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Abstract 

Background: Two-stage exchange is widely regarded as the gold standard treatment for periprosthetic joint 

infection after total hip replacement . When patients have massive femoral bone loss, conventionally 

peroperatively hand-made polymethylmethacrylate (PMMA) spacers are more susceptible to instability and 

structural failure . In this study, we compared 3D-printed polylactic acid scaffold-reinforced hybrid spacers with 

conventional PMMA spacers designed for advanced femoral bone defects. We evaluated whether hybrid spacers 

provide suitable biomechanical performance in this patient group. 

Methods: Twelve cylindrical specimens were fabricated and divided equally into two groups (n = 6 per group). 

For the 3D group, cylindrical polylactic acid (PLA) scaffolds (outer diameter, 18 mm; inner diameter, 8 mm; 

height, 70 mm) were printed using an UltiMaker 3 Extended printer and coated with a 5-mm layer of 

polymethylmethacrylate (PMMA; Simplex P, Stryker Bone Cement), resulting in an outer diameter of 28 mm. 

The conventional group comprised PMMA cylinders (outer diameter, 28 mm; inner diameter, 8 mm; height, 70 

mm) fabricated using 3D-printed molds. Both groups underwent axial compression testing (target load, 4500 N) 

and three-point bending testing (target load, 4800 N) on a servo-hydraulic universal testing machine (Autograph 

AG-IS 5 kN, Shimadzu, Kyoto, Japan) at a crosshead speed of 20 mm/min. Maximum load and displacement at 

the target load were recorded during testing. Group comparisons were performed using the Mann–Whitney U test 

in IBM SPSS Statistics, version 26. Statistical significance was set at p < 0.05. 

Results: All specimens of both groups met the axial compression limit of 4500 N. For the 3D group, the mean 
displacement value was 1.00 ± 0.23 mm; for the conventional group, it was 1.06 ± 0.21 mm (p = 0.818). For the 
three-point bending test, all six specimens of the 3D group reached the required 4800 N force threshold, while 
only five out of six did so among the conventional specimens. One conventional specimen failed at 1558 N. The 
mean bending force in the 3D group was 4800 ± 0 N, compared to 4259.69 ± 1323.49 N in the conventional test 
group (p = 0.405). 

Conclusions: Under the tested axial compression and bending conditions, hybrid 3D-printed PLA–PMMA 

spacers showed no significant performance difference from conventional PMMA spacers. All hybrid specimens 



reached the target load; one conventional specimen failed under bending (Table 1). The small sample size (n = 6 

per group) limits the strength of these findings. These results support further evaluation of 3D-printed PLA–
PMMA hybrid spacers in two-stage revision procedures for patients with advanced femoral bone defects. 

Keywords: Periprosthetic joint infection; two-stage revision; antibiotic spacer; 3D printing; polylactic acid; 

polymethylmethacrylate; biomechanics; bone defect; femoral reconstruction; hip arthroplasty 

Novelty statement: This is the first biomechanical study to evaluate a 3D-printed PLA scaffold–PMMA 

composite spacer designed specifically for advanced femoral bone defects in two-stage revision arthroplasty. 

Background 

Total joint arthroplasty has transformed the management of end-stage arthritis and remains one of the 

most successful surgical procedures of the modern era . With a globally ageing population, annual procedure 

volumes are projected to continue rising , placing increasing pressure on healthcare systems to manage related 

complications effectively . Among these, periprosthetic joint infection (PJI) is a major complication, carrying high 

morbidity and a substantial socioeconomic burden . The incidence of PJI ranges from 0.5% to 2% after primary 

arthroplasty and rises to approximately 20% after revision procedures . A single PJI episode in the United States 

has been estimated to cost approximately USD 50,000, exclusive of lost wages , with total annual expenditure on 

hip and knee PJI projected to exceed USD 1.85 billion by 2030 . 

Two-stage revision arthroplasty remains the standard treatment for chronic PJI. It involves removing the 

infected prosthesis, placing an antibiotic-loaded cement spacer, and reimplanting a definitive prosthesis after the 

infection has been eradicated . Beyond their role as local antibiotic depots, spacers serve critical mechanical 

functions: they maintain limb length, preserve capsular and ligamentous tension, and prevent joint contracture, 

thereby facilitating the technical execution and functional outcome of second-stage reimplantation . 

Spacers are integral to PJI management, but mechanical complications remain a clinical concern. 

Published studies have reported dislocation rates of up to 17% and fracture rates of approximately 10% . 

