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ABSTRACT 

Phase I 

Objective: Compare joint contact forces, ground reaction forces (GRF), and muscle 

forces during walking between older adults with knee radiographic osteoarthritis and pain 

due to OA (OA group) to adults with knee pain but no radiographic OA (non-OA group). 

Methods: Data were collected from 6 non-OA participants and compared to 15 OA 

participants who both underwent a 3-dimensional gait analysis. Outcomes include peak 

range of motion of the hip, knee, and ankle in the sagittal plane, peak internal hip and 

knee abduction moments, and total moment and power in the sagittal plane. A mixed 

linear model approach controlling for age, and gender was used to compare 

characteristics across OA groups, and to estimate biomechanical gait characteristics. 

Results: There was a significant difference in the peak total moment in the sagittal plane 

(P = 0.02) between the two groups. All other variables showed no significant difference. 

Conclusion: Our results suggest there is no significant difference in altered gait 

mechanics between the two groups. A larger number of participants are needed to make 

results more powerful. 

Phase II 

Objective: Compare a musculoskeletal model, OpenSim, that calculates 76 muscle forces 

in the lower extremity [85] to a lumped muscle model that has been validated and used in 

previous studies [73]. 
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Methods: Previously collected data from 31 participants in the START study were run 

through both musculoskeletal models. Outcome variables included peak internal AP 

shear and compressive forces of the knee, quadriceps, hamstring, and gastrocnemius peak 

muscle forces. Values were compared using mixed model approach controlling for within 

person variability. 

Results: There was a significant difference between 2nd peak AP shear forces (P < .01), 

2nd peak compressive force (P <.01), peak quadriceps muscle force (P <.01), peak 

hamstring muscle force (P <.01), and peak gastrocnemius muscle force (P <.01). 

Conclusion: Our results demonstrate that the two musculoskeletal models will not 

produce the same resultant muscles forces. Results from other studies support our 

findings from both models, however, the DeVita model has been used in previous studies 

with knee OA participants and has shown similar results to those by Fregly et a
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Literature Review 

Introduction  

 Osteoarthritis (OA) is the most common joint disorder affecting adults 

ages ≥ 65 years [51]. The prevalence of knee OA is an estimated 250 million adults 

worldwide or 3.6% of the world population [92]. In 2005, an estimated 27 million adults 

had OA in the United States [27]. Prevailing symptoms include joint locking, effusion, 

stiffness, and tenderness [26]. This will often lead to chronic pain, expensive treatments, 

and disability that can result in job loss and social isolation. OA can affect any joints of 

the body; however, OA of the knees has a significantly larger social and financial impact 

on the inflicted [53]. In 2004, the Center for Disease Control and Prevention estimated 

$14.3 billion in costs related to total knee replacements due to OA [53].  

Henriksen et al. found that a group of participants with knee OA had similar gait 

characteristics to those with healthy knees after being injected with lidocaine [110]. This 

suggests that pain cause altered gait in those with knee OA. However, there are no studies 

that have determined whether the structural damage caused by knee OA has any effect on 

gait, independent of pain. 

High speed video systems are used to analyze gait. We have used gait analysis to 

assess human movement in knee OA and healthy adult populations [93], [80], [81]. The 

kinematic data derived from the video analysis, in conjunction with kinetic data from a 

force plate, can be used in musculoskeletal models to yield joint contact forces during 

movement. More advanced models are able to divide the larger joint contact vector into 

smaller muscle vectors using inverse dynamics along with either an optimization routine, 

or gathered electromyographical data [8]. This gives a better representation of the joint in 
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question, can be useful in examining how different conditions alter gait, and can add 

important clinical information when prescribing a treatment a plan [64]. 

This study had two goals: (1) to compare joint contact forces, ground reaction 

forces (GRF), and muscle forces during walking between older adults with knee 

radiographic OA and pain due to OA to adults with knee pain but no radiographic OA; 

and (2) to compare a musculoskeletal model, OpenSim, that calculates 76 muscle forces 

in the lower extremity [85] to a lumped muscle model that has been validated and used in 

previous studies [73].  

The first aim of the study is to compare the sagittal plane joint range of motion of 

the hip, knee, and ankle, peak adduction moments of the hip and knee, total moment in 

the sagittal plane, total power in the sagittal plane, walking speed, stride length, and stride 

rate of older adults with knee OA and pain to that of a similar population with reported 

knee pain and no knee OA. We will also compare the asymmetry of vertical GRF 

(VGRF), anterioroposterior GRF (APGRF), step length, and maximum loading rate 

between the most affected and the least affected leg of each participant in the OA group. 

It is hypothesized there will be no significant difference in gait between patients with 

radiographic knee OA and knee pain compared to those with knee pain but without 

radiographic knee OA. 

 The second aim of the study is to compare knee shear and compressive forces, as 

well as muscle forces of the hamstrings, quadriceps, and gastrocnemius from the 

OpenSim model [83] to that of the DeVita model [73]. It is hypothesized that there will 

be no significant difference between the two models.  
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Musculoskeletal Modeling 

Inverse Dynamics 

 Inverse dynamics is an approach used to determine joint kinetics given kinematic 

and external kinetic data. Inverse dynamics uses known kinematic and inertial properties 

of the body to determine joint forces and moments. While it is possible to perform a full 

body calculation, the process is greatly simplified if one body segment is considered at a 

time [9].  A distal body segment, such as a foot or hand, is chosen as a starting point for 

calculations. The known movement and inertial data of the individual body segment are 

used to solve for the joint reaction forces and internal joint moments at the proximal end 

of the limb. The next proximal limb is considered in the same manner with the addition 

of the previously calculated forces and moments from the more distal limb. If the subject 

is performing an action, i.e. throwing a ball, walking, running, etc., the external force 

generated must also be considered in the first calculation [7]. 

The only equations needed for this method are F = ma, and M = Iα where F is 

the force exerted on the joint, and M is the internal moment acting on the joint. The 

remainder of the variables are all dependent on the body segment being examined where 

m is the mass, a is the acceleration, I is mass moment of inertia, and α is the segment 

angular acceleration. The advantages to this method are it is relatively easy to execute 

and validate [82]. Despite its ease of use, inverse dynamics has its limitations: it does not 

account for co-contraction and it does not estimate muscle forces. 
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Marker System 

 Currently, the gold-standard for gait analysis is placing passive or active markers 

over predefined anatomical landmarks, and filming their movement using an array of 

high-speed cameras [55]. A passive marker system involves using markers with a 

reflective surface in tandem with cameras that emit an infra-red light. The infra-red light 

is emitted through diodes that surround the lens of the camera that reflect off the markers 

to the lens and distinguished using recognition software [5]. An active marker system 

uses markers that give off an infra-red signal that is then picked up by the cameras. There 

are known advantages and disadvantages to both systems. The active marker system 

allows for sampling at higher frequencies, and provides less error and artifact from infra-

red light reflecting off of the environment. However, the passive system does not require 

the participant to be attached to wires or carry a battery pack [6]. This advantage alone is 

enough to make the passive system preferential in a research setting as it does not run the 

risk of altering gait. 

Modeling 

Scientific models are an important tool used to explain and more clearly define an 

aspect of our universe. All models have similar end goals, which are to visualize, predict, 

quantify, and understand an event. Models can be categorized into two broad areas based 

on what they represent: models of phenomena, and models of data. Models of phenomena 

describe or represent a topic in a form we can more easily understand. A few examples of 

this are a scale model of a building, the Bohr atom model, and the Global Economic 

model. Models of data are created from raw data that have been collected. Outliers in the 
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raw data are then removed and a smooth curve is fit to the points. This is done to make 

the data more ideal to examine. A common example is predicting the trajectory of a 

planet. Models are not limited to just one category, and may have aspects of both 

phenomena and data models [1]. Musculoskeletal modeling is a data model. It collects 

raw kinematic and kinetic data which is filtered. Curves are fitted and smoothed during 

post-processing to give a more accurate representation of human movement. 

