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ABSTRACT
Objective:
To investigate the biomechanical properties of a 2.0 mm notched head T-plate (NHTP) and 8hole 2.0 mm straight locking compression plate (LCP), in a simple transverse model with a
short distal fragment, applied with various screw configurations that alter the working length
of the plate.
Methods:
Two different screw configurations were compared for the NHTP and LCP, modelling short
(configuration 1) and long working length (configuration 2) across two different distal
fragments lengths (13 mm and 9 mm). Constructs were tested in three planes of nondestructive four point bending and torsion. Construct stiffness and plate strain was compared
between screw configurations within and between each plate.
Results:
In the first investigation (13 mm fragment), the LCP was stiffer than the NHTP in all three
planes of bending and in torsion (P<0.05). The NHTP had greater strain during compression
bending and torsion at all ROI (P<0.0005). In the second investigation (9 mm fragment), the
LCP was significantly stiffer than the NHTP in all three planes of bending (P<0.05) for both
screw configurations. The NHTP was stiffer than the LCP in torsion (P<0.05) for both screw
configurations. The NHTP had greater strain than the LCP during compression bending at
three ROI (P<0.0005). The LCP had greater strain than the NHTP during torsion at three ROI
(P<0.0005). In both investigations the short working length was stiffer in all three planes of
bending and in torsion (P<0.05) than the longer working length for both plates. The long
working length produced greater plate strain than the short working length at most ROI.
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Conclusions:
The LCP with two screws in a short fragment, was significantly stiffer and had lower plate
strain, in most planes of testing, than NHTP with three locking screws in the short fragment.
Extending the working length of each construct by omitting locking screws in the long
fragment adjacent to the fracture line significantly reduced construct stiffness and increased
plate strain.
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1

INTRODUCTION, OBJECTIVES AND HYPOTHESIS

1.1

INTRODUCTION

Fractures with a very short proximal or distal juxta-articular fragment create particular
biomechanical challenges, complicating implant selection and placement. In veterinary
orthopaedics, distal radial fractures in toy and miniature breeds are a common example of
this, with the majority of these fractures reported to involve the distal third of the radius,
resulting in a very short distal fragment.1,2 Plate fixation has been reported to have good
overall success in these cases.1,3

A recent clinical report described use of either a 2.0 mm notched head T-plate (NHTP) or a
2.0 mm straight locking compression plate (LCP) for distal antebrachial fractures in toy and
miniature breed dogs weighing less than 6 kg, where the mean length of the distal fragment
was 15 mm (SD 6 mm).1 Differences in plate design include differing geometry and
dimensions, and the number, position and type of screws that can be placed in a very short
juxta-articular fragment. The NHTP contains two stacked holes at its notched head, which
permit placement of either a locking or cortical screw. The plate design allows placement of
three distal screws in a short distal bone fragment, compared to two screws in an equivalentlength straight LCP.1 Given the design differences between the NHTP and equivalent-length
straight LCP, it is expected they will have different biomechanical properties. There is no
information on the comparable biomechanical performance of these two plates.

The 2 mm NHTP allows placement of locking screws in three holes in a triangular
configuration within the plate head (two stacked and one combination hole). These three
screws can be placed in a 9 mm long bone fragment. The 2 mm LCP permits placement of
two locking screws in a 13 mm fragment, or one locking and one cortical screw in a 9 mm
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fragment. Of the twenty cases reported by Gibert et al (2015)1, ten were stabilised with only
two screws placed in the distal fragment. Eight of those cases were stabilised with a straight
LCP with only two locking screws and two of those cases were stabilised with only one
locking screw and one cortical screw placed. Hybrid fixation was performed in all dogs in
one or both fragments. Hybrid fixation is a term to describe the combination of both locking
and cortical screws within a single plate construct.4,5

Plate working length is one of the factors that affects construct stability.6–11 Working length is
affected by size of the fracture gap, plate stand-off distance, distance between the innermost
screws and load direction. Controversy still exists surrounding the effect of working length
on construct stability and plate strain/stress.11–14 A finite element analysis study demonstrated
that a longer working length reduced plate stress in a 6 mm fracture gap model, though
paradoxically increased plate stress in a 1 mm fracture gap model, during axial compression
producing tension bending.6 Much of the information on the effect of working length on plate
strain/stress is based on fracture gap models,6–8,15,16 with no information from compressed
fracture models. We were interested in the effect of working length on plate strain in a
compressed fracture model. This may be relevant in two situations. Firstly, where fissuring
adjacent to a simple transverse fracture may necessitate omission of screws adjacent to the
fracture line. Secondly, where clinicians may choose to omit screws adjacent to the fracture
line, thereby increasing plate working length, in the belief that this will reduce plate
stress/strain.

1.2

OBJECTIVES

The first objective of this study was to compare the biomechanical properties of a 2.0 mm
NHTP construct to a 2.0 mm straight LCP construct, applied to a synthetic compressed
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transverse fracture model, with a short 13 mm fragment, as well as a very short 9 mm
fragment using screw configurations that simulated clinical application.1

The second objective was to compare the biomechanical properties of a second screw
configuration that created a longer working length than the original screw configuration.

1.3

HYPOTHESIS

In the 13 mm fragment model we hypothesised that the NHTP construct would be less stiff in
compression, perpendicular and tension four-point bending and torsion testing, and have
greater plate strain in compression bending and torsion testing, than the LCP construct.

In the 9 mm fragment model we hypothesised that the NHTP construct would be less stiff and
have greater plate strain in bending, however, would be stiffer and have less strain in torsion
testing than the LCP construct.

Regarding the second objective, we hypothesised that in both fragment models, that for each
plate type, the screw configuration with the longer working length would create a construct
that was less stiff and have greater plate strain in bending and torsion testing, compared to the
original screw configuration with the shorter working length.
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2

BACKGROUND AND LITERATURE REVIEW

2.1

ORTHOPAEDIC BIOMECHANICS
2.1.1

DEFINITIONS & TERMINOLOGY

Force (F): Defined as a load or mechanical disturbance. Force is a vector, which means it
has both magnitude and direction. A force is equal to an object‟s mass times acceleration,
measured in Newtons (N).17,18

Deformation: Change in shape within an object as a result of externally applied forces and
moments. The degree of shape change is dependent upon a multitude of factors (magnitude,
direction, and duration of the applied forces, material properties of the object, and
environmental conditions such as heat and humidity).17

Stress: A measure of internal forces that arise in an object being deformed as a result of
external forces. Stress is defined as the force per unit area within a material (Stress = F/A).
Force acting on a cross-sectional area, and can be compressive, tensile, or shear. The units of
stress can be expressed as Newtons per square millimeter (N/mm2).17,19

Strain: The measure of the deformation of a material created by a load. Calculated as the
change in length as a percentage/ratio of the original length during loading. Strain is unitless
(mm/mm).17–19

Moment Arm: The perpendicular distance between the line of action of an applied force and
the neutral axis of the construct.17,20 Measured in metres (m).
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Bending Moment (M): The effect of a force acting on a lever arm.17,20,21 The product of the
force (F) and the perpendicular distance (d) between the line of action of the force and the
axis of rotation (M = F x d).17 Measured in Newtons/metre (N/m).

Torsional moment (torque): A type of force that will result in torsional deformation of an
object about its longitudinal axis.17,20

Area Moment of Inertia (AMI): A measure of an object‟s ability to resist a bending load.17–
20

AMI is used to predict bending and stress in an object. AMI is calculated based on the

dimensions of the structure in the direction of the bending load (Figure 1).18,22 The stresses in
a structure subjected to bending are inversely proportional to the area moment of inertia of
the cross-section of the structure.17 The AMI of solid rectangular structures is calculated
using formula

, where b is width, and h is the height in the direction of bending.18,22

Figure 1: The area moment of inertia a 3.5-mm locking compression plate (LCP) and a 3.5-mm broad LCP.
Note the 2.5-fold increase in area of moment of inertia from the 3.5-mm LCP to the 3.5-mm broad (adapted
from Chao et al).19

Polar Moment of Inertia (PMI): A measure of an object‟s cross section‟s resistance to
torsion, and is analogous to the AMI.18,20,22 PMI can be used to calculate the twist of an
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object that is subjected to a torque. PMI is a product of the force and the torsional moment
arm. Measured in Newton meters per degree (Nm/degree).20 The PMI of solid rectangular
structures is calculated using formula

(

)
, where b is width, and h is the height of

the rectangular cross-section. The PMI of a hollow cylinder is calculated using formula

,

where r is the radius of the cylinder. The PMI of a hollow cylinder is calculated using
formula

, where ro is the outer radius of the cylinder, and ri is the inner radius

of the cylinder.23

PMI of a solid rectangular structure =

(

)

PMI of a solid cylinder =
PMI of a hollow cylinder =

Modulus of Elasticity (E): A mathematical description of a material‟s inherent stiffness.18,19
Calculated from the slope of the linear elastic portion of the stress/strain curve.19 This applies
to linearly elastic material – where the stress is linearly proportional to strain.17 Young‟s
modulus is the modulus of elasticity for tensile strength (measured with use of a longitudinal
force).24 The units for Young‟s modulus are megapascals (MPa).

Stiffness: Is a measure of a structure‟s ability to resist deformation during an applied
load.18,19 Stiffness is a direct relationship between the modulus of elasticity (E) of an object
and its area moment of inertia (AMI).22 Stiffness can be measured from the slope of the linear
elastic portion of the force/deformation curve. Its unit of measure is dependent on the
direction of the force and can include bending (N/mm) and torsion (Nm/degree).17,18,20
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Compliance: Compliance is the inverse of stiffness. A material or structure that is highly
compliant displaces significantly when a load is applied.19 Compliance in the context of bone
plating can be calculated using the formula

, where L is the functional working length of

the plate (i.e., the distance between the two innermost plate screws), I is the plate area
moment of inertia, and E is modulus of elasticity (or Young‟s) of the plate material.25

Elasticity: The ability of a material to return to its original after an applied force has been
released.17,19 Elasticity implies the absence of permanent deformation.

Yield point: The point at which the stress/strain curve of a material changes from the linear
elastic region to the plastic region, where the material starts to undergo permanent plastic
deformation. The permanent deformation that occurs means the material will not return to its
original dimensions upon removal of the applied forces.17,19

Plasticity: Residual permanent deformation on an object as a result of loading applied
beyond its elastic limit.19

Flexibility: Residual permanent deformation of an object as a result of loading applied
beyond its elastic limit.19
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2.2

BIOMECHANICAL TESTING

Biomechanical testing is used as a sensitive means to compare implants and constructs under
different load conditions.24 Testing design will vary based on the testing objectives. The
variability in possible testing protocols and construct configurations make it impossible to
directly compare the results of a published biomechanical study with another, especially in
terms of the absolute data obtained. Comparisons can only be made between implants or
constructs within the same testing methodology.17 Biomechanical study results cannot be
translated directly to clinical recommendations, though their findings are extremely important
to guide implant/construct selection.24

Testing of an implant or construct can be performed in a number of ways, and is broadly
described by the specific load direction and the number of testing cycles. Common loading
types includes bending (three and four point), torsion and axial compression.17,19,20,26–31 In
bending testing the force is applied by a material testing machine, which can control the rate
and magnitude of the force through the attached actuator cell.32 The force can be either
applied under displacement or load control with limits set to maintain the construct within its
elastic limits, or until permanent deformation and complete failure is reached. Testing within
the elastic limits is often used to provide information regarding the levels of force that a
construct can withstand prior to failure.21,24 Acute load to failure in static testing simulates
physiologic overloading of the implants until a failure load is recorded.

Testing can be performed as cyclic, or static (or quasi static) testing. Cyclic testing describes
testing when an implant or construct is loaded based on an estimate of the physiologic load
and the number of times it may be loaded during a period the post-operative period, providing
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fatigue information.24 Static testing is where a specific load is applied for a small number of
cycles. Static testing is used in order to provide load deformation data, for comparison
between constructs within the same testing methodology.19,24

The most common data generated is stiffness, which is then described relative to the direction
of the load applied.19 Stiffness is a major outcome measure in biomechanical testing for
comparison of implants and implant-bone constructs.17,19,20,26–31 As previously defined,
stiffness is a measure of a structures ability to resist deformation during an applied load.19
Stiffness only serves as a relative comparison between constructs.

2.2.1

FOUR POINT BENDING

Four point bending is the term used to described the application of two equal and parallel
forces perpendicular to a structure/construct, generating a bending moment which is
distributed evenly across its length.13,21,24 Four point bending more accurately reflects the
clinical scenario where bones are loaded during weight bearing - as the bending moment
generated between the 2 load rollers is constant within this zone (Figure 1). Four point
bending is useful in allowing an entire construct to be biomechanically assessed and can be
used to identify the region of weakness.33

In this study a bending moment of 0.6 Nm was chosen, estimated to fit within the elastic
range from a previous study testing a 2 mm dynamic compression plate (DCP).34 Whereby it
was assumed that the implants would remain within their yield load based on previous load
condition in previously tested 2.0 mm DCP (0.65±0.04 Nm).34 This bending moment was
supported by our own pilot testing where samples remained within their elastic limit when
subjected to a 0.6 Nm bending moment. In this study each construct was manually centered
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using a 200mm gap between the two support rollers and a 140 mm gap between the load
rollers. The load and support rollers were positioned to fit the construct such that both rollers
were contacting the jig (Figure 2). The force required to generate this bending moment was
calculated according to the equation Fb = 2 x (Mb/Ab). Figure 2 illustrates the four-point
bending loading setup used in this study. Fb is the calculated bending force (40 N), Mb is the
bending moment chosen based on previous studies and our pilot testing (0.6 Nm) and Ab is
the lever arm between the support and load rollers (0.03 m).

Figure 2 – Diagram to illustrate four-point bending loading setup used in this study. Fb is the calculated
bending force, Mb is the bending moment chosen based on previous studies and our pilot testing and Ab is the
lever arm between the support and load rollers.

The load cell and actuator placed a controlled load, which is transferred through the load
rollers to the specimen, which is supported by support rollers (Figure 2). A sample size of
seven replicates of each plate was used, sufficient to detect an effect size as small as 1.7
which is smaller than expected based on previous work using Delrin models (power = 0.8,
alpha = 0.05, variance = 10%).7
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Each specimen was subjected to non-destructive four-point quasi-static bending on a
materials testing machine(Instron 5848 MicroTester, Norwood, MA) with a 100 N load cell.
Each construct was pre-loaded (0.4 N) to remove slack from the testing system, then ramp
loaded for three cycles under displacement control at 10 mm/min to a force of 40 N, to
produce a peak bending moment of 0.6 Nm in all tested planes. This bending moment was
within the elastic limit of the constructs, which was confirmed by visual analysis of the
specimens and their deformation/load curves.

Stiffness calculated from four-point bending gives an indication of the effect of that load over
the entire construct whereas strain data can be used to give information about a particular
area of interest or highlight a potential area of weakness. 35–39 For non-destructive static
testing, it is essential that the load is kept within the linear elastic zone of the construct
(Figure 4).19

Figure 4 - Load deformation curve.

2.2.2

TORSION TESTING

Torsional loading requires a torsional moment of force (torque) that acts to twist a structure
about its longitudinal axis.18,20,22 It is equal to the product of the force and the moment arm
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and is measured in Newton meters per degree (Nm/degree). Torsional testing is another
important method of testing which allows biomechanical comparison between
constructs.6,34,41–44

For testing in non-destructive torsion, the proximal end of the construct was restrained in a
custom-made jig with an industrial clamping kit, and a secured shaft bearing was placed into
the distal construct jig to provide rotational support (Figure 5). The distal jig screw was
positioned perpendicular to the material testing machine (Instron 5567: Instron, Canton, MA,
USA), resulting in a lever arm of 25 mm between the rotational axis and the displacement
arm of the materials testing machine. Axial load was applied to a jig screw using a materials
testing machine to create torque, resulting in a rotational displacement of approximately 5.6
°/s, to produce a peak vertical displacement of 5 mm (11.3 ° torsion reached). This load was
based on pilot testing where all samples remained within their linear elastic region.

Figure 5 - Custom-made torsion jig allowing free rotation of the distal aspect of the construct - Axial load was
applied to a jig screw using a material testing machine, resulting in a rotational displacement.
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2.2.3

CONSTRUCT ASSEMBLY

A synthetic bone model was chosen to reduce specimen variability seen with cadaveric bone,
and provided repeatable biomechanical data for sensitive comparison between the
constructs.7,23,30,45–47 The model used two Delrin tubes 100 mm in length with a 12.3 mm
(0.484”) outer diameter and a 7.9 mm (0.311”) inner diameter with no fracture gap, to
simulate a transverse fracture configuration. The distal fragment modelled was either 9 or
13mm in length, which is within the range of 5-30 mm in a previous clinical series.1

The Delrin tubes were pre-drilled with a computer-controlled mill. A 1.5 mm drill bit was
used for drilling, as recommended by AO (AO Foundation, Davos, Switzerland) for
placement of 2.0 mm locking and cortex screws. The Delrin tubes were stabilised with a 2.0
mm notched head T-plate or a 8 hole 2.0 mm straight LCP using AO technique.48 The milled
Delrin tubes were fixed with a 4mm screw, in the predrilled jig positioning hole, in a custommade loading jig to prevent rotation (Figure 6).

Figure 6 - Custom-made aluminum loading jig designed to prevent the Delrin rotating/slipping within the jig
when loading.
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2.2.4

STRAIN

Strain is another important fracture biomechanical principle. Strain is a measure of the
deformation of a material created by a load.17–19 Strain can be determined during different
modes of testing, by recording displacement present at the fracture gap (interfragmentary) or
along the construct surface (implant strain).35,49 Implant strain can be measured along the
surface of an implant by calculating the deformation at specific points, and is useful for
assessing potential points of weakness along an implant.35–40,49 Strain measurements can be
obtained using strain gauges or by digital image correlation.50

Digital image correlation uses high definition cameras and a random speckle pattern on the
surface of the construct to calculate surface strain by correlation-based displacement
measurements.50–53 The system uses specialised software to calculate construct deformation
in three dimensions.53,54 Video recording of the construct enables precise, full field, surface
strain to be measured during different forms of loading.36,39,49,55–59 This system of measuring
strain is widely used in engineering,37,50,60–62 and has been previously reported in the
veterinary literature.49

Various methods for applying the speckle pattern have been reported. The most common
technique for applying a speckle pattern is with matte paint (Figure 7). In their study each
construct was sprayed with a speckle pattern (uniform base white followed by a black
speckle) prior to testing.49 It is advised to use matte paint rather than a gloss paint, as the later
two will show specular reflections under the intense lighting required for this modality.49
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Figure 7 – Image of LCP construct with the speckle pattern.

Prior to any digital image correlation testing, the system needs to be calibrated. Calibration is
performed using a calibration grid. During testing, high definition recordings are captured
with VicSnap software(VicSnap®, Correlated Solutions, NC).49 In order to calculate strain
from the video files, the recorded speckle images need to be imported into the Vic-3D
software(VIC-3D®: Correlated Solutions, NC). A reference image is chosen for the test.
Before running the correlation, an area of interest (AOI) needs to be defined (Figure 8).53

Figure 8 – Image of VIC-3D software. Prior to running analysis of an area of interest, the individual areas of
initial guess of correlation, was identified.
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In our project, the area of interest was the plate surface (Figure 8). The polygon tool from the
AOI tools can be used to define the boundary of the plate surface. Prior to running the
analysis, Vic-3D will automatically determine a start point and initial guess of correlation
between the two different camera speckle images. In certain cases it will be necessary to give
a manual start point (Figure 9).

Figure 9– Image displaying the process required when using a manual start point for correlation (individual
areas of initial guess of correlation).

The subset size controls the area of the image that is used to track the displacement between
images. The subset size needs to be large enough to ensure that there is a sufficiently
distinctive pattern contained in the area used for correlation (Figure 10). Vic-3D will choose
a subset size which is calculated to give an optimal match confidence of 0.01 pixel for a
given assumed noise level.53 The step size controls the spacing of the points that are analyzed
during correlation. If a step size of 1 is chosen, a correlation analysis is performed at every
pixel inside the area-of-interest. A step size of 2 means that a correlation will be carried out at
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every other pixel in both the horizontal and vertical direction, etc. A subset of 27 and a step
of 2 was used, chosen by the Vic-3D software (Figure 10). During processing, Vic-3D
calculates the surface geometry and displacement for each point (Figure 11).

Figure 10 – Example image of Vic-3D subset and step inputs.

Figure 11 – Image of VIC-3D performing displacement calculations on the selected area of interest (plate
surface).

