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ABSTRACT

A robotic device was developed to recreate the physiologic motion and loading
associated with the stance phase of dynamic activities in cadaveric lower extremity
specimens. This device, referred to as the Robotic Dynamic Activity Simulator (RDAS),
represents the newest version of a previous model, the Dynamic Gait Simulator (DGS).
The RDAS simulates muscle function and the motion of the tibia in the sagittal plane
over a time-scaled stance phase event that includes heel-strike and toe-off. The behavior
of the foot and ankle is a result of the forces developed between the plantar surface of the
foot and the force plate, the simulated muscle action and the constrained kinematics of
the proximal tibia. The RDAS offers distinct advantages over the DGS, most notably the
ability to vary simulation kinematic input parameters to optimize simulations for
individual specimens.
To assess the fidelity of the loading environment generated with the RDAS, six
cadaver specimens were evaluated during walking simulations. The sensitivity of these
simulations to the anthropometric characteristics of subjects from which kinematic data
were taken and used as input to drive the device was investigated. Simulations
demonstrated excellent repeatability for ground reaction force (GRF), kinematic, and
tendon force measures. The kinematics of the foot and ankle during walking simulations
were representative of in vivo behavior. The GRF reproduction exhibited improvements
over the DGS for some conditions and was representative of in vivo behavior in the
sagittal plane, but was dependent on the targeted tibial motion and anthropometric
iii

matching between the subjects from whom kinematic input data were derived and the
experimental cadaver specimens.
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CHAPTER 1
INTRODUCTION

The mechanics and physiological processes that produce human locomotion are
most commonly assessed using noninvasive techniques that limit potential risks to
subjects or patients. The complex mechanics of the foot and ankle during dynamic
events often cannot be determined from information provided by these techniques and a
deeper understanding is necessary to effectively diagnose and treat pathologic conditions.
This cannot always be accomplished through ethical experimentation with living subjects
and has prompted several researchers to develop sophisticated cadaver models as an
alternative means of investigation. These models allow researchers to use invasive
techniques to investigate foot and ankle function during dynamic events by recreating
physiological loading conditions within cadaveric specimens, thereby creating an
alternative to exposing living subjects to these procedures.

1.1 Primary Motivation
This document describes the development and characterization of the Robotic
Dynamic Activity Simulator (RDAS), a device that provides a means of investigating
human foot and ankle function during the stance phase of dynamic activities within
cadaver specimens. While the primary objective of this document is to provide a
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comprehensive description of the RDAS, the objectives of each chapter are focused on
particular aspects of developing and operating the device.

1.2 Research Objectives
The overall objective of the work presented was to develop a robotic device that
accurately recreates the loading generated during locomotion within cadaveric lower
extremities and assess the functionality of the completed device. The two specific goals
of this research are:
1. Develop and refine the components and system architecture of the RDAS to
establish a stable electromechanical system that can accurately simulate the
loading environment of the foot and ankle during dynamic events and can be
reliably implemented in biomechanical investigations.
2. Determine the fidelity of the loading environment produced by the RDAS as a
function of the anthropometric match between the experimental cadaver specimen
and the kinematics subject from which input data used to control the simulations
were derived.
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CHAPTER 2
BACKGROUND AND REVIEW OF LITERATURE

2.1 Background
Cadaver experimentation and dissection has been instrumental in achieving our
current understanding of functional anatomy. Over the years, cadaver experiments have
increased in complexity as investigators continually strive to increase the fidelity of their
models and in turn the reliability of their data. The major focus of this work is a further
development and refinement of the Robotic Dynamic Activity Simulator (RDAS), a
device designed to recreate the physiological loading environment of the lower extremity
during dynamic activities. The goal is to provide a more powerful tool for invasive
investigations into foot and ankle function without endangering living subjects.
The fidelity of the simulated environment produced with a device such as the
RDAS determines the transferability of experimental findings to the anatomic system
being modeled. The current configuration of the RDAS has been evolved under an
iterative developmental process aimed at improving the fidelity of the simulated loading
environment. The virtue of the current architecture employed in the RDAS cannot be
fully appreciated without an understanding of previous devices of its kind. This chapter
provides a description of the previous version of the RDAS as well as a review of other
devices presented in the literature.

3

2.2 The Dynamic Gait Simulator
The Dynamic Gait Simulator (DGS), first described by Sharkey and Hamel in
1998, was designed to reproduce lower leg motion as well as the actions of the extrinsic
muscles of the foot in simulations of the stance phase of walking. The RDAS was
intended to increase the experimental fidelity and versatility provided by the DGS
through redesign and architectural enhancements. A photograph of the original DGS is
presented in Figure 2.1.

Figure 2.1: Dynamic Gait Simulator
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The architecture of the DGS in its most advanced form was described in detail by
Hamel (2000) and the overview presented here is based on that description. In the
following sections, the DGS has been conceptually divided into subsystems and each has
been described separately. These subsystems include the system used to reproduce
proximal shank kinematics, the system used to simulate muscle action and the data
acquisition and integration system.

2.2.1 Proximal Shank Kinematics Simulation
Specimens mounted in the DGS were dissected prior to experimentation. During
dissection, skin, muscle and other soft tissues proximal to the malleoli were removed.
The tibia was then fixed to the device with an intermedulary shaft and external cup, each
approximately one and one half inches long, as shown in Figure 2.2. The cup was filled
with polymethylmethacrylate (PMMA) to establish a rigid interface between the bone
and the fixator. The proximal end of the fixator was designed to interface with the
surrogate proximal tibial shaft of the DGS so that axial rotation was the only
unconstrained degree of freedom.
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Figure 2.2: Tibial shaft fixator for interfacing with DGS shaft

The surrogate proximal shaft that the cadaver tibia fixator was mounted to was
part of a carriage mechanism that is shown in Figure 2.1. A servo motor moved this
mechanism along an axis that was aligned with the direction of progression while a cam
follower mechanism constrained vertical translation. The shape of the cam in this
mechanism was established from sagittal plane kinematics of a living subject walking in
a gait lab with markers mounted to the proximal tibia. A bearing assembly mounted in
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line with the follower allowed the entire carriage to freely rotate in the sagittal plane with
respect to the simulator frame.
Walking simulations within the DGS began with the heel of the specimen in
contact with a force plate incorporated into the base of the apparatus. During a
simulation the carriage was driven in the direction of progression. Technical limitations
required kinematic timing (velocities and accelerations) to be reduced, but appropriately
scaled to those occurring during normal gait. The cam follower mechanism constrained
the appropriate vertical translation of the proximal shank in relation to the horizontal
progression. The forces generated between the foot and the force plate caused the
proximal shank to freely rotate in the sagittal and transverse planes as the simulation
progressed to terminal stance phase.

2.2.2 Muscle Force Simulation
The DGS included simulation of six muscles or muscle groups (Table 2.1).
During dissection, prior to mounting the specimen in the DGS, the muscle tissues of each
musculotendinous unit were carefully removed from their respective insertional tendons.
The tendons were then interfaced to the DGS using the cryogenic clamping techniques of
Sharkey et al. (1995b). The freeze clamps were in turn attached to cables that were
routed around pulleys and anchored to load cells mounted on the end effectors of stepper
motor driven actuators. The six actuators were mounted to the translating carriage
described in the previous section.
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Table 2.1: Muscle groups simulated in the DGS (Adapted from Hamel,
2000)
Group Name
TS
TA
TP
FHL
FDL
PER

Muscles Included
Gastrocnemius, Soleus
Tibialis Anterior, Extensor Digitorum Longus, Extensor
Hallucis Longus, Peroneus Tertius
Tibialis Posterior
Flexor Hallucis Longus
Flexor Digitorum Longus
Peroneus Longus, Peroneus Brevis

The actuators used to simulate muscle activity in the DGS were force feedback
controlled to target forces at successive intervals throughout stance phase simulations
(Sharkey and Hamel, 1998; Hamel, 2000). Hamel (2000) presented the model used to
determine the incremental target forces in each muscle group throughout stance. An
overview of this model is presented here.
Muscle forces targeted within the DGS were calculated under the assumption that
muscle force generation is a linear function of electromyographic (EMG) measures of
muscle activity and physiologic cross sectional area (PCSA). EMG profiles for each of
the muscles in Table 2.1 during stance phase were taken from Perry (1992) and
normalized to the maximum voltage of the individual profile during stance phase.
Friederich and Brand (1990) summarized the results of Wickiewicz et al. (1983) and
Weber (1846) and reported their own findings of PCSA of the extrinsic muscles of the
lower leg. The results of all of these studies were averaged to establish the aggregate
PCSA for each muscle in the second column of Table 2.1. These values were added to
establish the PCSA of the group using Equation 2.1.
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PCSA Group = ∑i=1 PCSAi th muscle
n

( 2.1 )

The fraction of a group's PCSA that each muscle constituted was assumed to be
equal to the fraction that muscle contributed to the total force generated by the group.
Similarly, each group’s force generating capacity was assumed to be proportional to the
ratio of each group’s PCSA to that of the TS group. The overall activity of each muscle
group was calculated as a weighted sum of the activity of the individual muscles by
multiplying the normalized EMG profiles for the individual muscles by the percentage of
the group PCSA that the muscles constituted as shown in Equation 2.2.
ActGroup = ∑i=1
n

PCSAi th muscle
* EMGi th muscle
PCSA Group

( 2.2 )

Using data from Perry (1992), the highest percent maximum voluntary
contraction (%MVC) reached during stance phase for each muscle group was calculated
from Percent Manual Muscle Test (%MMT) for each muscle using the PCSA weighting
approach described above. The forces used to control the DGS were calculated using
Equation 2.3 at 240 instances of stance. The variable Fmax was prescribed by the DGS
operator and represents the expected maximum force generating capacity of the TS
muscle group. The value of this force was manipulated so that the vertical ground
reaction force magnitude during the second half of the simulated stance phase matched
that collected from the live subject while recording the lower extremity kinematics used
to design the cam system.
FGroup (t) = ActGroup (t) * Fmax * MAX(%MVC)Group *

PCSAGroup
PCSATS−Group

( 2.3 )
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The force arrays established using Equation 2.3 were converted to voltages based
on the load cell calibration factors for each muscle group. These voltages corresponded
to the desired or requested forces and were written to analog channels at regular, time
scaled intervals of stance phase. Each muscle group was controlled by an individual
PIC16F876 microcontroller (Microchip Technology, Inc., Chandler, AZ, USA). The
PICs were programmed to first read the requested voltage, the voltage representing the
present force in the load cell and a deadband voltage. The deadband voltage was used to
establish the upper and lower limits of an acceptable force region around the requested
force by adding and subtracting this voltage to the requested voltage. Each PIC then
compared the present force voltage with the acceptable region and wrote values to two
TTL digital output pins. These two pins were wired to the run and direction inputs on the
individual stepper motor drives. The motors performed one of three activities depending
on the levels of the two TTL outputs from the PICs. In the case that the present force was
within the acceptable region the run pin was set to the stop voltage, and the motor did not
run in either direction, regardless of the voltage on the direction pin. In the case the
present voltage corresponded to a force that was higher than the upper limit of the
acceptable region, the motor was set to run in the direction that extended the end effecter
resulting in a reduction in the tendon force. In the case the present force was too low, the
motor was set to run in the direction that retracted the end effecter resulting in an increase
in the tendon force.
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2.2.3 System Integration and Data Acquisition
The control of the DGS subsystems and data collection were achieved with a
personal computer (Pentium III processor, 500 MHz) equipped with a PCI-MIO-16-XE10 multifunction Data Acquisition board that was interfaced to a 12 slot SCXI chassis
with four SCXI-1121 4 channel isolated excitation and amplification modules and a 6
channel analog output module (National Instruments, Austin, TX).
Software was custom written for running the DGS using LabWindows/CVI
(National Instruments, Austin, TX). An extensive graphical user interface (GUI) was
developed to allow efficient operation of the DGS using the same programming
environment. This software contained load cell and force plate calibration coefficients
that were used to provide the operator with information about the current state of the
system in physical units through numerical and graphical elements in the GUI. The
software also coordinated the kinematics and muscle forces throughout simulations and
ensured subsystem synchronization. Functions within the software controlled data
collection during simulations. The collected data was both saved into files and presented
graphically within the GUI for immediate review after a simulation. The control software
was designed to allow users to easily interface to other hardware by providing triggering
signals that could be enabled when needed. A picture of the load cell calibration section
of the GUI is presented in Figure 2.3.
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Figure 2.3: Load cell calibration pane within the graphical user interface of the DGS
control software

2.2.4 Applications and Implementation
The DGS was capable of recreating the physiological loading environment
associated with walking within cadaver feet to an extent that had not been possible prior
to its conception. Sharkey and Hamel (1998) quantified many parameters that described
12

the loading environment within the DGS and compared it to in vivo measures in their
introduction of the device. These comparisons revealed the high fidelity of the loading
environment created in the DGS. The DGS was integral in completing numerous
investigations into foot and ankle mechanics because of the high fidelity simulations
created using the device. Brief summaries of these studies are presented here.
Hamel et al. (2004) investigated the internal kinematics of the tibia, talus and
calcaneus using the DGS. In this study reflective marker clusters were mounted to
intracortical bone pins in the tibia, talus and calcaneus of eight cadaver specimens.
Photogrammetry techniques and data reduction were employed to measure the relative 3dimensional kinematics of the instrumented bones during simulations of the stance phase
of normal walking.
The DGS was used to investigate bone strain and related issues during the stance
phase of walking in several studies. Donahue et al. (2000) examined the effect of cyclic
loading on microcrack density in the second and fifth metatarsals to gain a better
understanding of stress fractures and found the strain in the second metatarsal to be
greater than in the fifth metatarsal but the microcrack density measures in the two bones
did not follow the same trends. Donahue and Sharkey (1999) investigated the effect of
muscle fatigue and plantar fascia release on strain in the second and fifth metatarsals and
found that both conditions increased the peak strain in the second metatarsal and
decreased the peak strain in the fifth metatarsal during stance phase. Peterman et al.
(2001) investigated the relationship between bone maintenance and decreased bone strain
in microgravity using the DGS. These researchers found the magnitude of external
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loading to be linearly related to the magnitude of bone strain. Milgrom et al. (2004)
investigated minimally invasive staple devices for measuring bone strain in vivo. In this
study bone strain measures were taken simultaneously with the staple devices and strain
gauges mounted to the surface of the tibiae of cadaver specimens throughout stance phase
simulations in the DGS.
Hamel et al. (2001) investigated the role of the toe flexors and the plantar fascia
in achieving proper force sharing in the forefoot during late stance phase of normal
walking using the DGS. These investigators demonstrated the importance of the plantar
fascia in transferring load to the forefoot and the changes that occur in pressure
distribution after a complete fasciotomy.
Michelson et al. (2002) investigated ankle stability during stance phase loading
after ankle trauma by inducing fractures and ligament ruptures within cadaver specimens
before simulating walking using the DGS. These researchers found significant changes
in talar kinematics for several pathologic conditions. Michelson et al. (2004) investigated
subtalar joint kinematics using the same techniques of their previous study and found that
lateral ankle instability did not significantly alter the normal kinematics but medial injury
had a significant effect.
Sharkey and Hamel (2000) used the DGS to show that restricted ankle mobility,
common to diabetic patients, can contribute to increased risk of forefoot plantar
ulceration from increased forefoot loading in early stance phase.
Erdemir et al. (2003) investigated measuring forces in tendons using fiber optic
cable. This method was based on the premise that the light transmitted through a fiber
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optic cable passed through a tendon perpendicular to the physiologic load bearing axis of
the tendon varies as a function of the force that is applied to the tendon. These authors
found the excursion of the tendon relative to the skin adversely affects the accuracy of
this measurement technique. In a later study, Erdemir et al. (2004) used this technique to
investigate the loading in the plantar fascia during walking simulations in the DGS. The
limitations of the technique identified in the aforementioned study were alleviated by
removing superficial soft tissues at the sight of investigation. These authors found the
tension in the plantar fascia to be well correlated to the tension in the Achilles tendon (r =
0.76) with a peak of 96% +/- 36% bodyweight occurring in late stance.

2.2.5 Performance and Limitations
Despite the success of the DGS as a research tool, the fidelity and utility of the
simulated loading environment was limited by oversimplifications incorporated into the
design of the DGS. For example, the motion of the knee joint in the original DGS was
recreated with a cam profile that was machined into plates, which made modifications to
the prescribed knee motion arduous and expensive. This lack of flexibility reduced
simulation fidelity and made it difficult to study specimens of varying dimensions.
In a living person, tissues that cross the knee generate a moment that counteract
the moments induced by ground contact, so that the joint does not freely rotate. Rotation
of the simulated knee joint in the DGS had no such constraint, therefore reducing the
overall fidelity of the model. In particular, the minima in vertical ground reaction force
that occurs in midstance was consistently lower than that measured in live subjects.
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Simulations within the DGS could not encompass the entire stance phase event.
The unconstrained rotation of the surrogate knee necessitated starting simulations with
the heel resting on the force platform. Similarly, simulations terminated with the toes and
forefoot resting on the force plate. These aspects of the DGS detracted from the overall
utility of the model for investigating the entire stance phase.

2.3 Literature Review of Foot and Ankle Cadaver Simulation
Other dynamic cadaver models of the stance phase of walking have been
presented in the literature. The following is intended to introduce the range of
methodologies employed to achieve similar goals in this area of research. There has also
been a plethora of studies that have implemented static cadaver models of the foot and
ankle. While these models have provided valuable information to the research and
healthcare communities, a review of this type of model is not included here.

2.3.1 Quasi-static Cadaver Models
Sharkey et al. (1995a) investigated the strain in the second metatarsal during two
instances of stance phase using a quasi-static model. This model included the simulated
action of the triceps surae, the flexor digitorum longus, flexor hallucis longus, peroneus
brevis, peroneus longus and the tibialis posterior muscles. The tibia and fibula were fixed
in two different sagittal plane angles that corresponded to midstance and late stance. The
forefoot contacted a force plate and the plantar flexors were loaded to achieve a ground
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reaction force of 750 Newtons. The model was used in this study to identify the effects
of extrinsic muscle dysfunction on strain in the second metatarsal. The findings indicate
that the action of the flexor hallucis longus reduces the dorsal strain in the second
metatarsal and the flexor digitorum longus reduces the plantar dorsal bending. This
model was also used to identify the effect of plantar flexors on the plantar pressures on
the forefoot. Ferris et al. (1995) found the plantar pressures on the forefoot increased
with decreasing toe flexor activity. This same model was implemented in a two part
study of the effect of plantar fascia release on internal biomechanics (Sharkey et al.,
1998; Sharkey et al., 1999). In the first part of the series, Sharkey et al. (1998) showed
there are changes in the conformation of the longitudinal arch of the foot following
plantar fascia release. In the subsequent study, Sharkey et al. (1999) showed that
releasing the plantar fascia significantly increased plantar pressures under the metatarsal
heads and increased the strain in the second metatarsal.
Reeck et al. (1998) presented an investigation into talus loading using an
enhanced version of a previously implemented static model (Sangeorzan et al., 1992;
Wagner et al., 1992). In this model, forces were independently applied to eight extrinsic
tendons as well as the tibial shaft using pneumatic actuators. The tibia and fibula were
joined at the most proximal end of the specimen with a plate that allowed measuring and
adjusting the distribution of axial load between the two bones. Muscle forces at instances
of stance were calculated using PCSA and EMG data taken from the literature. Loading
in the tendons and tibia was restricted to a third of the expected physiologic values due to
tendon clamp slipping. During experimentation the plantar surface of the foot rested on a
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force platform and the tibia was positioned at different sagittal plane rotations. Pressure
sensitive film was inserted into the subtalar and the talonavicular joints prior to loading
the tibia, fibula and muscles. Each trial lasted 32 – 83 seconds depending on the tibia
angle and internal joint pressures were measured after a static equilibrium was reached.
Hansen et al. (2001) presented a quasi-static cadaver model of the foot and ankle
that included the simulation of four muscle groups. Muscle activity was simulated by
applying constant forces to the peroneus brevis and peroneus longus tendons and
dynamic loads to the achilles and tibialis posterior tendons. These researchers controlled
the actuators connected to the achilles and tibialis posterior tendons by targeting forces
within these tendons to achieve kinematics of the calcaneus that had been predetermined
through in vivo gait studies. Specimens used in this model included extrinsic tendons and
the tibia and fibula 2 inches proximal of the malleolar line. The tibia and fibula were
fixed in an orientation that matched that of 40% of the gait cycle in vivo. Three actuators,
aligned orthogonally to one another, were used to develop the three orthogonal
components of the GRFs equivalent to those measured in vivo at 40% of the gait cycle.
These researchers found the tibialis posterior muscle force necessary to maintain
equilibrium was between 500 and 600 Newtons when simulating 50 % body weight.
This is substantially greater than the 60 -70 Newtons forces used in the DGS at the same
instant of stance phase for the same muscle while simulating 100% bodyweight.
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2.3.2 Dynamic Cadaver Models
Kim et al. (2001) presented a dynamic model of the stance phase of walking that
included the simulation of six muscle groups. The simulated muscle forces were
calculated from a linear function of EMG data scaled by PCSA. The entire stance phase
was modeled and specimens were prepared in a similar way to those mounted in the
DGS. The angular motion of the tibia in the sagittal plane was prescribed using a four
bar mechanism that was driven at a constant angular rate of 3 degrees per second for a
total of 60 degrees of rotation. The plantar surface of the foot was held in contact with a
force plate that was mounted on a linear bearing mechanism during simulations. The
force plate translated as the tibia was driven through the sagittal plane rotation and
resistance was applied to achieve prescribed anterior-posterior GRFs. The axial load in
the tibia was regulated by an actuator that translated muscle actuators on a carriage in the
vertical direction. This device was capable of recreating trends of GRFs and kinematics
of the foot and ankle complex reliably in initial testing but the vertical GRFs were limited
to 40% of their expected physiologic values to preserve specimen integrity. The loads
applied to the tendons were not published explicitly but the ranges of all actuators were
reported to be between 10 and 100 N/cm2 of PCSA.
This model was used to investigate individual muscle contributions to the position
of the center of pressure (COP) at several instances of stance phase (Kim et al., 2003). In
this study the tibia was positioned in seven static sagittal plane rotations. Once the tibia
angle was fixed, a sinusoidal force with a maximum magnitude of 45 Newtons was
applied to the six tendon groups independently. The COP deviations during each
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condition were monitored and the results illustrated linear deviation of the COP in
different directions when forces were applied to the various muscle groups.
Hurschler et al. (2003) and Wulker et al. (2003) introduced and implemented a
dynamic model in a two part series. The model included seven muscle groups and
muscle forces were simulated by targeting predetermined forces based on EMG and
PCSA. The kinematics were simulated by moving the ground surface to recreate ankle
flexion and extension. The ground reaction force was generated using an actuator that
forced the ground plate into the plantar surface of the foot. An actuator was implemented
to constrain tibia rotation about its own long axis. Using this model, simulations of the
entire stance phase required 60 seconds to complete. Hurschler et al. (2003) validated the
model by comparing plantar pressures, GRFs, and foot kinematics to in vivo measures
and though the loads applied to the specimen followed physiologic trends the magnitudes
were reduced by one half.
In the second part of the series, Wulker et al. (2003) used the model to investigate
the effects of tibialis anterior muscle dysfunction. In this study stance phase simulations
were conducted with normal tibialis anterior function and no tibialis anterior function.
Various amounts of compensation were also investigated by conducting simulations
without tibialis anterior function but higher than normal forces in the other extensor
tendons. This study illustrated changes in the COP path, kinematics and plantar pressures
in the presence of a dysfunctional tibialis anterior muscle. Compensating for the loss of
tibialis function by increasing the forces in the other extensor tendons was effective at
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reducing some of the changes brought on by the dysfunction but did not eliminate them
completely.
Ward et al. (2003) investigated plantar fascia function using a model later
implemented by Liu et al. (2004) in an investigation of the kinematics of fourteen bones
of the foot. This model included the simulation of eight individual muscles. The tendons
of these muscles were attached to force transducers that were connected to actuators. The
control of the forces in the tendons was based on targeting physiologic loading derived
from EMG and PCSA data presented in the literature. A stationary motor pulled a rolling
carriage in the direction of progression along a track. The rolling carriage housed the
muscle actuators and a pneumatic actuator that applied an axial load to the tibia. During
a simulation the carriage was pulled along the track at a predetermined velocity. Once
the foot was in the correct position over the force plate, the pneumatic actuator attached
to the tibia was activated. This actuator applied a constant force to the tibia and rotated
on a simulated knee joint in the sagittal plane while the muscle actuators targeted
successive, predetermined forces throughout the simulation. Simulations of stance phase
in this device lasted between 0.6 and 1.2 seconds and were closer in duration to in vivo
stance phase than any other model found in the literature. The fidelity of the simulated
environment was assessed using kinematics and GRFs but the results of this assessment
were only reported qualitatively.
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2.4 Literature Summary and Limitations
The previous sections illustrate the experimental approaches that have been used
to study the dynamic loading environment of the foot and ankle complex in cadaver
specimens. These models have provided valuable information about foot and ankle
function by allowing researchers to conduct invasive investigations not possible in live
subjects.
The models explored in this chapter have several inherent limitations. All were
designed to recreate the loading associated with walking over level ground. This is the
most common form of locomotion but a complete understanding of foot and ankle
mechanics cannot be achieved without investigating other activities such as running,
jumping and walking on slanted or uneven surfaces. The model presented in the
following chapters was intended to fill intellectual gaps by allowing researchers to
simulate a variety of events within the same cadaver specimen with a single device.
The use of EMG and PSCA to predict muscle forces is common to most of the
models reviewed above. This approach has proven to be a good first order approximation
but has been criticized as simplistic because of the dependence of a muscle’s force
generating capacity on contraction velocity and length. In addition, all of the models
couple multiple tendons and apply loads to groups of tendons. Introducing a more
sophisticated muscle model into dynamic simulations and applying forces to individual
tendons should increase the precision of the simulated loading environment.
Many of the modeling approaches presented in this chapter loaded cadaver
specimens to a fraction of the forces that have been observed in living subjects. In
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addition, most of these models simulate dynamic activities more slowly than they occur
in living subjects. These deficiencies introduce artifacts into the biomechanical behavior
of the tissues that detract from the fidelity of the simulated environment.
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CHAPTER 3
ROBOTIC DYNAMIC ACTIVITY SIMULATOR DEVELOPMENT

