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Abstract

Purpose The use of a locking plate eliminates excessive pressure on bone for anatomical reduction and thus preserves the
periosteal blood supply, which is important for fracture healing. The far-cortical locking technique with a semi-rigid locking
screw reduces structural stiffness and parallel motion, allowing uniform callus formation at the fracture site. Although previ-
ous studies demonstrated the superior clinical and biomechanical outcomes of semi-rigid locking screws over rigid ones, it
is unclear whether a gap between the plate and bone should be preserved in the far-cortical locking technique.

Methods The present study conducted finite element analyses with mechanical calibration to clarify the influence of a
plate-bone gap on the biomechanical performance of the far-cortical locking technique. A simulated mid-shaft fracture
model was fixed using a locking plate and six semi-rigid locking screws. The plate-bone distance was 0 to 2 mm and the
axial compressive load was 500 N.

Results Gliding guidance at the plate-bone interface enhanced parallel intersegmental motion but reduced intersegmental
movement, which is a mechanical stimulant for callus formation, and may increase pressure on the bone. Screw stresses
increased with increasing plate-bone gap distance.

Conclusion For the far-cortical locking technique, the results suggest a minor plate-bone gap should be preserved. Engage-
ment between the plate and bone should be avoided both before and after the application of mechanical load.

Keywords Far-cortical locking - Semi-rigid locking screw - Gap - Stiffness - Parallel motion - Finite element analysis -
Biomechanics
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1 Introduction

The application of locking plates has greatly changed surgi-
cal techniques for orthopedic trauma [1-3]. For a compres-
sion plate, anatomical reduction with tight binding between
the bone and plate is necessary to achieve sufficient fixa-
tion stability. The use of a locking plate creates a structure
with great mechanical strength and thus preserves the peri-
osteal blood supply [3], which is a key factor in bone heal-
ing. Clinical outcomes for compression plates depend on
primary (direct) bone healing, whereas those for locking
plates depend on secondary bone healing [1, 3, 4]. However,
several studies found no differences in the stiffness of fixa-
tion structure between locking and compression plates [5,
6], caused the delayed or non-union which may need extra
surgical treatments, implant fractures, alignment loss [7-11].
The high stiffness of a fixation structure that uses a lock-
ing plate reduces the efficiency of bone healing. To reduce
structural stiffness, the far-cortical locking technique, where
fixation is done only in the far-cortex region using a semi-
rigid locking screw, has been proposed [12—15]. The paral-
lel movement at the fracture site in the far-cortical locking
technique removes the problem of uneven callus formation
caused by conventional locking plates and screws [15, 16].
Nevertheless, the plate-bone gap remains an issue for
the locking plate technique. A biomechanical study found
that an excessive plate-bone gap jeopardizes the safety of
a fixation structure [17]. When a semi-rigid locking screw
is used, the performance of the fixation structure becomes
more complicated and difficult to anticipate. Besides struc-
tural stiffness, the influence of the plate-bone gap on parallel
motion at the fracture site should be examined. The present
study investigates whether the plate-bone gap should be pre-
served in dynamic fixation using a semi-rigid screw from
a biomechanical perspective. Structural stiffness, parallel
motion at the fracture site, and screw stress are discussed.

2 Material and Methods
2.1 Virtual Model Construction

A cylindrical diaphyseal mid-shaft fracture model was con-
structed with a hollow cortex layer (outer diameter: 30 mm;
cortex thickness: 7.0 mm; Young’s modulus: 15,100 MPa;
Poisson’s ratio: 0.3) filled with solid to simulate cancellous
bone (Young’s modulus: 100 MPa; Poisson’s ratio: 0.3). The
total length of the cylindrical model was 230 mm, with a
fracture gap of 10 mm in the middle of the shaft [12, 18].
A simple bone plate (length: 212 mm; width: 19 mm;
thickness: 7 mm) construct was built with 12 screw holes

(screw hole span: 16 mm). A commercial 42-mm semi-
rigid locking screw (DDTL screw, A Plus Biotechnology
Co., Ltd., Taiwan) was reconstructed and the screw threads
were removed (Fig. 1). Three screws were inserted into
the 1st, 3rd, and 5th screw holes, respectively, on the bone
plate to fix the upper shaft, and three screws were inserted
into the 8th, 10th, and 12th screw holes, respectively, to
fix the lower shaft. The material properties of a titanium
alloy were assigned to all metallic components (Young’s
modulus: 110,000 MPa; Poisson’s ratio: 0.3). Screws were
fixed on the shaft in the far-cortex region. A 5.0-mm tun-
nel was retained for dynamic motion of the screw shaft
(3.4 mm) at near-cortex regions (Fig. 2).

