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Abstract

(1) Background: This study proposes investigating the biomechanical stability of a novel
6-hole L-shaped plate for symphyseal fixation, which allows for reduction and stabil-
ity in two planes. The results of the novel plate are compared to the standard plate;
(2) Methods: The novel plate fixation and the standard 6-hole pubic symphyseal plate
were tested with a pelvis model simulating an APC III injury. Each group of 10 pelves
was subjected to a cyclic biomechanical single-leg-stance test for 30,000 cycles simulat-
ing partial bearing loading at 1 Hz, followed by a maximum load-to-failure test. The
stiffness and displacement were evaluated and analyzed; (3) Results: Stiffness mea-
surements during cyclic loading revealed no significant differences between the groups
(p = 0.514). The cumulative plastic deformation was significantly lower in the novel plate
group (p = 0.005). Load-to-failure testing demonstrated that both constructs exhibited
similar ultimate strength, with no significant difference in the mean of maximum force
between the novel (400.61 % 44.65 N) and reference (433.02 & 87.60 N) groups (p = 0.804);
(4) Conclusions: The novel plate provides comparable biomechanical stability to the refer-
ence plate under the tested cyclic loading conditions, suggesting that it could be a viable
alternative to the existing standard. However, further research is necessary to understand
the clinical outcomes and long-term impacts.

Keywords: pubic symphysis; symphyseal plate; anterior pelvic ring; biomechanical
stability; biomechanical test; APC; open-book injury; synthetic pelvis model; cyclic testing

1. Introduction

Open-book pelvic injuries are a significant concern in trauma, primarily due to their
association with high morbidity and mortality rates that can be as high as 10.4% [1]. Com-
plications arise from associated soft tissue injuries and hemorrhage [2]. Often, high-energy
impacts generate anteroposterior compression forces leading to this kind of injury [3].
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The current gold standard for managing these injuries, with disruption of the pubic
symphysis and sacroiliac (SI) joint, is Open Reduction Internal Fixation (ORIF) with an-
terior symphyseal plate osteosynthesis [4], which has been shown to stabilize the pubic
symphysis and restore pelvic integrity [5,6]. However, implant failure remains a concern,
with some studies reporting failure rates of 32-80% [7,8], although this does not lead to
high revision rates [8].

Dual plate fixation is a treatment option in managing open-book pelvic injuries to
improve stability, especially when additional vertical stability is necessary for the posterior
pelvic ring [9]. On the other hand, studies using single plates tailored for more efficient
fracture reduction in anterior pelvic ring fractures show a minimization of intraoperative
demands, promoting more efficient surgery and resulting in lower blood loss and quicker
recovery times [10,11]. Most of these techniques are based on patient-specific 3D printing
techniques [10].

However, none of these techniques addresses the problem of aligning the separated
hemispheres in the horizontal and vertical position of the resulting symphysis gap. The
anatomical realignment of the pelvic hemipelves is technically demanding due to the
complex three-dimensional geometry and the involvement of both anterior and posterior
stabilizing structures.

A novel L-shaped, self-aligning plate tested in this study was developed with a
geometry intended to produce the surgical reduction by a single maneuver and to engage
both the inferior and superior aspects of the symphysis area so that forces are shared
between two anatomical planes.

One way to access these features is by using biomechanical tests, which are a funda-
mental tool for evaluating the stability of pubic symphysis plates in treating open-book
pelvic injuries. These tests typically involve load-to-failure assessments and cyclic fatigue
resistance, aiming to mimic the forces experienced by the pelvis during daily activities.

In addition to experimental biomechanical testing, computational mechanical charac-
terization methods such as the Finite Element Method (FEM) and Molecular Dynamics (MD)
have become important tools in biomaterials and implant research. FEM enables analysis of
stress distribution (such as von Mises’ stress) and deformation at the structural level, while
MD provides insights into material behavior at the molecular or nanoscale levels. Examples
include FEM studies of bone fracture risk, pubic symphyseal fixation methods, and MD
investigations of composite material properties [12-14]. These computational approaches
complement laboratory testing by allowing parametric studies, visualization of local stress
fields, and exploration of conditions that are difficult to reproduce experimentally.

This study aimed to evaluate a novel L-shaped plate-designed for more efficient
surgery—for treating open-book injuries in comparison with a standard plate by biomechan-
ical testing. We hypothesize that the novel plate system can provide mechanical stability
comparable to the reference plate in biomechanical tests using artificial pelvis models.

