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Abstract

Many features of orthopaedic implants have been previously examined regarding their
influence on migration in trabecular bone under axial loading, with screw thread design being
one of the most prominent examples. There has been comparatively little investigation,
however, of the influence that implant tip design has on migration under axial loads. We
present a novel fracture mechanics model that explains how differences in tip design affect
the force required for axial penetration of porous, compressible solids similar to trabecular
bone. Three tip designs were considered based on typical 5 mm diameter orthopaedic locking
screws: flat and conical tip designs, as well as a novel elastomeric tip.

Ten axial penetration trials were conducted for each tip design. In order to isolate the
effect of tip design on axial migration from that of the threads, smooth steel rods were used.
Tip designs were inserted into polyurethane foam commonly used to represent osteoporotic
trabecular bone tissue (ASTM Type 10, 0.16 g/cc) to a depth of 10 mm at a rate of 2
mm/min, while force and position were recorded. At maximum depth, elastomeric tips were
found to require the greatest force for axial migration (mean of 248.24 N, 95% Confidence
Interval [CI]: 238.1-258.4 N), followed by conical tips (mean of 143.46 N, 95% CI: 142.1—
144.9 N), and flat tips (mean of 113.88 N, 95% CI: 112.2-115.5 N). This experiment was
repeated in cross-section while recording video of material compaction through a transparent
window. Strain fields for each tip design were then generated from these videos using digital
image correlation (DIC) software.

A novel fracture mechanics model, combining the Griffith with porous material
compaction, was developed to explain the performance differences observed between the
three tip designs. This model predicted that steady-state stress would be roughly the same (~4
MPa) across all designs, a finding consistent with the experimental results. The model also
suggested that crack formation and friction are negligible mechanisms of energy absorption
during axial penetration of porous compressible solids similar to trabecular bone. Material
compaction appears to be the dominant mechanism of energy absorption, regardless of tip
design. The cross-sectional area of the compacted material formed during migration of the
implant tip during axial penetration was shown to be a strong determinant of the force
required for migration to occur (Pearson Coefficient=0.902, p<0.001). As such, implant tips
designed to maximize the cross-sectional area of compacted material — such as the
elastomeric and conical tips in the present study — may be useful in reducing excessive

implant migration under axial loads in trabecular bone.



1 Introduction

Rising rates of osteoporosis® place an increasing urgency on the development of fracture
fixation implants that remain stable in bone of poor quality. Excessive implant migration
following surgery remains a common post-surgical complication, including axial migration
leading to cut-out.? 3 Prior studies have examined many aspects of implant design related to
migration within trabecular bone, such as damage to trabecular tissue during implantation
surgery,* pull-out resistance of various thread designs,”® stabilization using cement injection,®
and the effect of bladed versus threaded implant designs on migration in osteoporotic tissue.’
While the axial migration of complete implants has been examined in detail in numerous
prior axial “push-out” studies,®*! the effect of implant tip design on axial migration has not
been investigated. At present, surgeons and engineers lack concise explanations of why some
implant tips penetrate bone more easily than others under axial loads.*? 13

Fracture mechanics offers analytical tools that are relevant to implant stability.
Following Griffith’s 1921 publication’* of a model predicting the crack depth needed to
spontaneously shatter a material, subsequent researchers added theories for plasticity,*®
toughness,'® and complex geometries.!” In orthopaedics, fracture mechanics has been used to
study topics such as microstructural damage®® and energy at the implant-cement interface.*®
Additionally, models of bone strength?°?! have been developed by combining simplified
structures, pioneered by Gibson,?? with detailed material data from cadaveric bone.? To the
authors’ knowledge, however, no analytical model presently exists to concisely explain why
some tip designs require more force to penetrate trabecular bone than others. This may be due
in part to the status of porous, compressible solids as a poorly understood class of materials in
solid mechanics.?* Prior osteopenetration and indentation studies?® % have focused on
understanding bone as a material, rather than investigating implant tip performance. The

hypothesis of the present study, therefore, is that development of an analytical model that



explains implant tip performance in trabecular bone may yield insights useful in clinical

practice and implant design, particularly for patients with osteoporosis.