Mechanical failure is particularly consequential, as it may result in additional bone loss  and require unplanned 

revision surgery . Manual mixing of intraoperative PMMA spacers can introduce porosity and compositional 

variability, potentially reducing compressive and bending strength . Although antibiotic loading is essential for 

local infection control, it may adversely affect the mechanical properties of PMMA; the magnitude of this effect 

depends on the antibiotic concentration . 

Three-dimensional (3D) printing enables production of patient-specific implants and surgical planning 

aids with high-dimensional fidelity . In the context of PJI management, 3D-printed molds for spacer preparation 

and fully 3D-printed spacer constructs have been reported as cost-effective strategies that improve anatomical fit 

. Kong et al. reported that 3D-printing-assisted articulating spacers in two-stage revision total knee arthroplasty 

provided satisfactory range of motion, prevented bone loss and facilitated second stage reimplantation . Similarly, 

Tamarit-Martínez et al. showed that antibacterial-loaded 3D-printed PLA spacers released cloxacillin and 

vancomycin, with layer thickness influencing both drug release and mechanical strength . 

Polylactic acid (PLA) is a biodegradable, biocompatible thermoplastic widely used in additive 

manufacturing with a well-established safety profile in biomedical applications . PLA has been described as a 

promising biomaterial with suitable mechanical properties for scaffolds and implants . PLA scaffolds have been 

combined with PMMA bone cement in a frame filling structure to provide load-bearing support in femoral bone 

defects . However, no prior in vitro biomechanical study has evaluated a 3D-printed PLA–PMMA composite 

spacer for advanced femoral bone defects under clinically representative axial and bending loads. 

In our revision arthroplasty clinic, we have observed that both commercially available and manually 

prepared spacers are inadequate in patients with massive femoral bone loss. This study aimed to compare 3D-

printed PLA scaffold-reinforced hybrid spacers with conventional PMMA spacers. We assessed biomechanical 

performance using axial compression and three-point bending tests. Both spacer types had identical external 

dimensions and were intended for advanced femoral bone loss. We assessed whether this design could withstand 

axial and bending loads during the interim period. We also evaluated its biomechanical suitability for implantation 

in patients undergoing two-stage revision for advanced femoral bone defects. Beyond the biomechanical 

considerations, a scaffold-reinforced hybrid design may offer practical advantages over conventional spacers. 

Additive manufacturing enables the scaffold’s length and geometry to be tailored to the individual femoral defect. 
Its modular design may also allow the construct to be lengthened or shortened intraoperatively after the final 

defect geometry has been assessed. Applying a cement coating to the patient-specific scaffold may facilitate the 

fabrication of a more anatomical spacer that articulates with the acetabular component. Custom-made articulating 

spacers have been proposed as a promising approach to optimise the first stage of revision arthroplasty . A patient-

specific 3D-printed spacer has previously been used in a patient with a segmental femoral defect, with satisfactory 



hip function and no early postoperative complications . The scaffold also occupies part of the construct’s volume, 
potentially reducing the amount of cement required and, consequently, material consumption. Moreover, CAD-

based mold design allows the spacer to be adapted to individual bone gaps , and additive manufacturing has been 

described as a cost-effective approach in this context . Taken together, these features may enable implantation of 

a patient-specific hybrid spacer with a shorter operative time than that required for a manually prepared spacer 

while providing a more anatomical articulation. 

Methods 

Study Design 

This was a prospective in vitro experimental biomechanical study. Ethics committee approval was 

obtained from Dokuz Eylül University Faculty of Medicine Non-Interventional Research Ethics Committee (EK: 

2025/22-36). The study did not involve human participants or animals. 

Specimen Fabrication 

Twelve cylindrical spacer specimens were fabricated and divided into two groups (n = 6 per group). We 
fabricated all specimens in 3D-printed molds designed in SolidWorks 2018 to standardize geometry. The molds 

produced identical external shapes in both groups. 

3D Group (Hybrid specimens).  

