. 

ACKNOWLEDGEMENTS    

The authors would like to express their gratitude to Wake Forest Baptist Medical Center 

for funding this research and to Med Institute for their assistance in running mechanical 

tests.   

 

 

 

  



  20 

APPENDIX 

Table 3 - Stent outer diameter measurement on balloon 

MED 

Batch # 

Diameter (mm) 

Proximal 
Proximal 

Hooks 
Middle Distal Hooks Distal 

0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 

0503-1* 8.277 8.177 -- -- 8.211 8.233 -- -- 8.464 8.334 

0503-2 8.007 8.157 11.050 11.410 8.240 8.264 11.012 11.446 8.178 8.144 

0503-3 8.187 8.058 10.303 11.031 8.187 8.230 10.210 11.093 8.230 8.131 

0503-4 8.128 8.144 10.678 10.768 8.263 8.238 10.816 10.869 8.165 8.163 

Mean 8.15 8.13 10.68 11.07 8.23 8.24 10.68 11.14 8.26 8.19 

SD 0.11 0.05 0.37 0.32 0.03 0.02 0.42 0.29 0.14 0.10 

* The diameter of the stent at the hooks was difficult to capture with accuracy using the micrometer due 

to the hook’s thin diameter. 

 

Table 4 - Stent outer diameter measurement post balloon deflation 

MED 

Batch # 

Diameter (mm) 

Proximal 
Proximal 

Hooks 
Middle Distal Hooks Distal 

0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 

0503-1* 7.060 7.010 8.427 8.408 6.859 7.086 8.176 8.485 7.011 7.456 

0503-2 6.662 6.824 8.634 8.644 6.748 6.790 8.737 8.881 6.805 6.783 

0503-3 6.765 6.782 8.632 8.581 6.826 6.783 8.544 8.512 6.746 6.757 

0503-4 6.715 6.730 8.325 8.378 6.695 6.825 8.422 8.665 6.814 6.774 

Mean 6.80 6.84 8.51 8.50 6.78 6.87 8.47 8.64 6.84 6.94 

SD 0.18 0.12 0.15 0.13 0.07 0.14 0.23 0.18 0.12 0.34 

* The diameter of the stent at the hooks was difficult to capture with accuracy using the micrometer due 

to the hook’s thin diameter.  The stent diameter at the hooks was measured using a microscope.     

Table 5 - Stent length and length change 

MED Batch # 

Pre-Deployment 

Length 

(mm) 

Post-Deployment 

Length 

(mm) 

Change in Length  

(%) 

0503-1 18.92 18.69 1.22 

0503-2 19.01 18.51 2.63 

0503-3 18.99 18.71 1.47 

0503-4 19.01 18.78 1.21 
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Table 6 - Stent recoil 

MED 

Batch # 

Stent Recoil 

Proximal 
Proximal 

Hooks 
Middle Distal Hooks Distal 

0° 90° 0° 90° 0° 90° 0° 90° 0° 90° 

0503-1* 14.70 14.27 -- -- 16.47 13.93 -- -- 17.17 10.54 

0503-2 16.80 16.34 21.86 24.24 18.11 17.84 20.66 22.41 16.79 16.71 

0503-3 17.37 15.84 16.22 22.21 16.62 17.58 16.32 23.27 18.03 16.90 

0503-4 17.38 17.36 22.04 22.20 18.98 17.15 22.13 20.28 16.55 17.02 

Mean 16.56 15.95 20.04 22.88 17.54 16.63 19.70 21.98 17.13 15.29 

SD 1.27 1.29 3.31 1.18 1.21 1.82 3.02 1.54 0.65 3.17 
* Stent recoil for 0503-1 at the proximal and distal hooks could not be calculated due to the difficulties with 

the micrometer to accurately measure the hook diameter during deployment.  
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CHAPTER 3: OSTEOPOROTIC HIP FRACTURE PREVENTION 

BACKGROUND 

This chapter provides an overview of the function and anatomy of the hip joint with 

particular focus on hip fractures in osteoporotic patients. An overview of treatment and 

prevention modalities is also presented along with the research goals of this portion of the 

dissertation. Chapters 4 and 5 detail specific aspects of the design and testing of a novel 

composite orthopedic implant. 

HIP ANATOMY 

The hip joint is comprised of the connection point between the femur and pelvis. The 

femoral head (Figure 24) sits inside the acetabulum and is held in place by adjacent 

ligamentous and musculature/tendinous structures in addition the hip joint capsule. 

Articular cartilage located on both the femoral head and acetabular socket cushion the 

connection point and allow for smooth motion within the joint.  

 
Figure 24 - Anatomy of hip joint 
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The pelvis, which is comprised of multiple bones, acts as a junction point for the femur 

and the back via the spine. The posterior pelvis consists of the sacrum and coccyx; the 

anterior and lateral pelvis is framed by hip bones which are connected by the pubic 

symphysis. The femur is classified as a long bone; it is the largest bone in the human body. 

The proximal head of the femur connects to the pelvis in the acetabular socket. The distal 

end of the femur connects to the tibia and patella (knee cap).  

Two types of bone structure are found in the body (Figure 25): cortical and cancellous 

(trabecular). Cortical bone forms the dense outer layer of bone and accounts for eighty 

percent of total bone mass. Cancellous bone on the other hand has a much higher volume 

to mass ratio comprising only twenty percent of the mass but eighty percent of bone 

volume. Cancellous bone is approximately twenty percent trabeculae and eighty percent 

marrow and fat enabling both load transfer and shock absorption. The overall strength of a 

bone is a result of the integrity of both the cortical and cancellous bone [1]. 

 
Figure 25 - Cortical and cancellous bone [2] 



  3 

Bone integrity is maintained through a complex process of breaking down and replacing 

bone material. In certain disease states, particularly osteoporosis, this process can become 

imbalanced, causing losses in bone mass which result in weakened bone structures.  

OSTEOPOROSIS 

Under normal physiological conditions bone remodeling occurs in three consecutive 

phases: bone resorption by osteoclasts, reversal via mononuclear cell growth, and bone 

formation by osteoblasts [3].  

Osteoclasts are large multinucleated cells who work to actively break apart and absorb 

bone. Following absorption, mononuclear cells appear on the bone surface helping to 

prepare and signal for osteoblast activation. Osteoblasts then work to form new bone 

structures in void spaces created by osteoclasts. Roughly fifteen percent of mature 

osteoblasts then become trapped in the bone matrix and differentiate into osteocytes. 

Osteocytes form a matrix of cells which aid in the bone remodeling process by responding 

to changes in mechanical loading helping to recruit osteoclasts to sites where remodeling 

may be required. This dynamic bone remodeling process normally occurs as a result of 

physiological changes or stresses and is key for maintaining the integrity of the bone 

throughout the lifetime of the individual. 

However, in some cases either due to aging or disease, the process of resorption and 

formation can become unbalanced. When resorption is greater than bone formation, this 

leads to osteoporosis, a condition shown in Figure 26 where bone structure becomes weak 

and brittle due to excess reabsorption [4, 5]. Cancellous bone experiences an increased 

weakening due to its larger surface area to mass ratio and can lead to disconnected bone 
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structures. In contrast, cortical bone is impacted by osteoporosis through tunneling 

structures left behind after resorption and general thinning of the cortical layer [6].  

 
Figure 26 - (A) Normal bone, (B) Osteoporotic bone [7] 

In the United States alone by the year 2030 it is estimated that nearly 13.6 million men and 

women will be diagnosed with osteoporosis [8]. The major risk factor associated with 

osteoporosis include a history of fracture from a low impact event in the individual or in a 

first degree relative. Other minor factors include female gender, age >65, rheumatoid 

arthritis, menopause, and Caucasian or Asian ethnicity. Additional modifiable factors 

include steroid usage, smoking and low body weight [6]. 

HIP FRACTURES 

Individuals with osteoporosis are particularly susceptible to fractures during a fall [9]. 

More than 3 million fractures are expected to occur annually in United States by the year 

2025 leading to an estimated $25.3 billion economic burden [10]. The incidence of 

osteoporotic fractures is expected to grow as the number of individuals age 65 and older 

will double to 1.5 billion by the year 2050 [11].   
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Hip fractures are of particular concern as they have been shown to cause a 20-30% increase 

in fatality risk the following year [12-14]. Studies also show that after an individual 

experiences a hip fracture their risk of subsequent hip fractures doubles with associated 

rises in one-year fatality risk [15]. Additionally, while hip fractures only account for 14% 

of total osteoporotic fractures they represent 72% of the total economic burden [10].  The 

number of hip fractures is expected to increase in the United States from 340,000 cases in 

2011 to 700,000 cases in 2050 [16]. 

A recent study by Lane et al. has shown that 90 % of hip fractures occur as a result of a 

fall, where the patient experiences a direct impact to the trochanter of the femur. This 

impact is particularly dangerous in osteoporotic patients due to their lower bone strength 

and inability to absorb energy [6].   
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Hip fractures shown in Figure 27 as dashed lines are classified as either intracapsular or 

extracapsular.  

 
Figure 27 - Classification and location of hip fractures in the femur 

Intracapsular fractures occur in three locations: subcaptial, transcervical, and basicervical. 

Subcapital fractures occur at the junction between the femoral neck and head, transcervical 

fractures occur in the middle of the femoral neck, and basicervical fracture occur at the 

base of the femoral neck. These types of fractures are commonly identified using the 

Garden classification shown in Figure 28 based upon the severity of the fracture. This 
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classification system ranges from type 1 which are incomplete fractures, to type 4 which 

are completely displaced [17].  

 
Figure 28 - Garden classification of hip fractures: (1) incomplete, (2) complete, (3) 

partially displaced, and (4) completely displaced [18] 

Extracapsular hip fractures are comprised of trocanteric and subtrocanteric fractures. 

Trocanteric fractures occur between the greater and lesser trochanter, while subtrocanteric 

fractures occur distal to the lesser trochanter [17]. Treatment of hip fracture is highly 

dependent on the type and location of the fracture.  

HISTORICAL TREATMENTS FOR HIP FRACTURES 

Fractures of the femur that are displaced such as Garden classification 3 and 4, are 

traditionally treated with an arthroplasty procedure. Fractures that are not displaced, or 

minimally displaced, represented by Garden classification 1 and 2, are addressed using a 

mechanical implant to stabilize the fracture [17].   

