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Abstract 27 

 28 

The preoperative diagnosis of loosening of cemented tibial knee implants is challenging. This study 29 

explored the basic potential of a vibration–based method as an alternative diagnostic technique to assess 30 

the fixation state of a cemented tibia implant and establish the method’s sensitivity limits and potential for 31 

in vitro application. A combined in vitro and in silico approach was pursued. Several loosening cases were 32 

simulated. The largest changes in the vibrational behavior were obtained in the frequency range above 33 

1500 Hz. The vibrational behavior was described with two features; the frequency response function and 34 

the power spectral density bandpower. Using both features, all experimentally simulated loosening cases 35 

could clearly be distinguished from the fully cemented cases. Furthermore, also the location of loosening 36 

could be determined. By complementing the experimental work with an in silico study, it was shown that 37 

loosening of approximately 14% of the implant surface on the lateral and medial side was detectable with 38 

a vibration-based method. Proximal lateral and medial locations on the tibia or locations directly on the 39 

implant surface were the most sensitive measurement and excitation locations to assess implant fixation. 40 

Vibration-based fixation assessment is a promising alternative technique to assess tibial implant fixation. 41 

 42 

Keywords: Numerical and Experimental Modal Analysis; Total Knee Replacement; Tibial Implant 43 

Loosening Detection; Finite Element Analysis  44 
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1. Introduction 45 

 46 

Total knee replacement (TKR) is a surgical procedure to replace the weight-bearing surfaces of the knee 47 

joint with a prosthesis. It is performed for knee diseases such as osteoarthritis or rheumatoid arthritis. TKR 48 

has a high incidence; totaling the number of primary knee replacements in the Scandinavian countries, the 49 

UK, Spain, Italy and Germany, over 440 000 primary total knee replacements were performed in 2009 50 

[16]. When a cemented prosthesis is used, the fixation of the components to the host bone is based on the 51 

use of bone cement. Although literature shows high survival rates, the number of revisions is high, due to 52 

the large number of primary TKR’s: approximately 5 to 10% of the prostheses need to be replaced within 53 

10 to 15 years [16]. Loosening of a component is one of the main indications for a revision. 54 

 55 

The preoperative diagnosis of loosening is a crucial but difficult one. In up to 75% of painful prostheses 56 

the cause remains unknown until the time of surgical intervention with microbiological culturing [32]. 57 

However, it is important to be able to differentiate aseptic loosening from e.g. infection because the 58 

treatment of these entities is radically different. 59 

 60 

Currently, the routine investigation method used in the evaluation of TKR’s consists of a combination of 61 

different techniques such as radiography and nuclear scanning tests. Radiography is used to evaluate 62 

prosthesis alignment, fixation, gross polyethylene wear, and quality of periprosthetic bone [4]. Although it 63 

is the classic evaluation method, it is also known as subjective, inconclusive and having a low 64 

sensitivity/specificity to assess loosening (e.g. for the tibial component, [50] reported a sensitivity of 43% 65 

and a specificity of 86%, [30] reported a sensitivity of 83% and a specificity of 72%). Literature shows 66 

diverse results for the use of nuclear scanning tests (e.g. bone scintigraphy, digital subtraction 67 

arthrography, 18F-FDG-PET) to detect loosening of the tibial component [e.g. 6, 19, 20, 23, 27, 43, 47, 68 

50]. Very obvious loosened tibial prostheses are likely to be detected by these techniques, because of the 69 
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osteoblastic proliferation giving rise to tracer uptake; although it is not straightforward to detect slightly 70 

loosened prostheses. 71 

 72 

Vibration analysis might be an alternative technique for the detection of knee implant fixation. Vibration 73 

analysis, a non-destructive testing technique to inspect structural integrity [14, 49], has been successfully 74 

used in biomechanics to determine bone mechanical properties [38, 55] and to monitor fracture healing 75 

[28, 37]. It is also a promising method to assess the mechanical properties of the implant-bone systems 76 

[34]. Vibrational techniques have shown their merit in the detection of loosening [17, 26] of total hip 77 

replacement systems. Several features based on the vibration output have been used in the detection of late 78 

and early loosening, such as harmonic distortions [17]. Besides the post-operative applications aiming to 79 

detect loosening of hip implants, vibration analysis is also used as a tool to aid the surgeon during surgery 80 

in determining the endpoint of insertion of cementless hip implants and to avoid peroperative fractures. It 81 

was shown that vibration or impact analysis allows for a reliable detection of the endpoint of insertion, 82 

both in vitro [2, 9, 21, 24, 31, 41, 44], ex vivo [35] and in an in vivo setting [25, 40]. The assessment of 83 

the stability of cemented knee implants by vibration analysis however, is currently a domain less explored. 84 

