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INTRODUCTION 
 

Due to the enormity of the tibial stress fracture (TSF) problem in the military it is vitally important to 
develop a better understanding of how the conditions experienced by military personnel affect their 
risk for TSF. The overall purpose of this study is to determine how the factors of fatigue, load carriage, 
and history of physical activity affect the mechanical loading of the tibia and subsequent risk of tibial 
stress fracture. The research project is being conducted in two phases.  
 
The first phase of this research focused on the effects of load carriage and fatigue on mechanical 
variables associated with increased risk of tibial stress fractures. Motion capture, ground reaction 
force, electromyographic, and computed tomography data were used to create participant specific 
musculoskeletal and finite element models. These models were used to determine the tibial strains 
and strain rates during both loaded and fatigued walking conditions. The immediate significance of this 
research is the determination of how different tasks and conditions affect the tibial strains produced 
during militarily relevant conditions. It is this mechanical loading and the strains it causes in the bone 
that ultimately leads to TSF. The results of this study can be used to evaluate the relative increases in 
bone strain and potential risk of TSF due to carrying additional loads, fatigue, and the combination of 
fatigue and load carriage. By understanding how load and fatigue influence tibial strains, the 
appropriate measures can be taken in the future to minimize the risks to recruits. This could be in form 
of altering load carriage, training programs, or a combination of the two.  
 
The second phase of this research focuses on the effects of previous physical activity history on the 
mechanical variables associated with increased risk of tibial stress fractures. Two groups of participants 
were recruited. Group 1 consisted of participants who had participated regularly in a minimum of 2 
years of recreational basketball. Group 2 consisted of participants who had participated regularly in a 
minimum of 2 years of recreational running.  Motion capture, ground reaction force, 
electromyographic, and computed tomography data are used to create participant specific 
musculoskeletal and finite element models. These models are used to determine the tibial strains and 
strain rates during 1) running, landing, and cutting maneuvers and 2) progressively loaded walking 
trials. The significance of this research is that it will provide information regarding how physical activity 
history affects tibial strains in conditions similar to those encountered in basic training. The results 
from this phase of the research can be used to determine if there are any benefits to engaging in multi-
directional, irregular impact activities (such as those encountered in basketball) compared to running. 
This is relevant because one of the major issues yet to be resolved in stress fracture prevention is the 
determination of the type and frequency of exercise that is vigorous enough to stimulate bone growth 
and adaptation yet not severe enough as to lead to overuse injuries. This research will lead to advances 
in our understanding of how participation in different types of physical activity relates to the incidence 
of TSF. These data may then be used to develop more effective training programs and to better 
identify individuals who are at higher risk of sustaining stress fractures due to their history of physical 
activity.  
 
The comprehensive scope of the proposed research will contribute significantly to the scarcity of 
published literature on in-vivo tibial strains and strain rates during activities consistent with what are 
required for military personnel. These data are needed in order to develop a better understanding of 
the dose-response relationship between loading conditions and bone health.  
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BODY 
 

PHASE 1 PROJECT 
 
There is evidence that load carriage and fatigue affect basic kinematic and kinetic gait parameters in a 
way that is consistent with increased mechanical demands on the tibia. However, the specific effects of 
load carriage and fatigue on tibial loading, specifically strain and strain rates, are not known. In order 
to determine these effects, a combination of load carriage and fatiguing protocols are examined using 
traditional gait analysis techniques in conjunction with new musculoskeletal modeling and finite 
element analysis (FEA) protocols. 
 
The purpose of the first phase of this research is to determine the effects of load carriage and fatigue 
on mechanical variables associated with increased risk of tibial stress fractures.  Currently, there is no 
clear consensus on how conditions such as carrying additional loads or fatigue influence the strains in 
the tibia.  
 
Summary of Methods 
 
In order to determine the effects of load carriage and fatigue on mechanical variables associated with 
increased risk of tibial stress fracture, traditional kinematic and kinetic analyses derived from motion 
capture and force plate data have been combined with a participant-specific finite element model of 
the tibia utilizing customized musculoskeletal modeling software and FEA (Figure 1).  
 

 
Figure 1. Diagram of project workflow 
 
In order to test the Phase 1 hypotheses that 1) an increase in load carried will result in changes in gait 
mechanics and increased strains and strain rates in the tibia, and 2) fatigue will result in changes in gait 
mechanics and increased strains and strain rates in the tibia, the following protocols and procedures 
have been implemented.  
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Participants 
 
In order to control for the confounding factors of hormonal status, body size, and strength, the study 
was conducted using a convenience sample of 20 male participants. Participants were recruited from 
the Ball State University student population. Upon signing the written informed consent approved by 
the university’s institutional review board for human subject participation in research and the HRPO of 
the U.S. Army Medical Research and Materiel Command, participants were scheduled and tested.  
 
The participants completed three data collection sessions; 1) assessment of aerobic and muscular 
strength, 2) gait analysis during loaded/fatigued walking conditions, and 3) computed tomography (CT) 
imaging of their tibias.  
 
Fitness Assessments 
 

The participants completed an aerobic and muscular fitness assessment session which lasted 
approximately two hours.  
 
First, an assessment of maximal oxygen consumption, or VO2 peak, was made. Expired gases were 
collected with a ParvoMedics metabolic cart (ParvoMedics, Sandy, UT), which was calibrated prior to 
each testing session with standard gasses and a 3L syringe.  A modified ramped version of the Bruce 
treadmill protocol was used [1].  The participants began the testing by walking at 1.7 mph on a 10% 
incline.  Speed and grade were gradually increased until the subject voluntarily terminated the test due 
to fatigue. Resting heart rate and blood pressure were measured and monitored at regular intervals 
throughout the testing session. Next, the participants were given a 30 minute rest. 
 
Following the rest period, the participants’ lower body muscular strength was measured using a 1RM 
effort leg press similar to that described by Hoffman et al.[2] The participants self-selected an initial 
starting weight with which they could perform approximately 10 repetitions. After this initial set of 10 
repetitions, the researcher in charge of the data collection increased the weight by 2.5 to 20kg, as 
described in the ACSM’s Guidelines for Exercise Testing and Prescription.[3] Two minutes of rest was 
given between trials. The assessment was continued until the participants could no longer successfully 
complete a repetition. The weight of the last successful attempt was recorded as the participants’ 
1RM.  
 
Load Carriage and Fatigue Protocol 
 
The participants completed a set of walking trials under different loading and fatigue conditions during 
which standard motion capture data were collected.  
 
Fifteen VICON M-series cameras (120 Hz) and VICON NEXUS 1.4 software (VICON Inc. Denver, CO) were 
used to collect three dimensional coordinates of reflective markers, ground reaction forces, and EMG 
of leg muscles. A modified standard plug-in gait marker set with cluster plates was used. A tandem 
forceplate instrumented treadmill (AMTI Inc., Watertown, MA) was used to set the walking speed at 
1.67 m/s and allowed ground reaction forces to be collected at 2400 Hz. A 16-channel Delsys EMG 
system (Delsys Inc., Boston, MA) (2400 Hz) with bipolar single differential surface electrodes (41 mm x 
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20 mm electrode area, inter-electrode distance 1 cm) was used to monitor muscular activity of 
selected leg muscles.  
 
Prior to data collection, basic participant anthropometric measurements were performed. These 
measurements included: height, weight, leg length, ankle width, knee width, and ASIS width.  
 
Following the basic measurements and application of markers and electrodes, the participants warmed 
up in preparation for assessment of their maximal vertical jump height. The participants warmed up by 
walking at a self-selected pace on the treadmill for 5 minutes, followed by five practice jumps. The 
participants’ maximal vertical jump height was assessed using a Vertec, they performed three maximal 
vertical jumps and the highest of the three was recorded.  
 
Following the baseline vertical jump test, the participants began the walking protocol as outlined 
below: 

 
1. Walk for 5 minutes with no backpack 

2. Walk for 5 minutes carrying a 32kg backpack* 

3. Completion of Fatigue Protocol 

4. Walk for 5 minutes fatigued carrying a 32kg backpack*  

5. Walk for 5 minutes fatigued with no backpack 

*This 32kg load is similar to the Army’s suggested approach or marching load.[4]  
 

During each of these stages, the participants walked on a treadmill (0° incline) at a pace of 1.67m/s. 
The participants wore standard military boots (AltamaTM Mil-Spec Desert 3 Layer boot), shorts, and t-
shirt during the experiment.  During the testing session, motion capture, ground reaction force, and 
EMG data were recorded for the last minute of each stage of the protocol.  
 
The fatiguing protocol took place between the second and fourth stages of the walking protocols. Due 
to the potentially different effects of whole body fatigue vs. local muscle fatigue on factors relevant to 
TSF [5, 6], a combination of activities were used.  
 