At the time of strain calculation a filter size needs to be selected (Figure 12). It may be
necessary to make this value larger to resolve strain when strains are very small. To achieve
better spatial resolution and see strain concentrations clearly, a smaller value can be used.53 In
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this study a filter size of 5 was used. After the strain has been calculated, there will be new
strain variables in the data set.

Figure 12 – Image of Vic-3D post correlation strain calculation.

Figure 13– Image of Vic-3D after calculating surface geometry and displacement.

Strain was estimated for 12 regions of interest (ROI) along the plate surface using Vic-3D
software (Figure 14).49 To obtain strain from a ROI, each ROI needs to be selected and then
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extracted, one region at a time. The data from the selected region is extracted for each data
file. This data can then be saved as a CSV file. To bring in voltage and time data collected
during the materials testing, the specific analog data file collected during this process will
need to be imported into the project file.

The ROI were numbered sequentially, representing comparable regions for both plates. The
regions along the axial solid plate section were marked by odd numbers and the abaxial
partial plate sections, by even numbers (Figure 14). The mean von Mises strain was obtained
from the linear line of best fit of the strain load graph from the third cycle, with the linear
equation used to estimate the strain for a set force (20 N) for each sample tested.

Figure 14 – Image demonstrating the relative regions of interest from where the strain was measured for both
plate types using three-dimensional digital image correlation.

The quality of strain measurements is dependent on the resolution of the cameras and the
quality of the speckle pattern.51,52 A good pattern has sharp differentiation between the black
and white regions, with a random distribution of sizes, shapes and positions of the speckles.
With accurate camera calibration and a good speckle pattern displacements of 0.01 pixels can
be resolved.51,52
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2.3

JUXTA-ARTICULAR FRACTURES
2.3.1

FRACTURE HEALING

In majority of fracture cases, the soft tissue surrounding the bone (muscles, tendons, joint
capsule, etc.), provide the required blood supply through the formation of a vascular network
termed the extraosseous blood supply, and provides majority of the blood to fracture site to
assist in early periosteal callus formation.63,64 Once the fracture has been adequately
stabilized, the medullary arterioles and capillaries can reportedly reform within a week of
fracture stabilization.63,64 Disrupting the extraosseous blood supply or preventing the
restoration of the medullary blood supply has been linked to delayed union and non-union.65

For a fractured bone to heal, it requires a suitably stable environment, which is achieved by
counteracting the various forces acting on the fracture fragments.66 If the forces imparted on
the fracture fragments are not suitable stabilized, then they will experience stain with cyclic
loading. Progression of healing is, in part, dictated by the strain at the fracture site, as only
tissue that can tolerate the strain present will form.63 Whereby a callus has greater strain
tolerance during formation than that of bone.63 The chosen technique for stabilisation will
affect the strain of the fracture site.66–68 The development of a fracture callus progressively
stabilises the fracture, which in turn reduces interfragmentary strain.29 The reduction in strain
allows for the formation of a tissue that is less tolerant of strain but is inherently stiffer once
formed. The process continues until the strain is reduced to a low enough level to allow bone
to form. 29
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2.3.2

BIOLOGY AND BIOMECHANCIS

The type of fracture healing that occurs depends on the mechanical stability present at the
fracture site and the size of the fracture gap.18,19,69–72 Fractures treated with open reduction in
which interfragmentary compression is achieved, such as with a lag screw or with a bone
plate placed in compression mode, will heal predominantly by primary bone healing.18

The intent of fracture fixation that achieves interfragmentary compression is to provide
absolute stability. Absolute stability is defined as <2% strain etc and with a fracture gap < 1
micron, theoretically creates the environment for direct bone healing14,63,67,73 Absolute
stability of a fracture is achieved by firm compression of fragments that are accurately
reduced (i.e through lags screws or compression plate).18 The fracture heals through the
formation of osteonal cutting cones and Haversion remodeling of the compressed cortical
bone.63,64 Clinically, primary bone healing is a combination of gap and contact healing as
impossible to reduce fracture completely.18

A fracture gap up to 1 mm, can still heal by primary bone healing via gap healing.66 In
primary gap healing, the small gaps are initially filled with fibrin, angiogenic sprouts,
collagen, and recruitment of osteoblasts from periosteum-derived mesenchymal stem cells.
These osteoblasts deposit bone parallel to the fracture plane through a process that resembles
intramembranous ossification.74

Fracture fixation that only provides relative stability occurs when there is a small amount of
interfragmentary motion between fragments.66 Fractures treated with more flexible fixation
heal through indirect fracture healing, forming a fracture callus.66 This process is similar to
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embryologic bone development in that initially a cartilage precursor is produced, which is
then secondarily converted to bone.74

Perren63,68,75 introduced the concept of interfragmentary strain in fracture healing. Fracture
gap strain is defined as the relative change in the size of the fracture gap divided by the
original fracture gap.63 Tissue cannot be produced when strain conditions exceed the tissue
strain tolerance.63,68,75 It is accepted that cortical bone can tolerate only 2% strain.63 Rigid
internal compression fixation, which minimizes strain, will lead to primary or direct fracture
healing. Fracture healing will not occur when the strain at a fracture gap exceeds 10%.63
Fracture with a gap less than 1mm are at risk of exceeding high interfragmentary strain if not
provided adequate stability.

The fracture pattern determines the ideal method of fixation for fracture healing. Simple
fractures, when feasible, may be best treated by direct reduction with interfragmentary
compression.67,69 The absolute stability provided by this method minimizes interfragmentary
motion and allows the fracture to heal by primary or direct fracture healing. 67,69 If relative
stability was only achieved in a fracture with a small fracture gap, high interfragmentary
strain would produce, initiating bone resorption at the fracture gap.35,71,76,77 The consequent
gap widening, necessary to reduce interfragmentary strain to levels where fibrous tissue could
begin to form, may prolong fracture healing and promote further plate deformation. In such a
situation, successful healing could only occur if fracture biology in that case was powerful
enough to produce a healing time that was within the fatigue life and capacity of the
implant.69,78
As soon as a fracture has been stabilised, a race has begun between healing of the fracture
and fatigue failure of the implant.9,27,79 Fatigue failure is a genuine concern following fracture
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stabilization because of the high number of repetitive loads that implants are subjected to
during the postoperative period, particularly with veterinary patients where compliance is
poor.80 Fracture healing is in part, dictated by the strain at the fracture site.63,68,75 A surgeon‟s
job is to provide an appropriate stain environment for the fracture to heal. The strain at a
fracture site is directly impacted by construct stiffness.66,76,81 Whereby interfragmentary strain
can be reduced by increased construct stiffness.35,67 The total magnitude of load transmitted
by the device has been shown to reduce as healing progresses.82

2.3.3

BONE PLATE FIXATION

Fractures with a very short proximal or distal juxta-articular fragment create particular
biomechanical challenges, complicating implant selection and placement.1,2 In veterinary
orthopaedics, distal radius fractures in toy and miniature breeds are a common example of
this fracture type, and therefore serve as an excellent juxta-articular fracture biomechanical
model.3,83–90 The majority of these distal radial fractures are reported to involve the distal
third of the radius, resulting in a very short distal fragment.1–3 Although distal radius fractures
in toy and miniature breeds are a common example of a juxta-articular fracture, we believe
the principles of this research also apply to other biomechanically challenging juxta-articular
fractures, that have a paucity of bone stock.

Plate fixation is a commonly employed method of fixation because of the rapid return to
function and the absence of extensive postoperative care. There are a wide variety of implants
available.34 Plate fixation is considered to be a successful treatment option, despite the
occurrence of major complications in 18% of cases in one study.30 The 18% catastrophic
complications was documented in a retrospective study, evaluating the efficacy of bone plate
fixation of the distal radius in small and miniature-breed dogs. All fractures had been
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stabilised with a relatively short conventional compression plate (straight or “T” plate).91
Catastrophic complications included plate breakage in three fractures and screw pull-out with
loss of bone plate contact in one fracture. The weights of the dogs which suffered plate
breakage were 2.0 kg (“T” plate), 4.2 kg (“T” plate), and 4.2 kg (DC plate). Reason for plate
breakage was likely a result of poor surgeon decision making. In the cases where the plate
failed, the plate was subjectively not of an appropriate size, often too short – spanning less
than 50% of the available bone length. In contrast, a retrospective study of 102 miniature and
toy breed dogs (105 fractures) weighing ≤ 7 kg, were successfully managed with open
reduction and internal fixation with a DCP.2 Of the 23 minor complications, 18 were bandage-associated superficial skin irritations or wounds and five were minor valgus deviations.
Implant failure was identified three weeks after surgery in a 7-month-old sexually intact male
Miniature Poodle weighing 3.6 kg, but the acceptable alignment of the limb permitted
successful management with external coaptation.

A case series with similar forms of fixation reported a 3% (102 cases with follow-up) major
complication incidence when utilising an open reduction internal and an adjunct temporary
bandage or splinted bandage.2 More recent studies, such as that by Aikawa et al (2018),3 have
also demonstrated that conventional plate fixation can provide a low complication rate when
fractures are treated with an appropriately sized bone plate.2,87,92 Aikawa achieved nearperfect anatomic reduction in 61 of 65 fractures, allowing load sharing between the bone and
the construct during loading of the limb, which would be expected to also be a factor in the
low incidence of major complications(6.2%) such as plate breakage.

Veterinary cuttable plates are another option available for stabilization of small dog fractures.
These plates have the advantage of the holes being close together, suitable in small bone
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fragments, and can also be stacked.93 A downside of the high hole to plate ratio, would be an
expected lower plate stiffness. In a retrospective study by Watrous and Moens (2017),92 in
which small breed dogs (<9 kg), were stabilized with 1.5mm to 2.7mm cuttable bone plates,
32%(8/25) of patients required at least one additional surgery or additional hospitalization.
Four cases sustained implant failure. Interestingly all four had been managed with some form
of external coaptation. There were too few cases to analyses the impact of external coaptation
on major postoperative complication rates. Two of the four cases were suspected to have
been stabilized with too small a plate, as both had been stabilized with a 1.5 mm cuttable
plate, and both cases were above the average weight of dogs that had been stabilized with this
plate (2.2 kg). The length of the plate placed, screw configuration and quality of the reduction
was not reported. The fatigue life and stiffness of a veterinary cuttable plate can be improved
by stacking two plates on top of one another.94

Adaption plates are a locking plate that are designed for stabilization of small dog fractures.
A retrospective evaluation of Synthes 1.5 mm locking Adaption plate system with the
Synthes 2.0 mm limited contact dynamic compression plate (LC-DCP), in repairing distal
radial and ulnar fractures in small breed dogs (<4 kg).95 The complication rate in this study
was 50% for the 1.5 mm Adaption plates and 14.3% for the 2.0 mm LC-DCP. There were
three major complications in the 1.5 mm adaption plate group (one plate fracture, one screw
pull-out and one fracture through a distal screw hole) and one major complication in the 2.0mm LC-DCP group due to a re-fracture. The results of this retrospective study led the authors
to recommend that the 1.5 mm Adaption plate be used only when a 2.0 mm LC-DCP would
not allow for a minimum of two screws in the distal segment and at the discretion of the
surgeon.
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Minimally invasive plate osteosynthesis (MIPO) has also been assessed in these small breed
dogs. Where MIPO is reported to reduce disruption of the fracture hematoma/callus and
reduce soft tissue compromise associated with an open approach.96 A cadaveric model, based
on the superior periosteal filling and vascular integrity, demonstrated that MIPO disrupted
less periosteal vasculature of the canine radius than open plating.97 A retrospective case series
by Pozzi et al (2008)98 compared outcomes of MIPO and open reduction (ORIF), concluded
that the MIPO technique produced comparable clinical results to traditional open plating
techniques. Disadvantages of their described MIPO technique was the need to use a
temporary external fixator to facilitate indirect reduction of the fracture. In the fractures
stabilized using ORIF, callus was either not seen, or was only apparent 8 weeks after surgery.
It was suggested that this was evidence that the MIPO technique provided both an appropriate
vascular and mechanical environment to stimulate external callus formation. However,
construct stiffness was not standardized and the increase in radiographic callus may simple
suggest that the MIPO technique was less stiff due to chosen plate size, screw configuration
and working length. The time to radiographic fracture healing was not different between
groups managed with either MIPO or ORIF (MIPO: 51.9 ± 18.4 days; ORIF: 49.5 ± 26.5
days) – mean time to union was less than 6 weeks. It could also be argued that true „MIPO‟ is
not feasible when the distal fragment is only 19 mm in length.1

For extremely distal fractures, a T-plate is useful in small dogs and cats, as it allows
placement of two screws in a transverse plane. Hamilton et al.(2005)83 reported a series of 14
toy breed dogs treated with a T-plate, all of which healed uneventfully. Return to function
was graded as excellent in six dogs, good in four and fair in two dogs.83

The primary rationale proposed for locking plate fixation of fractures is preservation
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of the biology and the blood supply of the bone, but biomechanical advantages
also have been proposed. The biomechanical advantages include the excellent angular
stability provided by the fixed angle implant, which appears especially relevant to unstable
metaphyseal segments where few screws can be placed.1

Gibert et al.1 reported a series of 20 toy and miniature breed dogs (6 kg or less) stabilised
with a Locking Compression Plate (LCP), in the form of either a straight or notched head Tplate (2 to 2.4 mm plates). In this case series, all fractures healed without major
complications, also reporting excellent functional outcomes (referral veterinary evaluation).
There was a single case of osteomyelitis which resolved with antibiotics. Hybrid fixation was
performed in all dogs in one or both fragments. The author speculated that the main benefit of
locking plate fixation in their case series, was owing to the fixed angle stability able to be
attained in the distal fragment when using locking screws.1 Stress protection osteopenia or refracture was not reported.

The LCP notched-head T-plate has proven to be particularly useful in fixation of the shorter
distal bone fragments, allowing placement of two locking screws in the shortest distal bone
fragment.1,38 The head comprises two stacked holes separated by a notch and the shaft
contains seven Combi-holes. Additionally, notched head T-plates allow contouring of the two
distal holes independently.99

Within many of these studies there was a lack of standardization of plate length, screw length
and screw configuration – which can all modify the overall construct stiffness and affect the
fracture healing. In many of these studies there was inconsistent radiographic follow-up and
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lack of objective measures of functional outcomes. Standardised biomechanical testing is
required to objectively compare construct biomehcanical properties.

2.4

LOCKING PLATE AND HYBRID FIXATION

Locking compression plating (LCP) technology is advantageous for stabilisation of
diaphyseal or metaphyseal fractures, particularly where there is limited bone stock.1 Locking
plates do not rely on the friction generated by the plate-screw-bone interface. Instead the
screw head thread engages with the plate hole thread.14 This locking mechanism makes the
screw function with the plate as a fixed angle construct. Locking the screw head into the plate
provides both angular and axial stability.100 Axial loading or bending is converted to
compressive stress at the bone-screw interface.14 Screw pull-out is unlikely in locking
constructs which makes them advantageous in osteoporotic bone.44,101,102

Locking plates do not rely on plate to bone friction, therefore the plate does not have to be in
direct contact with the bone, resulting in decreased impairment of vascular supply to the bone
and allows less precise plate contouring.100,103 Locking screws maintain fracture reduction
during screw tightening, minimizing the risk of inadvertent induction of misalignment that
can occur in a poorly contoured dynamic compression plate (DCP).

A popular locking system is the LCP. The plates in this system contain stacked combination
holes (combi hole), such as the Synthes 2.0mm LCP. A stacked combi hole comprises a
Dynamic Compression Unit, intended for a standard cortical screw, as well as a threaded half
of the hole, which permits a locking screw.48,104 Hence, both cortical screws and locking
screws can be used, allowing the LCP to be used as a conventional compression plate, a pure
locking fixator, or a hybrid of the two. The internal fixator can also be used as a
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neutralisation or bridging implant. Hybrid fixation is a term to describe the combination of
both locking and cortical screws within a single plate construct.4,5 Hybrid constructs may be
preferred in certain cases, as they enable anatomic reduction of a simple fracture and locked
screws can also be placed to protect the initial reduction.105 Fracture reduction and
compression should be performed prior to locking. The design of the NHTP allows
compression closer to the fracture compared to the LCP. This could be perceived to be an
advantage of the NHTP in anatomically reconstructable fractures with a short proximal or
distal fragment.

LCP‟s also contained stacked holes, where a locking or neutral cortical screw can be placed.
The Synthes 2.0 mm LCP has a stacked hole at one end of the plate, whereas the 2.0 mm
notched head T-plate contains two stacked holes at its notched head.

2.4.1 BIOMECHANICAL COMPARISON OF LOCKING AND NON-LOCKING
PLATE CONSTRUCTS
LCP technology is advantageous for stabilisation of diaphyseal or metaphyseal fractures,
particularly where there is limited bone stock.1 The 2.0 mm notched head T-plate (NHTP)
and 2.0 mm straight plate (LCP) are both locking compression plates. The NHTP contains
two stacked holes at its notched head, which permit placement of either a locking or cortical
screw. The plate design allows placement of three distal screws in a short distal bone
fragment, compared to two screws in an equivalent-length straight LCP.1 The 2 mm NHTP
allows placement of locking screws in three holes in a triangular configuration within the
plate head in both a 9 mm and 13 mm long juxta-articular bone fragment. The 2 mm LCP
permits placement of two locking screws in a 13mm fragment, or one locking and one
cortical screw in a 9 mm fragment. Previous studies testing a variety of different locking
devices have suggested locking constructs have advantages over unlocked screws and
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plates.28,106,107 To the contrary, there are also biomechanical studies that were unable to detect
a difference.44,108

In a biomechanical study by Fulkerson et al (2006)106 constructs fixed by plates with
bicortical locked screws withstood significantly more cycles to failure, and displayed
significantly less displacement during axial loading, than bicortical non-locked screws
constructs. In contrast, a biomechanical study by Aguila et al (2005),41 compared LCP using
locking screws only, to LC-DCP, in a 20 mm fracture gap canine femur cadaveric study.
Significant differences were not found between the LCP and LC-DCP In medial-lateral and
lateral-medial bending. They did observe that the mean twist–to-failure of the LC-DCP was
significantly lower than that for the LCP, however the torsional stiffness of the two constructs
was not significantly different.

A biomechanical study by Freeman et al (2010)105 concluded that when using a hybrid plating
technique, the utilisation of three bicortical locked screws on either side of a fracture
optimizes fatigue strength. Replacement of three cortical screws with locked screws also
significantly increased the torsional stiffness of the construct by 24%. In addition, placing a
locking screw immediately inside (nearest the fracture) of a cortical screw increases the
torque needed to remove that cortical screw (removal torque increased by 274%).

Some studies support that a locking screw is biomechanically superior to a cortical screw
when testing in torsion. The addition of a locking screw to a non-locking construct should
theoretically change the construct into an angle stable construct.107 Similar stiffness in torsion
between locking and non-locking constructs using LCP has also been found in both synthetic
and cadaveric human humeral fractures and in cadaveric human ulnar fractures.109,108,110
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In contrast, a study by Gordon et al (2010)107 investigating the effect of the combination of
locking screws and non-locking screws on the torsional properties of LCP constructs found
that the locking LCP construct was significantly stiffer and stronger in torsion than the nonlocking LCP construct. A 17% increase in torque at five degrees offset was observed after
addition of a locking screw to a non-locking construct.107

A hybrid fixation biomechanical study by Gardner et al (2006)4 tested three groups of
constructs in a synthetic human humeral osteoporotic model during cyclic torsion testing. A
LCP was applied to bone using either a locked construct, an unlocked construct, or a hybrid
construct. Hybrid constructs were mechanically similar to locked constructs, and both were
significantly stiffer than unlocked constructs under torsional cyclic loading. After 1000
cycles, the locking and hybrid constructs had declined to 80.0 ± 10.2% and 79.2 ± 9.5% of
their initial stiffness, while the non-locking group had declined to 22.3 ± 12.6%. Similar
studies have been unable to demonstrate significant biomechanical difference between
completely locked or hybrid plate fixation.111–113

Gardner et al (2005)28 plated cadaveric human radii with small juxta articular fragments,
using an eight hole LCP or LC-DCP, with three screws in each fragment. The constructs
tested contained a 5 mm fracture gap. The locked constructs were stronger and survived more
cycles to failure in torsion than their matched LC-DCP pairs. During medio-lateral bending
and torsion testing, the normalized stiffness curves for the LCP specimens tended to be
higher at all-time points compared with the LC-DCP, but the differences were not significant.
Any changes in stiffness may not be large enough to detect with a sample size of only six
pairs per group using highly variable cadaveric bone.
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Goswani et al (2011)114 performed a biomechanical study comparing four different plated
constructs secured to a composite femoral fracture gap model (Figure 14). The constructs
contained combinations of locking and non-locking screws and were tested under axial and
torsional loading. The position of the four proximal shaft screws were varied between the
four construct groups, and the working length of each construct was not altered. This study
concluded that there was more remaining torque in locking screws near the osteotomy
compared to that of non-locking screws. The presence of a locking screw increased screw
removal torque of adjacent non-locking screws, and the constructs with two locking screws
showed higher remaining torque and increased torsional stiffness.

