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ABSTRACT 
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DMV, MSc, Dip. ACVS, Dip. ECVS 

 

This study investigated a comprehensive examination of plate strain under realistic fracture 

configurations. The effect of plate working length, plate contact, fracture length and position on 

strain was evaluated using bone surrogates subjected to “load controlled”, non-destructive 

conditions. We hypothesized that under load-controlled conditions, plates with a long working 

length would experience greater or equal strain as plates with short working length. Five 3.5mm 

LCP™ plates were instrumented with 6 strain gauges and nine fracture models were created 

using bone surrogate, each representing a combination of the criteria under study: long vs. short 

working length, degree of plate compression, fracture location and fracture length. The 

constructs were cyclically loaded at a rate of 5mm/min to 50N, 100N and 200N and strain was 

recorded at each of the calibrated gauges. In all symmetrical models, strain was noted to be 

highest over the fracture gap. Increasing the plate working length increased strain at higher loads 

and increased strain on the plate adjacent to the fracture gap. A shorter fracture gap with a long 

working length only had a negligible protective effect at higher loads as the surrogate contacted 

the plate during bending. Elevating the plate from the bone increased strain in all configurations. 

Fracture location had minimal effect on plate strain. Overall, a shorter working length reduced 

strain on the plate over the span of the plate. 
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CHAPTER I- Literature Review 
 

1. Basic Biomechanics  

There are several principles and terminology that are of the utmost importance when 

understanding orthopedic implants and fracture repair. The first, and one of the most important 

concepts is relationship between the load applied to a construct or structure and the deformation 

that results from this load. This relationship is often graphically represented by the stress-strain 

curve when materials are being tested or the load/deformation curve when constructs or more 

complex structures are being investigated.    

1.1.1 Stress & Strain 

A load, or force, is a measurable vector requiring both a magnitude and direction that is applied 

to the object or structure. Stresses are local forces that develops within the object as a result of 

the applied load. Its formula is equal to the force divided by the cross-sectional area of the 

material at that location. And is expressed in units of force per unit area (N/m2)1–3. Strain (e) is a 

local deformation resulting in the alteration in shape or dimension of an object as a result of 

application of stress on that particular point. In practice, the magnitude of strain measured is 

often very small and is therefore expressed as microstrain (µe), which is e x10-6. Strain is 

expressed as the increase in length as a fraction of the original length and is often expressed as a 

percentage. For example, a tensile resulting in lengthening of a 2 cm object by 2 mm would 

result in 10% strain. This would equate to 10,000,000µe.  
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Strain= L2-L1/L1 

When materials undergo testing to determine their mechanical integrity a stress strain curve is 

utilized to interpret results and compare between materials.  

1.1.1.1 Stress & Strain Curve 

The relationship between stress and strain is often plotted on a stress strain curve which provides 

a method of standardization for comparison of biomechanical properties of different materials 

(Figure 3, Figure 4). There are several features of the stress strain curve that are important to 

emphasize and are described below. 

1.1.1.1.1 Linear Elastic Region 

In the linear region of the stress strain curve (Figure 1) stress and strain are positively correlated. 

In other words, as stress increases or decreases, the amount of strain proportionally increases or 

decreases respectively3. This area of the curve is also known as the linear elastic region, because 

the material will return to its pre-strained state when the force is removed1,2. This proportionality, 

or linear ratio of stress to strain (Figure 1; Point A) is known as Young’s Modulus. Young’s 

modulus only applies in linear, elastic, homogenous, isotropic materials. The area under the 

curve in this region is known as the resilience of the material (Figure 1), because the material 

will absorb the energy applied and then fully return to its original shape once the load is 

removed1,3. Subsequently this means that permanent deformation does not occur in this area of 

the curve.  
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1.1.1.1.2 Yield Point  

The limit of proportionality or proportional limit is the area on the curve where Young’s 

Modulus is no longer true and stretching of the material occurs.  The yield point/strength (Figure 

3; Point B) indicates where the curve transitions to become non-linear, and the strain exceeds the 

material ability to return to its previous state. This is known as permanent, or plastic, 

deformation. In materials where the yield strength is not easily identifiable on the curve (Figure 

1), an offset is employed whereby a line is constructed parallel to the linear elastic region but 

offset by ~0.2% (Figure 2). Where this line intersects the stress-strain curve is considered the 

yield point of the material. The stress at that point is the yield strength of the material.  

1.1.1.1.3 Plastic Region 

The plasticity region is the area under the curve from the yield point to the point of ultimate 

failure (Figure 4). In this region of the curve stress and strain no longer have a linear relationship 

as the linear elastic region (Figure 4). Stress-strain interactions are much more complex and the 

curve may decrease for a small interval or continue to increase but at a much lower and more 

variable rate3. The key feature of plastic deformation is that it is not reversible, in other words, if 

the stress of the material is released the material will not return to its original shape or length.  

1.1.1.1.4 Ultimate Strength  

Ultimate strength is the maximum stress that a material can withstand and loses its ability to 

withstand any further increases in load1,4 (Figure 1; Point C).  Ultimate strength is not as 

important for orthopedic implants as it is for other materials due to the type of loading implants 

are designed to withstand. Orthopedic implants such as bone plates are designed to work well 

within the elastic portion of the curve. Although occasionally a bone plate may undergo plastic 
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deformation, clinical failure of the repair is generally considered well before ultimate strength of 

the implant is ever reached. As orthopedic implants need to withstand the repetitive cyclical 

loading caused by normal daily activities, fatigue strength is considered much more important 

when designing and testing new or existing implants.  

1.1.1.1.5 Ductility 

The ductility of the object is the ability to plastically deform prior to failure and is considered the 

area between the proportional limit and the point of failure. A ductile object has high plastic 

deformation and can be manipulated significantly prior to failure. Contrary to this, a brittle object 

exhibits very little plastic deformation prior to failure. For surgical implants, the amount of 

ductility can be modified by modifying the manufacturing process of the steel. Cold-working of 

the stainless steel results in implants that can withstand greater stresses (for example Kirschner 

pins) but results in reduced ductility. Annealed metal that has not been cold worked (for example 

orthopedic wire) is not as strong but is extremely ductile and allows greater manipulation and 

deformation prior to failure.  For example, as seen in Figure 2, a relatively brittle object, such as 

a stainless-steel bone plate, can withstand greater stresses but allow for less deformation before 

they break while the ductile implant such as orthopedic wire, does not withstand as great a stress 

but allows for more deformation before breaking. 

1.1.1.1.6 Failure 

The ultimate failure point is when the material can no longer withstand any further strain and 

fails or fractures (Figure 1; Point D). Failure can occur in any area of the curve. For example, 

brittle materials often fail in the linear elastic region or after a small amount of plastic 

deformation. Contrarily, ductile materials tend to fail immediately after the stress of the material 
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surpasses the materials ultimate strength3. The area under the entire curve is known as toughness, 

which measures the energy absorbed by the material prior to failure.  

 

Figure 1-Stress-strain curve for linear, elastic, homogenous, isotropic material1 

A 

B 

C 

D 
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Figure 2-Comparison of a stress-strain curve between a brittle and a ductile material. Brittle materials have 
higher yield strength and can therefore tolerate higher stresses, however they cannot tolerate 
strain/deformation before breaking/failing1 

 

1.1.2 Load & Displacement 

1.1.2.1 Load & Displacement Curve  

When investigating the mechanical behaviour of structures instead of materials, a load 

displacement curve is often generated instead of a stress strain curve 1,2. This holds true for most 

biological tissues as the principles of homogeneity, isotropy and linear elasticity are no longer 

present. For example, when assessing load on an implant a stress-strain curve can be used to 

evaluate strain in a pinpoint area of the implant, but when assessing the entire implant and bone 

model construct, a load deformation curve is more appropriate. This is because in order to 

perform a stress-strain analysis on bone-implant models, specific requirements would need to be 

met to ensure that the stress is evenly distributed across the entire area of interest. As this proves 

very challenging, the majority of mechanical testing for orthopedics uses a load/deformation 

curve (Figure 3). The same principles and general structure of the curve are similar, except that 

Young’s Modulus is replaced by construct stiffness. Additionally, a toe region may be present. 
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The toe region , characterized by region of high strain and low stress, is due to internal re-

organization of the tissues (fibres, water) before  the material stiffens and behaves in a more  

linear fashion (ie. Straightening of the crimped collagen fibers in a tendon). As the slope of the 

linear portion of the curve represents stiffness, a stiffer construct is represented by a steeper slope 

of this curve. 

Figure 3-Load/Deformation curve for a non-linear materials. For nonlinear biologic materials such as 
tendons and ligaments, the presence of “toe region” is typical. In the toe region, relatively high strains are 
achieved at very low stress levels. For collagenous biologic tissues, this is usually due in part to the 
straightening of crimped collagen fibers. Once the bulk of collagen is pulled out of the crimped state, the 
material stiffens and behaves in a more linear fashion until reaching the yield point1 

 

1.1.3 Other Mechanical Properties 

1.1.3.1 Strength & Stiffness  

Strength is the inherent resistance of a material to deformation, failure or fracture. It therefore 

denotes the load, or stress, a certain material can withstand before failure1,2. Yield strength is 

defined as the stress at which a material undergoes deformation and cannot return to its previous 
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form. The ultimate strength is the maximum amount of stress a material can resist before failure 

or fracture. Stiffness refers to the rate at which a material or structure deforms when a load is 

applied, and thus the ability of the material or structure to resist deformation. 

1.1.3.2 Fatigue Strength 

Fatigue strength is the maximum strength a material can withstand ten million cyclic loading 

cycles prior to failure. Fatigue failure occurs when repetitive cyclic loading below the yield 

strength produces failure after multiple cycles3. Fatigue failure is explained in greater detail in 

section 1.3.2.2.4.  

1.1.3.3 Hardness 

This property is what enables a material resist plastic deformation. In orthopedic implants, this is 

primarily seen by indentation and so testing of hardness is typically performed by a small 

indenter made of a very hard material (diamond) using 1500N of force3.  

1.1.3.4 Toughness 

Toughness is the amount of energy that a material can absorb up to the ultimate failure strength, 

otherwise known as fracture resistance. As was seen in section 2 subsection v, this is identified 

as the area under the stress strain curve1,3. Toughness is usually expressed in J/m3.  

1.1.3.5 Roughness 

Roughness is the measure of the surface finish of a test piece and is therefore a property of both 

the material and the manufacturing process. The greater the roughness of a materials surface, the 

higher the stress concentration at the valleys of the surface3. This can ultimately affect the 

longevity of an implant. 
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1.1.3.6 Corrosion   

Corrosion resistance is dependent on several components, including geometry, surface finish and 

interaction with the biological environment. Different processes of corrosion exist, including 

chemical, pitting, galvanic, and fretting, however as this study is limited to an in vitro 

environment without enough time for corrosion to occur and become a factor, further discussion 

of these processes is beyond the scope of this review.  

2. Bone Biomechanics 

1.2.1 Bone Structure 

Bone is a remarkably dynamic tissue that is in a constant state of adaption and remodeling. It is 

not only the primary load bearing organ in the body, but it also provides structural support, 

permits movement and locomotion, protects vital internal organs, provides maintenance of 

mineral homeostasis, serves as a reservoir for growth factors and provides an environment for 

hematopoiesis within the marrow space1. Bone has a complex microstructure based on the 

orientation and organization of mineralized collagen fibres known as lamellae5,6, which is 

beyond the scope of this manuscript. It is this unique complex hierarchal structure of 

organization that gives bone its unique biomechanical properties of viscoelasticity, anisotropy 

and heterogenicity 1,2,5,6. Understanding these concepts is important when understanding how 

bone responds when loaded and the limitations that exist when testing bone models. 

1.2.2 Mechanical Properties of Bone 

1.2.2.1 Viscoelasticity 

Elasticity is the ability of a material to return to its original form when an applied force is 

removed. Viscoelasticity is the property of materials which exhibit both viscous and elastic 
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characteristics when undergoing deformation1,2. Viscous materials strain linearly when stress is 

applied whereby elastic materials return to their original shape following removal of an applied 

force. As viscoelastic material exhibit both of these properties they exhibit time dependant strain. 

This means that the stress that develops in bone when a load is applied depends on the rate at 

which the structure is strained (Figure 4). 

 

 

 

 

 

 

 
Figure 4-Stress- strain curves for purely elastic vs viscoelastic material. From 
https://www.cambridge.org/core/books/postgraduate-
orthopaedics/biomechanics/AF30179B0E288A89FE1D5469D1073C12 

 

1.2.2.2 Anisotropy 

Anisotropy is the property of a material being directionally dependant, implying that the material 

has different properties when loaded in different directions1,2. In bone, this occurs because of its 

unique properties of remodeling in response to everyday physiologic loading. Areas that 

experience high stress are reinforced, resulting in the preferential loading directions. For 

example, because bone is most commonly loaded during walking and normal physiologic 

activities, bone has greater strength and stiffness when loaded parallel to the long axis of the 

bone relative to its short axis.   
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1.2.2.3 Heterogenicity  

Heterogenicity describes the fact that bone is not a homogeneous material and is composed of 

many different dynamic elements at a macroscopic but also at a microscopic level due to the 

organization of these different elements1,2. Thus, the mechanical properties of bone vary not only 

between bones, but within the structure itself. 

1.2.3 Bone Models 

Heterogenicity and variability are major drawbacks of using whole bone in biomechanical 

testing. They often lead to large variability in the results and can significantly hamper the ability 

to achieve significant results. Bone surrogates are often used instead of bone when testing 

surgical implants to minimize anatomical variations and structural variabilities.  When selecting 

one of these materials, it is important that the previously described properties are taken into 

consideration to ensure an accurate model that will accurately represent that which is observed in 

situ.  

3. Biomechanics of Orthopedic Implants  

Unlike bone, most orthopedic implants are homogeneous and isotropic 1. This means that the 

mechanical properties of the material are the same throughout and the response of the material to 

mechanical loading is the same regardless of orientation. Unlike bone’s unique viscoelasticity, 

most implants are linear as the change in the deformation state is constant and proportional to the 

change in load applied to it1.  
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1.3.1 Implant Materials  

Once the previous described concepts are understood one can appreciate why certain orthopedic 

implant materials are utilized over others in different situations. The most commonly used metals 

and polymers for orthopedic implants are stainless steel, cobalt-chromium alloy, titanium alloy, 

ultrahigh molecular weight polyethylene (UHMWPE) and polymethyl methacrylate (PMMA) 7. 

The properties of stainless steel offer a balance between strength, ductility and fatigue 

performance, at a decreased cost compared to titanium, and are therefore the most commonly 

used implant material in veterinary medicine. The yield strength of stainless steel can be 

increased through cold working. Titanium was first developed due to its high strength-to-weight 

ratio, which is desirable in many orthopedic repairs. It has a lower modulus of elasticity 

compared to stainless steel (Table 1), resulting in a less rigid construct 3,7,8. This potentially 

allows for more load sharing with the bone and reduced stress shielding which is desirable for 

fracture fixation of hands and wrists. Titanium is much lighter than stainless steel and when 

comparing titanium alloys to non cold forged stainless steel, the titanium alloys offer superior 

strength, in a much lighter more ductile implant7,8. However, cold forged stainless steel offers a 

greater yield strength and ultimate strength than titanium alloys and so their use may still be 

desired in temporary implant devices7. Porous tantalum and Cobalt-chromium-molybdenum 

alloy are two other commonly used alloys, however these materials are most commonly used in 

arthroplasty and will therefore not be discussed further.  
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MATERIAL CONDITION ELASTIC 

MODULUS 

(GPA) 

YIELD 

STRENGTH 

(MPA) 

ULTIMATE 

STRENGTH 

(MPA) 

ENDURANCE 

LIMIT (MPA) 

STAINLESS 

STEEL 

Annealed 

30% cold worked 

Cold forged 

190 

190 

190 

331 

792 

1213 

586 

930 

1351 

260 

380 

820 

COBALT-

CHROMIUM 

ALLOY 

Annealed 210 480 770 260 

TITANIUM Hot forged 

Pure titanium 

Pure 30% cold worked 

Alloy forged annealed 

210 

97 

110 

116 

1050 

175 

485 

896 

1500 

240 

760 

965 

750 

200 

300 

620 

Table 1-Mechanical Properties of commonly used metals and polymers (9) 

 

1.3.2 Mechanical Forces Applied to the Bone-Implant Interface  

Bones are subjected to many forces during normal function. Three basic, or uniaxial forces exist 

and are classified as tensile, compressive and shear forces. Axial forces act parallel to the long 

axis of the bone and consist of tension and compression1,6. Tensile forces act to lengthen the 
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bone while compression forces uniformly shorten the bone (Figure 5). Pure tensile and 

compressive forces are rare in vivo due to the normal curvature of most bones. Shear forces are 

unaligned forces that act perpendicular to the long axis of the bone.  

 

Figure 5-Types of simple forces acting on bone1 

Two complex forces can also be applied to bone: torsion and bending. These forces occur when 

two or more basic forces are applied at the same time. When torsion occurs, shear stresses are 

induced in both axial and transverse planes and tensile and compressive forces are induced in 

oblique direction. When bending forces are applied the bone is twisted along its long axis and 

bending forces create tensile and compressive forces on opposite sides of the bone. This results 

in bending or torsion, in addition to these axial loading forces. It is only when the sum of these 

forces exceeds the strength of the bone that fracture occurs. Comminuted fractures are often the  

result of combined loads and the severity of the fracture is often dependant on the magnitude of 

these combined loads and velocity at which they are applied to the bone.    
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Figure 6-Complex forces acting on bone1 

 

1.3.2.1 In Vivo Loading Forces Acting on Bone 

As previously described, there are three simple and two complex forces that are applied to bone 

in an in-vivo setting. These forces can also be applied in vitro simulations in a static or cyclic 

pattern. 

1.3.2.1.1 Compressive or Tensile Loading 

As previously mentioned, these normal forces are applied parallel to the long axis of a long bone. 

Tensile forces act to pull the material apart while compressive forces shorten the bone. As 

described in Poisson’s law, when a compressive load is applied, the bone is ultimately shortened 

along its long axis and it bulges/widens in the plane perpendicular to the load. This indicates the 

presence of tensile stresses through the circumference of the bone. Tensile forces create the 

opposite effect whereby the bone is widening along its long axis and shortening occurs at the 

axis perpendicular to the applied load1,6.  
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Figure 7-Change in shape of material that occurs when tensile or compressive forces are applied. Tensile 
forces act in lengthening of a material while compressive forces result in shortening of a material. From 
https://www.engineersedge.com/material_science/poissons_ratio_definition_equation_13159.htm 

 

As previously mentioned, these pure forces are rare in vivo because of the normal curvature of 

bone1,2. However, these forces can be replicated during in vitro testing, and the tensile test is 

considered the standard engineering test for determining the properties of a material, and is the 

standard method of testing mechanical properties of cortical bone2. This is most valuable in 

further understanding disease processes such as osteoarthritis, and the development and design of 

joint replacement therapy9. However, when it comes to orthopedic research in evaluating bone 

constructs and fracture repair, bending tests are used most frequently10.  

1.3.2.1.2 Torsional Loading 

Torsional loading results in rotation of bone around its long axis. This produces tensile stresses 

in an oblique direction and shear stresses in an axial and transverse direction. This is a common 

cause for many of the fractures observed in veterinary medicine1,2.  
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Figure 8-Mechanical loading of a long bone sample. A torsional load induces (a) shear stresses in the axial 
and transverse directions as well as (b) compressive and (c) tensile normal stresses in oblique directions as 
shown1. 

 

1.3.2.1.3 Bending 

Bending is the most commonly encountered force applied to bones due to their naturally curved 

shape. As described earlier, bending of bone produces compression on the concave surface of the 

bone and tension on the convex side. Stress and strain are greatest on the surface, and 

progressively decrease though the bone until it reaches zero at the neutral axis (Figure 9)1,2. Pure 

bending is rare in vivo and usually a component of axial or transverse loading is also present. In 

vitro however, bending can be produced using four different techniques: 1) axial loading, 2) 3-

point bending, 3) 4- point bending and 4) cantilever bending. These tests are most commonly 

used to assess the properties associated with fracture configurations and fracture healing11. 
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Figure 9-Mechanical loading of a long bone sample. Bending induces tensile stresses on the convex side of the 
bend and compressive stresses on the concave side. As the bending deformation is increased, material on the 
concave side is further compressed while material in the convex side further extended. Note that separating 
the zones of tension and compression is the neutral axis. This axis demarcates the transition from tensile 
strain to compressive strain. Along this axis, there is no strain1.   

 

1.3.2.2 In Vitro Loading Methods for Bone and Bone Models 

1.3.2.2.1 Axial Loading 

Axial loading testing mimics that of physiological loading most similarly and is part of the 

standard engineering tests for evaluating fractures and internal fixation. It is performed by 

applying a compressive load along the long axis of a structure, as occurs with normal weight 

bearing. When applied to curved structures, as is true for all long bones, this force results in 

buckling or bending of the structure. This results in compression on the concave side of the bone 

and tension on the convex side of the bone1. This can be reproduced in vitro by applying an 

eccentric load to a bone model, as observed in Figure 10. As this is the loading mode that is most 

commonly encountered in vivo during weight bearing, or by the simple contracture of 
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surrounding musculature this form of testing was selected for this study to most closely 

reproduce the load experiences by long bones and implants in a normal physiologic setting12–21. 

 

Figure 10-Axial load testing of the bone model constructs in the Instron machine 

 

1.3.2.2.2 Three point, Four point, and Cantilever bending  

Three- point bending is created when three forces are applied to a structure to produce two equal 

moments (Figure 11), 22. This test is most commonly used to test the mechanical properties of the 

mid-diaphysis, which is typically all cortical bone. Four-point bending is when a pair of parallel 

forces of equal magnitude but applied in opposite directions act on a structure to produce two 

equal moments (Figure 11). This type of test is valuable when trying to identify the strongest or 

weakest point of bone without having to locate the maximum bending moment at a specific 

location along the bone. Cantilever bending refers to a loading arrangement which one end of the 

structure is fixed while the other end is completely free. This allows assessment of the flexibility 

of then construct. 3- point, 4-point, and cantilever bending was not performed in this study and 

will therefore not be discussed further and are beyond the scope of this manuscript.  
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Figure 11-Bending tests of Bone22 

 

 

 

 

 

 

a) Three-point bending occurs when three 
forces acting on a bone produce two equal 
moments. Each moment is the product of 
one of the two peripheral forces and its 
perpendicular distance from the point of 
application of the middle force. 
 
