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1. Introduction
Despite the variety of sizes and shapes of bone plates and 

screws, the choice of implants depends on various factors 
such as fracture site, fracture type, bone quality, strength and 
stiffness required, cost and availability1-3. The traditional 
reconstruction plates are considered to be less stiff and 
designed with V-shaped grooves between the screw holes, 
to allow contour in three directions3-5. This allows a better 
fit on more complex bony contours, or bones with irregular 
anatomic shapes, but makes it weaker compared with dynamic 
compression plates of equivalent size3,4,6.

Several mechanical and biological advantages have 
been attributed to the locking screw–plate, including axial 
and angular stability due to its locking mechanism between 
plate and screw, preservation of the periosteal blood supply, 
reduced requirement for anatomical plate contouring, and 
possibility the system’s elasticity to stimulate bone healing1,2,7-10. 
These advantages have stimulated the modification or 
conversion of various traditional bone plates into locked 
systems, including reconstruction plates, by changing 
especially the screw-hole geometry.

However, there are some details that can influence 
the stability and resistance of the system, including the 

material used to manufacture the plate and screws, locking 
screw design, number and position of the screws, and type 
of mechanism for locking the screw into the plate7,8,10-14. 
The locking mechanisms include screw head with threads 
that match with threads into the plate hole or into adapter, 
and threaded locknut or bushing into which the screw head 
is locked10,14.

On the other hand, the importance of the screw length 
- monocortical or bicortical - as a determining factor in 
fixation stability differs between a conventional plate and 
a locking plate7,10. Monocortical locking head screw has 
pullout resistance approximately 70% of the bicortical locking 
head screw, and pullout resistance similar to a conventional 
bicortical screw of comparable diameter15,16. Because locked 
screws are under minimal tensile preload, the inclusion of 
the opposite bone cortex to obtain maximum purchase is 
apparently not critical10,17,18. The stabilising effect of the second 
cortex is substituted by the locking system18. However, this 
may vary depending on the fracture site and bone quality1,8,10. 
In osteoporotic bone, the use of monocortical screws may 
not be sufficient to maintain stability, since the working 
length of the screw is dependent on the thickness of the bone 
cortex7,8,12. In addition, the magnitude of the rotational forces 
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involved to the fractured bone is another reason that should 
be considered to avoid monocortical screws16.

Therefore, this study aimed to evaluate the influence of 
screw length, monocortical or bicortical, on the biomechanical 
properties of a locking reconstruction plate designed with 
locking rings inserted into the plate holes. The hypothesis 
was that the bone-plate constructs would acquire more 
resistance by using bicortical screws.

2. Material and Methods
2.1. Design of the experimental in vitro study

The involved laboratories and testing machines are 
according to ISO 17025: 2005. Therefore, calibration of 
the equipment and traceability are ensured. The load cells 
used in the equipment are calibrated annually, according to 
ISO 17025. The precision is more than 1% in the evaluated 
points.

Sixty synthetic bone cylinders constituted of polyurethane 
(Nacional Ossos; Jaú, Brazil) (length = 170 mm; outer 
diameter = 24 mm; cortical thickness = 2.5 mm (69 shore D 
[Shore Durometer; Hardness test]); cancellous thickness = 5 mm 
(38 shore D) and 60 seven-hole 3.5 mm locking reconstruction 
plates (Biomecânica Indústria e Comércio de Produtos 
Ortopédicos Ltda.; Jaú, Brazil) (14.5 cm long, 10 mm wide, 
3.0 mm thick) composed of stainless steel (standard of ASTM 
F139) were used for mechanical testing (Figure 1). The locking 
rings of this plate allow the screws to be positioned and 
locked obliquely, if necessary. The ring was designed with 
an internal thread to accept the head screw and outside with 
a spherical surface to connect to the plate.

Each bone cylinder was cut in half to simulate a 
10 mm fracture gap. Two groups of bone-plate constructs 
were assembled: Group 1 – three 3.5 mm monocortical 
(14 mm long) on each side of the fracture, Group 2 – three 
3.5 mm bicortical screws (30 mm long) (Biomecânica 
Indústria e Comércio de Produtos Ortopédicos Ltda.; Jaú, 
Brazil) on each side of the fracture. The area of the fracture 
gap was maintained without a screw.

