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SUMMARY 

This paper compares two methods proposed in literature [1,2] 

to calculate the functional knee axis of rotation (fAoR). 

Calculations are based on 3D motion data based on data 

during dynamometer processed using Kalman Smoothing [3]. 

fAoRs are validated with equivalent axes (EA) based on static 

MR-imaging data. Both methods are combined with a knee 

motion model (KMY) [4], widely used in the study of human 

motion. We quantified the effect of different axes on knee 

joint kinematics, at one hand the axes based on human motion 

trajectories, i.e. the fAoRs and the EA, at the other hand 

commonly used axes based on bone geometry, namely the 

transepicondylar axis (EPI) and the geometric center axis 

(GEO). KS was used to estimate generalized coordinates. 

 

INTRODUCTION 

Substantial research on knee axis of rotation (AoR) has 

already been done. To study human motion, musculoskeletal 

models require a determination of the AoR. AoRs can be 

based on bone geometry: EPI is the axis connecting the most 

prominent points on the epicondyles and GEO is the axis 

connecting the centers of the epicondyles. fAoRs are motion- 

based. To calculate fAoRs, distinction is made between sphere 

fitting techniques, e.g. GL[1], and axis transformation 

techniques, e.g. SARA[2]. These methods have been validated 

in simulation only. The main drawback of these validation 

approaches is that they do not show the susceptibility of 

location and orientation of the fAoR to soft tissue artifacts 

(STA) and the effects of muscle contraction including (i) 

larger STA and (ii) the direct effect of contracting muscles on 

both location and orientation of the AoR [5]. 

 

In this study (i) we compare GL and SARA based on active 

and passive dynamometer experiments, (ii) we combine both 

methods with KMY, (iii) we validate our results by calculating 

EA based on MR-images, (iv) we compare knee joint angles 

and accelerations resulting from EA and fAoRs calculated by 

GL. 

  

 

METHODS  

Five healthy subjects seated in a Biodex dynamometer 

performed isokinetic motion by flexing and extending the 

right knee through its range of motion (ROM) at 30°/s and 

60°/s. Each subject executed three trials by actively moving 

the device, and three trials while the device was moved with 

the leg passively lying upon the device to minimize soft tissue 

artifacts due to active muscle contraction. Markers were 

placed on femur (ten) and tibia (five). A Krypton camera 

tracked the markers. Using KS, we calculated generalized 

coordinates describing the pose of femur and tibia separately 

as input to fAoR calculations. fAoRs were calculated using 

GL and SARA. We combined both methods with KMY. To 

validate, we calculated EAs based on MR-images according to 

Chasles’s theorem. To this end, each subject underwent four 

MR-scans (3T) of the right leg at four different knee angles. 

Markers were placed as during dynamometry.  

We studied (as described in table 1) (i) the correspondence in 

orientation and location between corresponding fAoRs 

calculated using GL and SARA, (ii) the correspondence in 

orientation and location between the motion-based EA and the 

motion-based fAoRs; (ii-b) the influence of combining GL 

and SARA with KMY on the location and (iii) the 

correspondence in orientation and location between the 

geometry-based GEO and EPI and the motion-based fAoRs. 

Finally, we obtained RMS values and maximal values of the 

difference in estimated knee joint angles and estimated knee 

joint accelerations calculated by KS. We used EA and the 

fAoR resulting from GL based on passive measurements for 

these calculations. 

 

RESULTS AND DISCUSSION 

As for the correspondence in orientation and location between 

fAoRs resulting from SARA and GL (results shown in table 

1b), we found similar results for passive measurement 

conditions. For active measurement conditions, the difference 

in orientation doubled and the difference in location 

quadrupled. This indicates that these methods have different 

sensitivity to only or both (i) STA and (ii) the influence of 

muscle contraction on the location and orientation of the 

fAoRs.     

As for the correspondence in orientation and location between 

fAoRs and EA (results shown in table 1a), we found 

differences in orientation ranging from 1.9° (GL) to 5.6° 

(SARA) in  the transversal plane and from 5.3° (GL) to 7.5° 

(SARA) in the frontal plane based on passive measurements. 

Differences in orientation based on active measurements were 

smaller for fAoRs resulting from GL (transversal 3.4°; frontal 

4.5°) than for fAoRs resulting from SARA (transversal 8.5°, 

frontal 8.6°). The differences between GL and EA were 

similar for passive and active measurements. This indicates 

that GL is less sensitive to the effects of muscle contraction on 



calculated orientation of fAoRs than SARA. We found 

differences in location between EA and fAoRs resulting from 

passive measurements ranging from 3.0 mm to 4.3 mm. We 

found differences in location between EA and fAoRs resulting 

from active measurements ranging from 9.9 mm to 12.8 mm. 