2. Materials and Methods
2.1. Specimens and Instrumentation

Twenty synthetic anatomical pelvic models (Art. No. 4060, Synbone, Zizers, Switzerland)
were obtained for this biomechanical study. Each of them was prepared to simulate an
anteroposterior compression injury type III (APC III) according to the Young and Burgess
classification. To induce this injury, the symphysis and one sacroiliac joint connection were
disrupted by a standardized cut in the plastic foam of the model. The cut was made with a
scalpel at the same anatomical landmark on all specimens. The depth and orientation of
the transection were kept constant.
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The specimens were randomly assigned to one of two fixation groups: a group with
a 6-hole L-shaped novel plate (Patent WO 2022/233643; US 2024/0238019), shown in
Figure 1 (hereafter referred to as “Novel Symphyseal Plate (NSP)”), and a group with a
3.5 mm titanium 6-hole plate (DePuy Synthes, Zuchwil, Switzerland) (hereafter referred to
as “Reference Symphyseal Plate (RSP)”).

Figure 1. Top view of a specimen with the NSP for self-aligning pubic symphyseal osteosynthesis.
The moment one side of the implant is attached, the other pelvic hemisphere can be gently pressed
against the predetermined structure of the implant, thereby self-aligning both hemispheres vertically
and horizontally.

All implantations and specimen preparations were performed by the senior attending
surgeon, with care taken to ensure identical implant orientation and bicortical screw
positions across specimens where possible. The implantation procedure for the RSP is a
well-established surgical technique, following the open reduction and internal fixation, and
is considered a gold standard for treating pubic symphysis diastasis in unstable pelvic ring
injuries. Nevertheless, the NSP was positioned (as shown in Figure 1) to take advantage of
the self-aligning design of the pelvic hemispheres. The procedure was to fix the plate on
one hemipelvis and, in a single maneuver, the second hemipelvis itself is forced to go into
anatomical reduction.

2.2. Biomechanical Testing

The biomechanical custom-built test setup was based on a single-leg stance configura-
tion to replicate single-limb loading [15,16]. Each pelvis was rigidly fixed at the sacral end
using a custom connector. The injured hemipelvis was supported by a custom polished
semi-spherical acetabular support, allowing unconstrained rotation about its center while
preventing translation, as shown in Figure 2.

Dynamic cyclic compression was applied to the sacrum via the custom connector
attached to a pneumatic testing machine (Dyna-Mess Priifsysteme GmbH®, Stolberg,
Germany). For load-to-failure testing, an electric testing machine (Zwick-Roell GmbH &
Co., KG, Ulm, Germany) with displacement control was used.

For the fatigue protocol, a sinusoidal compressive load was applied along the machine
axis at the sacrum, with the pelvis oriented to reproduce a single-leg standing upright
position, focusing on the stability of osteosynthetic fixation of the symphysis [16]. The
compression load ranged from 5 N to 250 N at 1 Hz for 30,000 cycles. The peak load (250 N)
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was selected to avoid excessive plastic deformation, consistent with the load in dynamic
one-leg stance studies [17,18].

Figure 2. Biomechanical dynamic test setup for specimens for one-leg stance with a customized
pneumatic testing machine (Dyna-Mess Priifsysteme GmbH®, Stolberg, Germany). The load at the
pelvis is applied to the sacrum by a custom connector and supported by the acetabulum on the same
side of the simulated sacroiliac injury.

Immediately following cyclic testing, specimens underwent quasi-static load-to-failure
testing in displacement control at a speed of 5 mm/min. Failure was defined as a sustained
drop in recorded load of >10% [19]. Setting the failure assumption at 10% of force drop is
a repeatable and conservative evaluation, used as a clear signal that a component in the
pelvic ring has yielded or fractured. This approach determines the ultimate strength of the
bone-implant constructs.

The sample size of 10 specimens per group was defined in accordance with published
biomechanical studies (see Table 1) simulating single-leg stance, where the authors used
from 04 to 10 specimens per tested group [15-18,20-24].

Table 1. Biomechanical studies with the type of specimen and the number of samples per group.

Author, Year Type of Specimen Samples per Group
Osterhoff et al., 2016 [15] artificial 06
Jordan et al., 2021 [16] artificial 10
Bradley et al., 2022 [17] artificial 04
Tabaie et al., 2013 [18] cadaveric 05
Godinsky et al., 2018 [20] artificial 07
Berk et al., 2023 [21] artificial 06
Goldsztajn et al., 2020 [22] artificial 05
MacAvoy et al., 1997 [23] cadaveric 09

Vigdorchik et al., 2012 [24] artificial 05
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2.3. Data Acquisition and Statistical Analysis

Axial load and actuator displacement were recorded from the testing machine con-
troller at a sampling rate of 50 Hz. The statistical analysis was performed using open-source
libraries in Python 3.12 using SciPy 1.13.1 and Statsmodels 0.14.2. These libraries comple-
ment SciPy for statistical computations, including descriptive statistics, estimation, and
inference for statistical models. The normality of data distribution was assessed and proved
using the Shapiro-Wilk test. Student’s t-test indicated significant differences between the
NSP and RSP groups regarding bending stiffness, displacement, and cumulative plastic
deformation due to fatigue [19]. The cumulative plastic deformation was calculated with
respect to the first cycle. Moreover, bending stiffness was determined as the slope of the
linear portion of the load—displacement curve.

