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Abstract

A method of calculating three-dimensional kinetics of the human body is presented. Net
joint forces and torques were calculated using inverse dynamics and an eleven segment,
three dimensional, sixty-six degree of freedom model of the human body. Segment linear
and angular momentum were also calculated as well as whole body linear and angular
momentum. This dynamic kinetics estimator was applied to chair-rise and gait trials
performed by normal human subjects to determine the role of segmental dynamics in these
everyday activities. For chair-rise it was determined that static loads dominate the joint
forces and torques, but dynamic effects become increasingly significant while proceeding
rostrally from the lower body joints to the joints of the upper body. For gait, it was
determined that segmental dynamics were relatively more important during the swing phase
than the stance phase of gait, and particular care should be given to obtaining meaningful
estimates for segment linear and angular accelerations. The force and torque estimator was
also applied to lifting trials by an elderly normal subject, and peak forces and torques on the
back were correlated to specific anatomical configurations during the lifting trial. The
whole body momentum curves calculated during chair-rise were consistent between normal
subjects, physiologically interpretable, and may provide insight regarding the inability of
some people to rise from a chair.
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Chapter 1

Introduction

Biomechanics, and in particular the analysis of human motion, has many applications to
our everyday lives. Activities, such as walking, rising from a chair, climbing and
descending stairs, or lifting a heavy box are tasks that many of us take for granted, but are
challenging or even impossible for many disabled and elderly people. These tasks present
demands on the muscles and joints of our bodies, which must be able to meet these
demands to successfully execute a given task. The focus of many researchers is to better
understand the demands of these tasks on the human body. By gaining more insight into
the details of human movement and its demands on the body, we will be in a better position
to help those who have trouble performing these common activities. These same motion
analysis techniques can also be applied to more complex and demanding activities and used
to enhance athletic performance.

At the Massachusetts General Hospital Biomotion Laboratory an 11 segment, three-
dimensional, 66 degree of freedom model of the human body was created to study the
dynamics and kinetics of human movement. This model uses the ground reaction force,
segment kinematics, and anatomical data as inputs. The goal of this thesis was to develop a
method of using these inputs to calculate the kinetics of the body segments and joints and
then apply this method to analyze various activities of daily life. Specifically, the net forces
and torques on the joints and the segmental and whole body linear and angular momentum

were to be calculated, taking into account and quantffying the role of the body segment
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dynamics. The tasks that were to be analyzed with this dynamic estimator were chair-rise,

gait and lifting.
1.1 Dynamic Motion Analysis

Human motion analysis is not a new field, with studies dating back to age of Aristotle. In
1836, Wilhelm and Eduard Weber combined cadaver measurements, tests on living
subjects and mathematical pendulum models to study walking and running [1]. Marey
introduced chronophotography, with which successive exposures on the same
photographic plate were taken, and presented findings on the body vertical displacement,
energy calculations, and the locus of the center of pressure on the foot in studies from 1873
to 1895 [2], [3], [4], [5]. Braun and Fischer, often credited with the classic study of gait,
obtained stroboscopic data on the end points of flashing tubes attached to the limbs of
subjects in the 1890's [6]. In 1950, Bresler and Frankel studied the forces and moments in
the lower extremity during level walking by using continuously lighted bulbs placed on the
subjects legs in a dark room [7].

Human dynamic motion analysis uses kinematic, kinetic and anatomic data as
inputs to equations of motion, which can be used to find the forces and torques on the
human joints. The forces and torques found are the net reactions needed at the joints to
produce motion of the model as described by the equations of motion with the appropriate
inputs. These are not necessarily the actual in vivo joint reactions, which include muscle
co-contraction to effectively increase the actual joint reactions for the purpose of added
stability across the joint. The net joint reactions represent the minimum values that could
occur, in the absence of muscle co-contraction.

The kinematic inputs for dynamic motion analysis are the body segment linear and
angular position, velocity and acceleration data during the time for which motion is to be

analyzed. The most common way to obtain this data is to use photogrammetric techniques,

12



which record position data based on the location of markers mounted on appropriate
locations on the body. The velocities and accelerations are then obtained by successive
differentiation. One problem with this approach is that numerical differentiation methods
tend to amplify noise in the data with each subsequent differentiation, thereby requiring the
use of smoothing and/or filtering to obtain meaningful estimates of the derivatives.
Methods using goniometers to measure relative joint angles are similar to photogrammetric
techniques in that position data are collected and then must be differentiated. An alternative
method uses accelerometers to directly measure segment linear and angular accelerations,
from which velocity and position are determined by successive integrations. Opposite to
differentiation, integration tends to reduce the effect of noise, however, knowledge of the
accelerometer orientation is needed to remove the effects of gravity from the acceleration
data. Ladin showed that accelerometers can be used to verify the numerical estimates for
acceleration which are obtained from differentiated photogrammetric position data [8].

The kinetic inputs used in dynamic motion analysis consist of measured external
forces acting on the body. During gait the external force consists only of the foot-floor
interaction if air resistance is neglected [9]. The foot-floor interaction is the most often
measured external force and is usually accomplished with the use of one or more
piezoelectric or strain guage force plates. During chair-rise there is a foot-floor reaction,
but also additional reactions between the chair and the buttocks and the hands and armrests
when armrests are used to assist rising. One study on chair-rise used an instrumented chair
to measure the external hand-armrest interaction [10]. For the lifting of weights, there once
again is a foot-floor interaction, however, the weight being lifted must also be considered
as an external force acting on the body.

The anatomical inputs used in dynamic motion analysis consist of body segment
parameters. These include the segment mass, center of mass location and mass moment of
inertia. Anthropometry, the study of human body measurements, is the most widely used

method of inertial parameter estimation. Anthropometric methods use subject
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measurements as inputs into equations which calculate body segment parameters based on
previously studied populations. Scaling methods, computational methods and
photogrammetry are three of the more popular anthropometric methods. Of these
anthropometric methods, the scaling methods are the simplest and most commonly used.

Scaling methods use combinations of the subject's weight and body segment
lengths to determine inertial parameters based on averages from studies done with cadaver
body segments. Using cadavers to estimates inertial parameters is not a new endeavor. In
1860, Harless studied two male cadavers using immersion techniques [11], and in 1889
Braun studiged three cadavers representative of the average height and weight for a German
infantryman [12]. Dempster studied eight male cadavers over 50 years old [13]. Clauser
reported segment masses and centers of mass for 13 male cadavers [14]. Chandler
calculated complete inertia tensors based on six male cadavers [15]. More recently, living
subjects have been used to estimate segment inertial parameters. Bernstein determined
scaling equations from 76 males and 76 females [16]. Jensen studied 12 Canadian boys
over a three year period [17]. In 1980, McConville determined regression equations from
31 representative U.S. Air Force males [18]. Young determined regression equations for
46 U.S. females in 1983 [19].

Computational methods mathematically model body segments as combinations of
geometric solids with varying density. Harless modeled the trunk as a frustrum of a cone,
since he could not use immersion techniques as he did for other body segments [11]. Amar
used mathematical models to estimate moments of inertia of body segments [20].

Photogrammetry uses series of photographs to make contour maps of the body,
from which segment volumes can be estimated. Segment volume estimations can be used
with the assumption of constant density to calculate segment masses. Jensen [17],
McConville [18], and Young [19] all employed stereophotogrammetry, the use of two

cameras, in determining their scaling equations.
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While scaling, computational, and photogrammetric methods are used most often,
other methods exist. Computerized tomography (CT) is used to directly determine tissue
density based on the amount of ionizing radiation that passes through the tissue.
Information regarding the physical principles, equipment, and techniques used in CT
imaging can be found in Macovski's radiology text book [21]. Sjostrom [22] and Huang
[23] have reported tissue densities based on CT attenuation coefficients. Similar to CT,
Magnetic resonance imaging (MRI) produces anatomical images, however, a magnetic field
is used in place of ionizing radiation. Woltring first suggested using MRI to estimate
segment inertial properties in 1984 [24]. Mungiole [25] and Brown [26] have both
compared CT and MRI imaging for the determination of body segmeni parameters. A third
imaging technique, dual photon absorptiometry (DPA), has recently been investigated as a
possible means to determine inertial parameters. This technique irradiates tissue with two
distinct energy levels, and differentiates tissue types based on differential attenuation. The
first study using DPA, by Gotfredson in 1984 [27], could only distinguish between bone
and soft tissue. By 1989, Heymsfield differentiated soft tissue into lean body mass and fat
[28].

The accuracy of the estimates of the segment inertial parameters is often
questionable, since there is no exact way of measuring these parameters and the parameters
vary greatly from subject to subject. Yeadon showed that regression equations often are in
significant error due to differences in tissue composition and morphology between cadavers
and living subjects [29]. Chandler showed that mathematical modeling has a limited ability
to accurately describe segmental anatomy [15]. The CT, MRI and DPA methods tend to be
more accurate, especially for subjects with pathologies. However, in addition to the
radiation risks (CT and DPA), the high equipment and usage costs make these methods

uneconomical to use for every subject.
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1.2 Chair-Rise Literature Review

Rising from a chair is one of the most common activities of daily life, yet also one of the
most demanding. Berger showed that chair-rise produces greater knee torques than gait or
stair-climb [30]. Many studies have examined joint torques during chair-rise in which
specific parameters are varied. Burdett [31], Rodosky [32] and Wheeler [33] showed that
varying the chair height affected the lower limb ranges of motion and extension moments.
Fleckenstein demonstrated the effect of initial knee flexion angle on hip extension moments
[34]. Alexander [35], Arborelius [36], Miller [37], Schultz [10] and Seedhom [38] studied
the effects of using the hands to facilitate chair rise. Pai and Rogers studied the effect of
varying the speed of rising [39]-[41]. While most previous studies, including [10], [35]-
[41] and others by Nuzik [42] and Kralj [43], have assumed sagittally-symmetric motion,
the model used for chair-rise studies in our lab by Berger [30], Hutchinson [44], lkeda
[45], Riley [46] and Schenkman [47] is three-dimensional and bilateral.

Although many studies which have calculated joint forces and torques have
assumed a quasi-static model, in which dynamic terms were neglected, it has been
suggested that inertial loads due to segment dynamics may not be negligible [10], [36],
[44]. While many previous studies have used quasi-static models to examine how changes
in various parameters affect total joint forces and torques, the importance of the dynamic
components of force and torque has not yet been investigated. One of the goals of this
thesis was to quantify the contribution of segment dynamics to joint forces and torques in
young, healthy adults and investigate the effect that increasing the speed of ascent has on

the dynamic components of force and torque.
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1.3 Gait Literature Review

Many studies have examined the speed of gait and how it affects joint forces and
torques. Cavanagh [48], May [49] and Paul [50] showed that increases in walking speed
result in higher knee and hip torques during the swing phase of gait. Patriarco calculated
the net forces and torques on the lower extremity joints during full gait cycles of normals
[51]. Winter showed that lower extremity joint torques during the stance phase of gait
increasgd with walking speed [52]. Winter also reported in a study of 18 subjects that
while i;lter-subject ankle moments were consistent, inter-subject trends in knee and hip
moments were less evident during the stance phase of gait [53]. Resultant joint torques
during running have also been studied during the swing phase by Cavanagh [54],
Chapman and Caldwell [55], Dillman [56], and Phillips and Roberts [57] and during the
stance phase by Buczek and Cavanagh [58], Mann [59], Mann and Sprague [60],
Robertson [61], Scott [62], Winter [53], [63]. These studies have‘shown that the joint
torques were higher for running than for walking.