2.2. Preparation of bone-plate constructs
Each portion of bone cylinder was fixed in a bench vise 

and the plate was centered over the 10 mm fracture gap. 
The locked holes were drilled with a 2.5–mm drill bit and 
a specific drill guide (2.8mm) positioned into the locking 

ring at 90º to the long axis of the cylinder. In Group 1 
monocortical perforations were made and the six locked 
self-tapping 3.5 mm cortical screws, 14 mm long, were 
placed with the head locked in the locking rings (Figure 2a). 
In Group 2 bicortical perforations were made and the six 
locked self-tapping 3.5 mm cortical screws, 30 mm long, were 
placed with the head locked in the locking rings (Figure 2b). 
All screws were tightened with a torque wrench Model TRNA 
20PA (Tork Ferramentas Ltda.; São Leopoldo, Brazil) using 
a same final torque of 2 Nm. No gap was induced between 
the plate and the bone cylinders.

2.3. Static testing
The tests were based on the standard of ASTM F382 

(Standard Specification and Test Method for Metallic Bone 
Plates; West Conshohocken, PA, 2014). Nine bone-plate 
constructs in Group 1 and nine bone-plate in Group 2 were 
tested until failure, three each in compression, bending, and 
torsion. All tests were accomplished at room temperature 
(22-23ºC) utilizing an EMIC universal testing machine 
(DL-10000; São José dos Pinhais, Brazil) with maximum 
load capacity 100 kN, speed range of 5 mm/min, and supplied 
with the software TESC from EMIC (version 3.04). Failure 
(endpoint) was determined as the permanent deformation 
of the plate or the en bloc pullout of the screws in the bone 
cylinder with or without breakage of the bone cylinder. 
For axial compression test, a load cell of 1961N capacity 
was used. The loading rate was 5 mm/min with load support 
of 10 mm radius. The fixation supports (10 mm radius) were 
connected to testing machine by threading. The distance 
between these supports was 190 mm. The 4-point bending 
test was performed with the reconstruction plate on the 
tension side. The bone-plate construct was constrained by 
two support rollers positioned more externally and loaded 
by two load applicator rollers. A distance of 100 mm 
separated the central load applicator rollers, whereas a 
150 mm distance separated the support rollers. The rollers 
had 10 mm diameter. A load cell capacity of 9807N with 
load rate of 5 mm/min was utilized. For the torsional test, 
the bone cylinders were connected to the testing machine 

Figure 1. Seven-hole 3.5 mm locking reconstruction plate designed 
with locking rings inserted into the plate holes (a). Observe the 
locking ring that was removed of the bone plate hole (b).

Figure 2. Plates assembled according to length of the screws, 
showed by radiographic depictions: (a) Group 1 – three monocortical 
screws on each fracture side, (b) Group 2 - three bicortical screws 
on each fracture side.
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using clamp chucks, with one end fixed and the other end 
attached to a mobile crosshead, employing a 490N load cell 
capacity and 200 mm/min load rate. The rotation speed was 
calculated in 0.4RPM. The torsional loading apparatus has a 
crown and chain. The lever arm system maintained constant 
load application avoiding torque variation during the testing. 
The lever arm was 87.15 mm and the gage length 110 mm.

2.4. Fatigue testing
For each group, 21 bone-plate constructs were tested for 

failure in fatigue testing, seven each in bending, compression, 
and torsion. The applied loads for fatigue testing were started 
according to reference loads (Tables 4 and 5). The load obtained 
in fatigue testing does not exceed 10% of the failure load. 
Fatigue failure was established as plate deformation, or a 
pullout of the screws in the bone cylinder, or bone cylinder 
breakage. Tests were abandoned after 1,000,000 cycles if 
the construct had not already failed. All tests were carried 
out at room temperature (22-23ºC).

The axial compression test was performed using a 
LEMM testing machine (Laboratório de Ensaios Mecânicos 
e Metalográficos; Jaú, Brazil) with 5 kN capacity and load 
cell of 490N. Cyclical loads were applied under load control 
with load ratio (ratio of the maximum load to the minimum 
load) of 0.1 and frequency of 5 Hz. The reference loads 
(maximum loads) were 257.67N and 265N, respectively, for 
groups 1 and 2. The minimum load applied to the sinusoid 
was 10% of the maximum load. The maximum and minimum 
moments in axial compression test indicated the reaction of 
the structure to external force causing the element to bend. 
The moment was calculated using the equation: M = Pxl, 
where: M = moment; P = proof load (N); I = distance between 
application point of the axial force (middle of bone cylinder) 
up to half of bone plate thickness (mm).