 
 
 
 

b) Four-point bending occurs two force 
couples acting on a structure produce two 
equal moments. The bending moment 
magnitude is the same throughout the area 
between the force couples. 

 

 

c) Cantilever bending is a loading 
arrangement whereby one specimen end is 
fixed while the other is free. The bending 
moment varies from a maximum at the 
fixed end to zero at the force application 
point.  
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1.3.2.2.3 Static or Cyclical/Dynamic Loading 

Bone and bone models can be tested in one of two methods. Method one, static testing, is used to 

evaluate static mechanical properties as would be observed in an acute trauma. This can be used 

to evaluate how the bone would respond and how these properties may impact outcome. 

Cyclical loading mimics the repetitive loading of bone, as one would experience in normal 

physiological routine. This method of loading is most practical and has the most clinical 

significance when testing implants3,11. However, in vitro testing of the bone or bone-implant 

interaction cannot replicate the physiologic response of living bone to the repetitive loads (such 

as healing, resorption etc). Fatigue testing is performed by applying submaximal load and does 

not test the structure to failure11. Cyclical loading can be performed above or below the fatigue 

limit. When loading and unloading a structure or material with a force or load below the fatigue 

or failure point, the stress-strain curves completely overlap. However, once the magnitude 

exceeds the fatigue limit, microscopic mechanical damage and friction occurs, resulting in a non-

linear curve. Furthermore, in vitro, the curve for unloading does not overlap the curve for 

loading. Once the elastic limit is surpassed plastic deformation occurs. As implant fatigue is the 

most frequent cause of bone plate failure understanding these concepts is very important in 

mechanical testing.  

1.3.2.2.4 Fatigue Testing 

Fatigue testing is used to assess the resistance of a material against failure under repetitive 

stresses. With this form of testing the test specimen is subjected to periodically varying stresses 

by use of mechanical devices. For example, cyclical fatigue testing can be applied to the bone-

interface model by applying loads in variating stress levels at fluctuating axial tension (no load to 
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tension), reversed axial loading (compression-tension), fluctuating bending and reverse 

bending10. As with other mechanical testing, fatigue testing is also strain rate dependent and 

loading frequencies can range 2-125 Hz to characterize the fatigue behaviour until fracturing 

occurs. In some cases, the test is stopped after a very large number of cycles (by convention, 

1x10^6 cycles is often used) and the result is then interpreted as the infinite life. Fatigue 

properties of materials are often described using the S-N curve (Figure 12). The S-N curve 

describes the relationship between cyclic stress amplitude (linear or logarithmic) and the number 

of cycles to failure (logarithmic). Some metals (steel, titanium alloy) have a fatigue limit 

whereby when the stress amplitude of repeat loading remains below this limit, the fatigue life 

will remain unchanged. For other materials (aluminum) which do not have a fatigue limit, 

repeated loading of even small stresses will eventually cause failure. This fatigue limit is often 

dependant on many factors such as corrosion, temperature, stress concentration etc.  

 

Figure 12-S-N curve for fatigue testing of materials. The S-N curve for a specific material is the curve of 
nominal stress S (y axis) against the number of cycles to failure N (x axis). A log scale is almost always used 
for N2. 
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1.3.2.3 Limitations of in Vitro Testing  

As one can conclude, bone is subject to a variety of complex forces in an in vivo setting. Loads 

have different characteristics based on the activity or phase of stance, as well as the impact the 

surrounding soft tissues and joints have on the way the bone is loaded. Replicating these forces 

and the biological condition in which they occur is very challenging in an in vitro setting, and 

thus the results received from biomechanical testing likely only represent a portion of what is 

observed in a physiologic scenario.  

Furthermore, not only is replicating the types of loads challenging, but because bone is a living 

heterogenous, anisotropic material, its response to loading varies based on so many factors which 

are very difficult to replicate in a laboratory setting. In vitro testing is most commonly performed 

using cadavers or a bone surrogate model. 

1.3.2.3.1 Cadaveric Testing  

Paired cadaveric testing under simulated loading conditions is a well-accepted standard for 

biomechanical testing of orthopedic and fracture implants (16–21). Study of fracture fixation 

constructs and orthopedic implants requires a substrate that reproduces the intricate and complex 

structure of bone and its anisotropic qualities23,24. Although this is a distinct advantage to using 

cadavers, use of cadavers pose some challenges and complications. Beyond the difficulties 

associated with ethical concerns, handling, cost, availability and preservation, cadaveric 

specimens are not uniform, which is especially true in veterinary medicine due to the large 

variation within and between species. This ultimately results in the use of specimens with 

heterogenous bone quality and strength, making comparison between groups and standardization 
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of tests difficult 23,25. Because of this variation, a very large sample population is required to 

obtain statistical significance and reduce type II error.  

1.3.2.3.2 Bone Surrogate Model Testing 

Because of the aforementioned challenges of utilizing cadavers, synthetic replacements have 

been developed to replicate and recreate the natural bone. These models have the advantages of 

being widely available, ethical, and relatively inexpensive, and have therefore become very 

popular for testing of fracture fixation implants23,26. First developed in the 1980’s these 

composite cylinders have had many modifications over the years to better replicate normal 

human bone. The late 1990’s marked a significant change in the composition of these surrogate 

models whereby short glass fiber reinforced epoxy was injection-molded around the 

polyurethane foam core to form the cortical wall. This was performed using direct castings from 

human cadaver bone to give as much similarity as possible. Donor cadaveric specimens were 

also serially sectioned to evaluate for the bones heterogeneity and anisotropy which was then 

replicated into the composite model23. These features, along with improved torsional and 

bending stiffness, were integrated into the current 4th generation models, creating a model with 

physiological characteristics similar to bone. Their high fatigue threshold and thermal stability 

also make them ideal for repetitive cyclical loading, as performed in this study.  These models 

have been evaluated in a number previous studies26–30, and have been shown to replicate 

physiologic, or near physiologic values, for torsional, axial compressive, and lateral bending 

stiffness, in addition to cancellous screw pullout strength23,26,31–33. 
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4. Fracture Fixation 

1.4.1 Strain Theory and Bone Healing  

Strain, as described earlier, is a function of the stretch ratios at pinpoint sections along a material 

in order to characterize the response of this material when subjected to a load. In fracture biology 

a different concept of strain is necessary to characterize the effects when loading a fracture gap. 

In this context the term strain is used to describe the effect of loading a fracture gap (ef) and is 

calculated by measuring the magnitude of the change in size of the fracture gap in the loaded 

configuration (DLf) and dividing by the size of the fracture gap in the original configuration (Lf0).  

 

Therefore, a small fracture gap will have higher strain per given amount of instability relative to 

a large fracture gap with the same degree of instability (Figure 13) 34.  

 

Figure 13-The effect of the width of the fracture gap on strain. Assuming a relative movement of the two 
fracture surfaces of 10 μm, the cell in the smaller (10 μm) wide gap experience 100% strain while the cells in 
the larger (30 μm) wide gap experience only 30% strain. The dotted line indicates the position of the fragment 
before displacement. From https://www.slideshare.net/Orthosurg2016/biomechanics-and-biology-of-relative-
stability 
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Bone healing is a complex process made up of a sequence of events dependant on the formation 

and development of many different cells and tissues. The formation of these various types of 

tissues are dependent on the degree of motion within the fracture gap, also known as 

interfragmentary strain. In high strain environments, only flexible tissue (granulation tissue) can 

survive. Fibrocartilage is capable of forming in an environment with 10-15% strain but bone 

tissue (osteoblast and osteoclast) formation will not occur unless the motion between fragments 

at the fracture site is less than 2% 1,7,35. It is because of this that fractures with small gaps will 

often experience delayed healing compared to comminuted fractures with larger interfragmentary 

gaps. Subsequently, the goals of fracture repair are not only to decrease fracture gap size, but 

also to reduce interfragmentary strain. 

Endogenous bone healing mechanisms act to reduce interfragmentary strain via fracture 

resorption and periosteal callus formation1,7,35,36. Fracture resorption occurs in the first few 

weeks of healing and decreases strain by increasing interfragmentary distance, thus increasing 

the denominator in the strain equation. Periosteal callus formation provides stability and 

increases stiffness, thereby decreasing the numerator in the strain equation and ultimately 

decreasing strain. Therefore, when repairing a fracture an implant must be selected and applied 

to not only withstand the forces applied to bone, but also to ensure a low strain environment to 

allow for fracture healing.  

1.4.2 Goals of Fracture Fixation 

The goals of fracture fixation are to 1) restore and maintain function, and 2) to relieve pain 

associated with motion of fracture fragments1,35,36. As discussed above, this can be achieved via 

mechanical fixation or biological fixation, with the former being reserved for articular fractures 
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or fractures that can be compressed. The advantage of this approach is that the reconstructed 

bony column results in load sharing with the orthopedic implant reducing the risk of implant 

fatigue and failure. With biological fixation in which load sharing with the bone is not occurring, 

the implant is subjected to a greater load and therefore ways to reduce strain on the implant to 

reduce the risk of failure require further investigation. 

1.4.3 Evolution of Fracture Fixation  

Fracture fixation has evolved drastically over the last century. In the early 1900s, non-operative 

immobilization with plaster and splints was the primary method for repair. Unsurprisingly, this 

resulted in a high incidence of joint stiffness, muscle wasting and disuse osteoporosis, also 

known as fracture disease37–39. In the 1950s, a new theory known as ‘Mechanical Fixation’ 

emerged that promoted early mobilization of fracture patients to combat these complications. 

The theory emphasized absolute stability, whereby fractures were perfectly reconstructed and 

anatomically reduced prior to compression fixation37–40. This technique resulted in direct bone 

healing with no evidence of callus formation around the fracture gap1,35–39,41–43. Although this 

resulted in a significant decrease in the occurrence of fracture disease, it often resulted in delayed 

bone healing due to limited blood supply to the soft tissues and periosteum that occurred during 

dissection and plate application1,37,38,41–44. With time and improvement in the understanding of 

fracture physiology and bone healing, it became evident that a better preservation of bone 

viability was important. These changes were driven by the observation that a small amount of 

instability at the fracture site often resulted in improved bone healing. As a result, absolute 

stability and rigid fixation, fracture fixation progressively evolved towards relative stability and 

preservation of soft tissues and blood supply. This method, described as ‘Biological Fixation”37–
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40,42–45, influenced both the development of new implants and also new techniques employing 

reduction by indirect means to minimally disturb the fracture site and hematoma. 

1.4.3.1 Compression Plates 

The dynamic compression plate (DCP) was first introduced in 1969 and allowed for axial 

compression by eccentric screw insertion into the plate hole. The limited contact dynamic 

compression plate (LC-DCP) was a further development of the DCP plate to combat issues that 

were present on the traditional DCP plate such as decreased fracture healing due to bone necrosis 

and resorption under the plate and increased stress concentration in the plate at the level of the 

screw holes. The LC-DCP has a significantly reduced surface area on the bone-implant interface 

due to its unique plate scalloping (Figure 14). This results in decreased trauma to the capillary 

network of the periosteum, increased cortical perfusion and ultimately improved bone 

healing4,35,40. The scalloped geometry of the plate also results in even distribution of stiffness of 

the plate. This allows for elastic deformation of the entire plate without stress concentration at a 

specific screw hole. The scalloped shape also allows for easier plate contouring to optimize 

fracture compression.  These beneficial features were extrapolated over to the development of 

locking plates which were the types of plates used in this study.   

 

 

 

 

Figure 14-Design of an LC-DCP plate with its scalloped undersurface for limited contact between plate and 
bone and an even distribution of the holes throughout the plate35. 
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1.4.3.2 Locking Plates 

Locking plates emerged in the 1990s as one of the new fixation techniques with a focus on 

preserving biology and relative stability by allowing rapid fracture healing with early 

mobilization of the fracture site. Most locking plates are designed with threaded holes, allowing 

screws to lock into the plate and thereby functioning as a fixed angle device. Unlike conventional 

plates, which relied on friction between the plate and bone, locking plates did not. These plates 

allow for configurations with elevation of the plate off the bone allowing for better preservation 

of periosteal blood supply and bone perfusion38–40,42–44,46,47. In addition, the excellent fixation to 

the bone allows for use of fewer screws than traditional plates and provides superior fixation into 

poor quality bone. The increased stability is optimal in treating fractures in osteoporotic or poor 

quality bone, comminuted bicondylar fracture or unstable fracture requiring more than one 

plate38–40,42. Another advantage of the locking plates is the ability to achieve flexible fixation 

while still ensuring adequate bone purchase46,48,49.  

 

 

 

 

 

 

 

 

 

Figure 15-Comparison of distribution of forces on screw tightening in a conventional versus locking plate35 

 

a) Conventional plate relies on plate-bone friction. 
Loading forces are transmitted from the bone to 
the plate, across the fracture and back into the 
bone. Friction between plate and bone is 
necessary for stability using conventional 
screws. 

 

b) Locking plate and screws relies on plate-screw 
interface. Locking head screws engauged in the 
plate, the plate is not pressed onto the bone. 
Loading forces are transmitted directly from the 
bone to the screws, then onto the plate, across 
the fracture and again through the screws into 
the bone. Friction between plate and bone is not 
necessary for stability. 
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1.4.4 Failure of Fracture Fixation 

Fracture repairs fail for a multitude of reasons including; stiff implants, weak implants, infection, 

implant migration, implant loosening, incorrect selection of implants etc 1,35. For the scope of 

this paper, infection and implant loosening/migration will not be discussed. When considering 

the fracture fixation performed, all fractures will be considered to have been repaired following 

published AO guidelines35.  

1.4.4.1 Implant Failure 

The majority of implants used in veterinary medicine are made of stainless steel 316L. Both the 

stiffness (modulus of elasticity= 200GPa) and strength (ultimate tensile strength= 960 MPa)50–52 

are greater than that of bone (modulus of elasticity= 5 +/-0.97 GPa, ultimate tensile strength= 

110+/-26.6 MPa for a feline femur)53. The neutral axis of the bone is located near the centre of 

the bone. Therefore, the plate, which is placed on the surface of the bone, experiences higher 

tension, compression and torsion forces than the bone located closer to the neutral axis1,8. This 

means that if the load on the limb exceeds that of the strength of the implant, the implant fails. 

As previously discussed, this can either occur when the ultimate strength of the plate is met or by 

fatigue failure.  

1.4.5 Stress “Protection”/Shielding 

Implants protect bone from its normal loading forces, ultimately reducing stress on the bone and 

fracture site. This reduction in stress affects bone remodeling, ultimately resulting in weaker 

bone 43,52. Studies have shown that the greater the stiffness of implants, the slower the increase in 

strength of fractured bone38,39,42,43. Clinically, this has been demonstrated in normal dog femurs 
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whereby dogs with less rigid plates demonstrate less osteopenia than dogs with a more rigid 

fracture fixation 43,54. Keeping this concept in mind, constructs that are too flexible will result in 

interfragmentary strain that exceeds the tolerance for callus formation and transformation and 

may result in non-union 1,36,52. Therefore, a balance between a construct that is strong enough to 

withstand the forces of bone, but flexible enough to reduce stress protection is the ultimate goal 

of fracture fixation. In response to these concerns, the limited contact compression plates (LC-

DCP) were invented and  were designed to minimize interference with the periosteal blood 

supply and provide a small amount of instability (interfragmentary strain) to the 

fracture37,38,40,55,56. These plates improved callus formation and allowed faster return to function 

compared to traditional plates 55,57.   

1.4.6 Stress Concentration 

When considering causes for implant failure stress concentration is an important concept. 

Objects are stronger when force is evenly distributed over their full surface area. When a 

reduction in area occurs, such as an open screw hole, a localized increase in stress occurs. 

Because of the sudden change in shape of the material, the increase in stress exceeds that of a 

simple change in cross sectional area and is referred to as “stress concentration”.  This stress 

concentration relative to the rest of the plate leads to a decrease in the fatigue life of the 

implant1,8,35. In response to these concerns, the limited contact compression plates (LC-DCP) 

was designed with undercuts on the bottom surface of the plate. These undercuts remove 

material in between screw holes, allowing a more even cross sectional area of the plate along its 

length, therefore decreasing stress concentration caused by the screw holes.  37,38,40,55,56. These 

plates improved callus formation and allowed faster return to function compared to traditional 
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plates 55,56. Locking plates have inherited this philosophy and are now produced as limited 

contact plates as well.  

Ultimately, by decreasing the stress and strain on an orthopedic implant one can decreased the 

risk of implant failure. This will be discussed and evaluated further in the following sections. 

5. Measurement of Strain 

Multiple techniques exist for measuring strain, many of which are beyond the scope of this 

manuscript. Techniques previously performed that will be referenced are explained below.  

1.5.1 Different Methods of Measuring Strain  

Brittle coating is one of the earlier techniques used and involves applying a brittle coating to the 

surface of the structure of interest. Upon structure deformation the coating fractured along lines 

which described the magnitude, distribution and direction of strain 57,58. 

 

Figure 16-Brittle coating to a material of interest to measure strain (86) 
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Photoelasticity allows one to measure strain over the entire surface area of a structure59. A Silane 

coupling agent is mixed with aluminum powder, applied to the structure and then covered with 

polyurethane film. A charge coupled device video camera and phototransistor is used to acquire 

birefringence patterns while the structure being assessed is subjected to different loads. Using 

extensometers, absolute strain is measured at specific points. The data from birefringence 

patterns and extensometers are combined to determine strain over the entire surface area of the 

structure59 (Figure 17).  

 

 

 

  

Figure 17-Stress analysis using biorefringence (photoelasticity). From 
https://appliedmeasurement.com.au/wp-content/uploads/2016/08/promo-photostress-756x470.jpg 

Holographic interferometry is based on a single light source (laser) that is split by a half mirror60. 

The first wave goes to the structure and the reflected wave reaches the sensor while the second 

wave goes directly to the sensor (Figure 18). The reflected wave from the structure and the 

reference wave are superimposed on the thermoplastic film. The shape and appearance of the 

interference fringes describe the direction of the deformation of the structure, while the density 

of the fringes allow a qualitive measurement of the intensity of the deformation. Advantages of 

this technique allow for comparison of deformation of the entire structure in different directs and 

for varying bone quality 61.   
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Figure 18-Holographic interferometry 60 

 

Both holographic interferometry and photoelasticity measure global mapping of strain. One big 

limitation of both of these techniques is their qualitative nature. Advancements in technology 

allowed for the development of digital speckle pattern interferometry (DSPI), which allows 3-

dimensional, whole field, non-contacting quantitative measurements of deformation19,62. Digital 

image correlation uses correlation-based displacement measurements to calculate local surface 

strain. A random pattern (speckled paint) on the surface of the test object is imaged in the initial 

and deformed state. The area of interest is divided into small multi-pixel subsets and then 

software is used to correspond the images in the pre- and post-deformed structure. Strain is 

determined by the displacements acquired in each subset. Although DSPI shows very promising 

potential for the study of strain in orthopedic implants, its application in veterinary medicine is 

quite recent and availability of this specialized equipment is limited and expensive.  
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Strain gauges, which have been traditionally utilized since the 1930’s10, are still recognized as 

the gold standard for measuring quantitative measurements of strain and were utilized in this 

study.  

1.5.2 Strain Gauges  

The use of electric resistance strain gauges is a  well-established technique for measuring strain 

in orthopedic studies 13,17,21,63. Strain gauges offer many advantages over other techniques in that 

they are very sensitive and can measure strains directly10. Additionally, they can measure strain 

in a variety of corrosive environments and are easily monitored in dynamic loading situations. 

Their primary disadvantage is that they only measure strain at the discrete point at which they are 

applied, and strain measurements must be used in conjunction with material properties to 

determine stresses. This requires the individual performing testing to be familiar with the critical 

regions required in the test specimen and analysis to be performed in conjunction with material 

properties to determine the stress state of the bone or bone model.  

1.5.2.1 Components of a Strain Gauge Measuring System 

A strain gauge is made of etched foil grid patterns with a polymer backing (Figure 19). Each 

gauge has a basal resistance (120 or 350 ohms). When deformation is applied along the main 

axis of the gauge, the length of the foil changes, resulting in a proportional change to 

resistance64.   
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Figure 19-Components of a strain gauge65 

 

Different set ups exist to excite the strain gauge and to record changes. A common method, 

which was utilized in this study, is the use of a laboratory amplifier with a computer interface. 

Software is used to provide instantaneous graphs while testing. As the set up uses additional 

electronics and equipment, a Wheatstone bridge configuration is used to offset the resistance of 

the gauges, wires, connectors etc. A full Wheatstone bridge has four active strain gauge 

elements. This configuration can be further simplified to a quarter Wheatstone bridge to allow 

for data collection from a single strain gauge element along the principal axis in a uniaxial (axial 

or bending) stress field.  

Figure 20-Different types of configurations of strain gauges: full wheatstone with 4 active elements (left), 
quarter wheatstone (right)64 

Without use of these configurations artifacts in the test set up can result in signals greater than 

the signal of interest exhibited from the strain gauge, resulting in inaccurate results. When 

selecting a strain gauge there are many important things to consider.  

1.5.2.1.1 Strain Gauge Selection 

Foil Grid Material: The principal component which determines the operating characteristic of 

the strain gauge is the strain-sensitive alloy used in the foil grid. Constantan, annealed 
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constantan, isoelastic and karma alloy are all options depending on the degree of sensitivity, 

fatigue life and temperature one requires for testing10,64.  

 

Sensitivity: The sensitivity of the gauge is defined by its gauge factor. The higher the gauge 

factor, the more the resistance of the gauge is influenced by changes in length10,64.  

