% Universiteit
4 Leiden
The Netherlands

Additively manufactured shape-morphing implants for the treatment
of acetabular defects

Moosabeiki, V.; Leeflang, M.A.; Gerbers, ]J.G.; Jong, P.H. de; Broekhuis, D.; Agarwal, Y.; ... ;
Zadpoor, AA.

Citation

Moosabeiki, V., Leeflang, M. A., Gerbers, J. G., Jong, P. H. de, Broekhuis, D., Agarwal, Y., ...
Zadpoor, A. A. (2025). Additively manufactured shape-morphing implants for the treatment
of acetabular defects. Acta Biomaterialia, 203, 358-368. doi:10.1016/j.actbio.2025.07.018

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4299239

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4299239

Acta Biomaterialia 203 (2025) 358-368

Contents lists available at ScienceDirect

Acta Biomaterialia

ELSEVIER

journal homepage: www.elsevier.com/locate/actbio
Full length article ' :.)
Additively manufactured shape-morphing implants for the treatment of

acetabular defects

Vahid Moosabeiki * ®, Marius A. Leeflang®, Jasper G. Gerbers"®, Pier H. de Jong"®,
Demien Broekhuis "®, Yash Agarwal “®, Jagathes N. Ganesen “, Bart L. Kaptein"®,

Rob G.H.H. Nelissen ", Mohammad J. Mirzaali ™", Amir A. Zadpoor **"*"

@ Department of Biomechanical Engineering, Faculty of Mechanical Engineering, Delft University of Technology (TU Delft), Mekelweg 2, 2628 CD, Delft, The Netherlands

Y Department of Orthopaedics, Leiden University Medical Center, Leiden, The Netherlands
¢ Synbone AG, Switzerland

ARTICLE INFO ABSTRACT

Keywords: Acetabular defects pose significant challenges in orthopedic surgery, particularly in revision total hip arthro-
Acetabular defect plasty (THA). Here, we design, additively manufacture, and evaluate shape-morphing porous implants with
3D printing

kinematic structures to address these defects. Three defect types were examined using synthetic hemipelvis
models: posterior wall, cranial-posterior combination, and central-posterior defects. The implants were secured
with screws and bone cement, and their surface conformity was assessed through micro computed tomography
(uCT). Biomechanical performance was evaluated under quasi-static compression and cyclic loading conditions.
Results demonstrated high surface conformity of the flexible mesh across all defect types, with minimal differ-
ences from healthy acetabula (< 10 mm). The mesh implants exhibited strong load-bearing capacity, with
failures occurring only in the pubic region of the hemipelvis, while both the implants and mesh-cement interfaces
remained intact. The implants withstood cyclic loading simulating half the body weight of a 80 kg patient for
>1000,000 loading cycles with no evidence of fatigue failure, further confirming their durability. These findings
suggest that the flexible mesh implant provides a potential solution for complex acetabular defects, offering
anatomical conformity and mechanical stability, even in cases where conventional mesh grafts might be inad-
equate. Future studies, including cadaveric testing and clinical trials, are necessary to further validate these
results in (pre-)clinical settings.

Statement of significance: This study addresses the need for adaptable solutions to complex acetabular defects in
revision total hip arthroplasty (THA). Traditional implants struggle to conform to severe bone loss and irregular
geometries, risking suboptimal fit, and implant migration. We introduce a 3D-printed, shape-morphing porous
implant with kinematic structures, offering high anatomical conformity, mechanical robustness, and support for
bone graft integration. Combining the adaptability of patient-specific implants with the efficiency of standard
designs, this implant reduces lead times while enabling a tailored fit. This innovative approach provides a
reliable solution for managing complex defects, addressing limitations of conventional implants, and improving
outcomes in orthopedic reconstruction.

Flexible mesh
Kinematic structure
Shape matching
Patient-specific implant
Biomechanical testing

1. Introduction

Acetabular defects, involving structural damage or deformities in the
acetabulum, pose significant challenges in orthopedic surgery. These
defects can result from trauma, infection, tumor resection, or previous
procedures like total hip arthroplasty (THA) [1,2]. Addressing bone
deficiency during revision THA is particularly challenging for surgeons,

* Corresponding authors.

but also managing severe acetabular deficiencies after infection or bone
deformities after acetabular fractures [3]. The primary goals of acetab-
ular reconstruction are to create a stable and durable fixation for a new
acetabular component, restore the center of rotation, and, where
possible, rebuild bone stock [4,5]. Effective management of these de-
fects is essential to restore hip joint function and improve patient
mobility [4,6-12]. However, traditional approaches, including standard
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implants and grafting techniques, often fail to achieve precise anatom-
ical fit and stable fixation, leading to less favorable outcomes and higher
revision rates [13-15].