A biomechanical study by Fitzpatrick et al (2009)115 compared uni and bicortical locking
plate constructs with non-locked construct in a osteoporotic femoral diaphyseal model. They
found that bi-cortical and mixed-mode locked bridge plating provided significantly greater
strength under dynamic axial loading in the osteoporotic femoral diaphysis while providing
comparable construct stiffness. However, non-locking constructs exhibited higher strength in
bending and torsion compared to locking constructs.

2.4.2

FACTORS AFFECTING CONSTRUCT STABILITY

It has been shown that the mechanical conditions at the fracture site will influence callus
formation during fracture healing. Fixation stability is paramount in altering the mechanical
conditions at the fracture site.35,71,76,77 Factors that can influence the stiffness of a plate
construct under identical load conditions are the presence of a fracture gap, the modulus of
elasticity of the plate material, the cross-sectional dimensions of the plate, the plate stand-off
distance, the plate length, the number of screws per fracture fragment, the working leverage
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of the screws in each fragment created by the distance between the end of fragment screws
and the working length.6,13,116

2.4.3

SCREWS PER FRAGMENT

A potential advantage of the 2.0 mm NHTP over the 2.0 mm straight LCP for juxta-articular
fractures with a paucity of bone stock, is that the NHTP contains two stacked holes at its
notched head, which permit placement of either a locking or cortical screw. The plate design
allows placement of three distal screws in a short distal bone fragment, compared to two
screws in an equivalent-length straight LCP (fragment size between 9 mm and 13 mm).1

Authors have provided various recommendations for the minimum number of locking screws
and the minimum number of cortices required per segment. This is a variable that has been
shown to affect construct stiffness.6,7,42,117 In a fracture with good quality bone, with construct
load-sharing and when the plate screws are perfectly inserted, Gautier and Sommer have
recommended using a minimum two screws per segment with at least three cortices for
simple fractures and at least four cortices for comminuted fractures.13

Stoffel et al (2003)6 showed that for the same working length, three screws per fracture
fragment provided significantly increased resistance to eccentric axial compression when
compared to two screws per fragment in a fracture gap model stabilised with 4.5mm titanium
LCP. Heyland et al. (2015)117 came to a similar conclusion. Conversely, Pearson et al (2015)7
using 3.5 mm straight LCP in a synthetic fracture gap model showed that, for the same plate
working length, three screws per fracture fragment did not significantly increase construct
stiffness in tension bending compared to two screws however did significantly increase axial
stiffness and perpendicular bending stiffness.
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Stoffel et al (2003),6 found that stiffness under torsional load in a synthetic fracture gap bone
model, stabilised with a standard LCP, increased significantly with more screws (up to four)
per fragment. Similarly, in a study by Freeman et al (2010),105 torsional stiffness of hybrid
constructs was most affected by the number of screws; where mean stiffness increased at
least 33% with four screws in each fracture fragment versus three per fragment. A study by
Demianiuk et al (2014),42 demonstrated that torsional stability of String of Pearls (SOP)
locking plate constructs was greater with an increased number of bicortical screws/fragment.
They also showed that torsional stability was greater when bicortical screws were positioned
closest to the fracture. Two additional studies have demonstrated that bicortical screw
improved stiffness over unicortical, though results can vary depending on the direction of the
load applied across the construct.118–120 This is likely due to the increased working length of
the screw itself or amount of bone purchase present.13,73 Thus, clinically it is recommended
that bicortical screws be used whenever possible.

A biomechanical study by Bilmont et al (2015)121 comparing two locking plate constructs
with two bicortical locking screws or three bicortical locking screws per fragment in a ten
hole 3.5 mm LCP, under cyclic torsional loading in a fracture gap model using acetyl
polymer tubes. The plate was fixed with a 1 mm gap between the plate and bone model. They
identified that omitting the third innermost locking screw during bridging osteosynthesis, led
to a reduction in both the fatigue life (25%) and construct stiffness (20%). It is important to
note that Bilmont et al (2015) results were confounded by the fact that the working length
was also increased omitting the third innermost locking screw. In addition, all constructs
were tested under displacement control, resulting in a greater peak load being applied to the
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three screws constructs, yet these constructs still out performed, due to an additional screw in
each fragment and a shorter plater working length.

A more recent biomechanical study conducted by Palierne et al (2015)122 who was part of the
same research group as Bilmont et al (2015)121, similarly compared ten hole 3.5 mm LCP two
locking plate constructs with two bicortical locking screws or three bicortical locking screws
per fragment in a fracture gap model. The difference to the previous Bilmont et al (2015)121
was that they were also assessing under bending or compression, not just torsion. They again
identified omission of the third innermost locking screw during bridging osteosynthesis
subjected to bending forces led to a 20% reduction in construct stiffness and increased
relative displacement (39.6%) but did not change fatigue life. The time to failure did not
differ significantly between the 2-screw constructs (120,000– 150,000 cycles) and the 3screw constructs (120,000– 220,000 cycles). Failure of the constructs in this study was due to
plate fracture, whereas in the previous torsion study121 was due to screw fracture, which may
explain the different fatigue under different planes of bending.

A similar biomechanical study by Hak et al (2010)123 also assessed the fatigue life of locking
constructs with different screw numbers. Their study compared an 8 hole LCP secured to
human cadaveric humerus with a 5 mm fracture gap, with either two or three bicortical
screws per fragment, in static bending, torsional, and axial loading, as well as under limited
cyclic torsional loading. They did not find any difference between the two groups either
before or after 1000 cycles of torsion. This lack of difference could be attributed to their low
sample size whilst using highly variable cadaveric bone, with the additional of too few
cycles. Additionally, no difference may have been observed because the working length was
not simultaneously altered with screw number unlike the Bilmont et al (2015) study.
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Macleod et al (2016)124 performed a finite element analysis examining the influence that
locking screw configuration has on loosening risk, and found that under torsional loading the
total number of screws used was the most important variable with a 59% reduction in the
peripheral bone strain around the screws closest to the fracture when using six rather than
four screws in osteoporotic bone.

2.4.4
2.4.4.1

PLATE WORKING LENGTH
EFFECT ON CONSTRUCT STIFFNESS

Plate working length is an important construct variable among the mechanical parameters of
the plating system and directly affects the stiffness of the plate construct,6–11 which can have
a considerable influence on fracture healing and implant fatigue life. Working length is
affected by size of the fracture gap, plate type, plate stand-off distance, distance between the
innermost screws and load direction.

Many biomechanical studies have demonstrated greater stiffness with shorter working
lengths.6,7,8–11,125 Three previous biomechanical studies investigating this effect used fracture
gap models under axial compression.6,7,9 Stoffel et al (2003)6 reported that construct working
length was the most important factor affecting axial stiffness and torsional rigidity in both a 6
mm and 1 mm fracture gap model. Pearson et al (2016)7 identified a 200% decrease in axial
stiffness when working length was increased by a single screw hole. A similar biomechanical
study with a 1 mm and 6 mm fracture gap confirmed that axial stiffness and torsional rigidity
of a 4.5 mm titanium LCP was mainly influenced by working length.6 Heyland et al.
(2015)117 came to a similar conclusion. Similarly, Ricci et al (2010)9 demonstrated, a short
working length was significantly stiffer in a comminuted distal femoral model.
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There should be no contention regarding the effect of working length on construct stiffness.
From biomechanical principles, we know that compliance (inverse of stiffness) in the context
of a bone plate can be calculated using the formula

, where L is the functional working

length of the plate (i.e., the distance between the two innermost plate screws), I is the plate
area moment of inertia, and E is modulus of elasticity (or Young‟s) of the plate material.25
Therefore, the compliance of a bone plate can be increased by reducing the moment of inertia
or modulus of elasticity of the plate material. Or conversely, the compliance can be reduced
by reducing the plate working length. Interestingly altering the working length has the
greatest effect on altering compliance (to the third power).

IFM is directly related to construct stiffness.126 Märdian et al (2015)35 used finite element
analysis (FEA) in a distal femoral fracture model to demonstrate that IFM increased
significantly with a longer working length, concluding that working length dominates other
aspects of screw placement in its effect on interfragmentary motion. A similar study by
Nourisa et al (2015) concluded that a shorter working length has a greater impact on reducing
interfragmentary strain than the number of screws itself.76 Heyland et al. (2015)117 came to a
similar conclusion with regards to interfragmentary movement.

A study by Chao et al (2013)127 in a cadaveric fracture gap model plated with 2.4 mm LCP
and loaded in eccentric axial compression found that plate working length had no effect on
stiffness, gap motion and resistance to fatigue although found that the short plate working
length was stronger than the long plate working length. Femora were plated with 12-hole 2.4
mm LCP using 2 screws per fracture segment (long working length group with one cortical
and one locked screw) or with 12-hole 2.4 mm LCP using 5 screws per fracture segment (a
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short working length group with 4 cortical screws and one locked screw). It is important to
note when considering the apparent absence of effect of working length on stiffness, gap
motion and fatigue resistance that the eccentric axial compression created effective tension
bending which, because the plates were applied in contact with the cortex, produced identical
plate working lengths despite the screw placement differences.

2.4.4.2

EFFECT ON PLATE STRAIN/STRESS

The relationship between plate strain and working length remains an area of some
controversy in the literature.12,14,128 A finite element analysis study demonstrated that a longer
working length reduced plate stress in a 6 mm fracture gap model, though paradoxically
increased plate stress in a 1 mm fracture gap model, during axial compression producing
tension bending.6 Much of the information on the effect of working length on plate
strain/stress is based on fracture gap models,6–8,15,16 with no information from compressed
fracture models. Findings of greater strain with a longer working length are supported by
several studies, but not by all. Consideration of the interpretation of conflicting reports needs
scrutiny.

A recent synthetic femoral plate-rod fracture gap model showed that a longer plate working
length resulted in higher plate strain compared to a shorter working length construct.49 The
authors concluded that a shorter working length not only reduced plate strain, it actually
distributed strain more evenly along the plate due to an increase in overall construct
stiffness.49

An investigation into the effect of screw position on plate strain at three regions of interest
(ROI) in a non-locking synthetic fracture gap model showed that the longer working length
Page | 47

created by omitting screws adjacent to the fracture gap did not reduce plate strain at the
fracture gap ROI and increased plate strain at the two other ROI.129

Stoffel et al (2003)6 calculated a 133% increase in von Mises stress in the plate if the
working length was increased by leaving one screw hole each side of the fracture empty, in
their 6 mm fracture gap model. Another FEA study reported a similar result.130 Stoffel‟s
analytical FEA modelling was supported during experimental biomechanical fatigue testing
for the 6 mm fracture gap model. When the working length was increased, the number of
fatigue cycles to failure was significantly reduced, and only the shortest working length lasted
one million cycles.6 By contrast, Stoffel et al (2003)6 found in their 1mm gap model that
increasing the plate working length increased construct stiffness and reduced von Mises stress
in the plate. The authors explained the paradoxical increase in construct stiffness and
decrease in plate strain in their 1mm gap model was a result of transcortex bone model
contact with increasing plate working length. This transcortical bone contact created a
temporary load-sharing situation. The effect of this cyclic transcortical contact in a 1mm gap
model on interfragmentary strain in a clinical situation is unclear.

A similar FEA analysis performed by Wang et al (2019)131 on a 6 mm mid-shaft tibial
fracture gap model, supported Stoffel et al (2003)6 6 mm fracture gap model results. This
study compared plate constructs of different working lengths and other vartiables.131 They
determined there was significant positive correlations between von Mises stress and strain in
the plate, interfragmentary motion (IFM), and plate working length. These results provided
support that an increase in plate working length is accompanied by an increase in strain in the
plate and an increase in interfragmentary strain.
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In contrast to those studies above, three review articles state that decreasing working length
increases plate strain; however, no evidence of plate strain measurement was cited to support
this.12,14,128 Furthermore, mis-citing of prior work by Kanchanomai et al (2010),15 by stating a
reduction in plate surface strain is achieved by extending the working length,132,133 when in
fact the corresponding regions for short and long working length were not significantly
different in the original study, also perpetuates misinformation regarding the effect of
working length on plate strain.

Two publications state that a decrease in the working length of the plate increases internal
stress in the plate; however, again, fail to provide supporting evidence.73,134 Chen et al
(2009)16 using a computational simulation reported that a short plate working length produces
stress concentrations in the plate; however, the number of screws were not hypothesized and
the results were not biomechanically confirmed in their study.

It is important to understand that whether a study calculates plate stress or measures plate
strain, stress and strain of an implant of similar material properties (Young‟s modulus) are
related.17,135 Hooke‟s law states that when testing within the elastic region of the stress/strain
curve, stress is directly proportional to the strain produced in the material.17 Using measured
plate strain to infer stress is considered reliable.135,136 A FEA study modeling a simple
oblique fracture, showed that a shorter construct working length provided more stability and
less stress to the bone plate.130
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3.1

ABSTRACT

Objective:
This investigation compared the biomechanical properties of a 2.0mm locking compression
notched head T-plate (NHTP) and 2.0mm straight locking compression plate (LCP), in a
simple transverse juxta-articular fracture model.
Methods:
Two different screw configurations were compared for the NHTP and LCP, modelling short
(configuration 1) and long working length (configuration 2). Constructs were tested in
compression, perpendicular and tension non-destructive four point bending and torsion. Plate
surface strain was measured at 12 regions of interest (ROI) using 3-D digital image
correlation. Stiffness and strain was compared between screw configurations within and
between each plate.
Results:
The LCP was stiffer than the NHTP in all three planes of bending and torsion (P<0.05). The
NHTP had greater strain than the LCP during compression bending and torsion at all ROI
(P<0.0005). The short working length was stiffer in all three planes of bending and in torsion
(P<0.05) than the longer working length for both plates. The long working length showed
greater strain than the short working length at most ROI.
Conclusion:
In this experimental model, a 2.0 mm LCP with two screws in the short fragment was
significantly stiffer and had lower plate strain than a 2.0 mm NHTP with three screws in the
short fragment. Extending the working length significantly reduced construct stiffness and
increased plate strain. These findings may guide construct selection.
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3.2

INTRODUCTION

Short fragment fractures are frequently encountered in veterinary practice, especially
fractures of the distal radius.1–3 Radial fractures represent 8.5 – 17% of all fractures in dogs
and 85% of these fractures involve the distal third of the diaphysis, with toy and miniature
breeds overrepresented.1–3

In a retrospective case series of 20 distal radial fractures in toy and miniature breeds
weighing less than 6 kg, the mean length of the distal fragment was 15 mm (SD 6 mm).3 Such
a short, juxta-articular distal fragment makes stabilisation challenging, and complicates
implant selection in these breeds. Plate fixation is considered to have good overall success.3,4
However, plating has also been associated with complications. In another study, catastrophic
complications including plate breakage or screw pull-out were reported in 4 of 22 fractures
that had distal radial fractures stabilised with short dynamic compression plates (either a
straight or T-plate).1

Locking compression plating technology is advantageous for stabilisation of diaphyseal or
metaphyseal fractures, particularly where there is limited bone stock.3 A recent clinical report
described use of either a 2.0 mm notched head locking compression T-plate (NHTP) a or a 2.0
mm straight locking compression plate (LCP)a for distal antebrachial fractures in toy and
miniature breed dogs weighing less than 6 kg.3 The NHTP contains two stacked holes at its
notched head, which permit placement of either a locking or cortical screw. The plate design
allows placement of three distal screws in a short distal bone fragment, compared to two
screws in an equivalent-length straight LCP.3 Given the obvious design differences in shaft
dimensions, hole spacing and compression direction between the NHTP and equivalentlength straight LCP plate, it is expected they will have different biomechanical properties.
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Working length is a variable that has been shown to affect construct stability.6,7,8–12
Controversy still exists surrounding the effect of working length on construct stability and
plate strain/stress.12–15 We were interested in the effect of working length on plate strain in a
compressed fracture model. This may be relevant in two situations. Firstly, where fissuring
adjacent to a simple transverse fracture may necessitate omission of screws adjacent to the
fracture line. Secondly, where clinicians may choose to omit screws adjacent to the fracture
line, thereby increasing plate working length, in the belief that this will reduce plate
stress/strain.

The first objective of this study was to compare the biomechanical properties of a 2.0 mm
NHTP construct to a 2.0 mm straight LCP construct, applied to a synthetic model of a
transverse fracture with a short distal fragment, using screw configurations that simulated
clinical application.3 We hypothesized that the NHTP construct would be less stiff in
compression, perpendicular and tension four-point bending and torsion testing, and have
greater plate strain in compression bending and torsion testing, than the LCP construct. The
second objective was to compare the biomechanical properties of a second screw
configuration that created a longer working length than the original screw configuration. We
hypothesized that for each plate type, the screw configuration with the longer working length
would create a construct that was less stiff in compression, perpendicular and tension fourpoint bending and torsion testing and have greater plate strain in compression bending and
torsion testing, compared to the original screw configuration with the shorter working length.
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3.3

MATERIALS & METHODS

A synthetic transverse fracture with a short segment was modelled using two Delrinb tubes,
with a 12.3 mm outer diameter and a 7.9 mm inner diameter with no fracture gap. The
proximal fragment was 100 mm in length. The distal fragment was 12.8 mm in length, within
the range of 5-30 mm noted in a clinical series of radial fractures in dogs less than 6 kg.3 The
Delrin tubes were pre-drilled with a computer-controlled mill. A 1.5 mm drill bitc was used
for drilling, as recommended by AOd for placement of 2.0 mm locking and cortical screws.16
The Delrin tubes were stabilised with a 2.0 mm NHTP or a 8 hole 2.0 mm LCP using AOd
technique.16

The dimensions of the shaft section of the NHTP (shaft width: 5 mm, thickness: 1.3 mm,
length: 54 mm) are less than the LCP (width: 5.5 mm, thickness: 1.5 mm, length: 55 mm).5
The NHTP allows compression of a fracture from any of the shaft combination holes, all
directing compression towards the head of the plate. The LCP allows compression from any
of the combination holes, however each plate half compresses towards the middle of the
plate.5 The NHTP has a 6.5 mm distance between the center of the holes, and a 6 mm
distance between the shaft and head holes. The LCP has a 7 mm distance between the center
of the holes and a 4.6 mm distance between the central holes.5

3.3.1

Screw configuration 1

Both the NHTP and LCP were applied in compression with no stand-off distance. All screws
were bicortical and the insertion torque applied to each screw was 66tandardized using a 0.4
Nm torque limitere, as recommended for 2.0 mm screws.5
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For the NHTP, three locking screwsf were placed in the distal fragment and the fracture was
then compressed with a single cortical screwg, placed as a compression screw, in the shaft
hole closest to the fracture in the proximal fragment. Two additional locking screwsf were
subsequently placed in the proximal segment in plate holes one and five; plate holes were
numbered sequentially from proximal to distal in both plates (Figure 1A & 1B). The distance
between the inner working screws was 8.7 mm.

Figure 1. A. Configuration 1 constructs (short working length) for the notched head T-plate (NHTP) and
straight locking compression plate (LCP). The hollow black circle indicates a locking screw. The solid black
circle indicates a cortical screw in compression. B. Configuration 2 (long working length) constructs.

For the LCP, two locking screwsf were placed in the distal fragment and the fracture was then
compressed with a single cortical screwg, placed as a compression screw, in plate hole four.
Plate hole four was the closest distally-compressing plate hole to the fracture gap in the
proximal fragment (Figure 1A). Two additional locking screwsf were subsequently placed in
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the proximal segment in plate holes one and five. The distance between the inner working
screws was 8.2 mm.

3.3.2

Screw configuration 2 – longer working length

For the second screw configuration, both plates were applied in compression, with no standoff distance and the screw configuration created a longer locking screw working length than
screw configuration 1. All screws were bicortical. The screws in the distal fragment were
placed as for screw configuration 1 constructs. For both plates, the fracture was compressed
with a single cortical screwg, placed as a compression screw, in plate hole three (Figure 1B).
Two additional locking screwsf were subsequently placed in the proximal segment in plate
holes one and two.

