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Abstract—Internal fixation of bone fractures using plates and
screws involves many choices—implant type, material, sizes,
and geometric configuration—made by the surgeon. These
decisions can be important for providing adequate stability
to promote healing and prevent implant mechanical failure.
The purpose of this study was to develop mathematical
models of the relationships between fracture fixation con-
struct parameters and resulting 3D biomechanics, based on
parametric computer simulations. Finite element models of
hundreds of different locked plate fixation constructs for
midshaft diaphyseal fractures were systematically assembled
using custom algorithms, and axial, torsional, and bending
loadings were simulated. Multivariate regression was used to
fit response surface polynomial equations relating fixation
design parameters to outputs including maximum implant
stresses, axial and shear strain at the fracture site, and
construct stiffness. Surrogate models with as little as three
regressors showed good fitting (R? = 0.62-0.97). Inner
working length was the strongest predictor of maximum
plate and screw stresses, and a variety of quadratic and
interaction terms influenced resulting biomechanics. The
framework presented in this study can be applied to
additional types of bone fractures to provide clinicians and
implant designers with clinical insight, surgical optimization,
and a comprehensive mathematical description of biome-
chanics.

Keywords—Finite element, Fracture fixation, Locking plate
and screw, Response surface.

SYMBOLS

Lpjiate Length of plate

dgap Fracture gap size
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Necrews Number of screws

Linner Working length between inner screws
Louter Working length between outer screws
Eimplant Implant material elastic modulus

Oplate max Max von Mises stress of plate
Oscrew max Max von Mises stress of screw

Kaxial Axial stiffness of the fracture fixation con-
struct

Kiorsion Torsional stiffness of the fracture fixation
construct

Kbending Bending stiffness of the fracture fixation
construct

Eaxial Interfragmentary axial strain

Eshear Interfragmentary shear strain

INTRODUCTION

Bone fracture fixation with internal plating is a
common orthopaedic procedure. Locked connections
between plates and screws have become increasingly
popular over the last 10 years and are now ubiquitous
in many types of fracture fixation.**° The locking plate
has the benefits of improving angular stability, fixation
strength, and blood supply at the periosteal bone sur-
face.”® Despite these advantages of locking plates,
complications such as nonunions, malaligned unions,
delayed fracture healing, or hardware failure occur in
up to 10% of patients,'>*® and the implants are more
expensive than conventional plates and screws. '’

In locked plate fracture fixation there are many
available options in geometric configurations, sizings,
and materials. These options include plate length,
number and type of screws, screw configurations, and
in some cases residual fracture gap size. These vari-
ables affect stresses in the implants, stability of the
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fracture healing site, and strains in healing tissue that
can substantially affect fracture healing.>”'"** To
optimize fracture fixation procedures and improve
outcomes for patients, it is important to understand
these biomechanical relationships.”>*® However the
three-dimensional  biomechanics associated with
locked plated fixation can be complex and involve
interactions among the variables of the fixation con-
struct. Previous studies have described general princi-
ples of locking plates,”****3 and experimental and
numerical studies have investigated effects of individ-
ual parameters on fracture fixation.'®!'*21?2° How-
ever these studies have focused on particular aspects of
fracture fixation, not with the goal of providing a
comprehensive mathematical description of the inter-
related factors involved.

In so-called computer experiments, parametric
variation of the inputs of a computer model are used to
generate large numbers of “designs’”, outputs are
determined for each design by computer simulation,
and statistical methods can then be used to fit surro-
gate models, i.e. mathematical equations that relate
outputs to inputs.’” These resulting surrogate models
have important potential uses: (1) insight into which
inputs have a large effect on the output and which do
not; (2) prediction of output for a new combination of
inputs; and (3) optimization.

The objective of this study was to develop surrogate
mathematical models, specifically quadratic polyno-
mial regression equations, of locked fracture fixation
biomechanics based on finite element analysis simula-
tions. It was hypothesized that the working length of
the fracture fixation construct would be strongly pre-
dictive of interfragmentary strains and implant maxi-
mum stresses. In addition relationships between other
input variables (and their quadratic and interaction
terms) and output variables were quantified.

MATERIALS AND METHODS

Finite Element Model Cases and DOE

Diaphyseal midshaft fracture fixation was modeled
such as would occur in the treatment of midshaft fe-
mur or tibia fractures. Long bone was modeled with a
hollow cylinder for cortical bone (30 mm outer diam-
eter and 4.3 mm cortical thickness) and 400 mm total
length including the fracture gap. Fractures were sim-
ulated with simple transverse cuts, and seven cases for
fracture gap sizes were considered (dy., = 0.2, 0.5, 1,
1.5, 2.0, 2.5, and 3 cm). Five lengths of plate (4.5 mm
Narrow Locking Compression Plate, 4 mm thickness,
Depuy Synthes, West Chester, PA) were modeled:
Lpiaie (# of holes) = 15.2 cm (8), 18.8 cm (10), 22.4 cm

(12), 26 cm (14) and 29.6 cm (16). Locking screws were
modeled without considering screw threads (5 mm
diameter, biocortical, Depuy Synthes, West Chester,
PA) (Table 1). The gap between plate and bone was
1 mm.’

