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Technical Note

Instantaneous moment arm determination of the cat knee
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Abstract

The moment arm is an important parameter for calculating forces and pressures at a joint. Present techniques described in the
literature are limited for joint studies in animals because of the invasive procedures required which destroy the joint integrity. This
paper describes a new application of the instantaneous helical axis (IHA) for determination of the moment arm of the knee joint
without compromising its integrity. Measurements based on the IHA technique are compared to an established technique using six
cadaveric cat hind limbs. One experiment using the IHA technique was performed to demonstrate its application in situ. It was found
that the moment arm determined by both techniques resulted in continuous estimations of similar magnitudes over the expected
range of motion of the knee joint, although the THA technique is sensitive to smoothing. A trend toward increasing moment arm as
a function of increasing knee angle was observed in four of six specimens. The in situ experiment demonstrated the ability to use the
THA technique without compromising the integrity of the knee joint so that further histological, morphological, or topological

information could be investigated. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A moment arm is defined as the perpendicular distance
between the line of action of a muscle or tendon and the
joint axis of rotation (e.g. Spoor et al., 1990). It is useful
for the calculation of joint torques and internal joint
contact forces (Ronsky, 1994), it can also give insight into
the function of a joint (Young et al., 1993). In animal joint
injury models there are often both mechanical and biolo-
gical changes associated with an injured joint. Therefore,
it is advantageous to measure the moment arm without
compromising the integrity of the joint so that further
histological, mechanical, and topological measurements
can be made.

There have been several techniques reported in the
literature for measuring moment arms. A comprehensive
review and evaluation of these techniques was presented
by An et al. (1984). The measurement techniques re-
viewed can be divided into three general categories: geo-
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metric methods (e.g. An et al., 1981), tendon displacement
methods (An et al., 1983; Brand et al., 1975; Spoor et al.,
1990), and direct load measurement methods (e.g. Ketchum
et al., 1978). The disadvantage of many of these tech-
niques is that they require specimen dissection resulting
in loss of joint integrity which limits further analysis.
A more recent technique uses magnetic resonance imag-
ing (MRI) for determination of moment arms of intact
human joints (Rugg et al., 1990; Spoor et al., 1990).
However, MRI is presently limited due to high cost, the
limited number of measurements possible at discrete
knee angles, and the difficulty of application to small
joints due to limited resolution.

The instantaneous helical axis (IHA) method describes
joint motion in terms of a rotation about and a transla-
tion along a helical axis (Woltring et al., 1994). The IHA
is a three-dimensional axis of joint rotation and its posi-
tion may vary as a function of joint angle. Combining the
knowledge of both the joint axis of rotation using the
ITHA with the measured three-dimensional line-of-action
(LOA) of the tendon, the moment arm can be estimated
as the common perpendicular distance between the two

(Fig. 1).
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Fig. 1. The moment arm (| M 4|) of the knee is the common perpendicu-
lar distance between the instantaneous helical axis (IHA) and the
tendon line of action (LOA).

The purpose of this study is to demonstrate the suit-
ability of this new application of the IHA technique for
the determination of joint moment arm calculations in
a cat knee joint while retaining the integrity of the joint
for subsequent biological measurements. Moment arm
measurements are calculated with the IHA technique and
are compared with the tendon excursion method (e.g.
Spoor et al., 1992). Practical application of the IHA
technique is demonstrated with an in situ determination
of moment arm.

2. Methods

Six cadaveric cat hind limbs (3.1 + 0.7 kg) were used in
this study. For each limb, the IHA moment arm data was
collected first, then the tendon excursion data. This order
was consistent for all limbs because joint integrity is not
maintained after the tendon excursion protocol. Finally,
an experiment was performed to demonstrate the practi-
cal use of the IHA method in situ. All aspects of animal
care and experimental procedures were approved by the
University of Calgary Animal Care Committee.

The six fresh frozen hind limbs were severed at the
proximal end of the femur and fixed in a rigid clamp so
the knee joint could freely move from 40° to 140° knee
angle (Fig. 2a). Two marker arrays with four markers
each were mounted on the femur and tibia. Markers in
each array were distributed isotropically to accurately
define the rigid body motion description (Challis, 1995).
Two flat round markers mounted on the proximal and
distal ends of the exposed patellar tendon defined the
tendon LOA. A video-based motion analysis system (Ex-
pert Vision, Motion Analysis Corporation, Santa Rosa,
CA) consisting of four digital cameras (240 Hz) was used

