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Muscle Function and Coordination of Amputee and Non-Amputee Stair

Ascent

Nicole Guckert Harper, Ph.D.

The University of Texas at Austin, 2015
Supervisor: Richard R. Neptune

Stair ascent is a common activity of daily living and is necessary for maintaining
independence in a variety of community environments. However, it can be a
biomechanically challenging task. For example, for transtibial amputees the loss of the
ankle plantarflexors coupled with the task demands of stair ascent require amputees to
develop compensatory mechanisms that utilize the prosthesis and remaining musculature.
The overall goal of this research was to use advanced musculoskeletal modeling and
simulation techniques in a series of studies to understand how individual muscles
contribute to stair ascent in non-amputees and how unilateral transtibial amputees
compensate with the prosthesis and remaining musculature during stair ascent.

In the first study, a simulation of non-amputee stair ascent was developed to
elucidate the contributions of individual muscles and the biomechanical mechanisms by
which they accomplish stair ascent. The hip abductors, hip extensors, knee extensors and
plantarflexors were found to work synergistically to generate, absorb and/or transfer
mechanical power to accomplish stair ascent. In the second study, a simulation of
transtibial amputee stair ascent was generated to identify functional deficits and
compensations necessary for amputees to ascend stairs. The passive prosthesis was able

to emulate the role of the uniarticular plantarflexors, but was unable to replicate the role
vii



of the biarticular plantarflexors. As a result, compensations from other muscles were
necessary. In the final study, simulations of non-amputee and amputee stair ascent were
used to determine the contributions of individual muscles and the prosthesis to dynamic
balance control, which was quantified using whole-body angular momentum. The
prosthesis was able to replicate the role of the plantarflexors in the regulation of sagittal-
plane and, to a lesser extent, transverse-plane angular momentum. However, while the
non-amputee plantarflexors contributed minimally to frontal-plane angular momentum,
the prosthesis acted to rotate the body towards the contralateral leg, which required
additional muscle compensations.

By understanding the role of the individual muscles and prosthesis in achieving
stair ascent and identifying the compensations used by amputees, this research provides a
foundation for designing refined prostheses and targeted rehabilitation programs that

improve an individual’s ability to ascend stairs.
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Musculotendon mechanical power output from the ipsilateral leg
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ipsilateral (Ipsi) leg and contralateral (Contra) leg in the anteroposterior
(AP) direction. Positive (negative) net values indicate power generated
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muscles across the ipsilateral gait cycle and distributed to the trunk,
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Musculotendon mechanical power output from the intact plantarflexors
(gastrocnemius: GAS; soleus: SOL) and the prosthesis across the intact
and residual leg gait cycles, respectively, and distributed to the trunk,
intact leg and residual leg in the vertical direction. Positive (negative)
net values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that
power is being generated to (absorbed from) the leg or trunk. The gray
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Figure 3.6:

Musculotendon mechanical power output from the intact plantarflexors
(gastrocnemius: GAS; soleus: SOL) and the prosthesis across the intact
and residual leg gait cycles, respectively, and distributed to the trunk,
intact leg and residual leg in the anteroposterior (AP) direction. Positive
(negative) net values indicate power generated (absorbed) by the
musculotendon actuator. Positive (negative) values for the leg or trunk
indicate that power is being generated to (absorbed from) the leg or
trunk. The gray lines divide the gait cycle into three regions: 1) weight
acceptance through pull-up, 2) forward continuance through push-up,
and 3) swing (foot clearance through foot placement). For muscle group
abbreviations, please see Table 3.1.......ccccoevieiiiiiiiniiicieie e, 56
Primary positive and negative contributors to mediolateral control of the
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Musculotendon mechanical power output from the intact plantarflexors
(gastrocnemius: GAS; soleus: SOL) and the prosthesis across the intact
and residual leg gait cycles, respectively, and distributed to the trunk,
intact leg and residual leg in the mediolateral direction. Positive
(negative) net values indicate power generated (absorbed) by the
musculotendon actuator. Positive (negative) values for the leg or trunk
indicate that power is being generated to (absorbed from) the leg or
trunk. The gray lines divide the gait cycle into three regions: 1) weight
acceptance through pull-up, 2) forward continuance through push-up,
and 3) swing (foot clearance through foot placement). For muscle group
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Figure 3.9:

Figure 4.1.

Musculotendon mechanical power output from the intact plantarflexors
(gastrocnemius: GAS; soleus: SOL) and the prosthesis across the intact
and residual leg gait cycles, respectively, and distributed to the trunk,
intact leg and residual leg. Positive (negative) net values indicate power
generated (absorbed) by the musculotendon actuator. Positive (negative)
values for the leg or trunk indicate that power is being generated to
(absorbed from) the leg or trunk. The gray lines divide the gait cycle into
six regions: 1) weight acceptance, 2) pull-up, 3) forward continuance 4)
swing initiation (push-up), 5) early swing (foot clearance) and 6) late
swing (foot placement). For muscle group abbreviations, please see
Table 3.1, o e 62
The time rate of change of whole-body angular momentum (external
moment about the center-of-mass (COM)) in the frontal, transverse and
sagittal planes, computed as the cross product of the external moment
arms and ground reaction force (GRF) vectors (anteroposterior (AP),
vertical, and mediolateral (ML)). The external moments in the frontal,
transverse and sagittal planes were defined about the X, Y and Z axes,
respectively. Note that for clarity, only the external moments generated
by the right leg (non-amputee leg, intact leg) during stair ascent are
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Figure 4.2: Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the frontal plane during the first and second halves of
residual, intact and non-amputee stance. In residual stance (left leg of the
amputee simulation), positive (negative) contributions indicate angular
momentum that acts to rotate the body towards the contralateral
(ipsilateral) leg. In intact and non-amputee stance (right leg of the
amputee and non-amputee simulation, respectively), positive (negative)
contributions indicate angular momentum that acts to rotate the body
towards the ipsilateral (contralateral) leg. Each muscle is depicted using
a muscle-specific color to enable comparisons across figures. Unless
otherwise indicated, muscles are from the leg specified in the plot title
(see Table 4.1 for muscle group abbreviations). In the non-amputee

plots, “contra” indicates the contralateral non-amputee leg. ............ 82
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Figure 4.4:

Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the transverse plane during the first and second halves of
residual, intact and non-amputee stance. In residual stance (left leg of the
amputee simulation), positive (negative) contributions indicate angular
momentum that acts to rotate the body vertically towards the ipsilateral
(contralateral) leg. In intact and non-amputee stance (right leg of the
amputee and non-amputee simulations, respectively), positive (negative)
contributions indicate angular momentum that acts to rotate the body
vertically towards the contralateral (ipsilateral) leg. Each muscle is
depicted using a muscle-specific color to enable comparisons across
figures. Unless otherwise indicated, muscles are from the leg specified
in the plot title (see Table 4.1 for muscle group abbreviations). In the

non-amputee plots, “contra” indicates the contralateral non-amputee leg.

Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the sagittal plane during the first and second halves of
residual, intact and non-amputee stance. Positive (negative)
contributions indicate angular momentum that acts to rotate the body
backward (forward). Each muscle is depicted using a muscle-specific
color to enable comparisons across figures. Unless otherwise indicated,
muscles are from the leg specified in the plot title (see Table 4.1 for
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Figure B.2:

Figure B.3:

Figure B.4:

Three-dimensional simulated (solid line) and experimental (average -
dashed line; & two experimental standard deviations - shaded area) hip,
knee and ankle kinematics for the residual and intact legs across the
intact leg gait cycle during amputee stair ascent. Positive values
represent hip adduction, hip internal rotation, hip flexion, knee extension
and ankle dorsifleXion. ........cceeeeverierieiienienee e 109
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Figure B.5: Musculotendon mechanical power output from the residual leg muscles
across the residual leg gait cycle and distributed to the trunk, intact leg
and residual leg in the vertical direction. Positive (negative) net values
indicate power generated (absorbed) by the musculotendon actuator.
Positive (negative) values for the leg or trunk indicate that power is
being generated to (absorbed from) the leg or trunk. The gray lines
divide the gait cycle into three regions: 1) weight acceptance through
pull-up, 2) forward continuance through push-up, and 3) swing (foot
clearance through foot placement). For muscle group abbreviations,
please see Table 3.1, ..o 112

Figure B.6: Musculotendon mechanical power output from the intact leg muscles
across the intact leg gait cycle and distributed to the trunk, intact leg and
residual leg in the vertical direction. Positive (negative) net values
indicate power generated (absorbed) by the musculotendon actuator.
Positive (negative) values for the leg or trunk indicate that power is
being generated to (absorbed from) the leg or trunk. The gray lines
divide the gait cycle into three regions: 1) weight acceptance through
pull-up, 2) forward continuance through push-up, and 3) swing (foot
clearance through foot placement). For muscle group abbreviations,
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Figure B.7:

Figure B.8:

Musculotendon mechanical power output from the residual leg muscles
across the residual leg gait cycle and distributed to the trunk, intact leg
and residual leg in the anteroposterior (AP) direction. Positive (negative)
net values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that
power is being generated to (absorbed from) the leg or trunk. The gray
lines divide the gait cycle into three regions: 1) weight acceptance
through pull-up, 2) forward continuance through push-up, and 3) swing
(foot clearance through foot placement). For muscle group
abbreviations, please see Table 3.1.......ccccoevvieiiiniiiiiieeeeeeee, 114
Musculotendon mechanical power output from the intact leg muscles
across the intact leg gait cycle and distributed to the trunk, intact leg and
residual leg in the anteroposterior (AP) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that
power is being generated to (absorbed from) the leg or trunk. The gray
lines divide the gait cycle into three regions: 1) weight acceptance
through pull-up, 2) forward continuance through push-up, and 3) swing
(foot clearance through foot placement). For muscle group

abbreviations, please see Table 3.1......ccccocviveviiieniiiinieeeeeee, 115
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Figure B.9:

Figure B.10:

Musculotendon mechanical power output from the residual leg muscles
across the residual leg gait cycle and distributed to the trunk, intact leg
and residual leg in the mediolateral (ML) direction. Positive (negative)
net values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that
power is being generated to (absorbed from) the leg or trunk. The gray
lines divide the gait cycle into three regions: 1) weight acceptance
through pull-up, 2) forward continuance through push-up, and 3) swing
(foot clearance through foot placement). For muscle group
abbreviations, please see Table 3.1.......ccccoevvieiiiniiiiiieeeeeeee, 116
Musculotendon mechanical power output from the intact leg muscles
across the intact leg gait cycle and distributed to the trunk, intact leg and
residual leg in the mediolateral (ML) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that
power is being generated to (absorbed from) the leg or trunk. The gray
lines divide the gait cycle into three regions: 1) weight acceptance
through pull-up, 2) forward continuance through push-up, and 3) swing
(foot clearance through foot placement). For muscle group

abbreviations, please see Table 3.1......ccccooviviviiieiiiienieeieeee, 117
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Figure B.11:

Figure B.12:

Musculotendon mechanical power output from the residual leg muscles
across the residual leg gait cycle and distributed to the trunk, intact leg
and residual leg. Positive (negative) net values indicate power generated
(absorbed) by the musculotendon actuator. Positive (negative) values for
the leg or trunk indicate that power is being generated to (absorbed
from) the leg or trunk. The gray lines divide the gait cycle into three
regions: 1) weight acceptance through pull-up, 2) forward continuance
through push-up, and 3) swing (foot clearance through foot placement).
For muscle group abbreviations, please see Table 3.1.................... 118
Musculotendon mechanical power output from the intact leg muscles
across the intact leg gait cycle and distributed to the trunk, intact leg and
residual leg. Positive (negative) net values indicate power generated
(absorbed) by the musculotendon actuator. Positive (negative) values for
the leg or trunk indicate that power is being generated to (absorbed
from) the leg or trunk. The gray lines divide the gait cycle into three
regions: 1) weight acceptance through pull-up, 2) forward continuance
through push-up, and 3) swing (foot clearance through foot placement).

For muscle group abbreviations, please see Table 3.1.................... 119
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Figure C.1:

Figure C.2:

External frontal-plane moments about the center-of-mass (time rate of
change of angular momentum) during residual stance (left leg of the
amputee simulation) generated by the contributions of muscles from the
residual leg, the prosthesis and gravity to the residual vertical and
mediolateral (ML) ground reaction forces (GRF). Positive (negative)
values indicate angular momentum that acted to rotate the body towards
the contralateral (ipsilateral) leg. Contributions to the residual vertical
and ML GRFs from the intact leg were small. See Table 4.1 for muscle
SrOUP ADDIEVIALIONS. ..evvveiiieiieeiiieiie ettt 120
External frontal-plane moments about the center-of-mass (time rate of
change of angular momentum) during intact stance (right leg of the
amputee simulation) generated by the contributions of muscles from the
intact leg and gravity to the intact vertical and mediolateral (ML) ground
reaction forces (GRF). Positive (negative) values indicate angular
momentum that acted to rotate the body towards the ipsilateral
(contralateral) leg. Contributions to the intact vertical and ML GRFs
from the residual leg were small. See Table 4.1 for muscle group
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Figure C.3:

Figure C.4:

External frontal-plane moments about the center-of-mass (time rate of
change of angular momentum) during non-amputee stance (right leg of
the non-amputee simulation) generated by the contributions of muscles
from the non-amputee leg and gravity to the non-amputee vertical and
mediolateral (ML) ground reaction forces (GRF). Positive (negative)
values indicate angular momentum that acted to rotate the body towards
the ipsilateral (contralateral) leg. Due to model symmetry, the
contributions from both non-amputee legs were identical and only one
leg is presented. See Table 4.1 for muscle group abbreviations. ....122
External transverse-plane moments about the center-of-mass (time rate
of change of angular momentum) during residual stance (left leg of the
amputee simulation) generated by the contributions of muscles from the
residual leg, the prosthesis and gravity to the residual anteroposterior
(AP) and mediolateral (ML) ground reaction forces (GRF). Positive
(negative) values indicate angular momentum that acted to rotate the
body vertically towards the ipsilateral (contralateral) leg. Contributions
to the residual AP and ML GRFs from the intact leg were small. See

Table 4.1 for muscle group abbreviations..........cccceeeecvveeriieeerneenns 123
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Figure C.5:

Figure C.6:

External transverse-plane moments about the center-of-mass (time rate
of change of angular momentum) during intact stance (right leg of the
amputee simulation) generated by the contributions of muscles from the
intact leg and gravity to the intact anteroposterior (AP) and mediolateral
(ML) ground reaction forces (GRF). Positive (negative) values indicate
angular momentum that acted to rotate the body vertically towards the
contralateral (ipsilateral) leg. Contributions to the intact AP and ML
GRFs from the residual leg were small. See Table 4.1 for muscle group
ADDTEVIATIONS. ..euvieniieiieiiieieeie ettt sttt 124
External transverse-plane moments about the center-of-mass (time rate
of change of angular momentum) during non-amputee stance (right leg
of the non-amputee simulation) generated by the contributions of
muscles from the non-amputee leg and gravity to the non-amputee
anteroposterior (AP) and mediolateral (ML) ground reaction forces
(GRF). Positive (negative) values indicate angular momentum that acted
to rotate the body vertically towards the contralateral (ipsilateral) leg.
Due to model symmetry, the contributions from both non-amputee legs
were identical and only one leg is presented. See Table 4.1 for muscle
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Figure C.7:

Figure C.8:

External sagittal-plane moments about the center-of-mass (time rate of
change of angular momentum) during residual stance (left leg of the
amputee simulation) generated by the contributions of muscles from the
residual leg, the prosthesis and gravity to the residual vertical and
anteroposterior (AP) ground reaction forces (GRF). Positive (negative)
values indicate angular momentum that acted to rotate the body
backward (forward). Contributions to the residual vertical and AP GRFs
from the intact leg were small. See Table 4.1 for muscle group
ADDTEVIATIONS. ..euvieniieiieiiieieeie ettt sttt 126
External sagittal-plane moments about the center-of-mass (time rate of
change of angular momentum) during intact stance (right leg of the
amputee simulation) generated by the contributions of muscles from the
intact leg and gravity to the intact vertical and anteroposterior (AP)
ground reaction forces (GRF). Positive (negative) values indicate
angular momentum that acted to rotate the body backward (forward).
Contributions to the intact vertical and AP GRFs from the residual leg

were small. See Table 4.1 for muscle group abbreviations. ........... 127
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Figure C.9: External sagittal-plane moments about the center-of-mass (time rate of
change of angular momentum) during non-amputee stance (right leg of
the non-amputee simulation) generated by the contributions of muscles
from the non-amputee leg and gravity to the non-amputee vertical and
anteroposterior (AP) ground reaction forces (GRF). Positive (negative)
values indicate angular momentum that acted to rotate the body
backward (forward). Due to model symmetry, the contributions from
both non-amputee legs were identical and only one leg is presented. See

Table 4.1 for muscle group abbreviations............ccceceeeveerieenenennnen. 128
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Chapter 1: Introduction

More than 1.6 million individuals in the United States are currently living with the
loss of a limb (Ziegler-Graham et al., 2008), 24% of which have unilateral transtibial
amputations (Dillingham et al., 2002). The causes of amputation are primarily linked to
vascular disease and traumatic injuries. However, due to the aging population and
increasingly high rates of vascular disease in older adults (Heidenreich et al., 2011; Wild
et al., 2004), the number of amputees is expected to double by the year 2050 (Ziegler-
Graham et al., 2008).

As the rate of amputation increases, research is critically needed to improve
rehabilitation techniques and prostheses to restore and maintain mobility. A number of
studies have investigated the biomechanics of amputee gait to meet these needs. These
studies have found that unilateral transtibial amputees have increased energy cost (Genin
et al., 2008; Houdijk et al., 2009), altered and asymmetric kinematics and kinetics (for
review, see Prinsen et al.,, 2011), and diminished dynamic balance (Silverman and
Neptune, 2011) during level walking compared to non-amputees. Studies have also
analyzed amputee gait during stair ambulation (Alimusaj et al., 2009; Powers et al., 1997,
Schmalz et al., 2007; Yack et al., 1999), running (Sanderson and Martin, 1996), incline
and decline walking (Vrieling et al., 2008a), sit-to-stand tasks (Ozyurek et al., 2013) and
obstacle avoidance tasks (Barnett et al., 2013; Hill et al., 1999; Vrieling et al., 2007) and
have identified additional asymmetries compared to non-amputees. These studies have
improved the understanding of amputee gait and helped facilitate the development of
refined rehabilitation techniques (Agrawal et al., 2013a; Kaufman et al., 2014; Nolan,

2012; Vrieling et al., 2009) and prostheses (Agrawal et al., 2014; Delussu et al., 2013;



Herr and Grabowski, 2012; Mancinelli et al., 2011; Segal et al., 2012) aimed at restoring
amputee mobility.

However, despite these efforts, challenges with designing improved prostheses
and rehabilitation techniques still persist. A principal challenge is our current limited
understanding of how the prosthesis and individual muscles contribute to the
biomechanical subtasks of amputee gait. To overcome this challenge, it is critical to
understand individual muscle function during specific activities in non-amputees and then
understand how amputees compensate to achieve the same tasks. One challenge with
identifying individual muscle contributions to specific biomechanical subtasks is the
inability to directly measure them experimentally. However, musculoskeletal modeling
and simulation techniques provide a powerful framework for studying in vivo quantities.
Muscle-actuated forward dynamics simulations are particularly promising as they mimic
the human neuromuscular system and are capable of providing insight into the causal
relationships between individual muscle activity and the resulting task performance (for
review, see Zajac et al., 2002). Previous studies have used muscle-actuated forward
dynamics simulations to investigate the contributions of individual muscles in non-
amputees to movement tasks including walking (e.g., Liu et al., 2006; Neptune et al.,
2001; Pandy et al., 2010), running (e.g., Hamner et al., 2010; Sasaki and Neptune, 2006),
pedaling (e.g., Neptune et al., 2000a) and wheelchair propulsion (Rankin et al., 2011). In
addition, studies have used simulations to identify the contributions of the prosthesis and
individual muscles needed to perform unilateral transtibial amputee walking (Silverman
and Neptune, 2012; Zmitrewicz et al., 2007). Simulations have also been used to improve
prosthesis designs by determining the influence of design parameters such as stiffness on
the biomechanical subtasks of walking (Fey et al., 2012, 2013). However, despite the

benefits of identifying the contributions from the prosthesis and individual muscles in
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amputee gait, few studies have investigated these contributions in tasks other than level
walking.