 85 

This study presents a combined in vitro and in silico feasibility study to determine the potential of using 86 

vibrational information to assess the fixation of the tibial component of a TKR. Several clinically relevant 87 

loosening cases were first replicated experimentally in vitro. Different excitation and measurement 88 

locations and vibrational data features were proposed. Excitation and measurement locations expected to 89 

have more limited skin and fat tissue in vivo were selected to optimize accessibility in a post-operative 90 

setting. Furthermore, given the recent advances in instrumented implants for orthopedic applications (e.g. 91 

hip implant [10, 29, 46] or knee implant [13]), possibilities were likewise explored for the use of a 92 

vibration-based method under the assumption that an implant could be instrumented. These results were 93 

then complemented with a FE model to further understand the sensitivities of the results to different 94 
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parameters that were difficult to vary experimentally and to establish the detection limits of a vibration – 95 

based technique.  96 
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2. Methods 97 

2.1 In Vitro Study 98 

2.1.1 Sample Preparation 99 

Five left fourth-generation composite tibias (Sawbones Model 3401, Sawbones, Vashon Island, WA, 100 

USA) were used in combination with a cemented tibial knee implant (Genesis II, Smith & Nephew, 101 

Memphis, TN, USA). The replicate bone models were prepared by the same experienced surgeon 102 

following standard procedure while using manufacturer provided instruments. Cementation was 103 

performed using Refobacin Bone Cement R (Biomet, Warsaw, IN, USA). Four different fixation cases 104 

were replicated experimentally; two samples were prepared to have an optimal, fully cemented fixation 105 

between bone and implant, one sample was prepared to simulate peripheral loosening between cement and 106 

implant (approx. 50% of the implant surface was loose) and two samples were prepared to simulate 107 

loosening on the medial, respectively lateral side between cement and implant (approx. 35% of the 108 

implant surface was loose for both cases). Medial and lateral loosening has frequently been reported in 109 

clinical practice [53]. Fig. 1 illustrates the three loosened cases. Loosening was realized experimentally by 110 

interposing a thin plastic film (thickness of approx. 40 µm), smeared with beeswax on both sides, between 111 

cement and implant at the areas where cement–implant interlock was to be prevented. The film was 112 

removed after the cement was fully cured. All cases felt mechanically stable after preparation. 113 

2.1.2 Vibration Analysis 114 

Three sets of vibrational data were collected. Firstly, experimental modal analyses were carried out on 115 

four unprepared composite tibia samples and on the two fully cemented implant–tibia samples (modal 116 

analysis set). Each sample was mounted horizontally using soft elastic straps in order to simulate free–free 117 

boundary conditions [52]. Fig. 2 shows the experimental setup. Three unidirectional lightweight 118 

accelerometers (PCB A352A24, PCB Piezotronics, Depew, NY, USA, weight 0.8 g) were attached to the 119 

specimen using beeswax in three orthogonal directions. The sample was excited using a modal impaction 120 



Vibration – based Fixation Assessment of Tibial Knee Implants: A Combined In Vitro and In Silico Study 

7 
 

hammer instrumented with a force cell (PCB 086C03). Impaction was performed in the direction normal 121 

to the specimen surface at 48 locations (roving hammer testing). Excitation locations were evenly 122 

distributed across the sample. Five measurements were averaged for each location. These input–output 123 

measurements resulted in a measurement set of 144 Frequency Response Functions (FRFs) per test 124 

sample. Mode shapes and resonance frequencies were extracted using the Polymax algorithm available in 125 

the modal analysis software package (LMS Test Lab, Siemens PLM Software, Leuven, Belgium) in a 126 

range of 50 – 4500 Hz, encompassing the first 12 flexible mode shapes. The frequency range was 127 

determined during pilot testing and was based on the force autopower spectrum to ensure sufficient 128 

mechanical energy was injected into the system in the band of interest. The experimental modal results 129 

obtained for the unprepared composite tibia samples were used to update the cortical analogue material 130 

properties of the composite tibia FE model to ensure the experimentally measured vibrational behavior 131 

correlated well with the numerically predicted vibrational behavior. The experimental modal results 132 

obtained for the fully cemented implant – tibia samples were used to again ensure the vibrational behavior 133 

of the numerical model including a fully cemented tibial implant accurately reflected the experimental 134 

behavior. 135 

 136 

Secondly, a set of direct FRFs was collected on the tibia surface for all five implant–tibia constructs (post-137 

operative diagnostic set). Direct FRFs are obtained by exciting the structure and measuring the structure’s 138 

response at the same location in the same direction (here named x-direction). Three locations were 139 

selected on the surface of the composite tibia; one location on the medial malleolus (MM), one location 140 

proximally on the medial side of the tibial plateau (PM) and one location proximally on the lateral side of 141 

the tibial plateau (PL). Fig. 3(A) illustrates these locations. These locations were picked as they are 142 

expected to have more limited skin and fat tissue coverage compared to other bony tibia locations in vivo, 143 

and thus might be easier to access in a post-operative setting. The excitation direction, by impaction using 144 

a modal hammer (PCB 086C03), and measurement direction of the acceleration (PCB A352A24) were 145 
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normal to the location’s surface. Free–free conditions were simulated as these boundary conditions mimic 146 

closely the in vivo situation [55]. Only one accelerometer was used, which was relocated for every 147 

measurement to the location of interest. Five measurements were averaged for each location. This 148 

measurement set was used to assess the potential of a vibration–based technique to discriminate between 149 

the different fixation cases in a configuration similar to a possible post-operative test setting. 150 

