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Abstract 

 

Contemporary prosthetic solutions vary widely, from purely passive devices to 

microprocessor-controlled powered devices. Controlling the prosthesis requires extensive 

training sessions for the user, and still relies on some manual operations by the user to 

ensure proper mode transitions. The trial-and-error nature of such training is burdensome 

for both the user and clinical team, thus limiting the potential of this technology to be 

clinically adopted.  

In this thesis, the full -body musculoskeletal model of the transfemoral amputee that 

inputs subject-specific anatomy, biomechanics, and muscle electrophysiology to simulate 

the human movement of the user was successfully delivered as a potential solution. The 

developed model was then used to control the prosthesis by allowing a different prosthesis 

control strategy that can mimic the control mechanism of the C-Leg prosthesis to be 

applied. In this approach, a torque was applied to the knee prosthesis of the simulated 

amputees to assess the effect of the muscle performance and the ability to develop a control 

pattern to artificially produce the desired movement.  The currently existing neuromuscular 

model (23-degree-of-freedom, 92 muscles model) of the human upper and lower body was 

adapted to include an amputee's leg with a prosthesis. The modified model was validated 

by acquiring 3D motion analysis data and Electromyography (EMG) from 15 able-bodied 

limbed individuals and two transfemoral amputees during a variety of locomotor activities.  

The simulated joint kinematics closely tracked experimental quantities with 

coordination error of less than 2 degrees for hip position and less than 1 degree for knee 

position during all gait speeds.  In Computed Muscle Control (CMC) results, the timing of 
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muscle contractions predicted by CMC was similar to those exhibited by EMG signals 

measured during the experiment for both able bodied and amputee participants (showed a 

good agreement between the measured EMG and both muscle activity and muscle force 

for both able bodied and amputee participants).  

The approach of the added knee moment had a positive effect on some of the lower 

body joint while no effect on others. Therefore, it is necessary to apply different scenarios 

of the approach to allow for variable amounts of added knee moment and quantify how the 

lower body joint and muscles respond under these variable values. Moreover, it would be 

beneficial to expand the approach to include the mechanics of the prosthesis ankle joint.
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Chapter 1 

Introduction  

Gait is a particular way or manner of walking. In normal conditions, functions 

regarding human gait are developed by the nervous system at a very early age. However, 

in order to walk, besides a nervous system that coordinates and supervises gait action, a 

musculoskeletal system that enables motion of the legs is indispensable. For some 

individuals, use of their musculoskeletal system is limited. This is the case with a lower 

limb amputee. Amputation of the leg above the knee (transfemoral amputation) has a 

significant impact on a personôs mobility and quality of life. 

When any part of the musculoskeletal system is damaged or missing, muscles of 

the intact limb must adapt in order to compensate for the lack of muscle force and control 

of the residual limb. This can make common activities of daily living more challenging for 

the amputees. Previous research suggested that 1); amputees tend to increase loading on 

the intact limb with decreased loading on the prosthetic limb compared to able-bodied 

subjects 2); the energy cost or energy expenditure during the gait is greater for amputees 

than for non-amputees due to the compensatory gait adopted by amputees (the pressure on 

residual limb within the socket, walking difficulty, oxygen consumption, and risk for 

falling) [1]. 

After transfemoral amputation, patients must learn to rely on the residual limb, 

upper body, and contralateral limb, and whichever prosthetic device they will use. 

Controlling the prosthesis and the training associated with it is one of the most significant 
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drawbacks of current lower extremity prosthetic technology [2]. The ability of the 

prosthesis to restore safe and normal function during many locomotive activities, including 

walking up stairs and slopes, running, level walking, and jumping [3-10] depends on how 

well  it can be controlled. Therefore, in order to develop a robust prosthetic control system 

and more functional prosthesis, it is important to be able to predict and to explain the 

characteristics of amputee gait and the patterns of muscle forces in the residual limb of a 

transfemoral amputee during daily living activities.  

Numerous studies have examined the gait of amputees. Jaegers et al. introduced a 

kinematic study of transfemoral amputeesô gait; kinematic parameters and gait patterns of 

the trunk, hip, and knee joints of both sound and residual limbs were determined [11]. 

Cappozzo et al. presented a kinematic study to analyze the rotational displacements of the 

upper body during level walking of above knee unilateral amputees and normal subjects 

[12]. Winter et al. investigated the sagittal plane biomechanics of hip and knee and 

conducted EMG analysis of the residual limb from eight below knee amputees [13]. 

Mensch et al. compared the biomechanical differences between walking and running in 

normal locomotion and analyzed the running modes used by transfemoral amputees [14]. 

Schmalz et al. compared the metabolic cost of the C-Leg® with a conventionally controlled 

hydraulic single-axis knee joint (3Cl, Otto Bock) in six transfemoral amputees [15]. All of 

the above studies emphasized the importance of investigating the gait for amputees; thus a 

better understanding of the pattern of muscle force of the residual and contralateral limb 

can be obtained. However, the ability to predict movement is particularly important 

because it offers the possibility of investigating how structure impacts coordination and 

function. 
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 Computer simulation in gait analysis is one of the most powerful methods to 

explain the relationship between the biomechanical performance and physiological 

structure. The framework of such simulations is to predict the effect of the neural or the 

skeletal change on performance. Bae et al. presented a study of evaluating amputee gait by 

applying the dynamic analysis of the musculoskeletal system during level walking and stair 

climbing [16]. The aim of the study was to predict the muscle forces and moments of above 

knee amputees by applying the three-dimensional musculoskeletal dynamic model. Fang 

et al. utilized a musculoskeletal computer simulation to investigate the effect of the 

prosthetic alignment on the pattern of the muscle forces in the residual limb of a left trans-

tibial amputee during walking [17]. Keeken et al. presented a study of two-dimensional 

mathematical forward dynamics model based on Newton-Euler and gait termination data 

to investigate how the combinations of leading limb angles and internal active ankle 

moments of the sound ankle or passive stiffness of the prosthetic ankle affected the CoM 

(center of mass) velocity during the single limb support phase in gait termination [18].  

Dynamic simulations are not limited to evaluating amputee gait and solving the 

inverse dynamic problem but can also be used to predict the load bearing associated with 

the prosthesis socket interface during daily living activities. Thus in the design of the 

prosthetic socket, care can be taken to minimize discomfort and possible tissue trauma. 

Schwarz et al. presented a study to investigate the acting loads on the socket-interface, 

applying a multi-body simulation (MBS) [19]. The main goal of the study was to validate 

the MBS [20] by comparing the simulation results to a direct measurement device such as 

a custom strain gauge based force-moment sensor. Van Der Linden et al. presented a pilot 
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study to investigate the effects of a torque absorber (TA) and its location relative to the 

knee on the kinematic and kinetic parameters of the gait of two transfemoral amputees [21].  