Arthroplasty procedures used to treat displaced femur fractures are shown in Figure 29 and 

can either be a total arthroplasty or hemiarthroplasty dependent on the degree of 

degenerative hip changes present.  
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Figure 29 - (A) Hemiarthroplasty, (B) Total arthroplasty [19, 20] 

Hemiarthroplasty shown in Figure 29 (A) involves replacing the head and neck of the 

femur with an implanted prosthesis. Total hip arthroplasty shown in Figure 29 (B) involves 

placing an implant in place of both the femoral head/neck and the acetabulum [19].  

In the case of a non-displaced or minimally displaced fracture, mechanical implants shown 

in Figure 30 are used to stabilize the femur. 
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Figure 30 - Fracture fixation techniques: (A) sliding hip screw, (B) intermeduallary 

implant and screws, (C) cancellous lag screws [21, 22] 

Surgical repair of a fractured hip carries inherent risks. Patients undergoing mechanical 

fracture stabilization can experience avascular necrosis of the femoral head as well as non-

union or implant failure [23]. This usually leads to the need for some form of arthroplasty. 

Hip arthroplasty patients can experience hip instability or dislocation, and acetabular wear, 

leading to repeat procedures [20]. Hip fracture surgery carries a high economical cost to 

the patients with the one year cost of a hip fracture being estimated between $33,238 and 

$43,669 [12, 24, 25]. 

The prevention of hip fractures is commonly under-emphasized even though they represent 

a high financial and physical toll for the patient population. For example a Caucasian 

female has a 1 in 6 lifetime risk of experiencing a hip fracture, but a 1 in 9 lifetime risk of 

developing breast cancer [26]. Therefore, due to the increased mortality, the high economic 

cost, and the decreased quality of life, prevention of osteoporotic hip fractures is of high 

importance. 
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RECENT ADVANCEMENTS FOR PREVENTING HIP FRACTURES 

Devices whose purpose is the prevention of hip fractures can be categorized as either 

external or internal.  

EXTERNAL FALL PROTECTION DEVICES 

External fall prevention devices shown in Figure 31 can either be passive or active. 

 
Figure 31 - External hip fall protection devices: (A) KPH hip protector (HRA 

Pharma, France), (B) Tango airbag smart belt (Tango Technologies. PA) 

Passive hip protectors utilize some form of padding to cushion the user in case of a fall. 

They have been shown to reduce risk of fracture by up to 60% [27]; however, most devices 

in this category are not rigorously tested and regulated. This results in a mix of products 

that may not be efficacious in preventing fractures. Additionally, patient compliance in 

wearing hip protectors is a major issue; many individuals do not want to wear them because 

of discomfort or appearance [28].  
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Active or smart hip protectors include belts worn by individuals which are instrumented to 

sense when a fall occurs. These smart devices then deploy an airbag to cushion the hip 

during impact. While this technology shows promise, little scientific research has been 

published detailing its efficacy. This system is less cumbersome to wear but could still 

struggle with the same patient compliance and acceptance issues as passive hip protectors. 

Additionally, these belt systems are more expensive and introduce added complexity and 

maintenance.  

INTERNAL FALL PROTECTION DEVICES 

In addition to external protection devices, technology for the internal prevention of femur 

fractures known as femoroplasty has also been investigated. 

FEMOROPLASTY 

Femoroplasty has been studied as a means for strengthening the femurs of at-risk patients, 

such as those with osteoporosis [29-35]. The concept of this procedure, shown in Figure 

32, falls in line with the already established vertebroplasty procedure [36] and involves 

injecting some form of bone cement into the neck or head of the femur. This additional 

material serves to reinforce bone density that has decreased due to aging and/or disease.  
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Figure 32 - Femoroplasty study utilizing injected bone cement (Stryker, MI) [29] 

The bone cements that have been studied include polymethylmethacrylate (PMMA) [30-

32, 34, 35] and a synthetic non-resorbable biomaterial [29] 

Multiple methods for the injection of bone cement shown in Figure 33 have been evaluated. 

These include injection of bone cement in the femoral neck as a central mass, Figure 33 

(A-C), or a v-shaped pattern, Figure 33 (D-F). 
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Figure 33 - Femur augmentation technique: (A-C) Central [29, 31, 32], (D-F) V-

shape [30, 34, 35] 

Early studies using a central injection of bone cement in the femoral neck observed 

increases in energy-to-failure ratio of 154% [32], 160% [30], 187% [29], and 188% [31]. 

In two of the studies that investigated v-shaped injections the researchers observed energy-

to-failure values that were non-significant [30, 34]. The third study found a 124% [35] 

increase in energy absorption. However, it is important to note that this study utilized a 45 

kg weight that was dropped on the femur, rather than the traditional side loading setup, 

which could have caused this discrepancy.  

While studies utilizing a central injection of bone cement yield improved energy absorption 

values, they also contain several shortcomings. This technique of femoroplasty usually  

involves the use of a large volume of bone cement: 36 ml [31], 40 ml [29], 45 mL [32]. 

One study by Beckmann et al. did achieve a 160-164% energy increase while only using 
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12 ml of bone cement. However, in this study they used central and centrodorsal pre-drilled 

8 mm holes which was then filled using bone cement [30]. In cases where PMMA is used, 

large increases in temperature 22°C [31] have been reported as PMMA cures 

exothermically. The large volume and elevated temperature both contribute to the risk of 

tissue necrosis resulting from thermal damage and a loss of circulatory pathways.  

In order to try and compensate for some of the disadvantages that come with central 

injection, v-shape patterns have been studied. While two of the three studies utilizing this 

method did not observe an increase in the energy to fracture, they show promise in the fact 

that they utilize smaller volumes of bone cement: 11 ml [35], 12 ml [30], and 13 ml [34]. 

This led to temperature increases in one study of only 9.5°C [34].  

These studies illustrate the potential for preventing fractures in fragile femurs using the 

injection of bone cement; however more research must be conducted to find a balance 

between the volume and filling pattern of bone cement and the mechanical performance of 

the system. One such device shown in Figure 34 called the Y-Strut has been developed in 

an attempt to address these concerns. This system utilizes interlocking PEEK implants to 

reinforce a y-shaped filling pattern with PMMA bone cement.   
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Figure 34 - Y-Strut implant device [37] 

While only using 7.8 ml of PMMA bone cement, this device was able to increase the energy 

until failure of the system by 32% [37]. This technique demonstrated the potential for 

utilizing a composite system for the reinforcement of femurs in patients who are at risk for 

fracture. However, it is only available in Brazil, having not yet been cleared by the FDA 

or received a CE mark for use in Europe.  

RESEARCH OBJECTIVES 

The potential for femoroplasty to serve as a preventative measure for hip fractures has been 

demonstrated. However, there are still several hurdles that must be overcome relating to 

the balance between bone cement volume, cement position, and mechanical performance. 

A composite system that both allows for minimal bone cement to be used while providing 

an increase in strength could address these concerns. Therefore, the goal of this portion of 

dissertation research presented in chapters 4 and 5 is to investigate a novel composite 

femoroplasty system. Chapter 4 details initial material testing using four point loading, 

while chapter 5 describes ex-vivo tests using cadaveric femurs in a side loading condition.   
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ABSTRACT 

The incidence of osteoporotic hip fractures will continue to rise as the population age 65 

and older continues to grow. Research has shown hip fractures lead to increased fatality 

risk and carry a large financial burden making them a significant global health concern. 

Current treatments for the fixation of proximal femoral fractures are costly and involve 

long hospitals stays and invasive surgeries. Femoroplasty, a procedure involving the 

injection of bone cement into the femur, has been studied as a preventative intervention 

focused on strengthening native bone structures. However, this often requires relatively 

large volumes of bone cement which can lead to additional complications such as tissue 

necrosis resulting from thermal damage and loss of circulatory pathways. A system that 

would allow for minimally invasive intervention while minimalizing the quantity of cement 

needed could help to address some of these complications. We have developed a novel 

femoroplasty implant system which uses titanium pins and cement to form composite 

support structures. In this study we characterize the mechanical performance of multiple 

pin shapes with both a polymethylmethacrylate and magnesium phosphate bone cement 

tested in four-point bending. This study demonstrates the improved mechanical 

performance of several unique pin shapes and provides insight toward the composite 

material performance when implanted in a femur.  
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INTRODUCTION 

It is estimated that by the year 2020 nearly 11.9 million men and women in the United 

States will be diagnosed with osteoporosis [1]. This skeletal disorder reduces the bone 

mineral density of patients through excess reabsorption leading to decreased bone strength 

[2]. Reduced bone strength increases the risk of fracture during falls, especially in elderly 

populations [3]. A recent study estimates that every 3 seconds an osteoporotic fracture will occur; 

this results in more than 8.9 million osteoporotic fractures annually worldwide [4]. In the 

United States by the year 2025 more than 3 million fractures are anticipated to occur with 

an estimated economic burden of $25.3 billion [5].  These values will continue to grow 

because the number of people aged 65 and older is anticipated to double to 1.5 billion by 

the year 2050 [6]. 

The incidence of hip fractures specifically in the United States is expected to increase from 

340,000 in 2011 to 700,000 by 2050 [7]. While hip fractures only represent 14% of total 

osteoporotic related bone fractures, they account for 72% of the total economic burden [5]. 

Several studies have investigated the average 12-month cost of a hip fracture finding it to 

range from $33,238 to $43,669 [8-11]. Treatment options for osteoporotic hip fractures 

shown in Figure 35 include surgical implants such as sliding hip screws, intramedullary 

nails, and hip arthroplasty [12]. These treatments are expensive, invasive, involve long 

hospital stays, and hold the risk of complications such as implant loosening.  
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Figure 35 - (A) Long intramedullary fixation, (B) Total hip arthroplasty, (C) Sliding 

hip screw fixation [12] 

In addition to the high economic burden, there is a 20-30% increase in fatality risk the year 

following a hip fracture [9, 13, 14]. Once an individual has experienced a hip fracture their 

risk of subsequent hip fractures increases two fold with similar one-year increases in 

fatality risk, 24% for men and 17% for women  [15]. The impact of hip fractures is often 

overlooked despite the economic and physical toll on patients. For example, a Caucasian 

woman has a 1 in 6 lifetime risk of experiencing a hip fracture in comparison to a 1 in 9 

lifetime risk for developing breast cancer [16]. For these reasons hip fractures represent a 

significant hazard that must be addressed for the aging population to help reduce loss of 

life and economic burden.  