A sample size of seven replicates of each construct type was used, sufficient to detect an
effect size as small as 1.7 (power = 0.8, alpha = 0.05, variance = 10%).7

3.3.3

Non-destructive four-point bending

The Delrin tubes were fixed with a 4 mm screw, in the predrilled jig-positioning hole, in a
custom-made loading jig to prevent rotation during testing.7 Compression, perpendicular and
tension bending was conducted on a materials testing machineh with a 100 N load cell. Each
construct was placed on support rollers with a 200 mm gap, and load rollers with a 140 mm
gap, allowing the materials testing machine to apply a constant bending moment along the
construct (Figure 2). Each construct was pre-loaded (0.4 N), then ramp loaded for three
cycles under displacement control at 10 mm/min to a force of 40 N, to produce a peak
bending moment of 0.6 Nm in all tested planes. This bending moment was within the elastic
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limit of the constructs based on pilot testing. Each construct was sequentially tested in fourpoint bending about three different planes. Testing was first performed simulating
compression bending, with load applied parallel to the screw axis along the compression
surface of the construct (Figure 2A). The construct was then rotated 90 degrees and testing
repeated, simulating perpendicular bending, with load applied perpendicular to the screw axis
(Figure 2B). For the third bending test, the construct was again sequentially rotated 90
degrees and testing repeated, to simulate tension bending, with load applied parallel to the
screw axis (Figure 2C).

Figure 2. Region of interest (ROI) from where strain was measured for both plate types using three-dimensional
digital image correlation.

3.3.4

Non-destructive torsion

For testing in non-destructive torsion, the proximal end of the construct was restrained in a
custom-made jig with an industrial clamping kitl, and a secured shaft bearing was placed into
the distal construct jig for rotational support and allow free rotation. The distal jig screw was
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positioned perpendicular to the material testing machinei, resulting in a lever arm of 25 mm
between the rotational axis and the displacement arm of the material testing machine. A 100
N load cell was used. Axial load was applied to the jig screw to create torque while the
proximal jig was restrained and displacement was recorded.6 Each construct was pre-loaded
(0.4 N), then ramp loaded for three cycles under displacement control at 10 mm/min,
resulting in a rotational displacement of approximately 5.6 °/s, to produce a peak vertical
displacement of 5 mm (11.3 ° torsion reached). This torsion angle reached was verified using
Vic-3D analysisj. A minimum peak axial load of 20 N was reached for all constructs.

3.3.5

Measurement of stiffness

All testing data was recorded at a rate of 10 Hz. Each specimen underwent three cycles in
each plane of testing (three planes of bending and torsion). Load and actuator displacement
measurements from the third cycle were recorded, as a pilot study of three cycles per
construct demonstrated no difference after the first cycle. The data was exported and bending
and torsional stiffness was determined from the slope of the linear elastic portion of the load
displacement curve.

3.3.6

Measurement of strain

Three dimensional digital image correlation was used to allow precise, full field, plate surface
strain to be measured during compression bending and torsion testing only.17,18–24 Each
construct was sprayed with a speckle pattern (uniform base white followed by a black
speckle) prior to testing.17 The high definition recordings were captured with VicSnap
softwaren.17 Digital image correlation uses correlation-based displacement measurements of
the surface speckle during testing to calculate local surface strain. Strain was estimated for 12
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regions of interest (ROI) along the plate surface using Vic-3D softwarej (Figure 3).17 The
ROI were numbered sequentially, representing comparable regions for both plates. The
regions along the axial solid plate section were marked by odd numbers and the abaxial
partial plate sections, by even numbers. The mean von Mises strain was obtained from the
linear line of best fit of the strain load graph from the third cycle, with the linear equation
used to estimate the strain for a set force (20 N) for each sample tested.

Figure 3. Four-point bending was conducted on a material testing machine, applying a constant bending
moment along the constructs about three different planes. A. Compression bending. B. Perpendicular bending.
C. Tension bending.

3.3.7

Statistical analysis

The stiffness for each four-point bending and torsion test was the response of interest and
confirmed to be normally distributed using the Shapiro-Wilk test and visual inspection of QQ plots. The stiffness was summarised as mean (95% confidence interval, CI). The stiffness
in each plane of bending for screw configuration 1 was compared between plate types using a
t-test. The stiffness in each plane of bending was compared between screw configurations
within each plate type using t-tests. Equality of variances was tested and either a Pooled or
Satterthwaite test of significance was used based on equality/nonequality variances,
respectively, to avoid type 1 error. Significance was determined at P<0.05.
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The strain was verified as normally distributed using the Shapiro-Wilk test and visual
inspection of Q-Q plots and summarised as mean (95% CI). The strain for screw
configuration 1 was compared between plate types using a two-way ANOVA including the
main effects of plate type and ROI, and their interaction. When there were significant
interaction (P<0.05), selected post hoc, pairwise comparisons were made between plate types
at each region against a Bonferroni-adjusted P<0.005. The strain for configuration 1 and 2
was compared within each plate type using a two-way ANOVA including the main effects of
screw configuration and ROI, and their interaction. When there were significant interaction
(P≤0.05), selected post hoc pairwise comparisons were made between screw configuration
for each ROI, within each plate type against a Bonferroni-adjusted P<0.005.

3.4

RESULTS
3.4.1

Comparison of plate type for screw configuration 1

The LCP was significantly stiffer than the NHTP in all three planes of bending and in torsion
(P<0.05, Table 1). The NHTP had significantly greater strain than the LCP during
compression bending and torsion at all compared ROI (P<0.0005, Table 3).

3.4.2

Comparison of screw configuration 1 and 2 - Notched head T-plate

Configuration 1 was significantly stiffer in all three planes of bending and in torsion (P<0.05,
Table 2). Configuration 2 had significantly greater strain than configuration 1 during
compression bending at all ROI (P<0.0005), except region one (P=0.3959, Table 4).
Configuration 2 had significantly greater strain than configuration 1 in torsion at all ROI
(P<0.0005, Table 5).
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3.4.3

Comparison of screw configuration 1 and 2 – Straight LCP

Configuration 1 was significantly stiffer in all three planes of bending and in torsion (P<0.05,
Table 2). Configuration 2 had significantly greater strain than configuration 1 during
compression bending at all ROI (P<0.0005, Table 4). Configuration 2 had significantly
greater strain than configuration 1 during torsion in all ROI (P<0.0005, Table 5).

Table 1. Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension bending
(N/mm) and torsion (Nm/degree) with comparison between the notched head T-plate (NHTP) and straight
locking compression plate (LCP) screw configuration

Plate

NHTP

LCP

P Value

Page | 73

Compression
bending

Perpendicular
bending

Tension bending

Torsion

37.0

77.6

68.3

0.67

(36-38.1)

(75.1-80.2)

(58.8-77.7)

(0.64-0.67)

56.3

93.9

94.9

0.74

(54.4-58.3)

(90.3-97.4)

(85.2-105.6)

(0.71-0.77)

<0.0001

<0.0001

0.0055

0.0057

Table 2. Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension bending (N/mm) and torsion (Nm/degree) of the notched head Tplate (NHTP) and straight locking compression plate (LCP) with comparison between screw configuration 1 and 2 for each plate type.

NHTP
Configuration 1
(Short working length)
Configuration 2
(Long working length)
P Value

LCP
Configuration 1
(Short working length)
Configuration 2
(Long working length)
P Value
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Compression bending

Perpendicular bending

Tension bending

Torsion

37.0

77.6

68.3

0.67

(36-38.1)

(75.1-80.2)

(58.8-77.7)

(0.64-0.69)

15.7

47.5

45.97

0.39

(14.8-16.6)

(45.4-49.6)

(44.6-47.3)

(0.36-0.41)

<0.0001

<0.0001

0.0049

<0.0001

Compression bending

Perpendicular bending

Tension bending

Torsion

56.3

93.9

94.9

0.74

(54.4-58.3)

(90.3-97.4)

(84.2-105.6)

(0.71-0.77)

28.8

72.2

66.9

0.53

(27.5-30.1)

(68.9-75.5)

(64.7-69.0)

(0.51-0.54)

<0.0001

<0.0001

0.0012

<0.0001

Table 3. Mean (95% confidence interval) plate strain (mm/mm) at the regions of interest (ROI) during compression bending and torsion with comparison between the notched
head T-plate (NHTP) and straight locking compression plate (LCP) screw configuration 1. * Bonferroni adjusted P<0.0005.

Bending

NHTP
LCP

ROI
1

2

3

4

5

6

7

8

9

10

11

12

3.08
(2.84-3.32)

3.49
(2.60-4.39)

1.74
(1.49-1.99)

3.04
(2.36-3.73)

1.50
(1.19-1.81)

3.61
(2.88-4.34)

2.19
(1.45-2.92)

4.14
(3.87-4.41)

1.89
(1.73-2.05)

3.98
(3.30-4.67)

0.90
(0.75-1.05)

3.93
(2.93-4.94)

1.13

1.23

0.75

0.81

0.96

1.14

0.69

1.46

1.05

1.22

0.91

0.73

(1.08-1.18)

(1.14-1.33)

(0.64-0.85)

(0.71-0.91)

(0.77-1.14)

(1.04-1.23)

(0.64-0.74)

(1.42-1.50)

(0.93-1.17)

(1.17-1.28)

(0.79-1.02)

(0.61-0.84)

*

*

*

*

*

*

*

*

*

*

*

*

1.76

3.72

4.51

2.32

6.70

3.23

6.56

7.59

9.35

3.35

15.74

(1.48-2.05)

(3.29-4.16)

1.91
(1.78-2.04)

(4.09-4.94)

(2.08-2.57)

(5.74-7.65)

(2.90-3.58)

(5.70-7.42)

(7.09-8.11)

(6.95-11.76)

(3.02-3.70)

(14.41-22.27)

1.21

2.43

1.09

2.57

2.06

2.99

1.81

4.26

3.18

4.19

2.47

4.61

(1.09-1.32

(2.12-2.73

(0.97-1.21

(2.41-2.74

(1.71-2.41

(2.69-3.28

(1.60-2.01

(3.65-4.86

(2.91-3.45

(3.81-4.56

(2.14-2.80

(4.44-4.77

*

*

*

*

*

*

*

*

*

*

*

*

Significance*
Torsion
-*
NHTP
LCP
Significance*
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Table 4. Mean (95% confidence interval) plate strain (mm/mm) at the regions of interest (ROI) during compression bending of the notched head T-plate (NHTP) and straight
locking compression plate (LCP) with comparison between screw configurations 1 and 2. * Bonferroni adjusted P<0.0005.

NHTP
Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *
LCP
Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *
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ROI
1

2

3

4

5

6

7

8

9

10

11

12

3.08

3.49

1.74

3.04

1.50

3.61

2.19

4.14

1.89

3.98

0.90

3.93

(2.84-

(2.60-

(1.49-

(2.36-

(1.19-

(2.88-

(1.45-

(3.87-

(1.73-

(3.30-

(0.75-

(2.93-

3.32)

4.39)

1.99)

3.73)

1.81)

4.34)

2.92)

4.41)

2.05)

4.67)

1.05)

4.94)

11.12

14.66

8.60

13.24

7.03

11.06

7.09

14.45

8.27

13.39

6.60

18.69

(8.60-

(11.49-

(7.79-

(10.23-

(6.40-

(9.47-

(6.67-

(8.79-

(7.79-

(11.94-

(5.77-

(16.66-

13.65)

17.84)

9.40)

16.25)

7.66)

12.64)

7.51)

20.10)

8.74)

14.83)

7.43)

20.73)

*

*

*

*

*

*

*

*

*

*

*

*
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1.23

0.75
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1.46
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1.22

0.91
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(1.14-

(0.64-

(0.71-
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(1.04-

(0.64-
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(0.79-
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1.18)

1.33)

0.85)

0.91)

1.14)

1.23)

0.74)

1.50)

1.17)

1.28)

1.02)

0.84)

5.76

8.08

7.17

6.38

6.80

6.68

3.78

6.17

4.28

5.27

4.49

7.18

(5.22-
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(3.52-
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(5.54-

6.30)
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7.79)

6.73)

8.78)

6.99)

4.03)

6.80)

4.52)

5.71)

5.27)

8.82)

*

*

*

*

*

*

*

*

*

*

*

*

Table 5. Mean (95% confidence interval) plate strain (mm/mm) at the regions of interest (ROI) during torsion of the notched head T-plate (NHTP) and straight locking
compression plate (LCP) with comparison between screw configurations 1 and 2. * Bonferroni adjusted P<0.0005.

NHTP

ROI
1

2

3

4

5

6

7

8

9

10

11

12

1.76
(1.482.05)

3.72
(3.294.16)

1.91
(1.782.04)

4.51
(4.094.94)

2.32
(2.082.57)

6.70
(5.747.65)

3.23
(2.903.58)

6.56
(5.707.42)

7.59
(7.098.11)

9.35
(6.9511.76)

3.35
(3.023.70)

15.74
(14.4122.27)

3.56
(3.054.06)

20.33
(18.1522.53)

9.76
(8.9710.55)

41.00
(37.2944.70)

19.75
(17.3522.15)

50.04
(9.4712.64)

17.18
(14.8119.55)

50.96
(46.1755.77)

21.51
(20.6922.33)

37.20
(33.1141.29)

12.20
(11.3313.07)

26.76
(22.0331.49)

*

*

*

*

*

*

*

*

*

*

*

*

1.21

2.43

1.09

2.57

2.06

2.99

1.81

4.26

3.18

4.19

2.47

4.61

(1.091.32

(2.122.73

(0.971.21

(2.412.74

(1.712.41)

(2.693.28

(1.602.01

(3.654.86

(2.913.45

(3.814.56

(2.142.80

(4.444.77

7.46

16.88

6.57

8.28

7.59

17.55

(7.217.72)

(15.0018.75)

(6.376.77)

(7.019.54)

(6.978.22)

(14.8320.26)

*

*

*

*

*

*

Configuration 1
(Short working length)

Configuration 2
(Long working length)

Significance *
LCP
Configuration 1
(Short working length)

2
3

Configuration 2
(Long working length)

2.33

11.69

4.23

14.87

8.87

16.84

(2.162.50)

(10.1213.25)

(4.054.42)

(13.4116.32)

(8.129.62)

(14.4519.23)

4
5

Significance *

NS

*

*

*

*

*
6
7
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3.5

DISCUSSION

The results of this study confirmed our hypothesis that the NHTP construct would be less
stiff than the LCP construct, in triplanar four-point bending and torsion testing. The NHTP
had a corresponding, significantly greater strain, than the LCP during compression bending
and torsion testing, at all ROI.

It is predictable that the smaller shaft dimensions of the NHTP would be less stiff than the
LCP. The smaller shaft dimensions of the NHTP result in a reduced area moment of inertia
and polar moment of inertia; a measure of an object‟s ability to resist a bending and torsional
moment, respectively. Stoffel and colleagues6 had found that stiffness under torsional load in
a synthetic bone model, stabilised with a standard LCP, increased significantly with more
screws (up to four screws) per fragment. Stoffel and colleagues6 similarly found that axial
stiffness increased with a third screw per fragment. However in our study comparing two
plates of different shaft dimensions, screw number and density, the placement of three
triangular abaxial locked screws in the short fragment in the NHTP, did not mitigate the
reduced stiffness of the smaller NHTP shaft, compared to two axially positioned locked
screws in the LCP. From this study, it appears the major factor that influenced construct
stiffness was the cross-sectional dimension of the plates. Understanding this difference in
construct stiffness of two common plate fixation options for short fragment compressible
fractures is useful to assist in guiding surgical decision making.

In addition to plate dimensions, stiffness could be influenced by the different distances
between the screws on either side of the fracture (Figure 1). Due to differences in plate
design, the distance between the inner working screws was 6 % shorter for the LCP construct
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than the NHTP (8.2 mm versus 8.7 mm). The distance between the inner working screws is a
factor which may have contributed to the increased stiffness of the LCP reported in this
study.

The design of the NHTP allows compression closer to the fracture compared to the LCP. This
could be perceived to be an advantage of the NHTP in anatomically reconstructable fractures
with a short proximal or distal fragment. Whether the closer compression cortical screw in
the NHTP allowed greater fragment compression and thereby affected construct stiffness is
not supported by our data.

Within a construct, the main factor that likely influenced the different stiffness results when
tested in different planes of bending, under identical load conditions, were the subsequent
change in cross-sectional dimensions of the plate and consequently the area moment of
inertia and polar moment of inertia.

Under identical load, plate strain was greater along the NHTP than the LCP at all ROI in
compression bending and in torsion. This is not surprising, as previous biomechanical studies
have shown a stiffer construct will have reduced plate strain.17,25–27 Whether the greater strain
observed in the NHTP means that it would be more susceptible to fatigue failure than the
LCP is unknown since fatigue testing was not part of this study. Fatigue analysis can be
performed using strain-life theory methodology.28 If an object is subjected to a higher
repetitive stress or strain, the object becomes weaker and may fatigue earlier than an object
experiencing less repetitive stress or strain.8,29 Cyclic loading to failure would be required for
fatigue analysis.
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Our second hypothesis, that the long working length for both plates would be less stiff than
the short working length, in all planes of testing, was also confirmed. The effect of working
length on plate strain was tested in compression bending and torsion testing. The long
working length had significantly greater plate strain than the short working length, at all ROI
except one, where there was no significant difference.

Our findings on the effect of working length and plate stiffness are similar to other studies
that demonstrated greater stiffness with shorter working lengths.6,7,8–12 Three previous
biomechanical studies investigating this effect used fracture gap models under axial
compression.6,7,10 Pearson and colleagues7 identified a 200% decrease in axial stiffness when
working length was increased by a single screw hole. A similar biomechanical study with a 1
mm and 6 mm fracture gap confirmed that axial stiffness and torsional rigidity of a 4.5 mm
titanium LCP was mainly influenced by working length.6 Similarly, Ricci and colleagues10
demonstrated, a short working length was significantly stiffer in a comminuted distal femoral
model.

Märdian and colleagues30 used finite element analysis in a distal femoral fracture model to
demonstrate that interfragmentary movement increased significantly with a longer working
length, concluding that working length dominates other aspects of screw placement in its
effect on interfragmentary motion. Interfragmentary movement is directly related to construct
stiffness.31

The relationship between plate strain and working length remains an area of some
controversy in the literature.13,15 We believe that there is a misconception that decreased plate
working length increases plate strain and thereby increases the likelihood of fatigue
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failure.12,13,14 Our findings of significantly greater strain with a longer working length are
supported by several similar studies.6,17,32 Consideration of the interpretation of conflicting
reports needs scrutiny.27 Any comparison of findings is made challenging due to different
testing methodologies.

Similar to our findings, a recent synthetic femoral plate-rod fracture gap model showed that a
longer plate working length resulted in higher plate strain compared to a shorter working
length construct.17 The authors concluded that a shorter working length not only reduced
plate strain, it actually distributed strain more evenly along the plate due to an increase in
overall construct stiffness.17

An investigation into the effect of screw position on plate strain at three ROI in a non-locking
synthetic fracture gap model showed that the longer working length created by omitting
screws adjacent to the fracture gap did not reduce plate strain at the fracture gap ROI and
increased plate strain at the two other ROI.32

Stoffel and colleagues6 findings are also consistent with our results. They reported that
construct working length was the most important factor affecting axial stiffness and torsional
rigidity in both a 6 mm and 1 mm fracture gap model. Using finite element analysis in the 6
mm fracture gap model, they calculated a 133% increase in von Mises stress in the plate if the
working length was increased by leaving one screw hole each side of the fracture empty.6 The
finite element analysis modelling findings were supported during experimental
biomechanical fatigue testing for the 6 mm fracture gap model. When the working length was
increased, the number of fatigue cycles to failure was significantly reduced, and only the
shortest working length lasted one million cycles.6 Unfortunately, results in their 1 mm
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fracture gap model for fatigue testing finite element analysis estimation of plate von Mises
stress were confounded by bone contact occurring under load conditions. In their 1 mm gap
model they found a paradoxical increase in construct stiffness and decrease in plate strain
conferred by transcortex bone model contact with increasing working length. In a clinical
situation however, cyclic bone contact during loading with a 1mm fracture gap could
theoretically create unsustainably high interfragmentary strain necessitating bone resorption
and consequent widening of the fracture gap to mitigate strain.34–36 The biomechanical effect
would vary by individual; however, it is reasonable that construct stiffness would further
reduce and plate strain would increase as bone resorption caused widening of the fracture gap
due to high interfragmentary strain.37,38

In contrast to our findings and those of supporting work, three review articles state that
decreasing working length increases plate strain; however, no evidence of plate strain
measurement was cited to support this.13,15,39 Furthermore, mis-citing prior work of
Kanchanomai et al (2010)14, by stating a reduction in plate surface strain is achieved by
extending the working length,36,37 when in fact the corresponding regions for short and long
working length were not significantly different in the original study, also perpetuates
misinformation.