The participants completed a circuit which included loaded stepping and heel raises. The stepping 
protocol was based on a Queens College Step Test procedure.[7] The participants performed the test 
while wearing a 16kg backpack. The step height remained at the standard 16 inches and the 
participants stepped up and down at a rate of 24 cycles per minute. One cycle was defined as step up 
with first leg, step up with contra-lateral leg, step down first leg, and step down with contra-lateral leg. 
A metronome was set at 4 times the cycle rate to correspond to leg movements, in this case 96 beats 
per minute.  Participants performed this stepping sequence until they could no longer match the 
cadence of the metronome.  At this time the participants completed 20 heel raises standing at the 
edge of a box. Following the heel raises the participants removed the backpack and completed a 
maximal effort vertical jump measured using the Vertec. This sequence was repeated until the 
participants’ maximal vertical jump fell to or below 80% of its original value. Members of the research 
team provided verbal encouragement throughout the testing in order to elicit a maximal effort from 
the participants. 
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CT Imaging Protocol 
 
The participants visited Ball Memorial Hospital (Muncie, IN) accompanied by a member of the research 
team. During this visit bilateral tibial CTs were recorded. This process took approximately one hour. 
 
Axial plane scans were obtained using the following parameters: slice thickness 0.625mm, 15cm x 
15cm field of view (FOV), kVp and mAs determined by machine algorithm (auto) based upon 
participant anthropometrics, each leg scanned separately from the distal tibia through the calcaneous.  
Images were reconstructed in a 512x512 matrix using bone parameters derived from the literature. In 
addition to using the tibial CTs for modeling purposes, the images were used to calculate the tibial size 
and cross sectional area at the narrowest portion of the tibia, for consideration in subsequent analyses. 
 
Modeling Methods 
 
Bone geometries were obtained using computed tomography (CT). CT images were segmented and 3D 
geometry files generated in Materialise MIMICS 13.0 (Materialise, Leuven, Belgium).   
 
The 3D surface geometries were used in MD MARC 2008 (MSC.Software, Santa Anna, CA) to build 
hexmesh finite element (FE) models with generic linear isotropic material properties of elastic modulus 
17GPa, density 1.9g/cm3, and Poisson’s ratio of 0.3. Tibia models were then imported into a scaled 
LifeMOD model.  
 
Once positioned, spatial coordinates of muscle model markers representing origins, insertions, and 
joint positions relative to the tibia were incorporated into the FE tibia. Boundary conditions were 
assigned as rotational and translational degrees of freedom of nodes representing ankle and knee joint 
centers and flexible bodies (modal neutral files) were generated for LifeMOD.   
 
For a full description of LifeMOD modeling methods and use of flexible bodies, see Al Nazer[8]. Key 
differences between the this study and that of Al Nazer et al included more muscle actuators on the leg 
that includes the flexible tibia, participant specific segment scaling based on joint center calculations, 
ground reaction forces, and participant specific tibial geometries generated from CT scans. 
 
A lower body model was built using participant sex, mass, and height as scaling inputs in the GeBOD 
database[9].  Segments, joint locations, and orientations were scaled using joint center data from 
Visual3D. Experimental kinematic data were used to perform an inverse kinematic analysis. Results of 
this analysis were used to “train” the muscle (right leg) and joint (left leg) PID controllers used to 
actuate the model in a forward dynamics (FD) analysis. These controllers were “trained” by using the 
kinematics of the inverse kinematics run as the targets for the forces produced by the actuators.  If 
these targets were not met, force production was modulated to better produce these kinematics. 
Flexible tibias were then imported into LifeMOD. A FD analysis was performed with the addition of 
ground reaction forces applied to the feet and motion capture kinematics disabled. Maximum 
principal, minimum principal, and maximum shear strain values were then calculated using the 
Durability plug-in for MD ADAMS/View for the nodes of the geometric middle third of the tibial shaft 
(MSC. Software, Santa Ana, CA). 
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Statistical Analyses  
 
The statistical analysis was divided into two parts, one focusing on traditional gait mechanics and the 
other on the tibial strain profiles.  While these analyses both address the general research question 
regarding the impact of load and fatigue on risk factors associated with TSF, the differences in the 
research designs used to gather the data require the use of somewhat different statistical modeling. 
 
Traditional Gait and Loading Mechanics 
 
In order to test whether load, fatigue or the combination of these factors results in changes in gait 
mechanics; the following dependent (outcome) variables were calculated and analyzed:  
 

 Peak vertical ground reaction forces 

 Vertical ground reaction force loading rate 

 Stride frequency 

 Double support time 
 

The target independent variables were loading condition and fatigue, which were completely crossed.  
In addition to these primary independent variables, a number of other variables (referred to 
collectively as covariates) were included in the analysis in order to control statistically for factors that 
had previously been shown to be associated with the risk of tibial stress fracture.  These covariates 
included body mass, leg length, tibial size (cross sectional area (CSA) at the narrowest portion of the 
tibia) and fitness level as measured by 1RM leg press and VO2 peak. 
 
In order to assess the impact of fatigue and loading condition on the outcome variables, a repeated 
measures Analysis of Covariance (ANCOVA) was used.  ANCOVA was appropriate for this statistical 
analysis because it accounted for the continuous independent variables that were collected from each 
individual and used to control for variables known to be related to tibial stress fractures.  Because the 
participants were measured under two different load conditions, and two levels of fatigue, the 
repeated measures aspect of the analysis allowed for a direct comparison of dependent variable 
means across load conditions and fatigue levels, and allowed for an assessment of the interaction of 
these two variables. 
 
Tibial Strain Profile 
 
In order to determine whether load, fatigue or the combination of these factors results in changes of 
the tibial strain profile, the following dependent (outcome) variables were calculated and analyzed:  

 Peak strain in the middle third of the tibia 

 Peak strain rate in the middle third of the tibia 
 

The independent variables and covariates of interest for this analysis were the same as for traditional 
gait mechanics, with the primary focus being on fatigue and loading condition and their interaction. 
The actual modeling of the dependent variables was done using a repeated measures ANCOVA, as 
described above.  As with the traditional gait mechanics, this analysis provided significance tests for 
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the primary independent variables while controlling for the covariates and the repeated 
measurements on the same individuals. 
 

Combining the results from these two analyses enabled the researchers to determine whether or not 

the data collected in this phase of the study support in full or in part the hypotheses that 1) an increase 

in load carried will result in changes in gait mechanics and increased strains and strain rates in the tibia 

and 2) fatigue will result in changes in gait mechanics and increased strains and strain rates in the tibia. 

 

PHASE 2 PROJECT 

 
There is evidence that an individual’s past physical activity influences his or her risk of sustaining a 
tibial stress fracture. This evidence is based primarily on epidemiologic research on the rates of injury 
in different sub-populations. The mechanisms that may explain these results have not been adequately 
examined. In order to assess the effect of previous physical activity, two groups of individuals, 
basketball players, and runners completed a loaded walking protocol along with a series of other high 
impact activities such as running, drop-jumping, and cutting. These tasks are analyzed using traditional 
gait analysis techniques in conjunction with new musculoskeletal modeling and FEA protocols in order 
to determine if differences in tibial strain and strain rate exist between the two groups.  
 
The purpose of the second phase of this research is to determine the effects of physical activity history 
on mechanical variables associated with increased risk of tibial stress fractures.   
 

Summary of Methods 
 

In order to determine the effects of physical activity history on mechanical variables associated with 

increased risk of tibial stress fracture, traditional mechanical analyses derived from motion capture and 

force plate data have been combined with a subject-specific finite element model of the tibia utilizing 

customized musculoskeletal modeling software and FEA (Figure 1). 

 

In order to test the following hypotheses: 1) regular participation in sports that involve irregular, high 

impact cutting and landing maneuvers for minimum of 2 years results in bone adaptations that lead to 

lower strains in the tibia during loaded walking tasks. 2) high impact, irregular sporting maneuvers such 

as cutting and landing that are performed during playing basketball, produce different tibial strains and 

strain rate patterns than those produced during running. The following protocols and procedures have 

been implemented. 
 

Participants 
 
In order to control for the confounding factors of hormonal status, body size, and strength, the study 
are conducted using a convenience sample of two groups of 20 male participants each, for a total of 40 
participants. Participants were recruited from the Ball State University student population. Group 1 
consisted of participants who had participated regularly in a minimum of 2 years of recreational 
basketball. Group 2 consisted of participants who had participated regularly in a minimum of 2 years of 
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recreational running. Upon signing the written informed consent approved by the university’s 
institutional review board for human subject participation in research and the HRPO of the U.S. Army 
Medical Research and Materiel Command, the participants were scheduled and tested. 
 
The participants completed three data collection sessions; 1) assessment of aerobic and muscular 
strength, 2) motion capture, force plate, and electromyographic (EMG) data collection while 
performing drop-jumping, cutting, running, and loaded walking tasks, and 3) computed tomography 
imaging of their tibias. 
 
Fitness Assessments 
 

The participants completed an aerobic and muscular fitness assessment session which lasted about 
two hours. The fitness assessment protocol was the same as Phase 1 research and was described in 
phase 1 research protocol. 
 

