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University of Washington
Abstract
Biomechanics and dynamics of turning
Kevin Charles Flick
Chair of the Supervisory Committee:
Professor Thomas L. Daniel
Zoology

In chapter one, I examine the extent to which a pelagic marine gastropod, Clione
limacina, turns by changing its wingstroke kinematics versus shifting its tail position as a
rudder. I find that there is no evidence for tail-ruddering in free-swimming animals under
the conditions tested. In response to tilting a tethered animal with respect to gravity,
however, the wingstroke kinematics do change. Compared to its preferred head-up
orientation, when the animal is tethered at 45° or 90°, the average wing position shifts
ventrally by one body width.

In chapter two, I explore the effects of turning around a 90° corner for humans with
and without lower-limb, below-knee amputations. I find that amputees appear to
compensate for their limb loss by reducing the extent to which they shift their prosthetic
limbs under their pelvis during a turn. I also find that there is no difference between
intact and amputee subjects in the distribution of the body’s total rotation between the
two feet.

In chapter three (Flick, et al., 2005), we compare the mechanical performance of
prosthetic rotation adaptors to data on ankle rotation in intact humans. We find that the

human ankle varies in composite stiffness throughout the stride. While none of the



rotation adaptors tested varies its stiffness in the same pattern, most of them encompassed
the range of human ankle rotation and torque.

In chapter four, I use a finite element model of the below-knee amputee’s residual
limb and prosthetic socket to predict the differences in tissue strain between walking
straight and turning, both with and without a prosthetic rotation adaptor. There are
differences in the absolute amounts of tissue strain and its rate of increase between

walking straight and turning. The inclusion of a rotation adaptor has very little effect.
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Chapter One: Directional Control of Swimming in Marine Mollusc
Clione limacina

INTRODUCTION

An organism maneuvers in the environment by generating forces with its body,
utilizing whatever number and type of appendages it has. Each appendage may act in
different modes (e.g. braking, propelling, providing turning forces), depending on its
motion patterns. Most organisms simultaneously or alternately use different modes
and/or appendages, each of which can be considered a locomotor mechanism. When and
how they switch between these mechanisms depends on the external environment and the
organism’s need for maneuvering. For example, locusts maneuver via left/right forewing
kinematic asymmetries, and lateral flexion of the abdomen and legs (Robertson and
Johnson 1993). When the locust flies slowly, leg and abdomen flexion alter the direction
of net force by shifting the animal’s center of gravity with respect to the wingstroke plane
(Zanker 1988). At high speeds, leg and abdominal flexion may also create torque by
exposing different sides of the animal to aerodynamic pressure (Camhi 1970b; Gotz,
Hengstenberg et al. 1979). In collision avoidance maneuvers, changes in the locusts’
wingstroke kinematics were very predictable, while the leg and abdomen flexion was
more variable. Thus locusts appear to vary the extent of abdominal ruddering as needed
for maneuvers (Robertson and Johnson 1993).

The neural basis of locomotor control has been studied extensively in the shell-less
marine gastropod, Clione limacina. Clione is capable of reacting to a number of

environmental cues: temperature (Panchin, Arshavsky et al. 1995), gravity (Arshavsky,



Deliagina et al. 1991; Panchin, Arshavsky et al. 1995), touch (Arshavsky Yu,
Beloozerova et al. 1985; Satterlie, Labarbera et al. 1985), and contact with prey
(Arshavsky Yu, Beloozerova et al. 1985; Arshavsky, Deliagina et al. 1993). While it is
clear that Clione senses its environment in at least these demonstrated ways, the
connection between stimuli and natural behavior is unclear.

Also unclear are the locomotor mechanisms for turning, themselves. Specifically, the
role of the wings in maneuvering is undecided. Anecdotal evidence suggests that Clione
maneuvers by flexing its tail in the direction of a turn. The assumed mechanism is the
same as ruddering a boat — a change in torque due to a different profile and different
center of pressure on the animal (Satterlie, Labarbera et al. 1985; Panchin, Arshavsky et
al. 1995). The most direct evidence for tail ruddering comes from a study (Deliagina,
Arshavsky et al. 1998) showing increased activity in the motor neurons of the
longitudinal tail muscles contralateral to the direction of an imposed tilt. They also
demonstrated that motor output to the tail muscles could be used to right an isolated
Clione CNS on a rotating platform under closed loop conditions. These findings are
excellent neurobiological support for the ruddering hypothesis, however no whole-
organism behavioral work has been done. Also, since no kinematic analysis of the
wingstroke pattern exists, little can be said for the wings’ role in maneuvering. Like the
locust, Clione may also make use of multiple locomotor mechanisms.

Abdominal ruddering and/or changes in the wing kinematics are detectable with 3D
video analysis techniques. If a freely swimming animal uses abdominal ruddering, its

body angle should change before its heading changes (fig. 1.1). If the forward heading is



0°, and if body curvature is measured as a change from 180° (straight body), ruddering
would be indicated as a decrease in curvature (down from 180°) followed by an increase
in heading angle (up from 0°). In this case, heading would be negatively correlated with
curvature, with some time lag. Additionally, since Clione is sensitive to gravity, potential
changes in the wing kinematics could be detected by analyzing digitized the wingtip over
time while changing the animal’s angle with respect to gravity. Assuming that the animal
would try to right itself to its preferred upright orientation (Deliagina, Arshavsky et al.
1998), it would use different wingstroke patterns at different angles.

In the present study I address two questions: 1) Is tail ruddering evident in free-
swimming animals?, and 2) Do wingstroke patterns change in response to changes in
body orientation with respect to gravity? I use a combination of theoretical and empirical
approaches to address these questions. I will show results from predator prey interaction

models, and data from both free-swimming and tethered animal experiments.

MATERIALS AND METHODS

Animal Background

The pteropod, Clione limacina (Class: Gastropoda, Order: Gymnosomata) is a free-
swimming snail found in all northern oceans. Adults are entirely pelagic and swim by
alternating dorsal and ventral flexions of its wings (parapodia). The parapodia flex back
and forth in much the same way as birds and flying insects. The wing rotates around the
base, alternating angle of attack, to provide lift on the up and down-strokes. The wings

overlap at the end of each half-stroke on the ventral and dorsal sides (Satterlie, Labarbera
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et al. 1985). The animals maintain a head-up posture at normal swimming speeds (1 to 3
body lengths per second), but perform tight turns and loops when startled or hunting
(Arshavsky, Deliagina et al. 1993). Four of the seven muscle groups in each wing (two
associated with each wing surface) are linked to “global” dorsal and ventral flexion. The
other three may change the wing shape (span-wise length, chord-wise length, and wing
thickness). Additionally, longitudinal muscles in the trunk are capable of bending the tail
(Satterlie, Labarbera et al. 1985).

Animal Maintenance

Live adults (1-2.5 cm long) were collected in the spring and early summer of 2000 off
the breakwater at the Friday Harbor Marine Laboratory, on Friday Harbor Island,
Washington. Ikept animals in 8-liter jars of 7-10°C (local water temperature) filtered
seawater, which I changed at least once daily. Experiments were conducted in a 40-liter
tank of fresh, filtered seawater at 10°C.

Video

Positional data were collected with two black and white Sony analog video cameras
that captured either front and side, or front and top orthogonal views of the animal at 30
frames per second. Two video sources were synchronized and recorded on the same
SVHS tape via a screen splitter. I digitized the video with Adobe Premier and analyzed
the resulting coordinate data with custom software written in Matlab.

Experimental Desien and Analysis: Tail-Ruddering

I filmed individual animals from the front and side (after a 30-minute acclimation

period in the experimental tank) to test whether tail ruddering is used in freely swimming



animals. The cameras were positioned to capture the animal in the center of the tank in
order to avoid possible wall effects. Video segments of the animal turning at
approximately the same rate of angular change in heading were analyzed for any cross-
correlation between the heading and body angle (see below).

For each frame of video data I digitized, the animal’s head, anterior margin of the
viscera and tail tip from both camera views (fig. 1.2). This generated a time series of 3D
coordinates for each animal’s head, center, and tail. Here, an interesting phenomenon
arose in the analysis. If the animal swims forward with a fixed body angle while rotating
around its long axis, the 3D planes of rotation are no longer independent from one
another. Since the pressure on the bent trailing portion turns the whole animal, and the
rotation causes the pressure to move around the direction of motion, the animal would
travel in a spiral with no change in body angle. To eliminate the possibility of this effect,
I projected the coordinates onto (and analyzed the data from the perspective of) the three
orthogonal coordinate planes (XY, XZ, & YZ). This is as simple as viewing the animal
perpendicularly to each plane and neglecting depth.

From the digitized body positions, I measured the body angle and heading (see figure
1). For the three turns digitized, I generated a cross-correlogram between the body angle
and heading.

Experimental Design and Analysis: Wing Kinematics

To test the idea that Clione alters its wing kinematics for postural control, I elicited
changes in the wingtip kinematics by changing the whole animal’s orientation with

respect to gravity. For these experiments, animals were glued with cyano-acrylate to a



0.5mm diameter wire on the dorsal midline, just posterior to the wings. Each of five
animals was held in the center of the tank at 0° (upright), 45°, or 90° (horizontal, ventral
side down).

For each frame of video data, I digitized the center of the animal’s head and the
wingtip. Between the head and the wing-base, the body does not flex appreciably while
the animal swims, so the head coordinates were subtracted from the wing coordinates to
remove body motion from the wingtip kinematics. Because each animal bent its body at
a unique angle, coordinates were tilted in the XY plane so that the new Y-axis aligned
with the animal’s long axis, from the midsection to the tip of the head (fig. 1.2). Five
animals were held at each of the three treatment angles. Roughly five-second segments,
during which the animal flapped at a characteristic 2 to 3 Hz, were digitized for each trial.
For analysis, the x, y and z coordinate time series for each wingstroke were cut from the
original data and re-splined (Matlab cubic spline algorithm) with 100 points to account
for slight variations in the duration of each wingstroke. All the re-splined wingstrokes
were aligned in time and averaged across all animals for each treatment. The mean X, y,
and z positions in time are shown with 95% confidence intervals (using the Bonferroni
multiple-comparison correction: o = o/g; g=100) in figure 1.6.

Experimental Design and Analysis: Predator/Prey Simulation

As a theoretical addendum, I created a computer model of a predator/prey interaction.
The model does not represent the behavior of either Clione or its prey, Limacina. The
purpose of the model is to demonstrate the difficulty of visually detecting the difference

between random and biased predatory behavior. The current opinion among most Clione



researchers is that Clione behaves randomly and may be aggregated with its prey by
water currents. While this opinion may be correct, it is not based on any objective data,
nor are there gastropods that do not utilize their chemoreceptive capacities for some non-
random behavior. The 3D model establishes a 15¢m radius sphere around a stationary
prey (a point) inside which, the predator can “detect” the prey. For each trial, the
predator starts 30 cm away from the prey and 15 cm from the signal boundary. During
each second of the one-hour simulation, the predator can stay still or move one cm in
either positive or negative X, Y or Z (seven possibilities). The predator is biased to
continue in the same direction it was going when it detected the prey signal (got within
15cm of the prey). Outside the signal sphere, the predator has an equal likelihood of any
of the seven movement possibilities. I ran 1000 trials of the model with each of three
predator behaviors: zero bias (random, no effect of signal sphere), and 17% and 22% bias

in favor of the direction the predator was moving upon signal encounter. See appendices

A & B for the Matlab code.

RESULTS
Tail Ruddering

As described in the introduction, ruddering would emerge as a negative correlation of
the heading with respect to curvature with a time lag. This would be evident in the
graphs as a negative peak on the negative side of the time axis. Because each animal was
turning in a different direction, which means a different angular change in each
orthogonal plane, we do not expect this pattern for each animal in each plane. What we

are looking for is that each animal would evidence a clear negative correlation in at least



one of the planes, but not necessarily all of them. There is no consistent pattern of that
relationship, which suggests that the animals tested were not using tail ruddering (fig.
1.3)

Wing Kinematics

Over the range of tether angles tested there is variation in the mean position of the
wingtip and some of the finer details of the wingtip paths. Compared to the 0° (upright)
wingtip kinematics, the kinematics at 45° and 90° (horizontal) are shifted ventrally. Asa
consequence of the ventral shift in position, the ventral overlap of the wingtips is greater,
and the dorsal overlap is lessened. Figure 1.4 gives a the general pattern for one animal,
to give the reader a sense of the changes that will be discussed in more detail below.

Compared to the kinematics at 0° the same pattern emerges from the data pooled from
all the animals. There is a ventral shift in the mean wingtip position of about one body-
width at 45° and 90° (fig. 1.5). In the X-axis, a longer, ventrally shifted downstroke is
evident at 45° and 90°. Additionally, the upstroke at 90° is shorter by 3mm and there is
the dorsal crossover is lessened. The trajectories in the Y-axis are not significantly
different, nor are the 0° and 45° trajectories in the Z-axis. However, the 90° trajectory in
the Z-axis shows a more lateral shift (greater wing extension) in the downstroke, and a
more medial upstroke. The normal period of dorsal crossover is marked by a more lateral
position of the wingtip, another indicator that dorsal crossover is lessened. These results
come from figure 1.6, in which regions of non-overlapping 95% confidence intervals are

taken as significantly different.



Predator/Prey Model

The paths that the virtual predators take are visually indistinguishable from one
another, yet the three conditions yield 30, 41, and 67 encounters per 1000 hunts,
respectively (fig. 1.7). All three results are significantly different from one another

(ANOVA, p<0.0001).

DiscusSION

This study examined two aspects of Clione’s maneuvering behavior. The first
experiment was designed to evaluate the presence of tail ruddering in free-swimming
animals. The second experiment was designed to examine whether or not there was a
righting response in the wingstroke patterns response to changes in body orientation with
respect to gravity. The results from the first experiment do not indicate tail ruddering
over the range of swimming speeds and turning rates analyzed. The results from the
second experiment show evidence for wingtip path modulation in response to changes in
the animals’ body angle with respect to gravity.

