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Abstract 

Post total knee arthroplasty (TKA) surgery, knee spacer of poly-methyl-

methacrylate (PMMA) material undergoes compressive loading condition while 

movement of knee joint. Through vibration analysis reliability of knee joint is 

studied along with the similar boundary conditions that a knee spacer implant 

undergoes in actual conditions. In order to carry out this study knee spacer 3D 

model in MIMICS and solidworks software is generated by utilizing the CT 

scan report. After generation of 3D model of TKA spacer it is physically 

developed by additive manufacturing process and is utilised for carrying out 

experimental analysis of vibration under Vibrometer. This study explains the 

reliability of implant under loading condition and can be useful for 

improvement in performance of implants life under loading conditions. Through 

this study failure of implant can be predicted and analysis can be utilised for 

improvement of life and quality of implant.  

 

1. Introduction 

The knee joint has a complex functionality and is a synovial joint as it exhibits multiple 

degree of freedom (DOF) during the lower extremities movement and load carrying 

conditions [1]. The ground reaction while movement of knee joint is counterbalanced 

by cartilages, meniscus and bundles of tendons and ligaments under static and dynamics 

conditions [2]. Functionality of knee joint under different loading condition results on 

tear of cartilages and meniscus which cause pain and restrict the person from proper 

gait movement [3]. This reduces the effectiveness and performance in activities of a 

person under vertical loading conditions, mainly hip and knee joints [4]. Even though 

meniscus, ligaments and cartilages have their own self-healing property but is limited 
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due to their behaviour of non-vascularization [5]. But for osteoarthritis the relief from 

pain is achieved through surgical procedures [6]. TKA (Total Knee Arthroplasty) has 

been considered as most effective and suitable solution for person suffering 

osteoarthritis, this procedure includes replacing the human knee joint with non-metallic 

and metallic implants for restoration of functionality of joint. Life span of the joint 

depends on working conditions of joint and reliability and durability of implants under 

it [7]. Finite element technique is often adopted for better understanding of knee joint 

operations under loading conditions [8]. It is often observed that person undergoing 

knee replacement surgery remain unsatisfied with the functionality of joint and it takes 

long rehabilitation and physiotherapy sessions for attaining proper gait [9]. Post TKA 

surgery the lower extremities of body is heavily impacted by artificial joints as in varies 

tension among ligaments, enhances pressure on patella and may cause pain in 

movement of joint [10][11][12]. In long run of implant there is loosening of implants 

which further lead to damage of cartilages and ligaments [13]. The objective of this 

work is to get better understanding of stresses generated in TKA spacer during static 

loading condition and to predict its failure under similar working conditions. 

 

2. Materials and Methods 

Under similar boundary conditions and load a biomechanical study is conducted to 

examine first mode frequency of TKA component [14]. All side simply supported 

boundary condition is used to carry out the experimental study. The experimental 

analysis for TKA spacer is carried out with the similar dimensions of real spacer, for 

this spacer is developed through additive manufacturing with fused deposition 

modelling (FDM), and the impact of vibration on it is studied. The biocompatible 

material is used for manufacturing the spacer is PMMA, which is a and widely used in 

implants [15][16]. The first mode frequency of the TKA spacer implant component is 

obtained  [17].  

 

2. Finite Element 3D Models 

Multiple images were collected from computerised tomography (CT) scan for 

development of 3D model of knee joint. Slice thickness if 1.5mm was kept and scan is 

performed. The person undergoing scanning was kept as supine position, complete 

extension if knee and hip joint were patella facing toward celling. DICOM (The Digital 

Imaging and Communications in Medicine) images files were generated and are 

MIMICS (Materialise's Interactive Medical Image Control System, Materialise-

Belgium) software to generate 3D models of the bones. To generate accurate 3D model 

of bone components, region growth and segmentation operation is performed.  

 

2.1 Material, Mesh Properties and Boundary Conditions 

For study, the TKA spacer is considered to be linear elastic, isotropic, and 

homogeneous in nature [18][19][20][21]. The material properties for the TKA spacer 
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component are referred from the Poly-methylmethacrylate (PMMA) filament,[22] as 

shown below:-  

Table 1: The material properties of TKA spacer model under simulation 

Implant 

Component 

Assigned 

material 

Young 

modulus E 

(MPa) 

Poisson’s 

ratio  

v 

Density  

d (Kg/m3) 

3D TKA spacer PMMA 2944 0.375 1150 

 

PMMA orthopaedic implants are used where high strength is not required, and they are  

non-biodegradable and lightweight [23][24]. The TKA spacer 3D model has been 

imported into the Ansys workbench, static structural and modal analysis for carrying 

out computational analysis simultaneously. Quadratic tetrahedral mesh is selected, 

geometry with irregular and complex shapes [25][26]. The contact surface region 

between the contact surfaces are further refined for better results. Moreover, a 

convergence test was carried out to ensure accurate results, and final meshed implant 

model is shown in Fig 1 [27]. 