Backing material: Conventional foil gauge construction involves a photoetched metal foil pattern 

mounted on a plastic backing. The backing serves several important functions; handling during 

installation, a bondable surface for adhering to the test specimen and electrical insulation 

between the foil and test object. Backing material is generally of two types, polyimide and glass- 

fiber- reinforced epoxy-phenolic64. Polyimide is the primary backing material for bone strain 

measurements because it is tough, flexible and can tolerate deformations up to 20%10. Its 

flexibility allows placement on surfaces with a small radius of curvature, ideal for bone-implant 

models.  

Gauge length & width: The gauge length is the active/strain sensitive part of the grid. The end 

loops and solder tabs are insensitive to strain because of their large area and low electrical 

resistance. Gauge lengths vary from 0.2mm-100mm. As a rule of thumb, gauge length should be 

no greater than 0.1times the radius of a hole or notch or the corresponding dimensions of any 

other stress raiser64. Longer gauges offer several advantages such as ease of handling, wiring, 

installation and heat dissipation, however, too large a gauge can result in gradient errors. Smaller 

gauges are more difficult to handle and install and have poorer heat dissipation properties. Their 

maximum elongation, stability during static loading and endurance during fatigue loading are 
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poorer compared to larger gauges. Therefore, a compromise is often made between selecting a 

small gauge length to minimize gradient errors and a longer gauge length to minimize thermal 

drift errors10,64. 

 Narrower grid widths aid to avoid errors when testing high strain gradients. This is especially 

important when testing bone models as bone surfaces are non-linear and have varying properties 

along their curvature. Narrower gauges will help to minimize measurement inaccuracies due to 

this variable. Therefore, similar to gauge length, it is always a compromise to select a small 

width to minimize averaging errors caused by high strain gradients and a larger gauge width to 

improve heat dissipation and enhance gauge stability10,64.  

Gauge Pattern: The gauge pattern refers cumulatively to the shape of the grid, the number and 

orientation of the grids in a multiple grid gauge and solder tab configuration10,64.  

Uniaxial stress state: A single strain gauge is always linear and measures strain in one 

direction of interest.  

Biaxial stress state: Apposition of multiple strain gauges is considered to provide a 

complete determination of strain in multiple directions of interest. The arrangement can 

be made with two different strain gauges oriented perpendicularly (tee rosettes) or with 

three strain gauges oriented 60 or 45o from each other (delta rosette). 

 

Tee rosette  Delta rosette  
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Figure 21-Apposition of multiple strain gauges to measure biaxial stress64 

Gauge Resistance: The resistance of standard gauges is 120 or 250 ohms. This parameter is 

dictated by the amplifier specifications as the optional excitation level must match the internal 

resistance of the gauge. When the choice exists, a higher resistance gauge is preferable in that it 

reduces heat generation, decreases lead wire effects and improves the signal to noise ratio64.  

Lead Wires and Transcutaneous Connectors: Different types of wiring and attachment options 

are available for instrumentation of strain gauges for testing. Pre-wired gauges were selected for 

this project to reduce variation and errors that may have occurred with non-factory wiring. As a 

result, details of wiring will not be discussed further.  

Preparation of Gauges prior to attachment: Depending on the mode of testing, strain gauges 

may need specific sterilization and water proofing prior to application in a biological 

environment. This was not required in this study and is beyond the scope of this manuscript.  

1.5.3 Points to Consider 

It is important to recognize that a strain gauge only represents a small unit of displacement 

measurement and is not representative of strain along the entire length of a structure. The gauge 

will measure its own deformation over its finite grid surface area, and therefore if the gauge is 

longer then the portion where deformation occurs the measured strain will be an underestimation 

of the true strain of the material.  

Bonding is also an important variable when measuring strain with a strain gauge. Correct 

bonding is mandatory for the validity of measurement as if the gauge is not correctly adhered and 

additional motion is possible the strain that is measured would be an overestimation of the true 
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strain of the object64. Cyanoacrylates are the most common adhesives used in vitro and in vivo 

and detailed information on the application and preparation of this bonding can be found in An 

YH et al.  

Strain gauges are limited as to their placement in order to measure strain along a particular axis 

and therefore an understanding of the expected deformation is necessary to obtain valid results.  

Appropriate insulation and soldering of connecting wires needs to occur to reduce noise that may 

affect results. Flexibility of the wires is also necessary to prevent motion limitation. Premade 

wires exist to reduce installation error that may occur when doing this yourself.  

1.5.4 Clinical Uses of Strain Gauges  

Strain gauges have been used in a variety of applications in human and veterinary medicine. In 

humans, strain gauges have been utilized to provide a fundamental description of loading 

patterns of  a variety of bones in normal loading conditions 65-68. It has also been utilized in a 

variety of studies evaluating strain in different fracture models 18,69–71. Field et al, using strain 

gauges to evaluate the symmetrical omission of screws on construction stiffness and bone 

surface strain following the application of bone plates to cadaveric bone in both torsion and 

bending models. The concluded that there was no deleterious effect on structural stiffness 

following the omission of 40% of the total screw complement from the construct71. Bichot et al. 

used strain gauges in stackable veterinary cuttable plates to determine if shortening the 

superficial plate reduced the stiffness and strength of the construct21. In a study evaluating 

variables similar to this study, Kanchanomi et al. evaluated the effects of locking screw position 

on stiffness and fatigue within fractured femur models18. A variety of other applications for 
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strain gauges in bone biomechanics and fracture healing have been evaluated, however the 

details are beyond the scope of this manuscript.  

6. Factors Affecting Plate Strain 

Plate strain is an important variable when testing internal fixation constructs. This variable 

identifies regions of mechanical weakness where a construct may prematurely fail by acute 

overload or cyclic fatigue72. 

1.6.1 Plate Length 

The length of the plate selected is determined by two factors, the plate screw density ratio and 

the plate span width. The plate: screw density ratio has been recommended to be in the range of 

0.5-0.4 or lower; stated alternatively, less than half of the plate should be filled with screws73,74 

(Figure 22). The plate span width is the quotient of the plate length and overall fracture length. In 

simple fractures, the plate length should be 8-10 times higher than the fracture length. This ratio 

decreases to 2-3 times higher than the overall fracture length in comminuted fractures 73,75.  

 

 

 

 

 

 

Figure 22-Variables considered when selecting plate length for fracture fixation. The plate span ratio is the 
quotient of plate length and overall fracture length. The plate screw density is the quotient formed by the 
number of screws inserted and the number of plate holes73 
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In the past, short plates were selected to avoid long skin incisions and extensive soft tissue 

dissection. All screw holes were filled because of the need for absolute stability and the need to 

generate enough friction forces between the bone and implant. With the evolution of biological 

fixation, indirect reduction and subcutaneous plate insertion, longer plates can be used without 

additional soft tissue dissection. The use of longer plates with fewer screws was found to be 

stronger than shorter plates with more screws76. With this discovery, different theories regarding 

screw placement have been suggested, as is discussed in section 1.6.3.   

1.6.2 Plate Stiffness 

The majority of research on strength testing and comparison of different plate constructs focuses 

on plate strain and plate stiffness. Plate stiffness, is the ability of the plate to resist deformation in 

response to an applied force (compression, bending, torsion etc.)1,35. Plate stiffness has a direct 

effect on fracture stability and fracture gap strain. If plate stiffness is high, fracture strain is low, 

as the plate is able to protect the fracture site from forces being applied to the bone. Conversely, 

if stiffness decreases, the plate is no longer able to resist these forces and therefore the forces 

become transferred to the fracture gap, resulting in an increase in interfragmentary strain.  

1.6.3 Plate Working Length 

Each plate is divided into three segments: the middle segment at the fracture site, the proximal 

plate segment anchoring the implant on the proximal bone segment and the distal plate segment 

anchoring the implant on the distal bone fragment. The working length of the plate is defined as 

the distance between the proximal and distal screw in closest proximity to the fracture20 (Figure 

23). This is the unsupported length of fixation that must withstand bending and torsion loads76. 

Research has shown that the length of the plate is more important than the number of screws 
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inserted in the plate; no more than four screws need to be inserted after the working length is 

minimized and the plate length is maximized 38,47,76,77. Previous models have shown that the 

greatest concentration of applied pullout force occurs at the end screws47,78, whereby each 

additional screw placed should theoretically decrease the load on each end screw.  

 

Figure 23-Illustration of a short plate working length (top) with screws placed as close to the fracture gap as 
possible, and a long plate working length (bottom) with screws placed further away from the fracture gap35 

 

Several studies support that a shorter working length results in greater plate stiffness and 

decreased fracture strain when applied in axial loading. Stoffel et al. placed screws as close to the 

fracture gap as possible, resulting in approximately a 60% increase in axial stiffness compared to 

when the closest screw was moved one hole further away74. Pearson et al.62 also found a similar 

outcome when comparing a three-screw configuration on 12-hole 3.5mm LCP plates. The four 

screw holes in the center of the plate were left open in all constructs and 8, 6 or 4 screw holes 
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were filled starting on either end of the plate prior to testing. This study supports that screw 

configurations that shorten the working length of the plate result in a significant increase in axial 

and bending stiffness.  More specifically, screws placed closer to the fracture gap resulted in a 

200% decrease in construct stiffness compared to screws placed one hole further away. This was 

confirmed in another study evaluating screw positioning on plate strain in 12-hole LCP plates 

found a 30% decrease in construct stiffness with screws placed farther from the fracture gap 

compared to closer 77. 

Because of the current use of long plates with a small plate screw density ratio, the surgeon can 

decide which screw hole should or shouldn’t be filled. Screw placement, by modifying the 

working length, clearly affects the stiffness of the implant and controls fracture strain, but it may 

also have the potential to affect plate strain.  

1.6.3.1 Short Plate Working Length 

Several studies have identified that plate strain is significantly lower and more evenly distributed 

in plate constructs with a large fracture gap and a shorter plate working length19,62,74,79. Pearson 

et al19,62 compared plate strain in three-screw configuration on 12-hole 3.5mm LCP plates and 

found that strain was highest in the screw adjacent to the fracture gap in constructs with a long 

working length. No significant difference was found in plate strain in constructs with a short 

working length. Thus, they concluded that placing screws closer to the fracture gap not only 

reduced strain, but also distributed it more evenly across the plate. Ellis et al. showed similar 

findings when evaluating screw positioning in 20-hole DCP plates in three different model 

constructs79. Maximal plate strain in gap models was lowest with screws placed closest to the 

gap. The highest plate strain occurred adjacent to the most central screw holes and rapidly 
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dissipated along the length of the plate79. 

1.6.3.2 Long Plate Working Length 

Chao et al20 demonstrated that larger plate working lengths result in larger bending moments on 

the plate, which provides explanation as to why an increased working length increases plate 

strain. This study also showed that in constructs with longer working lengths strain is unevenly 

distributed, as was demonstrated with strain concentration at the last screw in one fragment and 

at the end of the bone in the other. This refutes previous studies that found strain to always be 

concentrated at the fracture gap13,80. Although this study did not directly measure plate strain, 

their results help to explain why longer plate working lengths may result in higher strain as 

observed in the other studies described above. 

In contrast with the studies performed with a long fracture gap, studies with a small gap revealed 

a decreased plate strain with a longer working length. In a no-gap model, Ellis showed 

significantly lower strains when screws were placed further from the osteotomy site than when 

screws were positioned close together or spaced apart79. This correlates with the findings in 

Stoffel et al74 whereby an increased plate working length reduced plate strain by 10-45% (based 

on number of screw holes left open) and screw stress by 63-78% in a 1 mm fracture gap model. 

This is because when the bone is loaded, the fracture ends come into contact with each other, 

thus limiting displacement of the bone segments. 

Because of these findings, several authors have suggested that shortening the working length of 

the plate by placing screws closer to the fracture site increases strain, predisposing it to failure. 

Therefore, placing screws further apart is believed to increase the working length of the plate and 
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distribute the strain over a longer area, thus increasing the compliance of the construct and 

decreasing the risk of implant failure44,81. This concept has been widely propagated and adopted 

by surgeons, particularly those interested in minimally invasive surgery, as the placement of the 

screws away from the fracture site potentially represents a significant biological advantage.  

Despite its widespread acceptance, this concept remains controversial.  

Maxwell et al., in evaluating the effect of six different configurations of screw omission on plate 

strain during axial load to failure in 12 hole 3.5 LC-DCP and DCP plates, suggested that the 

strain gauge at the fracture site did not differ based on plate type or screw configuration. 

Removing screws, however, redistributed the strain more evenly along the plate, especially for 

the LC-DCP plate, suggesting that the addition of screws near the fracture site focused strain 

over the fracture gap 13.  

Kanchanomai et al. evaluated strain a 14 hole LCP plate with a long working length (screws 

placed far from fracture gap) and short working length (screws placed adjacent to fracture gap) 

in both a 1mm (Model 2 & 3) and 8mm gap model (Model 4 & 5) (Figure 24)18. They found an 

increase in surface strain of the holes over the fracture site (P4) with a shorter plate working 

length in both models (Model 3 & 5). Interestingly, in the large gap model strain distribution 

were almost identical between the short and long working length, suggesting that gap size has an 

influence on the plate working length. 
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Figure 24-Evaluation of strain in a 14 hole LCP plate with a long working length (screws placed far from 
fracture gap) and short working length (screws placed adjacent to fracture gap) in both a 1mm (Model 2 & 3) 
and 8mm gap model (Model 4 & 5). An increase in surface strain of holes over the fracture site (P4) with a 
shorter plate working length in both models (Models 3 & 5) 18.  

 

A computational model investigating two clinical cases of bone fracture treatments further 

supported those findings: one treated with a rigid fixation (12 screws) and the other with a 

flexible fixation (6 screws). Computer simulations used allowed for comparison between the two 

constructs, while eliminating differences in fracture location and plate material. The results 

suggest that fatigue life in the rigid construct was lower (20 days) than the flexible construct 

(2000 days), leading the authors to conclude that a short working length results in a more rapid 

fatigue failure due to higher stress at the fracture gap82. In contrast, Hoffmeier et al. evaluated 

fatigue behaviour in three different construct models using identical 4.5mm distal femoral 

titanium and stainless steel locking plates83. All three configurations had 2 holes open over the 
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fracture gap; however, the first configuration had all remaining locking holes filled, an additional 

2 holes on either side of the fracture gap were left open in the second, and four holes on either 

side of the fracture gap were left open in the third (Figure 25).

 

Figure 25-Three configurations used to test fatigue behaviour by Hoffmeier et al to assess plate strength and 
strain with a 10mm fracture gap83. 

Working length had no effect on fatigue limit in stainless steel plates. A positive correlation was 

however observed between working length and fatigue limit with the titanium plates, suggesting 

that plate material could have a significant influence. Although, it could be argued that fatigue 

failure could be an indirect indicator of plate strain, plate strain was not measured in this study. 

The difference in results between those two studies may highlight the fact that computer models 

do not necessarily depict the results one would see clinically with chronic cycling of the plates.  

1.6.4 Limitations of Previous Studies 

We believe that the contradictory results in these studies are attributable to the plate application 

to the bone. In the studies by Maxwell13 and Chao20 non-locking plates and screws were used, 

which, as previously described, relies on friction between the bone and plate construct. This 

results in the bending moment to concentrate between the ends of the bone segment during 

testing regardless of screw positioning. The true working length tested would therefore not be 

related to the distance between screws; rather, it would be the unsupported area of plate (fracture 
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gap). Micromotion at the screw-plate interface as a result of non-locking screws may have also 

resulted in differences on strain concentration. Hoffmeier et al83 utilized locking plates however 

they were fixed flush to the bone. By having contact between the plate and bone model one 

cannot ensure the working length of the plate is being determined by the screw configuration 

versus contact between the plate and bone model adjacent to the fracture gap. We suspect that 

the contact of the bone with the plate results in increased plate strain at the fracture gap due to 

frictional forces between the bone and plate. This hypothesis is supported by the work of Pearson 

et al.62 who tested the effect of different plate working lengths on plate strain using three 

different plate-rod construct models. Pearson used locking screws to ensure that the plate was 

located 2mm off the bone model to eliminate any friction between the plate and the bone. 

Although Pearson evaluated plate rod constructs, his results support our hypothesis that a long 

working length does not reduce plate strain when loaded under load control.   
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IN VITRO EVALUATION OF BONE PLATE STRAIN FOLLOWING 

FRACTURE REPAIR USING DIFFERENT SCREW CONFIGURATIONS 

 

2.1  ABSTRACT  

Objective: This study provides a comprehensive examination of plate strain under realistic 
fracture configurations. The effect of plate working length, plate contact, fracture length and 
position on strain was evaluated using bone surrogates subjected to “load controlled”, non-
destructive conditions. 
 
Materials & Methods: Five 3.5mm stainless steel LCP™ plates were instrumented with 6 
strain gauges. The gauges were glued between holes in pre-determined locations marked by 
laser engraving. Nine fracture models were created using bone surrogate, each representing a 
combination of the criteria under study: long vs. short working length, degree of plate 
compression, fracture location and fracture length. All five plates were tested under each of 
the 9 configurations in a random order. The constructs were mounted in an Instron testing 
machine with a 5KN load cell. The gauges were connected to a calibrated multichannel 
amplifier. Each specimen was cyclically loaded at a rate of 5mm/min to 50N, 100N and 
200N, for seven cycles at each load. Measurements were collected at 100Hz.  

Results: Throughout all symmetric fracture configurations strain was always greatest 
centered over the fracture gap. Location of greatest plate strain was altered on asymmetric 
fracture configurations but was always greatest centered over or directly adjacent to the 
fracture gap. Gauges protected by a screw on either side showed lower strain than any gauge 
located over the fracture gap. Throughout this study load and strain maintained a positive 
correlational relationship. This relationship however was not proportional, whereby when 
load was doubled between each test, strain increased by more than double. Increasing the 
plate working length increased strain at higher loads and increased strain on the plate 
adjacent to the fracture gap. A shorter fracture gap with a long working length only had a 
negligible protective effect at higher loads as the surrogate contacted the plate during 
bending. When evaluating plate location, elevation of the plate away from the bone resulted 
in an increase in plate strain, which was significantly greater when configured with a long 
plate working length (p<0.05).  Fracture location had minimal effect on plate strain. Overall, 
a shorter working length reduced strain on the plate over the span of the plate. 

Conclusion/Clinical Significance: A shorter plate working length resulted in decreased plate 
strain compared to a longer plate working length when tested in different fracture 
configurations, plate location and utilizing locking and non-locking plate constructs. By 
decreasing the amount of plate strain, one can potentially achieve a reduction in orthopedic 
implant failure, and ultimately fracture failure of our veterinary patients.  
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2.2  INTRODUCTION 

Fracture fixation has evolved dramatically over the last century. In the early 1900s, non-

operative immobilization with plaster and splints was the primary method for repair. 

Unsurprisingly, this resulted in a high incidence of joint stiffness, muscle wasting and disuse 

osteoporosis, also known as fracture disease1–3. In the 1950s, a new theory known as 

‘Mechanical Fixation’ emerged that promoted early mobilization of fracture patients to combat 

these complications. The theory emphasized absolute stability, of the bone segments, whereby 

fractures were anatomically reduced prior to compression fixation1–4. This technique resulted in 

direct bone healing with minimal evidence of callus formation around the fracture gap while 

allowing limited use of the limb and mobilization of the joints 1–3. Although this resulted in a 

significant decrease in the occurrence of fracture disease, it often resulted in delayed bone 

healing due to limited blood supply to the soft tissues and periosteum that occurred during 

dissection and plate application. In response to these concerns, the limited contact compression 

plates (LC-DCP) was developed and designed to minimize interference with the periosteal blood 

supply and provide a small amount of instability (interfragmentary strain) to the fracture1,2,4–6. 

These plates improved callus formation and allowed faster return to function compared to 

traditional plates (5-6). With improvements in the understanding of fracture physiology and bone 

healing, it became evident that a better preservation of bone viability was important. From 

absolute stability and rigid fixation, fracture fixation progressively evolved towards relative 

stability and preservation of soft tissues and blood supply. This method, described as ‘Biological 

Fixation’ 1–4,7,8, influenced both the development of new implants and also new techniques 

employing reduction by indirect means to minimally disturb the fracture site and hematoma. 
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Locking plates emerged in the 1990s as one of the new fixation techniques with a focus on 

preserving biology and relative stability by allowing rapid fracture healing with early relative 

motion of the fracture site.  

Locking plates are designed with threaded holes, allowing screws to lock into the plate and 

thereby functioning as a fixed angle device. Unlike conventional plates, which rely on friction 

between the plate and bone, locking plates do not. These plates allow for less contact with bone, 

better preserving periosteal blood supply and bone perfusion2–4,9–11. In addition, the excellent 

fixation to the bone allows for the use of fewer screws than traditional plates and provides 

superior fixation into poor quality bone. The increased stability is optimal in treating fractures in 

osteoporotic or poor quality bone2,9,12, comminuted bicondylar fractures or unstable fractures 

requiring more than one plate2–4,9. Another advantage of the locking plates is the ability to 

achieve flexible fixation while still ensuring adequate bone purchase7,8,10.  

In the past, with mechanical fixations, short plates were often selected to avoid long skin 

incisions and extensive soft tissue dissection. All screw holes were filled because of the need for 

absolute stability. With the evolution of biological fixation, indirect reduction and subcutaneous 

plate insertion, longer plates could be used without requiring additional soft tissue dissection. 

The use of longer plates with fewer screws was found to be stronger (greater peak load and 

ultimate moment to failure) than shorter plates with more screws13,14. With this discovery, 

different theories regarding screw placement have been suggested, which was investigated in the 

current study. Ideally, both plate and screw loading should be minimized to avoid high plate 

strain and subsequent fatigue failure during cyclic loading. This balance, however, is difficult to 

achieve as too much flexibility increases the risk of plate failure due to excessive repetitive strain 
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and fatigue before the bone has sufficiently healed. Conversely, too little flexibility may cause 

delayed union because of the lack of callus stimulation15,16. Surgeons are able to control fracture 

strain by optimizing the size and type of implant, changing screw density ratio or by changing 

the position of the screws relative to the fracture.  

