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Estimation of the finite center of rotation in planar movements

The finite center of rotation (FCR) is often used to assess joint function. It was the purpose of this study to compare the accuracy of the procedure of Crisco et al. 
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Abstract The finite center of rotation (FCR) is often used to assess joint function. It was the purpose of this study to compare the accuracy of the procedure of Crisco et al. [4] for estimating the FCR with a procedure which uses least-squares principles. The procedures were evaluated using noisy data rotated about a known FCR. Both procedures demonstrated increasing accuracy of FCR estimation with increasing rotation angle. As the centroid of a pair of markers was moved further from the FCR, accuracy of its location decreased. Noise levels had a strong influence on FCR estimation accuracy, with the least-squares procedure being better able to cope with noise. Increasing the number of landmarks increased FCR estimation accuracy. The accuracy of the procedure of Crisco et al. [4] increased when multiple estimates of the FCR were averaged. On all of the evaluations performed, the least-squares procedure gave small improvements in the accuracy of estimating the FCR, but was not able to circumvent the inaccuracies which arise when landmarks are not appropriately positioned, numerous, or if the rotation angle is small.  2001 IPEM. Published by Elsevier Science Ltd. All rights reserved. Keywords: Finite center of rotation; Least-squares; Kinematics



1. Introduction The center of rotation for human joints in two-dimensions is a kinematic variable which is popular for the assessment of joint function. The center of rotation is normally represented by the finite center of rotation (FCR) which relates to a measure taken from a single finite displacement. Of course during the move from initial to final position there is a continuous (instantaneous) center of rotation (ICR). In certain instances the FCR is evaluated for small movement steps as an approximation to the ICR. Human movement is often not two-dimensional in nature, despite this, human movement is often analyzed in two-dimensions due to the relative simplicity of data collection, analysis, and interpretation in two-dimensions. Frankel et al. [5] used the FCR as a way of quantifying damage to human knee joint surfaces or ligaments, others have performed similar investigations [14]. Selbie et al. [13] used the FCR to quantify the mobility of the cervical spine of the cat. Alexander [1] assessed
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the FCR of the dog knee joint so that the moment arms of the muscles crossing the joint could be computed. Muscle moment arms have been estimated in man using a variety of imaging techniques [7,8,12], where the FCR was estimated using the procedure of Reuleaux [11]. Irrespective of the application for which the FCR is computed, the accuracy of its estimation is important. A number of different procedures have been advanced for the computation of the FCR. Reuleaux [11] graphically demonstrated that the FCR is the point of intersection of the mid-perpendiculars of two distinct landmark displacement vectors. This approach assumes that the pairs of landmark coordinates are error free, but if there are errors in the landmark positions for small angles of rotation, the errors in the FCR can be significant. Panjabi [9] presented an analytical expression for the procedure of Reuleaux. Walter and Panjabi [18] showed how the Reuleaux procedure could use multiple marker pairs with the weighted mean of multiple FCR estimates being recommended as the best estimator of the FCR. Using basic equations for rigid body kinematics, Spielgeman and Woo [15] presented a procedure which only requires a pair of markers to estimate the FCR. In a similar vein Crisco et al. [4] also presented a procedure for estimating the FCR. Both of these procedures were demonstrated to be less sensitive to noise than the Reuleaux procedure.
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A number of researchers have evaluated the accuracy of the estimation of the FCR by the available procedures. Spielgemen and Woo [15] showed that their procedure was more accurate than that of Reuleaux [11], while Crisco et al. [4] found that their procedure was more accurate than that of Spielgemen and Woo [15]. Therefore, the procedure of Crisco et al. [4] represents one of the more accurate of the currently available procedures. It was the purpose of this study to compare the accuracy of the procedure of Crisco et al. [4] for estimating the FCR with a procedure which uses least-squares principles. For both procedures the accuracy of their estimations of FCR were investigated for different numbers of landmarks, landmark configurations, and noise levels.



When only a pair of markers are used it is possible to visualize this approach geometrically (Fig. 1a). The point p lies in the middle of a line between the midpoint of the pair of landmarks in the initial, and the midpoint of the pair in the final position. This mid-point line represents vector ⌬v. The FCR lies along a line passing through p, and perpendicular to this mid-point line. The angle j represents the relative attitude of the body in the two positions, and also represents the angle between the two lines from the mid-points intersecting at the FCR. For comparison, the procedure of Reuleaux [11] is graphically presented in Fig. 1b, where the FCR is the point of intersection of two lines which are the mid-perpendiculars of two distinct landmark displacement vectors.