 

 

Figure 1: TKA knee spacer implant meshed model 

 

All sides simply supported (SSSS) boundary conditions is provided to represent a post 

TKA surgical simulation of the spacer implant. The TKA spacer simulates full knee 

extension and upright standing movement biomechanics loading condition. For full 

extension, the center axis of the lower extremities is subjected to a compressive loading 

along the axis. The bottom of the tibia is fixed, to restrict movement and the simulation 
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process is carried out for this study, exhibiting all sides simply supported (SSSS) 

conditions on the spacer [28][29]. 

 

3. Computational Investigation 

The SSSS boundary condition is provided for analysis Ansys software is used to 

perform computational modal analysis of PMMA implant. Homogeneous behaviour 

and linear characteristics is considered for the analysis implant material to have. From 

this study, the failure of the implant deformation can be seen on the central part. As 

shown in Fig 4 the first mode frequency is 10712 Hz for PMMA spacer implant shown 

in fig 2. The analysis provides an idea of the failure of the implant under directional 

stress caused by the movement of the TKA knee joint under action. 

 

Figure 2: Total deformation of PMMA spacer under modal analysis 

 

4. Experimental Investigation 

The Laser Doppler Vibrometer (LDV), boundary conditions setup, an excitation impact 

hammer, a metal hammerhead, along with a PMMA spacer used for performing 

experiment. The authors utilized a PMMA TKA spacer manufactured by an additive 

manufacturing process, maintaining intact geometry. Spacers is arranged with all sides 

simply supported (SSSS) boundary conditions, and their first mode frequency is to be 

calculated to predict failure. A Polytech Laser Doppler Vibrometer (CLV 2534), shown 

in Fig 3 was used in a non-contact arrangement. This setup aimed to investigate the 

impact on the implant's lifespan under vibration caused by static and dynamic loading 

conditions. Polytech software for data acquisition, and a data acquisition system 

hardware were integrated, and values were obtained based on the defined arrangement. 
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Figure 3: PMMA spacer under SSSS boundary conditions 

Initial mode frequency along with numerous peaks are derived and based on generated 

data first mode frequency is illustrated in Fig4. Under this spectrum. The process is 

performed 3 times on the component and an average data is obtained by DAQs on 

screen by using Laser Doppler Vibrometer. An averaged result is obtained by averaging 

previous data.  

 

 

Figure 4: Frequency spectrum for PMMA spacer implant 

 

5. Results 

Under computational analysis of 3D PMMA spacer, satisfying all the boundary 

conditions and parameters modal analysis is performed successfully. For first mode 

frequency the results were obtained for the biomechanical response. The calculated first 

mode frequency of 3D spacer is 10712 Hz. whereas from experimental analysis first 
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mode frequency of PMMA spacer is 11285 Hz. The results under computational and 

experimental analysis has a variation of approximately 5% which lies under acceptance 

shown in table 2. 

Table 2: Comparison between the computational and experimental results 

Approach Computational Experimental Variation Variation % 

Frequency 10712 Hz 11285 Hz 573 Hz 5% 

 

6. Discussion  

This study serves as the support element for performing experimental analysis and 

provides the result before carrying out anatomical human trials. This study will help in 

predicting the reliability and performance of implant under function. Also, these 3D-

printed implants are useful for surgeons to access, patient-specific, surgical procedures. 

Thus, by this study the biocompatibility and functionality of implant increase and better 

tissue adhesion is promote for implant integration and regular performance. This 

research can be utilised to develop quality implants with more innovative and durable 

life which may lead better patient outcome. 

 

7. Conclusion 

In an engineering perspective, the aim for construction of biomaterial based TKA 

spacer implant is to study implant under vibration, extension and medial & lateral 

rotations while flexion. This study provides us better the impact of vibration of implant 

which undergoes loading condition during knee joint activity. The implant’s 

mechanical performance is comparatively studied by FEA as well as experimental 

analysis including load conditions. This study illustrates a practical approach of 

computational finite element analysis and experimental analysis of 3D printed TKA 

spacer implants life under vibration. 

The current study confirms scientific validation of life of implant under vibration during 

action and can be utilised to improve performance of implants. Further advancement in 

this study will setup path for innovation of more reliable and better quality implants for 

surgical applications. 

