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Abstract

Moments measured by a dynamometer in biomechanics testing often include the gravitational
moment and the passive elastic moment in addition to the moment caused by muscle contraction.
Gravitational moments result from the weight of body segments and dynamometer attachment,
whereas passive elastic moments are caused by the passive elastic deformation of tissues crossing
the joint being assessed. Gravitational moments are a major potential source of error in dynamometer
measurements and must be corrected for, a procedure often called gravity correction. While several
approaches to gravity correction have been presented in the literature, they generally assume that the
gravitational moment can be adequately modeled as a simple sine or cosine function. With this
approach, a single passive data point may be used to specify the model, assuming that passive elastic
moments are negligible at that point. A new method is presented here for the gravity correction of
dynamometer data. Gravitational moment is represented using a generalized sinusoid, which is fit to
passive data obtained over the entire joint range of motion. The model also explicitly accounts for
the presence of passive elastic moments. The model was tested for cases of hip flexion-extension,
knee flexion-extension, and ankle plantar flexion-dorsiflexion, and provided good fits in all cases.

Keywords

isokinetic dynamometer; joint moment; gravity correction; gravitational moment; passive elastic
moment

Introduction

Dynamometers are widely used in biomechanics research to measure the resultant moment at
a joint due to muscular contraction. However, the moment measured by a dynamometer may
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include not only the moment due to muscular contraction, but also gravitational moment and
passive elastic moment at the joint. Gravitational moments are moments due to the weight of
the limb and dynamometer attachment. As such, they are a major source of potential error in
dynamometer measurements and must be corrected for (Herzog 1988). Passive elastic moments
are caused primarily by the passive elastic deformation of tissues crossing the joint, including
muscles, tendons and ligaments (Yoon and Mansour, 1982). To isolate the moment due to
muscular contraction, gravitational and passive elastic moments must be determined and
subtracted from dynamometer data.

A variety of approaches have been described in the literature for determining gravitational
moments to subtract from measured dynamometer moments, a procedure often referred to as
gravity correction. Several of these share the underlying assumption that the gravitational
moment may be modeled by a simple sine or cosine function, but differ in the method used to
parameterize the model (e.g. Ford et al. 1994; Kellis and Baltzopoulos 1996; Nelson and
Duncan 1983; Westing and Seger 1989; Winter et al. 1981). Modeling gravitational moment
as a simple sine or cosine function allows the model to be parameterized using a measurement
of passive moment at a single angle by the dynamometer, but the resulting functions can vary
greatly depending on the angle chosen (Keating and Matyas 1996). There are two main reasons
for this. First, this approach assumes that zero gravitational moment occurs at a known angle,
such as when the dynamometer arm is perpendicular to the ground. This assumption is not
necessarily valid because the center of mass of the limb-dynamometer arm system not
necessarily known, and is not necessarily aligned with the dynamometer attachment (Keating
and Matyas 1996). Second, this approach assumes that there is no passive elastic moment
present at the chosen angle (Kellis and Baltzopoulos 1996), but passive elastic moment can
affect measured gravitational moment if care is not taken to minimize it (Ford et al. 1994;
Gajdosik et al. 2001). The passive elastic moment may be non-negligible through a
considerable portion of the range of motion (ROM), and the position of one joint can affect
the passive elastic moment at another (Riener and Edrich 1999; Yoon and Mansour 1982),
making the selection of an angle with minimal passive elastic moment difficult.

This paper presents a method for modeling gravitational and passive elastic moments based
on dynamometer data collected during passive isokinetic motion through the entire joint ROM.
Gravitational moment is modeled using a generalized sinusoid, allowing zero gravitational
moment to occur at any dynamometer or joint angle. Moreover, this method accounts for
passive elastic moments and models them separately from the gravitational moment.

Passive moment data collected from twenty healthy, active older adults (ages 55 — 73 years,
ten males, ten females) was used from a strength testing study that has been reported previously
(Anderson et al. 2007). The study was approved by the Virginia Tech Institutional Review
Board, and all participants gave written informed consent prior to participation. Testing was
performed using a Biodex System 3 dynamometer (Biodex Medical Systems, Inc., Shirley,
New York, USA). The dynamometer moved through two full cycles of joint motion in passive
mode at 5 °/s while participants remained relaxed. Moment, angle, and angular velocity were
sampled at 200 Hz for hip flexion-extension, knee flexion-extension, and ankle plantar flexion-
dorsiflexion tests.

