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Mechanical study of the safe distance 2
between humerus shaft fracture and distal
locking screws in antegrade nailing
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G. Maccagnano'

Abstract

Background Optimal positioning of distal locking screws in intramedullary humeral nailing remains uncertain,
particularly the influence of the distance between the fracture plane and the proximal distal locking screw on
construct stability. This study aims to evaluate the mechanical stability of humeral nailing under different fracture-to-
screw distances and numbers of distal locking screws using finite element analysis and mechanical testing on bone
models.

Methods A finite element model and mechanical testing on six sawbones models were performed under traction
(500 N), compression (500 N), and torsion (3 Nm). Models were tested with two osteotomy distances from the
proximal distal locking screw (2 cm and 5 cm) and with either one or two distal locking screws. Axial and torsional
stiffness and fracture displacement were recorded and analyzed statistically.

Results Finite element analysis showed higher stress concentrations near the distal fracture fragment. Mechanical
testing demonstrated that traction and torsional stability were significantly affected by fracture-to-screw distance
(p=0.006 and p=0.015), while compression stability was influenced by the number of distal screws (p=0.035).

Conclusion A fracture-to-screw distance of 5 cm was associated with improved axial and torsional stability, while
double distal screws enhanced compressive stiffness. These biomechanical results, although very promising, should
be confirmed with clinical studies.
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Introduction

Humeral shaft fractures constitute 3—5% of all fractures,
with an annual incidence ranging from 13 to 20 cases per
100,000 patients [1, 2]. Although conservative treatment
has historically yielded favourable outcomes, with a con-
solidation rate of 97% [3], the growing demand for func-
tional recovery and shortened rehabilitation periods has
led to increased adoption of surgical interventions. How-
ever, this trend has been accompanied by an increase in
postsurgical complications, including infections, rotator
cuff injuries, radial nerve injuries (occurring in 11-25%
of cases) [4] and pseudoarthrosis (affecting 8-12% of
patients) [5].

Recent literature indicates that conservative treatment,
employing braces or plaster, fails in approximately 33%
of cases [6]. The surge in humeral shaft fractures, largely
attributed to the ageing population, has spurred inter-
est in surgical interventions such as open reduction and
internal fixation (ORIF) and/or closed reduction and
internal fixation (CRIF), as evidenced by comparative
studies [7-9]. Intramedullary nailing has long been estab-
lished as a viable surgical approach for lateral femoral
neck fractures and, more recently, for humeral shaft frac-
tures due to its minimally invasive nature with respect to
the tissue and fracture biology. This approach is associ-
ated with a shorter consolidation time, reduced surgical
duration, and diminished postoperative blood loss [7].
However, it is not without its drawbacks, as radial nerve
injuries occur in approximately 20% of cases [10]. Addi-
tionally, pseudoarthrosis, a concerning complication, is

Fig. 1 Geometric sawbone-Dinamic T Humerus nail model made with
the SOLIDWORKS Simulation program (3DS-Dassault System) based on X-
rays (AP and lateral view)
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influenced by the biomechanical characteristics of the
upper limb, which is subjected to torsional forces rather
than axial loads.

According to Arbeitsgemeinschaft fiir Osteosynthese-
fragen (AO) principles, Perren’s strain theory, and rela-
tive deformation theory [11], bone healing is influenced
by various factors, including fracture type, orientation of
the fracture plane, fracture gap, and osteosynthesis sta-
bility. In the context of intramedullary osteosynthesis,
the diameter of the nail and the configuration of proximal
and distal locking screws are crucial factors. While safety
distances for distal locking in femoral intramedullary
nails have been described in the literature [12], similar
guidelines for humeral nailing are lacking. This is a sig-
nificant issue, considering the risk of radial nerve injuries
associated with distal locking screws [13].

The aim of this study is to biomechanically evaluate
the influence of the fracture-to-screw distance and the
number of distal locking screws on the primary stability
of humeral intramedullary nailing. Understanding how
these parameters affect axial, compressive, and torsional
stiffness in a standardized sawbone model may support
the refinement of implant configurations.