Standard revision hardware (cups, shells, crosses, trabecular metal
augmentations, mesh-bone impaction combination) are generally
designed to fit a wide range of patients but lack the necessary custom-
ization for unique anatomical variations. These generalized implants
could result in poor implant positioning, hip instability, and potential
increased wear, compromising surgical outcomes [16]. In response to
these challenges, recent advancements in acetabular implant design,
mainly through additive manufacturing (=3D printing) technology,
have shown promise in managing complex acetabular defects [17-21].
Custom-made 3D printed acetabular components in THA have demon-
strated encouraging results, especially in patients with severe bone de-
fects [15,22-25]. Custom 3D printed triflange implants have also been
evaluated for massive acetabular defects, both with and without pelvic
discontinuity, resulting in high implant survivorship and significant
functional improvements [5,20,25,26]. Custom 3D printed implants
have demonstrated effective osseointegration and implant stability,
particularly in complex revision surgeries, providing a reliable solution
for challenging cases [5,25,27].

Despite the benefits, patient-specific implants present challenges.
Although they offer superior anatomical conformity, they are often time-
consuming and costly to produce [28,29]. The manufacturing process
requires extensive preoperative planning, detailed imaging, and
modeling, which can delay surgery and increase overall treatment costs
[28,30]. Furthermore, the high cost of producing a unique implant for
each patient may not be feasible in many healthcare settings, limiting
their widespread adoption. Additionally, unlike bone impaction grafting
(BIG) with mesh backing, patient-specific implants do not replenish
bone stock, which is essential for long-term structural integrity and
support [31].

Recent developments in shape-matching implants have sought to
improve functional performance and production efficiency [28,32] to
overcome these limitations. One such innovation involves
shape-morphing implants, which adapt to complex anatomical geome-
tries using advanced 3D and 4D printing techniques [33-37]. These
implants conform to the patient’s unique anatomy during surgery and
lock into place, providing a customized fit without requiring extensive
preoperative planning [38-40]. This approach blends the advantages of
patient-specific and standard implants, offering a tailored fit and
enhanced mechanical stability while reducing production time and
costs. Shape-matching implants hold significant potential to advance
orthopedic reconstruction by optimizing anatomical conformity and
streamlining production processes. Additionally, these shape matching
implants offer the possibility of expanding the use of bone impaction
grafting (i.e., host bone substitutes eventually the allograft bone) to
address larger acetabular defects such as Paprosky IIIA and B [10,24,
41].

We proposed the concept of "metallic clay", a design approach that
enables medical devices, particularly orthopedic implants, to exhibit
both shape-morphing and shape-locking capabilities [38]. Using this
concept, this study aims to evaluate the design, manufacturing, and
biomechanical performance of a 3D printed shape-morphing mesh
implant with kinematic structures that combines the benefits of both
standard and patient-specific implants. The kinematic mesh is designed
as a generic implant capable of conforming to various patient anatomies,
providing a patient-specific fit without the need for individualized
manufacturing. This approach offers a versatile, cost-effective, and
timely solution for managing acetabular defects.

The 3D printed flexible mesh implant was designed to adapt to the
contours of the acetabulum and cover the acetabular defect. Further-
more, it could be effectively fixed to the intact acetabular bone using
screws and bone cement. This design aimed to provide superior surface
conformity and mechanical stability compared to conventional metal
mesh implants [42]. To evaluate this approach, a series of experiments
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under physiologically relevant conditions were conducted using syn-
thetic hemipelvis models with three distinct types of defects: (i) a large
posterior acetabular wall defect, (ii) a combination of cranial and pos-
terior acetabular wall defects, and (iii) central and posterior defects to
replicate a Paprosky IIIB defect [42]. These models simulated the sur-
gical procedure and implant placement. Post-operative evaluations
included CT scanning to assess mesh conformity to the acetabular sur-
face and mechanical testing to evaluate the implants’ biomechanical
performance under quasi-static and cyclic loading.

Compared to conventional acetabular metal mesh [42-44], and
other flexible solutions like Noviomagus revision meshes [45], our
flexible mesh design may significantly improve anatomical conformity
when reconstructing large defects, as well as at sites where conventional
metal mesh yields less favorable results [42]. This is likely due to the
inferior mechanical stability of traditional options, which is addressed
by our 3D printed shape-morphing implant, potentially improving
overall surgical outcomes as well. Traditional metal meshes, which are
flexible and manually shaped during surgery, are effective for smaller
defects but often fall short in larger, more complex cases due to their
inability to conform precisely to irregular geometries. Their flexibility
can also lead to uneven load distribution and gaps between the mesh and
bone [42]. Similarly, while Noviomagus meshes provide pre-shaped
configurations that reduce intraoperative adjustments, their adapt-
ability to highly irregular defect geometries is limited. In contrast, our
flexible mesh is designed to conform more naturally to the defect and
becomes rigid, potentially improving fit and stability. Once fixed, the
mesh becomes rigid enough to withstand pressurized BIG, further
enhancing its ability to accommodate larger volumes of graft material
and promoting improved osseointegration and long-term mechanical
stability (Supplementary Videos 1-4). This adaptability could enhance
osseointegration and structural support in large or complex defects
where conventional wire mesh may fall short.