The 4-point bending test was accomplished using a 
LEMM testing machine (Laboratório de Ensaios Mecânicos 

e Metalográficos; Jaú, Brazil) with 20 kN capacity and 981N 
load cell. Cyclical loads were applied under load control with 
load ratio of 0.1 and frequency of 5 Hz. The reference loads 
(maximum loads) were 744.33N and 746.67N, respectively, 
for groups 1 and 2. The torsion test was accomplished 
using a testing machine (ElectroPuls E10000; Instron, 
Norwood, Canada) with 100Nm capacity and 25Nm load 
cell. The respective reference loads (maximum loads) were 
4.33Nm and 6.6Nm for groups 1 and 2, with frequency of 
1 Hz. The fatigue testing evaluated loads and moments, and 
number of cycles at which the failure occurred, or run out. 
The maximum and minimum values were used to adjust 
the fatigue sinusoid.

2.5. Statistical analysis
Student’s t Test for Independent Samples was used to 

evaluate the data from static and fatigue mechanical testing. 
The non-parametric Mann-Whitney’s test was employed to 
evaluate the number of cycles to failure in fatigue testing. 
Differences were considered significant at p<0.05.

3. Results
3.1. Static testing

Groups 1 and 2 did not differ significantly in mean 
stiffness or other evaluated data in the axial compression 
(Table 1) and four-point bending tests (Table 2). Except for 
the ultimate moment (G2>G1), no differences were observed 
in the other data in the torsion test (Table 3). Mean values and 
standard deviations for each variable evaluated in each test 
are described in Tables 1, 2, and 3. Under axial compression 
tests, two failures in Group 1 and all in Group 2 occurred 
by means of plate bending through the unfilled hole at the 
fracture gap. One failure in Group 1 was en bloc pullout of 
the locked screws at one extremity. Under four-point bending 
tests, all failures in Group 1 occurred due to en bloc pullout 

Table 3. Mean values and standard deviation (SD) for each variable evaluated in Groups 1 and 2 under static torsion tests.

Variable Group 1 (Mean ± SD) Group 2 (Mean ± SD) P-value
Stiffness (Nm/0) 0.35 ± 0.09 0.52 ± 0.04 0.56
Yield moment (Nm) 4.33 ± 2.20 6.60 ± 1.01 0.181
Ultimate moment (Nm) 8.79 ± 2.01 15.60 ± 1.40 0.008

Table 1. Mean values and standard deviation (SD) for each variable evaluated in Groups 1 and 2 under static axial compression tests.

Variable Group 1 (Mean ± SD) Group 2 (Mean ± SD) P-value
Bending stiffness (N/mm) 125.71 ± 16.92 149.80 ± 16.59 0.153
Maximum load (N) 338.43 ± 19.54 335.08 ± 27.20 0.870
Yield load (N) 271.67 ± 15.28 270.00 ± 18.03 0.909
Yield moment (Nm) 3.55 ± 0.30 3.67 ± 0.25 0.664

Table 2. Mean values and standard deviation (SD) for each variable evaluated in Groups 1 and 2 under static four-point bending tests.

Variable Group 1 (Mean ± SD) Group 2 (Mean ± SD) P-value
Bending stiffness (N/mm) 186.7 ± 15.37 218.7 ± 29.02 0.167
Bending structural stiffness (Nm²) 0.00340 ± 0.00028 0.00399 ± 0.00053 0.167
Yield load (N) 800.00 ± 274.95 750.00 ± 329.09 0.85
Yield moment (Nm) 10.00 ± 3.44 9.38 ± 4.11 0.85
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of the locked screws at one extremity, but two also presented 
breakage of the bone cylinder. All failures in Group 2 were 
attributable to plate bending through the unfilled hole at the 
fracture gap, while one also presented breakage of the bone 
cylinder. Under torsion tests, all failures in Group 1 occurred 
due to en bloc pullout of the locked screws at one extremity, 
but one also showed bone-cylinder breakage. In Group 2, 
all failures occurred on account of bone-cylinder breakage, 
but one also presented en bloc pullout of the locked screws.

