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Abstract

Background
Commercial modular acetabular prostheses are widely used to reconstruct severe acetabular defects in
hip arthroplasty. However, modular techniques may be limited by suboptimal defect matching and
technical complexity. Patient-specific 3D-printed monoblock acetabular prostheses represent a novel
reconstructive strategy that enables precise bone defect matching, customized fixation and facilitates
restoration of the hip center of rotation. Nevertheless, clinical and biomechanical evidence regarding
these prostheses remains limited. This study aimed to compare the clinical outcomes and
biomechanical behavior of patient-specific 3D-printed monoblock prostheses with those of commercial
modular prostheses.

Methods
Thirty-five patients with Paprosky type II–III acetabular defects were retrospectively divided into a 3D-
printed group (n = 17) and a modular group (n = 18). Clinical outcomes and radiographic parameters
were compared between groups. Biomechanical evaluations combining cadaveric testing and finite
element analysis (FEA) were performed using cadaveric Paprosky type IIIA acetabular defect models.

Results
At a mean follow-up of approximately 32 months, the 3D-printed group had higher Harris hip scores
(82.8 ± 6.1 vs. 76.6 ± 5.2, p = 0.003) and lower visual analogue scale pain scores (median 1 [interquartile
range 0.5–1.5] vs. 2 [1–2], p = 0.003). The 3D-printed group also showed more accurate restoration of
the vertical and horizontal positions of the hip center of rotation (p = 0.016 and 0.045), less leg-length
discrepancy (3.1 ± 1.8 vs. 6.2 ± 2.9 mm, p < 0.001), and a smaller femoral offset difference (3.3 ± 2.2 vs.
5.1 ± 1.2 mm, p = 0.006). At 800 cycles, permanent migration (86 [82–94] vs. 181 [178–186] µm, p < 
0.001) and inducible micromotion (126 [119–128] vs. 289 [248–296] µm, p < 0.001) were markedly lower
for the 3D-printed prostheses. The monoblock prostheses exhibited higher periacetabular bone strain
and a more even prosthetic stress distribution than the modular prostheses, as demonstrated by
cadaveric strain measurement and FEA, respectively.

Conclusions
Patient-specific 3D-printed monoblock acetabular prostheses were associated with better clinical
outcomes and more accurate anatomical reconstruction than commercial modular acetabular
prostheses. Independent biomechanical analyses suggested improved initial stability and more
favorable periacetabular load transfer with monoblock prostheses.
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1. Introduction
With the aging of the population, the number of total hip arthroplasty (THA) procedures performed
annually continues to increase, accompanied by a corresponding rise in revision surgeries due to
prosthesis loosening, infection, dislocation, and other complications [1]. Revision hip surgery is
technically demanding because it requires the reconstruction of bone defects, the restoration of the hip
joint's center of rotation (COR), and the achievement of durable initial stability. Among these challenges,
the reconstruction of severe acetabular bone defects, most commonly classified as Paprosky type II or
III defects [2], remains one of the most difficult aspects in revision THA.

Various clinical techniques are used for acetabular reconstruction, and these include impacted bone
grafting, modular acetabular prostheses, acetabular reinforcement rings, “cup-cage” technique, double
cups, and jumbo cups [3–7]. However, each technique has inherent limitations. Although commercial
modular acetabular prostheses are widely used to reconstruct severe acetabular defects, their
standardized shapes and sizes may result in a poor fit within irregular defects, complicating implantation
and compromising initial stability. Moreover, fracture or loosening of the augments may lead to
construct failure [8–10]. Structural allografts are susceptible to bone resorption and limited osseous
ingrowth, which may prevent the formation of a stable foundation for long-term fixation [11]. The "cup-
cage" technique provides initial mechanical stability through the cage, whereas long-term fixation
depends on biological ingrowth into the cup; nevertheless, the reported 15-year survivorship free from
all-cause failure is only 69.8% [12].

With advances in digital technology and medical engineering, patient-specific 3D-printed monoblock
prostheses designed from preoperative imaging data have emerged as a promising alternative. By
addressing the fundamental mismatch between standardized implants and irregular host bone, these
prostheses enable personalized reconstruction and customized fixation, thereby maximizing the
preservation and utilization of host bone while facilitating restoration of the hip COR [13–15]. However,
direct comparative evidence comparing patient-specific 3D-printed monoblock with commercial modular
acetabular prostheses in hip arthroplasty remains limited, particularly evidence integrating clinical
outcomes with biomechanical validation. This study therefore aimed to (1) compare the clinical
outcomes of 3D-printed monoblock and commercial modular acetabular prostheses used to reconstruct
severe acetabular bone defects; and (2) compare the biomechanical behavior under cyclic loading using
cadaveric testing and FEA.

2. Methods

2.1. General Information
We conducted a retrospective comparative study at a tertiary academic hospital. The study protocol was
reviewed and approved by the institutional Ethics Committee and conducted in accordance with the
principles of the Declaration of Helsinki. Detailed ethical information, including the consent procedures
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for the clinical and cadaveric components, is provided in the Ethics statement. We reviewed the medical
records of all patients who had undergone THA between June 2015 and December 2024.