.One‘ of the goals of this thesis was to quantify the effect of body segment dynamics
on net joint forces and torques. Peak forces and torques were calculated using a guasi-
static method and a dynamic method during both the swing and stance phases of gait.
Previous studies have shown that changes in gait speed affect the net joint forces and
torques, however, for a given trial speed the role of segmental dynamics during differe;nt
phases of the gait cycle Has not yet been quantified. It was hypothesized that the results
presented in this thesis would suggest that the differences between using a quasi-static
method and a dynamic method would be more apparent during the swing phase than the
stance phase of gait, and hence the effects of segmental dynamics would be more evident

during the swing phase than the stance phase of gait.
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1.4 Lifting Literature Review

A 1971 study reported that almost 700,000 of the 8,000,000 people in the United States
that have a back impairment, incurred their injury during a one-time lifting or exertion [64].
It has been suggested by Andersson [65], Chaffin and Park [66] and Nachemson [67] that
mechanical stress is responsible for injuries to the lower back. Gagnon studied torsional,
flexion/extension and lateral bending net muscular moments at the L5/S1 joint during
asymmetrical lifting and lowering [68]. Gagnon's study and a sagittally symmetric lifting
study by Bush-Joseph [69] have demonstrated by varying the speed of lifting that dynamic
factors affect net moments at the L5/S1 joint. Kishino [70] and Kumar [71] showed that
back strength decreases as the lifting velocity increases. Sandover suggested that the rate
of spine loading may affect the rate of lumbar structure degeneration [72]. Smeathers and
Joanes suggested that the rate of spine loading may increase the risk of injury to
intervertebral joint structures [73]. Marras found that varying the trunk angular acceleration
and twist caused large changes in muscle forces, but relatively small changes in back joint
torques [74]. Parniapour reported that back flexion/extension torques were significantly
affected by the trunk flexion angle, with the maximum isometric torque occurring at 36
degrees of flexion [75]. Schipplein showed that as the weight of the load being lifted
increased, the back flexion/extension torques increased, while the knee torques decreased
[76]. Using a lifting machine, Stevenson determined that variations in lift could be
attributed to five underlying components: force and power generated during the pulling
phase, timing of the lift, momentum during wrist changeover, and the arm stroke during
the pushing phase [77].

These studies have provided evidence for the importance of using a dynamic model
when investigating biomechanics of the back during lifting. The back studies presented in

this thesis used a dynamic model to investigate forces and torques on the back during
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lifting, with straight legs and with bent knees. The development of the whole body
dynamic estimator facilitated the calculation of back kinetics, which were the first such

calculations performed in our lab.

1.5 Momentum Analysis Literature Review

While joint forces and torques are often reported in biomechanical studies, segmental and
whole body linear and angular momentum have also been investigated, though less
frequently. The trunk angular momentum of paraplegics during wheelchair propulsion has
been studied by Masse as it relates to propulsion speed [78] and chair position [79].
Gagnon has suggested that inertial forces during lifting may facilitate transfer of momentum
from the body to the load [80]. Ragheb has investigated the braking of horizontal linear
momentum developed during running and its effect on the muscular power of the lower
extremity [81]. In a study of Olympic long jumpers, Hinrichs reported that approximately
50% of the whole body angular momentum during flight was generated during takeoff, and
the other 50% was generated during the run-up [82]. Figgen simulated somersaults in
diving and showed that angular momentum had the greatest influence on motion followed
by vertical velocity and the take-off angle [83]. A similar simulation was done by Yeadon,
who calculated whole body angular momentum during twisting somersaults performed on a
trampoline [84.1].

As mentioned in Section 1.2, many studies have been done on joint kinetics during
chair-rise. However, relatively few studies have investigated segment and whole body
momentum. Pai and Rogers have studied the linear momentum of the center of mass and
shown that the trunk is the major contributor to the horizontal center of mass linear
momentum, while the thigh is the major vertical contributor [40]. In another study Pai
examined the deviations in the horizontal linear momentum time-histories in a comparison

of elderly fallers with young non-fallers [85]. Schenkman described chair-rise as a four-
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phase movement: flexion momentum, momentum transfer, extension, stabilization [47].
While these studies have associated various momenta with the chair-rise movement, whole
body angular momentum has not been investigated. One of the goals of this thesis was to

investigate whole body linear and angular momentum for normals performing chair-rise.
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Chapter 2
Methods

Previously the Massachusetts General Hospital (MGH) Biomotion Laboratory used a
quasi-static estimator capable of calculating joint torques on the lower limbs. The methods
described in this thesis were used to develop a whole body dynamic estimator with the
ability to calculate the net joint forces and torques, and the linear and angular momentum of
the body segments and the whole body. The methods chapter of this thesis will first
provide background information on the kinematic and kinetic data acquisition and the MGH
three-dimensional human body model, including estimation of inertial parameters. Next,
the data analysis tools will be discussed: differentiation and smoothing of data, inverse
dynamics, and segment and whole body momentum analysis. Then the experimental
methods used to apply the dynamic estimator to chair-rise, gait and lifting will be
presented, followed by a discussion of the creation of a three-link model of the human

body used to simulate chair-rise.

2.1 Data Collection

As described in Section 1.1, dynamic motion analysis requires three inputs: kinematic
data, kinetic data, and anatomic data. Collection of kinematic and kinetic data will be
discussed first, followed by a discussion of anatomic data collection, which provided the

inertial parameters used by the MGH three-dimensional human body model.
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2.1.1 Kinematic and Kinetic Data Acquisition

With the exception of the hand-held weight used in the lifting trials and neglecting air-
resistance, the only external force acting on the body during chair-rise, gait and lifting was
the ground, acting to support the feet. With these assumptions, the kinetic data consisted
only of the foot-floor interaction for chair-rise and gait, but also included the hand-held
weight during lifting trials. Two Kistler® piezoelectric force plates with an accuracy of
+1% of full scale were used to determine the ground reaction force vector on each foot.
This provided normal force measurement with an accuracy of 10 N and shear force
measurement with an accuracy of +5 N. A ground reaction force vector from each of the
two force plates was measured.

Kinematic data were obtained using Telemetered Rapid Automatic Computerized
Kinematic (TRACK™) software [86] and four Selspot II® optoelectric cameras. Two
cameras on each side of the body facilitated collection of bilateral data. Thirteen arrays
consisting of three to five infrared emitting diodes (irLEDs) per array were placed on 11
body segments (with redundant left and right arrays for the trunk and pelvis) and sampled
at 153 Hz. The Selspot II® cameras each located the two dimensional positions of the
irLEDs, which were used by the TRACK™ software to find the three dimensional position
in space. Based on the size and shape of the array and data from at least three irLEDs per
array, the TRACK™ software calculated the three dimensional array position and
orientation. The system accuracy was verified to be within 1 mm for position and within
*1° for orientation in a viewing volume that measured approximately 2 m in each
dimension. Riley developed a method known as "pointing”, which converted the irLED
array position and orientation data to body segment position and orientation data using a
combination of static anatomical landmarks and kinematic data which defined mean axes of

rotation for the joints [87].
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2.1.2 Anatomic Data Acquisition and the MGH Model

The last type of input into the dynamic estimator was patient specific anatomic data, which
relied more on estimation techniques than did the precisely measured kinematic and kinetic
data. The MGH eleven segment model of the human body consisted of the right and left
feet, shanks, thighs and arms; and the pelvis, trunk and head. Each segment had three
translational and three rotational degrees of freedom, which translated to a total of 66
degrees of freedom for the 11 segment model. The MGH model is unique in that it uses
patient specific, three-dimensional inertial parameters as inputs to a dynamic model, which
uses the full six degrees of freedom for each body segment. The spine was modeled as
having a single joint at the L2/L.3 level. Figure 2.1 shows the MGH human body model.

The male anthropometric data were based on McConville's stereophotogrammetric
study of 31 males in the U.S. Air Force [18]. The female anthropometric data were based
a stereophotogrammetric study by Young of 46 U.S. females [19]. Both of these studies
used photogrammetry and the assumption of constant density to create regression equations
for each segment mass and principle moments of inertia about the center of mass. These
studies also listed the averages for body segment inertial parameters, distances from the
segment centers of mass to anatomical joint axes, and the rotation matrices from anatomic
axes to the principle axes.

Because the McConville and Young models consisted of 17 segments and the MGH
model consisted of 11 segments, the regression equations given in these two studies could
not be directly applied. Grierson developed methods for combining the segment masses,
centers of mass and moments of inertia to fit the data from the McConville and Young
studies to the MGH model [88]. Grierson calculated segment masses and inertias based on
body weight, height and regression equations adapted to the MGH model. Subject body

segment measurements were used to to find the segment centers of mass based on scaled
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combinations of the segment centers of mass averages from the McConville and Young

studies.

2.2 Data Analysis

Once the kinematic, kinetic, and anatomic data were collected, the data were analyzed. A
primary focus of this thesis was to develop a method of using segmental dynamics to
estimate joint kinetics and segmental and whole body momentum. Prior to calculating the
forces and torques and the linear and angular momentums, it was necessary to obtain the
linear and angular velocities and accelerations of the body segments. Software was written
that numerically differentiated the linear and angular position data and then computed joint

forces and torques and segment and whole body linear and angular momentum.
2.2.1 Velocity and Acceleration Estimation

Quasi-static force and torque calculations require only kinematic position data, kinetic data,
and anatomic data.. However, prior to using a dynamic estimator, segment velocities and
accelerations must first be obtained. Because our experimental setup did not include
accelerometers or other means of directly measuring segment accelerations, numerical
differentiation was employed to obtain estimates for segment velocities and accelerations.
The three-dimensional directional components of linear and angular velocity and
acceleration were calculated for each segment. The basic differentiation algorithm had been
implemented by Grierson [88], but further work was done as a part of this thesis to reduce
the effects of noise and obtain segmental velocities and accelerations in a form that could be
used by the dynamic estimator. The raw data were first filtered with a six Hz filter and then
differentiated with a Lagrangian five point differentiation scheme. The five point difference

equation is an extension of the first difference equation, which is given in equation (2-1).
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Figure 2.1 The MGH 11 segment three-dimensional, 66 D.o.F. model of the human body.
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f'(x) = [f(x) - f(x-1)] 2-1)
T

In equation (2-1), f(x-1) and f(x) are two consecutive data points, and T is the time
between the two data points. In this study, all data were sampled at 153 Hz, yieldinga T
of (1/153) seconds. Both linear and angular position data were differentiated with the five

point difference equation in equation (2-2), given by Hildebrand [89].

f(x)= _1__[f(x-2) - 8*f(x-1) + 8*f(x+1) - f(x+2)] (2-2)
12*T

Using five points instead of two reduced the effects of noise. The second deriyative, f'(x)
was found by substituting f'(x) in for f(x) in equation (2-2). Because all the data were
collected prior to processing, values such as f(x+1) and f(x+2) were used, which would
not have been possible with real-time processing. At the very beginning of a data set f(x-2)
and f(x-1) did not exist, and at the very end of a data set f(x+1) and f(x+2) did not exist.
To overcome this problem, startup and ending sequences described by Hildebrand [89] and
implemented by Grierson [88] were adapted io work with the dynamic estimator. The
derivative estimates were verified by comparing the results with derivatives taken using
PV-WAVE® graphics software.

