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Poor bone fracture fixation leads to malunion, delayed union, non-union, or infection. These malunited frac-

tures affect a bone’s ability to carry loads. Patient outcomes regarding fixation quality can be affected by the

healing environment and human factors such as bone quality and surgeons’ perception. Furthermore, the stiffness

and strength of the screw-plate construct affect the healing environment. Therefore, this dissertation investigates

the stiffness and strength of the non-locking (conventional) and locking (fixed angle) type screw-plate constructs

and the factors that contribute to them, such as screw-plate interface, screw design, bone density, cortical bone

thickness and load orientation. Additionally, the surgeon’s ability to perceive stripping of the bone while driving

screws is evaluated. Finite element analyses and experiments are performed for these investigations.

The type of construct is found to have a minimal effect on the stiffness of the construct, whereas the plate

thickness has a larger influence. Moreover, it is observed that the uniformity of force distribution at the bone-screw

interface and the bone plastic strain distribution determine the construct strength behavior. The locking screw

construct provides the greater strength under shear load and the conventional screw construct offers greater strength

under pullout loads for the analyzed cortex thicknesses, cancellous bone densities and screw diameters. The

load-displacement plot from the finite element analysis was compared to the experimental data. The correlation

validates the finite element model.

In non-locking plates, construct stability relies on the friction between the plate and bone. This friction is con-

trolled by the compressive force produced through applied screw torque. The finite element analysis demonstrates

that an over-tightened (higher pre-tension) screw deteriorates the load carrying ability of the bone. In addition,

the surgeons’ perception was found to be unrelated to the likelihood of bone stripping. Furthermore, the maxi-

mum torque achieved before stripping is surgeon dependent and surgeons stripped bone more frequently than they

perceived.
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Chapter 1

Introduction

The most basic requirements for fracture healing include mechanical stability, an adequate blood supply (i.e.,

bone vascularity), and bone-to-bone contact. The absence of one or more of these factors can cause fracture non-

union or malunion [1]. Bone has unique ability of self-repair. However, healing and weight bearing ability of

a fractured bone is greatly influenced by the fixation device performance and human factors. The stiffness and

strength of the screw-plate construct can influence the healing environment for timely bone healing and weight

bearing. Moreover, human factors such as bone quality and surgeons’ ability to achieve stable construct are also

important factors and contribute to fixation quality.

There are two ways that a displaced fracture can be reduced: 1. Open reduction and internal fixation (operative

treatment) and 2. Closed reduction (non-operative treatment). Open reduction of a fracture involves making an

incision in the skin, putting the fractured bones together, stabilizing the fracture with screws or plates or rods.

Closed reduction means no incision is made; the fracture is manipulated under radiographic grid and bone is

immobilized. Operative treatment usually leads to the faster mobilization. A fractured bone must be carefully

fixed in position and stabilized until healing causes it to be strong enough to bear weight.

Open reduction with internal fixation is commonly used in cases of multi-trauma when the bone cannot be

reliably healed using external methods such as casting [2]. The internal screw-plate fixation is a commonly used

operative treatment for fractures.

1.1 Significance of the research

According to the National Ambulatory Medical Care Survey & American Academy of Orthopaedic, approx-

imately 6.3 million bone fractures occur each year in the United Sates. Worldwide, an osteoporotic (age-related)

fracture is estimated to occur every 3 seconds [3]. The selection of a fracture fixation device can have the signif-

icant impact in controlling postoperative complications and pain [4, 5, 6, 7]. The selection of a proper fixation

1
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device in fixation of osteoporotic bone (lower bone mass density) fracture is even more difficult and sensitive due

to decreased mechanical properties. Therefore, the outcomes of this dissertation will help understand the screw-

bone interface mechanism and help improve an appropriate device selection based on the physiological load at

the fracture site. In addition, an experimental investigation performed to evaluate the surgeons’ ability to perceive

stripping of the bone with varying cancellous bone densities will evaluate the influence of the human factors on

fixation quality. This research will help enhance engineers’ and surgeons’ knowledge of the mechanics of fracture

fixation.

1.2 Background

1.2.1 Conventional versus locking screw-plates

Until the last century, physicians relied on external fixation (Fig. 1.1a) [8] to aid healing of fractured bone. The

development of sterile surgery reduced the risk of infection so that doctors could work directly with the bone and

could implant materials in the body. Classically, methods of internal fracture fixation have used pins, wires screws,

and plates to rigidly stabilize the fracture site. Plates and screws are the most commonly used internal fixators

(Fig. 1.1b) to support the bone directly. In 1958, AO formulated four basic principles: Anatomic reduction, stable

fixation, preservation of blood supply and early mobilization. These principles are the guidelines for internal

fixation. The internal fracture fixation typically provides mechanical stability to the fractured bone, allowing some

weight bearing, faster mobilization and return to function. Fracture plating can be generally classified into locking

and conventional plates.
Figure 4. Ring external fixator.

Taljanovic M S et al. Radiographics 2003;23:1569-1590

©2003 by Radiological Society of North America

(a) External fixation

Figure 12a. Interfragmentary screw.

Taljanovic M S et al. Radiographics 2003;23:1569-1590

©2003 by Radiological Society of North America

(b) Internal fixation

Figure 1.1: Internal and external fixation of fractured bone
[9]

In conventional plating, fixation relies on compression and friction between the plate and bone (Fig. 1.2b).
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The screws for conventional plating pass through chamfered clearance holes (Fig. 1.2a). The screw-plate angle

is restrained by contact forces and friction, which are primarily the result of screw pre-tension (the quality of

the “bite” a screw obtains on insertion). These forces prevent plate lift off, screw toggling (change of the screw-

plate angle), and pull out [10]. Conversely, in locked plate constructs, the screw is fixed to the plate by thread

engagement (Fig. 1.2c). This functionally “locks” the angle between the screw and the plate, eliminating the ability

of the screw to toggle and pull straight out. This simple difference has important biomechanical implications.

TOGGLE  

(a) Conventional screw (b) Conventional plate-bone interface

NO��TOGGLE��

(c) Locking screw (d) Locking plate-bone interface

Figure 1.2: Conventional (non-locking) and locking plate-screw mechanisms
[11]

There are some advantages and disadvantages of locking plates over conventional plates [12, 9, 13]

Advantages

The bone thread can no longer be stripped during insertion due to locking of the screw head to the plate. The com-

pression between the plate and bone is unnecessary with a locking screw head; therefore, periosteal blood supply

is preserved, which improves bone vascularity. Moreover, the plates do not need to be anatomically contoured and

do not need to sit flush against the surface of the bone.

Disadvantages

On the other hand there are several disadvantages of using locked screw fixation such as, lack of ability to intro-

duce lag screws through the plate in intra-articular fractures and simple oblique fractures, loss of tactile feel when

inserting a screw in the bone, the fixed orientation of locking head screw, and a loss of ability to use the plate as a

reduction tool. Moreover, over-tightening of the locking head makes removal difficult due to the cold-welding of

the screw head to the plate. In addition, the locking plates are more expensive as compared to conventional plates.
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1.2.2 Stability and bone healing

The stability at the fracture surfaces is an important precondition for successful healing [2]. In orthopaedics,

a fracture or joint is considered stable when small changes in applied loads lead to small changes in motion. The

compressed fracture interfaces may have no clinically perceivable displacement, indicating absolute stability of

the fixation. Fractures that are splinted by implants without application of compression undergo small relative

displacements. The displacement is controlled by the applied load and the stiffness of the construct [14].

Depending upon the stability at the fracture site, the bone experiences either direct (primary) or indirect (sec-

ondary) healing [15]. The healing of unstable fractures (2% to 10% strain) is characterized by an intermediate

callus formation prior to healing (Fig. 1.3). This type of healing is referred to as indirect or secondary healing,

which is divided in to three phases: (1) inflammation, (2) repair, and (3) remodeling (Fig. 1.3) . The amount

of the callus formation depends on the stability of the fracture: greater instability increases the callus produced.

The inflammatory phase begins just after the initial damage to bone and surrounding tissues, and at the end of

this phase patient experience a decrease in pain and swelling. This phase, therefore, last for 3-4 days or longer,

depending on the amount of force that caused fracture. During the repair phase, the hematoma (clotted blood

tissue) transforms into the granulation tissues, which mature into the tissues and end with woven bone formation.

Finally, in the remodeling phase, the woven bone is replaced by cortical bone. This pattern of healing occurs

without stabilization or flexible internal fixation [15].

Figure 1.3: Phases of bone fracture healing

Stable fracture fixation (less than 2% strain) causes direct or primary healing without a callus formation and is

characterized by gradual disappearance of the fracture line [16]. This process requires an adequate blood supply

and absolute rigidity at the fracture site. The direct healing occurs in two forms, depending on the proximity of

the fracture ends: 1. Contact healing and 2. Gap healing. In contact healing, bone union and remodeling occurs

simultaneously, while in gap healing they are sequential steps. However, the bone formation by contact healing
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only occurs when the gap between the ends is less than 0.01 mm and the strain1 at fracture surfaces is less than 2 %

([17, 18, 19, 20]). Thus, the healing rate can be affected by the screw-plate fixation stability. The greater stiffness

and strength of the fixation can create an appropriate healing environment for the faster return of function.

1.3 Objective and structure of the dissertation

Patient outcomes regarding fixation quality can be affected by the healing environment and human factors

such as bone quality and surgeons’ perception about fixation quality. Furthermore, the stiffness and strength of

the screw-plate construct affect the healing environment. Therefore, this dissertation investigates the stiffness and

strength of the non-locking (conventional) and locking (fixed angle) type screw-plate constructs and the factors

that contribute to them, such as screw-plate interface, screw design, bone density, cortical bone thickness and load

orientation. Additionally, the surgeon’s ability to perceive stripping of the bone while driving screws is evaluated.

Finite element analyses and experiments are performed for these investigations. Fig. 1.4 shows the graphical

representation of the research approach.

1Relative movement at the fracture surfaces
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Fracture

Fracture Reduction
(Fracture Fixation Devices and human factors)

Experiments and Finite Element Simulation.
(Plates, Screws and Synthetic Bones)

Outcome: Factors Affecting Quality of Fixation

P

Poor Fixation Good Fixation

PoorPoor 
Fixation
Malunion

Poor 
Fixation
Union

Poor FixationDiminished Function Poor FixationReturn of function

(a) Proposed research objectives

Quality of fracture fixation
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Device influence on healing 

environment
(Stiffness  and strength of the lock vs. 
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screw constructs)

Human factors

1 2

Method:
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Outcomes:
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• Surgeon’s perception about the bone 

stripping while driving screws

Method:

Finite element analyses 

+ Experiments

(b) Two way approach to the research objectives

Figure 1.4: Research approach
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Locking and non-locking fracture plates are commonly used implants in orthopaedic fracture fixation. In

chapters 3 and 4, finite element analyses and lab experiments are used to discern the behavior of locking and

non-locking screw-plate constructs and their effects on fracture stiffness and strength. Chapter 3 includes the finite

element analysis of the construct stiffness with locking and non-locking plating. Two plate types are examined with

two different distal fibula fracture patterns. The stiffnesses of the locking and non-locking constructs are computed

in terms of: (1) displacements at the distal end of fibula, and (2) the relative motion between fracture surfaces under

several load cases. The pullout strength and shear strength of constructs under physiological loads is a deciding

parameter of long term stability of fixation [21, 10]. Therefore, chapter 4 includes experimental and finite element

studies performed to investigate the variability in strengths of locking and non-locking screw constructs subjected

to normal, oblique and shear loads. In assessing performance, surrogate bones (i.e. polyurethane foam) of three

different densities are used to represent cancellous bones of different age groups.

In non-locking plates, fracture fixation stability is related to the ability of a construct to resist motion between

the plate and bone [21, 10, 22]. Sufficient friction between the plate and bone is required to resist this motion is

dictated by generating adequate compressive force at the plate-bone interface (Fig. 1.2a). This compression is

directly proportional to the applied torque [21]. Thus, chapter 5 includes the finite element analysis to evaluate the

effects of the screw pre-tension (screw tightening) on construct strength followed by the evaluation of surgeon’s

ability to perceive stripping of the bone while driving screws.

1.4 Publications related to this dissertation

1. Bipinchandra Patel, Peter A. Gustafson, and James Jastifer, “The stiffness of locking and conventional

plates in the fixation of distal fibula fractures; a finite element study”, ASME 2010 International Mechanical

Engineering Congress and Exposition, Nov 12-18, Vancouver, BC, 2010. Also presented at 28th Annual

Kalamazoo Community Medical and Health Sciences Research Day, April 14, 2010. Received Best Or-

thopaedic Presentation Award.

2. Jastifer, Joseph Chess, Bipichandra Patel, and Peter A. Gustafson, “Strength of locking plate constructs ver-

sus conventional plate constructs in osteoporotic bone: An experimental study”, ASME Applied Mechanics

and Materials Conference, Chicago IL, May 31–June 2, 2011. McMat2011-4469.