3.1 Introduction
The original design implemented in the RDAS was first presented by Hamel in
2000. This design was subsequently refined and construction of the device began in 2002
at the Center for Locomotion Studies, now integrated into the Biomechanics Laboratory
within the department of Kinesiology. The work described here was initiated in the
summer of 2002 and built upon work performed by Dr. Hamel prior to his departure.
This chapter describes the architecture and development of the RDAS. The
description has been organized by subsystem within the RDAS. The RDAS consists of
three main subsystems that serve functions similar to those required by the DGS. These
subsystems are comprised of the instrumentation that reproduces proximal shank
kinematics, the instrumentation that simulates muscle action and the data acquisition and
integration system. Several hardware and software components originally used in the
DGS have been incorporated into the RDAS, but system architecture has been
extensively modified. These changes and the motivation for making them are described
here as well. The architecture implemented in the RDAS is represented in the block
diagram shown in Figure 3.1.
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Figure 3.1: Block diagram of RDAS architecture.

3.2 Proximal Shank Kinematics Simulation
Deficiencies in the proximal shank kinematics simulation within the DGS were
addressed in the design of the RDAS. The architecture implemented in the RDAS
includes a system of three linear actuators to simulate sagittal plane motion of the lower
leg during stance phase. This architecture is represented schematically in Figure 3.2.
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Figure 3.2: Proximal shank kinematics simulation architecture
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The actuators have been named based on their line of action within a right-handed
Cartesian coordinate system that has been aligned with the force plate (model OR6-71000-CE, Advanced Mechanical Technology, Inc, Watertown, MA, USA) of the RDAS
in accordance with Wu and Cavanagh (1995). This coordinate system is oriented with
the positive x-axis pointing in the direction of progression, the positive y-axis
perpendicular to the plane of the surface of the force plate and pointing upward, and the
z-axis orthogonal to x and y in a right-handed coordinate system.
Following this convention, the “X” actuator (model R4S42V-151B-36-PR-ASEEMK, Industrial Devices Corporation, Salem, NH, USA) generates motion parallel to the
plane of the force plate and in the direction of progression during a walking simulation.
The “Y1” and “Y2” actuators ((x2) model R4S42V-201B-18-PR-ASE-EMK, Industrial
Devices Corporation, Salem, NH, USA) generate vertical motion perpendicular to the
plane of the force plate. These actuators are mounted on a carriage that translates along
the x-axis on linear bearings. The Y1 actuator is positioned anterior to the Y2 actuator
with respect to a mounted specimen. The housing of the X actuator is rigidly fastened to
the RDAS frame and the carriage is coupled to the housings of the vertical actuators. The
X actuator moves both vertical actuators along the x-axis. A schematic of this mounting
configuration is shown in Figure 3.3.
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Figure 3.3: Actuator alignment within RDAS
The three actuators are controlled with a motion control board (Flex Motion PCI
7344 Motion Control Board, National Instruments, Austin TX, USA) that is installed in
the main control computer. This device is software configurable and is programmed
during testing using the RDAS control software. The motion control board is connected
to an interface device (Universal Motion Interface 7764, National Instruments, Austin,
TX, USA) that facilitates wiring the control and feedback signals for the three actuators.
The control signals from this device are connected to three separate stepper motor drives
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(NextStepTM, Industrial Devices Corporation, Salem, NH, USA). Each of these drives
supplies power to one of the actuators.
The three actuators used in the kinematics subsystem each consist of a stepper
motor that is coupled to a lead screw with a belt. The lead screw is coupled to a carriage
and enclosed within the actuator housing. The actuator carriage translates with respect to
the actuator housing a distance that is proportional to the thread pitch and rotation of the
lead screw.
The tibia manipulator is the mechanism that interfaces with the cadaver tibia and
secures it in the device (Figure 3.3). The Y1 and Y2 actuators of the RDAS are coupled
to the tibia manipulator as shown in Figure 3.3. The tibia manipulator translates
vertically and rotates in the sagittal plane in response to action of the Y1 and Y2
actuators. The carriage of the Y1 actuator is coupled to the tibia manipulator with a
rotational bearing while the Y2 actuator coupling includes both rotational and linear
bearings. The rotational bearings articulate about axes that are parallel to each other and
perpendicular to the sagittal plane of the specimen (parallel to the z-axis). The translation
axis of the linear bearings connected to the Y2 actuator rotates in the sagittal plane when
the two vertical actuators move differentially.

3.2.1 Motion Control Strategy
The control implemented in the kinematics subsystem of the RDAS is based on
recreating the motion of a living subject’s lower leg during the stance phase of a dynamic
activity. This is accomplished by moving each of the three kinematic actuators to
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predetermined positions at regular time intervals. The lower leg kinematics recreated in
the RDAS have been previously collected from living subjects using stereo
photogrammetry and are described in detail in Section 3.2.6. The subjects whose
kinematic data were used to establish the control for the RDAS are referred to as
kinematics subjects. Although the work has not yet been published, Hamel developed the
mathematics used to establish the arrays of position data for each of the kinematic
actuators necessary to recreate the shank motion of living subjects. An overview of this
formulation is presented here.
The control methodology implemented in the RDAS is based on in vivo, sagittal
plane motion of the fibular head and the lateral malleolus. The stance phase of the gait
cycle was identified from force plate data that was recorded concurrently with the
kinematics. Data sets were normalized to percent of stance phase and interpolated to
achieve standardized data sets with a regular sampling frequency. At each interval,
vector addition was used to identify the vector extending from the lateral malleolus to the
fibular head in the sagittal plane. The angle this vector made with a vector perpendicular
to the surface of the ground is referred to as shank angle (θ in Figure 3.4) and was
recorded for every time step.
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Figure 3.4: Tibia manipulator rotated in sagittal plane with important dimensions
highlighted
As a part of the formulation of the motion control for the RDAS, a point was
specified on the tibia manipulator that is referred to as “point F”. This point lies a fixed
distance from the axis of the rotational bearing connecting the Y1 actuator to the tibia
manipulator. Point F is also in line with the tibial shaft at the level of the linear bearing
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translation axis that connects the Y2 actuator to the tibia manipulator and is shown in red
in Figure 3.3, Figure 3.4 and Figure 3.5.
The arrays of shank angle, horizontal and vertical position of each kinematics
subject’s fibular head were used with the known geometry of the RDAS to calculate the
necessary position of each of the three kinematics actuators to position point F while
constraining the sagittal plane rotation of the surrogate tibial shaft. The important
geometrical properties of the tibia manipulator have been described in Table 3.1 as well
as presented graphically in Figure 3.5.
Table 3.1: Descriptions of pertinent geometrical properties of the tibia manipulator
Dimension
X offset
Y offset
r
Hypotenuse1

Description
Distance from long axis of surrogate tibia to Y1 actuator
bearing axis along the Xtm axis
Distance from point F along Ytm axis
Distance between the bearing axes that couple the Y1 and
Y2 actuators to the tibia manipulator
Sagittal plane distance from point F to Y1 bearing axis
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Figure 3.5: Geometry of tibia manipulator used to calculate actuator position arrays
It is extremely difficult to exactly match the length of a mounted cadaver
specimen with the shank length of the kinematic subject. This would necessitate a means
of lengthening and shortening the surrogate tibial shaft that was not incorporated in the
design of the RDAS. Therefore, a user-defined shank length compensation was included
in the calculation of actuator positions (δ in Figure 3.5).
The program developed to calculate the positions of the kinematics actuators first
calculates the length of Hypotenuse_1 using Equation 3.1.
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Hypoentuse_1 = Yoffset 2 + Xoffset 2

( 3.1 )

The angle β is then defined using Equation 3.2.
⎛ Yoffset ⎞
β = tan −1 ⎜
⎟
⎝ Xoffset ⎠

( 3.2 )

Using the results of Equations 3.1 and 3.2, the following series of equations are
evaluated at every time step to determine the necessary positions of the Y1 and Y2
actuators. The shank angle and fibular head positions from the input files are used with
the length compensation to define the position of point F in the simulator reference frame
using Equations 3.3 and 3.4.
X F (i) = X Fib (i) − δ * sin(θ(i))

( 3.3 )

YF (i) = YFib (i) − δ * cos(θ(i))

( 3.4 )

The position of the rotation axes of the bearing on the Y1 actuator is then
calculated using Equations 3.5 and 3.6. The subtraction in Equation 3.5 is a consequence
of the sign convention maintained in the motion control hardware in the RDAS.
Unfortunately, the progression in the positive direction in the RDAS reference frame
results from driving the X actuator in its negative direction.
X Y1 (i) = X F (i) − Hypotenuse_1 * cos(θ(i) + β)

( 3.5 )

YY1 (i) = YF (i) + Hypotenuse_1 * sin(θ(i) + β)

( 3.6 )

The magnitude of length L is determined using Equation 3.7.
L(i) =

r
+ Yoffset * tan(θ(i))
cos(θ(i))

( 3.7 )
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The magnitude of the angle α is determined using Equation 3.8.
⎛ Yoffset ⎞
⎟⎟
α(i) = tan −1 ⎜⎜
⎝ L(i) ⎠

( 3.8 )

The difference in the height of the Y1 and Y2 actuators in the RDAS coordinate
frame, distance d, is found using Equation 3.9.
d(i) = r * tan (θ(i) + α(i) )

( 3.9 )

The position of the rotational bearing’s axis that couples the Y2 actuator to the
tibia manipulator is found using Equations 3.10 and 3.11.
X Y2 (i) = X Y1 (i) + r

(3.10)

YY2 (i) = YY1 (i) − d

(3.11)

Since the coupling between the Y1 actuator and the X actuator is rigid, translation
of the X actuator results in the same motion of the rotational bearing axis on the Y1
actuator in the X direction. Therefore the target translations for the X actuator are the x
positions of the Y1 actuator established with Equation 3.5.
The consequences of not including tibial length compensation would be that
specimens shorter than the kinematic subject’s shank would never touch the force plate
and specimens, longer than the kinematic subject’s shank would be overloaded and likely
damaged. The compensation for differences in the kinematic subject’s shank length and
the mounted specimen’s shank length results in point F following the trajectory of a point
that is displaced along the shank vector from the fibular head by the compensation length
at each time step. This is represented graphically in Figure 3.6.
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Figure 3.6: Shank length mismatch compensation in RDAS control; Point F is controlled
to traverse the path in red with the subject’s motion presented in green for the case that
the mounted specimen was 50mm shorter than the subject’s shank; Blue lines have been
drawn at regular time intervals and represent the 50mm compensation.
The control of the RDAS kinematic actuators during individual trials is referred to
as open loop. In this type of control, commands are sent to the stepper drive to make the
actuator take a step or a series of steps. Alternatively, closed loop control includes
collecting feedback from sensors to assess the state of the system in relation to the
desired state. The difference between the actual and desired states of the system is used
by the controller to establish the appropriate input to the actuator to correct error. This
type of control is generally regarded as superior to open loop control in positioning
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repeatability and consistency. In the RDAS, the motion control board can be configured
for closed loop control of stepper motors. However, unlike servo control, where the error
between the actual and desired position is assessed and corrected continuously, the error
in closed loop control of stepper motors using the NI motion control board is only
assessed once, after the entire move has been completed. This error is subsequently
corrected in a single move (National Instruments Corporation, 2005). The demands
placed on the actuators within the RDAS do not approach the upper limits of their
performance in simulations lasting 6 seconds or longer and there has been no indication
that the actuators are not performing as desired. Since implementing closed loop control
of the kinematics actuators in the RDAS would not result in more consistent or higher
fidelity recreation of the proximal shank kinematics, it was not explored in detail or
implemented in the RDAS. The fidelity of the kinematic reproduction is determined in
the present work.
Experimentation with the RDAS includes an iterative adjustment of the shank
length compensation until the desired vertical ground reaction force is achieved. This
iterative approach results in an ad hoc closed loop architecture where the RDAS operator
acts as part of the controller by adjusting the control input for the next trial based on the
performance in the previous trial.

3.2.2 Simulation Velocities, Accelerations and Durations
The motion control board used to control the RDAS has operational features that
were carefully considered when developing the control architecture. We chose to
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recreate shank kinematics using buffered contour motion control, one of several types of
control that are available when using the motion control board. In this type of control,
arrays of target positions are written to buffers on the motion control board. When the
contour move is initiated, the actuators are driven at regular time intervals to each of the
positions within the buffered arrays. This type of control has been implemented with
stepper motors in an open-loop architecture as described in the previous section. When
using buffered moves, the length of time it takes to complete the move is equal to the
time between positions multiplied by the total number of intervals. The number of
intervals is one less than the number of data points written to the buffer on the motion
control board. The motion control board user’s manual that was current at the time of
this development states that the interval between successive points in a buffered contour
move must be a multiple of a software configurable variable called ‘PID rate’ (National
Instruments Corporation, 2001). This manual also stipulates the ranges of acceptable
intervals to be those given in Table 3.2.
Table 3.2: PID rate and interval ranges (National Instruments Corporation, 2001)
PID rate (µs)
62.5
125
187.5
250
312.5
375
437.5
500

Minimum Interval (ms)
10.0
10.0
10.125
10.0
10.0
10.125
10.0625
10.0

Maximum Interval (ms)
11.3125
22.625
33.9375
45.25
56.5625
67.875
79.1875
90.5
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The duration of the stance phase of walking depends on walking velocity in living
people (Perry, 1992). In addition, the linear and angular velocities of the proximal shank
change dramatically over the course of a single step. The RDAS control is based on the
assumption that stance phase of normal walking lasts 0.6 seconds to simplify
programming of the control software. Seventy eight trials of normal walking at a self
selected normal pace from 23 healthy subjects had a mean stance phase of 0.64 seconds
with a standard deviation of 0.04 seconds. The kinematic data used to control the RDAS
originally included position arrays of 42 elements, which were subsequently extended to
61 to simplify input data handling. When the arrays of 61 data points were used with the
maximum interval in Table 3.2 of 0.0905 seconds, the maximum simulation duration was
5.4 seconds (= 60 intervals * 0.0905 seconds).
Limitations of the actuators and the control architecture implemented in the
muscle action subsystem of the RDAS requires that walking stance phase simulations last
at least nine seconds and simulations often last as long as eighteen seconds. Therefore,
the maximum simulation time of 5.4 seconds was insufficient and linear interpolation
was used to increase the position arrays to 241 elements. These arrays were sufficient to
control simulations as long as 21.7 seconds.
The loading on the X actuator caused by accelerating the mass of the Y1 and Y2
actuators was investigated by calculating the acceleration of the X actuator in the anterior
direction during a typical simulation. This was done by taking the second order
derivative of the X actuator displacement with respect to time over the entire trial. This
investigation revealed a discontinuity in the second order derivative in the linearly
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interpolated data, which manifested itself as spikes of acceleration between regions of
zero acceleration, as shown in blue in Figure 3.7. The acceleration is proportional to the
force acting on the actuator and the spikes in the force may have contributed to
undesirable vibration in the RDAS frame. These findings prompted replacing the linear
interpolation with a cubic spline interpolation method that reduced the spikes in the
requested acceleration (Figure 3.7). The cubic spline interpolation method used to
establish the 241 element arrays was conducted using MATLAB.

Figure 3.7: X actuator velocity and acceleration during a stance phase simulation using
linear interpolation (blue) and cubic spline interpolation (red)
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The duration of stance phase simulations within the RDAS can be selected by the
RDAS operator to be a multiple of 3 seconds between 3 and 18 seconds (i.e. 3, 6, 9,…)
however, the hardware implemented in the RDAS has only been tested in simulations of
9 seconds and greater because of the deficiencies in muscle simulation hardware. In
addition to scaling the duration of stance phase, the architecture scales the linear and
angular velocities and accelerations of the proximal shank.

3.2.3 Home and Limit Switches
The target positions used to control each kinematic actuator are represented as
displacements from its starting position. Therefore, the target positions are only accurate
if the kinematic actuators are positioned properly prior to starting a simulation. In order
to provide a means of establishing this initial position accurately, home switches were
implemented on each of the three kinematic actuators.
Roller-rocker switches were originally used for this purpose, but due to
inconsistent performance were replaced with optical switches. The optical switches
consist of a light emitter and a collector. The state of a switch changes when the light
from the emitter is blocked from the collector. In the RDAS, the optical switches were
attached to each actuator’s housing and a blade for activating the switches was attached
to each actuator carriage, as shown in Figure 3.8. The motion control board and the
programming tools provided with NIMotion (National Instruments, Austin, TX, USA)
were equipped with standard components for implementing these switches. Homing
routines were developed in the RDAS control software that allow the user to select the
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initial search direction and to bring single or multiple actuators to their home positions
simultaneously. The initial search direction is the direction the actuator moves first to
find the home switch.

Home Switch

Activating blade

Figure 3.8: Optical switches and activating blade on the X axis kinematic actuator of the
RDAS
The home switches on the Y1 and Y2 actuators were attached so that these
actuators positioned the surrogate tibial shaft perpendicular to the plane of the force plate,
with point F on the tibia manipulator 500 mm above the force plate. These positions
provide comfortable working room between the plantar surface of a specimen and the
force plate. The shank angle corresponds to a zero shank angle in the input files. The
placement of the X actuator home switch is described in Section 3.2.5.
In addition to the home switches, two optical switches were implemented to limit
the travel of each actuator. When an actuator activates one of these limit switches, the
controller stops motion of the actuator in that direction. The placement of the limit
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switches was established so that the range of motion necessary for walking simulations
can be achieved with at least one inch of travel past the switch to avoid “bottoming out”
the actuators. Actuators “bottom out” when the torque generating capacity of the motor
is not stopped before the end of travel is reached. This results in failure of a mechanical
component, as in the case of missed steps with a stepper motor or stalling a DC motor.
These failures may not permanently disable an actuator, however repeated bottoming out
is likely to decrease actuator life.
The limit switches also play a role in the homing routines developed in the RDAS
control program. If the actuator encounters a limit switch prior to reaching the home
switch, the actuator continues searching in the opposite direction without input from the
operator. While care has been taken to introduce safeguards into the RDAS control GUI
that alert the operator to impending motion without reducing the efficiency of the system,
there still exists the possibility of damaging the device and specimen when these
functions are used improperly and these risks should be understood before operating the
device.