2 Materials and methods
2.1  Uniaxial Compression Experiment

To test the compressive behaviors of the substrate, four cubes measuring 19x19x19 mm
were sawn from a 130x180x40 mm blocks of ASTM grade 10 (0.16 g/cc) polyurethane foam
(Sawbones Europe AB, Malmg, Sweden). O’Neill et al.** showed that surrogate bone
consisting of medium-density polyurethane foam (ASTM Type 10, 0.16 g/cc) provides useful
results consistent with the performance of osteoporotic trabecular bone of the proximal femur
when performing biomechanical testing of axial migration of hip implants, consistent with
the results of prior studies into the mechanical properties of such materials.?’-3° Specimens
were compressed to 50% height at a rate of 2 mm/min while recording force-displacement
data using a mechanical testing machine (MTS 858 Mini Bionix with 1 kN loadcell, MTS,

Inc., Minnesota, USA).

2.2 Axial Implant Tip Penetration and Visualization Experiments

Indenters were fabricated from 5 mm diameter 316L steel rods cut into 40 mm-long
segments (Figure 1). They were then machined to add either a flat or a 55° conical (sharp) tip,
similar in design to typical blunt or self-tapping cancellous screws, respectively. Twelve
polymer tips were cut with a cannulated drill from a 5mm thick 70A hardness PDMS sheet
(McMaster-Carr, Chicago, USA). Foam blocks were marked with a 12.5%x12.5mm grid and
5.1 mm diameter holes were drilled at the center of each cell to 7mm depth, into which
indenters were placed. Specimens were then placed on the load cell platform, and indenters

were displaced at 2mm/min (consistent prior axial migration “push-out” studies)! to a depth



of 10 mm while recording force at 0.5 Hz, Ten trials were completed for each tip design, with
polymer tips used only once.

Indenters and remaining polymer tips were then sawn in half longitudinally (Figure 2).
New foam blocks were sawn into 25x25x40 mm specimens, and 5.1 mm diameter holes were
drilled at the center of each 25x25 mm face to a depth of 7mm. Each specimen was then cut
in half, producing twelve total specimens measuring 12.5x25x40 mm, and newly exposed
faces were airbrushed with black pigment for visual contrast. Each specimen was clamped
with minimal force between transparent PMMA slides. Indenters were placed in each
bisected hole, and then inserted into the foam substrate at 2 mm/min to 10 mm depth while
video of the exposed face was recorded (Elphel NC353L, Elphel Inc, Utah, USA) at
2592x1936 resolution and 10 fps for compaction zone measurements, based on methods
described for similar to those described by Kelly et al.®* Four trials were completed for each
tip design, with polymer tips used only once.

SPSS v24.0 (IBM, Armonk, NY, USA) was used to compare mean force-displacement
values with 95% confidence intervals via Student’s t-distribution. Force-displacement and
compaction zone areas were compared between the three indenter tip designs using one-way

ANOVA. A type one error rate of p<0.05 was taken as statistically significant.

2.3 Digital Image Correlation (DIC) Analysis and Analytical Modelling

To generate tip penetration strain fields, videos of the longitudinally-sawn indenter
experiments were imported to an open-source DIC platform, NCorr v1.2.1 running in Matlab
R2015b (The MathWorks, Inc., Massachusetts, USA). Images were cropped to a 17.5x17.5

mm region of interest (ROI) at half resolution (968x968) to reduce computational load.



Eulerian-Almansi Y'Y and XY strain field were generated using standard settings (30 pixel

ROI subsets with 5 pixel spacing).*

2.4  Fracture mechanics theory with novel model of porous material compaction

An analytical model of the experiment was developed to explain the mechanics of tip
penetration. Total force applied by the indenter may be separated into force applied by either
the side Fj;q, OF the tip Fy;y, , giving us:

LF = Fgige + Frip = TAL + 0 Asip (Eqn.1)
where T is the shear stress, A4, is the area of the side of the indenter across the shear plane, o,
is the compressive stress, and A, the tip area. Since in the experiment, side features such as
screw threads were removed, we may assume that side forces (e.g. friction) are negligible
(confirmed using strain field values in Egn. 6 below).