3. Michael Stoesz, James Jastifer, Bipinchandra Patel, and Peter A. Gustafson, “Characterization of torque

curves of orthopaedic screws in surragate bone”, In 29th Annual Kalamazoo Community Medical and

Health Sciences Research Day, April 13 2011 .

4. James Jastifer, Peter A. Gustafson, Bipichandra Patel, and Joseph Chess, “Strength of locking plate con-

structs versus conventional plate constructs in osteoporotic bone: An experimental study”, 29th Annual
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Kalamazoo Community Medical and Health Sciences Research Day, April 13 2011.

5. Michael Stoesz, Peter A Gustafson, Bipinchandra Patel, James R Jastifer, and Joseph L Chess, “Surgeon

Perception of Cancellous Screw Fixation”, Journal of Orthopaedic Trauma (2013).

6. Bipinchandra Patel, Peter A Gustafson, and James R Jastifer, “The effect of clavicle malunion on shoulder

biomechanics”, Clinical Biomechanics 27.5 (2012), pp. 436 to 442.
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Chapter 2

Literature Review

2.1 Locking versus non-locking screw-plate system

2.1.1 Fixation performance

Locked plate systems have been associated with improved stability in several biomechanical studies and have

demonstrated advantages in several areas of fracture fixation. Sikes et al [23] investigated adult bovine ribs plated

using the Synthes locking-head plate with either two or four bicortical locking-head (4.0-mm) or conventional

(2.7-mm) screws per segment. The fixed ribs were loaded to 150 N, and the displacement was recorded. Locking-

head screws provided significantly increased resistance to displacement when only two screws per segment were

used in the reconstruction model. When four screws per segment were used, there was no significant difference

between locking-head and conventional screw types in either model. Spivac et al [24] evaluated the effect of

locking fixation screws on the stability of anterior cervical plating and found that locking screws significantly

increased the rigidity of the tested screw-plate systems initially and after cyclic loading compared to the non-

locking. In a clinical studies [25, 26] several distal femoral fractures treated with Less Invasive Stabilization

System (plates with locking screws) and observed that it maintained the soft tissue envelope around fractures with

improved efficacy in increasing osseous healing and decreasing infection. Thus, they have increased in popularity

in recent years [27].

Several recent studies, however, have failed to consistently support the biomechanical superiority of locking

plate and screw constructs compared to conventional plate and screw constructs in osteoporotic bone and bone

surrogate. Egol et al [10] conducted study to review the biomechanical principles that guide fracture fixation with

plates and screws; specifically to compare and contrast the function and roles of conventional unlocked plates

to locked plates in fracture fixation. Authors have concluded that locked plates and conventional plates rely on

completely different mechanical principles to provide fracture fixation and in so doing they provide different

9
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biological environments for healing. Locked plates may increasingly be indicated for indirect fracture reduction,

diaphyseal/metaphyseal fractures in osteoporotic bone, bridging severely comminuted fractures, and the plating

of fractures where anatomical constraints prevent plating on the tension side of the bone. Conventional plates may

continue to be the fixation method of choice for periarticular fractures which demand perfect anatomical reduction

and to certain types of nonunions which require increased stability for union [10]. Gardner et al [28] investigated

that locked screw construct provided better stability and timely bone healing for comminuted diaphyseal and

metaphyseal fractures and fractures in osteoporotic bone. But, they claimed that locking plates have not completely

replaced conventional plates as the fixed angle screw construct restrict bone compression and angle variability.

These can be necessary depending on the situation and the anatomy. Simple diaphyseal, metaphyseal and articular

fractures are still best treated with anatomical reduction and conventional compression plating [28]. Minihane et al

[29] have compared the lateral locking plate and antiglide non-locking plate for fixation of distal fibular fractures

in osteoporotic bone, and observed that the antiglide constructs with non-locking screws were stiffer and withstood

greater torque to failure.

Based on experimental investigation of the biomechanical stiffness on cadaveric osteoporotic bone, Kim et al

[30] concluded that the torque to failure of the conventional plate was dependent on bone mass density (r2 = .67),

while the failure load of the locked-plate construct was independent of bone mass density. Unfortunately, the

conclusions of the study would be different if one specimen (1 of 8) at the extreme end of the bone density range

were removed from the data set. It is unclear whether this sample is an outlier since there were no repetitions at

that bone density (Fig. 2.1). Since the conclusions of the paper are in doubt, further investigation is warranted.

In addition, Trease et al [31] performed a biomechanical study to examine the behavior of locking versus

non-locking T-plates and concluded that the locking plates failed to increase the stiffness or strength of dorsally

comminuted distal radius fractures compared with the non-locking plates. A similar experimental study was

performed on fresh frozen osteoporotic cadaver feet with calcaneal fractures [32] investigated whether a locking

calcaneal plate provides more stiffness in osteoporotic bone compared to non locking (conventional) plate. There

were no statistically significant differences between the non-locking and locking plate constructs with respect to

number of cycles to failure or displacement of the posterior facet. The locked screw-plates stabilize the fracture site

and allow early weight bearing by carrying more load compared to the conventional screw-plate construct. This,

however, can weaken the bone by stress shielding and cause re-fracture [33, 34]. Thus, experimental outcomes

have failed to prove absolute superiority of locking plates. Also the conventional plates are relatively less expensive

and offer versatility in variable angle fixation.

2.1.2 Stiffness influence on fracture healing

Clinical and radiological assessments can lead to removal of fixation devices, however, both metric are sub-

jective. In the clinical study by Joslin et al [35] weight bearing is considered as a matric of healing after tibial
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fracture stiffness for either plating scenario. Finally, the
torque to failure was higher for the tibiae with locking plates
(5.8 � 1.1 nm for the conventional plating scheme and
6.2 � 0.9 nm for the locking plates), but this difference was
not significantly different.

The correlation analysis determined the mechanical func-
tionality of the plating schema as a function of BMD. The
torque to failure of the conventional plate was dependent on
BMD (r2 � .67), while the failure load of the locking-plate
construct was independent of BMD (Fig 3). Qualitatively,
the data showed that the locking plate provided higher
torque to failure in specimens that had diminished BMD.

Discussion

We have established a cadaveric model to assess fixation
in elderly ankle fractures. Using this fracture model, the
biomechanical properties of locking plates were compared
with those of conventional plates on the distal fibula. Our
locking-plate construct with 2 distal unicortical screws was
mechanically equivalent to the standard plate with 3 distal
screws. We found, as expected, that the fixation with the
standard plates was dependent on BMD. The locking-plate
fixation, however, was independent of BMD.

The standard plate mechanical performance was highly
dependent on the tissue BMD. Accordingly, the data indi-
cate that greater BMD, which implies stronger bone, results

in an increased load to failure. This is consistent with our
understanding of standard plates, which have been shown to
be dependent on screw purchase in bone for fixation. The
standard plates performed poorly in the most osteopenic
specimens. Our clinical experience mimics these results;
standard plate fixation is problematic in the most osteopo-
rotic patients.

In contrast, the failure load of the locking plate was
independent of BMD. The locking plate achieved equiva-
lent fixation across the specimen population; specimens
with severe osteopenia had as much stability as specimens
with much higher bone density. This seems to suggest that
the advantages of the locking plates are maximized in
patients with the most severe osteoporosis. In fact, if one
views the 2 best fit lines (Fig 3), there seems to be a
transition in mechanical performance at approximately
0.5 g/cm3. When one considers the datum points below a
BMD of 0.5 g/cm3, the locking plates clearly outperform the
standard plates.

One limitation of this study is the variation in BMD
across the specimen population. Despite our inclusion cri-
teria of elderly female specimens, there still existed a rather
larger range of BMD amongst the specimen population.
Before our study, we did not have BMD values that defined
osteoporosis in the distal tibia. Thus, we included all elderly
female specimens. However, some of the specimens had
much better BMD than others. Because we hypothesize that
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Figure 2.1: Load to failure as a function of bone density
[30]

fracture and it was found that the weight bearing correlates well with the fracture stiffness. In the clinical study

by Moorecroft et al [36], the fracture stiffness is considered a reliable measure of clinical union and visco elastic

properties of callus. Shah et al [37] considered the fracture stiffness as a non-invasive method of fracture healing.

This non-invasive method of measuring the fracture stiffness supported the clinical impression of union and heal-

ing. In a numerical study of patient specific fracture healing processes, Wehner et al [38] studied the influence of

the fixation stability on the healing time. The healing time showed good agreement of the interfragmentry move-

ment compared with in vivo measurements. Experimental studies have shown that the bone healing is influenced

by the relative movement of the bone fragments [39, 40, 41]. These clinical studies demonstrate the importance

of stability at the fracture site. Hence, in the current finite element study, stiffness was observed as relative motion

between the fracture surfaces.

2.2 Screw pullout strength

2.2.1 Experimental evaluation

Asnis et al [42] performed pull-out tests on synthetic cancellous bone surrogate to isolate the parameters of

host density, outer diameter (OD), root diameter (RD), and pitch in cancellous bone screw design and their effect

on maximum pull-out force. The effect on this force of the different parameters of the custom screws in order
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of importance was (a) host material density, (b) OD (c) pitch, and (d) RD. Chapmanet al [43] observed that

experimental pullout force was highly correlated to the predicted shear failure force (slope = 1.05, R2 = 0.947)

demonstrating that it is controlled by the major diameter of the screw, the length of engagement of the thread, the

shear strength of the material into which the screw is embedded. According to Brown et al [44] the screws with

the largest major thread diameter and longest thread length had the greatest pull-out force, compressive strength,

and stripping torque.

Zedro et al [45] had extracted screws at pullout rates of 1 mm/min, 2.5 mm/min, 5 mm/min, 7.5 mm/min,

10 mm/min, 20 mm/min, 30 mm/min, 40 mm/min, 50 mm/min, and 60 mm/min from synthetic cancellous bone

surrogate. They found that failure force, failure stress, and resistance force increased and were highly linearly

correlated with pullout rate (R2=0.78, 0.76, and 0.74, respectively). In proposed research, pullout rate of 5 mm/min

is used. It is more convenient to observe the failure mode with slower pullout rate. Moreover, the slower pullout

rate avoids the influence of dynamic force on bone failure.

The study by Singh et al [46] evaluated the efficacy of a 2.0-mm locking plate/screw system compared with a

2.0-mm non-locking plate/screw system in mandibular fractures. The statistical showed no statistically significant

difference between the locking and non-locking plates (p > 0.05). In conclusion, mandible fractures treated with

2.0-mm locking plates and 2.0-mm non-locking plates present similar short-term complication rates.

2.2.2 Finite element modeling

Hou et al [47] investigated axial push out strength with six types of different locking screws using finite

element model. The outcomes showed that descending order of the contribution of design factors was: screw

outer diameter, pitch, inner diameter, root radius and thread width. However, in this study the load was purely

axial (along the screw length) and evaluation was made using the finite element model of a screw with only four

thread counts which does not represent the real physiological scenario.

2.3 Screw torque studies

Cordey et al [22] performed experiments in vivo and in vitro with conventional plates, and found that motion

as prevented by friction and depends upon the axial force of the screw, pressing the plate into the bone. Thus, the

torque applied to the screws is crucial.

Cleek et al [48] investigated effect of screw torque level on cortical bone pullout strength of ten pairs of ovine

(sheep) tibia. Torque to failure tests indicated tightening to 86% Tmax (Tmax is max torque achieved before bone

stripping) occurs after yield and leads to an average 51% loss in stiffness. These findings do not provide the bone

density effects. So, the effects of bone densities may have on yield torque should be evaluated.

Collinge et al [49] performed tests on bone substitute model and observed that drilling bigger pilot hole and
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"stripping" the screw by over-tightening resulted in 76% and 82% less pullout strength, respectively, than when

the proper technique was used. Hence, surgeons’ ability to control applied torque has an important biomechanical

implication.

Ricci et al [21] analyzed the effect of screw thread pitch on generation of maximum insertion torque (MIT)

and pullout strength (POS) and the relationship between MIT and POS in an osteoporotic cancellous bone model

of density 0.16 g cm−3. There was a significant difference in mean MIT based on screw pitch, whereas POS did

not show statistically significant differences among the different screw pitches (P = 0.052).

The knowledge from these outcomes was utilized in this research to address the omissions and unexplored con-

cepts. The next section (section 2.4) includes the shortcomings, omissions and unexplored concepts of reviewed

literatures.

2.4 Shortcomings of existing literature

It is observed from the literature review that several biomechanical studies indicate that the locked plate sys-

tems offer improved stability and specific advantages in various fracture fixations [23, 24, 25, 26, 50, 51, 52].

Thus, locked plate systems have increased in popularity in recent years [27]. Several recent studies, however,

have failed to consistently support the biomechanical superiority of locking plate and screw constructs compared

to conventional plate and screw constructs in osteoporotic bone and bone surrogate [10, 28, 29, 53]. Thus, the

superiority of one construct (locking plate or non-locking plate) over another is in doubt.

Although previous studies have attempted to compare the locking and non-locking plates, they have considered

the roles of screw design and plate types one at a time. Commercially available locking and non-locking screw-

plate combinations used in these studies have geometrical differences in terms of screw pitch, outer diameter,

length and plate geometry. In fact, the effects of locking and non-locking screw-plate interfaces on fracture

fixation stability and strength can only be differentiated if other geometrical parameters such as screw and plate

geometry are identical in both cases.

