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Biomechanical Evaluation of X-ray Permeable CF/PEEK 

Composite versus Conventional Titanium Alloy for Tibial 

External Fixation Plates: A Finite Element Analysis 

 

Abstract 

Objective: 

This study aimed to evaluate the mechanical performance of CF/PEEK composite plates for 

external fixation through finite element analysis (FEA), and to explore the impact of different 

screw placement patterns on fixation stability. 

Methods: 

A proximal tibial fracture model treated with external fixation was constructed using FEA. 

Longitudinal loading was applied to simulate walking stress, with additional internal and 

external rotational torques to mimic load-bearing movement. Mechanical responses of titanium 

alloy and CF/PEEK plates were compared under three loading conditions: longitudinal, 

longitudinal with internal rotation, and longitudinal with external rotation. Screw alignment 

was also varied between linear and non-linear configurations to assess its biomechanical 

influence. 

Results: 

Compared to titanium alloy group, the linear CF/PEEK plate exhibited a mild increase in 

displacement of 0.232–0.386 mm (8.23–11.14%), accompanied by a substantial reduction in 

plate stress of 46.03–80.84%. At the fracture site, interfragmentary displacement increased 

slightly by 0.105–0.132 mm (5.56–6.74%), while fracture-site stress increased by 3.119–18.029 

MPa (18.30–63.20%). The non-linear CF/PEEK plate demonstrated a similar biomechanical 

performance, with no significant differences compared with the linear configuration. 

Conclusion: 

For external plate fixation, CF/PEEK represents a promising alternative to conventional 

titanium alloy plates. By allowing an acceptable level of local micromotion, CF/PEEK plates 

significantly reduce stress in the plate and screws while increasing stress transfer at the fracture 

site. This load-sharing behavior may mitigate stress shielding associated with traditional 

metallic plates and thereby promote early biological fracture healing. 

 

Key words: Carbon fiber reinforced polyetheretherketone; External fixation; Finite element; Tibia 

fracture 
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Introduction 

Tibial fractures constitute approximately 15-25% of all long bone fractures, with an annual 

incidence of 17-22 cases per 100,000 population.1 The clinical significance of these injuries is 

magnified when complicated by acute compartment syndrome, which occurs in 2-9% of tibial 

fractures and represents a true orthopedic emergency.2 

Managing tibial fractures complicated by acute compartment syndrome and/or severe soft-

tissue injuryrequires balancing fracture stabilization with soft tissue protection. Traditional 

plate fixation risks implant exposure through swollen tissues,3 while external fixators can 

obstruct wound care and predispose to joint stiffness. This clinical difficulty has driven the 

exploration of alternative solutions, with emerging evidence suggesting that an external fixation 

plate system which combines the biomechanical advantages of internal fixation with the soft 

tissue benefits of external fixation may offer an optimal balance. Such hybrid techniques 

demonstrate promise in maintaining articular reduction while simultaneously facilitating 

wound management and simplifying subsequent definitive procedures.4–6 

Beyond clinical considerations, the biomechanical behavior of externalized plate fixation has 

been increasingly investigated using experimental testing and finite element analysis. Previous 

studies on metallic plate-based external fixation constructs have demonstrated that bending 

stiffness, torsional rigidity, plate–bone offset, and screw configuration are critical determinants 

of construct stability and interfragmentary motion under axial and rotational loading. These 

investigations indicate that, even when identical plate geometries are used, variations in 

material properties and construct design can substantially influence stress distribution within 

the implant and load transfer to the bone.7 

Metal plates used for external fixation, while reliable under specific conditions, may exhibit 

limited torsional rigidity depending on construct configuration and loading conditions.8 This 

limitation can lead to clinical risks such as unnecessary patient trauma and the potential for 

subsequent surgical interventions. Furthermore, the opacity of metal plates complicates post-

operative imaging,9,10 making it difficult for clinicians to accurately monitor the healing process 

and early detect complications like osteomyelitis. In response to these challenges, Carbon Fiber 
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Reinforced Polyetheretherketone (CF/PEEK) composites have emerged as a promising 

alternative. These high-performance polymers exhibit robust physicochemical properties, are 

X-ray translucent and are MRI compatible, making them ideally suited for both internal and 

external fixation applications.11,12 

However, the biomechanical behavior of CF/PEEK composites in the context of external plate 

fixation remains insufficiently characterized in direct comparison with established metallic 

systems under combined axial and rotational loading. We hypothesized that, within an identical 

construct geometry, replacing titanium alloy with CF/PEEK would primarily modify load 

sharing between the implant and bone by reducing implant stress while increasing mechanical 

stimulation at the fracture site, rather than fundamentally altering overall construct stability. 