Motion Capture Protocol 
 
Fourteen VICON M-series and F-series cameras (240 Hz) and VICON Workstation 5.0 software (VICON 
Inc. Denver, CO) were used to collect three dimensional coordinates of reflective markers, ground 
reaction forces, and EMG of leg muscles. A modified standard plug-in gait marker set with cluster 
plates was used. A tandem forceplate instrumented treadmill (AMTI Inc., Watertown, MA) was used to 
set the walking speed at 6 km/h and running speed at 12 km/h and allowed ground reaction forces to 
be collected at 2400 Hz. A 16-channel Delsys EMG system (Delsys Inc., Boston, MA) (2400 Hz) with 
bipolar single differential surface electrodes (41 mm x 20 mm electrode area, inter-electrode distance 
1 cm) was used to monitor muscular activity of selected leg muscles.  
 
Prior to data collection, basic participant anthropometric measurements were performed. These 
measurements included: height, weight, leg length, ankle width, knee width, and ASIS width.  
 
Following the basic measurements and application of markers and electrodes, the participants warmed 
up in preparation for assessment of their maximal vertical jump height. The participants warmed up by 
walking at a self-selected pace on the treadmill for 5 minutes, followed by five practice jumps. The 
participants’ maximal vertical jump height was assessed using a Vertec, they performed three maximal 
vertical jumps and the highest of the three was recorded.  
 
Following the baseline vertical jump test, the participants performed the following movement tasks 
while motion capture, force plate, and EMG data were collected: 
 
Drop-jump: participants performed a short series of drop-jumps to mimic jump and landing task 
consistent with those performed in basketball. The jump height was based on 80% of the participant’s 
max vertical jump height. Participants performed 10 drop-jumps onto two force plates (one foot 
landing on each plate). Thirty seconds rest was given between jumps. 
 
Cutting Maneuver: participants performed a cutting maneuver described by Sigward et al. [14]. 
Participants were instructed to run for 5m and then performed 45 degree cutting maneuvers to the left 
for five trials and to the right for five trials. A one-minute rest was given between cuttings. 
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Unloaded Running: participants performed unloaded running at 12 km/h on a force instrumented 
treadmill (AMTI, Watertown, MA). The participants started out walking at 6 km/h for 2 minutes, and 
then increased speed 1 km/h each minute until the target speed of 12 km/h was reached. The 
participants maintained the speed for 5 minutes. Three 10 second trials were collected for analysis. 
 
Loaded Walking: participants walked at 6km/h on an instrumented treadmill (AMTI, Watertown, MA) 
with the following loads carried: 0kg, 15kg, 25kg, and 35kg. Participants walked for 5 minutes during 
each loaded walking condition. Three 10 second trials were collected during each walking task. A five-
minute rest was given between walking conditions. 
 
CT Imaging Protocol 
 

The participants visited Ball Memorial Hospital (Muncie, IN) accompanied by a member of the research 
team. During this visit bilateral tibial CTs were recorded. This process took approximately one hour. 
The CT imaging protocol was the same as Phase 1 research and was described in phase 1 research 
protocol. 
 

Modeling Methods 
 

Tibia geometries were obtained using computed tomography (CT). CT images were segmented and 3D 
geometry files generated in Materialise MIMICS 14.0 (Materialise, Leuven, Belgium).   
 
The 3D surface geometries of tibias are used in MARC 2012 (MSC.Software, Santa Anna, CA) to build 
hexmesh finite element (FE) models with generic linear isotropic material properties of elastic modulus 
17GPa, density 1.9g/cm3, and Poisson’s ratio of 0.3. Tibia models will then be imported into a scaled 
LifeMOD model.  
 
Once positioned, spatial coordinates of muscle model markers representing origins, insertions, and 
joint positions relative to the tibia will be incorporated into the FE tibia. Boundary conditions will be 
assigned as rotational and translational degrees of freedom of nodes representing ankle and knee joint 
centers and flexible bodies (modal neutral files) will be generated in MARC 2012 for LifeMOD 
simulation.   
 
A lower body model will be built using participant sex, mass, and height as scaling inputs in the GeBOD 
database[9].  Segments, joint locations, and orientations will be scaled using joint center data from 
Visual3D. Experimental kinematic data will be used to perform an inverse kinematic analysis. Results of 
this analysis were used to “train” the muscle (right leg) and joint (left leg) PID controllers used to 
actuate the model in a forward dynamics (FD) analysis. These controllers will be “trained” by using the 
kinematics of the inverse kinematics run as the targets for the forces produced by the actuators.  If 
these targets were not met, force production would be modulated to better produce the kinematics. 
Flexible tibias will then be imported into LifeMOD. A FD analysis will be performed with the addition of 
ground reaction forces applied to the feet and motion capture kinematics disabled. Maximum 
principal, minimum principal, and maximum shear strain values will then be calculated using the 
Durability plug-in for ADAMS/View 2012 for the nodes of the geometric middle third of the tibial shaft 
(MSC. Software, Santa Ana, CA). 
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Statistical Analyses  
 

The statistical analyses for phase 2 project will be carried out using two separate models. The first of 
these analyses will focus on the impact of increasing load carried and type of athletic training on the 
strain profiles across the tibia, while the second part will focus on the magnitude and location of peak 
strain and strain rates across the tibia as a function of type of athletic activity. Following is a 
description of each statistical analysis used in phase 2 project. 
 
Tibial Strain and Strain Rate by Loading Condition and Previous Physical Activity 
 
In order to test the hypothesis that regular participation in basketball for a minimum of 2 years results 
in bone adaptation that leads to lower strains in the tibia during loaded walking tasks, the following 
approach will be used. 
 
The dependent variables of interest will be peak strain and strain rate in each third of the tibial shaft. 
The independent variables will be loading condition (walking with 0, 15, 25, 35 kg loads), and physical 
activity history (basketball or running). In addition, location on the tibia (superior third, middle third, or 
inferior third) will also be included in the analysis. 
 
In order to ascertain the impact of load and physical activity history on peak strain and strain rate, 
repeated measures ANOVAs will be used. There will be two within-subject factors, load condition and 
location on the tibia, and one between-subject factor, type of previous physical activity. This analysis 
will include tests of the three main effects, thus allowing for an assessment of whether there are 
significant differences in peak strain and strain rate across loadings, type of physical activity history and 
location on the tibia. 
 
Peak Tibial Strain and Strain Rate by Type of Athletic Activity 
 
In order to test the hypothesis that high impact, irregular sporting maneuvers such as cutting and 
landing, which are consistent with those performed in basketball, produce different tibial strain and 
strain rate patterns than those produced during running, repeated measures ANOVAs will be used. 
 
The dependent variables will be peak strain and strain rate. The independent variables will be type of 
athletic activity, physical activity history, and location on the tibia. The repeated measures ANOVAs will 
have two within-subject factors (type of athletic activity and location on the tibia) and one between-
subject factor (previous physical activity). This ANOVA will provide hypothesis tests for the equality of 
mean values across type of athletic activity, type of physical activity history and location on the tibia for 
each dependent variable. 
 
Adherence to Work Objectives 

 

 In October 2008 the award for phase 1 of the project was received. At this time the hiring of project 

personnel, contractual arrangements with consulting groups, and the purchase of necessary 
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equipment and software were initiated. An estimated delivery date of January 5th, 2009 for the 

force platform instrumented treadmill was provided by the vendor. 

 

 In November 2008 the initial stage of the musculoskeletal modeling process and protocol was 

completed. All software purchases were received by this time. 

 

 In December 2008 the initial process and protocol for the collection of computed tomography (CT) 

scans, in conjunction with Ball Memorial Hospital, was completed. Pilot CT scans were obtained in 

order to determine appropriate scan settings using a Ball State University staff member as 

participant.  A pilot tibia model was created from CT data using Mimics 12.1.  The CT process and 

resulting outcomes were deemed to appropriate and sufficient for the completion of research 

goals. 

 

Also in December 2008 the second stage of the musculoskeletal modeling and finite element 

analysis process was begun. This stage consisted of developing a working version of 

musculoskeletal model and finite element analysis process for the specific purpose of examining 

the stress and strain profiles of the tibia. Using the CT scan and the resulting 3-D model obtained in 

earlier in the month, tibial model fine tuning was initiated.  The number and type of solid mesh 

element as well as material mapping methods for tibia were determined.  Specifically, it is 

determined that a tetrahedral element shape will be used and material properties will be set based 

upon CT scan density using regression equations that have been reported in previous material 

testing research. Also during this time, the required inputs for musculoskeletal model were 

finalized.   

 

 In January 2009 the second stage of the modeling process and protocol development was 

completed.  Specifically, a model that included scaled participant-specific anthropometry, 

experimental kinematic and kinetic inputs, and the finite element tibia as a flexible body generated 

through Mimics and MD.MARC by Device Analytics was developed. Following this, the third stage 

of the musculoskeletal modeling and finite element analysis process was initiated.   