Bone is anisotropic material, which means the performance of the bone varies with loading direction. In addi-

tion, in cadaveric (or in-vivo) bones, properties may vary within the bone and between the bones of an individual.

Thus, to better compare the performances of locking and non-locking fracture plates, investigations should be

done on specimens with consistent properties.

Existing pullout studies are valuable because they reveal information about general comparisons of the behav-

iors of both locking and non-locking screws. However, the existing studies compare the plate constructs based on

loading mechanisms, which are laboratory-centric, i.e. the loads are non-physiological. Instead, the applied loads

are based on laboratory and analytical convenience (axial loads).

Prior torque studies with non-locking plates either performed on the cadaveric bone or surrogate bone model
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representing one density group [21]. Moreover, the surgeon’s perception about achieving optimum torque for a

stable construct with varying bone density has not been evaluated.

None of the previous research studies have investigated the details of load transfer mechanisms (force distri-

bution) at screw-bone interface to differentiate the strength of conventional and locked screw mechanisms.
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Chapter 3

Device influence on mechanical healing

environment: Stiffness of conventional and

locking screw-plate constructs

The healing environment at the fracture site is affected by the stiffness at the fracture site. Thus, this chapter

includes the finite element study to investigate the fixation stiffness with locking and non-locking screw-plate con-

structs. This finite element investigation is a step towards understanding the behavior of locking and conventional

plating in fracture fixation stiffness. In this investigation, distal fibular fractures are modeled and analyzed for

stability dependence on plate-screw construct type. The objective is to establish and differentiate the stiffness of

conventional and fixed angle (locking) screw constructs for the treatment of distal fibula fractures. Two plate types

are examined; a fibular neutralization plate and a lateral periarticular distal fibular plate with fixed angle (locked)

screws. The neutralization plate is considered with two construct types; conventional and locked screws. Several

comparisons were made to differentiate the stiffness of the plate constructs. First, the neutralization plate is ex-

amined with conventional and locked screws when used for fixation of Danis-Weber B and comminuted fractures.

Second, neutralization and periarticular plates are compared with locked screws for the same fracture patterns.

The stiffnesses of the constructs are computed with the finite element method based on several load cases.

3.1 Finite element model

Two plates types constituting three constructs are investigated; a fibular neutralization plate with conventional

screws, a fibular neutralization plate with locked screws, and a lateral periarticular distal fibular plate with locked

screws.

15
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A finite element model of fibular anatomy was constructed in Abaqus (Simulia Corp, Version 6.8) [54] from

a rough surface model of CT data. The cross section of the bone is composed of two sets of solid hexahedral

elements (Fig. 3.4) representing cortical and cancellous bone. Cortical bone surrounds the cancellous bone and

is assumed to have a nominal thickness of 2 mm. Small variations of cortical bone thickness (≈ 0.2 to 0.45 mm)

were introduced due to the manual meshing procedure. Distinct material properties were assigned to each set;

the material properties are drawn from several references [55, 56, 57, 58, 30]. The interosseous membrane was

modeled using shell elements and was assumed to have a uniform thickness of 2 mm. All structures were assumed

to be isotropic; their properties are listed in Tab. 3.1. The interosseous membrane connects to the tibia (not

modeled) at nodes that are assumed to be fixed. In essence, the tibia is assumed to be rigid to simplify the

interaction between the two bones.

Table 3.1: Material properties utilized in the model

Component Elastic modulus Poisson’s ratio
(MPa)

Cortical bone 20,000 0.4
Cancellous bone 1,000 0.3
Screw/Plate 210,000 0.3
IO membrane 450 0.4

Two biomechanical cadaver studies have been published on locked plates in distal fibula fractures [30, 29].

Both investigated short oblique (Danis-Weber B) fractures of the distal fibula at the level of the syndesmosis as

the fracture pattern. Thus, this paper studies the Danis-Weber B fracture as one of two fracture patterns. Each

construct (of three) was also modeled for fixation of a comminuted fracture. Therefore, six models were created

in total (see Tab. 3.2).

To simulate a Danis-Weber B fracture, a fracture surface was modeled at approximately 45o angle (shown

in Tab. 3.2) to the longitudinal axis of the fibula at the level of the syndesmosis. The bone segments distal and

proximal to the fracture site were modeled as distinct volumes. To simulate a comminuted fracture, a segment of

≈ 10 mm was removed from the distal fibula.

The neutralization plate construct model includes a stainless steel plate, two bi-cortical screws proximally,

and three cancellous screws distally. The plate is modeled as a one third tubular plate (i.e. the plate form of 1/3

of the circumference of a cylinder)1 with six holes. The plate is 76 mm long, 9 mm wide and 1 mm thick and

was generated with hex elements. The 3.5 mm cortical and cancellous screws were modeled without threads in

holes modeled in the fractured fibula. A 3.5 mm lag screw was modeled across the fracture surface. In its clinical

application, the purpose of the lag screw is to impart a sufficient screw tension to cause full surface compression (ie

no separation) on the fracture surface. Each screw/plate and screw/bone interface as well as the fractured surfaces

required an interaction assumption in the finite element model. Tab. 3.3 describes the assumed relationships at

1Narang Medical Limited (http://www.ortho.in/small-fragment-implants-instruments/plates/one-third-tubular-plates-ss.php)
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Table 3.2: Fracture-plate-combinations

Fracture type Construct Construct Construct
Neutralization plate
(Conventional screw
construct)

Neutralization plate
(Fixed angle screw
construct)

Lateral periarticular dis-
tal fibular plate (Fixed
angle screw construct)

Comminuted
fracture

Model #1 Model #3 Model #5

Danis-Weber B
fracture

Model #2 Model #4 Model #6

these interfaces. Similarly, a 105 mm long by 10 mm wide by 1 mm thick lateral periarticular distal fibular plate

with locked screws was modeled with four 2.7 mm distal screws and four 3.5 mm proximal screws.

The screw heads and their bearing surfaces were not modeled. Instead, a control node was used to represent

the head. The control node was centered on the screw shank and located in the plane of the bearing surface. The

shank nodes in the plane of the bearing surface were rigidly constrained to translate and rotate with the control

node. To represent the neutralization plate conventional screw construct that may allow toggling of the screw head,

the controlled shank nodes were allowed to swivel within the plate hole. This connection was modeled in Abaqus

as a universal joint (UJOINT element [54]) having rotational degrees of freedom connecting the control node to

nodes on the bearing surface of the plate. Conversely, the fixed angle construct was modeled in Abaqus using

rigid BEAM connector elements [54] at the identical nodes in the locked plate model. The rigid beam elements

fixed all controlled degrees of freedom between plate and screw. The control node and controlled shank nodes

can be visualized in Fig. 3.4. The conventional screw model also included pre-tension surfaces in the shanks

of the screws using Abaqus’ standard methods for this purpose [54]. Other than these differences in the screw

assumptions, the neutralization plate models with conventional and fixed angle screws were identical.

Plate performance was evaluated as representative nominal loads were applied at nodes at the distal end of
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Table 3.3: Contact relationship between components

Components Relationship Comments
Screw-Bone (i.e.
screw threads)

Rigid (tied con-
tact)

Fixed all DOF

Plate-Bone Contact pair Friction sliding (µ = 0.3)
Fracture surfaces Contact pair Friction sliding (µ = 1.0)
Plate-Screw
(Conventional)

Universal joint Provide a universal connection be-
tween the screw control node and
nodes on the bearing surface of the
plate.

Plate-Screw
(Locked)

Rigid Provide a rigid connection between
the screw control node and nodes on
the bearing surface of the plate.

fibula (see Fig. 3.1). The loads include 140 N resultant force (the resultant of the contact forces at the fibulotalar

joint) [59], a 100 N lateral force (simulating the cotton test applied during the surgical procedure) [60] and a 7.5

Nm moment (representing external rotation) [60]. To react against the applied loads, the fibula was fixed at the

proximal end and restrained along the interosseous membrane at its attachment to the tibia (see Fig. 3.1). These

representative forces were applied individually and in combinations as shown in Tab. 3.4a. In the neutralization

plate model with conventional screws, a pre-tension of 1000 N was applied to the screws going through the plate

and a pre-tension of 500 N was applied to the lag screw across the fracture surface.
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Table 3.4: Load cases and associated displacements

(a) Load combinations

Load
Case 1

Load
Case 2

Load
Case 3

Load
Case 4

Fibulotalar reaction 140 N X X
Cotton Test 100 N X
External Moment 7.5 Nm X X

(b) Comparison of maximum displacement at distal end

Fracture type Load Case Neutralization Plate Periarticular
Plate

Conventional Locked Locked
max.|∆~u|

(mm)
max.|∆~u|

(mm)
max.|∆~u|

(mm)

C
om

m
in

ut
ed

Case 1 2.02 (Fig.
B.1a)

2.07 (Fig.
B.1b)

1.26 (Fig.
B.1c)

Case 2 1.67 (Fig.
B.2a)

1.68 (Fig.
B.2b)

1.20 (Fig.
B.2c)

Case 3 14.27 (Fig.
B.3a)

13.99 (Fig.
B.3b)

14.55 (Fig.
B.3c)

Case 4 10.66 (Fig.
3.5a)

11.77 (Fig.
3.5b)

12.25 (Fig.
3.5c)

D
an

is
-W

eb
er

B

Case 1 1.50 (Fig.
B.4a)

1.29 (Fig.
B.4b)

1.65 (Fig.
B.4c)

Case 2 1.34 (Fig.
B.5a)

1.21 (Fig.
B.5b)

1.73 (Fig.
B.5c)

Case 3 7.66 (Fig.
B.6a)

8.09 (Fig.
B.6b)

6.20 (Fig.
B.6c)

Case 4 6.77 (Fig.
3.6a)

7.13 (Fig.
3.6b)

5.64 (Fig.
3.6c)
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Interosseous
membrane

(a) Anatomy of fibula

Proximal

Fixed

Fixed

Distal

Interosseous
membrane

Fig. 3.1c

(b) Overview

Cotton test load
External rotation

Fibulotalar reaction

(c) Distal loads

Figure 3.1: Model overview and applied loads
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(a) Proximal nodes where
fixed boundary conditions
are applied

(b) Distal nodes where loads are applied

Figure 3.2: Boundary condition and loading techniques

(a) Neutralization plate (FEA model) (b) Neutralization steel plate example

(c) Lateral periarticular distal fibular plate (FEA model) (d) Lateral periarticular distal fibular steel plate example

Figure 3.3: Plate types
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Controlled nodes
Control node

Figure 3.4: Plate-screw relationship in conventional and locked screw constructs
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3.2 Results

Two types of comparisons are made to differentiate the stiffness of the plate-screw constructs. First, com-

parison is made between identical neutralization plates with conventional and locked screw constructs. Thus, the

effect of the screw-plate interface is isolated. Then, locked screw constructs are compared for neutralization and

lateral periarticular distal fibular plate with locked screws. Therefore, the effects of plate type are isolated. The

stiffnesses are compared by contours of surface relative displacement.

3.2.1 Comparison of displacement contours of the distal fibula

Stiffness can be described as the relationship between load and displacement. Thus, the displacement contours

in this section are a measure of stiffness for the applied loads. Tab. 3.4 shows predicted displacements for the

comminuted and Danis-Weber B fracture for the fibulotalar reaction load, cotton test load, external moment, and

combined fibulotalar reaction and external moment loads. In models with screw pre-tension (ie. the neutralization

plate with conventional screws), the displacement associated with the pre-tension load has been subtracted from

the final displacement. Thus, the reported displacements are associated only with the applied external loads.

The first comparison of displacement is between the neutralization plate with conventional and locked screws

(sub-figures (a) and (b) in Figs. 3.5 and 3.6) (please see appendix section B.1 for rest of the displacement contour

plots with comminuted fracture). The |∆~u| (in mm) is the relative displacement magnitude due to the external

loads. When subjected to the same boundary conditions and loads, there is a small difference in displacement

at the distal end in the construct (≤ 0.21 mm for applied force loads, ≤ 1.11 mm for load cases with applied

external rotation moments). This clinically negligible difference was predicted in both fracture types. Since the

plate geometry is identical, the comparison suggests a negligible effect of locked screws on the stiffness of the

construct. Since locked screws are commonly assumed to be biomechanically superior to screws that can toggle

and because no superiority is found in construct stiffness, the strength of the construct must be assessed and will

be modeled in future work.

The second comparison is between the neutralization plate and lateral periarticular distal fibular plate with

locked screws (sub-figures (b) and (c) in Figs. 3.5 and 3.6) (please see appendix section B.2 for rest of the

displacement contour plots with weber-B fracture). Again, the same boundary conditions and loads are modeled

for each fracture. The neutralization plate allows more (≤ 0.83 mm) displacement for applied force loads. The

displacement due to external rotation moment is higher in the neutralization plate in some cases and lower in

others. The maximum difference is 1.89 mm which may be clinically significant if it originates from differences

in the local “strains” across the fracture surface. These local strains are examined in the next section. Since the

screw heads are locked in these constructs, the stiffness differences must be attributed to plate geometry. The
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lateral periarticular distal fibular plate with locked screws is longer, has a wider cross section over a portion of the

geometry, and has more screws than the neutralization plate.