This study aims to evaluate the biomechanical feasibility of substituting titanium alloy with 

CF/PEEK for external plate fixation using finite element analysis, additionally we also intend 

to assess whether distal screw arrangement (linear vs non-linear) influences construct stability 

and stress distribution.  

Materials and Methods 

A healthy adult volunteer was recruited for this study, following these inclusion criteria: no 

history of surgery, trauma, tumors, or inflammation on the scanned side, and generally good 

health, nutrition, and mental state. This study was approved by our institution’s ethics 

committee (Ethical Approval No. K2019053). The volunteer was fully informed about the study 

and provided written informed consent. All methods were carried out following relevant 

guidelines and regulations based on the Helsinki Legislation. 

Model Construction 

High-resolution CT images of the healthy volunteer’s right tibia were obtained using a Siemens 

SOMATOM Sensation 64 scanner (Siemens Healthineers, Erlangen, Germany) with a slice 

thickness of 0.5 mm. The image data were stored in Digital Imaging and Communications in 

Medicine (DICOM) format and imported into Mimics 19.0 (Materialise, Leuven, Belgium) for 

3D reconstruction. Bone segmentation was performed using a threshold-based region-growing 
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algorithm. Manual adjustments were applied to ensure anatomical accuracy, particularly in 

areas of complex geometry. The segmented cortical bone and cancellous bone was then 

exported as a STL triangular mesh file for further processing. The STL model was subsequently 

imported into Geomagic Studio 2013 (Geomagic, NC, USA) for surface optimization. 

Operations including smoothing, wrapping, hole-filling, and surface editing were performed to 

ensure mesh integrity and suitability for finite element meshing. The average cortical thickness 

of the tibial plateau is approximately 2.3 mm (1.2–3.5 mm), while that of the tibial shaft 

averages about 7 mm (4.10–9.88 mm). Using manually identified metaphyseal boundaries, the 

cancellous bone region was delineated. Because the cancellous bone within the tibial shaft has 

minimal influence on the mechanical behavior, this region was excluded from the analysis. A 

3D model of the osteosynthesis plate was designed based on the distal femoral LISS plate 

(Synthes GmbH, Switzerland) using the Handyscan 700 3D scanning system (Jiangsu Umeas 

Measuring Control Technology Co., Ltd., China; accuracy 0.03 mm) and SOLIDWORKS 2009 

SP2.1 software (Dassault Systems, Massachusetts, USA). The fracture was simulated at the 

proximal tibia approximately 10 cm distal to the tibial plateau, characterized as a transverse 

fracture. The plate was positioned on the medial side of the tibia, parallel to the longitudinal 

axis of the tibia and 1 cm from the bone surface. Six screws were placed on the proximal side 

in a dense array, and four screws on the distal side in a spaced arrangement. Two configurations 

were explored for the distal screws: linear and non-linear arrangements. In the non-linear 

configuration, each of the four distal screws was shifted anteriorly or posteriorly by half a 

screw-hole interval (approximately 4.26 mm in the transverse direction), while the screw 

orientation remained perpendicular to the osteosynthesis plate. The finite element model is 

shown in Figure 1. 

Mesh Convergence Analysis  

Mesh convergence analysis was performed to ensure the numerical stability of both 

displacement and stress results. Meshing was conducted in ANSYS Workbench (Mechanical 

module) with the physics preference set to “Mechanical” and the element order set to “Program 

Controlled.” SOLID187 elements (10-node quadratic tetrahedral elements) were automatically 

selected due to their suitability for complex geometries and quadratic displacement accuracy. 
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The element sizes for the bone, plate, and screws were set to 2.5 mm, 2.0 mm, and 1.5 mm, 

respectively, with adaptive sizing applied to ensure smooth mesh transitions. Mesh refinement 

was evaluated by reducing the bone mesh size from 3.0 mm to 2.5 mm. Under this refinement, 

the relative change in global displacement was +0.93%, while the corresponding variation in 

von Mises stress was −1.02%. Both values were below 2%, indicating that further mesh 

refinement had a negligible influence on the computed mechanical responses. Based on this 

convergence assessment, the final finite element model consisted of 113,249 elements and 