Due to the nature of numerical differentiation, noise in the position data was
amplified when the first and second derivatives were taken. To compensate for this effect
and provide more meaningful velocity and acceleration estimates, the linear and angular
position data were smoothed, using median and mean smoothing routines before and after
the derivatives were taken. Median smoothing was used to remove narrow spikes in the
data, which were often caused by a high frequency "shake" or vibration of one of the

arrays. The procedure used in median smoothing took a specified window of data points,
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ordered them from lowest to highest, found the median, and replaced the original value

with the median of the windowed data, as shown in equation (2-3).

f(x)i = median{f(x)i-p,-.., f{(X)i,..., f(X)i+n} (for a window of 2n+1 data points) (2-3)

This was effective for removing spikes because the spike data points were usually at either
the high end or the low end of the window, and did not influence the resultant median.
Mean smoothing was used to smooth out hard points where the derivative was
discontinuous due to median smoothing or numerical differentiation. The procedure used
in mean smoothing replaced a data point with an average of the data points in a window

around the original data point, as shown in equation (2-4).

f(x)i=_1 (f(X)j-n +... + f(x)j + ...+ f(X)i+n) (for a window of 2n+1 data points) (2-4)
2n+1

Windows for mean and median smoothing were chosen such that the amplitude of the
original data was not significantly altered and smoother velocity and acceleration curves
resulted. Without smoothing, spikes and hard points increased in amplitude with each
subsequent differentiation.

After using the startup and ending sequences given by Hildebrand [89] and the
median and mean smoothing routines, much of the data still had unsatisfactory spikes near
the very beginning or the very end of a data set. To overcome this problem, a method of
extending the ends of the position data trajectories prior to differentiation and smoothing
was employed as described by Lesh [90]. In this method, the ends of the position data
were extended using the odd reflection of the sequence. After the data were differentiated,
the trajectories were returned to their original size. By using this method of extending the

position data trajectories, both the numerical differentiation and the smoothing routines
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were used continuously through both ends of the original position trajectory. This method
of extending the curves was used in the linear and angular position data differentiation
process. The C computer programs which performed the linear and angular velocity,

acceleration and segment momentum calculations are listed in Appendix.A.2.

2.2.2 Inverse Dynamics

TABLE 2.1

NOTATION
aci linear acceleration vector of the center of mass of segment i
fi-1,i reaction force vector between segments i-1 and i at joint i-1
fii+1 reaction force vector between segmernts i and i+1 at joint i
g gravitational acceleration vector
hj angular momentum vector of segment i
H angular momentum vector of the whole body
I inertia tensor about the center of mass of segment i
mj  mass of segment i
Ni-1,i reaction torque vector between segments i-1 and i at joint i-1
Nii+1 reaction torque vector between segments i and i+1 at joint i
Pi linear momentum vector of segment i
p linear momentum vector of the whole body
Ticgi vector from joint i to the center of mass of link i

»

Ii-1,cgi vector from joint i-1 to the center of mass of link i
Rj vector from the center of mass of segment i to a given reference point
Vei linear velocity vector of the center of mass of segment i
o4 angular acceleration vector of segment i |
(0] angular velocity vector of segment i
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Given the kinematic, kinetic and anatomic inputs, the forces and torques acting on the joints
were calculated recursively using Newton-Euler inverse dynamic analysis. Newton-Euler
inverse dynamic analysis is based on Newton's Third Law of translational and rotational

motion, as shown in equations (2-5) and (2-6).

2ZForces = dpj/dt where pj = mjvj ’ (2-5)
ZMoments = dhj/dt  where hj = Ljw; (2-6)

Equation (2-5) states that the sum of the external forces acting on a rigid body is equivalent
to the derivative of the linear momentum of the body with respect to time. Similarly,
equation (2-6) states that the sum of external moments acting on a rigid body is equivalent
to the change in the angular momentum of the body with respect to time. The body can be
modeled as a collection of constant mass rigid body segments [88], and the body segment
equations of motion are given by equations (2-7) and (2-8), where the right sides of the

equations are the time derivatives of the segment linear and angular momentums,

respectively.
XForcesj = mjaci (2-7)
XMomentsj = Ijo + (w; x I;007) (2-8)

Figure 2.2 shows a representative segment of the dynamic model used in this study. The
external forces and moments acting on each body segment consist of a net force and a net
moment reaction at both the proximal and the distal joints and a gravitational force. The
Newton-Euler inverse dynamic equations for the model used in this study are given in

equations (2-9) and (2-10).
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joint i

Figure 2.2 Representative Body Segment For Inverse Dynamics Model
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fi-1,i=fii+1 -mig + mjac; i=1,.,11 (2-9)

Ni-1,i = Ni,i+1 - (ticgi X fi,i+1) + (ri-1,cgi X fi-1,D) + lioj + (wj x lijwj) i=1,.,11 (2-10)

The force and torque reactions of the lower extremities were calculated as follows.
The ground reaction force vector acting on the foot was determined from force plate data.
The horizontal distance from the projection of the whole body center of mass on to the
support surface to the center of force, termed the "gravity force moment arm" by Riley
[46], facilitated the calculation of the ground reaction moment acting on the foot. Given the
ground reaction force acting on the foot, the mass of the foot and the acceleration of the
center of mass of the foot, the net reaction force at the ankle was calculated from equation
(2-9). Similarly, given the ground reaction moment and the remainder of the terms on the
right side of equation (2-10), the net reaction torque at the ankle was calculated. After the
reaction force and torque at the ankle were calculated, the reaction force and torque at the
knee were then calculated in a similar manner. From the reaction force and torque at the
knee and the thigh kinematics, the reaction force and torque at the hip were calculated.

The upper body force and torque reactions were calculated using equations (2-;))
and (2-10) and upper body kinematics. The forces and torques acting on the shoulders
were calculated with no external forces or moments present at the distal ends of the arm
segments. Similarly, the neck force and torque reactions were calculated with no external
reaction at the distal end of the head segment. The force and torque reactions at the back
joint were calculated using trunk kinematics and three distal reaction forces and torques in
equations (2-9) and (2-10), due to the left and right shoulder and neck joint reactions. For
each of the ten joints of the dynamic human body model, the three directional components
of force and torque were calculated. The C programs which performed the net joint force

and torque calculations are listed in Appendix A.3.
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Because the dynamic estimator calculates the upper body kinetics from upper body
kinematics, while the lower body kinetics are calculated from lower body kinematics and
the ground reaction, this provided a means for checking the validity of the model. The
upper body forces and torques were calculated at the back joint both from the head down to
the back and from the ground up to the back. If the model were perfect, the reaction at the
back joint would be the same regardless of which method was used. A comparison of
these two methods is presented in the results chapter of this thesis for standing trials and

chair-rise trials.

2.2.3 Momentum

Using body segment position and velocity data, the linear and angular momentum were
calculated for each of the body segments and the whole body. All three of the linear and
angular momentum three-dimensional vector components were calculated. The linear
momentum of a given segment is given by equation (2-11), and equation (2-12) gives the

angular momentum of a segment about its center of mass.

pi =mj * vj -1D
hi =1 * o (2-12)

Once the segment linear and angular momentum were calculated, it was possible to
calculate the whole body linear and angular momentum. The linear momentum of the
whole body in global coordinates is the sum of all the segment linear momenta in global

coordinates. Equation (2-13) was used to calculate the whole body linear momentum.

P=3pi (i=1,,11) (2-13)
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The whole body angular momentum must be calculated about a given reference point.
Usually it was calculated about the body center of mass. For chair-rise, the whole body
angular momentum was also calculated about a point which corresponded to the location
halfway between the right and left ankle joints. This was considered meaningful because
the combined ankle joint was approximately stationary during the chair-rise maneuver and
represented a pivot point for the body. The wh(;le body angular momentum about a given
reference point (e.g. the body center of mass or the combined ankle joint) is given by
equation (2-14), where 'Rj' is the distance from the center of mass of segment 'i' to the

reference point, and X' represents the vector cross product operation.
H=XRjXpi+hj) (=1,.,11) (2-14)

The C programs which performed the segmental momentum calculations are listed in
Appendix A.2. The whole body momentum calculations were performed in the C program

which calculated the joint forces and torques, listed in Appendix A.3.

2.3 Applications of the Dynamic Estimator

The software developed for the dynamic estimator included C programs to implement
numerical differentiation and smoothing, force and torque calculations, and segment and
whole body momentum calculations. Upon completion of this software, the dynamic
estimator was applied to various common tasks including chair-rise, the swing and stance
phases of gait, and lifting. The following sections describe the experimental protocol
employed to analyze each of these tasks. Informed consent for each subject involved in
these experiments was obtained prior to data collection.

In order to facilitate comparisons of different subjects performing the same tasks,

several normalization techniques were employed. Forces were normalized to percent body
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weight (%BW), and torques were normalized to percent body weight multiplied by meters
(%BW*M) to allow comparison of the magnitudes of the force and torque curves. This
normalization was done by dividing the force and torque values by the subject's body
weight in newtons then multiplying by 100 percent. Whole body linear and angular

momentum were normalized by dividing by the subject's mass in kilograms.
2.3.1 Chair-Rise

For the first chair-rise protocol the subject group consisted of ten normal adults, eight
males and two females. The group had an average age of 30 (range 24-41) years, height of
175 (range 157-185) cm and weight of 70 (range 55-85) kg.

The subjects performing the first chair-rise protocol sat on a backless, armless chair
that was adjusted to 80% of the subject's knee height. The subject's feet were positioned
parallel, ten cm apart at the heels, with one foot on each force plate. The long axis of the
subject's shanks were positioned in 18° flexion relative to the vertical. These constraints,
as prescribed by Riley, were imposed to standardize the task and approximate normal foot
placement [46]. The subjects sat with their arms folded across their chest and were
instructed to rise to a standing position at their own natural speed without using their arms
and then stand as still as possible. Each subject performed two chair-rise trials, and at least
three seconds of data were collected for each trial.

A second protocol was employed for one of the subjects, in which the speed of
ascent was varied. Using a metronome, this normal male subject (age 24, height 175 cm,
weight 73 kg) performed three trials at 46 beats per minute and three trials at 92 beats per
minute. In a previous study in our lab, the normal pace at which an adult rises from chair
was determined to be approximately 52 beats per minute, which corresponded to an interval
of 1.2 seconds between the beginning of movement and the completion of movement [46].

The command: 'ready, set, start, stand' was given in time with the metronome, such that
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the subject began rising with 'start’ and was erect by 'stand’. Prior to taking data, this task
was practiced two or three times for both metronome speeds.

After data collection, analysis was performed to determine the importance of body
segment dynamics on joint forces and torques. The contribution of segmental dynamics to
net joint forces and torques was quantified by calculating the dynamic components of force
and torque as percentages of the total force and torque. The dynamic force percentage was
calculated with equation (2-15), and the dynamic torque percentage was calculated with
equation (2-16). Both the dynamic components and the total force and torque used in
equations (2-15) and (2-16) represent the magnitude of the vector composed of the three

directional components of force or torque.