Number and configuration of screws were varied
according to Table 1. Additional design variables in-
cluded implant material elastic modulus (stainless steel
and titanium alloy), making a total of 774 fracture
fixation models. Three different loading types (axial,
torsion, and bending) were simulated on each model.
For automatic creation of all fixation designs, modu-
larized finite element models for bone, plate and screw
were created using Abaqus (ver6.13-2, Dassault,
Providence, RI) and assembled using custom-written
code in Matlab (verl4, Mathworks, Natick, MA)
(Fig. 1). Node-matched surfaces of each module were
combined with tie constraints. Matlab code was calling
each module based on screw configurations and writ-
ing Abaqus input files. Models built using this novel
modular build approach were verified using tradition-
ally constructed models.

Additionally Design of Experiments (DOE) was
used to identify a much smaller subset of simulations
that were run and used to develop surrogate models,
independent of the above ‘large’ dataset. The Custom
Design module in JMP (SAS Institute Inc., Cary, NC)
was used for DOE, and appropriate constraints for
relationships between working length, plate length,
and number of screws were defined. DOE resulted in
28 recommended fracture fixation models for which
axial loading was simulated.

Finite Elements

Quadratic tetrahedral elements (Abaqus type
C3D10) were utilized for the plate model which was
meshed from manufacturer-supplied CAD files, and
hexahedral elements (C3D8R) were used to model the
bone and screws. Mesh convergence testing was per-
formed in seven different fixation designs using a range
from 80,000 to 1,400,000 total elements. Using
approximately 100,000 elements, results (gap dis-
placement, construct stiffness, and maximum stress)
converged with a 2-8% difference compared to the
model with the largest number of elements.

Materials, Interactions, and Constraints

A transversely isotropic linear elastic material
model was used for the non-osteoporotic cortical bone
(Ex =17 GPa, E, = E, = 11.5 GPa, vy = v, = 0.31,
vy, = 0.58, Gy, = Gy, = 3.3 GPa, G,, = 3.6 GPa).®
Fracture fixation implants were modeled as linear
isotropic materials (stainless steel: £ = 200 GPa,
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TABLE 1. Listing of combinations of plate length, fracture gap, number of screws, and associated screw positions used to create

all fracture fixation models used for FEA simulations.

Plate length Fracture gap Number of Screw position (symmetry)
(Lpiate; €M) (dgap, €M) screws (Nscrews) e.g. 1,3 = screws in both 1 & 3 positions
1234 ¢
15.2 0.2 1 1/3
2 1,3
0.5/1/1.5/2/2.5/3 1 1/2/3
2 1,2/1,3/2,3
3 1,2,3
12348l ¢
18.8 0.2 1 1/3
2 1,3
0.5/1/1.5/2/2.5/3 1 1/3/4
2 1,3/1,4/3,4
3 1,34
4 1,2,3,4
123486 ¢
22.4 0.2 1 1/4
2 1,4
0.5/1/1.5/2/2.5/3 1 1/3/5
2 1,3/1,5/3,5
3 1,35
5 1,2,3,4,5
1234567 ¢
26 0.2 1/3/5
1,3/1,5/3,5
1,35
0.5/1/1.5/2/2.5/3 1/3/5/6

1234567 8ic

29.6 0.2

0.5/1/1.5/2/2.5/3

DA WN = WN =

NOPAON=2DOND =

1,3/1,5/1,6/3,5/3,6/5,6
1,3,5/1,3,6/1,5,6/3,5,6
1,3,5,6

1,2,3,4,5,6

1/2/4/6

1,2/1,4/1,6

1,2,4/1,2,6/1,4,6

1,2,4,6

1/2/4/6/7

1,2/1,4/1,6/1,7
1,2,4/1,2,6/1,2,7/1,4,6/1,4,7/1,6,7
1,2,4,6/1,2,4,71,2,6,7/1,4,6,7
1,2,4,6,7

1,2,3,4,5,6,7

The forward slash (/) shows the different cases in fracture gaps and screw configurations.