207,315 nodes, providing an effective balance between computational efficiency and analytical 

precision. This convergence assessment strategy is consistent with previously reported finite 

element studies evaluating convergence based on relative changes in mechanical response 

metrics between adjacent mesh densities.13 

Material Parameters 

In this study, the CF/PEEK component was modeled as an orthotropic material, with transverse 

and longitudinal Young’s moduli of 3.6 GPa and 18.0 GPa, respectively, based on previously 

published experimental and finite element studies of CF/PEEK orthopedic implants.14 All other 

materials were modeled as linear elastic and isotropic. For the tibia, a Young’s modulus of 16.8 

GPa and a Poisson’s ratio of 0.3 were assigned to cortical bone, while cancellous bone was 

assigned a Young’s modulus of 0.15 GPa and a Poisson’s ratio of 0.2.15 Titanium alloy was 

assigned a Young’s modulus of 110 GPa and a Poisson’s ratio of 0.34. The material parameters 

used in the calculations are listed in Table 1. 

Boundary and Load Conditions 

The lower surface nodes of the tibia shaft were fixed, constraining all six degrees of freedom. 

A distributed load of 2230 N, simulating the body weight, and an 8 Nm torque, simulating 

normal adult torsional stress during vertical loading and internal-external rotation, were applied 

to the upper joint surface of the tibia.16 Although these loading magnitudes exceed those 

typically used to represent immediate post-operative partial weight-bearing, they were 

intentionally selected to represent a high-demand mechanical scenario, allowing assessment of 

construct stability and load-sharing behavior under more challenging conditions.16 Three 
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loading scenarios were simulated: Longitudinal load only, longitudinal load combined with 

internal rotational torque, and longitudinal load combined with external rotational torque. The 

biomechanical testing of the fracture fixation model was conducted using ANSYS 18.0 

(ANSYS Inc., Canonsburg, PA, USA). All simulations were performed using a static structural 

analysis in ANSYS. For the contact definitions, a friction coefficient of 0.3 was assigned to the 

fracture interface, while all other interfaces were defined as bonded.17,18 A detailed summary of 

all contact interfaces and corresponding contact assumptions is provided in Table 2.  

Results 

After substituting titanium alloy with CF/PEEK composite material for the osteosynthesis plate, 

changes were observed in the maximum displacement and von Mises stress of the plate, screws, 

tibia, and fracture site under different loading conditions. (Table 3-5)  

For the linear CF/PEEK configuration, all displacement values increased compared with the 

control group: tibial displacement increased by 0.35–0.487 mm (9.7–12.16%), plate 

displacement by 0.232–0.394 mm (8.23–11.14%), and screw displacement by 0.278–0.421 mm 

(8.91–11.72%). In contrast, stresses in the plate and screws decreased markedly, with reductions 

of46.03–80.84% in plate stress and 22.32–34.30% in screw stress.  

For the non-linear CF/PEEK configuration, tibial displacement increased by 0.365–0.487 mm 

(9.97–12.16%), plate displacement by 0.241–0.401 mm (8.55–11.34%), and screw 

displacement by 0.287–0.428 mm (9.20–11.92%) compared with the control group. Plate 

stresses were reduced by 59.80–66.19%, and screw stresses by 26.48–35.90%.  

At the fracture site, in the linear CF-PEEK configuration, the interfragmentary displacement 

increased slightly by 0.105-0.132 mm (5.56–6.74%), and the fracture-site stress increased by 

3.119-18.029 MPa (18.30-63.20%) across loading modes. In the non-linear configuration, 

interfragmentary displacement increased by 0.109-0.132 mm (5.78-6.74%), and fracture-site 

stress increased by 3.124–16.955 MPa (18.33–61.26%). Paired t-tests demonstrated no 

statistically significant differences between either CF/PEEK configuration and the titanium 

control group in terms of displacement or stress changes (P > 0.05).  
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Figures 2 and 3 illustrate the displacement contour maps of each fracture model under axial, 

combined axial-internal rotation, and combined axial-external rotation loading. Figure 4 

presents the stress and displacement contour maps at the fracture site for the three models under 

longitudinal loading and combined longitudinal-internal or -external rotational loading, 

allowing a direct comparison of construct stability at the fracture interface. Overall, CF/PEEK 

was associated with modest increases in displacement, accompanied by reduced implant stress 

and increased stress values at the fracture interface.  