 151 

Thirdly a set of vibrational measurements was collected on the tibial implant surface for all five implant-152 

tibia constructs (instrumented implant set). Data were collected at 9 locations on the implant surface (fig. 153 

3(A top)) in the direction normal to the implant surface (z-direction). Impact excitation was performed 154 

using a modal hammer (PCB 086C03). Direct FRFs at all implant locations were recorded as well as the 155 

FRFs obtained from the acceleration response at all 9 implant locations to an excitation at implant location 156 

5 (5X FRFs). Again, only one lightweight accelerometer (PCB A352A24) was used, which was relocated 157 

to the point of interest for every measurement. Five measurements were averaged for each measurement; 158 

free–free boundary conditions were simulated. Although these locations are not directly accessible post-159 

operative, this data set was collected to evaluate the potential of a vibration–based method when 160 

integrated in an instrumented implant. 161 

In addition to these three data sets, the linearity of the different implant–tibia fixation constructs was 162 

verified by performing a reciprocity check [15] on the implant–tibia construct between locations 2 and 8 163 

on the implant surface. Severe loosening is often characterized by a nonlinear response to a vibrational 164 

input signal [17]. Reciprocity was verified by calculating the mean square distance (MSD) between the 165 

autopowers of the reciprocal FRFs [15]. 166 

 167 
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Data acquisition and conditioning for all measurements was performed using a spectral analyzer (LMS 168 

SCADAS Mobile, Siemens PLM Software, Leuven, Belgium) and acquisition and processing software 169 

(LMS Test Lab). The sampling frequency was set to 20.48 kHz. 170 

 171 

2.1.3 Feature Definitions and Data Processing 172 

Modal analysis set. Mode shapes and resonance frequencies were extracted in the 50 – 4500 Hz frequency 173 

band. The experimental mode shapes were compared to the mode shapes obtained from their FE 174 

counterparts (respectively FE models of an unprepared tibia and of a fully cemented implant–tibia 175 

construct) using the Modal Assurance Criterion (MAC) [1]:  176 

     
        

 
        

 

       
 
              

 
       

 

The resonance frequency difference between the experimental and corresponding FE model was expressed 177 

as a percentage difference. 178 

Post-operative diagnostic set. Two vibrational data features were used to assess the fixation state of the 179 

tibial implant; the direct FRFs and the Power Spectral Density (PSD) bandpower, both in the 1500 – 4500 180 

Hz frequency interval. The FRFs obtained from the loosened implant–tibia constructs at the PM, PL and 181 

MM locations were compared to the FRFs obtained at the same locations on the fully cemented implant–182 

tibia constructs using the Frequency Assurance Criterion (FRAC) [1]: 183 

      
              

         
        
          

 

             
       

        
         

               
         

        
         

 

 184 
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The PSD band powers were used to calculate a ratio between the PM and the PL (or vice versa) band 185 

power obtained on the same construct (PL–PM PSD ratio or PM–PL PSD ratio). Ratios markedly 186 

different from 1 would be indicative of a local loss in stiffness on one side resulting in larger accelerations 187 

for the same unit input on that side and thus higher amplitude levels in the PSD. 188 

                 
           

        
        

           
        
        

 

Instrumented implant set. The FRFs and PSD bandpowers were used as data features, again both in the 189 

1500 – 4500 Hz frequency interval, obtained from the direct measurements as well as from the 5X 190 

measurements. The FRFs of the loosened constructs were compared to the corresponding FRFs of the 191 

fully cemented constructs using the FRAC. Similarly, ratios were calculated between the bandpowers 192 

obtained from the loosened constructs and the fully cemented constructs for corresponding input – output 193 

measurements (PSD ratio). 194 

           
              

        
        

            
        
        

 

All data processing was performed in Matlab (Matlab, Natick, MA, USA).   195 
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2.2 In Silico Study 196 

2.2.1 FE Model Construction & Composite Tibia Material Parameter Updating 197 

A composite tibia sample was CT scanned (Aquillon One, Toshiba Medical Systems Corporation, 198 

Otawara, Japan) with a 0.5 mm slice thickness. A FE model was built based on the CT scan data using 199 

Mimics (Materialise NV, Leuven, Belgium) and MSC Patran (MSC Software, Newport Beach, CA, USA). 200 

Cortical and cancellous bone analogue regions were assigned to the FE models based on grey values. The 201 

tibia model consisted of 31,078 quadratic tetrahedral elements with an average element size of 3.5 mm. 202 

The element size was determined based on a convergence analysis performed on the model. A 203 

transversely isotropic material model was selected for the cortical bone analogue region; an isotropic 204 

material model was used for the cancellous bone region. The third material axis of the transversely 205 

isotropic material model was parallel to the anatomical axis of the composite tibia. The elastic material 206 

constants of the cortical analogue were determined by updating the unprepared tibia FE model’s material 207 

parameters. The material parameters were updated by minimizing the average and maximal difference 208 

between the experimentally measured and numerically predicted resonance frequencies of the first 12 209 

correlated flexible mode shapes [22]. The starting values of the cortical analogue material parameters 210 

were; E11 (= E22) = 10.00 GPa (Transverse Young’s moduli), E33 = 16.00 GPa (Longitudinal Young’s 211 