Clione can vary its swimming speeds from less than 1 body length per second to 4
body lengths per second. While turning in the free-swimming experiments, all of the
animals in this experiment swam on the slow end of the speed range and turned with
relatively large radii (~10 body lengths). When startled or stimulated by prey, Clione
maintains a pronounced mid-body bend and swims its fastest while executing small radii
turns (1 to 2 body lengths). These conditions are more favorable for ruddering than the

conditions in this study. It is possible that the same velocity dependent effect of
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abdominal ruddering in locusts also holds true for Clione. The effect of hydrodynamic

drag on the tail is proportional to the projected surface area of the tail and the square of
the animal’s velocity. At the low swimming speeds in the current analysis, it may be the
case that tail ruddering is generally ineffective, and that wing steering is the dominant
mechanism.

The wing kinematic data demonstrate a probable posture correcting behavior. While
the forces were not directly measured, we can infer the direction of the force changes by
the changes in the wing kinematics. The major difference between 0° and either 45° or
90° is the ventral shift in the mean wing position. This indicates a shift in the whole
wingstroke envelope to the ventral side, which moves the net anterior force to the ventral
side, creating a restorative force towards the head-up posture. It is currently believed that
the wings generate force in each half-stroke by traditional circulatory lift and that the
wing generates increased early circulation by peeling away from the body (Satterlie,
Labarbera et al. 1985) , similar to the insect “clap-and-fling” model (Bennett 1977).
Because the wings come closer to the body at the end of the downstroke, they are in a
position to generate early circulation by peeling away from the body, whereas they do not
come near the body on the dorsal side. Compared to the downstroke, this mechanism
causes increased circulation on the upstroke. This would act to further right the animal
towards the ventral side.

The shift in amount of wingtip overlap suggests another possible force generation
mechanism. When the wingtips overlap at the end of each wingstroke, they appear to

create a pocket of water that is ejected downwards. This water jet would propel the
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animal upwards and away from the side on which the jet was created. Because there is

no overlap on the dorsal side and increased overlap on the ventral side, this mechanism
would add to the restorative forces by creating another force on the ventral side to right
the animal towards the head-up posture.

Pursuing the mechanisms for fine spatial and postural control in Clione begs the
question of the animals’ need for this control. Our best understanding of Clione’s
predatory capacity is that they switch to a more aggressive hunting behavior only after
physical contact with their prey, a conclusion drawn from watching Clione behave in an
aquarium with Limacina. However, subtle changes in behavior that may increase the
average encounter rate with prey items would be difficult to detect by visual observation
without quantifying the behavior in some way. The predator/prey computer model, while
insufficient to describe the exact relationship between Clione and its prey, casts doubt on
our ability to visually detect small biases that are result in higher prey encounter rates for
a predator.

This research was intended to answer the following questions: “Does Clione
Rudder?”, “Does Clione steer with its wings?”, and “Is it possible to model predatory
behavior that is impossible to detect visually, yet confers an advantage to the predator?”’.
On the basis of the data presented it is possible to answer all three questions: no, yes, and
yes, respectively. The evidence against tail ruddering under these experimental
conditions and the modeling support for biased behavior lend support to the evidence that
Clione does indeed maneuver and does so at least in part with its wings. The evidence for

changes in the wingstroke pattern reveals a novel control mechanism for the organism.
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Given the wing musculature, shape changes can occur in all dimensions, giving rise to

many different, and completely un-studied maneuvering control mechanisms.
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Figure 1.1. Clione body angle and heading diagram. A cartoon of the animal is on the left, with the body

segments replaced by vectors on the right. The lower diagrams are one frame earlier than the upper

diagrams.
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Figure 1.2. One video frame from the wing kinematics experiments. The left image is from the front of the
tank and the right image is from above. On the left, the axes (X,Y) are originally aligned with the sides of
the frame, and then transformed so that the animal’s long axis became the Y-axis (X*,Y*). The Z-axis is
the center of rotation.
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Figure 1.3. Body angle and heading correlation coefficients. Correlations in time between the animal’s
heading and body angle (fig. 1.1) for 3 free-swimming turns in three planes. blue diamonds: animal 1, red
squares: animal 2, green triangles, animal 3
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Figure 1.4. Sample Clione wingtip pattern. Wingtip relative to the animal’s body for one animal tethered
in three different positions relative to gravity. Axis dimensions are in mm.



Figure 1.5. Mean wingtip positions. The left view is of the animal’s left while the right view is of the
ventral surface. The end of each ray indicates the mean wingtip position for each treatment (black: 0
degrees, blue: 45 degrees, red: 90 degrees). n=>5 for each treatment
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Figure 1.6. Wingtip coordinates for tethered animal experiments. The x-axis is non-dimensional time
representing one wingstroke cycle. DC: dorsal crossover, US: upstroke, VC: ventral crossover. The
unlabeled portion of the wingstroke is the upstroke. n=35 animals per angle; 32 wingstrokes at 0°, 31 at 45°,
and 40 at 90°,
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Figure 1.7. Model predator search paths. These images represent the pathway of a virtual Clione in blue
relative to a prey item in red. The upper image is a biased pathway which results in a higher prey
encounter on average, and the lower image is a random pathway.
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Chapter Two: Biomechanics of human turning: amputee
compensatory strategies

INTRODUCTION

Very little is known about the kinetics or kinematics of turning humans. The field of
modern (synchronized, automated, computer based kinetics and kinematics) gait analysis
dates back to the late 1980°s. Since then, scientists interested in human gait have focused
on walking straight forward on level ground. Despite the lack of attention, turning is a
frequent activity that has high demands for balance and motor control. While turning is
demanding for a person with two intact legs, it is more demanding for amputees. It
makes sense to hypothesize that excessive residual limb strains, a predominant cause of
residual limb pain and injury, are likely higher during turning. This research explores
how amputees change their behavior depending on whether they are walking straight or
turning.

What little evidence exists suggests that humans walk in short bouts with frequent
turns. One study demonstrated that non-amputees take up to one turning step for every
five straight steps (Sedgman, Goldie et al. 1994). Another study addressed this issue
tangentially in amputees. The authors analyzed daily activity for ten below-knee
amputees over one week and found that the distribution of the duration of walking bouts
was shifted heavily towards short bouts (Klute, 2005). For this subject group, 75% of all
walking bouts were four minutes or less (fig 2.1). We can assume that each of these
walking bouts starts and ends with a change in posture or direction, which suggests that

typical amputee gait is punctuated with many maneuvers.



21

Turning is not only a frequent activity, but also a challenging one. Relative to
straight ahead walking, turning involves many changes in gait: 1. we move our center of
mass relative to foot placement, often times going outside the base of support, leading to
a statically unstable posture (Orendurff, Segal et al. 2005), 2. we lean to the inside of the
turn to balance centripetal forces (Courtine and Schieppati 2003; Orendurff, Segal et al.
2005), 3. we slow down entering a turn and speed up coming out of it (Hase and Stein
1999), 4. we look towards our exit point, in a direction away from where our body is
instantaneously heading (Imai, Moore et al. 2001; Courtine and Schieppati 2003), and 5.
we change our stride length and stride frequency (Courtine and Schieppati 2003). All of
these factors contribute to difficulty in turning for people impaired in any way.
Additionally, falls while turning appear to be more consequential; a fall during a turn is
7.9 percent more likely to result in a hip fracture than a fall during straight walking
(Cumming and Klineberg 1994). Anecdotally in our clinic at the VA, our amputee
patients report that if they have trouble walking, they have it during turns, which suggests
prosthetic design does not adequately solve these difficulties with turning gait.

In tackling the challenge of designing lower leg prostheses, it is important to consider
how amputees use these devices. Given that what we know about gait comes mainly
from studies on straight walking, we currently cannot design devices that specifically
function well during maneuvering.

Amputees certainly adapt to their prostheses by developing compensatory strategies.
For example, amputees reduce stance time on the residual limb and change the patterns of

the location of the center of pressure on the foot during stance (Schmid, Beltrami et al.
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2005). These compensatory mechanisms may reduce pain or injury on the residual limb

in the short term, but they may induce secondary disabilities, such as joint pain or
arthritis (Norvell, Czerniecki et al. 2005). Given these costs of compensatory
mechanisms for amputees, it is critical to study these mechanisms as they relate to both
walking straight and turning, so that future prostheses may be designed to allow amputees
to walk without relying on potentially damaging altered behavior.

This study is designed to explore two possible compensatory mechanisms that
amputees might use while turning. Subjects were challenged to execute a maneuver
common in daily activities: turning 90° around a corner, either to the left or right. I
investigated two hypotheses regarding amputees turning, both of which predicted that
amputees would act to limit the forces on their residual limb. The first hypothesis had to
do with the tendency to lean into a corner, which requires a lateral shift in foot placement
relative to the pelvis. I hypothesized that amputees modulate their medial-lateral foot
placement more with their intact limb than their prosthetic limb. The second hypothesis
dealt with angular rotation in a corner. In rounding a 90° corner, the body undergoes
roughly the same 90° rotation. I hypothesized that amputees distribute the total rotation
of the turn unevenly: by rotating the body more while in stance on the intact limb. Both
of these hypotheses were tested by analyses of kinematic data taken from human subjects
walking around a typical hallway corner. The subject group included control subjects
(both legs intact), left below-knee amputees (LBKs), and right below-knee amputees

(RBKs).
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MATERIALS AND METHODS

The data were taken from ten subjects: five bilaterally intact subjects, three left BK
(below-knee) amputees, and two right BK amputees. The University of Washington
human subjects institutional review board approved the protocol and all subjects gave
their informed consent to participate. All subjects were free from musculoskeletal and
neurological problems by self-report. Thirty-six reflective markers were placed on each
subject according to the Plug-In-Gait model (Vicon, Oxford Metrics, Oxford, UK). A
ten-camera Vicon 612 system recorded the three-dimensional marker coordinates at 120
Hz.

The experimental hallway consisted of sheets of plastic netting (1" square) stretched
onto a frame of 1" diameter copper pipe. The wall was transparent to the cameras but
visible to the subjects and could be felt on the skin if there was contact (see Appendix C
for a validation of this method). Each of the four panels of the hallway corner measured
8 tall by 10” wide, and was connected to form a corner similar to what we encounter in
typical daily activities. In accordance with ADA guidelines, and to make the hallway as
realistic as possible, the walls were set 42 apart. Subjects were positioned 2 meters from
the nearest edge of the first panel (the maximum distance possible in the lab) prior to
starting each trial. Markers on the floor indicated the correct position of their feet for the
start of each trial, and stopping point for the end of the trials (fig. 2.2).

Each subject performed twenty trials walking through the experimental hallway
corner. The twenty trials were broken into four groups of five trials: turning left starting

on the left foot, turning left starting on the right foot, turning right starting on the left
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foot, and turning right starting on the right foot. This experimental design allowed for

comparison between sound vs. prosthetic limb on the inside or outside of the turn. Each
subject walked back and forth through the hallway several times to become accustomed
to the task. The subjects were instructed to walk comfortably through the hallway at their
own pace, in whatever way felt most comfortable. The trail was repeated if the subject
accidentally made contact with the wall (by self-report).

The data were initially processed with Vicon’s Workstation software, then exported
as a text file for further analysis using custom software written in Matlab (see Appendix
D). The timings of Toe-Off (TO), the time when a foot leaves the floor, and Heel-Strike
(HS), the time when the foot contacts the floor, defined the phases of the gait cycle. The
mean stride time for the control subjects in this experiment was approximately one
second. To identify one turning stride per trial for analysis, I located the TO closest in
time to %2 second before the pelvis crossed the center of the corner (defined as the line
connecting the vertices of the corner frames). This TO defined the start of the stride,
which continued through the next TO on the same side. This method divided one turning
stride per trial into four phases: single limb support, double support, single limb support
(on the contralateral limb) and double support. The remainder of the strides was
identified as straight.

With regards to the two hypotheses, the kinematic data were analyzed for foot
position relative to the pelvic center (PEL) and percentage of the turn accomplished on
each leg and double support. Linear mixed effects models were used to determine if

subject groups differed in HS placement and percent of angular change during the
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different stance phases. Subject random effects were modeled for the first foot in the turn

if the pattern of rotation by first foot in the turn varied by subject in a non-systematic
manner. Left and right turning trials were combined because there was no effect of turn
direction on any of the variables of interest. This produced groups by subject and inside
vs. outside foot.

The walking velocities of the subjects were also calculated from the kinematic data
for the pelvis. The comparison of turning vs. straight velocities is important for our
understanding of the need to lean into the corner to counter centripetal forces. These
velocity data were averaged for all trials (turn direction and lead foot combined) and the

means were compared (ANOVA, Tukey HSD).

RESULTS

The data show significant differences, as predicted for the first hypothesis (that
amputees alter their lateral foot placement more with their intact limb than their
prosthetic limb). Compared to straight steps, HS position moves to the outside (along the
X-axis, fig. 2.3) of the turn for turning steps (fig. 2.4, 2.5). This pattern was evident for
both inside and outside feet, and all subject groups (p <.0001). There were no
differences for changes between straight steps and turning steps along the Y-axis (p > .4).
Control subjects shifted their inside feet more than their outside feet (p < .05), while
amputees turning with the prosthesis on the inside shifted their inside feet less than their
outside feet (p <.05). Compared to control subjects, both amputee groups shifted their

inside feet less (fig. 2.6, p =.015). For all segments of the data collection (pre-turn, turn,
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and post-turn) both LBKs and RBKs were slower than the control subjects (p < .05, fig.

2.8).

The data show no differences between subject groups for the second hypothesis (that
amputees distribute the total rotation of the turn unevenly by rotating the body more
while in stance on the intact limb). The only significant trend is that for all subject
groups, more of the rotation occurs on the outside limb than on the inside limb (p <

.0001).

DiISCUSSION

This study was designed to investigate two possible compensatory mechanisms for
amputees as they navigate corners. Both mechanisms might reduce potentially painful
and injurious forces on residual limbs. The first mechanism involved amputees reducing
the lateral force on the residual limb by keeping their residual limb and prosthesis more
directly under the pelvis during turns. The second mechanism involved amputees
reducing the torque on the residual limb by performing more of the rotation while in
stance on the sound limb.

The general pattern for lateral foot shifts is that, compared to straight steps, both feet
move to the outside of the turn during turning steps. The further the foot is shifted
laterally, the more external forces it experiences (both due to twisting moments at the
ankle, and lateral ground reaction forces). If amputees were trying to reduce these forces
on their residual limbs, they should try to keep the residual limb more centered under the

pelvis during turns (shift it less to the side). In fact, this is what they do. Amputees



27
turning with their prosthesis on the inside reverse the relationship shown by control

subjects, who shift the inside feet more than their outside feet. When amputees turn with
the prosthesis on the inside, they shift the inside foot /ess than the outside foot. When the
prosthesis is on the outside of the turn, there is no change. This is explained by the fact
that (again) for control subjects, the outside foot is shifted less than the inside foot. The
amputees turning with their prosthesis on the outside, already experience a reduced shift
on the prosthesis side, just because it happens to the on the outside.