3.2. Fatigue testing
Axial compression fatigue tests showed significant 

intergroup differences in all variables (G1>G2) (Table 4). 
Failure occurred prior to 1,000,000 cycles in two bone-plate 
constructs from Group 1 and two from Group 2. In both groups 
the failures occurred via plate bending through the unfilled hole 
at the fracture gap. Four-point bending fatigue tests showed 
significant intergroup differences in all variables (G1<G2) 
(Table 5). Failure occurred before 1,000,000 cycles in three 
bone-plate constructs from Group 1 and four from Group 2. 
In Group 1, one of the failures was due to the plate bending 
through the unfilled hole at the fracture gap, one because of 
the breakage of the bone cylinder, and one due to en bloc 
pullout of the locked screws at one extremity. All failures in 
Group 2 occurred due to bone-cylinder breakage. The  torsion 
test did not reveal any significant differences in mean torque 
(Nm) between Group 1 (Mean of 0.88 ± SD 0.71) and 
Group 2 (Mean of 2.9 ± SD 2.11) (P value = 0.068). Failure 
occurred prior to 1,000,000 cycles, except for one of the 
bone-plate constructs in each group. All failures occurred due 
to bone-cylinder breakage at the screw area. The number of 
cycles to failure (median) in all fatigue testing did not differ 
significantly between groups 1 and 2.

4. Discussion
Biomechanical studies with locking reconstruction 

plates for human patients have been performed to evaluate 
specific fractures, including acetabulum15,17, clavicle4, distal 
humerus19-21 and mandible22, mainly to compare traditional 
plates with locking plates. In small animals, biomechanical 
evaluation was also performed on acetabular fractures of 

canine cadavers for the same purpose23. However, there 
are unresolved questions in relation to the influence of 
screw length on the locking reconstruction plate that were 
investigated in the present study.

In all static testing no significant differences were found 
between the monocortical (G1) and bicortical (G2) bone-plate 
constructs, except for the ultimate moment in the torsion 
test (G2>G1). On the other hand, in the axial compression 
fatigue test, the bone-plate constructs using monocortical 
screws demonstrated better fatigue performance (loads and 
moments) than those with bicortical screws, whereas the 
opposite occurred in four-point bending fatigue. On the other 
hand, a biomechanical study performed in a simulated gap 
fracture model with canine cadaveric tibia reported that the 
constructs using locking compression plate (combi-holes) with 
bicortical screws were stiffer than monocortical constructs in 
torsion, but found no differences between screw constructs 
in four-point bending24. However, differences in bone plate 
types, distribution of the screws along the plate and bone 
models should be considered. In the present study all plate 
holes were filled except at the fracture gap, but in the study 
reported above the screws were positioned only in the most 
proximal and most distal portions of the plate as used in a 
minimally invasive percutaneous osteosynthesis24.

Cortical bone thickness is important for determining the 
adequacy of the working length of monocortical screws in a 
locked construction7,12. If cortical bone is of good quality, the 
pullout strength of a monocortical screw equals approximately 
60% the pullout force of a conventional bicortical screw25. 
However, at least three cortices should be included on each 
side of the fracture, in each main fracture fragment8,12,26. 
Since the bone model used in this study is synthetic and 
non-osteoporotic, the cortical thickness did not influence the 
comparative evaluation between groups, with the differences 
being related to the forces involved.

Moreover, the monocortical fixation may be insufficient 
in metaphyseal bone with a minimal cortex, or in osteopenic 
bone, especially in bones where mainly torsional load 
predominates, such as the humerus1,7. This limitation is due 
to decreased working length of screw in osteoporotic bone, or 
the screw length in contact with the bone7,12. For example, in 
a study of synthetic ulna to simulate osteoporotic cortex, the 

Table 4. Mean values and standard deviation (SD) for each variable evaluated in Groups 1 and 2 under fatigue axial compression testing.

Variable Group 1 (Mean ± SD) Group 2 (Mean ± SD) P-value
Reference load (%) 64.28 ± 12.72 44.28 ± 9.75 0.006
Maximum compression load (N) 165.63 ± 32.76 117.3 ± 25.84 0.01
Minimum compression load (N) 16.56 ± 3.28 11.72 ± 2.58 0.01
Maximum moment (Nm) 1.12 ± 0.22 0.79 ± 0.17 0.009
Minimum moment (Nm) 0.11 ± 0.02 0.07 ± 0.01 0.006

Table 5. Mean values and standard deviation (SD) for each variable evaluated in Groups 1 and 2 under fatigue four-point bending testing.