Modulus), G23 (=G31) = 3.30 GPa, ν12 = 0.26, ν23 = 0.26, and ρ = 1.64 g/cc [18, 48]. The elastic material 212 

properties of the elements in the trabecular region were not updated. Following values were used; E = 155 213 

MPa, ν = 0.3 and ρ = 2.70E-1 g/cc [48]. The cortical and trabecular material densities were updated by 214 

matching the measured mass of the composite tibia to the calculated mass of the FE model. 215 

The implant was 3D scanned (MC16, Coord3, Turin, Italy) after which the resulting point cloud was 216 

further processed in 3-Matic (Materialise NV, Leuven, Belgium) and MSC Patran to construct the FE 217 

model. The implant model consisted of 6,665 quadratic tetrahedral elements, isotropic material properties 218 

were assigned to the elements (E = 113.8 GPa, ν = 0.342, ρ = 4.43 g/cc [3]). The tibia was prepared 219 

virtually in such a way so to reflect the experimental surgical preparation as closely as possible. Firstly, 220 
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the tibial plateau was virtually resected after which the implant model was subtracted from the tibia. Tibia 221 

and implant model were then combined and a cement layer of approx. 3.5 mm was defined between the 222 

tibia and implant surfaces. Isotropic material parameters (E = 2.28GPa, ν = 0.3, ρ = 1.18 g/cc) were used 223 

for the cement layer [51]. A glued contact definition was used between cement-implant and cement-tibia 224 

throughout all simulations. The final implant–tibia model consisted of 50,913 elements and is shown in 225 

Fig. 3(B).  226 

2.2.2 Fixation Cases Definition 227 

In order to determine the detection limits of a vibration based fixation assessment method and establish a 228 

minimally detectable loosened area, 21 cases with a varying degree of fixation were simulated using the 229 

implant-tibia FE model; one optimally cemented, fully fixed case and 20 cases with different partially 230 

loosened regions. Fig. 4 gives an overview of the loosened cases and shows the cumulative area that was 231 

detached for every case. Loosening between cement and implant as well as between cement and bone has 232 

been reported clinically [54]. To assess whether the proposed vibration method was more prone to detect 233 

loosening at the cement–bone interface or loosening at the cement–implant interface, both scenarios were 234 

simulated for all partially loosened cases. Damping is an important concern when vibrational techniques 235 

are applied in trying to solve biomechanical problems such as loosening detection [47]. To determine 236 

whether the vibrational method still holds promise in a more damped environment, two damping levels 237 

were used for the simulations; a modal damping factor of 1.5% for all modes (similar to the average 238 

damping of 1.37% which was measured experimentally on the composite tibias during pilot testing) and a 239 

damping factor of 5%, which is comparable to the damping encountered in cadaveric or fresh frozen bone 240 

[8]. Fig. 5 provides an overview of all combinations simulated.  241 

2.2.3 Feature Definition and Data Processing 242 

The first 20 resonance frequencies and their corresponding mode shapes were calculated by numerical 243 

modal analysis for all cases (MSC Nastran, MSC Software, Newport Beach, CA, USA). Furthermore, in 244 
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order to replicate the features that were used in the second and third experimental data set, FRFs were 245 

synthesized at comparable locations and in the same directions as their experimental counterparts. The 246 

locations on the tibia, replicating the situation where the technique would be used as a postoperative 247 

diagnostic tool, were exactly the same. The locations on the implant, replicating the situation in which an 248 

implant would be instrumented (instrumented implant set), were somewhat altered with respect to the 249 

experimental locations as a preliminary numerical sensitivity study indicated that implant locations which 250 

were more sensitive to detect interface loosening were available. Fig 3(B top) depicts these locations on 251 

the implant. The mode shapes and resonance frequencies were used in the cortical analogue material 252 

updating process. The PSD band power feature was calculated based on the synthesized FRFs. Analog to 253 

the experimental case, the 1500 – 4500 Hz frequency band was used for the comparing the FRFs & PSD 254 

band powers. FRFs were compared between the fully cemented case and the different loosened cases 255 

using the FRAC. Ratios were calculated between the corresponding PSD band powers of the different 256 

partially loosened cases and the fully cemented case. In addition to the FRFs and PSD powers, also the 257 

differences in resonance frequency shifts were studied for the numerical models to gain further insight in 258 

the fundamental vibrational characteristics of the different cases.  259 

2.2.4 Operational and Environmental Variability 260 

Besides changes in fixation, other sources of variability may also have an influence on the vibrational 261 

behavior of an implant-tibia construct. The resection cut angle and cement layer thickness are operational 262 

parameters that may show slight variation due to the surgeon’s manipulation [11]. The influence on the 263 

resonance frequencies with 4 different cutting angles (1.6° degrees difference medial, lateral, anterior and 264 

posterior from the neutral cutting angle) was numerically investigated in combination with a fully 265 

cemented implant-tibia case with a cement layer thickness of approx. 3.5 mm [36]. The effect of two 266 

cement layer thicknesses (3.5 and 7 mm) on the resonance frequencies of a fully cemented implant-tibia 267 