At first glance, the lateral foot placement data appear confounded by the lower speeds
of amputees. In all phases of the trial (pre-turn, turn, and post-turn, as defined in the
methods), amputees are slower than control subjects (fig. 2.7). Slower velocities require
less lean to counter centripetal forces. Less leaning means less of a lateral shift in foot
placement relative to the pelvis. This would predict a reduction in lateral shift for
amputees, simply because they are moving slower. There is a reduction in the foot shift
between turning and straight steps for amputees compared to control subjects, but only
for the inside feet. If the slower walking velocities accounted for the difference, I would
expect to see less of a shift on both the inside and outside feet. Consequently, lower
walking velocities do not appear to account for the changes in foot placement between
control subjects and amputees.

The limb rotation mechanism arose from the hypothesized need for turning amputees
to reduce torque on their residual limb. When a portion of the lower leg is removed, any
degrees of freedom associated with it disappear as well. The human ankle rotates in the

transverse plane (parallel to the ground) and can therefore accommodate some of the
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rotation that occurs during single limb stance. A rigid pylon (which all test subjects

wore) transfers all of the transverse rotation directly to the residual limb. I would expect
that amputees would shift the bulk of the rotation for a given turn to their sound limb to
avoid twisting their residual limb inside the prosthetic socket. In the case of this study,
however, there is no evidence that amputees compensate for these transverse rotations.
This means that all of the rotation that normally occurs in control subjects, occurs in
amputee subjects as well, whether amputees lead into the corner on the intact or
prosthetic limb.

Both the presence and absence of compensatory mechanisms indicate areas for
further research. The fact that these data show a compensatory mechanism for lateral
forces indicates the need to investigate not only the possible causes for that mechanism,
but also any secondary injury that may arise from it. The lack of a compensatory
mechanism for transverse rotations may mean that the amputees in this study felt no pain,
and therefore no need to change their behavior in comparison to the control subjects. In
that case, there would be no need to design prosthetic devices to help reduce the effect of
rotational forces. However, it may also mean that the amputees are simply putting up
with pain for which they have no behavioral solution, or that they are using a behavioral
solution that we didn’t detect.

In any case, further investigation is warranted; and we now have one clear guiding
principle for novel prosthetic design: to eliminate the need for the compensatory
mechanism to reduce lateral forces. Whether or not it is necessary to design towards

reducing rotational forces will depend on the outcome of further study.
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Figure 2.1: Duration of Walking Bouts. 10 below knee amputees using rigid pylons were recorded walking

in their daily activities for 7 days. The x-axis indicates duration of walking bouts. The y-axis gives the
mean number of occurrences per day, per amputee for the 7-day period.
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Figure 2.2: Motion Analysis Lab. Ten cameras surround the hallway corner. Subjects started and stopped
at the purple crosses marked by tape on the floor.



from the side

+Z

+Y

+X

from above, hips and feet

+Y

lol

+X

Figure 2.3: Direction Conventions




33

B inside foot
B outside foot
B pelvis
/T/\\

| |

| |

|

I

I

|

|

1

straight turning

Figure 2.4: Pelvis and foot paths in turning. The upper illustration shows the paths of the pelvis, inside
foot, and outside foot for one control subject during one right turn in the experimental hallway corner.
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Figure 2.5: Foot paths for one subject. The paths of each foot (relative to the pelvis, and corrected for
pelvic rotation) are shown of each foot. The center of the pelvis is marked by the gray circle/cross. These
data include both straight steps and turning steps. The boxes indicate the approximate regions for the

straight steps. Turning steps are shifted to the left, for a right turning lean. Left foot: blue, Right foot: red,
heel-strikes: diamonds, toe-offs: triangles.
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Figure 2.6: Lateral Foot Placement. The average absolute change in foot position with respect to the
center of pelvis between walking straight and turning is plotted for each case. Error bars are plus/minus

one standard deviation.
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Figure 2.7: Percent of Turn on Each Leg. Each bar shows the mean percentage of total angular
displacement for a given trial as accomplished on each limb and double support. The total angular
displacement is normalized to give the same length bar in all cases. Rows represent the three subject
groups. LBKs and RBKs are grouped together and classified by whether the prosthesis is on the inside or
outside of the turn
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Chapter Three: Comparison of human gait dynamics with
prosthetic rotation adaptor performance

INTRODUCTION

For intact subjects while walking straight or turning, the leg acts as a system of
rotating elements coupled in series, each doing some combination of elastic energy
storage and release, torque transformation into motion in other planes, and torque
transmission. The net torque results in transverse rotation of the foot (if it overcomes
static friction with the substrate, or slides within the shoe), ankle and subtalar joint, tibia
and fibula, knee, and hip. For the amputee, portions of this kinetic chain are replaced
with the prosthesis. Whatever torque was applied to the biological structures that were
removed, are now applied to the prosthesis and its interface with the residual limb. An
intact leg is free to rotate in the transverse plane as described above, or to transmit the
transverse rotation into motion in other planes; however, with the exception of the
prosthetic foot rotating in the shoe, few lower limb prostheses allow for transverse
rotation. Constrained rotation can increase residual limb shear stresses and, for some
amputees, may be sufficiently uncomfortable to necessitate an altered gait. Given that
discomfort and injury due to shear forces between the residual limb and the prosthetic
socket are major complaints of amputees (Nielsen 1991; Legro, Reiber et al. 1999; Ehde,
Czerniecki et al. 2000; Dillingham, Pezzin et al. 2001; Hagberg and Branemark 2001;
Schoppen, Boonstra et al. 2001; Marshall, Jensen et al. 2002), it is important to minimize
the shear forces in all planes of the socket/lining with respect to the residual limb.

While several products are currently available to reduce tissue loading in the

transverse plane, little objective data exists documenting the effects of these devices
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during turning gait or during typical activities of daily living. Lamoureux and Radcliffe
(1977) explored several designs for a pylon device that allowed axial rotation. Using a
prototype device, they conducted a treadmill experiment (n=2 transfemoral amputees)
and found that pelvis rotation increased 6°, step length increased, and the shank
externally rotated 8° over the foot during stance with the prototype in comparison to a
standard pylon. In another study, Van der Linden et al. (2002) researched rotation
adapters on two subjects walking at their self-selected speed. One subject showed greater
axial rotation of the socket relative to the foot with the transverse plane rotation adapter.
They concluded that the rotation adapter allowed the socket to rotate with the stump,
which may imply that motion between the stump and socket was reduced. These studies
illustrate some of the effects of rotation adaptors; yet, except for manufacturers’ claims,
there are no published reports on the influence of rotation adapters during more complex
gait activities where torsional loads are expected to be higher than for linear walking.
Aside from the manufacturers’ product documentation, there is also no way to ascertain
the differences between adaptors or between different elastomers used in the same
adaptor. This study was conducted, with prosthetists in mind, to characterize the
mechanical properties of the available adaptors and to raise the question of how exactly

should a TRA respond to torque.

MATERIALS AND METHODS
The kinetic and kinematic data are taken from three intact subjects, each of whom

performed five trials walking straight and turning to the right around a 1m-radius circle at
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their self-selected speeds. All subjects gave their informed consent to participate in this

study after the human subjects institutional review board governing this institution
approved the protocol. All were free from musculoskeletal and neurological problems by
self-report. Thirty-six reflective markers were placed on each subject according to the
Plug In Gait model (Vicon, Oxford Metrics, Oxford, UK). A ten-camera Vicon 612
system recorded the three-dimensional coordinates of the markers at 120 Hz. A Kistler
force plate (Winterthur, CH) mounted flush with the laboratory floor recorded the kinetic
data at 600 Hz. Using the Vicon generated embedded coordinate axes, foot angle was
defined as the angle between the heel to second ray axis and the axis through the ankle
center perpendicular to the trans-malleolar axis (figure 1). Zero foot angle was recorded
with the subject standing still, after receiving instructions to look straight ahead and to
stand evenly on both feet. Internal rotation and torque are positive and external rotation
and torque are negative. Torque is reported as moments generated by the subjects to
counter environmental moments. The data include three conditions: right footstrikes
during straight walking, right turns on the left foot, and right turns on the right foot.
While it is becoming clear that there are asymmetries in lower limb function in able-
bodied gait, there are no studies definitively linking symmetry to limb dominance or
laterality in turning gait (for review, see Sadeghi, Allard et al. 2000). For the purposes of
this study, we assume that the functional roles of the inside and outside legs during
turning are the same, regardless of turn direction. To ensure a constant velocity, the
subjects walked 5 to 6 steps (either straight or around the circle) prior to stepping on the

force plate. The data were analyzed with Vicon’s Workstation and Polygon software.
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The Transverse Rotation Adaptor (TRA) performance data came from five transverse
rotation adaptors that were purchased for testing (table 1) and assembled as necessary
with standard pylons and tube clamp adapters. Each TRA has the same basic elements:
upper and lower tubes or tube clamp adapters that rotate with respect to one another and a
deformable elastomer or spring within a housing that connects them. Both Endolite
TRAs use a white Delrin rod that is fabricated with thicker or thinner walls to vary the
stiffness. The Delta Twist compresses urethane elastomers, and can be set to a different
stiffhess for internal and external rotation, while the 4R39 uses bevel washers under
adjustable spring tension. The Century XXII compresses an elastomer sleeve mounted
around an internal radial arm. The Delta Twist, TT Pylon, and Century XXII compress
axially, in addition to rotating in the transverse plane.

Each TRA was mounted in a servo-hydraulic material testing system (MTS; Model
858 Bionix™; MTS System Corporation, Eden Prairie, MN). The long axis of the pylon
and TRA was aligned with the MTS axis of rotation, with the TRA oriented upward (as if
installed distally to the knee). Each elastomer for each TRA was tested over the full
rotational range (from the users manuals) with no axial load, at 0.5 /s, 60 /s, and at 0.5
°/s with the elastomer removed (where possible) to quantify friction. The Otto Bock
4R39 has a non-removable spring and bevel-washer system that is adjusted with a screw;
this TRA was tested in the middle and at the extremes of its stiffness. For the Century
XXII, the angular range was established by rotating the TRA with the elastomer
removed, noting the angles at which contact between the internal metal elements of the

adaptor occurred. The full range, contact-to-contact, was £15°, so +13° was used for
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testing to avoid damaging the elastomer. For the TRAs with axial compression, an

additional test of the middle stiffness elastomer was conducted at 0.5 °/s while the
adaptor was axially loaded to 736N (75 kg, a representative mass for subjects who would
use this TRA and elastomer). For all tests, the MTS was programmed to rotate, using
displacement control, from center counterclockwise (from above) to the end of the range,
then clockwise through the full range, then counterclockwise back to center.
Repeatability was ensured by visual comparisons of multiple tests of each TRA (data not
shown). The MTS sampling rate was 10 Hz for the 0.5%s trials and 1000 Hz for the 60%s
trials. For the Endolite TRAs, multiplying the published stiffness values over the range
of angular deformation generated an expected torque-deformation curve.

Since the integral of the curve on the portions acting against the elastomer is
greater than the integral on the portions relaxing with the elastomer, the area within the
loop (hysteresis loop) on the torque vs. deformation plot represents the total energy lost
per cycle. The area within the loop when the TRA is tested at 0.5 °/s without an
elastomer represents the energy lost to friction. The energy loss calculations were done
with the public domain NIH Image program (developed at the U.S. National Institutes of
Health and available on the Internet at http://rsb.info.nih.gov/nih-image/) by measuring

the digitized areas within the torque vs. deformation curves.

RESULTS
The average torque vs. displacement curves for each subject over five trials were

highly asymmetrical for all three conditions (figure 2). The greatest torques were applied
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during stance in the direction of internal (positive) rotation. The general pattern is

external rotation under small external torque post heel-strike to mid stance. At mid
stance, the foot is relatively immobile in the transverse plane, but the torque reaches its
maximum internal value. From mid-stance to toe-off, the torque declines, again with
minimal angular displacement. During swing phase, the foot rotates internally back to its
neutral orientation under no torque. The notable exception to this pattern is the inside-
right foot (during right turns). In this condition, the foot angle changes at a more constant
rate over the whole gait cycle. The ranges from the human data can be compared to the
ranges of the TRAs, but the shapes of the loops cannot since the human subjects impose a
different input time history. The average peak torques and maximum excursions during
stance while turning are reported in table 2.

The mechanical test torque vs. displacement curves exhibited both linear and non-
linear characteristics (figure 3). All of the curves start at the origin and proceed in a
clockwise direction. The Endolite TT, Endolite Demountable, and Century XXII Total
Shock torque was nearly directly proportional to displacement indicating a linear
response (figures 2a, 2b & 2¢). The Otto Bock Delta Twist and 4R39 torque increased
rapidly at the initial position and at the extreme range of motion indicating a non-linear
response (figures 2¢ & 2d). The trials at the higher rotational velocity (60 °/s) and with
axial loading generated plots nearly identical to the unloaded pseudo-static trials (data not
shown).

The curves from the same manufacturers comprise a family of curves differentiated

by the spring constant. Despite the narrower range, the Endolite TT pylon data lie on top



44
of the Endolite Demountable TRA. These two TRAs also display the same nearly linear

behavior over the range of travel, but differ from the performance listed in the users’
guide. Additionally, there is little performance difference between the different Endolite
elastomers. The Otto Bock TRAs are likewise similar to each other but notably increase
in stiffness towards the limits of the range and have high stiffness values near the neutral
position.

Total energy lost and the percent of energy lost to friction are given in table 3. The
total energy lost per cycle cannot be compared between adaptors under this experimental
design since each adaptor was rotated through its maximum range. Adaptors with larger
ranges will have larger energy losses simply because the distance term in the energy
equation is larger. The percent of total energy loss due to friction, however, can be
compared since the method was the same for each adaptor. The Endolite TT pylon had
by far the highest percentage of energy loss due to friction with the rest of the adaptors

clustered around each other.