Three gap distances between the bone and the bone
plate, namely O, 1, and 2 mm, were used (Fig. 3). The
corresponding models are denoted as GO0, GO1, and G02,
respectively.

2.2 Finite Element Modeling

The three models were meshed with tetrahedral elements
in the commercial software ANSYS Workbench 17.0
(ANSYS Inc., Canonsburg, PA, USA). A convergence test
was performed with an axial compressive load of 500 N
applied to the structure. The von Mises stress on the bone
plate/screws and the axial displacement in the interfrag-
mentary region were taken into convergence concern.
The final numbers of element numbers were 165,330 for
the GOO model, 166,102 for the GO1 model, and 165,983
for the GO2 model. Element sizes were 1.5 mm (glob-
ally), 1.3 mm (bony construct), and 0.85 mm (metallic
implants).

Far-cortex fixation region

Fig.1 Model of commercial dynamic locking screw (left). The
threaded region was simplified (right) for finite element analyses
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Near-cortex tunnel: 5 mm

B Near-cortex screw shaft: 3 mm

Far-cortex screw shaft: 4.5 mm

Fig.2 Illustration of screw insertion. The tip of the screw is fixed at
the far cortex of the bony shaft and clearance is retained in the tunnel
region

Fig.3 A Configuration of

locking plate and semi-rigid (A)

locking screws. The side views e
and cross-sectional views of B
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GOl model GO02 model
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2.3 Boundary and Loading Condition

The contact between the bone plate and the bony shaft was
set to be frictionless. A coefficient of friction of 0.5 was set
for the fracture gap in case of contact after load application.
The screw heads were set to be bonded with the bone plate.
For the screw body, the far-cortex region was bonded with
the bony shaft. The screw shaft at near-cortex region was
frictionless, and the transition region had a coefficient of
friction of 0.5 against the bony tunnel.

A compressive axial load was applied to the top of
the bony shaft. The initial load was 100 N; the load was
increased in steps of 100 N until it reached 500 N. The bony
shaft model was fixed at the bottom of the lower fragment.
In the finite element analyses, the stresses on the implants
were recorded and the axial displacement of the load-exer-
tion surface on the model was used to calculate the structural
stiffness. Interfragmentary motion was evaluated by record-
ing the fracture site displacements on near- and far-cortical
sides, calculated as tilting angle to clarify if ideal parallel
motion can be preserved under different fixation settings.

(B)
GO0 model
Gap =0 mm
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Fig.4 Configuration of the
mechanical test

2.4 Model Calibration

The results from the simulated models were calibrated using
a practical mechanical test with identical parameters for the
screws (DDTL screw, A Plus Biotechnology Co., Ltd.), bone
plate (ABS Locking Plate, A Plus Biotechnology Co., Ltd.),
and surrogate bony structure. Metallic implants were fixed
onto composite sawbones [1, 12-15] (Sawbones #3403;
Pacific Research Laboratories, Vashon, Washington) with
a length of 110 mm for both the upper and lower shafts. A
10-mm osteotomy gap was preserved [12]. Plates were fixed
at 2 mm from the bone surface (Fig. 4). The 42-mm screws
were secured onto the bone plate to a torque of 4 Nm using a
torque limiter. A static axial compression test was conducted
with a 0.1 mm/s load rate until a 500-N load was reached.
Mechanical test was conducted one-time on a single sample,
and the load—displacement correlation and the calculated
axial stiffness from the mechanical test were used to cali-
brate the aforementioned simulated models.