to collect the three-dimensional kinematic marker posi-
tion data (RMS = + 80 um in x, y, and z estimated from
a static trial) during 10 repeated trials of continuous leg
movement from maximum flexion to maximum exten-
sion. The passive motion was induced by manually pull-
ing on the quadriceps muscle group and each cycle took
an average of 1.5 s. For each specimen, ten repeated trials
were performed to determine repeatability of the moment
arm measurements. An additional ten trials were conduc-
ted with a +5° (medial)and — 5° (lateral) deviation from
the quadriceps LOA (0°) to test the IHA technique sensi-
tivity to the direction of quadriceps pull. The one in situ
experiment followed a similar protocol to the cadaveric
experiment, except the quadriceps were activated by elec-
trical stimulation of the instrumented femoral nerve
(Herzog et al., 1992; Ronsky et al., 1995). The kinematic
data was smoothed with quintic splines at an effective
Butterworth cut-off frequency of 3 Hz (GCVSPL pack-
age: Woltring, 1986).

Detailed theoretical background and method for de-
termining the IHA is described by Berme et al. (1990) and
Woltring et al. (1994). Determining the three-dimensional
position of the THA at each sampling time interval for
subsequent moment arm calculations requires determin-
ing the angular velocity vector (@), which indicates IHA
orientation and magnitude, and the axis position vector
(p,) which locates the IHA in the reference coordinate
system. The vector p, is a function of the velocity (i) of
the point on the rotating body instantaneously coinci-
dent with the origin of the fixed frame:

pu =0 x| @]

In calculating @, the rigid body motion as a function of
time with respect to a stationary neutral trial in the lab
coordinate system (lcs) was determined for the tibia (<R
and 'd) and the femur (R and '§d) (Soderkvist and

Wedin, 1993), and su‘t_>sequent1y the relative rotations, 'R,
and displacements, fd:

tfR — IC§RT.lctsR’
fj — lcstT(lctsd_ _ lcgd_)‘

The relative rotations and displacements were differen-
tiated using a three-point finite difference algorithm to
obtain 'R and d, respectively (Woltring et al., 1994).
Finally, a skew-symmetric matrix (S) was calculated (Be-

rme et al., 1990) from which the angular velocity, @, is
extracted.
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Fig. 2. Schematic of experimental setups of knee joint for (a) instantaneous helical axis technique, and (b) tendon excursion technique. Straight edges
mounted on the tibia and femur are used to define the knee joint angle. Knee angle is defined as the inside angle between the tibia and femur.

The three-dimensional unit vector representing the
THA (iha) has the direction @ and passes through p,.
Further clarifying, any point p on the THA can be written
as p = p, + oo for some scalar «. The direction of the
tendon LOA is represented by a three-dimensional vec-
tor (loa) passing through the two markers on the patellar
tendon surface, offset by half the tendon thickness. The
moment arm (|| M 4|) is the magnitude of the common
perpendicular between the iha and loa vectors:

¥4l = ————— |foa x Tha) e
[loa x iha||
where vtv is a three-dimensional vector connecting an
arbitrary point on IHA with an arbitrary point on LOA.
The tendon excursion technique (Spoor et al., 1990)
was adapted from the work of Hasler (1996). The hind
limb was embalmed (10% formaldehyde) for 24 h with
the leg fixed in full extension. The fixation stiffens the soft
tissues which allows reliable measurements of the tendon
gap. The patellar tendon was transected at the mid-sec-
tion, and a series of 12 sagittal plane photos (Fig. 2b)
were taken at finite steps of approximately 5° increments

from 150° to 60° of decreasing knee angle (flexion series),
and then 12 more photos were taken as the leg was fully
extended in 5° increments (extension series). The joint
angle and tendon gap were digitized from the photos,
smoothed (0.5 Hz) using quintic splines (An et al., 1983;
Spoor et al., 1990), and the derivatives were determined
to calculate the moment arm as a function of joint angle.

3. Results

The mean and standard deviation (SD) of the moment
arm determined with the THA technique for each cada-
veric specimen (10 trials each) were determined as a func-
tion of joint angle between 70° and 150° knee angle. For
the same joints, the moment arms determined by the
tendon excursion method for the flexion and extension
series of data showed magnitudes quantitatively similar
to those determined by the IHA technique (Fig. 3). Both
techniques determined the moment arm within the
bounds of knee angles that a cat knee joint operates
during normal activities (Goslow et al., 1973). There is
a trend toward increased moment arm as a function of
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Fig. 3. Comparison of the moment arm vs knee angle of a typical
cadaveric specimen using both the IHA technique (mean, solid line;
S.D., dotted line) and the tendon excursion technique (extension series,
dashed line; flexion series, dash-dotted line).

increased knee angle, although this was consistent for
only four of six cadaveric specimens. The decreased ten-
don excursion moment arm calculated with the flexion
series of data is due to a lower rate of tendon excursion as
a function of knee joint angle than for the extension series
of data.

