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Introduction
	 Digital replantation has been a well-established technique for re-
constructive 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 relative-
ly 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 ex-
plore complications of K-wire fixation [7,8]. Meng et al., compared 
wire displacement values for mini external fixation and internal fixa-
tion 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 homo-
geneous, 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 as-
sumed 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 prom-
ise 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 analy-
sis 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 approxi-
mate 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 corti-
cal bone, from Currey et al., as the phalanges have a higher propor-
tion 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 as-
sem-bly file, where the inner surface of the hole in the bone was mat-
ed with the face of the k wire cylinder. A contact pair was determined 
by allowing the software to automatically determine the contact loca-
tions 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 automat-
ically refines the mesh by reduc-ing the size of each element and in-
creasing 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 mod-
el 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).

	 Boundary conditions included eliminating motion on the outer 
surface of the bone cylinder, except for the top surface, thus eliminat-
ing the ability of the bone cylinder to move. Such a boundary condi-
tion 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 exper-
iments. 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 compres-
sive 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).

	 To determine the treatments to test, a 2k factorial design was cre-
ated with diameter, material, and applied force as three independent 
variables, each with two levels, and Von Mises Stress as the depen-
dent variable (observed). Eight unique treatments were determined to 
be tested based on this design (Tables 2 & 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 ef-
fects and simple main effects were also calculated. Residual plots 
support the assumptions of normality and homogeneity within the 

 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.

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

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 bone-
wire assembly is meshed and ready to run with all parameters assigned.

(a) (b)

(c)

Factor Factor Defined + -

A Diameter 2.4mm 1.25mm

B Material Nitinol PLA

C Applied Force 200N 100N

Table 2: Factor definitions and levels.

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 23 factorial design.
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data set. Observations were blocked according to the diameter level, 
as this parameter impacted statistical plots. This choice is further sup-
ported by the p value of <0.05, for the blocked factor in table 5, re-
jecting 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 ob-
served, 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 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). 

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

Discussion
	 The purpose of this study was to investigate the potential interac-
tions 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 homoge-
neous 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 di-
rection 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 cre-
ate 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.

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.

(a)

(b)

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: 23 factorial design and observed Von Mises Stress Results for 
each treatment.

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

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

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

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

Table 7: SAS Generated test for Normality (Specifically Shapiro-Wilk P 
value).
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Conclusion
	 Many non-surgical factors statistically impact the outcome of re-
plantation post operatively. Accuracy of k-wire modeling is impacted 
by vasculature, and soft tissue interactions which impact the healing 
process. Many models ignore these factors requiring more complex 
model development. The work presented was a preliminary evalua-
tion of the statistical interactions of various design parameters asso-
ciated with k-wire fixation.  It was concluded that little to no interac-
tions between the designs parameters studied. Such findings suggest 
the additional importance of procedural technique, in the success of 
these procedures.
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Figure 4: Interaction plots show (a) load having no effect on the relation-
ship between von Mises stress and the selected material. The red line rep-
resents a 200N load while the black line represenets a 100N load.  The “-1” 
designation along the x-axis represents the material PLA, while the “+1” 
represents Nitinol.  The Y-axis is the average von Mises stress in Pa for the 
simulation.; and (b) the selected material having no effect on the relation-
ship between von Mises stress and applied Force. The red line represents 
Nitinol while the black line represenets PLA. The “-1” designation along 
the x-axis represents a 100N load, while the “+1” represents a 200N load. 
The Y-axis is the average von Mises stress in Pa for the simulation. As the 
lines do not intersect in either plot, it is believed to be no effect of these 
categorical variables on each other.

(a)

(b)