Stair ascent is a critical task for mobility independence and can be
biomechanically challenging. Stair ascent is a more strenuous activity than stair descent
and requires greater muscle activity (Bae et al., 2009; Lyons et al., 1983; McFadyen and
Winter, 1988), net joint work (DeVita et al., 2007) and metabolic energy (Teh and Aziz,
2002). In level walking the center-of-mass (COM) is predominantly propelled
horizontally, but in stair ascent the COM is simultaneously propelled both horizontally
and vertically while leg swing is modulated to avoid contact with the intermediate step
(McFadyen and Winter, 1988; Zachazewski et al., 1993). As a result of these increased
task requirements, several studies have observed increased energy cost (Ainsworth et al.,
2000; Teh and Aziz, 2002) and demands at the hip (Andriacchi et al., 1980; DeVita et al.,
2007; Nadeau et al., 2003), knee (Andriacchi et al., 1980; Costigan et al., 2002; DeVita et
al., 2007; Hall et al., 2013; McFadyen and Winter, 1988; Nadeau et al., 2003) and ankle
(Andriacchi et al., 1980; DeVita et al., 2007; Nadeau et al., 2003) in stair ascent relative
to level walking. In addition, previous research has shown that dynamic balance is more
difficult to maintain during stair ascent than in level walking (Kendell et al., 2010),
particularly in the frontal plane (Pickle et al., 2014; Silverman et al., 2014). This suggests
that the biomechanical subtasks of vertical propulsion, anteroposterior propulsion,
mediolateral control, leg swing and whole-body dynamic balance during stair ascent
likely require altered muscle contributions relative to level walking. However, few
studies have investigated the contributions of individual muscles to these subtasks.

In transtibial amputees, the loss of the plantarflexors, which are critical to body
support (Liu et al., 2006; Neptune et al., 2001), forward propulsion (Liu et al., 2006;

Neptune et al., 2001), mediolateral balance (Allen and Neptune, 2012; Pandy et al.,
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2010), leg swing (Neptune et al., 2001) and dynamic balance control (Neptune and
McGowan, 2011), affects walking performance and requires compensations from both
the residual and intact limbs (for review, see Prinsen et al., 2011). Stair ascent, which
requires increased effort to simultaneously propel the COM horizontally and vertically, is
often one of the more difficult mobility tasks for amputees to perform as stair ascent is
less stable than other mobility tasks (Kendell et al., 2010) and the prosthetic limb is less
capable of effectively mimicking the physiologic ankle-foot during stair ascent compared
to level walking (Sinitski et al., 2012). The increased demands of stair ascent require
amputees to develop additional compensatory mechanisms that utilize the remaining
musculature in addition to the prosthesis and result in significant asymmetries between
the residual and intact limbs (Alimusaj et al., 2009; Powers et al., 1997; Schmalz et al.,
2007; Yack et al., 1999). However, these compensatory mechanisms have not been
investigated at the individual muscle level. Identifying the contributions of individual
muscles and the prosthesis to the biomechanical subtasks involved in amputee and non-
amputee stair ascent could help guide both prosthesis design and the development of
targeted rehabilitation programs to improve stair ascent in amputees.

The overall goal of this research was to use a musculoskeletal modeling and
simulation framework to understand how individual muscles and the prosthesis contribute
to the subtasks of stair ascent (i.e., vertical propulsion, anteroposterior propulsion,
mediolateral control, leg swing and dynamic balance) in non-amputees and unilateral
transtibial amputees as a foundation for guiding the design of targeted rehabilitation
programs and more effective prostheses. This overall goal was addressed through a series
of three studies. In the study in Chapter 2, a muscle-driven forward dynamics simulation
of non-amputee stair ascent was developed and analyzed to determine the contributions

of individual lower-extremity muscles to vertical propulsion, anteroposterior propulsion,
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mediolateral control and leg swing in non-amputee stair ascent and the biomechanical
mechanisms by which individual muscles work in synergy to perform these subtasks. In
the study in Chapter 3, the compensatory mechanisms used by unilateral transtibial
amputees were identified by elucidating the role of individual muscles and the prosthesis
in generating the necessary vertical propulsion, anteroposterior propulsion, mediolateral
control and leg swing during stair ascent by extending the muscle-driven forward
dynamics simulation framework developed in Chapter 2 to unilateral transtibial
amputees. In the study in Chapter 4, the biomechanical mechanisms by which amputees
and non-amputees regulate dynamic balance during stair ascent were determined by
quantifying the contributions of individual muscles and the prosthesis to whole-body
angular momentum in the frontal, transverse and sagittal planes. Understanding the role
of individual muscles and the prosthesis in non-amputee and amputee stair ascent will
help identify the compensatory mechanisms used by unilateral transtibial amputees and
provide a foundation for designing refined prosthetic devices and targeted rehabilitation
programs aimed at improving an individual’s ability to ascend stairs while maintaining

dynamic balance.



Chapter 2: Muscle Function and Coordination of Non-Amputee Stair
Ascent

INTRODUCTION

Stair ascent is a common activity of daily living and necessary for maintaining
full independence in a range of community environments. However, stair ascent can be
biomechanically challenging. Compared to level walking where the center-of-mass
(COM) is predominantly propelled horizontally, stair ascent requires an individual to
simultaneously propel the COM both horizontally and vertically (McFadyen and Winter,
1988; Zachazewski et al., 1993) while controlling mediolateral motion and modulating
leg swing to avoid contact with the intermediate step (McFadyen and Winter, 1988;
Zachazewski et al., 1993). As a result of the task requirements, several studies have
observed increased lower-limb joint demands (e.g., Andriacchi et al., 1980; McFadyen
and Winter, 1988) as well as increased energy cost (Ainsworth et al., 2000; Teh and Aziz,
2002) and knee contact forces (Costigan et al., 2002) in stair ascent relative to level
walking. In addition, previous research has shown that dynamic balance is more difficult
to maintain during stair ascent than during level walking (Lee and Chou, 2007). This
suggests that the biomechanical subtasks of wvertical propulsion, anteroposterior
propulsion, mediolateral control and leg swing during stair ascent likely require altered
muscle contributions relative to level walking. However, while these contributions have
been investigated in level walking (e.g., Liu et al., 2006; Neptune et al., 2001; Pandy et
al., 2010), few studies have investigated the contributions of individual muscles to these
subtasks during stair ascent.

A number of experimental studies have investigated the contributions of joint

moments (Nadeau et al., 2003; Novak and Brouwer, 2011), powers (DeVita et al., 2007;
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Nadeau et al., 2003; Wilken et al., 2011) and work (DeVita et al., 2007) to unimpaired
stair ascent and have identified the knee extensors (e.g., DeVita et al., 2007; Nadeau et
al., 2003; Wilken et al., 2011) and plantarflexors (DeVita et al., 2007; Novak and
Brouwer, 2011; Wilken et al.,, 2011) as important contributors with secondary
contributions from the hip abductors (Nadeau et al., 2003; Novak and Brouwer, 2011).
However, joint-based studies are unable to differentiate between individual muscles and
rely on correlations with other experimental measurements to hypothesize the role of
individual muscle groups. As a result, these joint-based analyses were not able to identify
the individual muscle contributions to the biomechanical subtasks of stair ascent.

Other studies have investigated muscle function during stair ascent by correlating
electromyographic (EMG) data with kinematic and kinetic data (e.g., McFadyen and
Winter, 1988) and similarly identified the knee extensors, plantarflexors and hip
abductors as primary contributors to stair ascent. However, while these studies were able
to identify differences in muscle excitation intensity and timing, they were unable to
identify the biomechanical contributions of individual muscles to stair ascent due to the
complex nonlinear relationships between muscle excitation, as determined by surface
electromyography, and the resulting force (e.g., Zajac, 1989). In addition, a muscle is
capable of accelerating all body segments through dynamic coupling (Zajac and Gordon,
1989; Zajac et al., 2002), and can therefore have contributions that are not identifiable
through correlations with experimental data alone. As a result, although the
plantarflexors, knee extensors and hip abductors have been identified as important
contributors to stair ascent, it remains unclear how individual muscles function in
synergy to satisfy the biomechanical task demands of stair ascent.

One method for identifying these contributions is to use musculoskeletal

modeling and simulation techniques. Previous studies have used muscle-actuated forward
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dynamics simulations to investigate the contributions of individual muscles to human
movement tasks such as walking (e.g., Liu et al., 2006; Neptune et al., 2001; Pandy et al.,
2010), running (e.g., Hamner et al., 2010; Sasaki and Neptune, 2006), pedaling (e.g.,
Neptune et al., 2000a; Raasch et al., 1997) and wheelchair propulsion (e.g., Rankin et al.,
2011) on level ground. Lin et al. (2015) analyzed stair ascent by using a musculoskeletal
model and static optimization to determine muscle forces during stance and a pseudo-
inverse force decomposition method to determine the contributions of each muscle force
to whole-body support, forward propulsion and balance by analyzing whole-body center-
of-mass accelerations. However, this study focused on only five muscle groups during
stance and did not investigate the specific biomechanical mechanisms by which they
contribute to the subtasks of stair ascent (e.g., how muscles generate, absorb or transfer
mechanical power between body segments). Others have used forward dynamics
simulations to investigate stair ascent at the individual muscle level (Ghafari et al., 2009).
However, their analysis focused on the total mechanical power produced by each muscle
and did not identify individual muscle contributions to the subtasks of stair ascent. In
addition, the model was restricted to the sagittal plane and could not characterize the
muscle contributions to non-sagittal plane functions.

The purpose of this study was to develop a three-dimensional muscle-actuated
forward dynamics simulation of unimpaired stair ascent to determine the contributions of
individual lower-extremity muscles to vertical propulsion, anteroposterior propulsion,
mediolateral control and leg swing during unimpaired stair ascent and the mechanisms by
which individual muscles work in synergy to perform these subtasks. This study will
build upon the work of Lin et al. (2015) to further understand muscle function and
coordination in stair ascent and help guide the development of effective, targeted

rehabilitation programs aimed at improving an individual’s ability to ascend stairs.
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METHODS

A three-dimensional muscle-actuated forward dynamics simulation of unimpaired
stair ascent was generated to emulate group-averaged experimental joint kinematics and
ground reaction forces (GRFs) for 27 unimpaired subjects. To develop this simulation,
the musculoskeletal system, foot-ground contact and muscle force generation were
modeled and a dynamic optimization algorithm was used to identify the muscle excitation
patterns that minimized the difference between the simulated and experimental joint
kinematics and GRFs. To identify the contributions of individual muscles to the subtasks
of stair ascent, GRF decomposition and segment power analyses were performed. Each of

these elements is described below in more detail.

Musculoskeletal model

A previously developed three-dimensional bipedal musculoskeletal model
(Peterson et al., 2010) was adapted to simulate stair ascent. The model was developed
using SIMM/Dynamics Pipeline (MusculoGraphics, Inc., Santa Rosa, CA) with
previously characterized musculoskeletal geometry (Delp et al., 1990) and consisted of
14 rigid body segments representing the head-arms-trunk (HAT), pelvis and bilaterally
the thigh, shank, patella, talus, calcaneus and toes. The model consisted of 23 degrees-of-
freedom (DOF) with a 6 DOF (3 translations, 3 rotations) joint between the pelvis and
ground, a 3 DOF spherical joint between the trunk and pelvis, a 3 DOF spherical joint for
each hip, and 1 DOF revolute joints at each knee, ankle, subtalar and metatarsal joint.
Passive torques representing the forces applied by passive tissues and structures in the
joints, including ligaments, were applied at each joint (Davy and Audu, 1987). The foot-
ground contact was modeled using 31 viscoelastic elements with Coulomb friction

attached to each foot and evenly distributed across the calcaneus and toes (Neptune et al.,
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2000b). In addition, in the foot-ground contact model the height of the ground was
modified to represent the surface of the stairs (Rise/Run: 0.1778 m / 0.2794 m). The
dynamical equations of motion were generated using SD/FAST (PTC, Needham, MA).
The model was driven by 38 Hill-type musculotendon actuators per leg. Muscle
excitations at time ¢ (e(?), Equation 2.1) for the 38 musculotendon actuators were defined
using bimodal excitation patterns and therefore six optimization parameters including the

onset, offset and amplitude (4) of each mode (7).

Aif4 _ 2n(t—onset;) <t < '
e(t) = ?:1{2 (1 cos (—)) onset; <t < of fset;

ngseti_onseti t < onset; || t > offset; 2.1)

Muscle contraction dynamics were governed by intrinsic force-length-velocity
relationships (Zajac, 1989). Muscle activation and deactivation dynamics were modeled
using a non-linear first-order differential equation (Raasch et al., 1997) with previously

derived activation and deactivation time constants (Appendix A: Table A.1 - Winters and

Stark, 1988).

Dynamic optimization

A forward dynamics simulation of stair ascent was generated over a full gait cycle
(right foot-strike to right foot-strike) using dynamic optimization (Appendix A: Figure
A.1). A simulated annealing optimization algorithm (Goffe et al., 1994) was used to
identify the six optimal parameters for each muscle (timing and amplitude) that

minimized the following objective function (J):
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where ng,, is the number of time steps, 7., is the number of quantities evaluated,
including joint angles, pelvis translations and GRFSs, 7. 1 the number of muscles, Y;; is
the experimental value at time step i for quantity j, ¥; j 1s the simulated value, SDj; is the
experimental standard deviation of quantity j at time step 7, Fi is the muscle force at time
step i for muscle k, A4y is the physiological cross-sectional area of muscle k, wt; is the
weighting for the difference in quantity j and ws is the weighting for muscle stress. The
first component of the objective function minimized the differences between simulated
and experimental joint kinematics and GRFs while the second component of the objective
function minimized total muscle stress in order to minimize unnecessary muscle co-
activation. To assess the overall quality of the simulation, the simulated kinematics and
GRFs were compared to the experimental kinematics and GRFs using the root-mean-

square (RMS) error:

n ~ 2
2,06 (vi-¥y)

Nstep

RMS error =

(2.3)

In addition, the simulated muscle excitations were compared with EMG timings for the
muscles available in the literature (Bovi et al., 2011; Joseph and Watson, 1967,
McFadyen and Winter, 1988; Moffet et al., 1993) to ensure that the simulation excitations

were consistent with experimental EMG data.
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Simulation analysis

To identify the individual muscle contributions to the biomechanical subtasks of
vertical propulsion, anteroposterior propulsion, mediolateral control and leg swing,
previously described GRF decomposition and segment power analyses were performed
(Neptune et al., 2008; Neptune et al., 2004). The contribution of each muscle to vertical
propulsion, anteroposterior propulsion and mediolateral control was quantified by its
contribution to the vertical, anteroposterior (AP) and mediolateral (ML) GREF,
respectively, during the first (weight acceptance through pull-up, Figure 2.1) and second
(forward continuance through push-up, Figure 2.1) halves of stance. Positive (negative)
contributions to the AP and ML GRFs indicated that the muscle contributed to forward
propulsion (braking) and lateral (medial) control, respectively. Muscle function was
further investigated through a segment power analysis by examining the mechanical
power generated, absorbed and/or transferred by each muscle to the trunk, ipsilateral leg
and contralateral leg during stance in the vertical, AP and ML directions. To quantify
each muscle’s contribution to leg swing, the power delivered to the leg during swing
initiation (push-up, Figure 2.1), early swing (swing - foot clearance, Figure 2.1) and late
swing (swing - foot placement, Figure 2.1) was determined. Positive (negative) power
generated by a muscle to a segment indicated that the muscle accelerated (decelerated)
the segment in the direction of its motion. Muscles with similar function and anatomical
classification were combined into 15 muscle groups for the analyses (Table 2.1), with the
contributions of the muscles within each group being summed. The contribution of
gravity to vertical propulsion, anteroposterior propulsion, mediolateral control and leg
swing was also computed since it has been shown to be important in level walking

(Anderson and Pandy, 2003; Lin et al., 2011).
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Table 2.1:  Muscles included in the musculoskeletal model and their corresponding
analysis group.

Analysis
Muscles Groups

IL

lliacus

Psoas

Adductor Longus

Adductor Brevis

Pectineus

Quadratus Femoris

Superior Adductor Magnus

Middle Adductor Magnus AM
Inferior Adductor Magnus

Sartorius SAR
Rectus Femoris RF
Vastus Medialis

Vastus Lateralis VAS
Vastus Intermedius

Anterior Gluteus Medius

Middle Gluteus Medius

Anterior Gluteus Minimus

Middle Gluteus Minimus

Posterior Gluteus Medius

Posterior Gluteus Minimus

Piriformis

Gemellus

Tensor Fasciae Latae TFL
Superior Gluteus Maximus

Middle Gluteus Maximus GMAX
Inferior Gluteus Maximus

Semitendinosus

Semimembranosus

Gracilis

Biceps Femoris Long Head

Biceps Femoris Short Head BFSH
Medial Gastrochemius

Lateral Gastrochemius

Soleus

Tibialis Posterior SOL
Flexor Digitorum Longus

Tibialis Anterior

Extensor Digitorum Longus
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Figure 2.1: The six regions of the gait cycle of the ipsilateral leg (dark shaded leg): 1)
weight acceptance (ipsilateral foot-strike to contralateral toe-off), 2) pull-up
and 3) forward continuance (contralateral toe-off to contralateral foot-strike
divided into two equal sections), 4) push-up (contralateral foot-strike to
ipsilateral toe-off), 5) early swing and foot clearance and 6) late swing and
foot placement (ipsilateral toe-off to ipsilateral foot-strike divided into two
equal sections). The six regions of the gait cycle were adapted from previous
studies (McFadyen and Winter, 1988; Wilken et al., 2011).

Experimental data

Twenty-seven unimpaired subjects (15 female; 21.9 + 4.3 years; 73.0 + 15.0 kg;
1.7 £ 0.1 m) without pain or history of major lower extremity injury participated in this
study, which was approved by the Institutional Review Board at Brooke Army Medical
Center (Fort Sam Houston, TX). After obtaining written informed consent, subjects
ascended a 16-step instrumented staircase (AMTI, Inc., Watertown, MA) in a step-over-
step manner at a fixed cadence (80 steps per minute). GRF data were collected from 2
forceplates (1200 Hz, AMTI, Inc., Watertown, MA) embedded in the staircase. A 26-

camera optoelectronic motion capture system (120 Hz, Motion Analysis Corp., Santa
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Rosa, CA) and a body segment marker set with 57 reflective markers were used to collect
three-dimensional whole-body kinematics (Wilken et al., 2012). In addition, a digitization
process was used to identify 20 bilateral anatomical bony landmarks (C-motion, Inc.,
Germantown, MD). All subject data were collected in the Military Performance
Laboratory at the Center for the Intrepid in Fort Sam Houston, TX.

All biomechanical data were processed in Visual3D (C-motion, Inc.,
Germantown, MD). A 13-segment model was created and scaled to each subject’s body
mass and height (Dempster, 1955) using the anatomical landmarks to define the joint
centers and joint coordinate systems recommended by the International Society of
Biomechanics (Grood and Suntay, 1983; Wu and Cavanagh, 1995; Wu et al., 2002). A
low-pass, fourth-order Butterworth filter was applied to the marker and GRF data with
cut-off frequencies of 6 Hz and 50 Hz, respectively. GRFs were normalized by subject
body weight and joint kinematics were computed using Euler angles with pelvis, hip,
knee and ankle kinematics defined using the previously determined Cardan rotation
sequences (Baker, 2001; Grood and Suntay, 1983; Wu et al., 2002). GRFs as well as
three-dimensional joint kinematics corresponding to five complete gait cycles for each
limb were time-normalized to 100% of the gait cycle and exported to Matlab
(MathWorks, Inc., Natick, MA). In Matlab, the GRFs and joint kinematics were averaged

across gait cycles and subjects for each limb.