 

 Also in January 2009, it was also anticipated that the force platform instrumented treadmill would 

be delivered in January, based on estimated ship date provided by the vendor at the time of 

purchase. However, the vendor indicated that there had been some technical changes in the 

manufacture of the treadmill that delayed the expected delivery time to May 2009. 

 

 In February 2009, the general automation of the process developed in the second stage of the 

modeling process was initiated. This was necessary to allow for the analysis of larger data sets that 

will be used in this research protocol.  
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 In April 2009, IRB approval was granted by both the local institutional review board and U.S. Army 

Human Subjects Research Review Board. 

 

 In May 2009 the force instrumented treadmill was received and pilot testing was initiated.  

 

 In July 2009, participant recruitment and testing was initiated. 

 

 In September 2009 the necessary twenty participants were recruited.  

 

 All experimental data collection including computed tomography scans, fitness assessments, 

motion capture and electromyography was completed by November 10, 2009. 

 

 Musculoskeletal models were generated using the gait kinematics and kinetics as inputs in April, 

2010. 

 

 Modeling and computer simulations of phase 1 project were completed in May 2010 

 

 In June 2010, phase 2 research protocol was approved by BSU institutional review board. 

 

 In October 2010, phase 2 research protocol was approved by the USAMRMC, ORP, and HRPO of the 

ARMY. 

 

 In May 2011, 40 participants were recruited and tested. All experimental data collection including 

CT scans, fitness assessments, motion capture and electromyography testing were completed. 

 

 In June 2011, a second run of computer simulations on phase 1 data based on an optimized 

method was completed. 

 

 In July 2011, all phase 2 experimental data including CT scans and motion capture data were 

prepared for computer modeling and simulation tasks. 

 

 In July 2012, a 15-month project extension was granted by the DOD. 

 

 In August 2012, all participants’ musculoskeletal models were created and calibrated based on 

subject-specific data (body mass, body height, and static standing posture) in LIFEMOD 2010. These 

calibrated musculoskeletal models will be used to run forward-dynamic simulations in LIFEMOD 

2010 and ADAMS 2012 to compute internal forces of lower-extremity muscles and joints. 
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 In October 2012, tibial finite-element models of all participants were created in MARC MENTAT 

2012. Material properties were assigned to all tibial FE models. Flexible bodies of the tibial FE 

models were computed in MARC 2012. These flexible tibia models (MNF files) will be integrated 

into the calibrated musculo-skeletal models for forward-dynamic simulations in LIFEMOD 2010 and 

ADAMS 2012. 

KEY RESEARCH ACCOMPLISHMENTS 
 

 The abstract titled “An integrated modeling method for tibia strain analysis” was presented at the 
Northwest American Society of Biomechanics Symposium in May 2010 (Appendix A) 

 

 The abstract titled “Muscular fatigue increases ground reaction loading rate during walking” was 
submitted and accepted for presentation at the American College of Sports Medicine in June 2010 
(Appendix B) 
 

 The abstract titled “Load carriage increases mechanical loading rates during walking” was 
submitted and accepted for presentation at the American Society of Biomechanics in August 2010 
(Appendix C) 
 

 The abstract titled “An integrated modeling method for bone strain analysis” was submitted and 
accepted for presentation at the American Society of Biomechanics in August 2010 (Appendix D) 
 

 The abstract titled “Effects of load carriage and muscular fatigue on ground reaction loading rate 
during walking” was submitted and accepted for presentation at the American College of Sports 
Medicine in June 2011 (Appendix E) 
 

 The abstract titled “The effect of height on tibial strain while performing drop landings” was 
submitted and accepted for presentation at the American College of Sports Medicine in June 2011 
(Appendix F) 
 

 The abstract titled “Influences of load carriage and fatigue on lower-extremity kinetics during 
walking” was submitted and accepted for presentation at the American Society of Biomechanics in 
August 2011 (Appendix G) 
 

 The abstract titled “A time-efficient method for analyzing bone strain with large subject pools” was 
submitted and accepted for presentation at the American Society of Biomechanics in August 2011 
(Appendix H) 
 

 The manuscript titled “Influence of fatigue and load carriage on mechanical loading during 

walking” was published in the Journal of Military Medicine in February 2012 (Appendix I) 

 The abstract titled “Influence of physical activity history on ground reaction force during walking” 
was presented at the 2012 annual conference of American College of Sports Medicine in May 2012 
(Appendix J) 
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 The manuscript titled “The effects of load carriage and muscle fatigue on lower extremity joint 

mechanics” was submitted to the Research Quarterly of Exercise and Sport in July 2012  

 The manuscript titled “Influence of load carriage and fatigue on frontal-plane knee mechanics 
during walking” was submitted to the Journal of Military Medicine in September 2012 
 

 The abstract titled “the influence of physical activity history on ground reaction force during 
running” was submitted for presentation at the 2013 annual conference of American College of 
Sports Medicine in November 2012 
 

REPORTABLE OUTCOMES for PHASE ONE 
 
The following sections outline the preliminary results from the first phase of this project. These data 
along with subsequent analyses will form the basis for forthcoming presentations and manuscripts 
documenting this research. 
 
Participant Characteristics: 
  
Twenty college-age male participants were recruited to participate in the first phase of this study.  
Technical difficulties were encountered with data from two of the participants, whose data were 
excluded from the analyses.  Therefore the final data analysis was performed on 18 participants; their 
characteristics are presented in Table 1.  
 
Table 1 

 Mean (SD) 

Age (yrs) 20.8 (1.8) 

Height (cm) 180.8 (4.5) 

Mass (kg) 77.6 (9.6) 

Minimum Tibia CSA (mm
2
) 364 (49) 

Leg Press 1RM (lbs) 529 (169) 

VO2 Peak (mL/kg/min) 51 (5) 

 

Gait Kinematics and Kinetics:  
 
Gait kinematics and kinetics of the four walking tasks performed are presented in table 2 and table 3. 
Table 2 shows the mean and standard deviations of stride frequency, stride length, and double support 
time. Table 3 shows the mean and SD of the peak vertical and braking ground reaction forces and 
loading rates during weight acceptance of walking. Two-way repeated measures ANOVAs were used to 
determine the effects of load carriage and muscle fatigue on the selected gait kinematics and kinetics 
variables. 
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Table 2 

Variables\Conditions UU UF LU LF 

 
Stride Frequency (strides/min) 

 

 
58.6 (2.7) 

 
59.7 (4.0) 

 
60.5 (2.4) 

 
63.4 (5.1) 

Stride Length (m) 
 

1.71 (0.07) 1.68 (0.11) 1.66 (0.06) 1.59 (0.12) 

Double Support (% gait cycle) 22.1 (1.4) 23.0 (1.5) 27.9 (2.1) 29.5 (2.9) 
 

 
 

 
 

  
  
Table 3 

Variables\Conditions UU UF LU LF 

 
Peak VGRF (BW) 

 

 
1.27 (0.06) 

 

 
1.35 (0.11) 

 

 
1.92 (0.18) 

 

 
1.99 (0.19) 

 
Peak BGRF (BW) 

 
0.23 (0.03) 

 
0.24 (0.03) 

 
0.35 (0.06) 

 
0.34 (0.06) 

 
Peak VGRLR (BW/s) 

 
16.81 (3.40) 

 
21.75 (7.92) 

 
35.29 (12.07) 

 
37.58 (11.92) 

 
Peak BGRLR (BW/s) 

 
7.98 (1.61) 

 
9.78 92.06) 

 
14.81 (5.89) 

 
15.44 (4.36) 

 
 

 

 

 

 

  

There was no interaction between the load carriage and fatigued conditions for all the gait kinematics 
and kinetics (P > 0.05). Load carriage had a significant effect on gait spatio-temporal parameters (P < 
0.01) and kinetics (P < 0.001). Muscle fatigue also had a significant effect on gait spatio-temporal 
parameters (P < 0.001) and kinetics (P < 0.001).  
 
Specifically, load carriage led to significant increases of stride frequency (P = 0.007) and double support 
time (P = 0.004) and a significant decrease of stride length (P = 0.006). Muscle fatigue resulted in 
significant increases of stride frequency (P = 0.001) and double support time (P < 0.001) and a 
significant decrease of stride length (P = 0.001). 
 
Both load carriage and muscle fatigue resulted in alterations of ground reaction force variables. The 
load carriage led to significant increases of peak vertical and braking ground reaction forces (P < 0.001). 
Muscle fatigue led to a significant increase of peak vertical ground reaction force (P < 0.001). 
Furthermore, the load carriage led to significant increases of the peak vertical and braking ground 
reaction loading rates (P < 0.001). With a significant effect on peak vertical ground reaction loading 
rate (P = 0.003) and a near significant effect on peak braking ground reaction loading rate (P = 0.084), 
the muscle fatigue resulted in pronounced increases of ground reaction loading rates. 
 