This research addresses the critical need for innovative solutions in
managing challenging acetabular defects by leveraging 3D printing
technology. The primary hypothesis of this study is that a flexible,
generic implant can effectively cover large acetabular defects that
standard metal meshes cannot support while eliminating the need for
costly and time-consuming patient-specific designs. By creating a flex-
ible, generic implant capable of adapting to individual large anatomic
defects, which is also stable and durable once in place, we aimed to
overcome the limitations of standard flexible metal meshes and patient-
specific implants. The outcomes of this study have the potential to
enhance clinical practice by providing a customizable, effective, and
economically viable option for patients with complex acetabular defects.

2. Materials and methods
2.1. Implant design and manufacturing

The shape-morphing implant was designed using computer-aided
design (CAD) software, SolidWorks 2023 (Dassault Systemes, France),
to conform to various acetabular geometries (Figs. 1a and b). The design
process involved creating a mesh structure with flexibility and strength
suitable for anatomical adaptation and high enough load-bearing ca-
pacity. The hexagonal pattern (Fig. 1b) was chosen as the optimal design
due to its uniform load distribution and structural efficiency, which are
critical for orthopedic applications. To optimize the design, we devel-
oped in-house MATLAB code to simulate the kinematic behavior of the
mesh and assess its ability to conform to curved surfaces. These simu-
lations, combined with experimental testing, informed the selection of
strut length, strut thickness, body size, and overall geometry, ensuring
the mesh could adapt to complex anatomical geometries while providing
sufficient mechanical support. The full details of the optimization pro-
cess will be published separately as part of an ongoing study.

The mesh implants were 3D printed using plasma atomized Titanium
alloy (Ti-6Al-4 V ELI) powder (AP&C Inc, Canada), with particle sizes



V. Moosabeiki et al.

50 mm

105 mm

thickness = 2 mm

detail A

Acta Biomaterialia 203 (2025) 358-368

50 mm

3D-printed

Fig. 1. Design and application of the flexible mesh implant for acetabular reconstruction. (a) Perspective view of the flexible mesh illustrating its adaptability
and conformity to the acetabular defect. The mesh was fabricated using PolyJet printing technology. (b) A detailed schematic drawing of the mesh design. The right
panel shows a 3D printed version of the mesh structure. (c) The flexible mesh implant integrated into different regions of the acetabulum of synthetic pelvis models,

demonstrating surface conformity and coverage.

ranging from 10 to 45 um. A high-resolution selective laser melting
(SLM) 3D printer (ReaLizer SLM125, ReaLizer GmbH, Paderborn, Ger-
many) was employed to manufacture the implants at the Additive
Manufacturing Lab at Delft University of Technology. Considering the
constraints of the additive manufacturing process, the implants were
positioned lying flat on the print bed to ensure that the functional sur-
faces of the joint could be printed concomitantly without requiring
support structures. This orientation allowed the entire implant to be
printed in one go using the maximum build plate size of the SLM ma-
chine, making it fully functional after removing the build plate and
completing ultrasonic cleaning. The design is inherently scalable,
allowing the number of units and the overall size of the mesh to be
adjusted based on the size of the defect and the specific anatomical re-
quirements of the patient. In clinical practice, the mesh can be either
printed in a few different sizes (to be trimmed to the required size during
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the surgery) or be customized by adding or removing units during the
design phase. Additionally, the cross-sections of the rod end, connecting
the spherical components, were designed in a rhombus shape to prevent
warping.

2.2. Synthetic hemipelvis models

For this study, synthetic structurally calibrated hemipelvis models
representing the left side of the pelvis, each with an acetabular diameter
of 52 mm, were used to simulate realistic clinical scenarios and evaluate
the performance of the 3D printed flexible mesh implants. Synthetic
hemipelvis models (Synbone AG, Switzerland) were chosen for their
consistency and ability to simulate specific defect geometries, which was
critical for evaluating the shape-morphing capabilities of the implant.
While these models do not fully replicate the mechanical properties of
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human bone, they provide a controlled environment for initial testing.

