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Abstract—The currently performed corrective distal radius osteotomy procedures show several complications, such as tendon
irritation and tendon rupture, due to friction with implemented fixation implants. This study focused on the development of a
new fixation implant for positioning and fixation of bone segments for corrective osteotomy, that ensures a stable fixation and
reduces the risk of tendon injuries and unnecessary soft tissue damage. We introduced the wedge concept, which consists of a
patient-specific wedge and two screws. Two different experimental evaluation methods were used to assess the concept. Finite
element modelling was used to determine the angle of screw insertion with the highest possible failure load. Physical wedge
fixation experiments were used to investigate the effects of shear on the errors of the 6 correction parameters (3 translation, 3
rotations). If screws with an insertion angle of 10 degrees are used for the fixation of the wedge to the bone, the wedge concepts
satisfies all demands and requirements. Additionally, the repositioning errors of the wedge concept were lower than other fixation
technique studies for corrective distal radius osteotomies.
Index Terms—Internal bone fixation, corrective osteotomy, malunion
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I NTRODUCTION

HE annual occurrence of distal radius fractures is approximately 0.3 % of the world population [10]. The
current treatment methods for distal radius fractures lead
to satisfactory results in most patients. However, the distal
end of the radius malunite in a considerable number (5%)
of these cases, causing chronic pain, arthrosis, decreased
grip strength, reduced range of motion, carpal instability,
cosmetic deformity, late neuropathy, or tendon rupture
[28][53][54]. A possible surgical treatment is corrective osteotomy [10], which has the overall goal to restore normal
relations in the distal radioulnar joint [28][50]. With this
surgical treatment, the mal-aligned radius is cut into a
proximal and distal segment. The distal part is translated
and/or rotated with respect to the proximal part to its
new position. The new position could be determined from
the healthy radius serving as reference obtained from a
mirrored computed tomography (CT) image and by matching the two different bone segments with the reference image using preoperative planning software [10]. Eventually,
the two bone segments are fixated in this new position with
a fixation implant.
The currently performed corrective distal radius osteotomy
procedures show several post-operative complications, such
as tendon irritation and tendon rupture, due to friction with
implemented fixation implants [42][43]. Also the commonly
used surgical approach requires extensive tissue dissection, which increases the risk of tissue damage and postoperative adhesions [35].
This study focuses on the development of a new implant
for positioning and fixation of bone segments for use in
corrective osteotomy surgery, that ensures a stable fixation

and reduces the risk of tendon injuries and unnecessary
soft tissue damage. To verify the positioning and fixation
capabilities of the new fixation implant, two different experimental evaluations were used. First, a Finite Element
Analysis (FEA) of the distal radius was performed, to
determine the maximum load which can be exerted on the
corrected radius without failure of the fixation. In addition,
experiments of mimicking surgical fixation to bone were
performed with physical ’bone’ models, to determine the
errors of repositioning of the fixation implant.
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M ETHODS AND MATERIALS

2.1 Problem analysis of current corrective osteotomy
procedure
To clearly identify the problems with corrective distal radius
osteotomy, the surgical procedure is divided in chronological order into 7 essential steps (see Figure 1). Based
on literature and interviews with surgeons and researchers
of the Academic Medical Centre Amsterdam (AMC), each
step will be described in detail and possible limitations or
problems will be discussed. Subsequently, the main problem(s) with the current corrective distal radius osteotomy
procedures will be defined.
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2. Surgical approach
The most common surgical approach for corrective distal
radius osteotomy is the Volar-Extensile approach (Figure
4). A proximal incision of 8 to 10 cm is made to the ventral
side of the forearm, near the distal radius (Figure 3) [20].
Then, the surrounding tissues are pulled back with clamps
to expose the distal radius.

Figure 1: Flowchart showing essential steps of the corrective osteotomy procedure,
in chronological order. The patient characteristics must be taken into account at all
steps of the procedure.
Figure 3: Ventral side of forearm. The surrounding tissues (see Figure 4) are pulled
back with clamps to expose the distal radius. [61]

1. Preoperative planning
Optimal planning for the repositioning of position of the
distal segment by restoring 6 degree of freedom (DOF)
parameters: 3 translations (∆x, ∆y, ∆z) and 3 rotations
∆φx ,∆φy , ∆φz ) around the 3 orthogonal axes (Figure 2)
[58]. The AMC has developed a computer-assisted and
patient-specific 3D planning software, to plan the repositioning of the distal radius [10]. This relatively new planning
technique uses preoperative Computed Tomography (CT)
scans of the affected radius and the unaffected contralateral
radius. After image processing, a 3D model is made of
the affected radius. Eventually, the 3D-imaging technique
could be used to plan the correction of the position of the
distal radius in 6 DOF. Details of this planning technique
are described by Dobbe et al. 2010 for correcting the distal
radius [10].
The planning result of the preoperative procedure could
be used for intraoperative navigation and for evaluation of
the end result [10].

This procedure requires an extensive invasive surgical
approach [36], which has no negligible risk of bleeding and
postoperative pain [60], tendon injuries [20], injury to the
palmar cutaneous branch of the median nerve [40], infections, postoperative adhesions and results in a cosmetically
less appealing scar [35].
3. Osteotomy
After dissection, an osteotomy (cutting the bone in two
parts) is performed to allow correction of the position of
the distal radius. The surgeon uses a saw and chisel to
cut the distal radius (Figure 5). It is important that the
surgeon is focused while performing the osteotomy in order
to prevent damage to the surrounding tissues. In standard
surgery the orientation of the cut is of lesser importance
since the bone segments are fixated using a fixation plate
while the defect is either not filled or filled with a bone
graft [59]. For some fixation techniques the orientation of
the cut is important. In those cases a patient-specific cutting
guide is used for orienting the osteotomy [11]. Based on
Step 1 (Preoperative planning), the orientation of the cut is
determined and a cutting guide is designed. This patientspecific polyamide cutting guide model is printed with a
3D printer. The defined orientation of the osteotomy could
be used as starting point for repositioning of the radius.

(a)
Figure 2: The 6 parameters, 3 translation (∆x, ∆y, ∆z) along and 3 rotations
(∆φx , ∆φy , ∆φz ) around the orthogonal axes (x, y, z) [58].

(b)

Figure 5: Osteotomy (cut) of the distal radius. A saw (a) and a chisel with
orthopaedic hammer (b) are used to cut the radius. [61]

3

Figure 4: Volar-Extensile approach for corrective distal radius osteotomy. The surrounding tissues are mobilized and pulled back to uncover the distal radius.[20] [63]

4. Distraction
Bone distraction is a surgical separation of two parts of a
bone after osteotomy. Based on a force measurement of the
pinch forces of the surgeon, it is estimated that 200 N have
to be overcome for a distraction of 20 mm, caused by tensile
forces of the surrounding soft tissues. The distraction is
mainly performed in the longitudinal direction and varies
with a range of 0 - 10 mm [19]. During the distraction the
surrounding soft tissues are stretched, which could result
in postoperative pain for a long period of time [20].

which will induce an extra moment at the contact surface
between the k-wire and bone. Depending on the quality of
the bone, these k-wires might migrate through the bone,
due to the high forces and moment. This may lead to local
bone destruction. Another disadvantage is deflection of
the stainless steel pins during distraction (deflection of 0.5
mm at 200N, see Appendix A for specific details). These
deflections create an uncontrolled extra rotation of the
distal radius for which the surgeon has to correct during
repositioning (Step 5).
Another frequently used distraction method is to apply the

Bone distraction is currently performed with 3 possible
methods: d1) distraction with pins inserted into the bone,
d2) distraction from the cutting plane and d3) wrist
distraction.
The distraction with pins inserted into the bone (d1)
is a commonly used distraction technique. After osteotomy,
two stainless steel Kirschner wires (K-wires, diameter of 2.5
mm and length 150 mm) are drilled into each bone segment.
A Hintermann distractor is placed over the pins. The pinch
forces that are exerted onto the distractor by the surgeon,
distract the bone segments (Figure 6). Advantages of this

(a)

(b)

Figure 6: Distraction with the Hintermann distractor. The Hintermann distractor
(a) [65] is placed over the stainless steel K-wires (diameter 2.5 mm and length 150
mm) (b) [61]. Pinch forces on the distractor will distract the two bone segments.