For a bone-like substrate with thickness h and applied stress ¢ (Figure 3), the length of a
tube-shaped crack ¢ extending from the top surface of the specimen is equal to the sum of the
penetration depth of the indenter and the height of the compacted zone of material c..
Applying the concept of hardening by densification, the compacted zone is assumed to act
like a rigid, fully-dense extension of the indenter.3*3% We may therefore link the value of a to
the growing radius of the compacted zone. Furthremote, assume that all material in this zone

has been compressed to a constant compaction ratio &,.:

c—c.
& =

(Eqn. 2)
For a small increase dc in crack length c, there are two potential mechanisms of energy
absorption: crack surface formation energy U, and material compaction energy Ucompact-

The incremental energy absorbed by crack formation will be 4rway dc, where y is the

material free surface energy with units of J/m?. Assume that compaction occurs at a constant



material stress a,,. For a layer of material with height dc, the energy absorbed by compaction

is apma? X (g, dc), where ayma? is the applied force and ¢, dc is the displacement, equal to

the distance of compaction for a layer with height dc. The total energy absorbed is therefore:
U = Ucrack + Ucompace = 4may dc + ogma®e, dc (Eqn.3)

According to Griffith,'* as the crack grows longer the total potential energy (strain
energy) of the specimen decreases. When the depth of the crack ¢ approaches the total
specimen thickness h, piling theory predicts that elastic strain will occur within a nearly
cylindrical volume of material of radius a and height h — ¢.2®3" As an approximation, assume
in this case that the stress applied to this zone equals the entire applied stress a. Therefore, if
elastic energy U, is equal to the product of the elastic energy density f, and the volume of the

elastically strained region V,:

2
U, =f, XV, = <;—E> X [ra?(h — ¢)] (Eqn.4)

where E is the Young’s modulus of the material. If the crack length increases by an

increment dc, the change in elastic energy will be:

We _ (27« na2d Eqn.5
e —\2E ma“dc (Eqn.5)

A crack may grow without additional energy input once it surpasses a depth determined
by the Griffith Criterion.* If we assume that these conditions are met in the experiment
(confirmed by the asymptotic region of region of stress below), then the total energy
absorption (Eqgn. 3) must be equal to the amount of elastic energy released (Egn. 5), or:

du,
Ucrack + Ucompact = I

o2
4may dc + oyma’e. dc = <ﬁ> x ma?dc (Eqn. 6)

Solving for the total stress o, we have:



4y
o= |2E (7 + aoec) (Eqn. 6)

3 Results
3.1  Results of Uniaxial Compression Experiment

Measurement of the linear region mean stress-displacement curve (Figure 4) showed a
value of 2.2 MPa/mm, allowing us to calculate the Young’s modulus as 2.2 % X 19mm =

42MPa, similar to the manufacturer-supplied value of 58 MPa. Steady-state stress (g, in the

model below) had a value of 2.2 MPa. (DiB article,® datasets 1.1.1 and 1.1.2)

3.2 Results of Implant Tip Penetration and Visualization Experiments

Mean forces required for penetration by full-diameter indenters (Figure 5) differed
significantly between tip designs (one-way ANOVA, p <0.001) (Table 1 and DiB article,*®
dataset 1.2.1), as did mean compaction zone areas (Figure 6) measured from video frames at
1mm depth increments (p<0.001, One-way ANOVA for each depth from 1 to 10 mm) (Table
2 and DiB article,®® dataset 1.2.1). Flat-tipped indenters produced long, thin compaction
zones of widths up to 135% tip diameter. Sharp-tipped indenters produced conical
compaction zones with boundaries 1-1.5mm offset from the tip of widths up to 160% tip
diameter. Polymer-tipped indenters produced broad, semi-elliptical compaction zones with
widths up to 185% tip diameter. Mean force was divided by compaction zone area to
generated estimated stress-displacement curves with asymptotically convergent values ~4
MPa for all tip designs (Figure 7). Strong correlation (Pearson correlation coefficient = 0.902,

R2=0.814, p<0.001) was found between force and compaction zone area (Figure 8).



