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Pins constructed from cortical bone may provide a reason-
able alternative to other fracture-fixation devices by circum-
venting some of the complications associated with stainless
steel and synthetic biodegradable implants. However, it is
unknown whether cortical bone pins provide comparable
strength compared to conventional pins. Using four-point
bending, we compared the mechanical characteristics of 1.2-
mm allogeneic cortical bone pins milled from specific regions
of human tibiae and femora to commercially available 1.1-
mm diameter stainless steel pins and 1.3-mm diameter poly-
dioxanone pins. We used impact testing to identify mechani-
cal differences in cortical bone pins between gender and har-
vest site. Cortical bone pins had better mechanical properties
in four-point bending compared with polydioxanone pins,
but not stainless steel pins. Pins milled from the right tibiae
of males had the best bending characteristics. The mechani-
cal performance of 1.2-mm cortical bone pins was compa-
rable to those of stainless steel and polydioxanone pins re-
gardless of site, bone, and gender. The clinical investigation
of cortical bone pins as an implant for fracture fixation is
warranted based on mechanical testing and comparison to
commercially available polydioxanone and stainless steel
pins.

Surgical steel and titanium frequently are used to construct
fracture fixation devices such as intramedullary pins, in-
terlocking nails, bone plates, and screws. However, com-

plications associated with these implants (eg, migration,
infection, soft tissue tethering, and stress shielding-
induced osteoporosis) often necessitate a second surgery
for implant retrieval or revision.3,4 Biodegradable fixation
devices have been investigated to reduce the complication
rate and need for additional surgery. Other advantages of
biodegradable implants include the progressive transfer of
weightbearing load to the healing bone during implant
degradation, and better assessment of fracture alignment
and bone healing as biodegradable implants are radiolu-
cent.4,6,29 Pins, rods, and screws manufactured from
synthetic polymers (eg, polydioxanone [PDS], polylactic
acid, and polyglactin) have been used as biodegradable
fixation devices in various fracture types and osteoto-
mies.6,8,15,22,29 However, complications are common and
include unpredictable resorption, inadequate strength, and
foreign-body reactions associated with breakdown prod-
ucts.2,3,6,29

Allogeneic cortical bone is commonly used in ortho-
paedic surgery. Cortical bone has numerous inherent ad-
vantages as a biocompatible fixation device including pre-
dictable incorporation characteristics and osteoinductive
and osteoconductive capabilities.9,10,26 Cortical bone allo-
grafts have been used to reconstruct diaphyseal bone after
fracture, nonunion, and bone tumor resection.7,10,13 Heal-
ing and incorporation of cortical allografts have been de-
scribed.10 Theoretically, pins constructed from cortical
bone allografts should have similar healing characteristics
as massive cortical allografts. Pins milled from allogeneic
cortical bone have been used with encouraging results for
fixation of experimental and clinical osteotomies, frac-
tures, and arthrodeses.9,33 Cortical allografts have numer-
ous advantages over synthetic polymers and autogenous
cortical bone as a fixation material: cadaveric cortical bone
is readily available; pins can be constructed from cortical
bone with uniform diameter, shape, and size; and biocom-
patibility and resorption characteristics may be more reli-
able and consistent than synthetic polymers.9,19,33 How-
ever, the mechanical characteristics of cortical bone pins
have not been established. The quality of cortical bone is
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determined by different factors including the inherent
forces endured by the bone.5,26 Pins constructed from dif-
ferent regions of the same bone or from different bones
may have different mechanical characteristics. The ideal
properties of implants used for fracture fixation have not
been determined, but PDS and stainless steel pins are used
for fixation of fractures and osteotomies in clinical ortho-
paedic practice.3,4,6,8,15,22,29

The four aims of this study were: (1) to determine and
compare the mechanical properties, particularly stiffness
and strength, of cortical bone pins, stainless steel pins, and
PDS pins; (2) to examine the mechanical uniformity of
cortical bone pins from different regions of the same
bones; (3) to determine the relationship of donor site,
bone, and gender on the stiffness and strength of cortical
bones; and (4) based on these relationships, to identify the
strongest and weakest cortical bone pins and compare the
mechanical properties of these pins with stainless steel and
PDS pins.