Three different types of defects were represented to cover a range of
clinical situations, from moderate to severe acetabular defects (Fig. 2).
The first model simulated a posterior acetabular wall defect (Model
4122, Synbone AG, Switzerland). The second model featured a combi-
nation of cranial and posterior acetabular wall defects (Model 4123,
Synbone AG, Switzerland), representing a more complex scenario
involving extensive bone loss across multiple regions of the acetabulum.
The third model was a modified healthy hemi-pelvis (Model 4032,
Synbone AG, Switzerland) with central and posterior defects to replicate
a Paprosky IIIB defect. Paprosky IIIB defects are characterized by sub-
stantial bone loss, compromising the structural integrity of the acetab-
ulum and surrounding pelvic regions [10,24]. These defects pose
significant challenges in reconstruction due to the extensive nature of
bone loss and the difficulty in achieving stable fixation.

combination of
cranial and posterior defect

34

posterior defect

wall reconstruction

construct fixation
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2.3. Surgical implementation

An experienced hip surgeon (JGG) performed the simulated sur-
geries. The surgical procedure for implanting the flexible mesh involved
securing the mesh to the acetabulum of the synthetic hemipelvis models
(Fig. 2 and Supplementary Videos 1-4). The acetabulum was prepared,
and reamed using increasing size reamers to suitable depth (i.e., final
reamer size of 56 mm) . To improve cement integration and ensure a
secure fit, ten to fifteen holes were drilled to a depth of 5-10 mm within
the acetabular surface. The mesh was then carefully positioned over the
defect area to ensure optimal coverage and fit. Once positioned
correctly, the mesh was fixed in place using titanium cortical screws (AO
large fragment screws, Depuy Synthes, Switzerland) with a diameter of
4.5 mm. The length of the screws varied between 24 mm and 40 mm,
depending on the specific anatomical requirements of each defect
model. The acetabulum was then carefully cleaned to remove any loose
debris.

Bone cement (Polymethyl methacrylate, PMMA, Optimpac® 60

combination of
central and posterior defect

Fig. 2. Reconstruction of acetabular defects using the shape-morphing mesh implant. The flexible mesh implant reconstructed three types of acetabular defects
(posterior, cranial, posterior combination, and central and posterior combination). The top row shows the original defects (indicated by arrows), the middle row
shows the mesh-based wall reconstruction, and the bottom row illustrates the final construct fixation with an acetabular cup.
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Refobacin® Bone Cement R, Zimmer Biomet, BIOMET France, France)
was applied to the prepared acetabular surface. The bone cement was
introduced, followed by pressurization to ensure optimal distribution
(Supplementary video 4). To further enhance stability and support, bone
impaction grafting can be added between the posterior mesh part and
the anterior mesh part (Supplementary video 3). The size of the
acetabular cup (46 mm in diameter), chosen by the surgeon to suit the
reconstruction, was simulated using a punch of matching dimensions.
Applying bone cement helped lock the mesh securely, providing addi-
tional mechanical support and ensuring the implant remained stable
under load. After cement hardening the punch was retracted.

2.4. CT scanning and analysis

CT images were acquired using a TESCAN CorTOM CT scanner
(TESCAN, Brno, Czech Republic), and the resulting images were
analyzed and segmented using Dragonfly image processing software
(version 2022.1.1249), applying Otsu method to optimize the thresh-
olding for segmentation accuracy. Each specimen was scanned over a
full 360° rotation, with an isotropic voxel size of 45 pm and an angular
rotation step of 0.08°. The CT images were acquired under a voltage of
150 kV and a current of 300 pA, with each imaging cycle taking ~14 min
to complete.

The shape-matching performance of the flexible mesh implants was
assessed by comparing post-surgery CT scans of the reconstructed ace-
tabulum for three different defect types (i.e., posterior defect, a combi-
nation of posterior and cranial defects, and a combination of central and
posterior defects) (Fig. 3a), with a healthy, intact acetabulum model
featuring a 52 mm femoral head.

To evaluate the surface conformity of the mesh implants to the ac-
etabulum, the degree of conformity was quantified by measuring the
distance between the implant and the bone surface of a healthy, intact
hemipelvis model. CloudCompare software (V.2.9.1) was used to align
the implanted hemipelvis with the healthy model, and the distance be-
tween the two surfaces was calculated (Fig. 3b). In addition, a sphere-
fitting method was applied by selecting 30 points within the acetab-
ular cavity to determine the maximum size of a sphere that could be
fitted into the reconstructed acetabulum (Fig. 3c). This sphere-fitting
process provided additional insights into the volumetric accuracy and
fit of the implant within the acetabular structure.

2.5. Biomechanical testing

Biomechanical testing was conducted using 18 synthetic hemipelvis
samples to evaluate the load-bearing capacity and durability of the
implants. The samples were divided equally into two groups: one group
for quasi-static compression tests and the other for cyclic loading tests.
Within each group, three samples were allocated to each of the three
defect types (posterior wall, cranial-posterior combination, and central-
posterior defects). A custom setup (Synbone AG, Switzerland) was used
for all the tests to ensure consistent positioning and alignment of the
synthetic hemipelvis models. The hemipelvis models were secured at
both the ilium and pubic regions, with the acetabular cavity oriented
upward to facilitate uniaxial compression testing (Fig. 4a). The vertical
compressive load was applied directly to the acetabulum, simulating the
quasi-static tests that represented increasing loads during quiet stand-
ing, while the cyclic loading tests simulated partial body weight support
during standing.