RESULTS

Simulation quality

The optimization framework identified a set of muscle excitations that

successfully emulated the experimental kinematics and GRFs (Appendix A: Figures A.2
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and A.3), with most quantities within 2 standard deviations (SDs) of the experimental
data. The average RMS error between the simulated and experimental pelvis translations,
joint kinematics and GRFs across the gait cycle was 0.023 meters (2 SDs = 0.081 m),
6.30 degrees (2 SDs = 10.05 deg) and 0.063 percent body weight (2 SDs = 0.069 %BW),
respectively. In addition, the timing profiles for the optimized muscle excitations
compared well with EMG data available in the literature (Appendix A: Figure A.4 - Bovi
et al., 2011; Joseph and Watson, 1967; McFadyen and Winter, 1988; Moffet et al., 1993).

Vertical propulsion

During the first half of ipsilateral leg stance (Figure 2.1: weight acceptance
through pull-up), VAS was the primary contributor to vertical propulsion of the body
COM, with additional contributions from GMAX, SOL, GMEDP and GMEDA (Figure
2.2). Gravity also contributed significantly to the vertical GRF (Figure 2.2). To propel the
COM vertically, VAS and SOL both generated vertical power directly to the trunk and
ipsilateral leg (Figure 2.3). Concurrently, GMAX generated vertical power to the trunk
while it also transferred power from the contralateral leg to the trunk (Figure 2.3). Both
GMEDA and GMEDP generated vertical power to the trunk and contralateral leg and
transferred power from the ipsilateral leg to the trunk and contralateral leg (Figure 2.3).

During the second half of ipsilateral leg stance (Figure 2.1: forward continuance
through push-up), the plantarflexors (SOL and GAS) were the primary contributors to
vertical propulsion with additional contributions from VAS while HAM opposed vertical
propulsion (Figure 2.2). Gravity was also a critical contributor to the vertical GRF
(Figure 2.2). SOL, GAS and VAS all generated vertical power directly to the trunk and

ipsilateral leg (Figure 2.3). VAS’s contribution decreased to zero around contralateral
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foot-strike (~50% ipsilateral gait cycle) after reaching its peak during the first half of
stance, whereas SOL and GAS contributed to vertical propulsion throughout the entire
second half of stance. Prior to contralateral foot-strike (~50% ipsilateral gait cycle),
HAM absorbed vertical power from the legs while also redistributing some of the power
from the legs to the trunk (Figure 2.3). Following contralateral foot-strike, HAM began
generating vertical power to the trunk, although it continued to redistribute power from
the legs to the trunk (Figure 2.3). The power delivered to the trunk was not enough to
overcome HAM’s power absorption from both legs, causing HAM to ultimately decrease

vertical propulsion.
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Figure 2.2: Primary positive and negative contributors to vertical propulsion of the body
COM (i.e. the vertical ground reaction force (GRF) impulse) during the two
halves of ipsilateral stance: 1) weight acceptance through pull-up, and 2)
forward continuance through push-up. Each muscle is depicted using a
unique, muscle-specific color to enable comparison across figures. Unless
otherwise specified, muscles are from the ipsilateral leg. For muscle group
abbreviations, please see Table 2.1.
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Figure 2.3: Musculotendon mechanical power output from the ipsilateral leg muscles across the ipsilateral gait cycle and
distributed to the trunk, ipsilateral (Ipsi) leg and contralateral (Contra) leg in the vertical direction. Positive
(negative) net values indicate power generated (absorbed) by the musculotendon actuator. Positive (negative)
values for the leg or trunk indicate that power is being generated to (absorbed from) the leg or trunk. The gray
lines divide the gait cycle into three regions: 1) weight acceptance through pull-up, 2) forward continuance
through push-up, and 3) swing (foot clearance through foot placement). For muscle group abbreviations, please
see Table 2.1.
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Anteroposterior propulsion

During the first half of ipsilateral leg stance (Figure 2.1: weight acceptance
through pull-up), GMAX, gravity, TA, VAS, GMEDP and HAM were the primary
contributors to forward propulsion of the body COM while SOL was the primary
contributor to braking the body COM with additional contributions from RF, GAS and
TFL (Figure 2.4). GMAX, TA, GMEDP and HAM all contributed to forward propulsion
by generating or transferring power to one or both legs (Figure 2.5). GMAX and HAM
generated power to both legs and transferred power from the trunk to the legs while TA
generated power directly to the ipsilateral leg (Figure 2.5). GMEDP absorbed power from
the contralateral leg and trunk and redistributed some of this power to the ipsilateral leg
(Figure 2.5). Unlike the other primary contributors, GMEDP absorbed net power in the
AP direction. However, by transferring a significant amount of power from the trunk to
the ipsilateral leg, GMEDP ultimately contributed to forward propulsion (Figure 2.5). Of
the primary contributors to forward propulsion, VAS alone contributed to forward
propulsion by generating power to the trunk and transferring power from the legs to the
trunk (Figure 2.5). The forward propulsion generated by these muscle groups partially
counteracted the muscles contributing to braking in the first half of stance (net negative
AP GRF). In this region, SOL and GAS absorbed power directly from the ipsilateral leg
(Figure 2.5). In addition, RF and TFL absorbed power from both legs, primarily the
contralateral leg, and transferred some of this power to the trunk. However, the power
transferred to the trunk was not enough to overcome RF and TFL’s absorption of power
from both legs (Figure 2.5).

During the second half of ipsilateral leg stance (Figure 2.1: forward continuance
through push-up), HAM was the primary contributor to forward propulsion while RF and

VAS were the primary contributors to braking (Figure 2.4). Gravity also contributed to
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braking, but to a lesser extent (Figure 2.4). HAM generated power directly to both the
ipsilateral and contralateral legs and transferred a significant amount of power from the
trunk to the legs (Figure 2.5). While this decreased the AP power of the trunk, HAM
ultimately contributed to forward propulsion by generating greater power to the legs. In
addition, while SOL was not a primary contributor to the AP GRF in this region, it played
a critical role in redistributing power from the ipsilateral leg to the trunk (Figure 2.5).
Similar to the first half of stance, RF continued to absorb power from both legs while
transferring power from the legs to the trunk (Figure 2.5). However, contrary to the first
half of stance, VAS switched from generating net power to absorbing net power,
ultimately absorbing power from the ipsilateral leg while transferring some power from
the ipsilateral leg to the trunk (Figure 2.5). As a result, while both RF and VAS
redistributed some power to the trunk to propel it forward, it was not enough to overcome

their contributions to leg braking.
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Figure 2.4: Primary positive and negative contributors to anteroposterior (AP)
propulsion of the body COM (i.e. the AP ground reaction force (GRF)
impulse) during the two halves of ipsilateral stance: 1) weight acceptance
through pull-up, and 2) forward continuance through push-up. Positive
(negative) GRF impulses indicate contributions to forward propulsion
(braking) of the COM. Each muscle is depicted using a unique, muscle-
specific color to enable comparison across figures. Muscles are from the
ipsilateral leg. For muscle group abbreviations, please see Table 2.1.
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Figure 2.5: Musculotendon mechanical power output from the ipsilateral leg muscles across the ipsilateral gait cycle and
distributed to the trunk, ipsilateral (Ipsi) leg and contralateral (Contra) leg in the anteroposterior (AP) direction.
Positive (negative) net values indicate power generated (absorbed) by the musculotendon actuator. Positive
(negative) values for the leg or trunk indicate that power 1s being generated to (absorbed from) the leg or trunk.
The gray lines divide the gait cycle into three regions: 1) weight acceptance through pull-up, 2) forward
continuance through push-up, and 3) swing (foot clearance through foot placement). For muscle group
abbreviations, please see Table 2.1.
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Mediolateral control

In general, all contributions to mediolateral control were smaller than the
contributions to vertical and anteroposterior propulsion. During the first half of ipsilateral
leg stance (Figure 2.1: weight acceptance through pull-up), VAS was the primary
contributor to lateral (positive) control of the COM while GMEDA was the primary
contributor to medial (negative) control with additional contributions from GMEDP
(Figure 2.6). In addition, gravity contributed to lateral control (Figure 2.6). VAS
absorbed power from the trunk and transferred some power from the trunk to the
contralateral leg (Figure 2.7). While this decelerated the trunk’s lateral motion, it
accelerated the contralateral leg’s medial motion which accelerated the overall body
laterally. GMEDA generated power to the trunk and initially transferred power from the
ipsilateral leg to the trunk prior to generating power to the ipsilateral leg (Figure 2.7).
While this accelerated the trunk laterally, it also decelerated and then accelerated the
ipsilateral leg’s lateral and medial motion, respectively. In contrast, GMEDP absorbed
power from the trunk and initially transferred power from the trunk to the ipsilateral leg
before absorbing power from the ipsilateral leg (Figure 2.7), decelerating the trunk’s
lateral motion while also accelerating and then decelerating the ipsilateral leg’s lateral
and medial motion, respectively.

During the second half of ipsilateral leg stance (Figure 2.1: forward continuance
through push-up), HAM was the primary contributor to lateral (positive) control with
additional contributions from AL while GMEDP and GMEDA remained primary
contributors to medial (negative) control with additional contributions from RF (Figure
2.6). Gravity also contributed to medial control (Figure 2.6). Most of the power
generated, absorbed or transferred by the muscles in this region was very small.

However, one notable exception was SOL. While SOL was not the major contributor to
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medial control, it absorbed and then generated a substantial amount of power to the
ipsilateral leg in addition to generating power to the trunk (Figure 2.7). This
simultaneously decelerated the ipsilateral leg’s medial motion while accelerating the

trunk’s medial motion and then accelerated both the trunk and the ipsilateral leg’s lateral

motion.
First Half of Stance Second Half of Stance
] I
AM | . GAS I
Gravity | . IL I
HAM I GMAX I
AL (contra) I TFL .
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Figure 2.6: Primary positive and negative contributors to mediolateral (ML) control of
the body COM (i.e. the ML ground reaction force (GRF) impulse) during
the two halves of ipsilateral stance: 1) weight acceptance through pull-up,
and 2) forward continuance through push-up. Positive (negative) GRF
impulses indicate contributions to lateral (medial) control of the COM. Each
muscle is depicted using a unique, muscle-specific color to enable
comparison across figures. Unless otherwise specified, muscles are from the
ipsilateral leg. For muscle group abbreviations, please see Table 2.1.
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Figure 2.7: Musculotendon mechanical power output from the ipsilateral leg muscles across the ipsilateral gait cycle and
distributed to the trunk, ipsilateral (Ipsi) leg and contralateral (Contra) leg in the mediolateral (ML) direction.
Positive (negative) net values indicate power generated (absorbed) by the musculotendon actuator. Positive
(negative) values for the leg or trunk indicate that power is being generated to (absorbed from) the leg or trunk.
The gray lines divide the gait cycle into three regions: 1) weight acceptance through pull-up, 2) forward
continuance through push-up, and 3) swing (foot clearance through foot placement). For muscle group
abbreviations, please see Table 2.1.
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Leg swing

During ipsilateral leg swing initiation (Figure 2.1: push-up), ipsilateral IL, HAM,
AL and GAS in addition to contralateral GMEDA were the primary generators of power
to the ipsilateral leg (Figure 2.8). Both IL and AL generated power directly to the
ipsilateral leg and transferred power from the trunk to the ipsilateral leg while GAS and
HAM generated power to the ipsilateral leg and GAS generated power to the trunk as
well (Figure 2.9). Contralateral GMEDA also generated power directly to the ipsilateral
leg while redistributing power from the contralateral leg to the ipsilateral leg (Figure 2.9:
0-18% gait cycle - contralateral leg is in weight acceptance phase; contralateral and
ipsilateral legs are reversed). Gravity as well as ipsilateral VAS were the primary
absorbers of power from the ipsilateral leg during swing initiation (Figure 2.8), with VAS
absorbing power from the ipsilateral leg and transferring power from the ipsilateral leg to
the trunk (Figure 2.9). In early swing (Figure 2.1: swing - foot clearance), ipsilateral IL
remained the primary generator of power to the ipsilateral leg while gravity and
ipsilateral VAS remained the primary absorbers of power (Figure 2.8). These muscles
continued to contribute to leg swing as they had in swing initiation (Figure 2.9).

During late swing (Figure 2.1: swing - foot placement), the primary contributors
were partially altered compared to swing initiation and early swing, with ipsilateral IL
still generating a large amount of power to the ipsilateral leg but TA and RF also
generating a substantial amount of power to the ipsilateral leg (Figure 2.8). IL and RF
generated power to the ipsilateral leg and, to a lesser extent, the contralateral leg, while
also transferring power from the trunk to the legs (Figure 2.9). Concurrently, TA purely
generated power to the ipsilateral leg (Figure 2.9). Gravity as well as the ipsilateral
plantarflexors (SOL and GAS) and HAM were the primary contributors to power

absorption from the ipsilateral leg in preparation for foot contact (Figure 2.8). All three
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muscle groups absorbed power from the ipsilateral leg in preparation for contact with the

ground while HAM also transferred power from the legs to the trunk (Figure 2.9).
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Figure 2.8: Primary contributors to net mean mechanical power generation (positive) to
and absorption (negative) from the ipsilateral leg during: 1) swing initiation
(push-up), 2) early swing (foot clearance), and 3) late swing (foot
placement). Each muscle is depicted using a unique, muscle-specific color
to enable comparison across figures. Unless otherwise specified, muscles are
on the ipsilateral side. For muscle group abbreviations, please see Table 2.1.
Please note the different scale in Early Swing.
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Figure 2.9: Net musculotendon mechanical power output from the ipsilateral leg muscles across the ipsilateral gait cycle and
distributed to the trunk, ipsilateral (Ipsi) leg and contralateral (Contra) leg. Positive (negative) net values indicate
power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg or trunk
indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into
three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot
clearance through foot placement). For muscle group abbreviations, please see Table 2.1.
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DISCUSSION

Stair ascent and descent are common activities of daily living often required to
maintain independence in both the home and community. Compared to stair descent, stair
ascent is a more strenuous activity (Protopapadaki et al., 2007) requiring greater muscle
activation (Bae et al., 2009; Lyons et al., 1983; McFadyen and Winter, 1988), net joint
work (DeVita et al., 2007) and metabolic energy (Teh and Aziz, 2002). As a result of
these task demands, individuals with various lower-limb impairments (e.g., Gao et al.,
2012; Mandeville et al., 2007; Schmalz et al., 2007) often utilize compensatory
mechanisms to ascend stairs. In addition, older or elderly individuals often develop
alternate methods for stair ascent to compensate for functional deficits that arise due to
aging (e.g., Reeves et al., 2009). While these compensatory mechanisms have been
thoroughly investigated at the joint level, design of targeted rehabilitation techniques,
interventions and devices are hindered by a limited understanding of the contributions of
individual muscles. Understanding the contributions of individual muscles to unimpaired
stair ascent builds a critical foundation for understanding the resulting compensatory
mechanisms in impaired individuals and developing techniques to restore mobility.
Therefore, the goal of this study was to understand how muscles work in synergy to
perform stair ascent by developing a muscle-actuated forward dynamics simulation of
unimpaired stair ascent and quantifying each muscle’s contribution to vertical propulsion,
anteroposterior propulsion, mediolateral control and leg swing.

The muscle excitations resulting from the simulation are generally in agreement
with those measured experimentally (Appendix A: Figure A.4 - Bovi et al., 2011; Joseph
and Watson, 1967; McFadyen and Winter, 1988; Moffet et al., 1993). However, while the
net plantarflexor and dorsiflexor power trajectories of the current study are in agreement

with the findings of Ghafari et al. (2009), the more proximal muscle groups exhibited
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different net power trajectories. Their model was restricted to the sagittal plane and as a
result muscles were not required to modulate power in order to regulate mediolateral
motion. This likely resulted in over- or under-estimation of the net power, and the power
curves identified in the present study are likely more indicative of the power generated,
absorbed and transferred by the individual muscles.

In general, several different ipsilateral leg muscle groups contributed critically to
stair ascent, generating forces which, through the redistribution of power between body
segments (e.g., Zajac et al., 2002), propelled the body vertically and anteroposteriorly,

controlled the mediolateral motion of the body COM and accomplished leg swing.

Vertical propulsion

Throughout stance, vertical propulsion was primarily generated by the knee
extensors (VAS) and the plantarflexors (SOL, GAS) with additional contributions from
the hip extensors (GMAX) and hip abductors (GMEDP, GMEDA). The combined
contribution to vertical propulsion from the plantarflexors was largely equal to the
contribution from VAS while both were approximately five times larger than the
contributions from GMAX or the hip abductors (GMEDP, GMEDA). This indicates the
importance of strengthening both the knee extensors and plantarflexors to improve
vertical propulsion in individuals who have difficulty ascending stairs. The primary role
of the leg extensors in generating vertical propulsion is consistent with a previously
posed hypothesis based on EMG timings that the ipsilateral leg extensors likely provide
vertical propulsion during pull-up when the majority of vertical progression occurs
(Joseph and Watson, 1967; McFadyen and Winter, 1988). These results are also

consistent with those of Wilken et al. (2011) who identified a correlation between peak
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knee and ankle joint power and vertical acceleration during the first and second halves of
stance, respectively. In addition, these findings are supported by Novak et al. (2011) who
identified the plantarflexors and knee extensors as the primary contributors to the support
moment with additional contributions from the hip. Finally, these results are consistent
with the previous study by Lin et al. (2015) which identified the contributions of five
muscle groups (gluteus maximus, gluteus medius, vasti, soleus and gastrocnemius) to
vertical propulsion in stair ascent and found similar contributions.

Several of the primary contributors to vertical propulsion identified in this study
are also contributors to body support in level walking. In level walking, the vasti, gluteus
maximus and gluteus medius are the primary contributors to body support during the first
half of stance while the plantarflexors are the primary contributors during the second half
of stance (Liu et al., 2006; Neptune et al., 2001; Neptune et al., 2004) with additional
contributions provided by gravity during both halves of the gait cycle (Anderson and
Pandy, 2003; Neptune et al., 2004). In the first half of stance, the primary difference
between body support in level walking and vertical propulsion in stair ascent is the
importance of the uniarticular plantarflexors (SOL) in stair ascent. This difference may
be due to several factors including the elevated position of the leading foot, altered joint
kinematics and increased demands of propelling the COM vertically in stair ascent
compared to supporting the body in level walking. The increased importance of SOL is
consistent with previous studies that found increased positive ankle power (Nadeau et al.,
2003) and work (Bovi et al., 2011) and an increased ankle plantarflexion moment in early
stance (Lin et al., 2005; Nadeau et al., 2003) during stair ascent compared to level
walking. In the second half of stance, HAM was found to oppose vertical propulsion in
stair ascent while significantly contributing to forward propulsion. While this is not the

case in level walking (Liu et al., 2006; Neptune et al., 2004), the hamstrings do have the
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potential to reduce body support while accelerating the body forward during the second

half of stance in level walking (Liu et al., 20006).

Anteroposterior propulsion

During stance, the hip abductors (GMEDP, TFL), hip extensors (GMAX, HAM),
knee extensors (RF, VAS), plantarflexors (SOL, GAS) and dorsiflexors (TA) worked
synergistically to control the distribution of AP power to the legs and trunk to achieve
anteroposterior propulsion. Specifically, the hip extensors (GMAX, HAM) were the most
critical to forward propulsion which highlights the importance of strengthening the hip
extensors to improve forward propulsion during stair ascent in impaired individuals. Lin
et al. (2015) noted that in the first half of stance, gluteus maximus and gluteus medius
contributed to forward propulsion while soleus and gastrocnemius contributed to braking,
consistent with the results of the current study. However, contrary to the results of Lin et
al. (2015), the present study found that the vasti contributed to forward propulsion instead
of braking during the first half of stance. During the second half of stance, the
contributions from the five muscle groups investigated by Lin et al. (2015) were
consistent with the results of the current study. It is possible that body-segment kinematic
differences between studies in the first half of stance may have led to the observed
differences in vasti function during early stance.