The length of the plate selected is determined by two factors, the plate screw density ratio and 

the plate span width. The plate: screw density ratio, which is the number of screws used relative 

to the number of screw holes in the plate, should ideally be between 0.5-0.4 or lower; stated 

alternatively, less than half of the plate should be filled with screws17 (Figure 1). The plate span 

width is the quotient of the plate length and overall fracture length. In simple fractures, the plate 

length should be 8-10 times higher than the fracture length. This ratio decreases to 2-3 times 

higher than the overall fracture length in comminuted fractures17,18 (Figure 1). 

Each plate is divided into three segments: the middle segment at the fracture site, the proximal 

plate segment anchoring the implant on the proximal bone segment and the distal plate segment 

anchoring the implant on the distal bone fragment. The working length of the plate is defined as 

the distance between the proximal and distal screw in closest proximity to the fracture19. This is 

the unsupported length of fixation that must withstand bending and torsion loads13 (Figure 2). 

Research has shown that the length of the plate is more important than the number of screws 

inserted in the plate; no more than four screws need to be inserted after the working length is 

minimized and the plate length is maximized 2,11,13,20. 

The majority of research on strength testing and comparison of different plate constructs focuses 

on plate strain and plate stiffness. Plate stiffness, is the ability of the plate to resist deformation in 
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response to an applied force (compression, bending, torsion etc.). Plate stiffness has a direct 

effect on fracture stability and fracture gap strain. If plate stiffness is high, fracture gap strain is 

low, as the plate is able to protect the fracture site from forces being applied to the bone. 

Conversely, if stiffness decreases, the plate is no longer able to resist these forces and therefore 

the forces become transferred to the fracture gap, resulting in an increase in fracture strain. 

Several studies support that a shorter working length results in greater plate stiffness and 

decreased fracture strain when applied in axial loading. Stoffel et al. placed screws as close to the 

fracture gap as possible, resulting in a significant increase in axial stiffness compared to when 

the closest screw was moved one hole further away21. Pearson et al.22 also found a similar 

outcome when comparing a three-screw configuration on 12-hole 3.5mm LCP plates. The four 

screw holes in the center of the plate were left open in all constructs and 8, 6 or 4 screw holes 

were filled starting on either end of the plate prior to testing. The study supports that screw 

configurations that shorten the working length of the plate result in a significant increase in axial 

and bending stiffness.  More specifically, screws placed closer to the fracture gap resulted in a 

significant increase in axial stiffness compared to screws placed one hole further away. This was 

confirmed in another study evaluating screw positioning on plate strain in 12-hole LCP plates 

found a decrease in construct stiffness with screws placed farther from the fracture gap compared 

to closer20. 

Changing the position of the screws and changing the plate working length, not only affects the 

strain at the fracture gap, but also influence the amount of deformation of the plate itself. Plate 

deformation or plate strain is another important variable when testing internal fixation constructs. 

Strain is the deformation observed in a structure as a result of an applied stress at that location. 
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This variable identifies regions of mechanical weakness where a construct may prematurely fail 

by acute overload or cyclic fatigue23. Because of the current use of long plates with a small plate 

screw density ratio, the surgeon can decide which screw hole should or shouldn’t be filled. 

Screw placement, by modifying the working length, clearly affects the stiffness of the implant 

and controls fracture strain, but at the same time, modifies the construct stiffness and affects 

plate strain.  

Several studies have identified that plate strain is significantly lowered and more evenly 

distributed in plate constructs with a large fracture gap and a shorter plate working 

length21,22,24,25. Pearson et al22,26 compared plate strain in three-screw configuration on 12-hole 

3.5mm LCP plates and found that strain was highest in the area adjacent to the screw closest to 

the fracture gap in constructs with a long working length. No significant difference was found in 

plate strain in constructs with a short working length. Thus, they concluded that placing screws 

closer to the fracture gap not only reduced strain, but also distributed it more evenly across the 

plate. Ellis et al25. showed similar findings when evaluating screw positioning in 20-hole DCP 

plates in three different model constructs25. Maximal plate strain in gap models was lowest with 

screws placed closest to the gap. The highest plate strain occurred adjacent to the most central 

screw holes and rapidly dissipated along the length of the plate25. 

Chao et al19 demonstrated that larger plate working lengths result in larger bending moments on 

the plate, which provides explanation as to why an increased working length increases plate 

strain. This study also showed that in constructs with longer working lengths strain is unevenly 

distributed, as was demonstrated with strain concentration at the last screw in one fragment and 

at the end of the bone in the other. This refutes previous studies that found strain to always be 
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concentrated at the fracture gap27,28. Although this study did not directly measure plate strain, 

their results could help to explain why longer plate working lengths may result in higher strain as 

observed in the other studies described above. 

In contrast with the studies performed with a long fracture gap, studies with a small gap show a 

decreased plate strain with a longer working length. In his no-gap model, Ellis showed 

significantly lower strains when screws were placed further from the osteotomy site than when 

screws were positioned close together or spaced apart 25. This correlates with the findings in 

Stoffel et al21 whereby an increased plate working length reduced plate stress by 10-45% (based 

on number of screw holes left open) and screw stress by 63-78% in a 1 mm fracture gap model. 

In these models however, the fracture gap was very small and when loaded, the fracture ends 

would come into contact with each other, thus limiting displacement of the bone segments. 

Despite these findings, several authors have suggested that shortening the working length of the 

plate by placing screws closer to the fracture site increases strain, predisposing it to failure. 

Therefore, placing screws further apart is believed to increase the working length of the plate and 

distribute the strain over a longer area, thus increasing the compliance of the construct and 

decreasing the risk of implant failure29,30.  

Maxwell et al., in evaluating the effect of six different configurations of screw omission on plate 

strain during axial load to failure in 12 hole 3.5 LC-DCP and DCP plates, suggested that the 

strain gauge at the fracture site did not differ based on plate type or screw configuration. 

Removing screws, however, redistributed the strain more evenly along the plate, especially for 
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the LC-DCP plate, suggesting that the addition of screws near the fracture site focused strain 

over the fracture gap 27.  

Kanchanomi et al. evaluated strain a 14 hole LCP plate with a long working length (screws 

placed far from fracture gap) and short working length (screws placed adjacent to fracture gap) 

in both a 1mm and 8mm gap model31. They found an increase in surface strain of the holes over 

the fracture site with a shorter plate working length in both models. Interestingly, in the large gap 

model strain distribution were almost identical between the short and long working length, 

suggesting that gap size and not just the working length had an influence on plate strain. 

A computational model investigating two clinical cases of bone fracture treatments further 

supported those findings: one treated with a rigid fixation (12 screws) and the other with a 

flexible fixation (6 screws). Computer simulations used allowed for comparison between the two 

constructs, while eliminating differences in fracture location and plate material. The results 

suggest that fatigue life in the rigid construct was lower (20 days) than the flexible construct 

(2000 days), leading the authors to conclude that a short working length results in a more rapid 

fatigue failure due to higher stress at the fracture gap32. In contrast, Hoffmeier et al. evaluated 

fatigue behaviour in three different construct models using identical 4.5mm distal femoral 

titanium and stainless steel locking plates33. All three configurations had 2 holes open over the 

fracture gap; however, the first configuration had all remaining locking holes filled, an additional 

2 holes on either side of the fracture gap were left open in the second, and four holes on either 

side of the fracture gap were left open in the third. Working length had no effect on fatigue limit 

in stainless steel plates. A positive correlation was however observed between working length 

and fatigue limit with the titanium plates, suggesting that plate material could have a significant 
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influence. Although, it could be argued that fatigue failure could be an indirect indicator of plate 

strain, plate strain was not measured in this study. The difference in results between those 2 

studies may highlight the fact that computer models do not necessarily depict the results one 

would see clinically with chronic cycling of the plates  

We believe that the contradictory results in these studies are attributable to the different testing 

conditions and models used and plate application to the bone. Many studies predate the use of 

locking plates and are therefore relying on the use of regular cortical screws. This is the case for  

Maxwell27 and Chao23, in which non-locking plates and screws were used, which, as previously 

described, relies on friction between the bone and plate construct. This results in the bending 

moment to concentrate between the ends of the bone segment during testing regardless of screw 

positioning. The true working length tested would therefore not be related to the distance 

between screws; rather, it would be the unsupported area of plate (fracture gap). Micromotion at 

the screw-plate interface as a result of non-locking screws may have also resulted in differences 

on strain concentration. Hoffmeier et al33utilized locking plates however they were fixed flush to 

the bone. By having contact between the plate and bone model one cannot ensure the working 

length of the plate is being determined by the screw configuration versus contact between the 

plate and bone model adjacent to the fracture gap. We suspect that the contact of the bone with 

the plate results in increased plate strain at the fracture gap due to frictional forces between the 

bone and plate. This hypothesis is supported by the work of Pearson et al.22 who tested the effect 

of different plate working lengths on plate strain using three different plate-rod construct models. 

Pearson used locking screws to ensure that the plate was located 2mm off the bone model to 

eliminate any friction between the plate and the bone. Although Pearson evaluated plate rod 
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constructs, his results support our hypothesis that a long working length does not reduce plate 

strain when loaded under load control.   

Similarly to Pearson, we believe that the different and often contradictory results of previous 

studies are due to methodological variations in construct testing, which has led to the potential 

misinterpretation of the results. This has led to propagation of the concept that an increased 

working length decreases plate strain despite the fact that several studies have demonstrated 

decreased plate strain with a shorter working length19–22,25. We therefore propose to conduct a 

comprehensive examination of the locking plate strain using strain gauges under multiple 

realistic configurations of canine fractures, and to evaluate the effect of bone contact, screw 

placement, fracture length and fracture position on plate strain using bone surrogates subjected 

to” load controlled”, non-destructive loading conditions. Our null hypothesis was that in various 

fracture gap models a shorter plate working length would have equal strain compared to a long 

plate working length. We also hypothesized that the greater distance the plate was situated from 

the bone model, the greater the strain across the plate. To test these hypotheses strain was 

measured across 6 strain gauges fixed to 5 plates in 9 different fracture configurations. Strain 

was recorded from these six sites and compared across different forces of axial loading.   
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2.3 MATERIALS & METHODS 

Bone Models 

Fracture gap models were created using cylinders made of 4th generation short fiber reinforced 

epoxy measuring an outside diameter of 20 mm with a wall thickness of 3mm i. The cylinders 

were cut to specific lengths to match the length of bone fragments as indicated in Figure 3. Two 

(configurations 1-4, 6-9) and eight (configuration 5) hole fracture gaps were selected to 

encompass a variety of fracture configurations observed in veterinary medicine. The different 

bone segments were secured using 2 screws in each segment, leaving the remaining screw holes 

open. Constructs A, B, E, F and G were all pre-drilled with two 2.8mm pilot holes to be fitted 

with locking screwsii. Constructs C and D were pre-drilled with two 2.5mm pilot holes to be 

fitted with non locking screwsiii. Cylinder cutting and drilling were all performed in a high 

precision milling machine to obtain consistency between all constructs. Two high-density 

stainless-steel end caps were machined to fit into the extremities of the tubes (Figure 4). The end 

caps featured a conical recess to accommodate a stainless-steel ball connected to the Instroniv 

testing machine allowing for 3 degrees of freedom.  

Pre-testing sample 

One sacrificial bone plate construct was mounted into the Instron testing machine and loaded to 

failure. This construct was loaded at 5mm/min until permanent plate deformation of the construct 

 

i Sawbones, #3403-42, 4th generation, 500 mm length, 20mmOD, 3mm wall thickness, Vashon Island, WA, USA 
ii Synthes, 212.110, locking screw 28mm 3.5mm self tapping, Westchester PA, USA  
iii Synthes 204.826, non locking screw 26mm 3.5mm self tapping Westchester PA, USA 
iv Instron testing machine  
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was noted (Figure 5). The load deformation curve was recorded and the load at yield was 

calculated. This was performed to test the system and confirm that the maximum load of 200N 

selected for the remainder of the study would be well below the yield point to ensure non-

destructive loading conditions.  

Instrumented plates 

Seven Synthes stainless steel 3.5mm locking compression 12-hole platesv were purchased for 

instrumentation. One of the plates was used for preliminary testing and the second was used as a 

reserve in case one of the plates failed during testing. Gauge positioning along the plate was 

selected based on suspected areas of points of interest in the plate as well as to provide an overall 

representation of different areas along the plate. The position of the gauges was marked on the 

plate using laser engraving. A custom jig was created to secure the plate during the engraving 

process and to ensure repeatability of the markings. Rectangles measuring 1.5 mm in height and 

1.0 mm in width were etched into the plate at the future location of the strain gauges using a 

precision laser systemvi (5% power/150 Watts, 3.5mm focal point depth from bottom surface). 

The jig and laser software placed all rectangles 0.75 mm from the indicated distal screw hole 

(Figure 6) to ensure consistency between plates. Using 3x magnification, six strain gaugesvii were 

secured to each of the six platesviii using the delineated laser markings (Figure 7) and 

manufacturer adhesiveix. The pre-cabled and pre-wired strain gauges were cut to size to reduce 

 

v Synthes 223.621 LCP 2.5 12 hole Westchester PA, USA 
vi PLS6.150D, Scottsdale AZ, US 
vii Vishay 015LW, Toronto ON, Canada  
viii Vishay M Bone, Toronto ON, Canada  
ix M Bond 610, MicroMeasurements, Raleigh, North Carolina, USA 
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resistance in the system. The strain gauge cables were connected to the amplifier cables using 

quick release connectorsx to allow easy connect and disconnect to the system.  

Fracture Model Configurations 

The plates instrumented with the strain gauges were secured to the respective bone segments to 

create several different groups for testing (Figure 3). Configuration 1 and 2 represent a short and 

long plate working length with the plate affixed with locking screws but in contact with the bone 

in a small symmetrical fracture gap (2 plate holes). Configuration 3-8 evaluate the impact of 

utilizing a locking plate situated 1.5mm off the bone, with configuration 3 and 4 testing a small 

fracture gap (2 holes), configuration 5 testing a large fracture gap (8 holes) and configuration 6 

and 7 testing an asymmetrical small (2 hole) fracture gap). Configurations 8 and 9 evaluated non-

locking screws in a short symmetrical (2 hole) fracture gap model.  

Equipment 

The amplifierxi was configured for a 120W, ¼ bridge with 3V excitation under 

tension/compression (Appendix A). A 3-wire hookup was used to connect all six strain gauges to 

the amplifier. All strain gauges were tested prior to hookup using an electronic multi tester to 

ensure the resistance was 120W+/-0.6%. All cable connections were also tested to ensure 

appropriate wiring. Excitation adjustment and shunt calibration was performed as directed 

(Appendix B). A 15 pin D-Sub connector multichannel access port was connected from the 

 

x Molex style 3 pin locking connector  
xi MEPTS 9000S, Techkor Instrumentation  
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amplifier to a standard PC based A/D recording devicexii. An Ohm meter was used to verify 

appropriate wire connection to the multi-channel access port. Channels 1-6 were utilized on the 

amplifier and wired to the recording device based on the appropriate screw terminal pinout 

(Appendix C). A designated computer and data acquisition softwarexiii was used for data 

collection.  

Mechanical Testing & Strain Measurement  

Strain gauges were glued to each bone plate the night prior to testing to allow ample time for the 

glue to cure. Magnification was used to ensure as precise placement as possible and gauges were 

glued as instructed by the manufacturer. Manipulation of the gauge was facilitated by applying a 

small piece of clear cellophane tape onto the gauge and taping it onto the plate and keep the 

gauge steady while the glue is allowed to set. Tape was left over the gauge overnight to apply 

pressure and prevent movement of the gauge during curing.  

Simple randomization was used to create a randomization table whereby each locking screw 

configuration was tested in a different order (Table 1). All non-locking configurations were 

tested at the end of each plate testing, with the order of testing of the two configurations altering 

with each testing sequence.  

The instrumented plates were secured to the indicated segment according to the randomization 

table. All constructs were assembled using four 3.5mm locking/non locking screws following 

 

xii DAQ M Series, National Instruments 
xiii Labview 2016  
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standard AO principles, resulting in a two- or eight-hole fracture gap. For the constructs with a 

space between the plate and the bone (constructs 3-7), two 1.5mm thickness gauges were placed 

between the plate and the bone prior to screw insertion and tightening. The thickness gauges 

were subsequently removed after tightening of the screws. All locking screws were tightened to 

1.5 Nm torque. All non-locking screws were tightened using a three-finger technique. Each 

instrumented plate was used to test the nine different bone configurations in axial loading. Once 

testing of a particular configuration was complete, plates and locking screws were carefully 

removed, replaced with new bone segments corresponding to the next configuration and the 

screws were re-tightened to 1.5 Nm torque for the seven locking screw configurations and 

tightened using a 3-finger technique for the two non-locking configurations. The bone model 

cylinders were changed after every test and new cylinders were used for each configuration. 

Once each configuration was created, the construct was mounted into the Instron testing 

machineiv instrumented with a 5KN load cellxiv (Figure 8). The strain gauges were connected to 

the multichannel amplifier and the designated data collection computer. The load cell and strain 

gauges were calibrated and zeroed with the sample unloaded but held in the vertical testing 

position. The amplifier was re-calibrated for each plate prior to testing.  The constructs were 

preloaded at 1mm/min to a load of 5N to eliminate the slack in the system. The displacement 

gauge of the Instron was zeroed. Pre-testing cycling was performed for each configuration by 

cyclically loading the constructs 5 times between 5N and 50N. Following pre-testing cycles, 

testing was performed for each configuration with cyclical loading at a rate of 5mm/min up to 

 

xiv Instron 2580 static cell 
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50N, 100N and 200N, seven times at each respective force and returning to 5N between each 

cycle. Configurations were tested in order for the first plate and then according to the 

randomized table below. Load/displacement curves as well as the strain measurements were 

collected during testing at 100Hz.  

Data Calibration 

Data was exported from LabView into Microsoft excel spreadsheets. Calibration data was 

graphed and 100 points in strain was selected and averaged from each of the respective 

calibration voltages (0, 12, 120 volts). The simulated strain was then calculated using the 

appropriate calibration equation from the Techkof manualxv for a quarter bridge 120 ohm 

simulated compressive strain model (Appendix D). Once the simulated microstrain was 

calculated it was graphed against the previously calculated calibration average for each plate, 

configuration and channel (Appendix F- Calibration averages files). A trendline was graphed to 

obtain a slope and y intercept value. Statistical softwarexvi was then used to calculate the true 

strain on the system using the following equation: 

y=x-b/a   where:  y= strain 
     x=strain gauge value 
     b=y intercept of calibration trendline 
     a= slope of calibration trendline  

 

xv Techkof  instrumentation MEPTS 9000 operating manual  

xvi R Studio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA  
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A running average of every 10 data points was performed to condense the amount of data for 

statistical analysis. All configurations were graphed in Microsoft Excel and 10 points of maximal 

strain and minimal strain were averaged for 5 repetitions. The points of minimal strain were 

subtracted from the points of maximal strain to correct for any issues that zeroing on the 

amplifier may not have corrected for.   

Statistical Analysis 

The statistical analysis was divided into 3 parts. Part 1 evaluated plate positioning relative to the 

bone model in both short and long plate working length configurations (constructs 1,2,3,4,8,9). 

This was performed using a general linear mixed model that included the fixed effects of length, 

plate distance, force and gauge as well as all interaction terms was included in the model. Part 2 

evaluated symmetric versus asymmetric fracture gaps and included constructs 3,4,6,7. This was 

performed using a general linear model that included the fixed effects of length, plate distance, 

force, gauge. All interaction terms were included in the model. Part 3 evaluated size of fracture 

gap and included constructs 4,5. The fixed effects of length, force, gauge as well as all 

interaction terms was included in the model. For all models’ plate was entered as a random 

effect. Data was checked for normality by examination of the residuals and Shapiro-Wilk and 

Kolmogorov-Smirnov tests.  Transformations were attempted to improve normality.  If the 

overall f test was significant, Tukey post hoc tests were used for planned pairwise comparisons. 

Significance was set at p<0.05.   
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2.4 RESULTS 

Theoretical Strain Calculation: 

To ensure appropriate values were obtained during testing a manual calculation to determine the 

theoretical strain of a rectangular stainless-steel object with dimensions similar to that of the 

bone plates utilized was performed. Expected strain in the middle of the plate was estimated to 

be around 658µe when loaded at a force of 200N (Appendix F).  

Descriptive analysis: 

When loaded at 50N, strain on the surface of the plate ranged from -2.2 to 168.8 microstrain. As 

the load on the plate was increased to 100N and 200N, the range of microstrain increased to 11.7 

to 395.9 microstrain and -31.3 to 1294.6µe, respectively (Table 2).  

Throughout all symmetric fracture configurations (1-5,8,9) and loads, gauge one sustained the 

lowest strain (mean= 41.933µe, stdev=77.617, range=-1.2 to 42 at 50 N; -5 to 101 at 100N and -

19 to 311µe at 200N) while gauge 3, centered over the fracture gap, sustained the highest 

(mean= 470.084µe, stdev=362.063, range=130 to 169 at 50 N; 296 to 417 at 100N and 708 to 

1294µe at 200N). As demonstrated in figure 8, plate strain successively decreased with each 

gauge that moved further away from the unsupported portion of the plate. Gauges that were 

protected by a screw on either side showed lower strain than any gauge located over the fracture 

gap.   

In configuration 6 (asymmetrical fracture), at all loads, gauge one also sustained the lowest 

strain, however, the greatest strain (138µe at 50N, 314µe at 100N and 774µe at 200N) was 
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experienced at gauge 5 (mean=362.063µe, stdev=324.328), at the unsupported portion of the 

plate (Figure 8). In configuration 7, despite the fact that the fracture gap was located underneath 

gauge 5, the highest strain was observed at gauge 3 at 50 (168µe) and 100N (416µe) and at the 

level of gauge 4 at 200N (908µe) (Figure 9).   