MATERIALS AND METHODS

We evaluated the mechanical properties of allogeneic cortical
bone pins using impact testing and four-point bending. We per-
formed impact testing to determine the mechanical uniformity of
cortical bone milled from cadaveric human tibiae and femora.
Impact testing provides a rapid and inexpensive method of com-
paring the mechanical uniformity of a large number of cortical
bone pins. Impact energy reflects bone pin strength and ductility
and is analogous to the area under a stress-strain tensile curve.5,26

We used four-point bending to compare the mechanical proper-
ties of allogeneic cortical bone pins with commercially available
stainless steel (K-wires, Kirschner Medical Company, Timo-
nium, MD) and PDS pins (Orthosorb�, Johnson & Johnson Or-
thopaedics, Raynham, MA). Four-point bending allows compari-
son of the structural characteristics of devices with different
shapes and comparison of the material characteristics of implants
with identical shapes.5,20,29

Left and right tibiae and femora were harvested from eight
males and three females (Mid-America Transplant Services, St
Louis, MO) (age range, 18–57 years). The paired bones were
labeled for identification, wrapped in saline-soaked gauze,
sealed in cellophane, and frozen at −80°C. Bones were irradiated
with 2.5 to 3.5 Mrads before storage as they originally were
intended for clinical use.

We identified five sites where pins could be produced reliably
in each of the tibiae (Fig 1) and proximal femora (Fig 2). The
cortical thickness in the tibiae and proximal femora was ad-
equate for producing 1.2-mm diameter pins. Six right and six left
human tibiae and femora were selected for pin production. The
bones were not donor-matched pairs. The pins were milled using
a modified 1.2-mm hollow-end drill (Holland RP and Stutts DS,
University of Missouri-Rolla, Rolla, MO) mounted in an indus-
trial drill-press operated at 460 rpm and advanced at a rate of 0.5
mm/second with constant irrigation of 0.9% sodium chloride

(Fig 3). The cortical bone pins were labeled to identify donor and
harvest sites, and returned immediately to storage in sealed cel-
lophane bags at –80°C. Bone pins were thawed to room tem-
perature by soaking them in physiologic saline at 37°C for 4
hours before testing.

Fig 1. A diagram shows the five specific sites (A–E) from
which cortical bone pins were harvested from the tibiae.
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We performed impact testing on a 6-mm segment removed
from the proximal aspect of each of the 114 cortical bone pins,
including 59 pins from tibiae (29 right-sided and 30 left-sided)
and 55 pins from femora (30 right-sided and 25 left-sided). Im-
pact testing was used as a relatively simple method to examine
the mechanical uniformity of the cortical bone pins. Impact test-
ing was performed with a pendulum device (Fig 4). The final
angle of the pendulum of known mass was recorded after a
control trial (no pin) and a test trial (pin in place). The pendulum
was raised to the same height before release. Test and control
pendulum angles then were used in a modified mass-gravity-
height equation to calculate the energy required to fracture the
pin. The energy imparted to the pin decreased the final height
and the final angle of the pendulum relative to the control value.
In the control run we determined the amount of energy lost to
overcome friction in the system. This value remained constant

and negligible throughout the entire testing period. The energy
imparted to the pin was calculated using the following equation:
EI � UC – UF � M * G * (L ÷ 2) * [sin(B) – sin(A)], where EI

was the impact energy in Joules, UC was the final potential
energy of the system after the control swing, UF was the final
potential energy of the system after fracture of the sample, M
was the mass of the pendulum in kilograms, L was the length of
the pendulum in meters, G was the acceleration from gravity in
ms–2, A was the final angle of the pendulum after the control
swing, and B was the final angle of the pendulum after the test
swing.1

Four-point bending was performed on the remaining seg-
ments of the 114 milled 1.2-mm cortical bone pins, 11 1.3-mm
PDS pins, and 12 1.1-mm stainless steel pins. Four-point bend-
ing was selected as the most clinically relevant loading test to
compare the mechanical properties of cortical bone pins with
commercially available fracture-fixation pins used in the same
clinical setting. Four-point bending was used to measure the

Fig 2. A diagram shows the five specific sites (A–E) from
which cortical bone pins were harvested from the proximal
femora.