Similar to level walking, forward progression occurs throughout stair ascent
(Zachazewski et al., 1993). However, the COM must traverse a shorter distance and the
COM AP translation is often coupled with vertical movement leading to differences in
muscle function between stair ascent and level walking. In the first half of stance during

level walking, the hamstrings contribute to forward propulsion (Neptune et al., 2004),
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which opposes the braking generated by the vasti (Liu et al., 2006; Neptune et al., 2004)
and plantarflexors (Liu et al., 2006; Neptune et al., 2001; Neptune et al., 2004). While the
plantarflexors remained important contributors to braking in stair ascent, RF and TFL
replaced the vasti as primary contributors to braking and GMAX, TA, VAS, GMEDA
and GMEDP contributed to forward propulsion instead of the hamstrings. In the second
half of stance during level walking, the plantarflexors (Liu et al., 2006; Neptune et al.,
2001) along with gluteus medius (Liu et al., 2006) contribute to forward propulsion and
the knee extensors contribute to braking (Neptune et al., 2004). In stair ascent, HAM
became the primary contributor to forward propulsion while the knee extensors (RF,
VAS) remained the primary contributors to braking. These results are consistent with
previous work suggesting that during the second half of stance in stair ascent, the
plantarflexors are responsible for elevation of the body (vertical propulsion) but are not

the main source of AP progression (McFadyen and Winter, 1988).

Mediolateral control

To achieve mediolateral control during the first half of stance when the COM
moves first laterally over the ipsilateral leg and then medially (Zachazewski et al., 1993),
the knee extensors (VAS) were the primary contributors to lateral control while the hip
abductors (GMEDA and GMEDP) were the primary contributors to medial control.
During the second half of stance, when the COM moves first laterally onto the
contralateral limb and then medially again (Zachazewski et al., 1993), the hip extensors
(HAM) and hip adductors (AL) were the primary contributors to lateral control while the
hip abductors (GMEDP, GMEDA) and knee extensors (RF) were the primary

contributors to medial control. This highlights the importance of strengthening these
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muscle groups in individuals who exhibit impaired mediolateral control during stair
ascent. These results are consistent with the previous study by Lin et al. (2015) which
found that the vasti contributed to lateral control in the first half of stance and gluteus
medius contributed to medial control throughout stance. In addition, our results are
consistent with the previously observed function of the hip abductors to pull or balance
the body over the limb (Joseph and Watson, 1967; McFadyen and Winter, 1988) and with
the notion that abductor moments are important in maintaining the body’s COM within
the base of support while also countering the destabilizing forces associated with the
trunk and mass of the swing leg (MacKinnon and Winter, 1993).

Mediolateral control in stair ascent was found to be very similar to level walking.
In level walking, the vasti, hip adductors (Allen and Neptune, 2012; Pandy et al., 2010),
and hamstrings (Allen and Neptune, 2012) contribute to lateral control, all of which also
contributed to lateral control in stair ascent. Previously, gluteus medius (Allen and
Neptune, 2012; Pandy et al., 2010) and gluteus maximus (Allen and Neptune, 2012) were
identified as important contributors to medial control in level walking, and in the present
study we found that the hip abductors (GMEDA and GMEDP) were the primary
contributors to medial control during stair ascent. In both level walking and stair ascent,
gravity contributed to lateral control in the first half of stance and medial control in the
second half of stance (Pandy et al., 2010). The similarities in these contributions reflect
the similarities in the task of mediolateral control between level walking and stair ascent,
which are both straight-line activities where progression is achieved by cyclically

alternating between limbs.
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Leg swing

Throughout leg swing, antagonistic muscles spanning the hip, knee and ankle
(e.g. TA and SOL; HAM and VAS) generated or absorbed power from the ipsilateral leg
but also functioned synergistically to modulate the transfer of power between the trunk,
ipsilateral leg and contralateral leg to achieve controlled and stable leg swing and
appropriate foot placement during stair ascent. Antagonistic muscles were recruited to
ensure that necessary power was delivered to the leg segments while also ensuring the leg
avoided contact with the intermediate step through increased limb flexion (Andriacchi et
al., 1980; Joseph and Watson, 1967; McFadyen and Winter, 1988; Nadeau et al., 2003)
and hip abduction (Joseph and Watson, 1967; Nadeau et al., 2003) and was placed
correctly on the subsequent step. In addition, compared to the other biomechanical
subtasks, leg swing required increased contributions from contralateral leg muscles,
likely due to the contralateral limb’s role in moving the entire swing leg upward and
forward through motion of the pelvis (McFadyen and Winter, 1988).

Leg swing is a similar task in both stair ascent and level walking, with the primary
difference being the degree to which the swing leg is flexed (Nadeau et al., 2003). As a
result, similar muscles contribute to leg swing in level walking and stair ascent. Similar to
level walking (Neptune et al., 2004), GAS and IL played an important role in leg swing
initiation during stair ascent. However, while the rectus femoris is primarily responsible
for opposing leg swing initiation in level walking (Neptune et al., 2004), alternative knee
extensors (VAS) were primarily responsible in stair ascent, although RF still opposed
swing initiation. During early swing in level walking, iliacus and biceps femoris short
head accelerate the leg forward (Neptune et al., 2004). In stair ascent, IL remained the
primary contributor while HAM arose as an important contributor to leg acceleration in

place of biceps femoris short head. In late swing, while HAM decelerated the leg in
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preparation for ground contact, consistent with its function in level walking (Neptune et
al., 2004), the plantarflexors also became important contributors to leg braking during

stair ascent.

Study limitations

A principal strength of musculoskeletal modeling and simulation techniques is
that they can provide valuable insight into quantities that cannot be measured
experimentally. However, one resulting limitation is that simulation results cannot be
directly validated, and therefore indirect measures of model validation must be used. In
this study two indirect measures were used. First, the optimization algorithm minimized
differences between simulated and experimental joint kinematics and GRFs in addition to
minimizing muscle stress. By requiring the simulation to closely replicate experimental
data while minimizing muscle co-contraction, a physiologically relevant and
biomechanically consistent simulation was produced. Second, muscle excitation timings
were compared to experimental timings available in the literature (Bovi et al., 2011;
Joseph and Watson, 1967; McFadyen and Winter, 1988; Moffet et al., 1993) to assure
that muscles were producing force at the appropriate points in the gait cycle. Although
differences are evident (Appendix A: Figure A.4), these differences are largely similar to
the variability seen between the experimental studies.

A second potential limitation of musculoskeletal modeling is that some
assumptions for musculoskeletal parameters, including segment mass and inertial
properties, musculoskeletal geometry and musculotendon properties, are required.
However, the optimization algorithm can compensate for imprecise model parameters by

adjusting the magnitude of the muscle excitations to produce the muscle forces necessary
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to track the experimentally-measured biomechanics. Therefore, it is likely that the muscle
forces, and resulting contributions to the subtasks of stair ascent, are minimally affected

by these modeling assumptions.

CONCLUSIONS

The overall goal of this study was to use a musculoskeletal modeling and
simulation framework to elucidate the contributions of individual muscles and the
mechanisms by which they work in synergy to accomplish the subtasks of unimpaired
stair ascent, including vertical propulsion, anteroposterior propulsion, mediolateral
control and leg swing. The knee extensors (VAS) and plantarflexors were the primary
contributors to vertical propulsion during the first and second halves of stance,
respectively, while the hip extensors (GMAX — first half of stance, HAM — second half of
stance) were the primary contributors to forward propulsion throughout stance. The hip
abductors (GMEDA, GMEDP) were the primary contributors to medial control
throughout stance while the knee extensors (VAS) were the primary contributors to
lateral control during the first half of stance (when they are also contributing to vertical
propulsion) and the hip extensors (HAM) were the primary contributors to lateral control
during the second half of stance (when they are also contributing to forward propulsion).
Throughout swing, antagonistic muscles spanning the hip, knee and ankle joints
distributed power throughout the body to achieve controlled and stable leg swing. By
understanding the function and coordination of these muscle groups, targeted
interventions and rehabilitation programs can be designed to address patient-specific

deficits in stair ascent.
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Chapter 3: Muscle Function and Coordination of Amputee Stair Ascent

INTRODUCTION

Individuals with unilateral transtibial amputations utilize compensatory
mechanisms to restore mobility. The functional loss of the uniarticular and biarticular
plantarflexors, which are critical contributors to body support, forward propulsion, leg
swing and mediolateral balance (Allen and Neptune, 2012; Liu et al., 2006; Neptune et
al., 2001; Pandy et al., 2010), must be compensated for by either the prosthesis or the
remaining muscles of the residual and intact legs. In level walking, this loss and
subsequent compensations often result in increased energy cost (Genin et al., 2008;
Houdijk et al., 2009), altered and asymmetric kinematics and kinetics (for review, see
Prinsen et al., 2011), and diminished dynamic balance control (Silverman and Neptune,
2011), suggesting that the remaining muscles and current prosthetic devices are unable to
fully compensate for the loss of the plantarflexors.

Stair ascent is a more challenging mobility task than level walking, which
requires the center-of-mass (COM) to be simultaneously propelled horizontally and
vertically. This increased need to elevate the COM is accomplished largely by extending
the leg during stance after weight acceptance (Figure 3.1). In non-amputees, extension of
the leg during stair ascent is accomplished by contributions from the knee extensors
(DeVita et al., 2007; Nadeau et al., 2003; Novak and Brouwer, 2011; Wilken et al., 2011)
and ankle plantarflexors (DeVita et al., 2007; Novak and Brouwer, 2011; Wilken et al.,
2011). However, the loss of the plantarflexors coupled with the increased task demands
of stair ascent requires amputees to develop additional compensatory mechanisms

compared to level walking, which often result in increased lower-limb muscle activity
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(Powers et al., 1997; Schmalz et al., 2007) and significant asymmetries between the
residual and intact legs (Alimusaj et al., 2009; Powers et al., 1997; Schmalz et al., 2007;
Yack et al., 1999). In the residual leg, amputees often utilize a hip strategy to ascend
stairs. In addition, compensations are necessary in the intact leg, particularly at the ankle
(Alimusaj et al., 2009; Sinitski et al., 2012; Yack et al., 1999) and also at the knee and hip
(Alimusaj et al., 2009; Schmalz et al., 2007; Yack et al., 1999).

Several studies have focused on improving the design of prostheses in order to
minimize these compensations and reduce limb asymmetries during stair ascent. These
studies have assessed the effects of a variety of prosthesis designs, including solid ankle
cushion heel (Agrawal et al., 2013b; Torburn et al., 1994), energy storage and return
(Agrawal et al., 2013b; Aldridge et al., 2012; Torburn et al., 1994) and powered (Agrawal
et al., 2013b; Aldridge et al., 2012; Alimusaj et al., 2009) prostheses on amputee stair
ascent. However, while these studies have noted normalization of some kinematic and
kinetic parameters, inter-limb asymmetries often still persist (Aldridge et al., 2012;
Alimusaj et al., 2009). One challenge associated with improving prosthesis designs is our
current limited understanding of how the prosthesis as well as the remaining musculature
contribute to the subtasks of stair ascent. Understanding these contributions would help
guide the development of improved prostheses and muscle-targeted rehabilitation
programs for stair ascent.

One approach to determining the underlying contributions from individual
muscles and the prosthesis is through muscle-actuated forward dynamics simulations.
Such simulations have been used previously to elucidate the contributions of the
prosthesis and individual muscles to the altered gait patterns observed in amputee level
walking (Silverman and Neptune, 2012) and the contributions that would be required for

amputees to emulate unimpaired walking (Zmitrewicz et al., 2007). These studies found
40



that the prosthesis was able to replicate the functions of the uniarticular soleus by
providing a similar amount of body support (Silverman and Neptune, 2012; Zmitrewicz
et al., 2007), but was unable to generate the full forward propulsion typically provided by
the plantarflexors (Zmitrewicz et al., 2007) and the leg swing initiation typically provided
by the biarticular gastrocnemius (Silverman and Neptune, 2012; Zmitrewicz et al., 2007).
In addition, these studies found significant muscle compensations in the residual and
intact legs compared to unimpaired level walking (Silverman and Neptune, 2012;
Zmitrewicz et al., 2007). Muscle-actuated forward dynamics simulations have also been
used to investigate unimpaired stair ascent and have found the plantarflexors, among
other muscles, to be important contributors to the biomechanical subtasks of stair ascent
(e.g., Chapter 2). Therefore, compared to unimpaired subjects, amputees likely require
altered contributions from the remaining muscles in addition to contributions from the
prosthesis in order to achieve stair ascent.

While these studies have identified the contributions from individual muscles to
amputee level walking and unimpaired stair ascent in addition to the contributions from
the prosthesis to amputee level walking, no study has investigated these contributions in
amputee stair ascent. The purpose of this study was to develop a three-dimensional
muscle-actuated forward dynamics simulation of unilateral transtibial amputee stair
ascent to identify the contributions of individual muscles and the prosthesis to the
biomechanical subtasks of stair ascent including vertical propulsion, anteroposterior
propulsion, mediolateral control and leg swing. Identifying the functional roles of both
the prosthesis and the individual muscles during amputee stair ascent will help elucidate
the compensatory mechanisms used by unilateral transtibial amputees and could help
guide the design and development of improved prostheses and targeted rehabilitation

programs aimed at enhancing an amputee’s ability to ascend stairs.
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METHODS

A three-dimensional muscle-actuated forward dynamics simulation was
developed for amputee stair ascent by modeling the musculoskeletal system, prosthesis,
foot-ground contact and muscle force generation and using a dynamic optimization
algorithm to identify muscle excitation patterns. The optimized muscle excitation patterns
minimized the differences between the simulated and group-averaged experimental joint
kinematics and ground reaction forces (GRFs) for 10 subjects with unilateral transtibial
amputations. The contributions of individual muscles and the prosthesis to the subtasks of
stair ascent were then identified using GRF decomposition and segment power analyses.

These steps are described in greater detail below.

Musculoskeletal model

A previously developed three-dimensional unimpaired bipedal musculoskeletal
model (Chapter 2) was modified to represent a unilateral transtibial amputee. The model
was developed using SIMM/Dynamics Pipeline (MusculoGraphics, Inc., Santa Rosa,
CA) with previously defined musculoskeletal geometry (Delp et al., 1990) and consisted
of 14 rigid body segments representing the head-arms-trunk (HAT), pelvis and bilaterally
the thigh, shank, patella, talus, calcaneus and toes. The segments were articulated with a
total of 23 degrees-of-freedom (DOF), including a 6 DOF (3 translations, 3 rotations)
joint between the pelvis and ground, 3 DOF spherical joints between the trunk and pelvis
and at each hip, and 1 DOF revolute joints at each knee, ankle, subtalar and metatarsal
joint. To model the altered mass and inertia of the prosthesis, the mass of the residual
shank was reduced by 50% compared to the intact shank and the residual shank COM
was shifted proximally to be 25% of the knee-to-ankle distance below the knee

(Silverman and Neptune, 2012). In addition, to represent a unilateral transtibial amputee,
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the muscles spanning the ankle joint (i.e., medial gastrocnemius, lateral gastrocnemius,
soleus, tibialis anterior, tibialis posterior, extensor digitorum longus and flexor digitorum
longus) were removed from the residual leg. The model was driven by the remaining 69
muscles (38 on the intact leg and 31 on the residual leg) and the prosthesis.

To model the prosthesis, the average experimental amputee ankle moment data
across trials was fit with a second-order torsional spring with damping using the

following regression model (Silverman and Neptune, 2012):
T=0Cy+C0+C,0 + C36%+C,00 (3.1

where 1 is the torque applied by the prosthesis, C; represents the coefficients (i equal to 0
through 4) determined by fitting the experimental data with the model, 0 is the ankle
angle and 6 is the ankle angular velocity. The prosthesis torque determined in Equation
3.1 was then applied as a passive torque to the ankle joint. In addition, passive torques
representing the forces generated by passive tissues and joint structures were applied at
each joint (Davy and Audu, 1987). To model foot-ground contact, 31 viscoelastic
elements with Coulomb friction were attached to each foot and evenly distributed across
the prosthetic foot as well as the intact calcaneus and toes (Neptune et al., 2000b). The
system equations of motion were generated using SD/FAST (PTC, Needham, MA).
Muscle excitations at time ¢ (e(?), Equation 3.2) for the 69 musculotendon

actuators were represented using bimodal excitation patterns:

t._ t. .
offsetimonseti t < onset; || t > of fset; (3.2)
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e(t) = 1221{2 (1 cos( )) onset; <t < of fset;
0
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where the onset, offset and amplitude (4) of each mode (i) are the optimization
parameters for each muscle. Muscle activation and deactivation dynamics were modeled
by a non-linear first-order differential equation (Raasch et al., 1997) with previously
derived activation and deactivation time constants (Winters and Stark, 1988). Muscle

contraction dynamics were governed by Hill-type muscle properties (Zajac, 1989).

Dynamic optimization

A muscle-actuated forward dynamics simulation of unilateral transtibial amputee
stair ascent was generated over 120% of the gait cycle (from intact foot-strike to the
second residual toe-off) using a simulated annealing optimization algorithm (Goffe et al.,
1994) to identify the optimal parameters for each muscle (timing and amplitude) that
minimized the objective function. The previously defined objective function (Chapter 2)
was comprised of two portions designed to: 1) achieve optimal tracking by minimizing
the differences between simulated and experimental joint kinematics and GRFs and 2)
eliminate unnecessary muscle co-activation by minimizing total muscle stress. To assess
the overall quality of the simulation, the root-mean-square (RMS) errors of the simulated
compared to experimental kinematics and GRFs were analyzed and the timings of
simulated muscle excitations were compared with EMG timings available in the literature

(Powers et al., 1997; Schmalz et al., 2007).

Simulation analyses

To identify the contributions of individual muscles and the prosthesis to the
biomechanical subtasks of stair ascent, GRF decomposition and segment power analyses
(Neptune et al., 2008; Neptune et al., 2004) were performed. The contribution of each
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muscle and the prosthesis to vertical propulsion, anteroposterior propulsion and
mediolateral control during the first (weight acceptance through pull-up, Figure 3.1) and
second (forward continuance through push-up, Figure 3.1) halves of stance was
quantified by its contribution to the vertical, anteroposterior (AP) and mediolateral (ML)
GRF, respectively, during each region. The contribution of each muscle and the
prosthesis to leg swing was quantified by the power delivered to the leg during swing
initiation (push-up, Figure 3.1), early swing (early swing — foot clearance, Figure 3.1) and
late swing (late swing — foot placement, Figure 3.1). In addition, throughout stance the
mechanical power generated, absorbed and transferred by each muscle and the prosthesis
to the trunk (HAT), residual leg and intact leg was examined in the vertical, AP and ML
directions. Positive (negative) contributions to the AP and ML GRFs indicated
contributions to forward propulsion (braking) and lateral (medial) control, respectively,
while positive (negative) power indicated acceleration (deceleration) of the segment in
the direction of motion. For analysis, muscles with similar biomechanical function and
anatomical classification were combined into 15 muscle groups in the intact leg and 12
muscle groups in the residual leg (Table 3.1) by summing the contributions of the
muscles within each group. In addition, the contribution of gravity to the biomechanical
subtasks of stair ascent was also determined since it has been shown to be important in
both unimpaired level walking (Anderson and Pandy, 2003; Lin et al., 2011) and stair
ascent (Chapter 2).
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Table 3.1:  Muscles included in the musculoskeletal model and their corresponding
analysis groups in both the intact and residual legs. The muscles labeled as
“REMOVED” have been removed from the residual leg.

Analysis Groups

Muscles
Intact Residual

Leg Leg
lliacus IL IL
Psoas
Adductor Longus
Addyctor Brevis AL AL
Pectineus
Quadratus Femoris
Superior Adductor Magnus
Middle Adductor Magnus AM AM
Inferior Adductor Magnus
Sartorius SAR SAR
Rectus Femoris RF RF
Vastus Medialis
Vastus Lateralis VAS VAS

Vastus Intermedius
Anterior Gluteus Medius
Middle Gluteus Medius
Anterior Gluteus Minimus
Middle Gluteus Minimus
Posterior Gluteus Medius
Posterior Gluteus Minimus

GMEDA  GMEDA

GMEDP  GMEDP

Piriformis

Gemellus

Tensor Fasciae Latae TFL TFL
Superior Gluteus Maximus

Middle Gluteus Maximus GMAX GMAX

Inferior Gluteus Maximus
Semitendinosus

Seml_rr_\embranosus HAM HAM
Gracilis

Biceps Femoris Long Head

Biceps Femoris Short Head BFSH BFSH
Medial Gastrocnem!us GAS

Lateral Gastrocnemius o
Soleus g
Tibialis Posterior SOL g
Flexor Digitorum Longus 'r"xJ
Tibialis Anterior 1A

Extensor Digitorum Longus

46



:"(”{"\'\

Intact Residual Residual Intact Intact
Foot-Strike Toe-Off Foot-Strike Toe-Off Foot-Strike
E—— —— ——
1. Weight 2. Pull-Up 3. Forward 4, Push-Up 5. Early Swing - 6. Late Swing -
Acceptance Continuance Foot Clearance Foot Placement

Figure 3.1: The six regions of the intact leg (dark shaded leg) gait cycle: 1) weight
acceptance (intact foot-strike to residual toe-off), 2) pull-up and 3) forward
continuance (residual toe-off to residual foot-strike divided into two equal
regions), 4) push-up (residual foot-strike to intact toe-off), 5) early swing -
foot clearance and 6) late swing - foot placement (intact toe-off to intact
foot-strike divided into two equal regions).

