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ABSTRACT 

 

The main objective of this thesis is to develop a computational human musculoskeletal 

model to investigate the change in the kinematic behavior of the model’s lower extremities under 

the influence of activated (active) and deactivated (passive) muscles during a representation frontal 

collision using OpenSim software. Since OpenSim is seldom used in crash simulations, an 

appropriate model evaluation is performed by comparing the model’s kinematics, obtained from 

the OpenSim’s inverse dynamic simulation, against LS-DYNA’s explicit non-linear side impact 

simulation of a finite element model for a car-pedestrian collision. The required musculoskeletal 

model is constructed in OpenSim and scaled to meet the requirements of the Hybrid III 50th 

Percentile crash test dummy. For evaluating the developed model, the kinematics from both 

programs (OpenSim and LS-DYNA), containing identical displacement data, is compared by 

visual observation of identical time frames. Using the evaluated model in the forward dynamics 

domain of OpenSim, a representative frontal crash simulation is conducted for the active and 

passive muscle states of the model, and the kinematic difference in its lower extremities is observed 

and compared. The results were also compared to MADYMO’s human body model simulations 

conducted under similar conditions. This study indicates that the role of the muscle activation on 

the human body responses during a car collision is important. The novel technique developed and 

utilized in this study is shown to be quite useful in modeling and simulation of a car occupant’s 

real kinematic response during a car collision.  
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   CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Computational human Body Models (HBMs) have been widely accepted all over the globe 

by fellow researchers and major industries such as automotive, aerospace etc., with an intention to 

reconstruct accidents and identify its biomechanical responses under varied impact conditions. 

These models have been the primary reason to achieve the finest safety features and incredible 

safety rating, thus, benefiting mankind since its inception. Credit goes to HBMs for enabling us to 

comprehend concepts such as maximum impact forces, safe design requirements, injury criteria, 

impact velocity and occupant’s bodily forces which are implemented into our safety criteria. Since 

its inception, HBMs have evolved from regular human figured mannequins into an extremely 

sophisticated machine, with incorporated electromechanical sensors to read and record forces, 

velocities, acceleration, deceleration and other crucial data.  

HBMs are designed in numerous sizes, thereby, catering to the various groups of our 

population, from infants to varied body sized male and female models. These specific designs also 

act as a drawback as they are made available in only few limited sizes and shapes. The data 

obtained from a HBM is not an accurate value and doesn’t speak for all types of people and 

possible scenarios of a crash, but, the data indicates an average impact response on a human. 

Therefore, calculating the impact forces based on such assumption is sufficient to create a safe 

environment for an occupant. 

Currently available HBMs are dynamic by nature which are divided into three sub-classes:  

1) Lumped Mass Model, 

2) Multi-Body Model, 

3) Finite Element Model.  
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A lumped mass model contains one or many rigid bodies which are fixed together using 

massless connectors such as springs and dampers.  

A multibody model, in turn, consists of a variety of elements or bodies connected through 

various joints with controllable degrees of freedom between them. This model considers the 

contact modelling between its joints, external joint forces and kinematics to analyze the desired 

output. A multibody model can more closely replicate an actual human crash scenario than a 

lumped mass model.  

Lastly, a finite element model is a mathematical model, containing sets of equilibrium 

equations that needs to be solved to understand the effect of numerous constitutive properties and 

variables on the model. As the name suggests, the human model is divided into finite number of 

volumes, elements, shapes etc. which contains a desired number of integration points across its 

thickness. The function of each of this integration point defines the displacements of all the points 

within the elements. Strains, stresses, moments, forces etc. are calculated based on these 

displacement results.  Therefore, this approach follows a displacement based finite element 

methodology (Wismans, Happee, & Dommelen, 2005). 

Since the past few decades, mathematical models have been considered over the traditional 

cadaver and anthropomorphic test dummies (ATDs) to simulate the effect of design parameters 

and human behavior during a vehicle crash. The main reason behind this change is the prohibitive 

costs in experiments involving cadavers and ATDs. Also, during this period, different platforms 

have emerged to aid in the human musculoskeletal modeling and dynamics simulation to better 

understand the details behind the movement science and focus on the causes. Through this, we can 

achieve an in-depth knowledge of human biomechanics with primary focus on crucial areas to find 
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solution to our problems. Some of the basic domains touched by such platforms are robotics, 

design, orthopedics, prosthetics, and rehabilitation. (Opensim.stanford.edu, 2017) 

Mathematical Dynamic Models, abbreviated as ‘MADYMO’, has been successful in 

developing active human body models as multi-bodied and finite element models. This software 

also facilitates a controlled activation of the muscles along with enabling modularity of different 

body parts. The available MADYMO active human body models are listed as follows:    

i. Facet mid-size male active human model in sitting position (Tass International, 2017) 

ii. Facet mid-size male active human model in standing position (Tass International, 2017) 

Toyota motor corporation and Toyota research group has jointly developed an active finite 

element human body model called The Total HUman Model for Safety, abbreviated as ‘THUMS’, 

which is a simplified and accurate mathematical representation of humans. This model consists of 

tendons, muscles, bones, internal organs, ligaments and skin. (Livermore Software Technology 

Corp., 2017). This model is intended to simulate ideal human kinematics and injuries scenarios, 

including internal organ failures (Oasys Software, 2017). THUMS is available in 6 variants, but, 

the most used model is an adult male 50th percentile (Livermore Software Technology Corp., 

2017). For the purpose of this research, THUMS AM50 Pedestrian/Occupant Model has been used, 

which was lent by National Institute for Aviation Research’s Virtual Engineering laboratory. 

1.2 OpenSim 

OpenSimulator, abbreviated as ‘OpenSim’, is another such powerful musculoskeletal 

modeling platform which is an open source software. One can use a combination of springs, 

dampers, joints, controllers, actuators etc. to create a human musculoskeletal model. This platform 

uses a modified version of Hill-type muscle model, called ‘Thelen2003Muscle’ actuator, which 

captures the active and passive behavior of the muscles, and demonstrates the muscle-tendon 
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dynamics efficiently. This platform also enables us to perform inverse kinematics, kinetics, static 

optimization and forward dynamic simulations of human movement. By using such powerful tools, 

one can analyze the variables or output of interest through its available analysis and probes 

functions. Opensim, also, allows us to access its computational mathematic base through its 

extensible Application Programming Interface (API), using which the user can modify and edit 

the algorithms through plugins and programs (OpenSim, 2017). This thesis utilizes the inverse 

kinematics domain of OpenSim coupled with the finite element approach to validate the OpenSim 

model. Forward dynamics approach is used to obtain the required simulations and to study the 

effects of active muscles in the human musculoskeletal model, during a controlled deceleration 

test. 

Opensim also has quite a few pre-existing musculoskeletal models that a developer can use 

at his convenience. Few such models are listed below. 

 Gait 2392 and 2354 Models (OpenSim, 2017) 

 Lower Limb Model 2010 (OpenSim, 2017) 

 Full Body Running Model (OpenSim, 2017) 

 Upper Extremity Model (OpenSim, 2017) 

 Lower Extremity Model (OpenSim, 2017) 

 Deformable Lower Extremity Model (OpenSim, 2017) 

 MR-Based Models Lower Extremity Models (OpenSim, 2017) 

 Human Neck Model (OpenSim, 2017) 

 Cat Neck Model (OpenSim, 2017) 

 Tyrannosaurus Rex Model (OpenSim, 2017) 
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Since the past few decades, numerous corporations offer a variety of finite element dummy 

models to perform either regulated or unregulated performance tests. Livemore Software 

Technology Corporation (LSTC) and Humanetics Corporation are the leading FE dummy model 

supplier in the market. Their models cater to numerous loading and impact conditions, along with 

varied human sizes to test the different segments of the population. Some examples of LSTC finite 

element models are shown in Table 1.1. 

TABLE 1.1 

Available LSTC Hybrid III impact dummy models (Oasys Software, 2017) 

 

Front Impact Dummy Models 

Hybrid III 50th Percentile Male 

Hybrid III 95th Percentile Large Male 

Hybrid III 5th Percentile Female 

 

Examples of Humanetics finite element models are shown in Table 1.2. 

TABLE 1.2 

Available Humanetic frontal impact dummy models (Humanetics, 2017) 

 

 

 

 

 

Front Impact Dummy Models 

THOR 50th Euro NCAP 

THOR 50th US NCAP 

Hybrid III 5th 

Hybrid III 50th 

Harmonized Hybrid III 50th 

Harmonized Hybrid III 5th 

Harmonized Hybrid III 50th Borderline 

Harmonized Hybrid III 5th Borderline 

Hybrid III 95th 

Hybrid III 50th with THOR-LX legs  

Hybrid III 5th Modular / Express 

Hybrid III 50th Modular / Express 

Hybrid III 5th Lower Torso 
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TABLE 1.2 (continued) 

 Hybrid III 50th Lower Torso 

Hybrid III 95th Lower Torso 

 

1.3 Anatomy of Human Movements 

Muscles are the main cause of movement for all parts in the human body. They either 

stretch across two ends of the bones, or they pass over either one, two or several joints. The muscle 

has a broad and a narrow area at the two ends of its connection, and these are believed as the 

‘origin’ and the ‘insertion’ points of the muscles. The tendons connect the muscles and bones 

together whereas the ligaments connect two separate bones (Key, 2017). Figure 1.1 shows the 

major muscles in the human leg responsible for causing movements.   

 

Figure 1.1 Large and most superficial muscles in the lower limb. (Key, 2017) 
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Since this study deals with the kinematics of the lower extremities of the human body, it is 

of high importance to understand the different degrees of motion and movements capable in the 

lower extremities. Figure 1.2 highlights the appropriate nomenclature used in this study to describe 

various movements in the lower extremities. Similarly, Figures 1.3 and 1.4 show the appropriate 

nomenclature describing the motions in the upper extremities and the thorax region. 

 

 

Figure 1.2 Movement anatomy of the human lower limb. (Key, 2017) 
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Figure 1.3 Movement anatomy of the upper limb and torso. (Clinical Gate, 2017) 

 

Figure 1.4 Movement anatomy of the spine. (Slideshare, 2017) 
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CHAPTER 2 

2 LITERATURE REVIEW 

Currently, the automotive and aviation industries use active safety systems to identify the 

out of position characteristics of their occupants. This active safety systems deploys at an instance 

before the crash, thereby, correcting the occupant’s position. The injury levels of an out of position 

occupant can be extremely severe than an in-position occupant during a crash. During the diagnosis 

of a crash scenario, it was understood that the occupants involved in the crash had involuntarily 

tensed their muscles, thereby, contracting the muscles in the neck, torso, upper and the lower 

extremities. This behavior is due to the involuntary safety system adopted by one’s body. This 

defense mechanism adopted to encounter the crash uses an active muscle system, which 

contradicts the passive human models used in an actual crash test evaluation method. These crash 

evaluation methods use crash dummies and finite element models to mathematically determine the 

extent of an impact on an occupant. Since, all such methods utilize a passive model to determine 

the impact values, it can be assumed that an active human body model would replicate an ideal 

crash scenario as indicated by several studies. (Meijer, Rodarius, Adamec, Nunen, & Rooij, 2008), 

(Riske Meijer, 2003) and (Nemirovsky & Rooij, 2010). Musculoskeletal modeling and simulation 

techniques provide an ideal platform to determine the reaction of the human body under various 

crash conditions without any hassle of extensive testing and injury risks. Delp, et al., (Delp, et al., 

1990), used such a tool to determine joint moments and torques and found the simulation results 

to match with the experimental data.  