 

8. Acknowledgement 

This research work is not funded by any organisation. 

 

9. Conflict of interest 

There are no conflicts of interest related to the manuscript. 

 

 



Vibration Analysis on Biomechanical Behaviour… 21 

 

References 

[1] B. Section and I. College, “Knee joint motion : description and measurement,” 

no. June, pp. 357–372, 1998. 

[2] I. Kutzner et al., “Loading of the knee joint during activities of daily living 

measured in vivo in five subjects,” J. Biomech., vol. 43, no. 11, pp. 2164–2173, 

Aug. 2010, doi: 10.1016/j.jbiomech.2010.03.046. 

[3] J. L. Astephen Wilson and D. Kobsar, “Osteoarthritis year in review 2020: 

mechanics,” Osteoarthritis and Cartilage, vol. 29, no. 2. W.B. Saunders Ltd, pp. 

161–169, Feb. 01, 2021. doi: 10.1016/j.joca.2020.12.009. 

[4] D. J. Cleather, J. E. Goodwin, and A. M. J. Bull, “Clinical Biomechanics Hip 

and knee joint loading during vertical jumping and push jerking,” JCLB, vol. 28, 

no. 1, pp. 98–103, 2013, doi: 10.1016/j.clinbiomech.2012.10.006. 

[5] A. R. Farooqi, J. Zimmermann, R. Bader, and U. van Rienen, “Computational 

study on electromechanics of electroactive hydrogels for cartilage-tissue repair,” 

Comput. Methods Programs Biomed., vol. 197, Dec. 2020, doi: 

10.1016/j.cmpb.2020.105739. 

[6] F. Di Domenica et al., “Physical and Rehabilitative Approaches in 

Osteoarthritis,” pp. 62–69, 2005, doi: 10.1016/j.semarthrit.2004.03.016. 

[7] H. Lee, M. Jo, and G. Noh, “Biomechanical effects of dental implant diameter, 

connection type, and bone density on microgap formation and fatigue failure: A 

finite element analysis,” Comput. Methods Programs Biomed., vol. 200, Mar. 

2021, doi: 10.1016/j.cmpb.2020.105863. 

[8] S. K. Easley, S. Pal, P. R. Tomaszewski, A. J. Petrella, P. J. Rullkoetter, and P. 

J. Laz, “Finite element-based probabilistic analysis tool for orthopaedic 

applications,” Comput. Methods Programs Biomed., vol. 85, no. 1, pp. 32–40, 

Jan. 2007, doi: 10.1016/j.cmpb.2006.09.013. 

[9] H. Atmaca, C. C. Kesemenli, K. Memişoğlu, A. Özkan, and Y. Celik, “Changes 

in the loading of tibial articular cartilage following medial meniscectomy: A 

finite element analysis study,” Knee Surgery, Sport. Traumatol. Arthrosc., vol. 

21, no. 12, pp. 2667–2673, 2013, doi: 10.1007/s00167-012-2318-6. 

[10] J. G. Anderson, R. L. Wixson, D. Tsai, S. David Stulberg, and R. W. Chang, 

“Functional Outcome and Patient Satisfaction in Total Knee Patients Over the 

Age of 75,” 1996. 

[11] S. Bryan et al., “Revisiting patient satisfaction following total knee arthroplasty: 

A longitudinal observational study,” BMC Musculoskelet. Disord., vol. 19, no. 

1, Nov. 2018, doi: 10.1186/s12891-018-2340-z. 

[12] J. Lützner, S. Kirschner, K. P. Günther, and M. K. Harman, “Patients with no 

functional improvement after total knee arthroplasty show different kinematics,” 

Int. Orthop., vol. 36, no. 9, pp. 1841–1847, Sep. 2012, doi: 10.1007/s00264-012-

1584-8. 

[13] O. M. Mahoney and T. Kinsey, “The Effect of Mechanical Axis Correction on 

the Incidence of Aeseptic Loosening after TKA,” J. Arthroplasty, vol. 24, no. 2, 

p. e65, Feb. 2009, doi: 10.1016/j.arth.2008.11.079. 

[14] R. J. Diaz-Garcia, T. Oda, M. J. Shauver, and K. C. Chung, “A systematic review 

of outcomes and complications of treating unstable distal radius fractures in the 



22 Amitesh Shrivastava, N. K. Jain  et al 

 

elderly,” J. Hand Surg. Am., vol. 36, no. 5, pp. 824-835.e2, 2011, doi: 

10.1016/j.jhsa.2011.02.005. 

[15] M. Balato et al., “A Customized Knee Antibiotic-Loaded PMMA Spacer: A 

Preliminary Design Analysis,” 2021. 