v = 0.3 and titanium: E = 110 GPa, v = 0.3), and
nonlinear contact with Coulomb friction (u = 0.3) was
applied for the surface interaction between plate and
bone (for cases which bone fragments around fracture
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gap contacted the plate bottom)."” The surfaces
between the thread of locking screw head and plate,
and between bicortical locking screw thread and bone
hole, were tied together. Loading and boundary con-
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FIGURE 1. Modularized finite element modeling used to generate large numbers of fracture fixation design configurations. (a)
bone with or without screw hole; (b) locking plate parts; (c) locking screw; (d) an example of fracture fixation design achieved by
automated assembly of bone, plate, and screw parts, in this case with 5 mm fracture gap, 14 hole plate, and screws positioned at
holes 1, 3, and 6; (e) design variables of fracture fixation designs which served as regressors in the response surface statistical
models; (f) Eight points (red dots) at the fracture gap used to compute strains in this region.

ditions were based on previous studies.”*’ Axial
compression loading of 400 N was applied to simulate
postoperative toe-touching weight bearing.> This
loading was applied to a center point of the proximal
end of the bone. For torsional loading, 2 Nm was
applied to the center of the proximal end of bone
around the diaphyseal shaft axis.'” For bending, a pure
moment of 10 Nm was applied to the proximal end
(Fig. 1). In axial and torsional loading cases, proximal
end translations were constrained to zero in directions
perpendicular to the long axis of bone, and the distal
end of the bone was rigidly fixed, as reported previ-
ously.>* For bending this proximal end constraint was
not applied and the distal end was rigidly fixed.

Sensitivity Analyses

Although the present study focused largely on surgical
variables and not patient variables, sensitivity to bone
geometry was tested as follows. Three alternate combi-
nations of outer diameter and bone thickness (25 mm
outer diameter and 4.3 mm cortical thickness, 30 mm
outer diameter and 3.6 mm cortical thickness, and
30 mm outer diameter and 5.1 mm thickness) were
modeled. Sensitivity to bone material properties was also
tested. Two alternate material property sets were applied
by scaling all properties by 75 and 50%. For each of these
bone geometries and material property cases, ten differ-
ent fracture fixation constructs were modeled and sim-
ulated in axial loading. Sensitivity to plate geometry was
tested. 28 simulations of different fracture fixation con-

structs were carried out using a generic rectangular plate
and cylindrical screw geometries.

Finite Element Model Outputs

Maximum von Mises stresses of the plate (opjate max)
and screws (Ggrew max) Were determined using the
stresses from all elements. Stresses at the interfaces
between the screw heads and the plate holes were ig-
nored because of difficulty in accurately modeling these
threaded interfaces, and because these interfaces were
not considered the weakest part of system if screws were
well aligned with plate hole and tightened with proper
torque.”*** Stiffness of the fracture fixation construct
(Kaxial> Ktorsion> aNd Kpending) Was computed as the ratio of
applied load (axial, torsional, or bending) to proximal
bone displacement (axial or rotational). Interfragmen-
tary axial strain at the fracture gap was determined by
dividing relative axial displacement between the two
fragments by gap size.'® Interfragmentary shear strain
was determined similarly but using the relative inter-
fragmentary displacement magnitude in the plane per-
pendicular to the bone axis.'> Interfragmentary
displacements were determined at the center of the
fracture gap consistent with previous literature.'®

Full Quadratic Regression Models

Polynomial regression-based surrogate models, or
response surfaces, were developed for each model
output separately with the statistical software SAS
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(Release9.3, SAS Institute Inc., Cary, NC). The
regressor variables were defined based on the modeling
inputs and included Lyjaee, doap, Number of screws
(Ngerews), screw working lengths [between inner screws
(Linner), and between outer screws (Loueer)] (Fig. le),
and hardware material elastic modulus (Ejmpiant). Dif-
ferent units (cm, N mm-1, MPa, and GPa) were used
to prevent very large or very small fit model coeffi-
cients and facilitate ease of interpretation. Linear,
quadratic, and interaction forms of the regressors (a
total of 26) were included: six linear, five quadratic,
and 15 interaction regressor variables.

Simplified Regression Models

Because the above full quadratic models are com-
plex and can be challenging to interpret, three different
approaches for simplified regression models with a
smaller number of the more influential regressors were
tested, in which new models were fit (treating each
response variable separately):

(1)  R>-based selection (5%) the best R® value was
calculated for each possible subset model from
minimum 3 regressors model to full quadratic
model, and then selected a model with the least
number of regressors which produced an R? value
less than 5% different than that of the full
quadratic model,

(2) Stepwise selection a stepwise addition and elimina-
tion approach, in which regressors were added one
by one to the model with the significance threshold
of 15%. After each variable addition, any variable
that was not significant (5%) among all the current
model variables was removed, with the above steps
repeating until no regressors outside the model meet
the entry significance threshold and no regressors
inside the model meet the removal threshold (Step-
wise method in SAS),?® and.