Fig 3. A photograph shows the hollow-end mill, bone stock
sample, and the 1.2-mm diameter cortical bone pin used for
mechanical testing in four-point bending.
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structural stiffness, maximum load, ultimate bending moment,
and flexural elastic modulus of cortical bone, stainless steel, and
PDS pins. Four-point bending was selected in preference to
three-point bending as the constant bending moment in the test
section was more sensitive to the presence of material defects.
These are unlikely in stainless steel and PDS pins, but would be
expected in biologic materials such as cortical bone. Pins were
placed in a specially designed jig and tested to failure in four-
point bending (Fig 5). Load was applied using a modified linear
distraction device (Unislide� model # B2509P40J, Velmex Inc,
East Bloomfield, NY) at a constant rate of 0.35 mm/second.
Displacement was defined as the distance traveled by the center
contact points of the bending jig. Analog force and displacement
data were digitized and stored by a computer software system
(Labtech Acquire™, Wilmington, MA). Maximum load, defined
as the load at failure, was recorded for each pin. Structural stiff-
ness was calculated from the slope of the initial linear portion of
the load deformation curve.5,26

Ultimate bending moment and elastic modulus were calcu-
lated so the different pin materials (ie, cortical bone, PDS, and
stainless steel) could be compared independent of shape. The
ultimate bending moment of the pins was calculated using the
following formula: M � (Fmax * 9) ÷ 2, where M was the
ultimate bending moment, Fmax was the maximum load, and nine
was the distance in millimeters from the load point to the nearest
support (Fig 5).5 Bending structural stiffness for all pins was
calculated using the following formula: EIe � s2 * (L + 2 * c)
* F/y ÷ 12, where EIe was bending structural stiffness, s was the
span from the load point to the nearest support, L was the total

Fig 4. An illustration shows the pendulum device used for
impact testing of cortical bone pins. Impact bending tests bone
strength and ductility and hence the mechanical uniformity of
cortical bone pins. The inset depicts the scale used for record-
ing the final angle of the pendulum after control and test runs.

Fig 5A–B. The illustrations show the distraction device and
load cell used in four-point bending testing of cortical bone
pins, PDS pins, and stainless steel pins. (A) The pin was
placed in the distraction device before loading. (B) The load
cell was distracted at a constant rate of 0.35 mm/second until
mechanical failure of the pin. The inset shows the dimensions
of the four-point mount.
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span (equivalent to c + 2 * s), c was the center span (Fig 5), and
F/y was the slope of the elastic portion of the load displacement
curve.29 The elastic modulus for each pin was calculated using
the following formula: E � EIe ÷ (� * D4 ÷ 64), where E was
the elastic modulus and D was the diameter of the pin.1

The mean and standard deviation (SD) for the five mechani-
cal parameters (stiffness, maximum load, impact energy, bend-
ing structural stiffness, and elastic modulus) were calculated for
cortical bone pins, PDS pins, and stainless steel pins. One-way
analysis of variance (ANOVA) and Tukey’s test were used to
compare means across the three pin types using statistical soft-
ware (SAS 9.1, SAS Institute, Cary, NC). Because the cortical
bone pins were milled from different sources, it was of interest
to determine whether their mechanical performance depended on
factors such as bone (tibia or femur), side (right or left), gender,
site (A–E) and/or donor, and if so, how cortical bone pins with
the best and worst mechanical properties compared with PDS
and stainless steel pins. We used multiway ANOVA to deter-
mine which cortical bone pins exhibited the best and worst me-
chanical characteristics. We then calculated the mean and SD of
the six mechanical parameters to determine the strongest and
weakest cortical bone pins. We used one-way ANOVA followed
by Tukey’s test to compare their mechanical performance with
the PDS and stainless steel pins. All parametric assumptions
were tested and there were no violations necessitating data trans-
formation. A p value < 0.05 was considered significant.