During the dynamic test, all cycles were recorded until completion. A mixed-model
ANOVA was used to compare the differences between groups (e.g., stiffness of RSP vs. NSP)
and also within the group (e.g., stiffness over time) during fatigue, considering repeated
measures of each cycle during the experiment. For the load-to-failure test, groups were
compared using Student’s t-test. The significance level was set at 5% for all statistical tests.

3. Results
3.1. Dynamic Analysis

Stiffness, cumulative deformation, and displacement measurements were analyzed
from the machine data recorded at the load point in the sacrum.

3.1.1. Stiffness Analysis

The stiffness within the groups significantly increased over the cycles (p < 0.005), but
was statistically comparable (p = 0.514) between the two plate groups (Figures 3 and 4).
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Figure 3. Dynamic stiffness over the cycles of artificial pelvis—-implant constructs under cyclic
compression, shown in terms of the mean curve (solid line) and standard deviation (shaded area) for

each group separately.
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Figure 4. Initial dynamic stiffness and dynamic stiffness after 30,000 cycles, shown in terms of mean
value and standard deviation for each group separately. Stars indicate significant differences.

At the first testing cycle alone, the NSP mean stiffness (83.03 & 6.29 N/mm) was
compatible with that of the RSP (79.84 £ 11.30 N/mm, p = 0.471). After 30,000 cycles, the
mean stiffness of the NSP group (107.33 & 7.32 N/mm) remained consistent with the RSP
group (104.70 £ 11.45 N/mm, p = 0.569).

3.1.2. Cumulative Deformation Analysis

The mean cumulative deformation of pelvis—-implant constructs under cyclic com-
pression gradually increased over the cycles (Figure 5). At the start of the test, both
constructs had compatible cumulative deformation (0.09 &= 0.07 mm for the NSP group
and 0.09 £ 0.05 mm for the RSP group, p = 0.826). However, after 30,000 cycles, the mean
cumulative deformation of the NSP group (1.18 & 0.27 mm) was statistically significantly
lower than the RSP group (1.89 £ 0.59 mm, p = 0.005).

3.2. Load-to-Failure Analysis

The initial positions of the load-to-failure test are presented in Figure 6, while deformed
pelves shortly before failure are shown in Figure 7.

The mean maximum force during load-to-failure testing of the NSP group (400.61 + 44.65 N)
was similar to the RSP group (433.02 £ 87.60 N, p = 0.804), as shown in Figure 8. The
failure occurred due to deformation and loss of stability at the contralateral sacroiliac joint,
rather than through implant failure. Post-test inspection revealed no screw loosening, plate
deformation, or fracture in any of the tested specimens. Manual assessment confirmed joint
instability on the contralateral side, indicating structural failure of the pelvic ring rather
than of the fixation construct.
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Figure 5. Dynamic deformation over the cycles of pelvis—-implant constructs under cyclic compression
is shown in terms of the mean curve (solid line) and standard deviation (shaded area) for each
group separately.

Figure 6. Biomechanical load-to-failure test setup for specimens with the NSP (a), and RSP
(b) assembled to a material testing machine (Zwick-Roell GmbH & Co., KG, Ulm, Germany).
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Figure 7. Specimens with the NSP (a) and the RSP (b) shortly before failure.

Load-to-Failure
550

500 A

450 -

Load [N]

400 -

350 +

No;/el Stan'dard
Implant Type

Figure 8. Boxplot of median maximum force of artificial pelvis—-implant constructs during load-to-
failure test. The mean is marked with dotted lines. No significant difference was found (p = 0.804).
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4. Discussion

This biomechanical feasibility study evaluated a 6-hole L-shaped pubic symphyseal
plate compared to a 3.5 mm 6-hole plate in an artificial APC III pelvic injury. While the
design aim of NSP is to facilitate intraoperative reduction, the primary objective of this
study was to assess whether the NSP could provide sufficient mechanical stability for pubic
symphyseal osteosynthesis. Stiffness measurements during cyclic loading revealed no
statistically significant differences between the NSP and RSP groups at both the initial and
final time points. These results indicate that the NSP could offer intra-operative advantages
and provide comparable structural support to the RSP under the tested loading conditions,
simulating partial bearing for a 3-week recovery period.