In an effort to prevent patients from experiencing a hip fracture which requires fixation 

surgery, femoroplasty, shown in Figure 36, has been studied as a preventative intervention 

to strengthen the femur, helping to reduce the risk of fracture in the event of a fall [17-20]. 
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This procedure which is similar to vertebroplasty [21] involves the injection of bone 

cement, typically polymethyl methacrylate (PMMA), into the femoral neck and/or head to 

reinforce the native bone structure. Despite promising results this method requires large 

volumes of bone cement, which can lead to tissue necrosis as a result of high temperatures 

during exothermic curing and the loss of native circulatory pathways.  

 
Figure 36 - Femoroplasty procedure using injected bone cement [20] 

In an effort to reduce the required volume of bone cement a recent study demonstrated the 

use of polyether ether ketone (PEEK) implants coupled with PMMA [22]. This method, 

shown in Figure 37, demonstrated improved loading and energy-until-fracture with 

reduced bone cement required. 
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Figure 37 - Y-Strut implant device [22] 

The goal of this study was to investigate the mechanical strength of a novel, minimally 

invasive femoroplasty implant system. This system will utilize cement augmented titanium 

pins to increase bone strength while reducing the volume of bone cement required in 

traditional bone augmentation procedures. The purpose of the system will be to help 

prevent traumatic, stress, and osteoporotic related bone fractures. While the final system 

will utilize specific implant configurations to optimize physiologically appropriate 

strength, the goal of this initial study was to begin to evaluate composite material 

interaction and adherence between multiple titanium bone pins and a bone cement and 

filler.  

MATERIALS AND METHODS 

Two types of pins were utilized in this study. The first group was manufactured using 3D 

printed titanium-64, while the second group consisted of traditional drawn titanium-64 

wire. Each pin was cut or printed to a length of 100 mm prior to testing. Within the 3D 

printed pin group three pin profiles shown in Figure 38 were evaluated. The geometric 
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characteristics of each pin type can be seen in Table 7. For the spiral and rebar pin profiles 

the second moment of area was averaged as its value varied axially along the length pin.  

Table 7 - Geometric properties of implant pins 

    Volume Second Moment of Area 

    [mm3] [mm4] 
    

P
ro

fi
le

 Star 310 1.02 

Rebar 319 0.83 

Spiral 377 1.07 

Cylinder 314 0.78 
    

 

 
Figure 38 - (A) Spiral, (B) Star, and (C) Rebar pin profiles 

In this study two types of bone cement were evaluated: Kyphon polymethylmethacrylate 

(PMMA) (Medtronic, Ireland), and Osteocrete magnesium phosphate (MgPo) (Bone 

Solutions, Texas). PMMA has become a standard bone cement since it was first used in an 

total hip arthroplasty in 1958 [23]. MgPo has gained popularity in recent studies for its use 

as a bone filler due to its improved biodegradability and resorption [24]. 

The MgPo was first ground manually using a standard mortar and pestle for 5 minutes to 

reduce large crystal sizes which caused clogging during injection. A microscopic image 

seen in Figure 39 taken on a Scanning Electron Microscope (SEM) shows the crystals 

before and after grinding.  
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Figure 39 - SEM images of (A) unground large MgPo crystals, and (B) ground 

MgPo crystals 

Both the PMMA and MgPo were manually mixed at a rate of 120 rpm for 30 seconds 

before being transferred to a syringe and injected into a 7 mm diameter mold with the pin 

pre-placed in the mold as seen in Figure 40. Custom 3D printed holders were used to ensure 

the pin was held concentrically within the cylinder and to allow flow of the bone 

cement/filler into the casting volume. Cylindrical specimens shown in Figure 41 were 

allowed to cure for 24 hours before being removed from the mold for testing.  

 
Figure 40 - (A) Casting apparatus with spiral pin profile held in middle of the 

column, (B) Assembled casting mold 
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Figure 41 - Cast cylindrical PMMA specimen 

Four-point bending tests, shown in Figure 42, were run according to ASTM-C1684 [25] 

for each specimen using a Landmark servo hydraulic testing system and four-point bend 

fixture (MTS, Minnesota). The specimens were tested with an outer support span (Lo) of 

80 mm and an inner loading span (Li) of 40mm. The actuator was displaced 6 mm at a rate 

of 0.05 mm/s followed by retraction to a neutral position at a rate of 0.3 mm/s. Force data 

was collected using a 15 kN load cell at a frequency of 40.16 Hz.  

 
Figure 42 - A) MTS Four-point bending fixture B) Cylindrical Specimen 
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Ten samples of each pin profile were tested using both materials. Additionally, five pins 

from each profile were tested alone without augmentation, as well as five PMMA only, 

and one MgPo only samples. These tests allow for the comparison of single component 

mechanical performances, providing a baseline for understanding the impact of pin 

augmentation for all materials and pin profiles.   

STATISTICAL ANALYSIS 

For statistical analysis a one-way analysis of variance (ANOVA) was performed to reveal 

differences between samples with a Bonferroni post-hoc test to identify where statistically 

significant differences occurred. A p value of <0.05 was set for significance; all 

analyses were run using SPSS V26 (IBM, NY).   

RESULTS 

An example of the bending test can be seen in Figure 43 for both PMMA and MgPo 

samples, with a comparison of uncast and broken pins in Figure 44. 

 
Figure 43 - A) PMMA, and B) MgPo sample under loading 
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Figure 44 - Titanium pins (A) pre casting and (B) post MgPo casting and bending 

Equation 1 was adapted from ASTM-C1684 to solve for the flexural strength of a 

cylindrical rod in four-point bending, where P is maximum force (N), Lo is the outer support 

span (mm), and D is the specimen diameter (mm). 

𝜎 =  
4𝑃𝐿𝑜

𝜋𝐷3
       (Eq. 1) 

Using equation 1, the flexural strength for the augmented pins was calculated. Additionally, 

the total energy absorption was found for both the augmented and un-augmented samples 

by integrating the force verses displacement data for each sample. These values in addition 

to the ultimate force are shown in Figure 49 for both PMMA and MgPo augmented 

samples. Additional comparative plots of the ultimate force and total energy absorption 

between augmented, pin-only, and cement-only samples are shown in Figure 50 and Figure 

51, with all measured and calculated findings in Table 8, Table 9, and Table 10. 
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Table 8 - Summary of finding for pin-only tests 

Profile 
Ultimate Force           

[N] 

Total Energy 

Absorption       

[J] 
       

Star 128.1 ± 2.5 432.2 ± 5.2 

Spiral 120.3 ± 2.4 409.0 ± 9.5 

Rebar 106.9 ± 2.5 359.3 ± 9.8 

Cylinder 112.1 ± 3.5 360.3 ± 8.6 
       

Values are presented as mean value and standard 

deviation. 

PMMA RESULTS 

Resulting mean force verses displacement plots for pins augmented with PMMA, pins-

only, and PMMA-only samples can be seen in Figure 45. Diamond markers on these plots 

indicate the point of fracture for PMMA-only samples. Figure 46 shows the complete data 

sets for all pins augmented with PMMA along with their group means. Shaded areas on 

these plots indicate standard deviation of the sample group. 

PMMA-only samples achieved an average peak load of 191.0 ± 15.9 N before fracture. 

However, when cast with a metallic implant, a much higher force was achieved. Within 

samples cast using PMMA bone cement the star profile performed best, reaching a peak 

load of 342.1 ± 28.6 N and total energy of 1271.9 J ± 88.6 J. The increase of both values 

was found to be statistically significant in comparison to the other pin profiles as seen in 

Table 11 in the appendix, with the exception of total energy values between the star and 

rebar profile, 1271.9 J verses 1203 J.  However, when examining Figure 45 it can be seen 

that towards the end of the test the force which rebar samples carried begins to drop 

whereas the star profile sample continues to rise. This contributes to the statistically 

significant difference between peak loads, while total energy difference is not found to be 



  13 

statistically significant. It can be extrapolated then that if the test were to continue to run, 

the energy values would also diverge.  

Table 9 - Summary of finding for PMMA augmented samples 

Profile 
Ultimate Force 

Flexural 

Strength 

Total Energy 

Absorption 

  [N] [Pa] [J] 
          

Star 342.1 ± 28.6 101.6 ± 8.5 1271.9 ± 88.6 

Spiral 319.3 ± 12.6 94.8 ± 3.7 1174.6 ± 57.2 

Rebar 316.8 ± 13.2 94.1 ± 3.9 1203.0 ± 49.1 

Cylinder 285.7 ± 18.0 84.9 ± 5.3 1100.1 ± 49.7 
          

Values are presented as mean value and standard deviation. 
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Figure 45 - Mean force verses displacement data for PMMA augmented pins, non-

augmented pins, and PMMA-only specimens 
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Figure 46 - Force verses displacement data for PMMA augmented pins 
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MgPo RESULTS 

Resulting mean force verses displacement plots for pins augmented with MgPo, pins-only, 

and MgPo-only samples can be seen in Figure 47. Figure 48 shows the complete data sets 

for all pins augmented with PMMA along with their group mean values. Shaded areas on 

these plots indicate standard deviation of the sample group. Within samples cast using 

MgPo bone cement, the star profile performed best with a peak load of 150.8 ± 6.9 N and 

total energy of 655.3 ± 27.1 J. Both these values were found to be higher than other pin 

profiles with statistical significance as seen in Table 12 in the appendix.  

Table 10 - Summary of findings for MgPo augmented samples 

Profile 

Ultimate 

Force 

Flexural 

Strength  

Total Energy 

Absorption         

[N] [Pa] [J] 
          

Star 150.8 ± 6.9 44.8 ± 2.1 655.3 ± 27.1 

Spiral 135.9 ± 4.5 40.3 ± 1.3 600.9 ± 17.8 

Rebar 125.8 ± 7.1 37.4 ± 2.1 582.6 ± 36.4 

Cylinder 111.3 ± 5.9 33.0 ± 1.8 473.0 ± 38.7 
          

Values are presented as mean value and standard deviation. 
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Figure 47 - Mean force verses displacement data for MgPo augmented pins, non-

augmented pins, and MgPo-only specimens 
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Figure 48 - Force verses displacement data for MgPo augmented pins 
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Figure 49 - Flexural strength [Pa], ultimate force [N] and total energy absorption [J] 

of PMMA and MgPo augmented samples 
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Figure 50 - Comparison of ultimate force between PMMA and MgPo augmented, 

PMMA and MgPo-only, and pin-only samples. Non-statistically significant 

differences between group means at the 0.05 level denoted by: δ 

 

 
Figure 51 - Comparison of bending energy between PMMA and MgPo augmented, 

PMMA and MgPo-only, and pin-only samples. Non-statistically significant 

differences between group means at the 0.05 level denoted by: γ, ε, λ, ψ 
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DISCUSSION 

This study sought to characterize the mechanical performance of two composite bone 

cement systems in an idealized four-point bending scenario. Using custom manufactured 

molds and pin holders, a method for casting and then testing multiple types of bone cements 

as well as pin materials and profiles was demonstrated. This allows for comparative 

analysis to be performed between pin groups to aid in determining which profile is best 

suited for the relevant bone cement type.  