 The fundamental purpose of a musculoskeletal model is to determine joint contact 

forces, joint moments, and muscle forces in vivo. This is accomplished using a 

combination of kinematic and kinetic data collected via gait analysis. Post-processing is 

done to remove artifacts that may have been picked up during collection from excess 

movement of clothing or skin on which the markers were placed. Inverse dynamics is 

used to determine joint moments and joint contact forces [2]. Finally, the model is 

validated using torque data, electromyography (EMG) data, and/or comparing results 

with previously used models [3]. 

 A model of interest in this study was created in a joint effort by Darryl Thelen, 

Ajay Seth, Frank Anderson, and Scott Delp; it is adopted from the model created by Delp 

et al. [65]. This model consists of 92 musculotendon actuators that represent 76 muscles 

of the lower extremity and torso. OpenSim is open source software that allows interaction 

and modification of musculoskeletal models. Open source software permits users to edit 

the source code of the software, and distribute it freely without any technical or copyright 

limitations. Consistent community updates and contributions allow programs such as 

OpenSim to become more robust and available to anyone who wishes to use it [66]. 
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Anthropometrics 

 Dimensions and behavior of bones, joints, and muscles in the model are 

constructed based on anthropometric data gathered from other studies. For the model 

used in this study, bone geometry for the ankle and shank were adopted from Stredney et 

al. [88]. Geometry for the pelvis is created using a polygon mesh and assessing the 

coordinate positions using a three-dimensional digitizer. 

Muscle and tendon paths are defined by an array of line segments that run from 

origin to insertion point for each muscle. Some muscles, such as the quadriceps tendon, 

wrap around other structures. A wrapping point is created to allow the line segment to 

bend about a point rather than pass through structure. Peak isometric force is determined 

using the physiological cross-sectional area of a muscle taken from Friederich et al. who 

used a 37 year old male and a 63 year old female cadavers, [90] and Wickiewicz et al. [89] 

and follow the same methods used by Hoy et al. [91]. These peak forces are important in 

ensuring a muscle actuator remains true to the muscle it represents and does not generate 

a force that is physiologically impossible. Optimal fiber length and pennation angle are 

largely taken from Wickiewicz et al. and scaled by a factor of 2.8/2.2 determined by the 

ratio of sarcomere length where peak force is developed by muscle fibers based on the 

sliding filament theory of muscle contraction (2.8 micrometers) to the sarcomere length 

(2.2 micrometers) [89]. Muscle data from Friederich et al. [90] were used for muscles not 

reported by Wickiewicz. 

 To have a more accurate representation of a subject, the model must be scaled 

based on subject-specific anthropometrics. Some common limb segment parameters 
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include: length, mass, density, center of mass location, mass moment of inertia, and 

radius of gyration of the limb segment. The difficulty in obtaining these values varies. 

The procedure for measuring limb length involves measuring from one predefined 

anatomical landmark to another. Obtaining other measurements such as segment center of 

mass location or density can be more difficult. Computational methods take input 

variables such as limb length and radius and output limb segment volume [32]. More 

refined techniques may be used to obtain a more accurate value, for example, using Dual-

energy X-ray absorptiometry (DEXA) and Software for Interactive Muskuloskeletal 

Modeling (SIMM) can more accurately report bone mineral density and tendon slack 

length respectively [34], [33].  

Model Validation 

 As the application of musculoskeletal models in a clinical setting increase, the 

importance of validating the model becomes more apparent. Model validation is 

important to ensure the values obtained from the model are accurate given the 

physiological constraints [3]. A commonly used technique for validating a model is to 

compare the model’s predictions to a previously published study or model that examines 

the same information [10]. Another method is to validate using EMG signals. This 

method is particularly useful for models that predict muscle forces due to the direct 

measurement of muscle excitation gained from the EMG [8]. The coefficient of 

determination, or R2, is used to determine the correlation between outputs of the new and 

old models. A R2 value will fall in the range of 0 and 1 where 0 indicates no correlation 

between models while 1 expresses a perfect match between the two models’ output [84]. 
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 Another method of model validation is to compare model results to reported 

values of instrumented total knee replacement made available by Fregly et al. These 

participants had a mean age of 83 years, mass of 64.6kg, and 166cm tall [112]. This data 

has been compared to results from the model created by DeVita have shown to be highly 

similar [73], [113]. 

Knee Anatomy 

 The knee is a versatile joint due to its ability to provide stability while extended, 

and mobility while flexed [11]. It is composed of three articulations: the tibiofibular joint, 

the tibiofemoral joint, and the patellafemoral joint [12]. The tibiofibular joint is 

composed of the articulation between the head of the fibular and the posterolateral and 

inferior aspect of the tibial condyle. It moves with a gliding motion which is based on the 

rotation of the foot and tibia. The main function of this articulation is to dissipate torsion 

generated by the foot [13]. 

 The tibiofemoral joint is the articulation between the femur and the tibia and is 

often considered the knee joint. Flexion and extension are the primary movements; 

however, there is a small but significant amount of rotation. This joint is classified as a 

modified hinge joint due to its combination of hinge and pivot type joints [11]. One of the 

main contributors to the knee joint’s mechanical nature is how the lateral and medial 

condyles of the femur are shaped. The lateral condyle is aligned with the femur, is flatter, 

projects more posteriorly, has a larger surface area, and is more prominent anteriorly to 

help hold the patella in place. The medial condyle is angled away from the femur on the 

posterior side, is aligned with the tibia, projects more distally and medially, and is longer 
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in the anteroposterior direction. This structure allows the knee to be mobile during 

flexion/extension, internally rotate as full extension is reached, and is stable once fully 

extended [12].  

 The meniscus is a cartilaginous tissue found in the joint space of the knee and is 

divided into two segments; the lateral and medial meniscus. The lateral meniscus has an 

oval shape, consumes more space, and is more mobile than the medial meniscus. The 

anterior meniscofemoral ligament and posterior meniscofemoral ligament both originate 

from the posterior horn of the lateral meniscus, and travel behind the posterior cruciate 

ligament to the medial femoral condyle. The medial meniscus has a crescent shape and is 

attached anteriorly to the anterior cruciate ligament, and the tibial collateral ligament 

laterally [14]. 

 The main purpose of both menisci is to act as a shock absorber for forces that 

travel through the knee, particularly tension and torsion forces [15]. They are wedge-

shaped with the thicker part towards the surface of the joint and become narrower as they 

travel to the joint center. This shape gives an increased contact surface for the tibia which 

can absorb up to half of the weight-bearing load during full extension and some during 

flexion [17]. When the meniscus is removed, the contact area in the joint is reduced by 

approximately two thirds. This will increase the risk of injury due to the increased load 

per unit of area across the contact sites [18]. The periphery of the meniscus is 

vascularized which allows it to heal if damaged. The inner portion, however, lacks 

vascularization making deeper tears much more serious as they do not heal [16]. 
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 The patellofemoral joint is composed of the articulation of the trochlear groove of 

the femur with the patella. The patella is a sesamoid bone surrounded by the tendons of 

the quadriceps femoris. The main purpose of this bone is to increase the leverage that the 

previously mentioned tendons can exert on the femur. This is done by increasing the 

angle at which these tendons act [19]. The patellar tendon connects the patella to the 

tibial tuberosity. Patellofemoral and patellotibial ligaments connect the patella to their 

respective bones. 