%Dynamic Force = 100%*(dynamic component of force)/(total force) (2-15)

%Dynamic Torque = 100% *(dynamic component of torque)/(total torque) (2-16)

These dynamic percentages were averaged over the portion of the three second trial during
which motion occurred and the force and torque calculations were relevant. For the upper
body joints, this consisted of the time starting with onset of forward trunk flexion and
ending with stabilized stance. For the lower body joints, this consisted of the time
beginning with liftoff from the chair and ending with stabilized stance. The lower body
forces and torques calculated before liftoff were not relevant because the external reaction
from the chair acting on the buttocks could not be measured since the experimental setup
did not include a chair instrumented with force measurement capabilities. One of the
advantages of calculating upper body joint forces and torques from the top down was that
the upper body joint forces and torques could be calculated prior to liftoff from the chair.
This was possible because the upper body force and torque calculations were independent
of the reaction between the chair and the buttocks. The forces and torques calculated at the

shoulders were not considered meaningful because the model did not account for the
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interaction between the subject's crossed arms. As an approximation, which should be
investigated further, the net effect of the two shoulder reactions acting on the trunk was
considered to be legitimate even though the subject's arms were in contact with each other.
Figure 2.3 shows the 11 segment model of one subject at four key points during a chair-

rise trial: the onset of back flexion, liftoff from the chair, the time coinciding with several

peak joint torques, and stabilized erect stance.
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Figure 2.3 The 11 segment human body model for a representative trial performed by one
subject at four key points during a chair-rise trial: the onset of back flexion, liftoff, the time
coinciding with peak torques, and stabilized erect stance. The whole body center of mass

is marked (+), and the ground reaction force (GRF) is also shown.
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2.3.2 The Swing and Stance Phases of Gait

The subject group consisted of seven normal adults, five males and two females. The
group had an average age of 27.6 (24-30) years, height of 173 (160-185) cm and weight of
69.4 (54.5-85.5) kg. Although for some subjects two trials were available, for
consistency, one gait trial from each subject was used.

After performing practice trials, each subject performed two gait trials, walking to
the pace of a metronome at 120 beats per minute. Krebs determine this speed to be the
average pace at which normal humans naturally walk [91]. Keeping pace with the
metronome required the subjects to have a heel strike coincide with each beat of the
metronome. A stance phase cycle began with heel strike and ended with toeoff of the same
foot, and a swing phase cycle began with toeoff and ended with heel strike of the same
foot. Figure 2.4 shows the MGH 11 segment model of one subject at four key points
during a chair-rise trial: the stance leg heel-strike, the swing leg toe-off, the swing leg heel-
strike, and the stance leg toe-off. Time was normalized by reporting the force and torques
values in percent of the swing phase cycle or the stance phase cycle.

Once this gait data were collected, the importance of segmental dynamics was
assessed. Unlike the chair-rise analysis, the dynamic percentages were not avcraqu over
the trials. The reason for this was that the curves for total force and torque frequently
changed from positive to negative or vice versa at times when the dynamic force and torque
components were non-negative. This caused the dynamic percentages given in equations
(2-15) and (2-16) to go to infinity as the denominator, which consisted of the total force or
torque, went to zero. For this reason other means of quantifying the contributions of
segmental dynamics to joint kinetics were needed. This was accomplished by calculating

the lower limb joint forces and torques with both the dynamic estimator and a quasi-static
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Figure 2.4 The MGH 11 segment model of one subject at four key points during a gait trial:
the stance leg heel-strike, the swing leg toe-off, the swing leg heel-strike, and the stance leg

toe-off. The whole body center of mass is marked (+), and the GRF is also shown.
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estimator and then comparing the difference at peak values and the root mean squared error
between the two curves. While equations (2-9) and (2-10) represent the dynamic equations
used to calculate net joint forces and torques, equations (2-17) and (2-18) represent the

comparable quasi-static equations.

fi-1,i =fi,i+1 -mjg i=1,.,11 : 2-17)
Ni-1,i = Ni,i+1 - (ricgi X fi,i+1) + (ri-1,cgi X fi-1,i) i=1,...,11 (2-18)

By finding the differences between the dynamic and quasi-static equations, the dynamic

components of force and torque, which are given in equations (2-19) and (2-20), can be

extracted.
fdyn = mjaj (2-19)
tdyn = Ijo + (j x Tjj) + (rj-1,cgi x miaj) (2-20)

The dynamic component of force shown in equation (2-19) simply accounts for the force

due to the linear acceleration of the segment center of mass. Similarly, the Ij¢;j term in

equation (2-20) accounts for torque which is caused by the angular acceleration of the

segment. The (wj x [jwj) term in equation (2-20), often referred to as the gyroscopic
torque, accounts for torques that arise due to changes in the inertia tensor which occur as
the relative orientation between segments change. The (rj-1,cgi X mjaj) term in equation (2-
20) is the torque that occurs due to the dynamic component of force (mjaj). These are the
dynamic components of force and torque which are neglected in studies that use quasi-static

analysis.
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2.3.3 Lifting

The lifting data were only collected for one subject on several different occasions. The
subject was an elderly male (age: 83 years, height: 160 cm, weight: 54 kg) with an

pressure instrumented femoral head, hip prosthesis.

The subject lifted a 25 pound weight in a milk crate, by handles on the sides of the
crate. The 25 pound weight was modeled as an external force of 12.5 pounds acting on the
distal end of each arm segment. The dynamics of the weight were not modeled.

At his own pace, the subject bent over picked up the weight, straightened his body,
then set the weight up on a shelf that was about the same height as his chest. The subject

performed several lifting trials with his legs straight and several with his legs bent.
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Figure 2.5 The MGH 11 segment model of the subject at three key points during a lifting
trial: picking up the weight while bending over, erect stance while holding the weight, and

bending fbrward to set the weight on a shelf. The whole body center of mass is marked by

(4), and the GREF is also shown.
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2.4 Simulation of Chair-Rise using a Three-Link
Model of the Human Body

The human body has been modeled as a three-link system to study various human
movements. Studies by Golliday [92], Hemami [93], Quintern [94], Wilson [95] and
Kallel [96] have used three-link models consisting of a trunk and two legs to investigate
biped balance. Biped locomotion has been studied with a three-link model by Hemami [97]
and Hurmuzlu [98]. Another study by Hemami used a planar three-link model, similar to
the one pre.sented in this thesis, to simulate a bowing motion with a time delay to emulate
the nerve signal transmission time [99]. Pai and Rogers used a three-link model to study
chair-rise [38], [39].

As part of this thesis, a three-link open chain inverse dynamic model of the human
body was created to model chair-rise. The motion of the linkage was constrained to the
sagittal plane, and the first link was constrained by requiring the first joint to be fixed to the
ground. This model had three degrees of freedom with one for each joint angle. The link
inertial parameters were based on combinations of the segments used in the MGH 11
segment model. A simulation was implemented which used desired angular position,
velocity and acceleration trajectories to move the three-link model {rom a sitting to a
standing position. The simulated joint reaction torques were calculated using Lagrangian
inverse dynamics and the results were compared to joint torques calculated with the MGH
model for two trials performed by a human subject. Although three-link models of the
human body have been used to study chair-rise before [38], [39], this simulation was
useful in that it provided a comparison of a relatively simple three-link, three degree of
freedom, planar model with the more complex MGH 11 segment, 66 degree of freedom,
three-dimensional model. In addition, the torques obtained with the Lagrangian inverse

dynamics used with the three-link model served as an alternative calculation method, with
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which to check the torques obtained with Newton-Euler inverse dynamics equations used

with the MGH model.

2.4.1 Inertial Parameters

The three-link model represented both shanks with link one, both thighs and the pelvis with
link two, and the head, arms and trunk with link three, as shown in Figure 2.6. Joint one
represented the ankle joint, joint two represented the knee joint and joint three represented
the back or lumbar joint. Constraining the first joint to be fixed to the ground was assumed
to be a reasonable approximation, since the ankle joint is relatively stationary during chair-
rise. Absolute joint angles were used such that flexion of a joint acted to increase the joint
angle, and joint angles were all equal to zero when the model was in the standing position.
The model was intended to simulate chair-rise trials by a human subject in which rising was
performed without the aide of the arms, which were folded across the chest.

The mass, moment of inertia, length, and center of mass of each link were
estimated by using anthropometric data from a normal female subject available from the
MGH Biomotion Laboratory and combining segments of the MGH 11 segment model.
This allowed comparison of the simulation results with actual chair-rise trials performed by
this subject.

For link one, the masses and inertias of the two shank segments were added, and
the leg segment lengths and center of gravity locations were averaged. These combinatiqns

are shown in equations (2-21) - (2-24).

M1 = Ml shank + Mr.shank (2-21)
L1 = (LLshank + Lr.shank)/2 (2-22)
Lcgl = (Leglleg + Legrleg)/2 (2-23)
I1 =lleg +Ir.leg (2-24)
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Figure 2.6 The three-link model of the human body.
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For link two, the mass was obtained by combining the masses of the two thighs
and the pelvis. The combined inertia was found using the inertias of the two thighs, the
pelvis and the parallel axis theorem. These calculations, the link length, and the center of

gravity location were calculated using equations (2-25) - (2-28).

M2 =ML.thigh + Mr.thigh + Mpelvis (2-25)
L2 = (L1.thigh + Lr.thigh)/2 + Lpelvis (2-26)
Lcg2 = (Ml thigh*Lknee-1.thigh.cg + Mr.thigh*Lknee-r.thigh.cg (2-27)

+ Mpelvis*Lknee-pelvis.cg])/M2
I3 = I1.thigh + Ir.thigh + Ipelvis + ML.thigh*(L1.thigh.cg-cg2)? (2-28)

+ Mr. thigh*(Lr.thigh.cg-cg2)? + Mpelvis*(Lpelvis.cg-cg2)?

Parameters of the two arms, the head, and the trunk were used to calculate the

mass, inertia, link length, and center of gravity location of link three, using equations (2-

29) - (2-32).
M3 =M].arm + Mr.arm + Mhead + Mpelvis (2-29)
L3 = Ltrunk + Lhead (2-30)
L¢3 = MlLarm*Lback-1.arm.cg + Mr.arm*Lback-r.arm.cg + (2-31)

Mhead*Lback-head.cg + Mtrunk*Lback-trunk.cg)/M3
13 = ILarm + Ir.arm + Thead + Itrunk + MLarm*(L1.arm.cg-cg3)? (2-32)
+ Mr.arm*(Lr.arm.cg-cg2)? + Mhead*(Lhead.cg-cg2)?

+ Mirunk*(Ltrunk cg-cg2)?

Before these calculations were performed, every vector and matrix was first pre-
multiplied by an appropriate rotation matrix so that all quantities would be in the global

coordinate frame. Appendix A.4 provides a listing of the portion of a C program that was
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developed to find these link parameters. A summary of the three-link parameters is shown

in Table 2.2.
Table 2.2
LINK PARAMETERS
Link Mass(K Length(m location(m Mom. Inertia (Kg-m2)
1 5.91 356 232 078
2 26.0 594 | 243 340
3 25.6 .542 .209 .649

2.4.2 Lagrangian Inverse Dynamics

The Lagrangian formulation of the equations of motion was used to solve the inverse
dynamics problem for the three-link model. The Lagrangian, L, is the difference between
the kinetic coenergy, T*, and the potential energy, V, of the system, as shown in equation

(2-33).

