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Abstract

Background and Purpose Scaphoid waist fractures are often stabilised with compression screws, Kirschner wires (K-wires), or
a combination of both. While clinical and bio-mechanical studies evaluating their utility are available, the ideal configuration
of implant that would provide adequate stability to permit early use of the hand is debatable. We examined configurations of
a single screw, one screw along with a K-wire, and two K-wires used for a transverse scaphoid waist fracture fixation aiming
to assess the stability provided by each in the immediate postoperative period.

Methods Computer-aided design (CAD) models of the scaphoid, K-wire, and headless compression screw were created.
A transverse fracture was created at the scaphoid waist, and the CAD models of the screw and K-wire were used to fix the
fracture in different configurations in a distal to proximal direction. Finite Element Analysis (FEA) was used to examine the
strength of configurations when they were subjected to compression and distraction forces. The total maximum deformation
(TDef) and factor of safety (FoS) for each configuration were calculated and used as indirect indicators of postoperative
stability.

Results When a single screw was used, the configurations with the screw directed posteriorly from either centre or anterior
had the best combined TDef and FoS values. For one screw and one K-wire, the configuration with screw and K-wire parallel
to each other with the screw located along the long axis in the AP projection and anterior to the K-wire in the lateral projection
had the best combined TDef and FoS values. When using two K-wires, configurations with the two wires diverging proximally
on the lateral projection had the best combined TDef and FoS values.

Conclusions When fixing a transverse scaphoid waist fracture with a single screw, the screw directed posteriorly from either
the centre or anterior aspect of the distal pole has the best stability, a parallel configuration has the best stability when fixing
it using a screw and a K-wire, and divergent configuration has the best stability when fixing it with two K-wires only.
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Introduction

Scaphoid is subjected to significant stresses from the usual
day-to-day activities [1]. The current practice of scaphoid
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fracture management depends on the location of the fracture
and the degree of displacement [2—4]. Undisplaced waist and
distal pole fractures are often treated non-operatively and
tend to heal well in most patients. Surgical fixation is the
preferred treatment for displaced waist and proximal pole
fractures [4]. Many centres internally fix all scaphoid frac-
tures, including the undisplaced ones. An early return of
wrist movement, higher union rates, and avoidance of cast
are the purported benefits of such an approach [4].
Implants used for fracture fixation behave like inter-
nal splints, protecting and stabilising the reduction. After
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Herbert and Fisher’s headless screw design, many other
screws based on similar concepts have been described [1,
5]. Kirschner wires (K-wires) have been used for the fixation
of scaphoid fractures either as primary or salvage implants
when screw fixation alone is judged to be inadequate by the
operating surgeon [6, 7]. Biomechanical studies on cadaveric
scaphoids with mechanical loading of the fixation construct
have attempted to identify the most suitable screw design for
fixation [1, 8]. Finite Element Analysis (FEA) has been used
to examine stress—strain patterns, implant design, fracture
load prediction, mechanical property determination, ideal
implant direction [9, 10], the influence of K-wire position
on the initial stability [11], and also to study the mechanism
of development of a scaphoid waist fracture [12].

Despite preoperative planning, the surgeon may fail to
place the implant in the desired position during surgery.
While earlier studies have contributed to the knowledge
and have aided in improving the practice of scaphoid
fixation, literature on the ideal implant configuration that
would provide enough stability for permitting an early
wrist motion and use of the hand for routine activities is
unavailable. The present study attempts to identify the
implant configurations that would have adequate stability
to withstand the application of physiological loads soon after
fixation of a transverse fracture through the scaphoid waist.

Materials and Methods

Anonymized computed tomography (CT) images of a
32-year-old male who had suffered fracture of the middle
phalanx were utilized for the creation of the scaphoid
model. The images were obtained with the wrist in
the prone position. A Standard Tessellation Language
(STL) model of the scaphoid was constructed on Mimics
Medical software (Materialise NV) using Digital Imaging
and Communications in Medicine (DICOM) files. The
scaphoid STL model was then rectified and converted into
a computer aided design (CAD) model using Autodesk
Meshmixer (RRID:SCR_015736, © 2020 Autodesk, Inc.)
and FreeCAD (version 0.19.2), respectively. CAD was used
to define the material properties of scaphoid. CAD model
of 1.5 mm K-wire and Herbert type Headless screw (28 mm
long, 3 mm diameter) were designed in SOLIDWORKS
with accurate measurements. Their material properties were
obtained from the manufacturers. The Institutional Human
Ethics Committee approval was obtained before conducting
the study (ref. IHEC-LOP/2021/IM0360).