Computer simulations can also be used to measure the effect of applying different 

designs of a prosthesis or medical devices on the gait pattern and muscle function. LaPre 

K. et al. presented a simulation comparison of amputee gait using a novel design of 

powered ankle prosthesis, passive carbon spring prosthesis, and a powered rotational 

prosthesis [22]. The OpenSim forward dynamic simulation was performed to simulate and 

analyze the stance phase of gait for an able-body model and three prosthesis models [23]. 

Chien M.S. et al. developed a mathematical dynamic model of the Mauch Knee to quantify 

the functional capacity of the prosthesis and to be used in musculoskeletal models, thus 

providing a better understanding of amputee gait [24]. Suzuki Y. et al. introduced a new 

dynamic optimization simulation model of a transfemoral prosthesis including a residual 

limb muscle model during the swing phase to obtain the optimal prosthetic mechanical 

parameters and to show how well the length of the residual limb affects muscle control of 

the prosthesis [25]. The above reviews indicated that computer simulations can offer a 

significant potential in improving our ability to deeply understand human movement and 

central nervous system (CNS) structure. Therefore, using those simulations to assist in the 

design and control of devices that patients use is indispensable.  

For example, microprocessor knees (MPK) offered a microprocessor-controlled 

system to improve mobility and reduce the risk of injury from falls, which leads to better 

overall health and well-being for wearers. Few studies have examined the micro-processor 

controlled prosthetic knees. Aeyels et al. developed a passive prosthetic system controlled 

by a microcomputer [26]. In this study, a simple control algorithm to control stance-phase 



 

5 
 

knee flexion was applied. Sup et al. presented an overview of the design and control of an 

electrically powered knee and ankle prosthesis [27]. The prosthesis design included two 

motor-driven ball screw units to drive the knee and ankle joints. A more recent study 

compared two microprocessor-controlled variable-damping prosthetic knees (C-Leg® by 

Otto Bock Duderstadt, Germany and Rheo by Ossur Reykjavik Iceland) with a non-

computerized knee (Mauch SNS®, Ossur) after a 10-hour acclimation with each knee [28]. 

Another study by Kastner et al. compared the C-Leg® with two other conventional knees 

(models 3R45 and 3R80, Otto Bock) in 10 subjects [29]. Horn developed prosthesis with 

an electrically activated knee flexion lock, and then used surface EMG from the residual 

limb of a transfemoral amputee to trigger the engagement and disengagement of the lock 

[30]. Aeyels et al. developed a computer-controllable passive knee prosthesis based on an 

electrically modulated brake and utilized surface EMG from three sites on the residual limb 

of a transfemoral amputee for gait mode recognition, which in turn was used to switch the 

prosthesis into the appropriate gait mode [31-33]. 

Although micro-controlled devices are commercially available and have shown 

improvements in walking ability of the transfemoral amputee compared to the passive and 

passive assist devices, how to incorporate a control system that is able to identify user state 

and intent and react by sending appropriate commands at the same time is a challenge 

immediately facing any proposal to develop a powered knee prosthesis. In terms of 

controlling the prosthesis, several challenges exist. For example, numerous parameters are 

used to control the prosthesis motion during a particular mode and must be tuned 

appropriately ñon-the-flyò. This requires extensive training sessions for the user and still 

relies on some manual operations by the user to ensure proper mode transitions. The trial-
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and-error nature of such training is burdensome for both the user and clinical team, thus 

limiting the potential of this technology to be adopted clinically. A potential solution to 

this problem was to develop a model-based platform that inputs subject-specific anatomy, 

biomechanics, and muscle electrophysiology to simulate human movement and movement 

transitions of the user, and then applies various prosthesis control parameters and 

strategies.  

 

1.1 Objectives and Aims  

The objective of this thesis was to extend the use of computer simulations to allow 

modeling of various prosthesis strategies to artificially reproduce the desired gait pattern 

of amputees that is close to normal gait pattern. To accomplish this objective, the specific 

aims of this thesis were as follows: 

Aim 1: To develop a full-body musculoskeletal model of the transfemoral amputee. A 

combination of a custom written MATLAB routines and an existing open-source software 

platform called OpenSim (SimTK, Stanford University) [34] were applied. OpenSim is 

driven by SimTKôs powerful array of physical simulation tools, and offers a flexible 

environment for creating models of animal locomotion [see Appendix A]. The software 

offers a wide range of analysis in different areas, including studies of sports performance, 

simulations of surgical procedures, and animation of human and animal movement. A 3-

dimensional, 23-DOF, 92-muscle body model complete with two legs, pelvis and torso 

[35], was adapted to enable one limb to be modeled with prosthetic components. The foot, 



 

7 
 

shank and distal thigh bones of the model were replaced by the mechanical components of 

the prosthesis.  

3D motion analysis data and EMG from limbed individuals and transfemoral 

amputees during a variety of locomotor activities were acquired using a Vicon Nexus 

motion [36] analysis system with six Kistler force plates [37] and 16 channels wireless 

EMG (Delsys) [38]. Locomotor activities such as walking at different speeds, normal, 

slow, and fast, were performed. Data from transfemoral amputees were used in the model 

to validate the transfemoral amputee model for particular users and their prostheses. 

Comparison of measured (from EMG) and predicted (from the model) muscle activity of 

the residual thigh and pelvis were used to establish the validity of the model. The 

hypothesis being tested was that the model was able to faithfully predict the muscles 

activation on the residual limb of the residual limb. 

Aim 2: To develop a simulation tool that can be used to assist for prosthesis control. In this 

approach, a torque was applied to the joint center of the knee prosthesis of the simulated 

amputees to assess the effect of the muscle performance and the ability to develop a control 

pattern to artificially produce the desired movement. The hypothesis being tested was that 

applying a biomechanical model to simulate control of the prosthesis that can improve joint 

kinematic and kinetic patterns. 

 

 

 

 

 



 

8 
 

Chapter 2 

Literature  Review 

 

2.1 Background  

Amputation of the leg above the knee (transfemoral amputation) has a significant 

impact on a personôs mobility and quality of life. Contemporary prosthetic solutions vary 

widely, from purely passive devices to micro-controlled powered devices. In transfemoral 

amputation, the patient has lost the knee and relies on the residual limb, upper body, and 

contralateral limb to control whichever prosthetic device that patient uses to walk again. 

The intent of the transfemoral prosthesis is aimed at functional and aesthetic restoration of 

the amputated leg. Most conventional prostheses offer a good, relatively simple, efficient 

and cosmetically appealing solution for restoring function. Various prosthesis designs 

exist, but they all have some general characteristics in common. More details about the 

history and development of prostheses are presented in the next section. 