Methods

We conducted a biomechanical study via a preliminary
finite element method (FEM) analysis [14]). This simula-
tion technique allows complex physical phenomena to be
studied quickly and inexpensively. The FEM analysis was
carried out by the SOLIDWORKS Simulation program
(3DS-Dassault System), which adopted geometric 3D
graphic humeri models created based on X-rays (ante-
rior to posterior (AP) and lateral views) and 3D graphic
nail models based on the computer-aided design (CAD)
model of a Dinamic T Humerus nail (Citieffe, Bologna,
Italy) (Fig. 1), to extrapolate data concerning the fracture
displacement and tensional bone and nail state (MPa).
The geometric models were subjected to loading configu-
rations of traction 500 N, compression 500 N and torsion
3 Nm (Fig. 2), as the principal forces acting on long bones
[15]. The tension data were analysed based on the osteot-
omy level and by comparing the von Mises stress results
by load group. The linear elastic isotropic properties [16,
17] of the reference materials were attributed to the geo-
metric models, as reported in Table 1.

The study continued into the mechanical testing phase
with three loading configurations—traction (500 N),
compression (500 N) and torsion (3.00 Nm)—applied
with a MTS 858 Mini Bionix universal test machine [18].
The sawbones and Dinamic T Humerus nail samples
were subjected to loads that did not exceed the yield-
ing limits, a choice made to avoid implant failure and
to test the stability within the limits of elastic deforma-
tion. All implantation procedures were performed by
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A. TRACTION (500N, 2-5cm and 1-2 screw)
B. COMPRESSION (500N, 2-5cm and 1-2 screw)
C. TORSION (3Nm, 2-5cm and 1-2 screw)

Fig. 2 FEM models and loading configuration

Table 1 Linear elastic isotropic properties attributed to the
geometric models

Poisson Elastic tensile Tensile

ratio modulus strength
Digital bones 03 16,000 MPa 106 MPa
Digital Nail/Screw 0,34 113,800 MPa 860 MPa

(Ti-6Al-AV)

the same orthopaedic surgeon who has more than 10
years of experience in traumatology: reaming epoxy
composite/fiberglass sawbone models (sawbones 3404-
4, Vashon Island, Washington) and implanting the Din-
amic T Humerus nails (Ti-6Al-4 V, proximal ¢10 mm,
distal 7 mm, 280 mm) with three cephalic proximal
locking screws (95-45 mm) and two cortical locking
screws (93.5-20 mm). For each test sample, a dedicated
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resin mask for the models (ELANTAS MG 542) was
made to allow proximal and distal gripping and guaran-
tee the same stress conditions for the samples during the
mechanical test. Six sawbones and Dinamic T Humerus
nail baseline samples with double distal cortical lock-
ing screws were subjected to the four loading configura-
tions (first RUN) to rule out failure events. Afterwards,
an osteotomy of 1 mm was made to simulate a 12.A3
humeral shaft fracture (transverse fracture) according to
the AO classification [19]. The samples were equally and
randomly divided between the osteotomy levels (2 cm
and 5 cm). Finally, we obtained six samples with a single
cortical locking screw by removing the distal screw. The
samples in the double and single cortical locking screw
groups were subjected to mechanical testing at differ-
ent times. Figure 3 shows the sample group subjected to
mechanical tests. Axial and torsional stiffness data were
extrapolated, and variations in the proximal mask-distal
mask distance were measured by linear regression at the
last of five loading/unloading cycles for three repetitions
(RUN) for each sample. In addition, for the traction/com-
pression tests, we recorded the variation in the fracture
gap using an extensometer (model No. MTS 632.79 F-01)
placed between the osteotomy fragments. The data, col-
lected in triplicate, were subjected to normality analysis
by the Shapiro-Wilk test, the homoscedasticity test via
the Bartlett test, and subsequently to two-factor vari-
ance analysis with replication by analysis of variance
(ANOVA). In conclusion, statistical significance was
established through the ANOVA test, and a subsequent
Bonferroni test was conducted to provide a compre-
hensive comparison among the four proposed sample
configurations. All the statistical analyses were meticu-
lously executed using MATLAB statistical software