3.6

CONCLUSION

In this experimental model of a simple transverse juxta-articular fracture, a 2.0 mm LCP with
two screws in the short fragment was significantly stiffer and had lower plate strain than a 2.0
mm NHTP with three screws in the short fragment. Extending the working length of each
construct by omitting locking screws in the long fragment adjacent to the fracture line
significantly reduced construct stiffness and increased plate strain. Translation of these results
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to a clinical model will require further investigation but these findings may guide construct
selection.
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Footnotes
a LCP®: Synthes GmbH, Oberdorf, Switzerland
b Delrin® Acetal Polymer: RS Components Pty Limited, Wetherill Park, NSW, Australia
c Synthes 310.15 1.5mm Drill Bit, Quick Coupling, 85mm: Synthes GmbH, Oberdorf,
Switzerland
dAO Foundation, Davos, Switzerland
e Torque Limiter, 0.4 Nm, with AO/ASIF Quick Coupling: Synthes GmbH, Oberdorf,
Switzerland
f Self-tapping Locking Screw Star Drive®: Synthes GmbH, Oberdorf, Switzerland
g Self-tapping Cortex Screw Star Drive®: Synthes GmbH, Oberdorf, Switzerland
h Instron 5848 MicroTester, Norwood, MA
I Instron 5567: Instron, Canton, MA, USA
j VIC-3D®: Correlated Solutions, NC
k VicSnap®, Correlated Solutions, NC
l Draper 4664 42 Piece Clamping Kit, Draper Tools Ltd., Hampshire, United Kingdom

ROI – Region of interest
NHTP – 2.0 mm locking compression notched head T-plate
LCP - 2.0 mm straight locking compression plate
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4.1

ABSTRACT

Objective:
This investigation compared the biomechanical properties of a 2.0mm locking compression
notched head T-plate (NHTP) and 2.0mm straight locking compression plate (LCP), in a
compressed, very short, juxta-articular fragment fracture model.
Methods:
Two different screw configurations were compared for the NHTP and LCP, modelling short
(configuration 1) and long working length (configuration 2). Constructs were tested in
compression, perpendicular and tension non-destructive four point bending and torsion. Plate
surface strain was measured at 12 regions of interest (ROI) using 3-D digital image
correlation. Stiffness and strain was compared between screw configurations within and
between each plate.
Results:
The LCP was stiffer than the NHTP in all three planes of bending (P<0.05). The NHTP was
significantly stiffer than the LCP in torsion (P<0.05). The NHTP had greater strain than the
LCP during compression bending and torsion (P<0.0005). The short working length NHTP
was stiffer in all three planes of bending and in torsion (P<0.05) than the longer working
length. The short working length LCP was stiffer in compression bending and in torsion
(P<0.05) than the longer working length. The long working length showed greater strain than
the short working length at multiple ROI.
Conclusion:
In this experimental model of a compressed simple transverse fracture with a juxta-articular 9
mm distal fragment, a 2.0 mm LCP with two hybrid screws in the short fragment was
significantly stiffer than a 2.0 mm NHTP with three locking screws in the short fragment in
compression, tension and perpendicular bending but not torsion. Extending the working
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length of each construct by omitting locking screws adjacent to the fracture significantly
reduced construct stiffness and increased plate strain.
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4.2

INTRODUCTION

Fractures with a very short proximal or distal juxta-articular fragment create particular
biomechanical challenges, complicating implant selection and placement. In veterinary
orthopaedics, distal radial fractures in toy and miniature breeds are a common example of
this, with the majority of these fractures reported to involve the distal third of the radius,
resulting in a very short distal fragment.1,2 Plate fixation has been reported to have good
overall success in these cases.3

A recent clinical report described use of either a 2.0 mm notched head locking compression
plate T-plate (NHTP) a or a 2.0 mm straight locking compression plate (LCP)a for distal
antebrachial fractures in toy and miniature breed dogs weighing less than 6 kg.1 Differences
in design include differing plate geometry and dimensions, the number, position and type of
screws that can be placed in a very short juxta-articular fragment. Given the design
differences between the NHTP and equivalent-length straight LCP, it is expected they will
have different biomechanical properties. There is no information on the comparable
biomechanical performance of these two plates.

The 2 mm NHTP allows placement of locking screws in three stacked holes in a triangular
configuration within the plate head. These three screws can be placed in a 9 mm long bone
fragment. The 2 mm LCP permits placement of one locking screw and one cortical screw in
the equivalent length fragment. Of the twenty cases reported by Gibert et al (2015)1, ten were
stabilised with only two screws placed in the distal fragment. Two of those cases were
stabilised with a straight LCP with only one locking screw and one cortical screw placed.
Hybrid fixation was performed in all dogs in one or both fragments. Hybrid fixation is a term
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to describe the combination of both locking and cortical screws within a single plate
construct.4,5

Plate working length is one of the factors that affects construct stability.6–11 Working length is
affected by size of the fracture gap, plate stand-off distance, distance between the innermost
screws and load direction. The effect of working length on construct stability and plate
strain/stress is still the subject of some controversy.11–14 A finite element analysis study
demonstrated that a longer working length increased plate stress in a 6 mm fracture gap
model, though paradoxically decreased plate stress in a 1 mm fracture gap model, during
axial compression producing tension bending.6 Much of the information on the effect of
working length on plate strain/stress is based on fracture gap models,6–8,15,16 with no
information from compressed fracture models.

The first objective of this study was to compare the biomechanical properties of a 2.0 mm
NHTP construct to a 2.0 mm straight LCP construct, applied to a synthetic compressed
transverse fracture model, with a very short 9 mm fragment, using screw configurations that
simulated clinical application.1 We hypothesised that the NHTP construct would be less stiff
and have greater plate strain in bending, however would be stiffer and have less strain in
torsion testing than the LCP construct.

The second objective was to compare the biomechanical properties of a second screw
configuration that created a longer working length than the original screw configuration. We
hypothesised that for each plate type, the screw configuration with the longer working length
would create a construct that was less stiff and have greater plate strain in bending and
torsion testing, compared to the original screw configuration with the shorter working length.
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4.3

MATERIALS & METHODS

A synthetic, compressed, transverse fracture model was created using two Delrinb tubes 100
mm in length, with a 12.5 mm outer diameter and a 7.4 mm inner diameter. The distal
fragment modelled was 9 mm in length, which is within the reported range in a previous
clinical series of distal radial fractures in dogs < 6 kg.1

The dimensions of the shaft of the NHTP are less than the LCP. The shaft of the NHTP has a
width of 5 mm and thickness of 1.3 mm, whereas the LCP has a width of 5.5 mm and
thickness of 1.5 mm.17 The length of the 2 mm NHTP is comparable to the 8 hole 2 mm LCP,
54 mm and 55 mm respectively. The NHTP allows compression of a fracture from any of the
shaft combination holes, all directing compression towards the head of the plate. The LCP
allows compression from any of the combination holes, however each plate half compresses
towards the middle of the plate. 17

4.3.1

Configuration 1

The NHTP and LCP were each applied as compression plates with no stand-off distance
using bicortical screws positioned as end of fragment screws.18 The insertional torque applied
to each screw was standardised using a 0.4 Nm torque limiterd, as recommended for 2.0 mm
screws.17 For all constructs the method of implant placement was performed following AO
recommendations.19

For the notched head T-plate, three locking screwsd were placed in the plate head in the short
fragment. The short fragment was arbitrarily defined as the distal fragment. The fracture was
compressed with a single cortical screwe, placed as a compression screw, in the shaft hole
immediately proximal to the fracture, plate hole six. Plate holes were numbered sequentially
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from proximal to distal in both plate. Two additional locking screwsd were subsequently
placed in the proximal segment in plate holes one and five (Figure 1A).

For the LCP, a locking screwd was placed immediately proximal to the fracture in hole six
followed by a single cortical screwe placed as a compression screw in plate hole seven in the
distal fragment. Further locked screws were placed in holes one, five and eight achieving
three locking screws in the proximal fragment and one cortical screw and one locking screw
in the distal fragment (Figure 1A).

4.3.2

Configuration 2: longer working length

The longer working length constructs were created by leaving screws out immediately
adjacent to the fracture in the proximal fragment. For both plates, two locking screwsd were
placed in the first and second most proximal shaft holes. A compression cortical screw was
placed in the third most proximal shaft hole in the NHTP. A third locking screw was placed
in the third most proximal shaft hole in the LCP (Figure 1B). Screw placement in the short
distal fragment was identical to screw configuration 1. As with screw configuration 1, both
plates were applied in compression, using bicortical screws with no plate stand-off distance.
The sequence and method of screw placement followed AO recommendations.19
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Figure 1. A. Configuration 1 constructs (short working length) for the notched head T-plate (NHTP) and
straight locking compression plate (LCP). The hollow black circle indicates a locking screw. The solid black
circle indicates a cortical screw in compression. B. Configuration 2 (long working length) constructs.

A sample size of seven replicates of each plate was used, sufficient to detect an effect size as
small as 1.7 which is smaller than expectated based on previous work using Delrin models
(power = 0.8, alpha = 0.05, variance = 10%).7

Non-destructive four-point quasi-static bending was conducted on a materials testing
machineg with a 100 N load cell, applying a constant bending moment of 0.6 Nm. The
support rollers had a 200 mm gap and the load rollers had a 140 mm gap (Figure 2). Each
construct was pre-loaded (0.4 N), then ramp loaded for three cycles under displacement
control at 10 mm/min to a force of 40 N, to produce a peak bending moment of 0.6 Nm in all
tested planes. This bending moment was within the elastic limit of the constructs.
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Each construct was sequentially tested in four-point bending about three different planes.
Testing was first performed simulating compression bending, with load applied parallel to the
screw axis along the compression surface of the construct (Figure 2A). The construct was
then rotated 90 degrees and testing repeated, simulating perpendicular bending, with load
applied perpendicular to the screw axis (Figure 2B). The construct was again sequentially
rotated 90 degrees and testing repeated, to simulate tension bending, with load applied
parallel to the screw axis (Figure 2C).

Figure 2. Four-point bending was conducted on a materials testing machine, applying a constant bending
moment along the constructs about three different planes. A. Compression bending. B. Perpendicular bending.
C. Tension bending.

For testing in non-destructive torsion, the proximal end of the construct was restrained in a
custom-made jig allowing free rotation. Axial load was applied to a jig screw using a
materials testing machineh to create torque, resulting in a rotational displacement of
approximately 5.6 °/s, to produce a peak vertical displacement of 5 mm (11.3 ° torsion
reached).
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4.3.3

Measurement of stiffness

All testing load and actuator displacement measurements were recorded. Bending and
torsional stiffness was determined from the slope of the linear elastic portion of the load
displacement curve.

4.3.4

Measurement of strain

Three dimensional digital image correlation was used to measure plate surface strain during
compression bending and torsion testing only.20–23 Each construct was sprayed with a speckle
pattern (uniform base white followed by a black speckle) prior to testing.20 The high
definition recordings were captured with VicSnap softwarem.20 Strain was measured for 12
regions of interest (ROI) along the plate surface using Vic-3D softwarei (Figure 3).20 The
ROI were numbered sequentially, representative of analogous regions for both plates. The
regions along the axial solid plate section were marked by odd numbers and the abaxial
partial plate sections, by even numbers. The mean von Mises strain was calculated from the
linear line of best fit of the strain load graph from the third cycle, for each sample tested.

Figure 3. Region of interest (ROI) from where strain was measured for both plate types using three dimensional
digital image correlation.
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4.3.5

Statistical analysis

The stiffness for each four-point bending and torsion test was the response of interest and
confirmed to be normally distributed using the Shapiro-Wilk test and visual inspection of QQ plots. The stiffness was summarised as mean (95% confidence interval, CI). The stiffness
in each plane of bending for screw configuration 1 was compared between plate types using a
t-test. The stiffness in each plane of bending was compared between screw configurations
within each plate type using t-tests. Equality of variances was tested and either a Pooled or
Satterthwaite test of significance was used based on equality/non-equality variances,
respectively, to avoid type 1 error. Significance was determined at P<0.05.

The strain was verified as normally distributed using the Shapiro-Wilk test and visual
inspection of Q-Q plots, and summarised as mean (95% CI). The strain for screw
configuration 1 was compared between plate types using a two-way ANOVA including the
main effects of plate type and ROI, and their interaction. When there were significant
interaction (P<0.05), selected post-hoc, pairwise comparisons were made between plate types
at each region against a Bonferroni-adjusted P<0.005. The strain for configuration 1 and 2
was compared within each plate type using a two-way ANOVA including the main effects of
screw configuration and ROI, and their interaction. When there were significant interaction
(P≤0.05), selected post hoc pairwise comparisons were made between screw configuration
for each ROI, within each plate type against a Bonferroni-adjusted P<0.005. SAS v9.4 (SAS
Institute, Cary, NC) was used for analysis.
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4.4

RESULTS
4.4.1

Comparison of plate type for screw configuration 1

The LCP was significantly stiffer than the NHTP in all three planes of bending (P<0.05,
Table 1). The NHTP was significantly stiffer than the LCP in torsion (P<0.05, Table 1).
The NHTP had significantly greater strain than the LCP during compression bending at five
of twelve ROI (P<0.005, Table 3), with no difference at the remaining regions.
The NHTP had significantly greater strain than the LCP during torsion testing at two of
twelve ROI (P<0.005, Table 3), with no difference at the remaining regions.

4.4.2

Comparison of screw configuration 1 and 2 - Notched head T-plate

Configuration 1 was significantly stiffer in all three planes of bending and in torsion (P<0.05,
Table 2). Configuration 2 had significantly greater strain than configuration 1 during
compression bending at all ROI (P<0.005), except one region where there was no difference
(Table 4). Configuration 2 had significantly greater strain than configuration 1 in torsion at
five ROI (P<0.005), with no difference at the remaining seven regions (Table 5).

4.4.3

Comparison of screw configuration 1 and 2 – Straight LCP

Configuration 1 was significantly stiffer in compression bending and in torsion (P<0.05,
Table 2), with no difference in perpendicular, and tension bending. Configuration 2 had
significantly greater strain than configuration 1 during compression bending at six ROI
(P<0.005), with no difference at the remaining six regions (Table 4). Configuration 2 had
significantly greater strain than configuration 1 during torsion at four ROI (P<0.005), with no
difference at the remaining eight regions (Table 5).
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Table 1. Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension bending
(N/mm) and torsion (Nm/degree) with comparison between the NHTP and LCP screw configuration 1.

Plate

NHTP

LCP

P Value
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Compression
bending

Perpendicular
bending

Tension bending

Torsion

36.0

63.7

50.17

0.8

(34.0-38.0)

(57.5-69.8)

(47.7-52.6)

(0.75-0.85)

48.33

66.8

83.7

0.68

(47.5-49.2)

(65.0-68.5)

(79.7-87.6)

(0.65-0.71)

<0.0001

0.0128

<0.0001

0.0026

Table 2. Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension bending (N/mm) and torsion (Nm/degree) of NHTP and LCP with
comparison between screw configuration 1 and 2 for each plate type.

NHTP
Configuration 1
(Short working length)
Configuration 2
(Long working length)
P Value

LCP
Configuration 1
(Short working length)
Configuration 2
(Long working length)
P Value
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Compression bending

Perpendicular bending

Tension bending

Torsion

36.0

63.7

50.17

0.8

(34.0-38.0)

(57.5-69.8)

(47.7-52.6)

(0.75-0.85)

16.47

53.24

39.4

0.63

(14.9-17.9)

(49.8-56.6)

(38.2-40.6)

(0.60-0.67)

<0.0001

<0.0001

<0.0001

0.0003

Compression bending

Perpendicular bending

Tension bending

Torsion

48.33

66.8

83.7

0.68

(47.5-49.2)

(65.0-68.5)

(79.7-87.6)

(0.65-0.71)

26.99

70.16

77.69

0.53

(25.9-28.0)

(67.7-72.6)

(73.0-82.3)

(0.51-0.54)

<0.0001

0.0640

0.1

<0.0001

Table 3. Mean (95% confidence interval) plate strain (mm/mm) at ROI during compression bending and torsion with comparison between the NHTP and LCP screw
configuration 1. * Bonferroni adjusted P<0.005.

Bending

ROI
1

2

3

4

5

6

7

8

9

10

11

12

NHTP

1.34
(1.27-1.47)

4.44
(4.1-4.77)

2.38
(2.03-2.73)

4.80
(4.21-5.40)

1.74
(1.46-2.03)

2.82
(2.67-2.98)

1.79
(1.43-2.15)

3.96
(3.27-4.66)

2.41
(2.03-2.80)

3.82
(3.19-4.45)

1.47
(1.26-1.68)

2.53
(2.01-3.06)

LCP

1.17
(1.11-1.24)

3.13
(2.52-3.74)

1.59
(1.48-1.70)

3.57
(3.44-3.70)

1.45
(1.31 -1.59)

3.22
(2.63-3.82)

1.25
(1.18-1.31)

3.50
(3.20-3.81)

1.90
(1.83-1.98)

3.24
(2.77-3.72)

1.93
(1.78-2.07)

2.53
(2.29-2.78)

NS

*

*

*

NS

NS

NS

*

NS

*

NS

NS

2.74
(2.43-3.04)

12.52
(2.43-3.04)

3.29
(3.05-3.52)

3.16
(2.96-3.36)

21.32
(19.3323.31)
18.25
(14.2522.26)

5.92
(5.57-6.26)

12.40
(9.48-15.32)

3.77
(3.32-4.23)

16.95
(14.8019.11)
21.45
(18.1024.79)

7.96
(7.06-8.86)

11.90
(10.4813.32)

17.61
(15.8619.35)
14.93
(13.0016.86)

3.59
(3.06-4.13)

3.52
(3.13-3.91)

13.67
(12.3115.02)
15.36
(13.4017.33)

6.59
(6.03-7.16)

17.37
(15.7618.97)

NS

NS

NS

NS

NS

*

NS

NS

NS

*

NS

NS

Significance*
Torsion
-*
NHTP
LCP
Significance*
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5.16
(4.91-5.41)

5.93
(5.58-6.28)

7.57
(7.09-8.05)

Table 4. Mean (95% confidence interval) plate strain (mm/mm) at ROI during compression bending of the NHTP and LCP with comparison between screw configurations 1
and 2 (Configuration 1 &2). * Bonferroni adjusted P<0.005.

NHTP
Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *
LCP
Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *
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ROI
1

2

3

4

5

6

7

8

9

10

11

12

1.34

4.44

2.38

4.80

1.74

2.82

1.79

3.96

2.41

3.82

1.47

2.53

(1.27-1.47)

(4.1-4.77)

(2.03-2.73)

(4.21-5.40)

(1.46-2.03)

(2.67-2.98)

(1.43-2.15)

(3.27-4.66)

(2.03-2.80)

(3.19-4.45)

(1.26-1.68)

(2.01-3.06)

3.59

8.61

3.08

6.40

3.94

7.83

3.44

5.55

(2.79-4.41)

(7.33-9.89)

(2.55-3.60)

(5.68-7.12)

(3.34-4.53)

(6.83-8.83)

(2.82-4.05)

(4.88-6.22)

3.53
(2.53-4.53)

9.89
(8.8910.89)

4.50
(3.79-5.21)

9.46
(8.59210.34)

*

*

*

*

*

*

NS

*

*

*

*

*

1.17

3.13

1.59

3.57

1.45

3.22

1.25

3.50

1.90

3.24

1.93

2.53

(1.11-1.24)

(2.52-3.74)

(1.48-1.70)

(3.44-3.70)

(1.31 -1.59)

(2.63-3.82)

(1.18-1.31)

(3.20-3.81)

(1.83-1.98)

(2.77-3.72)

(1.78-2.07)

(2.29-2.78)

1.61

4.26

2.18

4.90

1.99

4.41

1.70

4.78

2.60

4.46

2.64

3.48

(1.53-1.68)

(3.52-5.01)

(1.99-2.38)

(4.58-5.23)

(1.78-2.20)

(3.59-5.22)

(1.63-1.78)

(4.43-5.14)

(2.55-2.66)

(3.74-5.18)

(2.41-2.88)

(3.07-3.89)

NS

*

NS

*

NS

*

NS

*

NS

*

NS

*

Table 5. Mean (95% confidence interval) plate strain (mm/mm) at ROI during torsion of the NHTP and LCP with comparison between screw configurations 1 and 2. *
Bonferroni adjusted P<0.0005.