Computer-aided design (CAD) models were created in SolidWorks 2018 (Dassault Systèmes, Vélizy-

Villacoublay, France). The inner PLA scaffold was designed as a hollow cylinder (outer diameter 18 mm, inner 
diameter 8 mm, height 70 mm) with a roughened surface to enhance PMMA adhesion. Scaffolds were printed 
using an UltiMaker 3 Extended fused deposition modeling printer (Ultimaker B.V., Utrecht, the Netherlands) with 

medical-grade PLA filament. (Figure 1) We placed each scaffold in a custom 3D-printed cylindrical mold. The 

mold cavity centered the PLA scaffold within the cement mantle during setting. (Figure 2) We then coated the 

scaffold with PMMA (Simplex P Bone Cement, Stryker, Kalamazoo, MI, USA), mixed at the standard powder-

to-liquid ratio according to the manufacturer’s instructions. After setting, the outer diameter of the hybrid 
specimen was 28 mm, yielding a 5 mm circumferential PMMA mantle surrounding the PLA core. For potential 
clinical use, the scaffolds are intended to undergo ethylene oxide sterilization, a low-temperature process that may 

reduce the risk of thermally induced deformation of the printed PLA . 

 

 

 

 

 

 

 

Figure 1: Computer-aided design (CAD) models illustrating the internal polylactic acid (PLA) scaffold 

with a roughened surface designed to enhance polymethylmethacrylate (PMMA) adhesion, alongside the custom 

3D-printed cylindrical mold assembly used for specimen fabrication. 

 

 

 

 

 

 

 



Figure 2: Fabrication process of the hybrid spacer. The 3D-printed PLA scaffold is positioned centrally 

within the custom 3D-printed mold cavity prior to the application of the PMMA mantle. 

Conventional Group (PMMA-only specimens). Standard PMMA cylinders (outer diameter 28 mm, 
inner diameter 8 mm, height 70 mm) were fabricated using 3D-printed, SolidWorks-designed molds. PMMA was 

hand-mixed at the same powder-to-liquid ratio under identical ambient conditions and poured into the molds. In 

both groups, the cement was prepared with a first-generation manual cementing technique (hand mixing and 

manual application of the cement into the mold), without vacuum mixing or gun delivery. All specimens in both 

groups therefore had identical external dimensions (28 mm outer diameter, 8 mm inner diameter, 70 mm height). 
(Figure 3) 

 

 

 

 

 

 

 

 

 

 

Figure 3: Macroscopic side and cross-sectional views of the fabricated specimens. (A1) 3D-printed PLA 

scaffold alone; (A2) PLA scaffold-reinforced hybrid spacer demonstrating the integration of the PLA core within 

the 5-mm PMMA mantle; and (B) Conventional PMMA-only spacer. 

Biomechanical Testing 

Specimens were tested at room temperature using a servo-hydraulic universal testing machine 

(Autograph AG-IS 5 kN, Shimadzu Corporation, Kyoto, Japan). Each specimen was first subjected to axial 
compression testing and then, in the same specimen, to three-point bending testing. We tested only these two 

modalities because our university lacked a system for other loading modes. For each test modality, the target load 

was defined as the maximum force that the testing machine could deliver in that loading configuration, which was 

4500 N for axial compression and 4800 N for three-point bending. (Figure 4) 

Axial compression test. Specimens were loaded uniaxially along their long axis. The target load was set 

at 4500 N, applied at a constant crosshead displacement rate of 20 mm/min. Maximum applied force (N) and 
maximum axial displacement (mm) at target load were recorded. 

Three-point bending test. Specimens were positioned on two support points and loaded at the midpoint. 

The target load was set at 4800 N, applied at 20 mm/min. Maximum force (N) and maximum displacement (mm) 
were recorded. Structural failure was defined as a load drop before reaching the target force. 

 

Statistical Analysis 

Data normality was assessed prior to group comparison. Each group included six specimens, and 

normality assumptions were violated. We therefore used nonparametric Mann-Whitney U tests to compare 

maximum force and displacement between groups for each modality.  Statistical analyses were performed using 

IBM SPSS Statistics version 26 (IBM Corporation, Armonk, NY, USA). Statistical significance was set at 

p < 0.05. 

Results 

Axial Compression 

All 12 specimens (six per group) reached the target axial load of 4500 N without structural failure. 
Individual and group-level results are presented in Table 1. 



The mean maximum axial compression force was 4500.00 ± 0.00 N in both the 3D and conventional 
groups (p = 1.000). Mean maximum axial displacement was 1.00 ± 0.23 mm in the 3D group and 1.06 ± 0.21 mm 
in the conventional group (p = 0.818). Neither axial compression measure differed significantly between groups 

(Table 2). 