This indicates that both methods are more sensitive to the 

effects of muscle contraction when it comes to calculating the 

location of fAoRs. Combining GL and SARA with KMY 

increased the differences in location up to 32 mm. This 

suggests that applying KMY is not valid for calculating fAoRs 

during isokinetic dynamometry.  

As for the correspondence in orientation and location between 

fAoRs and geometry-based axes GEO and EPI (results not 

shown), we found a larger difference in orientation and mainly 

in location as when comparing the fAoRs to the motion-based 

EA. This observation was more pronounced for fAoRs 

resulting from passive measurements. 

RMS-values for the difference in knee joint angle were  <2° (± 

0.8°). Maximal difference in knee joint angle was <5° (± 2°). 

This is smaller than 5% of the maximal knee joint angle 

estimated for EA. RMS-values for the difference in knee joint 

acceleration were <25°/s² (±5°/s²). Maximal difference in knee 

joint acceleration was <55°/s² (±15°/s²). This is smaller than 

30% of the maximal knee joint acceleration estimated for EA.  

 

 

CONCLUSIONS 

We compared GL and SARA to calculate fAoRs based on 

marker trajectories measured during isokinetic dynamometry.  

 

We validated the fAoRs by comparing them with EA 

calculated based on MR-images. We combined GL and SARA 

with KMY. We found the best intra trial consistency in fAoRs 

resulting from GL according input based on Kalman 

Smoothing. fAoRs for active and passive motion are different. 

We found the better agreement between EA, which is based on 

passive motion, and the fAoRs based on passive measurement  

conditions. KMY does not improve the location of fAoRs 

during isokinetic dynamometry. 

Knee joint angles calculated based on EA and fAoR by KS do 

not differ. Knee joint accelerations calculated based on EA 

and fAoR by KS differ up to 30% in comparison to the 

maximal acceleration calculated for EA.   
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Table 1: Table (a) shows the differences in location [mm] and orientation [°] between axes resulting from GL and SARA 

respectively and the equivalent axis used as a measure to validate. Table (b) shows the differences in location [mm] and orientation 

[°] between axes resulting from GL and SARA. The experiments were executed at two velocities, 30°/s and 60°/s indicated as 30 

and 60, both actively (A) and passively (P). Differences in orientation are expressed as the angle between the projection of the axes 

in the transversal plane and in the frontal plane. Differences in location are expressed as the distance between the intersection 

points of the axes with the sagittal plane. Differences in location after applying KMY are given. Values are averaged over the 

subjects. Standard deviations are reported between brackets.  

  

 

 

 

 

Measurement 

condition 

GL-EA SARA-EA 

Orientation  

[°] 

Location  

[mm] 

KMY  

[mm] 

Orientation  

[°] 
Location [mm] 

KMY  

[mm] 

transversal frontal sagittal sagittal transversal frontal sagittal sagittal 

30A  2,8 (1,5) 3,8 (3,3) 9,9 (4,4) 16,9 (12,3) 8,4 (5,7) 8,6 (4,4) 11,4 (6,4) 12,2 (7,8) 

30P 2,1 (1,9) 5,4 (2,9) 3,8 (2,0) 14,3 (8,6) 4,3 (3,4) 6,4 (4,2) 3,0 (2,5) 13,3 (11,2) 

60A 3,4 (1,2) 4,5 (3,0) 11,5 (6,8) 32,4 (19,6) 8,5 (6,5) 8,6 (4,5) 12,8 (6,8) 24,3 (7,1) 

60P 1,9 (1,8) 5,3 (2,9) 4,3 (2,1) 31,7 (23,5) 5,6 (3,3) 7,5 (3,0) 3,8 (2,6) 21,2 (8,7) 

GL-SARA 

Measurement 
condition 

Orientation  

[°] 

Location  

[mm] 
Measurement 

condition 

Orientation  

[°] 

Location  

[mm] 

transversal frontal sagittal transversal frontal sagittal 

30A 6,1 (5,0) 4,8 (3,9) 12,6 (5,8) 60A 5,7 (5,5) 4,3 (3,3) 15,4 (10,9) 
30P 2,3 (2,5) 2,1 (2,0) 3,9 (2,0) 60P 3,8 (2,8) 2,5 (1,8) 3,6 (2,5) 

(a) 

(b) 