Experimental data

Ten subjects with traumatic unilateral transtibial amputations (10 male; 29.4 £ 5.7
years; 87.4 £ 13.6 kg; 1.8 = 0.1 m) and prescribed energy storage and return prostheses
participated in this institutionally-approved study, which was conducted in the Military
Performance Laboratory at the Center for the Intrepid in Fort Sam Houston, TX. All
subjects were capable of walking independently for a minimum of 15 minutes, had been
independent walkers for a minimum of 5 months and had no comorbidities on the intact
leg. Written informed consent was obtained from each subject before they completed the

experimental protocol that included ascending a 16-step instrumented staircase (2
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forceplates, 1200 Hz: AMTI, Inc., Watertown, MA) step-over-step at a fixed cadence of
80 steps per minute. Three-dimensional whole-body kinematics (Wilken et al., 2012)
were collected using a 26-camera optoelectronic motion capture system (120 Hz, Motion
Analysis Corp., Santa Rosa, CA) and a body segment marker set consisting of 57
reflective markers. In addition, 20 anatomical bony landmarks were identified through a
digitization process (C-motion, Inc., Germantown, MD).

Following data collection, all biomechanical data were processed in Visual3D (C-
motion, Inc., Germantown, MD). For each subject, a 13-segment model was scaled to the
subject’s body mass and height (Dempster, 1955) using the anatomical bony landmarks
to define the joint centers and joint coordinate systems (Grood and Suntay, 1983; Wu and
Cavanagh, 1995; Wu et al., 2002). Marker and GRF data were low-pass filtered using a
fourth-order Butterworth filter with cut-off frequencies of 6 Hz and 50 Hz, respectively.
Joint kinematics were computed using Euler angles with previously defined pelvis, hip,
knee and ankle Cardan rotation sequences (Baker, 2001; Grood and Suntay, 1983; Wu et
al., 2002). For five complete gait cycles for each leg, GRFs were normalized by subject
body weight and both GRFs and three-dimensional joint kinematics were time-
normalized to 100% of the gait cycle and exported to MATLAB (MathWorks, Inc.,

Natick, MA) where they were averaged across gait cycles and subjects for each leg.

RESULTS

Simulation quality

The simulated kinematics and GRFs produced by the optimal set of muscle
excitations successfully emulated the experimental data, with most quantities within 2

standard deviations (SDs) of the experimental data, and therefore statistically
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indistinguishable from the experimental data (Appendix B: Figures B.1 — B.3). The
average RMS error between the simulated and experimental pelvis translations, joint
kinematics and GRFs across the gait cycle was 0.034 meters (2 SDs = 0.101 m), 10.74
degrees (2 SDs = 11.31 deg) and 0.129 percent body weight (2 SDs = 0.099 %BW),
respectively. In addition, the timing profiles of the optimized muscle excitations were
representative of the EMG data available in the literature (Appendix B: Figure B.4,

Powers et al., 1997; Schmalz et al., 2007).

Vertical propulsion

The primary contributors to vertical propulsion during the first half of stance were
similar in both the residual and intact legs with primary contributions from VAS and
additional contributions from GMAX, GMEDA and GMEDP (Figure 3.2), all of which
generated vertical power to the trunk and/or one of the legs (Appendix B: Figures B.5 and
B.6). In the residual leg, the prosthesis also contributed critically to vertical propulsion
(Figure 3.2) by providing power to the trunk and residual leg (Figure 3.3) while HAM
and BFSH opposed vertical propulsion (Figure 3.2), absorbing vertical power from the
body (Appendix B: Figure B.5). In the second half of stance, the primary contributors to
vertical propulsion in the intact leg were the plantarflexors (Figure 3.2), which generated
power to the trunk and intact leg (Figure 3.3) while the prosthesis was the primary
contributor in the residual leg (Figure 3.2) by absorbing power from the trunk and
residual leg while transferring some power to the intact leg (Figure 3.3). At the end of
residual leg stance the pelvis was moving downward, so by absorbing power from the

trunk the prosthesis decelerated the pelvis’ downward motion, contributing to vertical
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propulsion. Gravity also provided critical contributions to the vertical GRF throughout

stance, particularly in the residual leg during the second half of stance.
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First Half of Stance: Residual Leg
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Second Half of Stance: Residual Leg
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Figure 3.2: Primary positive and negative contributors to vertical propulsion of the body COM (i.e. the vertical ground
reaction force (GRF) impulse) during the two halves of residual and intact leg stance: 1) weight acceptance
through pull-up, and 2) forward continuance through push-up. Each muscle is depicted using a unique, muscle-
specific color to enable comparison across figures. Muscle names without an asterisk (*) are from the leg
specified in the plot title while muscle names with an asterisk (*) are from the opposite leg. For muscle group

abbreviations, please see Table 3.1.
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Figure 3.3: Musculotendon mechanical power output from the intact plantarflexors (gastrocnemius: GAS; soleus: SOL) and
the prosthesis across the intact and residual leg gait cycles, respectively, and distributed to the trunk, intact leg
and residual leg in the vertical direction. Positive (negative) net values indicate power generated (absorbed) by the
musculotendon actuator. Positive (negative) values for the leg or trunk indicate that power is being generated to
(absorbed from) the leg or trunk. The gray lines divide the gait cycle into three regions: 1) weight acceptance
through pull-up, 2) forward continuance through push-up, and 3) swing (foot clearance through foot placement).

For muscle group abbreviations, please see Table 3.1.
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Anteroposterior propulsion

During the first half of stance, the primary contributors to forward propulsion
(positive AP propulsion) were GMAX and HAM in the intact and residual legs,
respectively (Figure 3.4) which generated AP power to the legs and transferred some
power from the trunk to the legs (Appendix B: Figures B.7 and B.8). GMAX was also a
primary contributor in the residual leg while VAS was a primary contributor in the intact
leg (Figure 3.4). During this region, the plantarflexors, primarily SOL, contributed to
braking (negative AP propulsion) in the intact leg (Figure 3.4), absorbing AP power from
the trunk and intact leg (Figure 3.5), while the prosthesis was the primary contributor to
braking in the residual leg (Figure 3.4), initially absorbing AP power from the trunk
before absorbing power from the intact leg (Figure 3.5). Gravity contributed to forward
propulsion in the intact leg and contributed minimally to braking in the residual leg.

During the second half of stance, the primary contributor to forward propulsion in
both legs was VAS (Figure 3.4), which provided AP power to the trunk through
generation and/or transfer of power from the ipsilateral leg (Appendix B: Figures B.7 and
B.8). In addition, HAM was a primary contributor in both legs while GMAX, GMEDP
and SOL contributed to forward propulsion in the intact leg (Figure 3.4). Gravity also
contributed to forward propulsion in both legs but to a much greater extent in the residual
leg. During this region, the prosthesis was the primary contributor to braking in the
residual leg (Figure 3.4) by absorbing AP power from the residual leg despite a
substantial amount of this power being transferred to the trunk (Figure 3.5). In the intact
leg, RF and IL were the primary contributors to braking during the second half of stance
(Figure 3.4). However, while RF absorbed power from the intact leg and transferred some

of this power to the trunk, due to the low segmental velocities of the residual leg femur
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and tibia, IL generated net AP power during this region, absorbing only minimal power

from the residual leg (Appendix B: Figure B.8).
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Primary positive and negative contributors to anteroposterior propulsion of the body COM (i.e. the

anteroposterior (AP) ground reaction force (GRF) impulse) during the two halves of intact and residual leg
stance: 1) weight acceptance through pull-up, and 2) forward continuance through push-up. Positive (negative)
GRF impulses indicate contributions to forward propulsion (braking) of the COM. Each muscle is depicted using
a unique, muscle-specific color to enable comparison across figures. Muscle names without an asterisk (*) are
from the leg specified in the plot title while muscle names with an asterisk (*) are from the opposite leg. For

muscle group abbreviations, please see Table 3.1.
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Figure 3.5: Musculotendon mechanical power output from the intact plantarflexors (gastrocnemius: GAS; soleus: SOL) and

the prosthesis across the intact and residual leg gait cycles, respectively, and distributed to the trunk, intact leg
and residual leg in the anteroposterior (AP) direction. Positive (negative) net values indicate power generated
(absorbed) by the musculotendon actuator. Positive (negative) values for the leg or trunk indicate that power is
being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into three regions: 1)
weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot clearance
through foot placement). For muscle group abbreviations, please see Table 3.1.
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Mediolateral control

Throughout stance, GMEDA and GMEDP were the primary contributors to
medial control in both the residual and intact limbs, while the prosthesis and HAM were
the primary contributors to lateral control in the residual leg and SOL, GAS, AL and AM
were the primary contributors in the intact leg (Figure 3.6). RF was also a critical
contributor to medial control in the residual leg during the second half of stance while
gravity contributed to medial control in both legs throughout stance. Depending on the
direction of motion of the trunk, intact leg and residual leg throughout the gait cycle,
these muscles contributed to lateral or medial control through a combination of power
generation (acceleration of the segment in its direction of motion), absorption
(deceleration of the segment in its direction of motion) and/or transfer between the
segments (Appendix B: Figures B.9 and B.10). Although the plantarflexors and
prosthesis both contributed to lateral control, their power contributions during the first
half of stance were generally small and during the second half of stance the plantarflexors
absorbed ML power from the intact leg and transferred some of this power to the trunk
while the prosthesis provided power directly to the trunk (Figure 3.7), propelling it

laterally.
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Figure 3.6: Primary positive and negative contributors to mediolateral control of the body COM (i.e. the mediolateral (ML)
ground reaction force (GRF) impulse) during the two halves of intact and residual leg stance: 1) weight
acceptance through pull-up, and 2) forward continuance through push-up. Positive (negative) GRF impulses
indicate contributions to lateral (medial) control of the COM. Each muscle is depicted using a unique, muscle-
specific color to enable comparison across figures. Muscle names without an asterisk (*) are from the leg
specified in the plot title while muscle names with an asterisk (*) are from the opposite leg. For muscle group
abbreviations, please see Table 3.1.
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Figure 3.7: Musculotendon mechanical power output from the intact plantarflexors (gastrocnemius: GAS; soleus: SOL) and

the prosthesis across the intact and residual leg gait cycles, respectively, and distributed to the trunk, intact leg
and residual leg in the mediolateral direction. Positive (negative) net values indicate power generated (absorbed)
by the musculotendon actuator. Positive (negative) values for the leg or trunk indicate that power is being
generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into three regions: 1) weight
acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot clearance through foot
placement). For muscle group abbreviations, please see Table 3.1.
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Leg swing

During swing initiation of the residual leg, intact HAM, AM and AL in addition
to residual HAM were the primary generators of residual leg power while the prosthesis
and VAS were the primary absorbers of power from the residual leg, therefore opposing
swing initiation (Figure 3.8). The prosthesis absorbed power from the residual leg and
transferred some of this power to the trunk, similar to the role of the intact SOL during
this region but not the intact GAS (Figure 3.9). During residual leg swing (early and late),
residual IL was the primary generator of power to the residual leg while gravity was a
primary absorber of power from the residual leg with additional power absorption from
VAS during late swing.

During swing initiation and early swing of the intact leg, intact IL was the
primary generator of power to the intact leg with additional power generation from
residual GMEDA during both regions, intact GAS, AL and AM during swing initiation
and intact RF during early swing (Figure 3.8). During these regions, gravity was the
primary absorber of power from the residual leg, decelerating its motion. During late
swing, intact GMEDP and TA arose as the primary generators of power to the intact leg

while intact AL absorbed power from the leg in preparation for contact with the ground.
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Figure 3.8: Primary contributors to the net mean mechanical power generation (positive) to and absorption (negative) from
the intact and residual legs during: 1) swing initiation (push-up), 2) early swing (foot clearance), and 3) late swing
(foot placement). Each muscle is depicted using a unique, muscle-specific color to enable comparison across
figures. Muscle names without an asterisk (*) are from the leg specified in the plot title while muscle names with
an asterisk (*) are from the opposite leg. For muscle group abbreviations, please see Table 3.1.
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Musculotendon mechanical power output from the intact plantarflexors (gastrocnemius: GAS; soleus: SOL) and
the prosthesis across the intact and residual leg gait cycles, respectively, and distributed to the trunk, intact leg
and residual leg. Positive (negative) net values indicate power generated (absorbed) by the musculotendon
actuator. Positive (negative) values for the leg or trunk indicate that power is being generated to (absorbed from)
the leg or trunk. The gray lines divide the gait cycle into six regions: 1) weight acceptance, 2) pull-up, 3) forward
continuance 4) swing initiation (push-up), 5) early swing (foot clearance) and 6) late swing (foot placement). For
muscle group abbreviations, please see Table 3.1.
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DISCUSSION

The purpose of this study was to determine how individual muscles and the
prosthesis work in synergy during unilateral transtibial amputee stair ascent to
accomplish the biomechanical subtasks of vertical propulsion, anteroposterior propulsion,
mediolateral control and leg swing. The prosthesis was found to be a critical contributor
to all of these subtasks in the residual leg while the plantarflexors, along with other
muscles, were critical contributors to these subtasks in the intact leg. However, the
prosthesis was unable to replicate all of the contributions of the unimpaired (i.e. non-
amputee) plantarflexors (Chapter 2) during stair ascent and resulting muscle
compensations were evident, consistent with the experimentally-observed compensations
that arise due to limited prosthesis functionality (Powers et al., 1997; Ramstrand and
Nilsson, 2009).

The primary contributors to vertical propulsion in both legs were largely
consistent with the primary contributors in unimpaired stair ascent (Chapter 2) and
amputee level walking (Silverman and Neptune, 2012), with VAS and GMAX, in
addition to the prosthesis, contributing in the first half of stance and the plantarflexors or
prosthesis contributing in the second half of stance. These results are also consistent with
a previous study that identified a correlation between peak knee and ankle joint power
and vertical acceleration during the first and second halves of stance in unimpaired stair
ascent, respectively (Wilken et al., 2011). In the present study, the prosthesis provided
greater vertical propulsion than the unimpaired plantarflexors (Chapter 2) during the first
half of stance, which was compensated for by greater negative contributions from HAM
and BFSH. Overall, with some minimal changes in muscle contributions, the prosthesis
was able to provide vertical propulsion in the absence of the plantarflexors, similar to the

role of the prosthesis in amputee level walking (Silverman and Neptune, 2012;
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Zmitrewicz et al., 2007). However, it should be noted that while the intact and
unimpaired plantarflexors (Chapter 2) both generated power to the trunk and ipsilateral
leg throughout stance, the prosthesis provided a different power distribution during the
second half of stance, primarily due to the trunk velocity decreasing and becoming
negative at the end of residual leg stance.

The primary contributors to anteroposterior propulsion in the intact leg during the
first half of stance were similar to the primary contributors in unimpaired stair ascent
(Chapter 2), with GMAX providing the primary contribution to forward propulsion and
the intact plantarflexors contributing to braking. Similarly, in the residual leg the
prosthesis contributed to braking in this region, consistent with its role in amputee level
walking (Silverman and Neptune, 2012). However, the prosthesis’ contribution to
braking was larger than the contribution from the intact or unimpaired (Chapter 2)
plantarflexors and the prosthesis absorbed increased AP power from the trunk, similar to
its role in amputee level walking (Zmitrewicz et al., 2007). To compensate for the
prosthesis, HAM increased its contribution to forward propulsion but the residual leg still
contributed to overall braking. As a result, the intact leg had to increase its overall
contribution to forward propulsion by decreasing the contributions to braking from the
plantarflexors and increasing the contributions to forward propulsion from GMAX
compared to unimpaired stair ascent. This is consistent with the previous finding that
decreased prosthesis mobility during weight acceptance limited an amputee’s ability to
advance over the foot which necessitated muscle compensations (Powers et al., 1997;
Sinitski et al., 2012). However, compensations in the residual leg for the braking
provided by the prosthesis were different in amputee level walking and stair ascent, with
HAM increasing its contribution to forward propulsion in stair ascent while VAS and RF

reduced their contributions to braking in level walking (Silverman and Neptune, 2012).
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During the second half of stance in the intact leg, VAS and the plantarflexors,
specifically SOL, arose as important contributors to forward propulsion, largely contrary
to their role in unimpaired stair ascent (Chapter 2). However, the importance of the
plantarflexors to forward propulsion is consistent with previous studies that found that
ankle power generation during the second half of stance was greater in the intact leg
compared to the unimpaired leg (Aldridge et al., 2012; Sinitski et al., 2012; Yack et al.,
1999), and hypothesized that this additional energy generated by the plantarflexors could
help propel the trunk onto the residual leg (Yack et al., 1999). This finding is also
consistent with the role of the plantarflexors in amputee level walking (Silverman and
Neptune, 2012). In the residual leg, the prosthesis contributed to braking, in contrast to its
role in amputee level walking (Silverman and Neptune, 2012; Zmitrewicz et al., 2007)
and to the role of the intact plantarflexors. The prosthesis was also unable to replicate the
functional role of GAS in unimpaired stair ascent, which contributed to forward
propulsion by generating power to the ipsilateral leg (Chapter 2). However, the functional
role of the prosthesis was similar to the role of SOL during unimpaired stair ascent,
which contributed to braking by transferring power from the ipsilateral leg to the trunk
(Chapter 2). This indicates that the prosthesis was able to largely replicate the function of
uniarticular SOL, providing AP power to the trunk, but did so at the expense of absorbing
AP power from the residual leg and was therefore unable to replicate the function of
biarticular GAS, consistent with the functional role of the prosthesis during amputee level
walking (Silverman and Neptune, 2012; Zmitrewicz et al., 2007). While the role of the
prosthesis was similar to SOL in unimpaired stair ascent, the prosthesis generated
increased braking during the second half of stance and, to compensate, the residual VAS
became the primary contributor to forward propulsion, contrary to its contribution to

braking in unimpaired stair ascent (Chapter 2). In addition, while RF contributed to
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braking in both the intact and residual legs, similar to unimpaired stair ascent (Chapter 2),
RF decreased its contribution to braking in the residual leg compared to the intact and
unimpaired legs to compensate for the increased braking provided by the prosthesis. It
should also be noted that during the second half of stance, gravity played a critical role in
residual leg forward propulsion. This is consistent with a previous study that found that
amputees altered their body position to facilitate advancement of the body’s center of
gravity over the prosthetic ankle (Powers et al., 1997).

Lateral control throughout stance was generated primarily by the prosthesis and
HAM in the residual leg and by the hip adductors (AM and AL) and the plantarflexors in
the intact leg. The contributions from the hip adductors and HAM to lateral control are
consistent with their contributions in amputee level walking (Silverman and Neptune,
2012) and unimpaired stair ascent (Chapter 2) and the role of the prosthesis is consistent
with its role in amputee level walking (Silverman and Neptune, 2012). However,
compared to unimpaired stair ascent (Chapter 2) and amputee level walking (Silverman
and Neptune, 2012), in amputee stair ascent the contributions from VAS were decreased
and the plantarflexors contributed to lateral control instead of medial control. While the
intact plantarflexors and prosthesis both contributed to lateral control, during the second
half of stance SOL and GAS absorbed ML power from the intact leg, transferring some
of that power to the trunk, while the prosthesis generated ML power directly to the trunk.
These disparate power distributions may be the reason that the residual leg relied on
HAM for lateral control while the intact leg relied on the hip adductors.