3.2.4 Establishing Initial Position Prior to Starting a Simulation
The desired motions of the kinematic actuators throughout a simulation are
derived from in vivo gait data prior to starting a simulation as described Section 3.2.1. In
the RDAS control software these motions are converted to an array of displacements
from each actuator’s starting position and written to a buffer on the motion control board.
To accurately recreate the sagittal plane motion of the proximal shank with respect to the
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force plate, the actuators must move the tibial manipulator to the vertical position, with a
sagittal plane rotation that corresponds to heel strike, prior to starting the contour move.
This includes moving point F to the height above the force plate, having taken into
account the shank length compensation and shank angle.
The routine that positions the tibia manipulator prior to each simulation was
developed and subsequently revised to address problems with RDAS operation. The
methods in the original and revised routines are similar but subtle differences in the
newest methodology facilitate and enhance simulator operation. A description of this
evolution is presented here. Both methods begin with each actuator in the home position.
In the original formulation of the initial positioning routine, the RDAS operator
used the Y1 and Y2 actuators to position point F at a height above the force plate that
corresponded to the kinematics subject’s fibular head height when their shank vector was
orthogonal to the surface of the force plate during stance. The operator then monitored
the vertical force applied to the force plate as well as the Y1 and Y2 actuator
displacements using the GUI. The Y1 and Y2 actuators were driven down
simultaneously until the vertical GRF equaled one half of the simulated bodyweight. The
vertical displacement that resulted in this loading was recorded as an initial estimate of
the difference between the mounted specimen’s shank length and the shank length of the
kinematic subject.
Having assessed the functional length of the specimen with respect to the
kinematics subject’s shank, the operator again moved the carriage to the home position.
Then the operator initiated a routine that calculated the new actuator displacements
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necessary to recreate the kinematics subject’s lower leg motion by taking into account the
length compensation. This was followed by moving point F to the height of the
kinematic subject’s fibular head height when the shank segment was vertical during
stance phase. This translation was followed by setting the inclination of the tibial
manipulator to match that of the shank angle at heel strike without moving point F in the
vertical direction. A final vertical translation moved point F to the calculated height at
heel strike having taken into account the compensation for the difference between the
kinematics subject’s shank length and the mounted cadaver shank length.
This methodology successfully positioned the specimen prior to a simulation.
However, problems arose when the kinematics subject’s shank length was shorter than
the functional shank length of the mounted cadaver specimen. Specimens have
customarily been prepared with approximately nine to eleven inches of native bone
proximal to the plantar surface of the foot to enable the application of strain gauges.
Once a specimen was mounted there was no convenient way to change the functional
shank length of the specimen. In the event the control was based on the kinematics of a
subject with a shank that was shorter than the mounted cadaver, the initial translation to
position point F at the height of the kinematics subject’s fibular head when vertical would
result in crushing the specimen into the force plate. Therefore, the mounted specimen
was required to be shorter than the kinematic subject’s shank length to avoid damaging
the specimen or the simulator.
Initially this was resolved by removing more native bone proximally prior to
mounting specimens in the RDAS. This, however, resulted in reaching the limits of the
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operating range of the Y1 and Y2 actuators when executing simulations of the stance
phase of walking. Continuing with this methodology would have necessitated
reconfiguring the simulator by making the force plate vertically adjustable. Furthermore,
the assessment of the necessary compensation in shank length needed to be repeated
every time the kinematic input data was changed. This further complicated
experimentation with the RDAS.
One method of compensating for these limitations would have been to dissect
specimens to the same length. This would result in known length compensations for each
input data set. During a simulation, the loading of the specimen is extremely sensitive to
changes in the amount of compensation and this parameter often needs to be adjusted by
fractions of millimeters. In light of this sensitivity, precisely dissecting all specimens to
the same length with the accuracy necessary to create robust simulations would become
undesirably complicated.
These limitations prompted an alternative approach to establishing the initial
position and necessary length compensation for walking simulations in the RDAS. In the
approach described above, the height of the kinematic subject’s fibular head when the
shank was vertical was used as a starting point to assess the length compensation. The
new methodology, implemented in the RDAS at the time of the current work, was
established after recognizing that the height of point F when a specimen was loaded to
one half bodyweight while the tibia was vertical was not dependent on the kinematics
input used in the simulation. The development of this new methodology is described
here.
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Each kinematics data set includes the vertical height of the subject’s fibular head
when the shank vector is perpendicular to the surface of the force plate during stance
phase. Since the home positions of the Y1 and Y2 actuators in the RDAS were
established so that point F was 500 mm above the surface of the force plate, the
displacement of the Y1 and Y2 actuators necessary to create a vertical GRF of one half of
the simulated bodyweight can be measured from this home position. The shank length
compensation is then equal to the difference between the height of point F at one half
bodyweight and the height of the kinematics subject’s fibular head when the shank vector
is vertical in the sagittal plane. This length compensation is then used to formulate the
displacement arrays for each actuator throughout the simulation.
After the arrays are established, the operator calls a routine that first rotates the
tibia manipulator to the shank angle corresponding to heel strike while preserving the
height of point F. Next the routine moves the tibia manipulator to the length adjusted
height of point F at heel strike.
This methodology simplified the RDAS operation by requiring only one
assessment of the functional shank length of the mounted specimen for implementing any
number of kinematics inputs. Furthermore, specimens with seven to eleven inches of
native bone proximal to the plantar surface can be studied in the RDAS, regardless of the
sign of the difference between the specimen and the kinematics subject’s shank length,
without endangering the specimen or the simulator.
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3.2.5 Constant Acceleration Velocity Ramps
The architecture described above proved to be capable of recreating the proximal
shank kinematics using the system of three actuators. However, this system caused
undesirable impulse loading of simulator components at the initiation and termination of
simulations. Excessive loading resulted from rapidly accelerating the actuators’ carriages
from rest to the scaled heel strike velocity at the initiation of a simulation and from the
scaled toe off velocity to rest at the end of stance phase. This type of loading would
prematurely degrade mechanical components within the RDAS.
The problem was mitigated by implementing constant acceleration trajectories, or
velocity ramps, at the initiation and termination of each simulation. The forces on the
actuators at the beginning and end of stance are primarily caused by accelerating the mass
attached to the actuator because the specimen is barely interacting with the ground at
these times. The velocity of the X actuator is significantly greater than that of the two
vertical actuators at the beginning and end of walking simulations. Similarly, the mass
attached to the X actuator is significantly greater than that on the two vertical actuators.
Thus, constant acceleration position arrays were developed to provide the greatest
reduction in the inertial loading on the X actuator at the beginning and end of
simulations.
The limiting factor in implementing this strategy was the available travel of the X
actuator. Therefore, the acceleration and deceleration velocity ramps were optimized to
specific travel constraints imposed by the hardware. To complete stance phase
simulations, the majority of the available travel of the X actuator is used. The position of
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the home switch on the X actuator was set to allow 120 mm of travel in the posterior
direction prior to hitting the limit switch. One hundred and ten millimeters of this
distance were used for the velocity ramp, which left sufficient travel in the anterior
direction for completing stance phase. The position of the force plate on the RDAS
frame was coordinated with this setting so that heel strike occurred at a consistent point
on its surface.
The initial velocity of any actuator can be found using Equation 3.12, where
Interval is the time between successive target positions; X(t) is the predetermined position
array for the actuator as a function of time, t. The variable Interval is directly correlated
to the simulation duration selected by the RDAS operator as described in Section 3.2.2.
Vx Initial =

X(t = Interval) − X(t = 0)
Interval

( 3.12 )

To create the velocity ramps, the accelerations of the actuators were defined as
constants. The velocity profile as a function of time could be found using integration, as
shown in Equation 3.13.

Vx(t) =

tramp _ end

t ramp _ end

t =0

t =0

∫ a(t)dt = ∫ C dt = C t + C
1

1

2

( 3.13 )

For the starting ramp, the constant acceleration, C1, and the integration constant,
C2, were found using initial conditions. The velocity of the X actuator at time t = 0 was
set equal to zero since the simulator always starts these ramps from a stand still. Then,
using Equation 3.13, C2 is found to be zero. The velocity of the X actuator at the end of
the ramp was the velocity at the start of the stance phase, calculated using Equation 3.12.
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It has been assumed that this occurs at some time, tramp_end. The value of the acceleration,
C1, was found using Equation 3.14. This value was substituted into Equation 3.13 and
resulted in the equation for velocity of the X actuator as a function of time given in
Equation 3.15.
Vx(t = t ramp_end ) = Vx Initial = C 1 t ramp_end

Vx(t) =

Vx Initial
t
t ramp_end

( 3.14 )

( 3.15 )

The position of the X actuator as a function of time was found by taking the
integral of Equation 3.15 with respect to time using Equation 3.16.

X(t) =

tramp _ end

tramp _ end

t =0

t =0

∫ V(t)dt = ∫

Vx Initial
Vx Initial 2
tdt =
t + C3
t ramp_end
2 * t ramp_end

( 3.16 )

The value of the integration constant, C3, was found to be zero from the
assumption that the initial position of the X actuator was zero. The value of tramp_end was
calculated for an X actuator ramp distance of 110 mm by setting the X actuator position
at time tramp_end to this value, as shown in Equation 3.17. Equation 3.17 can be simplified
to find the value of tramp_end in terms of the initial velocity of the X actuator as shown in
Equation 3.18.
X(t = t ramp_end ) = 110 =

t ramp_end =

Vx Initial 2
t ramp_end
2 * t ramp_end
220

Vx Initial

( 3.17 )

( 3.18 )
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This development optimized the use of the X actuator travel by using the entire
110 mm to accelerate from rest to the velocity at heel strike. The ramps for the vertical
actuators were based on the time necessary for the X actuator to complete the starting
velocity ramp, tramp_end. The velocities of the Y1 and Y2 actuators at heel strike were
found using Equation 3.12. The Y1 and Y2 actuator displacements as functions of time
during the velocity ramps were found using Equations 3.13 through 3.16. The total
distance traveled while completing the ramp was found using Equation 3.19.
Y1,2 (t = t ramp_end ) =

Vy1,2−Initial
2

* t ramp_end

( 3.19 )

The stopping ramps were found using a similar formulation that differed in
several ways. The total distance available for the X actuator deceleration ramp was
found by subtracting the displacement used in the simulation and the starting ramp from
the available travel. This distance was used with the velocity of the X actuator at the end
of the stance simulation to find the time used to stop the simulator. The ramps for the
vertical actuators were then based on this stopping time.
The arrays of displacement data for the acceleration and deceleration velocity
ramps were appended to the beginning and end of the stance phase position arrays
respectively, to establish the arrays to be written to buffers on the motion control board.
During the appending process, the final displacement of each actuator’s starting velocity
ramp array was added to every element of the stance phase arrays. Inspection of this
methodology reveals that the first position of the stance phase would be equal to the last
position of the velocity ramp because the stance phase displacement arrays started at
zero. This would result in an instantaneous velocity of zero for each actuator. Similarly,
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the final position of each actuator, having completed stance phase, was added to each
element of the deceleration ramps. A repeated position occurs at the end of stance phase
and the beginning of the deceleration ramp because the deceleration ramps start with a
position of zero. These repeated elements are discarded so that the impact loading of an
instantaneous velocity of zero can be avoided.

3.2.6 Control Input Library Generation
Early investigations with the RDAS suggested that the fidelity of walking
simulations was dependent on closely matching foot dimensions of the experimental
cadaver specimen to those of the kinematics subject. The methods for creating a library
of kinematic input data sets from subjects with a range of foot anthropometries is
described in detail in Chapter 4.

3.2.7 Manual Positioning Control
During experimentation with the RDAS the operator regularly needs to move the
kinematic actuators manually to aid in setup procedures and operation of the device.
Initially, the operator accomplished this by specifying a distance to move individual
actuators using the control program GUI. An unfortunate consequence of this process
was the inability to stop or change the distance of the move once it had been initiated. A
new strategy implemented ‘button’ control elements within the user interface to initiate
control routines specific to a given actuator or actuators. These routines drove the
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selected actuator(s) from rest to a constant velocity with a constant acceleration until the
operator released the button, at which time the actuator slowed to a stop. The velocity
and acceleration can be specified using elements that are built into the user interface.

3.2.8 Rotational Compliance
Early in the development of the RDAS, abnormally high stiffness of the
aluminum components representing the proximal tibia were thought to be responsible for
creating spikes in the GRFs during simulations. The spring mechanism shown in Figure
3.9 reduced the stiffness of the tibia manipulator. Incorrect kinematic data processing
was later found to be the major deficit responsible for the irregular GRFs, however the
spring mechanism remains a functional element of the RDAS. The spring mechanism
enables adjustment of system compliance (conceptually similar to joint stiffness at the
knee) for fine tuning performance.
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Figure 3.9: Spring mechanism introduced in the RDAS to adjust system compliance.

3.3 Muscle Simulation
The system that simulates muscle action within the RDAS is based on the system
used in the original DGS as was described in Section 2.2.2. The mathematical model
used to establish the desired forces has not changed. Physical changes made to the
muscle simulation system for incorporation into the RDAS are treated individually in the
following sections. A block diagram of the muscle simulation system used in the RDAS
is presented in Figure 3.10.
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Figure 3.10: Muscle simulation system architecture schematic.

3.3.1 Muscle Force Delivery System
Within the DGS, cables and pulleys were used to redirect actuator forces to pull
the extrinsic tendons of the foot in the appropriate directions. The actuators and the
specimen were mounted on the same carriage, which moved during a simulation. The
original design of the RDAS implemented flexible conduit to redirect actuator forces.
This design was incorporated into the RDAS to achieve two goals; 1) avoid encumbering
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the kinematics actuators with the mass of the muscle actuators, 2) deliver forces to the
tendons within the limited space on the tibia manipulator. In this design, each muscle
actuator was mounted on the RDAS frame. One end of a ten feet long piece of conduit
was secured to the RDAS frame in line with the thrust tube of each muscle actuator. The
opposite end of each piece of conduit was secured to the tibia manipulator and cable was
run from the actuator, through the conduit to the proximal end of the tendon.
The conduit used in the original design of the RDAS was similar to that used in
the braking mechanisms of many modern pedal bicycles. This type of conduit redirects
force in the cable by constraining the distance the inner cable must travel. Tensile forces,
and to a lesser degree compressive forces, generated in the cable, cause the inner wall of
the conduit to come into contact with the cable. At the areas of contact, forces develop
that can be decomposed into normal and tangential components. The normal components
of these forces constrain the path the cable follows while the tangential forces develop as
a result of the friction between the cable and inner wall of the conduit. A picture of the
two types of conduit tested in the RDAS is shown in Figure 3.11 with layers exposed to
illustrate the internal structure.
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Figure 3.11: LongLay conduit (left) and Bicycle conduit (right) implemented in the
muscle force delivery system within the RDAS
The original conduit used in the RDAS is referred to as ‘bicycle’ or ‘Lined
Bowen’ conduit. Early trials revealed that this type of conduit was designed for
redirecting cable carrying comparatively smaller forces than those used to simulate
muscle action in the RDAS. These trials resulted in compressive failure of the internal
metal structure of the conduit. Another type of conduit, LongLay conduit (Part No.
C804, Cable Manufacturing & Assembly Co., Inc., Bolivar, OH), was used to replace the
bicycle conduit in the RDAS because it was designed to transmit force magnitudes
comparable to those used to simulate muscle action in walking trials.
The conduit and cable system used in the RDAS introduced frictional forces into
the muscle force delivery system that were not present in the DGS. These forces acted on
the cable so that the actuators were required to produce more force than that desired in
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the tendon. Therefore, it was necessary to mount the load cells to the cables at the tendon
end of the conduit to get an accurate representation of the force applied to the tendon.
The frictional forces increased proportionally with the tensile force in the cable.
Since the TS muscle actuator delivers the most force during simulations, this force
delivery unit was most affected by the effects of friction. An unfortunate consequence of
this was that the actuator used to simulate the TS group in the DGS could not generate
enough force to overcome the friction forces in the RDAS. This actuator was replaced
with a DC motor driven electric cylinder with a servo current amplifier that could
generate larger forces than the original actuator. The amplifier is a PID controller and
therefore replaces the PIC processor architecture and makes the use of the deadband
voltage obsolete for this muscle group. All other muscle groups were not changed to this
architecture.
The difference between targeted and measured forces during a simulation was
used to assess the muscle simulation system. Several walking simulations with the
upgraded actuator revealed that the TS muscle simulation system consistently produced
significant error. This error was attributed to the friction forces in the muscle force
delivery system.
An exploratory study into the magnitude of the frictional forces was conducted for
three mounting configurations of the TS actuator. This study consisted of measuring
cable forces at both ends of the conduit while the TS actuator targeted the physiologic
muscle force curve with a maximum of 1200 Newtons over a simulation of 12 seconds.
In all of the experiments, the cable end opposite the actuator was tethered to a large
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spring. The control of the TS actuator was based on the load cell closest to the spring
because this most closely represented normal operation.
The first series of trials established the relative error in the calibration of the two
loads cells. This was done by connecting the two cells so that they were loaded
equivalently. The differences in the forces measured in the two cells were used to
establish a correction factor that was assessed for subsequent testing configurations prior
to calculating the differences in the load developed in each cell. This technique ensured
the differences in the forces developed in the two load cells were not a function of
calibration errors.
The second series of trials provided insight into the friction in the original TS
muscle force delivery system that included approximately ten feet of Long Lay conduit
between the actuator and the tibia manipulator. The third series of experiments
investigated an alternative TS actuator mounting configuration that included
approximately two feet of Long Lay conduit. The final series of trials illustrated the
reduction in friction within the force delivery system when the conduit was replaced with
a series of pulleys and the TS actuator was moved to the tibia manipulator as shown in
Figure 3.12.
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Figure 3.12: Newest mounting configuration of the TS muscle force delivery unit using a
series of pulleys to replace conduit in previous configurations
The differences between the forces measured with the two load cells quantified
the friction forces developed in the configurations described above. Figure 3.13 shows
the forces measured with the two load cells after the correction factor was taken into
account.
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Figure 3.13: Force profiles from two load cells mounted at opposite ends of muscle force
delivery unit for each of three alternative actuator mounting configurations over five
trials for each configuration
The pulley mechanism was retained for the TS muscle group and used to replace
the cable conduit for this group. The effectiveness of the muscle simulation system has
been evaluated quantitatively in Chapter 6.
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3.3.2 Muscle Force Control Hardware and Wiring Upgrades
The original layout of the RDAS motion control and data acquisition hardware
restricted efficient maintenance and system development because these components were
confined to a small cabinet. Safety and accessibility prompted a reconfiguration of the
hardware layout following repeated hardware and wiring failures. The new design
provides ample ventilation of the stepper motor drives and access to settings on various
pieces of hardware. The mounting facilitates hardware removal for maintenance and
repair.
In addition to the physical layout changes, alterations to the AC power wiring
increased the safety of the RDAS. The original emergency stop switch energized a relay
when not depressed. This relay completed the circuit that supplied power to the motor
drives. If the relay in this circuit had failed with the motor drives powered up, the
emergency stop circuit might not have removed the power from the motor drives when
the emergency switch was depressed. The upgraded circuit includes a single throwdouble pole, normally closed emergency stop switch with contacts rated significantly
above the expected operating range of the muscle and kinematics actuator drives. The
new circuit design has individual AC power lines for the kinematics actuators and the
muscle actuators that are each wired through individual poles on the emergency stop
switch. The upgraded AC power circuit also includes a 15 amp breaker for each of the
kinematics and muscle actuator power lines. The power lines for the kinematics and
muscle actuators are wired through switches that are easily accessible from the RDAS
operator’s station. A light indicates the actuator drives are powered up when lit. These
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switches activate single throw triple pole relays with contacts rated at 20 amperes at 150
VAC. The main power lines for each of the kinematics and muscle actuators are divided
into three parallel lines, each of which was wired across one pole of one of the relays.
This setup avoids arcing across the switch that can occur with voltage spikes at startup
and shutdown.
In addition to safety and accessibility, unstable system function played a role in
necessitating the changes in the hardware layout described above. One major problem
with the original configuration was the lack of distinct earth grounds and integrated
circuit (IC) commons. Problems stemmed from the sensitivity of ICs to noise on the
common pins generated by electromechanical devices, in this case the casings of the nine
stepper motor driven actuators used in the RDAS. Ground loops also plagued system
stability in the original configuration. Ground loops exist where there are multiple paths
to ground from multiple pieces of equipment. This results in the state of competing
ground levels so that there is a measurable voltage across different places on the same
ground. This causes the reference voltage to fluctuate in unpredictable and inconsistent
ways that plague a system such as the RDAS to varying degrees throughout operation.
The upgraded wiring configuration in the RDAS includes a clear separation of the
earth ground and IC commons. The original PIC controller housing box was expanded
into a rack mounted box. Within this box, optical isolators provide a separation of the
PIC outputs from the stepper motor drives used in the muscle simulation subsystem.
Speed control of each of the muscle actuator drives that were previously inaccessible
were incorporated into the front panel of the rack mounted box by connecting
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potentiometers to the appropriate pins on the drives. The potentiometers used to set the
deadband for each of the PIC circuits were also moved to the front panel of the rack
mounted box. Originally, these deadband potentiometers were wired to a 5 VDC shunt
regulator so that the deadband could be set in the range of zero to five VDC. This
configuration proved unwieldy because the deadband was rarely set any higher than 0.5
VDC and the resolution of the potentiometers made tuning the deadband tedious and
unrepeatable. To remedy these problems, the voltage across the potentiometers was
reduced to 2 VDC.
Switches were mounted on the front panel of the rack mounted box that allow
each of the motor drives, including the kinematics and muscle actuator drives, to be
deactivated while they are powered up. This feature was intended to facilitate RDAS
operation by allowing the deactivation of actuators that are not needed, as in the case of a
tendon rupture, without disconnecting power from the drive or actuator. These switches
also allow cooling fans on the kinematics drives to operate while the drives are
disengaged. Powering down these drives would turn the fans off regardless of the
temperature. LED’s on the front panel provide the operator with the state of each of the
drives including the enable/disable state, the direction of motor rotation and the presence
of a step command.
The new PIC box and hardware layout includes regulated power supplies that
have been centrally located to help reduce the probability of the existence of competing
grounds. These power supplies provide power to the displacement transducers, the load
cell amplifiers, the PIC controllers, and the tibia shaft rotation potentiometer.
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During the upgrade of the RDAS wiring, wire number stickers were used to label
the vast majority of the wires used to transmit data. A chart was created that includes the
function, type, origin and destination of each wire and is stored on the RDAS control
computer.

3.3.3 Force Feedback Architecture Upgrade
The original RDAS configuration included SCXI strain gauge amplifier modules
for powering and acquiring data from the load cells used in the muscle simulation
subsystem. Amplified load cell voltages were transmitted from the SCXI strain gauge
modules to the data acquisition board and the PIC controllers. These amplified voltages
were intended to represent the current forces in the load cells. Force feedback control of
the muscle actuators using the SCXI strain gauge modules resulted in the actuators
oscillating around the target force. This could be overcome by increasing the deadband
voltage to a potential that represented approximately ten Newtons. This deadband
resulted in unacceptable inaccuracies. The deficiency of this feedback control
architecture was attributed to a time lag in the signal generated by the SCXI strain gauge
amplifier modules.
In order to overcome the deficiencies of the control system and the data
acquisition limitations described in Section 3.4, the SCXI strain gauge modules were
replaced with stand alone strain gauge amplifier circuits. These circuits incorporated
lowpass filters and individual gain and zeroing potentiometers. The strain gauge
amplifier circuits were designed and constructed by the electronics engineer in the
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Biomechanics Lab. The amplified load cell signals from these circuits were wired to
channels on the data acquisition board and to the PICs. The filter implemented on the
amplifier circuits does not significantly delay the load cell signal, so the PICs are sent
accurate representations of the forces in the load cells at all times. This architecture was
capable of seeking forces with deadband settings of approximately 2 Newtons, a
significant improvement over previous performance.