 The quadriceps angle (Q-angle) helps determine the position of the patella as well 

as the alignment of the lower limbs in the frontal plane. The Q-angle can be found by 

drawing a line from the anterior superior spine of the ilium to the middle of the patella, 

and another from the middle of the patella to the tibial tuberosity [21]. Normally, the hip 

should align vertically over the knee joint. Males typically have a Q-angle between 10° to 

14° while females are between 15° to 17° [20]. A Q-angle below the range is considered 

genu varum while Q-angles above the range are classified as genu valgum. Genu varum, 

or varus knee alignment, puts more strain on the medial compartment of the knee joint. 

Genum valgum, or valgus knee alignment, causes more force to be exerted on the lateral 

aspect of the knee. Both varus and valgus knee alignment have been shown to increase 

knee osteoarthritis progression in the medial and lateral compartment of the knee 

respectively [22], [23]. 

 During normal walking, the loading response on the knee consists of knee flexion 

controlled by an extension moment from heel strike to midsupport. A flexor moment is 

generated in the second half of the stance phase, which is followed up by a small 
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extension moment. There is very little torque and power generated at toe off until the end 

of swing phase, where flexor moments act to control extension of the shank [79]. 

Knee Motion 

The knee can flex up to 130° to 145° and hyperextend to 1° to 2°. There is 6° to 

30° of internal rotation about the medial intercondylar tubercle of the tibial plateau 

throughout 90° of flexion [24]. Abduction and adduction range of motion is relatively 

small, being no more than 5°. 

 Chronic pain will lead to alterations in gait due to a decrease in muscular strength 

and pain avoidance [75]. One significant difference is an increased external adduction 

moment at the knee joint [76]. This greater moment leads to an increase in compression 

forces on the medial aspect of the knee and can hasten the breakdown of cartilage in the 

joint [77]. Another observed change in gait is a decrease in average walking speed which 

has been linked to survival in older adults [78]. 

Figure 1:  Angular displacement, and moments of the knee joint during a single walking stride [79]. 
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Pathogenesis of Knee Osteoarthritis 

 Osteoarthritis is often referred to as a set of abnormalities that cause degeneration 

of joints. Normally, bones at the knee joint articulate with one another, aided by the 

presence of the meniscus. This white fibrocartilage distributes joint forces over a larger 

surface area, and helps to stabilize the joint in flexion and extension [86]. After the onset 

of OA, the surface layer of the meniscus degenerates. This lowers the contact area in the 

joint which causes an increase in the amount of pressure the tibia and femur exert on each 

other [87]. Eventually, bits of bone will break away and float in the joint space. Bone 

spurs, also known as osteophytes, will grow on the edge of the joint. All of these factors 

cause swelling, loss of motion, and pain within the joint [28]. 

 OA is often referred to as the non-inflammatory disease to separate it from other 

inflammatory arthritis’ such as rheumatoid arthritis. Despite this nomenclature, 

inflammation is widely recognized as a contributing factor to OA progression [29]. One 

inflammatory related factor is synovitis, which is the inflammation of the synovial 

membrane. Synovitis occurs when the synovial membrane is invaded by mononuclear 

cells and proinflammatory mediators such as interleukin 1[beta], tumor necrosis factor-

[alpha], and chemokines are produced [30]. These cytokines have an effect on the 

degradation of cartilage [31]. 

Risk Factors 

 While the exact cause of OA is unknown, there are a set of established risk factors. 

Obesity, knee alignment, age, gender [35] [42] [41], ethnicity [35], joint trauma, and 

occupation are some of the leading risk factors. Obesity is a significant contributing 
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factor to OA due to altered gait and physiological conditions [44-47]. The Framingham 

study showed men who were in the heaviest quintile of weight had an increased risk of 

knee OA with a relative risk of 1.51, while women in the heaviest quintile had a relative 

risk of 2.07 [45]. Felson et al. found that the effects of body mass index (BMI) on knee 

OA progression increased with moderate varus or valgus malalignment of the knee [44]. 

Varus knee alignment has a more severe impact on the development of knee OA 

compared to valgus alignment. This is due to the distribution of force from the ground 

being focused on the medial tibial and femoral condyles [46]. The same phenomenon 

only occurs in the lateral compartment of the knee with severe valgus knee alignment 

[47]. An increase in thigh circumference, which often accompanies obesity, will cause a 

person to have a wider stance. Donelan et al. found that an increase in stance width yields 

a greater knee adduction torque which can increase joint contact force in the medial 

compartment of the knee [48] [49]. 

Aging is a strong contributing factor to the incidence of OA [35] [43]. Gender has 

also been shown to be an important risk factor. Women have a higher prevalence rate of 

42.1% compared to men who have 31.2% [42]. Men also have a 45% lower risk of 

incident knee OA [109]. Even women who have a genetic aversion to knee OA are at 

greater risk compared to their male counterparts [41]. Some common occupational risk 

factors for knee OA are overexposure to biomechanical stressors which include excessive 

squatting or kneeling, jumping, standing for more than two consecutive hours per day, 

vibration, lifting more than 10kg, routine stair climbing, and walking further than 3km 

per day [36], [37], [38]. While it is not entirely understood, a genetic factor has been 

found with OA [39], [40]. Spector found heritability of knee OA to be 40% [39]. Multiple 
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studies, conducted by Valdes, have shown the presence of numerous genetic variants can 

significantly increase the risk of knee OA [40], [41].  
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Methods 

 This study consisted of two phases. The goal of Phase I was to compare the 

differences in gait between a group of older adults with chronic knee pain and 

radiographic knee OA (OA), and a matched cohort with knee pain but no radiographic 

knee OA (non-OA). It was hypothesized there was no significant difference in gait 

between the groups. Phase II compared the gait kinetics derived from two 

musculoskeletal models, OpenSim [85] and DeVita [73]. The phase II hypothesis stated 

there was no significant difference between the compressive, and shear joint-contact 

forces, quadriceps, hamstrings, and gastrocnemius muscle forces of the two models. 

Participants 

 Subjects that participated in Phase I of the study were selected from a cohort of 

the Strength Training and ARthritis Trial (START). The non-OA group was evaluated for 

the START study, but did not qualify for participation because they did not have 

radiographic knee OA determined by the Kellgren-Lawrence Grading Scale (K-L scale), 

although they had a qualifying Western Ontario and McMaster Universities Arthritis 

Index (WOMAC) pain rating of 4 or greater on a scale from 0-20, and had a BMI of 30 

kg/m2 or less. Six people agreed to participate. The OA group consisted of fifteen 

participants who were enrolled in the START study, had a K-L score of 2 or 3, a 

WOMAC pain score of 4 or greater, and had a BMI of 30 kg/m2 or less.  

All data used in Phase II of the study was previously collected during the START 

study. Thirty-one participants who had a BMI of 30 or less were randomly selected. 
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Phase I 

 All data were collected and processed in the J. B. Snow Biomechanics Laboratory. 

Kinematic data were collected using a 6-camera Motion Analysis Corporation System set 

at a sampling rate of 100Hz. A 53 passive marker system was used using a modified 

Cleveland Clinic setup. The data were collected, tracked, and edited with Cortex 3.0 

software, then filtered with a Butterworth low-pass filter with a cut-off frequency of 6Hz. 

Kinetic data were simultaneously collected with 2, 6-channel AMTI force platforms with 

sampling rates of 1000Hz. 

 Participants were given an informed consent, briefed on the testing protocol, and 

what was expected of them before any testing occurred. The participants wore New 

Balance Barringer 890 neutral lightweight trainers to control for the effects of footwear. 