Table 1. Force-displacement values from implant tip penetration experiment

(see DiB article,® dataset 1.2.1).

Force-Displacement Data

Flat tip force (N) Sharp tip force (N) Polymer tip force (N) p-value
Depth Mean Mean Mean (one-way
95% Cl 95% ClI 95% CI
(mm) (n=10) (n=10) (n=10) ANOVA)
1 62.42 59.2 - 65.7 28.59 26.6 - 30.6 18.77 12.8-24.8 <0.001
2 76.14 74.7-77.6 42.28 39.6-45 69.29 58 - 80.6 <0.001
3 82.18 80.8 - 83.6 62.33 58.8 - 65.9 12092  115.6-126.2 <0.001
4 88.40 87.3-89.5 91.66 88-95.4 158.62  154.7 - 162.6 <0.001
5 92.31 91.2-934 106.99  105.1-108.9 189.25 185.3-193.2 <0.001
6 97.32 95.8-98.8 11343 111.2-115.7 21252  209.4 -215.6 <0.001
7 102.06 99.3-104.8 12146  119.7 - 123.2 228.78  222.3-235.2 <0.001
8 105.93 103 - 108.8 128.88 126.9 - 130.8 238.67 230 - 247.3 <0.001
9 110.57 107.9 - 113.2 13559 134.3-136.8 24277  234.2-251.4 <0.001
10 113.88 112.2-1155 143.46  142.1-144.9 248.24  238.1-2584 <0.001

Table 2. Compaction zone diameter values from implant tip penetration-visualization

experiment (see DiB article,®® dataset 1.2.1).

Compaction Zone Diameter-Displacement Data

Flat tip compaction

Sharp tip compaction

Polymer tip compaction

p-value
zone diameter (mm) zone diameter (mm) zone diameter (mm)
Depth Mean Mean Mean (one-way
Min  Max Min  Max Min Max

(mm) (n=4) (n=4) (n=4) ANOVA)
1 5.08 500 5.15 154 150 1.65 5.13 5.10 5.15 <0.001

2 5.54 550 5.65 234 210 250 6.28 5.40 6.70 <0.001

3 5.94 5.85 6.00 390 370 415 6.88 5.75 7.50 <0.001

4 6.21 6.10 6.50 481 425 535 7.33 6.25 7.80 <0.001

5 6.34 6.20 6.65 524 495 575 7.94 7.00 8.25 <0.001

6 6.55 6.35 6.75 588 550 6.00 8.16 7.50 8.45 <0.001

7 6.65 6.45 6.75 6.18 6.00 6.40 8.35 8.00 8.50 <0.001

8 6.70 6.50 6.85 6.48 6.15 7.00 8.53 8.45 8.60 <0.001

9 6.75 6.60 6.95 6.86 6.15 8.00 8.74 8.50 9.00 <0.001
10 6.80 6.65 7.00 700 650 8.00 8.84 8.50 9.25 <0.001




3.3  Results of Digital Image Correlation Analysis and Analytical Modelling
Vertical (YY) strain fields (Figure 9 and DiB article,*® dataset 1.3.1) revealed a

maximum strain of approximately -5.0% at the indenter-compaction zone interface for all tip
designs (the compaction ratio €., mentioned in the model below) . This high strain region was
concentrated along a band near the edge of flat-tipped indenters. Polymer-tipped indenters
produced similar, though wider, high strain regions. Sharp-tipped indenters produced semi-
circular bands of high strain surrounding the tip point. Shear (XY) strain fields (Figure 10
and DiB article,® dataset 1.3.1) revealed large regions of low-intensity (+0.5%) shear strain
radiating away from the distal edge of the compaction zones of all tip designs. Shear strain
values along the sides of the indenter were very low (£0.1%), indicating little to no side
friction.