(3) Linear regressors a simple linear model that only
included the six linear regressors.

Pairwise Correlation Analysis

In addition to the above polynomial regression
analysis, pairwise correlations between model outputs
and inputs were determined by Pearson correlation
coefficients, and null hypotheses of r = 0 were tested
(SAS). Statistical significance was set at p < 0.05.

Experimental Validation

Polyvinyl chloride (PVC) tubing (33.4 mm outer
diameter and 4.5 mm wall thickness) with 400 mm
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length (including fracture gap), two lengths of plates,
and locking screws were used for experimental vali-
dation. PVC was used due to cost considerations."?
Simple transverse cuts were made to simulate the
fracture, and three fracture gaps (0.2, 1, and 2 cm)
were tested. Two lengths of plates (18.8 cm and 26 cm
length, 4.5 mm Narrow LCP plate, Depuy Synthes,
West Chester, PA) and locking screws (5 mm diameter,
bicortical self-tapping, Depuy Synthes, West Chester,
PA) were used for fixation, and nine screw configura-
tions for each plate were tested (Fig. S-1). All screws
were tightened to 4 Nm torque and 1 mm gap was
applied to elevate the plate from PVC tube.* Similar
constraints and loadings were applied to the experi-
mental setup as described above for the finite element
model. Axial or torsion loading was applied with a
dual actuator servo-hydraulic test machine (Interlaken
3300 with Flextest 40 controller, MTS, Eden Prairie
MN). Actuator force or torque was measured by in-
line load cells (axial force: 2224 N capacity, Interface,
Scottsdale, AZ; and torque: 45 Nm capacity, Omega-
dyne, Sunbury, OH). The recorded actuator displace-
ment or rotation, and force or torque, were used to
calculate structural stiffnesses, and for axial loading
the interfragmentary displacement was measured at the
cortex opposite the plate with a digital caliper with a
0.01 mm resolution. Axial gap strain was calculated
with dividing the infragmentary displacement by gap
sizes. Finite element models of the above experiments
were generated (with same geometry and PVC material
properties), and outputs were compared to each other
for validation.

RESULTS

Finite Element Model Outputs

The averages of opjate max Were 156 MPa (94-314),
114 MPa (97-184), and 884 MPa (212-943) across the
axial, torsion, and bending loading simulations,
respectively. In axial loading, these opiaic_max generally
occurred at the plate’s bone-side surface, near an open
screw hole within the inner working length. The loca-
tion of oplate max during torsion loading was generally
at the top surface of plate holes between two screws
closest to the fracture gap. The averages of oycrew max
were 85 MPa (40-263) for axial loading,104 MPa (72—
185) for torsion loading, and 357 MPa (270-637) for
bending loading. These maximums generally occurred
at the screw shaft closest to the interface between bone
and screw, in the screw closest to the fracture. Aver-
ages of kaxial, Kiorsion, and Kpending Were 2397 N mm-1
(421-4095),1405 N mm°-1 (316-2255), and 421 Nmm
mm-1 (181-738) respectively. Averages of &, were



Locked Plate Fracture Fixation Biomechanics 673

2.2% (0.3-33.2), 0.001% (0-0.02), and 20.5% (4.3—
55.0) for axial, torsion, bending loading respectively.
Averages of &g,00, Wwere 10.2% (0.2-248.1), 2.9% (0.3—
20.4), and 1.4% (0.2-5.0) for axial, torsion, bending
loading respectively. Visualizations of select fracture
fixation constructs under axial loading are shown in
Fig. 2.

According to sensitivity analyses, results were fairly
insensitive to tested changes in bone geometry, mate-
rial properties, and plate geometry. Tested changes in
bone geometry resulted in very small shifts in
Oplate_max> Oscrew_max, €axials and Eshear (Flg S'za)'
Changes in bone geometry resulted in slightly larger
shifts in k... Reduction of 75% in bone material
properties resulted in very small shifts in most result
variables, but a 50% reduction in material properties
resulted in larger shifts (Fig. S-2b). Good correlations
were found between the commercial and correspond-
ing generic locking plate results (R® = 0.90-0.99,
Fig. S-3b).

Full Quadratic Regression Models

The full quadratic models showed good fitting
between surrogate model predictions and FEA results
with R? ranging from 0.80 to 0.99,0.68 to 0.99, and
0.65 to 0.95 for axial, torsion, and bending loading,
respectively (Table 2). The number of regressors that
was statistically significant (p < 0.05) ranged from 6 to
19 across all loading conditions and output variables
(Table S-1). Maximum leverage, defining level of
influence of a single FEA result in the fit surrogate
model (SAS), was 0.14.