distraction method are the relatively small invasiveness that
is required and the wide applicability and controllability
of the distractor. A major disadvantage is that the pinch
forces are applied outside the longitudinal axis of the bone,

(a)

(b)

Figure 7: Calcanous spreader. This distractor (a) is designed to distract the calcaneus
(heel bone), but can also be used for distracting other bones. [65] The ends of the
distractor are placed at the cutting plane between the bone segments and exert pinch
forces in the longitudinal axis of the radius (b).

pinch forces at the cutting planes of the bone (d2) (Figure
7). The ends of the distractor are placed in the cutting
plane between the bone segments. The pinch forces which
are exerted by the surgeon are exerted in the longitudinal
direction of the radius. The large contact surface between
the tips of the distractor and the cutting planes, will provide
an optimal force distribution. An advantage of this method
is that the pinch forces are exerted in the longitudinal
axis of the radius, which will prevent additional bending
moments. The disadvantage is the presence of the distractor
ends in the gap between the bone segments. This makes
insertion (step 6) and fixation of the fixation implant (Step
7) more difficult. Another disadvantage is the exerted high
tensile forces on the surrounding tissue during distraction,
which can cause shearing of the distractor out of the
cutting plane. Furthermore, a pure translation with the
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distractor is not possible, because of the rotary motion of
the instrument (scissor effect).

7. Fixation to bone
The distal part of the plate is fixated to the distal radius with
locking screws. Then, the plate is used as lever to align the
proximal part of the plate with the shaft of the proximal
radius. After fixation of the bone segments with the plate

Figure 8: Wrist distraction with the Chinese finger trap principle [34].

The third distraction method is wrist distraction (d3). This
is traditionally achieved using Chinese finger traps (Figure
8) [8]. Pulling the fingers will transmit the forces via the
ligaments and wrist joint to the distal segment of the radius,
which will be distracted with respect to the proximal radius.
Disadvantages of this method is the risk of damaging the
ligament connections due to high tensile forces, a decreased
grip strength, postoperative pain and nerve hypersensitivity
[23]. Additionally, Step 5 (Positioning) might be challenging
using this distraction method, because the position of the
distal radius is not directly controlled with this distraction
method.
5. Positioning
The positioning concerns the possibility of correcting the
distal radius in 6 DOF to the new planned position of
Step 1 (Preoperative planning). A plate is often used for
repositioning (described in Step 7). During the operation,
the surgeon uses intra-operative X-ray imaging or evaluates
on the basis of direct line of sight to evaluate positioning of
the distal segments [29].
A disadvantage is the high rate (53%) of repositioning of the
plate during the operation that is necessary after insufficient
correction during the corrective osteotomy procedure [16].
6. Insertion of fixation implant
An anatomical T-plate (T refers to the shape of the plate) is
used as fixation implant to maintain the planned correction,
which is sometimes bent to fit the required anatomical
geometry of the radius (Figure 10). Due to the dimensions of
the plate, the incision has to be relatively large (7-8 cm [20])
to insert and manipulate the plate in-vivo. A disadvantage
of inserting a plate as fixation implant is that it is not
designed for insertion through small incisions and therefore
requires a relatively invasive procedure.

Figure 9: Insertion of the plate through the incision. [61]

Figure 10: The distal part of the anatomical T-plate is fixated onto the distal radius
with locking screws. The plate is used as lever to bring the distal part into the desired
position when the proximal part of the plate is aligned with the proximal radius.

and screws, the defect is either left open or filled with DBX
Demineralized Bone Matrix (DBM) in combination with
residual bone or bone from the hip [59]. This combination
stimulates bone regeneration, which will eventually restore
the natural position of the distal radius [62].

(a)

(b)

Figure 11: The plate is fixated to the bone with cortical screws (a) [61]. In (b) the
orientation of the plate on the distal radius is shown [DePuy Syntheses].

A disadvantage of plate fixation, is that the plate is on
the outside of the shaft of the radius. This increase the
volume of the distal radius and could lead to irritation
or damaging of the overlying flexor tendons [22][36]. In
addition, plate fixation with screws depends on the density
of the bone; screws cannot fully guarantee a stable fixation
when screwed into cancellous (trabecular) bone. The porous
bone will give insufficient contact surface between the screw
and the local bone. This could lead to loosening of the screw
and plate and eventually failing of the fixation.
Patient characteristics
Patient characteristics have to be taken into account during the whole procedure. These characteristics determine
whether the patient can be treated with the above described
method of corrective distal radius osteotomy.
An important patient characteristic is the stiffness of the
tissue, which determines the forces that need to be overcome
during the surgical procedure. An increased distraction will
increase the tensile forces of the surrounding soft tissues.
For the worst case, a patient with a high stiffness of the
surrounding soft tissues and a correction of 20 mm, it is
estimate that the surrounding soft tissues develop 200 N
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of tensile forces. The distractor (Step 4) and the fixation
implant (Step 7) must be able to withstand these forces.
The bone quality of the radius is another important
patient characteristic, since it determines whether or not to
perform a corrective distal radius osteotomy. Bone quality is
particularly of concern for patients with osteoporoses. The
presence of osteoporosis is patient dependent and dependents on gender and age. Patients over 60 years and women
after their menopause often develop a form of osteoporosis
[27]. Osteoporoses increases the risk of bone fracture during
surgery and reduces the contact surface between screws and
bone [52].
2.2

Focus of the study

The currently performed corrective distal radius osteotomy
procedures (described in Section 2.1) show several
shortcomings, especially in Step 2 (Surgical approach), Step
6 (Insertion of fixation implant) and Step 7 (Fixation to
bone) of the surgical procedure.
To reduce the risk of complications in Step 2 (Surgical
approach), the invasiveness could be decreased by using
an alternative surgical approach. Instead of using the
volar-extensile approach, the radial approach can be used
for corrective distal radius osteotomy (Figure 12). The
radial approach gives faster access compared to the volarextensile approach, because of the relatively small distance
between the skin and distal radius. This approach could be
used for plates, k-wires and intramedullary fixation [20].
To decrease the risk of tendon injuries in Step 6 (Insertion
of fixation implant) and 7 (Fixation to bone), the concept
of intramedullary fixation could be used to develop a new
fixation implant: The concept of insertion and fixation of a
fixation implant within the boundaries of the shaft of the
radius to restore the natural position of the distal radius
and prevent tendon injuries.
Summarizing, this study focuses on the development of a
new fixation implant, that could be: 1) inserted through
a incision at the radial side of the wrist and 2) be fixated
within the boundaries of the shaft of the radius.
Solutions in this study have been developed based
on:
• In Step 3 (Osteotomy), the osteotomy is performed as
planned with the preoperative planning (Step 1).
• In Step 4 (Distraction), the distraction can be performed
in 6 DOF.
2.3

Design criteria

The new fixation implant has to apply to the following
requirements:
Requirements
•

Range for correction: translation 0 - 10 mm, rotation 0
- 30 degrees [47][51]

•

Withstand 600 N
The study of Edwards 2012 showed a failure range of
the distal radius with a longitudinal load of 813 - 1214
N [14]. To generalize the FE models for all types of radii
and to have a margin of safety to eliminate the risk of
radius fractures, the radius must withstand a maximum

•

•

longitudinal load of 600 N after implementation of the
new fixation implant.
Biocompatible materials
The fixation implant must be made of biocompatible
materials to prevent immunoreactions by the tissues.
Sterilizable
The fixation implant must be sterilizable in order to
prevent infection.