DISCUSSION

This study establishes the baseline performance for TRAs from human subject testing
and compares them to the mechanical behavior derived from the MTS testing on
currently available TRAs.

The main difference between human performance and TRA mechanical performance
lies in the asymmetry of the physiological data. The maximum physiological range of

rotation is 26° (table 2). However, the foot rotates internally very little beyond the angle
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at heel strike. Nearly all of the foot rotation occurs externally relative to the angle at heel

strike (figure 2). The physiological range of torques is also highly asymmetrical, with
higher internal torques for all activities. Internal torque ranges from 1.7 times greater
than external torque for the left leg during right turns to 6.6 times greater for the right leg
during right turns. During linear walking, this asymmetry persists, with internal torque
2.2x higher than external torque (table 2).

In order to accommodate the asymmetrical rotation, the device would need to rotate at
least 26° externally from its angle during the swing phase. Other maneuvers may
necessitate more rotation or may involve more internal rotation from the angle at heel
strike. All the adapters tested have equal rotation, both internal and external, relative to
their resting position (where the device would be at heel strike). Given this, the
necessary full range for the maneuvers tested in this study would be 52° (twice the
maximum external rotation of 26°). If matching the physiological rotational range is the
critical performance measure, then only the Endolite adaptors meet the needs indicated
by this study.

Another performance measure is the adaptors’ response to the torque generated by the
human subjects. It is important that the amputee never reaches the end of the rotation, at
which point an abrupt stop and a torque spike would occur. The physiological mean peak
torque is 11.8 Nm internally. If this torque were applied to the adaptors with the middle
or stiffest elastomers installed, none would reach their maximum rotation. With the
softest elastomers installed, the Endolite TT and the Century XXII reach the end of their

rotation at that torque value. The Delta Twist allows for different elastomers on the
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internal and external sides of the adaptor. This may be of value in matching the

corresponding asymmetry in the physiological torque data.

The angle of the prosthetic foot in the transverse plane also affects the torque
generated in the pylon. Transverse plane prosthetic foot alignment modulates transverse
torque since the moment is generated from the instantaneous center of pressure of the
foot during stance. If the foot is angled externally, an environmental external torque will
result (as will a balancing, subject generated, internal torque) due to the moment created
as the foot contacts the floor. This effect is as yet unexplored, so it could not be included
in this estimate of the actual rotation and torque required in a TRA.

The energy absorption values may also translate into tangible effects for the amputee.
It is important to remember that the absolute energy lost is over the entire range of the
device. Thus, devices with greater angular range will necessarily have greater energy
losses at the same friction values. However, the higher the percentage of energy loss due
to friction, the greater the resistance in the adaptor to changes in direction. If the friction
is sufficiently high, the motion will be stepped (resulting in a “sticky” feeling) since a
minimum torque must be applied before the adaptor begins to rotate. The MTS in this
study was under displacement control, so the torque was always sufficiently high to keep
the adaptors rotating. Further tests under low torque would verify the presence or
absence of stepped motion.

Several other conclusions can be drawn from the data that may be of interest to the
prosthetist. Firstly, the Endolite adaptors differ from the performance listed in the users’

guide, and there is very little performance difference between the elastomers. Secondly,
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the non-linear (Otto Bock adaptors) vs. linear (all other adaptors) profiles may have
clinical significance. It is possible that increased stiffness near the ends of the range
serves to help prevent an abrupt stop when the amputee reaches the end of the rotation.
And lastly, the high stiffness values of the Otto Bock adaptors around the neutral position
(figures 3¢ & 3d) may reject small moments and help to keep the foot centered in a
neutral position with respect to the socket.

Data that describe the mechanical performance of prosthetic components create a
structure for conversations between amputees and prosthetists. These data allow the
prosthetist to interpret qualitative issues raised by the amputee and direct him/her to the
correct rotation adaptor and/or elastomer setup. While, for these reasons, this study will
be helpful to prosthetists seeking the correct prescription for TRAs, it also points us in the
direction of considering transverse-plane controllable rotation adaptors. The patterns of
torsion and torque generation from the human subject data illustrate not only the range of
stiffness values, but also consistent changes in the hysteresis loop pattern with turning,
Ultimately, the performance criteria of interest are the tissue shear on the residual limb
and the ability to perform desired maneuvers. The data from this study will be useful in
addressing these criteria and in modeling a controllable TRA that can respond

appropriately as the amputee maneuvers within their environment.
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Figure 3.1. Diagram of axes used in calculating foot-tibia angle. The foot-tibia angle is the angle between
(B) and (C) in the transverse plane. A: trans-malleolar axis, B: axis perpendicular to (A) through the ankle
centre, C: axis from heel to second ray
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Figure 3.2. Normalized torque vs. displacement for human subjects. Average data from five trials are
presented for each subject. Each trace begins at the heel strike (arrow) and proceeds clockwise. Internal
angles and torques are positive. 1a.) data taken from the right leg while subjects walked in a straight line
1b.) data taken from the outside left (OL) leg while subjects initiated right turns 1¢.) data taken from the
inside right (IR) leg while subjects initiated right turns. Additional data are not shown for clarity.
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Table 3.1. Rotation adaptor properties. Documented performance properties from the users’ manuals of all
devices tested. The Delta Twist was the only device that came with a listed weight. The other devices were

weighed in our lab without couplers.

Green elastomer
Black elastomer

lock-out

10-125kg user

Make/Model Mass Tuneable elements Properties Range
Endolite TT Pylon 379¢" One dot bar 0.5 Nm/° +£30°
(www.endolite.com) Two dot bar 0.6 Nm/°

Three dot bar 0.7 Nm/°
Endolite Demountable | 225g Red bar 0.5 Nm/° +45°
Torque Absorber 359¢7 White bar 0.6 Nm/°

Purple bar 0.7 Nm/°
Century XXII Total 301g Black elastomer 40-65kg user Not listed
Shock Red elastomer 65-90kg user
(www.ossur.com) Yellow elastomer 90-100kg user
Otto Bock 4R39 415¢° Screw adjuster 7-10 Nm £20°
Otto Bock Delta Twist | >325g* | Red elastomer <75kg user +20°
(www.ottobock.com)® 376g° Yellow elastomer 75-100kg user

Ttube cut to 70mm “with 143mm carbon fiber tube and tube clamp adapter “tube cut to 149mm “listed in

users’ manual *tube cut to 95mm

Table 3.2. Human subject peak torque and displacement. Mean peak internal and external torques and
angular ranges for human subject data. Each value is the mean of the three subjects. (Ti: internal torque,

Te: external torque, range: |max internal angle| + imax external angle| )

leg

Activity peakTi | peakTe | range
Straight, rightleg | 11.4Nm | 5.2 Nm | 19.7°
Right turn, leftleg | 8.2 Nm | 4.8 Nm | 26.0°
Right turn, right 11.8Nm | 1.8 Nm | 20.0°

Table 3.3. Rotation adaptor energy losses. Total energy loss per one complete cycle through the maximum

range and the percent contribution of friction. 'The springs are permanently installed so no separate

measure of friction could be made.

Make/Model AE (Nm) | Frictional AE
Endolite TT Pylon 4.68 73%
Endolite Demountable Torque Absorber | 7.23 21%
Century XXII Total Shock 2.39 26%
Otto Bock 4R39 2.01 Not testable!
Otto Bock Delta Twist 4,19 32%
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Chapter Four: Finite element modeling of the residual limb:
effects of turning gait and rotation adaptor use

INTRODUCTION

Residual limb pain and injury is one of the most prevalent and critical problems
lower-limb amputees face (chapters 2 & 3). Unlike the bottom of the foot, where non-
amputees bear gait forces, the residual limb is not adapted to the forces applied to it by
amputees while standing still or walking. Because of these forces on the residual limb,
amputees complain of prosthesis comfort and are troubled by residual limb pain (Nielsen
1991; 1998; Legro, Reiber et al. 1999; Ehde, Czerniecki et al. 2000; Hagberg and
Branemark 2001). In comparison to walking straight ahead, it is likely that behaviors like
turning and obstacle avoidance are associated with higher forces on the residual limb, and
that these higher forces are associated with greater residual limb pain and injury.
However, little attention has been paid to turning, despite evidence that one in five steps
involves turning (Sedgman, Goldie et al. 1994). There are commercially available
rotation adaptors designed to lessen the turning-related forces on the residual limb, and
we know that some of these adaptors encompass the range of rotation and forces
measured in an intact ankle (chapter 3). What we do not know about these rotation
adaptors is whether or not they lessen residual limb tissue strain, and the associated pain
and injury.

Determining the efficacy of rotation adaptors is challenging because residual limb
tissue strain is exceedingly difficult to measure. With human subjects, it isn’t ethically

feasible to surgically implant strain gauges, and skin mounted strain gauges are
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inaccurate due to the forces applied to them by the prosthetic socket. Measures of pain
and injury are also difficult to obtain for humans. We currently have no data on the rate
or duration of residual limb torsion that produces pain or injury. One approach to this
problem is to use finite element (FE) modeling to simulate results under different
dynamic conditions. For a review of the efforts to make a useable FE model of the
residual limb, see (Mak, Zhang et al. 2001). Early research on the subject focused on
validating FE data with instruments built into experimental prosthetic sockets (Sanders
and Daly 1993). The authors found that the FE results were not within instrument error
and suggested the improved estimates of residual limb properties and better numerical
techniques would yield better simulations. More recent efforts produced the same
conclusion (Zhang and Roberts 2000). Another group of researchers introduced slippage
between the skin and prosthetic liner in their FE models. Other effort has concentrated
on parametric analysis of the effects of the various necessary components of FE models
(SilverThorn and Childress 1996).

All of the previous FE models suffer from two problems: soft tissue material
properties need to be accurately determined under multi-axial loading conditions, and the
models of these soft tissues need to be improved. Regarding the soft tissue material
properties, unfortunately, most of those data come from indentor tests in which a rod is
pressed into the leg to estimate an effective modulus for all of the tissue between the bone
and indentor (Zheng and Mak 1999; Zheng, Mak et al. 1999; Tonuk and Silver-Thorn
2003). Indentor tests give poor estimates of the dynamic behavior of the tissue, no

information about the mechanical behavior of individual tissue types, and no information
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about mechanical behavior of the tissue under shear or tension. Regarding the second

shortcoming, all early work and some current research uses linear models. Now it is
more common to find non-linear tissue models, but better models would enhance
multiple load path predictions. Because of these shortcomings, FE models fall short of
their goal to simulate the dynamics of residual limbs.

While it is impossible to accurately simulate tissue strains with FE models, it is
possible to use a model with all of the flawed assumptions to do numerical experiments
on the changes associated with turning. High fidelity soft tissue models and accurate
material properties are clearly missing, but this research establishes a rough model to
explore large differences in rotation adaptor properties and their effects on the residual
limb tissue.

In this chapter, I address the need to design prosthetic devices that will minimize the
residual limb forces associated with turning. I have developed a finite element (FE)
model of the below-knee residual limb and prosthetic socket that can be used to predict
changes in tissue strains for turning steps compared to straight steps and for turning steps
with and without the aid of a rotation adaptor. This FE model extends the work in this
area by applying forces from straight and turning steps and incorporating the mechanical
behavior of a virtual device similar to the rotation adaptors studied in chapter three. I
also explore the possible benefits of an adaptive, rotation adaptor that would act to reduce
the twisting of the residual limb. Again, I sidestep the obvious limitations of not having

good estimates of the soft tissue behavior by comparing the FE model to itself under
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different load cases. The model cannot predict tissue strain in a residual limb, but it can

predict changes under the different conditions tested.

MATERIALS AND METHODS
Force Data

In order to apply the correct forces to the distal end of the prosthesis, kinetic data
were collected from two amputee subjects. Both subjects were left below-knee (BK)
amputees with no musculoskeletal or neurological problems by self-report. The
University of Washington human subjects institutional review board approved the
protocol and all subjects gave their informed consent to participate. Each subject
underwent five trials walking straight and five trials turning around a 1m-radius circle.
For each trial, the subjects were required to step on a forceplate (Kistler, Winterhur, CH,
600 Hz sampling frequency, 100Hz anti-aliasing filter) that was mounted flush with the
floor. Iused Matlab’s spline function to reduce the 600 Hz forceplate data to 20 Hz (to
lessen the computational time needed for the FE model) and averaged the data for all
trials and subjects (fig. 4.3). Stance time is defined as the time when the upward ground
reaction force (GRFz) is greater than 10N. The axes relate to the subjects as follows (fig
4.1): the X-axis corresponds to subject left/right (positive forces push medially on the
pylon), the Y-axis corresponds to subject forward/backward (positive forces push
posteriorly on the pylon) and the Z-axis corresponds to subject up/down (positive forces

push up on the pylon).
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Geometry

The data presented were generated and solved with Marc/Mentat (MSA Software,
Los Angeles, California) finite element analysis software, version 2003. The geometry is
an idealized, spherical representation of a BK residual limb. The diameter of the limb at
the top of the prosthetic socket is 12cm. This tapers to 8cm at the bottom of the residual
limb. The bones and soft tissue taper on the same function so that the cross sectional area
relationships are constant. The prosthetic socket consisted of a carbon fiber socket, a
liner, and a pylon. The liner was fixed to the socket, and the soft tissue was fixed to the
liner. Between these three layers, no slippage or loss of contact was allowed. The pylon
included a layer of elements that represented a rotation adaptor.

The three dimensional geometry was created by creating a single 2D cross section at
the top of the socket (fig 4.2). This geometry was automeshed to 4 noded hexahedral
elements. I expanded this layer of 2D elements distally to form the residual limb and
prosthetic socket and proximally to form the portion of the residual limb above the
socket. Expanding the 2D elements created eight-noded, hexahedral, solid elements. At
the distal end of the limb, the layers were closed over each other to create a continuous
layer of soft tissue around the bottom of the tibia and fibula (sagittal cross section figure).
The completed model had 17577 nodes and 16226 elements. See appendix D for the
procedure file.

Material Properties

The material properties of the soft tissue, liner, socket and pylon were assumed to be

isotropic, homogeneous, and linearly elastic. The exact values used are given in table
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4.1. The rotation adaptor was given damping characteristics by sequentially testing
values for the stiffness matrix multiplier until the energy loss in one step approximated
the magnitude of the energy lost in one cycle through the range of rotation of the adaptors
tested in chapter three (table 3.3).

