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Abstract
Background: K-wire fixation is popular procedure for digital replantation. Though successful, complications can occur, which may be
attributed to improper mechanical interactions.
Methods: Simplified models of a bone-wire systems simulated
stress based on varying applied forces (100N or 200N), materials
(Nitinol or Poly Lactic Acid (PLA)) and wire diameters (1.25mm or
2.4mm). Material properties were assumed to be isotropic and homogeneous. Statistical tests were used to investigate the interaction
and main effects of these factors and whether they are significant in
this study, with α=0.05.
Results: Von Mises stresses observed from the various treatments
were shown to have no interaction with each other, having to reject
the alternative hypothesis with all interactions resulting in P values
greater than 0.05. However, the only factor significantly impacting
Von Mises stress was the diameter of the wire.
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Introduction
Digital replantation has been a well-established technique for reconstructive hand surgery since the late 1960’s. Completely severed
digits can be reattached, often leading to regained functionality [1,2].
A key aspect of these replantation surgeries is the fixation method.
Several fixation techniques exist to immobilize the digit during the
healing process, supporting contact long enough for soft tissues,
blood vessels, and bone remodeling to occur [3,4]. Although relatively successful, post-operative complications can occur. Unfortunately,
patients can experience the loss of 40-50% of their hand function,
depending on the injury and chosen fixation method [5]. Success rates
can be hindered by the occurrence of nonunion/malunion, or stiffness
in the replanted digit, leading to reoperation in severe cases [6].
Many fixation methods involve Kirschner wires, plates, and
screws. Finite Element Analysis methods have been employed to explore complications of K-wire fixation [7,8]. Meng et al., compared
wire displacement values for mini external fixation and internal fixation used in the treatment of Bennet fractures [9]. The case involved
a healthy male with no disease. 3D digital models of the first and
second metacarpal bones, and trapezium were created via CT. A
100N load was applied to the mini external fixator, assuming homogeneous, isotropic and continuous material properties. The results of
the study showed that external fixation as a more effective fixation
method compared to internal methods. Zamani et al., theoretically and
computationally examined the use of k-wires in an Ilizarov external
fixator, to evaluate the lateral deflection [10]. In this study, bone was
simplified to a hollow cylinder, and the wire-bone interaction was assumed frictionless. In spite of these simplifications, FEA results were
similar to mathematical predictions for deflection and tension in the
k-wires. This study highlights the validity and potential impact of
high fidelity models of k-wire-bone interactions. In spite of the promise of the technology, limited studies exist that explore the impact
of design parameters on k-wire performance. Therefore, the purpose
of this study was to investigate the statistical interactions between
k-wire diameter, material, and applied force during digital fixation.

Methods
Solidworks (Dassault Systemes, 2017) 3D modeling and analysis software was used. A simplified geometry was used that included
both a k-wire and bone analog, in the form of cylinders. The bone
cylinder (an extruded circle) had a diameter of 2cm the approximate average width of a human finger, 2cm [11], and a cylindrical
hole through the center as a space for the k wire. Two cylinders with
hole diameters of 1.25mm and 2.4mm were created based on known
k-wire diameters used in practice and on the market. Bone cylinders
were assigned custom material properties based on values of cortical bone, from Currey et al., as the phalanges have a higher proportion of cortical bone [12,13]. The k-wire was modeled as a narrow
cylinder extruded from a circle with matching diameters to those of
the holes in the bone cylinders, and assigned material prop-erties
of either Nitinol (Titanium-Nickel alloy) [14] or Polylactic Acid
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(PLA, a bioresorbable polymer) [15], as both are materials used for
k-wires. The wires were assumed to be isotropic and homogeneous.
In each simulation, bone and wire were brought together in an assem-bly file, where the inner surface of the hole in the bone was mated with the face of the k wire cylinder. A contact pair was determined
by allowing the software to automatically determine the contact locations between parts. The surfaces were assumed to be bonded, and the
coefficient of friction was left at a default of 0.5. Both the bone and
K wire were meshed with 10-noded parabolic tetrahedral elements,
after selecting the option for a “high quality” mesh. An h-adaptive
mesh convergence study was conducted. Such an analysis automatically refines the mesh by reduc-ing the size of each element and increasing the number of elements in the model, until a target accuracy
is achieved. This target accuracy is an evaluation of the difference in
output between mesh iterations. For this analysis, target accuracy in
von Mises stress was set to 90%. Therefore a difference of 10% or
less in von Mises stresses between mesh iterations meant the model was converged. The final model was composed of 845,560 nodes,
620,928 elements, and 2,530,302 De-grees of Freedom (DOF). The
final accuracy of the model was 20%, which did not meet the original
target of 10% (Table 1 & Figure 1).

Cortical Bone

Nitinol

Polylactic Acid (PLA)

Elastic Modulus

17 GPa

83 MPa

3.5 GPa

Poisson’s Ratio

0.33

0.33

0.36

Tensile Strength

148 MPa

895 MPa

50 MPa

Yield Strength

135 MPa

195 MPa

60 MPa

Table 1: Material properties chosen for bone and K-Wire modeling.

(a)

(b)

(c)
Figure 2: (a) Fixed geometries are defined with all sides of the bone except
the top (b) a 100N Load is applied to the distal end of the wire (c) the bonewire assembly is meshed and ready to run with all parameters assigned.

To determine the treatments to test, a 2k factorial design was created with diameter, material, and applied force as three independent
variables, each with two levels, and Von Mises Stress as the dependent variable (observed). Eight unique treatments were determined to
be tested based on this design (Tables 2 & 3).
Factor

Factor Defined

+

-

A

Diameter

2.4mm

1.25mm

B

Material

Nitinol

PLA

C

Applied Force

200N

100N

Table 2: Factor definitions and levels.