Variable Group 1 (Mean ± SD) Group 2 (Mean ± SD) P-value
Reference load (%) 44.28 ± 9.75 58.57 ± 8.99 0.015
Maximum bending load (N) 329.6 ± 72.63 437.31 ± 67.17 0.014
Minimum bending load (N) 32.96 ± 7.26 43.73 ± 6.71 0.014
Maximum moment (Nm) 4.11 ± 0.9 5.46 ± 0.83 0.014
Minimum moment (Nm) 0.41 ± 0.09 0.54 ± 0.08 0.014
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constructs fixed by locking compression plate (combi-holes) 
with bicortical locked screws had less displacement after 
cyclic axial loading, and required a greater number of 
cycles to failure in cycling bending than the constructs 
with monocortical locked screws27. In addition, another 
study of an osteoporotic femoral diaphysis model found 
that unicortical locking plate constructs remained weaker 
than bicortical locking plate constructs in torsion28. Thus, 
the results obtained in the present study are only applicable 
in bones whose density is not compromised, since cortical 
thickness can alter the mechanical behavior of the constructs.

The ultimate moment had higher value in the Group 2 
(bicortical) in static torsion testing, but in torsion fatigue 
testing no significant intergroup differences were found 
despite the higher values observed in Group 2. Also, in a 
study using locking compression plate (combi-holes) fixed 
in radius sawbone in different configurations, the locked 
monocortical constructs under torsional loads were the 
weakest when compared with locked hybrid constructs in 
which locked bicortical screws or unlocked bicortical screws 
had been placed on either end of the constructs29. Therefore, 
in fractures subject to high torsional forces, the use of locking 
monocortical screws can promote lower resistance depending 
on the bone-plate construct and implant type.

The better fatigue performance (loads and moments) of 
the bicortical bone-plate constructs in four-point bending 
fatigue in the present study is probably associated with 
the longer working length of bicortical screws compared 
to monocortical screws, and consequent higher resistance 
to torque12, as well as load sharing between the near and 
far cortices.

Cyclic loading provides important information about 
dynamic failure of the bone-plate construct. Several studies 
of locked plates have evaluated whether bone-plate constructs 
are able to resist cyclic loading within physiological limits 
of cycles and loads of the species under evaluation17,30-33. 
Despite the lack of significant intergroup differences in the 
same test, the lower number of cycles to failure occurred 
in torsion as compared to axial compression and four and 
four-point bending tests. This suggests that in both mono- 
and bicortical bone-plate constructs, the torsional fatigue 
failed earlier than the others.

The number of bone-plate constructs that resisted 
until 1,000,000 cycles (axial compression = 5, four-point 
bending = 4) was higher than that of another study that used 
an S.P.S. Free-Block plate (axial compression = 2, four-point 
bending = 3) with four monocortical locked screws positioned 
at 90º to the long axis of the cylinder and two traditional 
bicortical screws in same synthetic bone model34. Probably 
the locking reconstruction plate allowed greater flexibility 
than the hybrid construct, since the failures of the locking 
reconstruction plate, especially in axial compression, were 
due to plate bending through the unfilled hole at the fracture 
gap while the hybrid construct failure was attributable 
to breakage of the plate. As the reconstruction plates are 
designed to be easier to contour, they consequently have a 
relatively low bending stiffness4.

An elucidation of the role of each force in bone-plate 
construct resistance, as performed in the present study, helps 
to determine whether the plate is compatible with the fracture 
type and involved loads. This is especially important in small 
animals since the locking reconstruction plates have been 
used for treating various orthopedic conditions, including 
humeral condylar fractures35,36, panarthrodesis of the tarsus37, 
vertebral instability37, as well as for temporary stabilization in 
traumatic shoulder dislocation38, and for treating fractures of 
long bones such as the humerus, radius/ulna, femur and tibia39.

One of the limitations of the present study was that the 
influence of the number of screws on bone-plate construct 
was not assessed. In general, an overly stiff construct should 
be avoided in locking plates, because a lack of motion at the 
fracture site may prevent bone healing10,40,41.

However, from the present study, it may be concluded 
that the screw length can affect the mechanical properties 
of locking reconstruction plate with locking rings inserted 
into the plate holes. Compared to bicortical screws, the 
monocortical screws were less resistant to bending than 
axial compression. This must be considered when choosing 
the implant, particularly in fractures under high axial loads.
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