2.1 Active Muscle Modeling 

The exact understanding of the muscles behavior, which drives the human movements and 

its contribution to the joint’s stability is least known till date. Measuring accurately the muscle 
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excitations along with identifying its function for its contraction and expansion pattern during 

certain tests is nearly impossible, period (Hicks, Uchida, Rajagopal, & Delp, 2015). Certain tests 

in the past were conducted on cadavers to understand the muscle behaviors but the results would 

not suit universally as there were many imperfections from the data. Also, the behavior of the 

muscle fiber varies among every individual, and depends on their age, muscle density, body 

weight, body dimension, personal health (at that moment), along with few other variables. All 

these factors hinder the process of developing a universal muscle function. Because of such 

challenges, musculoskeletal models and computer simulations provide a better platform to 

understand the human joint behavior. It can also decipher the effects of muscle activation on human 

kinematics to certain extent, without subjecting volunteers to risks through numerous trial and 

clinical experiments (Fregly, et al., 2011). The main advantage of such platforms is the ease of 

controlling the desired variables and the minimalist process time as compared to the actual tests.  

This also aides in the thorough understanding of the effect of the variables on the desired output. 

Therefore, such control over the variables will indefinitely allow us to obtain an accurate 

kinematics, forces or other outputs at the cost of just time than the injury risks of the volunteers 

(Fregly, Reinbolt, Rooney, Mitchell, & Chmielewski, 2007) 

It has taken us more than 40 years and unmeasurable number of experiments involving 

cadaver, human volunteers and simulations to establish tolerance limits for injuries through injury 

criteria. Over this duration, several studies (Meijer, Rodarius, Adamec, Nunen, & Rooij, 2008), 

(Meijer, Parenteau, Hoof, & Gopal, 2003), and (Nemirovsky & Rooij, 2010) have indicated that 

muscle activations play a significant role in determining the kinematic of the occupant along with 

the occupant’s position, in case the active systems has been used in the vehicle (Meijer, et al., 

2012). Depending on the physical state of the human and his alertness, his reaction and 



11 
 

responsiveness during the crash scenario changes. This responsiveness causes the muscle to 

expand or contract, through muscle excitations, based on the situation. The kinematics of the 

occupant changes significantly due to the muscle activation as compared to during the passive state 

of the muscles (Crandall, 2014), (Meijer, et al., 2012). Therefore, to simulate a more accurate 

behavior of the crash or test scene, a controlled active human skeletal model has been employed 

in this study to understand the difference in the kinematics between an active and a passive human 

model. 

An active FE HBM can be modeled using a feedback controller which would determine 

the initial conditions by using a pre-crash simulation. By changing these initial variables, it enables 

us to replicate the desired kinematics using a variety of responses (Östh, THESIS FOR THE 

DEGREE OF LICENTIATE OF ENGINEERING IN MACHINE AND VEHICLE SYSTEMS 

Active Muscle Responses in a Finite Element Human Body Model, 2013).  

Studies were performed to include the active muscle FE HBM to study the effect of 

activated muscles of the pedestrian during a pedestrian-vehicle crash scenario. This study inserts 

only the relevant muscles, generated using LS-Dyna, and having Hill type muscle model in the 

THUMS pedestrian FE human model. Muscle were developed using a combination of 3D and 1D 

line elements. Simulation results indicated that the active muscles produced less stress as compared 

to passive muscles (Putra, Carmai, Koetniyom, & Markert, 2015) which in turn effects the 

kinematics of the model. 

The OpenSim results such as joint moments, torques, forces and kinematics needs to be 

validated before declaring them as an accurate output for the scenario. The evaluation can be either 

done by comparing the simulated results with the output of a proven software, or by comparing 

the results with an experimentally obtained data. Numerous studies have been conducted to 
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validate the OpenSim results with experimental EMG data (Buchanan & Shreeve, 1996), (Collins, 

1995), (Crowninshield & Brand, 1981), (Glitsch & Baumann, 1997) and (Seireg & R.J, 1975). 

Some studies collected all the valuable knee data such as its motion, forces and other valuable 

information over many years from the participants of ‘The Knee Grand Challenge’. (Delp, et al., 

2007), (Fregly, et al., 2011), (Kinney, Besier, D’Lima, & Fregly, 2013), and (Knowlton, Wimmer, 

& Lundberg, 2012). 

2.2 Muscle Formulation 

As explained earlier, Thelen2003Muscle actuator is based on the modified Hill-type 

muscle model. This actuator fundamentally converts the input muscle activation, α(t) with values 

ranging between 0 – 1, and fiber length, lm (t) at a specified time, into the following (OpenSim, 

2017): 

1. Time derivative of muscle actuator force, FMT (t), at the next time step, (t+∆t),  

2. Time derivative of muscle activation, �̇�(t+∆t), at (t+∆t) and  

3. The time derivative of muscle fiber length or velocity, 𝑙Ṁ (t+∆t).  

Activation mechanism in OpenSim converts muscle excitation, a unitless value between 0 

and 1, to muscle activation, α (t). Both these values are directly proportional to each other. The 

following equations explain the derivation of �̇�(t+∆t). (OpenSim, 2017) 

�̇�(t+∆t) = (u (t) - α (t))/τact, u (t) ≥ α (t),             ... (OpenSim, 2017) 

                                                (u (t) - α (t))/τdeact, u (t) <α (t)   

                                      Where τact = 10ms, τdeact = 40ms                                    
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The Thelen2003Muscle muscle model in OpenSim inherits a passive component to 

estimate the passive forces and a contractile component to estimate the active forces. OpenSim 

muscle models use constants to determine precise output values. Certain constants are applicable 

to all muscles in the model, whereas, some vary between muscles. The varying constants used in 

OpenSim muscle model (OpenSim, 2017) are F0
M, l0M, ls

T and α0. 

Constants having identical values across all muscles (OpenSim, 2017) are as follows: 

Ɛ0
M=0.6, ktoe = 3, Ɛ0

T = 0.033, klin = 1.712/ Ɛ0
T, ƐT

toe = 0.609 Ɛ0
T, 𝐹T

toe
 = 0.33, kPE = 4, 𝛾 = 0.5,  Af

 = 

0.3, 𝐹M
len = 1.8,  

Force generated by tendon:  

FT (t) = F0
M. 𝐹T (ƐT)                                               ... (OpenSim, 2017) 

 

                                Where 𝐹T (ƐT) = 0.001 (1+ ƐT) +  

Pennation angle of the muscle: 

 

                          α (t) = 

                                                     … (OpenSim, 2017)  

Active fiber forces generated in the muscles: 

Fa (t) = α (t) f1 (lM (t)) = α (t) F0
M 𝑓1 (𝑙M (t)) 

Where  𝑓1 (𝑙M (t)) = 𝑒−(𝑇𝑀(𝑡)−1)
2

/𝛾                                       ... (OpenSim, 2017) 

klin (ƐT - ƐT
toe) + 𝐹T

toe, ƐT> ƐT
toe 

𝐹T
toe 

𝑒
𝑘𝑙𝑖𝑛.

Ɛ𝑇

Ɛ𝑡𝑜𝑒𝑇−1

𝑒𝑘𝑡𝑜𝑒−1
, 0 < ƐT≤ ƐT

toe 

                             0, ƐT ≤ 0 

 

  

 
0, lM (t) = 0 or w/ lM (t) ≤ 0 

𝑠𝑖𝑛−1(
𝑤

𝑙𝑀(𝑡)
) , 0 < w/ lM (t) < 1 

                   𝜋
2
, w/ lM (t) ≥1 
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Passive fiber forces generated in the muscles: 

FPE (t) = F0
M. 𝐹PE (𝑙M (t))                                 … (OpenSim, 2017)             

                                                                                                            1+𝑘𝑃𝐸

𝜀0𝑀 (𝑙M – (1+ Ɛ0
M)), 𝑙M > 1+ Ɛ0

M 

                                                              Where 𝐹PE (𝑙M (t)) =        

                                                                                                             𝑒
𝑘𝑃𝐸.(𝑙

𝑀
−1)/Ɛ0𝑀

𝑒𝑘𝑃𝐸 , 𝑙
𝑀

≤ 1 +  Ɛ0𝑀
 

 

2.3 Hill-type Muscle Model 

The Hill-type muscle model is described in the Figures 2.1 and 2.2. As indicated in Figure 

2.1, the muscle is made up of three elements, where the Parallel Elastic (PEE) element and the 

Contractile Element is connected in parallel and the Series Elastic (SEE) element is connected in 

series to CE. The PEE element represents the passive muscle force and the CE element symbolizes 

the active muscle forces. Finally, the SEE element highlights the muscle tendon relationship. 

 

 

Figure 2.1 Representation of simplified Hill-type muscle model. (Östh, Brolin, & Happee, Active 
muscle response using feedback control of a finite element human arm model., 2011) 

Figure 2.2 shows the relationship between the normalized muscle length and its force 

produced during an activated state (continuous line) and passive muscle state (dotted red line). As 
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shown in the Figure 2.2, the maximum force is generated in the muscle when the length of the 

muscle is optimum, lopt. As the length increases or decreases beyond lopt, the force produced by the 

muscle decreases. 

 

Figure 2.2 Relationship between normalized muscle force and normalized muscle length for 
active and passive muscle states. (Östh, Brolin, & Happee, Active muscle response using 

feedback control of a finite element human arm model., 2011) 

2.4 THUMS Pedestrian Model 

THUMS AM50 Pedestrian model is designed to replicate a 50th Percentile adult male 

which weighs approximately 77 kg and is 175 cm tall. The THUMS pedestrian model is calibrated 

to height of 178.6 cm and 77.6 kg weight (ToyotaMotorCorporation, 2017). Different material 

properties were used across the finite element model to simulate the exact nature of the part. The 

skeletal structure of the THUMS was modeled with elastic-plastic properties, whereas the skin, 

flesh, ligaments and the tendons were modeled using hyperelastic property to resemble their 

working nature. Finally, internal organs and solid parts in the body were declared as 

incompressible materials (Meijer, et al., 2012). The finalized finite element model is divided into 

1.9 million elements having 760,000 nodes to accurately simulate the required results (Toyota 

Motor Corporation, 2017). 
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2.5 Contact Modelling  

Contact definition between two surfaces can be defined using various contact models such 

as elastic contact theory, contact half spaces, Hunts-Crossley contact force etc. (Johnson, 1985) 

2.5.1 Elastic Foundation Model 

According to elastic contact stress theory, the displacement of a point in contact depends 

on the distribution of pressure throughout the contact. This becomes cumbersome as identifying 

the contact at individual location requires solving the integral equation of pressure. Elastic 

foundation force overcomes this difficulty by modeling a bed of springs on one or both the contact 

surfaces where the spring layers push the contact bodies apart (Johnson, 1985). Since all these 

springs are modeled independent of each other, the computational time is less compared to 

traditional contact models.   