Demands
• Repositioning errors
The results of registration are expressed in terms of
translations and rotations. To determine the differences
between the planned correction with preoperative planning (Step 1) and the achieved correction after surgery,
CT scans before and after fixation are used to determine
the errors of the 6 repositioning parameters, described
in Step 1. The averaged repositioning errors must have
a value similar or less compared with other fixation
techniques for corrective distal radius osteotomy: maximum translation and rotation error of respectively 1.2
mm and 0.9 degrees [10].
• Maximum incision size of 50 mm
To insert and fixate the fixation implant, the radial surgical approach is considered to perform the corrective
distal radius osteotomy. The radial sensory nerves at
that position, have a high predilection towards irritation and the development of neuritis and should be
therefore routinely identified during the surgical procedure [20][44]. To minimize the probability of damage
to the radial sensory nerves, a maximum incision size
of 50 mm is chosen.
• fixation implant within the shaft of the radius
To prevent tendon injuries, the fixation implant is inserted into the gap in the shaft of the radius to restore
the position of the distal radius.
2.4 Conceptual design solutions to fixate bone segments
Given the last demand (Section 2.3), the new fixation
implant should be inserted and fixated within the shaft
of the radius to give a stable fixation after repositioning
the distal radius. Two possible concepts can be used to
fill the gap with a fixation implant between the two bone
segments (Figure 13a): 1) an adjustable or 2) rigid fixation
implant.
After insertion the adjustable fixation implant can deform
into the desired position. Two ways to achieve this are to
inject (fill) the gap with a substance or insert a deformable
mechanism.
Filling the gap between the bone segments could be
performed with an injectable (quickly hardening) material.
To keep the material within the shaft of the radius, for
example a balloon (Figure 13b) could be used. After
hardening, the material keeps the distal radius in the
planned position. The advantage of this concept is the wide
applicability, because the substance could be injected until
the gap is completely filled. A disadvantage of the fixation
implant is the poor controllability in 6 DOF.
A deformable mechanism (Figure 13c) can easily be inserted
into the gap between the bone segments. After insertion, the
mechanism deforms into a desired shape. After the desired
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Figure 12: Radial approach at the radial side of the wrist. [63]

position is reached, the mechanism should be locked to
maintain its shape. A disadvantage is the complexity of
a mechanism that can be deformed in-vivo, which also
corrects the positioning of the distal radius in 6 DOF. Also
locking the fixation implant in a desired position could
be rather challenging, because it must withstand the high
compression forces of the surrounding soft tissues.
A rigid fixation implant is based on preoperative planning
(Step 1) and requires cutting (osteotomy) in a planned
orientation. The dimensions of the rigid fixation implant are
made specifically for the patient, it fits exactly into the gap
of the shaft (Figure 13d). The dimensions of the element
determine the minimally required incision size. The rigid
fixation implant should be made of a non-compressible
material to ensure a stable fixation.
Inserting a rigid fixation implant into the shaft of the
radius will induce shearing effects, caused by the tensile
forces of the surrounding soft tissues. To neutralize shearing
and to ensure a stable fixation, the fixation implant should
be fixated to the bone. As demanded, the fixation should
be performed within the shaft of the radius at the cutting
plane surfaces. Pins or screws can be advantageous to
fixate the fixation implant to the bone, but they require
enough cortical bone for fixation to ensure a stable fixation.
To enhance the stability of the fixation, bone ingrowth
into the surfaces of the fixation implant could be used for
optimal fixation for the longer-term. A possible technique
to stimulate bone ingrowth is with the use of titanium
mesh. The surfaces of the fixation implant may contain
a titanium mesh (porous structure), which enhance the
bone ingrowth into the fixation implant [2]. An alternative
for a titanium mesh is the Zimmer CurV, a pre-shaped
collagen membrane made of collagen type-1, derived from
the bovine Achilles tendon. The pre-drilled holes in the
membrane surface and the grafting material stimulate bone
ingrowth where desired [62].
2.5

Design considerations for the wedge concept

The correction in 6 DOF is a crucial step in the corrective
distal radius osteotomy procedure. This correction could be
made relatively easy by making a patient-specific wedge.

An adjustable fixation requires manipulation of the element
in-vivo, which is limited by the relatively small incision
size of a maximum of 50mm. Subsequently, the wedge
concept potentially could only fit in one position, which
makes the procedure of insertion of the fixation implant
more straight forward. This could reduce the operation
time and costs. In addition, the wedge concept consists
of one rigid part (apart from the final fixation to bone),
which reduces the probability of material failure under
high loads to its minimum. For this study it was decided
to proceed with the wedge (rigid fixation) concept as it has
more advantages compared to the adjustable fixation.
We assume that the wedge is made entirely of a titanium
(Ti-6Al-4V) mesh, because titanium is a biocompatible
material, has excellent mechanical properties for biomedical
implants and the titanium mesh stimulates bone ingrowth
[57].
A high friction coefficient could be advantageous, because
it increases the friction at the contact surface between
the wedge and the bone, to counteract the induced shear
by the tensile forces of the surrounding soft tissues. The
friction coefficient depends on the size of the mesh and
the roughness of the bone after osteotomy. During the
surgical procedure, water is used as coolant during the
osteotomy and to clean the tissues in-vivo after osteotomy,
which is expected to reduce the friction coefficient and thus
inducing more shear.
Bone regeneration into the mesh could be stimulated
with the use of bone grafts (e.g. DBX), but sufficient
bone ingrowth into the mesh can take at least 6 weeks,
depending on the patient’s properties. Therefore, extra
fixation elements are required to enable a successful
stable fixation. Several possible fixation techniques were
investigated (see Appendix E). For the wedge concept,
we chose to use the cross-insertion of K-wires/screws as
extra fixation elements, because of the simplicity and wide
applicability of the elements [15] and to avoid unnecessary
damage to the bone environment.
Since loading of the radius is mostly in the longitudinal
direction, the fixation elements are inserted at a small angle
relative to the longitudinal axis of the radius (Figure 13e).
The cross-insertion of the fixation elements will prevent
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(a) The gap between the two bone segments after repositioning
of the distal radius (worst-case situation: θ = 15 degrees
(making a total of 30 degrees rotation), translation of 10 mm).
The fixation implant is inserted and fixated within the shaft
of the radius to restore the natural geometry of the radius to
prevent tendon injuries.

shearing of the wedge from the space between the bone
segments. We designed the wedge such that it contains
slots for the fixation elements, which also define the angle
of insertion for the fixation element.
The angle of insertion of the fixation elements depends on
the desired repositioning of the distal radius. The fixation
elements must have sufficient contact with the cortical
bone of the radius in order to give adequate stability, as
cancellous bone would not give sufficient contact. The
required repositioning of the distal radius and the optimal
angle of insertion, determine the length of the fixation
element, because the fixation elements must be inserted
within the shaft of the radius.
For the design of the wedge, the planned correction angle
of the distal radius should be divided over two sides of
the wedge, which provides more friction. This means that
for a planned angle, half of this rotation is used to make
the osteotomy. The other half of the rotation is given by
the wedge itself (see Appendix B for specific details).
Before experiments could be carried out to test the
feasibility of the wedge concept, the following issues were
investigated with a pilot experiment:

(b) Example of filling a gap, with a (curing) substance (grey)
which is injected into a balloon (red).

•

•

•

(c) Example of an deformable mechanism, based on the
working principles of a jack.

More information about the pilot experiment can be found
in Appendix F.
2.6

(d) Example of an rigid fixation implant, with a patientspecific wedge (blue).

(e) General concept of the fixation of the wedge. To prevent the
shear stresses (red arrows) during insertion and after fixation,
two screws or K-wires (black) are used to fixate the wedge to
the bone. The screws or K-wires are inserted with an angle
α into the wedge.
Figure 13: Basic solutions

Is movemens possible of the distal and radial bone relative to the wedge after mono- and bicortical fixation?
Which fixation element (screw or K-wire) should be
used to fixate the wedge to the bone? The only fixation
element for internal bone fixation that could be used
independently are screws. Screws can also be used in
combination with other fixation implants (e.g. plates)
[15]. However, Kirschner wires (K-wires) could also be
used as fixation element for cross-insertion.
Could the wedge concept be used for different osteotomies (translation range: 0-10 mm, rotation range:
0-30 degrees)?