Distal fibula displacement comparisons provide a gross measure of the stiffness of the constructs, however, the

local relative displacements at the fracture surfaces are more important. Fracture healing is dependent on strain

across the fracture surface [61, 62]. Thus, the following section is a comparison of relative fracture surface motion

due to external loads.
max|∆~u|= 10.66 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 11.77 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 12.25 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure 3.5: Displacement (|∆~u|) due to fibulotalar reaction load and external moment with comminuted fracture

max|∆~u|= 6.77 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 7.13 mm

(b) Neutralization plate
with locked screws

max|∆~u|=5.64 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure 3.6: Displacement (|∆~u|) due to fibulotalar reaction load and external moment with danis-weber B fracture
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3.2.2 Comparison of construct stiffnesses about the fracture plane

To investigate the motion of the fracture surfaces, the movements of eight reference nodes on the fracture

surfaces (approximately located at the anterior, posterior, lateral and medial apexes on each side of the fracture)

were observed when subjected to the applied loading conditions. The nodal motion was used to compute the

representative motion (i.e. strain) of the fracture surfaces across the fracture surface). These movements are

defined in terms of anterior-posterior (A-P) sliding, lateral-medial (L-M) sliding, normal separation and relative

rotation of fracture surfaces about the normal to the fracture (see Fig. 3.7). Vector algebra was used to recognize

the in-plane and out-of-plane magnitudes and directions of the nodal motion.
Ant.

Post.

Lat.Med.

(a) AP sliding

Ant.

Post.

Lat.Med.

(b) ML sliding

Ant.

Post.

Lat.Med.

(c) Normal separation

Ant.

Post.

Lat.Med.

(d) Relative rotation

Figure 3.7: Definition of relative motion at fracture surfaces

Comminuted fracture

Fig. 3.8 report the constructs’ stiffnesses for a comminuted fracture in terms of relative motion across the

fracture surfaces due to a combined fibulotalar-moment load. Plots for fibulotalar reaction load, a cotton test load,

and an external rotation moment were consistent with Fig. 3.8 (please see appendix section C.1 for rest of the

stiffness comparision plots of comminuted fracture).

Fig. 3.8 illustrates a key finding: the fracture surface motion is very similar for neutralization plates regardless

of the screw-plate interface. The stiffness difference, based on fracture surface motion, is negligible in most cases.

This comparison is relevant because it isolates the effects of the screw-plate interface in plates that are otherwise

identical. Where the stiffness difference appears to be large (ie Fig. 3.9), the magnitude of the surface motion is

clinically insignificant. Differences in in-plane translation are less than 0.01 mm; in-plane rotations differ by less

than 1o. Based on the predictions, there is likely no clinical difference in stiffness between locked and conventional
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screws for neutralization plates when the assumptions in these models are appropriate.

A second observation is also apparent in Fig. 3.8 for the fibulotalar reaction force and external rotation mo-

ment: the periarticular plate is as stiff or stiffer than the neutralization plate when subjected to the same loads.

This isolates an important difference between the plates since the screw-plate interface is constant in the compari-

son. Nevertheless, the amplitudes of the fracture surfaces translations and rotations are small. This trend appears

to be true for all investigated load cases. Thus, based on stiffness predictions, it appears that either plate con-

struct would be clinically effective at maintaining stability of the fracture reduction. Although clinically relevant,

strength predictions have not been completed for these constructs.
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Figure 3.8: Relative motion of the comminuted fracture surfaces due to the applied fibulotalar load and external
moment
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Danis-Weber B fracture

Fig. 3.9 illustrates the constructs stiffnesses for a Danis-Weber B fracture in terms of relative motion across

the fracture surfaces due to a combined fibulotalar-moment load. Plots for fibulotalar reaction load, a cotton test

load, and isolated external rotation moment are consistent with Fig. 3.9 (Please see appendix section C.2 for rest

of the stiffness comparision plots of danis-weber B fracture). The trends in fracture surface motion are similar to

those of the comminuted fracture, thus they are included for completeness and not described in detail. Predicted

values of fracture surface motion do not exceed values that would allow healing (amplitude: ≈ 0.2 − 1 mm of

normal separation [63]).

3.3 Validation

An important consideration when clinically interpreting the results of a finite element method biomechanical

study is to analyze the reliability and validity of the results. This process includes ensuring that the data is internally

consistent as well as consistent with existing literature[64]. Ideally, the results would be prospectively validated

by clinical trials.

The geometric differences between the neutralization plate and the lateral periarticular distal fibular plate with

locked screws are expected to produce different stiffnesses (based on simple structural mechanics principals).

Since the periarticular locking plate is longer, wider (in places), made of the same material, and has more screws

to achieve purchase with bone, it is expected to be as stiff or stiffer than the neutralization plate. Therefore, the

finite element models are self-consistent in that the periarticular plate is predicted to be as stiff or stiffer. This

behavior is noted on all simulated load cases and provides level 1 evidence2 as described by Brown [64]. In

addition, the clinical studies have demonstrated that the elastic motion at the fracture site and bending stiffness are

influenced by length and cross-sectional area of the plate, diameter of the screws and unicortical versus bicortical

screws ([10, 11, 65]), which provides additional level 3 evidence.

It is intuitive that an external rotation moment would cause a rotational displacement about the normal direction

as was found in the current study. In Fig. 3.9c, a physiologic external moment (7.5 Nm) is predicted to cause a

2-4o in-plane rotation in a Danis-Weber B fracture. This value is consistent with the existing literature. Schaffer

et al[66] used cadaveric bone and found that a 40 Nm Torque (5.3x the value used in this paper) produced a 20o

(5-10x the value predicted in this paper) in-plane rotation. The comparison is not ideal since cadaveric bone was

used (presumed to have different structural properties), some soft tissues were included, and inter-fragmentary lag

screws were not used in all load cases. Although it is not appropriate to apply precise quantitative comparison of

the results of the current study with those of Schaffer, qualitative comparison shows consistent results when the

differences in study methods are considered. Thus, the comparison provides additional level 3 evidence.

2Brown [64] described five levels of evidence 1-5 with 5 being the highest quality evidence.
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Figure 3.9: Relative motion of the Danis-weber B fracture surfaces due to the applied fibulotalar load and external
moment
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3.4 Clinical relevance

The results in this study provide displacement and stiffness comparisons between locked and conventional

screw constructs for neutralization plates and lateral periarticular distal fibular plates with locked screws. The

stiffness and the strength of a construct are clinically relevant to both the surgeon and the patient. During a

surgical procedure after the construct is placed, the surgeon may apply a force to the distal fibula and “feel” the

resulting displacement (ie the cotton test) to judge whether adequate fixation has been achieved and the need for

further fixation. Thus, the stiffness influences surgical decision making and may cause or prevent the application

of more invasive implants. Each additional implant adds time and cost to the procedure, thus, the stiffness affects

health care costs in addition to patient outcomes.

During the recovery phase after surgery, both stiffness and strength are relevant to the patient and surgeon.

In the fracture healing process, some displacement at the fracture site is beneficial in order to stimulate the body

to heal the fracture [67]. This process whereby the bone forming units of the body sense strain and produce a

physiologic response that produces bone, requires something less than 10% strain [68]. Thus, the fracture gap and

the amplitude of movement should generally be kept small (amplitude: ≈ 0.2-1 mm and fracture gap < 2 mm)

[63]. This movement is directly related to the stiffness of the construct. The fracture stiffness measurement is

considered a non invasive method of fracture healing and union [37] as the healing time showed good agreement

of the interfragmentry movement compared with in vivo measurements [38, 39, 40, 41]. Strength is also necessary

to avoid implant or construct failure prior to fracture healing.

3.5 Conclusions

It has been demonstrated that there is a negligible difference in construct stiffness between conventional and

fixed angle screw constructs for a five screw neutralization plate when the plate geometry is identical. Thus, locked

screw heads do not offer superiority in the biomechanical stiffness of the plate. This result is significant to clinical

practice as the stiffness is used to judge stability and quality of fixation.

A locked fibular neutralization plate allowed more displacement of the distal fibula than was allowed by the

lateral periarticular distal fibular plate with locked screws. Thus, the stiffness of the construct was found to be

dependent on plate geometry and/or the number of screws used to hold the fracture. Although the difference in

stiffness between these plates is expected, this result is self-consistent and provides a level of validation of the

method used in the study. It also indicates that the lateral periarticular distal fibular plate may have advantages

over the neutralization plate when greater stiffness is required.
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Chapter 4

Device influence on healing environment:

Strength of conventional and locking

screw-plate constructs

Plate-screw constructs, used to stabilize a fractured bone, undergo various physiological loads. Therefore, in

this chapter, the strength of the screw constructs are evaluated under pure normal, combined shear and normal

(oblique), and pure shear loads applied at the plate end (Fig. 4.1). Finite element analysis and experiments were

performed to evaluate the non-locking and locking plate-screw constructs strengths.

Pullout and shear strength are among the failure metrics used to evaluate the plate-screw fixation strength. This

is consistent with the previous published studies as well as ASTM standards [69, 70]. Failure of the construct can

be dependent on the factors such as, physiological load, screw geometry, screw-plate interface, bone density and

thickness of the cortical bone layer. Thus, finite element analysis and experiments were performed on commer-

cially available polyurethane foam with 0mm, 1mm and 2mm cortical thicknesses. The absence of a cortical bone

(0mm) represents the extreme case of osteoporosis where a very thin cortical shell has a negligible contribution to

the bone strength.

4.1 Experimental investigation of screw construct strength

This section includes the experimental investigations performed on commercially available polyurethane foam.

The strength of locking and non-locking screw constructs were evaluated under applied oblique, normal and shear

loads. The foam specimen with 0mm and 1mm cortical thicknesses were evaluated.

31
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Figure 4.1: Load patterns on plate-bone constructs

4.1.1 Oblique load

Construct strength without cortical layer

The oblique loading pattern was used because typical physiologic reaction force and load at the joints and

bones (Fig. 4.2a) are rarely parallel or normal to the screw axis [58].

The bone surrogate used in this study consisted of commercially available polyurethane based foam (Saw-

bones, Pacific Research Laboratories, Vashon Island, WA, USA). Three densities of closed cell foam were used

representing differing levels of osteoporotic cancellous bone (0.08 g cm−3, 0.16 g cm−3, and 0.32 g cm−3). The

foam sheets were processed into 40 mm by 40 mm by 60 mm specimens for experimental use. The sample size

was selected based on ASTM standards and published papers [53, 70]. Bone surrogate was used to represent can-

cellous bone because of its uniform and consistent material properties compared to the variability and difficulty

in handling fresh or cadaveric bone [71, 72]. The use of synthetic foam as a cancellous bone surrogate is well

established for experimental characterization of bone and screw failure [43, 42, 73, 74, 45, 75].



www.manaraa.com

33

Fibula

Talus
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(a) Oblique reaction load in fibular fracture fixation
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(b) Fixture (c) Overview of experimental setup

Figure 4.2: Experimental setup for oblique load pullout
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(a) Fixture including bone surrogate, plate, locking screw and locking drill guide
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(b) Screw locations relative to the fulcrum (in mm)

Figure 4.3: Fixture for surrogate bone and plate dimensions
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The experimental setup for strength under oblique loads consisted of a hybrid bone fixation plate (having

locking and conventional screw holes), screw mounted on bone surrogate specimens and a fixture (Fig. 4.3a). The

fixture was mounted to a Bionix servo-hydraulic testing frame (MTS Systems Corp, Eden Prairie, MN, USA). A

force was applied to the plate with a 2.4 mm diameter steel cable through the eighth hole in the plate. The pullout

load was measured with a 500N load cell placed in-line with the steel cable. The load was applied with traverse

rate of 5mm/min [45]. This pull-out rate was selected from a previous study by Zedro et al [45], who studied the

effects of pull-out rate on failure load. The data was acquired at a rate of 128 Hz.

For the locking screw and plate construct, two locking screws were inserted in the second and fourth locking

hole positions of the plate (Fig. 4.2 and Fig. 4.3a). 2.8 mm pilot holes were drilled through a drill guide into

the bone. A 32 mm 3.5 mm diameter, self-tapping locking screw was used in each hole. For the conventional

screw and plate construct, two conventional cancellous bone screws were assembled in the second and fourth hole

positions of the plate. A 32 mm, 4.0 mm diameter, fully threaded cancellous bone screw was used in each 2.5 mm

pilot hole.

Statistical calculations were made using R, a statistical software package (http://www.r-project.org/). The

two way anova analysis was performed to evaluate the main and interaction effect of bone density and a screw

construct type on failure load.