‘ SAWBONES-DT HUMERI
NAIL BASELINE

SAWBONES-OT HUMERI
OSTEOTOMY - 2 DISTAL SCREW

SAWBONES-DT HUMERI
OSTEOTOMY - 1 DISTAL SCREW

x 6 Sample

x 3 Sample x 3 Sample

x 3 Sample x 3 Sample

x 4 Load Config

Fig. 3 Six sawbones-Dinamic T Humerus samples were divided in two groups according to osteotomy level; afterwards, the distal locking screw was

removed to create two other research groups
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(MathWorks Inc.). A predetermined threshold of signifi-
cance was set at a p value less than 0.05.

Results

According to the FEM analysis, we reported a higher
bone tension at the bone—device interface on the ante-
rior surface of the distal fracture fragment for all loading
configurations; greater bone tension was observed in the
2 cm osteotomy group for the traction 500 N group, while
in the torsion 3 Nm group, there was a slight increase
anteriorly near the first screw; posteriorly, the screws
were equally stressed. When the distal locking screw was
removed with a compression of 500 N, the tensile state of
the bone changed, and the tension was anteriorly concen-
trated at the empty hole but posteriorly increased at the
present screw (Fig. 4).

Along the entire cylindrical section, the tensile state of
the nail appeared homogeneous (traction 500 N: 30 MPa
in the 2 cm configuration; compression 500 N: 25 MPa in
the 5 cm configuration); regarding torsion, it appeared
higher at the osteotomy level (40 Nm), especially for the
2 cm osteotomy configuration, but remained below its
yield point; as shown for a traction of 500 N (43 MPa),
the increase in the tension at the osteotomy level was
slightly less than that at the 5 cm osteotomy configura-
tion (Fig. 5). The tension of the proximal distal locking
screw was greater (traction 500 N: 55,37 MPa in the 2 cm
configuration, 49,85 MPa in the 5 cm configuration; tor-
sion was 65 Nm); regarding a compression of 500 N, the
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5,004e-01
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tensions of the two distal locking screws were similar
(50 MPa), but that of the first screw increased (65 MPa)
after removing the second distal locking screw.

The displacement (mm) at the osteotomy level and load
level is summarized in Table 2.

The displacement under a traction of 500 N was slightly
lower in the 5 cm osteotomy configuration. There were
no significant differences between the single and double
distal locking cases, and no significant variations in the
tension of the bone were noted. Displacement under a
torsion of 3 Nm did not show any differences between
the two osteotomy configurations. Instead, the displace-
ment under a compression of 500 N was due to the type
of distal lock; in fact, we reported a reduction of 10%
(2 cm osteotomy) and 8% (5 cm osteotomy) from a single
to double distal lock.

The experimental continued with mechanical tests, and
according to the methods described above, we did not
observe any cases of implant failure. Table 3 shows the
average axial stiffness and displacement for a traction of
500 N. We performed two-factor variance analysis with
replication (ANOVA), which revealed a statistically sig-
nificant difference (p=0.006) in the association between
the displacement of the fracture fragment and the oste-
otomy configuration. There was no significant difference
in the displacement/number of distal screws (p=0.280)
or the osteotomy/number of distal screws (p =0.570). The
Bonferroni test revealed statistically significant differ-
ences for the 5 cm osteotomy/2 screw and 2 cm/1 screw

von Mises (N/mm#2 (rdPa))
5,000e+00
. 4,500¢+00
_ 4.000e+00
_ 3.500e+00

3,000e 400

Fig.4 Atthe top, from left to right: The bone tension under a compressive load with a 2 cm osteotomy changes with the number of distal screws. At the
bottom, from left to right: Same for the 5 cm osteotomy configuration. On the right, the von Mises stress measured under compression
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Fig. 5 Anincrease in the tension of the nail under traction near the osteotomy in the 2 cm osteotomy configuration (on the left), which is missing in the
5 cm osteotomy (on the right). When the tension of the proximal distal locking screw is greater (55,37 MPa for 2 cm, 49,85 MPa for 5 cm), the stiffness of

the bone concentrates the loading forces on the proximal screw

Table 2 The displacement (mm) measures at osteotomy level
and load level by load and osteotomy configuration