A photocell control system interfaced with digital timers developed by Lafayette 

Insturment Co. was used to measure walking speed. Participants were asked to walk 

across the runway at their normal walking pace six times to obtain their average walking 

speed. This speed was used in all subsequent trials. 

 Reflective markers were placed on the participants according to the setup outlined 

in Appendix B. Markers were first placed in accordance to the full body static setup. The 

participant was then asked to stand on the second force plate in anatomical neutral 

position with their upper arms abducted 45°. A static calibrated trial was recorded, and all 

static markers removed to match the full body walk setup. Another static trial, known as 

the static no calibration trial, was taken. All markers were then labeled in Cortex to 

identify the appropriate markers during testing. 
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 Three successful trials were collected on each participant for subsequent analysis. 

A successful trial was defined as placing each foot in its entirety on a force platform 

during a normal walking stride while maintaining walking speed within the estimated 

range (±3.5). A complete heel strike to toe-off on the force platform was considered a 

successful strike of the foot.  

  The height of the participant was measured with a statiometer. The participant 

was instructed to stand erect with heels and back against the wall while looking straight 

ahead. Height was measured to the nearest 0.1cm. The participant’s weight was measured 

using a manual scale manufactured by Health O Meter, Inc. Weight was taken to the 

nearest 0.1kg. The participant was dressed in light clothing and was not wearing shoes 

during both measurements. 

Phase II 

 Kinematic and kinetic data of 30 participants were processed using two 

musculoskeletal models. The first was created by DeVita and Hortobagyi [73] and 

calculated knee joint (tibiofemoral) compressive and anterior-posterior (AP) shear forces, 

patellofemoral force (the compressive force between the femur and the patella), and 

quadriceps, hamstrings and gastrocnemius muscle forces. The second model used was 

developed by Thelen et al. [85] and came packaged with OpenSim. Up to 76 muscles are 

represented in the lower extremity. For the purposes of this study we observed 9 muscles: 

rectus femoris; vastus medialis; vastus intermedius; vastus lateralis; semimembranosus; 

semitendinosus; the longhead of the biceps femoris; and the lateral and medial 

gastrocnemius. A full description of each model is presented below. 
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DeVita Model Description 

 The model created by DeVita and Hortobagyi has three main procedures. The first 

is to use inverse dynamics to calculate joint torques and joint reaction force (JRF) of the 

hip, knee, and ankle using inverse dynamics. The DeVita model assessed the mass, center 

of mass, and inertial properties of limb segments based on a mathematical model 

presented by Hanaven et al. [67] and relative segmental masses reported by Dempster et 

al. [68]. 

 The second step was to determine muscle forces in the gastrocnemius, hamstrings, 

and quadriceps. In calculating the gastrocnemius force, it was assumed that all 

plantar/flexor torque originated from the gastrocnemius-soleus (GS) and there was no co-

contraction of anterior muscles. Moment arm values for the muscle were determined 

from previous literature [71]. The plantar flexor torque was divided by the moment arm 

of the Achilles tendon to calculate the GS force. The GS force was multiplied by the 

cross sectional area of the gastrocnemius to obtain the force generated by the 

gastrocnemius. The direction the gastrocnemius force was traveling was determined by 

the knee and heel marker positions and was represented as α. 

 Two assumptions were made when calculating hamstring muscle force. The first 

was that the force vector is parallel with the femur and at an angle β to the tibia. This is 

based off of coordinate mapping conducted by White et al. [72]. The second assumption 

is that no co-contraction of the hip flexors occurs during the initial part of stance. The 

extensor torque at the hip was used to calculate the hamstring muscle force. It can be 

represented as: 
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�� � ���� ��	
��� ��	 � � ��	� � ��� � ��� 

where Hp is the proportion of the hip extensor torque generated by the hamstrings, Ham 

PCA and GM PCA are the hamstrings and gluteus maximus physiologic cross-section 

area (PCA), and Hd and GMd are the hamstrings and gluteus maximus moment arms 

respectively. These values were also obtained from previous literature [73]. The 

hamstring force was then found by dividing Hp by Hd.  

 The quadriceps muscle force was calculated using knee joint torque, hamstrings, 

and gastrocnemius muscle forces. The quadriceps and gastrocnemius muscle forces 

included in this calculation take co-contraction into consideration. Knee joint torque was 

the net torque at the knee shown by: 

�� � ����� � ����� � ����� 

where Kt is the net knee torque, Q, H, and G are functions of the quadriceps, hamstrings, 

and gastrocnemius muscle forces as a function of their respective moment arms. The 

equation can then be rearranged to solve for Q: 

� � �� � ����� � �����
��  

The quadriceps force vector, ϕ, was also established using previous literature [74]. 

 The final step in this model was calculating the knee joint forces. All forces acting 

vertically were summed for the knee joint compressive force, while all forces acting 

horizontally were summed to find the knee joint shear force in the anteroposterior 

direction yielding the following equations: 
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and 

� � � !���� � � !���� � � !���� � �� !���� � �������� 

Where Ks is the shear force, Kc is the compressive force, Kz is the JRF in the vertical 

direction, and Ky is the JRF in the horizontal direction. 

Figure 2: Visual representation of the DeVita Model with muscle forces and angles. 

 

OpenSim Model 

 Yamaguchi et al. (1989) developed a single-degree-of-freedom model to calculate 

the extensor moment arm of the knee in a more computationally efficient way [74]. This 

model was adopted by Delp et al. and used to specify transformations between the 

femoral, tibial, and paterllar reference frames as functions of the knee angle. The femoral 

condyles are represented as ellipses while the tibial plateau is illustrated as a line segment. 

Transformation from the femoral to the tibial reference frame was established in such a 
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way that the femoral condyles remain in contact with the tibial plateau throughout the 

knee range of motion (ROM) [65]. The tibiofemoral contact point is dependent on the 

knee angle and is specified according to data reported by Nisell et al. (1986) [105]. The 

model used by Delp et al. is shown in Figure 3 where Fq is quadriceps muscle force, θk is 

the knee angle, ϕ is the patellar ligament angle, β is the angle between the patella and the 

tibia, and lpl is the length of the patella ligament which is considered constant [65]. 

Figure 3: Geometry to determine knee kinetics and kinematics in the sagittal plane used 
by Delp et al. (1990). 

 

 92 musculotendon actuators make up a total of 76 muscles in the lower extremity. 

These actuators are represented by line segements defined by anatomical landmarks on 

the bone surface models. In the case when a muscle does not travel in a straight line, a 

“wrapping point” is introduced to allow the muscle to curve around any obstacle it may 

encounter. This happens once the knee is flexed more than 80° and the quadriceps wraps 

around the distal aspect of the femur. As the knee flexes more, more “wrapping points” 

are introduced to prevent the muscle force from passing through the bone. This concept is 

applied any muscle that bends throughout motion. 
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 Inertial properties are adapted from a model developed by Anderson and Pandy 

(1999) and are scaled by a factor of 1.05626 [100]. The anthropometrics of their model 

were based on five participants with an average age of 26 ±3 years, height of 177 ±3 cm, 

and weight of 70.1 ±7.8 kg. All anthropometric data were recorded using stereometrics 

outlined by McConville (1980) [106]. Body segment lengths were taken from Delp et al. 

(1990) [65]. Inertial parameters for the model can be found in Appendix C.  

 The model was scaled before any computations occurred. A scaling factor was 

created to match the distance between each of the virtual markers in the model to that of 

the experimental markers placed during the gait test. The mass of each limb segment was 

also adjusted based on a predetermined scaling factor to match the total mass of the 

participant. These adjustments affect inertial tensors of each limb segment to accurately 

represent each participant. 