2.5.2 Hunt-Crossley Force Model  

In 1975, Hunt and Crossley identified a damping contact model dependent on the position 

and environment of the bodies. This contact model represented the coefficient of restitution 

between the contacts, and hence, it performed well for non-linear contact geometries. This would 

provide a better approximate of the contact force and dynamics parameter (Johnson, 1985). The 

major drawback of this model is that it may not be appropriate for large contact surfaces. 

2.5.3 Other Available Contact Models 

The available elastic and dissipative contact force models can be used based on the contact-

impact scenario during the simulations and each has its own advantages and disadvantages (Flores 

& Lankarani, 2016). Suitable models should be chosen based on contact-impact scenarios. Linear 

Hooke contact model, Nonlinear Hertz model, Non-Linear Lankarani and Nikravesh contact model 

etc. (Machado, Moreira, Flores, & Lankarani, 2012) are some available contact models.  
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CHAPTER 3 

3 MOTIVATION AND OBJECTIVES 

3.1 Motivation 

As per the report by The World Health Organization in 2013, there was an estimated 1.5 

million deaths in the world due to road fatalities, and it is also estimated that one person dies in a 

vehicle accident every 25 seconds (World Health Organization, 2017). These numbers are 

staggering, and highlights the poor nature of the society we are living in. The biggest drawback of 

such scenario is the loss of one’s precious life. Such situations significantly increase the financial 

burden on the victims. To reduce such situations and bring the fatality numbers down, we require 

a better understanding of the overall transportation system and, particular, about the design features 

in the vehicle related to the occupant and the pedestrian safety. This research tries to fill a tiny gap 

in the large void of that problem. 

Better understanding of the human musculoskeletal system is the first step to be considered 

in such a direction. The response of a human during a fatality or a crash scenario plays a vital role 

is understanding the design requirements for a better safety system in any vehicle. There are no 

accurate experimental data or simulation results based on the human’s responsive kinematics 

during a traffic fatality. Such data and its application in the field of occupant and pedestrian safety 

is vital to bring the fatality numbers down. Current safety systems, design requirements and safety 

guidelines are based on the results obtained from passive human models, obtained either 

computationally or experimentally.   

OpenSim, therefore, provides an ideal platform to understand the kinematics of the human 

musculoskeletal system during a crash scenario by considering the activation of the muscles. Such 

platforms provide a clear distinction between the passive and the active state kinematics of the 
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human by considering their muscle excitation levels, activation dynamics, physical dimensions, 

muscles used and various other variables.  

This research is intended to show the availability of OpenSim for better design of safety 

systems by accurately understanding the human’s kinematics during a crash simulation. Due to the 

limited understanding about OpenSim, its industrial applications are limited. This thesis tries to 

extend OpenSim’s reach into industries such are aerospace, railways, sports etc. where better 

understanding of human musculoskeletal behavior is desired. 

3.2 Objectives 

The goal of this study is to identify the difference in kinematic behavior of human model with 

varying muscle activation. Therefore, the following objectives were identified:  

 To design a human musculoskeletal model using OpenSim as per the physical dimensions, 

weights and ‘biofidelity’ nature of the finite element 50th percentile test dummy.   

 To simulate the sled deceleration test at 30 miles per hour set-up using the developed 

OpenSim model which is fastened to the sled using a lap belt under passive and active 

muscles activations.  

 To evaluate the effectiveness of OpenSim to determine the difference in kinematics of the 

developed model under active and passive states. 

 To use the results obtained from the side-pull test conducted using OpenSim and validate 

the developed OpenSim model by comparing its kinematics results with the results 

obtained from LS-Dyna’s simulation.  

 To examine the end results and comment on the usefulness of OpenSim in accurately 

predicting the human behavior during an impact situation. 
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CHAPTER 4 

4 METHODOLOGY 

4.1 Overall Methodology 

A well-constructed approach was utilized to study the effect of muscle activation properties 

on the human kinematics during a frontal crash scenario. The study began by choosing the correct 

musculoskeletal software, OpenSim, which catered to the needs of frontal crash simulation for this 

thesis by providing a suitable control over the model’s muscle properties. Once the ideal software 

was chosen, a musculoskeletal model was constructed as per the physical requirements of hybrid 

III anthropomorphic test dummy. This model was validated and subjected to forward dynamics to 

analyze the kinematic behavior of the model’s lower extremities due to muscle activation. 

4.2 Detailed Methodology 

As per Figure 4.1, the methodology utilized in this study branches into a number of sub-

divisions which was used to validate the OpenSim’s model, perform forward dynamics and 

identify a novel approach to determine the effect of muscle activation on human kinematics.  

        

Figure 4.1 Overall methodology (left) and the detailed methodology (right) adopted for this 
research. 
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4.3 Opensim Model Requirements 

A suitable pre-existing musculoskeletal model was considered and modified to meet the 

project requirements. The musculoskeletal model requirements for this project is as follows: 

1. The OpenSim model needs to represent the physical dimension of the 50th Percentile adult 

male FE model. 

2. The model should represent all the major muscles in lower extremities which are 

considered to be the main contributors towards its movements. 

3. The kinematics obtained by using this model should be validated with the results from a 

reputed platform, LS-Dyna, prior to establishing them as facts in this thesis. 

4. The musculoskeletal model should possess all the necessary skeletal structure required to 

represent a complete human. 

5. Appropriate constraints and degree of freedom should be defined between the geometries 

to simulate an actual motion in OpenSim.  

4.4 Setting-up OpenSim Model 

4.4.1 Choosing the Ideal Musculoskeletal Model 

An ideal model was chosen with certain pre-existing muscles, actuators and degrees of 

freedom that were built into it. The Full-Body Lumbar Spine Model by Raabe, ME & Chaudhari, 

AMW (Raabe & Chaudhari, 2016) was selected for this purpose as it fulfilled the required criteria 

of possessing the required muscles. The physical features of the model i.e. the size and the weight, 

was scaled as per Hybrid III 50th Percentile FE model. Since the focus of this thesis was to study 

the kinematics of the lower extremities, the model was cleaned to include only the muscles and 

actuators for the lower extremities of the musculoskeletal model. Also, care was taken to include 

all the required muscles of the lower extremities into the musculoskeletal model.  
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4.4.2 Defining Muscles in the Model 

Based on the muscle function, Table 4.1 shows all the muscles included for this study.  

TABLE 4.1 

Detailed description of the muscles included in the model. 

 
Right Hip Abduction 

 
10 

glut_max1_r glut_med1_r glut_med2_r 
glut_med3_r glut_min1_r glut_min2_r 
glut_min3_r peri_r sar_r tfl_r 

 
Right Hip Flexion 

 
10 

add_brev_r add_long_r glut_med1_r 
glut_min1_r grac_r iliacus_r pect_r 
rect_fem_r sar_r tfl_r 

Right Hip Internal rotation 4 glut_med1_r glut_min1_r iliacus_r tfl_r 
 
Right Hip External rotation 

 
5 

gem_r glut_med3_r glut_min3_r peri_r 
quad_fem_r 

 
Right Hip Extension 

 
12 

add_long_r, add_mag1_r, add_mag2_r, 
add_mag3_r, bifemlh_r, glut_max1_r, 
glut_max2_r, glut_max3_r, glut_med3_r, 
glut_min3_r, semimem_r, semiten_r 

 
Right Hip Adduction 

 
10 

add_brev_r add_long_r add_mag1_r 
add_mag2_r add_mag3_r bifemlh_r grac_r 
pect_r semimem_r semiten_r 

 
Right Knee Bend 

 
8 

bifemlh_r bifemsh_r grac_r lat_gas_r 
med_gas_r sar_r semimem_r semiten_r 

Right Knee Extension 4 rect_fem_r vas_int_r vas_lat_r vas_med_r 
 
Right Ankle Plantarflexion 

 
8 

flex_dig_r flex_hal_r lat_gas_r med_gas_r 
per_brev_r per_long_r soleus_r tib_post_r 

 
Right Foot Inversion 

 
5 

ext_hal_r flex_dig_r flex_hal_r tib_ant_r 
tib_post_r 

Right Ankle Dorsiflexion 4 ext_dig_r ext_hal_r per_tert_r tib_ant_r 
Right Foot Eversion 4 ext_dig_r per_brev_r per_long_r per_tert_r 

As shown in the Table 4.1, the muscles are differentiated based on their functionality and 

location in the right half of the body. The muscle’s naming conventions is similar to standard 

OpenSim naming conventions and it is based on the muscle’s location and function. In the Table 

4.1, the last character (r) in the muscle’s name denotes that the muscle is located towards the right 

side of the sagittal plane. Since the model is symmetric about this plane, exactly similar muscles 
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have been created on the left side of the sagittal plane. Also, similar naming conventions has been 

followed for these left sided muscles, where the last term, r, of the muscle’s name from the Table 

4.1 will be replaced with letter l, referring to the initials of the word left.  

4.4.3 Model Constraints 

All the skeletal bodies in the models are constrained to specific degrees of freedom to 

prevent any unrealistic movements of the bodies and, therefore, it provides a realistic replication 

of the required human kinematics without violating its actual functioning rules. Numerous types 

of joints are defined in the skeletal model. The Table 4.2 highlights several types of joints and 

degrees of freedom applied between the joints in the musculoskeletal model.  

TABLE 4.2  

Various degrees of freedom and motion ranges on various parts of the model used in the 
simulation. 

Body and Joints Degree of Freedom Range of Motion 
Tx Ty Tz θx θy θz 

Sled X  X X X X Only Y-Displacement 
Pelvis       All 
Hip X X X    Flexion, Abduction, Rotation 
Knee X X X  X X Only X-Rotation 
Ankle X X X  X X Only X-Rotation 
Torso X X X    Flexural extension, Lateral 

bending, Axial Rotation 
Spinal Vertebrae, L1-L5 X X X    Flexural Extension, Flexural 

Bending, Flexural Rotation 
Arms X X X    Flexion, Abduction, Rotation 
Elbow X X X  X X Flexion, Rotation 
Wrist X X X X X  Flexion 

 

4.4.4 Contact Modeling 

Elastic foundation model and Hunts-Crossley force model are the two contact models used 

in this study. Suitable contact model are decided based on the contact surface, contact behavior 

and distance between the surfaces. Elastic foundation model is used to define contacts between the 
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meshed bodies and provides an ideal contact behavior between them. But, using this contact 

requires higher processing capacity and time as compared to Hunts-Crossley model.  