Table 5 Average torsional stiffness (Nm/deg) under torsion
3.00Nm load configuration

Traction 500 N Compression Tor-

500 N sion

3Nm

Osteotomy 2 cm 0.09 0.07 0,02
Osteotomy 5 cm 0.07 0.06 0,02
Load Level 2 cm 0,1 0.08 0,05
Load Level 5 cm 0,08 0.08 0,05

Table 3 Average axial stiffness (N/mm) and displacement (mm)
under traction 500 N load configuration

Load configuration

2 cm/2screw 5cm/2screw 2 cm/1screw 5 cm/1screw

Axial Stiff-
ness (N/
mm)
Displace-
ment
(mm)

932+124 1039+101 871£57 102090

0.118+0.059 0.062+0.002 0.150+0.025 0.072+0.006

Table 4 Average compressive stiffness (N/mm) and
displacement (mm) under compression 500 N load configuration
Load configuration

2cm/2screw 5cm/2screw 2 cm/1screw 5cm/1screw
1539+139 1569+ 160 1473 +£90 1207 +£412

Compres-
sive
Stiffness
(N/mm)
Displace-
ment
(mm)

0.073+0.026 0.087+0.025 0.098+0.002 0.116+0.006

(p=0.0034) and 5 cm osteotomy/1 screw and 2 cm/1
screw (p=0.0058) cases.

Table 4 shows the average compressive stiffness and
displacement data for the compressive load of 500 N.
ANOVA revealed a statistically significant relationship

Torsional stiffness (Nm/deg)
2cm/2screw  5cm/2screw  2cm/1screw 5 cm/1screw
049+0.03 0.57+0.08 0.51+0.08 0.64+0.02

Torsion
3.00Nm

between displacement and the number of distal screws
(p=0.035), while the associations between the displace-
ment and osteotomy (p=0.177) and between osteotomy
and the number of distal screws (p=0.902) were not sig-
nificant. The application of the Bonferroni test does not
show statistically significant differences.

Table 5 shows the average torsional stiffness of the 3.00
Nm torsion test.

The ANOVA results of the 3.00 Nm torsion test
revealed statistically relevant relationships between the
torsional stiffness and osteotomy (p=0.015), while the
relationship between the torsional stiffness and distal
screw number (p=0.181) and osteotomy and distal screw
number (p=0.470) were not significant. The application
of the Bonferroni test confirmed the statistically signifi-
cant difference between the 2 cm osteotomy/2 screws
and 5 cm osteotomy/1 screw (p=0.0012).

Discussion

Intramedullary nailing offers advantages such as reduced
soft tissue damage and postoperative blood loss and
enables early mobilization [20]. Nevertheless, complica-
tions such as radial nerve injury (7.8%) [20] and pseu-
doarthrosis [6] remain prevalent. Surgical technique is
recognized as a modifiable factor influencing the delay in
consolidation, while nonmodifiable factors include sex,
smoking status, and comorbidities [21]. The healing of
fractures is heavily reliant on the osteosynthesis stability
[22] and the devices themselves [23, 24].
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Fig. 6 The tension of the bone under torsion. On the right: The tension of the nail varying the level of osteotomy. We noted an increase near the oste-
otomy, which was more pronounced in the 2 cm osteotomy/2 screw configuration. When the tension near the first locking screw is greater (~65 Nm),

and the stiffness of the bone increases the load forces on the proximal screw

The humerus, a long bone of the upper limb, experi-
ences greater torsional forces than load forces (which are
typically less than 50% of body weight) and axial forces
[25, 26]. Biomechanical studies indicate that a healthy
humerus possesses a torsional stiffness of 2800 N-mm/*
[27]. During preoperative planning, it is essential to con-
sider such forces during testing and movement to achieve
durable osteosynthesis, reduce stress on fracture rims,
and prevent implant failure. Intramedullary nail osteo-
synthesis with proximal and distal locking screw systems
enhances implant stability and torsional stiffness and pre-
vents deformities such as shortening and elongation [29].