 Once the model was scaled, residual reduction algorithm (RRA) was performed to 

minimize error that occurs during data collection and editing. Noise, model assumptions, 

and error from data collection can lead to dynamic inconsistency; the GRFs do not match 

up with the accelerations in the kinematic data. This will cause Newton’s Second 

Law, " � � � �, to be false within the model. To rectify this issue, residual forces are 

created to balance the equation. RRA starts by using inverse kinematics to create force 

actuators to allow the model to move from the start to end position. These actuators 

generate the smallest necessary forces and torques for the model to reach its next position. 

The average value for each actuator was calculated. The model may have a slight lean to 

it due to how the specific subject’s mass is distributed throughout the torso. To correct 

this, the averages of the internal joint torque through the sagittal plane (M x) and frontal 



 

plane (M z) were used to adjust the torso’s center of mass (CoM). A new model with the 

updated center of mass was then created. The model’s motion was simulate

the updated CoM and restrictions placed on the residual actuators. The restrictions were 

established to ensure the residual forces were large enough to simulate the movement 

accurately and small enough so they would not diminish any contribut

forces or internal JRF.  

 Static optimization was the last process to occur within the model. Inverse 

dynamics is used to calculate joint torque moments from the given kinematic and kinetic 

data. The moments were then used to calculate indi

following constraints: 

Where nm is the number of muscles in the model,

inverse dynamics, and rm,j

function of a muscle’s mechanical response based on Hill’s elastic muscle model that 

contains a contractile element, series element, and parallel element. The variables it takes 

into consideration are the shortening velocity

isometric force of the muscle 

during movement [70]. All of this occurs while minimizing metabolic effort which can be 

represented by: 
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were used to adjust the torso’s center of mass (CoM). A new model with the 

updated center of mass was then created. The model’s motion was simulate

the updated CoM and restrictions placed on the residual actuators. The restrictions were 

established to ensure the residual forces were large enough to simulate the movement 

accurately and small enough so they would not diminish any contribution from muscle 

Static optimization was the last process to occur within the model. Inverse 

dynamics is used to calculate joint torque moments from the given kinematic and kinetic 

data. The moments were then used to calculate individual muscle forces given the 

 

is the number of muscles in the model, τj is the moment calculated using 

m,j is the moment arm about the joint axis. 

function of a muscle’s mechanical response based on Hill’s elastic muscle model that 

contains a contractile element, series element, and parallel element. The variables it takes 

into consideration are the shortening velocity (vm), muscle length (lm), and maximum 

isometric force of the muscle F0
m. The output is a value of force the muscle has generated 

during movement [70]. All of this occurs while minimizing metabolic effort which can be 

were used to adjust the torso’s center of mass (CoM). A new model with the 

updated center of mass was then created. The model’s motion was simulated again, with 

the updated CoM and restrictions placed on the residual actuators. The restrictions were 

established to ensure the residual forces were large enough to simulate the movement 

ion from muscle 

Static optimization was the last process to occur within the model. Inverse 

dynamics is used to calculate joint torque moments from the given kinematic and kinetic 

vidual muscle forces given the 

is the moment calculated using 

 is a 

function of a muscle’s mechanical response based on Hill’s elastic muscle model that 

contains a contractile element, series element, and parallel element. The variables it takes 

and maximum 

. The output is a value of force the muscle has generated 

during movement [70]. All of this occurs while minimizing metabolic effort which can be 



 

where J is the objective function,

m, and p is a user-defined constant that is set to 2. Due to the number of muscles that are 

included in this model, it is possible for the same torques to be created by a theoretical 

infinite amount of variations

redundancy by minimizing the required level of activation for each muscle while still 

yielding the correct torques [69].

Figure 4: OpenSim model with all observed muscles.
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is the objective function, am is muscle activation specific to a muscle defined by 

defined constant that is set to 2. Due to the number of muscles that are 

included in this model, it is possible for the same torques to be created by a theoretical 

infinite amount of variations of muscle activation. The above equation absolves this 

redundancy by minimizing the required level of activation for each muscle while still 

yielding the correct torques [69]. 

OpenSim model with all observed muscles. 

 

activation specific to a muscle defined by 

defined constant that is set to 2. Due to the number of muscles that are 

included in this model, it is possible for the same torques to be created by a theoretical 

of muscle activation. The above equation absolves this 

redundancy by minimizing the required level of activation for each muscle while still 
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Statistics 

 Baseline demographic characteristics for phase I were presented by OA status 

using means and standard deviations for continuous variables and counts and percentages 

for discrete variables. A mixed linear model approach controlling for age, and gender was 

used to compare characteristics across OA groups, and to estimate biomechanical gait 

characteristics. Within-subject variability across both legs was controlled by treating the 

study subject ID as a random effect. Gait data were plotted by OA status using smoothed 

averaged values over the percent gait cycle. 

 Phase II baseline demographic characteristics were also estimated using means 

and standard deviations for continuous variables and counts and percentages for discrete 

variables. Muscle forces were estimated using each of OpenSim and the DeVita models 

and values were compared using mixed model approach controlling for within person 

variability so that the main effect comparison for method estimates the mean difference 

between methods. Force data were plotted by the type of musculoskeletal model using 

smoothed averaged values over the percent gait cycle. All statistics were run in SAS v9.4 

developed by SAS Institute, Cary, NC. Graphs were created using Microsoft Excel 2013 

v15. 
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Results 

 The first aim of this study was to compare the gait mechanics of older adults with 

radiographic and symptomatic knee OA (OA) to a matched population with symptomatic 

but no radiographic evidence of OA (non-OA). Standard deviations and mean values of 

the selected descriptive characteristics for both cohorts are noted in Table 1. 

The non-OA group was younger with a mean age of 58 years compared to 65 

years for the OA group. The non-OA group also had a lower mean BMI of 28.8kg/m2 

than the OA group who had a mean BMI of 30.1 kg/m2. The non-OA group reported less 

pain and better function with a mean WOMAC pain score of 5.8 and a mean WOMAC 

function score of 19.2. This differs from the OA groups reported 7.3 mean pain and 29.6 

mean function score. Walking speeds were similar between the groups, 1.26m/s for the 

non-OA group and 1.22m/s for the OA group. Gender distribution was 50% female for 

non-OA group and 53% female for the OA group. The OA group tended to have more 

comorbidities with 40% diagnosed other forms of arthritis, 53.3% with hypertension, and 

6.7% with cardiovascular disease (CVD), compared to 33% with other forms of arthritis, 

33% with hypertension, and 0% with CVD in the OA group. 

Temporal, kinematic, and kinetic variables were compared between the groups. 

The temporal variables were stride length, stride rate, and walking speed. Kinematic 

variables included flexion/extension angle of the hip and knee, and plantar/dorsi flexion 

angle of the ankle. Kinetic variables included internal adduction/abduction moments of 

the hip and knee, internal extension/flexion moments of the hip, knee, and ankle, and 

total moment in the sagittal plane. Total power was also calculated.  
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Table 1: Descriptive statistics of participants without radiographic knee OA and with 
knee pain (Non-OA), and with both radiographic knee OA and knee pain (OA). 

 Non-OA (N=6) OA (N=15) 

 Total % Total % 

Gender (# of 

Females) 
3 50 8 53 

# w/ Other 

Arthritis (N) 
2 33 6 40 

# w/ 

Hypertension (N) 
2 33 8 53.3 

# w/ CVD (N) 0 0 1 6.7 

 Mean SD Mean SD 

Age (years) 58 7.2 65 5.7 

BMI 28.8 4.5 30.1 3.6 

WOMAC Pain 5.8 2.2 7.3 2.4 

WOMAC Function 19.2 9.8 29.6 6.2 

Walking Speed 

(m/s) 

1.26 0.08 1.22 0.05 

 

Hip and ankle ROM were similar between both groups with the non-OA group 

having a mean hip ROM of 40.2° and ankle ROM of 20.4° compared to the OA group 

who had 40.4°, and 20.6° mean angles, respectively. Knee ROM was also similar 

between groups. The non-OA group had a stride length of 1.35m while the OA group had 

a comparable stride length of 1.38m. The stride rate of the non-OA group was 

55.4strides/min and 52.8strides/min for the OA group. 