A mechanical testing machine (LLOYD Instrument LR5K, Hampshire,
United Kingdom) equipped with a 5 kN load cell was employed for the
quasi-static uniaxial compression tests. Each sample was compressed at
a 1 mm/min rate, ensuring precise alignment and stability through the
custom setup. Displacement, force, and time were continuously recor-
ded at a sampling rate of 100 Hz. The tests were conducted until either
the implant or hemipelvis failed or a vertical displacement of 30 mm was
reached. A preload of 10 N was applied at the start of each test. For each

362

Acta Biomaterialia 203 (2025) 358-368

sample, the maximum load, displacement, and failure modes were
collected to assess the initial mechanical stability of the implants.

Cyclic compression-compression testing was performed using an
electrodynamic mechanical testing machine (ElectroPulse™ E10000,
Instron, MA, USA) with a 10 kN load cell. Each sample was subjected to
cyclic loading at a frequency of 2 Hz, following two loading scenarios: an
initial maximum load of 350 N, followed by a 25 % increase to 437.5 N
[46-48]. A constant load ratio of 0.1 (i.e., the ratio of minimum to
maximum loads in each cycle) was applied, and each step consisted of
500,000 cycles (Fig. 4e). Displacement, signs of fatigue failure, and
implant migration were continuously monitored to evaluate the
long-term durability of the mesh implants.

2.6. Statistical analysis

Statistical analysis was performed using OriginPro (2023, OriginLab
Corporation, Northampton, MA, USA) to analyze the maximum differ-
ence between the reconstructed acetabulum and the healthy model,
mechanical strength, and sphere-fitting data. Mean values and standard
deviations were calculated to summarize the data. Due to the small
sample size (n = 3 per group), non-parametric tests (i.e., Kruskal-Wallis
test) were employed where appropriate, with a significance level of 0.05
used for comparisons. The results should be interpreted with caution,
and future studies with larger sample sizes are recommended to validate
these findings.

3. Results
3.1. Shape-matching performance

For the posterior defect, the shape-morphing implant demonstrated
close conformity, with a maximum distance of 9.5 mm (+0.6) from the
healthy acetabulum. In the combination defect, where both cranial and
posterior walls were compromised, the maximum distance was 10.1 mm
(+0.6), reflecting a comparable level of fit despite the increased
complexity. The mesh exhibited the highest level of conformity for the
central and posterior defect, with a maximum distance of 8.3 mm
(£1.3), indicating a more precise adaptation to the defect geometry
(Fig. 3b). In all cases, the maximum distances were observed at the edges
of the acetabulum.

In addition to surface gap measurements, a sphere-fitting analysis
was conducted to determine the maximum sphere size that could be
accommodated within the reconstructed acetabulum for each defect
type. The sphere fitted to the healthy acetabulum was 53.8 mm. For the
posterior defect, the maximum sphere diameter was 50.3 mm (+2.8),
closely matching the capacity of the healthy acetabulum and closely
approximating the capacity of the healthy acetabulum. The sphere size
remained consistent at 50.4 mm (+1.5) in the cranial and posterior
combination defect. For the central and posterior defect, the sphere size
was slightly reduced to 49.5 mm (+0.7), indicating that the mesh
restored a significant portion of the acetabular volume.

3.2. Biomechanical performance

Quasi-static uniaxial compression tests demonstrated that the pelvic
constructs with flexible mesh implants could withstand substantial loads
before failure. The mean maximum load capacities were 1890.9 N
(£112.3) for the posterior defect, 1501.6 N (+142.5) for the cranial-
posterior combination defect, and 1923.7 N (£+199.3) for the central-
posterior defect. The corresponding stiffness values for the mesh-
pelvis constructs were 239 N/mm (+0.8) for the posterior defect,
237.8 N/mm (+0.9) for the cranial-posterior combination defect, and
198 N/mm (£0.2) for the central-posterior defect. Displacement at both
the maximum load and the point of failure was consistent across all the
specimens, indicating a uniform response to applied loading. Failure
modes observed in all the tested specimens primarily involved fractures
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Fig. 3. Shape-matching performance and sphere-fitting analysis of the shape-morphing mesh implants. (a) 3D reconstructions of the flexible mesh implants
from pCT images, fitted to the posterior, cranial-posterior, and central-posterior acetabular defects post-surgery. (b) The distance between each defect type’s
reconstructed acetabulum and the healthy pelvis. (c) A sphere-fitting analysis showing the maximum sphere diameter (Dgppere) that the reconstructed acetabulum for