The use of bone cement to augment implants has been shown in numerous studies, 

examples of which include augmented pedicle screws [26], sacroiliac screws [27], and 

humeral head repair [28]. Additionally, the benefits of composite systems have been 

established in numerous material studies, examples of which include reinforced concrete 

[29, 30] and carbon fiber [31, 32]. Through leveraging the unique material properties of 

the respective constituents, a synergistic benefit can be provided to the overall system. 

Similarly, in this study through augmenting the PMMA with a titanium pin, the tensile 

strength of the specimen was increased while also benefiting from the compressive strength 

of the bone cement. The titanium pin helps the specimen resist fracture which led to failure 

with the PMMA only samples. An example of this can be seen with the PMMA augmented 

star profile pin which reached a peak load of 342.1 ± 28.6 N in comparison to the PMMA-

only sample’s peak load of 191.0 ± 15.9 N. 

Only a single MgPo-only sample was run with a very low peak load of 9.6 N due to the 

very brittle nature of MgPo. When cast with titanium pins, however, an improved 

performance was achieved in all but the cylindrical profile pin. This is due to the MgPo 
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flaking off of the pin during the bending tests as seen in Figure 43 (B) which led to abrupt 

changes in displacement and force. There was only a small increase observed in peak load 

and total energy between the pin only samples and the MgPo augmented samples as seen 

in Figure 50 and Figure 51. This is due to the very brittle nature of the MgPo bone cement, 

which fell off of the pin samples as fractures occurred. The efficacy of augmenting titanium 

pins with MgPo could be better evaluated in a bone surrogate model which would hold the 

MgPo material in place. 

Surface roughness of the orthopedic implant has been shown to help improve integration 

with surrounding bony tissue [33]. This concept also holds true with cast materials and is 

likely a contributing factor in augmented pin performance. For both PMMA and MgPo 

pins the 3D printed profiles typically performed better. Through examining the differences 

in surface texture shown in Figure 44 it is possible to see the micro texture present on the 

3D printed pins compared to the smooth titanium wire. This feature impacts the ability of 

the bone cement to adhere to the surface when subjected to loading and the pins’ overall 

bending strength. Further analysis of textured surface will be a key component to future 

pin designs, as it plays a key role in the pin-cement adhesion. 

Despite the comparatively lower mechanical performance of MgPo, one major attraction 

is its osteo-integrative properties [24, 34]. MgPo is bioresorbable; PMMA is not. This 

would hopefully allow for native bone to replace the MgPo material surrounding the pin, 

helping to anchor the pin in place. The choice between MgPo and PMMA would be driven 

by the severity of the osteoporosis and the ability for native bone to replace MgPo material 

as it is resorbed by the body. If the patient was a high risk for fracture, PMMA could also 

provide a stronger solution to reinforcing the native bone tissue.  
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LIMITATIONS 

This study is limited in the fact that it only evaluated two types of bone cement / filler. 

There are numerous products that are commercially available which could be candidates 

for this implant system and will require further evaluation to characterize their 

performance.  

Additionally, various materials are used in orthopedic implants, such as stainless steel or 

cobalt chromium [35]; however, this study only focused on titanium pins in an effort to 

narrow the scope of the research and because titanium has been shown to be more 

biocompatible [36]. Future work will be done to characterize performance in alternate pin 

materials, broadening the scope of this implant system. 

The use of four point bending in this study was selected both because it provides uniform 

moment within the top rollers and to approximate the loading that such a system may 

experience once placed in a patient [37]. However, this is an idealized loading scenario that 

does not account for axially applied forces observed in vitro. For the scope of this study 

such a loading mechanism was deemed appropriate to characterize the performance and 

interaction of the augmented pins. Future studies are planned which will examine this 

system in physiological side loading scenarios using human cadaver femurs [17, 18, 20, 

38].  

The orientation of the pin profiles was not accounted for during the casting process. While 

the cylindrical and star profiles are symmetrical, the spiral and rebar profiles varied axially. 

Also, this study utilized an average value for the second moment of inertia for the spiral 
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and rebar pins. This could contribute to some of the variation observed within samples of 

the same profile.  

Although the pin profiles were designed to have similar mechanical properties, final 3D 

printed pins did vary with regards to mechanical performance in four-point bending. This 

could influence the final observed performance differences between pin profiles.  

MgPo augmented pins often failed with brittle material crumbling off of the cast samples. 

Therefore, the resulting force measurements are most likely lower than if the material was 

held in place, such as would be the case if the cement was cast in trabecular bone. Future 

studies are underway to examine the performance of MgPo in a surrogate bone material 

with three-point bending.  

Lastly, during the casting process the samples were not mixed under vacuum which has 

been shown to influence overall cement quality [39]. This led to some formation of bubbles 

in the samples. Care was taken in the injection process and samples were controlled for 

major defects; however, there is still a chance that internal bubble formation could have 

impacted performance.  

CONCLUSIONS 

This trial study demonstrates the improved mechanical performance of augmented samples 

over both pin-only and cement-only samples. Within the group of pin profiles, the star 

profile performed best for both PMMA and MgPo and will be evaluated in future ex-vivo 

studies using cadaveric femurs with side loading. The augmentation of titanium pins will 

allow for smaller volumes of bone cement to be used which will potentially reduce the risk 

of tissue necrosis due to high curing temperatures or blocked vascular pathways.  
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APPENDIX 

Table 11 - Post-hoc comparison using Bonferroni for peak load and total energy 

absorption of PMMA augmented samples 

  Peak Load  Total Energy Absorption 

  SP TI RB ST  SP TI RB ST 
                                   

SP 1   27.8 * -5.7   -32.7 *   1   
74.

5 
  -28.4   -97.3 * 

TI     1.0   -33.5 * -60.5 *       1.0   -102.9 * -171.8 * 

RB         1.0   -27.0 *           1.0   -69.0  

ST             1.0                 1.0   
  

 
 

 
 

 
 

 
  

 
 

 
 

 
 

 

* indicates mean difference is significant at the 0.05 level 
 

Table 12 - Post-hoc comparison using Bonferroni for peak load and total energy 

absorption of MgPo augmented samples 

  Peak Load  Total Energy Absorption 

  SP TI RB ST  SP TI RB ST 
                                   

SP 1   29.8 * 13.4 * -12.7 * 
 

1.

0 
  

127.

9 
* 18.3   -54 * 

TI     1.0   -16.4 * -42.5 * 
 

    1.0   
-

109.5 
* 

-

182.3 
* 

RB         1.0   -26.1 *          1.0   -72.7 * 

ST             1.0                1.0   
  

 
 

 
 

 
 

 
  

 
 

 
 

 
 

 

* indicates mean difference is significant at the 0.05 level 
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ABSTRACT 

As people age, their bones become weaker and some become osteoporotic, leading to a 

heightened risk of bone fracture during a fall. Specifically, the number of hip fractures is 

anticipated to rise as the percentage of the population older than 65 continues to increase. 

Hip fracture treatments represent a high financial burden and carry a significant increase 

in fatality risk. This makes the treatment and prevention of this type of fracture a priority 

for research efforts.  

Femoroplasty has been proposed as a possible solution to reinforce the native bone 

structure of the femur, helping to reduce fracture risk subsequent to a fall. This procedure, 

similar to already established interventions such as vertebroplasty, utilizes bone cement 

injected into the femoral head and neck. Studies have demonstrated increased loading 

strength and energy absorption but require large volumes of bone cement. The bone 

cement, polymethylmethacralyte (PMMA) is most commonly used; however, patients risk 

tissue damage from high temperatures and blockage of vascular passageways during the 

exothermic curing. Our team has developed a system utilizing cement augmented titanium 

pins which allows for reduced bone cement volume, with increased reinforcement of native 

bone structure. 

This study provides an evaluation of this system using cadaveric femurs tested in a side 

loading scenario. Two pin configurations, straight and curved, are analyzed to determine 

the effect of placement orientation and configuration. This study demonstrates the 

improved performance of the augmented femurs and illustrates the potential for such a 

system to be used as a preventive intervention for treating patients at risk of hip fracture.  
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INTRODUCTION 

The human skeletal system is key for sustained well-being. As individuals age, bone 

weakens and they experience a decline in neuromuscular activity. This condition of 

decreased bone strength is known as osteoporosis and affects an estimated 11.9 million 

individuals in the United States in the year 2020 [1]. Due to a loss in bone mineral density 

(BMD), older men and women, especially those who are post-menopausal, are more 

susceptible to fractures [2].  

Osteoporotic fractures are a major cause of disability and contribute significantly to 

medical care cost. Specifically, hip fractures have become a primary concern as they 

comprise 72% of the cost burden for osteoporotic related fractures with an estimated cost 

of $25.3 billion by the year 2050 [3]. In addition to the financial burden they place on the 

patient and healthcare system, they also pose a high mortality risk ranging from 10-30% 

for the subsequent year [4-6]. The lifetime risk of a hip fracture for Caucasian women is 

one-in-six in comparison to breast cancer which is one-in-nine [2]. As the population ages 

the global number of hip fractures is anticipated to reach 6.3 million by the year 2050 [7].  

Current treatments for hip fractures are expensive, with costs ranging from $33,238 to 

$43,669 [4, 8-10]. The choice of treatment modality varies on the severity of the fracture, 

with total or partial arthroplasty being performed for displaced hip fractures [11] and some 

form of fixation hardware being used for minimally or non-displaced fractures [12].  
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Only about half of the patients treated for hip fracture are able to return to pre-ambulatory 

mobility and independence; the remaining patients often require placement in a skilled 

nursing facility [13]. This decreased quality of life, in addition to the financial burden and 

increased mortality risk, makes the prevention of hip fractures an important health concern.  

Because studies estimate that roughly 90% of all hip fractures occur from a standing fall 

[14], external preventative devices such as hip pads and airbag belts have been developed. 