During this period, we initially identified 57 patients (57 hips) with severe acetabular bone defects
(Paprosky classification ≥ II). The inclusion criteria were as follows: (1) THA performed for advanced hip
disorders, including traumatic arthritis, developmental hip dysplasia, or aseptic implant loosening; (2)
preoperative imaging confirming Paprosky type II or more severe acetabular defects requiring
reconstruction with structural components; and (3) a minimum of 1 year of complete clinical and
radiographic follow-up data. Patients were excluded if they had (1) a history of or current diagnosis of
benign or malignant acetabular tumors; (2) preoperative or intraoperative evidence of pelvic
discontinuity; (3) severe neuromuscular or psychiatric conditions precluding cooperation with
rehabilitation and follow-up; or (4) incomplete follow-up data. Following the application of these criteria,
a total of 35 patients (35 hips) were ultimately enrolled.

Patients were divided into the 3D-printed group (n = 17) and the modular group (n = 18) according to the
type of prosthesis implanted. Both surgical techniques were well established at our institution, and both
prosthetic systems were routinely and concurrently available. Treatment allocation was determined
through shared decision-making between the surgeon and the patient. All procedures were performed by
a single senior surgical team. Baseline characteristics recorded preoperatively (age, sex, BMI, and
acetabular defect classification) were statistically compared between the two groups, revealing no
significant differences and thus confirming adequate comparability (Table 1).
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Table 1
Basic characteristics of the 3D-printed group and the modular group

Parameter 3D-printed group

n = 17

Modular group

n = 18

p-Value

Gender     0.505

Female 9 (52.9) 7 (38.9)  

Male 8 (47.1) 11 (61.1)  

Height (cm) 161.0 ± 8.0 162.2 ± 6.4 0.632

Weight (kg) 59.3 ± 7.6 62.9 ± 4.5 0.095

BMI (kg/m2) 23.0 ± 2.9 24.0 ± 1.6 0.228

Age (years) 64.1 ± 10.4 62.5 ± 9.0 0.626

Range (years) 51–86 45–77  

Laterality     0.489

Right 5 (29.4) 8 (44.4)  

Left 12 (70.6) 10 (55.6)  

Surgery duration

(minutes)

202.4 ± 55.6 206.0 ± 56.5 0.848

Average follow-up time (months) 32.7 ± 6.8 31.7 ± 11.6 0.763

Range (months) 22.0–45.7 13.2–53.6  

Paprosky grade     0.694

IIA 4 (23.5) 3 (16.7)  

IIC 3 (17.6) 5 (27.8)  

IIIA 5 (29.4) 7 (38.9)  

IIIB 5 (29.4) 3 (16.7)  

Reason for surgery     0.441

Aseptic loosening 14 (82.4) 14 (77.8)  

Developmental hip dysplasia 1 (5.9) 0 (0)  

Acetabular fracture 2 (11.8) 4 (22.2)  

BMI, body mass index (calculated as weight in kg divided by height in m2). Data are given as mean ± 
SD or n (%)
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In the 3D-printed group, a custom-designed, patient-specific titanium alloy prosthesis, fabricated using
preoperative computed tomography (CT) data, was implanted (Fig. 1). In the modular group,
reconstruction was performed using a commercially available modular augment and cup system.
Representative preoperative and postoperative radiographs comparing the two reconstruction methods
are shown in Fig. 2.

2.2. Preoperative Preparation

2.2.1. The 3D-printed Group
For patients in the 3D-printed group, preoperative thin-layer CT scans of both pelves were performed
using a 64-slice spiral CT scanner (Siemens AG, Munich, Germany). The scanned data were stored and
exported in DICOM format. Then, they were imported into Mimics 17.0 (Materialise, Leuven, Belgium),
where bony structures were segmented and reconstructed via thresholding based on CT Hounsfield
units (148–661 for cancellous bone; 662–1988 for cortical bone), supplemented by manual correction to
eliminate metallic artifacts. Three-dimensional models of the pelvis and acetabular cup prosthesis were
subsequently generated and exported in STL format.

The STL models were then imported into 3-Matic software (Materialise), where the contralateral mirror-
image technique was employed to restore the anatomical reference for the hip rotation center on the
affected side. Based on the patient-specific acetabular defect morphology and residual bony anatomy,
customized flanged acetabular components were designed to precisely reconstruct the bone defect,
maximize osseous containment by the residual host bone, and optimize the host-prosthesis contact
area. Additionally, the spatial configuration and insertion trajectories of the flange and fixation screws
were preoperatively determined according to local bone stock quality, thereby enhancing primary
stability.