Lower-extremity joint kinematics and kinetics 
 
Lower-extremity joint kinematics and kinetics at weight acceptance of the four walking tasks are 
presented in Table 4 and Table 5. Table 4 shows the mean and SD of the pelvis, hip, knee, and ankle 
angles at heel contact and stance of walking. Table 5 shows the mean and SD of the hip, knee, and 

Conditions: UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 
 

Conditions: UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 
VGRF = vertical ground reaction force, BGRF = braking ground reaction force, VGRLR = vertical ground reaction 
loading rate, BGRLR = braking ground reaction loading rate. 
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ankle joint moment and power during weight acceptance of walking. Two-way repeated measures 
ANOVAs were used to determine the effects of load carriage and muscle fatigue on the selected joint 
kinematic and kinetics during walking. 
 
Table 4. 

Variables\Conditions UU UF LU LF 

 
Pelvis tilt at heel 

contact (deg) 
8.8 (5.9) 11.0 (8.6) 20.1(5.0) 22.9 (8.6) 

 
Hip flexion at heel 

contact (deg) 
32.1 (4.3) 28.2 (10.4) 45.4 (5.2) 40.6 (10.9) 

 
Knee flexion at heel 

contact (deg) 
-2.5 (3.1) -1.1 (4.5) 3.9 (3.2) 4.7 (4.9) 

 
Maximum knee flexion 

at stance (deg) 
19.0 (2.8) 20.7 (4.4) 24.6 (4.5) 25.0 (5.3) 

 
Ankle dorsi-flexion at 

heel contact (deg) 
 

7.7 (1.9) 
 

5.3 (4.9) 
 

7.3 (2.7) 
 

5.6 (3.6) 
 

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 
 

Table 5. 

Variables\Conditions UU UF LU LF 

 
Hip extensor  

moment (Nm/kg) 
 

1.54 (0.41) 1.85 (0.48) 2.26 (0.42) 2.38 (0.42) 

Knee extensor  
moment (Nm/kg) 

 

0.88 (0.20) 
 

0.90 (0.25) 
 

1.61 (0.37) 
 

1.63 (0.42) 
 

Ankle dorsi-flexion 
moment (Nm/kg)  

 

-0.44 (0.12) 
 

-0.37 (0.10) 
 

-0.45 (0.11) 
 

-0.43 (0.11) 
 

Hip joint power  
production (W/kg)  

 

1.03 (0.36) 
 

1.47 (0.49) 
 

1.69 (0.61) 
 

1.97 (0.64) 
 

Knee joint power 
absorption (W/kg)  

 

-1.34 (0.37) 
 

-1.39 (0.54) 
 

-2.65 (1.40) 
 

-2.76 (1.06) 
 

Ankle joint power 
absorption (W/kg)  

 

-1.04 (0.27) 
 

-0.82 (0.32) 
 

-1.12 (0.30) 
 

-1.01 (0.35) 
 

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 

 
There was no interaction between the effects of load carriage and muscle fatigue for lower-extremity 
joint kinematics and kinetics (P > 0.05).  Load carriage had a significant effect on lower-extremity joint 
kinematics and kinetics (P < 0.001). Muscle fatigue had a significant effect on lower-extremity joint 
kinematics and kinetics (P < 0.05).  
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Both load carriage and muscle fatigue led to pronounced alterations of lower-extremity joint 
kinematics. Load carriage resulted in significant increases of pelvis anterior tilt (P < 0.001), hip flexion 
(P < 0.001) and knee flexion (P < 0.001) at heel contact, and maximum knee flexion (P < 0.001) during 
stance. Muscle fatigue led to significant decrease of ankle-dorsi flexion at heel contact (P = 0.028). 
 
Both load carriage and muscle fatigue led to pronounced alterations of lower-extremity joint kinetics. 
Load carriage led to significant increases of hip and knee extensor moments (P < 0.001) and a near 
significant increase of ankle dorsi-flexor moment (P = 0.08) during weight acceptance. Also, greater hip 
joint power production (P < 0.001), and knee and ankle joint power absorption (P < 0.001) were 
observed at weight acceptance of loaded walking. Muscle fatigue led to a significant increase of hip 
extensor moment (P = 0.001) and a significant decrease of ankle dorsi-flexor moment at weight 
acceptance. In addition, greater hip joint power production (P = 0.001) and lesser ankle joint power 
absorption (P = 0.007) at weight acceptance were observed during fatigued walking. 
 
Strain and Strain Rate: 
 
The peak strain and strain rates from the bone shaft of the tibia during unloaded unfatigued walking in 
the present study are presented along with in-vivo and simulated strains that have been reported by 
other researchers (table 6). The strains and strain rates are in reasonable agreement with the 
previously reported values. Differences in values between the current study and the previous studies 
may be due to the locations on tibia where the strain data were collected. Strain data reported in 
previous studies were from the antero-medial aspect of the tibia shaft [8, 10-13], while the current 
study uses average strains of the tibia shaft. 
 
Table 6 

 

Strain Magnitude (Microstrain) Strain Rate (Microstrain/s) 

Max 
Principal 

Min 
Principal 

Max Shear 
Max 

Principal  
Min 

Principal  
Max Shear  

Lanyon et al.[10] 395 -434 829 Not reported -4000 Not reported 

Burr et al.[11] 437 -544 871 11006 -7183 16162 

Milgrom et al.[12] 840 -454 1183 3955 -3306 10303 

Milgrom el al.[13] 394 -672 Not reported 4683 -3820 Not reported 

Al Nazer et al.[8] 305 -645 948 4000 -7000 10000 

Present Simulation 
(Bone Shaft) 

277 -409 655 4072 -5571 8986 

 
 
A mixed model ANCOVA was used to determine if there were any differences in strain and strain rates 
between conditions. Significance was set at α = 0.05. Height, body mass, age, minimum tibia cross 
sectional area (CSA), leg press 1RM, VO2 peak were used as covariates. 
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Strain 
 

Table 7. 

Variables\Conditions UU UF LU LF 

 
Max Principal Strain (μs) 

 
277.37 (90.81) 257.26 (90.81) 626.06 (90.81) 340.38 (90.81) 

Min Principal Strain (μs) 
 

-409.26 (222.54) 
 

-386.94 (222.54) 
 

-1220.31 (222.54) 
 

-519.29 (222.54) 
 

Max Shear Strain (μs) 
 

654.95 (312.91) 
 

612.58 (312.91) 
 

1809.08 (312.91) 
 

824.48 (312.91) 
 

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 
 

Table 7 shows the means and standard errors (SEs) of the maximum and minimum principal strains and 

shear strains of the tibia for the four walking conditions.  Load carriage had a significant effect on 

maximum principal strain (P < 0.0001), minimum principal strain (P < 0.0001), and maximum shear 

strain (P < 0.0001). Specifically, load carriage led to significant increases of maximum principal strain, 

minimum principal strain, and maximum shear strain during walking (P < 0.0001).  

 

Muscle fatigue had a significant effect on maximum principal strain (P < 0.0001), minimum principal 

strain (P < 0.0001), and maximum shear strain (P < 0.0001). Specifically, muscle fatigue led to 

significant decreases of maximum principal strain, minimum principal strain, and maximum shear strain 

during walking (P < 0.0001). 

 

None of the participant characteristics used as covariates (height, mass, age, leg press max, VO2peak, 

or minimum tibial CSA) were significantly related to strain variables (P > 0.05).  

 

Strain Rate 
 

Table 8. 

Variables\Conditions UU UF LU LF 

 
Max Principal Strain Rate (μs/s) 

 
4071.62 (382.14) 3726.17 (382.14) 4455.86 (382.14) 3914.38 (382.14) 

Min Principal Strain Rate (μs/s) 
 

-5570.64 (719.70) 
 

-5208.27 (719.70) 
 

-7179.86 (719.70) 
 

-5793.44 (719.70) 
 

Max Shear Strain Rate (μs/s) 
 

8985.66 (1057.61) 
 

8248.04 (1057.61) 
 

10859 (1057.61) 
 

8943.08 (1057.61) 
 

Conditions UU = unloaded unfatigued, UF = unloaded fatigued, LU = loaded unfatigued, LF = loaded fatigued. 
 

Table 7 shows the means (SEs) of the maximum and minimum principal strain rates and shear strain 

rates of the tibia for the four walking conditions.  Load carriage had a significant effect on maximum 

principal strain rate (P < 0.0001), minimum principal strain rate (P < 0.0001), and maximum shear strain 

rate (P < 0.0001). Specifically, load carriage led to significant increases of maximum principal strain 

rate, minimum principal strain rate, and maximum shear strain rate during walking (P < 0.0001).  
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Muscle fatigue had a significant effect on maximum principal strain rate (P < 0.0001), minimum 

principal strain rate (P < 0.0001), and maximum shear strain rate (P < 0.0001). Specifically, muscle 

fatigue led to significant decreases of maximum principal strain rate, minimum principal strain rate, 

and maximum shear strain rate during walking (P < 0.0001). 