Notably, cumulative deformation—a key indicator of fatigue—was significantly lower
in the NSP group compared to the RSP group. This finding suggests that the NSP has
the potential to provide comparable resistance to mechanical degradation over walking
cycles. Although the present study did not include a finite element model, this finding
of lower plastic deformation in the NSP group is supported by the finite element study
conducted by Zheng et al., where the maximum stress in a single-plate group was 127%
of the yield strength of titanium alloy, which leads to plastic deformation [13]. This may
be attributed to its L-shaped configuration, which enhances force distribution across the
anatomical plane, thereby minimizing stress concentration points that are directly related
to fatigue failure. This strategy is also evident in numerical analyses, which demonstrate
that the dual-plane strategy provides superior stability and reduces mechanical stress on
the plate, compared to utilizing a single plate [25].

The tendency of the NSP group towards equivalent global stability to the RSP was
supported by the notion that the inferior part of the symphysis is loaded with tension [26],
which the NSP provides resistance due to its dual-plane design. Varga et al. demonstrated
that the utilization of the anterior double plating technique improved the stability of the
inferior part of the pubic symphysis, leading to a decrease in relative movement in the SI
joint when compared to a single superior plating approach [26,27].

The load-to-failure testing demonstrated that both constructs exhibited statistically
comparable ultimate strength in maximum force between the NSP and RSP groups. Given
that implant failure in clinical settings often occurs due to repeated cyclic loading rather
than a single catastrophic overload, the improved fatigue resistance observed in the NSP
may offer an advantage in long-term clinical performance.

While the L-shaped construct shows improved stability and stiffness, semi-rigid con-
structs have been investigated and compared with various fixation methods. This includes
standard plate fixation and alternative techniques like dual plating, suture fixation, tapes,
and cables [16,21,28-30]. For instance, Berk et al. conducted a study that demonstrated the
biomechanical equivalence of suture fixation compared to plate fixation, suggesting that
suture techniques could be a viable alternative [21].

Despite the promising results, this study has several limitations. First, the use of
synthetic pelvis models, while standardized for biomechanical testing, does not fully
replicate the properties of human bone and ligaments. Future studies should validate
these findings using cadaveric models or in vivo evaluations. Additionally, the cyclic
loading protocol simulated early postoperative partial weight-bearing, providing short-
term insights but not long-term durability. Extended fatigue testing with higher cycle
counts is needed to assess sustained implant performance. Further studies are necessary to
evaluate the plate geometry for different pelvis morphologies and fracture patterns. The
biological aspect also needs attention, because the risks of delayed healing or residual pain
with a more constrained configuration should be addressed as potential issues.
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To address these limitations and further validate our findings, future research could be
conducted as a staged research program. First, cadaveric tests could reproduce physiologi-
cal, multi-directional loading protocols to evaluate bone-implant interaction and long-term
fatigue behavior. Second, the NSP could be compared directly with other fixation methods,
while validated finite-element models are used to map implant and bone stresses and
guide design improvements. Third, clinical feasibility work could assess ease of reduction,
operative time, and short-term patient outcomes. If these steps confirm mechanical safety
and surgical benefit, the L-shaped plate could further be evaluated for acute APC II-III
injuries, as an option in revision cases after failed superior plating, or adapted for minimally
invasive or patient-specific applications.

In summary, the NSP was developed aiming to facilitate anatomical reduction of
pelvic hemispheres through a single maneuver during surgery. Although this surgical
efficiency evaluation was out of the scope of this study, the presented biomechanical testing
demonstrated that the NSP provides similar fatigue resistance and mechanical strength
when compared to the RSP. Its design may lead to more efficient surgery and a reduction
in the postoperative period while keeping the mechanical stability. Nevertheless, these
promising results warrant further validation through cadaveric and in vivo studies to
confirm long-term clinical applicability.

5. Conclusions

This study found that the novel 6-hole L-shaped plate presented here is as biomechan-
ically stable as gold-standard plates, as it provides comparable mechanical stability to the
tested reference plate. Beyond that, the new self-aligning system may provide features to
facilitate reduction/overall operation time and prevent soft tissue damage intraoperatively.
Therefore, the novel plate could be a viable alternative to the existing standard, offering
adequate global stability to the pelvis with possible additional surgical efficiency. However,
further research is required to understand the clinical outcomes and long-term impacts to
determine the optimal indication of the novel plate in anterior pelvic fixation surgeries.

6. Patents

The NSP presented in this study is registered under the patents W02022233643, US
20240238019, DE102021111653, and EP4333748.
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Abbreviations

The following abbreviations are used in this manuscript:

APC  Anterior—Posterior Compression
SI Sacroiliac

FEM  Finite Element Method

MD  Molecular Dynamics

NSP  Novel Symphyseal Plate

RSP Reference Symphyseal Plate
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