Throughout stance, medial control was primarily generated by GMEDA and
GMEDP, similar to unimpaired stair ascent (Chapter 2) and amputee level walking
(Silverman and Neptune, 2012). However, their contributions increased to compensate

for the increased lateral control provided by the intact plantarflexors and the prosthesis.
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The increased overall contributions to medial and lateral control in amputee stair ascent
compared to unimpaired stair ascent are consistent with the increased step width observed
in amputees both previously (Ramstrand and Nilsson, 2009) and in the current study, in
which increased hip abduction was observed in both legs compared to the unimpaired leg
(Chapter 2). In addition, the altered muscle contributions to mediolateral control in
amputee stair ascent compared to amputee level walking may be indicative of the
increased instability of the task (Kendell et al., 2010).

The primary contributors to leg swing in both the intact and residual legs were
largely different from unimpaired stair ascent (Chapter 2) and amputee level walking
(Silverman and Neptune, 2012). However, in the intact leg, IL was the primary
contributor to swing initiation and early swing and TA was a critical contributor to late
swing, similar to unimpaired stair ascent. In addition, RF opposed swing initiation in both
legs, similar to unimpaired stair ascent (Chapter 2) and level walking (Neptune et al.,
2004) but contrary to the findings of Powers et al. (1997) who hypothesized that the RF
activity during pre-swing acted to advance the leg. In addition, GAS was an important
contributor to swing initiation of the intact leg, similar to its role in unimpaired stair
ascent (Chapter 2) and amputee level walking (Silverman and Neptune, 2012) and SOL
decelerated the leg in late swing in preparation for contact with the ground, similar to its
role in unimpaired stair ascent (Chapter 2). During swing initiation, the prosthesis
produced a similar power distribution to both the intact and unimpaired (Chapter 2) SOL,
transferring power from the ipsilateral leg (residual for the prosthesis and intact for SOL)
to the trunk, but was unable to emulate the power distribution produced by the intact or
unimpaired GAS, which generated power to both the intact leg and trunk. This suggests
that the prosthesis compromised leg swing in order to transfer power to the trunk, similar

to the role of the prosthesis in amputee level walking (Silverman and Neptune, 2012;
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Zmitrewicz et al., 2007). Consistently, in the residual leg the prosthesis opposed swing
initiation, similar to the role of SOL in unimpaired stair ascent (Chapter 2), but to a much
greater extent. In response to the prosthesis’ increased opposition to swing initiation, the
residual leg received increased positive contributions from the intact leg, specifically
HAM, AL and AM. In addition, the residual IL and intact GMEDA increased their
positive contributions throughout swing, consistent with a previous study that found
increased residual leg hip flexion during swing (Aldridge et al., 2012).

While previous experimental studies found evidence to suggest that amputees use
a hip-extensor strategy on the residual leg and a knee-extensor strategy on the intact leg
during stair ascent (Agrawal et al., 2013b; Aldridge et al., 2012; Alimusaj et al., 2009;
Powers et al., 1997; Schmalz et al., 2007; Yack et al., 1999), these strategies were not
directly evident in the contributions of the hip and knee extensors to the biomechanical
subtasks of stair ascent or in the distributions of power between segments in the vertical,
AP and ML directions. Both the residual and intact leg knee and hip extensors provided
critical contributions to vertical propulsion, anteroposterior propulsion, mediolateral
control and leg swing (with the exception of the intact leg knee extensors in mediolateral
control) by generating, absorbing and/or redistributing a significant amount of
mechanical power. These results are in contrast with a previous experimental study which
concluded the residual hip and intact leg were primarily responsible for energy generation
during amputee stair ascent (Yack et al., 1999). However, consistent with a hip-extensor
strategy on the residual leg and a knee-extensor strategy on the intact leg, GMAX
generated greater net power in the residual leg compared to the intact leg and VAS
generated greater net power in the intact leg compared to the residual leg (Appendix B:
Figures B.11 and B.12) and unimpaired leg (Chapter 2). Therefore, while the use of a

hip-strategy on the residual limb and a knee-strategy on the intact limb was not directly
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observed in the contributions of the hip and knee extensors muscles to the subtasks of
stair ascent, these strategies may have contributed to the overall differences in muscle
contributions that were observed between amputee and unimpaired (Chapter 2) stair
ascent. These results highlight the importance of using modeling and simulation
techniques to investigate muscle function and identify contributions from muscles that
may seem less important at the joint level but, due to dynamic coupling (Zajac and
Gordon, 1989; Zajac et al., 2002), actually play a critical role in task execution.

Thus, musculoskeletal modeling and simulation techniques can provide valuable
insight into quantities that cannot be measured experimentally. However, validation of
these simulations can be challenging because these quantities cannot be directly validated
by experimental data. Therefore, indirect measures of validation must be used instead. In
this study a biomechanically consistent simulation was produced by requiring the
simulation to closely replicate experimental data while also minimizing muscle co-
contraction. In addition, simulated muscle excitation timings were compared to the
experimental timings available in the literature for unilateral transtibial amputees (Powers
et al., 1997; Schmalz et al., 2007) to assure that muscles were producing force at the
appropriate times in the gait cycle. Because muscle function is state dependent (Zajac et
al., 2002), by requiring the state and muscle excitation timings to closely emulate
experimental data, we can confidently assess the functional role of the muscles during
stair ascent using forward dynamics simulations.

Another potential limitation of musculoskeletal modeling is that some
assumptions are required for musculoskeletal parameters. However, the optimization
algorithm used in this study can compensate for model parameter inaccuracies by
adjusting muscle excitation magnitudes to produce the muscle forces necessary to track

the experimental biomechanics. Therefore, it is likely that these modeling assumptions
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have a minimal effect on the muscle forces generated by the simulation and the resulting
contributions to amputee stair ascent.

One additional limitation is that group-averaged experimental data was simulated.
Amputees have been shown to demonstrate different individual compensations which
may not be apparent in the averaged data (Powers et al., 1997; Silverman et al., 2008).
Therefore, future work should focus on generating subject-specific simulations during
stair ascent to enable the development of targeted rehabilitation programs tailored to an
individual. However, this study is an important first step towards understanding
individual muscle contributions to the subtasks of unilateral transtibial amputee stair
ascent, including vertical propulsion, anteroposterior propulsion, mediolateral control and
leg swing, and will have important clinical applications in the treatment of movement

disorders.

CONCLUSIONS

The results of this study provide insight into the functional deficits of amputee
stair ascent and the compensations necessary for transtibial amputees to ascend stairs.
This work also has important implications for designing improved prostheses and
restoring mobility in amputees. The passive prosthesis modeled in this study provided
vertical propulsion throughout stance, similar to the role of the unimpaired plantarflexors
in stair ascent. However, while the prosthesis contributed to braking throughout stance,
similar to unimpaired SOL during stair ascent, it contributed to a greater extent. In
addition, the prosthesis was unable to replicate the functions of unimpaired GAS, which
contributes to forward propulsion during the second half of stance and leg swing

initiation. To compensate HAM and VAS increased their contributions to forward
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propulsion during the first and second halves of stance, respectively, but overall the
residual leg still contributed to braking. The prosthesis also contributed to lateral control,
contrary to the role of the plantarflexors in unimpaired stair ascent, which required
increased contributions to medial control from the hip abductors (GMEDA and GMEDP).
However, this was largely due to the increased step width observed in amputee stair
ascent. Therefore, improved prostheses that provide additional forward propulsion (or
reduced braking) and leg swing initiation could improve amputee stair ascent and
minimize muscle compensations. In addition, targeted rehabilitation techniques could be
designed to strengthen the muscles that demonstrated important compensatory
mechanisms or to strengthen additional muscles that are able to functionally compensate

for the loss of GAS by providing forward propulsion and leg swing initiation.
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Chapter 4: Muscular Regulation of Dynamic Balance during Amputee
and Non-amputee Stair Ascent

INTRODUCTION

Stair ascent is a common activity of daily living critical for maintaining
independence in the home and community. However, previous studies have shown that
dynamic balance is more difficult to maintain during stair ascent than level walking
(Kendell et al., 2010), particularly in the frontal plane (Pickle et al., 2014; Silverman et
al., 2014). As a result, populations with balance deficits often have difficulty ascending
stairs and are at an increased risk for falls (e.g., Vanicek et al., 2010). Previous studies
have attempted to mitigate fall risk through use of assistive devices such as handrails
(Reeves et al., 2008; Reid et al., 2011) and canes (Hsue and Su, 2009, 2010), but few
studies have investigated the underlying causes of altered dynamic balance.

Regulation of whole-body angular momentum has been identified as a critical
aspect of maintaining dynamic balance during level walking (Herr and Popovic, 2008)
and has been used as the foundation of control algorithms for bipedal robots (e.g.,
Goswami and Kallem, 2004; Hofmann et al., 2009; Kajita et al., 2003). Several studies
have also suggested that controlling angular momentum is important in preventing falls
during level walking (Simoneau and Krebs, 2000) and in recovering from a trip
(Pijnappels et al., 2004, 2005a, 2005b) or unexpected step (van Dieen et al., 2007). In
addition, regulation of angular momentum has been shown to be a promising indicator of
balance in impaired populations (Bruijn et al., 2011; Nott et al., 2014; Silverman and
Neptune, 2011).

Whole-body angular momentum, which is a measure of the body’s rotation about

its center-of-mass (COM)), is often quantified by its time derivative (i.e., the time rate of
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change of angular momentum), which is equal to the external moment about the body
COM. The external moment is a function of the distance between the body COM and the
center-of-pressure as well as the ground reaction forces (GRFs). As a result, angular
momentum can be modulated through changes in the GRFs and external moment arms
(e.g., foot placement). In human gait, muscles are the primary accelerators of the body
segments and generators of the GRFs, and are therefore the primary regulators of whole-
body angular momentum. Therefore, it is critical to understand how individual muscles
contribute to the regulation of angular momentum in both unimpaired and impaired
individuals in order to design effective rehabilitation programs and enhanced assistive
devices aimed at improving dynamic balance.

Amputees are one group of individuals who are particularly susceptible to falls
(Miller et al., 2001). A recent study analyzing whole-body angular momentum during
level walking observed an increased range of frontal-plane angular momentum in
amputees compared to non-amputees (Silverman and Neptune, 2011), which suggests a
decrease in dynamic balance control. In addition, the range of sagittal-plane angular
momentum was significantly different in amputees compared to non-amputees and was
correlated with altered braking and propulsion, which highlighted how amputees
modulate their braking and propulsion to help regulate sagittal-plane angular momentum
during level walking. These changes in the regulation of sagittal-plane angular
momentum are consistent with the loss of the ankle plantarflexors, which are important
contributors to the regulation of non-amputee sagittal-plane angular momentum during
level walking (Neptune and McGowan, 2011). In addition, others have shown that
walking with a powered prosthesis, compared to a passive energy storage and return
prosthesis, diminished sagittal-plane range of angular momentum (D'Andrea et al., 2014).

This suggests that regulation of whole-body angular momentum, and thus dynamic
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balance, has the potential to be improved with enhanced prosthesis designs that more
fully replicate the role of the plantarflexors. However, despite these advances in
understanding the regulation of angular momentum in amputee level walking, it remains
unclear how amputees as well as non-amputees regulate whole-body angular momentum
during the more challenging task of stair ascent.

Two recent studies found that regulation of angular momentum in both non-
amputees (Silverman et al., 2014) and amputees (Pickle et al., 2014) was significantly
altered in stair ascent compared to level walking. The primary difference in the regulation
of angular momentum during amputee compared to non-amputee stair ascent was an
increased range of sagittal-plane angular momentum, which was correlated with altered
vertical GRF peaks in both the intact and residual limbs. This suggests that during stair
ascent, compared to level walking, amputees likely modulate vertical propulsion instead
of anteroposterior propulsion to regulate sagittal-plane angular momentum. While this
result is consistent with the loss of the plantarflexors, which have been shown to be
important contributors to vertical propulsion in non-amputee stair ascent (Chapter 2), the
role of individual muscles in the regulation of angular momentum during amputee and
non-amputee stair ascent as well as the contributions of the prosthesis and other
necessary compensations remain unknown.

Muscle-actuated forward dynamics simulations have been used to identify the
contributions of individual muscles to the time rate of change of angular momentum
during non-amputee level walking (Neptune and McGowan, 2011). The purpose of this
study was to use muscle-actuated forward dynamics simulations to identify the
contributions of individual muscles, the prosthesis and gravity to whole-body angular
momentum in the frontal, transverse and sagittal planes in order to gain insight into the

differences in the biomechanical mechanisms used by amputees and non-amputees to
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regulate angular momentum and maintain dynamic balance during stair ascent.
Understanding which muscles are primarily responsible for regulating angular
momentum and identifying the differences between amputees and non-amputees has
important implications for the treatment of movement disorders and the design of

targeted rehabilitation programs aimed at improving dynamic balance.

METHODS

Musculoskeletal model and dynamic optimization

Previously described three-dimensional muscle-actuated forward dynamics
simulations of non-amputee (Chapter 2) and amputee (Chapter 3) stair ascent were
developed using SIMM/Dynamics Pipeline (MusculoGraphics, Inc., Santa Rosa, CA) and
consisted of rigid body segments representing the HAT (head, arms and trunk), pelvis
and two legs, each consisting of a thigh, shank, patella, talus, calcaneus and toes. At each
joint, passive torques representing the forces generated by passive tissues and ligaments
were applied (Davy and Audu, 1987). Foot-ground contact was modeled using 31
viscoelastic elements with Coulomb friction distributed over the calcaneus and toes
(Neptune et al., 2000b) or the prosthetic foot. The height of the ground was modified to
represent the surface of the stairs (Rise/Run: 0.1778 m / 0.2794 m). The equations of
motion were generated using SD/FAST (PTC, Needham, MA).

In the unilateral transtibial amputee simulation, the mass of the residual shank
was reduced by 50% and the shank’s center-of-mass (COM) was shifted proximally
compared to the intact shank to represent the mass and inertia of the prosthesis and
residual shank (Chapter 3). In addition, the muscles spanning the residual ankle joint (i.e.,

medial gastrocnemius, lateral gastrocnemius, soleus, tibialis posterior, tibialis anterior,
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flexor digitorum longus and extensor digitorum longus) were removed. The prosthesis
was modeled by fitting the average experimental amputee ankle moment data with a
second-order torsional spring with damping. This prosthesis torque was then applied to
the ankle joint as a passive torque.

The non-amputee model was driven by 38 Hill-type musculotendon actuators per
leg, grouped into 15 muscle groups for analysis based on similar anatomical and
functional classification (Table 4.1). The amputee model was driven by 69 muscles (38
on the intact leg and 31 on the residual leg), grouped into 15 muscle groups in the intact
leg and 12 muscle groups in the residual leg (Table 4.1).

Forward dynamics simulations of non-amputee and amputee stair ascent were
generated over 100% (right foot-strike to right foot-strike) and 120% (intact foot-strike to
the second residual toe-off) of the gait cycle, respectively. A simulated annealing
optimization algorithm (Goffe et al., 1994) was used to identify muscle excitation
patterns that minimized the differences between experimental and simulated kinematics
and GRFs in addition to minimizing muscle stress in order to reduce unnecessary muscle

co-activation.
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Table 4.1:  Muscles included in the musculoskeletal model and their corresponding
analysis groups in the non-amputee, intact and residual legs. The muscles
labeled as “REMOVED” have been removed from the residual leg.

Analysis Groups

Muscles
Non-Amputee Intact Residual

Leg Leg Leg
lliacus IL IL IL
Psoas
Adductor Longus
Addyctor Brevis AL AL AL
Pectineus
Quadratus Femoris
Superior Adductor Magnus
Middle Adductor Magnus AM AM AM
Inferior Adductor Magnus
Sartorius SAR SAR SAR
Rectus Femoris RF RF RF
Vastus Medialis
Vastus Lateralis VAS VAS VAS
Vastus Intermedius
Anterior Gluteus Medius
Middle Gluteus Medius GMEDA GMEDA GMEDA
Anterior Gluteus Minimus
Middle Gluteus Minimus
Posterior Gluteus Medius
Pg_sterlo_r Gluteus Minimus GMEDP GMEDP GMEDP
Piriformis
Gemellus
Tensor Fasciae Latae TFL TFL TFL
Superior Gluteus Maximus
Middle Gluteus Maximus GMAX GMAX GMAX
Inferior Gluteus Maximus
Semitendinosus
Seml_rr_\embranosus HAM HAM HAM
Gracilis
Biceps Femoris Long Head
Biceps Femoris Short Head BFSH BFSH BFSH
Medial Gastrocnem!us GAS GAS
Lateral Gastrocnemius a
Soleus S
Tibialis Posterior SOL SOL g
Flexor Digitorum Longus IhI:J
Tibialis Anterior A TA

Extensor Digitorum Longus
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Simulation analysis

To identify the contributions of individual muscles and the prosthesis to dynamic
balance, their contributions to the time rate of change of whole-body angular momentum

(17 ) were determined (Neptune and McGowan, 2011; Neptune et al., 2011) using:

H=7xFgp 4.1)

where 7 is the moment arm vector from the center-of-pressure on each foot to the body’s
COM, F;gr is the vector of each muscle’s and the prosthesis’s contribution to the ground
reaction force (GRF), and 7 X F;gr is the vector of external moments (frontal, transverse
and sagittal plane) generated about the body’s COM by each muscle and the prosthesis
(Figure 4.1). The contributions of each muscle and the prosthesis to the GRFs were
determined using a previously described GRF decomposition technique (Neptune et al.,
2004). The net contribution of each muscle group and the prosthesis to whole-body
angular momentum in each plane was determined by integrating H over the first and
second halves of stance. The contribution of gravity was also computed since it has been
shown to be an important contributor to the GRF in non-amputee (Chapter 2) and

amputee stair ascent (Chapter 3).
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Figure 4.1. The time rate of change of whole-body angular momentum (external
moment about the center-of-mass (COM)) in the frontal, transverse and
sagittal planes, computed as the cross product of the external moment arms
and ground reaction force (GRF) vectors (anteroposterior (AP), vertical, and
mediolateral (ML)). The external moments in the frontal, transverse and
sagittal planes were defined about the X, Y and Z axes, respectively. Note
that for clarity, only the external moments generated by the right leg (non-
amputee leg, intact leg) during stair ascent are depicted.

Experimental tracking data

Previously collected three-dimensional kinematics and GRFs from 27 non-
amputee subjects and 10 traumatic unilateral transtibial amputees prescribed with a
passive energy storage and return prosthesis were used to generate these simulations.
Each subject ascended a 16-step instrumented staircase (2 forceplates, 1200 Hz: AMTI,

Inc., Watertown, MA) step-over-step at a fixed cadence of 80 steps per minute while a
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26-camera optoelectronic motion capture system (120 Hz, Motion Analysis Corp., Santa
Rosa, CA) collected three-dimensional whole-body kinematics. For five complete gait
cycles for each leg, GRFs (normalized by subject body weight) and joint kinematics were
time-normalized to 100% of the gait cycle and averaged across gait cycles and subjects
for each leg. For additional details on the experimental protocol for the non-amputees and

amputees, see Chapter 2 and Chapter 3, respectively.