case with a neutral angle resection was likewise determined.  268 
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Furthermore, as the vibrational method is envisioned to be used as a diagnostic follow up tool, other 269 

parameters besides the bone–cement or cement–implant interface may change over time. Important 270 

variability may be introduced by changes in bone material properties over time, e.g. due to aging [39] or 271 

progressing osteoporosis. A sensitivity analysis was therefore performed to assess the impact changing 272 

material properties have on the resonance frequencies of an implant-tibia construct. This sensitivity 273 

analysis was performed on a fully cemented implant-tibia FE model with a cement layer of 3.5 mm 274 

resected under a neutral angle. The changes in resonance frequencies are reported as the ratio of a 275 

percentage difference in resonance frequencies over a percentage difference of the parameter of interest.  276 
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3. Results 277 

3.1 Experimental In Vitro Study 278 

3.1.1 Post-Operative Diagnostic Set  279 

Fig 6 shows the direct FRFs measured at the medial malleolus for a fully cemented case and the three 280 

loosened cases. Very little change was observed in the frequency band below 1500 Hz. Table 1 lists the 281 

FRAC values obtained by comparing the direct FRFs of the different loosened cases with the fully 282 

cemented case at all three tibia measurement locations. The average FRAC values between the two fully 283 

cemented cases at identical measurement locations were 0.95 (SD 0.01). Flagging the FRAC values 284 

outside a three standard deviation confidence interval (FRAC < 0.92) or even outside a more restrictive 285 

ten standard deviation confidence interval (FRAC < 0.85) as a loosened case, all three cases were 286 

correctly classified as loosened based on their vibrational FRF signature at all three measurement 287 

locations. Furthermore, the PL – PM (or PM – PL) PSD ratio increased notably at the loosened side for the 288 

unilateral loosened cases (table 1), allowing localization of the loosened region for these cases. 289 

3.1.2 Instrumented Implant Set 290 

Table 2 lists the FRAC values obtained by comparing corresponding FRFs measured on the fully 291 

cemented case and on the different loosened cases. The tabulated FRAC values relate to the FRFs with 292 

direct excitation at location number 5 and acceleration measurement at the different implant locations (5X 293 

FRFs). Again all loosened cases were correctly classified as loosened when a similar threshold was used 294 

(FRAC < 0.92 or <0.85). Loosening was detectable at all implant measurement locations. The FRAC 295 

values between corresponding fully cemented and loosened direct FRFs at all measurement locations were 296 

similar to the 5X results, with an average difference in the FRAC value of 0.01 (SD 0.15). Fig. 7 shows 297 

the different PSD ratios (between fully cemented–loosened cases) for the three loosened cases at all 9 298 

measurement locations. The average PSD ratio between the two fully cemented cases was 0.95 (SD 0.10). 299 

Locations with a PSD ratio above the 1.25 mark (i.e. outside a three standard deviation confidence 300 
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interval) corresponded to those measurement locations closest to the areas where the implant was detached 301 

in the different loosened cases. 302 

3.1.3 Linearity Check 303 

The largest MSD (in % of total energy) was 0.5%, which confirms all experimental composite – tibia 304 

implant constructs exhibited strictly linear behavior for the cases tested in this study. 305 

 306 

3.2 In Silico Study 307 

Good correspondence was obtained between the experimental vibrational behavior of the unprepared 308 

tibias and their numerical counterpart after updating. The average frequency difference was 5.75% (SD 309 

0.61%) before updating the cortical bone analogue material parameters and was reduced to 1.42% (SD 310 

0.92%) after updating. The material properties after updating were; E11 (= E22) = 9.88 GPa, E33 = 14.01 311 

GPa, G23 (=G31) = 3.83 GPa, ν12 = 0.26, ν23 = 0.26, and ρ = 1.64 g/cc. The average MAC value was 0.81 312 

(SD 0.04) after updating. The density of the trabecular bone analog was unchanged at ρ = 2.70E-1 g/cc. 313 

These material parameter values were subsequently used for the FE model which included the tibial 314 

implant. An average resonance frequency difference of 1.70% (SD 1.40%) and average MAC value of 315 

0.79 (SD 0.05) were found between the experimental implant–tibia construct and the FE model, thus 316 

ensuring the FE model mimicked the experimental behavior closely. 317 

The results from the FE model corroborated well with the experimental findings. Fig. 8 shows the 318 

resonance frequency difference for the different cases with partial loosening between cement and implant. 319 

Only the largest of loosened cases resulted in major differences in the frequency range below 1500 Hz. 320 

The resonance frequency differences when loosening occurred between cement and bone were on average 321 

1.2 percentage points greater (max. 9.8%).  322 

3.2.1 Post – Operative Diagnostic Set: Sensitivity Limits 323 
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Fig. 9(A) schematically presents the results for all three tibia measurement locations when the FRAC 324 

values were calculated between corresponding synthesized FRFs of the fully cemented FE model and the 325 

cases with partial loosening between cement and implant. All cumulative loosened areas which resulted in 326 

a FRAC value below 0.85 were marked, both in case of a simulated 1.5% and 5% modal damping. Cases 327 

with loosened areas of 14% of the surface were detected (L2, M2 on fig.4(A)). Fig 9(B) shows the 328 

companion results obtained when loosening was simulated between the cement–bone interface.  329 