L=T*-V (2-33)
The differential equations of motion are obtained by differentiating the Lagrangian with
respect to the generalized coordinates, ©®1, ©9, ©3, and setting these equal to the
generalized forces, Q1, Q2, Q3, as shown in equation (2-34).

(d/dty(dL /dO") - (AL /dO;) = Q; (i=1,2,3) (2-34)

The Lagrangian dynamic equations of motion for the three-link model are shown in

equations (2-35) - (2-37). A full derivation of these equations is included in Appendix B.
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where:

H1101" + H1202" + H 303" + h122022 + h133032 + G = Q
H2101" + H2207" + Hp3@3" + 311012 + h333032 + G = Q)
H310©1" + H3207" + H3303" + h311012 + h332022 + G3 = Q3

Hij =11 + M1L¢12 + MaL12 + M3L12
Hi2 =(M2L1Lc2 + M3L1L2)cos(©1+03)
Hj3 =M3L1L3co0s(©1-03)

Hz1 =Hi2

Hp2 =12 + MaL¢22 + M3L22

Hp3 = M3L2L¢3c0s(07+03)

H31=H13

H32 =Hz3

H33 = I3 + M3L¢32

h122 =-(M2L1Lc2 + M3L1L2)sin(©1+03)
h133 =-M3L1L¢3sin(0©1-03)

ha11=h122

h233 =-M3L2L¢3sin(02+03)
h311=h133

h322 =h333

G1= miglclsin®1+ mgL1sin®] + m3gL1sin®
G2 = m2gLc2sin®; + m3gL2sin®;
G3 = m3gL¢3sin©3
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T; = joint torque at joint i (actuators at joints)

g =9.8 m/s2

The inverse dynamic equations above were implemented in a C program that calculated the
joint torques as outputs given angular position, velocity and acceleration trajectories as
inputs. A portion of this C program is listed in Appendix A.4. The input trajectories for
angular position, velocity and acceleration at the three joints were obtained from angular
position data for the ankle, knee and back joints from chair-rise trials performed by a
human subject. This was the same subject whose body segment parameters were used to
calculate the link parameters.

One factor that was not accounted for in the inverse dynamics equations of motion
was the supporting force of the chair acting on the second link while in the seated position.
To compensate for this, the torques at joints one and two were set equal to zero until liftoff
from the chair was initiated. Once initiation of liftoff bégan, the joint torques were ramped
up to their full values, so that as contact with the chair was lost, the torques went to 100%
of their full values. The exact times when liftoff began and ended were obtained using
forceplate data from the MGH Biomotion Laboratory. If this artificial condition were not
imposed, then the initial joint torques would be equivalent to the joint torques required for. a
person to assume a seated position without a chair. Not only would this cause the joint
torques to be very high, but it might not be quasi-statically possible for a person to assume
the normal seated position without a chair. No artificial constraints were imposed on joint

three.
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Chapter 3
Results

In this chapter, the results of applying the dynamic estimator to the chair-rise, gait and
lifting protocols described in section 2.3 are presented followed by the results of the three-
link simulations of chair-rise described in section 2.4 and finally the results of the MGH
model validation. To quantify the role of segmental dynamics in these activities, results of
the calculations described in section 2.3 are presented. Qualitative results are provided in
the form of characteristic force, torque and momentum curves.

All net joint reaction forces and torques presented in this thesis are referenced to the
coordinate frame of the appropriate body segment. The convention is as follows: ankle
reaction in foot coordinates, knee reaction in shank coordinates, hip reaction in thigh
coordinates, back reaction in trunk coordinates, neck reaction in head coordinates, shoulder
reaction in arm coordinates.

Three components of force and three components of torque were calculated for each
of the ten joints of the MGH human body model. The direction conventions used for
forces and torques are explained here. The axial component of force is in a direction
parallel to the long axis of the body segment, with compression being positive. The lateral
force component is perpendicular to the sagittal plane of the body segment, with positive
forces acting to move the segment distal to the joint in the lateral direction, or leftward for
the back and neck. The anterior-posterior component of force is perpendicular to the other
two force components, with positive forces acting to move the segment distal to the joint in

the posterior direction.
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The flexion-extension torque represents the component of torque which acts about
an axis perpendicular to the sagittal plane of the body segment, with positive torques acting
to extend joints. The abduction-adduction torque component acts about an axis in the
anterior-posterior direction, with positive torques causing abduction of the segment distal to
the joint, and counterclockwise rotation about a posterior pointing axis for the back and
neck. The external-internal rotation torque is the component of torque which acts about an
axis parallel to the long axis of the body segment, with positive torques causing internal
rotation of the segment distal to the joint, and counterclockwise rotation about an upward
(distal! pointing) axis for the back and neck. The force and torque sign conventions are

given in Table 3.1.

TABLE 3.1
SIGN CONVENTION FOR POSITIVE JOINT FORCES AND TORQUES

SAGITTAL PLANE FRONTAL PLANE TRANSVERSE PLANE

JOINT + Force. + Torque + Force, + Torque + Force, + Torque
Ankle posterior, plantarflexor lateral, valgus compression, internal
Knee posterior, extension lateral, valgus compression, internal
Hip posterior, extension lateral, abduction compression, internal
Back posterior, extension left, ccw bend compression, CCW twist
Neck posterior, extension left, ccw bend compression, cCw twist
Shoulder posterior, extension | lateral, abduction compression, internal

Three components of linear and angular momentum were calculated for each of the
11 segments of the MGH human body model. The direction conventions used for linear

and angular momentum are explained here. The linear momentum components are given in
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global coordinates. Linear momentum in the posterior direction (+x global axis), the
upward direction (+y global axis), and the leftward direction (+z global axis) is positive.
The components of angular momentum are also referenced to global coordinate
frames placed at the appropriate segment origin. The knee and shank origins were
referenced to the ankles, the thighs to the knees, the pelvis to the hips, the back to the back
joint, the head to the neck, and the arms to the shoulders. The angular momentum
component about the anterior-posterior axis is positive when the segment rotates
counterclockwise about the posterior direction axis (+x global axis). The angular
momentum component about the vertical axis is positive during counterclockwise rotation
of the segment about the upward vertical axis (+y global axis). The angular momentum
component about the lateral-medial axis is positive during counterclockwise rotation of the
segment about the leftward pointing axis (+z global axis). These linear and angular

momentum sign conventions are listed in Table 3.2.

TABLE 3.2
SIGN CONVENTION FOR POSITIVE LINEAR AND ANGULAR MOMENTUM

Momentum AGITTAL PLA AL PLANE TRANSVERSE PLANE
Linear posterior direction leftward direction upward direction
Angular counterclockwise counterclockwise counterclockwise
about an axis in the about an axis in the about an axis in the
leftward direction posterior,direction upward direction

3.1 Chair-Rise

Representative curves and tabulated average magnitudes for the three directional

components of force and torque acting on the ten joints of the MGH model during chair-
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rise are presented first. Next, the dynamic components of force and torque are reported as
percentages of the total force and torque for the averages of the 20 chair-rise trials,
followed by preliminary results on how variations in speed affected the dynamic
percentages of force and torque in one subject. To end the section, curves for the three
directional components of linear and angular momentum are given for the 11 body

segments and for the whole body during a representative chair-rise trial.

3.1.1 Representative Force and Torque Curves

Due to the number of plots generated by the dynamic estimator, it was not feasible to
include all the force and torque curves for all 20 chair-rise trials. The representative chair-
rise force and torque curves given in this section are for a normal female subject (age: 30
years, height: 168 cm, weight: 59 kg). Table 3.3 lists the average peak magnitudes for
the three components of force, and Table 3.4 lists the average peak magnitudes for the three
components of torque. For the flexion-extension torques, the axial forces, and the anterior-
posterior forces, the peak values were fairly consistent across subjects, with the average
peak values being the same as the average peak magnitudes. The other components of
force and torque tended to be smaller and more variable. For this reason, the magnitudes
were averaged rather than the actual values. As mentioned previously, the net joint forces
and torques are presented in this study, which do not include the effects of muscle
contraction or co-contraction and represent the lower limits of the force and torque reactions
which actually occur within the joint.

The representative curves of Figure 3.1 show the three components of force.
Figure 3.1.a shows the right ankle, knee and hip force curves. Figure 3.1.b shows the left
ankle, knee and hip force curves. Figure 3.1.c shows the back and neck force curves.

Figure 3.1.d shows the torque curves for the left and right shoulder joints.
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The representative curves of Figure 3.2 show the three components of torque.
Figure 3.2.a shows the right ankle, knee and hip torque curves. Figure 3.2.b shows the
left ankle, knee and hip torque curves. Figure 3.2.c shows the back and neck torque

curves. Figure 3.2.d shows the torque curves for the left and right shoulder joints.

TABLE 3.3
AVERAGE MAGNITUDES FOR PEAK FORCES DURING CHAIR-RISE (%BW)

(mean and standard deviation, n=20)

JOINT Anterior-Posterior Axial Medial-L ateral

Ankle 10.4 (4.46) 54.6 (4.71) 8.40 (3.69)

Knee 24.9 (5.80) 45.6 (4.86) 9.17 (5.21)

Hip 29.9 (4.05) 31.8 (6.44) 10.4 (6.63)

Back 18.5 (3.67) 48.5 (5.96) 2.75 (1.33)

Neck 1.63 (0.77) 7.25 (1.25) 1.43 (1.08)
TABLE 3.4

AVERAGE MAGNITUDES FOR PEAK TORQUES DURING CHAIR-RISE (%BW*M)

(mean and standard deviation, n=20)

JOINT Flexion-Extension Abd.-A ion Int.-Ext. Rotation
Ankle 3.62 (1.77) 1.28 (0.64) 0.87 (0.50)
Knee 9.09 (2.01) 3.23 (1.88) 1.03 (0.48)
Hip 7.34 (2.65) 3.75 (1.52) 2.48 (1.53)
Back 9.22 (2.13) 0.66 (0.21) 0.40 (0.29)
Neck 0.19 (0.06) 0.04 (0.03) 0.04 (0.04)
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Figure 3.1.a Representative force curves for the right ankle, knee and hip during chair-

* rise.
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Figure 3.1.b Representative force curves for the left ankle, knee and hip during chair-rise.
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FREESPEED CHAIR—RISE
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Figure 3.1.c Representative force curves for the back and neck joints during chair-rise.
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Figure 3.1.d Representative force curves for the right and left shoulders during chair-rise.

58



RIGHT ANKLE

FREESPEED CHAIR-RISE
RIGHT KNEE

Flexion-Extension Torque (XBWeM)

R‘: 4.48938 /r[ —=0.9572 to 3.53208 ]

[} 1

2

3

°R‘: 0.99169 ZI —0.6794 to 0.31223 ]

RIGHT HIP

?2 10.7591 /[ -0.1824 to 10.5766 )

Ré 9.53973 /[ -3.3057 to 6.23396 ]

o 1 2 3

~1.1480 to 0.46630 ]

0 1 2 3

7.79221 =6.3632 to 1.42893 ]

g o.0f
é 00
= ~2r
-02f -05
-4}
~oaf
: -1.0f ot
'§ -08 -8
3 -0.8 N - -1.8 4 N -8 R .
[) 1 2 3 ° 1 2 3 ) 1 2 3
oRi 0.82432 zl ~0.6166 to 0.20772 §4 0.58134 ZI -0.3289 to 0.25238 ] R12 4.42105 /Y[ -3.7778 !_g 0.6432:

8 &

¢

Int.~Ext. Rototion Torque (XBWeM)

-1

-2F

-3k

-4

Figure 3.2.a Representative torque curves for the right ankle, knee and hip during chair-

rise.