The analytical model predicts that while stress is independent of both depth ¢ and
thickness h (Eqn. 7), it is inversely related to the compaction zone radius a. Experimentally,
we observed that while the compaction zone grew along with force (Figure 8 and DiB

article,®® dataset 1.2.1), total stress approached a constant value (Figure 7). This suggests that

the crack formation term (%y) has a negligible effect on stress and may be eliminated. If we

then substitute in the experimentally-determined values for Young’s Modulus E, material

stress g, and compaction ratio &., we have:

o~ \J2Egpe, V2 x 42MPa x 2.2MPa x 0.05 = 3.09 MPa

Using the manufacturer-supplied Young’s Modulus of 58 MPa to define an upper bound for

our prediction, we have ¢ = 3.57 MPa. Elimination of the crack formation term appears

justified when we retain g in Eqn. 3 and use the mean Young’s Modulus of 50 MPa:

10



4 4
o= JZE (% + oosc) =3.32 MPa = jz X 50 MPa X (% + 2.2 MPa x 0.05)

Crack formation therefore had a very small effect (% = 0.60 kPa) on the total stress

compared to material compaction (oye. ~ 110 kPa).
In summary, the predicted value range (3.09 — 3.57 MPa) nearly matched the
experimental value for all three indenter tip designs (Figure 7 and DiB article,®® dataset

1.2.1), suggesting that the model is valid.

4 Discussion

The objective of this study was to develop a novel fracture mechanics model capable of
explaining how differences in tip design affect the force required for axial penetration of
porous, compressible solids similar to trabecular bone. The results suggest that this model
accurately represents the fracture and compaction behavior observed during the empirical
phase of the present study; predicted stress (3.09 — 3.57 MPa) nearly matched the
experimental value for all three indenter tip designs (Figure 7 and DiB article,*® dataset
1.2.1), despite significant variations between these designs in terms of tip geometry, material
properties, and resulting migration force. The model also ranked the relative importance of
various energy absorption mechanisms during axial penetration, suggesting that crack
formation and friction are negligible energy absorption mechanisms (<0.5% of the total)
compared to material compaction, regardless of tip design. This insight may useful to
biomedical engineers when designing implants to resist migration under axial loads, as
attention may be focused on developing tip designs that maximize material compaction rather
than other energy absorption mechanisms.

Three tip designs were considered based on typical 5 mm diameter orthopaedic locking

screws: flat and conical tip designs, as well as a novel elastomeric tip. Flat and sharp tips

11



were designed to approximate standard blunt and self-tapping orthopaedic screws®® with
abstract cylindrical and conical forms, facilitating the use of concepts from piling theory.%
Polymer tips were deemed appropriate for inclusion based on pilot study results suggesting
excellent resistance to axial penetration. The inclusion of elastically-deformable tips also
tested the model’s ability to explain the performance of a wider range of potential tip designs.

In the interest of reproducibility, standard orthopaedic-grade*® ASTM Type 10 0.16 g/cc
polyurethane foam was chosen as a surrogate for osteoporotic trabecular bone of the proximal
femur based on prior validation. ** While the use of a bone surrogate may be seen as a
limitation of the present study, the work of O’Neill et al.* provides strong justification
establishing its validity as a predictor of osteoporotic trabecular bone behavior in similar
“push in” experiments.®1° O’Neill found 0.16 g/cc polyurethane foam provided excellent
predictions of the axial penetration of osteoporotic trabecular bone from the human proximal
femur,! under loading conditions very similar to the present study. In the present study,
specimen size and grid spacing was in excess of the twice-diameter spacing used by Hvid et
al.** %2 to eliminate the risk of significant interactions between adjacent axial penetration
trials.