Hip pads have been shown to reduce risk of hip fracture by as much as 60 percent [15]; 

however, patient compliance tends to decrease due to appearance or comfort [16]. Airbag 

belts, a more recent development, have yet to be studied in depth for their effectiveness 

and may suffer from similar barriers as hip pads for patience acceptance.  

An additional preventative intervention known as femoroplasty has also been investigated. 

Since hip fractures have been strongly linked to low BMD in the proximal femur [17], 

researchers have sought to find ways of strengthening the native bone structures of the 

femur. Similar to the established vertebroplasty procedure [18], femoroplasty involves 

injecting some form of bone cement into the femoral head and neck.  

This form of injection has taken on two primary forms shown in Figure 52, being either 

centrally injected or injected using some form of V-shape. 



  5 

 
Figure 52 - Technique for femur augmentation: (A-C) Central [19-21], (D-F) V-

shape [22-24] 

Central injection studies show increases in energy-to-failure ranging from 154-188% [19-

22]. Only one of the three V-shaped injection studies observed an increase in energy-to-

failure [24]; other studies did not find a significant increase [22, 23].  

Despite the promising results of central injections, they often utilized large volumes of 

bone cement ranging from 36-45 ml [19-22], V-shaped interventions use only 11-13 ml 

[22-24]. Additionally, in the cases where PMMA was used as the bone cement for central 

injections, large temperature increases of 22° C were observed [20].  

In one study a device called the y-strut was developed using polyether ether ketone (PEEK) 

implants in conjunction with PMMA bone cement. While only using 7.8 ml of bone 

cement, this system was able to increase energy-to-failure by 32% [25]. This device 
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demonstrates the potential for utilizing a composite system to both reduce the required 

bone cement while still increasing the resilience of the femur. 

These studies demonstrate the potential benefit that femoroplasty could have for reducing 

the risk of hip fractures in patients suffering from osteoporosis. However, work still needs 

to be done to create systems that address the balance between bone cement volume and 

mechanical performance. Developing a system that both utilizes lower volumes of bone 

cement while still significantly strengthening the femur could have a high impact on the 

efficacy of this preventative intervention.  

Therefore, the goal of this study was to further build upon previous work done investigating 

a composite femoroplasty implant system using titanium pins with PMMA bone cement 

aimed at maximizing femur strength while minimizing required bone cement.   

MATERIALS AND METHODS 

The femoroplasty augmentation procedure involved the placement of two curved or 

straight titanium pins augmented with a polymethylmethacrylate (PMMA) bone cement: 

Kyphon (Medtronic, Ireland).  

The pins used in this study (Figure 53) were manufactured using 3D printed titanium-64 

with a length of 100 mm. The custom star shape profile was chosen as a result of a previous 

study by Van Gorkom et. al which evaluated the mechanical strength of several pin profiles 

in four-point bending [26].   
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Figure 53 - Star profile 3D printed titanium pin 

In this study both straight and curved pins were utilized in an effort to understand if 

matching the naturally occurring stress lines in the femoral head and neck, which occur as 

a result of Wolff’s law [27], would yield superior strengthening in comparison to a straight 

pin system. Pins were bent using a custom 3D printed apparatus seen in Figure 54 to a 

radius of 150.5 mm. Additionally, custom 3D printed tool handles shown in Figure 55 were 

produced with the needle and stylet being bent to match the radius of the pin implants. 

Since the implant pins and the needle-stylet system both have differing elastic properties, 

two different bending jigs were designed to match their radii.  

 
Figure 54 - 3D printed bending apparatus for setting curvature of titanium pins and 

needle-stylet systems 
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Figure 55 - (A) Curved, and (B) Straight needle and stylet tools with 3D printed 

handles 

Nine pairs of fresh-frozen human femurs: six female and three male with a mean age and 

BMI of 70.0 ± 4.9 years and 22.3 ± 3.7 respectively were obtained for this study. All femurs 

were scanned with computed topography (CT) using a GE Revolution APEX CT scanner 

(General Electric, MA) at 0.625 mm thick slice intervals. Imaging was performed prior to 

augmentation, post-augmentation, and post-fracture. A four port bone calibration phantom 

(Image Analysis Inc., KY) was placed underneath each sample to serve as a reference for 

determining volumetric bone mineral density (vBMD). CT scan data was imported into 
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Mimics (Materialise, MI), a three-dimensional medical image processing software, and 

mean Hounsfield Units (HU) were found for the proximal femur and the three bone 

phantom ports with known mg/cc CaHa values. This process, shown in Figure 56, involved 

creating 3D masks of the proximal femur and bone phantom ports which were then used to 

measure mean HU.  

 
Figure 56 - (A) Mask of proximal femur used to calculate mean HU, (B) Mask of 3 

bone phantom ports with known volumetric densities (mg/cc CaHa) of: 1 = 150, 2= 

75, 3=0 , (C) 3D representation of mask of proximal femur, (D) 3D representation of 

mask of 3 bone phantom ports 

A linear regression (Figure 57) was run using MatLab (MathWorks, MA) for each sample 

with the known vBMD values and measured HU of the bone phantom ports. This provided 
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a slope and intercept formula which was then used to convert mean HU for the 3D mask 

of the proximal femur to mg/cc CaHa.  

 
Figure 57 - Example regression analysis of mean HU and vBMD of bone phantom 

ports 

CT scans were also analyzed using QCT Pro (Mindways, CA) to calculate areal bone 

mineral density (aBMD) and T-scores which enabled femurs to be classified as either 

normal (T-score > -1), ostepenic (-1 > T-score > -2.5), or osteoporotic (T-score < -2.5). 

Additionally, anatomical measurements shown in Figure 58 were collected for each femur; 

these included femoral head and neck diameters, neck length, and caput-collum-

diaphyseal (CCD) angle.  
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Figure 58 - Anatomical measurement locations for proximal femur: (A) femoral 

head diameter, (B-C) femoral neck length, (D-E) femoral neck diameter, (α) caput-

collum-diaphyseal angle 

Femurs were stored in a freezer at -18.4 °F until they were removed for augmentation and 

testing.  Femur pairs were allowed to defrost for 18 hours in a refrigerator at 37 °F and then 

4 hours at room temperature. Excess tissue was removed from each femur with care taken 

not to damage the bone tissue. As shown in Figure 59, the distal end of each femur was 

removed at approximately 60% of the length measured from the superior point of the 

greater trochanter to the inferior base of the condyles.  
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Figure 59 - Femur specimen being cut using a Mopec BD040 oscillating bone saw 

(Mopec, MI) 

The femurs were then potted in 1 1/2 size polyvinyl chloride (PVC) pipe using Smooth 

Cast 300 liquid plastic resin (Smooth-On, PA). To ensure axial alignment, femurs were 

secured using an aluminum frame with 3D printed brackets as shown in Figure 60. 

 
Figure 60 - Femurs held in axial alignment by aluminum frame and 3D printed 

brackets 
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After potting, one femur from each donor pair was selected at random for the femoroplasty 

procedure while the contralateral femur served as the control specimen.   

As shown in Figure 61 (A) for both curved and straight pin femoroplasty, two 4.5 mm pilot 

holes were drilled through the cortex of the bone. Following this, channels were created to 

allow for easier insertion and injection of bone cement. This was accomplished for straight 

pin femoroplasty by drilling a 4.5 mm hole and for curved pin femoroplasty by first 

inserting a 4.5 mm stylet. Needles were then placed and titanium pins inserted as shown in 

Figure 61 (B) in preparation for cement injection. Placement location was based upon pre-

planned trajectories shown in Figure 62 created using CT scan images, which focused on 

creating contact points with the cortex of the proximal femur. All augmentations were 

conducted with fluoroscopic guidance using a Philips BV Libra MC-5 C-arm (Phillips, 

MA).  

 
Figure 61 - (A) Drilling pilot hole through cortex, (B) placement of curved needle 

using fluoroscopy 
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Figure 62 - Surgical pre-planning model based upon 3D model constructed from CT 

scan data in Mimics 

PMMA bone cement was manually mixed at a rate of 120 rpm for 30 seconds before being 

transferred to a syringe for injection. The stylet of the needle was removed and the titanium 

pin inserted. The injection was accomplished by applying pressure until PMMA cement 

began to flow around the pin. The needle was then moved in a retrograde motion as cement 

was deposited into the femur along with the titanium pin. Injection stopped once the 

channel was filled and all bone cement was placed. These steps can be seen in Figure 63. 
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Figure 63 - Augmented femoroplasty procedure for curved and straight pins: (A) 

Placement of superior needle, (B) Placement of inferior needle, (C) Injection and 

placement of superior pin, (D) Injection and placement of inferior pin 

After the femoroplasty procedure was performed, femurs were again scanned using CT to 

gather bone cement filling volumes. Both control and augmented femurs were then tested 

using a Landmark servo hydraulic testing system (MTS, Minnesota) in a side loading 

condition (Figure 64 B) which has previously been shown to recreate the mechanics of a 

sideways fall [28] and has been used in multiple previous studies analyzing femoroplasty 

[19-22, 24]. Potted femurs were held in place by a 3D printed collar which had integrated 

set screws that prevented specimen rotation. The testing fixture shown in Figure 64 allowed 

for motion along the x-axis as well as adjustment in distance and height. This allowed 

femurs to be aligned 10° from the horizontal with 15° of inward rotation using a digital 

protractor. A silicon pad was positioned beneath the greater trochanter to allow for 

distributed loading.  
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Figure 64 - Side loading fixture experimental set up showing degrees of freedom: 

(A) Side view with 10° of rotation from horizontal plane, (B) Front view with 15° 

internal rotation 

Femurs were then preloaded via a silicon acetabulum (Figure 65) to 10 N.  Following pre-

load, the femurs were loaded to failure at a rate of 100 mm/s [29]. This rate has been 

estimated to match the time to peak force during a fall on the hip of 30 ms [28] and has 

been used in other studies investigating side loading scenarios [21, 25, 30].  

 
Figure 65 - Femur specimen in side loading configuration (A) with silicon 

acetabulum exposed, (B) with 10 N preload applied,  

Force and displacement data were collected using a 15 KN load cell (MTS, Minnesota) at 

an acquisition rate of 4096 Hz. Total energy was calculated by integrating the force vs. 
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displacement data for each test. Specimens were again scanned with CT to determine the 

fracture location and type. Fractures were classified using the Orthopaedic Trauma 

Association (OTA) system for each sample [31].  