1 2
TIME {s]

59

1 2
TIME (8]



FREESPEED CHAIR—RISE
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Figure 3.2.b Representative torque curves for the left ankle, knee and hip during chair-
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Figure 3.2.c Representative torque curves for the back and neck joints during chair-rise.
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Figure 3.2.d Representative torque curves for the right and left shoulders during chair-

rise.
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3.1.2 Dynamic Components of Force and Torque

Table 3.5 lists the mean dynamic force and torque as percentages of the total force and
torque and the standard deviation for the 20 chair-rise trials. The formulas used to calculate
these dynamic percentages are given by equations (2-13) and (2-14) in section 2.3.1. The

dynamic percentages were averaged for the left and right lower extremity joints.

TABLE 3.5
DYNAMIC FORCE AND TORQUE AS A PERCENTAGE OF THE TOTAL FORCE
AND TORQUE DURING CHAIR-RISE (mean and standard deviation) (n=20)

Ankle Knee Hip Back Neck

Dynamic force .03% (.01) .82% (.27) 5.43% (1.57) 17.8% (4.75) 37.7% (9.74)
Percentage

Dynamic torque .04% (.03) .83% (49) 7.12% (2.76) 18.1% (3.71) **
Percentage

**Dynamic torques on the neck were not reported.

Figures 3.3.a and 3.3.b show the information of Table 3.5 graphically. In Figure 3.3.a,
the mean ankle, knee, hip, back, and neck dynamic force components are plotted for the
twenty trials. In Figure 3.3.b, the mean ankle, knee, hip, and back dynamic torque

components are plotted for the twenty trials.
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3.1.3 Dynamics and the Speed of Ascent

The effect of increasing the speed of ascent on the dynamic components of force and torque
is demonstrated in Table 3.6, which lists dynamic force and torque percentages for three
slow chair-rise trials (46 beats per minute) and three fast chair-rise trials (92 beats per

minute).

TABLE 3.6
DYNAMIC FORCE AND TORQUE AS A PERCENTAGE OF THE TOTAL FORCE
AND TORQUE DURING CHAIR-RISE (mean and standard deviation) (n=3)

Ankle Knee - Hip Back Neck

Dynamic force percentage:
Sléw .03% (.01) 1.20% (.21) 6.96% (1.28) 23.2% (.26) 45.8% (1.96)
Fast .05% (.02) 1.96% (42) 13.3% (1.57) 30.7% (1.76) 61.8% (3.73)
Dynamic torque percentage:
Slow .06% (.02) .92% (.46) 7.59% (1.057) 16.5% (.39) *x
Fast .09% (.03) 1.33% (.67) 11.6% (1.15) 17.6% (1.81) *ox

**Dynamic torques on the neck were not reported.

Figures 3.4.a and 3.4.b show the information of Table 3.6 graphically. In Figure 3.4.a,
the mean ankle, knee, hip, back, and neck dynamic force components are plotted for three
slow trials and three fast trials. In Figure 3.4.b, the mean ankle, knee, hip, and back

dynamic torque components are plotted for three slow trials and three fast trials.
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3.1.4 Representative Momentum Curves

As was the case with the force and torque curves, the number of plots generated by the
dynamic estimator made the inclusion of all the linear and angular momentum curves for all
20 chair-rise trials impractical. The represematiize chair-rise linear and angular momentum
curves given in this section are for a normal male subject (age: 24 years, height: 175 cm,
weight: 73 kg).

The.representative linear momentum curves are given in Figure 3.5. Figure 3.5.a
shows the three components of linear momentum for the right foot, shank and thigh.
Figure 3.5.b shows the three components of linear momentum for the left foot, shank and
thigh. Figure 3.5.c shows the three components of linear momentum for the head, trunk
and pelvis. Figure 3.5.d shows the three components of linear momentum for the left and
right arms.

. The representative angular momentum curves are given in Figure 3.6. Figure 3.6.a
shows the three components of angular momentum for the right foot, shank and thigh.
Figure 3.6.b shows the three components of angular momentum for the left foot, shank
and thigh. Figure 3.6.c shows the three components of angular momentum for the head,
trunk and neck. Figure 3.6.d shows the three components of angular momentum for the
left and right arms.

Figure 3.7 shows representative curves for the whole body linear momentum, the
whole body angular momentum about the averaged ankle joint and the whole body angular

momentum about the body center of mass.
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Figure 3.5.a Representative chair-rise linear momentum curves for the right foot, shank

and thigh.
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EESPEED CHAIR—RISE
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Figure 3.5.b Representative chair-rise linear momentum curves for the left foot, shank and

thigh.
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Figure 3.5.c Representative chair-rise linear momentum curves for the head, trunk and

pelvis.
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Figure 3.5.d Representative chair-rise linear momentum curves for the right and left arms.
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Figure 3.6.a Representative chair-rise angular momentum curves for the right foot, shank

and thigh.
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FREESPEED CHAIR-RISE
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Figure 3.6.b Representative chair-rise angular momentum curves for the left foot, shank

and thigh.
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FREESPEED CHAIR—RISE
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Figure 3.6.c Representative chair-rise angular momentum curves for the head, trunk and

pelvis.
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FREESPEED CHAIR—RISE
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Figure 3.6.d Representative chair-rise angular momentum curves for the right and left

arms.
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FREESPEED CHAIR—RISE
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Figure 3.7 Representative chair-rise whole body linear momentum, angular momentum

about the average ankle joint and angular momentum about the body center of mass.
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3.1.5 Whole Body Momentum

As shown in Figure 3.7, the whole body linear momentum and whole body angular
momentum about the average ankle joint and the center of mass were calculated during
chair-rise. The peak values for each of these three types of whole body momentum were
calculated and averaged for ten freespeed chair-rise trials by five normal subjects. The
group consisted of four males and one female and had an average age of 28 (range 24-36)
years, height of 176 (range 141-184) cm and weight of 68 (range 55-73) kg. The

normalized peak whole body momentum values are listed below in Table 3.7.

TABLE 3.7
NORMALIZED PEAK WHOLE BODY MOMENTUM DURING CHAIR-RISE

(mean and standard deviation, n=10)

Linear Momentum -.397 (.041) .524 (.092) -.079 (.049)
(m/s)/kg

Angular Momentum -.060 (.036) -.009 (.014) .305 (.023)
@ ankle (m?/s)

Angular Momentum -.013 (.012) -.004 (.004) .072 (.010)
@ CG (m?%/s)
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3.2 The Swing and Stance Phases of Gait

Because the focus of the gait experiments in this thesis was limited to a comparison of
swing and stance phase dynamics, only the lower extremity forces and torques will be
presented. All three of the directional components of force and torque acting on the ankle,
knee and hip joints were calculated during the swing and stance phases of gait. However,
only the axial forces and the flexion-extension torques were included, because they were
the largest and most consistent between subjects of the three components of force and
torque. Hence the axial forces and flexion-extension torques were the most useful in
investigating the significance of the dynamic contributions to force and torque.
Representative axial force and flexion-extension torque curves are presented for the swing
and stance phases of gait. Next, the dynamic components of force and torque are reported
as percentages of the total force and torque for the averages of the seven paced gait trials.
Following the dynamic percentage results, curves for the three directional components of
linear and angular momentum are given for the foot, shank and thigh segments during a
representative gait trial. Representative whole body linear momentum and angular
momentum about the center of mass curves are also presented, however, the whole body
momentum includes both the swing leg and the stance leg, therefore these curves span a

cycle that includes the swing phase of one leg and the stance phase of the other leg.
3.2.1 Representative Force and Torque Curves

Fewer force and torque plots were generated for the swing and stance phases of gait than
for chair-rise. This is because upper body kinetics were not used for the swing and stance
phase comparison, and fewer gait trials were analyzed than chair-rise trials. However,

there were still a large number of plots and by presenting force and torque curves from one
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representative trial, repetition was avoided. The representative swing and stance phase
force curves given in this section are from a normal male subject (age: 29 years, height:
178 cm, weight: 85 kg), and the torque curves are from a normal female subject (age: 30
years, height: 168 cm, weight: 59 kg). As with chair-rise, the net joint forces and torques
are presented in this study, which do not include the effects of muscle co-contraction and
represent the lower limits of the force and torque reactions which actually occur within the
joint.

The representative force curves given in Figure 3.8 show the ankle, knee and hip
axial force as calculated with both a quasi-static method and a dynamic method. Figure
3.8.a shows the quasi-static and dynamic axial forces during swing phase, and Figure
3.8.b shows the quasi-static and dynamic axial forces during stance phase.

Likewise, the representative torque curves given in Figure 3.9 show the ankle, knee
and hip flexion-extension torque as calculated with both a quasi-static method and a
dynamic method. Figure 3.9.a shows the quasi-static and dynamic flexion-extension
torques during swing phase, and Figure 3.9.b shows the quasi-static and dynamic flexion-

extension torques during stance phase.
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Figure 3.8.b Representative stance phase axial forces calculated with a quasi-static method

and a dynamic method.

80



Ankle Knee : Hip

H
g
;
§
(4

" . -6 N . N .

e s < " ” 0 20 4 e 80 100
100 ] 20 40 60 80 100 C
° 2(; of S:ionq Ph:fo Cye:o %X of Swing Phase Cycle %X of Swing Phose Cycle

Figure 3.9.a Representative swing phase flexion-extension torques calculated with a quasi-

static method and a dynamic method.
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Figure 3.9.b Representative stance phase flexion-extension torques calculated with a

quasi-static method and a dynamic method.
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3.2.2 Dynamic Contributions to Swing and Stance Phase Joint

Forces and Torques.

Table 3.8 lists the peak axial forces calculated with the dynamic estimator and the quasi-
static method. These differences at the peaks were averaged for the seven gait trials. The
dynamic force equation is given in equation (2-9), and the quasi-static force equation is
given in equation (2-17). Normalization was performed by dividing the peak difference by

the range of the axial force, as calculated with the dynamic estimator.

TABLE 3.8
PEAK AXIAL FORCE DIFFERENCES RESULTING FROM USING DYNAMIC VS.
QUASI-STATIC JOINT FORCE ESTIMATES DURING GAIT (n=7)

Ankle Knee Hip
Peak q.s. force (%BW) -1.25 1149 -6.27 104.6 -19.7 98.8
Peak dyn. force (%BW) -1.66 114.7 -5.54 104.7 -21.8 98.5
Peak difference (%BW) -414 -.160 .73:9 .100 -2.12 -254
Normalized peak difference -.125 -.002 462 .001 -.503 -.002

Figures 3.10 and 3.11 show the information of Table 3.8 graphically. Figure 3.10
gives the peak axial forces for the ankle, knee and hip as calculated with both the dynamic
and quasi-static methods during swing phase and stance phase. In Figure 3.11, the

normalized peak axial force differences are given during swing phase and stance phase.
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The peak forces referred to in Table 3.8 and Figures 3.10 and 3.11 occurred
simultaneously for the ankle, knee and hip during stance phase and corresponded to the
time at which the ground reaction force was a maximum. The peak force during swing
phase was more variable, occurring near the middle of the swing phase cycle for the ankle
and knee and near the beginning or end for the hip. These peaks, described above, can be
seen on the representative force curves of Figure 3.8.