3.3.4 Displacement Feedback Control
The desire to investigate certain physiologic processes prompted the use of
displacement feedback control in place of force feedback control for certain muscle
groups in the RDAS. This type of control is based on tendon displacement transducers
that are described in the following sections. In displacement control, the controller
commands actuator motions that seek desired positions in these transducers. The
development of this system is described in this section.
The programming implemented in the PICs can be defined as a comparator
algorithm. In this type of algorithm, the voltages that represent the desired and actual
system states are compared to determine the appropriate actuator response. Since the
actuator response in the RDAS is directly related to displacement, it was not necessary to
change the PIC controllers before implementing them in the displacement feedback
control.
The original printed circuit board that the PIC controllers were mounted to
included eight circuits. The displacement control of a given muscle group was achieved
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by connecting the displacement transducer output of that group to the ‘actual’ pin on one
of the spare PIC circuits. The RDAS GUI and control program were upgraded to support
generating the necessary desired displacement voltages over stance phase that took into
account the baseline voltage and the calibration factor of the transducer. Switches were
introduced to allow the RDAS operator to change a selected actuator from force feedback
control to displacement feedback control provided the appropriate wiring and calibration
changes had been made.
When implementing this control, the desired displacement curves are not easily
derived from an existing model. Therefore, the targeted displacements used in the
feedback control are based on displacement data collected during simulations using force
feedback control. These nominal displacement curves can be altered to examine the
forces developed in the tendon as a function of restricted or excessive tendon travel such
as might occur in pathologic conditions or after corrective surgical procedures.

3.4 Data Acquisition and System Integration
The ability to acquire data from multiple devices during simulations within the
RDAS is important in assessing system operation and simulation fidelity. Data
acquisition has been accomplished with a single computer. In addition, this computer
provides the means to effectively operate all of the simulator subsystems from a central
location. The architecture of the data acquisition and system integration is described in
this section and is represented in the schematic of Figure 3.14.
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Figure 3.14: Block diagram of RDAS data acquisition and system integration
architecture.
The hardware used in the RDAS was arranged around an operator’s station. The
physical layout of the various hardware components that make up the RDAS data
acquisition and system integration system is presented in Figure 3.15. The operator
controls the RDAS using the host computer shown in the top pane of Figure 3.15 during
experimentation.
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Figure 3.15: Front (top) and back views (bottom) of the RDAS data acquisition and
system integration hardware layout and operator’s station.
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3.4.1 Data Acquisition Architecture
The data acquisition architecture in the DGS implemented a single data
acquisition (DAQ) board (model 10 X E-AT10, National Instruments, Austin, Texas)
mounted in a personal computer (Optiplex – GX200, Pentium III, 800 MHz, Dell, USA).
This DAQ board had sixteen single ended analog input channels, eight digital IO
channels, two analog output channels and additional IO for triggering. An SCXI chassis
(model 1001-12 slot SCXI Chassis, National Instruments, Austin, TX) was used to
expand the functionality of this board. The SCXI chassis provided a means of
multiplexing several analog input channels into a single analog input on the DAQ board
while also providing strain gauge amplification and filtering capabilities and
supplemental analog output channels. The SCXI architecture is based on serial digital
communication from the DAQ board (National Instruments Corporation, 1996). In
general, sampling rates using this architecture were much slower than the capability of
the DAQ board that was cabled to the chassis.
In the original data acquisition architecture, the six load cells were amplified and
conditioned using two different 1121 SCXI modules (National Instruments, Austin, TX).
Trim potentiometers were wired across one leg of the Wheatstone Bridge circuits to
provide a way to achieve a positive offset voltage. The positive offset voltage avoided
sending a negative voltage to the PICs, which could damage the analog to digital
converters (ADCs) on the PICs or cause unstable performance. An 1124 SCXI module
(National Instruments, Austin, TX) provided six analog output channels that were used
for generating the voltages that corresponded to the target or desired forces for each
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muscle group. The SCXI chassis was also equipped with an 1180 module that provided
access to the channels on the DAQ board that were not used in the SCXI communication
architecture. The force plate and the displacement potentiometers were monitored using
a 32 channel multiplexing module (SCXI 1100, National Instruments, Austin, TX).
The maximum data acquisition rate of the configuration described above was
found to be approximately 16 Hz when collecting data from all of the devices mentioned
above except the six displacement transducers. This rate was one of the limiting factors
in increasing the speed of walking simulations in future iterations of the RDAS.
The first step in overcoming the sampling rate limitations of the RDAS was
replacing the host computer with a Dell Dimension 4100 (2.4GHz Pentium). This was
essential because the original computer only had two expansion slots available for
additional hardware whereas the new computer had four. The new computer was then
equipped with a FlexMotion PCI 7344 Motion Control Board, a PCI-6035E series DAQ
board and a PCI-6034E series DAQ board. Each of these DAQ boards is capable of
sampling faster than the original DAQ board. The only difference between the two
boards is that two analog output channels are available on the 6035E board that are not
included on the 6034E board. These boards were used because they were surplus from
previous projects and were not reserved for implementation elsewhere and offered
substantially increased performance. The 6035E board was cabled to the SCXI chassis
and the 6034E board was cabled to a screw type connector block for easy signal
connections. A total of 32 single ended analog input channels eliminated the need to
multiplex several channels using the SCXI chassis. The six load cells and the six force
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plate outputs were cabled directly to analog input channels on the 6034E board. The six
displacement potentiometers and a tibia shaft rotation potentiometer were cabled to
channels on the 6035E board through the SCXI chassis module that bypasses the
multiplexing features of the SCXI architecture (SCXI 1180). The analog output module
used to represent the desired forces to the PICs and the feed through module from the
DAQ remained mounted to the SCXI chassis after these changes. The resulting system
was capable of sampling all devices, including the displacement transducers, the shaft
rotation potentiometer, load cells and force plate channels at approximately 24 Hz.
Further examination of potential changes to the system revealed that by removing the
analog output operation from the data acquisition loop, the sampling rate could be
increased to 30 Hz without changing the programming of the RDAS.

3.4.2 Load Cell Upgrades and Implementation
The load cells originally implemented in the RDAS were mounted on the ends of
the actuator thrust tubes. The frictional forces described in Section 3.3.1 made this
configuration incapable of accurately measuring the forces in the tendons requiring the
load cells to be moved to the tendon ends of the cables. This introduced mechanical
interference between neighboring load cells as they moved differentially to one another.
Low profile, half-inch diameter load cells significantly reduced this problem in
comparison to the original one-inch diameter load cells. A picture of a new load cell,
with the redesigned couplers that interface with the cables and freeze clamps, is shown in
Figure 3.16.
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Figure 3.16: Low profile load cell used in RDAS

3.4.3 Displacement Transducer Implementation
Recording tendon displacements in the RDAS provides insight into physiologic
patterns that are difficult to assess in vivo. Displacement transducers were mounted on
the tibia manipulator that enable measuring tendon excursions. These transducers consist
of potentiometers that are rotated by extending or retracting a spring-loaded cable. The
space available on the tibia manipulator restricted the number of possible mounting
configurations. The strategy adopted for mounting these transducers included routing the
cables around pulleys as shown in Figure 3.17. The cables of the transducers were
connected to the coupler that attached the muscle force delivery cable to the load cell.
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Figure 3.17: Tendon displacement transducers mounted in the RDAS, looking at the
anterior side of the tibia manipulator.

3.4.4 Axial Tibia Rotation Transducer Implementation
In living subjects the tibia and fibula rotate about the long axis of the shank to
varying degrees. Euler angle decomposition of the gait data collected for generating the
control inputs for the RDAS revealed in vivo trends of this rotation. The stance phase
axial rotation of the shank segment are presented for 78 trials of walking data collected
from normal healthy adults in Figure 3.18.
Axial shank rotation in the RDAS was originally unconstrained by enabling the
coupler that interfaced the tibia to the tibia manipulator to freely rotate in the smooth bore
of the surrogate tibia shaft. This design was replaced to enable monitoring this rotation.
This required eliminating frictional forces that inhibited the axial rotation, which was
achieved by securing the surrogate tibia shaft with two offset tapered roller bearings. A
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potentiometer was then mounted to the tibial manipulator and the spindle was fixed to the
surrogate tibia shaft. The shaft mounting design included a set screw that prohibited
axial rotation when tightened.

Figure 3.18: Shank segment axial rotation for 78 trials of walking data (3 or 4 trials for
each of 23 subjects).

3.4.5 MATLAB Scripting Using Active X
The majority of the data collected during simulations is processed and plotted
using scripts developed in MATLAB. Often it is useful to process data during
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experimentation to troubleshoot the simulations or represent data graphically. In order to
add this capability without cluttering the RDAS control program GUI with function calls
and transforming MATLAB scripts into C code, a link was created to allow the RDAS
operator to run MATLAB scripts from the control program. This was done by initiating a
MATLAB Active X server to run preset scripts that were designed to process the data
without operator input. It is not necessary to have a full version of MATLAB running,
which reduces the system resources employed on the control computer for this purpose.
The MATLAB Active X server reads text files of saved data from the data directory. In
this way, the data can be processed quickly using MATLAB to provide researchers with
information about simulations during an experiment.
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CHAPTER 4
METHODS FOR DEVELOPING RDAS INPUT KINEMATICS DATABASE

4.1 Introduction
Early investigations with the RDAS suggested that the fidelity of the walking
simulations was dependent on matching foot anthropometries of the experimental cadaver
specimen to those of the live subject from whom the input kinematic data used to control
simulations were derived. A database of input data sets was created following approval
from the Biomedical Institutional Review Board (IRB#19227) to provide a means of
consistently creating high fidelity simulations in cadaver specimens of varying size. The
methods employed to create these input data sets are presented in the following sections.
The sensitivity of the RDAS to anthropometric matching has been evaluated in the
characterization investigations described in Chapters 5 and 6.

4.2 Data Collection Procedures
Kinematic data were collected from twenty three subjects who volunteered to
participate in the study. Descriptive characteristics of the subjects are presented in Table
4.1. Subjects were screened prior to their participation in the study to ensure gait data
were representative of normal healthy individuals. During the screening process the
subjects were asked a series of questions to identify previous injuries and lower extremity
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conditions. Subjects were excluded from the study if they had sustained a stress fracture
or ankle sprain in the past two years, if they had ever had a broken bone below the waist,
a lower extremity pathology or serious injury, a history of neuromuscular pathology in
their lower extremities or any other condition that might affect their gait. In addition to
these characteristics, subjects were excluded if they were allergic to adhesive tape or if
data from a subject with similar sized feet had already been obtained.
Table 4.1: Characteristics of the subject pool used to develop the kinematic input
database.
Male
Female
Total
Age (years):
n = 13
n = 10
n = 23
Mean (Std. Dev)
Minimum
Maximum

28.9 (8.8)
19.6
48.9

23.9 (3.6)
18.8
28.1

26.7 (7.3)
18.8
48.9

177.5 (8.7)
163.5
190.5

167.3 (5.2)
160.0
176.5

173.0 (8.9)
160.0
190.5

81.9 (9.9)
64.5
98.0

68.7 (16.7)
47.0
101.5

76.2 (14.6)
47.0
101.5

Height (cm):
Mean (Std. Dev)
Minimum
Maximum

Weight (kg):
Mean (Std. Dev)
Minimum
Maximum

Each subject that participated in the study signed an informed consent form after
reading a description of the study and data were collected according to the protocol in
Appendix A. An initial set of anthropometric data was collected with the subject sitting
in a chair with the plantar surface of his or her feet resting on the floor and the tibia
oriented perpendicular to the plane of the floor. A second set of measurements was
collected with the subject standing and bodyweight evenly distributed on both feet. The
anthropometric measures that were collected in these two positions are presented in Table
4.2.
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Table 4.2: Anthropometric measures collected when developing the kinematics input
database for the RDAS.
Measurements collected in both loaded
Measurements collected in loaded
and unloaded conditions:
condition only:
Overall Foot Length
Fibular Head Height
Length from Fibular Head to Lateral
Heel to 1st MTP Joint Length
Malleolus
Distance between medial and lateral
Medial Malleolus Height from floor
malleoli
Lateral Malleolus Height from floor
Distance between tibial condyles
Arch Height from floor
1st to 5th MTP width
After taking anthropometric measurements a marker cluster was affixed to the
subject’s right leg with tape. The marker cluster consisted of four half inch diameter
reflective spheres screwed to a hard plastic backing material. A fifth marker was
mounted proximal to the cluster to disrupt the symmetry of the markers for identification
purposes. These markers can be seen in the right pane of Figure 4.1.

Figure 4.1: Marker configuration used for establishing the kinematic input database.
Once the marker cluster was attached, stereo photogrammetric data of the marker
cluster were collected while using a wand to identify anatomical landmarks (medial and
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lateral tibial condyles, medial and lateral femoral epicondyles, medial and lateral
malleoli, and the fibular head). These trials provided the basis for determining the spatial
relationships between the marker cluster and anatomical points of interest according to
the methods described by Cappozzo et al. (1995). In this method, the point of the wand
(Figure 4.2) is placed on an anatomical feature such as the fibular head. Position data of
the three reflective markers on the wand and the markers on the marker cluster are used
to calculate the position of the point of the wand with respect to the markers on the
marker cluster. Using this relation and the assumption that the cluster does not move
with respect to the point of interest, the location of this point in subsequent trials (when
the wand is not present) is calculated from the positions of the markers on the cluster.

Figure 4.2: Wand for Motion Analysis wanding trials.
The foot has been traditionally treated as a rigid body when conducting kinematic
analysis of the human body during gait (Kadaba et al. 1989; Kadaba et al. 1990; Davis et
al. 1991). This approach has been readily recognized as inadequate due to the complex
nature of the foot and ankle (MacWilliams et al., 2003), and has prompted the
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proliferation of analytical strategies that divide the foot into multiple segments (Buczek et
al. 2003; Walker et al. 2004; Humm et al. 1999; Henley et al. 2001; Hunsberger et al.
2004; Smith et al. 2000; Kidder et al. 1996a and b; Myers et al. 2004; Carson et al. 2001;
Carson et al. 1998; Kaufman et al. 2003; Leardini et al. 1999; Simon et al. 2000; Davis et
al. 2003; Cowley et al. 2001; MacWilliams et al. 2003). These approaches vary in the
number of segments they employ and the location of markers used to define the
segments.
Following the wanding trials, markers were mounted on each subject’s right foot
to record the motions of the forefoot and hindfoot segments using the multi-segment foot
models described by Buczek et al. (2003), Humm et al. (1999), Hunsberger et al. (2004),
Kidder et al. (1996), Kaufman et al. (2003), and Davis et al. (2003). A picture of the
marker configuration mounted on a kinematics subject is shown in Figure 4.3.
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Figure 4.3: Subject with external foot markers mounted for kinematics data collection
After all of the markers were attached to the subject’s right foot, the subject
completed a series of dynamic activities in the gait lab that included walking, jogging and
jumping while not wearing any footwear. The order of the activities was varied across
subjects and three successful trials of each activity were collected from each subject.
Each subject was asked to walk at a self selected pace across the force plate. The subject
was instructed to shift the starting position of trials until the plantar surface of the right
foot was the only body part to come in contact with the first force plate in the gait lab
during the trial. Three trials of kinematic data were collected under these conditions.
This procedure was also followed while each subject jogged at a self selected pace.
Three trials of a standing two footed jump were also collected. During these trials the
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subject stood on the force plate and jumped so that both feet left the surface of the force
plate. The subject was not required to attain a minimum height during these trials.
The precision of defining the instants of heel strike and toe off during in vivo
walking trials recorded in the gait lab is a function of the data sampling frequency. Since
timing is critical to proper RDAS operation, high sampling rates of 450 Hz for position
data and 1800 Hz for force plate data were used.

4.3 Data Processing
The kinematic data collected during the trials were post-processed using Motion
Analysis software (EVa RealTime, Version 4.1.0, Motion Analysis Corp., Santa Rosa,
CA). Gaps in the marker position data result from markers being obstructed from the
view of one or more cameras during recording. During post-processing, these gaps were
filled in using tools provided with the software. These tools estimate position of the
missing marker from the relative position of three selected markers to the missing marker
in frames around the gap.
The marker position data within the laboratory coordinate frame (CF) positioned
on the surface of the force plate were exported to ‘c3d’ files. The laboratory CF was
oriented with the y axis perpendicular to the surface of the force plate, the x axis oriented
in the direction of progression during walking and running trials and the z axis oriented to
complete a right handed coordinate frame. The data in these files were processed using
Hyabusa (Nori Okita, Biomechanics Lab, Penn State University). Hyabusa is a software
package developed in the MATLAB programming language for conducting a wide range
83

of biomechanics related kinematic analyses. Hyabusa functions were used to read the
data from the ‘c3d’ files and save the trajectories of individual markers and the GRFs as
variables in the MATLAB binary file format. During this conversion process the marker
position data were filtered using a lowpass Butterworth filter with a 6.0 Hz cutoff
frequency. The GRFs were filtered with a lowpass Butterworth filter with a 45.0 Hz
cutoff frequency. The cutoff frequencies used in these filters were selected to eliminate
the high frequency noise that is common in gait data and were based on recommendations
from an experienced gait lab technician. The data were filtered with the filtfilt function in
MATLAB that does not introduce a phase shift into the filtered data. Hyabusa was also
used to calculate the global position of the wanded anatomical landmarks throughout the
walking trials from the position data of the markers on the cluster during that trial and the
data collected during the static wanding trial.
The portion of each walking trial that corresponded to the stance phase was
identified from corresponding force plate data. Since the marker position data were
sampled at one quarter the frequency of the force plate data, the marker data samples that
were closest to the beginning and end of the stance phase as defined by the force plate
data were used to define these instants. Arrays of GRFs with the same number of
elements or frames as arrays of marker position data representing stance phase were
created by resampling the GRF data at every fourth point throughout the stance phase.
The position of the lateral malleolus and the fibular head (as relationally derived
from the positions of the marker cluster) throughout stance phase were calculated using
functions in Hyabusa. Stance phase duration was normalized to 0.6 seconds. The arrays
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of position data for the lateral malleolus, fibular head and first metatarsal head, as well as
the corresponding GRFs were resampled to arrays of 241 elements using the MATLAB
function interp1. The angle used in the control algorithm described in Section 3.2.1 was
calculated using the position data of the lateral malleolus and the fibular head in the
laboratory CF’s x-y plane in Equation 4.1. This plane is synonymous with the sagittal
plane of an individual facing the direction of progression during walking trials.
⎛ FibHead X − LatMalX ⎞
⎟⎟
θ = tan −1 ⎜⎜
⎝ FibHead Y − LatMalY ⎠

( 4.1 )

The kinematic inputs to be used in the RDAS were stored in tab delimited text
files. Each input data set consists of a file that contains anthropometric data and another
file that contains columns of kinematic and force data at 241 regular intervals throughout
stance. The anthropometric data files have been given an ‘in1’ extension and the
kinematic data have an ‘in2’ extension. The kinematic data files contain arrays (rows x
columns) of time (241x1), fibular head x and y position (each (241x1)), lateral malleolus
x and y (each (241x1)), first metatarsal head x and y (each (241x1)), GRFs (241x3),
sagittal plane angle (241x1) and center of pressure x and z (each (241x1)).
Originally, the kinematic data used to control the RDAS was based on averages of
multiple trials from a single individual. Repeated measures of subjects over multiple
walking trials revealed variations in stance phase duration and motion patterns that were
significant. Averaging repeated measures had a smoothing effect on motion patterns. In
the present iteration RDAS control files are based on kinematic data from a single
representative trial.
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CHAPTER 5
METHODS OF RDAS CHARACTERIZATION

5.1 Introduction
The RDAS was designed to provide researchers with robust simulations of
dynamic activities by re-animating cadaver specimens. Following the developments
described in Chapters 3 and 4, characterization experiments were performed to evaluate
the fidelity of the loading environment created with the RDAS during walking
simulations. These experiments were designed to determine the fidelity of the loading
environment as a function of the anthropometric match between the experimental cadaver
specimen and the kinematics subject from which input data used to control the
simulations were derived. The study provides a comparison of foot function across
simulations controlled using five different kinematic input data sets taken from five
different subjects whose overall foot length varied from 22.4 cm to 27.3 cm. Targeted
muscle action was not subject dependent; i.e. the same muscle force profiles were used in
all simulations. The experimental procedures that were followed to evaluate the RDAS’s
subsystems are presented in this chapter.
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5.2 Experimental Procedures

5.2.1 Specimen Description, Static Data Collection and Setup
Nine fresh frozen cadaver lower extremities that included the distal two-thirds of
the tibia, fibula and entire foot and ankle complex were procured through donated body
programs. The specimens were kept at approximately -15° C prior to being used in this
study. Five specimens had been used in previous experiments. Qualitative evaluations of
each specimen indicated good structural integrity, supporting their use in this study.
Specimens were identified according to their Biomechanics Laboratory identification
numbers. A summary of specimen usage and previous experimentation is given in Table
5.1. The last three specimens included in the table were not used for characterizing the
RDAS, leaving a total of six for investigation.
Table 5.1: Specimens used in the RDAS characterization experiments
Specimen
ID #
16
96
105
112
137
139
150
115
148

Prior Experimentation
None
RDAS walking
Shank muscle ultrasound (unloaded)
None
RDAS walking
None
RDAS walking
None
RDAS walking

Included In Study (Reason)
YES
YES
YES
YES
YES
YES
NO (ruptured FHL)
NO (lateral ankle injury)
NO (incorrect tuning procedures)

Specimens were each dissected and mounted according to the procedures
described in Section 2.2.1. During dissection, aluminum plates were screwed into the
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proximal ends of the tibia and fibula. Stainless steel shafts were secured to these plates
and marker clusters were fastened to the opposite ends of the shafts. The marker clusters
consisted of four half inch diameter reflective spheres screwed to a fiberglass backing. A
marker cluster was also affixed directly to the shaft of the tibia manipulator. The
specimen was then mounted in the RDAS as shown in Figure 5.1.