Results

It was observed that in both the conventional and locking constructs the construct strength increased with

increasing bone density. The experimental load-displacement curves for both constructs in the 0.08 g cm−3 and

0.16 g cm−3 specimens are shown in Fig. 4.4. The mean strength of each of these is given in anova box and

whisker plot (Fig. 4.5). For both densities (0.08 g cm−3 and 0.16 g cm−3), the conventional plate and screw

construct had a greater strength than the locking plate and screw construct ( 61.8± 9.8 N vs 46± 5.3 N, p=0.014)

and 161 ± 26 N vs 127 ± 14 N, p=0.011) ). The plate experienced plastic deformation for 0.32 g cm−3 density

specimen, so tests for this density were not repeated due to limited supply of plates.

For both the 0.08 g cm−3 and 0.16 g cm−3 specimens, there was a statistically significance difference (p values

of 0.014 and 0.011 respectively) between the two constructs which demonstrated that the conventional plate and

screw construct had a greater strength than the locking plate and screw construct. Moreover, the parallel (non-

intersecting) lines in the interaction plot (Fig. 4.6) shows that there is no interaction between the construct type

and bone density i.e, irrespective of the density the conventional screw construct was stronger that locked screw

construct.

Video observation of the experiments demonstrated that the conventional screw-plate constructs failed by

pullout and the locking screw-plate constructs failed by a combination of initial pullout followed by cut out. This is

reflected on the load-displacement curves as a sharp drop in the load (pullout failure) followed by a second, usually

lower, sustained peak strength follow by a slow failure (cut out failure). The observed cancellous pullout failure as



www.manaraa.com

36

0

30

60

90

120

150

180

-5 0 5 10 15 20

Displacement (mm)

Load
(N)

(a) 0.08g/cm−3 Conventional

0

30

60

90

120

150

180

-5 0 5 10 15 20

Displacement (mm)

Load
(N)

(b) 0.08g/cm−3 Locking

0

30

60

90

120

150

180

-5 0 5 10 15 20

Displacement (mm)

Load
(N)

(c) 0.16g/cm−3 Conventional

0

30

60

90

120

150

180

-5 0 5 10 15 20

Displacement (mm)

Load
(N)

(d) 0.16g/cm−3 Locking

Figure 4.4: Experimental results for oblique load (without cortex)

well as analysis of extracted material between the threads is consistent with that observed by Chatzistergos [76].

This study finds a difference in the strength between conventional and locking plate constructs in synthetic

osteoporotic bone. The conventional plate and screw constructs showed a greater strength than locking plate and

screw constructs. The difference was statistically significant in both osteoporotic densities that had sufficient test

data. This finding is contrary to the common assumption that locking plate constructs will provide greater strength

in osteoporotic bone. However, it consistent with the literature when other factors are considered including the

major diameter and screw pitch of the screw.

Screw design is an important contributor to the results of this study. The screw designs in this study were

selected because they are common combinations used clinically. This study demonstrates and confirms the im-

portance of screw design on construct strength. While much attention has been paid to developing locking plate

technology, screw design continues to prove itself worthy of future research. The implants available to surgeons

should therefore include several screw designs for each clinical scenario and for each type of plate-screw construct.

In addition, the failure mechanism depends on the loading scenario in addition to the construct. A common

orthopaedic mantra,“locking screws fail by cut out and conventional screws fail by pullout”, is not wholly accurate.

This may hold for plates attached to cylindrical bones and loaded axially (i.e. load perfectly parallel to screw axis)
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Figure 4.5: Box and whisker plot for peak (failure) oblique load (without cortex)

[22]. However, failure of the constructs is dependent on physiological load combinations and construct design. The

shear load causes the locking screws to cut out of the bone where the conventional screws may pull out. However,

under axial load both will fail by pure pullout. Thus, screw design is likely more important than the screw-plate

interface. The load- deformation curves for this oblique loading pattern, disagree with the argument that locking

plate biomechanics are better independent of bone density. Moreover, the parallel lines in the interaction plot

(Fig. 4.6) of anova outcomes demonstrates that there is no interaction effect between the bone density and the

screw-plate interface type. Thus, irrespective of the bone density always the conventional screw construct had the

greater strength.
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Figure 4.6: Interaction effect between construct type and bone density for oblique load (without cortex)

Construct strength with 1mm thick cortical layer

The oblique load experiment was repeated for a synthetic osteoporotic bone with 1mm cortical thickness (Fig.

4.7). The cortical layer consisted of short-fiber-filled epoxy sheets of 1.64 g cm−3density. The cancellous bone

was of 0.08 g cm−3density. It was observed that with a cortical bone layer, the locked screw construct has a

marginally higher mean strength (167 ± 14.7 N vs 154 ± 9.4 N, p=0.053) (Fig. 4.8). Moreover, the added

cortical bone significantly increased the failure load for both conventional and locked constructs ( 61.8± 9.8 N vs

167 ± 14.7 N and 46 ± 5.3 N vs 154 ± 9.4 N). It was also observed that the conventional screw-plate constructs

failed by pull out and the locking screw-plate constructs failed by a combination of initial pull out follow by the

cutout (Fig. 4.9). The cortical bone caused the cutout force to be higher compared to the pullout force.
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Figure 4.7: Experimental setup for oblique load pullout with cortical bone layer

Figure 4.8: Box and whisker plot for normal and oblique peak (failure) load (with cortex)
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Figure 4.9: Experimental results for oblique pull (with cortex)
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4.1.2 Normal load

Construct strength without cortical layer

The experiment under normal load was performed with the similar experimental setup as the oblique pullout.

The normal load was applied at 90 o to the plate (Fig. 4.10). For both densities (0.08 g cm−3 and 0.16 g cm−3),

the conventional plate and screw construct had a greater strength than the locking plate and screw construct (

47.8± 2.9 N vs 32.6± 6.7 N, p=0.0017 and 128± 10.6 N vs 104.8± 8.1 N, p=0.011)) (Fig. 4.11). There was a

statistically significance difference (p values of 0.0017 and 0.011 respectively) between the two constructs which

demonstrated that the conventional plate and screw construct had a greater strength than the locking plate and

screw construct. Moreover, the parallel (non-intersecting) lines in the interaction plot (Fig. 4.12) shows that there

is no interaction between the construct type and bone density i.e. irrespective of the density the conventional screw

construct was stronger that locked screw construct.

Figure 4.10: Experimental setup for normal load pullout with 1mm thick cortical layer

Construct strength with 1mm thick cortical layer

The normal load experiment was repeated for a synthetic osteoporotic bone with 1mm cortical thickness. It

was observed that with a cortical bone, the conventional construct was statistically stronger (123 ± 13.1 N vs

108 ± 7.6 N, p=0.021) (Fig. 4.8). Similar to what was observed in case of the oblique load, an addition of the

cortical bone significantly increased the pullout strength for both conventional and locking constructs (47.8±2.9 N

vs 123± 13.1 N and 32.6± 6.7 N vs 108± 7.6 N)
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Figure 4.11: Box and whisker plot for peak (failure) normal load (without cortex)

Figure 4.12: Interaction effect between construct type and bone density for normal load (without cortex)



www.manaraa.com

43

0

50

100

150

200

-5 0 5 10 15

Load
(N)

Displacement (mm)

Normal Conventional

1
2
3
4
5
6
7
8

(a) 0.08g/cm−3 Conventional

0

50

100

150

200

-5 0 5 10 15

Load
(N)

Displacement (mm)

Normal Locking

1
2
3
4
5
6
7
8

(b) 0.08g/cm−3 Locking

Figure 4.13: Experimental results for normal pull (with cortex)
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4.1.3 Shear load

Construct strength without cortical layer

The shear load was applied along the plate length (Fig. 4.14). The load frame crosshead was advanced at 5

mm/min to a displacement of 50 mm. The strength of the construct under shear load was investigated only with

0.08 g cm−3cancellous bone density due to the observed screw plastic deformation with the greater cancellous

bone densities and limited supply of the screw and plates. The shear strength of the locking screw construct

was significantly higher compared to the conventional screw construct (262 ± 35 N vs 145 ± 27 N, p=0.001)

(Fig. 4.15) which is opposite to what was observed under normal and oblique loading, where the conventional

screw construct had the greater strength. Under pure shear loads the screw plate interface type greatly affects the

strength of the construct. The screw diameter and pitch may not have a significant effect on the construct strength

under pure shear loads as screw pitch or thread surface area has a relatively lower contribution against bone shear

perpendicular to the screw axis.

Figure 4.14: Experimental setup for shear load
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Figure 4.15: Box and whisker plot for peak (failure) shear load (without cortex)
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Construct strength with 1mm thick cortical layer

The shear load experiment was repeated for a synthetic osteoporotic bone with 1mm cortical thickness. It was

observed that with a cortical bone, the locking screw construct was statistically much stronger (1450 ± 257 N

vs 910 ± 236 N, p=0.001) (Fig. 4.17). Similar to what observed in case of the oblique and normal loads, the

addition of the cortical bone significantly increased the shear strength for both conventional and locking constructs.

(1450±257 N vs 262±35 N and 910±236 N vs 145±27 N). Thus, the cortical bone had a significant contribution

to construct strength under shear load.
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Figure 4.16: Locking and conventional constructs under shear load (with cortex)
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Figure 4.17: Box and whisker plot for peak (failure) shear load (with cortex)

4.1.4 Effect of cortex on load angle vs. construct type relationship

The interaction plots for the specimen with and without cortex show the interaction effect between the load

type (normal vs oblique) and construct type (conventional vs locked). Parallel lines in Fig. 4.18 indicated that the

load type did not have any interaction with construct type when there was no cortex. Thus, for both normal and

oblique loads the conventional screw construct was stronger. However, the diverging (but not intersecting) lines

in Fig. 4.19 showed weak interaction effect when cortex was present. Thus, the conventional screw construct was

stronger under normal load and the locked screw construct had a greater strength under oblique load.
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Figure 4.18: Interaction effect between construct type and load type (without cortex, density=0.08gpcc)

Figure 4.19: Interaction effect between construct type and load type (with cortex)
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In summary, the conventional screw construct had the greater normal and oblique pullout strength. The locked

screw constructs were stronger against shear loads. A locking-screw has much finer (lower) thread pitch compared

to the conventional screw. However, increased shear area due to the lower pitch with locking screw did not offer

advantage under pullout loads (parallel to screw axis) due to relatively lower screw diameter, thread depth and

screw length compared to the conventional screw. Conversely, under the shear load (perpendicular to screw axis)

the screw geometry (ie, diameter, pitch and thread depth) do not offer a significant advantage, rather the screw-

plate interface (locking vs conventional) has an important contribution towards the cutout strength. Thus, the

locked screw construct is stronger due to the greater amount of effective material available against shear out with

fixed screw angle. An addition of the cortical bone significantly increased the strength for both conventional and

locking constructs. Moreover, the strength of all the constructs were increased with bone density as expected.

Hence, with a similar fixation device, fracture fixation performance is expected to be better with younger patients

than with older patients because bone mass density and cortical bone thickness decreases at older age.
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4.2 Finite element investigation of screw construct strength

The experimental outcomes provided the strength comparison between the locked and conventional screw

constructs. However, the details of load transfer mechanism at screw-bone interface can accurately be observed

through the finite element models. Thus, finite element analyses were performed on locking and conventional

screw constructs with cancellous screw geometry to complement the experimental investigations. The objective of

the finite element analysis was to isolate the influence of the screw-plate interface type on the constructs’ strength

with an identical screw design. Normal, oblique and shear loads were applied at the plate end to replicate the

experiments. The boundary conditions of the experimental setup were incorporated to restrain the movement of

the bone block against the applied load (Fig. 4.20). A half symmetry model was considered due to very high

computational time with full model. Moreover, the half symmetry was appropriate for the symmetric loading. The

bone block construct was meshed with first order hexahedral elements. The geometrical parameters of modeled

cancellous screw were identical to the screws utilized for experimental setup. Furthermore, the locking and con-

ventional screw-plate interfaces were modeled with abaqus BEAM and UJOINT connector elements as explained

in chapter 3 (Fig. 3.4). Finite element analysis was performed with the synthetic cancellous bone of densities

0.08 g cm−3, 0.16 g cm−3, 0.24 g cm−3and 0.32 g cm−3and 0mm (no cortex), 1mm and 2mm thick cortical bone

layers. Isotropic material properties were assumed for the synthetic bone (Tab. 4.1). The screw and plate were

also modeled with isotropic elastic steel properties (E=200,000Mpa). Abaqus surface to surface contacts were

defined at the screw-bone and plate-bone interfaces. The construct’s strength was evaluated based on the force

distribution into the bone at screw-bone interface. The uniform force distribution along the screw length represents

the efficient load bearing through the bone.

Table 4.1: Assumed bone material properties for elastic perfectly plastic analysis

Cancellous: Density Elastic modulus (Mpa) Yield strength (Mpa)
0.08 g cm−3 24.0 1.0
0.16 g cm−3 74.0 2.2
0.24 g cm−3 160.0 4.9
0.32 g cm−3 247.0 8.4

Cortical: Density Elastic modulus (Mpa) Yield strength (Mpa)
1.70 g cm−3 16700.0 157.0
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Figure 4.20: Finite element model boundary conditions
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The load-displacement plot from the finite element analysis was compared to the experimental data (Fig. 4.21).