Initially, only Hunts-Crossley force model was applied in the model, but this approach 

resulted in large penetration between bodies and irregular contact behavior. Some observed 

examples of contact penetration was between the torso, sled, seat belt and the pelvis. Therefore, to 

overcome this drawback, the contacts models between those bodies and parts was changed to 

Elastic Foundation model. The contact parametric values used in this simulation are held constant 

across all the contact types defined. The Table 4.3 describes the various contacts models defined 

between the different bodies used in this research.  

TABLE 4.3 

Contact model used between various parts of the model. 

Bodies Contact Model 
Thorax, sled Elastic Foundation Model 
Pelvis, Sacrum, Sled Elastic Foundation Model 
Femur, Sled Hunts Crossley Model 
Tibia, Sled Hunts Crossley Model 
Foot, Sled Hunts Crossley Model 

 

4.4.5 Contact Parameters 

The Table 4.4 highlights the contact parameters used in this thesis. These contact 

parameters were maintained constant for both, Elastic Foundation model and Hunt-Crossley force 

model during the simulation. 

TABLE 4.4 

Generic contact parameters used the model. 

Stiffness 8E07 N/m 
Dissipation 0.5 
Static Friction 0.3 
Dynamic Friction  0.3 
Viscous Friction 0 
Transition Velocity 0.1 m/s 
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4.4.6 Meshing the Bodies 

Since the Elastic Foundation model defines contacts between the meshes, the 

musculoskeletal bodies such as thorax, pelvis etc. were meshed with three dimensional tetrahedral 

elements using a platform called ParaView (Sandia National Laboratory, Kitware Inc, Los Alamos 

National Laboratory, U.S.A). These meshes were imported into the OpenSim and mapped to its 

location onto its parent body. Bodies were chosen to be meshed only if the Hunt-Crossley contacts 

defined between them didn’t perform as desired. 

4.4.7 Contact Half Spaces  

A contact half space is an infinite plane defined in a specific location in space, where one 

side of the plane is used to define the contacts with other bodies as required. Sled, used for the 

analysis, was designed using two perpendicular contact half spaces joined using a weld joint, 

thereby, restricting all twelve degrees of freedom between them. The joined half spaces resembled 

a sled with two perpendicular faces. Suitable contacts models were later defined between the half 

spaces, musculoskeletal bodies and the meshed models, with reg (Machado, Moreira, Flores, & 

Lankarani, 2012)ulated contact parameters.   

4.4.8 Musculoskeletal Model Positioning  

After defining appropriate contacts between the musculoskeletal model and the sled, the 

model positioning was done to locate the model in the desired manner on the sled. This positioning 

was performed to replicate the human model to an occupant in a vehicle with a lap belt. The degrees 

of freedom and constraint between the joints and bodies were adjusted to achieve the required 

positioning. The model was translated and rotated as desired to bring it in a close vicinity to the 

sled, with minimal or negligible contact distance between them. This step was performed to 

achieve an equilibrium position before conducting the actual simulation. To achieve this 

equilibrium position of the model, an initial simulation was performed for 5 seconds with the sleds 



25 
 

constrained in all of its 6 degrees of freedom. Later, the model was allowed to drop under gravity 

and come into a rest position on the sled, until the model’s positional equilibrium was achieved. 

This final position was used as the starting position for all the future simulations.  

4.4.9 Seat belt 

Seat belt was modeled as a solid part using CATIA V5 modeling platform and then the 

STEP file of this modeled part was used to extract the mesh. Since OpenSim only accepts only 

certain file extensions for a meshed object, ParaView, an open source platform, was used to extract 

the required mesh file.  

4.4.10 Defining Gravity 

Acceleration due to gravity, 9.81m/s2, acting in Z-direction was defined throughout the 

simulation. 

4.4.11 Prescribing Acceleration 

The acceleration profile for the Opensim Sled model was obtained from New Car 

Assessment Program’s (NCAP) Frontal Barrier Impact Test. During this test, a Ford Taurus 4 door 

sedan with frontal airbags was driven into a concrete barrier at 35 miles per hour. Accelerometers 

placed at various locations in the car were used to record the displacements, velocity, acceleration, 

force and moment before, during and after the crash. These accelerometers recorded data for a 

duration of 0.2 seconds during the impact. Acceleration data of the driver seat extracted from these 

results was used as input acceleration for the sled in the OpenSim simulation (Sasikumar, 2012). 

4.5 Defining Muscles 

4.5.1 Default muscle parameters 

The Table 4.5 shows the default parameters for all muscles used throughout the 

musculoskeletal model. These parameters would become effective only if no independent 

parameters were defined for individual muscles in the models. These were obtained from the 
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Thelen2003Muscle model (OpenSim, 2017) and the results are based on the study by Felix E. 

Zajac in 1989 to understand dynamic behaviors of muscles and interaction between muscles and 

tendons.  

TABLE 4.5 

Default muscle parameters used in the model. 

Parameter Value 
Optimal Force 1 
Maximum Isotropic Force 546 
Optimal Fiber Length 0.0535 
Tendon Slack Length 0.078 
Pennation Angle at Optimal 0 
Maximum Contraction Velocity 10 
Activation Time Constant 0.01 
Deactivation Time Constant 0.04 
Maximum Tendon Strain 0.033 
Maximum Muscle Strain 0.6 
Shape Factor for Active Muscles 0.5 
Exponential Shape Factor for Passive Muscles 4 
Force Velocity Shape Factor 0.3 
Maximum Normalized Lengthening Force  1.8 

4.5.2 Muscle Properties 

The muscles used in the musculoskeletal modeling have different optimum muscle lengths, 

tendon slack lengths, optimum isometric forces and optimum pennation angle, based on their 

lengths, constraints, orientation and fiber density. These values were evaluated based on 

experimental measurements and mathematical modeling by Raabe (Raabe & Chaudhari, 2016) and 

included in this research for accurate results.  The principles of muscle activation in this research 

is based on the work by Thelen2003 activation model (OpenSim, 2017), where the activation 

dynamics follows the first-order dynamics. Two primary components are required to produce 

muscles forces. They are: 

1. Excitation signals. 

2. Activation signals 
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Both these properties represent the actual working of the muscle. The muscles first receive 

excitation signal from the motor units of the muscles and, based on the strength of these signals, 

calcium ions are released to form bridges between the muscle fibers, thereby, contracting them. 

4.5.3 Activation Properties 

The excitation and activation signals are represented by a unit less value, between 0-1, in 

this model. In this research, 0 and 1 for excitation and activation signals are represented as follows: 

1. 0 - No excitation or activation in the muscle filaments. 

2. 1 - Complete excitation and activation in the muscle filaments.  

To consider the musculoskeletal model to be completely active during the acceleration 

scenario, the muscles were assumed to be completely contracted to produce peak muscle forces. 

Therefore, both the excitation and activation signals were maintained at 1. 

4.6 Results 

Frontal impact simulations were obtained using the developed OpenSim model during the 

active and passive muscle states under identical procedures, modeling platform and boundary 

conditions. The kinematics behavior of the model was obtained for these two states, with and 

without muscle activation. Focus was on identifying the change in the kinematics of the model’s 

lower extremities under different muscle activation levels and, then, tabulating the acquired results.   

4.7 Comparison 

 The results obtained from these two simulations, with muscle activation and without 

muscle activation, was compared and evaluated. The difference in musculoskeletal kinematics was 

observed and recorded. Displacements of the bodies and joints undergoing maximum change from 

the initial position was recorded and commented upon. Conclusions and recommendations were 

drawn from such observations. 
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CHAPTER 5 

5 MODEL EVALUATION FOR REPRESENTING PEDESTRIAN/VEHICLE COLLISION 

 

5.1 General Description 

Since its inception, OpenSim, as a modeling platform, has rarely or never been used to 

analyze the occupant’s response during the frontal impact crash. Therefore, there is little known 

information about the accuracy of the output from OpenSim as compared to traditionally used 

simulation platforms such as LS-Dyna, MADYMO etc. An evaluation procedure was established 

by identifying the accuracy in kinematic prediction of OpenSim as compared to LS-Dyna.  

 

Figure 5.1 Process used to validate OpenSim model. 

Figure 5.1 shows the methodology employed to compare and validate the developed 

OpenSim Model. Toyota’s THUMS pedestrian FE model (Version 4), 50th Percentile adult male, 

along with Yaris car FE model was used to perform evaluation simulation in LS-Dyna explicit 

code. In this simulation, the Yaris car accelerating at 30 miles per hour was made to impact the 

THUMS pedestrian model. Nodal data from 27 desired locations on the THUMS was extracted 

from the crash simulation and used as an input for the inverse kinematic analysis in OpenSim. The 

evaluation was performed based on the accuracy of the kinematics obtained from both platforms.   

5.2 Marker Positioning 

To facilitate ideal replication of the kinematics in both the platforms, 27 marker positions 

were chosen at prescribed positions on the musculoskeletal model as shown in Figure 5.2. The 

marker positions are mentioned in Table 5.1. 
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TABLE 5.1 

The various marker positions used to perform inverse kinematics in OpenSim. 

SL. No. Marker Location SL. No. Marker Location 
1 Front Head 15 Right Toe 
2 Right Shoulder 16 Left Shoulder 
3 Right Offset (Chest) 17 Left Elbow 
4 Right Elbow  18 Left Wrist  
5 Right Wrist 19 Left Pelvis 
6 Right Pelvis 20 Left Thigh 
7 Sacrum 21 Left Knee 
8 Right Thigh 22 Left Knee Medial 
9 Right Knee 23 Left Shank 
10 Right Knee Medial 24 Left Ankle 
11 Right Shank 25 Left Ankle Medial 
12 Right Ankle 26 Left Heel 
13 Right Ankle Medial  27 Left Toe 
14 Right Heel   

 

Figure 5.2 Marker’s positions on the OpenSim musculoskeletal model (left) and the human 
volunteer (right). 
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It also shows the human subject prior to the evaluation test with physical markers placed 

in the 27 required locations as per the OpenSim’s model. 

5.3 Inverse Kinematics 

To get an inverse kinematic simulation from OpenSim, a laboratory experiment was 

performed to obtain the motion data from a live human subject. A controlled experiment was 

conducted on the volunteer to obtain the relevant information, Figure 5.3, required to run an inverse 

kinematic simulation. As shown in the Figure 5.3, OpenSim requires three files to perform an 

inverse kinematic simulation and they are as follows: 

1. OpenSim model: This is the developed OpenSim model that will be scaled and used to 

obtain the output. 

2. Marker trajectory file: This file is generated using the Cortex platform and, as the name 

suggests, contains the trajectory of the 27 markers placed on the live human subject and 

captured using 12 motion cameras at 200 frames per second. 