Figure 5.1: Specimen and marker cluster mounting for RDAS characterization
experiments
Once the specimen was attached to the tibia manipulator, data were collected
according to the protocol in Appendix B. Several anthropometric features that were
measured on the kinematics subjects were also measured on the experimental cadaver
foot while keeping the surrogate tibia oriented perpendicular to the plane of the force
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plate’s surface. An initial set of anthropometric data was collected with a 20 Newtons
(4.5 lbs) vertical force acting on the plantar surface of the foot as measured by the force
plate. These measurements corresponded to measurements of the kinematics subjects
while they were seated with their feet resting on the floor and their shank held vertical. A
second set of measurements was collected with the foot under approximately 200
Newtons (45 lbs) of vertical force. This was intended to simulate a person with a
bodyweight of 100 lbs (45.4 kg) standing with their bodyweight evenly distributed on
both feet. The measurements taken during the loaded condition are presented in Table
5.2. During these measurements no tension was applied to the tendons and the vertical
force was applied by simultaneous downward motion of the two Y actuators built into the
RDAS.
Table 5.2: Anthropometric measurements of cadaver specimens used in the
characterization experiments (mm)
Specimen #

Overall
Length

16
96
105
112
137
139

248
240
269
244
238
222

Heel to 1st
MTP
Joint Length
186
182
209
188
177
175

Medial
Malleolus
Height
90
80
93
95
85
75

Lateral
Malleolus
Height
70
63
78
75
70
65

1st to 5th
MTP Joint
Width
85
84
96
90
93
79

The anthropometric measurements were followed by a series of stereophotogrammetry data collection trials of the marker clusters while using a wand to
identify anatomic landmarks. These trials provided the basis for determining the spatial
relationships between the marker clusters and anatomical points of interest according to
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the methods described by Cappozzo et al. (1995). An overview of this method is
provided in Section 4.2.

5.2.2 Segmented Foot Model Implementation
During collection of the kinematic data used to develop the library of control
inputs for the RDAS, as described in Chapter 4, markers were mounted on each subject’s
right foot to record the motions of the forefoot and hindfoot. This same marker
configuration was used on each cadaver specimen once it was mounted into the RDAS.
The positions of each of the foot markers and the markers on the tibia, fibula and
surrogate shaft were measured with the 3D photogrammetry system. The kinematics of
the forefoot were determined from the motion of the markers on the base and head of the
first metatarsal and on the base of the fifth metatarsal. The kinematics of the hindfoot
were determined from the motion of markers on the medial, lateral, and posterior
calcaneus.

5.2.3 Walking Simulations
The experimental design used for characterizing the RDAS consisted of thirty
experimental conditions. Measurements were collected for three trials of every condition
except for conditions of the kinematics input 2 for specimen 137 and kinematics input 5
for specimen 139. The missing data for 137 resulted from a data collection error and the
missing data from specimen 139 resulted from specimen injury that required testing be
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terminated prematurely. The conditions were distinguished by specimen and kinematic
inputs used to control the simulations. This design is presented in Table 5.3.
Table 5.3: Experimental design used to characterize the RDAS. Each condition (1-30)
consisted of three walking simulations (a, b, c) controlled using each of five kinematic
inputs with six specimens. Only two trials were collected for each of the following
conditions: input 2, specimen 137; input 5, specimen 139.
Kinematic Input
Specimen
1
2
3
4
5
Number
16
1a, 1b, 1c
2a, 2b, 2c
3a, 3b, 3c
4a, 4b, 4c
5a, 5b, 5c
96
6a, 6b, 6c
7a, 7b, 7c
8a, 8b, 8c
9a, 9b, 9c
10a, 10b, 10c
105
11a, 11b, 11c 12a, 12b, 12c 13a, 13b, 13c 14a, 14b, 14c 15a, 15b, 15c
112
16a, 16b, 16c 17a, 17b, 17c 18a, 18b, 18c 19a, 19b, 19c 20a, 20b, 20c
137
21a, 21b, 21c
22a, 22b
23a, 23b, 23c 24a, 24b, 24c 25a, 25b, 25c
139
26a, 26b, 26c 27a, 27b, 27c 28a, 28b, 28c 29a, 29b, 29c
30a, 30b

During each trial, position data of each of the markers, including the clusters and
the foot markers, were collected at 100 Hz. Preliminary investigations showed that the
forces created when conducting walking simulations based on recreating the GRFs of a
one hundred pound person did not damage specimens; thus these were set as the target
GRFs. Simulations lasted 12 seconds and tendon forces and displacements, GRFs and
the surrogate tibial shaft rotation were collected throughout each trial. The surrogate
tibial shaft’s axial rotation was locked during all trials. This was done to avoid the
excessive external rotations that had been observed when simulations were controlled
with data from kinematic subjects with anthropometries that were poorly matched to
those of the specimen. Axial rotations were determined in the analyses to verify that no
rotation had occurred during the simulations.
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Prior to collecting the data for the characterization study, several tuning steps
were taken during which RDAS settings were refined. The functional shank length of the
mounted specimen was assessed using the technique described in Section 3.2.4. Using
the result of this technique as an initial estimate of the functional shank length of the
specimen, trials were run with the maximum TS force set to 400 Newtons. The
functional length of the specimen, and therefore the shank length compensation were
refined until the heel strike vertical GRF reached between 100 % and 120 % of the
simulated bodyweight. Once this had been accomplished, the maximum TS force was
increased to 1300 Newtons. Three simulations were conducted using these settings
during which the marker motion data, GRF data and muscle force data were recorded.
The tuning procedure was repeated for each of the kinematic input data sets used in the
study prior to collecting data.
The kinematic input data were selected based on the anthropometry of the live
subject from which kinematic data were recorded. The same five sets of kinematic input
data were used with all of the specimens. Anthropometric data of the kinematics subjects
whose data was used to establish the RDAS control during the characterization
experiments are given in Table 5.4.
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Table 5.4: Anthropometrics of kinematics subjects whose data was used to control
the RDAS in the characterization experiments (mm)
Kinematics
Input
(Subject #)
1 (15)
2 (2)
3 (5)
4 (23)
5 (6)

Overall
Length
224
234
241
254
273

Heel to 1st
MTP
Joint Length
171
182
179
185
207

Media
Malleolus
Height
80
85
80
85
90

Lateral
Malleolus
Height
69
70
68
72
75

1st to 5th
MTP Joint
Width
85
90
85
92
102

The RDAS control program and wiring were modified for this study to provide a
means of synchronizing the kinematic data collection with the force data collected during
a simulation. The kinematic data was collected using a 3D photogrammetry system from
Motion Analysis (MA). This system is comprised of multiple cameras that are connected
to a computer with analog data acquisition capabilities. The outputs from the RDAS
force plate amplifier were connected to channels on the photogrammetry systems DAQ
board in addition to being connected to the RDAS DAQ board. A digital output pin on
the 6035E DAQ board in the RDAS control computer was connected to an analog input
pin on the MA DAQ board. The state of the digital pin was programmed to be toggled to
high (5 VDC) at the beginning of the RDAS data acquisition software loop and to be
toggled to low at the end of this loop. Since this loop ran at approximately 24 Hz, the
analog data was collected at 600 Hz on the MA DAQ to avoid aliasing. The stance phase
of each simulation was identified in the MA data by the start and end of the 5VDC pulse.
The MA system sampled marker position data at 100 Hz for this study.
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5.3 Ground Reaction and Muscle Force Data Processing
The muscle force and GRF data sets were analyzed to assess the accuracy of the
muscle activity simulation and the fidelity of the external loading acting on the foot.
Before the analysis could be completed, the data collected with the RDAS data
acquisition system was processed using the techniques described in this section.
The RDAS data acquisition system collects data at an irregular sampling
frequency. The sampling frequencies presented in Chapter 3 were calculated by dividing
the total number of samples collected during a simulation by the duration of the
simulation. Therefore these frequencies represent averages over a simulation.
The tools that are available in the standard MATLAB toolboxes include several
filtering routines for processing data that has been sampled at a constant frequency.
Similar functions for filtering irregularly sampled data were not readily available.
Therefore the data sets collected with the RDAS were resampled at regular intervals
using a linear interpolation function (interp1) within MATLAB. The number of samples
collected during the trials was maintained when establishing the resampled data sets.
The resampled data sets were then filtered using a 3rd order lowpass Butterworth
filter with a cutoff frequency of 2.25 Hz. This cutoff frequency was selected because the
analog data collected from the kinematic subjects was processed with a similar filter with
a cutoff frequency of 45 Hz and simulations were approximately 1/20th the speed of in
vivo stance phase. After filtering, the data was resampled to 101 regularly sampled data
points to facilitate comparing the simulations to the target data at regular intervals.
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After being normalized to percent bodyweight the GRFs generated during
simulations were compared to those generated by the kinematics subject during the trial
used to establish the kinematic input data for the RDAS. Since the right foot of each
kinematics subject was monitored, the medial – lateral GRF data of the left specimens
were reversed prior to making comparisons between the simulated forces and those
generated by live subjects to ensure these were anatomically consistent.

5.4 Kinematics Data Processing
The kinematics evaluation conducted in this study was formulated to investigate
the fidelity of the simulated shank motion and the behavior of the cadaver foot. While
these are both aspects of every simulation, the simulated shank kinematics primarily
result from action of the three kinematic actuators, whereas the foot kinematics result
from the combined action of the shank kinematics, GRFs and muscle forces.
The kinematic data collected during the trials were post-processed using Motion
Analysis software as described in Section 4.3. The marker position data were exported to
‘c3d’ files after post-processing. The data in these files were converted to the MATLAB
binary file format using Hyabusa. During the conversion process, the kinematic data
were filtered using a lowpass Butterworth filter with a 0.3 Hz cutoff frequency. This
frequency was chosen because simulations were roughly 1/20th the rate of normal
walking and the kinematic data collected for the kinematic library was filtered using a
lowpass Butterworth filter with a 6.0 Hz cutoff frequency.
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5.4.1 Shank Segment Kinematic Analysis
The marker position data collected during trials with the wand were used as inputs
into functions within Hyabusa to establish the motion of the wanded points throughout
the subsequent walking trials. The wanded points are presented in the master data
collection sheets for this study and are included in Appendix B. The methodology used
in the routines within Hyabusa is briefly described here.
Using three markers on each marker cluster, a right handed orthogonal coordinate
frame (CF) was established. The rigid body transformation that describes this CF with
respect to the laboratory CF positioned on the force plate was established using
techniques developed by Zatsiorsky (1998). The positions of the markers on the wand
were used in conjunction with the known distance from the tip of the wand to the center
of the farthest marker to determine the position of the wand tip in the laboratory CF. The
transformation that described the position and orientation of the marker cluster CF with
respect to the laboratory CF was used to determine the position of the wand tip with
respect to the marker cluster CF. This process was repeated for a minimum of four points
on each of the tibia, fibula and surrogate shaft. Two of the four points on each of these
bodies were at the distal end and two were at the proximal end. At each end, one of the
points was on the medial aspect of the body and one was on the lateral aspect. A second,
body fixed CF was established from the four wanded points after having determined the
position of these points with respect to the marker cluster CF. The secondary frame is
referred to as the anatomical CF and had axes that were oriented along meaningful
directions of the body such as the long axis of the tibia. The transformation that
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described the anatomical CF with respect to the cluster CF was established and used in
Equation 5.1 to define the transformation from the global CF to the anatomical CF.

T

Global _ to _ Anatomical

= TGlobal _ to _ Cluster * TCluster _ to _ Anatomical

( 5.1 )

The anatomical CF’s were aligned with the global CF at the position in stance
when the vector along the long axis of the fibula was vertical. The rotation that achieved
this alignment was applied to each frame throughout stance phase. This was intended to
simplify comparing kinematic data from the kinematic subjects and the specimens and
avoid varying amounts of crosstalk developed when making Euler decompositions of the
transformations. The phenomenon of crosstalk was evaluated for knee rotations by
Piazza and Cavanagh (2000). The variations in the relative positions of the foot markers
caused by differences in foot conformation prompted using this strategy to mitigate
crosstalk errors. This analysis provided the necessary information to evaluate the
performance of the kinematic actuators in the RDAS, the relative motion of the tibia with
respect to the surrogate shaft, and the motion of the fibula with respect to the tibia.

5.4.2 Forefoot Segment Kinematic Analysis
The origin of the body fixed CF on the forefoot was positioned at the marker on
the base of the first metatarsal. The local x axis for the forefoot segment pointed from
this origin to the marker on the first metatarsal head. The cross product of the vector
pointing from the origin to the base of the fifth metatarsal was taken with the local x axis
to establish the local y axis for all right feet. The vector extending from the base of the
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fifth metatarsal to the base of the first metatarsal was used to establish the local y axis for
each of the left feet to maintain consistent anatomical directions for the two sides.
Having established two orthogonal vectors, the local z axis was found by taking the cross
product of the x axis with the y axis. The unit vector defining each axis was found by
dividing the vector by its respective Euclidean magnitude.
The unit vectors and the global position of the local CF origin were assembled to
form the transformation that maps the local CF to the global CF using the convention of
Zatsiorski (1998). This relation is illustrated in Equation 5.2, where the elements of the
vector L represent the position of the local CF origin in the laboratory CF and the
columns of the rotation matrix R are the unit vectors of the local CF (lowercase subscript)
defined in the laboratory CF (uppercase subscript).

TG - FF

⎡1
⎢L
X
=⎢
⎢L Y
⎢
⎣⎢ L Z

0

0

R Xx

R Xy

R Yx
R Zx

R Yy
R Zy

0 ⎤
R Xz ⎥⎥
R Yz ⎥
⎥
R Zz ⎦⎥

( 5.2 )

5.4.3 Hindfoot Segment Kinematic Analysis
The hindfoot segment was represented by the three markers placed on the medial,
lateral, and posterior aspects of the heel. The origin of the body fixed CF on the hindfoot
was positioned coincident with the posterior calcaneus marker. The local x axis was
aligned with a vector pointing from the posterior calcaneus marker to a point midway
between the medial and lateral calcaneus markers. The local y axis was found by
crossing the vector extending from the medial to the lateral calcaneus on the local x axis
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for all right feet. The vector extending from the lateral to the medial calcaneus was used
for defining the local y axis on all left feet to maintain consistent anatomical directions
for the two sides. The local z axis was established by taking the cross product of the
local x axis and the local y axis. As in the forefoot analysis, the unit vectors of these axes
were found by dividing the vectors by their Euclidean magnitude. The transformations
from global to local coordinates were assembled in the same manner as for the forefoot
described in the previous section.

5.4.4 Kinematics Output Measures
The methodology for establishing the local CF for the foot segments was followed
for each frame of marker data in each of the simulations and for the in vivo trials used to
control the kinematics actuators. The anatomical CF’s on the foot segments were aligned
with the global CF at the position in stance when the vector along the long axis of the
fibula was vertical. The orientation correction that achieved this alignment was applied
to each frame throughout stance phase. Having established the transformations that
mapped the local CF’s into the global CF, the relative orientation of segments with
respect to the next proximal segment were calculated using Equation 5.3 for the hindfoot
and forefoot. In this equation the transformation raised to the negative one exponent
signifies taking the inverse of the transformation following the definition established by
Zatsiorski (1998).

T

-1

Global_to_Segment1

* TGlobal_to_Segment 2 = TSegment1_to_Segement 2

( 5.3 )
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The transformations that described the inter-segment orientations of the hindfoot
with respect to the shank, the forefoot with respect to the hindfoot and the transformation
that described the orientation of the shank with respect to the laboratory CF were
decomposed into Euler angles using the ZXY series of rotations using custom programs
developed in the MATLAB programming language. In addition, the sagittal plane angle
of the fibula was calculated at each frame using the positions of the proximal and distal
fibula in the laboratory CF. Each vector of angles was resampled at one hundred regular
intervals, resulting in vectors of one hundred and one elements.

5.5 Characterization Analyses
The GRFs, tendon forces, and kinematic data that resulted from the analyses
described in Sections 5.3 and 5.4 were organized into column vectors of 101 regularly
sampled data points. The GRFs and lower extremity kinematics were collected from the
simulations of each condition in Table 5.3 as well as the in vivo trials from which
kinematic input data were determined. The tendon forces that were targeted by the six
individual muscle simulation units in the RDAS and those that were generated during
each simulation were also assembled into vectors of 101 regularly sampled data points.
The Root Mean Square (RMS) difference between simulated and target measures
was calculated using Equation 5.4. The measures of interest are the GRFs, tendon forces
and lower extremity kinematics that are represented by α in Equation 5.4. The
kinematics input subject’s GRFs and lower extremity kinematics were used as the targets
for these measures (αTarget in Equation 5.4) while the target tendon forces were derived
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using methods described in Section 2.2.2. The subscript Cadaver denotes measures
collected during the RDAS simulations.
101

RMSα =

∑ (α
i =1

Target

(i) − α Cadaver (i)) 2

( 5.4 )
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The rotations about the x and y axes of the left specimens were reversed prior to
calculating the RMS values. This ensured that the rotations were anatomically
comparable to the rotations of the right feet of the kinematics subjects. RMS differences
for each GRF, tendon force and kinematic measure were calculated using data that was
collected during individual trials of each condition in Table 5.3. The RMS differences
for the individual trials were averaged by condition to characterize RDAS performance
with respect to each measure.
The overall performance of the RDAS in each condition was evaluated using a
grading system. This system was based on the average RMS differences that were
calculated for each measure. Grades were assessed for each of the three types of
measures used in the RDAS characterization; (i.e. GRFs, tendon forces, and kinematics).
Grades for each type of measure were calculated by first summing the RMS differences
of the individual measures within the group. This resulted in a sum of RMS differences
for GRFs, tendon forces and kinematics for each condition. The maximum summed
RMS difference for each type of measure was identified and all values were normalized
to this value. The resulting values were the grades of the RDAS performance for each
type of measure. In each case, a grade of one corresponded to the worst observed
performance and a grade of zero corresponded to the best possible performance. The
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sum of all these grades reflected the RDAS’s overall performance for each condition, the
overall grade. The worst possible overall grade was three and the best possible grade was
zero.
The difference between the anthropometries of kinematics subjects (Table 5.4)
and those of the cadaver specimens (Table 5.2) were assessed for each condition and
expressed as percentages of the cadaver specimens’ anthropometry. The regression
analyses described below were conducted for both the signed percent differences in the
anthropometries and the absolute value of these measures.
Outliers of the averaged RMS differences for each measure and grade were
identified using SAS’s JMP software package (version 5.1.1, SAS Institute Inc., Cary,
NC) according to the conditions in Equation 5.5. The variable X in Equation 5.5
represents individual magnitudes of each output measure.
⎧X > Upper quartile + 1.5 * Inter - quartile Range
∀X : ⎨
⎩X < Lower quartile − 1.5 * Inter - quartile Range

( 5.5 )

Identified outliers were removed from the data set. A summary of the number of
outliers removed from each measure and the conditions that had outliers is provided in
Table 5.5.
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Table 5.5: Summary of outliers removed from each column of measures prior to
conducting regression analyses.
Measure
# of Outliers
Conditions
Muscle Forces:
TP
1
25
TA
2
10, 15
FDL
1
10
FHL
4
10, 25, 26, 30
TS
4
10, 20, 25, 30
PER
3
10, 25, 30
GRFs:
X
0
Y
0
Z
1
14
Kinematics:
Sagittal angle
0
Shank wrt Ground X
0
Shank wrt Ground Y
3
8, 13, 18
Shank wrt Ground Z
0
Hindfoot wrt Shank X
1
30
Hindfoot wrt Shank Y
1
28
Hindfoot wrt Shank Z
3
10, 25, 30
Forefoot wrt Hindfoot X
0
Forefoot wrt Hindfoot Y
0
Forefoot wrt Hindfoot Z
0
Scores:
Muscle score
3
10, 25, 30
GRFs score
0
Kinematics score
1
30
Total score
2
25, 30
MINITAB (version 13.36, Minitab, Inc., State College, PA) was used to conduct
backward elimination stepwise regression of the averaged RMS differences between
simulated and target output measures on the relative differences between the
anthropometries of the cadaver specimens and the kinematics subjects. The significance
threshold for the predictors to be removed from the model was set to 0.05.
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The significant anthropometric predictor(s) from each stepwise regression
analysis were then regressed on the RMS output measure using a multiple regression
algorithm in MINITAB. The results of these analyses include model R2 and p-values.
These results are included in Chapter 6.
The RMS differences were calculated for the entire stance phase as well as
portions of stance phase. Three regions were specified that correlate to the definitions of
the three rockers presented by Perry (1992). The heel rocker corresponds to the period of
stance between heel strike and foot flat and was assumed to make up the first 16% of the
stance phase. The ankle rocker corresponds to the period of stance when the plantar
surface of the foot is in contact with the ground and was assumed to extend from the end
of the heel rocker to midstance. The forefoot rocker corresponds to heel rise and was
assumed to encompass the remaining half of stance phase. The assumptions in these
definitions stem from the fact that individual differences are likely to shift the relative
timing of each phase and the values used here were derived from estimates reported by
Perry (1992). The results of these analyses are presented in Appendix E.
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CHAPTER 6
RESULTS OF RDAS CHARACTERIZATION EXPERIMENTS

6.1

Introduction

The procedures outlined in Chapter 5 were followed to provide the information
necessary to assess the fidelity of the walking simulations produced using the RDAS and
examine variations in fidelity associated with changes in kinematic actuator control. This
chapter provides the results of quantitative evaluations of the simulated loading
environment by comparing measures obtained using the procedures in Chapter 5 with the
behavior in live subjects as determined using the procedures outlined in Chapter 4.
Throughout this chapter, variations in the simulated environment associated with changes
in kinematic control inputs are illustrated through graphs of a single, representative
specimen. Data for the other five specimens are presented in Appendix D.
The outputs from the characterization experiments included GRFs, tendon forces
and kinematics. Simulation results for specimen 16 have been used to illustrate the
loading environment achieved using the RDAS. Each measure is treated separately in the
following sections. Graphs of measures versus percent stance have been included to
compare the simulated event to live performance.
The data was also analyzed to identify anthropometric factors that contribute to
variations in fidelity. Regression analyses were used to investigate the following
hypothesis:
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Hypothesis – Simulation fidelity decreases linearly as the magnitude of
differences in anthropometric measures between the kinematic subject’s foot and the
cadaver foot increases.