The greatest strain recorded in this study occurred at gauge 3 at 200N in configuration 5 

(1245µe), at the area with the least amount of support under the plate.  Strain dramatically 

decreased at gauge 4 (1046µe) and then mildly increased again at gauges 5 (1103µe) and 6 

(960µe) (Figure 9). 

Throughout this study load and strain maintained a positive correlational relationship. This 

relationship however was not proportional, whereby when load was doubled between each test, 

strain increased by more than double. For example, for gauge 3, the strain increased by 123 to 

147% when the load was increased from 50 to 100N and 95 to 215% when the load was 

increased from 100 to 200N.   

When comparing a short plate working length to a long plate working length with the plate 

abutting the bone model, the short plate working length model (configuration 1) had decreased 

strain compared to the long plate working length (configuration 2). This difference was moderate 

at gauges 1-3, however, became decreasingly different and converged with increasing force at 

gauges 4-6 (Figure 10).  This finding was present, but to a lesser extent with the plate 

compressed against the bone (configuration 8 & 9, Figure 10). This finding however was not 

noted with the plate elevated off the bone (configuration 3 & 4, Figure 10), whereby the degree 
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of difference in strain between the short and long working length configurations remained 

increasingly different at increased loads. 

When comparing all configurations with a short plate working length at all forces, strain was 

always greatest with the plate elevated off the bone (configuration 3). Strain was very similar at 

gauges 1-3 with the plate abutting and compressing the bone (configuration 1 and 8), and lower 

at gauges 4-6 with the plate compressed to the bone (Figure 11).  

When comparing all configurations with a long plate working length at all forces strain was 

always greatest with the plate elevated off the bone (configuration 4). Strain values were very 

similar between the plate abutting and the plate compressed to the bone (configuration 2 and 9, 

Figure 12).  

When comparing asymmetric fracture configurations, increased strain was noted with a long 

plate working length. This difference was more pronounced and affected all gauges with higher 

applied force (configuration 7, Figure 13).  
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Statistical analysis: 

Plate working length 

Our null hypothesis was rejected in that decreased plate strain was noted with a shorter plate 

working length in all fracture configurations. 

Symmetric fracture gap: Throughout all the symmetric configurations the greatest strain was 

present over the fracture gap (gauge 3).  Strain at that location was significantly higher at 200 N 

load with a larger fracture gap. All other gauges had strain less than that of gauge 3. When the 

locking plate was affixed to the bone (configuration 1 vs 2), a significant decrease in plate strain 

was noted at gauges 4 and 5 at 100N and at gauges 1-5 at 200N with a shorter plate working 

length (Table 3).  

In configurations 3 and 4, when the plate was elevated off the bone, a significant decrease in 

plate strain was noted at gauges 4-6 at 50N, gauges 1,2, 4-6 at 100N and in all gauges at 200N 

with a shorter plate working length (Table 3). When non locking screws were utilized 

(configurations 8 vs 9) a shorter plate working length resulted in decreased plate strain over the 

fracture gap (gauges 4 & 5) at 50, 100 and 200N (Table 3) 

Asymmetric fracture gap: In models with an asymmetric fracture gap an increase in plate strain 

was noted at gauges 2 and 3 at 50N, gauges 1-3 at 100N and all gauges 1-5 at 200N (Table 4).  

Plate location 

Our secondary hypothesis was validated in that location of the plate relative to the bone (elevated 

versus in contact versus compressed) model had a significant impact on plate strain. When 
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configured to a symmetric short plate working length (configurations 1,3 & 8) elevation of the 

plate away from the bone resulted in increased in plate strain. When the plate was elevated off 

the bone (configuration 3) gauges 3 and 5 at 100N, gauges 2-6 at 200N and gauges 3-6 at 100N 

and 2-6 at 200N had significantly elevated strain compared to the plate touching (configuration 

1) the bone and the plate compressing (configuration 8) the bone, respectively (Table 5, Figure 

11). When comparing the plate abutting and the plate compressing the bone (configurations 1 vs 

8), increased strain was present with the plate touching the bone at gauge 4 and gauges 4-6 at 

100N and 200N, respectively (Table 5, Figure 11).   

When configured to a symmetric long plate working length (configurations 2, 4 & 9) elevation of 

the plate away from the bone (configuration 4) resulted in increased plate strain at gauges 5 and 

6 at 50N, gauges 2-6 at 100N and all gauges at 200N (p<0.0001) compared to the plate touching 

(configuration 2) the plate compressing (configuration 9) the bone model (Table 6, Figure 12). 

When comparing the plate touching (configuration 2) to the plate compressing (configuration 9) 

increased strain was present at gauges 1 and 3 at 200N with the plate configured to touching 

versus compression (Table 6, Figure 12). 

Size of Fracture Gap 

In the models comparing length of fracture gap (configurations 4 vs 5), increased plate strain was 

noted in the large fracture gap model at gauges 5 and 6 when tested at 200N. No significant 

differences were noted at lower loads (Figure 14). 

Location of Fracture Gap 
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A distal, or asymmetric fracture gap did not alter the magnitude of strain on the plate, however it 

affected the plate strain distribution and areas of greatest strain. Plate strain was greatest over the 

fracture gap gauge 3 in the symmetric configuration. In the asymmetric configurations strain was 

greatest at gauge 5 with a short plate working length however was greatest at gauge 3 with a long 

plate working length at 50 and 100N and at gauge 4 at 200N. When plate working length was 

excluded, strain was greatest at gauge 3 at all forces (165-1076 µe) in a symmetrical 

configuration and greatest at gauge 4 at all forces (148-844µe) for the asymmetric configuration. 

When comparing strain based on fracture location, excluding plate working length, at 50N the 

asymmetric confirmation had significantly increased strain compared to the symmetric 

configuration at gauge 6. At 100N and 200N significantly increased strain was noted at gauges 2-

3 and 1-3, respectively in the symmetric configuration and at gauges 4-6 at both forces in the 

asymmetric configuration. It was also noted that the symmetric configuration had increased 

strain at gauge 4 compared to gauge 2 in the asymmetric configuration at 200N. When 

comparing a symmetric to an asymmetric fracture using a short plate working length 

(configuration 3 vs 6), an asymmetric fracture resulted in increased plate strain at all forces. At 

50N increased strain was noted at gauge 2,3,5 and 6, and at 100N and 200N increased strain was 

noted at gauges 2-6. Also, at 200N, increased strain was noted over the symmetric fracture gap 

relative to the symmetric fracture gap (gauge 5 in configuration 6 vs gauge 3 in configuration 3) 

(Figure 15).  

When using a long plate working length (configuration 4 vs 7) an asymmetric fracture only 

resulted in increased plate strain at 200N. This was noted at gauges 1-4 (Figure 16). 

Additionally, increased strain was noted in the symmetric model when comparing the gauge 

* * * * 
* 

* * 
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prior to and directly over the fracture site (gauge 2 and 3 in configuration 4 vs gauge 4 and 5 in 

configuration 7, respectively).  

Testing Modifications 

Preparation and testing of all constructs was performed with minimal concerns. On testing the 

first plate strain gauge 4 was noted to have poor adhesion and was lost halfway through 

configuration testing. Results from this channel were not used and the remaining four plates were 

averaged. In addition, for configuration 7 on plates 1 and 2 and error in the lab resulted in 

drilling of a third screw hole (drilled to G construct instead of F; Figure 1). No changes were 

noted on testing of these constructs compared to those drilled correctly.  

Load to Failure Testing 

Following data collection one construct (configuration 1) was tested to failure and deformation 

occurred at 276N. This confirmed our testing to be non-destructive loading condition (Figure 

17). 
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2.5 DISCUSSION 

Our null hypothesis was that there would be no significant difference in plate strain observed 

between constructs with a short or long plate working length. This has been observed in other 

studies and is based on the theory that strain is determined by the material properties, load 

applied to the implant and the cross-sectional area of the plate or, AMI. Therefore, for a given 

implant, plate strain in any given location should be independent of the length of the implant. 

Contrary to this theoretical calculation, our study found that a long plate working length resulted 

in an increase in plate strain in a multitude of plate and fracture configurations, ultimately 

rejecting our null hypothesis. Plate working length and its impact on plate strain have been 

previously evaluated in a number of studies with many conflicting results. Multiple factors are 

proposed to be the source of contradictory results including the plate and screw types, contact 

between the plate and the bone and size of fracture gap. 

Previous studies found results similar to ours and ultimately concluded that a short plate working 

length resulted in decreased plate strain when compared to a long plate working length. Ellis et al 

used strain gauges to compare plate strain in different sized fracture configurations utilizing a 

short and long plate working length with a 20 hole 4.5mm DC plate. The results concluded that 

plate strain was lowest with a short plate working length, 1898 µe and 2411µe, compared to a 

long plate working length, 2339µe and 3032µe in both a small and large fracture gap model, 

respectively25. Maximal strain was also noted in the screw holes adjacent to the fracture and 

dissipated along the length of the plate.  
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Maxwell et al also compared plate strain in short and long plate working lengths using strain 

gauges between two different plate types (12 hole DCP and LC-DCP) in different screw 

configurations. As we concluded in our study, they found that plate strain was greatest over the 

fracture gap in all configurations, however they did not find that this was significantly different 

between screw configurations 27. Similarly to the current study, plate strain at gauges adjacent to 

the fracture gap was greater in the long plate working length configuration. 27.  

Additional studies have found evidence supporting the results of our study; however, strain was 

not directly measured in these studies. Stoffel et al evaluated axial stiffness and fatigue testing 

with different plate working lengths and plate elevation from the bone and concluded that a long 

plate working length resulted in decreased axial stiffness and torsional rigidity21 with a large 

fracture gap model (6mm). Plate stress was noted to increase by 133% with each screw hole left 

open adjacent to the fracture gap21. Although plate strain was not measured directly in this study, 

the authors found that elevation of the plate away from the bone resulted in decreased axial 

stiffness and torsional rigidity by up to 10-15%, supporting our conclusion that plate strain is 

increased with plate elevation away from the bone. Although Stoffel et al found a decrease in 

plate stress in their large fracture gap model (6mm), it is important to note that different results 

were found in a small fracture gap model (2mm) 21. In this small fracture gap model, leaving one 

screw hole open on either side of the fracture gap resulted in a reduction in plate and screw strain 

by 10% and 63%, respectively. When two screw holes were left open this reduction in strain 

increased to 43% and 78%, respectively21. This is important to note as conclusions from this 

study in evaluating plate working length is in application of bridge plating and not for the 

application of interfragmentary gaps smaller than 2mm where compression of the fracture gap 
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can be performed. In this type of plate application screw holes near the fracture gap should be 

left open to allow for fracture motion and bone contact which will ultimately reduce plate stress 

and improve fatigue life21.  

Chao et al similarly compared plate stiffness in short and long plate working lengths in a 1 cm 

fracture gap model utilizing 12 hole 2.4mm LC plates. They found that no significant difference 

was noted between stiffness and displacement of bone segments between the two constructs, 

however the short plate working length construct had a significantly higher yield load during load 

to failure testing compared to the long plate working length23. This supports our findings that a 

short plate working length is superior in reducing plate strain and ultimately withstand greater load 

until failure.  

Contrary to our results,  Maxwell et al.27, evaluated the effect of six different configurations of 

screw omission on plate strain during axial load to failure in 12 hole 3.5 LC-DCP and DCP 

plates. The authors concluded that strain at the fracture gap did not differ based on plate type or 

screw configuration. They also found that removing screws redistributed the strain more evenly 

along the plate, especially for the LC-DCP plate, suggesting that the addition of screws near the 

fracture site focused strain over the fracture gap 27. These are contradictory to our results 

whereby a long plate working length resulted in an increase in strain over the fracture gap. We 

believe the lack of difference observed by Maxwell may be the result of the type of plate used. 

Maxwell et al used DCP and LC-DCP plates for testing which the current study utilized LCP 

plates. DCP and LC-DCP plates are attached to the bone using regular cortical screws and rely 

on friction between the plate and bone construct. The friction of the bone over the supported 

portion of the plate may have protected the plate and may have resulted in concentration of the 
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bending moment over the section of the plate that was not supported by the bone during axial 

loading. Therefore, one cannot be certain that the true working length of the construct was being 

evaluated versus the unsupported area of the plate.  

A lack of difference was also observed by Chao et al 19 . They utilized A 12 hole 2.4mm LCP 

system to compare short and long working lengths in a femur fracture gap model but contrary to 

our findings, they also concluded that working length in a 12 hole 2.4mm LCP had no influence 

on stiffness, gap motion and resistance to fatigue 19 The short working length did fail at higher 

loads than the long working length plates, however yield loads were not different between the 2 

groups, prompting the author to conclude that working length did not have a significant effect.  

Overall plate strain was not measured directly, and variations between working length models 

(type and number of screws) may have contributed to the lack of difference noted. Although, 

similarly to our experiment, LCP plates were used, however, the plates were secured to the bone 

using a combination of locking and non-locking screws, effectively compressing the plate onto 

the bone. Therefore, as it did in Maxwell’s experiment, compression and friction between the 

bone and the plate could have negated some of the effect of the working length.  The results of 

Maxwell and Chao are very similar to our results when we look at the configurations 8 and 9 

with the plate compressed to the bone. These configurations also failed to show a difference at 

the level of gauge 3 between short and long working lengths. The similarities between the two 

constructs become more evident as the load was increased. It is likely that the friction of the bone 

and the plate in the long working length group limits the “effective” working length of the plate 

by concentrating the strain to the unsupported section of the plate, making it almost similar to 

that of the “short working length” group. The same bone plate interaction and the effect on the 
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strain can also be observed in configurations where the plate was contacting but not compressed 

to the bone (configurations 1 and 2), however, this effect is less obvious compared to when the 

plates are compressed against the bone. When the plate was elevated away from the bone, the 

interference between the bone and the plate could also be detected as a blunting of the strain 

curve when the bone fragments made contact with the plate at higher loads (Figure 18). Although 

the blunting was evident, its magnitude was not sufficient to negate the effect of the working 

length on the increase in strain.  

Instead of observing similar strain between the different working lengths, we observed an 

increase in strain with an increased working length. We suspect that the reason for the increase in 

strain we observed with a long plate working length result from the increased flexibility of the 

plate with longer working length. As the plate bends more, the plate moves further away from 

the loading axis, thus increasing the bending moment on the plate, resulting in further bending 

and an increase in strain compared to the stiffer implants with a shorter working length 21,25,27. 

Our study also noted a lack of proportionality between load and strain in all configurations. For 

example, when force was doubled (50-100N or 100-200N) the strain observed in some gauges 

would sometimes triple (Table 1). One would expect that deformation of the plate and hence, the 

strain, would be proportional to the load applied. The non-proportionality can be attributed to the 

bending moment (Figure 19) as a result of the two types of loading occurring at the central 

region of the plate. The first loading force acting on the central portion of the plate is simple 

compression, which would be the sole force acting on the construct if the plate was centered in 

the Instron testing machine and would have a directly proportional relationship to loading. 

However, due to the asymmetric location of the plate, bending occurs when the construct is 
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loaded, resulting in a bending moment across the central cross section of the plate. Therefore, the 

strain at the central cross section of the plate is a total of both simple compression and bending 

forces. It is important to note that the stress and strain due to these forces will change as you 

move from the outer plate surface to the inner plate surface, and because materials rarely fail in 

compression, the outer surface of the plate with higher tensile stress and strain is more significant 

than the compressive loading on the inner surface. Furthermore, as the plate begins to bend 

outward away from the load bearing axis during loading, the simple compression force remains, 

but the forces due to bending becomes more prominent.  

Because of the friction of the plate and the bone, it has been suggested that the effect of the 

working length on the strain would only be significant in configurations when the plate was 

away from the bone but not significant when the plate was compressed to the bone27,31. This was 

rejected in our study as a shorter plate working length resulted in decreased plate strain with the 

plate abutting and compressed to the bone (Figure 10). 

Elevating the plate from the bone resulted in resulted in an increase in strain, validating our 

secondary hypothesis. Although our findings confirm the general notion that moving the plate 

away from the bone increase plate strain 12,21, our results slightly differ from those observed by 

Ahmad et al12 and Kowalski et al34, as we found that moving the plate away from the bone by 1.5 

mm already resulted in significant increase in plate strain. In Ahmad’s experiment, significant 

differences were not observed until the plate was moved more than 2 mm away from the bone 12 

and in Kowalski’s experiment differences were not noted until the plate was more than 5mm 

away from the bone34.  The differences in our findings could be due to the fact that both studies 

did not directly measure strain and therefore relied on stiffness of the constructs to determine the 
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effect, but also by the fact that a larger bone plate was used (4.5mm), which may have been less 

affected by a small variation in distance. We also did not detect any difference when the implant 

was loaded at 50 N but the difference became significant at 100 and 200N. A larger plate could 

also require higher loads for differences to become significant.  The increased plate strain can be 

explained by the increased lever arm and subsequent increased bending moment sustained by the 

plate due to the increased distance between the loading axis and the plate (Figure 20). In 

addition, the lack of plate-bone contact results in decreased frictional forces between the plate 

and the bone which would help to distribute forces applied to the construct. This is further 

demonstrated by the decrease in plate strain noted across gauges at higher forces configured with 

the plate touching versus compressing the bone (Figure 11, Figure 12). Although there are many 

biological and practical reasons why locking plates should be placed away from the bone, 

biomechanically, our results suggest that the distance between the plate and the bone should be 

minimized in order to decrease plate strain and minimize the risk of failure.  This is in 

accordance with the results by Stoffel et al21 who found that increasing a 4.5mm LCP plate from 

2 to 6mm off the bone decreased both torsional rigidity and axial stiffness by 10-15%. This is 

something to consider in complex fractures where anatomical reconstruction and plate 

contouring is not possible or for MIPO repairs in which the plate is often placed away from the 

bone. As plate strain is greater in this application additional support of the fracture with an 

intramedullary pin, or use of an interlocking nail, may be indicated.  

The notable difference in decreased strain at gauges 4-6 in the applied lower forces is likely due 

to the stress protection achieved by the screw positions on either side of the gauges in the short 

working length configuration compared to the more distal screw location in the long working 
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length configuration whereby both screws are on one side of all gauges. Gauge 1 was situated 

adjacent to the terminal screw and protected by a screw in both working length configurations. 

Gauges 2 & 3 experienced higher stresses in both plate working length configurations due to 

their location respective to the fracture gap. This stress was decreased in both gauges with the 

short plate working length configuration due to the addition of a screw closer to the gauges and 

the fracture gap resulting in better strain distribution. As force was increased the shorter plate 

working length configuration provided a more rigid construct and better distribution of strain 

across the plate compared to a longer working length, resulting in decreased plate strain across 

all configurations. This is similar to results obtained by Ellis et al25 and Kanchanomai et al31, 

who also compared a no gap model and small fracture gap (1mm) model, which was not 

performed in this study. Similarly to these studies, strain was highest in the screw holes adjacent 

to the fracture gap and then dissipated along the length of the plate.   

It has been demonstrated that plate failure is most likely to occur along an area of increased plate 

strain 27,28. In our study, the area of highest plate strain was always observed over the fracture 

gap for all symmetrical fracture configurations, regardless of plate working length and plate 

position. This is consistent with the findings of Ellis25, Maxwell27 and Kanchanomai31 in his 

8mm gap model, who found strain was highest adjacent to the fracture gap and dissipated along 

the length of the plate. These results are however contrary to the results found by Pearson22 who 

found the lowest strain at the level of the fracture gap in the long working length model and 

Chao23 who observed failure at the end of the bone in one fragment and at the first screw in the 

other fragment, respectively. This suggest that the highest strain would have occurred at those 

locations. It must be noted that Chao did not measure strain in his experiment, and  the difference 
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in mode of failure may be linked to the difference in mode of testing and the use of cadaveric 

femurs in Chao’s experiment23. 

In our study we observed a drastic drop in plate strain as we moved away from the central 

unsupported portion of the plate. This was particularly marked for strain gauges located between 

2 adjacent screws. This is to be expected, in our opinion, as the portion of the plate located 

between 2 locking screws would be protected from bending due to the design of the locking 

plate, which provides a fixed angle between the plate and the screws. Similarly, such a decrease 

in strain was expected with non-locking screws as the plate would be fully protected by the bone 

at those locations. Even though the methodology for the measurement of strain was very 

different between our study and Pearson’s, the lack of difference between the different regions of 

the plate observed by Pearson remain unexplained.  

Location of the fracture gap resulted in variation of plate strain distribution and the area of 

greatest strain. Throughout all symmetric configurations (configurations 1-5, 8,9) strain was 

lowest at gauge 1 and greatest at gauge 3. This can be attributed to the fact that gauge 1 had the 

most amount of stress protection with its furthest location from the fracture gap and the presence 

of a minimum of one screw always adjacent to it. Gauge 3 was present over the middle of the 

fracture gaps in all these configurations resulting in the least amount of support under the plate 

and subsequently the greatest amount of strain.  In an asymmetric fracture configuration 

(configurations 6 & 7) strain was lowest at gauge 1 for the same reasons as in the symmetric 

configurations. However, with the asymmetric configurations the location of greatest plate strain 

was affected by plate working length. With a short plate working length, (configuration 6) the 

pattern of plate strain mimicked that of a symmetric fracture gap whereby strain was greatest 
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directly over the centre of the fracture gap (gauge 5), in the unsupported area of the plate. 

Conversely, with a long plate working length (configuration 7) strain was greatest at gauge 3 at 

50 and 100N and at gauge 4 at 200N (Figure 9). This is attributed to the more distal locations of 

the screws in this configuration resulting in a more flexible repair and therefore more equal 

distribution of strain across the plate and gauges (Figure 21). This can be seen with the markedly 

lower variation of strain between gauges 3-6 in configuration 6 at 200N (94µe) compared to the 

variation observed between the same gauges at 200N in configuration 6 (381µe) (Figure 9). 