It is noteworthy that the distributions of stress and displacement exhibited pronounced local 

characteristics. Under internal rotational loading (Figure 3A–C), the titanium plate group 

showed evident stress concentration at the medial aspect of the two proximal-adjacent screws, 

whereas the CF/PEEK plate group demonstrated a more uniform stress distribution across all 

screws, with markedly reduced peak stress values (Table 4). At the fracture site (Figure 4), the 

CF/PEEK plate group exhibited stress contour patterns in which higher stress was more 

concentrated around the central region of the fracture line under both longitudinal and 

combined rotational loading, whereas in the titanium plate group, stress was more diffusely 

distributed around the screw holes at both ends of the plate. In addition, the CF/PEEK group 

showed a steeper displacement gradient at the fracture gap, as reflected by the broader warm-

colored regions in the displacement contours (Figure 4), indicating increased local 

micromotion. This observation is consistent with the relative displacement results reported in 

Table 5, where CF/PEEK constructs generally exhibited higher interfragmentary displacement 

compared with the titanium group. 

Discussion 

The treatment of open tibial fractures presents a multifaceted challenge in modern trauma 

orthopedics. Epidemiological data indicate that such injuries are associated with a 6.8% risk of 

nonunion and influenced by over 15 independent risk factors that collectively modulate the 

healing process.19 Among these, open wounds and infection significantly elevate the 

complexity of management. In current clinical practice, approximately 38% of cases require 

delayed internal fixation due to severe soft tissue damage or compartment syndrome.20 This 
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necessary compromise in surgical strategy results in a prolonged hospital stay (4.2 ± 2.1 days) 

and an additional 23% increase in healthcare costs.21 

While traditional external fixation offers temporary stability, its clinical utility is significantly 

limited by several drawbacks, including excessive weight, and an impairment in activities of 

daily living. To address these limitations, researchers have investigated externalized internal 

fixation plates as an alternative approach, which has shown reliable clinical outcomes. Recent 

studies have increasingly focused on the biomechanical properties of externalized internal 

fixation plates, with accumulating evidence supporting their feasibility and effectiveness.22,23 

In an in vitro biomechanical study, Su et al. compared three external fixation modalities for 

tibial fracture management: tibial locking compression plate (LCP), distal femoral LCP, and a 

conventional external fixator. Their results demonstrated that, when used as an external fixator, 

the distal femoral LCP provided superior biomechanical stability and adjustability compared to 

both the tibial LCP and traditional external fixators, particularly for distal tibial fractures. The 

authors also emphasized the importance of implant positioning in optimizing fixation stability, 

specifically plate orientation and screw angulation.24 Further clinical validation was provided 

by Makelov et al.,25 who treated 18 patients with high-energy unstable tibial metaphyseal 

fractures using single-stage external fixation with a distal femoral LCP. At a mean follow-up of 

21.4 ± 12.3 months, 94% of patients achieved fracture union without complications such as 

infection or fixation failure. The study concluded that, with appropriate patient selection and 

adherence to standardized rehabilitation protocols, externalized internal plate fixation can offer 

sufficient stability and favorable clinical outcomes, representing a viable alternative to 

conventional external fixation for managing unstable tibial metaphyseal fractures. 

Previous finite element and experimental studies have systematically evaluated the 

biomechanical performance of metallic locking plates used as external fixators. These studies 

consistently report that, compared with conventional unilateral external fixators, externalized 

locking plates generally exhibit higher overall stability and reduced construct displacement 

under axial compression, bending, and torsional loading. Their mechanical behavior is strongly 

influenced by plate–bone offset, screw distribution, and construct configuration.26,27 In the 

present study, the biomechanical response of the titanium alloy control model was in close 
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agreement with these previously reported findings, supporting the validity of the finite element 

modeling approach adopted for external plate fixation. Building on this established framework, 

we further investigated the effect of material substitution by replacing titanium alloy with 

CF/PEEK while maintaining identical geometry and boundary conditions. Compared with prior 

studies focusing primarily on geometric or configurational optimization of metallic external 

plates, our results demonstrate that CF/PEEK plates preserve construct stability while 

exhibiting a more pronounced load-sharing behavior, characterized by reduced implant stress 

and increased stress transfer to the fracture site. In addition, recent finite element and 

experimental investigations of novel external fixation systems suggest that further 

improvements in mechanical performance can be achieved through optimization of plate 

morphology and structural design.28 Taken together, these findings indicate that, in addition to 

construct design optimization, the introduction of composite materials with elastic moduli 

closer to that of bone may represent a complementary strategy for biomechanical enhancement 

of external plate fixation systems. 