The correlation validates the finite element model. The static finite element analysis failed to converse after the

load increased beyond failure limit due to the sudden drop in load with the greater strain.

Figure 4.21: Finite element vs experiment under normal load (Density=0.16 g cm−3)

4.2.1 Strength evaluation matrix

The uniformity of force distribution into the bone at screw-bone interface was evaluated as the construct

strength criteria. A uniform force distribution along the screw length demonstrates an efficient load bearing

through the bone-screw contact. Efficient load bearing leads to the lower bone plastic strain (i.e., permanent

material deformation) and lower plastic energy dissipation. For example, Fig. 4.22 shows the force distribution at

screw-bone interface under the normal load. The conventional screw experienced relatively more uniform force

distribution compared to the locking screw irrespective of the cortical bone presence. However, presence of the

cortical bone affected the load transfer mechanism (Fig. 4.22a vs Fig. 4.22b). Moreover, the conventional screw

carried a greater load within the "near cortical" region around the screw tip (Fig. 4.22b). Thus, the conventional

screw construct may sustain the greater external normal load before failure. The conventional screw caused less

bone plastic strain (Fig. 4.23) due to the uniform force distribution at the screw-bone interface. The total strain

plot shows the overall weight bearing mechanism comparison at the same applied external load (Fig. 4.24). The

conventional screw construct experienced relatively more uniform material strain than did the locked screw con-

struct. In addition, the plastic energy is the mechanical work consumed by plastic strain. At the assumed plastic
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energy dissipation of 0.5%, the conventional screw construct sustained the greater normal load compared to the

locking screw construct (220 N vs 150 N) (Fig. 4.25). Therefore, the conventional screw construct is stronger

compared to the lock screw construct under normal load.

Similarly, in rest of the chapter 4, construct strength were evaluated under normal, shear and oblique loads

based on these strength evaluation criteria.
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(a) Cortical thickness = 0mm

(b) Cortical thickness = 1mm

Figure 4.22: Pullout force (Fy) distribution over the threads ( The conventional screw experienced relatively more
uniform force distribution compared to the locking screw irrespective of the cortical bone presence and carried a
greater load within the "near cortical" region around the screw tip)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.23: Plastic strain under normal load (Cortex thickness=1mm) (The conventional screw caused less bone
plastic strain due to the uniform force distribution at the screw-bone interface)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.24: Total strain under normal load (Cortex thickness=0mm) (The conventional screw caused more uni-
form strain at screw-bone interface compared to the locked screw)
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Figure 4.25: Plastic energy dissipation comparison under normal load (The conventional screw construct sustained
the greater normal load compared to the locking screw construct at 0.5% plastic energy dissipation)
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The process of calculating a force distribution at screw-bone interface was automated using an abaqus python

script. The calculation process with a python script is shown in Fig. 4.26. A script reads the abaqus output file

(.odb) and extracts a thin bone layer (approx. 0.033mm thick) at the screw thread contact. Several free body cuts

(20 cuts per 1mm length) were than created along the axis of the extracted bone thread elements. At each of this

sections’ cuts the force components were calculated and recorded in text format (.rpt file). These text files were

processed by an octave script to create the "force vs screw length" plots.

Figure 4.26: The force extraction process using python script

4.2.2 Normal load

The normal pullout load was applied at the plate end (Fig. 4.20). In order to evaluate the load transfer mecha-

nism, the pullout force component (Fy) was plotted along the screw length. It was observed that the force transfer

mechanism at threads was not affected by the cancellous bone density (Fig. 4.27). Moreover, the conventional

screw caused a relatively more uniform force distribution along the screw length for the constructs with 0mm, 1mm

and 2mm cortex thicknesses (Fig. 4.27 to Fig. 4.29). Conversely, the locked screw experienced a non-uniform

load transfer i.e. the greater force concentration towards the tail of the screw. The uniform force distribution with

conventional screws leads to the lower bone strain (Fig. 4.30 to Fig. 4.32) and hence the lower plastic dissipation

(Fig. 4.34). The plastic strain plots (Fig. 4.33) compare the material damage for both construct types under the

same external load. The bone at conventional screw interface experienced a lesser and uniform damage. However,

the locked screw caused a greater and non-uniform damage. Thus, a conventional screw construct offer a greater
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strength compared to the lock screw construct under normal load. In addition, the uniformity of force distribution

and load transfer mechanism were affected by the cortex thickness. The percentage of load transfer through the

cortical bone increased with the cortex thickness (Fig. 4.28 vs Fig. 4.29). This provides a partial explanation for

why a healthy bone with a greater cortex thickness may form a stronger construct. (please see appendix sections

D.1, E.1 and F.1 for remaining of the force distribution, strain and plastic energy plots with normal load)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.27: Pullout force (Fy) distribution over the threads (cortex thickness = 0mm) ( The conventional screw
caused a relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.28: Pullout force (Fy) distribution over the threads (cortex thickness = 1mm) ( The conventional screw
caused a relatively more uniform force distribution along the screw length and carried a greater load within the
cortical bone region)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.29: Pullout force (Fy) distribution over the threads (cortex thickness = 2mm) ( The conventional screw
caused a relatively more uniform force distribution along the screw length and carried a greater load within the
cortical bone region)



www.manaraa.com

63

(a) Conventional screw construct

(b) Locking screw construct

Figure 4.30: Total strain under normal load (Bone density = 0.24 g cm−3, Cortex thickness=0mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.31: Total strain under normal load (Bone density = 0.32 g cm−3, Cortex thickness=1mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.32: Total strain under normal load (Bone density = 0.32 g cm−3, Cortex thickness=2mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.33: Plastic strain under normal load (Bone density = 0.32 g cm−3, Cortex thickness=1mm) (The conven-
tional screw caused less bone plastic strain due to the uniform force distribution at the screw-bone interface)
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Figure 4.34: Plastic energy dissipation comparison under normal load (The conventional screw construct sustained
the greater normal load compared to the locking screw construct at 0.5% plastic energy dissipation)
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The ’plastic failure initiation’ plots (Fig. 4.35) show the load transfer sequence through the cortical and

cancellous portion of the bone. Plastic strain limits of 0.8% for a cortical bone and 1% for a cancellous bone were

assumed failure initiation criteria [58]. It was observed that under the applied normal load a failure initiated at

the cancellous portion of the bone followed by the cortical bone failure. The cancellous bone failure initiated at

the lesser load with the locked screw compared to the conventional screw construct (17 N vs 32 N). Moreover,

the failure initiation from a cancellous bone region indicates that initially the construct strength rely more on the

cancellous bone followed by the load bearing through the cortical bone layer. The delayed failure initiation of

cortical bone with the locked screw construct compared to the conventional screw construct (97 N vs 61 N) shows

an inactivity of the cortical bone during an initial load bearing. Therefore, an overall strength of the locked screw

construct was compromised through the greater cancellous bone damage (plastic strain). Moreover, this failure

sequence within the cortical and cancellous bone regions showed a similar trend for all analyzed cancellous bone

densities and cortex thicknesses (Fig. 4.35 vs Fig. 4.36). Thus, irrespective of the bone quality (i.e. cancellous

densities and cortex thicknesses) the conventional screw construct offered the greater strength under the applied

normal load. (Please see appendix section G.1 for rest of the plastic strain plots with normal load).

Figure 4.35: Plastic strain for the failure initiation under normal load (Cancellous density = 0.16 gpcc, cortex
thickness=1mm)
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Figure 4.36: Plastic strain for the failure initiation under normal load (Cancellous density = 0.16 gpcc, cortex
thickness=2mm)

4.2.3 Shear load

The shear load was applied at the plate end (Fig. 4.20). In order to evaluate the load transfer mechanism, the

shear force component (Fx) and bending moment (Mz) were plotted along the screw length. It was observed that

the locked screw experienced a more uniform force moment distribution along the screw length for the constructs

with 0mm, 1mm and 2mm cortex thicknesses (Fig. 4.37 to Fig. 4.41). Conversely, the conventional screw

experienced a non-uniform load distribution i.e. the greater force towards the screw extremes. The uniform force

distribution with locked screws leads to the lower and more uniform bone strain (Fig. 4.42 to Fig. 4.44) and hence

lower plastic dissipation (Fig. 4.46). In the contrary, the conventional screw resulted greater and more non-

uniform bone damage. Thus, a locked screw construct offered a greater strength compared to the conventional

screw construct under shear load. In addition, the uniformity of force distribution and load transfer mechanism

were affected by the cortex thickness. The percentage of load transfer through the cortical bone increased with the

cortex thickness (Fig. 4.38 vs Fig. 4.39). (please see appendix sections D.2, E.2 and F.2 for the remaining force

distribution, strain and plastic energy plots with shear load)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.37: Shear force (Fx) distribution over the threads (cortex thickness = 0mm) ( The locked screw caused a
relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.38: Shear force (Fx) distribution over the threads (cortex thickness = 1mm) ( The locked screw caused a
relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.39: Shear force (Fx) distribution over the threads (cortex thickness = 2mm) ( The locked screw caused a
relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.40: Moment (Mz) distribution over the threads (cortex thickness = 0mm) ( The locked screw caused a
relatively more uniform moment distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.41: Moment (Mz) distribution over the threads (cortex thickness = 1mm) ( The locked screw caused a
relatively more uniform moment distribution along the screw length)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.42: Total strain under shear load (Bone density = 0.24 g cm−3, Cortex thickness=0mm) (The locked
screw caused more uniform strain at screw-bone interface compared to the conventional screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.43: Total strain under shear load (Bone density = 0.24 g cm−3, Cortex thickness=1mm) (The locked
screw caused more uniform strain at screw-bone interface compared to the conventional screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.44: Total strain under shear load (Bone density = 0.32 g cm−3, Cortex thickness=2mm) (The locked
screw caused more uniform strain at screw-bone interface compared to the conventional screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.45: Plastic strain under shear load (Bone density = 0.32 g cm−3, Cortex thickness=1mm)
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Figure 4.46: Plastic energy dissipation comparison under shear load (The locked screw construct sustained the
greater shear load compared to the conventional screw construct at assumed 0.5% plastic energy dissipation)
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The plastic failure initiation plot (Fig. 4.47) shows the shear load transfer sequence through the cortical and

cancellous portion of the bone. For the conventional screw construct the failure initiated at the cancellous portion

of the bone followed by a cortical failure (250 N vs 410 N). Conversely, with the locked screws the cortical bone

failure initiated first followed by the cancellous bone failure at relatively greater load (350 N vs 470 N). Therefore,

with the conventional screws an initial load bearing is done through the cancellous bone followed by the cortical

bone. However, locked screws transferred initial load to the cortex followed by the cancellous bone. Thus, the

initial load bearing through the cortex makes the locked screw a stronger construct compared to the conventional

screw construct, where the initial strength relied on cancellous bone. Moreover, this failure sequence within the

cortical and cancellous bone regions showed a similar trend for all analyzed cancellous bone densities and cortex

thicknesses (Fig. 4.47 vs Fig. 4.48). Thus, irrespective of the bone quality (i.e. cancellous densities and cortex

thicknesses) the locked screw construct offered the greater strength under applied shear load. (please see appendix

section G.2 for the remaining plastic strain plots with shear load)

Figure 4.47: Plastic strain for the failure initiation under shear load (Cancellous density = 0.08 gpcc, cortex
thickness=1mm)
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Figure 4.48: Plastic strain for the failure initiation under shear load (Cancellous density = 0.08 gpcc, cortex
thickness=2mm)

4.2.4 Oblique load

The oblique pullout load was applied to the plate end at 45 oto the normal load direction (Fig. 4.20). The con-

ventional screw experienced relatively more uniform force distribution along the screw length for the constructs

with 0mm, 1mm and 2mm cortex thicknesses (Fig. 4.49 to Fig. 4.51). Conversely, the locked screw experienced a

non-uniform load transfer i.e. a greater force towards the screw tail. The uniform force distribution with conven-

tional screws leads to the lower bone strain (Fig. 4.52 to Fig. 4.54) and hence lower plastic dissipation (Fig. 4.56).