Three-Point Bending 

All six specimens in the 3D group sustained the target three-point bending load of 4800 N without failure. 
In the conventional group, five of six specimens reached the target load; the remaining specimen failed 

prematurely at 1558.13 N (Table 1). (Figure 5) 

Mean maximum bending force was 4800.00 ± 0.00 N in the 3D group and 4259.69 ± 1323.49 N in the 
conventional group (p = 0.405). Mean maximum bending displacement was 2.87 ± 0.25 mm and 2.45 ± 0.56 mm, 
respectively (p = 0.132). Neither outcome differed significantly between groups (Table 2). Conv-6 failed 

prematurely and produced a distinct force-displacement curve. The other conventional specimens and all 3D 

specimens showed reproducible, approximately linear loading profiles until reaching the target load. 

Across both testing modalities, the 3D group showed consistent force-displacement responses. The 

conventional group showed greater variability between specimens, particularly in three-point bending 

displacement (SD 0.56 mm vs 0.25 mm in the 3D group). 

 

 

 

 

 

 

 

 

Figure 4: Biomechanical testing setups using a servo-hydraulic universal testing machine. (A) Axial 

compression test configuration evaluating the specimen along its longitudinal axis; (B) Three-point bending test 

configuration evaluating the specimen positioned horizontally on two support points. 

 

 

 

 

 

 

Figure 5: Macroscopic appearance of a conventional PMMA-only specimen demonstrating complete 

structural failure and fracture following premature failure at 1558.13 N during the three-point bending test. 

Discussion 

This in vitro study found that 3D-printed PLA scaffold-reinforced hybrid spacers performed comparably 

to conventional PMMA spacers under axial compression and three-point bending. None of the between-group 

comparisons was statistically significant (axial compression, p = 0.818–1.000; three point bending, p = 0.132–
0.405). All six hybrid specimens reached both target loads. By contrast, one conventional specimen failed during 

bending at 1558 N, about 33% of the target load. This result may reflect variability in manual PMMA preparation 

. 

Tamarit-Martínez et al. reported that layer thickness affects the mechanical strength of 3D printed PLA 

spacers and that antibiotic-loaded constructs released antibiotics that inhibited Staphylococcus aureus . In finite 

element simulations, Milone and Spataro found that PEEK and PLA composite femoral implants may reduce 

stress shielding compared with conventional titanium stems . In the present design, the PLA core may reduce the 



hybrid construct’s stiffness relative to a solid PMMA block and could therefore reduce stress concentration at the 
implant-bone interface . 

The hybrid group showed less variation in some test outcomes. Maximum force was identical across 

specimens in both loading modes, and bending displacement varied less than in the conventional group. This 

consistency may be clinically relevant, but the zero standard deviation in maximum force should be interpreted in 

light of the testing machine’s load limits. Manual PMMA mixing can introduce air and compositional variation. 
These factors may affect mechanical properties . Vacuum mixing can reduce porosity , but it is not routinely used; 

manual mixing remains common in operating theatres . Antibiotic loading, which is standard practice in spacers 

used for PJI, can also reduce compressive and bending strength in a dose-dependent manner . For example, one 

study reported bending strengths of 57.6 MPa at 24 hours for low-dose vancomycin PMMA and 50.4 MPa for a 
high-dose formulation . The prefabricated PLA scaffold provides an internal load-bearing frame. This frame may 

reduce sensitivity to intraoperative PMMA mixing quality and improve mechanical consistency. 

Articulating PMMA hip spacers are associated with mechanical complications in two-stage revision 

surgery . Some clinical series have reported fracture rates of 13%–24% , and spacer fracture may require 

unplanned revision surgery . A meta-analysis by Senthi et al. reported spacer dislocation and fracture rates of 17% 

and 10.2% . These estimates come from different study populations and should not be compared directly. In 

composite-femur testing, an endoskeleton-reinforced cement hip spacer tolerated approximately twice the load of 

a non-reinforced PMMA spacer . Finite element analysis has also shown that full stem reinforcement reduces the 

stress intensity factor associated with crack propagation in cement hip spacers . Together, these findings support 

the rationale for a hybrid construct with a reproducible, 3D-printed load-bearing scaffold. However, they do not 

show that the present design reduces clinical failure risk. 

PLA filament is relatively inexpensive, and fused deposition modelling printers are increasingly used in 

academic medical centres . Preoperative CT, already used to plan revision arthroplasty, can help size a scaffold to 

the residual femoral canal and defect. This could allow the spacer to be manufactured before the first stage 

procedure. A separate clinical series of custom-made articulating hip spacers reported an overall mechanical 

complication rate of 4.2% . 

The study has several limitations. First, laboratory tests applied constant loads and did not replicate in 

vivo cyclic loading. Second, each group included six specimens, precluding equivalence testing between spacer 

types. Larger studies should be undertaken. Third, the tests omitted antibiotics, which may affect spacer strength. 