However, traditional fixation devices are made by metal. In our clinical follow-up, we observed 

that commonly used metallic fixation devices tend to obscure the fracture site, interfering with 

the evaluation of fracture healing. This limits the ability to achieve postoperative, data-driven 

assessment of bone union.29 Additionally, such devices hinder early radiological diagnosis of 

complications such as osteomyelitis, and restrict timely guidance on early weight-bearing 

rehabilitation for patients.30,31 To address these limitations, we propose the use of carbon fiber-

reinforced polyetheretherketone (CF/PEEK) composite materials as an alternative for external 

fixation plates. Our finite element analysis (FEA) provides the first systematic biomechanical 

evidence supporting the use of CF/PEEK (carbon fiber–reinforced polyetheretherketone) 

materials in this novel application. 

Carbon fiber-reinforced polyetheretherketone (CF/PEEK) composites possess inherent 

radiolucency and MRI compatibility,32 making them advantageous for imaging-based clinical 

applications. Preliminary studies have explored their use in various fields, including oral and 

maxillofacial surgery, spinal oncology, internal fixation for traumatic fractures and bone defects, 

as well as in joint arthroplasty. Accumulating evidence suggests that CF/PEEK implants 
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outperform traditional metallic implants in terms of biomechanical structure, clinical outcomes, 

and safety profiles.33–36 

From a mechanical standpoint, CF/PEEK composites exhibit a distinct load-sharing behavior 

compared with conventional titanium alloy plates. In this study, CF/PEEK was modeled as a 

linear elastic orthotropic material. Previous studies have shown that CF/PEEK composites 

typically exhibit linear elastic behavior at strains below approximately 1.0–1.5%, with reported 

yield strengths exceeding 200 MPa depending on fiber content and orientation.37,38 In the 

present analysis, the maximum stress observed in the CF/PEEK plates ranged from 18.5 to 53.9 

MPa across all loading conditions, which is well below the reported yield strength. This 

indicates that the material remained within its linear elastic regime with a sufficient safety 

margin, and that the predicted displacement and stress responses are not influenced by material 

nonlinearity. In the present study, fracture models stabilized with CF/PEEK plates showed a 

moderate increase in overall displacement (approximately 8–12%) relative to titanium 

constructs, while stresses in the plate and screws were substantially reduced, with plate stress 

reductions reaching up to approximately 80%. This redistribution of load suggests that 

CF/PEEK plates transfer a greater proportion of stress to the fracture site, rather than 

concentrating it within the fixation hardware. This advantage arises from the multiscale 

architecture provided by carbon fibers embedded within the PEEK matrix. While unreinforced 

PEEK exhibits an elastic modulus of only 3–4 GPa, well below that of human cortical bone.37 

CF‑PEEK composites, particularly those with ~30 wt% carbon fiber, can attain a Young’s 

modulus of approximately 18 GPa, closely approximating cortical bone stiffness and 

substantially mitigating stress‑shielding concerns.38,39 Notably, both linear and non-linear screw 

configurations demonstrated comparable biomechanical performance in the revised model, 

with no statistically significant differences in displacement or stress outcomes. While combined 

axial and rotational loading increased overall mechanical demand on the construct, the observed 

changes remained within acceptable ranges for both configurations. These findings suggest that, 

within the scope of the present finite element analysis, the mechanical behavior of CF/PEEK 

external plate fixation is appears to be more strongly influenced by material properties than by 

screw alignment within the configurations tested. Together, these results highlight the 
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importance of considering the coupled effects of material characteristics and structural design 

when developing next-generation external fixation systems. 

In the context of fracture healing, the increased interfragmentary displacement observed in the 

CF/PEEK models can be interpreted as controlled micromotion rather than mechanical 

instability. According to classical interfragmentary strain theory,40 indirect fracture healing is 

promoted when strain remains below approximately 30%. Based on the simulated fracture-site 

displacement (0.105–0.132 mm) equals to (18.3–63.2%), the resulting strain remains within 

this favorable range, suggesting that the micromotion permitted by CF/PEEK plates is 

biomechanically acceptable and may help reduce stress shielding by enhancing load transfer to 

the fracture site. However, the clinical relevance of these findings should be interpreted in 

conjunction with specific fracture characteristics, including fracture pattern, quality of 

reduction, bone quality, and patient activity level. In particular, in the presence of bone defects, 

osteoporosis, or suboptimal reduction, stress concentration at the fracture site may increase the 

risk of secondary displacement or fixation failure. The “acceptable micromotion” provided by 

CF/PEEK plates should therefore be regarded as a conditional advantage, the effectiveness of 

which depends on the local fracture environment and the stage of healing. Future studies 

incorporating animal models or clinical follow-up are warranted to further elucidate the 

dynamic influence of CF/PEEK plates on the mechanical environment at the fracture site 

throughout different phases of healing, thereby optimizing their clinical application. 