As noted, gravitational moment (MG) is usually modeled using sine or cosine functions
(Herzog 1988; Nelson and Duncan 1983; Winter et al. 1981). Passive elastic moment (Mpg)
has previously been modeled using exponential functions (Hoang et al. 2005; Riener and Edrich
1999; Yoon and Mansour 1982). Here, Mg and Mpg were modeled as a generalized sinusoid
and the sum of two exponential terms, respectively:
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M_=A, sin(6)+A; cos(6) (1)
M, =Be""+Bye"’ @

The constants A define the gravitational moment, the constants B and k define the passive elastic
moment, and & is a measure of joint angle in radians. Each exponential term models the passive
elastic moment at one end of the ROM. Although the convention used for @ is flexible, we have
adopted one such that zero represents the anatomical position, and ankle dorsiflexion, knee
flexion, and hip flexion angles are positive.

Passive moment (Mp), as measured by the dynamometer, was modeled as the sum of
gravitational moment and passive elastic moment:

M,=M_+M,,.=A;sin(6)+A,cos(6)

ki 0 ko0

+Be"'"+Bye 3)

All six constants in this equation must be determined to make gravitational moment corrections
and to include passive elastic moments in the model.

The parameters for the passive moment model (Equation 3) were determined by fitting the
model to measured passive moment data. Prior to determining model parameters, the
dynamometer data were low pass filtered (5 Hz cutoff, fourth-order Butterworth filter).
Because of viscoelastic effects, the measured passive moment is somewhat dependent on the
direction of motion, resulting in a hysteresis loop. To reduce such an effect, the model was fit
to data from a full flexion-extension cycle.

The gravitational moment constants A, and A, were first determined by fitting the gravitational
moment equation (Equation 1) to the passive moment profile within the portion of the ROM
where the passive elastic moments were negligible (i.e., the recorded moment was due solely
to gravity). The first step in this process was defining this gravity-only region (GOR). Consider
the sum of the passive moment, as defined by Equation 3, and its second derivative. The
sinusoidal components of the gravitational moment cancel out, leaving only the exponential
terms of the passive elastic moment:

M, d’M,,
2o ety ~Bill

+khe 7 +By(1

et .

M,+

The second derivative of the passive elastic moment (Equation 2) may not be negligible
throughout the GOR, but will pass through zero where the slope of the function is at a minimum.
Thus, at some central point within the GOR Equation 4 will go to zero. Based on this, an
estimate of the center of the GOR can be made based on the passive moment data. A best fit
cubic polynomial of the passive moment profile was determined using a least squares approach
and added to its second derivative, giving:
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MI-'IT + dTQHT
:ale3+a262+(6a1+a3)9+2a2+a4 (5)

The center of the GOR was defined using the real root of the cubic polynomial in Equation 5
(Figure 1).

The gravitational moment constants were then determined by a least squares fit of Equation 1
to the passive moment data in the GOR (Figure 2). The GOR was defined as a span of 40% of
the joint ROM centered at the center of the GOR. This span was estimated by examining passive
elastic moment functions calculated previously using an optimization approach (Anderson et
al. 2007), which indicated that in general the passive elastic moment is negligible for a
minimum of 40% of the ROM.

The passive elastic moment constants B and k were then determined from the passive moment
data following gravity correction. The gravitational moment function found previously was
subtracted from the passive moment profile, producing the passive elastic moment data (Figure
3). Then, the data were split at the center of the GOR. In each portion, the parameters B and
k of the exponential fit were estimated using the nonlinear least-squares fitting tool (nlinfit) in
Matlab (The MathWorks, Natick, Massachusetts, USA). The two portions were added together
to determine the passive elastic moment function (Equation 2).

The performance of the method described here was evaluated by calculating model goodness
of fit using concordance correlation coefficients (p¢). The concordance correlation coefficient
evaluates the agreement between predicted and measured moments, that is the variation of the
data pairs from a 45° line through the origin (Lin 1989). It can take a value between —1 and 1.