Our analysis indicated that osteosynthesis stability is
influenced by the level of osteotomy and the number of
distal screws. Specifically, a distance of 5 cm between
the fracture plane and the proximal screw of the distal
lock offers a better axial load stability than that with a
distance of 2 cm. According to the FEM analysis under
a 500 N traction, a lower von Mises stress was observed
in the 5 cm osteotomy configuration, along with a lesser
increase in the tension of the nail at the osteotomy level.
The nonlinear, axially symmetric geometry of the nail
and bone leads to elastic bending under axial force. A
5 cm distance between the osteotomy and distal lock-
ing screws reduces the flexural contribution, result-
ing in more uniform stimulation of the nail and screws
throughout the implant. Consequently, the displace-
ment is 10% lower in the 5 cm configuration. The average
axial stiffness and displacement for the 5 cm configura-
tion outperform those of the 2 ¢cm configuration (5 cm
osteotomy/2 screws 1039+ 101 N/mm, 0.062 mm; 5 cm
osteotomy/1 screw 1020+90 N/mm, 0.072 mm) (Fig. 5).
The ANOVA results confirmed this (p=0.006), with the
Bonferroni test indicating positive comparisons between
the 5 cm osteotomy/2 screw and 2 cm/1 screw configu-
rations and 5 cm osteotomy/1 screw and 2 c¢cm/1 screw
configurations, underscoring lower displacement with
the 5 cm osteotomy.

While axial stability is primarily influenced by the dis-
tance between the fracture and the distal locking screws,
compressive stability depends more on the number of

distal locking screws. FEM analysis under a compres-
sive load of 500 N revealed slightly lower tension in the
case of a 5 cm osteotomy, but the primary variation arises
from the number of distal locking screws. The aver-
age displacement is 0.073+0.026 mm in the 2 cm oste-
otomy/2 screw configuration, which is lower than the
0.116 £ 0.006 mm in the 5 cm osteotomy/1 screw configu-
ration. Additionally, the compressive stiffness varied con-
siderably (1539 + 139 N/mm for 2 cm osteotomy/2 screws
and 1207 +412 N/mm for 5 cm osteotomy/1 screw). Dis-
placement is lower with double distal locking screws and
a 5 cm osteotomy, with an 8% reduction compared to a
10% reduction in the case of a 2 cm osteotomy. ANOVA
(p=0.03) confirmed the significant effect of the number
of distal locking screws. However, the Bonferroni test did
not reveal significant correlations between different load-
ing configurations.

FEM analysis under a torsional load of 3 Nm demon-
strated greater bone tension in the 2 cm osteotomy con-
figuration, particularly along the distal portion of the
proximal fracture fragment (Fig. 6). Increasing the dis-
tance mitigates these variations, leading to greater stabil-
ity of the construct. The displacement of the osteotomy
stumps is almost zero, with no significant differences
between the two osteotomy configurations. Analysis
under torsions of 3.00 Nm revealed a complex relation-
ship between construct stability and the influence of dis-
tal screws and the osteotomy level. The average torsional
stiffness of the 5 cm osteotomy/1 screw configuration
(0.64+£0.02 Nm/°) is higher compared to the other con-
figurations. Increasing the distance between the fracture
plane and proximal screw mitigates the torsional contri-
bution due to the model geometry, resulting in greater
construct stability and lower tension. The proximal distal
locking screw bears the majority of the torsional forces,
thus playing a pivotal role in defining torsional stiffness,
as evidenced by the FEM analysis under a torsional load.
With a second distal locking screw, there is a decrease in
the average torsional stiffness. The greater torsional sta-
bility with a single distal locking screw is not fully under-
stood, and different hypotheses have been proposed
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to explain this phenomenon. This could be due to the
reduced elasticity of the model with a double distal lock-
ing system, leading to a decreased ability to withstand
loads without undergoing permanent plastic deforma-
tion. Alternatively, it might reduce frictional forces
between fracture fragments, another factor influencing
torsional stiffness.