In order to isolate the effect of tip design on axial migration from that of the threads,
smooth steel rods were used. While useful to simplify analysis for the purpose of constructing
the fracture mechanics model, this represents a potential limitation of the study. Further
research is required to examine how the material fracture and compaction behavior of the tip
is affected by the presence of threads and other implant features. Likewise, higher-than-
predicted values of stress for sharp and polymer-tipped indenters (10 and 25%, respectively)
may be the result of a failure to account for energy absorption occurring outside the
compaction zone. Simulation may be a useful supplement to algebraic modelling in further

study due to the geometric complexity of these problems.
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The cross-sectional area of the compacted material formed during migration of the
implant tip during axial penetration was found to be a strong determinant of the force
required for migration to occur (Pearson Coefficient=0.902, p<0.001). As such, implant tips
designed to maximize the cross-sectional area of compacted material — such as the
elastomeric and conical tips in the present study — may be useful in reducing excessive
implant migration under axial loads in trabecular bone.

In clinical practice, it is preferable to minimize post-surgical implant migration. The
results of the present study suggest that bone compaction near the implant tip improves
stability under axial loading conditions. All tip designs in this study required at least several
millimeters of sacrificial material to develop compaction zones wide enough to substantially
increase resistance to axial loading. Clinically, this may be achieved by drilling a shallow
pilot hole, and then compacting excess material as the implant is inserted to the depth
required for reduction. Flat tip compaction zones grew most quickly, but had low upper-
bounds for cross sectional area. They also extended far from the end of the tip, potentially
posing a risk of causing cut-out in advance of the implant itself. Flat-tipped implants may
therefore be useful in cases where bone is too strong to develop a large compaction zone
during insertion, or when pilot holes must be drilled deeply, close to the cortex. Conversely,
allowing a flat-tipped implant to compact more than a few millimeters of material may
increase the risk of cut-out. Sharp tip compaction zones showed slow initial growth, but
reached a relatively high maximum cross-sectional area after 4-5 mm of penetration. Sharp-
tipped implants may be useful in improving axial stability in cases where pilot holes may be
drilled initially shallow, and bone is of sufficiently poor quality that the excess trabecular
tissue can be readily crushed by the tip during insertion. Polymer tips produced little material
damage initially, as energy was absorbed into elastic compression, and lateral expansion, of

the polymer itself. Compaction zones grew quickly beyond 2 mm depth, leading this design

13



to achieve the greatest axial stability in the study. Polymer-tipped indenters may be useful,
therefore, in two scenarios: (1) when there is insufficient trabecular tissue to develop a
stabilizing compaction zone, such as when implants are placed deeply (near the relatively
dense subchondral/cortical layers), or (2) when implants are inserted into bone of poor

quality, such as osteoporotic bone.
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Figure 1. lllustration of axial implant tip penetration experiment. Force-displacement data
was collected during penetration of polyurethane foam by flat, sharp, and polymer tip
designs to a depth of 10 mm.
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Figure 2. lllustration of axial implant tip penetration visualization experiment. Tip designs
were sawn in half along their lengths in order to permit video recording for generation of
strain fields using digital image correlation.
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Figure 3. Diagram of analytical model used to explain differences in penetration
performance between flat (left), sharp (middle), and polymer (right) tip designs.
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Figure 4. Stress-displacement curve from uniaxial compression experiment, showing
estimates of Young's modulus and a.
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Figure 5. Force-displacement curves from implant penetration experiment (full-diameter),

showing 95% confidence intervals for ten trials of each tip design.
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Figure 6. Measurements of compaction zone diameter and length at 1 mm penetration depth
intervals. Video still images taken during representative trials of each tip design in implant
penetration visualization experiment (half-diameter) (see DiB article, dataset 1.2.2).
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Figure 7. Compaction zone cross-sectional area (top) and mean stress (bottom) vs. depth, for
each tip design. Predicted stress refers to range of values generated by analytical model (see
DiB article,® dataset 1.2.1).
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Figure 9. Euler-Almansi YY (vertical) strain fields, generated from video of implant tip
penetration visualization experiment using digital image correlation (see DiB article,®

dataset 1.3.1).
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Figure 10. Euler-Almansi XY (shear) strain fields, generated from video of implant tip
penetration visualization experiment using digital image correlation (see DiB article,®
dataset 1.3.1).
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