Boundary Conditions

Zero displacement conditions were applied to the bones. The forces and moments (6
degrees of freedom) recorded from the human subjects were distributed across the bottom
of the prosthetic pylon. The top of the soft tissue was unconstrained, which was
acceptable because the residual limb was extended far enough from the edge of the
prosthetic socket to avoid edge effects from the distal boundary. Model predictions were
collected over the complete history of the simulation from two points, one in front of the
tibia and the other behind the fibula. These correspond to regions near strain maxima that
were used in previous research (Sanders and Daly 1993; Zhang and Roberts 2000). The
“ideal” rotation adaptor tissue strains were generated by eliminating the Moment in the
Z-axis. In other words, the twisting force around the long axis of the pylon was removed,
as if the “ideal” rotation adaptor could somehow dissipate it entirely. This isn’t
theoretically possible since we require some ground reaction force in order to rotate our
bodies during a turn, but it gives a limit to the possible benefits of a “smart”,

microprocessor controlled rotation adaptor.
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RESULTS

The model was used to compare differences in tissue strain between different
experimental loads. The loads tested were one straight step, one turning step, and a
turning step with and without a virtual rotation adaptor. All plots are in normalized time,
from the moment of heel contact, to toe off. Actual average stance time is .74s for
straight, and .81s for turning.

straight vs. turning

The differences in equivalent total tissue strain (non-directional sum of strain in all
directions at a given point) between straight and turning steps can be seen throughout the
stance. After a period of nearly identical onset, the turning step tissue strain drops off
more sharply than the straight step tissue strain. In the middle of the stance, the tissue
strains are nearly identical again. Near the end of the stance, the turning step tissue strain
exceeds the straight step tissue strain, especially for the location near the fibula (fig. 4.4).

turning with RA vs. turning without RA

There is essentially no difference in the tissue strains predicted for rigid vs. RA
equipped pylons. The RA equipped model predicts slightly lower tissue strains
throughout the entire step (fig. 4.5).

turning with “ideal” RA

Compared to the effect of the commercially available RA the “ideal” RA
demonstrates a reduction and smoothing of the tissue strain over the entire stance (fig.

4.6).
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DiscuUsSION

The goal of prosthesis research and development is to eliminate or reduce amputee
pain and injury while increasing the range of possible activities. Amputees routinely find
their residual limbs problematic, and these data support the hypothesis that the forces
associated with turning are higher and are likely linked to higher rates of pain and injury.
These numerical experiments do not accurately simulate tissue strains in residual limbs,
but they do show differences in tissue strains between turning and straight walking and
for prostheses with and without rotation adaptors.

In general, the pattern of tissue strain follows the development of the vertical
component of the ground reaction force (fig. 4.3). This force is the largest of all six
applied to the pylon, so it is no surprise that it is the major determinant of the shape of the
resultant tissue stress curve. Additionally, the tissue strain pattern at the two locations in
the residual limb chosen for analysis represented the same pattern found elsewhere in the
residual limb. From location to location, there were small differences in the relative
magnitudes and timings of the two peaks, but the basic shape was the same.

The differences between straight and turning forces predict several differences in the
resulting tissue forces. The differences are clear in the results (fig. 4.4) but we are
limited in our interpretation of their significance. We know very little about the way
residual limb skin adapts to the new forces imposed upon it (Wang and Sanders 2003)
and there are no data that correlate tissue strain with pain and injury. Until we
understand what features of the tissue strain are damaging, we cannot evaluate the

differences between walking straight and turning.
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While the manufacturers of the currently available rotation adaptors may be dismayed

by the results, the comparison of tissue strain with and without the rotation adaptor is not
surprising. For amputees, nearly all of the forces from the ground are transmitted to the
residual limb whether there is a rotation adaptor installed or not. There are losses
associated with frictional damping in rotation adaptors (table 3.3), but when these energy
are distributed throughout the entire residual limb, the effect in any one place is very
small (fig. 4.5).

The ultimate goal of this work is to use the FE model to predict tissue strains under
forces modulated by a virtual rotation adaptor. A small step in that direction is to
establish the maximum reduction possible in a case where all the rotational forces in the
transverse plane are eliminated. While this is theoretically impossible, (imagine trying to
turn on a lazy-susan) it does establish an estimate of the limit of tissue strain reduction
possible to achieve with a rotation adaptor. The results with the “ideal” rotation adaptor
show a smoothing of the sharp transient at the end of the first peak and a reduction in the
amplitude of the second peak. If a real rotation adaptor could accomplish 20% of this
ideal reduction, it would certainly be an improvement over the current rotation adaptors
and may prove useful in reducing pain and injury for amputees.

More than anything, this work presents us with testable hypotheses. We can
experimentally validate the hypotheses that tissue strains are different while turning, and
we can test the hypothesis that tissue strains are unaffected by currently available rotation
adaptors. Additionally, it provides us with an experimental platform to test reductions in

tissue strain in response to new rotation adaptor designs.
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Table 4.1: Finite Element Material Properties

Material Type | Young’s Modulus Poisson’s Mass Density
(Mpa) Ratio (kg/m)

Bone 2.1e4 49 400

Soft Tissue 9.7 49 1000

Liner 1.7 .39 700

Socket 1.4e5 49 955

Pylon 2e5 49 400
Elastomer 20 49 1000
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Appendix A: Biased random walk Matlab code

INTRODUCTION
This code simulates the search pattern of a predator hunting for a single,

stationary prey item. The distance units are cm, and the time steps are in seconds. Each
iteration allows the predator 1 hour to encounter the prey item, starting ~15¢m outside of
the detection radius (the area around the prey item in which the predator can detect the
prey). The predator can move at 1cm/s or stay still. The hunting behavior is random,
except when the predator comes within the detection radius of the prey. Within that
radius, the predator is more likely to continue in the direction it was going when it first
entered the detection radius. This is accomplished by establishing seven bins of varying
sizes to represent one centimeter of travel in +/-[X,y,z] or staying still. The bin
representing the biased direction is enlarged by the parameter, “bias”, and the other six
bins are made equally smaller. For each time step, a random number is generated and the
bin in which it fits determines the animal’s direction. I do not intend this behavior to
have any fidelity to the way Clione actually hunts; it is a thought experiment designed to

demonstrate the difficulty of visually detecting small biases in behavior.

CODE

close all

clear all

time = 3600; % number of seconds per iteration
iterations = 1; % number of times to run simulation
prey=[17.5 17.5 17.5]; % initial prey location

r=15; % distance to prey that predator can detect prey
bias=.03; % 0-1

encounterdistance = 2.6; % one body length (cm)



biasm = bias*6+1; % turn bias into a number between 1 and 7

%start each iteration
for n=1:iterations

%set the initial conditions and build blank matrices for each iteration
pos=[0 0 0];

condition=1; % predator not detecting prey

counter=0; % counts number of encounters with prey

stepmat = zeros(time-1,3); % keep track of steps taken by predator

for i=2:time

% calculate the distance between predator and prey
xdist = (prey(1)-pos(1));

ydist = (prey(2)-pos(2));

zdist = (prey(3)-pos(3));

dist = sqrt(xdist*2 + ydist*2 + zdist"2);

% check distance and increment counter if contact is made
if dist<encounterdistance

counter=counter+1;
end

if dist>r % predator outside of detection radius
prob =[1/71/7 1/7 1/7 1/7 1/7 1/7];
condition = 1;

elseif dist<r & condition==1 % predator moving from outside to inside the
detection radius
% find the direction the animal was heading in the i-1 time
s = stepmat(i-1,:); % direction in previous second
ifs==[100]
index=1;
elseif s ==[-1 0 0]
index=2;
elseif s==[01 0]
index=3;
elseif s ==[0 -1 0]
index=4;
elseif s==[00 1]
index=35;
elseif s ==[00-1]
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index=6,
else

index=7,
end

%bias in favor of stepmat(i-1,:)

prob(index) = (1/7)*biasm;
prob(setdiff([1:7],index)) = (1-prob(index))/6;
condition=2;

else
condition=2; % predator within detection distance of prey
end

%determine the next direction

m = rand;

if rn < prob(1)
step =[1 0 0];

elseif rn>=sum(prob(1)) & r <sum(prob(1:2))
step=1{-100};

elseif m>=sum(prob(1:2)) & rn <sum(prob(1:3))
step =01 0];

elseif m>=sum(prob(1:3)) & m <sum(prob(1:4))

step =10 -1 0];
elseif rn>=sum(prob(1:4)) & rm <sum(prob(1:5))
step=[001];

elseif m>=sum(prob(1:5)) & rm <sum(prob(1:6))
step=[00-1];

else
step =[0 0 0];

end

% Generate the next position and add to the step matrix
pos = pos +step;
stepmat(i,:) = step;

end

% set the results vector for each iteration and write it to a file

% This is overkill and time consuming, but it keeps the data intact if
% the computer crashes in the middle of a large batch of iterations.
results(n) = counter;

writetextfile('brwalkloop',results);

end
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Appendix B: Random walk Matlab code

INTRODUCTION
This code shares its function with the biased random walk code from Appendix A,
except that the predator always behaves randomly. That is implemented by keeping the
bins that represent the predator’s possible motion the same size (see description in
Appendix A). Again, I do not intend this behavior to have any fidelity to the way Clione
actually hunts; it is a thought experiment designed to demonstrate the difficulty of

visually detecting small biases in behavior.

CODE

close all
clear all

time = 3600; % number of seconds per iteration
iterations = 1; % number of times to run simulation
prey=[17.5 17.5 17.5]; % initial prey location
encounterdistance = 2.6; % one body length (cm)

for n=1:iterations
counter=0; % counts number of encounters with prey
pos=[0 0 0]; % 1nitial predator location

for 1=2:time

% calculate the distance between predator and prey
xdist = (prey(1)-pos(1));

ydist = (prey(2)-pos(2));

zdist = (prey(3)-pos(3));

dist = sqrt(xdist"2 + ydist"2 + zdist"2);

% check distance and increment counter if contact is made
if dist<encounterdistance
counter=counter+1;



end

% generate the random direction
rn = rand;
ifrm < (1/7)
step =[100];
elseif rn>=(1/7) & m <(2/7)
step=[-100];
elseif rn>=(2/7) & m <(3/7)

step=1[01 0];
elseif m>=(3/7) & m <(4/7)
step =[0-10];

elseif rn>=(4/7) & m <(5/7)
step={001];
elseif m>=(5/7) & rn <(6/7)

step=[00-1];
else

step = [0 0 0];
end

%generate the new position
pos = pos +step;

end

% set the results vector for each iteration and write it to a file

% This is overkill and time consuming, but it keeps the data intact if
% the computer crashes in the middle of a large batch of iterations.
results(n) = counter;

writetextfile('rwalkloop',results);

end
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Appendix C: Methods validation: gait lab boundary types

INTRODUCTION

In designing laboratory experiments whose results are used to predict how prosthetic
components will function under daily living conditions, researchers must design the
experiments so that the subjects behave in the lab as they would anywhere else. The easy
method to direct subjects in a gait lab trial is to mark either the path itself or its
boundaries on the floor with tape. This may influence the findings, however, because the
subject must look at the floor to navigate the path. Taped paths also omit important
features of real objects. Because the upper body is wider than stance width, a taped path
allows subjects to push parts of their upper body through space where the wall would be
without crossing the tape boundary with their feet. More realistic behavior can be
provoked in the laboratory by forcing the subjects to keep their upper bodies on the
correct side of the wall boundary.

This study measures how experimental subjects alter their paths around a 90° corner,
depending on whether or not walls are present, and whether the walls are transparent or
opaque. Of course, the closest approximation to natural behavior is to build an actual
hallway corner in the lab. Unfortunately, opaque walls reduce the area visible to any one
camera. Because accurate kinematic data collection requires as many overlapping
camera views as possible, opaque walls are problematic. This study is designed to

explore the tradeoffs between more or less realistic hallway boundaries.
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MATERIALS AND METHODS

To test different wall types, a hallway corner frame was constructed from 1” diameter
copper pipe (fig.1). The frames were positioned to create an ADA compliant 42” wide,
90° hallway corner. Each wall section was 8’ tall by 10’ long. Plastic gardening mesh
(1/2” square) was stretched onto the frame. The mesh gives a visual cue to the subjects
but doesn’t block the camera views. Three wall types were tested: black tape marking the
boundary on the floor, wall frames with mesh, and wall frames with white sheets
covering the entire inside wall and 4’ of the outside wall (fig.2). Covering outside wall
and maintaining sufficient camera overlap to capture the markers in a large enough data
acquisition volume was impossible. With the outside wall completely opaque, the
cameras had to be mounted very close to the wall. Doing so narrowed the view angles
enough that only a very small volume in the center of the corner was visible to all
cameras.

Ten non-amputee subjects, free from musculoskeletal and neurological problems by
self-report, participated in this study. All subjects gave their informed consent to
participate in this UW institutional review board approved protocol. During data
collection, subjects wore a headband with four reflective markers. The markers were
arranged asymmetrically so that every video frame would indicate subject orientation.
Prior to collecting data, the subjects walked back and forth though the hallway to adjust
to the task. Subjects were instructed to maintain a comfortable pace, walk through the
corner as naturally as possible, and to register any touches to the wall (in which case the

trial was re-run). Each subject walked around each wall type 16 times, four each: turning
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right, leading with the left foot; turning right, leading with the right foot; turning left,

leading with the left foot; and turning left, leading with the right foot. For each trial,
subjects started with their toes on a line on the floor 2 meters away from the end of the
hallway. A staff member gave the cue for the subject to start when ready and with which
foot to lead. Data were not collected during the first and last 2-3 steps to avoid recording
transient gait behavior.

Data were collected and organized with off-the-shelf-software and hardware, and
analyzed with custom Matlab code on a PC. A ten-camera Vicon 612 system recorded
the three-dimensional coordinates of the markers at 120 Hz. The 3D position data for
each marker was collected with Vicon Workstation software (Vicon, Oxford Metrics,
Oxford, UK). Subsequent analysis was done with custom Code written in Matlab and
statistical analysis was done with StatView. The Matlab analysis algorithm is: 1) replace
a single occluded marker in any frame by minimizing the error in the sum distances
between the occluded marker and the other three markers, 2) find the centroid of the four
markers and save the locations in time to a text file, and 3) measure the distance between
the inside corner and the path of the head centroid, as the subject crosses the line between
the corner vertices (see fig. 3). The difference between direction, starting foot, and wall

type were assessed with a repeated measures ANOV A and a Tukey/Kramer post-hoc test.