3 Results
3.1 Model Calibration

The load—displacement results from the mechanical tests
(obtained under identical geometrical and loading condi-
tions) were applied for calibrating the GO2 model in the
finite element analysis. The load—displacement curve for
the mechanical test (average of three sets of mechanical
test data) and that for the GO2 model are plotted in Fig. 5.
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Fig.5 Load-displacement curves for mechanical test and finite ele-
ment analysis of G02 model. The two curves are similar

Table 1 Structural stiffness of simulated finite element models

Model Stiffness (N/mm)
GO0 (gap=0 mm) 381.7
GO1 (gap=1 mm) 3153
GO02 (gap=2 mm) 288.8

Table 2 Interfragmentary motion at simulated fracture sites

Model Interfragmentary motion (mm)
Near-cortex Far-cortex

GO0 (gap=0 mm) 1.00 1.62

GO1 (gap=1 mm) 1.17 2.00

GO02 (gap=2 mm) 1.29 2.17

The structural stiffness was 293.3 +11.35 N/mm (range:
284.15-306.02 N/mm) for the mechanical test specimens
and 288.8 N/mm for the GO2 model. These values are sim-
ilar, indicating that the finite element analysis results are
reliable.

3.2 Structural Stiffness

The simulation results show that the structural stiffness
decreases with increasing plate-bone gap distance. The
structural stiffness was largest for the GOO model (381.7 N/
mm); those for the GO1 and G02 models were 17.3% and
24.3% lower, respectively (Table 1).

3.3 Interfragmentary Motion
Table 2 shows the interfragmentary motion in the near- and
far-cortex regions. Movements increased with increas-

ing plate-bone gap distance. The largest movements were
observed for the GO2 model. The calculated tilting angle,
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tilting angle (°)
=

1

G00 GOl G02

Fig.6 Comparison of tilting angles at the fracture site to evaluate
parallel motion between the fractured segments

Table 3 Comparisons of screw stresses

Screw location von Mises stress (MPa)

GO0 model GO01 model G02 model
(gap=0mm)  (gap=1mm)  (gap=2mm)

Ist hole 448.8 438.3 454.9

3rd hole 453.3 497.0 510.9

5th hole 479.0 542.3 558.0

8th hole 482.5 562.7 583.7

10th hole 461.0 475.1 492.7

12th hole 466.1 459.3 470.9

used to evaluate parallel motion, increased with the eleva-
tion of bone plate. The tilting angles were respectively 1.17°,
1.58°, and 1.76° for the GO0, GO1, and G02 models (Fig. 6).

3.4 Stress on Semi-rigid Locking Screws

The von Mises stresses on the semi-rigid screws are listed
in Table 3. The two center screws (at the S5th and 8th screw
holes) had the greatest stress for all models. The largest
stresses at the screws adjacent to the fracture gap were found
for the GO2 model (558.0 and 583.7 MPa), followed by the
GO1 (542.3 and 562.7 MPa) and GOO (479.0 and 482.5 MPa)
models.

4 Discussion

The periosteal blood supply preserves active bone heal-
ing [3]. The use of a locking plate preserves this impor-
tant mechanism, allowing effective fracture healing [1-3].
The far-cortical locking technique, which replicates the
biomechanical behavior and biological healing response of
external fixator by internal fixation [19], increases mechani-
cal stimulation and dramatically enhances secondary bone
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healing [12—15]. However, it is unclear whether the clear-
ance spared for the periosteal blood supply affects the effi-
ciency of the far-cortical locking technique. The present
study conducted biomechanical evaluations to determine
whether the locking plate should be flush with the bone or
a plate-bone gap should be preserved. The comprehensive
comparisons of structural stiffness, interfragmentary motion,
and screw stress provide surgeons with information to opti-
mize the far-cortical locking technique.

When a locking plate is used to reconstruct fracture seg-
ments, sufficient interfragmentary motion is required for sec-
ondary bone healing [20]. This can be most directly achieved
by reducing mechanical strength or structural stiffness. A
previous biomechanical study measured stiffness for vari-
ous gap distances between the locking plate and the bone;
stiffness similar to that achieved with a compression plate
was found when the locking plate was flush with the bone
[16]. When the gap distance was too large, structural safety
was jeopardized. Biomechanical and clinical studies suggest
a maximum plate-bone gap of 1 to 2 mm [12, 14, 15]. With
the far-cortical locking technique, the stiffness of the fixation
structure is reduced by enlarged screw deformation within
the screw hole tunnel [12—15]. Compared to the structural
stiffness of the G02 model with a 2-mm plate-bone gap,
those of the GO1 and GOO models were 9.2% and 32.1%
higher, respectively. The performance of the model with a
locking plate flush to the bone is similar to that found in a
biomechanical study for a conventional locking screw. When
the plate is flush to the bone, there is no clearance for radial
plate-bone approaching after a mechanical load is applied, so
the bending deformation of the semi-rigid screws is limited.