NHTP

ROI
1

Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *
LCP
Configuration 1
(Short working
length)
Configuration 2
(Long working
length)
Significance *

2.74
(2.43-3.04)

2.84
(2.36-3.33)

NS

3.52
(3.13-3.91)

5.46
(4.87-6.06)

NS

2
12.52
(12.4313.04)

18.20
(14.3122.08)

NS
11.90
(10.4813.32)

21.20
(17.9724.42)

*

3
3.29
(3.05-3.52)

7.42
(6.69-8.15)

NS

3.77
(3.32-4.23)

7.08
(6.69-7.46)

NS

4
13.67
(12.3115.02)

30.14

5
3.16
(2.96-3.36)

6
17.61

(28.03-

(8.64-

32.24)

10.11)

*

*

(13.4017.33)

(4.91-5.41)

(3.06-4.13)

19.35)

30.59

5.16

3.59

(15.86-

9.37

15.36

7

16.95
(14.8019.11)

9
7.96
(7.06-8.86)

10
21.32
(19.3323.31)

9.23

26.25

11.29

22.71

(29.83-

(8.37-

(20.75-

(10.84-

31.35)

10.08)

31.74)

11.75)

*

NS

*

NS

14.93

2

(13.00-

3

16.86)

23.81

12.14

20.03

(18.56-

(10.82-

(14.26-

29.05)

13.46)

*

*

5.93
(5.58-6.28)

4
5

21.45
(18.1024.79)

7.57
(7.09-8.05)

11
5.92
(5.57-6.26)

12
12.40
(9.4815.32)

9.60

16.96

(14.23-

(9.10-

(12.80-

31.18)

10.09)

21.12)

NS

NS

*

18.25
(14.2522.26)

6.59
(6.03-7.16)

17.37
(15.7618.97)

11.63

26.37

12.81

19.09

12.13

19.13

6

(11.15-

(20.41-

(12.04-

(15.98-

(11.59-

(14.93-

25.80)

7

12.11)

32.33)

13.58)

22.21)

12.68)

24.44)

NS

8

*

NS

NS

NS

NS

NS

9
10
11
12
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8

4.5

DISCUSSION

The results of this study confirmed our hypothesis that the NHTP construct would be
less stiff than the LCP construct in bending. Our hypothesis that the NHTP would be
stiffer in torsion was also confirmed. The greater stiffness in bending of the LCP
plate was reflected in the plate strain with the LCP having lower strain than the
NHTP. As hypothesised, the NHTP had significantly greater strain in bending than
the LCP. Our hypothesis that the NHTP would have lower plate strain than the LCP
under torsional loading was not supported. Despite the NHTP having greater stiffness
under torsional load than the LCP, the NHTP had higher plate strain than the LCP.

The placement of three locking screw in the short fragment in the NHTP did not
overcome the presumed lower stiffness of the smaller shaft of that plate, compared to
two axially positioned screws in the LCP with larger shaft dimensions. Factors that
can influence the bending resistance of a plate construct under identical load
conditions are the presence of a fracture gap, the modulus of elasticity of the plate
material, the cross-sectional dimensions of the plate, the plate stand-off distance, the
number of screws per fracture fragment, the working leverage of the screws in each
fragment created by the distance between the end of fragment screws and the working
length.6,13,18 Cross sectional plate dimension are one of the key determinants of the
resistance of a plate to bending loads, which is calculated as Area Moment of Inertia
(AMI), and torsion loads, calculated as Polar Moment of Inertia (PMI). In our model,
fracture compression was observed to be maintained in tension and perpendicular
bending though not in compression bending or in torsion. Both the plates are 316L
stainless steel and were applied with no stand-off from the bone and with identical
working lengths. So the relevant factors of influence in this model are the plate design

Page | 107

/ AMI and PMI, the number of screws per fracture fragment and the working leverage
of the screws. The NHTP is a different shape with different dimension to the LCP.
The LCP has a larger AMI and PMI than the NHTP and so would be expected to have
greater resistance to bending, eccentric axial loading and torsion. We were
particularly interested in the effect on construct stability of being able to place three
locking screws in the head section of the NHTP in a very short juxta-articular
segment compared to one locking screw and one cortical screw in the LCP and
whether this would overcome the effect of different plate dimensions.

Stoffel et al (2003)6 showed that for the same working length, three screws per
fracture fragment provided significantly increased resistance to eccentric axial
compression when compared to two screws per fragment in a fracture gap model
stabilised with 4.5mm titanium LCP. Conversely, Pearson et al (2015)7 using 3.5 mm
straight LCP in a synthetic fracture gap model showed that, for the same plate
working length, three screws per fracture fragment did not significantly increase
construct stiffness in tension bending compared to two screws however did
significantly increase axial stiffness and perpendicular bending stiffness. In our study,
the three screws in the head of NTHP plate in the short fragment have the same axial
working leverage as the two screws in the LCP distal fragment (Figure 1A & B). This
may have contributed to the apparent lack of benefit of three screws compared to two
screws in resisting bending. This was not the case for torsional load resistance.

The increased torsional resistance of the NHTP over the LCP can likely be attributed
to the increased number of screws in the distal fragment and the abaxial screw
position, creating a longer perpendicular leverage arm than the axially positioned LCP
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screws. The longer perpendicular working leverage likely mitigated the reduced PMI
of the NHTP plate due to the smaller shaft cross-sectional area than the LCP plate.
This finding was supported by Stoffel et al (2003),6 who found that stiffness under
torsional load in a synthetic fracture gap bone model, stabilised with a standard LCP,
increased significantly with more screws (up to four) per fragment. Similarly, in a
study by Freeman et al (2010),24 torsional stiffness of hybrid constructs was most
affected by the number of screws; where mean stiffness increased at least 33% with
four screws in each fracture fragment versus three per fragment.

Our study cannot discern the effect of screw type on increased torsional resistance of
the NHTP, since our screw selection for each plate type was fixed. Previous studies
testing a variety of different locking devices have suggested locking constructs have
advantages over unlocked screws and plates.25–27 Freeman et al (2010)24 showed that
replacement of three unlocked screws with locked screws significantly increased the
torsional stiffness of the construct by 24%. This finding was supported by Gorden et
al (2010),26 who investigated the effect of combinations of locking and cortical
screws on the torsional properties of locking-plate constructs. They found that the
locking LCP construct was significantly stiffer in torsion than the non-locking LCP
construct, with a mean 17% increase in torsional resistance after addition of a locking
screw to a non-locking construct.26

Under identical load, plate strain was greater along the NHTP than the LCP at five
ROI in compression bending. This is not surprising, biomechanical studies have
shown a stiffer construct will have reduced plate strain.20,15,28,29 The plate strain was
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greater along the NHTP than the LCP at two ROI when loaded in torsion. This was
surprising given the NHTP was stiffer during torsional loading than the LCP.

Our second hypothesis, that for both plate types, the long working length constructs
would be less stiff and have higher plate strain than the short working length
constructs in bending and in torsion was confirmed with the exception of
perpendicular and tension bending for the LCP. The working length was altered in
this study, by maintaining the same number and type of screws in each fracture
fragment and only changing the screw location in the proximal fragment. This
avoided confounding the effect of changing the working length with a concurrent
change in number of screws.

In a compressed, reduced fracture model, load-sharing is maintained under tension
and perpendicular bending; however, load-sharing is not maintained under
compression bending and under torsional loading. During both compression bending
and torsional loading, loss of contact or gapping of the Delrin bone model occurs and
consequently the working length becomes the distance between the innermost screws
closest to the fracture line and load is resisted by the implant alone. 30 Increasing the
working length by leaving three screw holes vacant adjacent to the fracture line in the
proximal fragment reduced mean compression bending stiffness for the NHTP (36 to
16.5 N/mm) and LCP (48.3 to 27 N/mm), by approximately 54% and 44%
respectively and mean torsional stiffness for the NHTP (0.8 to 0.63 Nm/degree) and
LCP (0.68 to 0.52 Nm/degree) by approximately 21% and 22% respectively. These
findings are consistent with other studies that demonstrated greater construct stiffness
with shorter working lengths.6,7,8–11,31
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Plate strain was determined at twelve ROI using digital image correlation for both
plate types under compression bending and torsion. At no ROI, was mean plate strain
reduced by increasing working length under either load direction. This is not
surprising, since both compression bending and torsion produce gapping of the
fracture and loss of load-sharing which immediately transfers load resistance to the
implants alone, resulting in reduced construct stiffness. Previous biomechanical
studies have shown that plate strain is inversely related to construct
stiffness.15,20,28,29,32,33

Despite these previous biomechanical studies, the relationship between plate strain
and working length remains controversial in the literature.11,12,14,34 This controversy is
generated from work using a non-compressed 1 mm fracture gap model where plate
stress was calculated in an analytical FEA model loaded under axial compression
producing tension bending.6 In that modelling, increasing the working length
paradoxically reduced plate strain that was explained by early interfragmentary
contact across the trans-cortical gap creating load-sharing and thereby increased
construct stiffness and decreased plate strain. While the authors acknowledged this
confounding factor, we believe that these results have been misinterpreted in the
literature.11,13 We believe the fracture conditions modelled by Stoffel et al,6 are
unlikely to be realistic for a clinical situation. Eccentric axial loading producing only
tension bending in a small gap, transverse fracture without concurrent torsional and
compressive loads would be an unlikely clinical scenario. Simple transverse fractures
are typically managed with compression to achieve absolute stability. Furthermore,
the transcortical bone contact modelled in that study would produce high
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interfragmentary strain, initiating bone resorption at the fracture gap.35–38 The
consequent gap widening, necessary to reduce interfragmentary strain to levels where
fibrous tissue could begin to form, could be expected to could prolong fracture
healing and promote further plate deformation. In such a situation, successful healing
could only occur if fracture biology in that case was powerful enough to produce a
healing time that was within the fatigue life and capacity of the implant.39,40

4.6

CONCLUSION

In this experimental model of a compressed simple transverse fracture with a juxtaarticular 9 mm distal fragment, a 2.0 mm LCP with two hybrid screws in the short
fragment was significantly stiffer than a 2.0 mm NHTP with three locking screws in
the short fragment in compression, tension and perpendicular bending but not torsion.
Extending the working length of each construct by omitting a screw adjacent to the
fracture significantly reduced construct stiffness and increased plate strain.
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Footnotes
a LCP®: Synthes GmbH, Oberdorf, Switzerland
b Delrin® Acetal Polymer: Polytech Plastics Australasia, Jansakot, WA, Australia
c AO Foundation, Davos, Switzerland
d Torque Limiter, 0.4 Nm, with AO/ASIF Quick Coupling: Synthes GmbH, Oberdorf,
Switzerland
e Self-tapping Locking Screw Star Drive®: Synthes GmbH, Oberdorf, Switzerland
f Self-tapping Cortex Screw Star Drive®: Synthes GmbH, Oberdorf, Switzerland
g Instron 5848 MicroTester, Norwood, MA
h Instron 5567: Instron, Canton, MA, USA
I VIC-3D®: Correlated Solutions, NC
j VicSnap®, Correlated Solutions, NC

FEA – Finite element analysis
NHTP – Notched head T-plate
LCP – Locking compression plate
ROI – Region of interest
AMI – Area moment of inertia
PMI – Polar moment of inertia
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5

DISCUSSION AND CONCLUSION

5.1

DISCUSSION

The results of this study confirmed our hypothesis, that in the 13 mm fragment model
(chapter 3) the NHTP construct would be less stiff in compression, perpendicular and
tension four-point bending and torsion testing, than the LCP construct. Our hypothesis
for the 9 mm fragment model (chapter 4) was also confirmed, the NHTP construct
would be less stiff in bending, however would be stiffer in torsion testing than the
LCP construct.

Factors that can influence the bending resistance of a plate construct under identical
load conditions are the presence of a fracture gap, the modulus of elasticity of the
plate material, the cross-sectional dimensions of the plate, the plate stand-off distance,
the number of screws per fracture fragment, the working leverage of the screws in
each fragment created by the distance between the end of fragment screws and the
working length.1–3 Cross sectional plate dimension are one of the key determinants of
the resistance of a plate to bending loads, which is calculated as Area Moment of
Inertia (AMI), and torsion loads, calculated as Polar Moment of Inertia (PMI).4–8 In
our model, fracture compression was observed to be maintained in tension and
perpendicular bending though not in compression bending or in torsion. Both the
plates are 316L stainless steel and were applied with no stand-off from the bone and
with identical working lengths. So the relevant factors of influence in this model are
the plate design/AMI and PMI, the number of screws per bone segment, type of screw
(locking versus cortex) and the working leverage of the screws. The NHTP is a
different shape with different dimension to the LCP. The LCP has a larger AMI and
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PMI than the NHTP and so would be expected to have greater resistance to bending,
eccentric axial loading and torsion.

The greater stiffness of the LCP, in chapter 2, was of interest, particularly in torsion.
Stoffel and colleagues2 had found that stiffness under torsional load in a synthetic
bone model, stabilised with a standard LCP, increased significantly with more screws
(up to four screws) per fragment. Stoffel and colleagues2 similarly found that axial
stiffness increased with a third screw per fragment. However in our study comparing
two plates of different shaft dimensions, screw number and density, the placement of
three triangular abaxial locked screws in the short fragment in the NHTP, did not
mitigate the reduced stiffness of the smaller NHTP shaft, compared to two axially
positioned locked screws in the LCP. From this study, it appears the major factor that
influenced construct stiffness was the cross-sectional dimension of the plates.
Understanding this difference in construct stiffness of two common plate fixation
options for short fragment compressible fractures is useful to assist in guiding surgical
decision making.

In our study, the three screws in the head of NTHP plate in the short fragment have
the same axial working leverage as the two screws in the LCP distal fragment. This
may have contributed to the apparent lack of benefit of three locking screws
compared to two locking screws in resisting bending. Interestingly, this was not the
case for torsional load resistance in chapter 4, where the LCP construct had a single
locking and cortical screw, compared to chapter 3 that had two locking screws.
However the increased torsional resistance of the NHTP over the LCP in chapter 4,
can likely be attributed to the increased number of locking screws in the distal
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fragment and the abaxial screw position, creating a longer perpendicular leverage arm
than the axially positioned LCP screws. The LCP only had a single locking and
cortical screw in the distal fragment. The longer perpendicular working leverage
likely mitigated the reduced PMI of the NHTP plate due to the smaller shaft crosssectional area than the LCP plate. This finding was supported by Stoffel et al (2003).2
Similarly, in a study by Freeman et al (2010),9 torsional stiffness of hybrid constructs
was most affected by the number of screws; where mean stiffness increased at least
33% with four screws in each fracture fragment versus three per fragment. Previous
studies testing a variety of different locking devices have suggested locking constructs
have advantages over unlocked screws and plates.10–12 Freeman et al (2010)9 showed
that replacement of three unlocked screws with locked screws significantly increased
the torsional stiffness of the construct by 24%. This finding was supported by Gorden
et al (2010),12 who investigated the effect of combinations of locking and cortical
screws on the torsional properties of locking-plate constructs. They found that the
locking LCP construct was significantly stiffer in torsion than the non-locking LCP
construct, with a mean 17% increase in torsional resistance after addition of a locking
screw to a non-locking construct.12

An additional theoretical advantage of having three locked screws in the head of
NHTP compared to only two screws in the LCP, is the potential of reduced screw
strain/stress. We did not measure screw loading however it is recognised that short
fragments result in a short working leverage between the end of fragment screws.1
Therefore the pull-out force on the screws are theoretically increased. Particularly in
the LCP, where the inner screw was a cortical screw – which is susceptible to pull
out. We would potentially see a difference due to this factor between the LCP and
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NHTP constructs if cyclic testing was performed. Freeman et al (2010)9 concluded
that when using a hybrid plating technique, the utilization of three bicortical locked
screws on either side of a fracture (with a plate with four plus screw per side)
optimizes fatigue strength. In addition, placing a locking screw immediately inside
(nearest the fracture) of a cortical screw increases the torque needed to remove that
cortical screw.9 Under compression bending this primarily loads the short fragment
screw closest to the fracture line while under tension bending it primarily loads the
distal screw.3 In locking screws these loads are converted into bending stress while
for cortical screws these loads are converted into pull out loads along the screw axis.
The effects of cyclic loading on the distal fragment screw and screw bone interface
was not examined in this study. Cyclic loading can lead to failure of the plate bone
interface of cortical screws with consequent screw pull out.13 Similarly cyclic loading
can lead to shear stress failure of a locking screw. Screw strain was not investigated
in this study. Theoretically the additional screw in the NHTP may allow for better
distributed screw strain, reducing the likelihood of screw breakage or pullout.
Whether cyclic testing would identify different fatigue lives of the three locked
screws in the NHTP vs the two screws in the LCP is unknown and would require
further investigation.

In chapter 3, under identical load, plate strain was greater along the NHTP than the
LCP at all ROI in compression bending and in torsion. Similarly in chapter 4, plate
strain was greater along the NHTP than the LCP at five ROI in compression bending.
This is not surprising, as previous biomechanical studies have shown a stiffer
construct will have reduced plate strain.14,15–17 The plate strain was greater along the
NHTP than the LCP at two ROI when loaded in torsion, in chapter 4. This was
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surprising given the NHTP was stiffer during torsional loading than the LCP. This
finding may highlight the limitation of measuring only plate strain, where the plate
itself is only being evaluated. As opposed to measuring torsional stiffness, the entire
construct was being assessed, not plate stiffness alone. Since the NHTP and LCP
constructs differ in screw type (locking versus cortical) and number (two versus three
screws in the distal fragment), and stiffness has been shown to be affected by screw
number and type, this is the most likely explanation for this finding. The NHTP
construct stiffness is likely greater because it contains three locked screws in the distal
fragment, versus one locked and one cortical in the LCP. The increase in stiffness is
likely due to the angular stability afforded by the locking screws resulting in a more
stable plate/screw/bone interface in the NHTP group. This increased stability is
substantial enough to outweigh the difference in plate (as compared to construct)
stiffness in the NHTP (lower AMI) versus the LCP (higher AMI). However, the
construct stiffness of the NHTP is greater than that of the LCP because the remainder
of the construct, plate/screw/bone interface of the NHTP group is deforming less,
mitigating the greater plate strain in the NHTP group. This contrasts with most other
tests, where the plate strain mirrored the construct stiffness. This may highlight that in
the very short juxta-articular fracture, plate strain and construct stiffness may not be
related, due to a difference in screw number and type.

Whether the greater strain observed in the NHTP means that it would be more
susceptible to fatigue failure than the LCP is unknown since fatigue testing was not
part of this study. Fatigue analysis can be performed using strain-life theory
methodology.18 If an object is subjected to a higher repetitive stress or strain, the
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object becomes weaker and may fatigue earlier than an object experiencing less
repetitive stress or strain.19,20 Cyclic loading to failure would be required for fatigue
analysis.

Our second hypothesis, that the long working length for both plates would be less stiff
than the short working length, in all planes of testing, was also confirmed in both
chapter 3 and 4. The working length was altered in this study, by maintaining the
same number and type of screws in each fracture fragment and only changing the
screw location in the proximal fragment. This avoided confounding the effect of
changing the working length with a concurrent change in number of screws.

In a compressed, reduced fracture model, load-sharing is maintained under tension
and perpendicular bending; however, load-sharing is not maintained under
compression bending and under torsional loading. During both compression bending
and torsional loading, loss of contact or gapping of the Delrin bone model occurs and
consequently the working length becomes the distance between the innermost screws
closest to the fracture line and load is resisted by the implant alone.21 In chapter 4,
increasing the working length by leaving three screw holes vacant adjacent to the
fracture line in the proximal fragment reduced mean compression bending stiffness
for the NHTP (36 to 16.5 N/mm) and LCP (48.3 to 27 N/mm), by approximately 54%
and 44% respectively and mean torsional stiffness for the NHTP (0.8 to 0.63
Nm/degree) and LCP (0.68 to 0.52 Nm/degree) by approximately 21% and 22%
respectively. These findings are consistent with other studies that demonstrated
greater construct stiffness with shorter working lengths.2,22,13,19,23–25
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Three previous biomechanical studies investigating this effect used fracture gap
models under axial compression.2,22,23 Pearson and colleagues7 identified a 200%
decrease in axial stiffness when working length was increased by a single screw hole.
A similar biomechanical study with a 1 mm and 6 mm fracture gap confirmed that
axial stiffness and torsional rigidity of a 4.5 mm titanium LCP was mainly influenced
by working length.2 Similarly, Ricci and colleagues23 demonstrated, a short working
length was significantly stiffer in a comminuted distal femoral model.