 

2.2 State-of-Art  of Prosthesis 

A complete prosthesis for a transfemoral amputee is composed of a socket, a knee 

prosthesis, an ankle-foot prosthesis, and a link between the two. The component that has 

taken the biggest effort to develop has been the knee prosthesis [1] due to the additional 
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degrees of freedom that need to be controlled in order to make the knee prosthesis safe and 

functional. The first designs that introduced notable features to substitute for the natural 

knee, compared to the peg leg, used the constant-friction and the friction-brake designs [1]. 

The 3R60, 3R80, 3R92, and 3R95 prostheses commercialized by Ottobock (Figure 2.1) 

were the result of scientific research that took place in Europe after the end of World War 

II [39]. Afterward, during the 1950s, Hans Mauch introduced the concept of fluid-

controlled prostheses (Figure 2.1) that later received technical and clinical support [40, 41]. 

The introduction of fluid in actuators used in knee prostheses opened new horizons 

regarding the reachable performance with these devices. By the 1970s, given the 

development in electronics, scientists began to experiment with intelligent prostheses [42-

44] to control the motion of the knee during important gait events, such as the transition 

from swing phase to heel strike. In 1978 the first attempts to implement active assist (power 

generation) into intelligent prostheses were performed at the Massachusetts Institute of 

Technology [45]. However, throughout the 1980s and 1990ôs the passive-controlled 

prosthesis dominated the market, and there were many varieties.   
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Mechanical passive prosthesis 
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Fluid-controlled passive prostheses 
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Figure 2.1: Evolution of transfemoral knee prostheses [41] 
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During the 1990ôs, an ñecho controlò scheme was developed for gait control. In this 

control approach, the knee trajectory from the contralateral (sound) leg was utilized as a 

desired knee joint angle trajectory on the prosthesis side [46]. Borjian et al. introduced a 

wireless sensory system that measured lower limb inclination angles and transferred the 

data between the active prosthetic knee and a healthy leg [46]. They developed a control 

mechanism that took advantage of an adaptive-network-based fuzzy interference system 

(FIS) to determine knee torque as a function of the echoing angular state of the sound leg. 

The FIS membership function parameters and rules defined the knowledge-base of the 

system. This knowledge was based on existing experience and known facts about the 

walking cycle. Recently Ossur, a leading prosthetics company in Europe, introduced the 

ñPower Kneeò that used an approach, which like echo control, utilized sensors on the sound 

leg [47] to prescribe a trajectory for the knee joint of the prosthesis (Figure 2.2). Ossur also 

introduced ñProprio Footò, a ñpowerò ankle prosthesis (Figure 2.3) which did not 

contribute net power to gait, but rather quasi-statically adjusted the ankle angle to avoid 

stumbling and to better accommodate sitting [48].  

Sup et al. presented an overview of the design and control of an electrically powered 

knee and ankle prosthesis [27]. The prosthesis design included two motor-driven ball screw 

units to drive the knee and ankle joints as shown in Figure 2.4. A spring parallel with the 

ankle motor unit was introduced to increase the torque output and decrease the power 

consumption for a given motor size. The deviceôs sensor package included a custom load 

cell to measure the sagittal socket interface moment above the knee joint, commercial 

potentiometers to measure the torque and joint positions, and custom sensorized foot to 

measure the ground reaction force at the heel.  
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Figure 2.2: Power knee prostheses [47] 

 

 

 

 

 

 

 

 

Figure 2.3: ñProprio Foot,ò ankle prostheses [48] 
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Figure 2.4: The power tethered prototype [27] 

 

A novel knee prosthesis incorporating a microprocessor-controlled and variable-

damping mechanism was recently developed by Ottobock (Figure 2.5). Onboard sensors 

are attached to the prosthesis to collect real-time data and subsequently control stance and 

swing phase movements. In this technology, the swing and stance phases of gait were 

normalized over a wide range of walking speeds to offer "the closest possible 
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approximation to natural gait," as stated by the manufacturer [49]. This type of prosthesis 

is automatically adjusted, so the need for muscular compensation on the contralateral limb 

can be reduced [50]. Positive claims from subjects wearing these prostheses have been 

reported [51]. However, only a few scientific studies supported these claims. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: The microprocessor C-Leg [49] 
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2.3 Previous Work 

Few studies have reviewed the novel microprocessor-controlled prosthetic knees. 

Aeyels et al. developed a passive prosthetic system controlled by a microcomputer [26]. In 

this scheme, a simple control algorithm to control stance-phase knee flexion was applied; 

they reported that one subject achieved controlled knee flexion during the first 30 percent 

of stance after receiving extensive gait training. This study emphasized the feasibility of 

obtaining prosthetic knee flexion during stance. However, because users associate knee 

flexion during stance with buckling, patient acceptance has been limited. Another study 

compared two microprocessor-controlled variable-damping prosthetic knees (C-Leg by 

Ottobock Duderstadt, Germany, and Rheo by Ossur Reykjavik Iceland) with a non-

computerized knee (Mauch SNS, Ossur) after a 10-hour acclimation with each knee from 

eight unilateral amputee participants [28]. In this study,  Johansson et al. reported that the 

variable-damping knees provided; (1) a better or more natural gait pattern by a lower root-

mean-square jerk derived from accelerometer data; (2) a decrease in hip work produced, 

peak hip flexion moment at terminal stance, and peak hip power generation at toe-off of 

the prosthetic limb. Moreover, approximately a four times increase in knee flexion angle 

at terminal swing for the C-Leg group was reported. No significant differences, however, 

were recorded in the intact limb gait biomechanics with the C-Leg.  

Another study by Kastner et al. compared the C-Leg with two other conventional 

knees (models 3R45 and 3R80, Ottobock) used ten subjects [29]. The study claimed that 

the angular velocity at the knee was significantly slower for the C-Leg at the beginning of 

swing phase, compared with the other knee prostheses. Also, subjects achieved the fastest 
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time for a 1,000 m walk test with the C-Leg. Because of the limited acclimation period of 

only 10 minutes per knee, minimum differences were reported between the three prosthetic 

knees. 

 Schmalz et al. compared the metabolic cost of the C-Leg with a conventionally 

controlled hydraulic single-axis knee joint (3Cl, Ottobock) in six transfemoral amputees. 

A decrease in metabolic cost associated with walking at slow and normal walking speeds 

(0.5-1.2 m/s) with the C-Leg was reported [15]. However, the biomechanical variables 

associated with this decrease in metabolic cost at normal and slow walking speeds 

remained unclear.  