Thus, a conventional screw construct offered the greater strength compared to the locked screw construct under

oblique load. (please see appendix sections D.3 and F.3 for the remaining force distribution, strain and plastic

energy plots with oblique load)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.49: Force (Fy) distribution over the threads under oblique load (cortex thickness = 0mm) ( The conven-
tional screw caused a relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.50: Force (Fy) distribution over the threads under oblique load (cortex thickness = 1mm) ( The conven-
tional screw caused a relatively more uniform force distribution along the screw length)
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(a) Cancellous density = 0.16gpcc

(b) Cancellous density = 0.32gpcc

Figure 4.51: Force (Fy) distribution over the threads under oblique load (cortex thickness = 2mm) ( The conven-
tional screw caused a relatively more uniform force distribution along the screw length)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.52: Total strain under oblique load (Bone density = 0.24 g cm−3, Cortex thickness=0mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.53: Total strain under oblique load (Bone density = 0.32 g cm−3, Cortex thickness=1mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.54: Total strain under oblique load (Bone density = 0.24 g cm−3, Cortex thickness=2mm) (The conven-
tional screw caused more uniform strain at screw-bone interface compared to the locked screw)
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(a) Conventional screw construct

(b) Locking screw construct

Figure 4.55: Plastic strain under oblique load (Bone density = 0.32 g cm−3, Cortex thickness=1mm) (The conven-
tional screw caused less bone plastic strain due to the uniform force distribution at the screw-bone interface)
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Figure 4.56: Plastic energy dissipation comparison under oblique load
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The plastic failure initiation plots (Fig. 4.57) show that for both the construct types (locked and conventional)

the cancellous portion of the bone started failing first followed by the cortical bone failure at relatively greater

loads. However, the locked screw construct experienced cancellous bone failure initiation at comparatively lower

loads which makes the conventional construct relatively stronger.

Figure 4.57: Plastic strain for the failure initiation under oblique load (Cancellous density = 0.08 gpcc, cortex
thickness=1mm)

4.2.5 Conclusions

In summary, the finite element analysis outcomes showed that the uniformity of force distribution at the bone-

screw interface and the bone plastic strain distribution determined the construct strength behavior. The locking

screw construct provided the greater strength under shear load and the conventional screw construct offered greater

strength under the normal and oblique pullout loads for the analyzed cortex thicknesses, cancellous bone densities

and screw diameter. Furthermore, the load transfer mechanism (the force distribution) at screw-bone interface was

affected by the cortical bone thickness.
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Chapter 5

Surgeon perception and its influence on

fracture fixation quality

In addition to pullout strength, the fracture fixation stability of conventional (non-locking) plate is related to

the ability of a construct to resist the motion between the plate and bone [21, 10, 22]. Sufficient friction between

the plate and bone is required to resist this motion is dictated by generating adequate compressive force at the

plate-bone interface. This compression is directly proportional to the applied torque [21]. Moreover, the stripped

bone due to the screw over-tightening can significantly compromise the construct stiffness [48] and strength [49].

The axial compression generated between the bone and plate primarily depends on the bone quality (i.e. bone

density). Hence, achieving stable fixation can be difficult in osteoporotic bone. In these situations, a surgeon’s

goal is to achieve torque that maximizes plate-bone compression without compromising the structural stability of

the fixation.

5.1 Effect of applied torque (pre-tension) on construct strength

The screw tightening (torque) effect on the conventional screw construct strength was evaluated using finite

element model with different pre-tension levels applied to the screws. The force distributions at screw-bone

interface were compared for 0N, 500N and 1000N pre-tensions. The analysis outcome shows that the pre-tension

increases the bone stress which decreases the stress margins available to carry additional load (Figs. 5.1 and 5.2).

Hence, the construct strength also relies on the surgeon’s perception to apply an optimum torque. Therefore, the

next section includes an experimental investigation performed to evaluate the surgeons’ ability to perceive bone

stripping.
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Figure 5.1: Effect of pre-tension on force at screw-bone interface (Cancellous density = 0.24 gpcc, cortex thick-
ness=0mm)
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Figure 5.2: Effect of pre-tension on force at screw-bone interface (Cancellous density = 0.24 gpcc, cortex thick-
ness=1mm)



www.manaraa.com

94

5.2 Evaluation of surgeon ability to perceive optimum torque in synthetic

cancellous bones

Ten orthopaedic (five residents and five attending surgeons) of varying experience who have completed the AO

basic course and are skilled with common fracture fixation practices were voluntarily recruited. Prior to test, the

plates were loosely mounted on the bone blocks (40 mm by 40 mm by 130 mm ) with screws initiated into each

of eight pre-drilled holes (2.5 mm). The pre-drilled holes were at least five screw diameters from the nearest edge

and all testing parameters were set according to the ASTM F 543-07 Standard Specification and Test Methods for

Metallic Medical Bone Screws. The constructs were secured to the reaction torque load cell with the pre-drilled

hole positioned to ensure accurate torque measurements (Fig. 5.3).

Fixture

Surrogate bone

Axial force  transducer

Torque transducer

Figure 5.3: Surgeon evaluation test setup

Each surgeon inserted the cancellous bone screw using standard technique that simulates intraoperative fracture

fixation to achieve maximum construct stability. Each surgeon placed eight screws into each of three different

surrogate bone densities (0.08 g cm−3, 0.16 g cm−3, and 0.32 g cm−3). The screw was aligned with the axis of

the transducer prior to each screw insertion. After insertion of each screw, they were then be asked to a) rate the

screw purchase on a scale of 1 to 10, b) report what percentage of maximum torque was achieved, and c) identify

whether or not the bone was stripped during insertion. At the end of each screw insertion by surgeon, while

surgeon was answering the mentioned three questions in data sheet, the investigator finished rest of the turns to

strip the bone. For each screw, the largest torque achieved by both the surgeon (TS) and the investigator (TI) were
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compared, the greater being the maximum torque (TM). These values were determined within the appropriate time

intervals depicted in (Figs. 5.4 and 5.5). If TI was greater than TS, the screw was deemed to have not stripped

by the surgeon. If TS was greater than TI, the surgeon had advanced the screw past TM and it was deemed to

be stripped. This processed was followed for each screw insertion in order to check the perceptions about bone

stripping. All the data was acquired using Labview express and portable wireless data acquisition system and

was post-processed using MATLAB. Statistical calculations were made using R, a statistical software package

(http://www.r-project.org/).

Figure 5.4: Bone stripped by surgeon (TS<TI)

Observations from post processed data

The data was post processed to investigate the surgeons’ proficiency in optimizing peak torque, the effect of

axial force on max torque, the influence of years of surgical practice, as well how often the screws were stripped

for each bone density. Plots for surgeon’s max torque for each screw insertion (total of 240 screw insertions for 10

surgeons each with three surrogate bone densities) and investigators max torque with corresponding axial forces

were examined (for example Fig. 5.6). The standard deviation and mean max torque plots for each densities ate

shown in (Fig. 5.9 to Fig. 5.11).
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Figure 5.5: Bone not stripped by surgeon (TS>TI)
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Figure 5.6: Effects of applied axial force and bone density (0.08g/cm−3)
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Figure 5.7: Effects of applied axial force and bone density (0.16g/cm−3)
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Figure 5.8: Effects of applied axial force and bone density (0.32g/cm−3)
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Figure 5.9: Max torque and standard deviation (0.08g/cm−3)
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Figure 5.10: Max torque and standard deviation (0.16g/cm−3)
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Figure 5.11: Max torque and standard deviation (0.32g/cm−3)
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Screw stripping

Surgeons stripped 109 of 240 (45%) screws. Significant relationships were not found between the incidence

of screw stripping and density (p = 0.1862) (Tab. 5.1), nor between screw stripping and surgical rank (attending

vs. resident, p = 0.4366) (Tab. 5.2). However, there was a statistically significant correlation between individual

surgeons and the incidence of stripping (p = 0.0001), demonstrating that some surgeons frequently over-tightened

screws and other surgeons did so much less often (Tab. 5.3). Moreover, screw stripping was also found to be

related to order of insertion (p = 0.0218), they did not strip the first very often but get worse after that (Tab. 5.4).

In addition, no significant relationship was found between axial force and stripping at the measured load levels

(p = 0.3174). However, surgeons had tendency to apply more axial force for higher bone density (i.e. with good

quality bones).

Table 5.1: Relationship of stripping with density

Density Stripped Not Stripped
low (0.08 g cm−3) 33 47

medium (0.16 g cm−3) 43 37
high (0.32 g cm−3) 33 47

Table 5.2: Relationship of stripping with rank of surgeon

Rank Stripped Not Stripped
Resident 58 62

Attending 51 69

Table 5.3: Importance of individual surgeon to stripping

Order Stripped Not Stripped
Surgeon 1 9 15
Surgeon 2 20 4
Surgeon 3 17 7
Surgeon 4 11 13
Surgeon 5 8 16
Surgeon 6 10 14
Surgeon 7 10 14
Surgeon 8 4 20
Surgeon 9 5 19
Surgeon 10 15 9
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Table 5.4: Importance of screw sequence

Order Stripped Not Stripped
1 5 25
2 11 19
3 13 17
4 15 15
5 16 14
6 19 11
7 15 15
8 15 15
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Percentage of Tmax acheived

Surgeons achieved a mean of 81.2% of maximum torque (standard deviation 16.0) with the 131 screws that

were not stripped. In addition, there seems to be consistency in the data to support that the measurements are

correct. For the different densities, the means and standard deviation are consistent and close to what was measured

with the load frame (Tab. 5.5).

Table 5.5: Mean max. torque +/- standard deviation

Density Surgeon (N-mm) Load frame (N-mm)
low (0.08 g cm−3) 154± 20.97 167± 13

medium (0.16 g cm−3) 454.3± 46.30 484± 70
high (0.32 g cm−3) 1386± 121.38 1480± 48

Surgeon Recognition of stripping

Surgeons were poor at identifying when they had stripped a screw. They correctly identified only 10 of 109

stripped screws. Seven of 131 screws were incorrectly reported to be stripped and 6 of these were reported by the

same surgeon.

In summary, this study finds that surgeons stripped 45.4% of screws placed into synthetic cancellous bone and

were generally unable to recognize it. The higher bone stripping rate and poor surgeon’s perception about optimal

screw insertion torque can lead to the poor fracture fixation. A significant drop in screw pullout strength due to

the screw tightening beyond yield torque can significantly reduce the fracture fixation strength.
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Chapter 6

Summary

This dissertation investigated the stiffness and strength of the non-locking (conventional) and locking (fixed

angle) type screw-plate constructs and some of the factors that contribute to them, such as screw-plate interface,

screw design, bone density, cortical bone thickness and load orientation. Additionally, the surgeon’s ability to

prevent and perceive stripping of the bone while driving screws was evaluated. Finite element analyses and

experiments were performed for these investigations.

The type of construct was found to have a minimal effect on the stiffness of the construct, whereas the plate

geometry had a larger influence. There was a negligible difference in construct stiffness between conventional and

fixed angle screw constructs for a five screw neutralization plate when the plate geometry was identical. Thus,

locked screw heads did not offer superiority in the biomechanical stiffness of the plate. This result is significant

to clinical practice as the stiffness is used to judge stability and quality of fixation. A locked fibular neutralization

plate allowed more displacement of the distal fibula than was allowed by the lateral periarticular distal fibular plate

with locked screws. Thus, the stiffness of the construct was found to be dependent on plate geometry (thickness)

and/or the number of screws used to hold the fracture.

The finite element analysis outcomes showed that the uniformity of force distribution at the bone-screw inter-

face and the bone plastic strain distribution determined the construct strength behavior. A uniform force distribu-

tion at screw-bone interface demonstrates an efficient load bearing through the bone. This uniform load bearing by

the bone leads to the lesser bone damage (plastic strain). The locking screw construct provided the greater strength

under shear load and the conventional screw construct offered greater strength under the normal and oblique loads

for the analyzed cortex thicknesses, cancellous bone densities and screw diameters. Moreover, the load carried

through the cancellous bone increased with density as expected. The uniformity of force distribution and load

transfer mechanism were affected by the cortex thickness. Furthermore, the percentage fraction of load transfer

through the cortical bone increased with the cortex thickness.

A similar trend was observed from the experiments performed to investigate the construct strength. The con-
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ventional screw construct had the greater strength against normal and oblique loads. The locked screw constructs

were stronger against shear loads. The strength of all the constructs were increased with bone density. Hence,

with a similar fixation device, fracture fixation performance is expected to be better with younger patients than

with older patients because bone mass density decreases at older age. Video observation of the experiments

demonstrated that under oblique (combined normal and shear) load, the conventional screw-plate constructs failed

by pullout and the locking screw-plate constructs failed by a combination of initial pullout followed by cut out.

Moreover, under pure shear load, the locked screw construct performed better than the conventional screw con-

struct due to the greater material resistance against pure cut-out. Also the screw design has a major effect on the

pullout strength.

In non-locking plates, construct stability relies on the friction between the plate and bone. This friction is con-

trolled by the compressive force produced through applied screw torque. The finite element analysis demonstrated

that an over-tightened (higher pre-tension) screw deteriorates the load carrying ability of the bone. In addition, the

surgeons’ perception was poor to prevent and perceive bone stripping. Furthermore, the maximum torque achieved

before stripping is surgeon dependent and surgeons stripped bone more frequently than they perceived.

This research will help enhance engineers’ and surgeons’ knowledge of the mechanics of fracture fixation.