Märdian and colleagues26 used finite element analysis in a distal femoral fracture
model to demonstrate that interfragmentary movement increased significantly with a
longer working length, concluding that working length dominates other aspects of
screw placement in its effect on interfragmentary motion. Interfragmentary movement
is directly related to construct stiffness.27

We consider that a fracture of this type is inherently resistant to axial compression
because of load sharing however we expect in clinical cases where postoperative
activity may not always be restricted it will experience both directions of bending and
of course torsion, so we believe it is an oversimplification to say that these distal
fractures only are loaded in tension bending. The consequence of the decreased
stiffness from increased working length is inevitably greater interfragmentary motion.
In a clinical case this motion in the face of a small fracture gap creates unsustainably
high interfragmentary strain and so must drive the initial stages of indirect bone
healing through bone resorption and widening of the fracture gap to mitigate the high
strain. It is reasonable to expect that the bone resorption decreases the transcortical
contact and so consequently some deformation occurs in tension bending as well
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thereby reducing construct stiffness and further increasing plate strain in all directions
of loading. Whether bone resorption can occur quickly enough to reduce
interfragmentary strain to a level that will allow infill and development of soft callus
within the fatigue life of the implants would depend on the specific biologic and
biomechanical characteristics of the individual fracture.28

The concept that deliberately increasing construct compliance by increasing working
length to create transcortical contact relies on the assumption of single plane loading,
specifically tension bending, and sufficient biologic capacity to progress to the
anabolic part of the repair phase of indirect bone healing within the fatigue life of the
implants.29 We consider that in many situations in small animals, particularly with
respect to distal juxta-articular fractures as modelled in this study, the biologic
capacity is not sufficient to promote bone healing within the fatigue life of the
implants. For this reason the approach of deliberately reducing stiffness by increasing
working length in our opinion is more likely to create a scenario in a clinical case of
increase implant strain and increased interfragmentary strain that may not be
consistent with uncomplicated bone healing.

Our results clearly demonstrate that in a compressed no-gap model, increasing
working length does not decrease plate strain under compression bending and
torsional loads. In fact the converse is true where any change in plate strain in
response to increasing working length was a significant increase.

The relationship between plate strain and working length remains an area of some
controversy in the literature.30,31 We believe that there is a misconception that
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decreased plate working length increases plate strain and thereby increases the
likelihood of fatigue failure.25,30,1 Plate strain was determined at twelve ROI using
digital image correlation for both plate types under compression bending and torsion.
At no ROI, was mean plate strain reduced by increasing working length under either
load direction. This is not surprising, since both compression bending and torsion
produce gapping of the fracture and loss of load-sharing which immediately transfers
load resistance to the implants alone, resulting in reduced construct stiffness. Previous
biomechanical studies have shown that plate strain is inversely related to construct
stiffness.7,8,14–17

We believe the fracture conditions modeled by Stoffel et al,2 are unlikely to be
realistic for a clinical situation. Eccentric axial loading producing only tension
bending in a small gap, transverse fracture without concurrent torsional and
compressive loads would be an unlikely clinical scenario. Simple transverse fractures
are typically managed with compression to achieve absolute stability. Furthermore,
the transcortical bone contact modelled in that study would produce high
interfragmentary strain, initiating bone resorption and consequent widening of the
fracture gap to mitigate strain.26,32–34,34 The consequent gap widening, necessary to
reduce interfragmentary strain to levels where fibrous tissue could begin to form,
could be expected to prolong fracture healing and promote further plate deformation.
The biomechanical effect would vary by individual; however, it is reasonable that
construct stiffness would further reduce and plate strain would increase as bone
resorption caused widening of the fracture gap due to high interfragmentary strain.29,35
In such a situation, successful healing could only occur if fracture biology in that case
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was powerful enough to produce a healing time that was within the fatigue life and
capacity of the implant.36,37

We did not measure interfragmentary motion during testing, however it is reasonable
to infer that the stiffer straight LCP and short working length constructs would
experience less interfragmentary motion.38 This is an important concept as simple,
non-comminuted distal radial fractures have the potential to experience high
interfragmentary strain if a small fracture gap exists. If a high fracture strain
environment exists, the body will respond with bone resorption, which can leave a
construct at risk of fatigue failure.36 Particularly when an implant will potentially be
subjected to high repetitive loads, in breeds with less ideal biology.37 Minimising
interfragmentary strain in the face of small fracture gaps requires a fracture repair that
achieves or approaches absolute stability. It is often argued that if a construct is „too
stiff‟, the bone may undergo resorption. Ultimately no conclusions can be made
regarding the healing differences of these constructs, as we do not know how stiff a
construct needs to be. Interestingly a recent human retrospective humeral shaft
fracture paper concluded that absolute stability for simple humeral shaft fracture leads
to a significantly shorter time to radiological union compared to relative stability.39

Our findings of significantly greater strain with a longer working length are supported
by several similar studies.2,14,40 Consideration of the interpretation of conflicting
reports needs scrutiny.17 Any comparison of findings is made challenging due to
different testing methodologies.
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Similar to our findings, a recent synthetic femoral plate-rod fracture gap model
showed that a longer plate working length resulted in higher plate strain compared to
a shorter working length construct.14 The authors concluded that a shorter working
length not only reduced plate strain, it actually distributed strain more evenly along
the plate due to an increase in overall construct stiffness.14

In contrast to our findings and those of supporting work, three review articles state
that decreasing working length increases plate strain; however, no evidence of plate
strain measurement was cited to support this.30,31,41 Furthermore, mis-citing prior
work of Kanchanomai et al (2010)14, by stating a reduction in plate surface strain is
achieved by extending the working length,36,37 when in fact the corresponding regions
for short and long working length were not significantly different in the original
study, also perpetuates misinformation.

Two publications state that a decrease in the working length of the plate increases
internal stress in the plate; however, again, fail to provide supporting evidence.42,43 A
computational simulation has reported that a short plate working length produces
stress concentrations in the plate; however, the number of screws were not
standardised and the results were not biomechanically confirmed.44 In our study, we
did not calculate plate stress, but stress and strain of an implant of similar material
properties (Young‟s modulus 315L stainless steel) are related.8,45 Hooke‟s law states
that when testing within the elastic region of the stress/strain curve, stress is directly
proportional to the strain produced in the material.8 Using measured plate strain to
infer stress is considered reliable.45,46 On this basis, our results would not support the
suggestion that increasing working length would reduce plate stress.
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Two publications state that a decrease in the working length of the plate increases
internal stress in the plate; however, again, fail to provide supporting evidence.42,43
Chen et al (2009)44 using a computational simulation reported that a short plate
working length produces stress concentrations in the plate; however, the number of
screws were not standardised and the results were not biomechanically confirmed. In
our study, we did not calculate plate stress, but stress and strain of an implant of
similar material properties (Young‟s modulus 315L stainless steel) are related.8,45
Hooke‟s law states that when testing within the elastic region of the stress/strain
curve, stress is directly proportional to the strain produced in the material.8 Using
measured plate strain to infer stress is considered reliable.45,46 On this basis,
increasing working length would reduce plate stress.

5.2

CONCLUSION

In this very specific experimental model of a compressed simple transverse fracture
with a juxta-articular short distal fragment, The LCP with two screws in a short
fragment, was significantly stiffer and had lower plate strain, in most planes of
testing, than NHTP with three locking screws in the short fragment. Extending the
working length of each construct by omitting locking screws in the long fragment
adjacent to the fracture line significantly reduced construct stiffness and increased
plate strain. Translation of these results to a clinical model will require further
investigation but these findings may guide construct selection.
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6

APPENDICES

6.1
APPENDIX: EFFECT OF PLATE TYPE AND WORKING LENGTH ON A SYNTHETIC
COMPRESSED JUXTA-ARTICULAR FRACTURE MODEL

STIFFNESS DATA
Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension
bending (N/mm) and torsion (Nm/degree) with comparison between the notched head T-plate
(NHTP) and straight locking compression plate (LCP) screw
Four different constructs were created; each with 7 replicates, making 28 specimens to be tested:
Screw configuration 1 (short working length):


NHTP SWL - Notched head T-plate short working length



LCP SWL - Straight locking compression plate short working length

Screw configuration 2 (Long working length):


NHTP LWL - Notched head T-plate long working length



LCP LWL - Straight locking compression plate long working length

C1-C7 - Stiffness results for each individual construct (C).
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STIFNNESS DATA

C1
C2
C3
C4
C5
C6
C7

C1
C2
C3
C4
C5
C6
C7

NHTP SWL
7.3
7.49
7.22
7.71
7.51
7.22
8.27

Torsion
LCP SWL NHTP LWL
9.33
4.3
7.9
4.62
8.83
4.47
8.13
4.29
8.31
4.64
8.15
4.48
7.86
4.4

NHTP SWL
78.19
70.12
77.46
79.06
76.9
82.53
79.22

Perpendicular
LCP SWL NHTP LWL
86.4
58.64
89.91
55
98.81
57.78
95.32
58.55
101.21
59.32
90.97
58.75
94.46
61.9
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LCP LWL
6.26
5.74
5.74
5.61
5.91
6.18
5.93

LCP LWL
91.95
86.25
83.71
78.68
83.38
83.37
82.3

C1
C2
C3
C4
C5
C6
C7

C1
C2
C3
C4
C5
C6
C7

NHTP SWL
36.89
36.34
35.1
35.46
37.92
39.41
38.33

Compression
LCP SWL NHTP LWL
57.66
18.38
59.15
17.35
58.19
21.62
57.12
22.01
50.75
20.88
54.96
20.96
56.58
21.6

LCP LWL
31.22
29.14
30.9
30.6
27.89
30.6
31.39

NHTP SWL
51.75
51.67
70.6
61.11
75.43
85.32
82

Tension
LCP SWL NHTP LWL
75.74
116.23
113.53
117.02
86.18
118.35
87.74
117.51
84.67
107.59
99
117.23
117.47
118.03

LCP LWL
91.72
107.93
81
106.47
102.65
93.28
97.3

STRAIN DATA
Plate strain (mm/mm) at the regions of interest (ROI) during compression bending and torsion, of the
notched head T-plate (NHTP) and straight locking compression plate (LCP). Strain was estimated for 12
ROI along the plate surface using Vic-3D software. The ROI were numbered sequentially, representing
comparable regions for both plates. The mean von Mises strain was obtained from the linear line of best fit
of the strain load graph from the third cycle, with the linear equation used to estimate the strain for a set
force (20 N) for each sample tested. Four different constructs were created; each with 7 replicates, making
28 specimens to be tested:
Screw configuration 1 (short working length):


NHTP SWL - Notched head T-plate short working length



LCP SWL - Straight locking compression plate short working length

Screw configuration 2 (Long working length):


NHTP LWL - Notched head T-plate long working length



LCP LWL - Straight locking compression plate long working length

C1-C7 - Strain results for each individual construct (C).
Average – Average strain for seven specimens.
SD – Standard deviation of results
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VON MISES STRAIN DATA – COMPRESSION BENDING
ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12

NHTP SWL
C5

C1

C2

C2

C4

0.0021121
0.0024140
0.0044166
0.0023554
0.0012926
0.0056231
0.0068499
0.0046739
0.0048134
0.0041614
0.0058383
0.0021121

0.0011531
0.0015782
0.0019956
0.0017019
0.0010312
0.0069012
0.0045869
0.0030997
0.0043818
0.0047539
0.0034249
0.0011531

0.0019241
0.0010812
0.0017459
0.0016324
0.0006946
0.0057722
0.0031045
0.0027690
0.0030571
0.0037271
0.0038065
0.0019241

0.0019610
0.0013650
0.0010287
0.0018614
0.0010067
0.0056577
0.0038251
0.0035741
0.0040283
0.0037730
0.0039159
0.0019610

C1

C2

C2

0.0010580
0.0008580
0.0006473
0.0011797
0.0011851
0.0016221
0.0006258
0.0006258
0.0011270
0.0013680
0.0012098
0.0010580

0.0007297
0.0015645
0.0006895
0.0010017
0.0008771
0.0017231
0.0006468
0.0006436
0.0012628
0.0015049
0.0013742
0.0007297

0.0007272
0.0007833
0.0007903
0.0010704
0.0006594
0.0016958
0.0005631
0.0007400
0.0010651
0.0014065
0.0011190
0.0007272

LCP SWL
C4
C5
0.0006555
0.0009638
0.0006006
0.0008474
0.0009533
0.0018133
0.0009761
0.0009747
0.0010654
0.0016594
0.0012805
0.0008590

0.0006555
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0.0019689
0.0010946
0.0023591
0.0019182
0.0007197
0.0065446
0.0023473
0.0017685
0.0018404
0.0039658
0.0031319
0.0019689

0.0006033
0.0008324
0.0007245
0.0013076
0.0008016
0.0019084
0.0006099
0.0009096
0.0013582
0.0014594
0.0011739
0.0006033

C6

C7

Average

SD

0.0013274
0.0015265
0.0021296
0.0019596
0.0008293
0.0058140
0.0031987
0.0019494
0.0028115
0.0039860
0.0030265
0.0013274

0.0017102
0.0014312
0.0016333
0.0018330
0.0007145
0.0057210
0.0036285
0.0034713
0.0043179
0.0045815
0.0047456
0.0017102

0.0017367
0.0014987
0.0021870
0.0018946
0.0008984
0.0060048
0.0039344
0.0030437
0.0036072
0.0041355
0.0039842
0.0017367

0.000362656
0.000448119
0.001071108
0.000233779
0.000222411
0.000505329
0.001459463
0.001002009
0.001064157
0.000393985
0.001000829
0.000362656

C6

C7

Average

SD

0.0006795
0.0008162
0.0007512
0.0011042
0.0010176
0.0017235
0.0007012
0.0009391
0.0009276
0.0018009
0.0011644
0.0006795

0.0007682
0.0008674
0.0006209
0.0008440
0.0008461
0.0020130
0.0009661
0.0008391
0.0011589
0.0015368
0.0012527
0.0007682

0.0007459
0.0009551
0.0006892
0.0010507
0.0009057
0.0017856
0.0007270
0.0008103
0.0011379
0.0015337
0.0012249
0.0007459

0.000148004
0.000274596
7.02146E-05
0.000169484
0.00016768
0.000135477
0.000171816
0.000142042
0.000141103
0.000151205
8.54966E-05
0.000148004

ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12

NHTP LWL
C4
C5

C1

C2

C2

0.0049786
0.0020956
0.0029672
0.0036698
0.0021389
0.0132016
0.0038710
0.0095573
0.0069347
0.0060869
0.0112206
0.0049786

0.0033105
0.0037293
0.0027023
0.0028117
0.0020290
0.0182525
0.0047610
0.0099597
0.0060634
0.0062169
0.0135040
0.0033105

0.0028657
0.0022811
0.0020152
0.0026122
0.0013823
0.0110215
0.0050557
0.0111119
0.0050385
0.0052441
0.0119040
0.0028657

0.0029513
0.0029962
0.0020867
0.0026643
0.0013555
0.0122882
0.0055514
0.0104819
0.0062965
0.0066828
0.0069447
0.0029513

C1

C2

C2

C4

0.0020923
0.0017703
0.0014370
0.0016050
0.0020190
0.0048053
0.0015217
0.0022366
0.0022284
0.0025911
0.0016480
0.0020923

0.0016478
0.0015859
0.0013199
0.0014089
0.0015753
0.0029862
0.0015350
0.0018055
0.0020490
0.0026803
0.0026551
0.0016478

0.0016946
0.0019361
0.0012961
0.0014900
0.0010371
0.0028732
0.0007854
0.0023773
0.0027050
0.0018107
0.0016394
0.0016946

0.0015036
0.0016288
0.0016084
0.0016660
0.0022025
0.0043715
0.0019850
0.0024750
0.0023853
0.0035495
0.0023644
0.0015036

VON MISES STRAIN RESULTS – TORSION
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0.0044748
0.0032195
0.0030508
0.0025905
0.0020719
0.0290599
0.0052086
0.0071188
0.0058458
0.0056911
0.0089485
0.0044748

LCP LWL
C5
0.0018302
0.0019999
0.0014845
0.0023857
0.0016961
0.0032983
0.0009461
0.0020388
0.0019784
0.0028720
0.0023678
0.0018302

C6

C7

Average

SD

0.0056460
0.0023709
0.0025544
0.0027967
0.0012730
0.0167049
0.0094990
0.0096662
0.0057900
0.0057098
0.0087600
0.0056460

0.0049505
0.0025658
0.0022086
0.0032362
0.0012444
0.0101318
0.0070912
0.0083225
0.0048973
0.0070336
0.0127298
0.0049505

0.0041682
0.0027512
0.0025122
0.0029116
0.0016421
0.0158086
0.0058626
0.0094598
0.0058380
0.0060950
0.0105731
0.0041682

0.001114997
0.000586786
0.000419381
0.000399444
0.000413366
0.006540953
0.001874782
0.001344732
0.00070595
0.000616027
0.002398767
0.001114997

C6

C7

Average

SD

0.0020946
0.0017695
0.0012576
0.0018856
0.0018468
0.0028828
0.0016471
0.0017212
0.0021384
0.0027473
0.0016374
0.0020946

0.0013419
0.0014672
0.0010986
0.0012104
0.0015022
0.0050833
0.0009291
0.0022137
0.0035097
0.0023266
0.0019116
0.0013419

0.0017436
0.0017368
0.0013574
0.0016645
0.0016970
0.0037572
0.0013356
0.0021240
0.0024277
0.0026539
0.0020319
0.0017436

0.000283664
0.000190709
0.000167138
0.00038178
0.000380772
0.000964823
0.000449594
0.000282548
0.000535117
0.000529332
0.000424921
0.000283664

ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12
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NHTP SWL
C4
C5

C1

C2

C2

0.0015300
0.0021740
0.0021740
0.0061510
0.0014490
0.0325160
0.0126800
0.0085610
0.0185190
0.0143160
0.0127970
0.0015300

0.0021260
0.0021570
0.0020800
0.0066370
0.0018090
0.0297353
0.0163050
0.0194840
0.0123740
0.0168730
0.0119920
0.0021260

0.0019350
0.0019590
0.0018260
0.0043400
0.0011500
0.0243310
0.0154560
0.0124880
0.0123720
0.0181100
0.0195590
0.0019350

0.0019240
0.0019520
0.0020750
0.0055440
0.0013250
0.0221350
0.0172440
0.0183280
0.0294600
0.0244120
0.0074100
0.0019240

C1

C2

C2

C4

0.0008530
0.0022150
0.0024270
0.0020640
0.0020250
0.0066040
0.0051470
0.0094710
0.0083890
0.0076430
0.0077590
0.0008530

0.0013800
0.0014860
0.0027510
0.0027010
0.0013760
0.0026290
0.0048170
0.0069150
0.0064160
0.0074240
0.0062930
0.0013800

0.0009480
0.0014610
0.0011510
0.0014700
0.0009710
0.0036370
0.0045670
0.0093190
0.0086370
0.0088120
0.0086150
0.0009480

0.0008590
0.0018130
0.0013820
0.0014960
0.0007660
0.0052560
0.0053900
0.0098140
0.0052100
0.0038320
0.0041930
0.0008590

0.0018440
0.0020070
0.0013840
0.0051490
0.0013660
0.0302400
0.0225880
0.0280920
0.0153020
0.0106780
0.0232390
0.0018440

LCP SWL
C5
0.0007740
0.0027410
0.0012940
0.0029630
0.0009680
0.0021620
0.0057970
0.0101720
0.0072320
0.0092270
0.0046360
0.0007740

C6

C7

Average

SD

0.0019020
0.0016670
0.0019200
0.0057730
0.0015660
0.0342150
0.0180530
0.0153420
0.0153500
0.0188770
0.0264440
0.0019020

0.0014930
0.0014140
0.0016990
0.0059680
0.0011510
0.0216420
0.0174750
0.0128540
0.0061180
0.0145440
0.0247230
0.0014930

0.0018220
0.0019043
0.0018797
0.0056517
0.0014023
0.0278306
0.0171144
0.0164499
0.0156421
0.0168300
0.0180234
0.0018220

0.000229484
0.000273592
0.000273177
0.000743835
0.000233981
0.005084821
0.003001595
0.006329308
0.007205258
0.004334172
0.007322215
0.000229484

C6

C7

Average

SD

0.0010720
0.0034650
0.0013890
0.0024760
0.0012060
0.0024850
0.0102690
0.0105950
0.0075840
0.0092650
0.0077690
0.0010720

0.0010930
0.0025580
0.0012590
0.0018180
0.0014260
0.0062060
0.0051700
0.0072130
0.0050620
0.0050650
0.0038420
0.0010930

0.0009970
0.0022484
0.0016647
0.0021411
0.0012483
0.0041399
0.0058796
0.0090713
0.0069329
0.0073240
0.0061581
0.0009970

0.000205524
0.000731501
0.000643296
0.000588506
0.000416536
0.001860678
0.00197508
0.001438102
0.001430234
0.002121789
0.001947441
0.000205524