Our statistical analysis did not reveal a significant inter-
action effect between the number of screws and the oste-
otomy level on the displacement or load stiffness across
the tests with different loading conditions. This lack of
significance could be attributed to the small number of
models analysed, a limitation of our study.

Examining changes in bone and nail tension under the
three loading configurations, we noted greater tension in
the distal bone fragment. Transitioning from a 2 cm oste-
otomy to a 5 cm osteotomy resulted in a reduced nail ten-
sion at the osteotomy level and a decreased bone tension
beneath the nail. Peri-implant fractures in the humerus
are rare but challenging, as evidenced by the limited lit-
erature available on this topic.

Divecha et al. [30] reported a case of a supracondylar
peri-implant fracture resulting from humerus nailing.
According to our FEM analysis, a 5 cm distance from the
fracture to the distal screw could reduce the incidence of
peri-implant fractures due to lower tension. However, no
differences were observed concerning the number of dis-
tal locking screws, with the proximal screw bearing the
majority of the load and no significant change in bone
and nail tension upon removing the distal screw.

Limitations

This study used synthetic sawbones, which, although
standardized and reproducible, do not mimic the hetero-
geneity and anisotropic properties of human bone. Their
mechanical response under repeated load cycles may not
parallel biological bone behavior. Although sawbones
reduce inter-specimen variability compared to cadaveric
bones, this choice limits clinical extrapolation—particu-
larly for subtle differences that may reach statistical sig-
nificance but lack clinical relevance. The reported is in
accordance with the recent literature [31-33].

Moreover, mechanical testing, included repeated load
cycles (3 repetitions of 5 cycles), may not affect mate-
rial fatigue in the sawbone structure as mentioned in the
present work [34]. Notwithstanding, no formal validation
was found confirming that repeated testing does not alter
performance over time in sawbone models, especially
under modified configurations.

Notably, the same sawbones were re-tested after distal
screw removal as in the clinical practice of nail dynam-
ization. While this allowed comparisons between single
and double locking screw configurations, the presence
of pre-existing screw holes and prior loading could have

Page 7 of 8

affected the results of subsequent tests. This represents a
potential source of bias that should be accounted for in
interpreting findings.

The study presents new biomechanical understand-
ing of how fracture-to-screw distance and distal locking
screw location affect implant stability in humeral shaft
fractures. A major improvement over strictly clinical or
retrospective studies, the research provides a quantifi-
able, repeatable method for assessing various implant
designs by fusing FEM models with mechanical test-
ing. Standardized loading conditions and verified test-
ing procedures improve the findings’ repeatability and
dependability.

To confirm these results, more cadaveric and clinical
research that takes patient outcomes, healing reactions,
and changes in bone quality into account is required.
Functional recovery, nonunion risk, and implant failure
rates should all be evaluated in long-term clinical studies.

Conclusion

This study demonstrated that increasing the distance
between the fracture plane and the proximal distal lock-
ing screw to 5 cm was associated with enhanced axial and
torsional stability in a standardized mechanical model.
Additionally, using two distal screws improved compres-
sive stiffness compared to a single screw. These findings
offer valuable biomechanical insights into the construct
behavior of humeral nails under different loading scenar-
ios. However, due to the simplified nature of the sawbone
models and potential testing biases, further cadaveric
and clinical studies are needed before drawing definitive
conclusions about surgical practice.
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