3. Set-up file: This file contains the setup information required for the markers and, 

accurately, tracks the marker trajectory in the software as compared to the motion data. 

This tracking accuracy is based on the marker weights defined in the file.    

 

Figure 5.3 Process chart explaining the working of inverse kinematics in OpenSim (OpenSim, 
2017). 
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5.4 Human Subject 

This experiment required a human with physical weight and size representing the 

Anthromorphic 50th percentile human model. An ideal person was chosen with height of 176 

centimeters and 76 kilograms in weight which was around the requirements of a 50th Percentile 

FE model (177 centimeters and 77 kilograms).  

Since the subject was chosen to match the requirements of the 50th percentile human model, 

the OpenSim model, used to perform the inverse kinematics, was scaled to the required size and 

weight of this subject. OpenSim scale tool is used to perform the scaling operation, where the 

static marker data from the live human subject is used to obtain the scaled OpenSim model. This 

model acts as a base model to perform the inverse kinematics and forward dynamics in OpenSim. 

5.5 Scaling the OpenSim Model 

This experiment involved applying a relevant force to pull a subject toward his side and 

record his motion data using the motion capture cameras. As the part of the preparation, 27 

reflective markers were placed on the human subject on locations as per the Figure 5.1. It was 

made sure that the markers were in contact with the skin by ensuring the human subject wore 

minimal clothing. The subject wore a climbing harness around his waist to ensure even distribution 

of load around his hips, and also to prevent any injury. The harness was connected to a rope and a 

force transducer (to record the applied force). The subject was placed ideally on force plates, to 

record ground reaction forces, and pulled with a certain force causing the subject to fall. A mattress 

was used to break the subjects fall and prevent any injury. As the subject fell, his motion data 

pertaining to the 27 markers affixed on him was tracked and recorded using the 12 motion cameras 

at 200 frames per second. This data was recorded, stored and post-processed using the Cortex 

platform. The Figure 5.4 highlights the sequence of steps in the side pull experiment. 
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5.6 Inverse Kinematics: Side Pull Experiment 

The images in Figure 5.4 are placed in a sequential order of the experiment performed. 

These sequential images, ‘Z’ order from top left, highlights the different kinematics which the 

subject undergoes during his side pull experiment. During this test, the human volunteer, prepared 

as per the Figure 5.2, is subjected to a side pull test with a certain measured force. The movement 

of the volunteer is recorded based on the markers displacement data obtained using the motion 

cameras. The expected output of this side-pull test was a motion file, obtained using the motion 

cameras, which was used to perform the inverse kinematic analysis in OpenSim. 

 

Figure 5.4 Side-pull experimental test on a human volunteer. 

The Figure 5.5 shows the kinematic response of the musculoskeletal model obtained using 

the marker data from the experimental volunteer side-pull test. This simulation shows the various 
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positions of the human musculoskeletal model obtained at different time frames. Using the motion 

capture data in the inverse kinematics domain in OpenSim, a simulation depicting an accurate 

kinematics of the human volunteer was obtained.   

OpenSim’s inverse kinematic domain utilizes all marker’s positional data to accurately 

replicate the displacements of the volunteer into the human musculoskeletal model. Upon 

comparing Figure 5.4 and Figure 5.5, it can be concluded that the OpenSim reproduces the 

kinematics of the side-pull experiment in the human musculoskeletal model with near accuracy. 

 

Figure 5.5 Inverse kinematic simulation (clockwise from top left) of side-pull test obtained using 
OpenSim. 
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5.7 Model Evaluation 

The model Evaluation experiment can be divided into two stages: 

1. Perform a crash analysis in LS-Dyna (Oasys PRIMER) using a pedestrian human FE model 

and a FE car model (Yaris) at 30 miles per hour and obtain the nodal displacement results 

from the simulation. 

2. Using the nodal displacement results from the above simulation, perform inverse 

kinematics on the developed musculoskeletal model in OpenSim. 

5.8 Model Preparation 

The model preparation involved the following: 

1. Orienting the THUMS model and the Yaris car model in the required direction and positions 

as per Figure 5.6. 

2. Defining suitable contacts properties between the Yaris car and the THUMS model. 

3. Prescribing the motion of the car as per the constrained nodal directions. 

4. Prescribing 30 miles per hour constant acceleration without any damping effect.  

5.9 FE models: THUMS 50th Percentile Pedestrian Model and Yaris Car Model 

THUMS model (version 4) along with the Yaris car model was used to perform the crash 

analysis in Oasys PRIMER (Oasys, USA). The THUMS model is a very complex and advanced 

human FE model available till date, containing around 2 million elements, along with accurate 

depiction of human internal organs. This model along with the Yaris car model is set-up as per the 

Figure 5.6. 

The Figure 5.6 shows the THUMS model along with the Yaris car model. Left side image 

depicts the models in shaded element mode with mesh turned off and the right image represents 

the models divided into mathematical finite elements.   



35 
 

 

Figure 5.6 Finite Element model of Toyota’s THUMS and Toyota’s Yaris Car. 

5.10 Marker Positions on FE Model 

 

 
 

Figure 5.7 Marker locations on the THUMS Finite Element Model 
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The 27 required nodal positions for the THUMS model is highlighted in the Figure 5.7. 

These locations were based on the marker position in the OpenSim’s evaluation model. Since the 

THUMS model is divided into, approximately, 2 million elements, it is extremely strenuous to 

locate an identical location on OpenSim musculoskeletal and THUMS human FE model. Due to 

this, approximate locations are fixed for all the 27 nodal points as per OpenSim model’s marker 

positions. The Table 5.2 shows all the nodes selected in the THUMS FE model which replicate the 

marker location. Displacement data of these nodes are used in Opensim to replicate the crash 

kinematics.  

TABLE 5.2 

Finite Element Model Nodal locations replicating Opensim model’s marker location 

SL. 
No. 

Marker Location Node Number SL. 
No. 

Marker Location Node Number 

1 Front Head 88279223 15 Right Toe 81011196 
2 Right Shoulder 89603116 16 Left Shoulder 89103083 
3 Right Offset 

(Chest) 
89581716 17 Left Elbow 86025324 

4 Right Elbow  85025362 18 Left Wrist  86024066 
5 Right Wrist 85024073 19 Left Pelvis 83007735 
6 Right Pelvis 83507554 20 Left Thigh 82050552 
7 Sacrum 83008206 21 Left Knee 82083009 
8 Right Thigh 81050560 22 Left Knee Medial 82082848 
9 Right Knee 81083024 23 Left Shank 82083695 
10 Right Knee Medial 81082295 24 Left Ankle 82004513 
11 Right Shank 81083697 25 Left Ankle Medial 82004516 
12 Right Ankle 81004684 26 Left Heel 82004098 
13 Right Ankle 

Medial  
81004864 27 Left Toe 82011197 

14 Right Heel 81004100    
 

5.11 Specified Acceleration 

As shown in Figure 5.8, the Yaris car finite element model was prescribed an initial 

velocity of 30 miles/hour (134112 mm/sec), in the negative X-direction, to impact with the 

appropriately placed THUMS finite element model.   
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Figure 5.8 Velocity specified to the Yaris car during the FE simulation. 

5.12 Kinematics from the Crash Simulation 

The THUMS finite element model was subjected to 13410 mm/sec impact velocity from a 

finite element Yaris car model. The THUMS model’s kinematics was then recorded as shown in 

the Figure 5.9.  

The simulation was performed until both the legs of the THUMS model took flight and the 

model achieved a nearly horizontal position. The finite elements of model is hidden and only the 

smooth outer layer is shown to effectively display the crash kinematics of the THUMS model. 

 
Time: 0 seconds                                                     Time: 0.05 seconds 
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Figure 5.9 Crash kinematics of the THUMS model with Yaris car at 30 miles per hour. 

The Figure 5.9 shows the kinematics of the THUMS model at four specific time frames, 0, 0.05, 

0.1 and 0.15 seconds, obtained from the crash simulation. 

5.12.1 OpenSim Evaluation  

This method also acts as a novel technique to evaluate the muscle contribution during the 

human model FE simulation. Opensim software was validated with respect to LS-Dyna based on 

the exactness of the model’s kinematics response obtained for a similar displacement data. The 

nodal displacement data was obtained as an output from the LS-Dyna crash simulation and it was 

later used as an input file to perform inverse kinematics in Opensim. The kinematics obtained 

using Opensim’s inverse kinematic domain was found to be visually similar to THUMS’s 

kinematics.   

Nodal displacements of the nodes specified in the Table 5.2 was requested as output from 

the FE crash simulation. This acted as an input file for Opensim’s inverse kinematic simulation. 

The requested FE nodal displacements was used to modify the marker displacement data of the 
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side-pull experimental test. This would replace the kinematics displacement data of the side-pull 

test with that of the THUMS model’s nodal displacement data.  

The kinematics of the volunteer in the side-pull test was recorded in the form of three 

dimensional displacements of the 27 markers, mentioned in Table 5.2, using Cortex motion capture 

software. A similar three-dimensional displacement data of a correspondingly placed nodes was 

obtained from the FE crash simulation. Since both these files contained similar data, motion 

captured displacements were edited to replace its numerical values with nodal displacements 

values. Significant care was taken to ensure same coordinate system was used during both cases.  

The edited marker displacement file was used to perform the inverse kinematic simulation 

on OpenSim and record its kinematic motion. By visually comparing the kinematics of the 

OpenSim simulation with that of the THUMS FE model’s crash kinematics, a conclusion was 

drawn to evaluate OpenSim software.     

5.12.2 Comparing the THUMS FE and OpenSim model’s kinematic response  

To evaluate the biofidelity nature of the OpenSim model, the kinematics of the OpenSim 

model was compared with the kinematics of the THUMS models under identical frontal crash 

conditions. The Figure 5.10 shows the kinematic responses of the musculoskeletal and the THUMS 

model at three different time frames. Top left image depicts the initial position of the model at 

time frame of 0 second, whereas the top right and bottom images depicts the kinematic responses 

at the time frame of 0.05 and 0.1 seconds respectively.   

 Using this comparison, the Opensim model can be evaluated for its application in 

determining the occupant’s kinematic response during a frontal crash. OpenSim successfully 

utilized the nodal displacements from an explicit simulation into its static or base file, obtained 

from side-pull test, to replicate kinematics of the human model from the simulation.  
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There are visible difference in the kinematic behavior of the model in the regions above 

the pelvis including the upper extremities, but these differences are considered to be negligible as 

the bodies under consideration did not deviate by a large margin. From Figure 5.10, it can be 

concluded that the OpenSim and THUMS models have reasonably similar kinematical responses. 