A transverse fracture was created at the waist of the
scaphoid model (Fig. 1). We chose the transverse pattern
for studying fracture fixation as it is the most common pat-
tern for scaphoid fractures [3, 13]. The CAD models of
K-wire and screw were then inserted in a distal to proximal
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Fig. 1 Computer aided design (CAD) model of the scaphoid with the
location of the transverse fracture indicated on the model

direction into the scaphoid model to simulate fixation of the
fracture (Fig. 2). Although scaphoid waist fractures can be
fixed either from ‘proximal to distal’ or ‘distal to proximal’
directions, we chose the ‘distal to proximal® direction as
this approach does not compromise the scaphoid vascularity
which is predominantly from the dorsal surface; secondly,
waist fractures are best approached from the anterior side
affording good exposure [4].

The headless compression screw model was inserted
into the scaphoid model using Boolean subtraction tech-
niques. The leading end of the screw was in the proximal
fragment. For simulating the creation of a track by a drill
bit during surgery, part of the bone inside the cannulated
screw was subtracted. For simulating the effect of com-
pression produced by the screw, a pre-load of 20 Nm was
applied. Six different CAD configurations of screw positions
were designed with changes in the angle of insertion in two
orthogonal radiographic projections, simulating a surgeon’s
view (Fig. 3). The aim of varying the angle of the screw was
to simulate the variations that a surgeon might have during
surgery. However, pre-defined angles were not used as accu-
rate measurement of angles are not usually feasible during
an actual surgical procedure.

Six different one screw and one wire configurations were
created such that in three of them the screw was placed
anterior to the wire and in the other three it was posterior
(Fig. 4). In none of the configurations, the wire and screw
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Fig.2 Computer aided design (CAD) model of the scaphoid with a single screw (a), one screw and one K- wire (b), and two K-wires (c) placed

across the waist fracture

intersected each other. Like the one screw and one K-wire
model, six different configurations of two K-wires were also
created (Fig. 5). The CAD models of transverse scaphoid
waist fractures were converted to Initial Graphics Exchange
Specification (IGES) files for FEA in ANSYS 2022 R1 Stu-
dent version (Ansys© Academic Research Mechanical).
FEA requires the definition of the material properties of the
scaphoid bone, the screw, and the K-wire [9-11]. Table 1
summarizes the values used in the study. AS performed the
FEA under the guidance of RKD. JAS and PB provided the
analysing team with the details of the possible variations in
the direction of implant placement.

A fixed contact condition was applied at the contact of
the scaphoid with radius. Static friction (u = 0.4) between
the two fractured parts of the scaphoid was introduced as
described by Luria et al. [10] to simulate real-life condition.
Bonded contact was defined between fractured bone and
implants. Distally, the contact force was applied along the
scaphotrapeziotrapezoid (STT) joint. We subjected each
construct to compression and tensile forces of magnitude
300 and 100 N, respectively. These are the forces that would
act on a patient’s operated scaphoid when s/he tries to get
up from a chair by putting pressure on the wrist or tries to
lift a light object, respectively. We assumed these were the
routine activities a patient would want to perform as early
as possible after surgery.

On the FEA, we looked at two parameters—total
maximum deformation (TDef) of bone that is indicative
of displacement between the two fragments at the fracture
site after application of force, and factor of safety (FoS)
of the construct that indicates the strength of construct
under different loading conditions. The TDef is used in
ANSYSO and is the square root of summation of the square
of deformation in three axes (x, y, and z) and indicates the

displacement occurring in a construct after it is subjected to
loads; the FoS provides information as to how much stronger
a construct is than it needs to be for an intended load [14].
Ideally, the TDef must be low and FoS must be high for
any construct to be stable. A value of 1.0 was considered
as the cutoff for FoS as per the acceptable international
convention. We chose the implant placement across the
fracture, assessing the two views—AP and lateral together
to simulate the surgical condition faced by a surgeon.
The implant placement was done by ‘eyeballing’ used for
learned estimation of the implant configuration during
most surgeries. These results were plotted graphically using
Matlab (R2022a).