 

None of the participant characteristics used as covariates (height, mass, age, leg press max, VO2peak, 

or minimum tibial CSA) were significantly related to strain rates (P > 0.05).  

 

SUMMARY for PHASE ONE 
 
We had hypothesized that load carriage and muscle fatigue would alter basic gait spatio-temporal 
parameters and kinetics. Results from this research support this hypothesis. Specifically, load carriage 
and muscle fatigue result in significant increases of stride frequency and double support time and a 
significant decrease of stride length. Furthermore, both load carriage and muscle fatigue lead to 
significant increases of the vertical ground reaction force and loading rate. 
 
It was also hypothesized that load carriage and muscle fatigue would alter lower-extremity joint 
mechanics. This hypothesis was supported. Specifically, load carriage leads to significant increases of 
pelvis tilt, hip and knee flexion at heel contact and maximum knee flexion during stance. Muscle 
fatigue leads to a significant decrease of ankle dorsi-flexion at heel contact. Furthermore, load carriage 
leads to significant increases of hip and knee joint moment and hip, knee, and ankle joint powers. 
Muscle fatigue also leads to significant increases of hip joint moment and power and significant 
decreases of ankle joint moment and power. 
 
Thus, when walking with load carried, lower-extremities experience significant increases of external 
impact forces (ground reaction forces) and loading rates at every foot strike. Moreover, the 
pronounced increases of lower-extremity joint moments and powers at weight acceptance reflect large 
increases of leg muscle forces. Therefore, lower-extremity skeletal structures (e.g. tibias) are loaded 
with both increased ground impact forces and increased leg muscles forces at stance of walking. In 
addition, the increased stride frequency and double support time associated with load carriage lead to 
increases of number of loading cycle and loading duration during walking. 
 
Similarly, when walking in a fatigued state, lower-extremities experience significant increases of 
external impact force (vertical ground reaction force) and loading rate at each foot strike. The large 
increases of the hip joint moment and power reflect increased effort of hip extensors to stabilize the 
pelvis. The significant decreases of the ankle joint moment and power indicate a reduced ability of the 
ankle dorsi-flexor to control the ankle joint at weight acceptance. Thus, lower legs experience 
increased ground impact forces and loading rates and altered leg muscle loads at stance in a fatigued 
state. In addition, the increased stride frequency and double support time associated with muscle 
fatigue expose the lower-extremities to increased numbers of loading cycle and loading duration. 
 
The combined effect of muscle fatigue and load carriage further exposes the lower-extremity skeletal 
structures to significant increases of external impact loadings and loading rates and pronounced 
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alterations of leg muscle loads. This pronounced alteration in mechanical loading pattern is coupled 
with increased numbers of loading cycle and loading duration during walking. 
 
Furthermore, it was hypothesized that the changes in gait mechanics due to load and fatigue would 
result in differences in strain and strain rates in the tibia. Results from this study support this 
hypothesis as well.  
 

REPORTABLE OUTCOMES for PHASE TWO 
 

The following sections outline the preliminary results from the second phase of this project. These data 
along with subsequent analyses will form the basis for forthcoming presentations and manuscripts 
documenting this research. 
 
Participant Characteristics: 
  
Forty college-age male participants were recruited in this study.  Participants were divided into two 
experimental groups (runners and basketball players). The runner group consisted of twenty 
recreational runners with a minimum of two years of regular running experience. The basketball  group 
consisted of twenty recreational basketball players with a minimum of two years of regular basketball 
playing experience.  Participants’ characteristics are presented in Table 9.  
 
Table 9 

 Runners Basketball Players 

Age (yrs) 20.7(2.4) 20.6(1.7) 

Height (cm) 180.1(6.3) 180.8(8.3) 

Mass (kg) 75.7(9.6) 80.1(11.5) 

Minimum Tibia CSA (mm
2
) 352(49) 369(49) 

Leg Press 1RM (lbs) 492(62) 550(127) 

VO2 Peak (mL/kg/min) 58(7) 50(5) 

 

 
 

Kinematics and Kinetics of Loaded Walking Tasks:  
 
Selected gait spatio-temporal parameters and kinetics of the four loaded walking tasks are presented 
in table 10, which shows the mean and standard deviations of the stride frequency, stride length, peak 
vertical ground reaction force and loading rate. Two-way repeated measures ANOVAs were used to 
determine the effects of physical activity history and levels of loaded walking on the selected gait 
kinematics and kinetics variables. 
 
 
 

Mean (+/- standard deviation) for basic participant demographics and results from fitness 
assessments. 
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Table 10. 

Variables\Conditions WK00 WK15 WK25 WK35 

Runners 
 

 
 

 

 
Stride length (m) 

 
1.70 (0.06) 1.69 (0.06) 1.67 (0.07) 1.63 (0.08) 

Stride frequency (strides/min) 
 

59 (2) 
 

59 (2) 
 

60 (2) 
 

62 (3) 
 

Peak VGRF (BW)  
 

1.29 (0.07) 
 

1.58 (0.10) 
 

1.78 (0.15) 
 

2.01 (0.19) 
 

Peak VGRLR (BW/s)  
 

18.19 (3.73) 
 

21.45 (4.64) 
 

26.53 (7.73) 
 

32.30 (8.24) 
 

Basketball Players 
 

 
 

 

 
Stride length (m) 

 
1.69 (0.08) 1.68 (0.08) 1.66 (0.09) 1.62 (0.08) 

Stride frequency (strides/min) 
 

59 (3) 
 

60 (3) 
 

61 (3) 
 

62 (3) 
 

Peak VGRF (BW)  
 

1.30 (0.05) 1.57 (0.12) 1.76 (0.28) 1.97 (0.20) 

Peak VGRLR (BW/s)  
 

17.65 (3.80) 
 

22.51 (5.44) 
 

27.48 (9.07) 
 

31.56 (7.18) 
 

Conditions: WK00 = unloaded walking, WK15 = 15kg loaded walking, WK25 = 25kg loaded walking, WK35 = 35kg loaded 
walking. VGRF = vertical ground reaction force. VGRLR = vertical ground reaction loading rate. 

 
No interaction was found between the effects of group and increasing load carried for the selected gait 
spatio-temporal parameters and kinetics (P > 0.05). In addition, there were no significant differences in 
gait spatio-temporal parameters and kinetics between the runners and basketball players tested (P > 
0.05). However, increasing load carried had a significant effect on gait spatio-temporal parameters and 
kinetics (P < 0.001). 
 
The increasing load carried led to a significant increase of stride frequency (P < 0.001) and a significant 
decrease of stride length (P < 0.001). Specifically, carrying 35kg load resulted in a shorter stride length 
and a faster stride rate than carrying 15kg load and no load conditions (P < 0.001). Furthermore, the 
increasing load carried resulted in significant increases of the peak vertical ground reaction force (P < 
0.001) and peak vertical ground reaction loading rate (P < 0.001). As the amount of load carried was 
increased from 0kg to 35kg, there were linear increases of the peak vertical ground reaction force and 
peak vertical ground reaction loading rate. 
 
Kinematics and Kinetics of Running Task:  
 
Selected spatio-temporal parameters and ground reaction force variables during running are presented 
in Table 11. One-way ANOVAs were performed to determine the differences in these variables 
between the two groups.   
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Table 11. 

Variables\Conditions Runners Ball Players 

 
Stride length (m) 

 
2.45 (0.10) 2.46 (0.10) 

Stride frequency (strides/min) 
 

82 (3) 
 

82 (3) 
 

Impact peak VGRF (BW)  
 

1.65 (0.05)* 
 

1.81 (0.05)* 
 

Active peak VGRF (BW)  
 

2.43 (0.20)* 
 

2.57 (0.16)* 
 

Peak VGRLR (BW/s) 81.62(22.11)* 95.91(16.12)* 

Note: * indicates a significant difference (P < 0.05).  

VGRF = vertical ground reaction force. VGRLR = vertical ground reaction loading rate. 

Both groups exhibited a similar stride length (P = 0.859) and stride frequency (P = 0.744) during 
running. However, the runner group showed lower ground reaction forces than those of the basketball 
group. Specifically, the runner group demonstrated a smaller impact vertical ground reaction force (P = 
0.045), active vertical ground reaction force (P = 0.025), and vertical ground reaction loading rate (P = 
0.025) than those of the basketball group.  
 

 

SUMMARY for PHASE TWO 
 
Load carriage leads to significant alterations of gait spatio-temporal parameters and kinetics. The 
increases of the vertical ground reaction force and loading rate are proportional to the increments of 
load carried. Although runners and basketball players recruited in this study had distinct physical 
activity histories, they exhibited no differences in ground reaction forces and loading rates during 
loaded walking tasks. The results imply that when participating in unaccustomed activities (e.g. loaded 
walking), both the runner and basketball groups experience similar mechanical loadings. Future 
analysis will examine whether these two groups exhibit differences in mechanical responses of lower-
extremity structures (e.g. tibia) to the increased mechanical loading during loaded walking tasks. 
 