There was no substantial difference in the IHA mo-
ment arm in the cadaveric specimens when the quad-
riceps pull deviated medially or laterally (4 5°) from the
estimated quadriceps LOA. This indicates that the IHA
results for the cadaveric specimens are not sensitive to
small deviations of the quadriceps LOA while being
manually pulled.

The IHA moment arm length determined in the in situ
experiment for ten trials were averaged and the SD deter-
mined between knee angles of 70° to 120° (Fig. 4). The
reduced range of knee angles was due to the inability to
track the marker data collected past 120° due to non-
optimal camera placement. The standard deviations of
the IHA moment arm determined for the in situ experi-
ment were less than all cadaveric experiments.

4. Discussion

The THA is a differential quantity which makes it
sensitive to landmark position errors (Woltring et al.,
1985). Therefore, the ITHA moment arm results are sensi-
tive to the degree of smoothing selected for the tibia and
femur landmark position data. Ideally, an objective
method of determining the smoothing factor for these
data would be preferred, however Woltring et al. (1994)
showed that the GCV optimum did not result in the
minimal THA dispersions, and typically undersmoothed
the data (de Lange et al., 1990; Woltring et al., 1985). An
alternative objective method was attempted using the
estimated RMS of these data. However this also under-
smoothed the data. A subjective approach was the most
successful where the smoothing factor was chosen by
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Fig.4. Moment arm vs knee angle using the IHA technique of an in situ
specimen (mean, solid line; S.D., dotted line).

a visual inspection of the fit of the splines to the raw
positional marker data with the criterion that the impor-
tant signal component of the joint motion was retained
while the noise component was smoothed over. Interest-
ingly, the final smoothing factor chosen corresponded to
the ad hoc criteria suggested by Woltring et al. (1994) to
select five times the fundamental frequency. Although
a limitation of the THA moment arm technique is that an
objective smoothing criterion could not be employed, the
subjective method resulted in reasonable estimations.

The IHA technique provides a highly sampled (360
points) measurement of the moment arm over the range
of motion of the knee joint based on the mean and SD of
ten repeated trials for each specimen. These results com-
pare well with the tendon excursion measurements
(Fig. 3), although this technique resulted in two different
moment arms due to hysteresis between the flexion and
extension data which has been observed by other authors
(An et al., 1983, 1984; Hasler, 1996; Spoor et al., 1990).
This is caused by the tearing of the soft tissues fixed in
formaldehyde during the initial flexion series of data.
Differences in the IHA moment arm between flexion and
extension motions were not found because joint integrity
is not compromised by the procedure. The less variable
estimate of the moment arm using the tendon excursion
technique compared to the IHA technique may be at-
tributed to a smaller number of sampled data points (12
points) over the range of motion.

A characteristic of the THA is that the position and
direction errors are inversely proportional to the angular
velocity which approaches zero (| @| = 0) at the extremes
of joint motion and results in poorly estimated moment
arms at these extremes (Fig. 4). Furthermore, the THA is
sensitive to the three-dimensional movement patterns
(Woltring et al., 1994) which are reflected in the higher
variability and magnitude of the SD as a function of joint
angle in the cadaveric specimens (Fig. 3) compared to the
in situ specimen (Fig. 4). Motion patterns are more re-
peatable in the in situ experiment due to the muscular
contraction of the quadriceps group around the knee
induced by electrical stimulation. Although the cadaveric
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results provided reasonable moment arms compared to
the tendon excursion method, more repeatable measure-
ment with the IHA technique can be achieved over the
range of joint motion with in situ experiments.

The THA technique is a new method of measuring the
knee joint moment arm that holds various advantages
over previous techniques described in literature. These
include the high number of samples measured during
a continuous motion, measurements from repeated trials
that are averaged to determine error bounds, and, most
importantly, it can be calculated in situ over the range of
knee joint motion while maintaining the integrity of the
joint for subsequent joint analysis.

Acknowledgements

Financial support from the Natural Science and
Engineering Research Council of Canada, Alberta Provin-
cial Graduate Scholarship, and Alberta Heritage Founda-
tion for Medical Research. Excellent technical support
from T.A. Allinger, A.J. van den Bogert, E. Hasler,
L. Wright, D. Young.