Hip, knee, and ankle angles are displayed in Figure 5a-c. Both groups follow a 

similar trend while the non-OA group had a slightly higher magnitude in the hip and knee 

angle. 
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Table 2: Temporal and kinematic comparison of participants who have knee pain with 
radiographic OA (OA) to those who have knee pain without radiographic OA (Non-OA). 

Variable 
Non-OA OA  

Mean SE Mean SE P-value 

Stride Length 

(m) 
1.35 0.05 1.38 0.03 0.72 

Stride Rate 

(stride/min) 
55.4 2.10 52.8 1.26 0.34 

Hip ROM (deg) 40.2 1.6 40.4 0.96 0.93 

Knee ROM 

(deg) 
63.3 2.5 60.2 1.51 0.33 

Ankle ROM 

(deg) 
20.4 1.6 20.6 0.93 0.92 

 

The non-OA group has a slightly higher (p=0.11) peak hip adduction moment at 

0.99N*m/kg compared to the OA group at 0.83N*m/kg. Peak knee adduction moment was 

similar between the groups with a peak value of 0.46N*m/kg for the non-OA group and 

0.42N*m/kg for the OA group. Total moment in the sagittal plane was slightly higher in the 

non-OA group at 0.83N*m/kg compared to the OA group at 0.51N*m/kg. Total power in 

the sagittal plane was 2.88W/kg for the non-OA and 2.29W/kg for the OA group (p = 0.26). 
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Figure 5a-c: Mean Hip, and Knee flexion/extension, and Ankle dorsi/plantar flexion ROM, of 
the affected leg for participants with knee pain and radiographic knee OA (OA) compared to 
participants with knee pain but no radiographic OA (Non-OA). 
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Table 3: Comparison of peak total power, abduction, and total moment in the sagittal 
plane of Participants who have Knee Pain with Radiographic OA (OA) to those who have 
Knee Pain without Radiographic OA (Non-OA) controlling for age, gender, and leg 
dominance. 

Variable 
Non-OA OA  

Mean SE Mean SE P-value 

Hip 

Abduction 

Moment 

(N*m/kg) 

0.99 0.08 0.83 0.05 0.11 

Knee 

Abduction 

Moment 

(N*m/kg) 

0.46 0.08 0.42 0.05 0.71 

Total 

Moment-

sagittal plane 

(N*m/kg) 

0.83 0.10 0.51 0.06 0.02 

Total Power-

sagittal plane 

(W/kg) 

2.88 0.41 2.29 0.25 0.26 
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Figure 6a-f: Mean hip, & knee abduction/adduction moments, hip, knee, and ankle 
extension/flexion moments, and total moment in the sagittal plane of the affected leg for 
participants with knee pain and radiographic knee OA (OA) compared to participants with knee 
pain but no radiographic OA (Non-OA). 
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Figure 7a-d: Mean hip, knee, ankle, and total power in the sagittal plane of the affected 
leg for participants with knee pain and radiographic knee OA (OA) compared to participants 
with knee pain but no radiographic OA (Non-OA). 
 

 

  

 The two groups follow similar trends for all moments except the total 

moment in the sagittal plane which was larger in the non-OA group. The hip 

adduction/abduction and hip extension/flexion moments had a slightly larger magnitude 

in the non-OA group. The non-OA group had a larger hip and total power in the sagittal 

plane throughout the first 50% of the gait cycle. Both groups followed the same trend in 

knee power. The non-OA group had a slight higher ankle power between 40%-50% of 

the gait cycle, but otherwise followed the same trend as the OA group. 
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The second aim of the study was to compare the shear, compressive, quadriceps, 

hamstring, and gastrocnemius forces between the DeVita and OpenSim musculoskeletal 

models. The mean values and standard deviations for the descriptive characteristics of the 

population are shown in Table 4. 

Table 4: Descriptive statistics for START cohort used in Phase II (N=31). 

Description Total % 

Gender (# of Females) 14 47 

# w/ Other Arthritis (N) 13 43 

# w/ Hypertension (N) 14 47 

# w/ CVD (N) 8 27 

 Mean SD 

Age (Years) 68.5 7.9 

BMI (kg/m2) 27 2 

Body Mass (kg) 76.6 10.3 

Gait Speed (m/s) 1.35 0.24 

WOMAC Pain 6.6 2.3 

WOMAC Function 25 8 

 
 The mean age of the cohort was 68.5 years with a BMI of 27 and an average 

weight of 76.6 kg. The average gait speed was 1.35m/s. The mean WOMAC scores were 

6.6 for pain and 25 for function; 47% of the cohort was female; 43% had some other form 

of arthritis; 47% had hypertension; 27% had CVD. 

Kinetic variables were compared between the two models and consisted of knee 

compressive force, knee anteroposterior force, hamstring muscle force, quadriceps 

muscle force, and gastrocnemius muscle force. OpenSim quadriceps force was calculated 

by summing the rectus femoris, vastus medialis, vastus lateralis, and vastus intermedius 

muscle forces. The hamstring force was determined in a similar fashion by adding the 
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semimembranosus, semitendinosus, and biceps femoris long head muscle forces. The 

gastrocnemius force was determined by adding the medial and lateral gastrocnemius 

muscle forces. All peak forces were significantly different between the two models and 

are summarized in Table 5 and Figure 8. 

 The AP shear peak force for the first 50% of stance was 350.5N for the DeVita 

model and 335.5N for the OpenSim model. The peak AP shear force over the second half 

of stance was 611.4N for the DeVita model and 308.7N for the OpenSim model. The 

peak compressive force over the first 50% of stance was 1998.3N for the DeVita model 

and 2038.4N for the OpenSim model. The OpenSim model had a much higher peak 

compressive force during the second half of stance at 2742.1N compared to the DeVita 

model at 1557.7N. Peak Quadriceps force was higher in the DeVita model at 1076.9N 

compared to OpenSim at 707.1N. The DeVita model had a lower peak hamstring force at 

464.5N compared to the OpenSim model at 679.3N. The gastrocnemius force was much 

lower in the DeVita model at 692.3N compared to the OpenSim model at 1760.2N. All 

comparisons were significantly different (p < .01). 

Most variables followed similar trends, but had different magnitudes. The 

OpenSim model has a much higher compressive force during the second half of stance 

compared to the DeVita model. For the shear force, the DeVita and OpenSim models 

were similar until after the first peak where the DeVita model did not decrease as 

severely as OpenSim and began increasing earlier. The DeVita model had a larger peak 

for the quadriceps, but became more similar to OpenSim after the first half of stance. For 

the hamstrings, the OpenSim model had the first peak earlier than the DeVita model with 
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a steeper slope. The gastrocnemius force increased at a much higher peak in OpenSim 

compared to the DeVita model. 

Table 5: Comparison of peak knee bone-on-bone peak joint contact forces and knee 
muscle forces between DeVita and OpenSim musculoskeletal models. Mean weight = 
749.9N. 