3.2.2 Instrumented Implant Set: Sensitivity Limits 330 

Fig. 10 illustrates the results obtained when the synthesized 5X FRFs were used to assess implant 331 

loosening. The implant location where the FRAC first dropped below 0.85 as well as the value and 332 

location where the maximal PSD ratio was observed for that partial loosening case were annotated. Again, 333 

loosening of approx.14% of the surface area was detected (L2, M2), as well as a loosened area of 5.6% on 334 

the anterior side (A1 on fig 4(B)) Posterior loosening was more difficult to determine. Fig. 11 illustrates 335 

the PSD ratios and marks all PSD ratios > 1.95. Similar to the experimental results, locations with higher 336 

PSD ratios correlated well with nearby loosened areas. 337 

3.2.3 Operational and Environmental Variability 338 

The influence of the different resection angles on the vibrational behavior was limited to an average 339 

frequency difference of 0.69% (SD 0.37%) over the frequency range of interest. A similar small effect was 340 

noted when the cement layer thickness was doubled, with an average frequency difference of 0.54% (SD 341 

0.41%). 342 

Alterations to the bone material parameters had an important effect on the resonance frequencies, as 343 

demonstrated in table 3. The cortical bone density, E33 modulus and G13 shear modulus were the most 344 

influential parameters. Interestingly enough, changes in the bone material parameters have an important 345 

effect also in the lower frequency range, possibly allowing discriminating these changes from observed 346 

changes in the vibrational behavior attributable to loosening.   347 
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4. Discussion & Conclusions 348 

The main goal of this study was to explore the basic potential of a vibration–based method to assess the 349 

fixation state of a cemented tibia implant and establish the method’s sensitivity limits. Qi et al. determined 350 

these limits for hip implants [42]. A combined in vitro and in silico approach was pursued. The in vitro 351 

work allowed to experimentally verify the numerical work, ensured the practical feasibility of the method 352 

and allowed assessing which types of features could be used (linear or nonlinear), as the latter are 353 

typically more difficult to simulate in silico. Although nonlinear features have shown to be sensitive to 354 

loosening in hip implant applications [17], the implant–tibia constructs used in this study did not show any 355 

nonlinear behavior. Possibly the experimental loosening cases were not yet severe enough for this 356 

behavior to manifest itself. The complementary numerical work allowed establishing sensitivity limits and 357 

assessing the influence of damping on the results.  358 

Damping was shown to have a non-trivial influence on the detectability of loosening with the proposed 359 

method, especially for the Post-Operative Diagnostic Set (fig. 9). Whereas in a lightly damped 360 

environment, even small loosening could be detected at all three measurement locations (PM, PL and 361 

MM), this ceased to be true in the more heavily damped case. Only the largest loosening cases were 362 

detectable at MM. The PM and PL measurement locations were more promising, especially when both 363 

were combined. Together, they showed good sensitivity to lateral and medial loosening (PL was more 364 

sensitive to lateral loosening and vice versa), as well as anterior loosening. Posterior loosening was more 365 

difficult to detect, likely due to the decreased implant area that is loosened for these cases. Bone–cement 366 

loosening was generally easier to detect than cement–implant detachment. Future development work 367 

should focus on PM–PL combination measurements. An important challenge will be coping with the 368 

requirement that the sensory equipment needs to be able to excite and measure the implant – bone system 369 

through the skin in a frequency range above 1500 Hz. Promising alternatives to accelerometers have been 370 

proposed which may help achieving this objective (e.g. ultrasound [2, 45]). 371 
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The in vitro and numerical work for the Instrumented Implant Set showed promising results for the ability 372 

to detect small loosened cases (fig. 10). Damping was less influential on the detection sensitivity in an 373 

instrumented implant setup, although higher FRAC values were typically attained in the more heavily 374 

damped cases. Furthermore, increases in PSD bandpower, as expressed by the PSD ratio, at certain 375 

implant measurement locations allowed localization of the loosened regions. Although the effect of 376 

important sources of variability such as material parameters on the vibrational behavior of the tibia was 377 

investigated, the influence of other parameters such as; cortical bone thickness, density distributions, 378 

shape changes… could likewise be assessed in future work using techniques like statistical shape 379 

modelling [5] or Monte Carlo simulations [33]. 380 

Implant location 5 was chosen as excitation location as this location was situated above the implant peg, 381 

which could be spacious enough to hold a miniaturized excitation system, similar to the concept presented 382 

by Ruther et al [46]. Measurement sensor integration in the implant could possibly be realized using piezo 383 

patches [7]. If only a selection of candidate implant locations could be instrumented, locations 2 and 8 384 

would be most interesting if medial or lateral loosening is of main concern, whereas locations 3 and 4 385 

would be prime candidates to detect anterior or posterior loosening. 386 

Describing the vibrational behavior of a structure by the resonance frequencies and mode shapes offers the 387 

most complete characterization of the structure under test. However, determining the mode shapes 388 