An alternative hypothesis was simultaneously investigated. This hypothesis states
that simulation fidelity is inversely proportional to the foot size of the subject from whom
the kinematics input data was obtained, irrespective of the cadaver foot size.
Stepwise regression analyses were used to identify anthropometric measures that
were statistically significant predictors of simulation fidelity. Stepwise regressions of the
RMS differences between the targeted and actual values for all measures were performed
using anthropometric differences as predictors. To address the primary hypothesis,
absolute anthropometric differences between the kinematics input subject and the cadaver
foot were used as predictors. An example linear regression of the AP GRFs regressed on
the absolute value of the differences in the length from the Heel to the 1st MTP joint
between the experimental cadavers and the kinematics input subjects is presented in the
top portion of Figure 6.1. Signed differences in anthropometric parameters, indicating
input characteristics greater than or less than those measured in the cadaver foot, were
used to examine the alternative hypothesis. An example linear regression of the AP
GRFs regressed on the signed differences in the length from the Heel to the 1st MTP joint
between the experimental cadavers and the kinematics input subjects is presented in the
bottom portion Figure 6.1.
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AP GRF
AP GRF

Absolute Heel to 1st MTP
Length Difference

Signed Heel to 1st MTP
Length Difference
Figure 6.1: Linear regression of anterior-posterior GRFs regressed on the absolute value
of the differences in the length from the heel to the 1st MTP joint between the
experimental cadavers and the kinematics input subjects (top). And, linear regression of
anterior-posterior GRFs regressed on the signed differences in the length from the heel to
the 1st MTP joint between the experimental cadavers and the kinematics input subjects
(bottom).
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The results of the stepwise regression analyses are presented in the following
sections. The results include significant predictors as determined in the stepwise
regression analyses, along with their coefficients and their p-values. The adjusted Rsquared values for each regression model that had significant predictors are presented,
along with the p-value of the entire model.

6.2

Overall Measures of RDAS Performance

Grades that were calculated using the analyses outlined in Section 5.5 were
regressed on the anthropometric differences between the input kinematic subjects’ feet
and the cadaver feet re-animated in the RDAS. Significant predictors (α < 0.05) of the
grades from the stepwise regression analyses of the absolute values of the relative
discrepancies between input kinematic subjects’ feet and the cadaver feet are presented in
the top portion of Table 6.1. Positive coefficients in this table indicate that an increase in
the magnitude of the anthropometric mismatch between the input subject and the cadaver
corresponds to an increase in the grade or a decrease in the performance. Conversely,
negative coefficients indicate that an increase in the magnitude of the anthropometric
mismatch corresponds to an increase in performance.
From the results presented in the top portion of Table 6.1 it can be seen that the
only significant predictor of the RDAS’s overall performance was the mismatch of
forefoot width between the input subject and the cadaver specimen when only the
magnitudes of anthropometric discrepancies were considered.
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Table 6.1: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of Grade measures.
Anthropometric Predictors
Model Adjusted
Model
Grade
(Coefficient, P-value)
R2 (%)
P-value
GRF Grade
Muscle Grade
Kinematics Grade
Total Grade

Heel - 1st MTP Length (0.011, 0.020)
Lateral Malleolus Height (-0.008, 0.016)
Forefoot Width (0.009, 0.001)
Forefoot Width (0.019, 0.016)

14.96

0.020

37.28

0.001

17.37

0.016

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of Grade measures.
GRF Grade
Muscle Grade
Kinematics Grade
Total Grade

Heel - 1st MTP Length (0.007, 0.001)
Overall Length (0.015, 0.000)
Forefoot Width (-0.007, 0.032)
Heel - 1st MTP Length (0.018, 0.003)

35.15

0.001

46.43

0.000

27.06

0.003

The results of the stepwise regressions of the grade measures on the signed (±)
relative discrepancies between input kinematic subjects’ feet and the cadaver feet are
presented in the bottom portion of Table 6.1. The sign of the coefficients of the
predictors in this table indicate similar relations as described for those in the top portion
of Table 6.1. These results show that the overall performance of the RDAS corresponded
to the signed discrepancy of the length from the heel to the first metatarsal phalangeal
joint between the input subjects and the cadavers.

6.3

Ground Reaction Forces

The primary measures of simulation fidelity in the RDAS are the GRFs because
they are easily collected and provide a robust measure of foot loading for a given set of
input parameters. Compared with the other directions, the vertical GRFs generated
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during simulations are larger and more sensitive to changes in shank length
compensation.
The vertical GRFs generated during simulations with specimen 16 are presented
in Figure 6.2. Each colored line in this figure represents the average of three trials
controlled with each of the respective kinematic inputs. The forces are presented as a
percentage of the simulated bodyweight of one hundred pounds (45.4 kg). For
comparison, the shaded band represents the distribution (mean ± 1 S.D.) of normalized
GRFs measured in the live subjects from whom the five kinematics input profiles were
obtained. These GRFs were normalized by the respective kinematic subjects’
bodyweights and the mean and standard deviation of the forces were calculated at regular
intervals throughout stance phase. The upper and lower bounds of the shaded band in
Figure 6.2 represent one standard deviation added to and subtracted from the average
GRF, respectively. Tuning the shaft length compensation in the RDAS resulted in the
narrow distribution of peak forces in each profile during the first 40 % of the stance
phase, as shown in Figure 6.2.
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Figure 6.2: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 16. The shaded band represents the distribution
(mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects from which
the five kinematics input profiles were obtained.
The Anterior/Posterior GRFs were processed in a similar manner as the vertical
GRFs and the results for specimen 16 are presented in Figure 6.3. The characteristic
braking force at heel strike, represented by negative values in Figure 6.3, can be seen for
the input subjects but is largely missing for all simulations except those controlled with
kinematics input 4. Conversely, the characteristic propulsive force in late stance can be
seen for the input subjects and in all simulation conditions to varying degrees.
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Figure 6.3: Average simulated Anterior/Posterior GRF profiles over three trials for each
of five kinematic input conditions for specimen 16. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized Anterior/Posterior GRFs measured in the live
subjects from whom the five kinematics input profiles were obtained.
The results for the Medial/Lateral GRFs for specimen 16 are presented in Figure
6.4. The accentuation of the in vivo trends for all simulation input conditions in this
direction are clearly evident in this Figure. The Medial/Lateral GRFs act perpendicular
to the plane of the simulations (sagittal).
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Figure 6.4: Average simulated Medial/Lateral GRF profiles over three trials for each of
five kinematic input conditions for specimen 16. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized Medial/Lateral GRFs measured in the live
subjects from which the five kinematics input profiles were obtained.
The results of the stepwise regression of the RMS differences between the
targeted and actual GRFs on the absolute relative differences in anthropometries are
presented in the top portion of Table 6.2. These analyses resulted in one significant
predictor of the Anterior/Posterior (AP) GRFs. The other GRF directions had no
significant predictors. The results indicate that a small percentage of the variance (R2 =
10.8 %) in the RMS difference between the simulated AP GRFs and those produced by
the kinematics input subjects is explained by the relative magnitude of the mismatch in
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the length from the heel to the first metatarsal phalangeal joint between the input subjects
and the cadavers. The positive coefficient of the predictor in the only significant
regression model indicates that an anthropometric mismatch of greater magnitude results
in a greater RMS difference between the simulated and in vivo Anterior/Posterior GRFs.
Table 6.2: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction.
Model
Anthropometric Predictors
Model Adjusted
RMS Difference
2
RDAS vs In vivo
P-value
(Coefficient, P-value)
R (%)
AP
Vertical
Med./ Lat.

Heel - 1st MTP Length (0.003, 0.043)
-

10.80
-

0.043
-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction.
AP
Vertical
Med./ Lat.

Overall Length (-0.006, 0.004)
Heel - 1st MTP Length (0.009, 0.000)
Heel - 1st MTP Length (0.003, 0.014)
Medial Malleolus Height (0.003, 0.014)
Forefoot Width (-0.005, 0.000)

37.00

0.001

16.96

0.014

35.16

0.001

The results of the regression analyses conducted using the signed (±) relative
differences in anthropometries as predictors of GRF RMS differences are presented in the
bottom portion of Table 6.2. In contrast to the results from the absolute anthropometric
differences, each GRF direction had significant predictors in these analyses. Positive
coefficients indicate that RMS differences between the target and actual GRFs decrease
as the kinematics subjects’ anthropometric predictor measure decreases in magnitude.
Negative coefficients indicate that RMS differences between target and actual GRFs
increase as the kinematics subjects’ anthropometric predictor measure increases in
magnitude.
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6.4

Tendon Forces

The goal of the characterization experiments was to examine the effects of
changes in kinematic controls (under consistent tendon force control) on simulation
fidelity. Figure 6.5 shows the tendon forces generated in each of the six simulated
muscle groups during experimentation with specimen number 16. Each colored line in
Figure 6.5 represents the average forces in the respective tendon(s) over three trials with
the same kinematic inputs. The black lines in this figure represent the targeted forces for
each of the muscle groups. This figure illustrates the consistency of the muscle force
delivery system in achieving the targeted forces and indicates system stability
irrespective of kinematics input. One exception to this tendency can be seen in the results
for kinematic input number 5 in late stance phase, represented by the blue curves.
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Figure 6.5: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 16
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The results of the stepwise regression of the RMS differences between the
targeted and actual muscle forces on the absolute value of the relative differences in
anthropometries of the input subject and those of the cadaver feet are presented in the top
portion of Table 6.3. Positive coefficients in these regression models indicate better
muscle force reproduction when the anthropometries of specimens are matched more
closely to that of the input subject and negative coefficients indicate poorer performance
with greater mismatch. It can be seen from the results that forefoot width was retained as
a significant predictor in the stepwise regression models for all but one (FDL) RMS
difference measures for the tendon forces.

117

Table 6.3: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
2
RDAS vs In vivo
(Coefficient, P-value)
R (%)
P-value
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Forefoot Width (0.201, 0.000)
Forefoot Width (0.100, 0.046)
Heel - 1st MTP Length (0.121, 0.014)
Medial Malleolus Height (-0.132, 0.010)
Lateral Malleolus Height (-0.261, 0.001)
Forefoot Width (0.205, 0.002)
Medial Malleolus Height (-0.720, 0.031)
Forefoot Width (0.870, 0.010)
Lateral Malleolus Height (-0.222, 0.012)
Forefoot Width (0.295, 0.000)

46.70
11.22

0.000
.046

23.07

0.013

41.87

0.001

27.70

0.009

43.90

0.000

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction.
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Medial Malleolus Height (0.248, 0.001)
Lateral Malleolus Height(-0.156, 0.049)
Overall Length (-0.229, 0.004)
Heel - 1st MTP Length (0.346, 0.000)
Heel - 1st MTP Length (0.291, 0.000)
Medial Malleolus Height (0.120, 0.019)
Lateral Malleolus Height (-0.255, 0.000)
Heel - 1st MTP Length (0.770, 0.003)
Heel - 1st MTP Length (0.279, 0.000)
Medial Malleolus Height (0.183, 0.008)
Lateral Malleolus Height (-0.260, 0.002)

40.46

0.000

49.02

0.000

-

-

74.89

0.000

28.29

0.003

63.78

0.000

The results of the stepwise regression of the RMS differences between the
targeted and actual muscle forces on the signed (±) relative differences in
anthropometries of the input subject and those of the cadaver feet are presented in the
bottom portion of Table 6.3. Positive coefficients indicate that RMS differences between
the target and actual tendon forces decrease as the kinematics subjects’ anthropometric
predictor measure decreases in magnitude. Negative coefficients indicate that RMS
differences between target and actual tendon forces increase as the kinematics subjects’
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anthropometric predictor measure increases in magnitude. The relative difference in the
length of heel to the first metatarsal phalangeal joint was a significant predictor in four of
the five regression models. The sign of this predictor was positive in each of these
models as can be seen in Table 6.3.

6.5

Kinematics

The kinematic analyses described in Chapter 5 were conducted for the kinematics
input trials and each simulation trial. The motion patterns of several segments are
presented in this section to illustrate foot motion in the RDAS as compared to foot
motion in the subjects from which the kinematic input data was obtained. The patterns
presented here have been derived from Euler angle decompositions of transformations
that describe one CF with respect to another. The primary rotation of these
decompositions was taken about the z-axis, the secondary rotation was taken about the xaxis and the tertiary rotation was taken about the y-axis. The figures presented in this
section show segment rotations averaged over three trials for each kinematic input
condition (each given in a different color) as well as the distribution of motion (mean ± 1
S.D.) from the live subjects (grey band).
The results of the decomposition of the transformation that describes the shank
segment CF with respect to the ground CF for specimen 16 are presented in Figure 6.6.
The shank segments in simulations were defined by the marker cluster mounted to the
tibia. The shank segments in the live subjects were defined by the clusters mounted to
the kinematic subjects’ legs as shown in Figure 4.1. The rigidity of the RDAS in the
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coronal plane is illustrated by the nearly constant rotations in the top pane of Figure 6.6.
The locking mechanism used to restrict transverse plane rotations about the long axis of
the tibia resulted in the nearly unchanged rotations about this axis shown in the middle
pane of Figure 6.6. The sagittal plane rotation that corresponds to the global inclination
is represented in the bottom pane of Figure 6.6.

Figure 6.6: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 16.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.
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The rotations of the hindfoot segment with respect to the shank segment are
presented in Figure 6.7. The methods used to establish the CF’s on the foot segments
were described in detail in Chapter 5. Figure 6.7 illustrates the consistency of the motion
patterns generated during simulations controlled using the kinematic inputs 1 – 4. When
controlled with kinematics input 5 the motion patterns varied more significantly from the
other simulations as illustrated by the blue curves in Figure 6.7.

Figure 6.7: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 16. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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The rotations of the forefoot segment with respect to the hindfoot segment are
presented in Figure 6.8. The motion patterns between these segments did not vary with
kinematic input to the degree of the hindfoot with respect to the shank and showed good
agreement with the live subject data.

Figure 6.8: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 16.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
The sagittal plane inclination angles of the cadaver specimen that are analogous to
the angles used to establish the control of the RDAS kinematics actuators are presented in
Figure 6.9. These angles were calculated using the positions of wanded points on the
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proximal and distal fibula. These angles correspond to the angle between a vector
aligned with the long axis of the fibula in the sagittal plane and a vertical vector. The
results show a lag in forward lean progression through midstance that corrects from
approximately 70% to 90 % of stance phase at which time begins a consistently
increasing deviation from the target motion pattern.

Figure 6.9: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 16. The shaded band represents the distribution (mean ± 1
S.D.) of the forefoot segment rotations described with respect to the hindfoot measured in
the live subjects from which the five kinematics input profiles were obtained.
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The results of the stepwise regression of the RMS differences between the
targeted and actual kinematics measures on the absolute value of the relative differences
in anthropometries between the input subject and cadaver feet are presented Table 6.4.
Positive coefficients in these regression models indicate simulations were more
representative of living subject motion when the anthropometries of specimens are
matched more closely to that of the input subject and negative coefficients indicate
poorer performance with a greater anthropometric mismatch. The results show that
several measures failed to have any significant predictors. The sagittal angle and the
rotation of the shank segment about the z axis are analogous descriptions of the same
motion if there is little motion between the tibia and fibula and the stepwise regression
produced models with the same predictors with similar coefficients for these two
measures.
Table 6.4: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures.
Model
Model
Anthropometric Predictors
RMS Difference
Adjusted R2
RDAS vs In vivo
P-value
(Coefficient, P-value)
(%)
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
Forefoot wrt Hindfoot - X
Forefoot wrt Hindfoot - Y
Forefoot wrt Hindfoot - Z

Medial Malleolus Height (0.101, 0.030)
Lateral Malleolus Height (-0.202, 0.001)
Forefoot Width (0.079, 0.037)
Heel - 1st MTP Length (-0.029, 0.010)
Forefoot Width (0.018, 0.050)
Medial Malleolus Height (0.102, 0.032)
Lateral Malleolus Height (-0.195, 0.001)
Forefoot Width (0.081, 0.037)
Overall Length (-0.070, 0.005)
Medial Malleolus Height (0.080, 0.002)
Forefoot Width (0.100, 0.050)
Forefoot Width (0.141, 0.015)

31.87

0.005

17.61

0.028

-

-

29.98

0.006

-

-

30.44

0.003

9.97
16.54

0.050
0.015
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The results for the regression analyses conducted using the signed (±) differences
in anthropometries as predictors are presented in the in Table 6.5. Positive coefficients
indicate that RMS differences between the simulated and living subject motion decrease
as the kinematics subjects’ anthropometric predictor measure decreases in magnitude.
Negative coefficients indicate that RMS differences between target and actual tendon
forces increase as the kinematics subjects’ anthropometric predictor measure increases in
magnitude. The differences between the height of the malleoli of the input subjects and
the cadavers were consistently retained as predictors in these analyses. In contrast to the
results in Table 6.4, the stepwise regression analyses of the RMS differences in sagittal
angle and the shank segment rotation with respect to ground failed to have the same
significant predictors.
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Table 6.5: Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures.
Model
Anthropometric Predictors
Model
RMS Difference
Adjusted R2
RDAS vs In vivo
(Coefficient, P-value)
P-value
(%)
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank – Y
Hindfoot wrt Shank - Z
Forefoot wrt Hindfoot - X
Forefoot wrt Hindfoot - Y
Forefoot wrt Hindfoot - Z

6.6

Heel - 1st MTP Length (0.140, 0.000)
Lateral Malleolus Height (-0.089, 0.020)
Overall Length (0.065, 0.000)
Heel - 1st MTP Length (-0.045, 0.004)
Lateral Malleolus Height (0.019, 0.029)
Forefoot Width (-0.026, 0.007)
Medial Malleolus Height (-0.028, 0.010)
Overall Length (0.148, 0.000)
Medial Malleolus Height (-0.089, 0.007)
Heel - 1st MTP Length (0.095, 0.018)
Medial Malleolus Height (0.123, 0.026)
Lateral Malleolus Height (-0.151, 0.015)
Heel - 1st MTP Length (0.080, 0.040)
Medial Malleolus Height (0.231, 0.000)
Forefoot Width (-0.191, 0.000)
Medial Malleolus Height (0.238, 0.002)
Lateral Malleolus Height (-0.204, 0.016)
Medial Malleolus Height (0.267, 0.001)
Lateral Malleolus Height (-0.178, 0.047)

33.72

0.001

46.44

0.000

20.90

0.010

41.32

0.000

31.52

0.006

12.49

0.040

54.18

0.000

26.69

0.006

36.06

0.001

Repeatability within Condition

The results of the characterization experiments demonstrated that the performance
of the RDAS was very repeatable within input condition. This is illustrated in the plots
of selected variables collected during experimentation with specimen 16 using kinematics
inputs 1, 3 and 5. These conditions were selected because they were representative of the
simulators performance across all conditions. The results for the variables presented
were representative of the repeatability of similar measures across all conditions.
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The distribution of vertical GRFs produced over three conditions is presented in
Figure 6.10. The variability in late stance was observed to be small in most conditions.
The loading trends at heel strike were comparatively more variable within condition.

Figure 6.10: The distribution of vertical GRFs (mean ± 1 S.D.) produced with specimen
16 over three trials controlled with kinematics inputs 1, 3 and 5
The distribution of the Triceps Surae force produced during three trials of
conditions specified by kinematics inputs 1, 3, and 5 are presented in Figure 6.11.
Variability was consistently small for all muscle groups across conditions.

127

Figure 6.11: The distribution of triceps surae forces (mean ± 1 S.D.) produced in
specimen 16 over three trials controlled with kinematics inputs 1, 3 and 5
The repeatability of foot kinematics in the RDAS is illustrated by the results for
simulations over three conditions with specimen 16 (Figure 6.12). The variability of
kinematics measures in the RDAS tended to be greater at heel strike and toe off than
other portions of stance.
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Figure 6.12: The distribution of hindfoot plantar – dorsiflexion with respect to the shank
(mean ± 1 S.D.) produced with specimen 16 over three trials controlled with kinematics
inputs 1, 3 and 5
The reproducibility of the sagittal plane angle in the RDAS is illustrated in Figure
6.13. Each line is representative of the mean ± 1 standard deviation calculated for three
trials. These results were representative of the RDAS’s performance under all conditions.
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Figure 6.13: The distribution of sagittal plane angles (mean ± 1 S.D.) produced with
specimen 16 over three trials controlled with kinematics input 3

6.7

Fibular Motion With Respect To the Tibia

The marker clusters attached to the tibia and fibula of each specimen were used to
determine the relative motion of the lateral malleolus with respect to the distal tibia
during each trial. The motions were averaged over the fifteen trials with specimen 16 and
are presented in Figure 6.14. Motion patterns had significant variation across trials
within kinematics input condition as well as across the different input conditions.
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Figure 6.14: Motion of the lateral malleolus with respect to the distal tibia from the heel
strike displacement for specimen 16 averaged over 15 trials
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CHAPTER 7
DISCUSSION

The objectives of this work were to develop the RDAS into a functional research
tool for investigating the biomechanics of the foot and ankle and characterize its
performance. The developments described in Chapters 3 and 4 were instrumental in
establishing a stable system capable of simulating the stance phase of gait reliably in
different sized specimens. The results presented in Chapter 6 illustrate the fidelity of the
simulated loading environment produced using the RDAS. These results also achieved
the second objective of this research in characterizing variations in simulation fidelity as
a function of anthropometric mismatch between the experimental cadaver and the
kinematic input subject. The results of the characterization experiments are discussed in
detail in Section 7.2.