 DeVita OpenSim  

Variable Mean SE Mean SE Mean Comparison 

P-value 

AP Shear 

Force – 1st Peak 

(N) 

350.5 24.7 335.5 36.9 0.55 

AP Shear 

Force – 2nd 

Peak (N) 

611.4 24.0 308.7 15.6 <.01 

Compressive 

Force – 1st 

Peak(N) 

1998.3 87.1 2038.4 135.2 0.75 

Compressive 

Force – 2nd 

Peak(N) 

1557.7 58.6 2742.1 132.0 <.01 

Quadriceps 

Force (N) 
1076.9 66.5 707.1 59.7 <.01 

Hamstring 

Force (N) 
464.5 24.7 679.3 42.4 <.01 

Gastrocnemius 

Force (N) 
692.3 24.6 1760.2 92.5 <.01 
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Figure 8: Mean compressive, shear, quadriceps, hamstring, and gastrocnemius forces 
from DeVita and OpenSim models. 
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Discussion 

 Our study consisted of two phases that each had their own set of participants, 

methodology, and overall goal. During the first phase, we compared gait between a 

population with radiographic knee OA and knee pain (OA) to a similar population with 

knee pain but no radiographic evidence of knee OA (non-OA). This pilot study was done 

to lay a foundation for future studies examining the same variables and whether gait is 

affected by radiographic evidence of OA. 

We hypothesized the null, the gait characteristics of the OA and non-OA groups 

would not be significantly different. The results confirmed our hypothesis; total moment 

in the sagittal plane was the only variable of interest that was significantly different. We 

chose to hypothesize the null because we believed gait alterations in older adults with 

knee OA is an attempt to avoid or reduce pain in the affected joint. These altered gait 

characteristics occurred independent of the presence of OA. 

To our knowledge, this is the first study to compare the effects of radiographic 

OA independent of pain on gait mechanics. Kinematic comparisons between the two 

groups were not significantly different. Previous studies have shown similar knee flexion 

angle and knee ROM values for a population with knee OA compared to our results. 

Baliunas et al. (2002) found a knee ROM of 58° (±7) for their radiographic knee OA 

population while Astephen et al. (2008) reported 66.0 (±7.40) for their moderate knee OA 

popualtion [97], [98]. These are similar to our findings with the OA group of 60.30° 

(±1.54) and the non-OA group of 63.12° (±2.57) knee ROM. Astephen et al. also 

reported ankle ROM (30.3° ±1.54) as well as the hip ROM (39.8° ±5.1) . The hip ROM 

coincides with our findings for both the OA (40.47° ±0.89) and non-OA (39.82° ±1.48) 
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groups, however, our ankle ROM tended to be lower for the OA group (20.47° ±0.91) 

and non-OA group (20.60° ±1.52) [98]. Overall, our values are consistent with previous 

literature. 

Altered gait has been observed in participants with radiographic knee OA and 

knee pain, however, it is unclear if one contributes more than the other. Henriksen et al. 

found that healthy participants adopted a similar gait to those with knee OA after 

receiving injections of hypertonic saline into the infrapatellar fat pad [111]. This suggests 

that pain can contribute to altered gait and abnormal joint loading rather than just 

structural damage to the knee. 

Phase II 

 The second phase of this study compared the muscle force output from the 

musculoskeletal model created by DeVita and Hortobagyi to the output generated from a 

model in SIMM OpenSim developed by Delp et al. [73], [65]. The OpenSim model is 

able to calculate individual muscle forces using residual reduction algorithm (RRA) and 

static optimization; however, it has not been used frequently with an older adult 

population that possesses an altered gait. The DeVita model has been used in multiple 

studies and bears validity with our population of interest [93],[99],[73]. The goal of this 

phase was to compare the output from these two models to offer a possible second option 

in calculating knee joint loads in future studies. 

 All variables observed in this section of the study were significantly different. 

Some of the variables had similar trends, particularly the quadriceps and shear forces 

seen in Figure 4, however, their magnitudes were different. The hamstring and 

gastrocnemius muscle forces had greater values for the OpenSim model. This difference 
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may be caused by the cost function used during static optimization. The current cost 

function optimizes muscle forces for normal gait and is being used for a special 

population that tries to reduce joint loading on the knee. This could potentially alter some 

of the muscles forces. The quadriceps was the only muscle force that had an overall lower 

magnitude in the OpenSim model. Xiao and Higginson also encountered relatively low 

vastus (VAS) activation when compared to recorded EMG signals (see in Figure 9) [104]. 

Figure 9: VAS excitation pattern compared to recorded EMG signals reported by Xiao 
and Higginson. 

 

The gastrocnemius muscle force was much greater in the OpenSim model 

compared to the DeVita model. These disparities can be attributed to physiological 

differences in the population used to create the OpenSim model compared to the 

population of interest [101]. Physiological data from Anderson and Pandy (1990) was 

used to define muscle architecture in this OpenSim model. The average age of their 

population was 26 ±3 years compared to the average age of our population, 68.5 ±7.89 

years [100]. To more accurately represent an older population, parameters such as max 
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muscle isometric force, tendon stiffness, max contraction velocity, would have to be 

adjusted [101]. There was not enough time to make these adjustments as they were only 

found after the study came to an end. 

A quick test using the same methods as this study was performed on a younger 

participant to determine if the physiological differences were enough to have a major 

impact on the gastrocnemius muscle forces. The participant was 25 years old, and 

weighed 70.2kg and was 177.5cm tall. The young participant had a peak gastrocnemius 

force of 1481N while the older population from our study had 1760.2N. While the 

magnitude of the younger participant is lower, it is still very different from the results 

obtained from the DeVita model (Figure 10). 

Bogert et al. used the OpenSim model on a younger population and found a peak 

gastrocnemius force of 25N/kg. Their participants had an average age of 28.3 ±3.9 years, 

and an average mass of 75.9 ±11.2kg. Their peak gastrocnemius force was about 1900N 

while ours was about 1700N for an older population with an average weight of 76.6kg 

[108]. This difference is likely due the older age and disability of our population. 

Peak hamstring muscle force was greater in the OpenSim model compared to the 

DeVita model. Our OpenSim hamstring values were similar to values in the Bogert study, 

6.5 N/kg vs 7.0 N/kg in the Bogert study. Bogert et al. used anthropometric data based on 

a model developed at the VA Rehabilitation R&D Center in Palo Alto California [107]. 

The OpenSim anthropometric data had 40% stronger gastrocnemius muscle force 

compared to the anthropometrics used by Bogert et al. While hamstring values differ, 

they follow the same pattern for both muscles and are relatively close when compared to 
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values derived from the DeVita model. Though the peak values differ between the two 

models, the muscle force patterns were similar. 

Figure 10: Gastrocnemius muscle force compared between an older and younger 
population. 

 

 The results of the DeVita model are more comparable to results found in previous 

literature. Winby et al. found a peak gastrocnemius force of 840N, while Sasaki and 

Neptune reported a peak force of 860N for the same muscle [114], [115]. Pandy et al. 

found a higher gastrocnemius force of about 1,100N. These comparisons suggest that 

muscle force data from the DeVita model is more validated than that of the OpenSim 

model. 

Figure 11: Medial and lateral muscle forces for the gastrocnemius and hamstring 
muscles found by Bogert et al. 
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Figure 12: Quadriceps ( ), hamstring (      ), and gastrocnemius (      ) muscle forces 
determined by Winby et al. with an average body weight of 70kg. 

 

Limitations 

 A limitation to the first phase of the study was the number of participants in the 

non-OA group. The non-OA group only contained 6 participants. This makes any 

comparison between groups problematic as variability increases and power decreases.  

 Another limitation is the amount of adipose tissue on the participants, particularly 

around the hips. Excess adipose will further separate the center of the marker from the 

anatomical site it is intended to represent. The excess tissue will also move independently 

of the anatomical site resulting in unintended motion of the markers. Even with a mean 

BMI of 26.9 ±1.90, some participants had substantial adipose around the anterior-

superior iliac spine and iliac crest. Implementing a new marker system that solves this 

issue may allow for more accurate placement of markers and reduce noise created by the 

adipose moving independently of the anatomical sites. 