each defect type can accommodate.
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Fig. 4. Biomechanical testing of shape-morphing implants for acetabular defects. (a) A schematic drawing and experimental setup for uniaxial compression
testing of the synthetic hemipelvis models with flexible mesh implants. The compressive force was applied vertically to the acetabulum. (b) Force-displacement
curves for the three acetabular defect types (central/posterior, posterior, and cranial/posterior) during quasi-static compression testing. (c) First observed failure
points under compression testing, with fractures occurring in the pubic region while the mesh and bone cement remained intact. (d) After initial failure, compression
testing was extended to observe further failure points. All the specimens exhibited subsequent fractures in the synthetic bone without damage to the mesh or cement
interfaces. (e) The protocol for the cyclic testing of the mesh-pelvis constructs was conducted in two phases (each up to 500,000 cycles) with forces of 350 N and
437.5 N at a frequency of 2 Hz. (f) Results from the cyclic testing, represented by extension-cycle curves, highlighting the durability and long-term performance of the

flexible mesh implants under repetitive loading conditions.

of the synthetic bone, specifically starting at the superior ramus of the
pubis, followed by fractures at the pubic tubercle (Fig. 4c).

The tests were extended to identify additional failure points and
potentially weak areas within the pelvis-mesh construct. For both the
posterior defect and the central and posterior defect, increased
displacement revealed subsequent weak points at the screw locations,
particularly those in the superior ischial ramus (Fig. 4d-top). Interest-
ingly, for the combination defect, where no screws were positioned in
the ischium, fractures still occurred at the superior ischial ramus after
the initial breakage at the pubis (Fig. 4d-bottom). This suggests that the
superior ischial ramus is inherently the next failure point, regardless of
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whether screws are used in this region. No cracks or visible changes were
observed in the flexible mesh or the bone cement throughout the testing.

During cyclic testing, the mesh implants maintained their structural
integrity under two loading phases, with maximum loads of 350 N and
437.5 N for up to 500,000 cycles per phase (i.e., a total of >1000,000
loading cycles). Displacement changes were minimal at each step (i.e.,
0.38 mm, 0.46 mm, and 0.35 mm displacement after the first phase, and
0.27 mm, 0.28 mm, and 0.22 mm displacement after the second phase,
for the central-posterior defect, posterior defect, and cranial-posterior
combination defect, respectively). No sign of implant migration, screw
loosening, or crack on the bone cement was observed throughout the test
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cycles (Fig. 4f).
4. Discussion

This study evaluated the effectiveness of a 3D printed shape-
morphing implant designed with kinematic structures to address com-
plex acetabular defects. The results demonstrated that the flexible mesh
provided a high degree of anatomical conformity, mechanical stability,
and adaptability, which are critical factors in the success of acetabular
reconstruction [49,50]. By focusing on three distinct defect types (i.e.,
posterior wall, cranial-posterior combination, and central-posterior de-
fects), the research provides comprehensive insights into the perfor-
mance of the mesh in a range of clinically relevant scenarios.

The flexible nature of the mesh allowed it to conform closely to the
irregular surfaces of the acetabulum (Fig. 1¢). Minimal differences were
observed between the reconstructed and healthy acetabula, with
maximum surface discrepancies of 9.5 mm (+0.6) for the posterior
defect, 10.1 mm (+0.6) for the cranial-posterior combination defect, and
8.3 mm (+£1.3) for the central-posterior defect. The most significant
discrepancies occurred at the acetabular edges, where the reconstructed
wall was slightly higher than the natural acetabulum (Fig. 3b). This
additional height enhances the acetabular cup’s support, improving
overall stability. The other more significant discrepancies observed at
the acetabulum corresponded to the defect regions, which were absent
compared to the healthy acetabulum (Fig. 3b).

The high degree of anatomical conformity is essential for ensuring
stability and minimizing implant migration [51,52]. The mesh design
provided a tailored fit for various defect shapes and sizes without
requiring custom manufacturing for each patient. In contrast, while
providing structural support, standard implants often require extensive
bone reaming to fit properly (e.g., 15,997 mm?® for the trabecular metal
acetabular revision system (TMARS) and 2292 mm? for a custom tri-
flanged acetabular component (CTAC)) [25,53]. In our approach, the
flexible mesh implant significantly reduces the need for reaming, as it
adapts to complex anatomical geometries without extensive bone
removal. While some reaming was performed to improve cement inte-
gration and provide adequate support for the acetabular cup, the process
is far less invasive compared to traditional methods. Similar to
patient-specific implants, which reduce reaming through improved
anatomical conformity [54], the flexible mesh implant preserves bone
stock, a critical advantage in cases of severe bone loss. These results
highlight the ability of the meshes to adapt to different defect geometries
while maintaining a close fit, which is essential for proper load distri-
bution and implant stability.