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624359/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624359/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624359/
https://www.ncbi.nlm.nih.gov/pubmed/25934206
https://www.ncbi.nlm.nih.gov/pubmed/25934206
https://www.ncbi.nlm.nih.gov/pubmed/25934206
https://www.ncbi.nlm.nih.gov/pubmed/12111982
https://www.ncbi.nlm.nih.gov/pubmed/12111982
https://www.ncbi.nlm.nih.gov/pubmed/24684029
https://www.ncbi.nlm.nih.gov/pubmed/24684029
https://www.ncbi.nlm.nih.gov/pubmed/24684029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3418369/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3418369/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3418369/
https://link.springer.com/chapter/10.1007%2F978-1-4899-7516-4_15
https://link.springer.com/chapter/10.1007%2F978-1-4899-7516-4_15
https://link.springer.com/chapter/10.1007%2F978-1-4899-7516-4_15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5300925/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5300925/
https://www.worldscientific.com/doi/abs/10.1142/S0218810404002078
https://www.worldscientific.com/doi/abs/10.1142/S0218810404002078
https://www.worldscientific.com/doi/abs/10.1142/S0218810404002078
https://www.ncbi.nlm.nih.gov/pubmed/23270722
https://www.ncbi.nlm.nih.gov/pubmed/23270722
https://www.ncbi.nlm.nih.gov/pubmed/23270722
http://medicaldevices.asmedigitalcollection.asme.org/article.aspx?articleID=1451591
http://medicaldevices.asmedigitalcollection.asme.org/article.aspx?articleID=1451591
https://www.ncbi.nlm.nih.gov/pubmed/14618927
https://www.ncbi.nlm.nih.gov/pubmed/14618927
https://www.ncbi.nlm.nih.gov/pubmed/14618927
https://www.jstor.org/stable/j.ctt7zvckf
https://www.jstor.org/stable/j.ctt7zvckf
https://www.routledge.com/The-Archaeology-of-Human-Bones-2nd-Edition/Mays/p/book/9780415480918
https://www.routledge.com/The-Archaeology-of-Human-Bones-2nd-Edition/Mays/p/book/9780415480918
http://jmmedical.com/resources/221/Nitinol-Technical-Properties.html
https://www.makeitfrom.com/material-properties/Polylactic-Acid-PLA-Polylactide
https://www.makeitfrom.com/material-properties/Polylactic-Acid-PLA-Polylactide
https://www.ncbi.nlm.nih.gov/pubmed/11810619
https://www.ncbi.nlm.nih.gov/pubmed/11810619
https://www.ncbi.nlm.nih.gov/pubmed/11810619


 
 
 

 
 
 

Addiction & Addictive Disorders

Advances in Industrial Biotechnology

Advances in Microbiology Research

Agronomy and Agricultural Science

AIDS Clinical Research & STDs

Alcoholism, Drug Abuse & Substance Dependence

Allergy Disorders and Therapy

Alternative, Complementary & Integrative Medicine

Alzheimer’s & Neurodegenerative Diseases

Anesthesia & Clinical care

Angiology & Vascular Surgery

Animal Research and Veterinary Science

Aquaculture & Fisheries

Archives of Urology

Archives of Zoological Studies

Atmospheric & Earth Sciences

Biotech Research & Biochemistry

Brain & Neuroscience Research

Cancer Biology and Treatment

Cardiology and Neurocardiovascular Diseases

Cell Biology & Cell Metabolism

Clinical Dermatology and Therapy

Clinical Immunolgy & Immunotherapy

Clinical Studies and Medical Case Reports

Community Medicine & Public Health Care

Current Trends: Medical & Biological Engineering

Cytology & Tissue Biology

Dentistry: Oral Health & Cosmesis

Diabetes & Metabolic Syndrome Disorders

Emergency Medicine, Trauma and Surgical Care

Environmental Science: Current Research

Food Science & Nutrition

Forensic, Legal & Investigative Sciences

Gastroenterology & Hepatology Research

 
 
 
 
 
 
 

 
 

Genetics & Genomic Sciences

Gerontology & Geriatric Medicine

Hematology, Blood Transfusion & Disorders

Hospice & Palliative Medical Care

Human Endocrinology

Infectious & Non Infectious Diseases

Internal Medicine and Primary HealthCare

Laser Research & Applications

Medicine: Study & Research

Modern Chemical Sciences

Nanotechnology: Nanomedicine & Nanobiotechnology

Neonatology and Clinical Pediatrics

Nephrology & Renal Therapy

Non-invasive Vascular Investigations

Nuclear Medicine, Radiology & Radiation Therapy

Obesity & Weight Loss

Ophthalmology & Clinical Research

Orthopedic Research & Physiotherapy

Otolaryngology, Head and Neck Surgery

Pathology: Clinical & Medical Research

Pharmacology, Pharmaceutics & Pharmacovigilance

Physical Medicine, Rehabilitation & Disabilities

Plant Science: Current Research

Practical and Professional Nursing

Protein Research & Bioinformatics

Psychiatry, Depression and Anxiety

Pulmonary Medicine & Respiratory Research

Reproductive Medicine, Gynaecology and Obstetrics

Stem Cells Research, Development & Therapy

Surgery: Current Trends & Innovations

Toxicology: Current Research

Translational Science and Research

Vaccines Research and Vaccination

Virology & Antivirals

Herald Scholarly Open Access, 2561 Cornelia Rd, #205, Herndon, VA 20171, USA.
Tel: +1 202-499-9679; E-mail: info@heraldsopenaccess.us