Figure 1: (left) K-wire and bone system in SolidWorks (right) Identified
contact set for bonded surfaces.

Boundary conditions included eliminating motion on the outer
surface of the bone cylinder, except for the top surface, thus eliminating the ability of the bone cylinder to move. Such a boundary condition may be considered an over-constraint. However this simulation
represented an in vitro or benchtop examination of k-wire behavior.
Therefore such a constraint is needed to replicate bench top experiments. The proximal end of the wire (i.e., the face opposite to the
applied force) was fixed, while the distal end remained unbound. A
distributed, axial force of either 100N or 200N was applied to the free
end of the wire to represent compres-sion acting across finger joints
during manual tasks. While k-wires experience tensile and compressive loads, this preliminary analysis focused on compression only, as
it is a key component in healing. Von Mises stresses were reported
from a single node on the top edge of the wire (Figure 2).
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Treatment

Diameter

Material

Force

a

2.4mm

PLA

100N

b

1.25mm

Nitinol

100N

c

1.25mm

PLA

200N

ab

2.4mm

Nitinol

100N

ac

2.4mm

PLA

200N

bc

1.25mm

Nitinol

200N

abc

2.4mm

Nitinol

200N

-1

1.25mm

PLA

100N

Table 3: Treatment assignments based on 2 factorial design.
3

The data was analyzed via SAS 9.4 software to view residual plots
for normality and homogeneity assumptions to ensure no violations
were found, along with ANOVA results with α=0.05. Interaction effects and simple main effects were also calculated. Residual plots
support the assumptions of normality and homogeneity within the
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data set. Observations were blocked according to the diameter level,
as this parameter impacted statistical plots. This choice is further supported by the p value of <0.05, for the blocked factor in table 5, rejecting the null hypothesis that there is no difference with the blocked
factor included in the data set.

Results
The results of the simulation and statistical analysis showed that
the diameter of the k wire has a significant effect on the stresses observed, yielding the highest effect. In addition, the interaction effect
of the diameter and applied force onto the wire was considerably
high. The interaction effects between the force applied to the wire
and the diameter of the wire were large in comparison to the effects
between the material and diameter (Figures 3 & 4; Tables 4-7).

The only significantly different stress outcomes, resulted from
changes to the wire diameter as seen in the main effect results.
Source

DF

Type III SS

Mean Square

F Value

Pr> F

B

1

5.01E+14

5E+14

1.64

0.2907

C

1

2.93E+15

2.9E+15

9.6

0.0534

B*C

1

5.56E+13

5.6E+13

0.18

0.6985

block

1

7.34E+15

7.3E+15

24

0.0163

Table 5: SAS calculated ANOVA results for factors B and C with factor A
levels as blocks.

Main Effect A=

-6.06E+07 MPa

Main Effect B=

1.58E+07 MPa

Main Effect C=

3.83E+07 MPa

Interaction Effect AB=

-6.77E+06 MPa

Interaction Effect AC=

-2.02E+07 MPa

Interaction Effect BC=

5.27E+06 MPa

Interaction Effect ABC=

-2.26E+06 MPa

Table 6: Calculated main effect and interaction effect values for all factors.

(a)

Test for Normality
Test

Statistic

p Values

Shapiro-Wilk

w

0.908529

Pr < W

0.3438

Kolmogorov-Smirnov

D

0.187198

Pr > D

>0.1500

Cramer-von Mises

w-Sq

0.057597

Pr > W-Sq

>0.2500

Anderson-Darling

A-Sq

0.34231025

Pr > A-SQ

>0.2500

Table 7: SAS Generated test for Normality (Specifically Shapiro-Wilk P
value).

(b)
Figure 3: (a) Nitinol wire results from a top and side view with Von Mises
stress gradient for 200N and 1.25mm wire (bottom left/right) PLA wire
results from a top and side view with Von Mises stress gradient.

Treatment

A

B

C

AB

AC

BC

ABC

Obs
(Von Mises Stress in
MPa)

-1

-

-

-

+

+

+

-

51000000

a

+

-

-

-

-

+

+

15100000

b

-

+

-

-

+

-

+

66000000

c

-

-

+

+

-

-

+

102000000

ab

+

+

-

+

-

-

-

21100000

ac

+

-

+

-

+

-

-

30200000

bc

-

+

+

-

-

+

-

132000000

abc

+

+

+

+

+

+

+

42300000

Table 4: 2 factorial design and observed Von Mises Stress Results for
each treatment.
3

The resulting Von Mises stresses, compared across conditions,
were shown to not be significantly different, leading us to reject the
alternative hypothesis (all interactions resulted in values for p>0.05).
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Discussion
The purpose of this study was to investigate the potential interactions between designs parameters, of k-wires used for replantation.
Initial results show the wire diameter having the greatest influence on
von Mises stresses. Limitations of this work include simplifications
of the geometry of the bone and wire as well as loading conditions.
The simplified shapes failed to consider the full length nor taper the
wire and any subsequent stress transmission properties of the wire. In
addition, the material properties of the bone were assumed homogeneous and isotropic while bone is considered an anisotropic material
that also exhibits viscoelastic behaviors. Other soft tissues were not
included in the model, and may impact these results [16]. The loading
and boundary conditions were also simplified; a singular loading direction was used. In practice, forces act in multiple directions on the
wire and bone. Limited visibilities of the von Mises stresses indicate
that the magnitude of the load may not have been sufficient to create a statistical difference. Future work development the model and
include a validation study, via physical experimentation. Additional
components should be built into the model, such as soft tissues, and
vasculature which play key roles in healing. It is also important to
note that additional statistical tests of other factors modeled must be
ran, in order to better understand the interactions between the various
factors.
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