Therefore, the developed OpenSim model is declared suitable to identify occupant’s responses.  

 
              t= 0 seconds                                                                    t= 0.075 seconds 

 
t=0.125 seconds 

Figure 5.10 Comparing the kinematic motion between the Opensim’s human musculoskeletal 
model and THUMS FE model. 
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CHAPTER 6 

6 PROCEDURE FOR MODELING AND SIMULATIONS OF CAR OCCUPANTS IN A 

FRONTAL CRASH USING OPENSIM  

 

6.1 Overview 

To accurately model and simulate the frontal crash scenario and study the occupant’s 

kinematics behavior, a sequence of steps was followed as per Figure 6.1. This approach ensured 

that all the requirements for obtaining the end results was met.  

As per the Figure 6.1, the procedure began by constructing a detailed human 

musculoskeletal model using an appropriate modeling platform, OpenSim. The sled was modeled 

using Opensim whereas the seat belt was modeled using a CAD software and then imported as a 

mesh into OpenSim. The musculoskeletal model was designed to have suitable range of motions 

at all body joints, which would replicate all the range movements capable by the hybrid III ATD. 

Accurate muscle properties was allotted to all the muscles in the model, including applicable 

muscle activation levels. The human model was positioned on the sled and appropriate contact 

models were defined between the sled, human and the seat belt. Forces derived from NCAP’s 

frontal impact tests was used to prescribe the motion of the sled. The outcome of this study yielded 

simulations results which highlighted the effect of muscle activation on human kinematics. 

 

Figure 6.1 Sequence of steps followed for modeling and simulations of car occupants in a frontal 
crash scenario. 
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6.2 Constructing Musculoskeletal Model  

The main objective behind this research was to identify the difference in human occupant’s 

kinematics with and without activated muscles using the forward dynamic approach available in 

OpenSim. Preference was given to lap belt over the three-point seat belt to consider the occupants 

of airlines and to simplify the simulation.  

A modified version of the Full-Body Lumbar Spine (FBLS) model by Margaret E. Raabe 

and Ajit M.W. Chaudari was chosen for this research (Raabe & Chaudhari, 2016). This model was 

originally developed for performing gait running analysis and to obtain dynamic simulations from 

it. Back muscles originally included in the model were removed and the existing leg muscles were 

retained for the research. The muscles included in the musculoskeletal model are mentioned in 

Table 1. Initial attempts to include all the major muscles in the human body resulted in enormous 

simulation time. This caused delay in reading outputs and making appropriate changes to the 

model. Therefore, focus was driven towards using only the lower limb muscles rather than that of 

the whole body. Various joints, degrees of freedom and range of motion were defined between all 

the adjacent body parts as per the data in the Table 4.2.  

The musculoskeletal model was initially scaled to meet the size and dimension criteria on 

50th percentile finite element human model. To scale the model, an ideal human subject was chosen 

whose height and weight matched the criteria. A laboratory experiment was conducted to capture 

the static marker positions placed on 27 chosen joint locations on the subject. The marker data 

obtained using the motion cameras was used in the OpenSim tool to obtain the musculoskeletal 

model, scaled to the human subject as shown in the Figure 5.2. This OpenSim model formed the 

base for the acceleration simulation performed in this research.  
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6.3 Modeling Sled 

To replicate the sled in the vehicle, two contact half spaces were used to create the sled. 

Both the contact half spaces were then combined using the weld joint between them. The 

conclusive results of this is a rigid contact half space, as shown in the Figure 6.2, with the normal 

facing away from the musculoskeletal model. Ground was defined using a contact half space and 

the modeled sled was provided with a sliding contact with the ground. The sled was constrained 

with the ground to translate only in the global y-direction of the musculoskeletal model. A mass 

of 40 kilograms was specified for the sled during this simulation.  

 

Figure 6.2 Visualization of the sled and ground created from Half Spaces in OpenSim. 

The Figure 6.2 shows the isometric and side view of the sled along with the ground, 

modeled using contact half spaces with the sled oriented in the y-direction. 

6.4 Positioning the OpenSim Model on the Sled 

The musculoskeletal model was initially translated and positioned to be near the vicinity 

of the sled. Using the defined coordinate properties of all the bodies and joints, the model was 

position on the sled approximately in the seated position to identify the bodies between which 

proper contacts had to be defined.  
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6.5 Defining Contacts 

Ideal contacts were defined between bodies as mentioned in the Table 4.3. Initially, all 

contacts in the simulation were modeled using Hunt-Crossley force model, but, due to penetration 

and unpredictable behavior of the contacts, Elastic foundation model was used to replace Hunt-

Crossley force to achieve the desired effect. This led to the creation of meshes for the bodies that 

was involved in the Elastic foundation model. 

To obtain the meshed files for the bodies in contact such as thorax, pelvis and sacrum, the 

.obj file format of the original geometries, obtained from Raabe (Raabe & Chaudhari, 2016), was 

converted into the desired meshes using ParaView and MeshLab as the converting tool. 

Since the seat belt was designed to be a rigid body, there was no material or mass properties 

defined for the model.  

Appropriate contact models were specified between the required bodies as per the Table 

4.3. These contact models were complemented with contact parameters, as per Table 4.4, which 

was maintained constant for both the contact models.    

6.6 Designing Seat Belt 

A two point lap belt was designed to be used with the human model and the sled for the 

simulation. The lap belt was designed based on the geomotry and size of the pelvis as it was 

required to wrap around it. The functionality of the designed lap belt was to prevent horizontal 

translation of the pelvis in the opposite direction to the applied acceleration and keep the model in 

place.  

An ordinary lap belt was designed in CATIA V5 with dimensions of 3 inch wide, 10 inch 

long and .05 mm thick as per Figure 6.3. A mesh of this CAD was obatined, as per Figure 6.3, 

right, to define Elastic foundation model between the pelvis and thorax. Since the main aim of this 

research was to identify the differemce in kinematics of the model in active and passive states, the 
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anchoring points for the lap belt was considered unimportant. A weld constrint was defined 

between the lap belt and the sled, thereby, restricting all degrees of freedom between them and 

making it a rigid body. 

Therefore, it was made sure that the lap belt wrapped around the pelvis of the model 

perfectly and anchored at either sides of the model at arbitrary points on the sled close to the model, 

as shown in Figure 6.2.  

 

Figure 6.3 CAD geometry of the seat belt (left) and mesh file (right). 

Left side image in Figure 6.3 shows the CAD geometry used to crete the mesh file and 

right one shows the mesh geometry obtained using ParaView. 

6.7 Equilibrium Position of the Model 

For accuracy and achieving near perfect results, it was necessary to bring the human model 

to equilibrium with the stationary sled. Once the correct contacts were defined, the musculoskeletal 

model was shaped to the required seated position on the sled but with negligible gap between the 

Hunt-Crossley force contact spheres and the meshed bodies. Only gravity was applied to the 

OpenSim system without the application of any external acceleration or loads. The scenario was 

simulated over the duration of 5 seconds that was sufficient to let the model fall into position onto 

the sled and achieve an ideal equilibrium position. This position was, therefore, recognized as the 
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desired position to perform the simulation on the model. The gravity of 9.81 m/s2 was defined on 

the musculoskeletal model acting in negative Z-direction.  

6.8 Constraints and Boundary Conditions 

Since the musculoskeletal model had all the bodies customizable to the required orientation 

and location in the simulation, the developed model and sled was provided with certain range of 

motion. These are specified in the Table 6.1. 

TABLE 6.1 

The numerical values for the constrained motion used in the musculoskeletal model. 

 
Body and Joints 

Degree of Freedom           
Units: meters, degrees 

 
Range of Motion 

Tx Ty Tz θx θy θz 
Sled X 10 X X X X Only Y-Displacement 
Pelvis 10 3 6 180 180 180 All 
Hip X X X 240 240 240 Flexion, Abduction, 

Rotation 
Knee X X X 130 X X Only X-Rotation 
Ankle X X X 180 180 X Only X-Rotation 
Torso X X X 12.5 50 112 Flexural extension, Lateral 

bending, Axial Rotation 
Spinal Vertebrae, L1-L5 X X X    Flexural Extension, Flexural 

Bending, Flexural Rotation 
Arms X X X 180 210 180 Flexion, Abduction, 

Rotation 
Elbow X X X 150 Y Y Flexion, Rotation 
Wrist X X X X X 140 Flexion 

 

6.9 Contact Parameters 

Once the human model was modeled with required muscles, bodies, constraints etc. and 

positioned over the sled in the equilibrium position, contact parameters were defined for the 

contact models. Parameters such as dissipation, static friction, dynamic friction and viscous 

friction was defined for both the contact models, Elastic foundation and Hunt-Crossley force 

model. The values used for the contact parameters is defined in the Table 4.4. 
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The dissipation co-efficient used between the contact bodies is maintained at 0.5, where 0 

represents no dissipation of energy between the surfaces and 1 represents maximum transfer of 

energy between the surfaces. Dissipation here basically refers to the conversion of kinetic energy, 

between bodies during sliding or rolling, into internal thermal energy. Since the main goal was to 

differentiate the kinematics during rapid acceleration, an arbitrary value of 0.5 was used to define 

the dissipation for both the states of the contact model.  

Static friction between the contact bodies was defined as 1 to prevent any sliding between 

the bodies. Dynamic (a.k.a. kinetic friction) friction between the bodies was specified as 0.5 in this 

model. Since the sled material was unknown and irrelevant for this research, the dynamic friction 

between the sled and human model was assumed to be 0.5. 

Finally, since there was no fluid medium used between the contact surfaces, the viscous 

friction coefficient was maintained 0 for both states of the model.  

6.10 Muscle Properties 

A total of 84 muscles, as specified in Table 4.1, was used to in this study to identify its 

effect on the kinematic behavior in activated state. These muscles were ideally located as per their 

locations in the human body and created as per the Thelen 2003 muscle model. An example of the 

Thelen model used in this research is shown below.  

<Thelen2003Muscle name="glut_med1_r"> 
<GeometryPath> 
<PathPointSet> 
<objects> 
<PathPoint name="glut_med1_r-P1"> 
<location> -0.0408 0.0304 0.1209</location> 
<body>pelvis</body> 
</PathPoint> 
<PathPoint name="glut_med1_r-P2"> 
<location> -0.0218 -0.0117 0.0555</location> 
<body>femur_r</body> 
</PathPoint> 
<max_isometric_force>1228.5</max_isometric_force> 

This identifies the 
location of the 
muscle. The start and 
end point of the 
muscle are 
highlighted. The 
parent body, Femur, 
of the muscle is 
shown here  
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<optimal_fiber_length>0.0535</optimal_fiber_length> 
<tendon_slack_length>0.078</tendon_slack_length> 
<pennation_angle_at_optimal>0.13</pennation_angle_at_optimal> 
<activation_time_constant>0.01</activation_time_constant> 
<deactivation_time_constant>0.04</deactivation_time_constant> 
<FmaxTendonStrain>0.033</FmaxTendonStrain> 
<FmaxMuscleStrain>0.6</FmaxMuscleStrain> 
<KshapeActive>0.5</KshapeActive> 
<KshapePassive>4</KshapePassive> 
<Af>0.3</Af> 
<Flen>1.8</Flen> 
</Thelen2003Muscle> 

Similarly, all the 84 muscles used in the musculoskeletal model have their properties 

defined as per their function and design. These properties and constants used in this research have 

been derived from parent model, Raabe (Raabe & Chaudhari, 2016). For all the muscles used in 

the model without any defined parameters, the default parameters in Table 4.5 will be applicable.  