Finally, the acetabular prosthesis model data were transferred to a 3D printer. The 3D-printed monoblock
prosthesis was fabricated as an integrated construct via electron beam melting (EBM) using an Arcam
Q10 system (Arcam AB, Sweden) with medical-grade Ti6Al4V powder (b-ONE ORTHO, Corp.). The
implant featured a porous surface with a thickness of 1.8 mm, characterized by a pore size of 0.60–0.65
mm, a strut diameter of 0.50–0.60 mm, and a porosity of 65%–70%. In accordance with the preoperative
design specifications, complementary fixation screws were machined from Ti6Al4V alloy (Baoji Titanium
Industry Co., Ltd., China). The prostheses and their design processes are displayed in Figs. 1 and 3, as
well as in the supplementary materials (Figs. S1-S3).

2.2.2. The Modular Group
The modular group utilized X-ray films and CT scans for preoperative planning. The surgeon precisely
planned the position and size of the prosthesis through imaging data. With the help of plastic templates
provided by the manufacturer, an appropriate acetabular prosthesis model was selected to fully fill the
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acetabulum and maintain adequate coverage. Once the implant design was finalized, the types and sizes
of the selected acetabular cup and augments (Beijing Chunlizhengda Medical Instruments Co., Ltd.)
were preliminarily recorded, pending potential intraoperative adjustments.

2.3. Surgical Method
All surgeries were conducted by the same experienced surgical team. After the patients received general
anesthesia, they were positioned in the contralateral decubitus position, and the hip joint was exposed
via a standard lateral approach. Intraoperatively, fibrous scar tissue, hyperplastic joint capsules, and
surrounding osteophytes were meticulously excised to fully expose the acetabulum. For patients
undergoing reconstruction of bone defects with commercial modular acetabular prostheses, the true
and false acetabular positions were enlarged to the preoperatively planned size using an acetabular
reamer. The augments were selected and positioned in accordance with the preoperative planning and
the specific intraoperative conditions, followed by the insertion of screws to ensure fixation. Bone
cement was applied between the augment and the acetabular cup, and the cup was then implanted at
40–45° of abduction and 10–15° of anteversion. For patients undergoing reconstruction of bone defects
with a 3D-printed monoblock prosthesis, the acetabular fossa was initially contoured to the
predetermined dimensions using an acetabular rasp. The 3D-printed monoblock prosthesis was
subsequently placed, and screws were inserted in the predetermined trajectory. The acetabular
reconstruction was completed with the implantation of a cemented polyethylene liner. The treatment
protocol for the femoral stem component remained uniform across all of the cases. A femoral head of
matching size was then implanted. Subsequently, the hip joint was reduced, and its stability and range of
motion were carefully evaluated. The surgical site was irrigated; a drainage tube was placed within the
joint cavity; and the incision was closed layer by layer. Sterile dressings were applied to complete the
procedure.

2.4. Postoperative Management
Postoperative management typically included analgesia, infection prevention, and anticoagulation. The
patients were guided to follow a standardized postoperative hip joint rehabilitation protocol.

2.5. Follow-up and Observation Indicators
Follow-up was conducted at 6 weeks, 3 months, and 6 months postoperatively in the outpatient clinic,
followed by annual follow-ups thereafter. Anteroposterior and lateral X-rays of the pelvis were taken at
each follow-up. To ensure the objectivity and impartiality of the evaluation, all clinical and imaging data
of the patients were collected and analyzed by two independent researchers who were not involved in
the surgical treatment. In the event of discrepancies in the evaluation results, a consensus was reached
through discussion. Clinical outcome assessment was primarily completed through quantitative analysis
of hip joint function and pain level. The Harris hip score (HHS) served as the primary clinical end point
for assessing hip joint function, and the visual analogue scale (VAS) for pain assessment served as a
secondary clinical end point. The score data were compared between the preoperative point and the last
postoperative follow-up. Radiographic outcomes were assessed on standardized anteroposterior pelvic
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radiographs. Measurements were performed on DICOM images using the institutional PACS (PROTOSS
PACS, Xingling Technology, Hefei, China). Linear parameters were recorded to 0.1 mm. Reliability metrics
(ICC, SEM, and SDD) are provided in Supplementary Table S1. The position of the COR was assessed as
follows. A horizontal reference line was drawn through the lowest points of the bilateral tear drops, and a
vertical line was drawn through the lowest point of the tear drop on each side. The horizontal and vertical
distances from the COR to the tear drop were measured separately on the operated side and the
contralateral side, and the absolute difference between the two sides was recorded as the COR
deviation. Leg length discrepancy was determined by drawing a horizontal line through the lowest points
of the bilateral ischial tuberosities and a vertical line from the lowest point of the lesser trochanter of the
femur to this line. The absolute difference in the lengths of these vertical lines defined the discrepancy.
Femoral offset difference was defined as the variation in the vertical distance from the hip joint’s COR to
the longitudinal axis of the ipsilateral femoral shaft between the two sides. The fixation status and
survival of the prosthesis were systematically evaluated by comparing the serial X-rays at the immediate
postoperative and all follow-up time points. Specific indicators included the following: assessing the
lucency lines around the acetabular cup in line with the DeLee and Charnley classification; defining any
linear displacement of ≥ 2 mm in any direction or an angular change of ≥ 5° as clinically significant
prosthesis migration; and diagnosing aseptic loosening and osteolysis based on established criteria.