Beyond its mechanical advantages, CF/PEEK also demonstrates excellent biological 

compatibility. Micro-CT analyses have revealed that 3D-printed CF/PEEK structures with 

regular pore sizes of 300–500 μm achieved a bone in-growth rate of 65 ± 7%, significantly 

higher than that observed with conventional metallic implants (42 ± 5%). Moreover, the 

material’s radiolucency facilitated more accurate postoperative monitoring: callus formation 

could be assessed with 91.3% accuracy within six weeks, compared to 67.5% in the metal 

fixation group which is a statistically significant improvement.41–43 

More importantly, recent advancements in laser direct writing (LDW) technology have enabled 

the integration of conductive features directly onto CF/PEEK implant components, allowing 

them to function as embedded strain sensors. These integrated sensor networks facilitate real-
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time monitoring of micro-strain changes at the fixation site, supporting the concept of 

“intelligent fixation” and opening new possibilities for individualized rehabilitation protocols 

and personalized treatment strategies thereby advancing the field of smart orthopedics.44 

In the present study, a simplified transverse fracture model with direct interfragmentary contact 

was adopted. This modeling choice was intentional and aligned with the primary objective of 

the study, which was to evaluate the initial stability and load-sharing characteristics of 

CF/PEEK composite plates used for external fixation, rather than to replicate the full spectrum 

of fracture instability. By assuming ideal reduction without segmental bone loss and applying 

a frictional contact at the fracture interface, this model represents a “critically stable” 

postoperative condition, in which the fixation system is required to maintain alignment and 

resist secondary micromotion rather than to bridge large defects or comminuted zones. 

Although compression and friction at the fracture interface may partially counteract applied 

torsional loads, this condition reflects a clinically relevant scenario in early emergency fixation, 

where achieving satisfactory reduction and provisional stability is often the primary goal. Under 

this assumption, the analysis effectively characterizes the lower bound of torsional resistance 

necessary to preserve fracture alignment. Although fracture models incorporating explicit 

interfragmentary gaps or comminution are more representative of highly unstable fractures and 

may yield higher absolute displacement values. However, the simplified model employed here 

allows a controlled comparison of different plate materials and screw configurations by 

minimizing confounding variables related to fracture morphology. Consequently, while the 

absolute values of displacement and stress should be interpreted within this modeling context, 

the comparative trends observed between CF/PEEK and titanium constructs remain meaningful. 

Future studies incorporating gap or comminuted fracture models are warranted to further extend 

these findings to more severe clinical scenarios. 

Several limitations of this study should be acknowledged. First, the screw-plate and screw-bone 

interfaces were modeled as bonded. This assumption was adopted in accordance with previous 

external fixation studies and to ensure identical fixation conditions between the control and 

experimental groups, thereby isolating the effect of plate material as the primary variable. 

Nevertheless, the interaction between CF/PEEK plates and metallic screws warrants further 
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investigation. Several optimization strategies, such as embedded metallic threads and screw 

sleeves within PEEK-based plates, have been reported and may substantially improve fixation 

performance. Given the external fixation application considered in this study, the screw-plate 

interface offers considerable potential for further mechanical optimization and will be a key 

focus of future research. 

In addition, although CF/PEEK exhibits an elastic modulus closer to that of cortical bone 

compared with titanium alloys, this material property alone does not directly translate into the 

overall stiffness of an external fixation system. The mechanical behavior of external plate 

fixation is strongly influenced by construct geometry, plate-bone offset, and screw 

configuration. Therefore, the present finite element analysis should be interpreted as a material-

level comparison under a fixed geometric configuration, rather than as a validation of the 

clinical feasibility or superiority of externalized internal fixation plates. Additionally, this study 

was based on a single healthy tibial geometry to enable a controlled comparison of plate 

material and screw configuration. While this approach facilitates the evaluation of relative 

biomechanical trends, it limits the direct extrapolation of absolute displacement and stress 

values to patients with different bone quality, anatomy, or fracture patterns. Furthermore, the 

fracture model represents a simplified transverse configuration without callus formation, and 