RESULTS

Frontal-plane angular momentum

Each muscle in addition to the prosthesis and gravity contributed to frontal-plane
angular momentum through its contribution to the frontal-plane external moment,
composed of its contribution to the vertical and/or ML GRF coupled with the moment
arms from the COP to the body COM (Appendix C: Figures. C.1 — C.3). Throughout
non-amputee (right leg of non-amputee simulation), intact (right leg of amputee
simulation) and residual (left leg of amputee simulation) stance, the hip abductors
(GMEDA, GMEDP) were the primary contributors to angular momentum that acted to
rotate the body towards the ipsilateral leg (Figure 4.2). During the first half of non-
amputee stance, VAS was the primary contributor to angular momentum that acted to
rotate the body towards the contralateral leg. VAS was also a primary contributor during
the first half of residual and intact stance but the prosthesis and uniarticular plantarflexors
(SOL) contributed to a greater extent (Figure 4.2). In addition, HAM and GAS also made
important contributions to angular momentum that acted to rotate the body towards the
contralateral leg during residual and intact stance, respectively. During the second half of

non-amputee stance, HAM was the primary contributor to angular momentum that acted
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to rotate the body towards the contralateral leg, with additional contributions from AL
and the plantarflexors (SOL, GAS) (Figure 4.2). During the second half of residual and
intact stance, the prosthesis and plantarflexors (SOL, GAS) were the primary contributors
to angular momentum that acted to rotate the body towards the contralateral leg with
additional contributions from gravity and HAM in the residual leg and AM in the intact

leg (Figure 4.2).
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Figure 4.2:

Frontal Plane Angular Momentum (%BW*m™s)

Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the frontal plane during the first and second halves of
residual, intact and non-amputee stance. In residual stance (left leg of the
amputee simulation), positive (negative) contributions indicate angular
momentum that acts to rotate the body towards the contralateral (ipsilateral)
leg. In intact and non-amputee stance (right leg of the amputee and non-
amputee simulation, respectively), positive (negative) contributions indicate
angular momentum that acts to rotate the body towards the ipsilateral
(contralateral) leg. Each muscle is depicted using a muscle-specific color to
enable comparisons across figures. Unless otherwise indicated, muscles are
from the leg specified in the plot title (see Table 4.1 for muscle group
abbreviations). In the non-amputee plots, “contra” indicates the contralateral
non-amputee leg.
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Transverse-plane angular momentum

Each muscle in addition to the prosthesis and gravity contributed to transverse-
plane angular momentum through its contribution to the transverse-plane external
moment, composed of its contribution to the AP and/or ML GRF coupled with the
moment arms from the COP to the body COM (Appendix C: Figures C.4 — C.6). In the
transverse plane, contributions were an order of magnitude smaller than the contributions
in the frontal and sagittal planes. During the first half of non-amputee stance (right leg of
the non-amputee simulation), GMAX, TA and gravity were the primary contributors to
angular momentum that acted to rotate the body vertically towards the contralateral leg
while SOL and RF were the primary contributors to angular momentum that acted to
rotate the body vertically towards the ipsilateral leg (Figure 4.3). During the first half of
residual stance (left leg of the amputee simulation), the hip abductors (GMEDA,
GMEDP) and hip extensors (GMAX, HAM) were the primary contributors to angular
momentum that acted to rotate the body towards the contralateral leg while the prosthesis,
with additional contributions from VAS, was the primary contributor to angular
momentum that acted to rotate the body towards the ipsilateral leg (Figure 4.3). During
the first half of intact stance (right leg of the amputee simulation), the contributions to
transverse-plane angular momentum were much smaller compared to residual stance.
Gravity, GMAX, VAS and the hip abductors (GMEDP, GMEDA) made small
contributions to angular momentum that acted to rotate the body towards the contralateral
leg while minimal contributions were made to angular momentum that acted to rotate the
body towards the ipsilateral leg (Figure 4.3).

During the second half of non-amputee stance, HAM was the primary contributor
to angular momentum that acted to rotate the body vertically towards the contralateral leg

while RF was the primary contributor to angular momentum that acted to rotate the body
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vertically towards the ipsilateral leg (Figure 4.3). Similarly, during the second half of
residual stance, HAM and VAS, with additional contributions from gravity, were the
primary contributors to angular momentum that acted to rotate the body towards the
contralateral leg while RF, TFL and the prosthesis were the primary contributors to
angular momentum that acted to rotate the body towards the ipsilateral leg (Figure 4.3).
In contrast to the primary contributors during non-amputee and residual stance, during
the second half of intact stance, VAS, AM and SOL were the primary contributors to
angular momentum that acted to rotate the body towards the contralateral leg while the
hip abductors (GMEDA, GMEDP) were the primary contributors to angular momentum

that acted to rotate the body towards the ipsilateral leg (Figure 4.3).
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Figure 4.3:

Transverse Plane Angular Momentum (%BW*m*s)

Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the transverse plane during the first and second halves of
residual, intact and non-amputee stance. In residual stance (left leg of the
amputee simulation), positive (negative) contributions indicate angular
momentum that acts to rotate the body vertically towards the ipsilateral
(contralateral) leg. In intact and non-amputee stance (right leg of the
amputee and non-amputee simulations, respectively), positive (negative)
contributions indicate angular momentum that acts to rotate the body
vertically towards the contralateral (ipsilateral) leg. Each muscle is depicted
using a muscle-specific color to enable comparisons across figures. Unless
otherwise indicated, muscles are from the leg specified in the plot title (see
Table 4.1 for muscle group abbreviations). In the non-amputee plots,
“contra” indicates the contralateral non-amputee leg.
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Sagittal-plane angular momentum

Each muscle in addition to the prosthesis and gravity contributed to sagittal-plane
angular momentum through its contribution to the sagittal-plane external moment,
composed of its contribution to the AP and/or vertical GRF coupled with the moment
arms from the COP to the body COM (Appendix C: Figures C.7 — C.9). During the first
half of non-amputee stance, the plantarflexors (particularly SOL) and RF contributed to
forward (negative) angular momentum while GMAX contributed to backward (positive)
angular momentum (Figure 4.4). The primary contributors during the first half of residual
and intact stance were largely similar with the prosthesis or plantarflexors contributing to
forward angular momentum and GMAX contributing to backward angular momentum,
with additional contributions from HAM during residual stance (Figure 4.4). In addition,
in the first half of stance gravity contributed to backward angular momentum in all three
legs (Figure 4.4). During the second half of non-amputee stance, SOL, RF and VAS
contributed to forward angular momentum while HAM contributed to backward angular
momentum (Figure 4.4). Similar to the first half of stance, the primary contributors
during the second half of residual and intact stance were similar to those of non-amputee
stance. The prosthesis contributed to forward angular momentum in the residual leg and
RF contributed to forward angular momentum in both legs while VAS and HAM were
the primary contributors to backward angular momentum in both legs (Figure 4.4).
During the second half of stance, gravity contributed to backward angular momentum in
the residual leg but forward angular momentum in the intact and non-amputee legs

(Figure 4.4).
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Figure 4.4: Primary positive and negative muscle contributions in addition to the
contributions from the prosthesis and gravity to whole-body angular
momentum in the sagittal plane during the first and second halves of
residual, intact and non-amputee stance. Positive (negative) contributions
indicate angular momentum that acts to rotate the body backward (forward).
Each muscle is depicted using a muscle-specific color to enable
comparisons across figures. Unless otherwise indicated, muscles are from
the leg specified in the plot title (see Table 4.1 for muscle group
abbreviations).
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DISCUSSION

Dynamic balance is more difficult to maintain during stair ascent compared to
level walking (Kendell et al., 2010; Lee and Chou, 2007) and as a result, individuals with
balance deficits such as lower-limb amputees often have difficulty ascending stairs and
are more susceptible to falls (Miller et al., 2001). During human locomotion, dynamic
balance is highly regulated by minimizing changes in angular momentum (e.g., Herr and
Popovic, 2008). The purpose of this study was to elucidate the differences in the
biomechanical mechanisms used by amputees and non-amputees to regulate angular
momentum and maintain dynamic balance during stair ascent by identifying the
contributions of individual muscles, the prosthesis and gravity to whole-body angular
momentum.

In the sagittal plane, the prosthesis was able to largely replicate the function of the
non-amputee plantarflexors in the regulation of angular momentum during stair ascent by
contributing to forward angular momentum throughout residual limb stance. As a result,
the primary contributors in the residual, intact and non-amputee legs were largely similar
with GMAX, HAM, VAS and gravity contributing to backward angular momentum. The
importance of the plantarflexors (SOL, GAS) or prosthesis, knee extensors (VAS) and
hip extensors (GMAX) to sagittal-plane angular momentum is consistent with their
critical role in anteroposterior and vertical propulsion during non-amputee (Chapter 2;
Lin et al., 2015) and amputee (Chapter 3) stair ascent while the importance of HAM is
consistent with its role in anteroposterior propulsion during non-amputee (Chapter 2) and
amputee (Chapter 3) stair ascent.

Despite the decreased range of sagittal-plane angular momentum in non-amputee
stair ascent compared to level walking (Silverman et al., 2014), in both tasks the muscles

that extend the ankle, knee and hip were the most critical to the regulation of sagittal-
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plane angular momentum (Neptune and McGowan, 2011). This is consistent with a
previous study that showed leg extension strength to be the best predictor of an older
adult’s ability to recover from a trip in the sagittal plane (Pijnappels et al., 2008). Similar
to both amputee and non-amputee stair ascent, in level walking GMAX, VAS, HAM and
gravity generated backward angular momentum and SOL generated forward angular
momentum during the first half of stance (Neptune and McGowan, 2011). However,
unlike level walking where GAS generated forward angular momentum during the first
half of stance and backward angular momentum during the second half of stance
(Neptune and McGowan, 2011), in stair ascent GAS generated forward angular
momentum throughout stance. As a result, during the second half of non-amputee stair
ascent HAM became the primary contributor to backward angular momentum in place of
GAS while both HAM and VAS contributed to backward angular momentum during the
second half of residual and intact stance. These results contradict a previous hypothesis
that the increased range of sagittal-plane angular momentum during residual stance
compared to non-amputee stance could be mitigated if the prosthesis was able to replicate
the function of gastrocnemius (Pickle et al., 2014). This emphasizes the need for
rehabilitation programs that focus on strengthening GMAX, HAM and VAS which may
improve an amputee’s ability to control dynamic balance by generating the appropriate
backward angular momentum.

The importance of the plantarflexors, hamstrings, gluteus maximus and vastii in
the regulation of sagittal-plane angular momentum during amputee and non-amputee stair
ascent is also consistent with previous studies examining recovery from a trip in the
sagittal plane. These studies found that the increased forward angular momentum
generated by tripping over an obstacle during level walking could be restrained by the

plantarflexors, hamstrings and gluteus maximus in the support limb (Pijnappels et al.,
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2005) in addition to hip and knee extensor moments in the recovery limb (Grabiner et al.,
1993). While this emphasizes the importance of GMAX, HAM and VAS in generating
backward angular momentum, in stair ascent the plantarflexors contribute solely to
forward angular momentum and would not be a useful mechanism for restraining the
increased forward angular momentum after a trip (c.f., during level walking Neptune and
McGowan, 2011; Pijnappels et al., 2005). While the prosthesis was able to largely
replicate the function of the non-amputee plantarflexors in the sagittal-plane, the range of
sagittal-plane angular momentum is increased during residual stance compared to non-
amputee stance which suggests decreased dynamic balance control (Pickle et al., 2014).
In addition, the ability to respond to balance perturbations during standing has been
previously shown to be limited in the prosthetic leg (Vrieling et al., 2008b). As a result, if
an amputee were to trip during stair ascent it may be more difficult to restrain the sudden
increase in forward angular momentum due to the inability of the prosthesis to limit the
momentum. This further emphasizes the need for rehabilitation programs to strengthen
the muscles that are capable of providing backward angular momentum (e.g., hip and
knee extensors).

While the prosthesis replicated the role of the non-amputee plantarflexors in the
sagittal plane, it was unable to do so in the frontal plane. In the frontal plane, the non-
amputee plantarflexors contributed minimally while the prosthesis was found to be the
primary contributor to angular momentum that acted to rotate the body towards the
contralateral leg. To compensate, VAS and HAM decreased their contributions to angular
momentum that acted to rotate the body towards the contralateral leg during the first and
second halves, respectively, of residual and intact stance compared to non-amputee
stance. However, increased angular momentum that acted to rotate the body towards the

contralateral leg was still generated in the residual leg. In the intact leg, the plantarflexors
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increased their contributions to angular momentum that acted to rotate the body towards
the contralateral leg to compensate for the increased contributions provided by the
prosthesis in the residual leg and the decreased contributions from VAS and HAM in the
intact leg. In addition, the contributions from the hip abductors (GMEDA, GMEDP) to
angular momentum that acted to rotate the body towards the ipsilateral leg increased in
both the residual and intact legs to compensate for the increased contributions provided
by the prosthesis and intact plantarflexors to angular momentum that acted to rotate the
body towards the contralateral leg. However, despite these increased contributions in the
residual and intact legs, the range of frontal-plane angular momentum is similar in non-
amputee and amputee stair ascent (e.g., Pickle et al., 2014).

In stair ascent, the importance of the intact plantarflexors and prosthesis in the
regulation of frontal-plane angular momentum is consistent with their roles in vertical
propulsion and mediolateral control in non-amputee (Chapter 2) and amputee (Chapter 3)
stair ascent while the importance of the hip abductors (GMEDA, GMEDP) and HAM is
consistent with their role in mediolateral control in non-amputee (Chapter 2; Lin et al.,
2015) and amputee (Chapter 3) stair ascent. VAS is also important to mediolateral control
in non-amputee stair ascent (Chapter 2; Lin et al., 2015) and to vertical propulsion in
non-amputee (Chapter 2; Lin et al., 2015) and amputee stair ascent (Chapter 3). Similar
to stair ascent, in non-amputee level walking VAS was a primary contributor to angular
momentum that acted to rotate the body towards the contralateral leg while gluteus
medius was the primary contributor to angular momentum that acted to rotate the body
towards the ipsilateral leg (Neptune et al., 2012). In addition, in non-amputee level
walking the plantarflexors contributed to angular momentum that acted to rotate the body
towards the contralateral leg (Neptune et al., 2012), similar to the role of the prosthesis

and the intact plantarflexors but less similar to the role of the non-amputee plantarflexors
91



during stair ascent. The importance of the hip abductors in generating frontal-plane
angular momentum during stair ascent is also consistent with the role of the hip abductors
in maintaining mediolateral balance during level walking (Jansen et al., 2014; Pandy et
al., 2010; Silverman and Neptune, 2012) in addition to the role of the hip abductor
moment in resisting ML perturbations to standing balance (Curtze et al., 2012) and in
maintaining lateral stability in the frontal plane during stair ascent (Novak and Brouwer,
2011).

In the transverse plane, the prosthesis was able to largely replicate the role of the
unimpaired plantarflexors, particularly the role of the uniarticular plantarflexors.
However, the prosthesis contributed to nearly twice as much angular momentum that
acted to rotate the body vertically towards the ipsilateral leg as the non-amputee
plantarflexors. As a result, compensations were evident in the residual leg muscles,
specifically the knee extensors (VAS, RF), hip extensors (GMAX, HAM) and hip
abductors (GMEDA, GMEDP). In addition, the overall contributions to transverse-plane
angular momentum in the intact leg during the first half of stance decreased which
indicates that amputees rely more on the muscles of the residual leg to regulate
transverse-plane angular momentum during the first half of stance. During the second
half of stance, additional compensations arose in both the residual and intact legs as the
prosthesis replicated the function of the non-amputee SOL but not GAS. However, the
contributions to transverse-plane angular momentum were small during the second half
of stance which reflects an overall decreased need for regulating transverse-plane angular
momentum during late stance. Consistently, compared to level walking the range of
transverse-plane angular momentum was decreased in stair ascent in both amputees
(Pickle et al., 2014) and non-amputees (Silverman et al., 2014). In amputees, the ML

moment arms were increased due to increased amputee step width (Chapter 3; Ramstrand
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and Nilsson, 2009), but it was not enough to significantly alter the range of transverse-
plane angular momentum (Pickle et al., 2014).

In general, contributions to angular momentum in each plane were larger during
the first half of stance compared to the second half. This indicates that during stair ascent,
there is an increased demand on the musculature to control angular momentum during the
first half of stance in both amputees and non-amputees. Strengthening the muscles that
contribute to frontal-, transverse- and sagittal-plane angular momentum during the first
half of stance, with emphasis on the muscles that contribute to sagittal-plane angular
momentum where a trip is most likely to occur, may help improve dynamic balance and
decrease the risk of falls during stair ascent in both impaired and unimpaired populations.

One potential limitation of this study is that while musculoskeletal modeling and
simulation techniques can provide insight into quantities that cannot be measured
experimentally, such as the contributions of individual muscles to the time rate of change
of angular momentum, validation of these simulations can be challenging. However, in
this study, biomechanically consistent simulations were produced by requiring the
simulations to closely emulate experimental data while minimizing muscle co-
contraction. In addition, simulated muscle excitation timings were previously compared
to those available in the literature to assure that muscles were producing force at the
appropriate points in the gait cycle (Chapters 2 and 3). Because muscle function is state
dependent (Zajac et al., 2002), by requiring the state and muscle excitation timings to
closely emulate experimental data, we can confidently assess the functional role of the
muscles during stair ascent using forward dynamics simulations.

Another potential limitation is that the arms were not included in the
musculoskeletal model. However, previous studies demonstrated that the arms contribute

negligibly to sagittal- and frontal-plane angular momentum (Herr and Popovic, 2008) and
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COM accelerations (Jansen et al., 2014). In addition, by requiring the simulation to
closely replicate experimental data collected from subjects allowed to swing their arms, it
is likely that the simulated lower limb muscle forces and their subsequent contributions to
the GRF are minimally affected by this assumption.

Lastly, one additional limitation is that group-averaged experimental data was
simulated for both amputee and non-amputee stair ascent. However, amputees have been
shown to demonstrate different individual compensations which may not be apparent in
the averaged data (Powers et al., 1997; Silverman et al., 2008). As a result, future work
should focus on generating subject-specific simulations of stair ascent to assess
individual deficits in angular momentum regulation and enable the development of
targeted rehabilitation programs tailored to an individual. However, this study is an
important first step towards understanding individual muscle contributions to the
regulation of frontal-, transverse- and sagittal-plane angular momentum in non-amputee
and unilateral transtibial amputee stair ascent and will have important clinical
applications in the treatment of movement disorders which exhibit decreased dynamic

balance control.

CONCLUSIONS

The results of this study provide insight into the mechanisms by which amputees
and non-amputees regulate dynamic balance during stair ascent with emphasis on the
necessary compensations in unilateral transtibial amputees. This work has important
implications for designing targeted rehabilitation and strength training programs and
refined prostheses in order to improve dynamic balance during stair ascent. The passive

prosthesis was found to replicate the role of non-amputee plantarflexors in the sagittal
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plane by providing forward angular momentum throughout stance. The prosthesis also
replicated the role of the non-amputee plantarflexors in the transverse plane but caused a
larger change in angular momentum. The biggest difference between amputee and non-
amputee regulation of angular momentum was in the frontal plane, where the non-
amputee plantarflexors contributed minimally but the prosthesis arose as a critical
contributor to angular momentum that acted to rotate the body towards the contralateral
leg. To compensate, VAS and HAM decreased their contributions to angular momentum
that acted to rotate the body towards the contralateral leg during the first and second
halves of stance respectively, while the hip abductors (GMEDA, GMEDP) increased
their contributions to angular momentum that acted to rotate the body towards the
ipsilateral leg. Therefore, improved prostheses with reduced contributions to transverse-
and frontal-plane angular momentum could improve dynamic balance control during
amputee stair ascent and minimize muscle compensations. It is likely that this could be
accomplished by minimizing the prosthesis’ contribution to the mediolateral GRF,
possibly by increasing the stiffness of the prosthetic foot in the coronal plane to decrease
the energy stored and returned in the mediolateral direction. In addition, targeted
rehabilitation techniques could be implemented to strengthen the muscles that contribute
to frontal-, transverse- and sagittal-plane angular momentum, specifically those that
contribute during the first half of stance when the demand on the musculature to regulate
angular momentum is higher. Strengthening these muscles could help improve dynamic
balance control and reduce the risk of a fall during stair ascent in both non-amputees and

amputees.
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Chapter 5: Conclusions

The overall goal of this research was to use a musculoskeletal modeling and
simulation framework to identify how individual muscles, gravity and the prosthesis
contribute to the subtasks of stair ascent in non-amputees and unilateral transtibial
amputees to provide a foundation for the design of targeted rehabilitation programs and
more effective prostheses. This overall goal was addressed through a series of studies.