RESULTS
The experimental design allowed for testing variability in the data with respect to turn

direction, starting foot and wall type. Of the three factors, the only one that caused a
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significant difference was wall type. Both the opaque and transparent walls caused the
subjects to keep the same distance to the inside corner, and the tape allowed the subjects

to cut further inward by approximately 10cm (fig. C.3).

DISCUSSION

Replicating real world conditions in the laboratory is an exercise in establishing
where returns-per-effort start to diminish. In this case, using completely opaque walls
would have required additional cameras and very time-intensive setup. The time expense
is multiplied by the need to repeatedly return the lab to the original setup for other
concurrent experiments. Fortunately, the data did not point us in that direction and a
relatively low effort solution proved satisfactory. Keeping the walls transparent to the
cameras while visible to the subjects was relatively easy. It required no camera
movement, and only several minutes to move the walls into place prior to testing.

The easy method of using tape to mark a boundary on the floor proved flawed in this
design. At the center of the turn, the tape boundary allowed subjects to come closer to
the inside corner. This changes the subjects’ trajectory, as well as their gait kinematics
and kinetics. Tape on the floor does not create an adequate boundary to force subjects to
walk around a corner as they would in the real world. Tape boundaries may suffice for
straight trajectories, provided it could be shown that looking down for the pathway didn’t

influence gait.
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Figure C.1. Hallway corner frame. The mesh is in place, but nearly invisible. Four of the ten cameras
used can be seen mounted to the walls in the background. While the forceplates in the center of the corner
were on, subjects were told neither to aim for them nor avoid them.
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Treatment 1: Tape on Floor
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E Treatment 2: Transparent Walls

Treatment 3: Opaque Walls

Figure C.2. Wall types.
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Figure C.3. Walking paths vs. wall type. The two left-most diagrams show the hallway corner (to scale)
and the 160 paths taken by ten subjects. For clarity, only left turns are shown. The mean path (wherever
all subjects had data) are shown in solid lines and the individual trials are dashed lines. The scatter plot in
the lower right shows the distance from the inside corner along the line connecting the vertices for each
trial (as represented by the yellow line in the upper diagram). For the scatter plot, the left and right turns
are shown together, since there was no difference between them.
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Appendix D: Automated gait event detection

INTRODUCTION

The timings of heel strike (HS) and toe off (TO) are important indices for many
common measurements taken in gait labs. Variables are measured at these times, and
variables are plotted over normalized time from stride to stride.

Many methods exist for establishing the timing of heel strike and toe off. There are
foot switches in the shoe, force plates, kinematic methods, and hand rating events from
video, kinetic, or kinematic data. Each method has benefits and drawbacks. Foot
switches are excellent timing devices, but cannot be used in all situations due to wiring
and shoe types. Force plates are very accurate, but can only be used for the steps that hit
the plate itself (most gait experiments use only one or two force plates). Kinematic
methods are slightly less accurate, but easier to automate, and hand-determined timing
depends on the skill of the individual and is very time consuming.

Several authors have developed different methods to determine HS and TO. In each
case, forceplate data are the gold-standard for comparison. Using (then new) video de-
interlacing(Wall and Crosbie 1996), no difference was found between hand-rated video
and forceplate data, but it was also shown that footswitches underestimated stance time.
Mickelborough and van der Linden et al. (2000) found that between 88 and 98% hand
rated gait events from foot marker velocity data were within 30 ms of forceplate data
(Mickelborough, van der Linden et al. 2000). A study using horses showed that the mode
velocity of one marker on the hoof could be used to indicate stance phase (Peham,

Scheidl et al. 1999). This method, on average, was within 10.8 ms stance duration
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determined with forceplate data. Excellent agreement with forceplate data (4.7 ms for
HS and 5.6 ms for TO) were found with an automated, kinematic-data-only algorithm
(Hreljac and Marshall 2000), but this method relies on the third derivative of position
data for foot markers, and analyzed a small sample set of three subjects performing four
steps each. Differences of 8 ms for HS and 16 ms for TO (Hansen, Childress et al. 2002)
were found with a combination of kinematic data and a pressure mat vs. forceplate data.
Lastly, a recently developed simple automated model (Ghoussayni, Stevens et al. 2004)
yielded a 16.7 ms difference in HS and a 100 ms difference for TO.

Until now, no automated method that relied solely on kinematic data has been
validated with amputee subjects. In this study, I will present a new automated,
kinematics only method and give data on its fidelity to an established gait analysis

method.

MATERIALS AND METHODS

Data from twenty subjects (10 non-amputee, 5 left below knee amputees (BKs), and 5
right BKs) were extracted from previous studies. Each subject was free from
musculoskeletal and neurological problems by self-report. All subjects gave their
informed consent to participate in one of our UW institutional review board approved
protocols. In each case, thirty-six reflective markers were placed on the subject
according to the Plug In Gait model (Vicon, Oxford Metrics, Oxford, UK). A ten-camera
Vicon 612 system recorded the three-dimensional coordinates of the markers at 120 Hz.

A force plate or plates mounted flush with the laboratory floor recorded the kinetic data.



95
Each subject walked in a straight line across the force plates. Two trials were analyzed

for each subject, giving a total of 40 trials.

Due to its ubiquity in gait labs, Vicon’s Workstation software was used to establish
HS and TO timings for a standard of comparison. This system establishes the vertical
position of the foot markers at the start of contact (force >10N) with the force plate (HS)
and the end of contact (force<10N) with the force plate (TO). The software then scans
the kinematic data collected and assigns HS and TO events to the rest of the trial (fig.
D.1). All of these records require a hand check for errors. If there are errors, they are
fixed either by adjusting parameters and re-running the analysis, or by assigning HS and
TO timings by hand via the animation of the recorded kinematics.

The novel automated algorithm (FootFlick) determines HS and TO timings by
features of the ankle joint center (AJC) vertical velocity. A trough in the AJC vertical
velocity aligns with HS and the subsequent peak aligns with TO (fig. D.2). FootFlick
performs the following steps in establishing HS and TO timings (see code section):

1) A ten-point averaging filter is applied to the three dimensional path of the left
and right AJCs. The filter runs forward and backward to eliminate any phase
change.

2) The AJC vertical velocity is calculated in discrete time steps at the sampling
frequency (120Hz).

3) The inflection points (slope = 0) in the AJC velocity trace are found using

Tom McMurray’s (memurray@teamcemi.com) function, “peakdetect.m.”
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4) TO events are defined as positive peaks within 30% of the height of the
highest positive peak, to eliminate regions of noisy data.

5) HS events are defined as negative peaks that occur within a region around the
average of all negative peaks that occur between —48 cm/s and 12 cm/s. The
region is defined as a percentage of range of peak values above and below the
mean.

6) HS and toe off events within the first or last 5 frames of data collection are
discarded since this is an error prone region for Vicon.

7) The HIC velocity time series is plotted, with indicators for the HS and TO
timings established (fig D.3).

8) A user scans the plots and corrects those with missing or incorrect data.

RESULTS

In no case was the absolute value of the difference between FootFlick and Vicon

greater than 8 frames, or 66.7 milliseconds. The true average differences (not the

absolute differences) were less than the absolute average differences, but there was no

constant trend that could be used to rectify the data. Hereafter, the differences all refer to

absolute differences. The mean differences varied from 15 to 27 milliseconds. Because

the average time from one heel strike to the following heel strike on the same side for the

control subjects is 127 frames (1.06seconds), the mean differences represent 1.4% to

2.5% of the approximate stride time. FootFlick missed or erroneously identified 0/374

TOs identified by Vicon. FootFlick missed or erroneously identified 45/271 (16%)
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amputee HSs identified by Vicon and 6/108 (5.6%) non-amputee HSs identified by

Vicon. Taking the HSs and TOs together, the overall error rate (either missed,
erroneously identified or extraneously added data) was 51 events per 753 (6.8%). These

51 events took 30 minutes to correct.

DISCUSSION

FootFlick’s fidelity to Vicon’s data is comparable to or better than other kinematic
only methods of HS and TO detection. Unfortunately, none of these studies compared
their results to Vicon data. Nonetheless, each study uses a well-validated method to
generate comparison data.

While the error rate for detecting HSs was much higher than that for detecting TOs,
the mean differences for TOs were lower and the histograms show a more accurate
distribution. The TO peaks were easy to automatically identify because they were higher
than any other peaks (fig D.2). The HS troughs, however, were more problematic since
they were in the same range as the noisiest part of the data. Nonetheless, once identified,
the average HS differences were smaller. Another contributing factor to this is the
difficulty of accurately establishing TO in Vicon. Because our Vicon model does not
include a marker at the tip of the toe, where the foot leaves contact with the ground, the
other markers only provide an approximation. Additionally, when Vicon’s data must be
hand corrected, the accuracy of the TO determination depends on the operator. Even
experienced gait lab technicians have difficulty clearly defining the “by hand” method of

TO detection.
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FootFlick provides an easy way to correct erroneous data. The AJC velocity data are
plotted for each trial with symbols superimposed on the graph for HSs and TOs. After
analyzing all of the data, an operator need only look at the plots and close all of the plot
windows in which no errors occurred. Once I was accustomed to the task, this process
took only several seconds per plot. For the remaining trials, the Matlab zoom feature can
be used to quickly identify the location of an inaccurately identified HS or TO. A
companion function can be written to identify the row of data in which the error occurred,
and the data can be corrected by manually entering the new value in Matlab’s array
editor. Manually entering corrected data takes approximately the same time as hand
correcting Vicon data. Because the data are stored in rows by trial, experimental protocol
and subject, the row corresponding to a particular trial will depend on the experimental
design. The row finding companion function (rowfind.m) for the data used in this

experiment is included in the code section.

CODE
footfalls.m

% footfalls.m

% This file takes exported data from Vicon on the z position of the feet markers and
determines the

% timings of heel strikes and toe offs

%

% bug free 2/31/05 KCF

close all
clear all

cd('C:\Documents and Settings\Kevin Flick\My Documents\Documents\V A\turning
project\hallway? text files")



99

% Vectors of filename components

subj = [‘S17;°S27;°S37;'S4";'S5",'S6';,'S7",'S8','S9";'S10%,'S11'];
dir = ['Left' Right'];

foot = dir;

% turn plotting on and off (plotter =1 is on)

plotter = 1;
% define filter
points = 10;

filtvector = ones(1,points)/points; % n point averaging filter

% Threshhold parameter for positive peaks
posfactor = .7,

% threshhold parameters for negative peaks
lowfactor = -1;
highfactor = .05,

% Initialize data matrix for saving
footmat = [];

% Increment the filenames and read them in one at a time
fors=[123456781011]
ford=1:2
forf=1:2
fortr=[1235]

% read in the file
file = [subj(s,:) ' ' dir(4*d-3:5*d-1) ' ' foot(4*£{-3:5*f-1) ' Foot 0' num2str(tr) ".txt']
a = dlmread (file,\t',9, 0);

% Vicon does not export all the data. It only exports from the frame when one
of the exported
% markers first appears
startrow = a(1,1);
if startrow~=1
a = [zeros(startrow-1,length(a(1,:)));a];
end

% identify the correct components
left = a(:,29);
right = a(:,26);
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[rleft,cleft] = size(left);
[rright,cright] = size(right);

% find index to first non-zero elements
leftnums = find(left ~= 0);

rightnums = find(right ~= 0);
leftfirstnum = leftnums(1);
rightfirstnum = rightnums(1);
leftlastnum = leftnums(end);
rightlastnum = rightnums(end);

% filter (only on non-zero elements so the averaging filter doesn't
% smear out the ends with zeros)
left(leftfirstnum:leftlastnum) = filtfilt(filtvector,1,left(leftfirstnum:leftlastnum));
right(rightfirstnum:rightlastnum) =
filtfilt(filtvector, 1,right(rightfirstnum:rightlastnum));

% replace zeros with NaNs to make velocity calculations easier
left(1:leftfirstnum-1)=NaN; left(leftlastnum+1:end) = NaN;
right(1:rightfirstnum-1)=NaN; right(rightlastnum+1:end) = NaN;

%

%
% process the left footstrikes %
%

%

% calculate the velocity (cv)

leftv =1];

for n = 1:length(left) - 1
leftv(n,:) = left(n+1,:) - left(n,:);

end

leftv = [NaN; leftv];

% recreate numerical data for peakdetect function
leftv(isnan(leftv))=0;

% call function peakdetect to find the peaks in the velocity data
[pospeakind,negpeakind]=peakdetect(leftv);

% find peak indices over threshhold for positive peaks
threshhold = posfactor * max(leftv);

threshpeakfinder = find(leftv(pospeakind)>threshhold);
threshpeaks = pospeakind(threshpeakfinder);



% Eliminate the first and last peaks identified if they fall within
% a defined margin (measured in frames)
margin = 10;
if threshpeaks(1) <= leftfirstnum + margin;
threshpeaks = threshpeaks(2:end);
end
if threshpeaks(end) >= leftlastnum - margin;
threshpeaks = threshpeaks(1:end-1);
end

% find peak indices over threshhold for negative peaks
middlepeaks = leftv(negpeakind(find(leftv(negpeakind) > -4 &

leftv(negpeakind) < 2)));

high);

mprange = max(middlepeaks)-min(middlepeaks);

high = mean(middlepeaks) + highfactor * mprange;

low = mean(middlepeaks) + lowfactor * mprange;

threshpeakfinderneg = find(leftv(negpeakind) > low & leftv(negpeakind) <

threshpeaksneg = negpeakind(threshpeakfinderneg);

% Eliminate the first and last peaks identified if they fall within
% a defined margin (measured in frames)
margin = 5;
if threshpeaksneg(1) <= leftfirstnum + margin
threshpeaksneg = threshpeaksneg(2:end);
end
if threshpeaksneg(end) >= leftlastnum - margin
threshpeaksneg = threshpeaksneg(1:end-1);
end

if plotter==1
% Plot the raw data
figure
set (gef, numbertitle','off',/'name’, [file ' (left events)'])
plot(leftv,'b"); hold on; %plot(left,’k")
% Plot the threshhold lines
plot (zeros(size(leftv)) + low,'g");
plot (zeros(size(leftv)) + high);
% Plot the identified peaks

plot(threshpeaks,leftv(threshpeaks),' ™, threshpeaksneg,leftv(threshpeaksneg),'ro")

drawnow
end

101
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% pad the peak vectors with NaN for matrix construction
threshpeaks(end+1:10) = NaN;
threshpeaksneg(end+1:10) = NaN;