the applied loads were intentionally selected as a high-demand test scenario rather than to 

simulate immediate post-operative loading. While this approach enables a controlled 

comparison of fixation constructs under challenging mechanical conditions, it does not capture 

the evolving biomechanics during fracture healing. Therefore, although the comparative trends 

between materials and screw configurations remain informative, the absolute values of 

displacement and stress should be interpreted within this modeling context.  Finally, the fibula 

and surrounding soft tissues were not included in the model, and time-dependent changes 

associated with callus formation were not simulated. As early fracture healing is highly 

sensitive to the mechanical environment, the effects of increased stress transfer at the fracture 

site should be interpreted cautiously. Future studies incorporating progressive healing models, 

additional anatomical structures, and experimental or clinical validation are warranted. 

Conclusion 
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Compared with conventional titanium alloy plates of identical geometry, CF/PEEK composite 

plates used for external plate fixation demonstrate a favorable load-sharing behavior. By 

allowing an acceptable degree of local micromotion, CF/PEEK plates significantly reduce 

stress in the plate and screws while increasing stress transfer at the fracture site. This 

mechanical response may alleviate stress shielding associated with metallic plates and thereby 

potentially supporting early biological fracture healing. Within the limitations of this finite 

element study, both linear and non-linear CF/PEEK configurations, with screws oriented 

perpendicular to the plate, exhibited comparable biomechanical performance to titanium 

constructs, with no statistically significant differences in displacement or stress outcomes. 

These findings suggest that CF/PEEK represents a promising alternative material for external 

plate fixation, providing sufficient mechanical stability while offering potential biological 

advantages. Further experimental validation and optimization of the screw-plate interface are 

warranted to support future clinical translation. 
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Table 1. Parameters of the materials. 

Material 
Density 

(kg/m³) 

Young’s Modulus E 

(GPa) 
Poisson’s Ratio 

Cortical Bone 1250 16.8 0.3 

Trabecular Bone 120 0.15 0.2 

Titanium Alloy 4540 110 0.34 

CF/PEEK Composite 1444 
Horizontal: 3.6 

Vertical: 18 
0.3 

 

 

 

 

 

 

 

 

 

Table 2. Contact definitions and interaction assumptions used in the finite element model  

Contact Interface Contact Type Description 

Cortical bone - Cancellous bone Bonded 
— 

Plate - Screw Bonded Simulates the structural connection of 

locking screws fixed within the plate, 

allowing minimal deformation while 

preventing separation. 

Screw - Bone Bonded Replaces the original fully bonded 

assumption to represent potential 

differences in stress transfer at the screw-

bone interface. 

Fracture surface Frictional 

(coefficient=0.3) 

Simulates slight interfragmentary contact 

in the early postoperative stage, avoiding 

unrealistic complete fixation. 

Plate - Bone Non-contact 

(frictionless) 

As the plate is positioned approximately 1 

cm away from the cortical bone surface, 
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frictionless contact was assumed. 

 

 

 

 

 

 

 

 

 

Table 3. Maximum Displacement (mm) in Each External Fixation Group Model and Incremental 

Increase Compared to the Control Group 

Loading 

Condition 

Component Titanium 

Alloy/Linear 

(Control, 

mm) 

CF/PEEK/ 

Linear(mm) 

CF/PEEK/ 

Non-

linear(mm) 

Linear CF/PEEK 

vs. Titanium 

Alloy（%） 

Non-linear 

CF/PEEK vs. 

Titanium Alloy

（%） 

Longitudinal 

Load 

Tibia 3.660 4.015  4.025  9.70 9.97 

Plate 3.116  3.411  3.423  9.47 9.85 

Screws 3.120  3.398  3.407  8.91 9.20 

Longitudinal + 

Internal Rotation 

Tibia 3.956 4.385 4.394  10.84 11.07 

Plate 3.537  3.931  3.938  11.14 11.34 

Screws 3.495  3.881  3.881  11.04 11.04 

Longitudinal + 

External Rotation 

Tibia 4.004  4.491  4.491  12.16 12.16 

Plate 2.819  3.051  3.060  8.23 8.55 

Screws 3.591  4.012  4.019  11.72 11.92 
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Table 4. Maximum Stress (MPa) in Each External Fixation Group Model Compared to the Control 

Group 

Loading 

Condition 
Component 

Titanium 

Alloy/Linear 

(Control, MPa) 

CF/PEEK/ 

Linear

（MPa） 

CF/PEEK/ 

Non-linear 

（MPa） 

Linear 

CF/PEEK vs. 