Fourth, the specimens lacked surrounding cement and bone; therefore, failure at the bone interface could not be 

evaluated. Fifth, long-term in vivo effects of PLA and PMMA remain unknown. PLA degradation rate and 

particle-induced reactions require evaluation. Sixth, for the loads, the testing machinery had limits and did not 

take into account particular body load or earth-load. The tests therefore did not establish the hybrid spacer’s failure 
load. We could not test cyclic loading or torsion because the required equipment was unavailable. 

Future studies should address dynamic fatigue testing, antibiotic loading effects on the hybrid construct, 

and in vivo animal models to assess osseous integration, infection eradication, and spacer removal characteristics. 

Conclusions 

Three-dimensionally printed PLA scaffold-reinforced hybrid spacers showed biomechanical 

performance comparable to conventional PMMA spacers under axial compression (4500 N target) and three-point 

bending (4800 N target). Between-group differences were not statistically significant (all p > 0.05). All six hybrid 
specimens reached target loads in both loading modes. One conventional specimen failed during bending at 

approximately one-third of the target load. These findings support further study of 3D printed PLA-PMMA hybrid 

spacers for two-stage revision arthroplasty in patients with advanced femoral bone defects. Prospective clinical 

studies should assess antibiotic-loaded constructs under dynamic loading before clinical use. 
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Table 1. Individual biomechanical test results for all specimens 

Table 1.  

Specimen Axial compression: 

maximum force (N) 

Axial compression: 

maximum displacement 

(mm) 

Three-point 

bending: maximum 

force (N) 

Three-point bending: 

maximum displacement 

(mm) 

3D-1 4500 1.361 4800 3.112 

3D-2 4500 1.159 4800 3.244 

3D-3 4500 0.996 4800 2.724 

3D-4 4500 0.877 4800 2.640 

3D-5 4500 0.876 4800 2.811 

3D-6 4500 0.724 4800 2.693 

Conv-1 4500 1.350 4800 2.575 

Conv-2 4500 0.875 4800 2.643 

Conv-3 4500 1.292 4800 2.844 

Conv-4 4500 0.943 4800 2.590 

Conv-5 4500 0.909 4800 2.742 

Conv-6 4500 0.993 1558.13* 1.324* 

  

* Structural failure before reaching target load. Conv: conventional PMMA-only spacer; 3D: 3D-printed PLA 

scaffold-reinforced hybrid spacer. 

 

Table 2. Statistical comparison of biomechanical parameters between the 3D hybrid and conventional spacer 

groups 

Table 2.  

Parameter 3D group (mean ± SD) Conventional group (mean ± SD) p value† 



Axial compression       

Maximum force (N) 4500.00 ± 0.00 4500.00 ± 0.00 1.000 

Maximum displacement (mm) 1.00 ± 0.23 1.06 ± 0.21 0.818 

Three-point bending       

Maximum force (N) 4800.00 ± 0.00 4259.69 ± 1323.49 0.405 

Maximum displacement (mm) 2.87 ± 0.25 2.45 ± 0.56 0.132 

† Mann-Whitney U test. SD: standard deviation. 
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3D: Three-dimensional 

CAD: Computer-aided design 
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SPSS: Statistical Package for the Social Sciences 

 

Figure Legends 

Figure 1: Computer-aided design (CAD) models illustrating the internal polylactic acid (PLA) scaffold with a 

roughened surface designed to enhance polymethylmethacrylate (PMMA) adhesion, alongside the custom 3D-

printed cylindrical mold assembly used for specimen fabrication. 

Figure 2: Fabrication process of the hybrid spacer. The 3D-printed PLA scaffold is positioned centrally within 

the custom 3D-printed mold cavity prior to the application of the PMMA mantle. 

Figure 3: Macroscopic side and cross-sectional views of the fabricated specimens. (A1) 3D-printed PLA scaffold 

alone; (A2) PLA scaffold-reinforced hybrid spacer demonstrating the integration of the PLA core within the 5-

mm PMMA mantle; and (B) Conventional PMMA-only spacer. 

Figure 4: Biomechanical testing setups using a servo-hydraulic universal testing machine. (A) Axial compression 

test configuration evaluating the specimen along its longitudinal axis; (B) Three-point bending test configuration 

evaluating the specimen positioned horizontally on two support points. 

Figure 5: Macroscopic appearance of a conventional PMMA-only specimen demonstrating complete structural 

failure and fracture following premature failure at 1558.13 N during the three-point bending test. 
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