requires a rich data set of multiple FRFs as well as manual input from the user during the parameter 389 

estimation process. Other easier to acquire features were proposed to assess the different fixation states as 390 

neither acquiring a full data set of FRFs is feasible in a post - operative setting, nor is the expected 391 

uncertainty due to the user input beneficial when an automated implementation of the proposed technique 392 

is envisioned. The FRF and PSD bandpower features proposed in this study proved to be adequate in 393 

describing the changes in vibrational behavior between the different fixation cases. More robust 394 

estimation of these spectra may be advantageously for this technique [12] when implemented in vivo. The 395 

increase in PSD bandpower for loosened cases can be explained by the occurrence of mode shapes which 396 
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show local, high amplitude deformational behavior (Fig. 12). As this deformation is largest in the 397 

longitudinal direction, this also elucidates the high sensitivity to loosening in an instrumented implant 398 

setting. An important limitation is that a reference measurement, preferably taken shortly after surgery, 399 

must be available for comparison.  400 

A vibration based technique using simple features holds promise in assessing the fixation state of tibial 401 

cemented implants, either as a post-operative tool or in an instrumented implant implementation.  402 
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Fig.1 564 

Illustration of the cement–implant area that was loosened during experimental testing for (A) the 565 

peripheral loosening case, (B) the medial loosening case and (C) the lateral loosening case. The loosened 566 

areas are marked in grey, the fixed regions are in white. 567 

Fig. 2 568 

The test setup for the experimental modal analysis is depicted. Three accelerometers were mounted on the 569 

test sample in three orthogonal directions during modal testing. The hammer was roved around to excite 570 

the structure at 48 impact locations. The test sample was mounted in free–free conditions.  571 

Fig. 3 572 

Side–by–side comparison of the experimental composite tibia (A) and its numerical FE counterpart (B). 573 

PM, PL and MM indicate the measurement and excitation locations used to collect the FRFs (in the x-574 

direction) for the Post-Operative Diagnostic Set. The measurement and excitation locations used for the 575 

Instrumented Implant Set are shown on the top images (numbers 1-9) and were measured in the z-576 

direction. 577 

Fig.4 578 

The implant area was divided in 10 areas of equal width. Loosening was simulated by progressively 579 

detaching larger interface areas from the lateral side towards the center and from the medial side towards 580 

the center (A), and from the anterior side towards the center and from the posterior side towards the center 581 

(B). As an example; L3 implies that the first three areas taken from the lateral side ware left loose, thus 582 

resulting in a cumulative loosened area of approx. 30% of total implant area. All other areas remain fixed. 583 

This is similar for the other loosening cases. 584 

 585 
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Fig. 5 586 

Overview of the different cases that were simulated numerically. A total of 82 simulations were carried 587 

out.  588 

Fig. 6 589 

Amplitude plot of the direct FRFs measured at the medial malleolus (fully cemented, peripheral, medial 590 

and lateral loosening cases). Limited sensitivity is noted in the low frequency region (below 1500 Hz), 591 

with most changes in vibrational behavior occurring above 1500 Hz. 592 

Fig. 7 593 

PSD ratio comparing the PSD bandpower of the peripheral, lateral and medial loosened case to the 594 

average PSD bandpower of the fully cemented cases at corresponding implant measurement locations (1-595 

9). An increase in the PSD bandpower is observed for those measurement locations closest to the loosened 596 

areas of the different loosened cases, allowing to localize the areas where loosening has occurred. The 3 597 

standard deviation band around the average PSD ratio of the two cemented cases is marked by the dotted 598 

line. 599 

Fig.8 600 

The resonance frequency differences obtained by comparing results from the FE model of a fully 601 

cemented implant-tibia construct to the results from the FE model of the respective loosened case are 602 

depicted. The influence of progressive loosening between cement and implant on the resonance 603 

frequencies occurring anteriorly (A), posteriorly (B), laterally (C) and medially (D) is shown. 604 

 605 

 606 

 607 
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Fig.9 608 

The loosened areas that could be detected by comparing the synthesized FRFs of a fully cemented case to 609 

the corresponding FRFs synthesized for the different loosening cases, both when a modal damping of 610 

1.5% an 5% is assumed. In general, bone–cement loosening was easier to detect based on the FRFs as 611 

smaller loosened areas could be detected and lower FRAC values were generally found for the same 612 

loosened area. The FRAC value for the first loosened area for which the FRAC value is below 0.85 is 613 

annotated. FRAC values obtained when 1.5% damping is assumed are presented in a full line box, the 614 

FRAC values for the 5% damping cases are presented in a dotted line box. E.g. the minimal loosened area 615 

between cement and implant at the lateral side that could be detected based on the FRFs measured at the 616 

medial malleolus was L2 (with a FRAC value of 0.72) when 1.5% damping was assumed or L5 (with a 617 

FRAC value of 0.84) when 5% damping was assumed. Damping typically decreased the sensitivity of 618 

FRF-based loosening detection.This effect was most pronounced for the MM measurement location, but 619 

damping had less of an influence for the PM and PL measurement locations. 620 

Fig.10 621 

The loosened areas that could be detected by comparing synthesized 5X FRFs of a fully cemented case to 622 

the corresponding FRFs synthesized for the different loosening cases, both when a modal damping of 623 