Although micro-controlled devices are commercially available and have shown 

improvements in walking ability of the transfemoral amputee compared to the passive and 

passive assist devices, how to incorporate a control system that is able to identify user state 

and intent and react by sending appropriate commands at the same time is a challenge 

immediately facing any proposal to develop a powered knee prosthesis. The ideal 

prosthesis would be able to detect transitions from one task to another (from sitting to 

standing, or from walking to ramp or stairs ascent/descent) or sub-modes of movement 

(gait cycle, stance, heel strike, swing phase, etc.) and responding to those variations or 

transitions appropriately. A significant barrier to achieve such robust control is the 

difficulty of resolving user intent during arbitrary locomotor activities. Surface 

electromyography-based solutions (EMG) can be applied to resolve the user intent during 

locomotion activities. This approach has succeeded greatly in the field of upper-extremity 

prosthesis where volitional control is most desired by the user [52, 53]. Recently, 
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researchers have investigated the use of surface EMG for the control of lower limb 

prostheses.  Horn [20] developed a prosthesis with an electrically activated knee flexion 

lock and then used surface EMG from the residual limb of a transfemoral amputee to trigger 

the engagement and disengagement of the lock. Aeyels et al. developed a computer-

controllable passive knee prosthesis based on an electrically modulated brake and utilized 

surface EMG from three sites on the residual limb of a transfemoral amputee for gait mode 

recognition, which in turn was used to switch the prosthesis into the appropriate gait mode 

[31-33]. More recently, Huang et al. utilized surface EMG from multiple electrodes on 

transfemoral amputees to classify movement intents while walking [54, 55].  Varol et al. 

have demonstrated an ability to discriminate sit-to-stand and stand-to-sit movement by 

utilizing surface EMG from residual thigh muscles [56]. However, use of such an approach 

during locomotive activities, especially during gait, would be challenging due in part to the 

difficulty of obtaining reliable EMG measurements ñdue to noise pick up and movement 

artifactò [57]. Therefore, further biomechanical research is necessary to determine the 

efficacy of these devices.  

 

2.4 State-of-Art in Musculoskeletal modeling  

As mentioned in Chapter 1, computer simulation in gait analysis is one of the most 

powerful methods to explain the relationship between the biomechanical performance and 

physiological structure. Usually, gait simulations utilize either net joint moment body 

model or muscle force body model to produce movement. However, simulations using the 

muscle model tend to be more robust and efficient.  
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Miller  et al. compared the mechanics and energetics predicted in forward 

dynamics simulations of human gait applying five different Hill-based muscle energy 

models [58]. The models are MA97 presented by Minetti and Alexander [59], B04, 

(Bhargava et al. [60]), H06, (Hodijk et al [61]), LW07, (Lichtwark and Wilson [62]), 

and U10, (Umberger [63]). In this study, a musculoskeletal model created by 

MotionGenesis Kane (Motion Genesis, Sunnyvale, CA, USA) and previously utilized 

by Miller et al. was applied [64]. The experimental data were collected from 14 healthy 

individuals (7 males and 7 females) walking at a self-selected speed. Motion analysis 

was performed synchronously applying optical motion capture and strain gauge force 

platforms. Pulmonary gas exchange was measured using a portable metabolic unit 

(K4b2, Cosmed, Rome, Italy). The portable metabolic unit was used to compute the 

gross mass-specific metabolic rate. A referenced lower limb electromyogram on/off 

vs. the gait cycle from Knutson and Soderberg was applied for EMG measures. The 

results showed a good agreement between the excitation on/off timing and the 

referenced EMG data for the ten largest leg muscles, within 9.7% of the stride cycle 

timing difference. The lowest metabolic cost was reported by B04 and H06 models, 

while much higher metabolic cost was reported by the other three models. All five 

models predicted similar step length, speed, and stance durations. The accuracy of the 

predicted knee and ankle angles and the ground reaction forces varied depending on 

the model applied. Finally, the results indicated that none of the models were able to 

predict a realistic metabolic cost for the tracking simulation.  

In most of the musculoskeletal models of computer simulations, inverse 

dynamic simulations methods are commonly used to analyze human movement. 
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Inverse dynamics simulations usually use the experimental motion data and ground 

reaction forces to generate the kinematics and kinetics of a musculoskeletal model and 

solve the inverse problem. Several studies proposed solving the inverse dynamic 

problem without the use of the ground reaction forces. 

Fluit et al. demonstrated a computational method to perform the inverse 

dynamic simulation with the absence of force plate data [65]. The method utilized the 

equation of motion, three-dimensional full-body motion, and a scaled musculoskeletal 

model to predict the ground reaction forces and moments. The predicted ground 

reaction forces and moments were then validated by comparing them with the 

measured force plate data. In this study, the experimental data was collected from nine 

healthy subjects (4 males and 5 females) with no history of musculoskeletal disorder. 

Three-dimensional motion capture (six-camera digital optical Vicon motion capture 

system) with synchronized two custom-built force platesô data was used during 

different level walking speeds (normal, slow, and fast). The inverse dynamic 

simulation was performed, using a 28 degree-of-freedom full body model available in 

the Anybody Modeling System [66]. The simulation results showed excellent 

predictions for the ground reaction forces for almost all activities. There was no 

significant difference (P >0.05) between the absolute mean measured GRFs and the 

predicted GRFs for all activities. The presented model was able to reasonably predict 

the heel strike and toe-off with an error of 28 ± 13 ms and 16 ± 7 ms, respectively. In 

conclusion, the results of Fluit et al. may be useful for motion capture during treadmill 

walking or to develop an ambulatory measurement system using only inertia 

measurement.  



 

20 
 

Also, Dorn et al. presented a study of evaluating the predictions of muscle 

function obtained from the musculoskeletal model used a ground contact model instead 

of experimental ground force [67]. The specific aim of this study was to determine the 

effect of the kinematic constraints, as well as the number of the foot-ground contact 

points on the muscle condition during walking and running. In this study, six different 

ground-contact models were evaluated [68]. The experimental data were collected 

from 14 healthy adults; each subject walked and ran at their preferred speed. Kinematic 

and Kinetic gait data were acquired using a three-dimensional video motion capture 

system (Vicon, Oxford Metrixs, UK) and a series of force plates. Surface 

electromyography (EMG) signals were collected from six leg muscles. The results 

showed similar timing of muscle contractions between the predicted and the measured 

EMG signals for both walking and running. The superposition errors for the most of 

the models increased as the number of degrees of freedom of the foot-ground contact 

model decreased. Muscle forces in the Medio-lateral direction were most sensitive to 

the foot-ground contact model. However, the predicted muscle function in the sagittal 

plane was insensitive to the number of foot-contact points in the model.  