Ly =
~ . e WO

Q

Simplified Regression Models

Using the R*-based selection (5%) method, the
number of regressors was further reduced with some
concomitant loss in model fitting: a range of 3 to 4
(R* = 0.77-0.97), 3 to 8 (R*> = 0.66-0.96), and 3 to 11
(R* = 0.62-0.91) for axial, torsion, and bending load-
ing respectively (Table 2, Fig. 3). Using the Stepwise
selection method, the number of regressors ranged
from 7 to 12 (R* = 0.72-0.99), 8 to 15 (R* = 0.66—
0.99), 7 to 19 (R? = 0.64-0.95) for axial, torsion, and
bending loading respectively. Using the linear regres-
sors method, Gpjate max and kuyia in axial loading,
Ktorsion 10 torsion loading, and &, in bending loading
were fit well, although with resulting R*> values less
than that when using the R*-based selection (5% )
method. All estimated regressor coefficients and R*
values are provided in supporting information
(Table S-2 to S-4).

Simplified Regression Models: Focus on R*-Based
Selection (5% ) Method

The R*based selection (5% ) method was focused
on further because it provided models with as little as
3-11 regressors with good R? values. The resulting
regressor coefficients were all statistically significant
(Table 3) (p < 0.0001). Surrogate model equations for
each output can be expressed with the regressor coef-
ficients listed in Table 3. Some examples for axial
loading (Egs. (1)~(2)), torsion loading (Egs. (3)—(4)),
and bending loading (Egs. (5)—(6)) are as follows:

Ogap = 1.5 CM

S, Mises
(Avg: 75%)

FIGURE 2. Examples of FEA results for fracture fixation with 26 cm plate and axial loading. Left and right columns show 0.5 and
1.5 cm fracture gap, respectively, and each row shows a different screw configuration. Von Mises stresses are displayed for the

plate. White circles indicate screw locations.
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TABLE 2. Number of regressors and resulting R? fit for the full quadratic surrogate model, and the various simplified surrogate
models tested.

Model selection method

Full quadratic RP-based selection (5%) Stepwise Linear
Axial loading
Oplate_max # of Regressors 26 4 9 6
R 0.90 0.88 0.90 0.82
Oscrew._max # of Regressors 26 3 12 6
R 0.95 0.91 0.95 0.79
Kaxial # of Regressors 26 3 12 6
R 0.99 0.97 0.99 0.95
€axial # of Regressors 26 4 8 6
R 0.81 0.78 0.72 0.53
Eshear # of Regressors 26 4 7 6
R 0.80 0.77 0.80 0.51
Torsion loading
Oplate_max # of Regressors 26 7 12 6
R 0.88 0.87 0.88 0.41
Oscrew_max # of Regressors 26 4 15 6
R 0.94 0.90 0.94 0.69
Kiorsion # of Regressors 26 3 11 6
R 0.99 0.96 0.99 0.92
Eaxial # of Regressors 26 8 9 6
R 0.68 0.66 0.66 0.40
Eshear # of Regressors 26 5 8 6
R 0.78 0.75 0.78 0.50
Bending loading
Oplate_max # of Regressors 26 5 7 6
R 0.65 0.62 0.64 0.34
Oscrew._max # of Regressors 26 11 19 6
R 0.77 0.74 0.77 0.45
Kbending # of Regressors 26 7 12 6
R 0.76 0.74 0.76 0.55
Eaxial # of Regressors 26 3 11 6
R 0.95 0.91 0.95 0.80
Eshear # of Regressors 26 5 9 6
0.80 0.77 0.79 0.74

The simplified surrogate model using the R?-based selection (5%) method (bold values) is focused on further in Table 3 and Figs. 3, 4.

Oplate.max (axial loading) = — 5.7419.8 X Lipper +0.4 &shear (torsion loading) = 11.9 — 10.4 X dg,, + 2.4
X Eimplant — 0.4 x L2 . —0.01 X day, —0.007 x L + 0.1
X (Louter X Eimplam) X (Nscrews X Linner) —0.004
(1) X (Nscrews X Eimplant)
. @
&axial (axial loading) =2.9 — 5.3 X dgap + 0.6 X Linner
+1.7x déap —-0.2x (dgap X Linner) eaxial(bending loading) =70.5—-42.2 x dgap —0.07
(2) X Eimplant +8.6 x déap
Oscrew_max (torsion loading) =65.3 + 10.8 X Lipner &shear (bending loading) =4.7 — 1.9 x dg,p + 0.1
—-3.1x (Nscrews X Linner) X Lipner — 0.02 X Eimplanl
+ 0.5 X (Nscrews X Loy
0 ELscre s | 0 te)r) +0.2 x déap + 0.003
— 0.2 X inner X T
¢ oute X (dgap X Eimplant)
(3) (6)
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FIGURE 3. Scatter plots of surrogate models. (Left column) Scatter plots show example fits between R*-based selection (5%)
surrogate statistical model- predicted values and FE model ‘observed’ values that were used to fit the surrogate model (45° line
indicates perfect fitting). (Right column) Plots of leverage vs. R-Student for the same models.
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TABLE 3. Regression coefficients for the surrogate models using the R*-based selection (5%).