For statistical analysis, a paired t-test was performed on left and right femurs with regards 

to vBMD. To justify running this analysis the normality of the dataset was confirmed using 

a Kolmogorov-Smirnov test for normality. A non-parametric Kruskal-Wallis H test was 

run to determine whether there were differences between ultimate force and total energy 

measurements between femurs which underwent a femoroplasty augmentation and the 

controls as well as differences within femoroplasty type (curved vs. straight). Linear 

regressions were also run to evaluate impact of vBMD on ultimate force and total energy, 

with Spearmans’s correlation coefficient R2
 being used to assess correlation. A p value of 

<0.05 was set for significance; all analyses were run using SPSS V26 (IBM, NY).  

RESULTS 

Mean vBMD for all nine femurs was 281.65 ± 84.97 mg/cc CaHa. No statistical difference 

was found between left and right femurs for vBMD (t=0.834, p=0.43). Based upon their T-

scores, six femur pairs were classified as osteoporotic, while one was osteopenic, and two 

normal. Nine femurs underwent femoroplasty augmentation: five curved pin and four 

straight pin augmentations. Specimens 1-5, and 7 were female donors, while specimens 8, 

9, and 11 were male. Figure 66 shows pictures taken before and after augmentation with 

accompanying fluoroscopy and 3D models constructed from CT images. Dashed lines, and 

arrows mark fracture location. A mean volume of 10.97 ± 2.46 ml of bone cement was 

injected for all femoroplasty procedures.  
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Figure 66 - Femur specimens showing curved and straight pin femoroplasty and 

control femurs before and after fracture  

A full graphical representation of broken femurs is shown in Figure 68 with their respective 

OTA classifications shown in Table 14. A layered map for fracture location is also shown 

in Figure 67 separated by control and femoroplasty specimens. There were 12 trochanteric 

- type 31A, 5 neck - type 31B, and 1 diaphyseal - type 32A fractures. A full description of 

fracture types observed is provided in Table 13. Within femoroplasty groups all specimens 

fractured across the augmented region except for specimen 4:  straight pin femoroplasty 

and specimen 11: curved pin femoroplasty which fractured below the augmented implant.  
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Figure 67 - Layered map for fracture location (A) Control specimens, (B) 

Femoroplasty specimens 

 

Table 13 - Observed fracture classification descriptions 

Type / Region Group Subgroup 
      

31A Trochanteric 

1 Simple pertrochanteric  2 Two-part  

2 
Multifragmentary 

pertrochanteric 
3 

2 or more 

fragments 
       
    

3 Intertrochanteric 
1 Simple oblique  

2 
Simple 

transverse  
            

      

31B Neck 2 Transcervical fracture 
1 Simple  

3 Shear  
            

      

32A Diaphyseal 1 Spiral fracture proximal 1/3   
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Figure 68 - Fracture locations for all femur specimens separated by curved and 

straight pin femoroplasty 
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Table 14 - Femur specimen fracture OTA fracture classifications 

  Curved Pin 
       

  

Specimen Side 
OTA Type 

  Type Group Subgroup 

C
u

rv
ed

 P
in

 A
u

g
m

en
ta

ti
o
n

 

 

1 
L 31B 2 3 

 R 31A 1 2 

 
2 

L 31B 2 1 
 R 31B 2 3 

 

5 
L 31A 1 2 

 R 31A 1 2 

 

9 
L 31A 3 2 

 R 31B 2 3 

 

11 
L 31A 2 3 

 R 31A 3 1 
       

  Straight Pin 
       

S
tr

a
ig

h
t 

P
in

 

A
u

g
m

en
ta

ti
o
n

 

 

3 
L 31B 2 1 

 R 31A 3 2 

 

4 
L 31A 1 2 

 R 32A 1  

 

7 
L 31A 3 2 

 R 31A 3 2 

 

8 
L 31A 3 2 

 R 31A 3 2 
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Loading curves for each femur specimen are shown for curved and straight pin 

femoroplasty in Figure 69 and Figure 70 respectively.  

 
Figure 69 - Force vs. displacement curves for curved pin femoroplasty specimens 
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Figure 70 - Force vs. displacement curves for straight pin femoroplasty specimens 
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Table 15 shows the resulting mean ultimate force and total energy for augmented and 

control femurs. These values are also shown in Table 16 alongside cement injection volume 

and measured vBMD values for all specimens with corresponding % differences in  

Table 17. 

Specimen 11 was excluded due to the odd fracture behavior of the augmented femur, and 

high vBMD in comparison to other samples (430 mg/cc vs. mean = 281.65 ± 84.97 mg/cc). 

A moderate correlation was observed between vBMD and ultimate force (R2=0.521), but 

not total energy (R2=0.264). Non-significant increases in ultimate force: 20.9% (3.31 ± 

1.04 KN vs. 2.73 ± 0.90 KN, p = 0.059)  and total energy: 49% (404.5 ± 155.2 KJ vs. 271.6 

± 113.7 KJ, p = 0.074) were observed between all augmented and control femurs.  Similar 

non-significant increases were observed when analyzing each specific femoroplasty type.  

Straight pin femoroplasty increased the ultimate force by 12% (2.58±1.61 KN vs. 

2.31±0.90 KN) and total energy by 28.1% (325.7±80.8 KJ vs. 254.3±79.5 KJ) in 

comparison to the control specimens. Similarly, curved pin femoroplasty increased the 

ultimate force by 30.9% (3.39±1.36 KN vs. 2.59±1.02 KN) and total energy by 123.2% 

(401.8±222.9 KJ vs. 190.16±134.6 KJ) in comparison to the control specimens. 
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Table 15 - Mean ultimate force and total energy for control and augmented samples, 

both combined and grouped by femoroplasty type 

    

Ultimate 

Force 
Total Energy 

         [KN]  [KJ] 
          

C
o
m

b
in

ed
  

Control   2.73 ± 0.90 271.6 ± 113.7  
Augmented   3.31 ± 1.04 404.5 ± 155.2  

Difference 

[%]   20.9   49.0   

   

         

S
tr

a
ig

h
t 

 

Control   2.31 ± 0.90 254.3 ± 79.5  

Augmented   2.58 ± 1.61 325.7 ± 80.8  

Difference 

[%]   12.0   28.1              

C
u

rv
ed

  

Control   2.59 ± 1.02 180.16 ± 134.6  

Augmented   3.39 ± 1.36 401.88 ± 222.9  

Difference 

[%]   30.9   123.1   
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Table 16 - Specimen test data and volume of injected cement 

                  
Displacement 

Ultimate 

Force 

Total 

Energy 

Cement 

Volume 

BMD 

CaHA 

Total 

Hip 
 

                   [mm] [KN] [KJ] [ml] [mg/cc] T-Score  
         

    
   

S
p

ec
im

en
 

1 
S

id
e 

L 

C
o

n
tr

o
l 

/ 
A

u
g
m

en
te

d
 

C 

A
u

g
m

en
ta

ti
o
n

 T
y
p

e 

   25.1 2.19 130.8   178.0 -4.7 λ 

R A Curved   25.1 1.36 176.1 7.89 163.6 -5.0 λ 

2 

L C    20.1 3.76 241.6   272.1 -3.0 λ 

R A Curved  20.1 3.82 293.3 8.70 274.8 -2.9 λ 

R A Curved  30.1 2.30 300.1       * 

3 

L A Straight  25.0 4.22 359.4 9.98 418.8 -0.2 δ 

L A Straight  30.1 2.35 285.5       * 

R C    25.1 3.89 286.6   391.3 -0.3 δ 

4 
L C    25.1 2.19 275.7   240.6 -3.1 λ 

R A Straight  25.1 2.71 369.0 14.50 218.6 -3.5 λ 

5 
L C    28.1 2.99 409.3   310.3 -1.7 ψ 

R A Curved  28.3 4.21 692.3 12.07 335.6 -1.1 ψ 

7 
L A Straight  30.1 2.44 372.1 11.33 232.5 -4.2 λ 

R C    30.1 2.06 272.4   244.2 -4.0 λ 

8 
L A Straight  30.1 3.54 528.1 13.72 248.3 -2.7 λ 

R C    30.1 3.38 436.9   258.4 -2.2 ψ 

9 
L A Curved  28.1 4.16 445.7 12.62 252.4 -2.9 λ 

R C    28.1 1.40 119.1   180.3 -4.1 λ 

11 
L C    

29.1 4.50 794.8   419.1 1.6 δ 

R A Curved  
29.1 4.81 311.8 7.97 430.7 1.4 δ 

                               

* Indicates this sample was re-run after not fully fracturing.  

T-Score classifications: δ = Normal, ψ = Osteopenic, λ = Osteoporotic 
 

 

Table 17 - Percent differences between augmented and control samples 

     Ultimate Force Total Energy 

          [%] [%] 
     

  

S
p

ec
im

en
 

1 

P
in

 T
y
p

e 

Curved  -37.9 34.7 

2 Curved  1.6 21.4 

3 Straight  8.4 25.4 

4 Straight  23.6 33.8 

5 Curved  40.6 69.2 

7 Straight  18.5 36.6 

8 Straight  4.7 20.9 

9 Curved  196.2 274.3 

11 Curved  6.7 -60.8 
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DISCUSSION 

The results of this study support our hypothesis that a titanium pin femoroplasty procedure 

could both help to reduce required bone cement volume and improve the mechanical 

performance of the femur. Although statistically insignificant given the limited sample size 

of this study, the 20.9% and 49% increase in ultimate force and total energy for 

femoroplasty specimens represent a notable improvement in performance over the control 

specimens.  

In seven out of the nine augmented specimens, the plastic region of the loading curve was 

extended after fracture. This is similar to an observation seen in a previous study by Sutter 

et al. examining femoroplasty augmentation [21]. This theoretically demonstrates the 

ability for femurs which undergo femoroplasty to absorb more energy before gross failure, 

a potentially valuable trait in the case of fall as it could prevent displaced hip fractures.  

This study also sought to understand if there would be a measurable difference in 

performance between a curved and straight pin femoroplasty. It appears from this data set 

that the curved pin provides a more significant improvement. Curved pin femoroplasty 

provided increases over straight pin femoroplasty of 18.9% for ultimate force (30.9% vs. 

12.0%) and a 95% for total energy (123.1% vs. 28.1%). While these results were not found 

to be statistically significantly different they may present a trend that curved pin 

femoroplasty has the potential to out-perform straight pin femoroplasty. This will be 

evaluated in future studies. 