% Insure that they are row vectors

if size(threshpeaks,1) == 10
threshpeaks = threshpeaks';

end

if size(threshpeaksneg,1) == 10
threshpeaksneg = threshpeaksneg';

end

% append data to the matrix
footmat = [footmat;threshpeaks;threshpeaksneg];

% %
% process the right footstrikes %
% %o

% calculate the velocity (cv)
rightv = [J;
for n = 1:length(right) - 1
rightv(n,:) = right(n+1,:) - right(n,:);
end

% recreate numerical data for peakdetect function
rightv(isnan(rightv))=0;

% call function peakdetect to find the peaks in the velocity data
[pospeakind,negpeakind]=peakdetect(rightv);

% find peak indices over threshhold for positive peaks
threshhold = posfactor * max(rightv);

threshpeakfinder = find(rightv(pospeakind)>threshhold);
threshpeaks = pospeakind(threshpeakfinder);

% Eliminate the first and last peaks identified if they fall within
% a defined margin (measured in frames)
margin = 10;
if threshpeaks(1) <= rightfirstnum + margin;
threshpeaks = threshpeaks(2:end);
end
if threshpeaks(end) >= rightlastnum - margin;
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threshpeaks = threshpeaks(1:end-1);
end

% find peak indices over threshhold for negative peaks

middlepeaks = rightv(negpeakind(find(rightv(negpeakind) > -4 & rightv(negpeakind)

<2)));

high);

mprange = max(middlepeaks)-min(middlepeaks);

high = mean(middlepeaks) + highfactor * mprange;

low = mean(middlepeaks) + lowfactor * mprange;

threshpeakfinderneg = find(rightv(negpeakind) > low & rightv(negpeakind) <

threshpeaksneg = negpeakind(threshpeakfinderneg);

% Eliminate the first and last peaks identified if they fall within

% a defined margin (measured in frames)

margin = 5;

if threshpeaksneg(1) <= rightfirstnum + margin
threshpeaksneg = threshpeaksneg(2:end);

end

if threshpeaksneg(end) >= rightlastnum - margin
threshpeaksneg = threshpeaksneg(1:end-1);

end

if plotter ==
% Plot the raw data
figure
set (gcf, 'numbertitle','off' ,'name’, [file ' (right events)'])
plot(rightv,'d"); hold on; %plot(right,’k")
% Plot the threshhold lines
plot (zeros(size(rightv)) + low,'g");
plot (zeros(size(rightv)) + high);
% Plot the identified peaks

plot(threshpeaks,rightv(threshpeaks), ", threshpeaksneg,rightv(threshpeaksneg),'ro")

drawnow
end

% pad the peak vectors with NaN for matrix construction
threshpeaks(end+1:10) = NaN;
threshpeaksneg(end+1:10) = NaN;

% Insure that they are row vectors
if size(threshpeaks,1) == 10
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threshpeaks = threshpeaks';
end
if size(threshpeaksneg,1) == 10
threshpeaksneg = threshpeaksneg';
end

% append data to the matrix
footmat = [footmat;threshpeaks;threshpeaksneg];

end
end

end
end

% the variable name "FootMats" doesn't exist. This is to safeguard against

% saving new data over already processed data.

% cd('C:\Documents and Settings\Kevin Flick\My
Documents\Documents\V A\turning project\Event Data')

% save('footfalls','FootMats")

% save('footfalls ','FootMats','-ASCII', -TABS')

peakdetect.m

function [pospeakind,negpeakind]=peakdetect(signal)

%
%
%
%
%
are
%
negative
%
%
%
%
%

%
%
%
%
%
%

PEAKDETECT peak detection

[pospeakind,negpeakind]=peakdetect(signal)

The positive and negative polarity (concave down and up) peak index vectors
generated from the signal vector and graphically displayed. Positive and
polarity peaks occur at points of positive to negative and negative to positive
slope adjacency, respectively. The typically rare contingencies of peaks
occurring at the lagging edges of constant intervals are supported. Complex

signals are modified to the modulus of the elements. If unspecified, the signal
vector is entered after the prompt from the keyboard.

Implemented using MATLAB 6.0.0

Examples:

\

E [p,n]=peakdetect([-1-101010-1-1])
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% p=
%
% 4 6
%
% n=
%
% 1 5 8
%
% E [p,n]=peakdetect(cos(2*pi*(0:999999)/500000))
%
% p=
%
% 1 500001 1000000
%
% n=
%
% 250001 750001
%
%  Copyright (c) 2001
%  Tom McMurray
%  mcmurray@teamcmi.com

%  if signal is not input, enter signal or return for empty outputs

if ~nargin
signal=input('enter signal vector or return for empty outputs\n');
if isempty(signal)
pospeakind=[];
negpeakind=[];
return
end
end
sizsig=size(signal);

%  while signal is unsupported, enter supported signal or return for empty outputs

while isempty(signal)|~isnumeric(signal)|~all(all(isfinite(signal)))...

llength(sizsig)>2|min(sizsig)~=1

signal=input(['signal is empty, nonnumeric, nonfinite, or nonvector:\nenter ...

'finite vector or return for empty outputs\n']);

if isempty(signal)
pospeakind=[];
negpeakind=[];
return



end
sizsig=size(signal);
end

%  if signal is complex, modify to modulus of the elements

if ~isreal(signal)
signal=abs(signal);
end

%  if signal is constant, return empty outputs

if ~any(signal-signal(1))
pospeakind=[];
negpeakind=[];
disp('constant signal graph suppressed")
return
end
sizsigl=sizsig(1);
lensig=sizsigl;

%  if signal is a row vector, modify to a column vector

if lensig==
signal=signal(:);
lensig=sizsig(2);
end
lensigl=lensig-1;
lensig2=lensigl-1;

%  if signal length is 2, return max/min as positive/negative polarity peaks

if ~lensig2
[sig,pospeakind]=max(signal);
[sig,negpeakind]=min(signal);
disp("2 element signal graph suppressed’)
return

end

%  generate difference signal
difsig=diff(signal);

%  generate vectors corresponding to positive slope indices

106
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dsgtO=difsig>0;
dsgt00=dsgtO(1:lensig2);
dsgtO1=dsgt0(2:lensigl);
%  generate vectors corresponding to negative slope indices
dsltO=difsig<0;
dslt00=dslt0(1:lensig2);
dslt01=dslt0(2:lensigl);
% generate vectors corresponding to constant intervals
dseqO=difsig==0;
dseq01=dseq0(2:1ensigl);
clear difsig
%  positive to negative slope adjacencies define positive polarity peaks
pospeakind=find(dsgt00&dslt01)+1;
%  negative to positive slope adjacencies define negative polarity peaks
negpeakind=find(dsgt01&dslt00)+1;

%  positive slope to constant interval adjacencies initiate positive polarity peaks

peakind=find(dsgt00&dseq01)+1;
lenpeakind=length(peakind);

%  determine positive polarity peak terminations
for k=1:lenpeakind

peakindk=peakind(k);

l=peakindk+1;

%  if end constant interval occurs, positive polarity peak exists

if I==lensig
pospeakind=[pospeakind;peakindk];

% else I<lensig, determine next nonzero slope index

else
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dseq01=dseqO(l);
while dseqOl&I<lensigl
1=1+1;
dseq01=dseq0(1);
end

%  if negative slope or end constant interval occurs, positive polarity peaks exist

1f dslt0(1)|dseqOl;
pospeakind=[pospeakind;peakindk];
end
end
end

%  negative slope to constant interval adjacencies initiate negative polarity peaks

peakind=find(dslt00&dseq01)+1;
lenpeakind=length(peakind);
clear dseq01

%  determine negative polarity peak terminations

for k=1:lenpeakind
peakindk=peakind(k);
I=peakindk+1;

%  if end constant interval occurs, negative polarity peak exists

if I==lensig
negpeakind=[negpeakind;peakindk];

% else I<lensig, determine next nonzero slope index

else
dseqOl=dseq0(1);
while dseqOl&l<lensigl
I=1+1;
dseq0l=dseq0(l);

end
%  if positive slope or end constant interval occurs, negative polarity peaks exist

if dsgtO(1)|dseqOl;
negpeakind=[negpeakind;peakindk];
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end
end
end
clear dsgtO peakind

% ifinitial negative slope occurs, initial positive polarity peak exists

if dslt00(1)
pospeakind=[ 1;pospeakind];

% elseif initial positive slope occurs, initial negative polarity peak exists

elseif dsgt00(1)
negpeakind=[1;negpeakind];

% else initial constant interval occurs, determine next nonzero slope index

else
k=2;
dseqOk=dseq0(2);
while dseqOk
k=k+1;
dseqOk=dseq0(k);
end

%  if negative slope occurs, initial positive polarity peak exists

if dsltO(k)
pospeakind=[ 1;pospeakind];

% else positive slope occurs, initial negative polarity peak exists
else
negpeakind=[1;negpeakind];
end

end
clear dsgt00 dsltO dslt00 dseqO

% if final positive slope occurs, final positive polarity peak exists

if dsgt01(lensig2)
pospeakind=[pospeakind;lensig];

% elseif final negative slope occurs, final negative polarity peak exists
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elseif dsltO1(lensig?)
negpeakind=[negpeakind;lensig];

end

clear dsgtO1 dsltO1

% if peak indices are not ascending, order peak indices

if any(diff(pospeakind)<0)
pospeakind=sort(pospeakind);

end

if any(diff(negpeakind)<0)
negpeakind=sort(negpeakind);

end

%  if signal is a row vector, modify peak indices to row vectors

if sizsigl==
pospeakind=pospeakind.';
negpeakind=negpeakind.';
end

%  plot signal peaks

% plot(0:lensigl,signal,pospeakind-1,signal(pospeakind),b™,negpeakind-1,...
% signal(negpeakind),bv")

% xlabel('Sample')

% ylabel('Signal)

% grid

rowfind.m

% This file finds the correct row number in the footmat data file for any
% trial

s=1;
d=2;
f=2;
tr=2;

% translate trials [1 23 5] to [1 2 3 4]
trials =[1 2 3 NaN 4];
t = trials(tr);
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% pull desired event data

Ito = (s-1)*64 + (d-1)*32 + (f-1)*16 + (t-1)*4 + 1
lhs = (s-1)*64 + (d-1)*32 + (f-1)*16 + (t-1)*4 + 2
1o = (s-1)*64 + (d-1)*32 + (f-1)*16 + (t-1)*4 + 3
rhs = (s-1)*64 + (d-1)*32 + (f-1)*16 + (t-1)*4 + 4

NOTES TO APPENDIX D
Ghoussayni, S., C. Stevens, et al. (2004). "Assessment and validation of a simple

automated method for the detection of gait events and intervals." Gait & Posture
20: 266-272.

Hansen, A. H., D. S. Childress, et al. (2002). "A simple method for determination of gait
events." Journal of Biomechanics 35: 135-138.

Hreljac, A. and R. N. Marshall (2000). "Algorithms to determine event timing during
normal walking using kinematic data." Journal of Blomechanics 33: 783-786.

Mickelborough, J., M. L. van der Linden, et al. (2000). "Validity and reliability of a
kinematic protocol for determining foot contact events." Gait & Posture 11: 32-
37.

Peham, C., M. Scheidl, et al. (1999). "Limb locomotion - speed distribution analysis as a
new method for stance phase detection.”" Journal of Biomechanics 32: 1119-1124.

Wall, J. C. and J. Crosbie (1996). "Accuracy and reliability of temporal gait
measurement.”" Gait & Posture 4: 293-296.
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GRF

//\\A //\/\ AJCz

Figure D.1. Vicon gait events. The cartoon shows a subject with lateral heel markers and toe markers
stepping on a force plate. The Vicon software package determines the moments of HS and TO (red circles)
for one step by ground reaction force (GRF) applied to the forceplate during one step. It then finds the
vertical position of the foot at those moments in time (AJCz) and matches foot position on all other steps to
extrapolate HS and TO (red diamonds).
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AJCz

dz/dt

Figure D.2. FootFlick HS and TO determination. The cartoon shows a subject with lateral heel markers
and toe markers. FootFlick computes the velocity of the ankle joint center in the vertical axis (AJCz) from

kinematic data, then determines HS and TO timings directly from the peaks and troughs in the velocity data
for the AJC (dz/dr).
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Figure D.3. FootFlick vs. Vicon. The upper bar graph shows the average of all the differences between
Vicon and FootFlick HS and TO timings (n =106, 135, 133, 108, 134, and 137, from left to right). The
percentage scale on the right is based on the mean stride time for control subjects. The lower plots are
histograms for each case.
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Appendix E: Finite element procedure file

INTRODUCTION

This procedure file runs on Marc/Mentat finite element software, version 2003.