When performing running movement, habitual runners recruited in this study demonstrated an ability 
to lower the ground reaction forces. Running with reduced ground impact forces could result in 
decreased risks of impact related overuse injuries. As the runners have adapted to the running 
environment by lowering impact forces, runners’ tibia bones may also have adapted to the same 
loading environment. On one hand, adaptation to a loading environment with reduced impact forces 
could mean the tibia bone may have remodeled itself for the reduced imposed mechanical loadings via 
decreasing bone density at some parts of the bone for metabolic efficiency purposes. On the other 
hand, when the loading environment is changed to an unaccustomed situation (e.g. loaded walking), 
the tibia bone may need to accelerate the remodeling process to become capable of resisting the novel 
loadings. Future analysis will determine whether these two experimental groups exhibit differences in 
tibial bone strain during running. 
 
The research team is now in the process of performing analyses on drop-jumping and cutting 
movements to determine whether biomechanical differences exist between the runner group and 
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basketball group. Also, human body modeling and computer simulation tasks are performed to explore 
the patterns of tibial bone deformation at foot contact with the ground during cutting, drop-jumping, 
running, and loaded walking tasks. These analyses will be disseminated in the form of presentations, 
manuscripts and upcoming reports.  
 

IN PROGRESS 
 
Phase 1&2 Update 
 
The research team is now in the process of disseminating the results from the Phase 1 project in the 
form of conference abstracts and manuscripts. The research team is also in the process of creating 
tibial bone models for finite element analysis and performing computer simulations on the following 
movements: cutting, drop-jumps, running, and walking with increasing load carried. 
 
Manuscripts in preparation 

 The Effect of Load & Fatigue on Spatio-Temporal Gait Variables        
o Target Journal - Clinical Biomechanics 

 Effects of Load & Fatigue on Tibial Strain         
o Target Journal - Journal of Biomechanics 

 The Effect of Increasing Load Carried and Physical Activity History on Ground Reaction 
Forces         

o Target Journal - Clinical Biomechanics 
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Appendix A 
 
Abstract presented at the 57th annual meeting of American College of Sports Medicine (ACSM) in 

Baltimore, MD. June 2-  June 5, 2010. 
 
Title: Muscular Fatigue Increases Ground Reaction Loading Rate during Walking 
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Military personnel are commonly afflicted by overuse injuries such as tibia stress fracture during basic physical 

training. Muscular fatigue is thought to reduce the leg muscles' ability to attenuate dynamic load on human 

musculoskeletal system during locomotion (Voloshin, et al. 1998). However, it is not clear if or how muscular 

fatigue influences mechanical loading of the lower extremities and increases the risk of developing tibia stress 

fracture. 

PURPOSE: Compare peak ground impact forces and loading rates during a fatigued and unfatigued walking task. 

METHODS: Fourteen healthy male subjects (age: 21±2 yr.; body mass: 81.5±11.3 kg; body height: 182±4 cm) 

participated in the study. Subjects participated in a fatiguing protocol which involved a series of metered step-ups 

and heel raises while wearing a 16 kg rucksack. The presence of fatigue was determined by a decline in 

performance of a vertical jump test (< 80% of vertical jump max) Prior to and immediately after the fatiguing 

protocol, subjects performed level walking at 1.67 m/s on a force instrumented treadmill (AMTI). The following 

variables were analyzed: Peak vertical and antero-posterior ground reaction forces and peak instantaneous vertical 

and braking loading rates during first half of the stance. A one way repeated measures MANOVA was used to 

determine differences in these variables between unfatigued and fatigued conditions. a = 0.05. 

RESULTS: Compared to unfatigued condition, during the fatigued condition the subjects exhibited greater 

vertical ground reaction forces (1.36 ± 0.11 vs. 1.30 ± 0.07 BW, respectively) (p = 0.000), greater instantaneous 

vertical loading rates (24.46 ± 9.92 vs. 18.28 ± 4.51 BW/s, respectively.) (p = 0.000), and greater instantaneous 

braking loading rates (-10.48 ± 3.02 vs.-8.61 ± 1.99 BW/s, respectively.) (p =0.001). 

CONCLUSION: Increased vertical loading rate has been linked to higher risk of tibia stress fracture for distance 

runners (Milner et al. 2006). In this study, muscular fatigue seems to lead to increases of vertical ground impact 

and instantaneous loading rates during walking at the given speed. It is possible that military personnel under the 

influence of muscular fatigue may face increased risk of tibia stress fracture when participating in intensive 

physical training programs. DoD#W81XWH-08-1-0587 

©2010The American College of Sports Medicine 
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Appendix B 
 
Abstract presented at the North West Biomechanics Symposium (NWBS) in Seattle, WA. May21 – May 

22, 2010. 
 
Title: An Integrated Modeling Method for Tibia Strain Analysis 
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Appendix C 
 
Abstract accepted by the annual meeting of American Society of Biomechanics (ASB) in Provincial, RI, 

August 18- August 20, 2010 
 
Title: Load Carriage Increases Mechanical Loading Rates during Walking 
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Appendix D 
 
Abstract accepted by the annual meeting of American Society of Biomechanics (ASB) in Provincial, RI, 

August 18- August 20, 2010 
 
Title: An Integrated Modeling Method for Bone Strain Analysis 
 
 
 



 

 

36 

 

 
 
 



 

 

37 

 

 
 
 
 
 
 



 

 

38 

 

Appendix E 
 
Abstract presented at the 58th annual meeting of American College of Sports Medicine (ACSM) in 

Denver, CO. June 1- June 4, 2011. 
 
Title: Effects of Load Carriage and Muscular Fatigue on Ground Reaction Loading Rate during Walking 
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Military personnel are often afflicted by tibia stress fracture (TSF) during basic training. Load carriage and 

muscle fatigue may be factors related to the high incidence of TSF. Load carriage increases ground reaction force 

during walking. Muscle fatigue reduces muscles' ability to attenuate dynamic load on musculoskeletal system 

during locomotion. However, it is yet to be determined what effects load and fatigue may elicit in mechanical 

loading rate during walking. 

PURPOSE: To determine the effects of load carriage and fatigue on peak vertical ground reaction force and 

loading rate during walking. 

METHODS: Eighteen healthy males (age: 21 ± 2 yrs, body mass: 77.6 ± 9.6 kg, body height: 181 ± 4 cm) 

performed tasks in the following order: unloaded and unfatigued walking (UU), loaded and unfatigued walking 

with a 32 kg rucksack (LU), a fatiguing protocol consisting of stepping and heel-raising with a 16 kg rucksack, 

loaded and fatigued walking with a 32 kg rucksack (LF), and unloaded fatigued walking (UF). Each walking task 

was performed for 5 min on a force instrumented treadmill (AMTI) at 1.67 m/s. Peak vertical ground reaction 

force and loading rate at weight acceptance were normalized to body weight. One way repeated measures 

ANOVAs and pair-wise comparisons with Bonferroni correction were performed. α = 0.05. 

RESULTS: The peak vertical ground reaction forces of the UF (1.35 ± 0.11 BW), LU (1.92 ± 0.18 BW), and LF 

(1.99 ± 0.19 BW) were all greater than that of the UU (1.27 ± 0.06 BW) (p < 0.05). The peak vertical ground 

reaction loading rates of the UF (21.75 ± 7.92 BW/s), LU (35.29 ± 12.07 BW/s), and LF (37.58 ± 11.92 BW/s) 

were all greater than that of the UU (16.81 ± 3.40 BW/s) (p < 0.05). 

CONCLUSION: Fatigue, load carriage, and the combination of load carriage and fatigue all lead to significant 

increases of mechanical loading and loading rate on the lower extremities during walking. As great magnitudes of 

mechanical loading and loading rate are identified risk factors of TSF, the effects of load carriage and muscle 

fatigue could expose military personnel to increased risk of TSF during basic training. Interestingly, the increases 

of mechanical loading rate are more pronounce than that of the mechanical loading. Mechanical loading rate may 

have greater effect on the development of TSF than the loading magnitude. DOD#W81XWH-08-1-0587 

©2011The American College of Sports Medicine 
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Appendix F 
 
Abstract presented at the 58th annual meeting of American College of Sports Medicine (ACSM) in 

Denver, CO. June 1- June 4, 2011. 
 
Title: The Effect of Height on Tibial Strain during Drop Landings 
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During landing, the human body is required to absorb impact forces throughout its tissues. Muscle and connective 

tissue dissipate much of this force. A portion of the impact is delivered to the bones. Repetitive forces acting on 

the tibia during landing can cause microfractures which may lead to stress fracture. It is difficult to quantify bone 

strain through invasive measure such as bone staple. 