2.6. Biomechanical Testing of Cadaveric Pelves

2.6.1. Preparation of Cadaveric Pelves
Five formalin-fixed cadaveric pelvis specimens from donors who had consented to the use of their
bodies for teaching and research were obtained from our institution (see Ethics statement). Their
demographic and densitometric characteristics are summarized in Table S2. Prior to the experiment, the
cadaveric pelves were wrapped in saline-soaked gauze to maintain tissue hydration. To expose the
anatomical landmarks necessary for surgery, we removed the soft tissue surrounding the acetabulum.
All of the specimens underwent CT scans with a slice thickness of 0.625 mm and standard X-ray
examinations to rule out pathological conditions such as tumors, metastatic diseases, osteoporosis, or
fractures. To simulate the common clinical scenarios encountered during acetabular revision surgery, we
selected Paprosky IIIA type bone defect models. To ensure high consistency in the shape of the defects
on both sides, we designed 3D-printed bilateral symmetrical bone defect guiding templates based on
preoperative CT data and performed bone resection with the assistance of these guiding templates.
After defect creation and implantation, the pelvis was scanned again with a slice thickness of 0.625 mm,
and X-ray radiography was performed to confirm the preparation with the abovementioned methods. The
two prosthetic systems were randomly allocated to either the right or left hemipelvis, with a 3D-printed
monoblock prosthesis implanted on one side and commercial modular acetabular prostheses implanted
on the contralateral side for comparison. All prostheses were implanted at 40–45° of abduction and 10–
15° of anteversion. X-rays and CT scans were taken immediately after implantation to confirm the
position of the prostheses. Figure 4 illustrates the creation of the bone defects and the implantation of
the two prosthetic systems.
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2.6.2. Mechanical Testing
To quantify the relative micromotion between the acetabular bone surface and the prosthesis during
loading, reflective markers were tracked using a calibrated stereo-3D-DIC system (Southeast University,
China; U = 3.3 µm, k = 2) (Fig. 5). Detailed hardware and acquisition parameters are provided in
Supplementary Table S3. The hemipelvis allocated to the monoblock prosthesis was marked at the
prosthesis–bone interface, whereas the contralateral hemipelvis allocated to commercial modular
acetabular prostheses was marked at the augment–bone and cup–bone interfaces. After implanting the
prosthesis, the pelvis was embedded in polymer resin and positioned using anatomical landmarks such
as the bilateral anterior superior iliac spines, pubic symphysis, and sacral promontory to establish a
repeatable reference coordinate system on a specialized mechanical testing machine and fix it in place.
To simulate the force conditions during heel strike, we combined Perry’s gait parameters with Bergmann
et al.’s hip joint resultant vector data, ultimately positioning the pelvis at 9° flexion in the sagittal plane
and 7° abduction in the coronal plane (Fig. 5) [16, 17]. The applied load was referenced from Bergmann
et al.'s measured dataset. Following Beckmann’s research, we selected two levels of load range to
simulate the early partial weight-bearing condition of patients after hip arthroplasty, namely 3%–30%
(50–500 N) and 5%–50% (84–840 N) of the maximum resultant force during walking (Fig. 5) [18]. In line
with the description from Thomas et al., we symmetrically attached resistance strain gauges to the main
force area on both sides of the acetabular roof. Before the formal test, we used a 3D load sensor instead
of the implant for system calibration and pretesting (Fig. 5) [19]. Through the optical measurement
system, we recorded the three-dimensional displacement of each marker, and the resultant relative
micromotion at each bone–prosthesis interface was calculated from the x, y, and z displacement
components [20]. We defined the displacement change during the loading process as inducible
micromotion (interface micromotion) and the displacement relative to the initial position after each
loading stage as permanent migration (initial subsidence). During 0–600 cycles, a load of 3%–30% (50–
500 N) of the maximum resultant force during walking was applied to the acetabulum at a frequency of
0.4 Hz. During 601–800 cycles, a load of 5%–50% (84–840 N) of the maximum resultant force during
walking was applied to the acetabulum at a frequency of 0.25 Hz. The cyclical load was stopped every
200 cycles, and the load was maintained at 50 N for 5 min before continuing the cyclical load. The
optical markers were measured repeatedly at a frequency of 1 Hz throughout the entire process. The
cyclic strain changes at the strain gauge placement position were measured under the two levels of
loads. To complement the cadaveric experiments, a finite element model was developed from the post-
implantation CT scans (0.625 mm) of the specimen whose bone mineral density was closest to the
median of the five specimens. Bone and implant geometries were segmented in Mimics 17.0 and rigidly
assembled in 3-Matic. The finite element model was meshed with C3D4 elements at an average size of 1
mm. Material properties were assumed to be homogeneous, isotropic, and linearly elastic. The elastic
modulus and Poisson's ratio of each material are listed in Table S4. Consistent with prior finite element
studies of bone–prosthesis interfaces [9, 21], a friction coefficient of 0.8 was defined, with tied
constraints applied to selected interfaces. Fixed boundary conditions were imposed on the pubis and
ilium, and loads were applied at the femoral head center of rotation.
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2.7. Statistical Methods
Statistical analyses were performed using SPSS 25.0 (IBM Corp., Armonk, NY, USA). Normality was
assessed using the Shapiro–Wilk test. Normally distributed data are presented as mean ± standard
deviation (SD) and were compared between groups using the independent-samples t test; non-normally
distributed data (VAS) are presented as median (interquartile range, IQR) and were compared using the
Mann–Whitney U test. Between-group comparisons were performed separately for preoperative data
and for data at the last follow-up. Categorical variables are presented as frequency (percentage) and
were compared using the chi-squared test or Fisher's exact test, as appropriate.