Results

The values of TDef and FoS obtained during FEA are pre-
sented in Table 2. Figure 6 shows the FoS and TDef of dif-
ferent configurations of placement of a single screw con-
struct. Under tensile load, the minimum and maximum TDef
were seen in configurations 3 and 4, respectively, and the
minimum and maximum FoS were seen in configurations 1
and 5. When TDef and FoS were considered together, con-
figurations 1 and 4 had the poorest values. Under compres-
sive loads, the TDef of all configurations was <0.01 mm
and there was no gross variation in the values. The FoS for
all the six configurations was more than three, the highest
being for configuration 4.

Figure 6 also presents the FoS and TDef of one screw
and one wire configurations. In the first three, the screw was
placed anterior to the K-wire, and in the remaining, K-wire
was placed anterior to the screw. Under both tensile and
compressive loads, TDef values for all the configurations
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Fig.3 Antero-posterior and
lateral views of the scaphoid
with a single screw construct in
the six different configurations
that were studied
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Case-5 (R5)
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Anteroposterior view

were <0.02 mm. FoS under tensile and compressive loads
was poorest for configuration 5, where the implants were
converging towards each other in both the views—from the
front (antero-posterior) and side (lateral). FoS was more than
four for configurations 1 and 2, wherein wire and screw were
located on either side of the midline on the lateral view and
the K-wire was located medial to the midline and the screw
was located along the long axis of the scaphoid on frontal
view.

Finally, Fig. 6 presents the FoS and TDef of the two
K-wire configurations. TDef of more than 0.1 mm was noted
in configuration 1, in which one of the K-wires was placed
near the medial cortex in the AP projection and near the
anterior cortex in the lateral position, while the second wire
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was placed along the mid-axis of the scaphoid in both the
projections. This configuration had the least FoS too. Rest
all configurations had TDef <0.02 mm in the two loading
conditions. Configurations 2 and 3 had the highest FoS under
tensile and compressive loading conditions, respectively.
Configuration 5, with the wires convergent to each other on
both the frontal and lateral projections, has a low FoS.

Discussion

The usual treatment for an undisplaced scaphoid fracture
is immobilization in a cast for 8—12 weeks, and it is
successful in achieving union in around 90% of patients [3,
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Fig.4 Antero-posterior and lat-
eral views of the scaphoid with
one single screw and a K-wire
construct in the six different
configurations that were studied
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Anteroposterior view
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Case-5 (Convergent)

Anteroposterior view

4]. This prolonged immobilization in cast carries the risk
of stiffness, decreased grip strength, and delayed return to
work. For displaced fractures, the usual treatment is closed/
open reduction and surgical fixation, which avoids the
disadvantages of prolonged need for a cast [15, 16].

Screws with distinct structural properties have been used
for transverse scaphoid waist fracture fixation with good
results [1, 4, 5, 17]. A single screw placed along the central
one-third of the scaphoid, i.e., in the centre—centre position,
is the preferred orientation for the implant in biomechani-
cal and finite element studies [10, 16, 18]. However, screw
placement can be technically difficult and requires a high
level of skill [3]. Swanstrom et al. studied the screw orien-
tation, i.e., central versus perpendicular, for scaphoid waist
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fracture fixation in ten computer models; they reported that
increasing the screw perpendicularity at the fracture site
resulted in higher compression with maximum compression
being achieved when the screw placement was perpendicular
to the fracture [19]. However, in unstable fracture patterns, a
single screw may not provide the required rotational stabil-
ity during wrist extension-flexion and radioulnar deviation
[20]. Mandelson et al. performed a biomechanical study of
scaphoid waist fracture non-union where they compared
three different fixation models—single compression screw,
double screws and scaphoid plate. They found that double-
screw fixation resulted in greater stiffness and load to failure
than single screw fixation and was comparable to plate fixa-
tion [21]. Even with the availability of multiple designs of
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Fig.5 Antero-posterior and Wire & Wire fixation
lateral views of the scaphoid

two K—wires construct in the
six different configurations that
were studied Case-1 (Parallel) Case-2 (R1)
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Table.1 SummaFy of the . Young’s Poisson’s ratio Density (kg m™) Yield
material properties of Scaphoid, modulus (GPa) Strength
Steel and Titanium used for (MPa)
performing the FEA
Scaphoid bone 15 0.2 2150
K-wire (Steel) 193 0.28 170 8000
Herbert type headless 116 0.34 220 4500
compression screw
(Titanium)
compression screws for scaphoid fixation, K-wires are still Despite preoperative planning, scaphoid fracture fixa-

popular in practice as they are easier to insert with minimal ~ tion may not proceed as planned. In such a situation, the
dissection and as salvage implants after previously failed = foreknowledge of the configuration of implants that may
fixation [22]. be safely accepted and the configurations that are better