PURPOSE: To calculate changes in bone strain during landing using a noninvasive approach by integrating a 

finite element tibia in a musculoskeletal model. 

METHODS: A musculoskeletal model representing a healthy male subject (22 years, 78.6 kg, 1.85 m) was 

created. A flexible tibia, created from a CT scan of the subject's right tibia, was included in the model. Motion 

capture data were collected while the subject performed drop landings from three separate heights (26, 39, and 52 

cm) and served as inputs to perform dynamic simulations. Surface electromyography and joint angle data were 

compared to their simulation using a cross correlation. Maximum magnitudes of principal and maximum shear 

strain were computed. 

RESULTS: Strong cross-correlation coefficients (CCC > 0.87) were found between recorded and simulated 

lower extremity joint angles. Recorded activity in the vastus lateralis, vastus medialis, and the tibialis anterior 

agreed strongly with the model (CCC > 0.75). Weaker relationships existed in the gastrocnemius, hamstring, and 

soleus, which may be due to co-contraction. Maximum principal strain increased with height in 26cm (595 ± 136 

μstrain), 39cm (879 ± 134 μstrain), and 52cm (1077 ± 108 μstrain). Minimum principal strain negatively 

increased with height in 26cm (-593 ± 86 μstrain), 39cm (-645 ± 35 μstrain), and 52cm (-769 ± 33 μstrain) 

landings. Maximum shear strain followed the same increasing trend in 26cm (592 ± 111 μstrain), 39cm (760 ± 83 

μstrain), and 52cm (899 ± 98 μstrain) landings. 

CONCLUSION: The simulated results showed reasonable agreement with the recorded lower extremity joint 

angles and muscle activities. The calculated tibial strains were in reasonable agreement with the literature. This 

study demonstrates a valid non-invasive method of simulating landing movement and computing tibial strain 

produced during landing movements. 

Supported by DoD #W81XWH-08-1-0587 and BSU 2009 ASPiRE. 

©2011The American College of Sports Medicine 
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Appendix G 
 
Abstract accepted by the annual meeting of American Society of Biomechanics (ASB) in Long Beach, CA, 

August 10- August 14, 2011 
 
Title: Influences of Load Carriage and Fatigue on Lower-extremity Kinetics during Walking 
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Appendix H 
 
Abstract accepted by the annual meeting of American Society of Biomechanics (ASB) in Long Beach, CA, 

August 10- August 14, 2011 
 
Title: A Time-efficient Method for Analyzing Bone Strain with Large Subject Pools 
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Appendix I 
 
The following manuscript was published in Journal of Military Medicine, 177(2), 2012 
 
Title: Influence of Fatigue and Load Carriage on Mechanical Loading during Walking 
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Appendix J 
 
Abstract presented at the 59th annual meeting of American College of Sports Medicine (ACSM) in San 

Francisco, CA. June 1- June 4, 2012. 
 
Title: Influence of Physical Activity History on Ground Reaction Force during Walking 
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Appendix K 
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INTRODUCTION 

 

Military personnel are commonly afflicted by lower 

extremity overuse injuries [1, 2]. Overuse knee 

conditions are among the most common injuries 

during basic training [3]. Walking with heavy loads 

is an inevitable part of the military training, and 

during the twelve-weeks of basic training, the 

loaded running and walking distance could exceed 

200 miles [1]. Therefore, military personnel have to 

face physical challenges comprised of load carriage 

and muscle fatigue.   

 

During walking, the knee joint experiences an 

external adduction moment [4]. Large varus knee 

loading leads to cartilage degeneration and medial 

knee osteoarthritis (OA) [5,6,7]. Thus, the long-

term effect of repetitive high varus knee loading 

could lead to medial knee OA; in the short term, 

walking with large varus knee loading could result 

in knee pain. 

 

Load carriage increases vertical ground reaction 

force (GRF) during walking [8,9]. Walking in a 

fatigue state also results in increased vertical GRF 

[10]. It is possible that under the influences of load 

carriage and muscle fatigue, the knee joint may 

experience increased internal mechanical loading. 

However, it is unclear whether load carriage and 

fatigue result in an increase of varus knee loading 

during walking.  

 

Analyzing frontal-plane knee mechanics during 

loaded and fatigued walking will broaden our 

knowledge on the potential causes of developing 

lower-extremity overuse injuries such as overuse 

knee conditions during military training.  

 

The purpose of the study was to investigate the 

frontal-plane knee mechanics during loaded and 

fatigued walking. As the vertical GRF is increased 

during both the loaded and fatigued walking 

[8,9,10], it was hypothesized that there would be 

increased internal knee abductor moments during 

loaded and fatigued walking.  

 

METHODS 

 

Eighteen healthy male subjects (age: 21 ± 2 yr.; 

body mass: 77.6 ± 9.6 kg; body height: 181 ± 4 cm) 

participated in the study. Subjects wore military 

boots and participated in a fatiguing protocol which 

involved a series of metered step-ups and heel raises 

while wearing a 16 kg rucksack.  Subjects 

performed the following tasks in sequence: 5-min 

unloaded walking; 5-min loaded walking with a 32 

kg rucksack; Fatiguing protocol; 5-min loaded 

walking with a 32 kg rucksack under fatigue; 5-min 

unloaded walking under fatigue.  All walking tasks 

were performed at 1.67 m/s on a force instrumented 

treadmill (AMTI). A 15-camera system (VICON) 

was used to track reflective markers placed on the 

human body at 120 Hz. Ground reaction forces 

were collected at 2400 Hz. Visual 3D (C-Motion) 

was used to calculate lower extremity joint 

mechanics. The following variables were analyzed: 

peak hip and knee adduction angles, peak hip and 

knee abductor moments during weight acceptance 

of walking. Two-way repeated measures ANOVAs 

were performed. Load carriage and fatigue were the 

independent factors. α = 0.05. 

 

RESULTS AND DISCUSSION 

 

No interactions were found between load carriage 

and fatigue for all the dependent variables (P > 

0.05). Load carriage led to significant increases of 

hip adduction (P < 0.05), hip and knee abductor 

moments (P < 0.001) (Table 1). Fatigue did not lead 

to changes in hip and knee adduction angles and 

abductor moments (P > 0.05) (Table 1).  

 

Frontal-plane knee mechanics is altered during 

loaded walking. There is a large internal abductor 
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moment introduced at weight acceptance. The 

increased internal abductor moment may be related 

to the increased GRF passing through medial side of 

the knee. As the internal abductor moment 

increases, medial compartment of the knee is under 

large compression. Increased stress in medial knee 

results in cartilage degeneration and onset of medial 

knee OA [5,6,7]. During a 12-week military 

training, the accumulated loaded walking/running 

distance exceeds 200 miles [1], the repetitive large 

medial knee loading may inflict cartilage damage in 

medial knee and result in knee pain. 

 

In this study, we also found that the load carriage 

results in alterations of frontal-plane hip mechanics. 

There is an increase of hip adduction during weight 

acceptance of loaded walking. Increasing hip 

adduction stretches gluteus medius and enhances 

the muscle’s ability to stabilize the pelvis.  Indeed, 

large hip abductor moment is associated with 

loaded walking. However, increasing hip adduction 

also stretches tensor fasciae latae on the lateral side 

of the hip. As load carriage results in increased knee 

flexion at weight acceptance of walking [8], the 

friction between the lateral femoral condyle and the 

illio-tibial band (ITB) could be elevated. Thus, 

during loaded distance walking, it is possible that 

increased hip adduction combined with cyclic knee 

flexion may lead to ITB syndrome. 

 

Interestingly, the effect of fatigue on frontal-plane 

knee mechanics is insignificant. Although it was 

reported that there is an increased GRF associated 

with fatigued walking [10], the increased GRF may 

be positioned close to the center of the knee. Thus, 

there is no alteration of the external adduction 

moment.  

 

In summary, at weight acceptance, load carriage 

leads to alterations of frontal-plane hip and knee 

mechanics. The increases of hip adduction and knee 

abductor moment could be the causes of overuse 

knee conditions, which are common during military 

training.   
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Table 1: Means and SDs of Peak hip and knee adduction angles and abductor moments during weight 

acceptance of walking. 

 

Variables Unloaded and 

Unfatigued 

Loaded and 

Unfatigued  

Loaded and 

Fatigued 

Unloaded and 

Fatigued 

Hip adduction angle (deg)* 9.3 (3.2) 10.3 (3.6) 10.2 (3.1) 9.5 (3.2) 

Knee adduction angle (deg) -1.4 (2.9) -1.1 (2.9) -1.4 (2.6) -1.9 (2.9) 

Hip abductor moment (Nm/kg)* 1.60 (0.18) 2.18 (0.38) 2.22 (0.35) 1.66 (0.24) 

Knee abductor moment (Nm/kg)*  0.84 (0.18) 1.15 (0.32) 1.10 (0.36) 0.83 (0.22) 

Note. * indicates significant difference between loaded and unloaded walking conditions (P < 0.05). 