Biomechanical data are presented as median (IQR) and were obtained from contralateral hemipelves of
the same specimens (paired design). The primary biomechanical endpoints were permanent migration
and inducible micromotion at 800 cycles. Between-system comparisons were performed using linear
mixed-effects models with specimen as a random intercept (fixed effects: group, cycle or load stage, and
their interaction); estimates are reported as β with 95% confidence intervals (CI) and standardized effect
size d. As a sensitivity analysis, within-specimen differences at 800 cycles were compared using the
Wilcoxon signed-rank exact test. The modular augment–bone interface, peak acetabular bone strains
and the finite element results are reported descriptively. All statistical tests were two-sided, and p < 0.05
was considered statistically significant.

3. Results

3.1. Surgical Outcomes and Complications
All surgeries were successfully completed. There were no significant differences in operation time (3D-
printed group vs. modular group: 202.4 ± 55.6 min vs. 206.0 ± 56.5 min, p > 0.05) and follow-up time
(32.7 ± 6.8 months vs. 31.7 ± 11.6 months, p > 0.05) between the two groups (Table 1). During the follow-
up period, no complications such as prosthesis loosening, dislocation, or infection were reported in
either group.

3.2. Clinical Functional Evaluation
At the last follow-up, both groups showed marked improvements in HHS and reductions in VAS
compared with preoperative levels. Inter-group comparison revealed that the HHS at the last follow-up
was significantly higher in the 3D-printed group than in the modular group (82.8 ± 6.1 vs. 76.6 ± 5.2, p = 
0.003), while the VAS was significantly lower in the 3D-printed group (1 [0.5–1.5] vs. 2 [1–2], p = 0.003)
(Tables 2 and 3).
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Table 2
Preoperative data of the 3D-printed group and the modular group

Parameter 3D-printed group

n = 17

Modular group

n = 18

t/Z Value p-Value  

LLD 20.7 ± 12.4 21.9 ± 11.3 -0.30 0.766  

FOD 7.8 ± 4.8 8.7 ± 3.3 -0.65 0.520  

COR          

Horizontal deviation 8.2 ± 6.6 8.9 ± 5.4 -0.34 0.733  

Vertical deviation 20.3 ± 14.3 21.9 ± 7.9 -0.42 0.678  

HHS 36.5 ± 11.3 37.8 ± 6.4 -0.44 0.667  

VAS 7 (6–7) 7 (6–7) -0.70 0.484  

LLD, Leg Length Discrepancy; FOD, Femoral Offset Difference; COR, Center of Rotation; HHS, Harris
hip score (range 0–100 from worse to best); VAS, visual analogue scale (range 0–10 from best to
worse). Data are given as mean ± SD or median (interquartile range)

Table 3
Postoperative data of the 3D-printed group and the modular group

Parameter 3D-printed group

n = 17

Modular group

n = 18

t/Z Value p-Value

LLD 3.1 ± 1.8 6.2 ± 2.9 -3.79 < 0.001

FOD 3.3 ± 2.2 5.1 ± 1.2 -3.03 0.006

COR        

Horizontal deviation 3.9 ± 2.4 5.3 ± 1.5 -2.09 0.045

Vertical deviation 2.9 ± 1.4 4.0 ± 1.1 -2.59 0.014

HHS 82.8 ± 6.1 76.6 ± 5.2 3.23 0.003

VAS 1 (0.5–1.5) 2 (1–2) -2.93 0.003

LLD, Leg Length Discrepancy; FOD, Femoral Offset Difference; COR, Center of Rotation; HHS, Harris
hip score (range 0–100 from worse to best); VAS, visual analogue scale (range 0–10 from best to
worse). Data are given as mean ± SD or median (interquartile range)

3.3. Imaging Anatomical Reconstruction Accuracy
In terms of the restoration of the COR, the vertical displacement (2.9 ± 1.4 mm vs. 4.0 ± 1.1 mm, p = 
0.016) and horizontal displacement (3.9 ± 2.4 mm vs. 5.3 ± 1.5 mm, p = 0.045) measured in the 3D-
printed group were significantly smaller than those in the modular group. Additionally, the leg length
discrepancy (3.1 ± 1.8 mm vs. 6.2 ± 2.9 mm, p < 0.001) and femoral offset difference (3.3 ± 2.2 mm vs.
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5.1 ± 1.2 mm, p = 0.006) in the 3D-printed group were also significantly lower than those in the modular
group (Table 3).