Regression coefficient (p < 0.0001)

Plate stress Screw stress Axial strain Shear strain

Oplate_max (MPa) Oscrew_max (MPa) £axial (%) &shear (%)

Regressor variables
Axial  Torsion Bending Axial Torsion Bending Axial Bending Axial Torsion Bending

R 0.88 0.87 0.62 0.91 0.9 0.74 0.78 0.91 0.77 0.75 0.77
Linear variables
Intercept (So) -57 813 822.1 30.0 65.3 710.0 2.9 705  —242 11.9 47
Loiate (81, cm) - - - - - 16.7 - - - - -
dgap (B2 cm) - - 308.8 - - - -5.3 —42.2 - —-10.4 -1.9
Nscrews (ﬁs) - 5.8 - - - —-160.9 - - — - -
Linner (B4, €M) 19.8 6.6 —34.3 12.9 10.8 —46.1 0.6 - 7.0 0.1
Louter (85 cm) - - - - - —-16.2 - -
Eimplant (ﬁﬁ: GP&) 0.4 - - - - - - -0.07 - - -0.02
Quadratic variable
Lﬁla‘e (B - - - - - - - - - - -
Eap (Be) - - —90.4 - - - 17 8.6 3.7 24 02
Ngcrews (ﬁg) - - - 2.2 bl 10.6 - - - — -
L2 er (B10) -0.4 0.2 0.6 - - 1.2 - - - 0.007 -
Lguter (ﬂﬂ) - - - - - - — — — — —

Lplate X

dgap (ﬁ12) - - - - - - - - - — —

Nscrews (B13) - - - - - —10.0 - — — — _

Linner (ﬁ14) - —0.2 - - —_ — _ — — — _

Louter (/3 15) - -

Eimplant (ﬁ16) - 0.008 - - - - - - — - —
Agap X

Nscrews (ﬁ17) - - - - - - - — — — —

Linner (ﬂm) - - 7.8 - - - -0.2 - —2.2 - -

Louter (ﬂ19) - - - - - —0.9 - - - - -

Eimplant (/320) - - - - - 0.2 - - - - 0.003
Nescrews X

Linner (B21) - -1.1 - —-4.3 —3.1 7.4 - - - 0.1 -

Louter (ﬁzz) - - - 0.5 1.7 - - - - -

Eimplant (1523) - - - - - - - - - —0.004 -
Linner x

Louter (ﬁ24) - - - - -0.2 - - - -

Eimpiant (B25) - —0.02 - - - - - - —0.01 - -
Louter X Eimplant (B26) —-0.01 - - - - - - - -

These coefficients combine to form linear equations for predicting each respective output variable as shown Egs. (1)—(6). Coefficients for &qyial
in torsional loading are not provided because only very small ¢,4i5 (<0.1%) were predicted for all constructs under this loading mode.

(a) Axial loading (b) Axial loading (c) Torsion loading
400 40
& 300 30
S 8
3 200 < 20
g 3
£ 100 $ 10 ‘
S * ‘
0 0 o |
200 ) | ©F 30
~ 30 o
150 - 20
E MP. 10‘0\ o * % 3 ‘3‘< o
me/a"f( a) Linner{cm) Linner(cm) dgap(cm) dgap(cm) Linner(cm)

FIGURE 4. Response surfaces based on R*-based selection (5%) surrogate models reported in Table 3. Red dots are the FEA
results used to fit the surrogate models. (a) in axial loading opjate_max Fesponse surface as a function of Linner and Eimpiant- (b) in
axial loading z,ia response surface as a function of dyap, and Linner- (€) in torsion loading shear response surface as a function of
dgap @nd Lipner- In (@), Louter Was constant (26.5 cm), and Eimpiant and Ngcrews Were constant (200 GPa and 2 respectively) in (c).
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Considering a numerical example, if Lqyer 1S 23 cm,
Eimpiane 18 200 GPa, and d,,, is 1 cm, when Lippe is
increased from 5 cm to 20 cm, the predicted increase in
Oplate_max Under axial loading will be from 110 to
250 MPa.

The fit of the response surfaces of several of these
surrogate models are visualized in Fig. 4. Residuals
increased with an increase of oplaie max and &axjar for
axial loading, and with an increase in &g,e,, for torsion
loading (Figs. 3, 4). Moreover, some influential and

Large data set
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outlying FEA results were observed in the plot of
studentized residual (R-Student) by leverage values
(SAS) (Fig. 3). Higher leverages and residuals gener-
ally occurred in fixation designs having longer Lpjae
and Linner, With Ncrews = 1.