Parallel motion between the fractured segment is impor-
tant for adequate callus formation to achieve uniform healing
in the near- and far-cortex regions [12-16, 21]. A previous
animal study compared the efficiency of fracture healing
between rigid and semi-rigid locking screws and found that
the far-cortical locking technique with semi-rigid screws
enhanced the quality of callus formation and decreased
the recurrence of fracture after plate removal [13]. In the
present study, the tilting angle between the fractured seg-
ments was 1.67° (compared to complete parallel motion) for
the GO2 model. When the gap was reduced to 1-mm (GO1
model), the tilting angle of the fractured segments decreased
to 1.60° (— 5.4%). Without a gap (GO0 model), the tilting
angle further decreased to 1.17° (= 29.9%). This obvious
difference was caused by the effect of gliding guidance when
the plate is engaged with bone under an axial compressive
load. Because a thick locking plate model (7 mm) was uti-
lized in the present study, the plate was strong enough to
prevent large deformation; the fractured segments were
thus forced to glide along the interior surface of the plate,
decreasing the tilting angle. Although this seems to be ideal,
the insufficient radial clearance at the plate-bone interface
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will increase contact pressure at the interface and thus sup-
press the periosteal blood supply, which may lead to bone
loss even though the plate does not initially strongly press
on the bone. In addition, if the plate is pre-pressed to the
bone when the semi-rigid screws are secured, the pressure-
induced resistance at the plate-bone interface may interfere
with gliding guidance and thus result in uneven interfrag-
mentary motion between the near and far cortex.

Stress on the screw can be a safety indicator. The mechan-
ical calibration conducted in the present study did not reach
forces that could break the screw or plastically damage the
structure. Therefore, the reported screw stress is an estima-
tion and not direct evidence of screw safety. According to
the simulation results, the two center screws (at the 5th and
8th screw holes) adjacent to the fracture site had the largest
stresses for all models (558.0 and 583.7 MPa, 542.3 and
562.7 MPa, and 479.0 and 482.5 MPa for the G02, GO1,
and GO0 models, respectively). The relatively low stresses
for the GOO model resulted from insufficient screw deforma-
tion because of the lack of radial clearance at the plate-bone
interface. The stresses on the other screws (away from the
fracture site) were lower.

Mechanical calibration was conducted for the finite ele-
ment model. Nevertheless, some limitations of the present
study should be noted. First, only the performance of the
GO02 model was calibrated due to limited resources (avail-
able specimens for mechanical tests), the evaluation of bio-
mechanical influences basing on the calibrated model and
simple variations from the model should be considerable.
Second, the load applied in the mechanical calibration test
did not reach the magnitude required for implant failure,
so the results of the finite element analysis cannot be used
to infer component safety. In addition, the present study
focused on parallel motion at the fracture site. The load was
applied and calibration was performed only for evaluating
the initial stiffness, as described in the study by Bottlang
et al. [12]. Third, the current study evaluated the influence
of plate-bone gap on implant stresses and interfragmentary
motion by computational simulation. The fatigue durabil-
ity and safety were not validated and should be based on
practical biomechanical test. Finally, the configuration of
the testing specimens was not as precise as that of the three-
dimensional models in the simulation. Nevertheless, the
results of the present study can be used as a reference by
clinicians and in future studies.

5 Conclusion

The results of biomechanical evaluations suggest that for
the far-cortical locking technique, the locking plate should
be placed as near to the bone as possible to ensure paral-
lel motion between fractured segments, which promotes

uniform callus formation. In the present study, a 1-mm
plate-bone gap was found to be preferable than a 2-mm gap
in view of implant safety (lower screw stress) and capability
in maintaining parallel interfragmentary motion. Although
the slightly engaged plate-bone interface may induce glid-
ing guidance for parallel interfragmentary motion, pressure
loading on the bone surface should be avoided to preserve
the periosteal blood supply for greater efficiency of fracture
healing.
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