Table 3.9 lists the root mean squared error between dynamic axial force curves and
quasi-static axial force curves over complete swing and stance phase cycles. These
differcnces. were averaged for the seven gait trials. Normalization was performed by
dividing by the range of the dynamic axial force. The root mean square error quantifies the

difference between the two curves over the enti= cycle, as opposed to the difference at the

peaks only.

TABLE 3.9
RMS ERRORS BETWEEN DYNAMIC AND QUASI-STATIC AXIAL FORCE
CURVES DURING GAIT (n=7)

Ankle Knee Hip
RMS Error (%BW) 129 456 135 .80l 211 131
Normalized RMS Eror ~ .390 .005 840 .007 501 011

The normalized root mean square errors of Table 3.9 are plotted in Figure 3.12.
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Table 3.10 lists the peak flexion torques calculated with the dynamic estimator and
the quasi-static method. These differences at the peaks were averaged for the seven gait
trials. The dynamic torque equation is given in equation (2-10), and the quasi-static torque
equation is given in equation (2-18). Normalization was performed by dividing the peak
difference by the range of the flexion-extension torque as calculated with the dynamic

estimator.

TABLE 3.10
PEAK FLEXION TORQUE DIFFERENCES RESULTING FROM USING DYNAMIC
VS. QUASI-STATIC ESTIMATES FOR JOINT TORQUES DURING GAIT (n=7)

Ankle Knee Hip
Peak 1 g.s. torque (%BW*M) .019 15.3 333 543 2.09 7.84
Peak 1 dyn. torque (%BW*M) .146 15.3 1.54 5.79 479 5.22
Peak 1 difference (%BW*M) .127 .020 1.21 .361 2.70 -2.62
Normalized Peak 1 difference .476 .001 376 .003 270 -.192
Peak 2 q.s. torque (BW*M) -.074 -1.32 -1.05 -3.71 -1.80 4.02
Peak 2 dyn.torque (%BW*M) -.13C -1.35 -1.62 -4.11 -5.22 7.25
Peak 2 difference (%BW*M) -.056 -.033 -571 -.403 -3.41 3.22
Normalized Peak 2 difference -.220 -.002 -117 -.039 -.341 .236

Figures 3.13 and 3.14 show the information of Table 3.10 graphically. Figure
3.13 gives the peak flexion torques for the ankle, knee and hip as calculated with both the
dynamic and quasi-static methods during swing phase and stance phase. In Figure 3.14,
the normalized peak flexion torque differences are given during swing phase and stance

phase.
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Figure 3.13.a Swing phase quasi-static and dynamic peak fiexion-extension torques
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Table 3.10 and Figures 3.13 and 3.14 refer to "Peak 1" and "Peak 2" on the torque
curves. During swing phase for all three joints, peak 1 is the absolute maximum torque
value and peak 2 is the absolute minimum torque value during the cycle. For the ankle and
hip, peak 1 occurred at or shortly after toeoff and peak 2 occurred at or shortly before heel
strike. The opposite was true for the knee joint. During stanéc phase the same
representation is used for the ankle and knee, where peak 1 refers to the absolute maximum
and peak 2 refers to the absolute minimum. For the hip during stance phase, the curves
were less consistent. Peak 1 refers to the first local maximum and peak 2 refers to the last
local maximum of the hip curve, both of which were always positive. Peak 1 occurred
near toeoff for the ankle and closer to heel strike for the knee and hip. Peak 2 occurred
near heel strike for the ankle, near the middle of the stance phase cycle for the knee, and
towards toeoff for the hip. These peaks, described above, can be seen on the
representative torque curves of Figure 3.9.

Table 3.11 lists the root mean squared error between dynamic and quasi-static
flexion-extension torque curves over complete swing and stance phase cycles. These
differences were averaged for the seven gait trials. Normalization was performed by
dividing by the range of the dynamic flexion-extension torque. The root mean square error
quantifies the difference between the two curves over the entire cycle, as opposed to the

difference at the peaks only. Figure 3.16 shows the normalized RMS errors of Table 3.11.

TABLE 3.11
RMS ERRORS BETWEEN DYNAMIC AND QUASI-STATIC FLEXION TORQUE
CUR.VES DURING GAIT (n=7)

Ankle Knee Hip

Swing Stance Swing Stance Swing Stance
. RMSError(%BW*M) 080 .036 .788 479 2.22 2.57
Nommalized RMS Error 293 .002 245 .047 222 (189
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Figure 3.14 Magnitude of the normalized difference between peak dynamic and quasi-
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3.2.3 Representative Momentum Curves

As was the case with the force and torque curves, the number of plots generated by the
dynamic estimator made the inclusion of all the linear and angular momentum curves for the
swing and stance phases of all seven gait trials impractical. The representative swing leg
and stance leg linear and angular momentum curves given in this section are for a normal
male subject (age: 24 years, height: 175 cm, weight: 73 kg).

The representative linear momentum curves are given in Figure 3.16. Figure
3.16.a shows the three components of linear momentum for the foot, shank and thigh
during the swing phase of gait. Figure 3.16.b shows the three components of linear
momentum for the foot, shank and thigh during stance phase.

The representative angular momentum curves are given in Figure 3.17. Figure
3.17.a shows the three components of angular momentum for the foot, shank and thigh
during swing phase. Figure 3.17.b shows the three components of angular momentum for
the foot, shank and thigh during stance phase.

Figure 3.18 shows representative curves for the whole body linear momentum and
the whole body angular momentum about the body center of mass during a complete stance

phase cycle, which encompasses an entire swing phase cycle of the opposite leg.
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Figure 3.16.a Representative linear momentum curves for the foot, shank and thigh during
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Figure 3.16.b Representative linear momentum curves for the foot, shank and thigh during
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Figure 3.17.a Representative angular momentum curves for the foot, shank and thigh

during the swing phase of gait.

93



PACED GAIT 120 BPM STANCE PHASE
Stance Shank Stance Thigh

Stance Foot

R: 0.0044489 ‘I —0.002128 to 0.00232 R: 0.11954
0.0030 0.08

0.0020

0.0010F

0.0000

-0.0010

-0.0020

Anguior Momentum X-oxis (kgemw2/s)

~0.00308 o . "
0

20 < 60
% Goit Cycle

og’:‘ g 0048955 /[ —0.004239 to 0.00065 ol'\“;z().!)78677 /l -0.06?92 to 0.010753 ‘I,?:OC.11426 /] ~0.02609 to 0.088170 ]

Nomentum Y-.axis (kgemr2/s)
8
g
o

-0.00%0 . . s

80 100

s,

0 20 40 60
% Gait Cycte

0.010

R: 5(1.0138‘l7 0.00096850 to 0.01

0.06

0.04

0.02

0.00

-0.02

-0.0¢

© -0.08
o

0.081
c.081 b
8.04r 1
0.02¢
0.00p

oaz} j

-0.08 N . e i -0.04 A A s L
0 20 40 60 80 100 [ 20 40 60 80 100
% Gait Cycle % Goit Cycle

0.12

0.10

0.0¢

0.02

—0.04191 to 0.077633 ] OR(;G 0.080408 /[;0.0J?ZB to 0.045123

0.04
0.02}
0.00
-0.02
. N " -0.04 N . R A
20 40 60 80 100 0 20 40 ] 80 100
% Goit Cycle X Goit Cycle

1

478 R: 0.094267
0.14

0.027592 to 0.12186 ] ol?‘ 0.57109 /[ -0.3104 to 0.26065 ]

0 20 40 60
% Goit Cycle

Figure 3.17.b Representative angular momentum curves for the foot, shank and thigh

during the stance phase of gait.



PACED GAIT 120 BPM STANCE PHASE
Body LinMom Body AngMom@CG
_R; 0.38567 /[ 1.6250 to ~1.2394 | : 0.18179 /[ ~0.08862 to 0.093169 ]

1]

0.051

-0.05

Normolized LinMom X-gxis (kgem/s)
Normokzed Anglom X—axis (kgem-2/s)
o
8

-1.8 M " P " -0.10 L N s "
0 20 i 6 8 100 0 20 4 e 8 100
X Goit Cycle X Goit Cycle
R: 0.18585 ~0.08436 to 0.10148 ] R: 0.024482 -0.02384 to 0.0008385
- o.nsr""'"'a""'—"""'""""'" + 0003
2 <L
0.000
: ‘ } A
o 2 -
! 4 ooust \_\/
> >
i [ -o0t0f
£ -oo1s}
3
3 -0.020f
N R . . ~0.02% . . R re
0 20 4 6 e 100 0 20 4 6 8 100
X Gait Cycle X Goit Cycle
OR.‘ 0.62887 —-0.3133 to 0.31550 ] _ OR‘:”C.1O741 /[ -0.05331 to 0'.054‘33 ]
g 3
i 02 1 §_~
! !
i" i
? -02 E
-04 . .
() ™) 100
% Goit Cycle

Figure 3.18 Representative whole body linear momentum and angular momentum about
the center of mass during a stance phase of gait.

95



3.3 Lifting

Curves for the three components of force and three components of torque acting on the L.2-
L3 back joint of the MGH model during lifting are presented for lifting trials representative

of those perforjmed by the subject.
3.3.1 Representative Back Force and Torque Curves

The representative curves for the forces and torques on the back joint during lifting trials
were very similar in shape and in magnitude for the trials in which the subject lifted with
straight legs, and with bent knees. For this reason, only one set of representative back
force and torque curves is given. Figure 3.19.a shows representative curves for the forces
at the back joint during lifting with straight legs. The torque curves of Figure 3.19.b are

for the same lifting trial.
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3.4 Three-Link Model Chair-Rise Simulations

The simulation inputs consisted of ankle, knee and back angular pqsition, velocity and
acceleration trajectories from two chair-rise trials performed by the same subject. Table
3.12 gives a comparison of the peak torques calculated with the MGH 11 segment dynamic
estimator and those calculated with the three-link simulator. A graphical comparison is
provided in Figures 3.20 and 3.21. The first column, labeled ‘Actual Torques', shows
torques calculated with the MGH 11 segment model. The second column, labeled 'Model
Torques', shows the simulated torques. The third column shows the generalized forces for
each joint, an intermediate quantity used to calculate the joint torques as described in section
2.4.2. As mentioned previously, the simulation assumed sagittal symmetry, and
consequently only the flexion-extension torques were calculated with the three-link model.
The torques presented in this section are in newton-meters, in contrast to the rest of the of

the torques in this thesis which are in percent body weight-meters.