Experiments

To evaluate the wedge concept (patient specific wedge with
two screws), the demands and requirements were used.
As for the requirements, the range of correction is verified
by using the worst-case situation and the wedge concept
is made of biocompatible materials and it is sterilizable.
As for the demands, the maximum incision size gives the
range of screw insertion (Appendix D) and the wedge
concept is designed to fit within the shaft of the radius.
The requirement of withstanding 600 N and demand of
having similar repositioning errors could be checked with
experiments to answer the following questions:
I The angle of insertion determines the stress and strain
distribution at the wedge concept after fixation. Which
angle of insertion should be chosen to withstand the
maximum load before possible failure of the fixation
could occur?
II Are there significant differences in maximum stresses
and strains between a corrected radius and a healthy
radius at equal longitudinal and transversal loadings?
III What are the repositioning errors after fixation of the
wedge concept in a worst case situation?
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To answer the questions above, two different experimental evaluation methods were used: Finite element modelling (question I and II) and wedge fixation experiments
(question III).
2.6.1

Finite element modelling

Finite element model of radius
A FE model was created of a healthy radius. The following
steps were taken. CT data of a radius was processed with
an image processing software tool Mimics (Materialises
Interactive Medical Image Control System, Materialise,
Leuven, Belgium). These 2D images were imported
into Mimics as Digital Imaging and Communications in
Medicin (.DICOM) files. After generating the radius model
in Mimics, the model was imported into the data analysing
tool 3-Matic of Mimics.
Next, a surface and volume mesh were created. Five
different 3D models were made of the radius, varying
the maximum element size from 1 to 5 mm in steps of
1 mm. The effect of varying the element size (and thus
total number of elements) of the volume mesh on the
simulations results is further discussed in the convergence
test and model validation (Appendix G).
The 3D radius model was made of 20 different materials
properties of bone, determined with the relations of Keller
[25] and Kaneko [24] and the Hounsfield Units (HU) of the
model. Eventually Finite Element Analyse were performed
with SIMULIA Abaqus v6.10 (Figure 14). More specific
details about obtaining the FE model can be found in
Appendix G.
For the FE simulations, 5 different models were used:
a healthy radius, a radius with an implemented wedge
(wedge-only) and 3 radii with an implemented wedge and
two screws (3 different angles of insertion). More details
about these models are described below.

Figure 14: Finite element model with the implemented wedge (worst-case) and two
screws (left) and the distribution of the different material properties, illustrated with
the color distribution (right).

Implementation of wedge and screws
After constructing the 3D FE model of the radius, the wedge
is implemented in the 3D model. To simplify the contact
constraints between the wedge, bone segments and screws,
an approximation of reality is used. Complex implementation of different parts in the assembly of the FE model
is simplified by masking the corresponding elements of the
wedge and screws in the model and changing their material
properties. The wedge (10 mm translation, 30 degree rotation) is implemented in the model as a solid model at the
desired height of the osteotomy (∼ 40 mm distal). Figure 14
shows the FE model with the implemented wedge (worstcase) and an angle of screw insertion of 15 degrees. The
material properties (Ti-6Al-4V) of the wedge were defined
as: Elastic modulus (E) = 113.8 GPa, poisson’s ratio (v) =
0.342, density (ρ) = 4.43 g/cm3 [64].
For the angle of screw insertion, a range of 10 - 20 degrees
was used (see Appendix D for specific details) in steps of
5 degrees, making a total of 3 different FE models. This
step size is based on the element size of the model (2 mm),
because the random orientation of these relatively ’large’
elements makes it almost impossible to define the exact
angles of insertion.
The material properties of the screws (Type 316L Stainless
Steel) were defined as: E = 193 GPa, v = 0.250, ρ = 8.00 g/cm3
[64]. Screws with a diameter of 4.5 mm were used, because
this diameter show similar results with larger diameter
screws [9].
Simulations
For the FE simulations of the 5 different models (healthy,
wedge-only and 3 different angles of insertion), a laptop
with dual-core 2.4 Ghz processor was used. As usual with
these kind of simulations, the FE models were constraint 8
cm distal in 6 DOF [14][45].
To answer question I, the distal segment is loaded with
a variable longitudinal load (concentrated force) ranging
from 0 to 950 N in steps of 25 N, applied at the centroids of
the scaphoid (60%) and lunate (40%) (Figure 15a) [32][33].
A maximum load of 950 N already showed fracturing the
healthy radius (see Appendix G). The maximum of 600 N
is a defined requirement in this study, which the radius
must withstand. A step of 25 N is chosen to speed up the
simulation time. During each simulation step the maximum
stress (Von Mises, S) and maximum principal strain ()
is determined [31]. To determine the optimal angle of
insertion of the fixation element, the relationship between
the determined angle of insertion of the fixation element
(and thus also directly length of the fixation element) and
the maximum stress and strain is determined. Fracturing
of the radius is defined with a strain of ¿ 7000 µ (see
Appendix G). Based on these results, the angle with the
highest fracture load is chosen.
To answer question II, the FE models of the implemented
wedge and original healthy radius were compared. The
five models were loaded with longitudinal loads ranging
form 0 - 950 N in steps of 25 N (Figure 15a) and transversal
loads (dorsal, ventral and radial), ranging from 0 to 100 N,
in steps of 10 N (Figure 15b). A step of 25 N (longitudinal)
and 10 N (transversal) is chosen to speed up the FE
analysis. The transversal loads and the length of the radius
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(a) longitudinal loaded radius with 0 - 950N with steps of 25N, divided
over centroids of scaphoid (60%) and lunate (40%).

(b) Transversal loaded radius (ventral, radial and dorsal) with 0 - 100 N
with steps of 10N.
Figure 15

Figure 16: Schematic overview of the ’bone’ model for the wedge fixation experiments. Legend: a = 50 mm, b = 85 mm, g1 = 40 mm, g2 = 5 mm, g3 = 3 mm, l =
180 mm, q = 25 mm, w1 = 18 mm, w2 = 10 mm, θ = 7.5 or 15 degrees.

(+-200 mm) will generate a moment, varying from 0 to
20 Nm, to simulate normal lifting activities. At each step,
the maximum stress and displacement were determined.
Based on these results, any significant differences were
detected between the displacements of the two models
with different loads.
Data analysis
For each step of the simulation the maximum stress and
principal strain is registered by Abaqus. These results were
exported from Abaqus to Excel. The results of stress, strain
and failure load were compared and analysed with IBM
SPSS v19. Subsequently, the stress-strain relations were determined for each angle of insertion and the failure load of
the radius. To predict the failure load of the radius, it is
assumed that bone failure would be initiated as soon as the
maximal principle strain was beyond critical limit of 7000
µ [38].
2.6.2 Wedge fixation experiments
Test setup and models
To answer question III, a test setup (Figure 17) is used to
simulate the worst-case scenario: high tensile forces of the
surrounding tissues and low shear forces of the wedge.
The surrounding tissues are simulated by two stainless
steel springs, each with stiffness k=9.92 /mm. This spring
stiffness is estimated for a 20mm distraction with 200N.
The bone models (diameter 15mm, length 180mm) were
made of High Density Polyethylene (HDPE), because of
their low coefficient of friction (µ) to maximize the shear
(µHDP E = 0.227 < µT i−mesh = 0.465 [7][64]), comparable