3.4. Biomechanical Results

3.4.1. Permanent Migration
Under cyclic loading, permanent migration of the modular cup–bone interface increased from 48 (48–
55) µm at 200 cycles to 181 (178–186) µm at 800 cycles, and that of the augment–bone interface from
38 (35–41) to 135 (125–140) µm; in contrast, migration of the 3D-printed monoblock prosthesis
interface remained below 95 µm throughout the test (86 [82–94] µm at 800 cycles) (Table S5; Fig. 6).
Linear mixed-effects modeling showed that permanent migration was significantly smaller for the 3D-
printed interface than for the modular cup–bone interface (group effect: β = −71.95 µm, 95% CI − 78.88
to − 65.02, p < 0.001), and that the between-group difference widened with increasing cycle number, from
14 µm at 200 cycles to 95 µm at 800 cycles (group × cycle interaction: β = −13.21 µm per 100 cycles,
95% CI − 16.31 to − 10.11, p < 0.001; Cohen's d = 10.0 at 800 cycles). The two-sided Wilcoxon signed-rank
exact test on the within-specimen differences at 800 cycles showed the same direction of effect (exact
p = 0.0625, the minimum achievable value at n = 5).

Finite element analysis yielded interfacial micromotion of 51 and 85 µm at 500 N and 840 N,
respectively, for the 3D-printed design, versus 85 and 143 µm for the modular design (Fig. 6). These
values were obtained from a single representative specimen and were therefore not subjected to
statistical testing.

3.4.2. Inducible Micromotion
Across the loading cycles, micromotion of the modular augment–bone interface ranged from 95 to 175
µm under the 50–500 N load and from 167 to 240 µm under the 84–840 N load, while that of the cup–
bone interface ranged from 165 to 236 µm and 175 to 334 µm under the two loads, respectively. The 3D-
printed monoblock prosthesis interface remained at 79–95 µm and 111–126 µm under the two loads,
respectively (Table S6). Linear mixed-effects modeling showed that inducible micromotion was
significantly lower for the 3D-printed monoblock prosthesis throughout the 800-cycle protocol (group
effect: β = −113.75 µm, 95% CI − 126.88 to − 100.61, p < 0.001, Cohen's d = 3.35). Descriptively, the
median between-group difference widened from 103 µm (cycles 50–600) to 120 µm (cycles 650–800),
although the group × cycle stage interaction was not significant (β = −9.00, 95% CI − 35.25 to 17.25, p = 
0.502). The two-sided Wilcoxon signed-rank exact test showed the same direction of effect (exact p = 
0.0625).

3.4.3. Strain Distribution
Under the 50–500 N load, the median values of peak compressive strains produced by the modular
group at measurement points 1, 2, and 3 were 38.23, 231.69, and 276.22 µε, respectively, while the 3D-
printed group produced consistently higher compressive strains of 184.57, 301.23, and 452.32 µε,
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respectively. In terms of tensile strains, the values at the three measurement points for the modular
prosthesis were 76.23, 186.79, and 119.72 µε, respectively, while those for the 3D-printed group were
103.89, 214.56, and 88.68 µε, respectively. Under the higher load of 84–840 N, this trend became more
pronounced: the median values of peak compressive strains at measurement points 1, 2, and 3 for the
modular group were 47.96, 369.24, and 428.82 µε, respectively, while those for the 3D-printed group
reached 334.76, 589.06, and 908.87 µε, respectively. The median values of peak tensile strains for the
modular group were 139.89, 303.32, and 190.06 µε, respectively, while those for the 3D-printed group
were 196.50, 375.55, and 166.08 µε, respectively (Table S7; Fig. S4).

Finite element analysis revealed that peak stresses in both prostheses were concentrated at the contact
interface with the acetabular cortical bone (Fig. 6). The 3D-printed monoblock prosthesis exhibited peak
von Mises stresses of 23.7 MPa and 39.8 MPa under 500 N and 840 N, respectively, compared with 23.9
MPa and 40.4 MPa for the commercial modular acetabular prostheses.

4. Discussion
This study compared the clinical outcomes of patient-specific 3D-printed monoblock and commercial
modular acetabular prostheses for the reconstruction of severe acetabular bone defects and
independently evaluated their biomechanical behavior using cadaveric testing and FEA. Clinically, the
monoblock prostheses were associated with better hip function, less postoperative pain, and more
accurate restoration of the hip center of rotation. Biomechanically, the monoblock prostheses showed
improved initial stability and more favorable periacetabular load transfer than commercial modular
acetabular prostheses. Together, these concordant findings support the monoblock design as a
promising option for reconstructing complex acetabular defects.