Although plate strain was more evenly distributed with this configuration, overall strain at each 

gauge was significantly greater with this configuration. In veterinary medicine, distal radial and 

ulnar fractures are commonly seen in dogs and the fracture often occurs in the distal third of the 

bone. This model was evaluated to represent these fractures. This study found that plate strain in 

the asymmetric fracture gap models was greatest in the holes centered over and around the 

fracture gap, in the unsupported area of the plate, with a short plate working length. Although a 

long plate working length resulted in more even distribution of strain in the holes above the 

fracture gap, a short plate working length resulted in overall decreased plate strain compared to a 

long plate working length as the screws placed closer to fracture gap provided a stiffer more 

supportive construct.   

Our experiments proved that a short working length overall resulted in a lower plate strain. There 

are however, several other publications that did indeed find that a longer working length 

decrease strain over the gap.  Several experiments with small fracture gap models have 

demonstrated that plate strain increases with a short working length 21,25,31. In those experiments, 

the small fracture gap did allow the bone to contact when the fracture was loaded. This 
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represents a major difference compared to our experiment, in which the bone ends were never 

contacting each other during loading. Once the bone ends contact, load sharing occurs between 

the plate and the bone and the plate no longer deforms, therefore limiting plate strain. We believe 

that we would have observed the same had we allowed the bone ends to contact during loading. 

We specifically chose a small fracture gap that would not close during loading because we 

believe that it is a situation that is far more likely in small animal fracture repair due to the 

comminuted nature of many fractures. We also believe that for simple fractures that could 

potentially contact during loading, there is strong evidence that the gap should be closed and 

interfragmentary compression should be applied to provide strong load sharing rather than 

purposefully maintaining a small gap between fragments 21,25,35,36.   

This study concluded that a short plate working length decreased overall plate strain in multiple 

fracture configurations. Increasing the plate working length increased strain at higher loads and 

increased strain on the plate adjacent to the fracture gap. A shorter fracture gap with a long 

working length only had a negligible protective effect at higher loads as the surrogate contacted 

the plate during bending. In all plate positioning and fracture configurations plate strain was 

always greatest over the fracture gap and fracture location had a minimal effect on plate strain. 

Plate positioning influenced plate strain whereby plate elevation away from the bone resulted in 

increased strain compared to configurations where the plate contacted the bone. This effect was 

significantly greater when configured to a long plate working length.  
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2.7 TABLES  

 

TABLE LEGEND 
 
Table 1- Randomization table for configuration order testing  

Table 2- Mean strain and standard deviation for 5 cycles of testing for all gauges, forces and 
configurations  
 
Table 3- Comparison of plate working length with symmetric fracture configurations, p<0.05, 
highlighted boxes indicate significant difference  
 
Table 4- Comparison of plate working length with asymmetric fracture configuration (configuration 6 
vs 7), p<0.05, highlighted boxes indicate significant difference 
 
Table 5- Comparison of short plate working length with different plate positioning on strain, p< 0.05, 
highlighted boxes indicate significant difference   
 
Table 6- Comparison of long plate working length with different plate positioning on strain, p< 0.05, 
highlighted boxes indicate significant difference 
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TABLE 1 

 

 Configuration number 

Plate 1 1 2 3 4 5 6 7 8 9 

Plate 2 2 4 5 6 1 3 7 9 8 

Plate 3 5 2 3 1 4 6 7 8 9 

Plate 4 7 6 3 5 1 4 2 9 8 

Plate 5 6 4 5 7 3 1 2 8 9 
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TABLE 2

* 
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TABLE 4 
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TABLE 5  
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TABLE 6  
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2.8 FIGURES 

FIGURE LEGENDS 

Figure 1- Variables evaluated when selecting length of plate for fracture fixation. The plate span ratio is 
the quotient of plate length and overall fracture length. The plate screw density is the quotient formed by 
the number of screws inserted and the number of plate holes. From Gautier E, Sommer C:Injury 
34(2),2003. 

Figure 2- Illustration of a short plate working length (top) with screws placed as close to the fracture 
gap as possible, and a long plate working length (bottom) with screws placed further away from the 
fracture gap. From https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-trauma/forearm-
shaft/basic-technique/comminuted-radial-fracture-bridge-plating  

Figure 3- Configurations of drilled bone models. Measurements indicate distance from fracture gap to 
placement of drill holes. 2.5mm indicates pilot hole for cortical screw. 2.8mm indicates pilot hole for 
locking screw 

Figure 4- Stainless steel caps with stainless steel ball to allow for 3 degrees of freedom during bone 
model testing  

Figure 5- Load deformation curve of instrumented plate loaded at 5mm/min  

Figure 6- Rectangles measuring 1.5 mm in height and 1.0 mm in width were etched into the plate at the 
future location of the strain gauges using a precision laser system 

Figure 7- Strain gauges secured within markings using magnification and manufacturer adhesive. Clear 
adhesive tape placed to allow manufacturer adhesive to dry overnight. Tape was removed prior to 
testing.   

Figure 8- Bone model construct loaded in Instron testing machine with 5KN load cell  

Figure 9- Gauge (x axis) versus microstrain (Y axis) in all fracture configurations at 50, 100 and 200N 

Figure 10- Graphs depicting microstrain for the 6 different gauges at 50, 100 and 200N for 
configurations 1 versus 2 (left), 3 versus 4 (center), and 8 versus 9 (right). Significant differences noted 
by *.  

Figure 11- Graph comparing microstrain for the 6 different gauges at 50, 100 and 200N for short plate 
working length configurations; configuration 1 (plate abutting/touching the bone), 3 (plate elevated off 
the bone) and 8 (plate compressed to the bone). Significant differences between configuration 1 and 3 
indicated by +, between configuration 1 and 8 indicated by # and between configuration 3 and 8 
indicated by *.  

 
Figure 12- Graph comparing microstrain for the 6 different gauges at 50, 100 and 200N for long plate 
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working length configurations; configuration 2 (plate abutting/touching the bone), 4 (plate elevated off 
the bone) and 9 (plate compressed to the bone). Significant differences between configuration 2 and 4 
indicated by *, between 2 & 9 indicated by # and between configuration 4 and 9 indicated by +.  

Figure 13- Graph comparing microstrain for the 6 different gauges at 50, 100 and 200N for asymmetric 
fracture configurations; configuration 6 (short plate working length) and 7 (long plate working length). 
Significant differences by *. 

Figure 14- Comparison of strain at different gauges in a small versus large fracture gap model (top 
graph=50N, bottom graph=200N). Significant differences noted by *. 

Figure 15- Comparison of effects of a distal fracture location on plate strain using a short plate working 
length (top=50N, bottom=200N). Significant difference noted by *.  

Figure 16- Comparison of effects of a distal fracture location on plate strain using a long plate working 
length (top=50N, bottom=200N). Significant difference noted by *. 

Figure 17- Load to failure of a bone model construct loaded at 5mm/min. Permanent deformation 
occurred at 276N 

Figure 18- Configuration 4 tested at 200N. Note blunting of the strain curves (arrows over channel 1, 5 
and 6) when the bone segments made contact with the plate at higher loads. 

Figure 19- The increased bending of the plate that occurs with increased forces results in an increase in 
distance (d) between the point of application of force and the plate. This results in an increased bending 
moment causing the increase in strain. 

Figure 20- Further placement of the plate from the center (load bearing axis) of the bone results in an 
increased bending moment and subsequent increased strain 

Figure 21- Axial loading of asymmetric fracture gap with long plate working length. The more distal 
location of the screws results in a more flexible repair as seen with construct bending. This results in 
more equal distribution of strain across the plate and gauges 
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Figure 1 
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Figure 3 
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Figure 5 
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Figure 7 
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Figure 9 
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Figure 10 
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Figure 11 
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50N  100N  

200N  

* 
* 



 

 

117 

 

  
200N  



 

 

118 

 

Figure 15  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

50N  

200N  

100N  



 

 

119 

 

 

 

Figure 16 

 

 

 

 

 

 

 

 

50N  

200N  



 

 

120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100N  

200N  



 

 

121 

 

Figure 17 
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Figure 19 
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Figure 21 
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CHAPTER III: SUMMARY & CONCLUSION 
 

This study performed a comprehensive evaluation of the effect of different screw and plate 

configurations on plate strain. Plate strain identifies regions of mechanical weakness where a 

construct may prematurely fail by acute overload or cyclic fatigue1. By identifying factors that 

may increase plate strain allows the surgeon to reduce these variables as much as possible to 

reduce the incidence of implant failure and subsequent fracture failure.  

This study found that plate strain was increased with a long plate working length in all fracture 

configurations. A long plate working length resulted in a more flexible construct and 

subsequently an increased bending moment as the plate moved further away from the bone with 

loading. This resulted in increased tensile forces on the outside surface of the plate and 

ultimately increased plate strain compared to the stiffer construct observed with a short plate 

working length. Elevation of the plate away from the bone also resulted in a significant increase 

in plate strain in all configurations. This is similarly due to the increased bending moment 

experienced with the increased distance of the plate relative to the bone2–4. Therefore, whenever 

possible, placement of the plate as close to the bone as possible should always be considered and 

attempted in fracture fixation. With the development of locking plates, plate contouring to 

achieve plate-bone contact is less critical, however with the results of this and previous studies it 

is important to note that plate elevation does significantly increase plate strain, even when 

elevated only 1.5mm off the bone (as evaluated in the current study).  Size of fracture gap also 

had a significant impact on plate strain. A very large fracture gap resulted in increased plate 
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strain due to the large amount of unsupported portion of the plate. Thus, when internal fixation 

with a bone plate is performed for a large fracture gap or comminuted fracture that does not 

allow for load sharing, further stabilization with use of an intramedullary pin is recommended to 

reduce plate strain. The current study evaluated two different sized fracture gaps (2 and 6 hole), 

both of which are greater than 2mm. A previous study identified that in very small (<2mm) or no 

gap models a long plate working length resulted in a significant reduction in plate and screw 

strain2. As this study only evaluated fracture gap sizes >2mm it is important to note that the 

conclusions drawn on plate working length apply to the application of bridge plating and not for 

interfragmentary gaps smaller than 2mm where compression of the fracture gap can be 

performed. Ideally, a no fracture gap or <2mm fracture gap model would have been evaluated to 

support this conclusion. Additional limitations of this study are related mostly to the logistics of 

testing and measuring strain. Although bone surrogates do not fully replicate all the features of 

bone, models were utilized instead of cadavers for a multitude of reasons. Standardization using 

cadavers is difficult as breed variations can result in a variation of sizes and shape of bone which 

would not be uniform. This would change the bending moment applied to the plate by changing 

the distance between the plate and the loading axis. All the measurements were taken from the 

strain gauges located on the plate; therefore the bone surrogate was merely a conduit to apply the 

load to the plate itself. As long as the bone surrogate is expected to sustain the load without 

breaking it is expected to only play an insignificant role in the results.  In addition, due to 

expenses and specimen handling, obtaining cadavers is often challenging. It would have also 

added a significant variable to our experiment that would have decreased the power of the 

statistical analysis.   
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The use of strain gauges as a tool for measuring strain also has its inherent limitations. The gauge 

only measures surface strain immediately underneath it. The gauge measures the average strain 

underneath its surface area. Large gauges can only provide an average over a large surface area 

but would not be able to detect high strain in specific areas while a small gauge can more 

precisely measure strain over a small area but cannot predict the strain in an area just beside it.  

The gauges require a certain amount or “real estate” to be properly glues to the plate. It is 

therefore impossible to glue them beside a plate hole (where the strain would be considered the 

highest due to the presence of the hole)  Therefore, the gauge were placed between screw holes 

between the screw holes in the widest portion of the plate, which is less ideal 3. 

Speckle paint analysis is a technique of measuring strain that allows one to measure strain in any 

desired location of the plate. Although this method of measurement might have been favourable 

in this study, the technique is complex and expensive and was not possible in our laboratory 

setup. Despite those limitations, gauge position was standardized as much as possible by the use 

of laser engraving to make gauge position as identical as possible. Additionally, each plate and 

all gauges were used in all the different configurations allowing comparisons between all the 

configurations with the same instrumented plate. Our strain values do not represent the highest 

strain that the plate sustained, however, comparisons between constructs remains valid and 

provide essential information regarding strain distribution. 

This study evaluated the effect of different plate screw configurations on plate strain during axial 

loading. Future studies should consider the addition of bending tests to obtain a comprehensive 

evaluation of all the different forces acting on a fracture following repair. The use of speckle 
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paint analysis would allow for more areas of the plate to be evaluated and reduce the limitations 

previously discussed with the use of strain gauges.  
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APPENDICES  

 

APPENDIX A 

 

  

APPENDIX A 
  

 
 
EXCITATION MODE: Set to constant voltage (DIP switch S3) 
Excitation Style 1 2 3 4 
Constant Voltage off on on off 

 
 
 
 
 
 
 
 

  

Mother Board 

Daughter Card 

S1 
S2 

S3 VOLT AMP 
 

 

S3 
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APPENDIX B 

 

 

 

 

 

 

 

  

  

APPENDIX  

GAGE STYLE: Set to 120W, ¼ bridge configuration (S2 DIP and S1 DIP) 
 1 2 3 4 5 6 7 8 9 10 
S2 on on on off off on off on on off 
S1 on off off on off off on on off on 

 
 
 

 

S2 

S1 
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APPENDIX C 

 

 

 

  

APPENDIX 

EXCITATION ADJUSTMENT: 
1) Power amplifier and measure voltage on pin 3 of quick release connector  

 
 
 
 
 
 
 
 
 

2) Locate voltage adjustment trim pot  
 
 
 
 
 
 
 
 

3) Turn voltage adjustment trim pot until desired bridge excitation is reached  
 
 

Mother Board 

Daughter Card 

S1 
S2 

S3 VOLT AMP 
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APPENDIX D 

 

 

 

 

  

  

APPENDIX 

SHUNT CALIBRATION 
1) Position shunt calibration in center position (no shunt) 
2) With no applied strain balance the bridge by turning the ZERO dial until output is 0 

Volts (0000DPM) 
3) Switch shunt position to position A (49.9 kW shunt value) 
4) Adjust GAIN dial until desired voltage is reached (1202 microstrain=0120 on DPM) 
5) Switch shunt to center position 
6) Adjust ZERO dial until output is 0 Volts (0000DPM) 
7) Switch shunt to position B (49.9 kW shunt value) 
8) Turn GAIN dial until desired voltage is reached (-1200 microstrain=-0120 on DPM) 
9) Repeat shunt process until all levels require no further adjustments  
10) Use precision dial locks to prevent unwanted changes 

 
Gage Circuit Shunt resistance in Ohms Equivalent 

Microstrain 
DPM Display 

 
120W 

49.9 kW (Shunt AT) 1202 µe 0120 
499 kW (Shunt BT) 120 µe 0012 
49.9 kW (Shunt BC) -1200 µe -0120 

 
 
esimulated= -Rgauge/(GF)(Rgauge+Rshunt) 
 
Where:  Rgauge=120W 
  Rshunt=49.9 kW at 120 volts and 499 kW at 12 volts  
  GF=2.03 
 
 
esimulated= -1181.79 µe at 120 volts  
 
esimulated= -118.4 µe at 12 volts  
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APPENDIX E 

 

 

 

 

  

  

APPENDIX  
 

 

Multi-Channel Access Port (15 pin D-Sub) 

USB 6212 Screw Terminal  
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APPENDIX F 

 

Theoretical Strain Calculation 

If object is subjected to bending moment the max stress in the object can be determined by:  

 

T=My/ I   

 

 

I=1/12 (bh3) 

 

 

 

Synthes plate dimensions being tested:  

 

 

 

 

 

 

I=1/12 (0.011 *0.00333) 

=3.294x10-11 

 

 

 

T= Stress (Pa) 

M=Moment (Nm) 

I=Area moment of inertia (m4) 

y=maximum distance of object from neutral axis  

I=Area moment of inertia (m4) 

b=base of cross section (m) 

h=height of cross section (m) 

 

0.011m 0.0033m 
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Loading on the plate:  

x=1/2 tube diameter + plate offset+ 1/2 plate thickness  

=0.01+0.0015 + 1/2 (0.0033) 

= 0.01315 m  

 

Work (M)=force * distance  

=200 (N) * 0.01315 (m) 

=2.63 Nm 

 

Max distance of cross section (y) is: 

Y= ½ h 

=1/2 (0.0033) 

=0.00165 m  

 

Max stress on the plate is then:  

T=My/I 

=2.63 * 0.00165/3.294x10-11 

=131.7 MPa  

 

Corresponding strain can be determined using: 

Strain (e)= T/E   

e=131.7 MPa/200,000 MPa 

e=0.000658 

=658 µe 

OD=20mm 

T= Stress 

E= Young’s Modulus  

Youngs Modulus stainless steel=200 GPa 
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APPENDIX G 

Raw data used for statistical analysis:  