density with bone (ρHDP E = 0.95g/cm3 [64] and weighted
average of cortical bone density ρbone = 0.98g/cm3 (see
Appendix C for specific details).
For the worst-case scenario, a repositioning of 30 degrees
rotation and 10 mm translation is used. Furthermore, a very
common scenario was chosen where 15 degrees of rotation
and 5 mm of translation of the distal radius part should be
achieved to arrive at proper alignment. The translation of 5
mm is chosen to have still compression forces (compression
forces are related with distraction) and an angle of 15
degrees will provide sufficient shear for the experiment.
After cutting out a wedge from the bone models, the
remaining segments of each bone model were longitudinal
drilled (5 mm bore) with a depth of 50 mm (starting from
the cut surface) to simulate only the cortical bone (Figure
16).
Experiments
In order to compensate for the saw cuts for preoperative
planning, two pre-milled-out grooves (depth 2 mm, width
3 mm) were made in which fitting plates can be placed to
realign the three parts. These grooves are made 90 degrees
to the intended position for the insertion of the screws.
Therefore the decreased thickness of the cortical bone would
not be a problem for the screw fixation.
The three parts were pushed together and fixed with tape.
Plastic screws are fixated into the proximal (5 screws) and
distal part (4 screws) of the model at different orientations
(see Figure 16) serving as markers, to define the orientation
of the two parts in a CT scan. Eventually, the 8 models
were placed together in a CT scan. These recordings serve
as reference (planned orientation) of the models, similar
to Step 1 Preoperative planning, described in Section 2.1
(Figure 22).
After the CT scan, the models were placed in the simulation
setup (Figure 17). For this study it is assumed that the
distractor could be controlled in 6 DOF, which also will
regulate the compression forces. For a successful fixation,
it is important that the cutting surfaces and the contact
surfaces of the wedge make full contact. We chose 20 N as a
realistic compression force during the fixation of the wedge,
which is simulated by two springs in the simulation setup.
During drilling, the wedge is held in place by hand. After
the fixation experiments were performed for the 8 models,
a second CT scan was made of the 8 ’corrected’ models
(Figure 22).
Data analysis
The CT scans before and after fixation are imported in Virtomy (Acadamic Medical Center Amsterdam) to construct
3D models. Of each model, a distal segment of 30% of
the total model length and a proximal segment of 30% of
the total bone length was selected from the 3-dimensional
virtual model. The rest of the model was excluded from
the analysis, because of the metal scattering of the screws.
These proximal and distal segments were matched with the
reference CT image of the model before fixation by intensitybased image registration [10]. The proximal segment of the
fixated model was aligned with the proximal segment of
the model before the fixation. Asymmetry was shown as the
degree in which the positions of the distal segments differ
(Figure 23). We performed this procedure for all 8 models.
Alignment by image registration resulted in transformation
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Figure 17: Simulation setup. The blue arrow indicates the shear direction of the wedge. The red arrows indicate the compression forces (20 N) generated by the springs
(k = 9.92 N/mm), to simulate the compression forces of the surrounding tissues. The PVC guides were removed before the fixation was performed of the wedge to both
segments.

matrices, as described by Dobbe et al [10]. The positioning
errors were derived from these 4 x 4 matrices and expressed
in terms of translation (∆x, ∆y, ∆z) and rotation (∆φx , ∆φy ,
∆φz ) parameters [58].
The repositioning errors cannot be directly compared with
other studies with real radii, since scaling effects the errors
in this study. In studies with real radii, the osteotomy is
performed at 30 mm distal of the radius. In our study, the
distal segment is 90 mm.
The center of gravity of the distal segment is used as
basis to determine the errors in translation and rotations
with respect to the center of gravity of the reference distal
segment. A rotation of a longer distal segment (> 30 mm)
implies more displacement of the top of the distal segment.
Reducing the length of the distal segment to 30 mm while
having the same rotation, implies less displacement as before. Therefore, the displacement errors found in this study
must by divided by factor 3 (90 mm / 30 mm) to make our
results comparable with other studies.

3
3.1

Figure 18: The stress-strain relations of the 5 FE models with increasing longitudinal loadings (0 to 950 N). The implementation of fixation elements into the bone
will reduce the stiffness (slope of curves) of the models. The failure threshold was
defined as strain > 7000µ.

R ESULTS
Finite element modeling

To determine which angle of insertion could withstand
the maximum load before failure of the fixation occurs
(question I), the 5 FE models (as described in Section 2.6.1)
were longitudinally loaded up to a maximum of 950 N in
steps of 25 N. The stress-strain relations of the 5 FE models
are plotted in Figure 18.
The slope of a stress-stain curve represents the stiffness of
the model. Implementing a wedge in the model increases
the maximum strain, making the model less stiff compared
to the healthy model. Implementation of screws further
reduces the stiffness of the model. The angle of insertion
determines the length of the screw; a smaller angle requires
longer screws. Longer screws have more contact surface
with bone elements, providing a better stress distribution
compared to a larger angle of insertion. This makes the
model with an insertion angle of 10 degrees more stiff
compared to the other insertion angles for this particular
loading. A reduced stiffness of the model results in a
decreased failure load (Figure 19). Therefore only the

Figure 19: This plot shows the failure loads of each model. Failure load was defined
when strain > 7000µ.

insertion angle of 10 degrees could meet the requirement
to withstand a longitudinal load of 600 N.
To determine maximum stress and strain differences
between a healthy and corrected FE model with equal
longitudinal and transversal loadings (question II), the 5 FE
models were compared while applying different transversal
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loads (dorsal, ventral and radial). Only when applying
radial loadings, these 5 FE models show differences in the
stress-strain curve (Figure 20), while showing no differences
in the stress-strain curves of the 5 FE models for dorsal
and ventral loadings. Since the stiffness of the FE models
with screws is decreased when applying radial loadings,
these models show already a failure load at 50 N, whereas
the healthy does not reach the limit of failure.
The strain distribution in the FE models (Figure 21) is
mainly in the middle of the cross-section of the model,
wherein the maximum strains are at the ends of the screw.

Figure 22: Model before (top) and after (bottom) wedge fixation with screws.

Figure 20: Only the radial loadings show differences between the 5 models.
Implementing fixation elements into the bone will reduce the stiffness (slope of
curves) of the models. The healthy model does not fail after applying 100 N radially.
The 3 wedge concept models with the 3 different angles all fail after applying 50
N radially and the wedge only model fail after applying 90 N radially. The failure
threshold was defined as strain > 7000µ.

Figure 21: The strain distribution at a cross-section of the distal radius. The
distribution is mainly at the inner side of the model, because of the lower E-modulus
(less dense bone) of these elements.

3.2

Figure 23: The proximal segment (blue, bottom segment) of the treated model is
aligned with the proximal segment of the untreated model (white). The error is then
shown as the degree in which the treated distal segment (green, upper segment)
and untreated distal segment (white) differ. The error is expressed in terms of 6
parameters: 3 translations (∆x, ∆y, ∆z) and 3 rotations (∆φx , ∆φy , ∆φz )
around the orthogonal axes x, y, and z.

Wedge fixation simulations

For question III, both scans (before and after fixation) were
matched in Virtomy (rproximal = 0.980 and rdistal = 0.981)
and the errors in 6 DOF were determined (Table 1). The
translation errors (∆x, ∆y, ∆z) are mainly in the x and y
direction (Figure 24) with a maximum averaged translation
of 2.28 mm, which are the possible shear directions. The
rotation errors (∆φx , ∆φy , ∆φz ) are similar around the
x, y and z axes (Figure 25), with a maximum averaged
rotation of 2.09 degrees. Taking the scaling into account,
the maximum absolute averaged translation and rotation
errors becomes respectively 0.76 mm and 0.69 degrees. The
parameters ∆y and ∆φz show both a outlier.
Figure 24: The translation errors are plotted for both wedges types. The errors are
the highest in the x and y plane, which is the shear direction. There are no significant
differences noticed (neglecting the outlier) between the errors of the two wedge types.
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Figure 25: The rotation errors are plotted for both wedge types. The errors are
equally around all 3 axes. There are no significant differences noticed (neglecting
the outlier) between the errors of the two wedge types.
Table 1: The mean and standard deviation (SD) of errors of the repositioning
parameters without outliers, with ∆x, ∆y, ∆z in mm and ∆φx, ∆φy, ∆φz in
degrees. The orientation of these parameters is shown in Figure 2.
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∆x

∆y

∆z

∆φx

∆φy

Mean

2,28

2,17

0,24

2,08

2,09

∆φz
2,06

SD

1,36

1,94

0,11

1,84

0,98

1,18

and the strains were not beyond the critical limit. However,
the radial loads show a decreased stiffness for the wedge
concept models and wedge-only model. Here applies that
when the angle of screw insertion is larger, the stiffness of
the fixation decreases. This reduction of stiffness could be
explained by the effect that a larger angle of insertion will
increase the bending moment, because it will increase the
distance between the radial force and wedge (Figure 26).
The angle of insertion determines the length of the screw: a
shorter screw will increase the arm for the transversal load,
which will increase the bending moment and thus strain
[18]. The radial load showed a failure load of 50 N for all
wedge concept models. This failure level is caused by the
chosen surgical approach for the wedge concept. Because
the screws are inserted via the radial approach, the ends
of the screw are inserted through the cortical bone. The
strain varies linearly in the cross-sectional plane and the
maximum strain is at the outer side of the cross-sectional
area [18]. Therefore, the maximum principal strain is the
highest at the ends of the screws (Figure 26). In case of
other transversal loads (ventral and dorsal), the screws are
positioned near the longitudinal axis and show less strain.
For all models with implemented screws and longitudinal