The musculoskeletal model of a lower extremity has been used for simulating 

abnormal gait due to stiff-knee gait from stroke and crouch gait in the subjects with CP 

(cerebral palsy). Fox et al. introduced a mechanism of improved knee flexion after rectus 

femoris transfer surgery [69]. In this study, the OpenSim Gait 2392-Simbody 

musculoskeletal model was applied [34]. The muscle actuated dynamic simulation was 

created for ten children diagnosed with cerebral palsy and stiff-knee gait. The study was to 

clarify the mechanism by which the transferred muscle improves knee flexion by 
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examining three types of transfers. The simulation revealed that improved knee flexion 

following rectus femoris transfer was achieved primarily by reduction of the muscleôs knee 

extension moment (reduction of scarring of the rectus femoris to underlying muscles has 

the potential to enhance knee flexion).  Steele et al. examined how much muscle groups 

could be weakened before crouch gait becomes impossible [70]. In this study, the muscle-

driven simulations of gait for three typically developing children and six children with 

cerebral palsy who walked with varying degrees of crouch severity was created. The results 

suggested that crouch gait requires greater quadriceps strength than unimpaired gait; 

however, moderate crouch gait requires less hip abductor strength and mild crouch gait 

requires less ankle plantar flexor strength than unimpaired gait. Another study conducted 

by Marjolein et al. [71], stated that the muscles of the lower limb can be weakened even 

before normal walking is affected. The study presented that normal walking is robust to 

the weakness of some muscles but sensitive to the weakness of others. The results of this 

study provide important insights for developing therapies to improve gait pathology. 

 

2.5 Summary   

The main goal of this chapter was to introduce a literature review of prosthesis 

developments and prosthesis controls as well as musculoskeletal models of computer 

simulations to support and emphasize the need for the present work. Numerous studies of 

the previous work in prosthesis developments and prosthesis controls were introduced. 

Also studies that utilized computer simulation of full -body musculoskeletal in gait analysis 

were presented in this chapter as well. 

http://www.sciencedirect.com/science/article/pii/S0021929012004423
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As mentioned in Chapter 1, developing and validating a full-body musculoskeletal 

model of the transfemoral amputee was one of the objectives of the present work. The next 

chapter introduce the 3D motion analysis data and EMG from limbed individuals and 

transfemoral amputees during a variety of locomotor activities as well as the method of 

developing the musculoskeletal model of the transfemoral amputee.  
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Chapter 3 

Methods 

 

3.1 Introduction 

As mentioned in Chapter 1, the objective of this thesis was to extend the use of 

computer simulations to allow modeling of various prosthesis control parameters and 

strategies to artificially reproduce the desired gait pattern of amputees that is close to 

normal gait pattern. In order to achieve such an objective, a 3D motion analysis data from 

normally limbed individuals and transfemoral amputee individuals during a variety of 

locomotor activities was acquired. The main purpose of this chapter was to present the 

entire process of acquiring the motion capture data and the methodology applied to process 

those data.  

 

3.2 Subjects 

3.2.1 Able-bodied participants 

Fifteen able-bodied individuals with no known musculoskeletal or neurological 

deficits were recruited in this study; eight females (mean +/-1 std.: weight = 60.33 kg +/-

7.37; height = 163.18 cm +/- 5.39; age = 25 years +/- 3.8) and seven males (mean +/-1 std.:  

weight = 80.32 kg +/- 9.9; height = 178.4cm +/- 4.3; age = 34 years +/- 7.8). Participants 

were recruited from the local community using UNB e-Daily notices and posters on 

campus [see Appendix C]. All participants gave their informed consent prior to 

participation in the study [see Appendix E] and passed the clinical screening questionnaire 



 

24 
 

[see Appendix D].  The study was approved by the University Research Ethics Board (REB 

#2011-107).  

 

3.2.2 Amputee participants 

Two male traumatic amputee individuals participated in the study (amputee #1, 

weight 75 kg, height 178 cm, age 31 years, amputee #2, weight 65 kg, height 180 cm, age 

34 years). The traumatic amputation participants were recruited from Eastern Prosthetic 

Clinic located in Moncton, New Brunswick. Both participants sustained traumatic injuries 

that resulted in amputations through their knees. The first participant (amputee #1) was 

injured by an IED (an improvised explosive device) during military service in July 2010 

and the second participant (amputee #2) was involved in a motor vehicle accident in 

September 1997. Participants used their currently fitted prosthesis. The X2 microprocessor 

knee and Axiton foot from Ottobock were used by the first participant and the hydraulic 

Mauch knee and XC foot from Ossur were used by the second participant. The two 

participants used liners in their sockets and had subischial trim lines with distal end weight 

bearing. Both participants had all posterior and anterior thigh muscles intact with no 

surgical intervention save attachment of hamstring and quad tendons distally. Both had 

their knee-caps preserved in the quad tendon which was distracted distally (Figure 3.1).  
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Figure 3.1: A radiograph  image of the knee caps preserved from the individual with 

transfemoral amputation [72] 

 

3.3 Measurements Setup and Process 

Experimental trial data were collected at Andrew and Marjorie McCain Human 

Performance Laboratory (HPL) located in the Richard J. CURRIE CENTER (recreation 

and research facility). Kinematic and kinetic parameters were obtained using Vicon Nexus 

1.7.1 with 12 sixteen mega-pixel T-Series cameras with capture speed of 100 Hz [see 

Appendix F] and six Kistler force plates [see Appendix G]. The 12 Vicon cameras were 

mounted on the wall around the perimeter of the laboratory, which measured 14.6 x 8.1 

meters. The Kistler force plates Model 9281EA were set near to the center of the room to 

collect the ground reaction forces at 1000 Hz as shown in Figure 3.2. Each force plate 

contains four tri-axial piezoelectric force transducers inset near the corner of each plate. 

These sensors recorded ground reaction forces in the vertical, anterior-posterior, and 

http://www.unbf.ca/CURRIE/index.html
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medial-lateral directions being exerted on the plates. Centre of force and moments was 

calculated by summing the moments on the plate from each of the individual X-Y-Z 

channels. The 12 T-Series cameras, as well as the six Kistler force plates were connected 

to an MX Host PC by an MX Giganet [36]. MX Giganet supplied communication, 

synchronization, and interfacing to third-party devices (EMG, accelerometer, goniometer 

...etc.). The data were then transferred to the workstation computer where the system was 

controlled. The raw data were output in CSV and C3D format. For able-bodied participants, 

EMG signals were collected from 16 leg muscles while for amputee participants, signals 

were collected only from 12 leg muscle using TrignoTM Lab wireless EMG system 

DELSYS Inc., as mentioned in Section 3.1. EMG setup was discussed in detail in Section 

3.3.3.  
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Figure 3.2: Vicon cameras and force places in HPL  

 

3.3.1 Lab Reliability and Accuracy 

Because the HPL is located in the Currie recreation center, a study of the effect of 

the vibration due to the fitness activities on Vicon system was essential. The accuracy and 

reliability of the Vicon system were analyzed through the test of a known length (arbitrary). 