RESULTS

Cortical bone pins on average performed better (p < 0.04)
than PDS pins in all tested parameters. Stainless steel pins
outperformed (p < 0.04) cortical bone and PDS pins. The
cortical bone pins failed by fracture between the two cen-
tral loading points in the area of constant bending moment.
The PDS and stainless steel pins failed because of exces-
sive deformation rather than fracture as the loading points
bent the PDS and stainless steel pins beyond the support
points. The mechanical properties of cortical bone pins in
four-point bending were different from PDS and stainless
steel pins in all examined and adjusted bending properties
(Table 1).

The mean energy absorbed during impact testing for
cortical bone pins was relatively uniform for the different
regions of the same bone (Table 2). The mean ± SD energy

absorbed by all cortical bone pins during impact testing
was 26,275 ± 8557 J.

The impact testing and four-point bending performance
of cortical bone pins depended on gender, side, and bone
(Table 2). Impact energy was greater in males (p � 0.02)
and tibiae (p < 0.001), with impact energy highest in male
tibiae (mean ± SD, 30,494 ± 12,279 J) and lowest in fe-
male femora (19,790 ± 7670 J). In four-point bending, we
observed three-way interactions between gender, side, and
bone for stiffness (p < 0.0001), bending structural stiffness
(p < 0.0001), and elastic modulus (p � 0.0002). The in-
teractions were greatest in cortical bone pins milled from
the right tibiae from males and lowest in left femora of
both genders. Although we also observed three-way inter-
actions between gender, side, and bone for maximum load
(p � 0.003) and ultimate bending moment (p � 0.003),
interdonor variability was high. Univariate analysis indi-
cated the donor was the most important (p < 0.0001) pre-
dictor of maximum load and ultimate bending moment.
There was a four-way interaction between gender, side,
bone, and site (p � 0.02), but a clear overall site pattern
was not identified. For instance, the mean maximum load
and ultimate bending moment were greatest in sites A and
E in males and weakest in sites B and D in females, but
this was not consistent with other results for stiffness,
bending structural stiffness, and elastic modulus. Cortical
bone pins from the left femora of males had greater maxi-
mum load (9.5 ± 1.0 N) and ultimate bending moment
(43.0 ± 4.3 N*mm) than cortical bone pins from the right
tibiae (8.7 ± 0.8 N and 39.1 ± 4.2 N*mm, respectively).
Similarly, cortical bone pins from the left tibiae of females
had lower maximum load (6.9 ± 2.2 N) and ultimate bend-
ing moment (31 ± 9.7 N*mm) than cortical bone pins from
the left femora in males and females (8.9 ± 2 N and 40 ±
9.3 N*mm, respectively), but differences between gender,
side, and bone were small. Right tibiae from males pro-
vided the strongest cortical bone pins (n � 29). The left
femora in both genders provided the weakest cortical bone
pins (n � 25). These strongest and weakest cortical bone
pins then were compared with the PDS and stainless steel
pins.