D ISCUSSION

This study was focused on the development of a new
fixation implant, that could be: 1) inserted through an
incision at the radial side of the wrist and 2) fixated within
the shaft of the radius. We introduced the wedge concept
as a new fixation implant for corrective distal radius
osteotomies.
To investigate the effects of different angles of screw
insertion, 3 different FE models (angle insertion of 10,
15 and 20 degrees) were made and subjected by an
increasing longitudinal load. The results of maximum
stresses and principle strains were compared with an
equally loaded healthy and wedge-only model and showed
that implementing the wedge and screws will decrease
the stiffness of the fixation. This decrease is caused by the
combination of different stiffnesses of the used elements
in series [5]. The angle of insertion also has an effect
on the stiffness of the fixation, whereby a larger angle
results in a reduced failure load. For this study it was
assumed that bone failure would be initiated as soon as
the maximal principle strain was beyond a critical limit
of 7000 µ [38]. Based on the of FE simulations, it can be
stated that the reduction of the stiffness of the fixation is
related to the failure load. The failure load is decreased
by implementing fixation elements into the bone, because
the reduced stiffness by the screws will induce more
strain. As required, the wedge concept must withstand a
longitudinal load of 600 N. For the wedge concept this is
only achieved by implementing the screws with an angle
of 10 degrees (Figure 19). Although screws will decrease
the stiffness of the fixation, screws are required to enhance
a stable fixation. A fixation without screws would not
provide sufficient contact between the bone and wedge for
successful bone regeneration into the wedge.
The results of the maximum stresses and principle strains
are similar for all models with ventral and dorsal loads

Figure 26: On the left side the radial load and on the right side the strain
distributions over the cross-section. The strain is at its maximum at the sides, where
also the screw tips are positioned due to the radial approach.

loadings, the maximum stresses and strains were localized
at the distal end of the screws, facing the longitudinal axis
of the model. This location is caused by the high contrast
between the E-modulus of the elements (less dense bone
and stainless steel). In case of the wedge-only model, the
maximum stresses and strains were localized at the centre
of the contact surface between the bone and Ti wedge.
The FE models used in this study are simplified models.
The material properties for bone are modelled as linear
isotropic materials and not as anisotropic viscoelastic
materials [21], which explain the linear results of the
stress-strain plots.
To investigate the effects of shear on the errors of the
6 correction parameters (3 translation, 3 rotations) when
performing surgical fixation of the screws, wedge fixation
experiments were used. The results of these wedge
fixation experiments show a maximum absolute averaged
translation and rotation error of respectively 2.28 mm and
2.09 degrees (Table 1). Outliers in the repositioning errors
are noticed by the first two models of the experiment. The
presence of these outliers in the first two models and the
absence of outliers in the following up models could be
explained by a possible learning curve. Taking the scaling
into account, the maximum absolute averaged translation
and rotation errors becomes respectively 0.76 mm and 2.09
degrees. With these results the wedge concept is more
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accurate compared to other fixation technique studies for
corrective distal radius osteotomies [10][11], especially as
this was a true worst case scenario where manual aligning
of the three pieces while inserting the screws was tedious
due to the smoothness of the surfaces.
Some limitations of our study have to be mentioned.
First, due to the simplification of the FE models, the effects
of screw threads were not included. Also, the fixation
of the wedge to the bone was considered to be fully
constrained, which implies bone ingrowth into the mesh
over the entire contact surface. Therefore, pull-out strength
and the stability of the fixation with only screws (before
bone regeneration into the mesh) could not be investigated.
Second, during the wedge fixation experiments the wedge
must be held in place with the fingers, which was a difficult
task because of the high shear. In the simulation setup, it
was possible to place the fingers at each position of the
model. However, in reality the surgeon does not have these
possibilities due to the small incision.
Future studies could investigate the possibility to add an
external guider which can be temporarily fixated to the
wedge to manipulate the wedge in-vivo. Also using a
guidance element for insertion of screws into the bone and
pre-drilled slots for those screws in the wedge for screw
guidance, would be an improvement for the insertion of
screws. Research on the force/displacement relationship
of the surrounding tissues during distraction and the
determination of the coefficient of friction between the
Ti mesh and wet bone would give more insight to the
development of the wedge concept. For the finite element
analysis, more radii models have to be developed of
different patient to increase the n in order to generalize the
results.
In conclusion, the results of the experimental evaluations of
this study showed that the wedge concept is a promising
concept. The outcomes of this study are comparable with
other studies. If screws with an insertion angle of 10
degrees are used for the fixation of the wedge to the bone,
the wedge concepts satisfies all demands and requirements
of this study. The success of the concept is only possible if
the distractor is adjustable in 6 DOF and if the osteotomy
is performed as planned. A solution to these unsolved
problems would be a major step forward in developing the
wedge concept.
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A PPENDIX A
C ALCULATION OF THE DEFLECTION OF THE K - WIRE
To estimate the deflection of the stainless steel k-wire, the
Timoshenko beam theory is used [56]. The k-wire fixation is
defined as a cantilevered beam which is vertical subjected
with load P. The following parameters were used:
E-Modulus stainless steel: 210 GPa
Pinch force on distractor: 200 N
Length of the K-wire (L) = 150 mm, position of the applied
load P (x) = 15 mm and the radius of the pin (r) = 1.25
mm.

longitudinal direction has an influence on the compression
force (C), this correction can be neglected when a maximum
compression of force of 200N is used.

Figure 28: Free body diagram of the acting forces on the wedge, with an angle of
rotation of 30 degrees.

The normal force, where F = C:
N = cos(30◦ ) × F = cos(30◦ ) × 200 = 173.21[N ]

(4)

The resulting force in y’-plane:
S = sin(30◦ ) × F = sin(30◦ ) × 200 = 100[N ]

(5)

The coefficient of friction of Ti mesh with cancellous bone
is µ = 0.465 [7]. Friction force in y-plane:
Fw1 = µs × F = 0.465 × 200 = 93[N ]

(6)

Friction force in y’-plane:
Figure 27: The fixation of the k-wire (diameter 2.5 mm and length (L) 150mm) could
be modelled as a cantilevered rod, which is loaded with a force P (Pinch force) of
200 N. The deflection of the rod (δ) and the angle of deflection (θ) can be calculated
with the Timoshenko beam theory [56].

Second moment of area (prediction of the resistance of a
beam to deflection around the longitudinal axis):
π × r4
= 1.917 × 10−12 m4
(1)
4
Therefore, the deflection and angle of deflection can be
calculated with:
I=

Fw2 = µs × N = 0.465 × 173.21 = 80.54[N ]

(7)

Resulting force in y’-plane causing shear:
P 0 = S − Fw2 = 19.46[N ]

(8)

The friction in the y’-plane showed to be not sufficient to
keep the wedge within the shaft of the radius. If the wedge
fits exactly the geometry of the gap between the proximal
and distal radius, the friction in the y-plane should be taken
into account. The resulting pull-out force P in the y-plane
becomes (P = R):
P = cos(30◦ ) × P 0 − Fw1 = −73.57[N ]

(9)

3

P ×x
δ=
= 0.5mm
3×E×I
θ=

P × x2
= 0.056rad = 3.2degrees
2×E×I

(2)
(3)

Based on these estimations, the stainless steel k-wire will
have a deflection of 0.5 mm if it is subjected to a force of 200
N. The extra rotation for which the surgeon has to correct
is 3.2 degrees.