DOE-Based Surrogate Models

Comparisons between DOE-based surrogate models
and the above surrogate models are provided in

Superimposed

400
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30 200 30

E__(mpgy 100 0 L

implant

6000

100
150
200

E orandMP2) 250 30

40

30

30 3

d,cm)

t mne/ cm) dgan(cm)

FIGURE 5. Comparison of response surfaces between statistical models based on large data set and DOE-based data set (also
see Table S-5). Response surface plots similar to those presented in Fig. 4 are presented, with individual data points resulting from
FE analyses also visible. In the right-sided column of images, response surfaces derived from both the large and DOE-based data
set are superimposed on one another for comparison. In order to enable 3D plotting of the surrogate models that included more
than two independent variables, additional variables were set constant: In response surface of 6pjate_maxs Louter Was constant
(26.5 cm), and Ejmpiant Was constant (200 GPa) in response surface of sspear-
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Table S-5 and Fig. 5. Results show similarity between
the models (R*-based selection (5% ) surrogate mod-
els) and associated response surfaces. Largest differ-
ences in response surfaces appear for axial and shear
strain results (Fig. 5).

Pairwise Correlation Analysis

In constructs subject to axial loading, the parameter
that had the strongest pairwise correlation to model
outputs was Ly, (p < 0.05, Table S-6). In torsion
loading, strong correlation was observed between
ktorsion and Linners and between Linner and Oscrew_max
(p < 0.05, Table S-6). In bending loading, there was a
strong correlation between dy,p, and g,yiar-

Experimental Validation

For axial loading differences between experimental
results and FEA results averaged 16% (£7%)
(R* = 0.83) for kayia and 5% (£3%) (R* = 1.0) for
axial gap strain. For torsional loading, the differences
between experimentally determined and corresponding
FEA for kiosion averaged 18% (+8%) (R> = 0.91)
(Fig. S-1).

DISCUSSION

This study is the first, to the best of our knowledge,
to develop surrogate mathematical models of bone
fracture fixation biomechanics based on large numbers
of finite element simulations. These surrogate models
provide new comprehensive insight and quantitative
predictions in how the design of a fracture fixation
construct affects implant stresses and mechanical sta-
bility at the healing fracture site. Large numbers of
finite element models for ‘computer experiments’ were
automatically generated using a novel modularized
block method. The methods described in this paper
could be used for other types of fractures. Surrogate
models showed generally good fitting with the FEA
results with R? ranging from 0.62 to 0.97 (Table 3).
Regression results indicate that L;,,., was the most
influential variable for predicting opjate max> Tscrew_maxs
Kaxiat and Kiorsion. Larger opiae max and strains were
associated with large Li,, interacting with large
Eimpiane and small dg,p, respectively. Strain at the
fracture gap was strongly influenced by Linner, dgaps
and Eimplant. Interaction variables Loyter X Eimplants
Nscrews X Linner: Louter X Eimplanta and dgap X Linnera
Linner X Eimplant affected outcomes Oplate_max>»
Oscrew_maxs kaxiala Eaxials and Eshear» respectively, in axial
loading. In torsion and bending loading more inter-
actions between parameters were influential (Table 3).
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DOE-based surrogate modeling of axial loading
required a much smaller number of simulation runs
and produced results with similarity to those produced
from the large dataset, suggesting that DOE may
provide a highly efficient tool for future similar sur-
rogate modeling efforts. Results for the separate gen-
eric plate models support that the study’s findings are
also generally applicable to other locking plates.

There are several potentially important uses of
surrogate models of biomechanics in orthopaedic
surgeries. First is basic insight into which surgical
variables have the largest effect, and which have little
effect, on resulting biomechanics. Second is quantita-
tive prediction of biomechanics following a fracture
fixation procedure (e.g. Egs. (1)—(6), Table 3). Third is
in design optimization for predicting the fixation con-
struct which minimizes or maximizes particular
biomechanical variables.

Relationships between particular fracture fixation
design variables and resulting biomechanics in the
present study are generally consistent with previous
literature which looked at these variables more in
isolation and generally did not consider interactions
between variables. Working length between screws was
previously reported as an important parameter for
affecting axial and torsional stiffness'**'*° and inter-
fragmentary movement at the fracture gap.'® Results
are also consistent with a previous study which showed
minimal effect of the fracture gap on construct stiffness
in axial loading.?' Increased working length resulted in
decreasing the stiffness of fracture fixation and
increasing interfragmentary movement, and this is
consistent with previous studies.”'®!*?° The effect of
working length on plate stress in axial loading is in
agreement with the study of Stoffel er al.*® showing
that plate stress was increased with increasing working
length. The unsymmetrical pattern of stress at the plate
in axial loading (Fig. 2) differs from some other stud-
ies?!*? which show symmetrical stress distribution, and
this difference can be explained by differences in
boundary conditions. The deformed shape of plate
observed in this study is similar to the classical
unsymmetrical buckle shape of a column pinned at one
end and fixed at the other end. The effect of working
length on plate stress in bending loading is in agree-
ment with previous studies®>*® showing that smaller
inner working lengths resulted in higher plate stress.