The known length test was completed by securely placing two markers at a known distance 

(131.5 mm) on a wooden box. The test was performed during the facilityôs normal hours 

and after the facility shut down at night for five consecutive days. Approximately 227 

Force plates 

Cameras 
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samples per trial were included in the reliability testing. This is equivalent to 2.27 seconds 

at the sampling frequency of 100 Hz. Results are summarized in Table 3.1. Although no 

statistical tests were applied to show that the data were not statistically significant between 

days, it is clear that the variance was stable regardless of test time or test day. 

 

       Table 3.1: Statistical results of the reliability  test of 131.5 mm known length 

 

Day1 Day 2 Day 3  Day 4 Day 5 

day night day night day night day night day night 

Mean 131.69 131.65 131.64 131.60 131.60 131.59 131.59 131.64 131.56 131.40 

S/D 0.0086 0.0072 0.0083 0.0068 0.0130 0.0088 0.0088 0.0085 0.0081 0.0080 

 

 

3.3.2 Marker Set 

The presented model was built from 39 body-fixed markers according to the 

OpenSim model as indicated in Table 3.2 and Figure 3.3. For the amputee participants, the 

markers were placed on the prosthesis matching the marker location of the intact limb. For 

example, the knee and ankle joint markers were placed on the prosthesis, matching the 

sound leg marker sites (because the prosthesis knee center was not aligned with the intact 

knee center, a correction algorithm was applied to find the joint center of the prosthesis 

during data processing). Able-bodied subjects performed the experiment with bare feet 

while amputee participants performed the experiment with shoes on for both legs. As with 

knee and ankle markers, the feet markers on the prosthesis side matched those on the intact 

limb (following the marker system presented in Table 3.2). No other marker adjustments 
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were made for amputees. Participants wore shorts and a sports top for all trials. Multiple 

tasks such as various gait speeds were tested.  

 

 Table 3.2: Giat 2392_simbody marker Name and attachment site  

Vicon Labels Description Placement Notes 

HEAD MARKERS  

FHead Forehead All three head markers are fed through a 

common strap with 5 empty holes between each 

marker 

FHead: placed on midline of anterior-most 

aspect of frontal bone 

RHead/LHead: placed on the lateral surface of 

each temporal bone, superoanterior to ear 

 

 

 

RHead Right temple 

LHead Left temple 

TORSO MARKERS  

RAC Right acromion Placed on superior aspect of right acromion 

(above dorsal-most point of acromio-clavicular 

joint) 

LAC Left acromion Placed on superior aspect of left acromion 

(above dorsal-most point of acromio-clavicular 

joint) 

Strn Upper sternum Placed on midline of anterior manubrium 

(inferior to suprasternal notch) 

PELVIS MARKERS  

MSacral Mid-Sacrum Cluster: Sacral markers (3) attached to a rigid 

plate to form a upward-pointing isosceles 

triangle (4ò x 2ò) 

MSacral: placed on midline of sacrum in a 

horizontal plane with RASIS/LASIS (marker 

fed through belt hole to affix sacral cluster to 

body) 

LSacral/RSacral: placed on sacrum 

inferolateral to MSacral (one marker on either 

side) 

RSacral Right Sacrum 

LSacral Left Sacrum 

RASIS Right ASIS Placed directly anterior to right anterior 

superior iliac spine in a horizontal plane with 

LASIS (marker fed through belt hole) 

LASIS Left ASIS Placed directly anterior to left anterior superior 

iliac spine in a horizontal plane with RASIS 

(marker is fed through belt hole) 

THIGH MARKERS  

RThighUpp Right upper 

anterior femur 

Placed on anterior midline of right femur at a 

position ~ӎ down the femur 

RThighLow Right lower 

anterior femur 

Placed on anterior midline of right femur at a 

position ~¾ down the femur 



 

30 
 

RThighLat Right lateral femur Placed on posterolateral right femur roughly in 

a horizontal plane with RThighUpp so that 

right thigh (3) markers form a right-angle 

triangle 

RMFE Right medial knee RMFE:  Placed on medial epicondyle of right 

femur 

RLFE:  Placed on lateral epicondyle of right 

femur 

All knee markers (4) are placed in a horizontal 

plane and align to approximate tibiofemoral 

joints 

RLFE Right lateral knee 

   

LThighUpp Left upper anterior 

femur 

Placed on anterior midline of left femur at a 

position ~ӎ down the femur 

 

LThighLow 

 

Left lower anterior 

femur 

 

Placed on anterior midline of left femur at a 

position ~¾ down the femur 

LThighLat Left lateral femur Placed on posterolateral left femur at a height 

midway between LThighU pp and LThighLow  

so that left thigh markers (3) form an isosceles 

triangle 

LMFE Left medial knee LMFE:  Placed on medial epicondyle of left 

femur 

LMFE:  Placed on lateral epicondyle of left 

femur 

All knee markers (4) are placed in a horizontal 

plane and align to approximate tibiofemoral 

joints 

LLFE Left lateral knee 

SHANK MARKERS  

RShankUpp Right upper 

anterior tibia 

Placed on anterior midline of right tibia at a 

position ~ӎ down the tibia 

RShankLow Right lower 

anterior tibia 

Placed on anterior midline of right tibia at a 

position ~¾ down the tibia 

RShankLat Right lateral tibia Placed on posterolateral right tibia roughly in a 

horizontal plane with RShankUpp so that right 

shank (3) markers form a right-angle triangle 

LShankUpp Left upper anterior 

tibia 

Placed on anterior midline of left tibia at a 

position ~ӎ down the tibia 

LShankLow Left lower anterior 

tibia 

Placed on anterior midline of left tibia at a 

position ~¾ down the tibia 

LShankLat Left lateral tibia Placed on posterolateral left tibia at a height 

midway between LShankUpp and 

LShankLow so that left shank (3) markers 

form an isosceles triangle 
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FOOT MARKERS  