 Further research regarding the OpenSim model is necessary before it is applied to 

an older adult population with knee OA. Thelen et al. suggests altered muscle parameters 
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that match an older population more than the current parameters. They estimated a 30% 

decrease in isometric strength for each muscle, a decrease in maximum contraction 

velocity by 20%, decrease in passive stiffness from 0.60 for the young adults to 0.50 for 

older adults, and an increase in deactivation time from 50ms to 60ms to more accurately 

reflect an older population [101]. 

Conclusions 

 There are few studies that have compared gait of an older adult with knee OA and 

knee pain to a similar population with knee pain and no knee OA. Our data show no 

significant differences in temporal, kinematic, and kinetic variables between the two 

populations. This pilot study was performed to lay a foundation for future studies that 

examine similar variables. A larger sample size is needed before definitive conclusions 

can be made. 

The second phase compared the muscle forces of the DeVita and OpenSim 

models, and revealed similar patterns of muscle forces and knee joint forces, but 

significant difference in magnitudes. The advantage of using OpenSim is the inclusion of 

more knee muscles (N=9) compared to the DeVita model (N=3); however, the DeVita 

model has been used in many studies including OA patients and has been highly similar 

to direct knee joint measurements by Fregly et al. Currently, it is recommended to use the 

DeVita model over the OpenSim model due to its previously established validity. The 

muscle parameters of the OpenSim model should be adjusted outlined by Thelen et al. 

and undergo validation studies before being used in clinical research. 
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Appendix A: List of variables with their description and units. 
 

Variable Unit Description 

BMI - 
Body Mass Index calculated by weight 

divided by height squared. 

Walk Speed m/s Speed travelled across the runway. 

WOMAC Pain - 

Level of pain determined by the Western 

Ontario and McMaster Universities Arthritis 

Index (WOMAC) questionnaire of a score 

range from 0-20 with a higher score 

indicating more pain. 

WOMAC Function - 

Level of physical function determined by 

WOMAC questionnaire with a score range 

from 0-68 with a higher score indicating less 

function. 

Hip ROM Degrees 

Difference between peak flexion in first 20% 

gait cycle and peak extension throughout all 

gait cycle. 

Knee ROM Degrees 
Difference between peak flexion and peak 

extension over last 50% of gait cycle. 

Ankle ROM Degrees 

Difference between peak plantar flexion and 

peak dorsi flexion over the first 50% gait 

cycle. 

Stride Length m 
Distance traveled from heel strike to heel 

strike of the same foot. 

Stride Rate Stride/min 
Number of strides completed within a 

minute. 

Adduction Moment N*m/kg Moment through the frontal plane. 

VGRF N Vertical force exerted on the knee joint. 

AP GRF N 
Shear force generated in the knee joint in the 

anterior-posterior direction. 

Max Loading Rate N/kg*s 

Loading rate is found as the derivative of the 

vertical component of ground reaction force 

normalized to body weight.  Maximum 

loading rate is found between 20% and 80% 

of peak vertical ground reaction force. 
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Appendix B: List of markers with anatomical location placement for both static and 
dynamic trials. 

 

Description Cortex Marker 
Name 
 
 
 
 

F
ull B

ody – W
alk 

F
ull B

ody S
tatic 

Placement 

Left Lateral Knee 
Right Lateral Knee 

L. Knee Lateral 
R. Knee Lateral 

X X Along the flexion/extension axis of rotation 
on lateral femoral condyle 

Left Medial Knee 
Right Medial Knee 

L. Knee Medial 
R. Knee Medial 

 X Along the flexion/extension axis of rotation 
on medial femoral condyle 

Left Lateral Ankle 
Right Lateral Ankle 

L. Ankle Lateral 
R. Ankle Lateral 

X X Along the flexion/extension axis of rotation 
on lateral malleolus 

Left Medial Ankle 
Right Medial Ankle 

L. Ankle Medial 
R. Ankle Medial 

 X Along the flexion/extension axis of rotation 
on medial malleolus 

Upper L. Thigh Array 
Front L. Thigh Array 
Rear L. Thigh Array 
Upper R. Thigh Array 
Front R. Thigh Array 
Rear R. Thigh Array 

L. Thigh Upper 
L. Thigh Front 
L. Thigh Rear 
R. Thigh Upper 
R. Thigh Front 
R. Thigh Rear 

X X On the lower thigh below the mid-point, for 
best visibility by all cameras 

Upper L. Shank Array 
Front L. Shank Array 
Rear L. Shank Array 
Upper R. Shank Array 
Front R. Shank Array 
Rear R. Shank Array 

L. Shank Upper 
L. Shank Front 
L. Shank Rear 
R. Shank Upper 
R. Shank Front 
R. Shank Rear 

X X On the lower shank below the mid-point, 
for best visibility by all cameras 

Left Toe 
Right Toe 

L. Toe 
R. Toe 

X X Center of the foot between the 2nd and 3rd 
metatarsals 

Left Heel 
Right Heel 

L. Heel 
R. Heel 

X X Posterior Calcaneus at same height from 
floor as toe marker 

Left ASIS 
Right ASIS 

L. ASIS 
R. ASIS 

X X Anterior Superior Iliac Spine 

Sacrum V. Sacral X X Superior Aspect of the L5-sacral interface 
Left Scapula L.Scapula X X Inferior Aspect of the Scapula 
Left Shoulder 
Right Shoulder 

L. Shoulder 
R. Shoulder 

X X Tip of the Acromion Process 

Left Elbow 
Right Elbow 

L. Elbow 
R. Elbow 

X X Lateral Epicondyle of the Humerus 

Left Wrist 
Right Wrist 

L. Wrist 
R. Wrist 

X X Centered between the styloid processes of 
the Radius and Ulna 

Back of the Head 
Front of the Head 

Rear.Head 
Front.Head 

X X On the front and back of the head at the 
same height above the floor 

Top of the Head Top.Head X X On the center of the head, in line with the 
front and back markers 

Additional Markers to 
be used for V3D  

    

Left PSIS 
Right PSIS 

L.Psis 
R.Psis 

 X Posterior Superior Iliac Spine 

Left Iliac Crest 
Right Iliac Crest 

L.Iliac.C 
R.Iliac.C 

 X Most superior aspect of Illiac Crest 

Left Greater Trochanter 
Right Greater Trochanter 

L.Troch 
R.Troch 

 X On Greater Trochanter of the femur 
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Appendix C: Inertial properties for OpenSim model. 

Body segment Mass (kg) 
Moments of inertia 

xx yy zz 
Torso 34.2366 1.4745 0.7555 1.4314 
Pelvis 11.777 0.1028 0.0871 0.0579 

Right femur 9.3014 0.1339 0.0351 0.1412 
Right tibia 3.7075 0.0504 0.0051 0.0511 

Right patella 0.0862 0.00000287 0.00001311 0.00001311 
Right talus 0.1000 0.0010 0.0010 0.0010 

Right calcaneus 1.250 0.0014 0.0039 0.0041 
Right toe 0.2166 0.0001 0.0002 0.0010 

Left femur 9.3014 0.1339 0.0351 0.1412 
Left tibia 3.7075 0.0504 0.0051 0.0511 

Left patella 0.0862 0.00000287 0.00001311 0.00001311 
Left talus 0.1000 0.0010 0.0010 0.0010 

Left calcaneus 1.250 0.0014 0.0039 0.0041 
Left toe 0.2166 0.0001 0.0002 0.0010 
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