The strongest cortical bone pins had better stiffness,

TABLE 1. Four-point Bending Testing of Pins

Biomechanical Properties
All

Cortical Bone
Strongest

Cortical Bone
Weakest

Cortical Bone Polydioxanone Stainless Steel

Stiffness (N/mm) 76.5 ± 49.8 107.3 ± 32.4 5.2 ± 1.6 16.9 ± 9.4 402.3 ± 93.4
Bending structural stiffness (N/mm2) 22,458 ± 14,627 31,519 ± 9508 1525 ± 471 4969 ± 2752 118,129 ± 27,438
Elastic modulus (N/mm2) 199,655 ± 133,606 309,659 ± 93,407 10,878 ± 3361 69,146 ± 38,296 1,643,671 ± 381,782
Maximum load (N) 8.5 ± 1.4 8.7 ± 0.8 8.9 ± 2 2.2 ± 0.2 57.5 ± 2.4
Ultimate bending moment (N*mm) 38.2 ± 6.3 39.1 ± 3.6 40 ± 9.3 9.9 ± 0.9 258.7 ± 11
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maximum load, bending structural stiffness, ultimate
bending moment, and elastic modulus than PDS pins (p <
0.01) (Table 1). However, the weakest cortical bone pins
were better than PDS pins only in terms of maximum load
and ultimate bending moment (p < 0.01), but did not differ
from PDS pins in stiffness, bending structural stiffness, or
elastic modulus (Table 1). Stainless steel pins outper-
formed (p < 0.01) the strongest and weakest human cor-
tical bone pins in all mechanical parameters.

DISCUSSION

We evaluated the stiffness and strength of allogeneic cor-
tical bone pins and then compared these properties with

commercially available PDS and stainless steel pins.
Stainless steel and PDS pins have been used successfully
for fracture fixation.2,15,22,25,29 We presumed cortical bone
pins would have mechanical properties intermediary be-
tween stainless steel and PDS pins and that, if our pre-
sumption proved correct, the results would stimulate in-
terest in clinically investigating the suitability of cortical
bone pins as a fracture-fixation device.

Our study has some limitations. The pin diameters were
not equal because of different commercially available de-
signs which limited comparison of cortical bone, stainless
steel, and PDS pins. However, these comparisons were
considered clinically appropriate as 1.1-mm stainless steel,
1.2-mm cortical bone, and 1.3-mm PDS pins all would be
intended for use in the same clinical situations. We did not
perform an a priori power analysis to determine sample
number based upon effect size. We did not know the dif-
ferences in the various mechanical properties which would
lead to clinically different outcomes. However, the stain-
less steel and PDS pins are currently used with reasonable
clinical results so we presumed if cortical bone pins were
in the same range the outcomes would not differ. The
small number of cadaveric bones limited our ability to
evaluate other important variables that may have impacted
the mechanical performance of cortical bone pins, particu-
larly donor age. The poorer performance of cortical bone
pins procured from female cadaveric bones may have been
a result of small sample size, as only three females were
included in the study. The age range of the donors was 18
to 57 years, but the specific age of each donor was un-
known. Age also may have been a confounding variable if
the female donors were older than the male donors as
trabecular and cortical bone thickness and density decrease
with age and to a greater extent in females.18,27 However,
a true difference between male and female bones is more
likely as cortical thickness, bone density, and bone
strength are greater in males in age-matched stud-
ies.21,23,27,28,31,34 These various actors may, however, in-
fluence the mechanical properties of bone because it has
been shown adaptive remodeling associated with athletic
activity and side dominance increases bone mineral and
cortical thickness.11,12,14,32 Finally, although we identified
differences in the mechanical performance of cortical bone
pins milled from different bones and different regions of
bone, the clinical importance of these findings is difficult
to determine.

The mechanical characteristics of cortical bone pins
overall were better than PDS pins but inferior to stainless
steel pins. These results confirm the findings of another
study in which the elastic modulus and tensile strength of
cortical bone, which is species- and site-dependent, are
between polylactide and stainless steel (Table 3).16 The
mechanical characteristics of an implant suitable for a

TABLE 2. Influence of Donor, Bone, and Bone
Region on Cortical Pin Mechanical Performance

Biomechanical
Parameter Test

Human
Cortical Bone

p Value

Stiffness (N/mm) Gender† < 0.0001*
Donor† < 0.0001*
Side† < 0.0001*
Bone† < 0.0001*
Site† 0.94
Gender-side-bone‡ < 0.0001*

Bending structural
stiffness (N/mm2)

Gender† < 0.0001*
Donor† < 0.0001*
Side† < 0.0001*
Bone† < 0.0001*
Site† 0.94
Gender-side-bone‡ < 0.0001*