While much attention has been paid to developing expensive locking plate technology, it may not be appropriate

to claim superiority of the locked plating over the conventional plates for all the fracture fixation scenarios. This

research demonstrates that the conventional screw with greater thread diameter may provide an equivalent or

better performance for the fracture fixation experiencing pullout loads. Therefore, the research outcomes will also

provide a reference for the appropriate device selection (locking or conventional) as per the physiological fracture

location. In addition, the surgeon perception is found to be an important factor that may compromise the fixation

stability. Thus, there is a scope of the future work to quantify factors affecting surgeons’ perception, optimal

torque and bone stripping.
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Chapter 7

Future research

It was observed that incident of stripping is related to individual surgeon. The reason for higher stripping

rate can be the absence of an indicator (or feedback system) which can stop surgeons from over-tightening the

conventional screw. Thus, ongoing research about the screw tightening device with live feedback of screw insertion

torque curve may help reduce stripping rate. Surgeons will be able to visualize the process of torque application on

the screen and stop driving screw further before maximum torque is achieved. Furthermore, surgeons’ perception

about bone stripping was evaluated with the assumption of an extremely osteoporotic bone (cortical bone absent).

Therefore, future investigations can be performed on specimen with cortical bone.

The bone stripping can be avoided by using the locked screw. However, use of locked screw can eliminate

some of the advantages of the conventional screw, such as loss of tactile feel when inserting a screw in the bone,

and loss of ability to use the plate as a reduction tool. The conventional plate may offer a more stable construct by

increasing pullout resistance with an additional anti-pullout nut (Fig. 7.1) at the screw tail.

Figure 7.1: A combination of conventional plate with anti-pullout nut
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Moreover, the addition of threaded nut may alleviate the construct’s dependence on bone quality for screw

purchase/holding. The plate construct may include at least two bi-cortical screws with nut on the either side of

the fracture location (as shown in Fig. 7.1) along with the rest of the uni-cortical screws. Two bi-cortical screws

may reduce the magnitude of the pullout forces transferred to other screws due to increased pullout resistance.

Therefore, the proposed construct may help create stable fixation in poor quality osteoporotic bone.

In current research the construct strength was evaluated on the bone blocks with assumed flat (non-curved)

bone-plate contact surface. Moreover, the symmetric loadings such as bending and shear loads were applied.

Thus, the research can be continued with the cylindrical specimen under non-symmetric loading such as torsion

load.

The continuum solid assumption for cancellous bone in the current research limits the investigation to be

interpreted at the macroscopic level, rather than at the scale of individual trabeculae. Thus, there is a scope of

future research to model the cancellous bone with micro-structural details in order to study more realistic failure

at screw–bone interface. Also, isotropic material properties were assumed for the bone to evaluate the construct

strength. Future investigation can be performed with directionally dependent bone properties. Furthermore, future

experiments can be performed with greater than two screws and with identical screw geometries for locked and

conventional constructs.

This dissertation evaluated the strength of the construct under static load to simulate the construct failure under

static loads. Future research can consider cyclic loading to evaluate the failure under fatigue loads.
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Appendix A

Glossary of orthopaedic terms

References [58, 77]

Osteosynthesis: A surgical procedure that stabilizes and joins the ends of fractured (broken) bones by mechanical

devices such as metal plates, pins, rods, wires or screws.

Splinting: A technique to secure the part of the body that is injured to decrease further damage or injury.

Callus: A new growth of osseous matter at the end of fractured bone, serving to unite them.

Nonunion: A fracture that fails to heal in a reasonable amount of time is called a nonunion.

Malunion:A fracture that does not heal in a normal alignment is called a malunion.

Delayed lunion: A fracture that takes longer to heal than expected is a delayed union.

Cortical bone: Cortical bone, synonymous with compact bone forms the cortex or outer shell of bones.

Cancellous bone: Cancellous bone, synonymous with trabecular bone or spongy bone forms inner portion of

bone. It is highly vascular and contains red bone marrow.

Interosseous membrane: A broad and thin plane of fibrous tissue that separates many of the bones of the body.

Proximal aspect: Nearest to the top of the body. Usually only used in conjunction with the bones of appendicular

skeleton. Thus, we talk of the proximal femur, which is at the hip joint.

Distal aspect: The opposite to the proximal – nearest to the bottom of the body. The distal femur, for example, is

at knee joint.

Inferior: Beneath or lower.

Superior: opposite of inferior.

Lateral: The part closest to the outside of the body or farthest from the body’s midline. So the lateral aspect of

the femur is on the outside of your (left or right) thigh.

Medial: Opposite of lateral – the part closest to the midline of the body.

Anterior: Before or in front.

Posterior: Behind or in back.

114



www.manaraa.com

115

Dorsal: Near or on the back.

Ventral: Near or on the anterior

Flexion: A folding movement in which the anterior angle between two bones is decreased. It generally means

that you are moving bone closer to the body with respect to its anatomical position.

Extension: The opposite of flexion - an increase in anterior angle between two bones.

Abduction: Movement away from middle line of the body. Usually in frontal plane.

Adduction: Movement toward the middle line of the body. Usually in frontal plane.
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Appendix B

Comparison of displacement contours of

the distal fibula

B.1 Displacement contours for comminuted fracture

max|∆~u|= 2.02mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 2.07 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 1.26 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.1: Displacement (|∆~u|) due to fibulotalar reaction load with comminuted fracture
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max|∆~u| = 1.67 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 1.68 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 1.20 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.2: Displacement (|∆~u|) due to cotton test load with comminuted fracture

max|∆~u|= 14.27 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 13.99 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 14.55 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.3: Displacement (|∆~u|) due to external rotation moment with comminuted fracture
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B.2 Displacement contours for danis-weber B fracture

max|∆~u|= 1.50 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 1.29 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 1.65 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.4: Displacement (|∆~u|) due to fibulotalar reaction load with danis-weber B fracture

max|∆~u|= 1.34 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 1.21 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 1.73 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.5: Displacement (|∆~u|) due to cotton test load with danis-weber B fracture
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max|∆~u|= 7.66 mm

(a) Neutralization plate
with conventional
screws

max|∆~u|= 8.09 mm

(b) Neutralization plate
with locked screws

max|∆~u|= 6.20 mm

(c) Lateral periarticular
distal fibular plate with
locked screws

Figure B.6: Displacement (|∆~u|) due to external rotation moment with danis-weber B fracture
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Comparison of construct stiffnesses about

the fracture plane

C.1 Stiffness for comminuted fracture
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Figure C.0: Relative motion of the comminuted fracture surfaces due to the applied fibulotalar load
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Figure C.0: Relative motion of the comminuted fracture surfaces due to the applied cotton test load
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Figure C.0: Relative motion of the comminuted fracture surfaces due to the applied external moment
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C.2 Stiffness for danis-weber B fracture
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Figure C.0: Relative motion of the Danis-weber B fracture surfaces due to the applied fibulotalar load
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Figure C.0: Relative motion of the Danis-weber B fracture surfaces due to the applied cotton test load
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Figure C.0: Relative motion of the Danis-weber B fracture surfaces due to the applied external moment
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Appendix D

Force distribution at screw bone interface

D.1 Normal load

Figure D.1: Pullout force (Fy) distribution at screw bone interface under normal load ( Cancellous density =
0.08gpcc, cortex thickness=0mm)
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Figure D.2: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.16gpcc, cortex thickness=0mm)
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Figure D.3: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.24gpcc, cortex thickness=0mm)
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Figure D.4: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.32gpcc, cortex thickness=0mm)
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Figure D.5: Pullout force (Fy) distribution at screw bone interface under normal load ( Cancellous density =
0.08gpcc, cortex thickness=1mm)
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Figure D.6: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.16gpcc, cortex thickness=1mm)
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Figure D.7: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.24gpcc, cortex thickness=1mm)
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Figure D.8: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.32gpcc, cortex thickness=1mm)



www.manaraa.com

141

Figure D.9: Pullout force (Fy) distribution at screw bone interface under normal load ( Cancellous density =
0.08gpcc, cortex thickness=2mm)
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Figure D.10: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.16gpcc, cortex thickness=2mm)
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Figure D.11: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.24gpcc, cortex thickness=2mm)
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Figure D.12: Pullout force (Fy) distribution at screw bone interface under normal load (Cancellous density =
0.32gpcc, cortex thickness=2mm)
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D.2 Shear load

Figure D.13: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.16gpcc,
cortex thickness=0mm)
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Figure D.14: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.24gpcc,
cortex thickness=0mm)
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Figure D.15: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.32gpcc,
cortex thickness=0mm)
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Figure D.16: Shear force (Fx) distribution at screw bone interface under shear load ( Cancellous density =
0.08gpcc, cortex thickness=1mm)
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Figure D.17: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.16gpcc,
cortex thickness=1mm)
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Figure D.18: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.24gpcc,
cortex thickness=1mm)
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Figure D.19: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.32gpcc,
cortex thickness=1mm)
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Figure D.20: Shear force (Fx) distribution at screw bone interface under shear load ( Cancellous density =
0.08gpcc, cortex thickness=2mm)
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Figure D.21: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.16gpcc,
cortex thickness=2mm)
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Figure D.22: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.24gpcc,
cortex thickness=2mm)
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Figure D.23: Shear force (Fx) distribution at screw bone interface under shear load (Cancellous density = 0.32gpcc,
cortex thickness=2mm)
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D.3 Oblique load

Figure D.24: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.16gpcc, cortex thickness=0mm)
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Figure D.25: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.24gpcc, cortex thickness=0mm)
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Figure D.26: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.32gpcc, cortex thickness=0mm)
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Figure D.27: Pullout force (Fy) distribution at screw bone interface under oblique load ( Cancellous density =
0.08gpcc, cortex thickness=1mm)
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Figure D.28: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.16gpcc, cortex thickness=1mm)



www.manaraa.com

161

Figure D.29: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.24gpcc, cortex thickness=1mm)



www.manaraa.com

162

Figure D.30: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.32gpcc, cortex thickness=1mm)
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Figure D.31: Pullout force (Fy) distribution at screw bone interface under oblique load ( Cancellous density =
0.08gpcc, cortex thickness=2mm)
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Figure D.32: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.16gpcc, cortex thickness=2mm)
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Figure D.33: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.24gpcc, cortex thickness=2mm)
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Figure D.34: Pullout force (Fy) distribution at screw bone interface under oblique load (Cancellous density =
0.32gpcc, cortex thickness=2mm)
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Appendix E

Total strain comparison plots

E.1 Normal load
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.1: Total strain under normal load (Bone density = 0.08 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.2: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.3: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.4: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.5: Total strain under normal load (Bone density = 0.08 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.6: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.7: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.8: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.9: Total strain under normal load (Bone density = 0.08 g cm−3, Cortex thickness=2mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.10: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=2mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.11: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=2mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.12: Total strain under normal load (Bone density = 0.16 g cm−3, Cortex thickness=2mm)



www.manaraa.com

180

E.2 Shear load



www.manaraa.com

181

(a) Conventional screw construct

(b) Locking screw construct

Figure E.13: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.14: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.15: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=0mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.16: Total strain under shear load (Bone density = 0.08 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.17: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.18: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.19: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=1mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.20: Total strain under shear load (Bone density = 0.08 g cm−3, Cortex thickness=2mm)



www.manaraa.com

189

(a) Conventional screw construct

(b) Locking screw construct

Figure E.21: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=2mm)
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(a) Conventional screw construct

(b) Locking screw construct

Figure E.22: Total strain under shear load (Bone density = 0.16 g cm−3, Cortex thickness=2mm)



www.manaraa.com

Appendix F

Plastic energy to total work ratio plots

F.1 Normal load

Figure F.1: Plastic energy dissipation comparison under normal load (cortex thickness=0mm)

191



www.manaraa.com

192

Figure F.2: Plastic energy dissipation comparison under normal load (cortex thickness=2mm)
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F.2 Shear load

Figure F.3: Plastic energy dissipation comparison under shear load (cortex thickness=0mm)
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Figure F.4: Plastic energy dissipation comparison under shear load (cortex thickness=2mm)



www.manaraa.com

195

F.3 Oblique load

Figure F.5: Plastic energy dissipation comparison under obliq load (cortex thickness=0mm)
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Figure F.6: Plastic energy dissipation comparison under obliq load (cortex thickness=2mm)
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Appendix G

Plastic strain at the falure initiation

G.1 Normal load

Figure G.1: Plastic strain for the failure initiation (Cancellous density = 0.08 gpcc, cortex thickness=1mm)
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Figure G.2: Plastic strain for the failure initiation (Cancellous density = 0.24 gpcc, cortex thickness=1mm)

Figure G.3: Plastic strain for the failure initiation (Cancellous density = 0.32 gpcc, cortex thickness=1mm)
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Figure G.4: Plastic strain for the failure initiation (Cancellous density = 0.08 gpcc, cortex thickness=2mm)

Figure G.5: Plastic strain for the failure initiation (Cancellous density = 0.24 gpcc, cortex thickness=2mm)
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Figure G.6: Plastic strain for the failure initiation (Cancellous density = 0.32 gpcc, cortex thickness=2mm)
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G.2 Shear load

Figure G.7: Plastic strain for the failure initiation (Cancellous density = 0.16 gpcc, cortex thickness=1mm)
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Figure G.8: Plastic strain for the failure initiation (Cancellous density = 0.24 gpcc, cortex thickness=1mm)

Figure G.9: Plastic strain for the failure initiation (Cancellous density = 0.24 gpcc, cortex thickness=2mm)
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Appendix H

HSIRB approval forms
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