Additionally, the sphere-fitting analysis further confirmed the ca-
pacity of the mesh design to restore acetabular volume with near-
identical sphere sizes compared to the healthy model (Fig. 3c). How-
ever, no statistically significant difference was observed in sphere sizes
between the defect groups. Similarly, there was no statistically signifi-
cant difference in surface conformity between the different models. This
level of shape-matching performance across varying defect types dem-
onstrates the versatility of the mesh in adapting to different anatomical
challenges while providing a secure and anatomically accurate fit.
However, due to the volumetric effect of the mesh, selecting a slightly
smaller cup would be better suited to maintain an optimal cement layer
thickness. These outcomes suggest that the flexible mesh can closely
replicate the anatomical structure, which is vital for the long-term suc-
cess of THA in patients with significant bone loss [55,56].

The fixation of the flexible mesh implant relies on a combination of
screws and bone cement. In this study, the number and location of the
screws were chosen by the surgeon based on the specific anatomical
requirements of each defect. Importantly, screws can be placed any-
where on the mesh according to the surgeon’s preference, providing
flexibility in the fixation strategy. While we used bone cement was to
stabilize the mesh in the acetabular fossa, a screw can also be placed to
support the mesh in the fossa if additional fixation is required. This
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flexibility allows the surgeon to tailor the fixation strategy to the pa-
tient’s specific needs. The parts of the mesh that are not secured by
screws are designed to conform to the bone surface and are stabilized by
bone cement. While this method provides sufficient stability in the
current study, the long-term reliability of fixation, particularly in areas
not secured by screws, requires further investigation. Future studies
should evaluate the potential effects of unsecured structures on implant
performance under physiological loading conditions. Additionally, the
use of bone cement in the acetabular fossa provides additional stability,
but its reliability compared to existing fixation methods should be
further explored. It is also worth noting that unsecured parts of the mesh
could be removed if deemed unnecessary by the surgeon. However, the
effects of removing these parts on the overall stability and performance
of the implant requires further study.

The flexible mesh is designed to be compatible with a revision
acetabular cup and UHMWPE bearing, offering a versatile solution for
complex acetabular defects. The screws can be passed through the mesh
to secure the cup to the host bone. The mesh does not restrict the tra-
jectory of the screws, as the flexible design allows for screw placement at
various angles, depending on the surgeon’s preference and the patient’s
anatomy. This adaptability ensures that the mesh can be tailored to a
wide range of clinical scenarios. While the current study did not
explicitly evaluate the compatibility of the mesh with other components,
further investigation is needed to demonstrate the feasibility of screw
placement through the mesh during surgery and to evaluate the per-
formance of the mesh in combination with a revision cup and screws.
This includes studying different defect types, screw trajectories, and
loading conditions to ensure optimal fixation and long-term stability.

The biomechanical tests indicated that the mesh implants could
withstand high compressive loads, similar to the forces experienced in
the hip joint (Fig. 4b). Importantly, none of the samples failed at the
mesh, cement, or mesh-cement interfaces. Instead, all failures occurred
in the synthetic bone at the superior pubic ramus and pubic tubercle
(Fig. 4c). After the initial failure, the quasi-static tests were extended
until a deflection of 30 mm, and subsequent failures consistently
occurred in the pubic region of the synthetic bone, confirming that the
mesh, cement, and mesh-cement interfaces remained intact throughout
(Fig. 4d). In the cranial-posterior defect, the presence of screws in the
pubic region resulted in earlier fractures at this location, which was
attributed to the use of screws in that area. However, this failure
occurred at the same location as the other defects, indicating that the
mesh provided consistent performance across different anatomical sce-
narios. Statistical analysis using the Kruskal-Wallis test revealed no
statistically significant differences in mechanical strength between the
defect types (p > 0.05).

Cyclic loading tests further validated the durability of the mesh im-
plants, revealing minimal performance degradation over time. The tests
were conducted at maximum loads of 350 N and 437.5 N, representing
approximately half the body weight of an 80 kg patient. While these
loads are lower than the peak forces experienced during activities such
as walking or running (which can exceed 2-3 times body weight [57]),
they were chosen to avoid premature failure of the synthetic bone
models, which have lower mechanical strength compared to human
bone. The primary goal of the cyclic testing was to evaluate the
long-term durability of the implant under repetitive loading rather than
to replicate full physiological conditions. The results demonstrated that
the flexible mesh implants maintained their structural integrity over
1000,000 cycles (equivalent to the approximate number of cycles
experienced by active patients in one year [58]), with no signs of fatigue
failure, screw loosening, or cement cracking. However, it is important to
note that the magnitude of the loads used in the tests was lower than
those experienced during activities such as walking or running because
the synthetic bone models used in this study do not fully replicate the
mechanical properties of the human bone, particularly the integration of
bone cement with cancellous bone.