The performance of the method described here was also compared to gravity correction using
a simple sine or cosine function based on a single data point. The angle at which gravitational
moment went to zero was assumed to be known (e.g. when the dynamometer arm was vertical).
A single data point was taken from the passive moment profiles at an angle chosen such that
a significant gravitational moment would be present, but also with a minimal passive elastic
moment (which would introduce error into the gravity correction). The angles used
corresponded to neutral or slight dorsiflexion for the ankle, ~ 60° of flexion for the knee, and
~ 40° flexion for the hip. The passive moment at these angles was averaged between the two
directions of motion to cancel the hysteresis effect. The root mean square (RMS) of the error
was calculated for each gravity correction method within the GOR, and the results compared
using paired t-tests.

The method presented here produced models (Equation 3) that fit the measured passive moment
profiles well for all participants. Specifically, mean values of p. were 0.996 for hip flexion-
extension, 0.987 for knee flexion-extension, and 0.981 for ankle plantar flexion-dorsiflexion.
Typical (median) values of model coefficients are presented in Table 1.

The gravitational moment corrections calculated using simple sine or cosine functions based
on a single data point had greater error within the range of the GOR than corrections using the
new method presented here. For the single data point method within the GOR, the mean RMS
error was 5.195 N-m, 1.274 N-m and 0.972 N- for the hip, knee and ankle, respectively. For
the new method within the GOR, the mean RMS error was 2.451 N-m, 0.908 N-m, and 0.641
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N-m for the hip, knee and ankle, respectively. Differences in RMS between methods were
statistically significant for ankle (p < 0.001), knee (p = 0.003) and hip (p < 0.001).

Discussion

An improved method is presented here for the gravity correction of dynamometer data. It has
been shown to work for hip, knee and ankle testing on a Biodex System 3, but should be
applicable to cases involving other joints and/or dynamometers. This method has several
advantages over methods based on a single data point. First, it bases the gravity correction on
data from the entire joint ROM, providing a more accurate depiction of gravitational moments
throughout the ROM, the only added cost being slightly greater data collection time. Second,
the gravitational moment is modeled using a generalized sinusoid. This method avoids the
assumption, implicit in single-data-point methods, that the angle at which the gravitational
moment goes to zero is known. It should be noted that this assumption may be particularly bad
for the case of the ankle, as the shape of the foot-attachment system does not lend itself to
estimating how its center of mass is oriented relative to the dynamometer axis. Third, this
method accounts explicitly for the presence of passive elastic moments, which are assumed to
be negligible in single-data-point methods.

In addition to gravity correction, this method provides a simple method for estimating and
modeling passive elastic joint moments. These moments may, in some cases, be of intrinsic
interest (e.g., they can be added to models of active joint moment to create models of total joint
moment). The present modeling approach may also be of use in comparing passive elastic
moments between groups, such as healthy and pathologic populations.
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Figure 1.

Determination of the gravity-only region (GOR) of passive moment data for the ankle. The
center of the GOR is defined by the root(s) of a cubic polynomial fit, Mg, added to its second
derivative. The width of the GOR was 40% of the range of motion.

J Biomech. Author manuscript; available in PMC 2011 April 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anderson et al.

bornent (M-rm)

15

10

=

iy

L
=

.
LT

Page 8

—— Passiwe Moment Data

— Gravity Unly Region Data

= = = Gravitational Morment Fit

I i i 1 1
I 20 40 Bl i
Extension knee Angle () Flexion
Figure 2.

Passive moment data recorded through one full cycle of knee motion (light solid line), with
the estimated gravity only region (dark solid lines) and the sinusoidal gravitational moment fit
(dashed line).
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Figure 3.

Passive moment data from Figure 2 following gravity correction (light solid line). The

exponential passive elastic moment model (dark solid line) is determined by nonlinear
regression in each end after splitting the data in the center of the gravity only region.
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Median passive moment model (Equation 3) coefficients determined using the method described. These models
were based on joint angles, with zero representing the anatomical position, and dorsiflexion, knee flexion and
hip flexion angles positive.

Ankle Knee Hip
Ay —7.023 2.115 —60.66
A, -7.119 —15.55 9.267
B, 2.676E-5 5.05e-10 1.179
ky -18.23 12.71 -7.379
B, —0.3758 —9.572 —1.246E-2
ko 7.788 -5.121 5.534
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