6.11 Initial Position of the Musculoskeletal Model 

The OpenSim human model is positioned on the sled as per the Figure 6.6. The Table 6.2 

shows the initial positions of various bodies and joints of interest in this study. This initial position 

data is recorded to identify the change in the kinematics under different test conditions.  

TABLE 6.2 

Initial position of the musculoskeletal model 

 
Body and Joints 

Initial Position (meters, degrees) 

Tx Ty Tz θx θy θz 
Sled X 0 X X X X 

Pelvis X 0 X X 0 0 
Right Hip X X X 90 X 0 
left Hip X X X 90 X 0 

Right Knee X X X 0 X X 
Left Knee X X X 0 X X 

Right Ankle X X X 0 X X 
Left Ankle X X X 0 X X 

Variable 
Muscle 

Properties 
are shown 

here 
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6.12 Scaling the Musculoskeletal Model 

The Figure 6.4 shows the evolution of the musculoskeletal model from a reference model 

of Raabe (Raabe & Chaudhari, 2016) to a model, scaled to the dimensions of the human subject. 

The initial two images in the Figure 6.4 are the anterior and posterior views of the Raabe 

Full Body Model. The model displays various muscles being used in it along with the all the bone 

structures of the model. The model is positioned upright with all parts in default position. 

The final two images in the Figure 6.4 represent the scaled model with visible changes in 

the body structure and the addition of markers. To perform scaling of the Raabe model, 27 motion 

data markers, as shown in final two images of the Figure 6.4, were placed on the human subject to 

identify and determine the subject’s physical boundaries. Using this information, the Raabe Full 

Body model was reshaped in terms of its body dimensions and structure. The most clearly visible 

changes from this process are variation in the feet sizes, difference in the size of the pelvis and the 

shoulders. This model was further subject to refinement as explained in the adjoining paragraphs. 

 

Figure 6.4 Scaled musculoskeletal model with muscles from original Raabe’s model. (Raabe, 
2016) 
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6.13 Musculoskeletal Model: Finished Design 

Figure 6.5 shows the various steps involved in the evolution of the scaled model into a 

usable musculoskeletal human model. First image in the Figure 6.5 represents the OpenSim model 

stripped of all the muscles available from the parent Raabe Full body model. Using all of the pre-

existing muscles in Raabe model to perform the analysis would affect the computational time of 

the simulation. Also, since the muscles had to be reprogrammed to use the meshed bodies as parent 

or connecting component, it was logical to delete all the muscles and reorient them with new 

geometries rather than modifying the existing file. Second and the third image in the Figure 6.5 

represents the anterior and posterior views of the model with meshed bodies incorporated into 

them. Pelvis, sacrum and thorax were the only meshed bodies and these meshed bodies replaced 

their existing counterparts. This was done to define suitable contacts between the sleds and the 

human model. The spheres at the back of the femur, knee and the heel represents the contact area 

for the Hunt-Crossley contact model. Final two images of the Figure 6.5 represent the fully 

developed scaled contact model with muscles. 

 

Figure 6.5 Evolution of the scaled model to the required musculoskeletal human model. 
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6.14 Positioning the Human Model for Analysis 

Figure 6.6 shows the initial position of the OpenSim model on the sled with a lap belt. Top 

two images in the Figure 6.6 represents the isotropic view of the model and the bottom three images 

in the represents different views of the positioned model. These images show the positioning the 

of the OpenSim model onto the sled. Initially, the model bodies are oriented to conform the shape 

of the sled and through an equilibrium run as described earlier, a steady state of the model is 

obtained. 

 

Figure 6.6 Positioning of the musculoskeletal model on the sled. 
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6.15 Reference Sled Acceleration 

The New Car Assessment Program (NCAP) in the year 1999 performed a frontal barrier 

impact test on the Ford Taurus sedan. Numerous accelerometers were placed at suitable locations 

of the car to record the variation in acceleration data before and after the crash. One such 

accelerometer was placed under the driver’s seat and data was extracted from it to calculate the 

force exerted by the sled at various acceleration. Since the mass of the sled was considered as 40 

kilograms, the force at different time frames was calculated based on the Newton’s second law of 

motion.  

 

Figure 6.7 Variation in acceleration obtained from NCAP’s frontal impact test. (Sasikumar, 
2012) 

6.16 Prescribed Force on the Sled 

The acceleration obtained from the driver’s sled node is shown in Table 6.3. This 

acceleration is converted into force using Newton’s second law of motion and used as prescribed 

force in the OpenSim model. 

The Figure 6.8 shows the variation in force due to the difference in sled acceleration during 

the NCAP crash test. This force data was used as an input for the sled motion to run the simulation. 
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The mass of the sled was averaged to 40 kilograms by referencing to various automotive 

seat models, available as computer models. Numerous acceleration levels was derived from Figure 

6.7 at different time frames. By using the constant mass and varying acceleration values in 

Newton’s second law of motion, the forces acting on the body at the corresponding time frames 

was identified and recorded in Table 6.3. From the derived data, it can be seen that there is no 

force acting on the sled at t=0 seconds and the maximum force acting on the sled was found to be 

21966 Newton. 

TABLE 6.3 

The force applied at the sled. 

Assumed Mass of 
the sled 

Acceleration 
force by the 

sled 

Acceleration 
of the sled 

Time Force Produced 
by the sled, N 

Units, Kg Units, g Units, m/s2 Units, Seconds Units, kg.m/s2 
 
 
 
 
 
 
 
 
 

40 
 
 
 

 

0 0.00 0.00 0.00 
-9 -88.26 0.01 -3530.39 
-5 -49.03 0.02 -1961.33 
-9 -88.26 0.03 -3530.39 
-24 -235.36 0.04 -9414.38 
-15 -147.10 0.05 -5883.99 
-16 -156.91 0.06 -6276.26 
-15 -147.10 0.07 -5883.99 
-14 -137.29 0.08 -5491.72 
-56 -549.17 0.09 -21966.90 
-38 -372.65 0.10 -14906.11 
-20 -196.13 0.11 -7845.32 
-38 -372.65 0.12 -14906.11 
-25 -245.17 0.13 -9806.65 
-18 -176.52 0.14 -7060.79 
-20 -196.13 0.15 -7845.32 
-32 -313.81 0.16 -12552.51 
-22 -215.75 0.17 -8629.85 
-27 -264.78 0.18 -10591.18 
-30 -294.20 0.19 -11767.98 
-14 -137.29 0.20 -5491.72 
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From Figure 6.8, it can be observed that the acceleration reaches maximum of 21966.90 N 

for 56g of acceleration at 0.09 seconds from 5491.72 N at 0.08 seconds and drops down to 

14906.11 N at 0.11 seconds.   

 

Figure 6.8 Variation in force during the front barrier impact test performed during NCAP in 
1999. 

6.17 Muscle Activation Properties 

The muscles were incorporated with activation properties in order to identify the 

kinematics of the musculoskeletal model with activated muscles. Several assumptions that were 

made for defining these activation properties are as follows: 

1. All muscles were assumed to be in a completely activated state during the negative sled 

acceleration. Therefore, maximum muscle activation value, 1, was assigned to this. 

2. All muscles had a similar time constant specified for ramping up the activation level. 

3. Deactivation of all the muscles would take place at a similar time. 

4. Default Activation Value = 1 

5. Time constant for ramping up muscle activation = 0.01 second 

6. Time constant for ramping down (deactivating) muscle activation = 1 second    
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6.18 MADYMO Frontal Impact Simulation using Human Model 

Recently, MADYMO has developed its own human model intended to replicate the human 

behavior more accurately than its other existing dummy models. In this study, this human model 

is used to perform a frontal impact crash simulation with intentions to identify its kinematic 

behavior when subjected to similar crash conditions as OpenSim’s human model. The resultant 

kinematic behavior of the MADYMO model will be compared to the kinematic results obtained 

using active and passive muscles in OpenSim.       

Figure 6.9 shows the MADYMO’s human model positioned on the sled with a lap belt in 

position. Appropriate material properties were defined for the lap belt. A surface to surface contact 

was defined between the lap belt and the human model with similar contact parameters as 

OpenSim simulation. Also, other steps were undertaken to replicate the position and initial 

conditions of the OpenSim model. The sled was subjected an acceleration profile shown in Figure 

6.7. The results of the simulation was obtained and compared with OpenSim’s kinematic results.     

 

Figure 6.9 MADYMO human model positioned on the sled similar to the OpenSim Model. 
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CHAPTER 7 

7 RESULTS FOR ACTIVE AND PASSIVE MUSCLE MODELS 

7.1 Passive Muscle (deactivated) Kinematic Simulation 

The positioned musculoskeletal model was prepared to perform a negative sled 

deceleration with deactivated muscles as shown in t=0 second time frame in the Figure 7.1. The 

passive kinematics of the model was recorded for a duration of 0.125 seconds. Position of the 

model at different time frames is shown in Figure 7.1. 

 

Figure 7.1 Passive kinematics of the model, muscles deactivated, at various time frames during 
the simulation. 
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From the images in Figure 7.1, it can be observed that there are significant kinematic 

changes observed in the torso, head, neck, upper and the lower extremities of the musculoskeletal 

model.  

 

Figure 7.2 Distance travelled by the sled during a passive muscle state. 

From Figure 7.2, it can be observed that the sled travels over 0.591 meters in the negative 

direction over a duration of 0.125 seconds when subjected to an acceleration profile as shown in 

Figure 6.7. The sled is subjected to an acceleration in the negative Y-direction. The above curve 

visually represents a quadratic relation between the sled displacement and the simulation time   

 

Figure 7.3 Magnitudes of prescribed force on the sled  
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The Figure 7.3 shows the variation in force that the sled is subjected to over the course of 

0.15 seconds of the simulation. This curve proves the acceptance of force data from Figure 6.8 as 

an input to simulate the sled’s motion. Also, from the Figure 6.8, it can be seen that there is a 

maximum force of 21966.9 Newton acting on the sled at the time frame of t=0.09 seconds.  

TABLE 7.1 

Final position of the musculoskeletal model with deactivated muscles. 