Titanium Alloy

（%） 

Non-linear 

CF/PEEK vs. 

Titanium Alloy

（%） 

Longitudinal Load 

Tibia 53.121 53.585  53.141  0.87 0.04 

Plate 87.520  18.456  35.187 -78.91 -59.80 

Screws 74.609  57.954 54.238  -22.32 -27.30 

Longitudinal + 

Internal Rotation 

Tibia 52.350  52.547  52.098  0.38 0.48 

Plate 106.35  20.372  42.593  -80.84 -59.95 

Screws 87.045  64.094  55.792  -26.37 -35.90 

Longitudinal + 

External Rotation 

Tibia 57.890  54.833  54.400  -5.28 -6.03 

Plate 99.944 53.944  33.795  -46.03 -66.19 

Screws 84.030  55.204  61.780  -34.30 -26.48 

 

 

 

 

Tabel 5. Maximum Displacement (mm) and Stress (MPa) in fracture site  

Loading 

Condition 

Mechanical changes 

in Fracture ends 

Titanium 

Alloy/Linear 

(Control) 

CF/PEEK/ 

Linear 

CF/PEEK/ 

Non-linear 

Linear 

CF/PEEK vs. 

Titanium 

Alloy(%) 

Non-linear 

CF/PEEK vs. 

Titanium 

Alloy(%) 

Longitudinal 

Load 

Displacement 1.887 mm 1.992 mm 1.996 mm 5.56 5.78 

Stress 17.047 MPa 
20.166 

MPa 
20.171 MPa 18.30 18.33 

Relative 

displacement 
0.005 mm 0.003 mm 0.003 mm / / 

Longitudinal 

+ Internal 

Rotation 

Displacement 1.973 mm 2.092 mm 2.097 mm 6.03 6.28 

Stress 17.966 MPa 
29.320 

MPA 
28.972 MPa 63.20 61.26 

Relative 

displacement 
0.003 mm 0.009 mm 0.009 mm / / 

Longitudinal 

+ External 

Rotation 

Displacement 1.959 mm 2.091 mm 2.091 mm 6.74 6.74 

Stress 34.873 MPa 
52.902 

MPa 
51.828 MPa 51.70 48.62 

Relative 

displacement 
0.014 mm 0.038 mm 0.037 mm / / 
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Figure legends: 

 

Figure 1: The finite element model of two configurations for the distal screws. 

Linear and non-linear arrangements of screws. 

 

 

Figure 2: Displacement contour maps of each fracture model under longitudinal force loading: 

(A) Whole fracture model: Titanium alloy plate with linear screw arrangement; (B) Whole 

fracture model: CF/PEEK plate with linear screw arrangement; (C) Whole fracture model: 

CF/PEEK plate with non-linear screw arrangement; (D) Tibia model: In the group of titanium 

alloy plate with linear screw arrangement; (E) Tibia model: In the group of titanium CF/PEEK 

plate with linear screw arrangement; (F) Tibia model: In the group of titanium CF/PEEK plate 

with non-linear screw arrangement; (G) Plate model: In the group of titanium Titanium alloy 

plate with linear screw arrangement; (H) Plate model: In the group of titanium CF/PEEK plate 

with linear screw arrangement; (I) Plate model: In the group of titanium CF/PEEK plate with 

non-linear screw arrangement; (J) Screws model: In the group of titanium Titanium alloy plate 

with linear screw arrangement; (K) Screws model: In the group of titanium CF/PEEK plate 

with linear screw arrangement; (L) Screws model: In the group of titanium CF/PEEK plate with 

non-linear screw arrangement. 

 

 

Figure 3: Displacement contour maps of each fracture model under combined longitudinal and 

internal or external rotational loading. 

(A) Longitudinal and internal: Titanium alloy plate with linear screw arrangement; (B) 

Longitudinal and internal: CF/PEEK plate with linear screw arrangement; (C) Longitudinal and 
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internal: CF/PEEK plate with non-linear screw arrangement; (D) Longitudinal and external: 

Titanium alloy plate with linear screw arrangement; (E) Longitudinal and external: CF/PEEK 

plate with linear screw arrangement; (F) Longitudinal and external: CF/PEEK plate with non-

linear screw arrangement. 

 

 

Figure 4: Displacement contour maps at the fracture site for three different model under 

longitudinal loading and combined longitudinal with internal or external rotational loading. 
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