Commercial modular acetabular reconstruction systems, such as metal augments combined with
acetabular cups, provide modular solutions for managing bone defects and have been widely used in
clinical practice. However, their inherent limitations become evident when dealing with severe, irregular,
or non-contained bone defects [22]. The standardized geometric shape of the augments is fixed, making
it difficult to perfectly match individualized, varied bone defects, which leads to limited contact area
between the augment and the host bone. Particularly when managing complex, large acetabular bone
defects, multiple augments are often required, which not only increases the number of connections
between prostheses, but also introduces inherent risks associated with modular structures, such as
prosthesis interface wear [23]. This intraoperative passive adaptation strategy often leads to increased
surgical difficulty and reduced initial stability of the prosthesis and has a negative impact on its long-
term biological fixation. During surgery, standard augments often require secondary reaming to
maximize bone contact, and intraoperative estimates suggest the shell ultimately contacts only 25%–
30% of autogenous host bone in many cases, with the remainder against the augment or morselized
allograft [24].
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These intraoperative challenges translate into a substantial postoperative complication burden. Mid- to
long-term series of commercial modular acetabular prostheses have reported complication rates of
32.7%–38.7% and re-revision rates of 11%–20.2% [25–27]. The risk is greatest in the most demanding
scenario: in patients with pelvic discontinuity, the aseptic loosening rate of commercial modular
acetabular prostheses reaches 60.0% [28].

To explore potential biomechanical mechanisms underlying these clinical challenges, we conducted
biomechanical tests on cadaveric pelves. Under cyclic loading, commercial modular acetabular
prostheses exhibited significant permanent migration and inducible micromotion, and this instability
increased with the number of cycles and load levels. Such interface micromotion has been proposed to
hinder bone ingrowth, promote fibrous tissue formation, and ultimately lead to aseptic loosening [9].
Beyond interface instability, compressive strain on the acetabulum in the modular group was
consistently lower than that beneath the 3D-printed monoblock prosthesis at both load levels, and the
difference became more pronounced as the load increased. Localized strain measurements alone
cannot confirm global stress distribution, but the finite element analysis provided a complementary
perspective: stress around the modular acetabulum was concentrated and unevenly distributed,
indicating less homogeneous load transfer, whereas the monoblock prosthesis distributed loads more
uniformly. This pattern is biomechanically coherent with the locally reduced periacetabular strain
observed experimentally and suggests a propensity for stress shielding in the modular construct.
Consistent with these findings, finite element analyses have shown that 3D-printed monolithic
prostheses restore stress transmission close to that of native bone, whereas modular constructs exhibit
marked stress concentration at the implant bone interface[29]. These findings align with the higher
complication rates reported for commercial modular acetabular prostheses in clinical studies and offer a
plausible mechanistic rationale.

Three-dimensional printing enables fabrication of a monoblock acetabular prosthesis that overcomes
several limitations of commercial modular acetabular prostheses. First, prostheses manufactured from
high-resolution preoperative CT data closely match the morphology of individual bone defects, which
facilitates intraoperative fitting and eliminates trial-and-error component selection [30]; such defect-
specific conformity also provides the geometric prerequisite for reliable initial stability. Second, the
monoblock design eliminates micromotion at modular junctions, and the resulting stable interface
provides a favorable environment for bone integration. Retrieval analyses have shown substantially
greater bone ingrowth in 3D-printed monoblock prostheses than in commercial modular acetabular
prostheses (median bone ingrowth area 65.7% vs. 33.9%; direct bone–implant contact 58.8% vs. 20.0%;
ingrowth depth 60.0% vs. 5.7% of the porous layer) [31].

At the clinical level, these advantages are supported by favorable mid-term clinical outcomes: no re-
revision, aseptic loosening, or osteolysis was observed in 23 patients at a mean follow-up of 4.7 years
[8], and prosthesis survival was 100% at a mean of 3.3 years [14]. The biomechanical findings of the
present study provide supporting evidence for these clinical observations. Under cyclic loading,
migration of the commercial modular acetabular prostheses increased sharply with increasing load and
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cycle number, whereas migration and micromotion at the monoblock interface remained consistently
low—less than half those at the modular cup–bone interface and below the threshold of approximately
150 µm generally considered compatible with bone ingrowth. These findings can be attributed to two
factors: CT-based anatomical matching maximizes prosthesis–host-bone contact and press-fit stability,
and the monoblock design eliminates the modular junction and its associated micromotion, wear, and
corrosion.

Beyond these macroscopic advantages, the 3D-printed monoblock prosthesis is also favorable in terms
of biomechanical compatibility at the material and interface level. The porous metal structure not only
enhances initial stability through a high friction coefficient, but also helps reduce stress shielding
because its elastic modulus is close to that of bone [32–36]. Finite element comparisons have similarly
shown lower contact stress and smaller relative micromotion for 3D-printed monoblock prostheses than
for commercial modular acetabular prostheses, with contact stress and peak micromotion consistently
lower under identical loads [37]. In our cadaveric tests, periacetabular strain was higher in the 3D-printed
monoblock prosthesis at the measured locations, indicating more homogeneous load transfer and a
lower propensity for stress shielding. Taken together, these findings suggest that the more uniform
mechanical environment afforded by the 3D-printed monoblock prosthesis may support physiological
bone remodeling at the interface.