References

An, K.N., Takahashi, K., Harrigan, T.P., Chao, E.Y., 1984. Determina-
tion of muscle orientations and moment arms. Journal of Bio-
mechanical Engineering 106, 280—282.

An, K.N.,, Ueba, Y., Choao, E.Y., Cooney, W.P., Linscheid, R.L., 1983.
Tendon excursion and moment arm of index finger muscles. Journal
of Biomechanics 16, 419-425.

An, K.N., Hui, F.C,, Morrey, B.F., Linscheid, R.L., Chao, E.Y., 1981.
Muscles across the elbow joint: a biomechanical analysis. Journal of
Biomechanics 14, 659-669.

Brand, P.W., Cranor, K.C., Ellis, J.C., 1975. Tendon and pulleys at the
metacarpophalangeal joint of a finger. Journal of Bone Joint Surgery
57(A), 779 784.

Berme, N., Cappozzo, A., Meglan, J., 1990. Kinematics. In: Berme, N.,
Cappozzo, A., (Eds.), Biomechanics of Human Movement: Applica-
tions in Rehabilitation, Sports and Ergonomics. Bertec Corporation,
Worthington, OH, pp. 100-102.

Challis, J.H., 1995. A procedure for determining rigid body transforma-
tion parameters. Journal of Biomechanics 28, 733—737.

de Lange, A., Huiskes, R., Kauer, J.M.G., 1990. Effects of data smooth-
ing on the reconstruction of helical axis parameters in human joint
kinematics. Journal of Biomechanical Engineering 112, 107 113.

Goslow, G.E. Jr., Reinking, R.M., Stuart, D.G., 1973. The cat step cycle:
hind limb joint angles and muscle lengths during unrestrained loco-
motion. Journal of Morphology 141, 1-42.

Hasler, E., 1996. In-vivo knee loading before and after ACL transec-
tion in an animal model. Ph.D. Thesis, University of Calgary,
Calgary.

Herzog, W., Leonard, T.R., Renaud, J.M., Wallace, J., Chaki, G., Bor-
nemisza, S., 1992. Force-length properties and functional demands of
cat gastrocnemius, soleus and plantaris muscles. Journal of Bio-
mechanics 25, 1329 1335.

Ketchum, L.D., Thompson, D., Pocock, G., Wallingfold, D., 1978.
A clinical study of forces generated by the intrinsic muscles of the
index finger and the extrinsic flexor and extensor muscles of the hand.
Journal of Hand Surgery 3, 571 578.

Ronsky, J.L., 1994. In-vivo patellofemoral joint contact. Ph.D. Thesis,
University of Calgary Press, Calgary.

Ronsky, J.L., Herzog, W., Brown, T.D., Pedersen, D.R., Grood, E.S.,
Butler, D.L., 1995. In vivo quantification of the cat patellofemoral
joint contact stresses and areas. Journal of Biomechanics 2§(8),
977 984.

Rugg., S.G., Gregor, R.J., Mandelbaum, B.R., Chiu, L., 1990. In vivo
moment arm calculations at the ankle using magnetic resonance
imaging (MRI). Journal of Biomechanics 23, 495-501.

Soderkvist, 1., Wedin, P., 1993. Determining the movements of the
skeleton using well-configured markers. Journal of Biomechanics
26(12), 1473-1477.

Spoor, C.W., van Leeuwen, J.L., 1992. Knee muscle moment arms from
MRI and from tendon travel. Journal of Biomechanics 25(2),
201-206.

Spoor, C.W., van Leeuwen, J.L., Meskers, C.G.M., Titulaer, A.F.,
Huson, A., 1990. Estimation of instantaneous moment arms of
lower-leg muscles. Journal of Biomechanics 23(12), 1247 1259.

Woltring, H.J.,, 1986. A FORTRAN package for generalized cross-
validatory spline smoothing and differentiation. Advances in Engi-
neering Software 8(2), 104—113.

Woltring, H.J., Huiskes, R., de Lange, A., 1985. Finite centroid and
helical axis estimation from noisy landmark measurements in the
study of human joint kinematics. Journal of Biomechanics 18,
379-389.

Woltring, H.J., Long, K., Osterbauer, P.J., Fuhr, A.W., 1994. Instan-
taneous helical axis estimation from 3D video data in neck kin-
ematics for whiplash diagnostics. Journal of Biomechanics 7,
1415-1432.

Young, R.P., Scott, S.H., Loeb, G.E., 1993. The distal hindlimb muscu-
lature of the cat: multiaxis moment arms at the ankle joint. Experi-
mental Brain Research 96, 141-151.