The volume of bone cement used in this study (10.97 ± 2.46 ml) was much lower than early 

studies which ranged from 36-40 ml [19-21] and was more comparable to recent methods 
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ranging between 7.8-13 ml [22-25].  In femoroplasty specimens 1-3, placement channels 

were not pre-drilled or expanded with an oversized stylet. This led to a decrease in average 

bone cement injection (8.85 ml) in comparisons to later augmentations (12.8 ml). Pre-

drilling and expansion also allowed for easier insertion, injection, and removal of the 

femoroplasty surgical tooling which aided in the overall usability of the procedure.  

The type of fracture was evenly distributed between control and augmented specimens for 

both femoroplasty types with augmented specimens having 6x31A and 3x31B fractures 

and control having 6x31A and 3x31B fractures. This trend compares favorably to previous 

work conducted by Beckmann et al. where he observed similar distributions of type 31A 

and 31B fractures between augmented and control specimens [22]. Since the loading 

methodology used in this study involves a fixed displacement based upon the distance 

between the loading fixture and the neck of the femur, it is unclear how the specimens 

would have performed under a true side fall scenario. As an alternative to the methodology 

used in this study, a different approach could be taken such as was used by Fliri et al. who 

investigated a V-shape femoroplasty procedure using a 45 kg weighted drop to simulate a 

fall [24]. This form of impact results in a dynamic impulse which does not rely on 

displacement but rather the gravitational energy of the impactor.  

Future work must be done to optimize the surgical process and characterize the 

performance of titanium pin femoroplasty. Specifically, improvements in the surgical 

placement of these implants could include the development of a curved needle drill [32] 

and integration of a slide hammer to aid in insertion and removal of stylets similar to the 

PerFuse percutaneous femoral neck core decompression system (Zimmer Biomet, IN) or 

RetroDrill Transtibial ACL reconstruction system (Arthrex, FL) [33]. Future studies will 
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also explore the possibility of implementing alternative pin arrangements beyond the two-

pin configuration described in this work. Increased specimen sample sizes which are 

controlled for osteoporosis could also aid in understanding the statistical significance of 

the improvements this intervention can provide for patients at risk for hip fracture.  

LIMITATIONS 

A major limitation of this study was the small sample size (n=5 for curved, n=4 for 

straight), which led to the power of the study being low, making it difficult to determine 

statistical significance. Similar studies which evaluated V-shape femoroplasty 

augmentation had similar sample sizes ranging from 5-7 femur pairs [22-25]. Similarly to 

the findings in this analysis, the majority found a non-significant change in mechanical 

performance between augmented and control femurs. Only Szpalksi et al. observed a 

statistically significant increase (P<0.05) in fracture load (+18%) and energy to fracture 

(+32%) with a sample size of 7. It is possible that his specimen population was more tightly 

controlled for vBMD which would reduce the deviation in observed loading force and 

energy between samples. 

While a majority of the bones included in this study were found to be osteoporotic, the 

samples had a wide range of T-scores which further contributed to the variance between 

samples. Additionally, our sample population included male (vBMD = 298.2  ± 102 mg/cc) 

and female (vBMD = 273.4  ± 78.6 mg/cc) donors which had a 9% mean difference in 

vBMD. Restricting the femurs to known female osteoporotic donors with similar vBMD 

could help demonstrate the full potential of a femoroplasty augmentation, and limit the 

deviation in specimen behavior. Additionally, denser bone also decreases the integration 
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of the PMMA bone cement with the surrounding bone tissue and leads to bone compaction 

during insertion which could make injection and removal more difficult.  

There was also a range of fracture locations between control and augmented femurs within 

femur pairs. Only five of the nine pairs fractured within the same region (31A or 31B). 

Within the five femurs that shared a common region of fracture, only three were in an 

identical subgroup (ex: 31A.3). It is likely that these differences in breaking location could 

influence a direct comparison between control and augmented femurs.  

Additionally, the femoroplasty procedures analyzed in this study were not performed by a 

trained orthopedic surgeon. Studies have shown variations in surgical  outcomes based on 

levels of training [35] and experience [36], possibly influencing the accuracy and 

consistency in placement. However, since this procedure is novel and is not widely 

included in surgical training and practice, these differences are expected to be lower than 

other more common interventions.   

While the side loading testing method utilized in this study has been proven to be an 

effective analysis of femur strength [21, 22, 37, 38], it is possible that femurs treated with 

titanium pin femoroplasty could perform differently in a standing loading condition similar 

to the studies performed by Raas et al. and Cristofolini et al.  [23, 39]. Inclusion of this 

experimental testing setup in future studies could help to better quantify the performance 

of titanium pin femoroplasty in preventing non-traumatic hip fractures which are estimated 

to account for 10-60% of hip fractures [39].  

Lastly, despite the minimally invasive nature of this procedure, there are inherent risks 

associated with it. While PMMA bone cement is classified as bio-tolerant, it has been 
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shown to lead to complications such as triggering an inflammatory response [40] and other 

adverse effects due to the presence of residual monomer after polymerization [41]. Stress 

shielding is also of concern with orthopedic implant as it can lead to weakening of 

surrounding bone tissues [42]. Revision surgery in cement augmented femurs has also been 

shown to be difficult and would need to be further evaluated [19].  

 

CONCLUSIONS 

This study demonstrates the potential for a novel titanium pin femoroplasty procedure to 

improve the mechanical performance of femurs in a side loading scenario. The surgical 

technique developed provides a basis for future studies to further investigate the system’s 

performance in expanded osteoporotic femur samples with alternative pin configurations 

and loading scenarios. Future work must also be done to investigate additional pin and 

bone cement materials to provide optimal solutions for patients at risk for hip fracture.  

ACKNOWLEDGEMENTS    

The authors would like to thank the research and development team at MedTronic for 

providing PMMA bone cement for this study, the radiology team at Wake Forest Baptist 

Medical center for assistance with CT scanning, and Wake Forest Innovations for 

sponsoring this research.  

 

 

 



  32 

REFERENCES 

[1] N. C. Wright et al., "The recent prevalence of osteoporosis and low bone mass in 

the United States based on bone mineral density at the femoral neck or lumbar 

spine," (in eng), Journal of bone and mineral research : the official journal of the 

American Society for Bone and Mineral Research, vol. 29, no. 11, pp. 2520-6, Nov 

2014, doi: 10.1002/jbmr.2269. 

[2] S. R. Cummings and L. J. Melton, "Epidemiology and outcomes of osteoporotic 

fractures," (in eng), Lancet (London, England), vol. 359, no. 9319, pp. 1761-7, May 

2002, doi: 10.1016/S0140-6736(02)08657-9. 

[3] R. Burge, B. Dawson-Hughes, D. H. Solomon, J. B. Wong, A. King, and A. 

Tosteson, "Incidence and economic burden of osteoporosis-related fractures in the 

United States, 2005-2025," (in eng), Journal of bone and mineral research : the 

official journal of the American Society for Bone and Mineral Research, vol. 22, 

no. 3, pp. 465-75, Mar 2007, doi: 10.1359/jbmr.061113. 

[4] C. A. Brauer, M. Coca-Perraillon, D. M. Cutler, and A. B. Rosen, "Incidence and 

mortality of hip fractures in the United States," (in eng), JAMA, vol. 302, no. 14, 

pp. 1573-9, Oct 2009, doi: 10.1001/jama.2009.1462. 

[5] E. S. Siris et al., "Identification and fracture outcomes of undiagnosed low bone 

mineral density in postmenopausal women: results from the National Osteoporosis 

Risk Assessment," (in eng), JAMA, vol. 286, no. 22, pp. 2815-22, Dec 2001, doi: 

10.1001/jama.286.22.2815. 

[6] S. Schnell, S. M. Friedman, D. A. Mendelson, K. W. Bingham, and S. L. Kates, 

"The 1-year mortality of patients treated in a hip fracture program for elders," (in 

eng), Geriatr Orthop Surg Rehabil, vol. 1, no. 1, pp. 6-14, Sep 2010, doi: 

10.1177/2151458510378105. 

[7] C. Cooper, G. Campion, and L. J. Melton, "Hip fractures in the elderly: a world-

wide projection," (in eng), Osteoporos Int, vol. 2, no. 6, pp. 285-9, Nov 1992, doi: 

10.1007/BF01623184. 

[8] S. Williamson et al., "Costs of fragility hip fractures globally: a systematic review 

and meta-regression analysis," (in eng), Osteoporos Int, vol. 28, no. 10, pp. 2791-

2800, 10 2017, doi: 10.1007/s00198-017-4153-6. 

[9] L. Christensen, S. Iqbal, D. Macarios, E. Badamgarav, and C. Harley, "Cost of 

fractures commonly associated with osteoporosis in a managed-care population," 

(in eng), J Med Econ, vol. 13, no. 2, pp. 302-13, 2010, doi: 

10.3111/13696998.2010.488969. 

[10] M. D. Rousculp, S. R. Long, S. Wang, M. J. Schoenfeld, and E. S. Meadows, 

"Economic burden of osteoporosis-related fractures in Medicaid," (in eng), Value 

in health : the journal of the International Society for Pharmacoeconomics and 

Outcomes Research, vol. 10, no. 2, pp. 144-52, 2007 Mar-Apr 2007, doi: 

10.1111/j.1524-4733.2006.00161.x. 

[11] M. Bhandari et al., "Total Hip Arthroplasty or Hemiarthroplasty for Hip Fracture," 

(in eng), The New England journal of medicine, vol. 381, no. 23, pp. 2199-2208, 

12 2019, doi: 10.1056/NEJMoa1906190. 



  33 

[12] J. C. Rozell, M. Hasenauer, D. J. Donegan, and M. Neuman, "Recent advances in 

the treatment of hip fractures in the elderly," (in eng), F1000Res, vol. 5, 2016, doi: 

10.12688/f1000research.8172.1. 

[13] C. W. Miller, "Survival and ambulation following hip fracture," (in eng), The 

Journal of bone and joint surgery. American volume, vol. 60, no. 7, pp. 930-4, Oct 

1978. [Online]. Available: https://www.ncbi.nlm.nih.gov/pubmed/701341. 

[14] T. Youm, K. J. Koval, F. J. Kummer, and J. D. Zuckerman, "Do all hip fractures 

result from a fall?," (in eng), Am J Orthop (Belle Mead NJ), vol. 28, no. 3, pp. 190-

4, Mar 1999. [Online]. Available: 

https://www.ncbi.nlm.nih.gov/pubmed/10195844. 