The favorable clinical outcomes are consistent with these biomechanical advantages of patient-specific
monoblock designs. With the aid of preoperative computer-aided design and finite element analysis,
clinicians can prospectively plan key parameters such as the COR, abduction angle, and anteversion
angle, thereby maximizing the restoration of the normal biomechanical environment of the hip joint [38].
In this study, the monoblock prostheses restored the COR, limb length, and offset more accurately—a
direct manifestation of this "virtual rehearsal" type of planning. Because leg length and offset also
depend on the femoral side, these differences likely reflect, at least in part, the accuracy of acetabular
reconstruction. Accurate restoration of the COR preserves the tension balance of the periarticular soft
tissues, reduces joint contact stress, and improves gait function, which is consistent with the higher HHS
and lower VAS observed in this group.

Several limitations should be acknowledged. First, the retrospective design and relatively small cohort
may limit generalizability. Because treatment allocation was based on shared surgeon–patient decision-
making rather than randomization, residual selection bias and confounding by indication cannot be
excluded. Second, the mean follow-up of approximately 32 months was insufficient to evaluate long-term
implant survivorship and late complications. Follow-up of this cohort is ongoing, and longer-term
outcomes will be reported when sufficient follow-up data become available. Third, the biomechanical
analysis included only five cadaveric specimens and was limited to short-term cyclic loading. Moreover,
because the clinical, cadaveric, and finite-element analyses were conducted independently, the observed
findings should not be interpreted as definitive evidence of a direct mechanistic relationship among
these levels of analysis.
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5. Conclusion
Patient-specific 3D-printed monoblock acetabular prostheses were associated with better clinical
outcomes, more accurate anatomical reconstruction, and improved initial stability compared with
commercial modular acetabular prostheses. Long-term survivorship remains to be determined.
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Figure 1

Patient-specific 3D-printed monoblock acetabular prosthesis and design for a Paprosky IIIB defect.a, b
Anterior and posterior views of the 3D-printed monoblock prosthesis, illustrating its custom design for a
severe acetabular defect. c Preoperative three-dimensional planning and prosthesis design
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Figure 2

Representative preoperative and postoperative radiographs comparing two reconstruction methods.a, b
A Paprosky type IIIB acetabular defect treated with a 3D-printed monoblock prosthesis: a Preoperative
view; b Postoperative view. c, d A Paprosky type IIIA acetabular defect treated with commercial modular
acetabular prostheses: c Preoperative view; d Postoperative view
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Figure 3

Preoperative design and radiographic outcomes of 3D-printed monoblock acetabular reconstruction for
a Paprosky IIIB defect. a Preoperative radiograph demonstrating the severe acetabular bone loss and
compromised hip center. bImmediate postoperative radiograph showing the 3D-printed monoblock
prosthesis in situ with satisfactory restoration of the hip center of rotation. cRadiograph at the final 45-
month follow-up, confirming stable prosthesis fixation with no signs of loosening, migration, or
osteolysis. dPreoperative design workflow and the finalized prosthesis

Figure 4
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Cadaveric specimen preparation, defect creation, and prosthesis implantation. A representative
specimen is shown. a, b, c Sequential images showing the creation of a standardized Paprosky type IIIA
defect and implantation of commercial modular acetabular prostheses in the right hemipelvis. d, e, f
Corresponding sequential images for the creation of an identical defect and implantation of a 3D-printed
monoblock prosthesis in the left hemipelvis. g, h Post-creation radiographic verification of the defects
using 3D computed tomography (CT) reconstruction and an anteroposterior (AP) pelvic radiograph,
confirming the symmetry of the created defects. i Final postoperative AP radiograph of the entire
specimen, demonstrating the final position of both the modular and 3D-printed components

Figure 5

Overview of the biomechanical testing methodology. a The pelvis specimens were fixed in the custom
mechanical testing rig. b Illustration of the measurement setup, showing optical markers for tracking
interface micromotion and strain gauges for measuring acetabular bone strain. c A schematic diagram
illustrating the two-stage cyclic loading profile applied to simulate partial weight-bearing conditions,
depicting the progression from low to high magnitude ranges rather than actual experimental recordings
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Figure 6

Biomechanical evaluation of interface stability and acetabular strain. a, b Cadaveric biomechanical
testing: a Permanent migration (initial subsidence) at the bone–prosthesis interface following cyclic
loading; b Maximum inducible micromotion at the bone–prosthesis interface during cyclic loading. c,
dFinite element analysis: c Peak prosthetic stress under the two loading protocols; d Relative
micromotion at the prosthesis–bone interface for both prosthetic designs under the two loading
protocols
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