@ Springer



Indian Journal of Orthopaedics (2024) 58:785-793 791

avoided would help the surgeon in intraoperative decision-

223588
B8589 &8s making. In the present study, we have utilised two param-
e ¥ oo om eters, viz., TDef and FoS, that are frequently used in the field
é of mechanical engineering to evaluate the strength of any
gz construct in a computer model before its actual execution in
2 % the real world. Based on our results, the following inferences
(9]
| E " L85 % can be drawn—
El€looc o33 o
o o — o O O o O
ola|lsss33s . ) _
agw e ey e For single compression screw fixation, one would have
21395329 the best combination of TDef and FoS in configurations
Efe - — ==~ 5 and 6; configurations 2 and 3 are also ‘acceptable’. The
g configurations 1 and 4 are ‘not acceptable’ (Fig. 5a)
" et e For one screw and one wire fixation, configuration
o . . . . .
‘;* -% 5 in which the implants are converging proximally,
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25228533 e For the two K-wires fixation, configurations 1 and 5
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g wires in the lateral views are all ‘acceptable’ (Fig. 5c¢).
5 = | =
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3 é_ g g % E ‘§ g % The h1ghest FoS was poted fqr single compression screw
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S | & S = % © 0o » . R K
e w228 % 5% single compression screw configurations were more than that
= g O X ¥ 9 v . . .
il Elad = ad a o = for two K-wire constructs. One plausible explanation could
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§ 5 g be the lower stiffness and strength of the K-wire compared
z "% % to the compression screw. This aspect needs to be further
o z g evaluated in future studies as the results run contrary to
— S . . . .
8|5 L[ E|l o n oo v those obtained for two screw constructs in previous studies
g |2 |3 5 R X OS — QD
g O & | = o 09O = = [20]
|8lela|22858¢ - o
= - © o o Our study has a few notable limitations. Being a software-
s o o~ s . .
g 2 § [T\: % § g 5 based study, our findings do not consider the influence
3 L|w < 6 806 © that soft tissues and surrounding bones may have on the
i“é el trajectory of implant placement. Although by using the
—§ - & ‘free-hand technique’ we have tried to address this issue, it
g 2 § is not possible to address for all the variables. We assumed
e |8 1 e e O uniform density across all the scaphoids, and hence, the
4 181228823 i i
B Els1888888 effect of cortical shell and cancellous centre of scaphoid on
g clRless<ss < construct stability was not evaluated. A direct comparison
2 928228 b he availabl ional studi 1d not b
= 2|$28x% 8 etween the available computational studies could not be
2 El23<238 made as the study design, and the parameters studied were
3 z different. Additionally, in a few cases, a surgeon might need
§ E multiple attempts to place a provisional K-wire and then
3 5 § uidewire before screw placement. This might alter the
g8 g p g
Q = . .
o |2 | e Ele o — o on < internal structure of the scaphoid and affect the strength.
Sl2|Z2|S[8228 2% 2 This study has not taken these scenarios into consideration.
g | IFE e e oo Notwithstanding the limitations, the findings of this FEA
E £ would provide the surgeon with the necessary confidence
R in determining the acceptable implant configuration
o~ . . . .
2 %D intraoperatively. A single well-placed compression screw
ec S T R R VARV should be enough if it is in an ‘acceptable’ configuration;
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Fig.6 Factor of Safety (FoS) and Total Deformation (TDef) plots for a single screw construct, one screw and one K-wire construct, and two

K-wires constructs

however, in case the screw placement is not acceptable,
then a second implant, either another screw or a K-wire may
be added. In double implant fixation, divergent screws or
K-wires in the lateral view are ‘acceptable’.
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