RMM Right medial ankle RMM : Placed on medial malleolus of right 

tibia  

RLM : Placed on lateral malleolus of right 

fibula  

All ankle markers (4) are placed in a horizontal 

plane 

RLM Right lateral ankle 

RFMH Right medial mtp Placed on head of right first metatarsal, dorso-

medial aspect of first metatarso-phalangeal joint 

RVMH Right lateral mtp Placed on head of right fifth metatarsal, dorso-

lateral aspect of fifth metatarso-phalangeal joint 

RPM Right hallux Placed on most distal and dorsal aspect of head 

of proximal phalanx of right hallux 

RCA Right calcaneus Placed on upper central ridge of right calcaneus 

posterior surface, i.e. Achillesô tendon 

attachment 

LMM  Left medial ankle LMM:  Placed on medial malleolus of right 

tibia  

LLM:  Placed on lateral malleolus of right 

fibula  

All ankle markers (4) are placed in a horizontal 

plane 

LLM  Left lateral ankle 

 

LFMH 

 

Left medial mtp 

 

Placed on head of left first metatarsal, dorso-

medial aspect of first metatarso-phalangeal joint 

LVMH  Left lateral mtp Placed on head of left fifth metatarsal, dorso-

lateral aspect of fifth metatarso-phalangeal joint 

LPM Left hallux Placed on most distal and dorsal aspect of head 

of proximal phalanx of left hallux 

LCA Left calcaneus Placed on upper central ridge of left calcaneus 

posterior surface, i.e. Achillesô tendon 

attachment 
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Figure 3.3: Gait 2392_simbody model marker system 

 

 

3. 3. 3 Electromyography (EMG) 

 

For able-bodied participants, the electromyography (EMG) signals were collected 

for both left and right legs from Rectus Femoris, Vastus Lateralis, Vastus Medialis, 
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Semitendinosis, Biceps Femoris, Adductor Magnus, Gluteus Medius, and Gastrocnemius 

as shown in Figure 3.4. For those individuals with the transfemoral amputation, EMG 

signals for the sound leg were collected from the same muscles as with the able-bodied 

subjects while EMG signals for the amputated leg were collected from Rectus Femoris, 

Biceps Femoris, Adductor Magnus, and Gluteus Medius muscles. The presented muscles 

for EMG data were chosen carefully for gait activity based on the SENIAM guidelines 

[73]. The skin preparation and electrode placement were performed according to the 

SENIAM guidelines [73]. Prior to affixing the EMG sensor on the surface of the skin, the 

sensor was properly cleaned to remove dry dermis and any skin oils.  The area of interest 

on the subjectsô legs was shaved and cleaned at the time of the test (allowing the skin to 

dry completely before applying the electrodes) to reduce signal noise. Muscle sites were 

localized based on a combination of normal anatomical locations and palpation and 

confirmed by viewing electromyography (EMG) signals on the EMG system screen while 

applying test contractions and comparing the signal with the regular EMG signals of 

healthy subjects prior to data collection sessions (anatomical site of the muscle was 

obtained by moving the EMG electrodes until a good volume EMG signal was received). 

 

.  
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Figure 3.4: Electrode locations [73] 

 

The surface electromyography signals were collected using the TrignoTM Lab 

wireless system, DELSYS, Inc. [38] on each of the desired muscle bellies. The EMG 

system was capable of streaming data to EMGworks Acquisition and EMGworks Analysis 

software and generating 16 EMG and 48 accelerometer analog channels for integration 

with motion capture and other 3rd party data acquisition systems. The Trigno EMG system 

has a built in high pass filter with cutoff frequency of 20 Hz and filter order of 3 as well as 

a notch filter to remove 60 Hz.  

Gluteus Medius 

Biceps Femoris 

Vastus Lateralis 

Vastus Medialis 
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Semitendinosis 

Adductor Magnus 

Rectus Femoris 
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Trigno EMG Sensors are fitted with 4-silver bar contacts for detecting the EMG 

signal at the skin surface (Figure 3.5). The orientation of these bars is perpendicular to the 

muscle fibers for maximum signal detection. The top of the sensor is marked by an arrow 

to aid in the determination of this orientation as indicated in Figure 3.6. The arrow should 

be placed parallel to the muscle fibers underneath the sensor. The sensor should also be 

placed in the center of the muscle belly away from tendons and the edge of the muscle. The 

sensor is easily attached to the skin using the Delsys Adhesive Sensor Interface.  

 
 
 
 
 

 

 

 

 

Figure 3.5: Trigno wireless 4-channel sensor [38] 

 

 

 

 

 
 
 
 

Figure 3.6: EMG sensor placement [38] 
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Due to the lack of room inside the socket of the prosthesis, Concentric Detection 

EMG Electrodes by OT Bioelettronica Research & Development in Electronic Field were 

used to measure the activity of the muscle that was located inside the socket as shown in 

Figure 3.7 [74]. A Concentric Detection Electrode was connected to the Biosignal sensor 

Interface (BioSI) as shown in Figure 3.8.  BioSI enabled the synchronized capture of analog 

data from the sensor via a software interface (designed and fabricated by the Institute of 

Biomedical Engineering, University of New Brunswick). The BioSI was then connected to 

the Vicon workstation analog channels and the data were collected at 1000 Hz 

simultaneously with the Vicon system to ensure that the data were synchronized. A low-

pass filter with cutoff frequency of 10 Hz and filter order of 4 and band-pass filters at 20-

400 Hz were applied to all EMG collected data (EMG data collected by both TrignoTM Lab 

wireless system and Concentric EMG system).  

 

Figure 3.7: Concentric Detection Electrodes by OT Bioelettronica [74] 
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Figure 3.8: BioSI Sensor Interface 

 

3. 3. 4 Experiment protocol 

The experiment protocol included static trials and different gait speeds (free, fast, 

and slow) trials to investigate the effect of different speeds on the kinematic and kinetic as 

well as muscle forces of able-bodied and amputees subjects. Subjects performed three 

acclimation trials in each session of this protocol. A five minute break between each session 

was used, to explain the next session protocol. All participants received the same protocol 

instructions and performed the same protocol during the experiment as follows: 

¶ Static trial  

Subjects were asked to stand perfectly still, arms at sides, with eyes opened and looking 

straight ahead and feet shoulder width apart. This trial was required for both Vicon and 

OpenSim data processing.    
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¶ Gait free speed trial  

From a standing position at the start of the walkway (approximately 8 meters from the edge 

of the viewing volume), the subject initiated gait and walked at their preferred comfortable 

pace until reaching the opposite end of the walkway (three acclimation trials was 

performed).  

¶ Gait fast speed trial  

From the same starting position, subjects were asked to initiate gait and walk ñas fast as 

you can without breaking into a jogò (three acclimation trials was performed). 

¶ Gait slow speed trial 

From the same starting position, subjects were in a slowly moving line up that never 

stopped (three acclimation trials was performed). 