2. Method



2.2. Evaluation criteria



2.1. Procedures evaluated



Four different evaluations were performed of the two procedures. In all cases the FCR was assumed to be the origin of the inertial reference system. The first two evaluations were replicated from Crisco et al. [4]. Except for evaluation 3 the data points were corrupted with white noise with a mean value of zero and a standard deviation of 0.5 mm, which was produced using a random number generator. For each evaluation the two procedures were used to estimate the FCR. The four evaluations were



Two different procedures were used to compute the FCR, the procedures were: Procedure A—was the procedure of Crisco et al. [4] who presented the formulae for determining the FCR for a rigid body undergoing a transformation from one position to another. Procedure B—this procedure uses a least-squares procedure for determining the rigid body attitude and position and then basic rigid body relationships were used to compute the FCR. If co-ordinate reference frames are defined for the rigid body as well as an inertial reference frame the following relationship can be stated y(t)i⫽[R(t)]·x(t)i⫹v(t)



1. Two data points 60 mm apart aligned so that a line between the two lies on the y axis, and the mid-point was on the origin of the axis system. These data



(1)



where y(t)i is the position of point i on rigid body measured in the inertial reference frame; cosf −sinf is an attitude matrix; x(t)i is the [R(t)]= sinf cosf position of point i on rigid body measured in the rigid body reference frame; and, v(t) is the position of the origin of rigid body reference frame in the inertial reference frame.
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To determine the attitude matrix and position vector a least-squares procedure was used, this procedure is outlined in Appendix A. If the attitude matrix and position vector are known at two instants (e.g. t1,t2), then it is possible to compute the FCR using the following relationship FCR⫽p⫹[2·tan(12j)]−1·[R(90°)]·⌬v



(2)



where: p=12(v(t1)+v(t2)); j=j(t2)-j(t1); [R(90°)] is an attitude matrix representing a 90° counter-clockwise rotation; and, ⌬v=v(t2)⫺v(t1).



Fig. 1. Illustrates for a rigid body moving from one position to another, the estimation of the FCR (a) using the procedure outlined in Eq. (2), and (b) the procedure of Reuleaux [11].
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points were rotated through angles from 4 to 24 degrees (see Fig. 2a). 2. A set of similarly orientated data points were used but this time the distance from the FCR to the midpoint of the pair was varied horizontally from 0 to 180 mm, the rotation angle was fixed at 10 degrees (see Fig. 2b). 3. Using the same data points as in evaluation 1 with a fixed rotation angle of 10 degrees, but with the standard deviation of the noise varying from 0.1 mm to 1.5 mm. 4. The number of landmarks was varied from 3 to 6. For all configurations the mean landmark position was the FCR and the landmarks were arranged so that they all had the same root mean square distance to the mean landmark position. The angle of rotation was fixed at 10 degrees. For every condition a set of 100 noisy data points were used. As the center of rotation was always at the origin of the inertial reference frame, the error in the estimation of each center of rotation was computed from error⫽[x2c⫹y2c]1/2



(3)



where: xc is the estimate of FCR location in the x direction in the inertial reference frame; and yc is the estimate



Fig. 2. Illustrates the rigid body position and orientation for the evaluations performed of FCR estimation accuracy, the dark rigid body is the original position and orientation and the lighter the new one. (a) example of the configurations used for evaluations 1, 2, and 4, and (b) examples of the configurations used for evaluation 3, where the mean marker position is at four different distances from the FCR.
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of FCR location in the y direction in the inertial reference frame. The mean and standard deviation of the error was computed.



3. Results As the rotation angle was increased the accuracy in the estimation of the FCR increased for both procedures (Fig. 3). At the smallest rotation angles procedure B was superior to procedure A, at the larger angles the differences were marginal. In all cases the mean and standard deviation of the error was smaller for procedure B, typically by 17%. As the mean position of a pair of landmarks was moved further from the FCR, the accuracy of its determination by both procedures decreased (Fig. 4). Procedure B was more accurate than procedure A but the difference between the two became marginal with increasing distance. With increasing noise levels the accuracy with which the FCR was estimated decreased. Procedure A produced higher mean errors than procedure B (Fig. 5). Typically the error levels were 20% lower for procedure B than they were for A. One option for increasing the accuracy of the FCR estimation is to increase the number of landmarks, as the number of landmarks increases for both procedures the accuracy of FCR estimation increased (Table 1). With the procedure of Crisco et al. [4] only a pair of landmarks are required, therefore, to exploit the additional landmarks two approaches were taken. The FCR was estimated for each possible combination of landmark pairs, and both the pairing which gave the best estimate



Fig. 3. The mean and standard deviation of the error in estimating the finite center of rotation is presented as the rotation angle is varied from 4 to 24 degrees. For procedure A (solid line), and procedure B (dashed line). (Note for ease of viewing the results for procedure B have been offset slightly along the x axis.)
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Table 1 The mean and standard deviation of the error in estimating the finite center of rotation is presented as number of landmarks is increased from 3 to 6 Number of markers



3 4 5 6



Mean of Procedure A Error (mm)



Best of Procedure A Error (mm)



Procedure B



3.0±1.6 2.6±1.6 2.5±1.4 2.3±1.5



4.9±2.5 5.1±3.5 4.3±2.6 5.1±3.4



2.9±1.6 2.4±1.3 2.1±1.1 1.9±1.1



Error (mm)



4. Discussion



Fig. 4. The mean and standard deviation of the error in estimating the finite center of rotation is presented as the mid-point between a pair of landmarks is moved away from the FCR. For procedure A (solid line), and procedure B (dashed line). (Note for ease of viewing the results for procedure B have been offset slightly along the x axis.)