While a control group using intact bone or conventional meshes (e.g.,



V. Moosabeiki et al.

Noviomagus) could provide additional insights, such comparisons were
not feasible in this study. For intact bone, a larger punch size would be
required to fit the acetabulum, and the absence of bone cement would
result in a different connection scenario, making the design incompa-
rable. Additionally, the defects studied here (posterior wall, cranial-
posterior combination, and central-posterior defects) are not typically
treated with conventional meshes, as they often require patient-specific
implants to cover the defect area adequately. The objective of this study
was not to claim superiority over existing designs but to demonstrate
that the proposed flexible mesh can cover large defects without the need
for patient-specific customization, offering a cost- and time-efficient
solution for complex acetabular defects.

In cases like Paprosky type IIIB defects, acetabular fixation is
particularly challenging due to the lack of superior dome support and
proximal migration of the acetabular component [50]. Studies have
demonstrated that using a hemispherical porous-coated component
alone often leads to failure in these scenarios, primarily due to
micro-motion and superolateral migration, especially when structural
grafts or augmentations are not employed [59,60]. The standard BIG
with mesh technique is usually unsuitable for type IIIB defects and is
likely to have higher failure rates in type IIIA reconstructions [31]. The
flexible mesh used in this study addresses these limitations by improving
both conformity and stability. However, successful reconstruction still
requires bone grafts, particularly in complex defects where restoring
bone stock is crucial for long-term success [4,56,61].

A significant advantage of the flexible mesh design is its ability to
accommodate bone grafts during surgery (Supplementary Video 3). The
mesh allows easy manipulation, enabling precise placement within the
defect while incorporating bone graft material beneath and between the
mesh layers. This flexibility promotes better graft integration with sur-
rounding tissue, enhancing long-term mechanical support and stability.
During surgery, the mesh facilitates free movement, allowing for accu-
rate positioning and even distribution of the bone graft, further
improving osseointegration.

The surgical procedure for implanting the shape-morphing mesh is
expected to be comparable to or shorter than that of custom-made im-
plants, as the flexible mesh reduces the need for extensive bone reaming
and intraoperative adjustments. If the surgeon is familiar with the
design, the procedure could be implemented efficiently and would be
comparable to custom implants in terms of surgical time. Additionally,
the bone structure can be extracted from patient data and 3D-printed
using standard 3D printers, allowing (less experienced) surgeons to
practice the procedure and plan the fixation of the implant before the
actual surgery. This preoperative planning could further reduce surgical
time and improve outcomes. However, further studies are needed to
quantify the surgical times and assess the potential impact on periop-
erative infection risk.

The ability of our flexible mesh implants to conform to different
acetabular geometries and provide stable fixation has significant clinical
implications. While severe defects, such as those we addressed in this
study, typically require patient-specific meshes due to their complexity,
our flexible mesh effectively covered these defects without requiring
individualized manufacturing. This adaptability allows surgeons to use
these implants in a broader range of patients, reducing the necessity for
custom solutions and decreasing surgical wait times and overall treat-
ment costs [5,62]. Future studies could enhance implant performance by
exploring diverse network geometries and incorporating variable strut
lengths within the structure. These adjustments could improve
anatomical conformity and optimize load distribution, allowing the
implants to better align with individual anatomical curvatures.

Despite the promising results, our study has limitations. The evalu-
ation was conducted on synthetic hemipelvis models, which, while
useful for controlled testing, do not fully replicate the complexities of
the human bone. These limitations may have influenced the results of
the quasi-static and cyclic loading tests, particularly the super-
physiological deflection observed during failure. Notably, synthetic
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bone lacks cancellous bone, which is critical in integrating bone cement.
In real-world scenarios, proper integration with cancellous bone can
significantly enhance long-term implant stability, a factor not repre-
sented in our study. Further research using more advanced models or
cadaveric specimens and clinical trials is necessary to further validate
these findings under higher, more physiologically relevant loads and
assess the added stability provided by bone-cement integration.

This study also focused on a single loading scenario during me-
chanical testing. Future research should consider various loading con-
ditions that simulate the dynamic forces experienced in the hip joint
during daily activities such as walking and running to evaluate the
flexible mesh implants’ performance fully. Moreover, the long-term in
vivo performance of the shape-morphing implants was not assessed.
Future research should also focus on the biocompatibility and durability
of the implants over extended periods in living subjects.

5. Conclusions

This study successfully designed and evaluated 3D printed shape-
morphing implants with kinematic structures for managing acetabular
defects. The flexible mesh implants demonstrated high surface confor-
mity and robust mechanical stability, adapting closely to the acetabulum
and withstanding significant compressive loads. This flexible mesh of-
fers improved adaptability and reduced need for extensive bone prep-
aration, addressing some limitations of standard and custom implants.
The 3D printed flexible mesh implants offer an efficient solution for
acetabular defects of various sizes up to Paprosky IIIB, potentially
significantly improving flexibility for the surgeon and offering new
possibilities in orthopedic reconstruction surgery. Further research and
clinical validation are essential to realize this innovative design’s ben-
efits fully.
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