[15] P. A. Kannus, "Effectiveness of hip protectors. Effectiveness of studied hip 

protector was uncertain," (in eng), BMJ, vol. 326, no. 7395, p. 930; author reply 

930, Apr 2003. [Online]. Available: 

https://www.ncbi.nlm.nih.gov/pubmed/12715802. 

[16] S. Andrews, "Designing better hip protectors: a critical and contextual review 

examining their acceptance and adoption in older populations," Taylor and Francis 

Online, 2019. 

[17] S. R. Cummings et al., "Risk factors for hip fracture in white women. Study of 

Osteoporotic Fractures Research Group," (in eng), The New England journal of 

medicine, vol. 332, no. 12, pp. 767-73, Mar 1995, doi: 

10.1056/NEJM199503233321202. 

[18] B. Jay and S. H. Ahn, "Vertebroplasty," (in eng), Semin Intervent Radiol, vol. 30, 

no. 3, pp. 297-306, Sep 2013, doi: 10.1055/s-0033-1353483. 

[19] J. Beckmann, S. J. Ferguson, M. Gebauer, C. Luering, B. Gasser, and P. Heini, 

"Femoroplasty--augmentation of the proximal femur with a composite bone 

cement--feasibility, biomechanical properties and osteosynthesis potential," (in 

eng), Medical engineering & physics, vol. 29, no. 7, pp. 755-64, Sep 2007, doi: 

10.1016/j.medengphy.2006.08.006. 

[20] P. F. Heini, T. Franz, C. Fankhauser, B. Gasser, and R. Ganz, "Femoroplasty-

augmentation of mechanical properties in the osteoporotic proximal femur: a 

biomechanical investigation of PMMA reinforcement in cadaver bones," (in eng), 

Clin Biomech (Bristol, Avon), vol. 19, no. 5, pp. 506-12, Jun 2004, doi: 

10.1016/j.clinbiomech.2004.01.014. 

[21] E. G. Sutter, S. C. Mears, and S. M. Belkoff, "A Biomechanical Evaluation of 

Femoroplasty under Simulated Fall Conditions," (in eng), Journal of orthopaedic 

trauma, vol. 24, no. 2, p. 95, Feb 2010, doi: 10.1097/BOT.0b013e3181b5c0c6. 

[22] J. Beckmann et al., "Fracture prevention by femoroplasty--cement augmentation of 

the proximal femur," (in eng), Journal of orthopaedic research : official 

publication of the Orthopaedic Research Society, vol. 29, no. 11, pp. 1753-8, Nov 

2011, doi: 10.1002/jor.21410. 

[23] C. Raas, L. Hofmann-Fliri, R. Hörmann, and W. Schmoelz, "Prophylactic 

augmentation of the proximal femur: an investigation of two techniques," (in eng), 

Archives of orthopaedic and traumatic surgery. Archiv fur orthopadische und 

Unfall-Chirurgie, vol. 136, no. 3, pp. 345-51, Mar 2016, doi: 10.1007/s00402-015-

2400-x. 

https://www.ncbi.nlm.nih.gov/pubmed/701341
https://www.ncbi.nlm.nih.gov/pubmed/10195844
https://www.ncbi.nlm.nih.gov/pubmed/12715802


  34 

[24] L. Fliri, A. Sermon, D. Wähnert, W. Schmoelz, M. Blauth, and M. Windolf, 

"Limited V-shaped cement augmentation of the proximal femur to prevent 

secondary hip fractures," (in eng), Journal of biomaterials applications, vol. 28, 

no. 1, pp. 136-43, Jul 2013, doi: 10.1177/0885328212443274. 

[25] M. Szpalski et al., "A new approach to prevent contralateral hip fracture: 

Evaluation of the effectiveness of a fracture preventing implant," (in eng), Clin 

Biomech (Bristol, Avon), vol. 30, no. 7, pp. 713-9, Aug 2015, doi: 

10.1016/j.clinbiomech.2015.05.001. 

[26] A. Van Gorkom, K. Ondar, B. Roller, and P. Brown, "Material testing of composite 

orthopedic implant using four point bending," ed, 2021. 

[27] H. M. Frost, "Wolff's Law and bone's structural adaptations to mechanical usage: 

an overview for clinicians," (in eng), Angle Orthod, vol. 64, no. 3, pp. 175-88, 1994, 

doi: 10.1043/0003-3219(1994)0642.0.CO;2. 

[28] A. C. Courtney, E. F. Wachtel, E. R. Myers, and W. C. Hayes, "Effects of loading 

rate on strength of the proximal femur," (in eng), Calcif Tissue Int, vol. 55, no. 1, 

pp. 53-8, Jul 1994, doi: 10.1007/BF00310169. 

[29] S. N. Robinovitch, W. C. Hayes, and T. A. McMahon, "Prediction of femoral 

impact forces in falls on the hip," (in eng), Journal of biomechanical engineering, 

vol. 113, no. 4, pp. 366-74, Nov 1991, doi: 10.1115/1.2895414. 

[30] P. M. de Bakker, S. L. Manske, V. Ebacher, T. R. Oxland, P. A. Cripton, and P. 

Guy, "During sideways falls proximal femur fractures initiate in the superolateral 

cortex: evidence from high-speed video of simulated fractures," (in eng), Journal 

of biomechanics, vol. 42, no. 12, pp. 1917-25, Aug 2009, doi: 

10.1016/j.jbiomech.2009.05.001. 

[31] "Fracture and dislocation classification compendium," Journal of orthopaedic 

trauma, vol. 32, 1, pp. 36-47, 2018. 

[32] A. Sendrowicz, M. Scali, C. Culmone, and P. Breedveld, "Surgical drilling of 

curved holes in bone - a patent review," (in eng), Expert Rev Med Devices, vol. 16, 

no. 4, pp. 287-298, 04 2019, doi: 10.1080/17434440.2019.1596794. 

[33] H. Hayashi et al., "Anterior Cruciate Ligament Reconstruction With Bone-Patellar 

Tendon-Bone Graft Through a Rectangular Bone Tunnel Made With a Rectangular 

Retro-dilator: An Operative Technique," (in eng), Arthrosc Tech, vol. 6, no. 4, pp. 

e1057-e1062, Aug 2017, doi: 10.1016/j.eats.2017.03.018. 

[34] A. A. Weaver, K. M. Beavers, R. C. Hightower, S. K. Lynch, A. N. Miller, and J. 

D. Stitzel, "Lumbar Bone Mineral Density Phantomless Computed Tomography 

Measurements and Correlation with Age and Fracture Incidence," (in eng), Traffic 

Inj Prev, vol. 16 Suppl 2, pp. S153-60, 2015, doi: 

10.1080/15389588.2015.1054029. 

[35] M. A. Healy et al., "Surgeon Variation in Complications With Minimally Invasive 

and Open Colectomy: Results From the Michigan Surgical Quality Collaborative," 

(in eng), JAMA Surg, vol. 152, no. 9, pp. 860-867, Sep 2017, doi: 

10.1001/jamasurg.2017.1527. 

[36] W. H. Pearce, M. A. Parker, J. Feinglass, M. Ujiki, and L. M. Manheim, "The 

importance of surgeon volume and training in outcomes for vascular surgical 

procedures," (in eng), J Vasc Surg, vol. 29, no. 5, pp. 768-76; discussion 777-8, 

May 1999, doi: 10.1016/s0741-5214(99)70202-8. 



  35 

[37] A. C. Courtney, E. F. Wachtel, E. R. Myers, and W. C. Hayes, "Age-related 

reductions in the strength of the femur tested in a fall-loading configuration," (in 

eng), The Journal of bone and joint surgery. American volume, vol. 77, no. 3, pp. 

387-95, Mar 1995, doi: 10.2106/00004623-199503000-00008. 

[38] J. C. Lotz and W. C. Hayes, "The use of quantitative computed tomography to 

estimate risk of fracture of the hip from falls," (in eng), The Journal of bone and 

joint surgery. American volume, vol. 72, no. 5, pp. 689-700, Jun 1990. [Online]. 

Available: https://www.ncbi.nlm.nih.gov/pubmed/2355030. 

[39] L. Cristofolini, M. Juszczyk, S. Martelli, F. Taddei, and M. Viceconti, "In vitro 

replication of spontaneous fractures of the proximal human femur," (in eng), 

Journal of biomechanics, vol. 40, no. 13, pp. 2837-45, 2007, doi: 

10.1016/j.jbiomech.2007.03.015. 

[40] A. Oryan, S. Alidadi, A. Bigham-Sadegh, and A. Moshiri, "Healing potentials of 

polymethylmethacrylate bone cement combined with platelet gel in the critical-

sized radial bone defect of rats," (in eng), PloS one, vol. 13, no. 4, p. e0194751, 

2018, doi: 10.1371/journal.pone.0194751. 

[41] J. Saruta, R. Ozawa, K. Hamajima, M. Saita, and N. Sato, "Prolonged Post-

Polymerization Biocompatibility of Polymethylmethacrylate-Tri-n-Butylborane 

(PMMA-TBB) Bone Cement," Materials, vol. 14, no. 5, 2021. 

[42] C. Piao, D. Wu, M. Luo, and H. Ma, "Stress shielding effects of two prosthetic 

groups after total hip joint simulation replacement," (in eng), J Orthop Surg Res, 

vol. 9, p. 71, Aug 2014, doi: 10.1186/s13018-014-0071-x. 

 

https://www.ncbi.nlm.nih.gov/pubmed/2355030


  1 

 

SUMMARY OF RESEARCH 

The research presented in this dissertation has yielded significant contributions both 

to the field of gastroenterology and orthopedics.  The research outlined in this dissertation 

has fulfilled the following aims: 

1. Develop a non-migrating biliary stent targeting short landing sites for the 

treatment of biliary obstructions.  

2. Develop a composite titanium pin femoroplasty system that will aid in the 

prevention of hip fractures in at-risk patients such as those diagnosed with 

osteoporosis  

Research outlined in chapters two, four, and five is expected to be published in 

scientific journals as shown in Table 18.  

Table 18 - Publication plan for research outlined in this dissertation 

Chapter Topic Journal 

2 Design Optimization and Validation 

of a Novel Anti-Migratory Balloon 

Expandable Biliary Stent Using Finite 

Element Method 

Journal of Biomechanics 

4 Material Testing of Composite 

Orthopedic Implant Pins Using Four 

Point Bending 

Clinical Biomechanics 

5 Feasibility Study of Novel 

Femoroplasty Implant in Cadaveric 

Femurs 

Clinical Biomechanics 
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