7.1

Modeling Approach

The modeling methodology employed in the RDAS combines aspects common to
other models of its kind as well as some unique aspects. The developments described in
Chapters 3 and 4 were aimed at establishing a functional device that reliably loaded
cadaver specimens during walking simulations using a methodology that evolved through
the development of several previous devices. The basis of each of these previous devices
was the use of cadaver specimens to investigate internal biomechanics. This is a
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common practice but transferability of findings to living tissues is regularly questioned.
The architecture employed in the RDAS and the implementation of cadaver specimens
are discussed in the following sections

7.1.1 In Vitro Simulation: Validity of Structural Performance

Experimentation with the RDAS is most commonly focused on investigating the
functional anatomy of the lower extremity. Transferability of findings from in vitro
experimentations to in vivo systems is contingent on many aspects of the investigation.
In the RDAS, these include the loading environment and the tissue response to the
experimental conditions.
The mechanical behavior of the foot and ankle complex is a function of tissue
properties. The differences between the mechanical properties of thawed specimens, like
those used in the RDAS, and fresh specimens provide insight into expected differences
between the in vivo and in vitro systems. Ideally, this comparison would include in vivo
mechanical behavior, however ethical considerations preclude conducting destructive
analyses to determine tissue properties in living subjects or animals. A review of
pertinent studies found in the literature is presented to illustrate findings regarding the
effects of freezing specimens and donor age on material properties of various tissues.
Two groups reported conflicting findings on the effects of freezing on articular
cartilage. Willett et al. (2005) showed a significant decrease in the aggregate modulus of
porcine femoral articular cartilage after freezing specimens at - 20 °C for seven days. All
specimens were tested before and after freezing using a confined compression procedure.
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The authors were not able to conclude that the changes were a function of freezing and
thawing and not the mechanical tests on the fresh specimens because there was no control
group that was tested twice without freezing. Kiefer et al. (1989) reported contradicting
results for bovine articular cartilage that was taken through a freeze - thaw cycle. These
researchers implemented a non-destructive indenting technique to determine the stiffness
of the cartilage before and after freeze thaw cycles and found that the stiffness values did
not change.
The effect of freezing and thawing on tendon and ligament specimens has been
extensively researched. Woo et al. (1986) investigated the effects of freezing and
thawing on the tensile properties of the medial collateral ligament (MCL) in rabbits. In
this study specimens were randomly assigned to two groups. The control specimens were
dissected and tested immediately after being harvested. The experimental specimens
were frozen at - 20 °C for three months, dissected and then tested. Testing consisted of
loading the MCL by pulling the femur and tibia apart in a specially designed apparatus.
All connective tissues, other than the MCL, were removed during the dissection prior to
testing. These researchers found no statistical differences in the stress-strain curves, load
deformation, and tensile failure modes or magnitudes between the fresh and stored
groups. Smith et al. (1996) however found statistically significant decreases in the elastic
modulus of porcine extensor tendon specimens that were frozen and thawed five times
prior to testing. These specimens were dissected prior to freezing and were kept hydrated
in a saline bath when thawed.
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The effects of freezing and thawing on bone were investigated by two groups.
Moreno and Forriol (2002) investigated the effects freezing had on cortical bone taken
from sheep and found that bending strength and stiffness increased in specimens that
were stored at – 20 °C when compared to similarly tested fresh specimens. The ultimate
compressive load was shown to increase in porcine vertebrae that were stored frozen
when compared to fresh specimens, but stiffness was not affected (Callaghan and McGill,
1995).
Panjabi et al. (1985) investigated the effect freezing and thawing had on cadaveric
functional spine units, consisting of two adjacent vertebrae, interconnecting disc,
ligaments and facet joint. These researchers froze specimens at – 18 °C for 21 to 232
days and conducted mechanical testing to load various structures. Analyses were also
conducted on fresh specimens. Results showed that the biomechanical performance of
the specimens that were frozen and thawed was not statistically different to that of the
fresh specimens.
The results from this representative group of studies from the literature indicate
that the changes in mechanical properties of tissues brought on by freezing and thawing
are specific to the type of tissue. Furthermore, the disparity between mechanical
properties of fresh and thawed soft tissues is sufficiently small that it is difficult to
distinguish. The mechanical properties of bone change more substantially during the
freezing and thawing process.
The strain rate dependency of mechanical properties of soft tissues has been
extensively documented. Tendon exhibits little change in modulus with changes in strain

135

rate (Gelberman et al., 1988). Similarly, ligament has been shown to have similar
stiffness over four orders of magnitude changes in loading rate (Frank et al., 1988).
Since walking simulations are one order of magnitude slower than physiologic stance in
the RDAS, the tissue response in the RDAS is believed to be representative of the in vivo
performance.
Hubbard and Soutas-Little (1984) evaluated the effect of age on the mechanical
properties of human tendon by testing specimens from donors that ranged from 16 to 88
years of age. These researchers were unable to establish a statistically significant effect
of age on the mechanical properties of tendon. This is important because the data used to
control the RDAS is generally taken from young healthy individuals while the specimens
used in the RDAS generally come from donors over the age of 50 years. Variations in
ligament bone mechanical behavior has been documented for different stages of
maturation (Frank et al., 1988). However, these findings were not deemed pertinent to
the investigations in the RDAS because all specimens used in the RDAS are those
harvested from mature, adult donors.
The condition of cadaver tissues is difficult to quantify without destructive
mechanical testing. This type of evaluation was not conducted on the specimens used in
the RDAS characterization experiments. Ideally, specimens that were used in other
studies would not have been included in the characterization experiments. However,
since care was taken to preserve the specimen integrity, the cost of procuring specimens
is increasing, and gross structural damage was not evident during testing, the use of the
specimens included in the characterization was justified.
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Based on the findings presented in the literature, fresh – frozen cadaver specimens
can generally be expected to exhibit behavior that is representative of in vivo tissues.
Varying the rates of loading within an order of magnitude have not been shown to affect
tissue behavior and therefore are not expected to adversely influence RDAS
experimentation at speeds twenty times slower than those that occur in vivo.

7.1.2 Muscle simulation

The numerical model used to establish the target muscle forces during simulations
is similar to that used in several other cadaver models presented in the literature (Kim et
al. 2001; Hurschler et al., 2003; Wulker et al., 2003; Ward et al., 2003; Liu et al., 2004;

Reeck et al., 1998). This type of muscle model is popular because it is simple to
implement in comparison to models that incorporate force – length and force – velocity
properties of muscle. Incorporating these aspects into a muscle model could increase the
fidelity of simulated activities, but the changes in the overall performance of the RDAS
are unlikely to be significant enough to cast doubt on results of previous research using
the simpler model. Nevertheless, the implementation of a more advanced muscle model is
discussed as part of the future work in Section 8.2.
Using averaged muscle activation patterns to establish the target muscle forces for
all simulations is likely to introduce error. Reliable data from individual subjects that
parallels the input kinematics database had not been identified or collected at the time
that this document was prepared. Matching kinematic and EMG data from individual
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trials of subjects for the purposes of controlling simulations may increase simulation
fidelity, but this prospect was not investigated.
The architecture employed to deliver forces to the tendons of the extrinsic
muscles in the RDAS provided a means of simulating muscle activity. The freeze
clamping techniques used in the RDAS offer distinct advantages over suturing methods
and facilitated loading the tendons to physiologic magnitudes. The tendon force delivery
units were all oriented so that forces applied to the tendons were directed along the shaft
of the tibia. This configuration is a crude representation of the living tissues because
several tendons have muscles that originate on the tibia, fibula, interosseus membrane
and/or the femur. Grouping muscles together is also a simplification of the real system
and reduces the overall fidelity of the model.
Despite simplifications, the performance of the RDAS in the characterization
experiments, in particular the ability to recreate GRFs and foot kinematics that are similar
to living subjects, suggests that these simplifications have not introduced sufficient error
into the simulations to make them unusable for investigating the lower extremity.

7.1.3 Kinematics Simulation

The in vivo kinematics recreation within the RDAS is unique when compared to
other devices of its kind that were presented in Section 2.3.2. The methodology
incorporated in the RDAS enables mimicking the motion of a living subject while
maintaining a time scaled rate of progression through stance phase in two dimensions.
This allows researchers to scale results temporally to make comparisons to events in live
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subjects. The fidelity of the simulated environment would be increased by simulating
stance phase at physiologic rates but would require upgrading the hardware and control
strategies used in the RDAS.
Constraining the motion of the shank to the sagittal plane is a simplification of the
motions occurring in life that include varying amounts of medial – lateral translation of
the proximal and distal shank and coronal plane rotation throughout stance phase. The
transverse plane rotations of the shank segment were also constrained throughout stance
phase. Free rotation of the shank around its long axis could have been allowed in the
characterization experiments, but preliminary studies using this configuration resulted in
severe lateral ankle injuries to specimens due to excessive inversion and internal rotation
during late stance phase. One possible result of these simplifications is evident in the
medial – lateral GRFs. The constraints implemented in the RDAS kinematics recreation
system contribute to the differences between the medial – lateral GRFs created during
simulations and those generated by living people (Figure 6.4). The peak GRFs, visible in
the latter portions of stance phase simulations in this figure, correlate well to the slight
abduction of the shank segment in late stance shown in the top pane of Figure 6.6. These
results suggest misdirected plantar flexor forces in late stance caused by the
simplifications incorporated in the RDAS design.
The constraints on proximal shank kinematics and the corresponding differences
between the simulated GRFs and those produced by living subjects have implications to
therapeutic devices. Constraining motion to the sagittal plane in the simulated
environment is not directly analogous to a brace or prosthetic device that limits a
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subject’s motion to the sagittal plane at the ankle because of the wide range of
compensatory strategies that could be developed. However, these results illustrate that by
constraining motion it is possible to create larger out of plane forces that in some
circumstances would have negative impacts on care and healing objectives. These could
include abnormal shear loading on the plantar tissues and ankle joints.

7.2

RDAS Characterization

The results from the characterization experiments presented in the plots in
Chapter 6 illustrate that the loading environment created with the RDAS closely matches
that observed in living subjects. The overall performance of the RDAS was assessed
using the grading system presented in Section 6.2. The analyses of variations in the
grade of overall simulator performance for each input condition provided more support
for the alternative hypothesis than the primary hypothesis postulated in Section 6.1.
Twenty seven percent of the variation in these grades was described by the signed (±)
differences (expressed as a percent of the cadaver foot width) between the length of the
heel to the first MTP joint of the input subject and that of the experimental cadaver.
The magnitude of the differences between the forefoot width of the input subject
and that of the cadaver (expressed as a percent of the cadaver foot width) was the only
significant predictor and accounted for 17 % of the variation in the grades. The positive
coefficients of the predictors in these models independently support both postulated
hypotheses for different anthropometric measures.
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It is clear that not all variability in simulation fidelity within the RDAS can be
explained by anthropometric matching considerations. The GRFs presented in the plots
of Chapter 6 and Appendix D illustrate that the GRFs produced during simulations
controlled with the same kinematic input data are similar across several specimens. This
observation is consistent with the results of the regression analyses presented in Chapter
6 that show variability in the simulated GRFs is only partially described by
anthropometric matching between the cadaver specimen and the kinematics subject. In
conclusion, the fidelity of the GRFs reproduced by the RDAS is a function of
characteristics of motion patterns that are not completely explained by differences in the
anthropometric measures considered in this investigation.
Taken together, the results presented in the tables of Chapter 6 surprisingly
provide more support for the alternative hypothesis postulated in Chapter 5 than the
primary hypothesis. This suggests that RDAS simulations will tend to be more robust
and have higher fidelity if the kinematics actuators are controlled with inputs from a
subject with measures of foot length that are equal to or smaller than those of the
experimental cadaver. Measures of foot length in these tables include the overall foot
length (Overall Length) and the length from the heel to the first MTP joint (Heel – 1st
MTP). The results also suggest that matching the forefoot width of the cadaver specimen
to that of the kinematics subject will produce simulations of higher fidelity.
It is likely that many aspects of the RDAS and the experimental procedures used
to operate it contribute to better results when using input kinematics from subjects with
smaller feet than the cadaver. This result can be explained in part by the geometry of the
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mounted specimen. During simulations with cadaver feet that were significantly smaller
than those of the kinematics input subject, it was common to observe the forefoot of the
specimen slip in late stance phase. Slipping consisted of posterior motion of the forefoot
with respect to the force plate and often included inversion. This occurred when the
forefoot of the specimen was the only portion of the plantar surface in contact with the
force plate.
For example, when walking simulations using specimen 16 were controlled with
kinematics input 5 slipping in late stance occurred. This slipping manifested itself as
increased plantar flexion and inversion of the hindfoot with respect to the shank shown in
Figure 6.7. The premature decrease in the plantar flexor muscle forces in late stance
(Figure 6.5) is also attributed to slipping. The geometry of the foot relative to the force
plate can explain this slipping. Figure 7.1 illustrates the ankle rotation of two different
sized specimens at the same instant of stance phase if they are both controlled with the
same kinematics input. The location of the ankle rotation axis in the sagittal plane is
higher for subjects with longer feet. Since the height of this axis in the cadavers during a
simulation is a function of the kinematics inputs, smaller feet must be more plantar flexed
to remain in contact with the force plate. Since the total GRF in the sagittal plane that
results from ankle rotation acts perpendicularly to the vector that extends from the ankle
to the forefoot, the magnitude of the GRF that acts in the anterior direction increases as
the plantar flexion angle increases. This conclusion is substantiated by the anterior –
posterior GRFs for specimen 16 when controlled with kinematics input 5 (Figure 6.3).
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Slipping occurs because the anterior – posterior GRFs exceed the friction forces between
the plantar surface of the foot and the force plate.
This explanation provides support for using kinematic inputs from subjects with
smaller feet than the cadaver specimen. The consequences for using smaller inputs
include increased dorsiflexion in late stance. Since slipping leads to premature
degradation of plantar tissues, using inputs from kinematics subjects with similarly sized
or smaller feet than the cadaver specimen is recommended in future research.

Shank

Plantar
flexion
angle
- Forefoot
- Ankle

Force Plate

Figure 7.1: Increased plantar flexion of shorter specimens with RDAS
The motion of the tibial segment in the RDAS during the characterization
experiments was evaluated by comparing the sagittal plane inclination angle created in
the simulator with the target that was derived from the kinematics subject. The results for
each condition demonstrated excellent repeatability, as shown in Figure 6.13. The
sagittal plane angle calculated using two points on the fibula during simulations was
nearly identical to the results calculated using the Euler angle decomposition of the tibia
and fibula segments when deviations in the heel strike inclination were taken into
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account. The discrepancies between the target and simulated sagittal plane angle in the
last 10 % of the stance phase were consistent across all conditions. It was concluded that
the deviations were caused by compliance within the tibia manipulator of the RDAS.
The compliance of the carriage and tibia manipulator in the RDAS was
investigated by conducting a series of experiments. In these experiments, the sagittal
angle of the surrogate tibia was assessed by recording the motion of reflective markers
affixed to a rigid shaft that was mounted in line with the surrogate tibial shaft on the tibial
manipulator. The solid shaft did not come in contact with the force plate during the
experiments so that the only forces on the kinematics actuators were applied by the
components of the RDAS. The kinematics actuators of the RDAS were driven through
three simulations. The shank length compensation was increased by 1.0 cm (0.394 in)
between successive trials. Changing the shaft length compensation should not have had
an effect on the sagittal plane angle. The results of this investigation are presented in
Figure 7.2. The slight variation in the trials around 80 % of the stance phase in this figure
corresponds to missing marker position data due to an obstruction. The missing data was
filled crudely for the purposes of this, investigation resulting in variable predictions of the
missing marker’s position. The deviations from the target sagittal plane angle that were
present in the characterization experiments were not observed when no load was
developed between the RDAS carriage and the force plate. This supports the conclusion
that compliance in the mechanisms within the RDAS resulted in the observations during
the characterization experiments.
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Figure 7.2: Sagittal plane angle of a solid shaft mounted in the RDAS. Three unfiltered
trials are shown in red with the shank length compensation increased by 1.0 cm between
successive trials
The observed motion between the tibia and fibula during the characterization
experiments was generally small in magnitude. This is consistent with expectations
based on knowledge of anatomical structures that secure the distal tibia and fibula
together to form the talocrural joint. The motion of the lateral malleolus with respect to
the tibia varied within condition as well as across all conditions for each specimen. Some
of the results indicated that the lateral malleolus moved closer to the tibia (medially)
during simulations. This result is not supported by any biomechanical aspects of loading
this portion of the lower extremity, but can be explained by the rigid body assumptions
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used to calculate the positions of the lateral malleolus and the distal tibia through
simulations.
The cluster mounting used in the characterization experiments included pieces of
threaded rod that were coupled to the proximal ends of the tibia and fibula. When
calculating the motion of points on the distal extremity using this mounting
configuration, slight violations of the rigid body assumptions can result in comparatively
larger errors in the calculation of the positions of wanded points. Mounting the clusters
closer to the distal ends of the bones or using a single marker mounted directly to these
landmarks would have provided more reliable data for assessing this motion and should
be considered when conducting future investigations.
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CHAPTER 8
FUTURE WORK

8.1

Introduction

Several aspects of the RDAS could be improved to increase the usefulness of the
device for investigating the biomechanics of the lower extremity. The RDAS is well
suited for conducting many types of research into the functional anatomy of the lower
extremity in health and disease. Previously unexplored applications and potential
upgrades are discussed in the following sections.

8.2

Muscle Force Model Upgrade

The muscle model used in the DGS and RDAS is based on assuming that muscle
force is a linear function of PCSA and EMG measures of muscle activation. This
methodology has been criticized for not incorporating established muscle characteristics
associated with the dependence of the force generating capacity of muscle on muscle
length and contraction velocity. The addition of displacement transducers that was
described in Section 3.4.3 can provide the necessary information to implement an
upgraded numerical prediction of muscle force generating capacity. This could be
accomplished with a micro-controller, similar to the PICs used in the muscle simulation,
programmed to monitor the displacement and velocity of the tendons in addition to the
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force in the tendons to establish the control of the muscle actuators. This could also be
accomplished by iteratively adjusting the target forces from one simulation to the next
based on predefined force – length and force – velocity relations and the measured
displacements and velocities.

8.3 Characterization of Foot and Ankle simulation variation as a function
simulated bodyweight

Many researchers report results of simulations with applied forces that are
proportional to a fraction of the simulated bodyweight. The fidelity of the model is then
assessed by scaling the applied loading during post processing. The underlying
assumption of this approach is that the mechanical behavior of the specimen at reduced
loads is representative of that at physiologic loads. The mechanical properties of soft
tissues include a nonlinear stress – strain relation at the onset of loading, often referred to
as the ‘toe region’. The physiologic range of forces applied to tissues is often hard to
determine in complex structures like the foot and ankle. However, simulations that do
not reach physiologic applied loads could be loading tissues in the nonlinear region of the
force length or stress strain curve resulting in performance that is not characteristic of the
in vivo system.

Characterizing the mechanical behavior of the foot and ankle structure as a
function of the applied loads would give insight into the validity of findings taken from
simulations of comparatively smaller forces. In addition, monitoring the strain in select
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structures over simulations with different bodyweights could provide insight into injury
mechanics associated with obesity or other conditions of excessive weight bearing.

8.4

Simulate Jumping and jogging and Characterize simulator performance

The kinematics data collected to develop the database of control inputs to support
RDAS operation that was described in Chapter 4 included data for jogging and jumping
in addition to the walking trials used in the characterization experiments. Similar data
analyses to those used in generating the input files for walking simulations in the RDAS
can be followed to generate inputs for simulating jogging and jumping. Establishing this
functionality will allow research into the consequences of loading activities other than
walking. An important aspect of this development will be recording EMG from subjects
while they execute these activities. The target muscle forces can be derived from the
EMG activation patterns as they were for the walking simulations.

8.5

Investigate Multisegment foot models using RDAS

Kinematic analysis of the foot and ankle complex during gait traditionally treats
the foot as a rigid body (Kadaba et al., 1989 and 1990; Davis et al., 1991). This approach
has readily been recognized as inadequate due to the complex nature of the foot and ankle
and has prompted the proliferation of analytical strategies that divide the foot into
multiple segments. These investigators model the motion of portions of the foot and
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ankle with two or more segments under the assumptions that each segment remains rigid
and that segmental motion can be captured with external markers.
The complex nature of the foot and ankle has dictated that segments assumed to
be rigid in multi-segment foot model analysis include multiple bones and articulations.
This predisposes segmented foot model analysis to errors that stem from invalid rigid
body assumptions and artifact from motion of skin in relation to underlying bones.
The RDAS provides a means of investigating the validity of the assumptions used
in multisegment foot model analysis. A study has been proposed to compare the
prediction of foot motion from several multisegment foot models to that of individual
bones during walking simulations in the RDAS. A R03 grant proposal was submitted to
the National Institutes of Health to fund this investigation. The decision to fund the
proposed work had not been announced at the time the final version of this document was
being prepared.
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APPENDIX A
MASTER DATA SHEETS FOR RDAS KINEMATICS INPUT DATABASE DATA
COLLECTION
Master Data Sheets
Acquisition of Input Data for a Dynamic Gait Simulator
Principal Investigator: Andrew Hoskins, M.S.
Address: 29 Recreation Building; University Park, PA 16802
******************************************************************************
Subject Number : _________________________________________
Subject Name

:__________________________________________

Subject E-mail : __________________________________________
Date

:___________________________________________

Shoe size

: ___________________________________________

Informed consent form signed

_______ YES

_______ NO

Copy to subject

_______ YES

_______ NO

Copy saved for records

_______ YES

_______ NO

M

F

Problems with participation, do you or have you:
• had an ankle sprain or stress fracture within the past two years. _______ YES

_______ NO

•

fractured any bone below the waist, including the big toe.

_______ YES

_______ NO

•

have a history of lower extremity pathology or serious injury.

_______ YES

_______ NO

•

have a history of neuromuscular disorders in the lower body.

_______ YES

_______ NO

•

any disability or condition that affects your gait.

•

allergy to adhesive tape.

•

Other:

_______ YES

_______ NO

_______ YES

_______ NO

Anthropometric Data
Ask subject to put on shorts if not already wearing a pair
Subject Birth Date

: __________________________________________

Morton’s Toe ?

: __________________________________________
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Subject Height (cm) : __________________________________________
Subject Weight (kg) : __________________________________________

Unloaded Measurements
Foot (Right)

Foot (Left)

Overall Length__________________________

Overall Length__________________________

Heel to 1st MTP Joint_____________________

Heel to 1st MTP Joint_____________________

Medial Maleolus Height___________________

Medial Maleolus Height___________________

Lateral Maleolus Height___________________

Lateral Maleolus Height___________________

Arch Height_____________________________

Arch Height_____________________________

1st to 5th MTP width ______________________

1st to 5th MTP width ______________________

Loaded Measurements
Shank (Right)

Medial Maleolus Height___________________

Fibular head height______________________

Lateral Maleolus Height___________________

Length (Fib. Head to Lat. Mal.)_____________

Arch Height_____________________________

Intermaleolar Distance ___________________

1st to 5th MTP width ______________________

Intercondylar distance (tibia) _______________
Shank (Left)

Foot (Left)

Fibular head height______________________

Overall Length__________________________

Length (Fib. Head to Lat. Mal.)_____________

Heel to 1st MTP Joint_____________________

Intermaleolar Distance ___________________

Medial Maleolus Height___________________

Intercondylar distance (tibia) _______________

Lateral Maleolus Height___________________

Foot (Right)

Arch Height_____________________________

Overall Length__________________________

1st to 5th MTP width ______________________

Heel to 1st MTP Joint_____________________
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Gait Analysis
System Checks
Markers and cluster ready:

_________

Supplies ready (tape, extra markers, Coflex/Coban, shorts) _________
Timing System ready

_________

Calibrate Motion Analysis system : _________

Data collection rate (Hz): _________

3-D Residual

Wand Length

Mean
Standard Deviation
Force Plate functioning : _________

Data collection rate (Hz): _________

Force Plate 1 Gain XY : _________

Force Plate 2 Gain XY : _________

Force Plate 1 Gain Z : _________

Force Plate 2 Gain Z : _________

Attach shank marker cluster to right leg Dominant side: ________LEFT
Marker(s)

________RIGHT
9

Shank cluster (5)
Quiet standing on force plate without wand (3 seconds):
Are all 8 markers visible including wand? ________ YES
Quiet standing on force plate with wand (3 seconds):

Trial # ____________
________ NO
Trial # ____________

Wand Length (cm)___________

Anatomical Landmarks

Trial #

Medial Femoral Epicondyle
Lateral Femoral Epicondyle
Medial Tibial Condyle
Lateral Tibial Condyle
Fuibular Head
Medial Maleolus
Lateral Maleolus
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Attach markers to right foot:
1st Metatarsal Head
1st Metatarsal Base
5th Metatarsal Head
5th Metatarsal Base
Medial Calcaneus
Lateral Calcaneus
Posterior Calcaneus
Medial Maleolus
Lateral Maleolus
Taken pictures of subject’s feet with markers? ________

Are all 14 markers visible? ________ YES

________ NO

Quiet standing on force plate without wand (3 seconds):

Trial # ____________

Motion analysis trials
Activity: _____________

Trial # Good? Speed(m/s)

Notes

Activity: _____________
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Trial # Good? Speed(m/s)

Notes

Activity: _____________

Trial # Good? Speed(m/s)

Notes
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APPENDIX B
MASTER DATA SHEETS FOR RDAS CHARACTERIZATION EXPERIMENTS
RDAS verification studies
Principal Investigator: Andrew Hoskins, M.S.
Address: 29 Recreation Building; University Park, PA 16802
******************************************************************************
Specimen Number : _________________________________________
Date
Size number
F

:___________________________________________
: ___________________________________________

sex

M

Anthropometric Data
Morton’s Toe ?
Side?