A PPENDIX B
C ALCULATION OF SHEAR
The angle of osteotomy has a direct influence on the actual
pull-out force of the wedge when the distal and proximal
bone are released after wedge positioning. To calculate the
force (R) which is required to prevent popping out of the
wedge, the worst case with an angle correction of 30 degrees
was applied. For this situation, the friction between the
distal and proximal bones and wedge must be optimal
to reduce the pull-out force. Although the correction in

This means that the static friction coefficient of the
titanium mesh gives sufficient friction to compensate the
shear forces when the wedge is successfully implemented.
Nevertheless, this is only the case if the wedge does fit the
geometry of the bones exactly as planned, otherwise the
friction is not sufficient to keep the wedge within the shaft
of the radius. Shearing of the wedge will also reduce the
relative distance between the bone segments, which reduce
the compression forces of the surrounding tissues.
To increase the friction, the total contact surface between
the wedge and bone could be increased by dividing the
required rotation over two sides of the wedge:
The normal force:
N = cos(15◦ ) × F = cos(15◦ ) × 200 = 193.19[N ]

(10)

The resulting force in y’-plane:
S = sin(15◦ ) × F = sin(15◦ ) × 200 = 51.76[N ]

(11)
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wedge with the bone (determined from the widest side of
the wedge). Based on the possible range of insertion along
the shaft of the radius and with the diameter (15 mm) of the
radius, the range of angle insertion becomes with tangens:
10 ≤ α ≤ 20 (Figure 30).

Figure 29: Free body diagram of the acting forces on the wedge, with an angle of
rotation of 15 degrees on both sides of the wedge.

Friction force in y’-plane:
Fw1 = µs × N = 0.465 × 193.19 = 89.83[N ]

(12)

Resulting force y’-plane:
P 0 = S − Fw1 = 51.76 − 89.83 = −38.07[N ]

(13)

Because θ is equally divided into two triangles (with each
longitudinal loaded with F, P’=P” and Fw1 = Fw2 .
Pull-out force in y-plane (P = R):

θ
)
2

P = cos(30◦ ) × P 0 + cos(30◦ ) × P 00 = −65.94[N ]

(14)

Because the shear is equally divided over two surfaces with
the same friction coefficient, more friction can be achieved
to keep the wedge within the shaft of the radius.
Concluding, sufficient friction could be achieved by dividing the rotation equally over both sides of the wedge.
However, the coefficient of friction would be lower in
practice, because of the water which is used to clean the
bone segments after osteotomy. This would give eventually
less friction and thus more pull-out force than the analytical
solutions.

A PPENDIX C
D ENSITY OF CORTICAL BONE
Cortical bone was defined as a volumetric density of
ρcorticalbone > 0.7g/cm3 [30]. Based on the material properties of the Finite Element models (Table 2), the weighted
average of cortical bone becomes:
P
ρi · Ni
ρbone =

12≤i≤20

P

= 0.98g/cm3
Ni

12≤i≤20

With N the number of elements which described the specific
material property.

A PPENDIX D
A NGLE OF SCREW INSERTION
In order to determine the optimal angle of insertion to
minimize the maximum stresses for different loadings, the
range of insertion has to be determined. It is assumed that
the maximum incision size is 50 mm and the skin could be
stretched for 17.5 mm to make the opening wider without
making a longer incision. Because the screw requires sufficient bone contact, it is assumed that the screw should
be inserted β = 10 mm from the contact surface of the

Figure 30: The range of angles for screw insertion: 10 ≤ α ≤ 20. The red dots
mark the begin and end of the range of insertion. Dimensions are given in mm.
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A PPENDIX E
C ONCEPTS OF FIXATION TO BONE
The following concepts of fixation to bone illustrate different
fixation techniques for the wedge to the bone. For all
concepts K-wires/cortical screws are be used as fixation
element. Besides that, other fixation techniques are used to
increase the contact between the wedge and bone, which
would provide more stability.
Fixation elements with monocortical fixation
Fixation elements are inserted through the wedge into the
bone (Figure 31a). This monocortical fixation requires a relatively small space for screw insertion. The wedge already
contains predefined slots to guide the fixation elements.

(a) Cortical screws (monocortical)

Fixation elements with bicortical fixation
Fixation elements are inserted through the cortical bone and
wedge into the cortical bone at the other side of the radius
(Figure 31b). This bicortical fixation increase the contact
between the wedge and cortical bone. The wedge already
contains predefined slots to guide the fixation elements. In
order to guide the fixation elements through the bone into
the guide slots in the wedge, a drill guide could be used,
which could temporarily be fixated to the wedge.

(b) Cortical screws (bicortical)

Fixation elements and curved K-wires
The flexibility of the K-wire could be used to approach
the cortical bone with a curvature from the other side,
which will increase the contact between cortical bone and
the wedge (Figure 31c). The wedge must contain curved
slots, which need to be printed within the mesh. A possible
problem could be that the K-wire will deflect from the
cortical bone, due to the stiffness of the cortical bone.
Also the concept requires a specific range for the curves
in the wedge, making this concept only usefull for large
corrections of the distal radius.

(c) Cortical screws and curved K-wires

Fixation elements and tube
Holes are drilled inside the cortical bone, by bending the
bone segments relative to each other. The wedge contains
a tube with a similar diameter as the holes. This wedge
is implemented into the gap between the bone segments,
aligning the tube and holes to each other. Eventually, the
tube (and holes) are filled with a (self-hardening) material
through an opening in the wedge (Figure 31d). However,
its unknown whether the possible effects of bone cement
resorption could be compensated by the regeneration of
bone into the mesh of the wedge. Also, aligning the drilling
holes in the cortical bone with the tube in the wedge could
be challenging, since one can not directly see the alignment.

(d) Cortical screws and tube

Fixation elements and clamps
The wedge consists of two clamps on both side of the
wedge. These clamps contains a sharp blade, which could
cut into the cortical bone (Figure 31e). The clamps prevent
the wedge from rotation. However, the clamps are located
on the outside of the shaft.

(e) Cortical screws and clamps
Figure 31
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Fixation elements and coutersinking clamps
This concept is an improvement of the Fixation elements and
clamps concept. The wedge consists of two clamps on both
side of the wedge. Before implementing the wedge with
clamps, bone should be removed to countersink the clamps
of the wedge. Screws could be used to fixate the clamps
to the bone (Figure 32a). A disadvantage of countersinking
clamps is that cortical bone must be removed, which will
give less grip for the inserted screws.
Fixation elements and wedges

(a) Cortical screws and coutersinking clamps

This concept is an improvement of the Fixation elements and
coutersinking clamps concept. Slots are made in the cortical
bone, which align with slots in the wedge. Extra wedges
are hammered into the slots to fixate the wedge to the
bone (Figure 32b). However, hammering elements into bone
could give microfractures in the bone, which reduces the
stability of the fixation.
Fixation elements and staples
Staples could be used for the fixation of bones, which are
shot into the bone segments. Because of the relatively small
size of a staple, multiple staples could be used to enhance
the stability of fixation (Figure 32c). However, inserting
staples with force into the bone could induce microfractures
in bone, which reduces the stability of fixation.

(b) Cortical screws and wedges

Worm jack
The workingprinciple of a worm jack could be used to
transfer the rotation of the drill to the rotation around the
longitudinal axes. This enables directly drilling into the
cortical bone from out of the wedge (Figure 32d). This
concept is limited by the fact that the screws must be already
inside of the wedge before implementing the wedge. The
length of the screws determines the minimal size of the
wedge, making this concept only useful for large correction
of the distal radius.

(c) Cortical screws and staples

A PPENDIX F
P ILOT EXPERIMENT
For the pilot experiment, 4 Polyoxymethyleen (POM /
Delrin) bars (diameter 16.5 mm and length 50 mm) were
used. Two different osteotomies were performed: 5 mm
translation with 15 degrees rotation and 10 mm translation
with 30 degrees rotation.
In total, four different situations were created, the combinations of: mono- and bicortical fixation and K-wires (3 mm)
and screws (4.5 mm) as fixation elements (Figure 31a and
31b).
Both wedge side feature half of the required correction angle
of the osteotomy. In order to simulate cortical bone only,
the remaining segments were longitudinally drilled (bore
6.5 mm) after cutting out the wedge.
The two remaining segments and the wedge were realigned
to the original geometry of the bar (losses of cuts were
neglected) and fixed in a vice. Before the K-wires and
screws were inserted, slots were drilled at low speed with
respectively bore 2.5 mm and 4 mm. The angle of insertion
was chosen to be 15 degrees with respect to the longitudinal
axis of the bar.