Strain is believed to play a major role in controlling
fracture healing. A moderate level of axial interfrag-
mentary motion has been shown to be beneficial to
fracture healing, whereas the role of shear motion is
more controversial.'>'® Studies in animals have
reported that shear strains are predictive of tissue dif-
ferentiation during healing, specifically that higher
shear strains lead to increased cartilage and decreased
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woven bone formation.'**?* Most previous studies of
human fracture fixation constructs have reported
interfragmentary displacements >'**! or a strain based
on a single displacement.*

Regarding sensitivity of results to bone geometry,
results from axial loading with two different construct
designs were compared with corresponding models
built from a computed tomography scan of a patient’s
femur. As described in Supplementary Data (Fig. S-4),
differences in stress distributions and interfragmentary
strains were small, with qualitatively similar plate
stress distributions and less than 2% differences in
Oplate_max- Differences in axial stiffness were larger; this
is likely partly associated with larger thickness of the
cortex (9 mm) in the patient CT-derived model. Al-
though the present study was focused on the surrogate
modeling approach and fracture fixation surgical
construct design variables, future studies should fur-
ther consider the influence of bone and fracture
geometry.

Surrogate models for opiaie max aNd gerew max fit to
the bending results were less well fit than the surrogate
models for other loading modes (R? in Table 3). Upon
further investigation it was determined that in con-
structs with small 2 mm fracture gap size, the gap
closed during loading and substantially offloaded the
plate and screws. This dichotomy of stress results
based on gap size may have led to poorer surrogate
model fitting.

The development of surrogate models using com-
putational experiments has been utilized in other fields
such as simulation-based design of aircraft and auto-
mobile components '*?” In orthopaedic biomechanics,
Bah et al.” investigated the stability of a cementless hip
stem according to variation in femur morphology. A
Kriging-based surrogate model was fit to FEA-deter-
mined implant micromotions using Bayesian processes.
Casha er al® developed a quadratic mathematical
model of the relationship between rib height and FEA-
determined intercostal muscle force.

In the development of surrogate mathematical
models there are a series of modeling choices to be
made, including alternatives for the mathematical
form of the model such as Kriging. In the present
study polynomial models were used because they can
be readily interpreted and have been used for many
years in the response surface literature. Models were
limited in complexity to full quadratic models. These
models appear to provide fitting comparable to more
complex models which included 3-, 4-, 5-, and 6-way
interactions and model reduction by stepwise selec-
tion (analysis provided in Supplementary Data
Table S-7), although a more thorough analysis of
more complex polynomial models is left for future
work.

In experimental validation there was generally good
agreement between experiments and computer model
predictions (Fig. S-1). The deviation between FEA
results and experimental results might be due to diffi-
culty in getting perfect alignment of fracture implants
with synthetic bone, and alignment of the specimen
with the loading axis. In addition, the tie condition
between screw and bone in FE models is idealized
compared to reality.

Boundary conditions were simplified compared to
real physiologic loading. Considering the variability in
physiologic loading across patients and activities, in
this study three fundamental simplified loads were
applied instead. In axial loading simulations, dis-
placement perpendicular to the bone longitudinal axis
at the proximal end was fully constrained, whereas
physiologically there is partial constraint. Without this
constraint, axial loading can result in large translations
perpendicular to the long axis, and substantial bending
of the construct.

Limitations of the study include modeling of sim-
plified generic bone and fracture scenarios, and the
study’s focus was on the surgical, not patient, vari-
ables. Bone geometric and material parameters could
be surrogate model variables in future study. Fracture
geometry from actual patients and compression plating
with no fracture gap were not considered. The imme-
diate post-operation period was modeled, thus the ef-
fects of tissue formation within the fracture gap were
not considered. Von Mises stresses in the implants
were used to characterize risk of implant fail-

re' 21222 these implants often fail by a fatigue
mechanism, and thus the tensile or compressive nature
of these stresses should be further characterized. Only
symmetrical screw configurations with non-cannulated
locking screws were considered. Methods of surrogate
model selection such as use of the Akaike information
criterion would be useful to explore in future work.?

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:
10.1007/s10439-016-1714-3) contains supplementary
material, which is available to authorized users.
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