[16] S. Gautam, D. Bhatnagar, D. Bansal, H. Batra, and N. Goyal, “Biomedical 

Engineering Advances Recent advancements in nanomaterials for biomedical 

implants,” Biomed. Eng. Adv., vol. 3, no. February, p. 100029, 2022, doi: 

10.1016/j.bea.2022.100029. 

[17] A. G. Au et al., “A NURBS-based technique for subject-specific construction of 

knee bone geometry,” Comput. Methods Programs Biomed., vol. 92, no. 1, pp. 

20–34, Oct. 2008, doi: 10.1016/j.cmpb.2008.05.009. 

[18] N. A. Ramaniraka, A. Terrier, N. Theumann, and O. Siegrist, “Effects of the 

posterior cruciate ligament reconstruction on the biomechanics of the knee joint: 

A finite element analysis,” Clin. Biomech., vol. 20, no. 4, pp. 434–442, May 

2005, doi: 10.1016/j.clinbiomech.2004.11.014. 

[19] D. Y. R. Chong, U. N. Hansen, and A. A. Amis, “Analysis of bone-prosthesis 

interface micromotion for cementless tibial prosthesis fixation and the influence 

of loading conditions,” J. Biomech., vol. 43, no. 6, pp. 1074–1080, Apr. 2010, 

doi: 10.1016/j.jbiomech.2009.12.006. 

[20] X. Hua, B. M. Wroblewski, Z. Jin, and L. Wang, “The effect of cup inclination 

and wear on the contact mechanics and cement fixation for ultra high molecular 

weight polyethylene total hip replacements,” Med. Eng. Phys., vol. 34, no. 3, pp. 

318–325, Apr. 2012, doi: 10.1016/j.medengphy.2011.07.026. 

[21] A. Z. E. A. Arab et al., “Finite-Element analysis of a lateral femoro-tibial impact 

on the total knee arthroplasty,” Comput. Methods Programs Biomed., vol. 192, 

Aug. 2020, doi: 10.1016/j.cmpb.2020.105446. 

[22] F. P. Moncayo-matute, P. B. Torres-jara, E. Vázquez-silva, and P. G. Peña-tapia, 

“Journal of the Mechanical Behavior of Biomedical Materials Finite element 

analysis of a customized implant in PMMA coupled with the cranial bone,” J. 

Mech. Behav. Biomed. Mater., vol. 146, no. June, p. 106046, 2023, doi: 

10.1016/j.jmbbm.2023.106046. 

[23] I. R. Article, “3D modeling , custom implants and its future perspectives in 

craniofacial surgery”, doi: 10.4103/2231-0746.133065. 

[24] F. P. Moncayo-matute et al., “Heliyon Surgical planning and finite element 

analysis for the neurocraneal protection in cranioplasty with PMMA : A case 

study,” Heliyon, vol. 8, no. June, p. e10706, 2022, doi: 

10.1016/j.heliyon.2022.e10706. 

[25] A. Hölzer et al., “Subject-specific finite element simulation of the human femur 

considering inhomogeneous material properties: A straightforward method and 

convergence study,” Comput. Methods Programs Biomed., vol. 110, no. 1, pp. 

82–88, Apr. 2013, doi: 10.1016/j.cmpb.2012.09.010. 

[26] A. G. Au, A. B. Liggins, V. J. Raso, J. Carey, and A. Amirfazli, “Representation 

of bone heterogeneity in subject-specific finite element models for knee,” 

Comput. Methods Programs Biomed., vol. 99, no. 2, pp. 154–171, Aug. 2010, 

doi: 10.1016/j.cmpb.2009.11.009. 



Vibration Analysis on Biomechanical Behaviour… 23 

 

[27] S. Mahajan and R. Patil, “Application of finite element analysis to optimizing 

dental implant,” 2016. [Online]. Available: www.irjet.net 

[28] K. Gokkus, H. Atmaca, L. Uğur, A. Özkan, and A. T. Aydin, “The relationship 

between medial meniscal subluxation and stress distribution pattern of the knee 

joint: Finite element analysis,” J. Orthop. Sci., vol. 21, no. 1, pp. 32–37, Jan. 

2016, doi: 10.1016/j.jos.2015.10.001. 

[29] A. Nasseri, H. Khataee, A. L. Bryant, D. G. Lloyd, and D. J. Saxby, “Modelling 

the loading mechanics of anterior cruciate ligament,” Comput. Methods 

Programs Biomed., vol. 184, Feb. 2020, doi: 10.1016/j.cmpb.2019.105098. 

 

 

 