(d) Cortical screws with worm jack
Figure 32

Based on this experiment, we observed a difference between
the mono and bicorticale fixation with both osteotomies.
Bicortical fixation demonstrates rigid fixation of the bone
segment relative to the wedge for both K-wires and screws,
when loaded with tensile and bending loads by hand (Figure 33). Monocortical fixation with K-wires was sensitive
to shear, because of the insufficient contact between the Kwires and the bone.
For bicortical fixation, no differences were noticed in the use
of K-wires or screws, when loaded with tensile and bending
loads by hand. This can be explained by the cross-insertion
of the fixation elements, which prevent shear (Figure 31b).
However, the use of screws compared with K-wires has
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more benefits. A screw created more surface contact with
the bone due to the threads, so that the pull-out strength is
much larger. In addition, it is possible to exactly define the
required length of the screw, which would prevent the screw
of protruding on the outside of the bone. A K-wire should
be cut of after implementation, which would give sharp
edge at the outside of the shaft. Removing this sharp edge
with an instrument means an additional step in the surgical
procedure. Subsequently, the K-wire has a relatively sharp
point at the tip (size = ∼6 mm), which result in insufficient
contact with the cortical bone.
Summarizing, the results of the pilot experiment show that
the wedge concept has a high potential for different types
of osteotomies. Bicortical fixation and screws appear most
advantageous to the implant.

A Laplacian 1st order algorithm is used to smooth a polygonal surface mesh [33]. The function of the algorithm
is to assign new positions for the nodes by centralizing
the surface vertexes between its topological neighbors, this
without modifying the topology of the mesh itself [46]. To
ensure the mesh connectivity and quality, the amount of
triangles is reduced on 5 iterations, similar to what Rypl
2004 prescribe [46].
The next step in creating a 3D model is creating a volume
mesh. Five different virtual models were made of the radius,
varying the maximum FE element size from 1 to 5 mm in
steps of 1 mm. The effect of varying the element size (and
thus total number of elements) on the simulations results
is further discussed in the convergence test and model
validation.

Figure 33: With mono-cortical fixation movements are possible between the proximal
and distal segments and wedge. Because the bi-cortical fixation has two connections
on both sides between the wedge and segments, the wedge can not tumble.

A PPENDIX G
FE MODEL

Figure 34: The relation between the ash density and the E-modules of the 20 material
properties.

Obtaining FE models from CT-data
In order to obtain a FE model of a healthy radius, CT data
of such radius was manipulated with an image processing
software tool Mimics (Materialises Interactive Medical Image Control System, Materialise, Leuven, Belgium). The
CT data of the radius was obtained from the department
of Biomedical Engineering and Physics at the Academic
Medical Center in Amsterdam and consisted of 687 Digital
Imaging and Communications in Medicin (.DICOM) slices
of a healthy right.
These 2D images were imported into Mimics. In order to
separate bone from other tissue in the forearms, a threshold
value of >226 Hounsfield Units (HU) was applied. The next
step was to separate the radius from adjacent bones like
the humerus, ulna and carpal bones. This was achieved by
editing the mask on the distal and proximal side of the
radius slide-by-slide. The mask can be referred to as the
part that is thresholded from the initially imported CT-scans
(the radius). Once the adjacent bones were excluded from
the mask successfully, a connection component analysis of
region growing was used to select the whole radius through
multiple Dicom-slices. After the radius has been successfully excluded from the rest of the forearm, the mask was
filled; making sure that all pixels were closed/connective in
order to generate a volume mesh in a later stage without
encountering errors.
After generating the radius model in Mimics, the model was
importerd into the data analyzing tool 3-Matic of Mimics
(Materialise, Leuven, Belgium). In 3-matic, the initial mesh
is subjected for automatic smoothing and reducing the
number of triangles, in order to speed up the FE analysis.

Figure 35: The distribution of the number of elements over the 20 different material
properties.

Material properties
The range of >226 HU indicating the grey value of bone is
transferred into material properties: Youngs modules (E),
calcium hydroxyapatite density (ρha ), ash density (ρash )
and the Poissons ratio (v). The ash density is used as
an indicator of the mineral content of bone tissue, which
provides stiffness and strength to the tissue.
The study of Edward 2012 [14] compared the Morgans relationship with two other linear-elastic relationships: Keller
1994 [25] and Carter 1977 [3], and showed that Kellers
relationship predicted principal strains that most closely
matched experimentally measured strains. Because of this,
the following density-elastic relationship will be assigned to
a linear-isotropic material:
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E = 10.500 × ρash (2.29)[25]

(15)

Where E is the Youngs modules expressed in MPa, and
ρash is the ash density expressed in g/cm3 . The same
equations as Keller 1994 [25] were used to compute ρash .
They performed a calibration with a calcium hydroxyapatite
phantom (0, 400 and 800 mg/cm3 ) to establish the following
linear relationship between HU and calcium hydroxyapatite
equivalent density ρha in g/cm3 :
ρha = 0.0069 + 0.0007 × HU [25]

(16)

The resulting ρha was converted to ρash using:
ρash = 0.0698 + 0.839 × ρha [24]

(17)

Notice, it is not straightforward to compute ρash with
relations obtained by the calibration of a different study.
Unfortunately, a calibration phantom was not present in the
CT images. To determine if the relationships were proper
to use, the range of ρash of this study was compared with
Keller 1994 [25], which showed a similar ash density range.
Finally, the material was assigned a Poissons ratio of 0.4 [41].
The model that was used in this study consist of 20 different
materials properties of bone. Table 2 gives an overview of
these material properties and the number of elements that
were used for each material property. The relation between
the ash density and the E-modulus is plotted in Figure 34.
The distribution of the number of elements for each material
is given in Figure 2. Eventually the Finite Element Analysis
was performed with SIMULIA Abaqus.
Table 2: Material properties for each material and the number elements which were
used to describe the materials for the radius model.
Material

Density (g/cm3)

E-Modulus (MPa)

# Elements

1

0.01

3

1243

2

0.02

5

5025

3

0.05

12.95

4770

4

0.13

98.99

6355

5

0.21

285.69

12684

6

0.28

587.96

10564

7

0.36

1017.01

7506

8

0.44

1582.01

8486

9

0.51

2290.83

8753

10

0.59

3150.39

5689

11

0.67

4166.9

4502

12

0.74

5346.04

4974

13

0.82

6693.03

5921

14

0.90

8212.72

5171

15

0.98

9909.65

4469

16

1.05

11788.09

5670

17

1.13

13852.07

7393

18

1.21

16105.43

16953

19

1.28

18551.81

16332

20

1.36

21194.71

3650

Convergence test and model validation
When building a finite element model, the refinement of
the mesh has a large influence on the accuracy, and the
time it takes to run the model [33]. To determine the proper
refinement of the model, a convergence test is performed

by evaluating four different meshes for the healthy and
misaligned radius, varying from element sizes of 25 mm.
For the convergence tests, a longitudinal load of 100 N was
applied (60 N scaphoid and 40 N lunate). The displacement
at the radius end and maximum Von Mises stress values
were reviewed for convergence. The results of the convergence test are given in Table 3. Based on these results, the
best mesh size would be the smallest possible size (2 mm).
A model with an element size of 1 mm would give too many
elements to run the model properly with the used processor.
Therefore, a model with element size of 2 mm is chosen for
further simulations. To validate the FE model, a longitudinal
Table 3: Results of the convergence test. The model with element size 1 mm
was excluded from the test, because the used computer was not able to complete
successfully the simulation, due to the large number of elements.
Element size (mm)

Von Mises (Mpa)

u (mm)

# Elements

1

n/a

n/a

1,242,028

2

8.432

0.178

146,210

3

9.168

0.202

49,006

4

9.812

0.338

21,262

5

10.322

0.391

13,649

load of 300 N was applied (180 N at scaphoid and 120 N at
lunate). This results in a maximum stress of 24.7 MPa and
maximum strain of 1950 µ, which are comparable results
with literature [13].
In addition, the study of Pistoia 2002 showed a failure
load of 950 N. To predict the failure load of the radius,
they assumed that bone failure would be initiated as soon
as the strain was beyond critical limit (7000 µ) [38]. If
a longitudinal load of 950 N (570 N scaphoid and 380
N lunate) was applied at the FE model of this study, a
maximum strain of 8945 µ was measured, which indicates
a possible failure of the radius [14][38].