TABLE 3.12
PEAK FLEXION-EXTENSION TORQUES CALCULATED WITH THE MGH
ELEVEN SEGMENT DYNAMIC ESTIMATOR AND SIMULATED WITH

THE THREE-LINK MODEL (N*M)
Joint 1 (Ankle) Joint 2 (Knee) in Hi
MGH Model Simulated MGH Model Simulated MGH Model Simulated
Trial 1 51 53 -144 -133 -47 -48
Trial 2 45 45 -145 -131 -46 -50
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Figure 3.20 Torques calculated with the MGH 11 segment model and the three-link
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simulation. Also shown are the generalized forces. Chair-rise trial one.
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Figure 3.21 Torques calculated with the MGH 11 segment model and the three-link

simulation. Also shown are the generalized forces. Chair-rise trial two.
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3.5 Validation of the MGH Model

As mentioned in section 2.2.2, the dynamic estimator calculates the upper body kinetics
from upper body kinematics, while the lower body kinetics are calculated from lower body
kinematics and the ground reaction. The MCH 11 segment model was validated by
calculating the forces and torques at the back joint both from the head and arms down to the
back joint and from the feet up to the back joint. This method of model validation was
suggested by deLooze as a means to validate dynamic linked segment models [100]. A
comparison of the back forces and torques calculated from the lower body with the back
forces and torques calculated from the upper body is presented for six standing trials and
six chair-rise trials. The group had an average age of 28 (range 24-36) years, height of 170
(range 160-185) cm and weight of 66 (range 55-77) kg.

Figure 3.22.a shows the three components of force, and Figure 3.22.b shows the
three components of torque acting on the back joint calculated from both the upper body
and the lower body during a representative standing trial. Figure 3.23.a shows the three
components of force, and Figure 3.23.b shows the three components of torque acting on
the back joint calculated from both the upper body and the lower body during a
representative chair-rise trial. The representative standing force and torque curves given in
Figure 3.22 and the representative chair-rise force and torque curves given in Figure 3.23
are for a normal male subject (age: 25 years, height: 160 cm, weight: 55 kg). Table 3.13
lists the individual and average root mean square (RMS) errors between the back force and
torque curves calculated from the upper body and those calculated from the lower body for
standing and chair-rise trials. The RMS errors give a measure of the average difference
between the upper and lower body back force curves in (%BW) and a measure of the

average difference between the upper and lower body back torque curves in (%BW*M).
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TABLE 3.13
MODEL VALIDATION: RMS ERRORS FOR BACK JOINT FORCES (%BW) AND
TORQUES (%BW*M) CALCULATED FROM THE UPPER AND THE LOWER BODY

FORCE TORQUE
Axial  Laerall Ant/Post.  Flexion  Abduction  Rotation

Standing

Subject] 5.12 075 2.09 1.92 0.32 0.65
Subject2 3.11  5.23 4.71 3.98 0.76 0.34
Subject3 025  0.88 1.30 2.57 0.06 0.56
Subject4 3.63  4.97 6.41 0.44 0.14 0.31
Subject5 3.91  0.44 2.01 1.82 0.64 0.20
Subject6 626  1.00 6.00 1.22 1.43 1.30
Average:  3.68 2.2l 3.75 1.99 0.56 0.56
StdDev.. 212 225 2.23 1.21 0.51 0.40
Chair-rise

Subject] 430  1.23 0.77 3.83 0.24 0.86
Subject2 8.90  4.40 5.10 2.83 027  0.89
Subject3 921  5.02 4.18 4.85 0.60 0.48
Subject4  3.69  5.87 5.80 2.56 0.67 0.48
Subject5 3.48  2.09 2.25 3.99 0.58 0.33
Subject6 525  3.79 5.07 3.78 1.12 2.10
Average:  5.81 3.73 3.86 - 3.64 0.58 0.86
StdDev.. 259 177 1.95 0.83 0.32 0.65
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BACK FORCES DURING STANDING
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Figure 3.22.a Representative back joint forces calculated from the upper body and lower

body during standing.
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BACK TORQUES DURING STANDING
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Figure 3.22.b Representative back joint torques calculated from the upper body and lower

~ body during standing.
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BACK FORCES DURING CHAIR—RISE
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Figure 3.23.a Representative back joint forces calculated from the upper body and lower

body during chair-rise.
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BACK TORQUES DURING CHAIR—-RISE
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Figure 3.23.b Representative back joint torques calculated from the upper- body and lower

body during chair-rise.
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Chapter 4

Discussion

In this chapter, the results of applying the dynamic estimator to the chair-rise, gait and
lifting trials are discussed. In the discussion of these applications of the dynamic estimator,
qualitative results consisting of representative force, torque and momentum curves are
interpreted, and quantitative results which illustrate the importance of segmental dynamics
are discussed. In addition, the three-link chair-rise simulations, and the MGH model
validation results are discussed. Whenever possible, the findings presented in this thesis

are compared to other published results.

4.1 Chair-Rise

First, the representative ankle, knee, hip, back and neck force and torque curves during
chair-rise are briefly discussed. Next, the quansitative contributions of segmental dynamics
to joint forces and torques during chair-rise are discussed. The effect that varying the
speed of ascent during chair-rise has on the dynamic components of force and torque is
also discussed. A brief discussion on linear and angular segmental momentum is included.
Finally, whole body linear momentum and whole body angular momentum about the body
center of mass and about the combined ankle joint during chair-rise are briefly discussed,
including a preliminary discussion ¢n how these quantities may be different for an

unsuccessful chair-rise trial.
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4.1.1 Representative Force and Torque Curves

The representative ankle, knee and hip flexion-extension torques shown in Figure 3.2 and
the flexion-extension torque peak magnitudes listed in Table 3.6 were within the ranges of
those reported by other studies which investigated lower limb joint torques during chair rise
with quasi-static analysis [10], [36] and dynamic analysis [41]. Abduction-adduction and
internal-external rotation torques have not been previously reported by studies on chair-
rise. In this study they were found to be relatively small in magnitude and highly variable.
In addition, comparisons of the joint forces and the neck and back torques found in this
study with those of other studies were not possible, since these were unavailable from the
literature. The axial and anterior-posterior force magnitudes were quite consistent across
subjects, but the medial-lateral force magnitudes were smaller and more variable.

Most of the discussion of the representative force and torque curves will be limited
to the axial component of force and the flexion-extension component of torque. To aid in
this discussion, Figure 4.1 shows the axial forces for all the joints of the body and Figure
4.2 shows the flexion-extension torques for all the joints of the body. These force and
torque curves were taken from the representative force and torque curves of Figures 3.1
and 3.2. To facilitate interpretation, three vertical line markers have been added signifying
key points during the chair-rise trial. The first line marked 'tf’ denotes the onset of trunk
flexion. The second line marked 'lo' signifies liftoff from the chair or the time at which the
subject lost contact with the seat. The third line marked 'ss' denotes the timé at which
stable stance was achieved. As mentioned in section 2.3.1, the dynamic components of
force and torque were averaged from the onset of trunk flexion to stable stance for the
upper body joints and from liftoff to stable stance for the lower body joints.

From Figures 4.1 and 4.2, it is apparent that the forces and torques of the right leg

joints were similar in magnitude and in shape to those of the left leg. However, closer

108
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Figure 4.1 Axial force curves for all joints during chair-rise. (tf: trunk flexion, 'lo":

liftoff, 'ss': stable stance).
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inspection reveals that the magnitudes of the peaks were often diftcrent for the
corresponding joint on the right and left legs. For example, in Figure 4.1 the left knee peak
axial force is approximately 54 %BW, while the right knee peak axial force is only 44
%BW. Similarly the left knee peak extension torque of Figure 4.2 is approximately 13
%BW#*M, while the right knee peak extension torque is only 9 %2BW*M. The higher axial
force and extension torque on the left leg suggést that the subject put more weight on her
left leg than her right leg during the chair-rise maneuver. One advantage of the MGH three-
dimensional model is that it can detect bilateral asymmetries which would be missed by the
more common unilateral, or sagittal plane models often used to study chair-rise.

From the representative axial force curves of Figure 4.1, we can see that the ankle,
knee and hip axial force curves are similar in shape. This is because the compressive force
on these joints is dominated by the ground reaction force (not shown). The magnitudes of
the peak axial force curves also decreases from the ankles to the knees to the hips. This
decrease in compressive axial force was expected because as one moves up the body
beginning at the feet, there is progressively less load on the joints, as less body mass is
above the joints.

From the representative flexion-extension tc;rque curves of Figure 4.2, it was
discovered that the maximum dorsiflexion for both ankles, the maximum extension torque
for both knees and both hips, and the maximum flexion torque for the back all occurred
within 0.06 seconds of each other. The time at which these peak torques occurred was
shortly aftér liftoff as can be seen in Figure 4.2. Perhaps this is the critical time at which
sit-back failure occurs in patients who are unable to rise from a chair without the use of
their hands. This could be the time at which some elderly people lack the strength to
generate enough torque on one or a combination of two or more joints to successfully rise
from a chair. For example, it is possible that neither the required knee torque nor the
required hip torque alone is enough to prevent a successful chair-rise, but the combination

of the two simultaneous peak torques may recruit some of the same upper leg muscles
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which cannot meet the torque demands of both joints at the same time. Further
investigation of these possibilities would provide more insight into the principles
underlying some people's inability to rise from a chair.

Another interesting observation is that the temporary reversal in slope on the back
torque curve of Figure 4.2 corresponds to liftoff from the chair. Although the back torque
remains in flexion (negative), this temporary reversal suggests that liftoff causes a transient
extension torque on the back. While it was not within the scope of this thesis, this would

be an interesting phenomena to investigate with musculoskeletal co-contraction models.
4.1.2 Dynamic Components of Force and Torque

The data in Table 3.5 and Figure 3.3 show that the effects of segmental dynamics are
negligible at the ankle joint and still very small at the knee joint, but become larger rostrally.
The insignificant dynamic components of force and torque on the ankle joint were expected
since the feet remain stationary during chair-rise, and the external ground reaction force is
applied directly to the feet. For this reason, the ground reaction force dominates the forces
and torques on the ankle joint. The increasing dynamic loads that accompany increasing
height can be explained because not only do the superior body segments have more motion
themselves, but they also have more body segments inferior to them, whose dynamic
effects combine to produce a greater total dynamic contribution. In other words, the quasi-
static method of calculating joint forces and torques progressively loses accuracy while
proceeding in the rostral direction. The results of Table 3.5 indicated that segmental
dynamics accounted for less that 1% of the total force and torque on the ankle and knee
joints during chair-rise. For this reason, the quasi-static assumption is acceptable for
studies on chair-rise that only calculate the ankle and knee forces and torques. However,
the larger contributions of segmental dynamics to the hip, back and neck forces and torques

suggest that chair-rise studies investigating these joints should employ dynamic analysis
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when calculating joint reactions. The data in Table 3.5 suggest that for chair-rise, static
loads are always the largest components of joint force and torque, but dynamic components

of force and torque become larger rostrally.
4.1.3 Dynamics and the Speed of Ascent

While more data are needed, Table 3.6 provides some preliminary evidence that increases
in speed of ascent are accompanied by increasing segmental dynamic contributions to net
joint forces and torques. In every joint, the dynamic percentages of force and torque were
larger for the fast trials than for the slow trials. While a previous study, using dynamic
torque calculations, showed that increases in chair-rise speed are accompanied by increases
in joint torques [41], the preliminary results of this study indicate that at least part of the
torque increase may be attributed to contributions from segmental dynamics. It is possible
that quasi-static torques may also increase when the speed of ascent increases due to a
larger ground reaction. Because the dynamic force and t