Maximum load (N) Gender† 0.03*
Donor† < 0.0001*
Side† 0.62
Bone† 0.13
Site† 0.08
Gender-side-bone‡ 0.003*

Ultimate bending
moment (N*mm)

Gender† 0.03*
Donor† < 0.0001*
Side† 0.62
Bone† 0.13
Site† 0.08
Gender-side-bone‡ 0.003*

Elastic modulus
(N/mm2)

Gender† < 0.0001*
Donor† < 0.0001*
Side† < 0.0001*
Bone† < 0.0001*
Site† 0.98
Gender-side-bone‡ < 0.0002*

Impact energy (J) Gender† 0.02*
Donor† 0.13
Side† 0.18
Bone† < 0.0001*
Site† 0.79
Gender-side-bone‡ 0.17

*Significant result; †One-way ANOVA results; ‡multiway ANOVA results from
models containing main effects and three-way interactions
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fracture-fixation device have not been defined. However,
our study and previous studies support the clinical inves-
tigation of cortical bone pins as a fracture-fixation device
as the strength and stiffness of cortical bone pins are in-
termediary to PDS and stainless steel pins.9,33 Stainless
steel pins provide the gold standard for mechanical com-
parison, but have been associated with excessive strength,
stress shielding, and poor bone healing, with pin-bone con-
structs being stronger than intact bone.30 Polydioxanone
pins have been used successfully in experimental and
clinical studies, but concerns include unpredictable resorp-
tion, inadequate fixation, and foreign-body reactions asso-
ciated with breakdown products.2,3,6,29 Allogeneic cortical
bone pins have the potential to avoid some of the compli-
cations associated with PDS pins and have been used with
good results in an experimental study33 and in a clinical
trial with primary fixation of first metatarsal distal chevron
osteotomies and digital arthrodeses in humans.9

Clinical investigation of cortical bone pins milled from
human tibiae and femora for fracture fixation is warranted
based on their mechanical properties compared with com-
mercially available and clinically used PDS and stainless
steel pins. The mechanical performance of cortical bone
pins depended on gender, bone, and side, with superior
results for pins milled from the right tibia of males.

Harvest site may contribute to the mechanical perfor-
mance of cortical bone pins, but we only detected a con-
sistent pattern for maximum load and ultimate bending
moment (sites A and E in male cadaveric bones). Site
should have an impact on mechanical performance as pre-
vious studies have shown differences in cortical thickness
and bone mineral density in the humerus and distal
tibia.11,17 The clinical importance of site on overall me-
chanical performance was difficult to interpret because the
small sample size and high interdonor variability contrib-
uted to significant results only for maximum load and
ultimate bending moment.

Based on the interactions identified in four-point bend-
ing and impact testing, we divided the cortical bone pins
into weakest (left femora from either males or females)
and strongest (right tibiae from males) groups and com-
pared their mechanical performance with those of PDS and
stainless steel pins. As expected, stainless steel pins per-

formed better than the strongest and weakest cortical bone
pins, and the strongest cortical bone pins performed better
than PDS pins. However, the mechanical performance of
the weakest cortical bone pins was equivalent to, but not
better than, PDS pins. Although possibly not clinically
relevant, we believe cortical bone pins for clinical use
should be milled from the right tibiae of male cadavers.

Allogeneic cortical bone pins may be suitable for use as
a biocompatible fracture-fixation device based on historic
descriptions of biologic behavior10,24 and uniform and
comparable mechanical characteristics. Despite the differ-
ences in the mechanical properties of cortical bone pins
from different genders, bones, and sites, the maximum
load and structural stiffness of cortical bone pins fall
within the range reported for stainless steel and PDS pins;
both of which have been used successfully for fixation of
osteotomies, fractures, and arthrodeses in experimental
and clinical studies.2,15,22,25,29 For maximal mechanical
performance in clinical fracture fixation, cortical bone pins
should be milled from the right tibiae of male cadavers,
possibly from sites A and E. The effect of sterilization
techniques on the healing characteristics and mechanical
performance of cortical bone pins requires further evalu-
ation.
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