1.5% an 5% is assumed. In general, bone–cement loosening was easier to detect based on the FRFs as 624 

smaller loosened areas could be detected and lower FRAC values were generally found for the same 625 

loosened area. The FRAC value for the first loosened area for which the FRAC value is below 0.85 is 626 

annotated. FRAC values obtained when 1.5% damping is assumed are presented in a full line box, the 627 

FRAC values for the 5% damping cases are presented in a dotted line box. Eg. the minimal loosened area 628 

between cement and bone at the anterior side (10(D)) that could be detected based on the FRFs measured 629 

on the implant surface was A1 (with a FRAC value of 0.80, obtained at location 4 and a corresponding 630 

maximal PSD ratio for that case of 2.1 also obtained at location 4 ) when 1.5% damping was assumed. 631 
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Fig. 11 632 

The synthesized PSD ratios obtained at all implant measurement locations for the different partial 633 

loosening cases are depicted. Ratios above 1.95 are marked light grey, ratios below 1.95 are marked black. 634 

Implant locations with high PSD ratios were indicative of nearby loosening. E.g. Locations 7, 8 and 9 635 

show high PSD ratios for the medial loosening case. All three locations are on the side where loosening 636 

has occurred. On top of detecting loosening using the FRF feature, the addition of the PSD bandpower 637 

feature allows to  localize the areas where loosening has occurred. 638 

Fig.12 639 

The occurrence of local modal behavior of the implant for partially loosened cases contributes to the 640 

increase in PSD bandpower. Fig.12(A) depicts an example of such a local mode for a medial cement–641 

implant loosened case FE model which shows high local deformation. This increase in local deformation 642 

is reflected in an increase in PSD bandpower, but is also very visible in the acceleration signal synthesized 643 

at measurement location 8. Fig.12(B) shows the synthesized impulse response function (IR, obtained by 644 

performing an inverse Fourier transform on the FRF) for a fully cemented FE construct. Fig.12(C) shows 645 

the IRF for a L3 partially loosened case. A clear increase in amplitude can be noticed, mainly due to the 646 

lower stiffness of the loosened implant–bone construct resulting in the appearance of local modal 647 

behavior.  648 
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Table 1 649 

The FRAC values and PM – PL PSD ratios are shown for the three different loosening cases. The average 650 

FRAC value between the two fully cemented constructs was 0.95; the PM – PL PSD ratio, respectively PL 651 

– PM PSD ratio for the fully cemented constructs was 1.06 and 0.95.  652 

Table 2 653 

FRAC values obtained by comparing corresponding 5X FRFs measured on the fully cemented case and on 654 

the different loosened cases. Results are shown for all 9 implant measurement locations. The low FRAC 655 

values reflect the important differences observed in the vibrational behavior between the fully cemented 656 

and loosened cases.  657 

Table 3 658 

The changes in resonance frequencies due to changes in material parameters. The sensitivity is presented 659 

as the ratio of a percentage difference in resonance frequencies over a percentage difference of the 660 

parameter of interest. E.g. a 10% change in the E33 modulus would result in a 5.4% change in the first 661 

resonance frequency.  662 
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Loosening Case FRAC 
  

Ratio 
   PL PM MM PM - PL PSD Ratio PL - PM PSD Ratio 

Peripheral Loosening 0.08 0.08 0.22 0.9 1.2 

Lateral Loosening 0.16 0.38 0.44 0.0 28.9 

Medial Loosening 0.25 0.07 0.37 101.6 0.0 
 

Table1



Measurement 
Location 1 2 3 4 5 6 7 8 9 

Peripheral Loosening 0.11 0.17 0.15 0.06 0.10 0.09 0.12 0.10 0.07 

Lateral Loosening 0.12 0.12 0.14 0.10 0.13 0.06 0.27 0.25 0.14 

Medial Loosening 0.14 0.14 0.19 0.16 0.24 0.25 0.16 0.21 0.01 
 

Table2



 
Femur % Sensitivities 

             Mode Number  1 2 3 4 5 6 7 8 9 10 11 12 

Cancellous E [% GPa] 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.05 0.01 0.03 0.05 0.05 

  rho [%] -0.05 -0.06 -0.04 -0.05 -0.04 -0.04 -0.04 -0.06 -0.02 -0.04 -0.04 -0.00 

Cortical E11 = E22 [% GPa] 0.05 0.05 0.04 0.01 0.04 0.04 0.04 0.05 0.01 0.04 0.04 0.04 

 
E33 [% GPa] 0.54 0.53 0.46 0.05 0.45 0.41 0.37 0.44 0.03 0.37 0.29 0.29 

 
G13 = G23 [% GPa] 0.03 0.03 0.09 0.44 0.09 0.11 0.14 0.05 0.44 0.12 0.16 0.16 

  rho [%] -0.38 -0.38 -0.40 -0.41 -0.41 -0.40 -0.40 -0.33 -0.44 -0.38 -0.38 -0.39 

Cement E [% GPa] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 

 
rho [%] -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 

 

Table3