Plate Load Rep Gauge  Config 1 Config 2 Config 3 Config 4 Config 5 Config 6 Config 7 Config 8 Config 9 
1 50 1 1 -1.859 31.384 6.667 37.736 35.733 3.254 54.153 0.269 2.502 
1 50 2 1 -2.130 31.701 3.188 34.123 35.335 -1.181 55.530 0.614 0.932 
1 50 3 1 -2.109 32.263 -1.648 29.741 34.588 -0.835 54.367 -0.306 2.036 
1 50 4 1 -3.088 29.733 3.749 30.706 34.281 -0.503 53.998 -0.125 3.021 
1 50 5 1 -4.372 30.774 2.004 31.653 32.643 -3.773 66.386 -0.385 2.473 
1 50 1 2 102.869 137.784 144.483 149.403 159.798 41.372 181.700 142.951 132.597 
1 50 2 2 103.014 136.846 151.250 150.302 160.185 46.441 181.215 142.708 141.095 
1 50 3 2 114.929 138.211 159.811 160.310 160.637 46.383 180.366 142.532 140.481 
1 50 4 2 114.351 138.184 154.260 157.377 155.520 46.039 181.066 141.558 141.885 
1 50 5 2 106.577 138.147 143.467 154.964 157.052 49.949 174.875 141.371 135.274 
1 50 1 3 130.412 143.318 171.674 157.366 164.361 62.539 189.931 147.815 142.447 
1 50 2 3 122.333 142.955 172.391 158.839 164.557 62.585 189.962 147.521 142.528 
1 50 3 3 134.561 143.408 173.237 158.826 164.322 62.526 189.874 147.534 142.000 
1 50 4 3 131.379 143.027 173.470 158.382 163.011 62.801 190.610 147.031 141.746 
1 50 5 3 121.562 142.988 172.939 157.756 162.997 62.987 189.544 146.595 141.653 
1 50 1 4          
1 50 2 4          
1 50 3 4          
1 50 4 4          
1 50 5 4          
1 50 1 5 3.251 27.693 60.455 152.844 151.444 164.681 157.442 11.743 105.570 
1 50 2 5 0.272 26.366 69.548 150.439 150.771 163.942 157.663 13.928 98.345 
1 50 3 5 0.088 26.518 59.182 151.945 150.628 164.047 157.688 11.200 99.206 
1 50 4 5 0.658 27.342 60.053 154.003 154.490 164.329 157.953 13.090 99.765 
1 50 5 5 2.330 27.574 67.402 151.837 158.026 161.093 157.448 12.493 103.773 
1 50 1 6 -1.709 4.979 30.513 134.516 132.345 147.410 181.966 -1.399 50.723 
1 50 2 6 -0.852 4.865 29.660 133.924 133.112 147.988 180.655 -2.130 51.839 
1 50 3 6 -0.057 5.065 29.723 134.328 133.057 148.115 179.191 -1.260 52.057 
1 50 4 6 0.149 5.450 30.476 134.656 131.894 147.708 176.518 -1.342 52.109 
1 50 5 6 0.098 5.517 29.834 134.103 131.781 147.095 177.472 -1.053 50.762 
2 50 1 1 0.272 36.235 -1.896 35.170 31.709 -3.470 30.058 -2.907 7.556 
2 50 2 1 -0.769 36.342 -3.774 34.757 30.530 -6.372 30.878 -0.344 8.010 
2 50 3 1 -1.124 33.721 -0.895 33.636 30.631 -4.562 37.780 1.389 8.048 
2 50 4 1 -1.116 31.461 -0.479 29.221 30.593 -5.099 40.141 1.278 7.857 
2 50 5 1 -0.741 32.100 -0.968 27.639 29.725 -3.254 39.335 3.877 9.992 
2 50 1 2 117.966 123.683 137.133 160.588 153.665 34.250 164.031 122.217 131.626 
2 50 2 2 119.216 121.642 136.732 159.816 155.571 33.650 165.623 119.896 131.615 
2 50 3 2 120.913 129.541 134.676 161.664 154.807 33.145 169.201 119.439 131.230 
2 50 4 2 119.109 128.395 136.181 164.429 155.568 33.262 171.339 121.172 131.447 
2 50 5 2 115.738 128.721 136.064 165.363 155.607 33.896 166.549 121.313 130.274 
2 50 1 3 124.416 125.082 154.295 161.462 152.588 46.149 164.975 134.198 131.177 
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2 50 2 3 125.669 124.431 154.826 161.665 153.131 47.025 165.123 134.947 131.311 
2 50 3 3 130.164 126.400 154.055 162.161 152.337 44.588 163.873 134.146 131.255 
2 50 4 3 124.806 126.717 153.930 162.433 152.603 44.997 162.853 133.848 131.232 
2 50 5 3 119.240 126.886 153.439 162.174 153.386 45.166 163.011 133.417 130.721 
2 50 1 4 50.006 90.484 71.911 145.830 137.136 130.299 150.635 32.560 110.951 
2 50 2 4 48.529 88.815 72.010 144.777 134.488 126.308 149.676 36.266 111.778 
2 50 3 4 49.989 82.934 70.365 143.057 133.997 125.678 152.097 37.118 112.406 
2 50 4 4 49.321 84.305 71.265 141.167 134.596 125.417 150.155 36.082 111.467 
2 50 5 4 48.234 84.928 71.272 138.760 134.491 126.222 147.359 37.205 113.416 
2 50 1 5 31.651 43.310 52.520 149.008 140.300 133.315 156.254 15.110 98.028 
2 50 2 5 32.540 42.332 54.600 149.610 139.691 136.222 155.014 13.472 97.757 
2 50 3 5 33.035 49.722 51.889 152.177 141.012 133.029 153.665 12.840 97.867 
2 50 4 5 31.549 48.785 51.168 153.834 140.688 132.777 158.362 13.169 97.216 
2 50 5 5 30.599 48.998 52.562 154.972 141.148 130.362 153.449 11.963 95.160 
2 50 1 6 10.836 -0.150 25.270 110.836 112.115 113.924 122.054 -5.443 56.251 
2 50 2 6 11.441 -0.104 25.889 117.710 114.707 113.404 122.640 -5.295 56.127 
2 50 3 6 12.826 3.114 26.030 121.136 116.172 112.046 123.057 -4.976 56.072 
2 50 4 6 12.681 4.377 26.577 123.285 118.025 112.372 124.145 -4.728 56.708 
2 50 5 6 12.234 5.808 27.229 126.638 119.895 112.919 125.399 -3.777 56.763 
3 50 1 1 -1.471 4.194 4.977 52.004 48.938 0.698 37.924 1.865 -2.007 
3 50 2 1 -1.270 4.210 4.874 51.396 47.659 2.625 38.487 -1.754 0.573 
3 50 3 1 -1.573 4.196 6.310 51.872 53.274 1.160 34.346 -3.082 1.483 
3 50 4 1 -1.429 4.011 7.598 51.057 46.302 -0.402 39.180 0.517 1.211 
3 50 5 1 -1.412 4.216 7.450 49.983 50.978 -6.707 36.997 1.211 1.376 
3 50 1 2 104.688 116.633 133.186 165.328 147.970 69.010 144.514 122.311 119.112 
3 50 2 2 110.927 116.569 132.776 164.773 147.619 67.902 144.059 121.178 119.981 
3 50 3 2 110.838 116.020 132.745 162.824 148.368 67.949 143.179 120.655 120.397 
3 50 4 2 110.701 115.572 133.122 163.105 146.782 68.345 143.824 121.851 120.274 
3 50 5 2 110.720 115.777 132.287 164.361 147.221 64.224 144.429 120.865 120.340 
3 50 1 3 134.591 133.709 170.959 191.917 171.691 99.423 166.234 140.589 139.096 
3 50 2 3 143.211 133.631 170.411 191.507 172.118 98.842 165.922 141.176 138.804 
3 50 3 3 142.881 133.583 169.615 190.244 170.822 98.455 166.884 141.099 138.483 
3 50 4 3 142.767 133.750 170.001 190.291 171.097 98.651 166.686 141.045 138.560 
3 50 5 3 142.987 133.748 169.195 191.385 170.498 98.880 167.463 140.032 138.582 
3 50 1 4 43.437 116.205 67.643 168.505 145.313 142.331 144.873 22.828 123.040 
3 50 2 4 45.405 117.402 66.729 170.185 144.036 142.716 145.381 23.606 123.995 
3 50 3 4 46.371 116.550 72.017 169.744 145.345 139.906 145.234 22.956 123.752 
3 50 4 4 44.912 116.385 65.379 166.484 144.320 140.882 144.551 25.159 124.409 
3 50 5 4 44.385 115.867 67.400 165.379 146.717 143.376 143.640 21.432 123.588 
3 50 1 5 5.852 88.835 47.874 173.366 156.617 145.328 151.845 1.690 103.191 
3 50 2 5 5.712 88.165 49.319 174.323 156.672 143.772 150.263 3.295 102.693 
3 50 3 5 6.466 88.807 49.302 172.352 155.159 143.042 154.070 5.023 99.691 
3 50 4 5 6.180 87.257 45.585 170.862 157.213 144.217 151.160 -0.198 99.608 
3 50 5 5 6.746 88.132 47.285 170.599 156.233 149.538 154.074 0.567 99.597 
3 50 1 6 -0.624 18.529 26.955 162.715 150.357 136.039 145.168 -0.411 27.631 
3 50 2 6 -0.273 18.856 26.689 162.732 150.481 135.661 145.052 -0.368 27.788 
3 50 3 6 -0.500 18.674 27.728 162.643 150.502 135.979 145.484 0.164 27.872 
3 50 4 6 -0.730 18.863 27.039 162.222 150.538 135.480 145.343 0.189 27.988 
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3 50 5 6 -0.991 18.773 27.248 162.363 150.682 135.021 145.360 -0.393 27.998 
4 50 1 1 2.764 58.682 -2.337 45.130 38.778 -8.066 40.251 -1.096 6.859 
4 50 2 1 2.756 58.466 -2.228 45.137 38.835 -8.108 39.873 -1.148 6.893 
4 50 3 1 2.950 57.695 -2.353 44.718 38.990 -8.239 39.119 -1.187 6.982 
4 50 4 1 3.009 56.505 -2.545 45.323 38.753 -7.755 37.205 -1.228 6.920 
4 50 5 1 3.687 57.233 -2.770 45.181 38.565 -7.516 37.204 -1.596 6.954 
4 50 1 2 110.909 122.333 124.484 153.042 154.118 36.789 151.618 124.101 119.852 
4 50 2 2 110.699 122.014 124.245 153.409 153.819 36.716 150.794 123.879 120.196 
4 50 3 2 111.125 122.337 123.870 153.080 153.608 36.565 150.920 123.793 119.798 
4 50 4 2 110.266 122.252 123.809 152.628 153.316 36.535 150.167 123.952 120.011 
4 50 5 2 110.254 121.906 123.155 152.500 153.333 36.384 149.749 124.359 119.936 
4 50 1 3 125.663 127.410 149.016 159.687 159.242 50.883 157.492 132.945 124.759 
4 50 2 3 125.249 127.513 148.738 159.360 158.973 50.855 156.252 133.008 124.801 
4 50 3 3 125.539 126.632 148.259 159.580 158.955 50.680 155.369 132.725 124.742 
4 50 4 3 125.265 126.679 148.311 159.398 158.840 50.750 154.731 132.643 124.913 
4 50 5 3 126.027 126.395 147.565 158.880 158.791 50.454 154.629 132.789 124.876 
4 50 1 4 50.958 122.613 54.323 140.082 137.208 130.511 139.192 27.254 94.327 
4 50 2 4 51.461 122.543 53.745 141.801 137.885 130.791 132.657 25.411 91.213 
4 50 3 4 50.646 122.502 54.214 131.667 135.733 128.986 135.452 26.304 90.047 
4 50 4 4 51.527 120.107 53.111 129.385 135.299 130.349 134.855 26.592 94.869 
4 50 5 4 48.401 122.844 49.608 127.505 135.666 130.447 131.960 27.462 94.042 
4 50 1 5 36.579 120.802 37.783 146.317 143.125 141.264 149.159 3.153 76.056 
4 50 2 5 31.002 120.090 37.019 146.416 144.899 140.955 146.369 3.807 77.954 
4 50 3 5 35.622 113.360 38.065 145.093 142.407 140.626 141.000 3.045 78.371 
4 50 4 5 33.003 116.069 36.294 144.240 142.299 139.499 139.563 3.341 78.977 
4 50 5 5 41.041 115.603 33.723 141.886 143.013 140.071 141.212 3.320 80.243 
4 50 1 6 16.177 81.042 17.661 128.567 128.827 122.003 127.086 -2.156 28.121 
4 50 2 6 16.119 80.828 17.887 128.498 128.901 121.622 127.024 -2.272 28.359 
4 50 3 6 16.057 80.583 17.901 128.209 128.622 121.687 127.041 -2.114 28.235 
4 50 4 6 16.322 80.478 18.231 128.048 128.579 121.414 126.672 -2.173 28.232 
4 50 5 6 15.845 80.293 18.206 127.651 128.226 120.961 127.026 -1.939 28.203 
5 50 1 1 -3.890 -3.499 -1.247 46.214 57.333 -4.453 44.223 -2.035 5.912 
5 50 2 1 -4.767 -3.756 -1.449 45.970 57.333 -4.399 44.078 -2.276 5.850 
5 50 3 1 -4.614 -3.815 -1.349 46.429 57.167 -4.838 43.359 -2.777 5.806 
5 50 4 1 -4.681 -3.830 -1.357 46.557 56.945 -5.297 43.090 -2.801 5.865 
5 50 5 1 -4.995 -3.331 -2.013 46.656 56.837 -5.211 42.889 -2.590 5.823 
5 50 1 2 134.468 139.351 148.019 171.557 182.331 69.654 165.925 132.395 136.669 
5 50 2 2 134.331 139.001 147.805 171.205 182.630 70.097 165.320 131.950 136.867 
5 50 3 2 134.236 139.225 147.350 171.723 182.412 70.305 165.514 132.042 136.721 
5 50 4 2 133.792 139.220 146.883 171.166 182.758 70.531 165.276 132.039 136.341 
5 50 5 2 133.481 139.382 146.852 171.697 182.408 70.329 165.308 132.236 136.223 
5 50 1 3 134.421 143.593 165.084 172.820 185.641 90.397 168.083 141.711 139.270 
5 50 2 3 133.948 143.605 165.347 173.666 185.973 90.615 167.477 141.311 139.431 
5 50 3 3 133.975 143.774 164.769 173.858 185.555 91.055 167.630 140.931 139.180 
5 50 4 3 133.743 143.678 164.710 173.816 185.755 91.361 167.473 141.160 139.073 
5 50 5 3 133.473 143.749 164.407 174.110 185.994 91.269 167.252 141.067 138.844 
5 50 1 4 85.291 130.526 111.738 156.830 167.391 149.110 144.670 37.953 115.945 
5 50 2 4 90.238 127.786 111.607 157.840 164.500 148.878 141.893 39.575 115.339 
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5 50 3 4 87.320 128.399 112.901 158.104 167.905 147.760 145.747 39.079 115.224 
5 50 4 4 89.608 128.064 113.529 159.880 167.126 147.428 152.325 38.581 115.242 
5 50 5 4 93.290 128.326 115.702 159.981 164.919 146.654 150.494 39.713 114.954 
5 50 1 5 36.917 94.221 59.380 117.143 121.540 106.832 112.049 3.052 74.652 
5 50 2 5 43.282 93.940 58.462 112.556 119.331 108.586 110.049 3.234 75.557 
5 50 3 5 44.096 95.152 58.330 114.940 118.256 107.618 110.958 6.108 75.016 
5 50 4 5 42.454 94.627 57.713 114.800 119.047 111.596 106.950 6.429 74.567 
5 50 5 5 40.492 95.889 56.920 115.274 118.021 108.159 107.339 6.247 74.532 
5 50 1 6 29.931 121.876 43.003 156.336 143.700 136.804 141.033 -2.569 40.986 
5 50 2 6 29.793 121.544 43.101 157.013 144.243 136.972 140.283 -2.498 41.151 
5 50 3 6 29.742 121.635 42.723 156.878 143.726 137.443 140.227 -2.579 41.310 
5 50 4 6 29.892 121.462 42.744 156.734 143.987 137.437 139.882 -2.448 41.378 
5 50 5 6 29.793 121.321 42.517 157.132 144.484 137.475 139.697 -2.495 41.276 
1 100 1 1 -10.055 63.248 4.329 76.633 85.303 -1.101 135.463 -4.645 3.496 
1 100 2 1 -8.468 60.313 4.334 78.973 79.774 -2.968 120.202 -3.934 4.688 
1 100 3 1 -5.178 63.031 2.988 76.937 78.732 -4.020 123.419 -3.567 3.050 
1 100 4 1 -6.570 62.627 3.283 77.491 81.095 -2.719 123.728 -2.165 0.625 
1 100 5 1 -1.977 62.546 0.539 76.344 83.967 -3.779 132.707 -2.746 1.304 
1 100 1 2 248.742 320.796 348.307 372.269 391.125 106.938 435.604 298.334 334.285 
1 100 2 2 243.142 323.767 341.518 371.267 393.413 109.476 446.925 299.043 341.197 
1 100 3 2 242.265 321.907 340.523 374.977 390.962 109.708 446.394 302.081 334.124 
1 100 4 2 242.313 323.758 344.010 370.673 391.378 110.205 445.136 297.703 342.036 
1 100 5 2 238.495 325.715 351.419 368.728 380.464 106.850 441.402 297.480 333.561 
1 100 1 3 289.950 338.923 393.461 387.214 403.588 140.727 468.516 323.897 320.516 
1 100 2 3 288.824 336.800 392.178 388.526 403.713 141.292 470.311 322.819 319.718 
1 100 3 3 292.397 340.327 393.197 389.158 403.913 141.696 470.114 323.480 320.758 
1 100 4 3 295.352 337.620 393.036 386.435 402.911 141.582 470.360 323.401 320.513 
1 100 5 3 300.775 335.020 395.321 386.855 401.377 140.843 470.074 323.047 318.730 
1 100 1 4          
1 100 2 4          
1 100 3 4          
1 100 4 4          
1 100 5 4          
1 100 1 5 5.432 76.459 142.679 362.589 373.629 372.727 443.173 27.143 141.777 
1 100 2 5 4.720 78.088 157.214 368.248 373.152 368.108 452.303 27.883 142.795 
1 100 3 5 4.774 75.354 156.928 367.855 373.363 370.079 451.064 31.136 137.628 
1 100 4 5 4.335 75.753 155.968 368.745 370.466 365.598 450.617 28.787 145.839 
1 100 5 5 3.283 75.400 151.816 366.734 372.048 368.678 447.281 29.798 146.170 
1 100 1 6 0.195 3.694 71.555 318.161 317.662 341.237 375.113 -0.683 46.639 
1 100 2 6 -0.321 5.565 72.503 318.161 317.970 340.768 376.234 -0.875 48.259 
1 100 3 6 -1.568 5.112 72.177 317.814 317.724 339.774 376.495 -0.620 47.622 
1 100 4 6 -0.701 6.014 72.763 316.246 317.387 338.736 376.802 -0.734 48.203 
1 100 5 6 -1.353 6.617 73.197 316.669 315.792 337.641 377.099 -1.308 47.812 
2 100 1 1 -1.137 54.717 -3.878 78.209 70.779 -13.415 78.195 -1.150 6.464 
2 100 2 1 -1.131 55.042 -4.945 74.529 71.823 -16.079 76.952 0.351 6.275 
2 100 3 1 -0.683 52.217 -6.466 77.746 71.533 -11.467 75.436 0.979 5.917 
2 100 4 1 -1.060 55.825 -5.778 77.622 73.071 -12.373 74.947 1.783 9.219 
2 100 5 1 -0.729 55.226 -1.883 79.647 72.040 -12.094 75.083 -1.597 9.016 
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2 100 1 2 259.337 295.897 303.520 405.354 382.549 78.694 403.835 259.590 285.054 
2 100 2 2 257.271 292.903 302.119 398.615 382.256 78.041 403.190 259.491 284.921 
2 100 3 2 258.047 300.214 303.450 393.327 379.886 76.430 403.415 267.313 285.605 
2 100 4 2 251.883 295.482 302.057 392.773 379.152 77.534 403.781 265.894 289.639 
2 100 5 2 263.903 291.575 301.841 396.357 379.503 77.242 403.125 265.503 288.334 
2 100 1 3 285.105 293.699 346.578 395.714 377.757 103.374 404.070 295.234 297.264 
2 100 2 3 279.186 293.347 346.495 393.088 376.895 104.017 403.182 294.326 297.564 
2 100 3 3 282.086 295.721 346.410 396.277 377.331 104.605 404.399 294.662 297.982 
2 100 4 3 273.813 293.869 346.529 396.402 377.441 105.155 404.060 294.627 297.357 
2 100 5 3 289.274 292.325 345.428 395.624 377.858 105.738 402.997 294.767 297.168 
2 100 1 4 111.470 170.111 161.919 346.986 331.796 283.164 368.411 88.654 212.478 
2 100 2 4 109.788 168.682 157.858 342.659 329.017 279.738 362.352 91.238 211.192 
2 100 3 4 111.946 169.961 162.887 345.285 330.096 282.205 364.599 92.926 211.622 
2 100 4 4 108.990 169.621 163.175 346.494 330.518 282.296 360.639 91.869 210.594 
2 100 5 4 114.449 168.982 163.739 347.918 328.742 282.143 359.028 90.452 211.288 
2 100 1 5 72.109 91.054 118.227 367.526 344.715 299.148 375.642 38.298 142.534 
2 100 2 5 72.612 91.344 116.296 364.479 344.789 298.708 373.834 40.963 141.517 
2 100 3 5 73.128 91.373 120.495 365.152 344.084 301.288 372.408 44.392 142.173 
2 100 4 5 70.008 90.629 121.213 363.868 343.406 299.671 374.975 43.446 139.386 
2 100 5 5 74.258 89.428 118.030 365.856 344.130 298.000 373.879 44.128 137.615 
2 100 1 6 24.774 -10.627 57.592 266.136 266.151 247.233 288.945 -6.851 47.503 
2 100 2 6 25.110 -7.198 59.725 269.922 269.151 246.084 287.541 -6.900 47.938 
2 100 3 6 26.535 -2.549 59.960 277.468 272.919 246.045 288.322 -5.337 48.592 
2 100 4 6 26.335 -0.034 60.522 284.805 278.308 246.756 289.548 -4.495 49.267 
2 100 5 6 30.056 0.450 61.486 292.923 282.131 247.248 291.102 -4.567 50.416 
3 100 1 1 -2.193 0.997 8.136 120.529 129.082 -8.439 98.980 -4.431 -0.629 
3 100 2 1 -0.967 0.550 6.660 120.338 106.987 -11.518 94.649 -5.143 -1.853 
3 100 3 1 -2.246 -0.698 11.412 121.964 123.473 -12.690 91.955 -3.967 -1.795 
3 100 4 1 -2.936 -0.802 7.959 123.647 111.770 -9.452 86.815 -4.127 0.517 
3 100 5 1 -4.757 -2.132 8.371 122.658 116.515 -11.597 91.040 -9.935 4.564 
3 100 1 2 243.124 264.847 287.062 409.782 367.349 122.386 358.072 272.308 276.206 
3 100 2 2 241.929 266.972 285.991 408.443 364.741 120.572 356.676 273.358 279.281 
3 100 3 2 241.643 265.833 286.547 406.835 364.320 120.422 356.185 272.667 279.021 
3 100 4 2 243.015 266.184 286.147 408.555 363.760 120.121 351.640 272.339 278.933 
3 100 5 2 243.373 265.863 283.733 407.632 363.748 120.765 351.594 270.945 277.981 
3 100 1 3 318.298 310.281 387.562 480.154 423.844 181.544 412.887 317.221 320.317 
3 100 2 3 320.222 309.698 387.099 478.451 425.462 181.663 413.514 317.525 322.027 
3 100 3 3 316.153 309.788 387.485 477.478 424.354 182.042 412.881 317.608 322.097 
3 100 4 3 317.153 310.613 386.970 479.005 425.477 181.820 413.574 317.363 321.209 
3 100 5 3 318.437 310.866 385.578 477.976 425.141 181.481 411.255 317.600 320.110 
3 100 1 4 113.248 243.247 158.568 423.790 353.213 329.087 358.800 62.162 270.211 
3 100 2 4 113.161 248.192 160.502 423.083 351.634 327.248 354.194 60.720 272.549 
3 100 3 4 109.919 249.947 161.288 424.981 351.831 325.774 354.459 60.883 272.373 
3 100 4 4 110.811 249.117 163.315 425.239 357.192 325.421 353.072 58.879 272.197 
3 100 5 4 111.949 250.130 159.107 421.085 359.706 327.102 354.891 59.477 270.131 
3 100 1 5 36.486 170.458 112.671 432.623 383.243 338.460 368.159 8.500 193.846 
3 100 2 5 36.143 168.252 112.892 431.212 387.627 337.398 369.443 9.068 206.156 
3 100 3 5 35.669 168.708 110.697 430.683 382.350 338.732 372.537 8.930 206.320 
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3 100 4 5 36.114 167.259 110.439 428.908 386.648 336.100 369.491 8.915 205.934 
3 100 5 5 36.160 171.184 109.630 426.071 384.982 335.538 371.193 10.991 204.994 
3 100 1 6 5.447 38.396 62.265 404.790 364.307 316.382 357.732 2.257 56.929 
3 100 2 6 5.366 38.872 62.927 404.411 364.695 314.733 357.063 2.261 56.546 
3 100 3 6 4.931 39.270 62.996 404.559 365.741 314.301 356.902 2.071 56.721 
3 100 4 6 5.429 39.602 63.390 406.607 366.052 314.249 356.174 2.017 56.901 
3 100 5 6 5.602 39.875 62.859 405.385 366.861 314.113 356.223 2.240 56.944 
4 100 1 1 -3.652 135.549 -6.644 126.759 91.254 -19.757 92.069 -6.356 5.681 
4 100 2 1 -3.634 134.192 -7.334 127.350 90.586 -19.917 90.468 -5.835 4.515 
4 100 3 1 -3.536 134.186 -6.315 127.269 91.234 -20.033 92.401 -5.980 4.213 
4 100 4 1 -2.220 134.459 -7.248 125.966 91.615 -19.409 91.289 -5.990 4.213 
4 100 5 1 -2.290 133.928 -6.284 125.380 92.281 -19.803 90.713 -6.075 4.027 
4 100 1 2 250.896 289.211 275.271 378.479 372.733 84.010 366.550 272.520 266.389 
4 100 2 2 250.147 288.585 274.785 378.797 372.494 84.099 365.794 271.200 265.132 
4 100 3 2 250.193 287.259 274.446 377.995 373.918 83.674 365.868 271.181 264.569 
4 100 4 2 249.858 286.822 273.881 377.699 372.458 82.384 364.323 270.735 264.569 
4 100 5 2 250.290 286.246 273.580 376.166 373.324 83.825 363.579 271.134 264.151 
4 100 1 3 284.506 300.447 331.483 394.510 386.668 117.061 381.048 295.638 284.481 
4 100 2 3 284.201 300.514 330.991 395.083 386.606 117.317 379.562 294.618 283.068 
4 100 3 3 284.066 299.929 330.655 394.770 387.417 117.306 380.262 294.682 284.219 
4 100 4 3 284.822 297.518 330.986 394.736 386.893 116.112 378.687 294.631 284.219 
4 100 5 3 285.314 296.802 330.941 392.849 388.357 116.895 377.593 294.526 283.903 
4 100 1 4 121.744 227.037 130.104 326.652 322.950 300.070 325.540 63.141 182.117 
4 100 2 4 125.349 227.871 125.301 347.128 332.274 300.336 340.269 59.145 188.153 
4 100 3 4 125.685 227.979 124.405 345.559 330.080 294.519 326.829 63.083 177.789 
4 100 4 4 125.271 224.918 120.985 327.620 330.001 292.300 322.194 60.978 177.789 
4 100 5 4 123.323 224.343 111.134 325.236 328.326 285.299 320.060 62.359 175.242 
4 100 1 5 87.423 158.937 76.361 354.484 336.731 316.835 344.436 25.179 109.921 
4 100 2 5 85.382 165.703 76.616 357.840 341.879 317.160 342.882 18.800 94.332 
4 100 3 5 85.641 165.999 76.963 356.619 346.935 315.891 354.901 19.868 102.260 
4 100 4 5 92.954 162.791 79.140 352.749 340.679 315.931 340.060 19.886 102.260 
4 100 5 5 98.352 162.204 86.221 345.481 346.189 317.097 336.875 19.380 97.399 
4 100 1 6 40.492 85.263 36.253 316.465 305.009 274.139 300.155 -4.400 24.025 
4 100 2 6 40.694 84.948 36.474 317.060 303.578 274.200 300.872 -4.298 24.728 
4 100 3 6 40.720 84.876 36.940 317.173 304.502 274.135 301.198 -4.343 24.685 
4 100 4 6 40.958 85.177 36.931 317.238 304.480 272.644 301.839 -4.421 24.685 
4 100 5 6 40.997 84.879 37.128 317.122 304.904 273.883 301.966 -4.089 24.985 
5 100 1 1 -13.466 -9.710 -4.544 110.769 143.811 -12.116 107.374 -8.975 4.588 
5 100 2 1 -14.566 -9.682 -4.104 111.273 144.470 -11.985 105.957 -8.873 4.778 
5 100 3 1 -13.833 -10.135 -4.461 111.005 143.743 -11.978 105.758 -8.808 4.698 
5 100 4 1 -14.009 -10.210 -4.775 110.997 143.700 -11.230 106.363 -8.686 4.798 
5 100 5 1 -14.283 -10.145 -4.260 111.421 143.232 -11.260 106.430 -8.539 4.844 
5 100 1 2 295.239 305.415 334.947 424.220 453.535 180.109 413.519 287.067 302.264 
5 100 2 2 290.937 305.080 334.338 424.501 453.241 180.665 412.455 286.963 301.697 
5 100 3 2 293.801 304.898 333.617 424.206 451.580 180.928 411.045 286.784 301.301 
5 100 4 2 293.304 304.563 333.079 424.123 451.928 181.437 409.775 286.633 300.969 
5 100 5 2 292.691 304.472 332.868 424.990 450.926 181.374 408.598 286.662 300.695 
5 100 1 3 305.838 329.327 379.477 431.809 462.106 232.646 418.832 313.429 314.548 
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5 100 2 3 302.136 329.366 379.055 432.127 462.247 233.680 418.336 313.424 313.932 
5 100 3 3 304.872 329.356 378.744 432.548 461.528 234.317 417.189 313.011 313.760 
5 100 4 3 305.251 329.481 378.187 432.457 461.362 235.002 415.918 313.110 313.334 
5 100 5 3 304.803 329.303 378.049 433.269 459.764 235.265 415.223 312.706 313.039 
5 100 1 4 203.976 244.311 272.686 392.805 418.515 347.913 371.751 81.667 203.371 
5 100 2 4 207.348 244.342 264.181 393.630 414.237 345.821 369.419 81.619 199.342 
5 100 3 4 212.112 242.377 264.156 388.387 399.760 344.548 376.234 81.471 199.427 
5 100 4 4 207.471 242.617 264.563 391.059 403.583 343.896 368.123 82.119 199.955 
5 100 5 4 212.105 242.049 264.337 393.106 412.495 343.914 365.430 82.830 198.325 
5 100 1 5 99.598 145.572 127.491 280.331 295.504 250.023 268.869 14.497 88.843 
5 100 2 5 102.731 144.775 137.732 279.437 291.848 250.151 272.156 15.395 89.626 
5 100 3 5 104.244 144.730 135.626 280.489 296.997 249.669 265.568 15.596 89.612 
5 100 4 5 104.196 144.985 132.146 276.907 291.390 249.451 268.164 15.038 89.199 
5 100 5 5 102.281 144.752 133.290 280.791 285.877 249.750 266.277 14.875 89.202 
5 100 1 6 67.908 142.196 100.608 379.513 338.371 330.815 337.215 -6.289 36.462 
5 100 2 6 67.242 141.942 100.197 380.182 339.167 330.184 335.960 -6.245 36.998 
5 100 3 6 68.652 141.615 99.983 379.843 339.092 329.846 334.521 -6.211 37.172 
5 100 4 6 68.804 141.676 99.719 380.691 339.575 329.560 333.607 -6.124 37.338 
5 100 5 6 69.018 141.551 99.786 381.380 339.167 329.254 333.269 -6.145 37.621 
1 200 1 1 -23.449 41.230 16.891 227.069 234.315 -4.260 90.560 -21.281 -12.196 
1 200 2 1 -22.123 45.460 15.122 228.735 233.306 -4.218 86.404 -18.279 -9.936 
1 200 3 1 -21.590 51.183 19.924 225.259 232.390 -4.397 97.755 -16.368 -12.680 
1 200 4 1 -21.931 50.961 20.925 220.329 229.405 -5.251 96.775 -16.368 -11.522 
1 200 5 1 -20.784 48.470 13.917 218.206 235.187 -4.536 85.049 -18.676 -8.585 
1 200 1 2 571.105 748.868 939.947 1135.859 1223.465 266.290 751.098 664.415 724.929 
1 200 2 2 560.696 738.828 938.402 1134.975 1206.867 265.125 756.166 664.083 730.565 
1 200 3 2 574.826 740.081 930.506 1133.804 1199.051 267.007 760.785 663.646 734.606 
1 200 4 2 561.663 738.218 924.392 1146.157 1213.167 271.645 749.992 663.646 728.033 
1 200 5 2 555.918 738.983 950.184 1141.136 1205.087 265.611 739.531 662.149 728.497 
1 200 1 3 681.021 801.988 995.353 1181.041 1268.402 351.745 924.205 746.457 781.358 
1 200 2 3 670.146 801.335 995.363 1182.111 1264.246 352.277 922.251 747.177 781.194 
1 200 3 3 691.353 808.063 995.265 1183.897 1257.529 353.870 919.518 746.923 780.749 
1 200 4 3 688.367 807.344 994.618 1196.272 1256.314 354.965 917.880 746.923 778.396 
1 200 5 3 684.039 806.867 995.914 1196.392 1253.504 354.558 916.122 746.044 776.038 
1 200 1 4          
1 200 2 4          
1 200 3 4          
1 200 4 4          
1 200 5 4          
1 200 1 5 55.533 189.321 400.303 1090.556 1143.244 913.725 1117.363 95.105 272.649 
1 200 2 5 57.254 183.907 413.457 1094.346 1139.767 912.662 1100.447 93.476 270.611 
1 200 3 5 58.891 187.047 415.351 1090.981 1132.328 913.004 1101.781 96.891 286.301 
1 200 4 5 59.572 185.538 423.162 1102.343 1128.740 909.734 1113.842 96.891 289.550 
1 200 5 5 55.940 186.405 411.545 1104.253 1120.930 909.690 1112.492 93.628 286.186 
1 200 1 6 18.467 -11.854 193.080 905.253 993.766 842.957 924.702 21.140 27.640 
1 200 2 6 19.371 -12.947 194.930 904.228 991.344 839.247 926.636 21.507 29.323 
1 200 3 6 23.682 -13.067 196.868 902.460 986.238 839.886 926.599 21.578 28.901 
1 200 4 6 20.813 -12.686 197.634 912.209 987.183 839.048 924.624 21.578 29.020 