The estimation of the FCR can be a useful descriptor in the analysis of human movement. In the present study two procedures were compared for their ability to estimate the FCR. Other procedures are available for the determination of the center of rotation but were not evaluated. A series of evaluations in the literature demonstrate that amongst the available procedures that of Crisco et al. [4] represents one of the more accurate [4,15]. Therefore, comparisons in the present study focused on comparisons of the procedure of Crisco et al. [4] with a new procedure (procedure B). For the comparisons made of the two procedures, procedure B was superior to procedure A under all conditions, but it should be noted that the increased accuracy was very small under certain conditions. In many studies the location of the FCR only is of interest (e.g. [5,14]), but in certain applications, the amount of rotation about this point is also of interest. As pointed out in Woltring et al. [19] the angle of rotation about the FCR is not very sensitive to the procedure used for determining it. Woltring et al. [19] presented an equation for estimating the error in measuring this angle, 2s2 s2j⫽ 2 mr



Fig. 5. The mean and standard deviation of the error in estimating the finite center of rotation is presented as the noise corrupting the data points is increased from a standard deviation of 0.1 mm to 1.5 mm. For procedure A (solid line), and procedure B (dashed line). (Note for ease of viewing the results for procedure B have been offset slightly along the x axis.)



of the FCR and the mean estimate computed. Table 1 shows that for procedure A the mean of repeat estimates produces greater accuracy than the best possible estimate from a single pair of landmarks. Such an averaging procedure for procedure A does not produce as accurate estimates of the FCR as procedure B, although the differences were small.



(4)



where: sj is the standard deviation of noise in the estimation of rotation angle; s is the standard deviation of noise in estimate of position data; m is the number of landmarks; and, r is the landmark distribution radius (root mean square distance from landmarks to mean landmark position). Therefore to increase the accuracy of angle determination, noise influences should be minimized, and both the number of landmarks and their distribution should be as large as possible. With human limbs there are natural constraints to maximizing both the number of landmarks and their distribution, and if skin mounted markers are used, skin movement artifact can constrain both the number and positioning of markers [6]. Procedure A only required the positions of two land-
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marks, as do other procedures (e.g. [11,15]). Procedure B was more accurate than procedure A when using only two landmarks, but could easily accommodate more markers. With procedure A, averaging data from multiple pairs of landmarks increased FCR estimation accuracy. This approach has a number of deficiencies, primary among these is that the errors associated with each possible landmark pair are not uncorrelated. A similar critique can be applied to the procedure of Walter and Panjabi [18]. Procedure B used a least-squares procedure for the estimation of attitude and position. Using this procedure removes some of the influence of noise in the position data, but cannot account for all of it. Careful experimental protocols to reduce noise influences are important irrespective of which procedure is used. There have been a number of studies which have attempted to compute the influence of errors on the estimation of the FCR (e.g. [2,10,19]). Panjabi et al. [10] showed that the accuracy of the FCR decreased as the rotation angle decreased, and was dependent on landmark distribution. Woltring et al. [19] greatly extended previous work by providing equations for computing the error in the determination of the error in the estimation of the FCR. These equations demonstrate that the error in estimating the FCR is proportional to the angle of rotation, and inversely proportional to the landmark distribution. The error also increases the further the centroid of the markers is away from the FCR. These recommendations are reflected in the pattern of results seen in this study. There are practical limitations to maximizing FCR estimation based on these recommendations: for certain applications it is not always possible to keep the angle of rotation large; the size of the landmark distribution is limited; and surrounding the FCR with the markers is difficult especially as its location is not know a priori. Given the practical limitations of optimizing conditions for estimating the FCR, the procedure for the determination of the FCR must be as accurate as possible. Increasing noise levels decreased the accuracy of FCR estimation. If a series of FCR are to be estimated, the data points used can be considered as time series data and appropriate filtering techniques employed to reduce noise influences. If only a limited number of positions are to be examined, such an approach is not possible, in which case there are two options. One is to increase the number of landmarks which reduces noise influences (see Table 1), or to take repeat measures of the landmark locations and use averaging to reduce noise influences. On occasions, the FCR is used as an approximation to the ICR. To approximate the ICR by the FCR small movement increments are required, but errors in the FCR are inversely proportional to the magnitude of the rotation (see Fig. 3). When approximating the ICR by the FCR a balance must be sought between the rotation size and errors in the FCR. In this study the determination of the FCR has been
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examined, so a two-dimensional analysis has been performed. A number of least-squares procedures have been presented for the three-dimensional determination of segment attitude and position (e.g. [3,16,17]). It is possible to use some of these procedures to determine attitude and position in two-dimensions, the advantage of the procedure presented in Appendix A is that it is numerically simpler, requiring fewer computations, is therefore quicker, and yet yields the same least-squares solution. If the attitude and position of a body is known at two or more instants the finite helical axis (FHA) or instantaneous helical axis (IHA) can be computed [20]. As human movement is normally not planar, the use of FHA or IHA are typically more appropriate than FCR or ICR, but the use of the FCR persists (e.g. [1,5,7,8,12– 14]) because less equipment is required for measurements in two-dimensions, and the relative ease of computations and interpretation. The FCR has been used for the examination of human (e.g. [5,7,8,12,14]) and animal movement (e.g. [1,13]). In this study mean errors in the estimation of the FCR ranged from around 2 mm to 15 mm. To place these figures in context, consider that the motion of the FCR of the ankle joint has been reported to around 4 mm during 15 degrees of plantarflexion [8]. The moment arm of a muscle referenced to the FCR may only be 15 mm [1], in which case errors of this magnitude can be quite significant. For the human tibialis anterior, moment arms between 29 to 45 mm have been reported in which case errors of this magnitude are still relevant [7]. Therefore accuracy in estimating the FCR can be important, to this end a procedure has been presented here which is more accurate for estimating the FCR than other commonly used procedures. Finally it should be re-iterated that human movement is rarely two-dimensional in nature, and that computation of the FCR as well as being subject to the errors identified in this study are also subject to the assumption that any movement analyzed in this way may not actually be planar.
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Appendix A Given an inertial reference frame and a reference frame defined for a rigid body, the transformation of coordinates measured in rigid body reference frame to the inertial reference frame to the rigid body reference can be represented by yi⫽[R]xi⫹v