NHTP LWL
ROI
1
2
3
4
5
6
7
8
9
10
11
12

C1
0.0044100
0.0073490
0.0095930
0.0074330
0.0037390
0.0531750
0.0203870
0.0394070
0.0377760
0.0276010
0.0347620
0.0044100

C2
0.0055860
0.0073940
0.0082220
0.0043210
0.0027310
0.0477600
0.0261380
0.0397830
0.0241710
0.0275630
0.0264490
0.0055860

C2
0.0059540
0.0056570
0.0067730
0.0044460
0.0021460
0.0367800
0.0236000
0.0269400
0.0211090
0.0292030
0.0249910
0.0059540

C4
0.0055190
0.0072570
0.0069810
0.0059430
0.0031580
0.0282320
0.0236850
0.0328670
0.0278830
0.0290620
0.0353030
0.0055190

ROI
1
2
3
4
5
6
7
8
9
10
11
12

C1

C2

C2

C4

0.0030860
0.0034680
0.0037060
0.0026030
0.0032900
0.0126380
0.0163820
0.0194370
0.0144920
0.0128860
0.0187320
0.0030860

0.0024950
0.0039380
0.0025380
0.0021190
0.0013730
0.0037010
0.0153470
0.0115110
0.0105440
0.0102240
0.0096690
0.0024950

0.0028630
0.0025130
0.0019970
0.0016800
0.0012080
0.0039080
0.0189940
0.0212840
0.0243920
0.0162250
0.0129440
0.0028630

0.0025750
0.0023860
0.0023750
0.0013550
0.0021280
0.0036740
0.0185520
0.0117110
0.0115960
0.0097240
0.0074450
0.0025750
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C5
0.0061500
0.0056520
0.0043330
0.0040730
0.0025570
0.0405280
0.0227180
0.0350450
0.0281050
0.0262460
0.0244510
0.0061500

LCP LWL
C5
0.0020220
0.0034700
0.0017610
0.0026580
0.0013790
0.0039760
0.0242760
0.0100610
0.0125920
0.0115252
0.0080300
0.0020220

C6
0.0038150
0.0049060
0.0070510
0.0041840
0.0037300
0.0518040
0.0267810
0.0389050
0.0258970
0.0346650
0.0310550
0.0038150

C7
0.0062280
0.0064460
0.0042290
0.0045158
0.0026930
0.0404780
0.0229610
0.0288940
0.0227250
0.0232470
0.0266520
0.0062280

Average
0.0053803
0.0063801
0.0067403
0.0049880
0.0029649
0.0426796
0.0237529
0.0345487
0.0268094
0.0282267
0.0290947
0.0053803

SD
0.000921354
0.000997165
0.001940386
0.001247352
0.000603809
0.008871616
0.002156907
0.005210897
0.00547826
0.003479827
0.0045803
0.000921354

C6

C7

Average

SD

0.0031460
0.0031680
0.0018490
0.0029610
0.0013760
0.0027030
0.0107810
0.0144990
0.0170440
0.0157970
0.0097590
0.0031460

0.0020840
0.0023120
0.0016110
0.0018450
0.0016950
0.0038110
0.0157750
0.0130800
0.0109760
0.0098540
0.0082420
0.0020840

0.0026101
0.0030364
0.0022624
0.0021744
0.0017784
0.0049159
0.0171581
0.0145119
0.0145194
0.0123193
0.0106887
0.0026101

0.000449954
0.0006359
0.000717597
0.000586476
0.000733174
0.003431864
0.004132005
0.004258901
0.004906853
0.002753912
0.003984591
0.000449954

6.2
APPENDIX: EFFECT OF PLATE TYPE AND WORKING LENGTH ON A SYNTHETIC
COMPRESSED JUXTA-ARTICULAR FRACTURE MODEL

STIFFNESS DATA
Mean (95% confidence interval) stiffness in four-point compression, perpendicular and tension bending
(N/mm) and torsion (Nm/degree) with comparison between the notched head T-plate (NHTP) and straight
locking compression plate (LCP) screw
Four different constructs were created; each with 7 replicates, making 28 specimens to be tested:
Screw configuration 1 (short working length):
 NHTP SWL - Notched head T-plate short working length
 LCP SWL - Straight locking compression plate short working length
Screw configuration 2 (Long working length):
 NHTP LWL - Notched head T-plate long working length
 LCP LWL - Straight locking compression plate long working length
C1-C7 - Stiffness results for each individual construct (C).
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STIFNNESS DATA

C1
C2
C3
C4
C5
C6
C7

C1
C2
C3
C4
C5
C6
C7

NHTP SWL
10.07
9.38
8.04
8.09
8.53
9.62
9.71

NHTP SWL
74.6
67.6
73.45
68.22
68.72
73.16
71.33
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Torsion
LCP SWL
NHTP LWL
7.56
7.26
7.13
7.61
7.72
7.72
8.43
7.04
7.12
6.65
8.12
6.22
7.74
7.65

Perpendicular
LCP SWL
NHTP LWL
65.75
61.23
63.36
51.58
66.08
55.41
69.14
54.77
64.33
53.7
70.11
44.84
68.72
51.18

LCP LWL
5.8
5.55
6.14
6.12
6.09
5.69
6.33

LCP LWL
68.26
77.94
69.14
67.3
69.67
68.73
70.11

C1
C2
C3
C4
C5
C6
C7

C1
C2
C3
C4
C5
C6
C7

NHTP SWL
39.3
38.9
31.38
35.12
34.89
38.31
34.31

Compression
LCP SWL
NHTP LWL
49.51
18.78
49.15
15.76
46.26
12.13
49.69
16.54
47.75
18.55
47.44
16.67
48.49
16.85

LCP LWL
23.99
28.68
27.75
26.47
26.98
27
28.07

NHTP SWL
53.12
51.29
45.08
49.56
55.79
48.02
48.31

Tension
LCP SWL
NHTP LWL
86.65
39.65
82.84
37.9
84.34
38.92
78.56
43.17
74.23
39.06
90.457
38.1
88.64
39.02

LCP LWL
76.9
75.1
82.63
78.1
64.3
83.76
83.07

STRAIN DATA
Plate strain (mm/mm) at the regions of interest (ROI) during compression bending and torsion, of the
notched head T-plate (NHTP) and straight locking compression plate (LCP). Strain was estimated for 12
ROI along the plate surface using Vic-3D software. The ROI were numbered sequentially, representing
comparable regions for both plates. The mean von Mises strain was obtained from the linear line of best fit
of the strain load graph from the third cycle, with the linear equation used to estimate the strain for a set
force (20 N) for each sample tested.
Four different constructs were created; each with 7 replicates, making 28 specimens to be tested:
Screw configuration 1 (short working length):
 NHTP SWL - Notched head T-plate short working length
 LCP SWL - Straight locking compression plate short working length
Screw configuration 2 (Long working length):
 NHTP LWL - Notched head T-plate long working length
 LCP LWL - Straight locking compression plate long working length
C1-C7 - Strain results for each individual construct (C).
C1-C7 - Strain results for each individual construct (C).
Average – Average strain for seven specimens.
SD – Standard deviation of results.
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VON MISES STRAIN DATA – COMPRESSION BENDING
ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12
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NHTP SWL
C4
C5

C1

C2

C2

0.001047663
0.004263288
0.0019380
0.0043660
0.0023491
0.0028461
0.0014451
0.0046193
0.0024785
0.0038784
0.0012246
0.002097039

0.001635015
0.0054711
0.0026411
0.0053967
0.0016861
0.0027874
0.0026183
0.0044362
0.0031510
0.0038883
0.0016195
0.002878227

0.001172718
0.004239507
0.0025469
0.0040590
0.0020715
0.0029598
0.0014524
0.0021810
0.0019393
0.0026134
0.0011970
0.001758567

0.001364547
0.004214258
0.0024040
0.0038440
0.0019188
0.0026013
0.0024710
0.0035863
0.0020986
0.0041885
0.0015843
0.003799035

C1

C2

C2

C4

0.00131593
0.004263397
0.001460984
0.0032800
0.0014047
0.0036851
0.0013866
0.0040716
0.0021159
0.0028575
0.0018430
0.0021540

0.0011941
0.004150981
0.001419467
0.0038010
0.0017715
0.0032903
0.0013672
0.0036544
0.0019544
0.0045947
0.0020776
0.0032527

0.0011947
0.003338474
0.001597626
0.0033315
0.0015328
0.0016592
0.0011525
0.0026269
0.0018823
0.0031233
0.0021530
0.0024143

0.0010606
0.002033039
0.001735134
0.0036641
0.0011213
0.0041728
0.0011593
0.0034732
0.0017960
0.003639835
0.0015337
0.0024993

0.001414055
0.003971588
0.0026112
0.0056766
0.0011169
0.0032161
0.0016164
0.0054030
0.0022240
0.0054711
0.0015878
0.003178691

LCP SWL
C5
0.0012349
0.003286459
0.001614145
0.0036887
0.0014356
0.0033394
0.0012567
0.0035311
0.0019124
0.0032459
0.0019261
0.0025146

C6

C7

Average

SD

0.001406968
0.00451451
0.0030146
0.0042713
0.0013575
0.0027961
0.0015051
0.0039963
0.0031963
0.0037437
0.0019660
0.002061688

0.001340161
0.004437173
0.002377711
0.004803643
0.001745021
0.002822543
0.001787763
0.003965684
0.002414271
0.003818735
0.00146841
0.002535719

0.000173637
0.000449342
0.000469559
0.000803944
0.000387451
0.000206669
0.000484242
0.000943218
0.000518551
0.000852957
0.000284663
0.000703075

0.001047663
0.004263288
0.0019380
0.0043660
0.0023491
0.0028461
0.0014451
0.0046193
0.0024785
0.0038784
0.0012246
0.002097039

C6

C7

Average

SD

0.0012103
0.002646406
0.001857513
0.0036457
0.0013477
0.0038897
0.0012181
0.0034296
0.0018132
0.0025440
0.0018690
0.002252681

0.0010233
0.002206586
0.001442173
0.0035731
0.0015399
0.0025249
0.0011863
0.0037394
0.0018497
0.0027163
0.0020806
0.0026350

0.0011763
0.0031322
0.0015896
0.0035692
0.0014505
0.0032231
0.0012467
0.0035037
0.0019034
0.0032459
0.0019261
0.0025318

9.37672E-05
0.000818079
0.000151585
0.000178483
0.000184786
0.00080276
8.87882E-05
0.000410009
0.000100581
0.00064514
0.000193622
0.000330833

ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12

C1
0.002602857
0.009244317
0.00314731
0.009320766
0.002510366
0.007184846
0.002937897
0.006965954
0.003253094
0.006471517
0.003493527
0.003655793

C1
0.001579116
0.005116076
0.001753181
0.003936022
0.001685643
0.004422143
0.001663955
0.004885903
0.002539042
0.003428961
0.002211541
0.002584772
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C2
0.004734572
0.00808892
0.005179782
0.009338664
0.004226012
0.008051014
0.004060444
0.007643577
0.00449729
0.008685476
0.004324604
0.005690802

C2
0.001671733
0.005811373
0.001987253
0.005321331
0.002480068
0.004606403
0.001914096
0.005116185
0.002736187
0.00643255
0.002908586
0.004553778

C2
0.002755829
0.011807147
0.004894167
0.009664738
0.00286768
0.00820119
0.002064126
0.006190133
0.003471751
0.006346283
0.002441591
0.005785804

NHTP LWL
C4
C5
0.002571184 0.002571184
0.011807147 0.009883708
0.004894167 0.002901536
0.009824522 0.009824522
0.00286768 0.002568991
0.012011903 0.010271399
0.002064126 0.003369415
0.006190133 0.004317666
0.003471751 0.002925897
0.006346283 0.009261962
0.002441591 0.002740991
0.005785804 0.006536702

C6
0.003163794
0.009834352
0.00540313
0.011286882
0.005422924
0.007772013
0.003440436
0.006492366
0.004728499
0.007954963
0.00450127
0.004971818

C7
0.006326287
0.008558428
0.005101933
0.007000743
0.004731069
0.006799985
0.003603058
0.007003982
0.005224159
0.009742545
0.004110909
0.006418826

Average
0.003532244
0.009889146
0.004503147
0.009465834
0.003599246
0.008613193
0.003077072
0.006400544
0.00393892
0.007829861
0.003436355
0.005549364

SD
0.001347054
0.001351609
0.000951359
0.0011788
0.001090028
0.001724701
0.000710399
0.000975728
0.000803574
0.001347172
0.000831862
0.000908828

C2
0.00167256
0.004673863
0.002236676
0.004664079
0.002145901
0.002322868
0.001613515
0.003677626
0.002635255
0.004372624
0.00301414
0.00338003

LCP LWL
C4
C5
0.001484831 0.001728865
0.002846254 0.004601043
0.002429187 0.002259802
0.00512974 0.005164123
0.001569875 0.002009847
0.005841904 0.004675178
0.001622985 0.001759436
0.004862424 0.004943577
0.002514424 0.002677316
0.005095769 0.004544301
0.002147173 0.002696567
0.003499006 0.003520427

C6
0.001694394
0.003704968
0.002600518
0.005104041
0.001886807
0.00544555
0.001705302
0.004801429
0.002538498
0.003561643
0.002616563
0.003153754

C7
0.00143258
0.003089221
0.002019042
0.005002403
0.00215586
0.003534924
0.001660854
0.005235138
0.002589626
0.003802766
0.002912807
0.003688968

Average
0.001609154
0.004263257
0.002183666
0.004903106
0.001990572
0.004406996
0.001705735
0.004788897
0.002604335
0.004462659
0.002643911
0.003482962

SD
0.000104928
0.001007444
0.000265558
0.00043704
0.000285897
0.001092413
9.66659E-05
0.000475105
7.61251E-05
0.000971883
0.000319964
0.000549866

VON MISES STRAIN RESULTS – TORSION

ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12
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NHTP SWL
C4
C5

C1

C2

C2

0.00333653
0.010748006
0.00353881
0.011725092
0.003170524
0.013153925
0.002809342
0.01517484
0.008903327
0.022206209
0.005281207
0.013926504

0.001966849
0.011451133
0.003026506
0.014597301
0.003500073
0.01809827
0.003372648
0.011067366
0.008625554
0.023739011
0.006112386
0.013009719

0.00282704
0.014058503
0.00310411
0.015921133
0.003416973
0.017823606
0.00418921
0.016259213
0.007813047
0.022815387
0.006257462
0.015854576

0.002934042
0.014920035
0.003837307
0.016001572
0.003348522
0.021183544
0.004668425
0.0205006
0.007160517
0.02188193
0.006621165
0.017446335

C1

C2

C2

C4

0.003536075
0.013111502
0.003468846
0.019105165
0.004350446
0.019238434
0.006587731
0.024525982
0.00859389
0.0122837
0.006655366
0.018390758

0.004634549
0.011973385
0.005013829
0.016323642
0.005247516
0.017472183
0.006439588
0.026060055
0.008446887
0.029154665
0.007689789
0.019575312

0.003739006
0.012989269
0.004284401
0.016609949
0.005321101
0.015726566
0.005754812
0.027564438
0.007179391
0.02281367
0.006137137
0.018916344

0.00319281
0.008612329
0.003416101
0.013913964
0.005286297
0.012847629
0.005936773
0.019509569
0.007157832
0.015901486
0.007043801
0.015880137

0.002812927
0.011764781
0.003380741
0.011672033
0.003108782
0.017865563
0.00296161
0.019148725
0.008201686
0.02399751
0.005411313
0.013384881

LCP SWL
C5
0.003155825
0.009383189
0.003255837
0.010220584
0.005209716
0.01113886
0.005822833
0.015464604
0.007294956
0.014146521
0.006959194
0.018617525

C6

C7

Average

SD

0.002344311
0.011966638
0.002834036
0.011629055
0.002866929
0.015856241
0.002836278
0.018510823
0.009496308
0.018265636
0.006203378
0.007093056

0.002936707
0.012732775
0.00327974
0.014117479
0.00271933
0.019260978
0.004313776
0.018002669
0.005536839
0.016345727
0.005536839
0.006103079

0.002736915
0.012520267
0.003285893
0.013666238
0.003161591
0.017606018
0.003593041
0.016952034
0.007962468
0.02132163
0.005917679
0.012402593

0.000413928
0.001380033
0.000312035
0.001832401
0.000267267
0.002353643
0.00072363
0.002908588
0.001212077
0.002684093
0.000468496
0.003944008

C6

C7

Average

SD

0.002859065
0.01360705
0.003191752
0.017103507
0.005385267
0.013148587
0.005033124
0.015548177
0.006738662
0.015678041
0.005078616
0.012814981

0.003519555
0.013629454
0.003771795
0.014262802
0.005316724
0.01492871
0.005929143
0.021445474
0.007568603
0.017779681
0.006593984
0.017365843

0.003519555
0.011900883
0.003771795
0.015362802
0.005159581
0.01492871
0.005929143
0.021445471
0.007568603
0.018251109
0.006593984
0.017365843

0.000530088
0.001916387
0.000612532
0.002652908
0.000334391
0.002606098
0.000468873
0.004512241
0.000644371
0.005405365
0.000760199
0.002165332

NHTP LWL
ROI
1
2
3
4
5
6
7
8
9
10
11
12

ROI
1
2
3
4
5
6
7
8
9
10
11
12

C1
0.002819046
0.018298224
0.008538674
0.033619853
0.00881886
0.030646834
0.007897382
0.032606652
0.011259143
0.020601401
0.009132398
0.016901001

C2
0.003211429
0.020233505
0.009181771
0.028054319
0.011394568
0.02856421
0.011034412
0.020846276
0.011761033
0.020131128
0.010577804
0.015897851

C2
0.002295933
0.016298361
0.006221816
0.031438904
0.009342997
0.030080509
0.010334715
0.023096721
0.010622324
0.021447346
0.008706682
0.029177187

C4
0.004270291
0.02976572
0.00744907
0.024887926
0.009298246
0.031831331
0.009314064
0.01559827
0.010523655
0.019297391
0.010217791
0.010217791

LCP LWL
C5

C1

C2

C2

C4

0.005673951
0.026488384
0.00657882
0.03044746
0.011154571
0.030475197
0.012527947
0.034564066
0.012494752
0.021607973
0.012118724
0.024101958

0.006400103
0.024208118
0.007925378
0.03161025
0.012011275
0.032835304
0.011859353
0.032475845
0.013541303
0.027804492
0.012588268
0.025482182

0.005774674
0.01677039
0.006188658
0.017969962
0.009930021
0.015778093
0.01072938
0.031523366
0.013359094
0.017850716
0.011395592
0.010928294

0.005929109
0.020039778
0.007160945
0.018069745
0.014963009
0.013187452
0.011566615
0.015863529
0.013478573
0.017954734
0.012231788
0.012231788
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C5
0.002505103
0.015901575
0.006683347
0.032701146
0.010020679
0.030754729
0.008084976
0.02099221
0.010821331
0.042553508
0.008875696
0.012240338

0.004227779
0.017001835
0.007376718
0.033623011
0.01105484
0.020920031
0.012105578
0.033677293
0.012465717
0.018963177
0.013512535
0.02630513

C6
0.002574442
0.012913854
0.006836672
0.028675939
0.008407692
0.030480394
0.008075511
0.036166013
0.011800352
0.002574442
0.010091533
0.018247672

C7
0.002234567
0.013980135
0.007042699
0.031583732
0.008322294
0.031771618
0.009860409
0.034410536
0.012243833
0.032352918
0.009594247
0.016016402

Average
0.002844402
0.018198768
0.007422007
0.030137403
0.009372191
0.030589946
0.009228781
0.02624524
0.011290239
0.022708305
0.00959945
0.016956892

SD
0.000657835
0.005244865
0.000986843
0.002841482
0.000989631
0.001024201
0.001152672
0.007421741
0.000614795
0.011442579
0.000667692
0.005614679

C6

C7

Average

SD

0.005979245
0.027230924
0.007210254
0.018507917
0.014679113
0.013232164
0.011965082
0.021823596
0.013771351
0.015260792
0.012017047
0.024815927

0.004263423
0.016628596
0.007101208
0.016408847
0.01118856
0.013782408
0.010658401
0.014645787
0.010542679
0.014191797
0.011072003
0.01394684

0.005464041
0.021195432
0.007077426
0.023805313
0.012140198
0.020030093
0.011630337
0.02636764
0.012807638
0.019090526
0.012133708
0.019687445

0.000798956
0.004356892
0.000517176
0.00708258
0.001787693
0.007782877
0.000649891
0.008043548
0.00103965
0.004205074
0.000737106
0.006419013
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