http://www.heraldopenaccess.us/

Submit Your Manuscript: http://www.heraldopenaccess.us/Online-Submission.php

http://www.heraldopenaccess.us/journals/Addiction-&-Addictive-Disorders/
http://www.heraldopenaccess.us/journals/Advances-in-Microbiology-Research/
http://www.heraldopenaccess.us/journals/AIDS-Clinical-Research-&-STDs/
http://www.heraldopenaccess.us/journals/Alcoholism-Drug-Abuse-&-Substance-Dependance/
http://www.heraldopenaccess.us/journals/Alternative-Complementary-&-Integrative-Medicine/
http://www.heraldopenaccess.us/journals/Alzheimers-&-Neurodegenerative-Diseases/
http://www.heraldopenaccess.us/journals/Anesthesia-&-Clinical-care/
http://www.heraldopenaccess.us/journals/Angiology-&-Vascular-Surgery/
http://www.heraldopenaccess.us/journals/Animal-Research-and-Veterinary-Science/
http://www.heraldopenaccess.us/journals/Aquaculture-&-Fisheries/
http://www.heraldopenaccess.us/journals/Atmospheric-&-Earth-Sciences/
http://www.heraldopenaccess.us/journals/Biotech-Research-&-Biochemistry/
http://www.heraldopenaccess.us/journals/Brain-&-Neuroscience-Research/
http://www.heraldopenaccess.us/journals/Cancer-Biology-&-Treatment/
http://www.heraldopenaccess.us/journals/Cardiology-&-Neurocardiovascular-Diseases/
http://www.heraldopenaccess.us/journals/Cell-Biology-&-Cell-Metabolism/
http://www.heraldopenaccess.us/journals/Clinical-Dermatology-&-Therapy/
http://www.heraldopenaccess.us/journals/Clinical-Immunology-&-Immunotherapy/
http://www.heraldopenaccess.us/journals/Clinical-Studies-&-Medical-Case-Reports/
http://www.heraldopenaccess.us/journals/Community-Medicine-&-Public-Health-Care/
http://www.heraldopenaccess.us/journals/Cytology-&-Tissue-Biology/
http://www.heraldopenaccess.us/journals/Dentistry-Oral-Health-&-cosmesis/
http://www.heraldopenaccess.us/journals/Diabetes-&-Metabolic-Disorders/
http://www.heraldopenaccess.us/journals/Emergency-Medicine-Trauma-&-Surgical-Care/
http://www.heraldopenaccess.us/journals/Food-Science-&-Nutrition/
http://www.heraldopenaccess.us/journals/Forensic-Legal-&-Investigative-Sciences/
http://www.heraldopenaccess.us/journals/Gastroenterology-&-Hepatology-Research/
http://www.heraldopenaccess.us/journals/Genetics-&-Genomic-Sciences/
http://www.heraldopenaccess.us/journals/Gerontology-&-Geriatric-Medicine/
http://www.heraldopenaccess.us/journals/Hematology-Blood-Transfusion-&-Disorders/
http://www.heraldopenaccess.us/journals/Human-Endocrinology/
http://www.heraldopenaccess.us/journals/Infectious-&-Non-Infectious-Diseases/
http://www.heraldopenaccess.us/journals/Infectious-&-Non-Infectious-Diseases/
http://www.heraldopenaccess.us/journals/Modern-Chemical-Sciences/
http://www.heraldopenaccess.us/journals/Nanotechnology-Nanomedicine-&-Nanobiotechnology/
http://www.heraldopenaccess.us/journals/Neonatology-&-Clinical-Pediatrics/
http://www.heraldopenaccess.us/journals/Nephrology-&-Renal-Therapy/
http://www.heraldopenaccess.us/journals/Non-Invasive-Vascular-Investigation/
http://www.heraldopenaccess.us/journals/Nuclear-Medicine-Radiology-&-Radiation-Therapy/
http://www.heraldopenaccess.us/journals/Obesity-&-Weight-Loss/
http://www.heraldopenaccess.us/journals/Ophthalmology-&-Clinical-Research/
http://www.heraldopenaccess.us/journals/Orthopedic-Research-&-Physiotherapy/
http://www.heraldopenaccess.us/journals/Otolaryngology-Head-&-Neck-Surgery/
http://www.heraldopenaccess.us/journals/Physical-Medicine-Rehabilitation-&-Disabilities/
http://www.heraldopenaccess.us/journals/Practical-&-Professional-Nursing/
http://www.heraldopenaccess.us/journals/Psychiatry-Depression-&-Anxiety/
http://www.heraldopenaccess.us/journals/Pulmonary-Medicine-&-Respiratory-Research/
http://www.heraldopenaccess.us/journals/Reproductive-Medicine-Gynaecology-&-Obstetrics/
http://www.heraldopenaccess.us/journals/Stem-Cells-Research-Development-&-Therapy/
http://www.heraldopenaccess.us/journals/Surgery-Current-Trends-&-Innovations/
http://www.heraldopenaccess.us/journals/Translational-Science-and-Research/
http://www.heraldopenaccess.us/journals/Vaccines-Research-&-Vaccination/
http://www.heraldopenaccess.us/journals/Virology-&-Antivirals/