Body and Joints Final Position (meters, degrees) 

Tx Ty Tz θx θy θz 
Sled X -0.591 X X X X 

Pelvis X 0.582 X X 0.468 3.417 
Right Hip X X X 89.517 X -3.093 
left Hip X X X 89.276 X 3.593 

Right Knee X X X -22.393 X X 
Left Knee X X X -20.279 X X 

Right Ankle X X X -84.663 X X 
Left Ankle X X X -81.707 X X 

 

Using the simulation results of the OpenSim model with passive muscle, change in 

positions of the essential joints and bodies of the model’s lower extremities was recorded in Table 

7.1. It can be noted that the largest change in the positions was observed at the right ankle, left 

ankle, right knee and the left knee when compared to their initial position shown in the Table 6.2. 

As evident from Table 7.1, the right and the left ankle were displaced by 84.6 and 81.7 

degrees, respectively, and the right and the left knee were displaced by 22.4 and 20.2 degrees, 

respectively. Over the duration of the simulation, the sled was displaced by 0.59 meters, whereas, 

the pelvis was displaced by 0.58 meters. The position of rest of the bodies and joints are 

insignificant in magnitude when compared to the displacements of the knees and ankles.    
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7.2 Active Muscle (Activated) Kinematic Simulation 

The Figure 7.4 represents the kinematics of the OpenSim model which was altered to 

include the muscle activation properties into it. The kinematic response of the model at different 

time frames identical to the ones used during passive kinematic simulation is shown in Figure 7.4. 

All these kinematic response at identical time frames shall be used to compare and contrast the 

results. 

 

Figure 7.4 Active kinematics of the model with activated muscles (shown in red) at various time 
frames during the simulation. 
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Figure 7.5 Distance travelled by the sled during an active muscle state. 

From Figure 7.5, it can be observed that the sled travels over 0.591 meters in the negative 

direction over a duration of 0.125 seconds when subjected to an acceleration profile of Figure 6.7.  

TABLE 7.2 

Final position of the musculoskeletal model with activated muscles. 

Body and Joints Final Position (meters, degrees) 

Tx Ty Tz θx θy θz 
Sled X -0.591 X X X X 

Pelvis X 0.577 X X 0.133 1.442 
Right Hip X X X 89.049 X 1.467 
left Hip X X X 89.193 X 4.646 

Right Knee X X X -37.023 X X 
Left Knee X X X -37.364 X X 

Right Ankle X X X --15.121 X X 
Left Ankle X X X -14.708 X X 

 

The final positions of essential bodies and joints in the OpenSim model was recorded and 

tabulated in Table 7.2. When compared to the initial position as per Table 6.2, it was observed that 

the right and the left ankle were displaced by 15.1 and 14.7 degrees, respectively, whereas the right 

and the left knee were displaced by 37.0 and 37.36 degrees, respectively. 
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7.3 Frontal Impact Simulation using MADYMO Human Model 

The kinematics of the MADYMO’s human model subjected to frontal impact crash 

scenario is shown as a sequence of time frames in Figure 7.6. The initial position of the MADYMO 

model is similar to OpenSim model’s initial position. The kinematics of the model was obtained 

under similar operating conditions as OpenSim human model. 

 

Figure 7.6 Kinematics of the MADYMO’s human FE model at various time frames during the 
simulation. 
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7.4 Comparing of Kinematic Simulation with Activated and Deactivated Muscles. 

From the Figure 7.7, it can be observed that there is sufficient visible difference in 

kinematics of the lower extremities of the human musculoskeletal model when subjected to muscle 

activation as compared to the kinematics without activated muscles. The most significant 

difference in kinematic can be observed in the regions of the tibia, ankle and the foot (talus, 

calcaneus, toes etc.). 

 

Figure 7.7 Comparative kinematics of the model under passive and active muscles (shown in 
red) at various time frames during the simulation. 
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The Table 7.3 highlights the simulated difference in kinematics of the musculoskeletal 

model during an activated muscle state as compared to the kinematics of the model with 

deactivated muscles. Because, this research is mainly focused on the movements of the lower 

extremities, only those bodies considered to be eligible for study are included in this table. 

TABLE 7.3 

Difference in the kinematics of the musculoskeletal model with and without activated muscles in 
the lower extremities. 

Body and Joints Final Position magnitudes (meters, degrees) 

Tx Ty Tz θx θy θz 
Pelvis X -0.005 X X -0.335 -1.975 

Right Hip X X X -0.468 X 4.535 
left Hip X X X -0.083 X 1.053 

Right Knee X X X -14.630 X X 
Left Knee X X X -13.364 X X 

Right Ankle X X X 69.542 X X 
Left Ankle X X X 67.000 X X 

 

Where comparing the kinematics of the lower extremities under the active and passive 

muscle states, it can be observed from the Table 7.3 that the largest change in kinematics occurs 

in the regions of the knees and the ankles. The right and the left knees were displaced by 14.6 and 

13.4 degrees, respectively, whereas, the right and the left ankles were displaced by 69.5 and 67 

degrees, respectively.  The kinematic of the human model under active muscle state exhibited 

lower displacements in the bodies and the joints of the model’s lower extremities when compared 

to the kinematics of the OpenSim model under passive muscle state.  

The difference in the kinematics of the OpenSim’s human musculoskeletal model can be 

attributed to the muscle activation. This study, therefore, indicates that the role of muscle activation 

in a human body during a collision could be an important factor. 
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CHAPTER 8 

8 CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

During a crash scenario, the kinematics of the human plays a crucial role in determining 

the extent of injuries they are subjected to. All standardized injury criteria currently being used for 

the evaluation of the injuries are based on the traditional test results involving cadavers and ATDs. 

These cadavers and ATDs were subjected to numerous tests to determine a mathematical, physical 

and behavioral limit of a human, along which the severity of injury. These limits were declared as 

the injury criteria for humans. Since then, it has been argued about the accuracy of such criterias 

because of the absence of human reactions and its effects on the physical behavior. Therefore, this 

research aims to identify the difference between the kinematics of a human with and without 

muscle activation. It also aims to prove that the muscle activation is a crucial aspect to reconsider 

the old injury criterias currently being used.             

Recently, finite element analysis has proven to be a valuable tool to identify the extent of 

human kinematics and dynamics when subjected to various situations. This methodology 

possesses ample advantages, such as cost and time saving, along with preventing extensive harmful 

testing on an actual human being. OpenSim is another such tool which enables us to study the 

kinematics and dynamics of a human while also considering the muscle behavior under desired 

conditions. Using such tools, this research simulates the difference in kinematics of the human 

model with and without muscle activations. Also, upon trying to evaluate the Opensim, This study 

identifies a novel approach which can be used to study the effect of different muscle properties on 

the simulation results of a FE human model. 
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There were many challenges faced while trying to simulate the kinematics of the human 

under muscle activation and trying to compare this simulation results with that of the model 

without muscle activation. One such challenge was to identify the correct software to which caters 

to the needs of musculoskeletal modeling and muscle activation concepts. Also, this selected 

software needs to somehow be evaluated with an existing finite element software, which is used 

extensively in crash test simulations. Upon careful consideration, OpenSim, an open source 

software, provided the means to model and analyze the requirement. Another challenge 

encountered after selecting the right software, was to identify the means to model the required 

scenario and activate the muscles. Since OpenSim was an open source software, help wasn’t 

readily available to solve all the problems that rose during the model development stages. One had 

to rely on the public forums dedicated to OpenSim users to learn about any solution to the problems 

from fellow OpenSim users and experts. Finally, to validate the OpenSim model with a finite 

element package, an appropriate approach to link the two platforms had to be figured out.  

In OpenSim, the imported STEP format file contained uneven and distorted physical 

properties. Also, the contacts defined between the musculoskeletal model and the seat did not 

perform as required due to the presence of uneven surfaces on the seat. This was taken care by 

designing the sled using contact half contact spaces rather than using a traditional STEP format 

file. Upon careful analysis and research, appropriate contact definition was defined between the 

various parts of the human model and the contact half spaces. Since Opensim software doesn’t 

possess a fully functional graphical user interface, focus was diverted towards learning XML 

language for creating and editing the Opensim model. Since the inverse kinematic data was 

required as the starting file to validate the finite element analysis, a detailed understanding and 
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learning curve had to be undergone to learn the process of using the motion capture camera and 

extracting side-pull experimental data by using these cameras and CORTEX software. 

Upon trying to validate the Opensim analysis technique, a novel approach was identified 

which can be used to study the effect of different muscle properties on the simulation results of a 

finite element human model. This can be done by using the methodology mentioned earlier in the 

model evaluation procedure. For this to be accomplished, we needed an exact number of nodal 

displacement data to replace the marker displacement data obtained using inverse kinematic 

simulation file. By doing this, it was observed that the kinematics obtained using the finite element 

approach can be reflected in OpenSim. Upon doing so, we can use that simulation to study the 

effect of the muscle dynamics on the kinematics of the model. During this research work, the 

muscle activation value was assumed to be maximum. To obtain the exact muscle activation 

values, it is recommended to either perform computed muscle control or static optimization using 

Opensim.  

The main purpose of this thesis was to investigate the difference in kinematics of the lower 

extremities in the human musculoskeletal model with and without muscle activation. The results 

obtained clearly highlights the presence of kinematic difference in the lower extremities especially 

in the region of tibia, calcaneus, toes etc. The change in the kinematic position of the human model 

during the two simulation scenarios is recorded in the Table 7.3. As per this table, the most 

significant changes in the kinematics was observed in the knee angle and ankle positions.  

The MADYMO simulation displayed different kinematics results when compared to the 

results from OpenSim. It can be concluded that due to the absence of muscle activation in 

MADYMO human model, the kinematics showed large displacements in the joint and bodies of 

the lower extremities when compared to OpenSim’s passive model simulation.  
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8.2 Future Work 

This research work was primarily focused on application of the maximum muscle 

activation value to analyze negative sled acceleration. But, in an ideal test scenario, it is required 

to know the approximate muscle activation values which each muscle is subjected to during its 

kinematic motion. This accurate muscle activation values can be estimated using the static 

optimization domain available in Opensim, which will act as inputs for muscle activation for 

similar research. Using such an approach, we can perform a more realistic simulation which would 

yield better results. 

Since this research enables the application of muscle activation for a fully abled human 

musculoskeletal model, further studies can be conducted to identify the kinematics of the 

musculoskeletal model of a human who has limited physical capabilities. This can be achieved by 

simply varying the muscle activation to an approximately assumed values or finding an accurate 

value through the static optimization approach. This would be a great initiative to understand the 

effects of the muscle activation on the kinematics of people with reduced mobility. 

Accelerometers can be used on volunteers during the motion capture study to better 

evaluate the model during the evaluation process and the observed accelerometer data can be 

compared to the accelerations, or the force outputs from a finite element simulation. Also, different 

contact models can be tested on OpenSim model to identify the appropriate model based on the 

scenario. 

Finally, using the novel approach to identify the effects of the muscle activation on the 

finite element simulations of the human model, future studies can be conducted to study the 

kinematic behavior of the human model under different muscle activations during various crash 

situations, or, any other form of study using human finite element models. 
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