: __________________________________________
Left

Right
Unloaded Measurements

Overall Length__________________________
Heel to 1st MTP Joint_____________________
Medial Maleolus Height___________________
Lateral Maleolus Height___________________
Arch Height_____________________________
1st to 5th MTP width ______________________
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Intermalleolar width ______________________

Loaded Measurements
Overall Length__________________________
Heel to 1st MTP Joint_____________________
Medial Maleolus Height___________________
Lateral Maleolus Height___________________
Arch Height_____________________________
1st to 5th MTP width ______________________
Intermalleolar width ______________________

Kinematics Analysis
System Checks
Markers and cluster ready:

_________

Supplies ready (tape, extra markers, Coflex/Coban, shorts)

_________

Calibrate Motion Analysis system : _________

Data collection rate (Hz):

_________

3-D Residual

Wand Length

Mean
Standard Deviation
Force Plate functioning : _________

Data collection rate (Hz):

_________
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Static with ½ BW without wand (3 seconds):

Trial # ____________

Introduce wand.
Are all 15 markers visible including wand? ________ YES
Static with ½ BW with wand (3 seconds):

________ NO

Trial # ____________
Wand Length (cm)___________

Anatomical Landmarks

Trial #

Medial Shaft Proximal
Medial Shaft Distal
Medial Tibial Shaft Proximal
Medial Tibial Shaft Distal
Medial Fibula Proximal
Medial Fibula Distal
Medial Maleolus
Lateral Shaft Proximal
Lateral Shaft Distal
Lateral Tibial Shaft Proximal
Lateral Tibial Shaft Distal
Lateral Fibula Proximal
Lateral Fibula Distal
Lateral Maleolus
Clean foot with alcohol and attach markers to foot:
1st Metatarsal Head
1st Metatarsal Base
5th Metatarsal Head
5th Metatarsal Base
Medial Calcaneus
Lateral Calcaneus

165

Posterior Calcaneus
Medial Maleolus
Lateral Maleolus
Taken pictures of specimen with markers? ________

Are all 21 markers visible? ________ YES

Static with ½ BW without wand (3 seconds):

________ NO

Trial # ____________

Dynamic Trials
Tuning trials: _____________
Trial # Good?

Input kinematics file
10.5_273_sub_6_trial_13
10.5_273_sub_6_trial_13
10.5_273_sub_6_trial_13
10.5_273_sub_6_trial_13

Toe Slip?

Notes

Toe Slip?

Notes

Tuning trials: _____________
Trial # Good?

Input kinematics file
10_254_sub_23_trial_14
10_254_sub_23_trial_14
10_254_sub_23_trial_14
10_254_sub_23_trial_14

Tuning trials: _____________
Trial # Good?

Input kinematics file
9_241_sub_5_trial_17
9_241_sub_5_trial_17
9_241_sub_5_trial_17
9_241_sub_5_trial_17

Toe Slip?

Notes

Tuning trials: _____________
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Trial # Good?

Input kinematics file
7_234_sub_2_trial_16
7_234_sub_2_trial_16
7_234_sub_2_trial_16
7_234_sub_2_trial_16

Toe Slip?

Notes

Toe Slip?

Notes

Tuning trials: _____________

Trial # Good?

Input kinematics file
6.5_224_sub_15_trial_14
6.5_224_sub_15_trial_14
6.5_224_sub_15_trial_14
6.5_224_sub_15_trial_14
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APPENDIX C
RDAS TROUBLESHOOTING
Problem: Simulator produces error NIMC 70001 when trying to move
actuators to initial position prior to starting a simulation.

Cause 1: Trying to overwrite buffer that was not cleared on the motion control
board.
Fix: The control software for the RDAS had an error in program flow that
allowed this to happen but was patched to alleviate the problem. Unfortunately the error
does not provide the programmer with any indication that the buffer was involved in the
error, thus complicating the diagnosis.
Cause 2: Unknown.
Workaround: Unfortunately the intermittent occurrence of this error has not
allowed a code fix to alleviate it completely. A suitable workaround is to disengage the
three kinematics actuator drives by toggling the switches on the control box to the ‘off’
position. Next hit ‘OK’ on the error pop-up window and then select the option to not
terminate program operation in the next pop-up. The controller will try to drive the
actuators but nothing will happen because these actuators are now disengaged. When the
program returns from executing the loop of finding the initial position, engage the
actuators and return them to a position that the appropriate homing routine can be intiated
from manually. Home the actuators and continue with the experiment.
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APPENDIX D
RESULTS FROM CHARACTERIZATION EXPERIMENTS WITH SPECIMENS
96, 105, 112, 137 AND 139

D.1

Results for Specimen 96

Figure D.1: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 96. The shaded band represents the distribution
(mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.2: Average simulated Anterior/Posterior (top) and Medial/Lateral (bottom) GRF
profiles over three trials for each of five kinematic input conditions for specimen 96. The
shaded band represents the distribution (mean ± 1 S.D.) of normalized Anterior/Posterior
GRFs measured in the live subjects from whom the five kinematics input profiles were
obtained.
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Figure D.3: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 96
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Figure D.4: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 96.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.

172

Figure D.5: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 96. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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Figure D.6: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 96.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.7: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 96. The shaded band represents the distribution (mean ± 1
S.D.) of the forefoot segment rotations described with respect to the hindfoot measured in
the live subjects from which the five kinematics input profiles were obtained.
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D.2

Results for Specimen 105

Figure D.8: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 105. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects
from which the five kinematics input profiles were obtained.
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Figure D.9: Average simulated Anterior/Posterior (top) and Medial/Lateral (bottom) GRF
profiles over three trials for each of five kinematic input conditions for specimen 105.
The shaded band represents the distribution (mean ± 1 S.D.) of normalized
Anterior/Posterior GRFs measured in the live subjects from whom the five kinematics
input profiles were obtained.
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Figure D.10: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 105
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Figure D.11: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 105.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.
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Figure D.12: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 105. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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Figure D.13: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 105.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.14: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 105. The shaded band represents the distribution (mean ±
1 S.D.) of the forefoot segment rotations described with respect to the hindfoot measured
in the live subjects from which the five kinematics input profiles were obtained.
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D.3

Results for Specimen 112

Figure D.15: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 112. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects
from which the five kinematics input profiles were obtained.
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Figure D.16: Average simulated Anterior/Posterior (top) and Medial/Lateral (bottom)
GRF profiles over three trials for each of five kinematic input conditions for specimen
112. The shaded band represents the distribution (mean ± 1 S.D.) of normalized
Anterior/Posterior GRFs measured in the live subjects from whom the five kinematics
input profiles were obtained.
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Figure D.17: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 112
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Figure D.18: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 112.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.

186

Figure D.19: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 112. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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Figure D.20: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 112.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.21: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 112. The shaded band represents the distribution (mean ±
1 S.D.) of the forefoot segment rotations described with respect to the hindfoot measured
in the live subjects from which the five kinematics input profiles were obtained.
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D.4

Results for Specimen 137

Figure D.22: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 137. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects
from which the five kinematics input profiles were obtained.
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Figure D.23: Average simulated Anterior/Posterior (top) and Medial/Lateral (bottom)
GRF profiles over three trials for each of five kinematic input conditions for specimen
137. The shaded band represents the distribution (mean ± 1 S.D.) of normalized
Anterior/Posterior GRFs measured in the live subjects from whom the five kinematics
input profiles were obtained.
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Figure D.24: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 137
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Figure D.25: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 137.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.
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Figure D.26: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 137. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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Figure D.27: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 137.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.28: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 137. The shaded band represents the distribution (mean ±
1 S.D.) of the forefoot segment rotations described with respect to the hindfoot measured
in the live subjects from which the five kinematics input profiles were obtained.
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D.5

Results for Specimen 139

Figure D.29: Average simulated vertical GRF profiles over three trials for each of five
kinematic input conditions for specimen 139. The shaded band represents the
distribution (mean ± 1 S.D.) of normalized vertical GRFs measured in the live subjects
from which the five kinematics input profiles were obtained.
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Figure D.30: Average simulated Anterior/Posterior (top) and Medial/Lateral (bottom)
GRF profiles over three trials for each of five kinematic input conditions for specimen
139. The shaded band represents the distribution (mean ± 1 S.D.) of normalized
Anterior/Posterior GRFs measured in the live subjects from whom the five kinematics
input profiles were obtained.
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Figure D.31: Average simulated muscle force profiles over three trials for each of five
kinematic input conditions for specimen 139
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Figure D.32: Average simulated shank segment rotations described with respect to the
ground CF over three trials for each of five kinematic input conditions for specimen 139.
The shaded band represents the distribution (mean ± 1 S.D.) of the shank segment
rotations measured in the live subjects from which the five kinematics input profiles were
obtained.
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Figure D.33: Average simulated hindfoot segment rotations described with respect to the
shank over three trials for each of five kinematic input conditions for specimen 139. The
shaded band represents the distribution (mean ± 1 S.D.) of the hindfoot segment rotations
described with respect to the shank measured in the live subjects from which the five
kinematics input profiles were obtained.
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Figure D.34: Average simulated forefoot segment rotations described with respect to the
hindfoot over three trials for each of five kinematic input conditions for specimen 139.
The shaded band represents the distribution (mean ± 1 S.D.) of the forefoot segment
rotations described with respect to the hindfoot measured in the live subjects from which
the five kinematics input profiles were obtained.
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Figure D.35: Average simulated sagittal plane inclination angle for each of five kinematic
input conditions for specimen 139. The shaded band represents the distribution (mean ±
1 S.D.) of the forefoot segment rotations described with respect to the hindfoot measured
in the live subjects from which the five kinematics input profiles were obtained.
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APPENDIX E
RESULTS FROM ANALYZING DATA ACCORDING TO PORTIONS OF
STANCE DEFINED BY ROCKERS

E.1

Heel Rocker Analysis

E.1.1

Ground Reaction Force Results

Table E.1: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the heel rocker portion of stance.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
2
RDAS vs In vivo
(Coefficient, P-value)
R (%)
P-value
AP
Vertical
Med./ Lat.

-

-

-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the heel rocker portion of stance.
AP
Vertical
Med./ Lat.

Overall Length (-0.009, 0.000)
Heel - 1st MTP (0.008, 0.000)
Lateral Malleolus Height (-0.003, 0.033)
Forefoot Width (0.003, 0.022)
-

41.88

0.001

-

-
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E.1.2

Tendon Force Results

Table E.2: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the heel rocker portion of
stance.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
RDAS vs In vivo
(Coefficient, P-value)
R2 (%)
P-value
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Forefoot Width (0.127, 0.021)
Forefoot Width (0.240, 0.027)
Medial Malleolus Height (-0.089, 0.013)
Lateral Malleolus Height (0.144, 0.001)
Lateral Malleolus Height (0.570, 0.024)
-

15.77
14.31

0.021
0.027

36.15

0.002

13.87
-

0.024
-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the heel rocker portion of
stance.
Tib. Post.
Tib. Ant.
FDL
FHL

Ticeps Surae

Peronei

Medial Malleolus Height (0.278, 0.001)
Lateral Malleolus Height (-0.240, 0.011)
Heel - 1st MTP (0.174, 0.040)
Overall Length (0.111, 0.037)
Medial Malleolus Height (0.098, 0.033)
Forefoot Width (-0.134, 0.013)
Overall Length (0.730, 0.018)
Heel - 1st MTP (-1.330, 0.000)
Medial Malleolus Height (-0.400, 0.014)
Forefoot Width (0.790, 0.000)
Heel - 1st MTP (0.125, 0.000)
Medial Malleolus Height (0.124, 0.002)
Lateral Malleolus Height (-0.125, 0.006)
Forefoot Width (-0.092, 0.006)

33.29

0.002

11.94
-

0.040
-

28.25

0.009

54.44

0.000

48.86

0.000
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E.1.3

Kinematics Results

Table E.3: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the heel rocker portion of stance.
Model
Anthropometric Predictors
Model
RMS Difference
Adjusted R2
RDAS vs In vivo
(Coefficient, P-value)
P-value
(%)
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Medial Malleolus Height (0.145, 0.001)
Lateral Malleolus Height (-0.178, 0.000)
Medial Malleolus Height (0.153, 0.002)
Lateral Malleolus Height (-0.191, 0.001)
Overall Length (-0.062, 0.035)
Forefoot Width (0.053, 0.020)
Forefoot Width (0.070, 0.015)
Lateral Malleolus Height (-0.086, 0.032)
Forefoot Width (0.056, 0.047)

38.85

0.000

-

-

34.67

0.001

14.51

0.054

16.32
-

0.015
-

12.50

0.063

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the heel rocker portion of stance.
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Heel - 1st MTP (0.103, 0.010)
Lateral Malleolus Height (-0.084, 0.040)
Overall Length (0.053, 0.000)
Medial Malleolus Height (-0.035, 0.005)
Overall Length (0.186, 0.006)
Heel - 1st MTP (-0.258, 0.001)
Medial Malleolus Height (-0.102, 0.037)
Lateral Malleolus Height (0.147, 0.009)
Heel - 1st MTP (0.033, 0.015)
Overall Length (0.062, 0.012)
Overall Length (0.063, 0.046)
Lateral Malleolus Height (-0.072, 0.037)
Heel - 1st MTP (0.093, 0.000)
Lateral Malleolus Height (-0.072, 0.006)

16.17

0.035

38.96

0.000

36.18

0.004

17.78
17.49

0.015
0.012

10.44

0.086

-

-

32.02

0.002
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E.2

Ankle Rocker Results

E.2.1

Ground Reaction Force Results

Table E.4: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the ankle rocker portion of stance.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
RDAS vs In vivo
(Coefficient, P-value)
R2 (%)
P-value
AP
Vertical
Med./ Lat.

Heel - 1st MTP (-0.005, 0.014)
Lateral Malleolus Height (0.006, 0.031)
Forefoot Width (-0.005, 0.013)

16.99

0.014

17.28

0.029

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the ankle rocker portion of stance.
AP
Vertical
Med./ Lat.

Overall Length (-0.009, 0.006)
Heel - 1st MTP (0.011, 0.002)
Medial Malleolus Height (0.004, 0.018)
Forefoot Width (-0.007, 0.000)

27.85

0.005

-

-

42.65

0.000
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E.2.2

Tendon Force Results

Table E.5: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the ankle rocker portion of
stance.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
RDAS vs In vivo
(Coefficient, P-value)
R2 (%)
P-value
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Medial Malleolus Height ( -0.130, 0.000
Lateral Malleolus Height ( 0.183, 0.000
-

-

-

50.81

0.000

-

-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the ankle rocker portion of
stance.
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Medial Malleolus Height (0.275, 0.001)
Lateral Malleolus Height (-0.248, 0.007)
Overall Length (-0.119, 0.004)
Forefoot Width (0.098, 0.008)
Overall Length (0.158, 0.009)
Medial Malleolus Height (0.175, 0.044)
Lateral Malleolus Height (-0.289, 0.003)
Heel - 1st MTP (1.560, 0.000)
Medial Malleolus Height (-1.250, 0.000)
Overall Length (0.244, 0.000)
Forefoot Width (-0.183, 0.001)

29.83

0.003

-

-

22.09

0.013

36.38

0.002

48.32

0.000

42.19

0.000
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E.2.3

Kinematics Results

Table E.6: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the ankle rocker portion of
stance.
Model
Model
Anthropometric Predictors
RMS Difference
Adjusted
RDAS vs In vivo
P-value
(Coefficient, P-value)
R2 (%)
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Medial Malleolus Height (0.118, 0.023)
Lateral Malleolus Height (-0.221, 0.001)
Forefoot Width (0.083, 0.048)
Forefoot Width (0.011, 0.044)
Forefoot Width (0.073, 0.005)
Medial Malleolus Height (0.119, 0.025)
Lateral Malleolus Height (-0.223, 0.001)
Forefoot Width (0.093, 0.032)
Forefoot Width (-0.050, 0.023)
Lateral Malleolus Height (-0.076, 0.016)
Overall Length (0.067, 0.037)
-

31.77

0.005

10.64
22.19

0.044
0.005

31.90

0.005

14.09
16.06
12.43
-

0.023
0.016
0.037
-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the ankle rocker portion of
stance.
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Heel - 1st MTP ( 0.161, 0.000)
Lateral Malleolus Height ( -0.111, 0.008)
Heel - 1st MTP ( 0.118, 0.000)
Lateral Malleolus Height ( -0.056, 0.022)
Heel - 1st MTP ( 0.177, 0.000)
Lateral Malleolus Height ( -0.122, 0.003)
Heel - 1st MTP ( 0.070, 0.002)
Lateral Malleolus Height ( 0.066, 0.003)
Forefoot Width ( -0.144, 0.000)
Forefoot Width ( -0.011, 0.040)
-

36.47

0.001

-

-

52.02

0.000

42.94

0.000

64.52

0.000

11.98
-

0.040
-
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Forefoot Rocker Analysis

E.3.1

Ground Reaction Force Results

Table E.7: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the forefoot rocker portion of
stance.
Model
Anthropometric Predictors
Model Adjusted
RMS Difference
2
RDAS vs In vivo
P-value
(Coefficient, P-value)
R (%)
AP
Vertical
Med./ Lat.

Heel - 1st MTP (0.004, 0.011)
Forefoot Width (0.005, 0.001)
-

18.30
29.02
-

0.011
0.001
-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in GRF reproduction for the forefoot rocker portion of
stance.
AP
Vertical
Med./ Lat.

Overall Length (-0.005, 0.048)
Heel - 1st MTP (0.008, 0.004)
Heel - 1st MTP (0.004, 0.001)
Medial Malleolus Height (0.003, 0.047)
Forefoot Width (-0.004, 0.003)

32.35

0.002

30.23

0.001

25.35

0.009
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E.3.2

Tendon Force Results

Table E.8: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the forefoot rocker portion
of stance.
Anthropometric Predictors
Model Adjusted
Model
RMS Difference
RDAS vs In vivo
(Coefficient, P-value)
R2 (%)
P-value
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Forefoot Width (0.142, 0.004)
Heel - 1st MTP (0.147, 0.018)
Medial Malleolus Height (-0.162, 0.013)
Lateral Malleolus Height (-0.350, 0.001)
Forefoot Width (0.262, 0.001)
Medial Malleolus Height (-1.270, 0.008)
Forefoot Width (1.900, 0.000)
Lateral Malleolus Height (-0.280, 0.016)
Forefoot Width (0.426, 0.000)

26.35
-

0.004
-

21.22

0.017

46.54

0.000

47.46

0.000

47.90

0.007

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in muscle force reproduction for the forefoot rocker portion
of stance.
Tib. Post.
Tib. Ant.
FDL
FHL
Ticeps Surae
Peronei

Forefoot Width (0.079, 0.009)
Heel - 1st MTP (0.111, 0.025)
Heel - 1st MTP (0.364, 0.000)
Lateral Malleolus Height (-0.161, 0.005)
Forefoot Width (1.150, 0.000)
Heel - 1st MTP (0.340, 0.000)
Medial Malleolus Height (0.256, 0.012)
Lateral Malleolus Height (-0.320, 0.008)

20.99
14.71
-

0.009
0.025
-

63.60

0.000

37.26

0.000

57.55

0.000

211

E.3.3

Kinematics Results

Table E.9: Output from stepwise regression models using the [absolute] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the forefoot rocker portion of
stance.
Model
Model
Anthropometric Predictors
RMS Difference
Adjusted R2
RDAS vs In vivo
P-value
(Coefficient, P-value)
(%)
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Lateral Malleolus Height (-0.166, 0.005)
Forefoot Width (0.101, 0.015)
Heel - 1st MTP (-0.032, 0.021)
Lateral Malleolus Height (-0.157, 0.010)
Forefoot Width (0.105, 0.014)
Overall Length (-0.094, 0.001)
Medial Malleolus Height (0.095, 0.002)
Overall Length (0.187, 0.034)
Medial Malleolus Height (-0.184, 0.020)
Forefoot Width (0.145, 0.047)
-

22.57

0.012

14.60
-

0.021
-

20.66

0.017

-

-

37.08

0.001

20.27

0.025

10.31
-

0.047
-

Output from stepwise regression models using the [signed (±)] anthropometric
differences between the kinematic subjects’ feet and the cadaver feet reanimated in the
RDAS as predictors of error in kinematics measures for the forefoot rocker portion of
stance.
Sagittal Angle
Shank wrt Ground - X
Shank wrt Ground - Y
Shank wrt Ground - Z
Hindfoot wrt Shank - X
Hindfoot wrt Shank - Y
Hindfoot wrt Shank - Z
ForeFoot wrt Hindfoot - X
ForeFoot wrt Hindfoot - Y
ForeFoot wrt Hindfoot - Z

Heel - 1st MTP (0.144, 0.000)
Lateral Malleolus Height (-0.083, 0.031)
Overall Length (0.093, 0.000)
Heel - 1st MTP (-0.067, 0.004)
Lateral Malleolus Height (0.036, 0.008)
Forefoot Width (-0.046, 0.0020
Forefoot Width (-0.034, 0.008)
Overall Length (0.160, 0.000)
Medial Malleolus Height (-0.090, 0.006)
Heel - 1st MTP (0.140, 0.012)
Medial Malleolus Height (0.188, 0.015)
Lateral Malleolus Height (-0.230, 0.008)
Overall Length (0.096, 0.050)
Heel - 1st MTP (-0.129, 0.014)
Medial Malleolus Height (0.340, 0.000)
Forefoot Width (-0.278, 0.000)
Medial Malleolus Height (0.356, 0.001)
Lateral Malleolus Height (-0.290, 0.012)
Medial Malleolus Height (0.143, 0.014)

35.39

0.001

44.48

0.001

22.63

0.008

47.04

0.000

36.08

0.003

20.52

0.024

-

-

55.11

0.000

31.89

0.002

17.46

0.014
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