 

 

142 

 

1 200 5 6 20.434 -12.380 198.223 911.025 985.116 837.776 922.794 22.070 27.923 
2 200 1 1 3.528 36.170 -12.246 203.461 198.656 -37.719 50.021 -6.887 -3.735 
2 200 2 1 -4.153 28.129 -14.924 208.127 196.676 -34.977 35.061 -4.695 -3.003 
2 200 3 1 -1.215 40.390 -8.573 203.233 204.368 -36.513 39.559 -1.297 -3.739 
2 200 4 1 2.402 40.017 -11.089 203.246 206.799 -35.593 47.610 -4.632 -3.867 
2 200 5 1 -2.219 40.960 -14.968 209.908 210.105 -35.326 50.075 -5.036 -0.834 
2 200 1 2 596.052 680.113 740.097 1203.954 1178.279 187.444 638.651 606.782 665.520 
2 200 2 2 621.227 688.994 746.392 1206.386 1181.440 188.080 634.618 609.436 663.834 
2 200 3 2 608.306 676.415 739.091 1209.536 1157.616 190.248 632.739 610.417 662.930 
2 200 4 2 597.693 675.734 739.922 1197.927 1162.720 188.215 640.238 610.301 664.283 
2 200 5 2 594.099 676.492 738.560 1199.109 1159.955 190.848 637.414 610.001 666.233 
2 200 1 3 681.189 700.839 855.401 1211.308 1170.892 255.035 748.964 690.729 709.737 
2 200 2 3 681.767 707.683 861.267 1208.799 1171.909 255.703 750.713 693.407 711.430 
2 200 3 3 677.600 705.552 857.162 1206.866 1169.639 257.421 746.832 694.471 705.801 
2 200 4 3 679.580 704.118 855.072 1202.247 1161.763 258.435 748.396 695.849 705.008 
2 200 5 3 681.644 702.575 858.549 1204.172 1164.711 259.058 746.888 696.861 710.886 
2 200 1 4 276.136 383.701 489.978 1046.305 1015.455 675.123 889.844 223.068 423.858 
2 200 2 4 264.597 376.825 558.694 1045.007 1010.070 678.392 876.887 226.222 424.243 
2 200 3 4 269.710 390.671 557.532 1036.031 1008.083 673.265 868.142 226.065 418.609 
2 200 4 4 274.300 388.020 556.127 1027.649 996.783 675.297 884.068 226.938 418.533 
2 200 5 4 270.185 387.077 551.676 1024.756 1002.906 672.721 882.085 226.892 423.011 
2 200 1 5 169.885 186.754 349.995 1082.285 1045.138 718.273 927.746 117.121 231.867 
2 200 2 5 179.146 198.658 406.426 1083.885 1050.601 717.064 935.654 117.331 229.894 
2 200 3 5 173.110 181.930 401.789 1084.047 1034.841 718.384 926.976 115.640 231.326 
2 200 4 5 174.235 182.672 404.499 1068.772 1030.292 716.171 928.300 116.250 231.569 
2 200 5 5 176.727 179.953 405.713 1067.660 1037.032 717.076 924.733 116.215 229.710 
2 200 1 6 50.776 -52.115 173.075 737.316 763.937 566.384 692.722 -9.326 8.070 
2 200 2 6 55.430 -44.722 187.144 757.977 777.078 564.380 695.271 -6.963 9.660 
2 200 3 6 61.759 -42.046 186.126 766.549 786.478 564.961 692.984 -4.319 13.206 
2 200 4 6 64.526 -35.210 189.715 787.144 794.931 565.943 703.772 -2.779 15.487 
2 200 5 6 67.749 -28.128 194.044 808.556 812.680 566.923 707.518 -0.413 17.064 
3 200 1 1 -14.375 -2.943 -3.558 191.553 349.590 -34.212 88.308 -35.914 -15.157 
3 200 2 1 -13.104 9.388 8.765 197.250 357.891 -32.043 81.804 -36.504 -13.763 
3 200 3 1 -13.518 6.522 5.917 194.938 377.484 -33.828 79.517 -34.589 -15.836 
3 200 4 1 -11.857 1.948 1.338 195.578 377.574 -41.551 81.963 -35.446 -16.349 
3 200 5 1 -13.716 1.884 -1.932 194.914 383.389 -54.461 70.480 -34.684 -15.272 
3 200 1 2 547.724 691.363 683.997 1074.118 1170.408 255.484 648.389 636.909 649.323 
3 200 2 2 548.321 692.231 684.855 1072.834 1168.908 256.493 649.483 634.408 649.780 
3 200 3 2 547.245 690.076 682.706 1072.150 1167.916 255.736 646.265 634.273 649.794 
3 200 4 2 546.824 687.431 680.055 1069.127 1164.373 256.527 641.186 632.806 649.791 
3 200 5 2 545.105 686.011 678.631 1065.948 1166.653 255.162 639.291 633.475 649.721 
3 200 1 3 753.389 935.566 935.955 1286.694 1384.507 392.546 867.208 748.770 765.580 
3 200 2 3 753.457 935.661 936.024 1285.055 1382.280 392.310 868.157 748.398 766.687 
3 200 3 3 755.712 936.965 937.354 1285.756 1378.179 392.062 865.353 747.176 767.627 
3 200 4 3 753.400 935.633 936.022 1283.665 1371.080 391.897 864.368 746.751 768.687 
3 200 5 3 754.092 934.937 935.326 1283.354 1373.456 392.451 862.484 746.753 768.618 
3 200 1 4 294.184 399.817 401.822 947.115 1130.670 811.140 893.908 154.123 429.078 
3 200 2 4 295.633 397.634 399.712 946.452 1126.851 811.121 901.688 153.434 431.015 
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3 200 3 4 294.877 399.675 401.679 948.803 1125.509 807.793 897.770 155.811 430.112 
3 200 4 4 294.276 397.063 399.055 945.909 1125.186 800.167 893.196 156.190 431.570 
3 200 5 4 293.932 392.393 394.364 945.026 1126.379 799.016 887.547 156.182 429.876 
3 200 1 5 139.938 275.720 276.807 779.387 1214.834 831.951 940.430 29.507 239.510 
3 200 2 5 138.684 273.225 274.340 774.157 1208.930 831.608 952.817 29.197 238.361 
3 200 3 5 138.509 273.690 274.770 774.966 1201.487 829.608 950.922 28.365 238.344 
3 200 4 5 139.567 270.057 271.125 774.763 1198.803 828.984 939.062 27.921 238.555 
3 200 5 5 140.043 272.446 273.522 773.699 1199.832 827.768 939.213 28.901 239.932 
3 200 1 6 30.596 155.201 155.088 563.170 1128.588 776.146 902.812 6.246 55.641 
3 200 2 6 31.285 155.225 155.106 562.738 1126.805 775.375 910.976 6.066 55.786 
3 200 3 6 31.329 155.369 155.256 562.540 1124.496 773.916 906.645 5.986 56.274 
3 200 4 6 31.049 154.947 154.835 563.087 1124.711 771.961 897.507 6.140 56.195 
3 200 5 6 31.721 155.204 155.091 562.081 1127.060 769.557 894.519 6.887 56.454 
4 200 1 1 -23.244 211.252 -23.706 317.697 256.701 -56.826 84.787 -17.317 -11.996 
4 200 2 1 -21.691 211.945 -23.034 320.273 257.211 -54.962 85.138 -18.465 -12.169 
4 200 3 1 -21.871 215.549 -22.745 321.656 261.760 -55.556 85.425 -18.862 -12.190 
4 200 4 1 -21.802 215.825 -22.144 323.441 260.383 -56.105 84.237 -18.922 -12.594 
4 200 5 1 -21.572 218.278 -21.751 323.449 258.697 -57.242 83.779 -18.792 -12.463 
4 200 1 2 607.508 703.671 650.528 1134.784 1153.827 203.083 643.198 598.992 619.478 
4 200 2 2 608.294 701.189 649.103 1133.349 1149.932 203.618 642.157 599.616 618.273 
4 200 3 2 606.874 699.000 649.318 1133.472 1153.093 204.550 640.913 601.337 616.345 
4 200 4 2 607.916 697.317 648.091 1131.041 1149.312 204.453 638.979 601.011 614.559 
4 200 5 2 606.242 697.015 647.734 1128.986 1145.189 206.616 638.780 602.678 614.119 
4 200 1 3 680.924 745.991 790.913 1189.626 1201.065 286.758 761.764 679.398 684.611 
4 200 2 3 680.812 742.906 791.425 1188.829 1198.931 287.080 760.657 678.880 683.317 
4 200 3 3 681.417 740.255 792.276 1189.059 1204.723 287.300 759.753 680.750 681.203 
4 200 4 3 682.406 737.990 791.841 1186.875 1201.235 286.847 757.951 681.245 679.884 
4 200 5 3 679.973 739.916 792.327 1184.758 1197.571 289.402 758.734 683.010 679.543 
4 200 1 4 287.180 464.860 299.695 959.769 1012.254 706.387 791.483 166.493 361.397 
4 200 2 4 285.216 468.042 298.097 958.880 1010.725 706.009 790.921 166.013 359.058 
4 200 3 4 291.564 469.228 296.428 956.232 1008.386 710.641 796.751 171.191 357.131 
4 200 4 4 298.344 465.636 296.075 947.490 997.783 705.310 795.269 171.694 360.990 
4 200 5 4 299.919 457.075 294.067 942.622 1006.910 708.046 796.791 170.385 359.557 
4 200 1 5 196.925 234.168 193.066 955.964 1052.094 765.829 870.146 67.344 163.063 
4 200 2 5 204.972 240.516 186.451 954.987 1045.645 770.026 861.087 72.226 162.539 
4 200 3 5 199.763 237.136 198.528 951.663 1036.687 763.537 858.586 76.878 162.598 
4 200 4 5 207.367 237.804 195.614 949.760 1023.060 760.470 845.923 78.182 163.156 
4 200 5 5 207.122 258.193 194.647 949.238 1028.365 766.153 846.593 84.912 166.335 
4 200 1 6 95.936 42.680 78.382 833.544 898.737 660.693 726.904 -1.986 2.658 
4 200 2 6 96.082 44.387 78.984 834.254 897.373 659.087 727.038 -1.744 3.152 
4 200 3 6 96.937 44.204 79.608 832.511 904.654 658.598 727.506 -1.233 3.609 
4 200 4 6 97.999 44.679 80.289 834.483 901.799 658.637 727.905 -0.969 4.104 
4 200 5 6 97.592 45.408 80.517 835.323 899.165 665.874 731.327 -0.827 4.173 
5 200 1 1 -39.214 -33.773 -17.210 316.368 496.064 -23.494 57.961 -22.037 -11.347 
5 200 2 1 -41.011 -32.189 -16.925 317.279 494.896 -20.892 56.195 -22.138 -12.138 
5 200 3 1 -39.451 -33.786 -16.014 318.476 494.775 -19.807 57.163 -22.678 -12.734 
5 200 4 1 -39.028 -34.336 -15.628 318.579 495.892 -19.588 57.496 -22.809 -12.352 
5 200 5 1 -39.809 -34.158 -14.997 317.476 495.141 -19.194 56.764 -22.750 -12.004 
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5 200 1 2 673.200 718.384 818.655 1328.536 1436.479 514.069 644.312 659.063 698.105 
5 200 2 2 672.783 718.969 816.741 1326.930 1429.265 519.073 645.871 659.442 697.111 
5 200 3 2 675.045 718.996 815.545 1329.273 1427.427 524.709 641.654 658.540 697.380 
5 200 4 2 673.949 717.841 813.963 1328.178 1430.787 529.456 641.589 657.092 695.608 
5 200 5 2 673.835 717.379 812.681 1325.693 1425.748 533.769 640.872 657.003 693.834 
5 200 1 3 745.058 788.833 964.707 1358.951 1473.086 662.706 777.586 739.123 757.750 
5 200 2 3 745.041 789.212 963.116 1357.618 1465.883 669.103 779.361 739.286 756.003 
5 200 3 3 746.666 789.677 960.907 1360.982 1464.098 676.226 775.297 738.787 757.274 
5 200 4 3 744.178 789.240 958.751 1360.552 1468.290 682.498 774.683 737.198 754.864 
5 200 5 3 744.336 788.733 957.191 1359.155 1462.747 688.228 776.394 737.193 751.927 
5 200 1 4 491.626 490.776 684.835 1166.260 1288.232 913.457 895.063 186.000 408.007 
5 200 2 4 490.487 491.142 682.586 1166.221 1275.353 905.541 886.166 186.949 418.580 
5 200 3 4 491.365 489.003 691.071 1164.602 1279.462 904.773 892.583 191.938 416.695 
5 200 4 4 488.803 482.231 680.520 1155.379 1284.429 901.627 898.890 197.926 413.741 
5 200 5 4 491.905 482.624 680.494 1153.148 1274.824 904.411 901.749 198.254 412.405 
5 200 1 5 262.850 213.323 348.526 787.952 902.406 650.423 674.353 46.719 144.069 
5 200 2 5 233.703 213.084 339.944 783.090 896.278 650.424 679.725 57.388 136.994 
5 200 3 5 246.447 216.012 340.655 783.889 893.681 650.646 664.365 62.186 139.282 
5 200 4 5 240.134 216.120 346.540 777.263 896.713 648.329 663.071 58.184 138.001 
5 200 5 5 242.593 215.846 341.756 773.932 885.739 645.765 659.843 58.645 140.115 
5 200 1 6 155.552 91.802 253.652 998.406 999.461 867.891 828.879 -7.174 -2.515 
5 200 2 6 156.166 91.978 253.987 995.179 995.571 865.579 833.189 -7.060 -2.009 
5 200 3 6 155.168 92.079 253.537 992.457 994.988 866.658 825.617 -7.421 -2.288 
5 200 4 6 156.704 91.970 252.710 991.519 1001.471 867.959 825.596 -7.522 -1.347 
5 200 5 6 155.850 92.206 252.450 990.295 999.573 869.784 828.955 -7.360 -0.937 