(A1)
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where: yi is the position of point i on rigid body meascosf −sinf ured in inertial reference frame; [R]= is the sinf cosf attitude matrix; xi is the position of point i on rigid body measured in rigid body reference frame; and, v is the position of the origin of rigid body reference frame in the inertial reference frame. Matrix [R] is a proper orthonormal matrix, which therefore has the following properties



冋



册



[R]T[R]⫽[R][R]T⫽[R]−1[R]⫽[I]



(A2)



det[(R)]⫽⫹1



(A3)



where: [I] is the identity matrix; and, det([R]) denotes the determinant of matrix [R]. In a least-squares sense the task of determining [R] and v is equivalent to minimizing



冘



(A10)



where the subscripts x,y refer to the horizontal and vertical components of the vectors, respectively. Therefore f should be selected so that 0⫽P·cos(f)⫹Q·sin(f)



(A11)



where



冘 n



P⫽



(y⬘xix⬘yi⫺y⬘yix⬘xi)



i⫺1



冘 n



Q⫽



(y⬘xix⬘xi⫹y⬘yix⬘yi)



(A4) The root to Eq. (A11) is obtained from



where n is the number of common landmarks measured in both reference frames (nⱖ2). The vector v can be determined from the mean vectors v⫽y¯ ⫺[R]x¯



冘 n



2 ⬘ ⬘ 0= cos(f)(yxi xyi⫺y⬘yix⬘xi)+sin(f)(y⬘xix⬘xi+y⬘yix⬘yi) ni⫽1



i⫽1



n



1 ([R]xi⫹v⫺yi)T([R]xi⫹v⫺yi) ni⫽1



respect to the attitude angle (f) to zero, then the following equation is obtained



(A5)



where



冘 冘



f⫽⫺tan−1



冉冊 P Q



(A12)



Given f, Eq. (A5) is used to compute the position vector.



n



x¯ ⫽



1 x ni⫽1 i



y¯ ⫽



1 y ni⫽1 i
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Substitution of Eq. (A5) into expression A4 gives



冘 n



1 ([R]xi⫺yi⫹y¯ ⫺[R]x¯ )T([R]xi⫺yi⫹y¯ ⫺[R]x¯ ) ni⫽1



(A6)



Expression A6 can be further simplified by substituting in the following vectors x⬘i⫽xi⫺x¯



(A7)



y ⫽yi⫺y¯



(A8)



⬘ i



which makes expression A6, after appropriate simplification



冘 n



1 ⬘ (y⬘Ty⬘⫹x⬘Tx⬘⫺2y⬘T i [R]xi ) ni⫽1 i i i i



(A9)



Expression A9 can be expanded by multiplying out the final term in the parentheses. The sum of squares is minimized by setting the derivative of the equation with
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