¶ Sit-to-stand trial  

This trial was required for calculating the knee joint center applying a symmetrical axis of 

rotation approach (SARA) that determines a unique axis of rotation that can consider the 

movement of two dynamic body segments simultaneously [75]. Participants were seated 

upon the chair with their greater trochanters approximately 4cm from the edge of the seat and 

were instructed to rise from the chair on the cue "one, two, ready, go" (three acclimation trials 

was performed). 

 

As mentioned before in Chapter 1, one of the goals of this work was to develop a full -

body musculoskeletal model of the transfemoral amputee. The next section details how the 
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existing limbed-body model was modified to generate the transfemoral amputee 

musculoskeletal.  

 

3.4 Musculoskeletal Model for Transfemoral Amputee 

The primary objective of this thesis was to develop a full-body musculoskeletal 

model of the transfemoral amputee. The developed model was able to utilize inputs such 

as subject-specific anatomy, biomechanics, and muscle electrophysiology to simulate 

human movement. The OpenSim model file is made up of components corresponding to 

parts of the physical system. These parts are bodies, joints, forces, markers, constraints, 

contact geometry, and controllers. In the OpenSim simulation, the bones are modeled as a 

rigid segment, while the joints are modeled in the form of hinge and ball-and-socket joints.  

The muscles and tendons are modeled together as muscle tendon models.  

The OpenSim model is specified with several input files such as bone or body file, 

joint file, and muscle file [see Appendix A]. Those files define the properties of each part 

of the musculoskeletal model. Figure 3.9 shows an example of the right Femur bone in the 

OpenSim Gait 2392 (92 muscle and 23 DoF) model [Appendix A]. Properties such as mass, 

center of mass, and inertia were defined in this file.  
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Figure 3.9: Example XML code from Gait 2392 model represent a body [76] 

 

In addition to defining the set of rigid bodies (bones) through the bone file, the 

relationship between those bodies (i.e., joints) must also be defined.   For example, the 

right Femur contains the joint of the right hip. Figure 3.10 shows an example of defining 

the right hip joint. Properties such as location, orientation, coordinate, and type of motion 

were defined. 
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Figure 3.10: Example XML code from Gait 2392 model represent a joint [76] 

 

As with bone and joint files, Figure 3.11 shows an example of the Gait 2392 model 

defining the right Gluteus Medius muscle. Muscle properties such as maximum isometric 

force, optimal fiber length, tendon slack length, pennation angle, activation time constant 

and deactivation time constant were defined. 
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Figure 3.11: Example XML code from Gait 2392 model represent a muscle [76] 

 

All of the above files are XML format (editing and changing can be made), 

therefore; it was obvious that the properties of the body parts such as bone, joint, and 

muscle can be replaced by the properties of the prosthesisôs mechanical parts. In other 

words, an adaptation that accommodates a prosthetic limb was feasible and successfully 

applied to the OpenSim software.  A full -body musculoskeletal model of the transfemoral 

amputee was generated by modifying the existing Gait 2392_simbody musculoskeletal 

model and shared some of the geometry files from a prosthesis model developed by 
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Christian A. Silva [77]. The shank and foot were removed from one of the modelôs intact 

legs as well as 15 residual leg muscles [shaded muscles in Appendix B] crossing both the 

knee and the ankle joints as shown in Figure 3.12. Inside the OpenSim GUI, the residual 

thigh musclesô insertion point and path (muscle line of action) were then physically moved 

and all attached to the kneecaps in the quad tendon at the end of femur-amputee as shown 

in Figure 3.12. The prosthesis knee was simply modeled as a hinge joint with single-

degree-of-freedom.  

 

 

Figure 3.12: Gait 2392_simbody model with some bones and muscles removed 

 

The properties such as mass, center of mass, and inertia which define the prosthesis 

parts were edited to the XML simbody file. Some of those properties were obtained from 

the amputee participantsô prosthetist and literature [77] and others were estimated in our 

prosthetic shop. In our prosthetic shop, the mass of the prostheses was determined (by 

weighing the prosthesis). The center of mass was approximately estimated by using the 
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balance technique (simply by hanging the prosthesis at different points using a string, the 

point at which the object was balanced is the center of mass). The moment of inertia of the 

socket was determined by applying the compound pendulum method, which simply 

computed the period of the duration of the oscillation (the average over multiple periods 

was applied) and applied it to Equation 3.1 to determine the moment of inertia.  

 

                                        ╘
□▌▼◄

Ⱬ
                                                         (3.1)         

where ά is the mass of the socket, ί the distance from the pivot or the hanging point to the 

center of mass, Ὣ is gravity acceleration, and ὸ is the period (duration) of oscillation.  The 

moment of inertia of the residual femur/socket was determined by applying the parallel 

axis theorem (Equation 3.2). 

 

                  Ὅ Ὅ ὓ Ὑ                                                               (3.2) 

 

where Ὅ  is the moment of inertia of the femur/socket, Ὅ is the moment of inertia of the 

residual femur, ὓ  is the mass of the prosthesis, and Ὑ is the perpendicular distance 

between the residual femur and the prosthesis axes.  

The geometry file of the socket (Figure 3.13) was implemented in the Gait 

2392_simbody XML file. This file is the STL file generated by Meshlab software [78]. 

MeshLab is an open source, portable, and extensible system for the processing and editing 

of unstructured 3D triangular meshes. The system is heavily based on the Visual 

Computing Graphic developed at the Visual Computing Lab [78].  

 

http://vcg.isti.cnr.it/
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Figure 3.13: The socket geometry STL file created by MeshLap [77] 

 

The shank and foot of the Gait 2392_simbody model were replaced by the 

prosthesisôs tibia and foot [77]. Also, the properties that define those rigid parts (mass, 

dimensions, and inertia properties) had been edited to the XML files. As with the 

prosthesisôs socket, the STL geometry files for the foot and tibia had been generated by 

MeshLab open source program (Figures 3.14 and 3.15). The STL files then were 

implemented into the OpenSim XML files (Figure 3.16).  
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Figure 3.14: The tibia geometry STL file created by MeshLap [77] 

 

 

 

 
 

Figure 3.15: The foot geometry STL file created by MeshLap [77] 
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Figure 3.16: The femur-amputee, tibia, foot, and leg-socket are attached 

 

The experimental data collected from the transfemoral amputee participants (Figures 

3.17 and 3.18) were processed, applying the modified Gait 2392_simbody shown in Figure 

3.16. The gait simulation was successfully run by applying the modified or the prosthesis 

model. By visualizing both the real time or live gait of the transfemoral amputees (from a 

recorded video) and the simulated gait from the inverse kinematic tool during the first run of 

the simulation, a good match was verified. More details about the modified model validation 

as well as the results of the kinematic, kinetic, muscles activity and force are presented in the 

next chapter.   
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Figure 3.17: Transfemoral amputee participant during the experiment   