In the study in Chapter 2, a muscle-driven forward dynamics simulation of non-
amputee stair ascent was developed and analyzed to determine the contributions of
individual lower-extremity muscles to the subtasks of vertical propulsion, anteroposterior
propulsion, mediolateral control and leg swing in non-amputee stair ascent and the
mechanisms by which individual muscles work synergistically to perform these subtasks.
Vertical propulsion was generated primarily by the knee extensors (VAS) and
plantarflexors during the first and second halves of stance respectively, while forward
propulsion was generated primarily by the hip extensors (GMAX — first half of stance,
HAM - second half of stance) throughout stance. Medial control was generated by the
hip abductors (GMEDA, GMEDP) throughout stance while lateral control was generated
by the knee extensors (VAS) during the first half of stance (when they are also
contributing to vertical propulsion) and the hip extensors (HAM) during the second half
of stance (when they are also contributing to forward propulsion). Controlled and stable
leg swing was achieved by antagonistic muscles spanning the hip, knee and ankle joints
that distributed power throughout the body. By understanding the function and
coordination of these muscle groups, targeted interventions and rehabilitation programs

can be designed to address patient-specific deficits in stair ascent.
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In the study in Chapter 3, the compensatory mechanisms used by unilateral
transtibial amputees were identified by developing and analyzing a muscle-driven
forward dynamics simulation of amputee stair ascent to identify the contributions of
individual muscles and the prosthesis to the same biomechanical subtasks investigated in
Chapter 2 during amputee stair ascent. The passive prosthesis modeled in this study was
able to replicate some of the functions of the non-amputee plantarflexors (SOL, GAS),
specifically those of the uniarticular plantarflexors (SOL), by providing vertical
propulsion and braking throughout stance. However, the prosthesis provided more
braking than the non-amputee SOL and the prosthesis was unable to replicate all of the
functions of non-amputee GAS, which contributes to vertical and forward propulsion
during the second half of stance in addition to leg swing initiation. To compensate, HAM
and VAS increased their contributions to forward propulsion during the first and second
halves of stance respectively, but overall the residual leg still contributed to braking. In
addition, contrary to the role of the plantarflexors in non-amputee stair ascent, the
prosthesis contributed to lateral control, which required increased contributions to medial
control from the hip abductors (GMEDA and GMEDP). However, this was largely due to
the increased step width observed in amputee stair ascent. The results of this study
provide insight into the functional deficits of amputees and the compensations necessary
for transtibial amputees to ascend stairs. Refined prostheses that provide additional
forward propulsion (or reduced braking) and increased leg swing initiation could improve
amputee stair ascent and minimize required muscle compensations. In addition, targeted
rehabilitation techniques could be designed to strengthen the muscles that demonstrated
important compensatory mechanisms or to strengthen additional muscles that are able to
functionally compensate for the loss of GAS by providing forward propulsion and leg

swing initiation (e.g., HAM).
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In the study in Chapter 4, the biomechanical mechanisms by which amputees and
non-amputees regulate dynamic balance during stair ascent were determined by
quantifying the contributions of individual muscles and the prosthesis to whole-body
angular momentum in the frontal, transverse and sagittal planes. The passive prosthesis
was found to replicate the role of the non-amputee plantarflexors in the sagittal plane by
providing forward angular momentum throughout stance. In addition, the prosthesis
replicated the role of the non-amputee plantarflexors in the transverse plane but
contributed to a greater extent. In the frontal plane the non-amputee plantarflexors
contributed minimally but the prosthesis was found to be an important contributor to
angular momentum that acted to rotate the body towards the contralateral leg. To
compensate, HAM and VAS decreased their contributions to angular momentum that
acted to rotate the body towards the contralateral leg while the hip abductors (GMEDA,
GMEDP) increased their contributions to angular momentum that acted to rotate the body
towards the ipsilateral leg. The results of this study provide insight into the
biomechanical mechanisms by which amputees and non-amputees regulate dynamic
balance. Refined prostheses with reduced contributions to transverse- and frontal-plane
angular momentum, which can likely be accomplished by minimizing the prosthesis’
contribution to the mediolateral GRF (e.g., through coronal-plane stiffness modulation),
could improve dynamic balance control during amputee stair ascent and minimize muscle
compensations. In addition, targeted rehabilitation therapies could strengthen the primary
muscle contributors to frontal-, transverse- and sagittal-plane angular momentum,
specifically the critical contributors during the first half of stance when the demand on
the musculature to regulate angular momentum is higher. Targeted strengthening of these
muscles could help improve dynamic balance control and reduce the risk of falls during

stair ascent in both amputees and non-amputees.
98



Each study contributed to the overall goal of understanding individual muscle
function and coordination in amputee and non-amputee stair ascent. Collectively, these
studies have identified the compensatory mechanisms used by unilateral transtibial
amputees and provided a foundation for designing refined prosthetic devices and targeted
rehabilitation programs aimed at improving an individual’s ability to ascend stairs while

maintaining dynamic balance.
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Chapter 6: Future Work

This body of work has provided an understanding of the contributions of
individual muscles to the biomechanical subtasks of non-amputee and amputee stair
ascent, with emphasis on the compensations necessary for unilateral transtibial amputees
to ascend stairs. However, there are several avenues for expanding and building upon this
work. For example, this research focused on stair ascent instead of stair descent since
stair ascent was previously shown to be a more strenuous activity requiring increased
muscle activity (Bae et al., 2009; Lyons et al., 1983; McFadyen and Winter, 1988), net
joint work (DeVita et al., 2007) and metabolic energy (Teh and Aziz, 2002). However,
while stair ascent is achieved primarily through force generation, stair descent is achieved
predominantly by controlling the force due to gravity (McFadyen and Winter, 1988) and
may be a more dynamic process (Zachazewski et al., 1993). In addition, falls are
potentially more dangerous during stair descent (e.g., Startzell et al., 2000) and angular
momentum is more tightly regulated (Pickle et al., 2014; Silverman et al., 2014).
Therefore, to gain further insight into stair locomotion, future work should focus on
identifying the contributions of individual muscles to the biomechanical subtasks of non-
amputee and amputee stair descent.

While this research identified the contributions of individual muscles and the
prosthesis to the subtasks of non-amputee and amputee stair ascent, an additional area of
future work involves analyzing the joint contact forces generated during both non-
amputee and amputee stair ascent. Knee contact forces measured in patients with
instrumented knee replacements (e.g., Mundermann et al., 2008), determined by
experimentally simulating stair ascent in cadaver knees (Gilbert et al., 2013) or estimated

from subject-specific knee models (Costigan et al., 2002) are larger during stair ascent
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compared to level walking. In addition, amputees often place additional stress on their
intact limb to reduce stress on their residual limb, which can lead to the development of
osteoarthritis (Gailey et al., 2008). Future work could use the simulations of stair ascent
developed in this research to examine the joint loads experienced during stair ascent by
both non-amputees and amputees and to determine the muscle contributions to these joint
loads in order to identify the largest contributors. In addition, developing predictive
simulations of stair ascent that minimize joint contact forces instead of tracking
experimental data (e.g., Erdemir et al., 2007) could lead to an improved understanding of
mechanisms for reducing joint loading during stair ascent. Overall, this work could
provide insight into injury mechanisms and help guide the development of gait retraining
programs to minimize joint loading in individuals who are particularly susceptible to the
development of osteoarthritis or other degenerative joint diseases.

This research demonstrated the valuable insights that can be gained from analyses
of simulations that emulate group-averaged data. However, amputees have been shown to
demonstrate different individual compensations which may not be apparent in the
averaged data (Powers et al., 1997; Silverman et al., 2008). Developing subject-specific
simulations would enable clinicians to create customized therapies and devices. However,
the use of simulations in the clinical environment is contingent upon the development of
improved optimization frameworks that can more quickly produce biomechanically
relevant simulations. Therefore, future work should focus on the development of more
computationally efficient optimization techniques that facilitate the generation of subject-
specific simulations.

Lastly, this work provided insights into the role of individual muscles and the
prosthesis in non-amputee and amputee stair ascent, and future work should focus on

developing and implementing targeted rehabilitation programs based on the results of
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Chapters 2-4. In addition, future work should focus on developing improved prostheses
that overcome the limitations of the current prostheses highlighted in Chapters 3 and 4.
Therefore, while the studies presented in this dissertation provide valuable and novel
insights into the contributions of individual muscles and the prosthesis to the subtasks of
non-amputee and amputee stair ascent, there is significant potential for future work that

expands upon this work.
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Appendix A: Supplemental Material for Chapter 2

Table A.1: Muscles and analysis groups included in the musculoskeletal model and
their parameters including maximum isometric force (F,"), optimal fiber
length (1", tendon slack length (1), pennation angle (o) and activation
(Tact) and deactivation (Tgesct) time constants.

Analysis I:ON| |ONI IST o Tact Tdeact
Muscles Groups  (N) (cm) (cm) (®) (ms) (ms)
lliacus IL 429 10 9 7 12 48
Psoas 371 104 13 8 12 48
Adductor Longus 418 13.8 11 6 12 48
Adductor Brevis AL 286 11.3 2 0 12 48
Pectineus 177 13.3 0.1 0 12 48
Quadratus Femoris 254 5.4 2.4 0 12 48
Superior Adductor Magnus 346 8.7 6 5 12 48
Middle Adductor Magnus AM 312 121 13 3 12 48
Inferior Adductor Magnus 444 13.1 26 5 12 48
Sartorius SAR 104 57.9 4 0 9 43
Rectus Femoris RF 779 8.4 34.6 5 9 39
Vastus Medialis 1294 8.9 12.6 5 17 61
Vastus Lateralis VAS 1871 8.4 15.7 5 16 58
Vastus Intermedius 1365 8.7 13.6 3 13 50
Anterior Gluteus Medius 546 5.35 7.8 8 12 48
Mlddl_e Gluteus MeFjl_us GMEDA 382 8.45 5.3 0 12 48
Anterior Gluteus Minimus 180 6.8 1.6 10 12 48
Middle Gluteus Minimus 190 5.6 2.6 0 12 48
Posterior Gluteus Medius 435 6.46 5.3 19 12 48
Pf)_sterlo_r Gluteus Minimus GMEDP 215 3.8 5.1 21 12 48
Piriformis 296 2.6 11.5 10 12 48
Gemellus 109 2.4 3.9 0 12 48
Tensor Fasciae Latae TFL 155 9.5 42.5 3 12 48
Superior Gluteus Maximus 382 14.2 12,5 5 12 48
Middle Gluteus Maximus GMAX 546 14.7 12.7 0 12 48
Inferior Gluteus Maximus 368 14.4 145 5 12 48
Semitendinosus 328 20.1 26.2 5 12 48
Semimembranosus HAM 1030 8 35.9 15 17 59
Gracilis 108 35.2 14 3 12 48
Biceps Femoris Long Head 717 10.9 34.1 0 17 60
Biceps Femoris Short Head BFSH 402 17.3 10 23 11 45
Medial Gastrocnemius GAS 1113 4.5 40.8 17 11 45
Lateral Gastrocnemius 488 6.4 38.5 8 9 38
Soleus 2839 3 26.8 25 31 111
Tibialis Posterior SOL 1270 3.1 31 12 10 43
Flexor Digitorum Longus 310 3.4 40 7 9 39
Tibialis Anterior TA 603 9.8 22.3 5 15 55
Extensor Digitorum Longus 341 10.2 34.5 8 7 37
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Figure A.1: Dynamic optimization framework for generating the stair ascent simulation.
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Figure A.2: Three-dimensional simulated (solid purple) and experimental (average - dashed blue; + two experimental standard
deviations - shaded blue) pelvis kinematics across the ipsilateral gait cycle during unimpaired stair ascent.
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Figure A.3: Three-dimensional simulated (solid purple) and experimental (average - dashed blue; & two experimental standard
deviations - shaded blue) ground reaction forces (GRFs) and hip, knee and ankle kinematics for the ipsilateral leg
across the ipsilateral gait cycle during unimpaired stair ascent. Positive values represent anterior, vertical and
lateral GRFs, hip adduction, hip internal rotation, hip flexion, knee extension and ankle dorsiflexion.
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Figure A.4: Comparison of simulated (orange) and experimental (light blue, dark blue, burnt orange and beige) EMG timings
for eight muscles available in the literature (Bovi et al., 2011; Joseph and Watson, 1967; McFadyen and Winter,
1988; Moffet et al., 1993) including gluteus maximus (superior, middle and inferior compartments summed:
GMAX), gluteus medius (anterior, middle and posterior compartments summed: GMED), vastus lateralis (VL),
rectus femoris (RF), semitendinosus (ST), medial gastrocnemius (MGAS), soleus (SOL) and tibialis anterior
(TA).
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Appendix B: Supplemental Material for Chapter 3
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Figure B.1: Three-dimensional simulated (solid line) and experimental (average -
dashed line; + two experimental standard deviations - shaded area) pelvis
kinematics across the intact leg gait cycle during amputee stair ascent.
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Figure B.2: Three-dimensional simulated (solid line) and experimental (average -
dashed line; + two experimental standard deviations - shaded area) hip, knee
and ankle kinematics for the residual and intact legs across the intact leg gait
cycle during amputee stair ascent. Positive values represent hip adduction,
hip internal rotation, hip flexion, knee extension and ankle dorsiflexion.
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Three-dimensional simulated (solid line) and experimental (average -
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(GRFs) for the residual and intact legs across the intact leg gait cycle during
amputee stair ascent. In the residual (left) leg, positive values represent
anterior, vertical and medial GRFs. In the intact (right) leg, positive values
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Figure B.5: Musculotendon mechanical power output from the residual leg muscles across the residual leg gait cycle and
distributed to the trunk, intact leg and residual leg in the vertical direction. Positive (negative) net values indicate
power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg or trunk
indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into
three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot
clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into
three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot
clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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Musculotendon mechanical power output from the residual leg muscles across the residual leg gait cycle and
distributed to the trunk, intact leg and residual leg in the anteroposterior (AP) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg
or trunk indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait
cycle into three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3)
swing (foot clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure B.8: Musculotendon mechanical power output from the intact leg muscles across the intact leg gait cycle and
distributed to the trunk, intact leg and residual leg in the anteroposterior (AP) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg
or trunk indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait
cycle into three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3)
swing (foot clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure B.9: Musculotendon mechanical power output from the residual leg muscles across the residual leg gait cycle and
distributed to the trunk, intact leg and residual leg in the mediolateral (ML) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg
or trunk indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait
cycle into three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3)
swing (foot clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure B.10: Musculotendon mechanical power output from the intact leg muscles across the intact leg gait cycle and
distributed to the trunk, intact leg and residual leg in the mediolateral (ML) direction. Positive (negative) net
values indicate power generated (absorbed) by the musculotendon actuator. Positive (negative) values for the leg
or trunk indicate that power is being generated to (absorbed from) the leg or trunk. The gray lines divide the gait
cycle into three regions: 1) weight acceptance through pull-up, 2) forward continuance through push-up, and 3)
swing (foot clearance through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure B.11: Musculotendon mechanical power output from the residual leg muscles across the residual leg gait cycle and
distributed to the trunk, intact leg and residual leg. Positive (negative) net values indicate power generated
(absorbed) by the musculotendon actuator. Positive (negative) values for the leg or trunk indicate that power is
being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into three regions: 1)
weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot clearance
through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure B.12: Musculotendon mechanical power output from the intact leg muscles across the intact leg gait cycle and
distributed to the trunk, intact leg and residual leg. Positive (negative) net values indicate power generated
(absorbed) by the musculotendon actuator. Positive (negative) values for the leg or trunk indicate that power is
being generated to (absorbed from) the leg or trunk. The gray lines divide the gait cycle into three regions: 1)
weight acceptance through pull-up, 2) forward continuance through push-up, and 3) swing (foot clearance
through foot placement). For muscle group abbreviations, please see Table 3.1.
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Figure C.1:

Appendix C: Supplemental Material for Chapter 4
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External frontal-plane moments about the center-of-mass (time rate of change of angular momentum) during
residual stance (left leg of the amputee simulation) generated by the contributions of muscles from the residual
leg, the prosthesis and gravity to the residual vertical and mediolateral (ML) ground reaction forces (GRF).
Positive (negative) values indicate angular momentum that acted to rotate the body towards the contralateral
(ipsilateral) leg. Contributions to the residual vertical and ML GRFs from the intact leg were small. See Table 4.1
for muscle group abbreviations.
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Figure C.2: External frontal-plane moments about the center-of-mass (time rate of change of angular momentum) during
intact stance (right leg of the amputee simulation) generated by the contributions of muscles from the intact leg
and gravity to the intact vertical and mediolateral (ML) ground reaction forces (GRF). Positive (negative) values
indicate angular momentum that acted to rotate the body towards the ipsilateral (contralateral) leg. Contributions
to the intact vertical and ML GRFs from the residual leg were small. See Table 4.1 for muscle group
abbreviations.
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Figure C.3: External frontal-plane moments about the center-of-mass (time rate of change of angular momentum) during non-
amputee stance (right leg of the non-amputee simulation) generated by the contributions of muscles from the non-
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amputee leg and gravity to the non-amputee vertical and mediolateral (ML) ground reaction forces (GRF).
Positive (negative) values indicate angular momentum that acted to rotate the body towards the ipsilateral

(contralateral) leg. Due to model symmetry, the contributions from both non-amputee legs were identical and only

one leg is presented. See Table 4.1 for muscle group abbreviations.
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Figure C.4: External transverse-plane moments about the center-of-mass (time rate of change of angular momentum) during
residual stance (left leg of the amputee simulation) generated by the contributions of muscles from the residual
leg, the prosthesis and gravity to the residual anteroposterior (AP) and mediolateral (ML) ground reaction forces
(GRF). Positive (negative) values indicate angular momentum that acted to rotate the body vertically towards the
ipsilateral (contralateral) leg. Contributions to the residual AP and ML GRFs from the intact leg were small. See
Table 4.1 for muscle group abbreviations.
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Figure C.5: External transverse-plane moments about the center-of-mass (time rate of change of angular momentum) during

intact stance (right leg of the amputee simulation) generated by the contributions of muscles from the intact leg
and gravity to the intact anteroposterior (AP) and mediolateral (ML) ground reaction forces (GRF). Positive
(negative) values indicate angular momentum that acted to rotate the body vertically towards the contralateral
(ipsilateral) leg. Contributions to the intact AP and ML GRFs from the residual leg were small. See Table 4.1 for
muscle group abbreviations.
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Figure C.6: External transverse-plane moments about the center-of-mass (time rate of change of angular momentum) during
non-amputee stance (right leg of the non-amputee simulation) generated by the contributions of muscles from the
non-amputee leg and gravity to the non-amputee anteroposterior (AP) and mediolateral (ML) ground reaction
forces (GRF). Positive (negative) values indicate angular momentum that acted to rotate the body vertically
towards the contralateral (ipsilateral) leg. Due to model symmetry, the contributions from both non-amputee legs
were identical and only one leg is presented. See Table 4.1 for muscle group abbreviations.
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Figure C.7: External sagittal-plane moments about the center-of-mass (time rate of change of angular momentum) during
residual stance (left leg of the amputee simulation) generated by the contributions of muscles from the residual
leg, the prosthesis and gravity to the residual vertical and anteroposterior (AP) ground reaction forces (GRF).
Positive (negative) values indicate angular momentum that acted to rotate the body backward (forward).
Contributions to the residual vertical and AP GRFs from the intact leg were small. See Table 4.1 for muscle group
abbreviations.
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Figure C.8: External sagittal-plane moments about the center-of-mass (time rate of change of angular momentum) during
intact stance (right leg of the amputee simulation) generated by the contributions of muscles from the intact leg
and gravity to the intact vertical and anteroposterior (AP) ground reaction forces (GRF). Positive (negative)
values indicate angular momentum that acted to rotate the body backward (forward). Contributions to the intact
vertical and AP GRFs from the residual leg were small. See Table 4.1 for muscle group abbreviations.
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Figure C.9: External sagittal-plane moments about the center-of-mass (time rate of change of angular momentum) during
non-amputee stance (right leg of the non-amputee simulation) generated by the contributions of muscles from the
non-amputee leg and gravity to the non-amputee vertical and anteroposterior (AP) ground reaction forces (GRF).
Positive (negative) values indicate angular momentum that acted to rotate the body backward (forward). Due to
model symmetry, the contributions from both non-amputee legs were identical and only one leg is presented. See
Table 4.1 for muscle group abbreviations.
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