CODE
Version : MSC.Marc Mentat 2003 (32bit)

*new_material

*material name socket

*material_type mechanical:isotropic

*material value isotropic:youngs modulus 1.4ell
*material_value isotropic:poissons_ratio .49
*material value isotropic:mass_density .955e3

*new_material

*material name liner

*material _type mechanical:isotropic

*material value isotropic:youngs modulus 6e8
*material value isotropic:poissons_ratio .39
*material value isotropic:mass_density .7e3

*new_material

*material name skin

*material type mechanical:isotropic
*material_value isotropic:youngs modulus 9.7¢e6
*material value isotropic:poissons_ratio .49
*material value isotropic:mass_density 11e3
*material value isotropic:mass_density 1e3

*new_material

*material name fat

*material type mechanical:isotropic
*material_value isotropic:youngs_modulus 9.7¢e6
*material value isotropic:poissons_ratio .49
*material value isotropic:mass_density .9¢3

*new_material
*material name muscle
*material type mechanical:isotropic
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*material_value isotropic:youngs_modulus 9.7e6
*material value isotropic:poissons_ratio .49
*material _value isotropic:mass_density 1.06e3

*new_material

*material name bone

*material _type mechanical:isotropic

*material value isotropic:youngs modulus 2.1e¢10
*material value isotropic:poissons_ratio .49
*material value isotropic:mass_density .4e3

*new_material

*material name pylon

*material type mechanical:isotropic

*material value isotropic:youngs modulus 2el1
*material value isotropic:poissons_ratio .49
*material value isotropic:mass_density .4e3

*new_material

*material name elastomer

*material type mechanical:isotropic

*material _value isotropic:youngs modulus 2el1
*material_value isotropic:poissons_ratio .49
*material_value isotropic:mass_density 1000
*material_type damping

*material_value damping:stiffness mult

1A

*new md table 11
*table name
table Fx t

*set md table type 1
time
*set_md_table step v 1
20

*set_ md_table max v 1
1

*set md table min f1
-200

*set md_table max_f1
1100

*set md table step f1
10

*table add
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0 0 0.05 39.2530.1 143.850.15 204.290.2  208.570.25 201.01
0.3 188.950.35 176.110.4 166.68 0.45 156.21 0.5 152.04 0.55
155.29 0.6 167.050.65 185.150.7  205310.75 217.740.8  206.06
0.85 156.480.9 6528 095 0.21362 1 0

*new md table 1 1
*table name
table Fy t

*set md_table type 1
time

*set md table step v 1
20
*set_md_table max v 1
1

*set_md_table min f1

-200

*set md table max f1

1100

*set_ md_table step f'1

10

*table add

0 0 0.05 -18.18 0.1  -69.907 0.15 -103.71 02 -
86.466 0.25 -69.372 03 -53.141 035 -40.48 0.4  -27.493

0.45 -10.7 0.5  3.92030.55 14.0430.6  23.6790.65 36.1290.7
52.5490.75 7596 0.8  95.7070.85 99.3410.9 59.9850.95 -
2.55891 0

*new_md table 11
*table name
table Fz t

*set md_table type 1
time

*set_ md_table step v 1
20

*set md table max v 1
1

*set md table min f1
-200
*set_md table max f1
1100
*set_md table step f'1
10

*table add
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0 0 0.05 303.140.1 702.06 0.15 9883 0.2  986.76 0.25 965.01
0.3  929.090.35 890.450.4  868.580.45 838.630.5 830.51 0.55
84547 0.6  884.620.65 927.950.7 949.370.75 942.550.8  846.66
0.85 617.1 0.9 268.770.95 122441 0

*new_md table 11

*table name

table Mx_t

*set_ md table type 1

time

*set_ md_table step v 1

20

*set md table max v 1

1

*set md table min f1

-200

*set md table max f1

110

*set md _table step f1

10

*table add

0 0 0.05 -32.661 0.1 -62.812 0.15 -72.782 0.2
-60.98 0.25 -46.746 03  -35.221 035 -257704 -

17.197 0.45 -8.2921 0.5 1.6436 0.55 14478 0.6  30.1510.65 46.972
0.7 63.0330.75 741 0.8 78.0480.85 67.5430.9 36.0530.95
2.2203 1 0

*new _md table 11

*table name

table My t

*set_md_table type 1

time

*set md table step v 1

20

*set md table max v 1
1

*set md table min f1
-200

*set md table max f1
110
*set_md table step f1
10

*table_add
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0 0 0.05 -34.976 0.1 -93.676 0.15 -136.48 0.2
-139.96 0.25 -140.16 0.3 -136.73 035 -131.31
04  -127.41 0.45 -122.75 0.5 -122.23 0.55 -
126.68 0.6  -136.4 0.65 -147.34 0.7  -154.75 0.75 -154.88
0.8  -140.22 0.85 -102.13 0.9  -43.641 095 -
1.7741 1 0

*new _md table 11
*table_name
table Mz t
*set_md_table type 1
time

*set md_table step v 1
20

*set md table max v 1
1

*set md_table min f1

-200

*set md table max f1

110

*set md table step f1

10

*table add

0 0 0.05 -7.4055 0.1 -18.718 0.15 -24.805 0.2
-20.626 0.25 -17.629 0.3  -14.544 0.35 -11.216
04  -7.7354 045 -3.4074 0.5 0.78328 0.55 4.9558
0.6 9.781 0.65 1542507 21.7330.75 28.786 0.8 33.907 0.85
32.507 0.9 18.463 0.95 0.050949 1 0

*new_apply

*apply name

fixedbone

*apply_type fixed displacement
*apply _dof x *apply dof value x
000000

*new_apply

*apply_name

GRF_turning

*apply _type point_load
*apply_dof x *apply_dof value x
-111110

*apply dof table x



table Fx t
*apply_dof tabley
table Fy t
*apply_dof table z
table Fz t
*apply dof table mx
table Mx t
*apply dof table my
table My t
*apply_dof table mz
table Mz t

*color 240
*color240100

*color 218
*color218100

*color 219

*color 219 1 0.969 0.75
*color 217
*color21710.750
*color 220

*color 22000 .5

*color 216

*color 216 0.952 0.539 0.316
*color 215

*color 215 0.794 0.803 1
*color 214

*color 214 0.57 0.57 0.57

*grid u_domain -.1 .1
*orid v_domain -.1.1
*grid u_spacing .01
*grid_v_spacing .01
*set_grid on

*identify materials
*elements_solid

*set_curve type circle cr
*set plot curve_div_high
*add curves

-2.000000000000e-002 -1.000000000000e-002 0.000000000000e+000 .006
1.000000000000e-002 3.000000000000e-002 0.000000000000e+000 .018
0.000000000000e+000 .004 0.000000000000e+000 .05

0.000000000000e+000 0.000000000000e+000 0.000000000000e+000 .058
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0.000000000000e+000 0.000000000000e+000 0.000000000000e+000 .06
0.000000000000e+000 0.000000000000e+000 0.000000000000e+000 .065
0.000000000000e+000 0.000000000000e+000 0.000000000000e+000 .073
000.02

*sweep_all
*remove_unused nodes
*remove _unused points
*renumber_all

*set_curve div_type fix ndiv *set curve div_num
32

*apply_curve divisions

34567

all_selected

*set_curve div_type fix ndiv *set curve div_num
16

*apply curve divisions

2

8

all_selected

*set_curve div_type fix ndiv *set curve div_num
8

*apply curve divisions

1

all_selected

*af planar quadmesh
7

6
all_selected

*af planar quadmesh
6

5
all selected

*af planar quadmesh
45

all_selected

*af planar quadmesh
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4
3
all_selected

*remove_unused nodes
*remove unused points
*sweep_all

*Intersect_curves
all_existing
*clean 2d loops
all existing
*set_curve div_type fix_avgl
*set curve div_type fix_avgl *set curve div_avgl
.01
*set curve div_rest_evn
*apply_curve_divisions
9111223

1517192124

1316
all selected

*set_curve div_type fix ndiv
*set_curve div_num

6

*apply_curve divisions

11

all_selected

*set_curve div_type fix ndiv
*set_curve div_num

2

*apply _curve divisions

9

all selected

*af planar quadmesh
13
16
19
all_selected
19
15
all_selected
23



9
12
all_selected
9
12
24
17
15
21
all selected
11
23
all selected
3
13
16
17
24
11
21
all selected

*sweep_all
*remove_unused nodes
*remove_unused_ points
*renumber_all

*edit_material

socket

*add_material elements
1to 32

all_selected

*select clear

*edit_material

liner

*add material elements
33 to 64

all_selected

*select clear

*edit_material
skin
*add material elements
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65 to 96
all_selected
*select_clear

*edit_material

fat

*add_material elements
97 to 128

all selected
*select_clear

*edit_material

bone

*add material_elements

129 to 165 166 167 210 211 212 213 214
all selected

*select_clear

*select mode_invert
*select elements_material
bone

fat

skin

liner

socket

*edit_material

muscle

*add material elements
all unselected
*select_clear

*set_duplicate scale factors
111

*set_duplicate translations
000.01
*set_duplicate_repetitions
1

*select _elements material
skin fat muscle bone
*duplicate elements
all_selected

*select_clear

*set_duplicate _scale_factors
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.097276/.146 .097276/.146 1
*set_duplicate translations
00 -.254017
*set_duplicate repetitions

1
*select_elements

1to 316
*duplicate elements
all selected
*select_clear

*set_expand_scale factors
.9899 .9899 .95
*set_expand translations
00-.014

*set_expand repetitions
40

*select_elements
1to316
*expand_elements
all_selected
*select_clear

*set_expand scale factors
111
*set_expand_translations
00.014

*set_expand repetitions
10

*select _elements

317 to 568
*expand_elements
all_selected

*select clear

*select_mode and

*select method user box
*select_elements

-1

1

-1

1

.005

2
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*set_move_translations
00-.01

*set move_scale_factors
111

*move_elements
all_selected
*select_clear

*select reset

*edit_material

pylon

*select _elements

569 to 884

*add material elements
all_selected

*select clear

*set_expand scale factors
111
*set_expand_translations
00-.01
*set_expand_repetitions

1

*select_elements material
pylon

*expand_elements
all_selected

*select_clear

*sweep_all

*set_duplicate scale factors

111

*set_duplicate translations
00-.01

*set_duplicate repetitions
15

*select_elements
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16210 16211 16213 16212 16214 16222 16229 16223 16226 16234 16233 16225 16224

16232 16205 16206 16209 16208

16207 16204 16221 16230 16228 16227 16231 16220 16219 16218 16217 16216 16215

16236 16235 16240 16249 16237

16238 16243 16244 16245 16246 16251 16253 16248 16239 16250 16241 16247 16252

16242
all_selected



*duplicate elements
all_selected

*select clear
*sweep_all

*select_elements material
pylon
*set_move_translations
00.01
*set_move scale factors
111

*move_elements

all selected

*select clear
*select_reset

*sweep_all
*remove_unused nodes
*remove_unused points
*renumber_all

*add surfaces

point(-8.000000000000e-002, 8.000000000000e-002, -.245)
point( 8.000000000000e-002, 8.000000000000e-002, -.245)
point( 8.000000000000e-002,-8.000000000000e-002, -.245)
point(-8.000000000000e-002,-8.000000000000e-002, -.245)

*edit_material
muscle
*select_method_surface dist
*select_ mode and
*select_elements material
bone
*select_mode_intersect
*set_select distance
.045
*select _elements

1
*add material elements
all selected
*select clear

*edit_material
fat
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*select mode_and
*select_elements material
muscle
*select_mode_intersect
*set_select_distance
025
*select_elements

1
*add_material elements
all selected
*select_clear

*edit_material
skin
*select_clear
*select mode _and
*select_elements material
fat
*select_mode_intersect
*set_select distance
015
*select_elements

1
*add material elements
all_selected
*select _clear

*edit_material
liner
*select_clear
*select_mode_and
*select_elements material
skin
*select mode_intersect
*set select_distance
013

*select_elements

1
*add material elements
all_selected
*select_clear

*edit_material
socket
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*select_clear
*select_mode_and
*select_elements_material
liner
*select_mode intersect
*set_select_distance
.008
*select elements

1
*add_material elements
all_selected
*select_clear

*edit_material

elastomer

*add_material elements

15484 15499 15514 15529 15544 15559 15574 15589 15604 15619 15634 15649 15664
15679 15694 15709 15724 15739 15754 15769 15784 15799 15814 15829 15844 15859
15874 15889 15904 15919 15934 15949 15964 15979 15994 16009 16024 16039 16054
16069 16084 16099 16114 16129 16144 16159 16174 16189 16204 16219

all selected

*select_clear

*new_icond

*icond_type displacement
*icond_dof x *icond_dof value x
*icond_dof'y *icond_dof valuey
*icond_dof z *icond_dof value z
*icond dofrx *icond_dof value rx
*icond_dofry *icond dof value ry
*icond dofrz *icond dof valuerz
*add_icond nodes

all_existing

*new_icond

*icond_type velocity

*icond dofx *icond dof value x
*icond dofy *icond dof valuey
*icond_dof z *icond dof value z
*icond_dof thx *icond dof value thx
*icond_dof thy *icond dof value thy
*icond dofthz *icond dof value thz
*add_icond nodes

all_existing



*edit_apply

fixedbone
*select_mode and
*select_elements material
bone
*select nodes elements
all selected

*add apply nodes

all _selected

*select_clear

*add nodes
00 -.40417
*new_rbe2
*rbe2 _name
pylon base
*rbe2_ret node
17577
*add rbe2 tied nodes
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17539 17540 17521 17520 17519 17518 17517 17541 17542 17543 17530 17531 17532

17534 17535

17536 17537 17538
all_selected

*rbe2 tied dof'1
*rbe2 tied dof2
*rbe2 tied dof3
*rbe2 tied dof4
*rbe2_tied dof 5
*rbe2_tied dof 6

*edit_apply
GRF_turning

*add apply nodes
17577

all_selected

*set_applys off
*regenerate

*geometry type mech three solid
*geometry option assumedstrn:on
*add_geometry elements
all_existing



*loadcase_type dynamic_transient
*loadcase_value nsteps
20

*job_class mechanical
*element_type 7
all existing

*add job loadcases Icasel

*job_option large:off
*loadcase_type dynamic_transient
*loadcase_option nonpos:on
*loadcase_option initstress:none

*add post_tensor cauchy
*add post_tensor strain
*add post var ecauchy
*add post_var eel strain
*add post var ee_energy

*job_param memory
3000000

*check job

131



132
VITA

Kevin Flick earned a Bachelor of Arts degree in Biology, with a specialization in Marine
Biology from Boston University. In 2005, he earned a Doctor of Philosophy at the
University of Washington in Zoology.

Had it been up to me, the previous two sentences would be all there is to read on this
page. Happily, my wife contributed the following:

Kevin Charles Flick has had many interests in his 35 years that he has pursued with as
much passion as he has pursued science. Among these interests are cycling, backpacking,
whitewater kayaking, endurance mountain biking, rock climbing, cooking and being a
husband and father. Kevin does not approach life tentatively. He pushes himself to limits
that are surpassed only by his spirit.

Kevin has been encouraged by two adoring parents to follow his curiosities and endless
interests. Their support was resolute from the beginning, despite his interests including
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Kevin has studied science in the Netherlands, at Boston University, and the University of
Washington. He has worked at the Veteran's Administration developing prosthetics for
the latter part of his graduate work. Prior to graduate school, he worked at TERC in
Cambridge, Massachusetts, as a research associate developing teacher education
curricula. For the two years prior, Kevin taught science to high school students in New
York City. One year was in a bilingual classroom and the other was an honors biology
and marine biology classroom.



