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Abstract 

Biomechanics is a very important field of study when one considers the importance that motion, 

such as walking, has in our everyday life. Although we perform tasks such as running and climbing stairs 

in an automatic way, without even thinking of it, these tasks are extremely complex from a mechanical 

and biological point of view. Nowadays, the progression of science towards the understanding of the 

human body and locomotion has been exciting, with huge advancements being held in fields such as 

prosthetics and humanoid robots. In the latter case, humanoid robots such as ASIMO by Honda and 

Petman by Boston Dynamics are now able to perform much of the tasks required for human locomotion. 

However, much of the state-of-the-art humanoids are not as robust as desirable, generating a gait 

pattern that is frequently dependent on pre-defined joint trajectories. Inspired in neuro-musculo-skeletal 

models, principles of spring mechanics, feedback control theory and a careful study of the human gait 

cycle, we present in this work a new reflex-type controller to generate a human walking pattern in a 2D 

simulation. Developed in a Matlab, Simulink and SimMechanics environment, this control strategy 

comprises the motion of the three main joints of walking (ankle, knee and hip) in the sagittal plane. 
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Resumo 

A Biomecânica é um campo de estudo muito importante quando consideramos a elevada 

importância que o movimento humano, tal como o andar, tem na vida quotidiana. Apesar de realizarmos 

tais tarefas de forma automática, estas são na verdade bastante complexas em termos mecânicos e 

biológicos. Atualmente, a progressão da ciência de encontro ao conhecimento do corpo e marcha 

humana tem sido fascinante, tendo sido alcançados grandes avanços em campos como as próteses e 

os robôs humanoides. Neste último caso, robôs como o ASIMO da Honda e o Petman da Boston 

Dynamics conseguem neste momento realizar muitas tarefas típicas da locomoção humana. Apesar 

disso, estes humanoides de última geração não são robustos como seria de esperar e frequentemente 

dependem de trajetórias pré-geradas para guiar as suas articulações. Inspirado em modelos neuro-

músculo-esqueléticos, princípios de mecânica de molas, teoria de controlo por realimentação e de um 

estudo cuidado do ciclo da marcha humana, apresentamos neste trabalho um novo controlo por reflexos 

para gerar locomoção humana numa simulação 2D. Desenvolvido em ambiente Matlab, Simulink e 

SimMechanics, este controlo aglomera o movimento cumprido pelas três principais articulações 

envolvidas na marcha humana (tornozelo, joelho e anca) no plano sagital. 
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1.1 Robotics and Biomechanics 

The word “robot” is actually not very old. It was first presented by the Czech playwright Karel Capek 

in 1921 [1], derived from the Czech word “robota” that means labor. The creation of automatic devices 

can be traced back thousands of years. In the Greek and Roman mythology, the gods of metalwork can 

be viewed as to create various servants made of gold [2]. By the end of the 15th century, Leonardo Da 

Vinci had created a mechanical knight that was able to move its head and jaw, sit and wave its arms [3]. 

In the 19th century, a Japanese craftsman named Hisashige Tanaka, created, as well as other toys, 

the Zashiki Karakuri (in Figure 1.1), a tea-serving robot [4]. This toy was used in the Japanese culture 

when a host wanted to treat his guests in a more recreational way. It started moving when one puts a 

cup of tea on the plate that is in its hands, moving in a straight line and bowing its head as to indicate 

that the tea is for drinking. The robot stops moving when the guest took the cup of tea from the plate, 

returning to where he came from and raising its head when the empty cup was placed again in the plate. 

 

Figure 1.1 – Zashiki Karakuri toy [4]. A Japanese tea-serving robot from the 19th century. 

Although this robot was extremely advanced for that time and certainly only some people were able 

to afford it, it was a mechanical device and not the kind of robots that we are used to seeing nowadays. 

The first modern programmable and industrial manipulator robot in the world, Unimate, was only 

introduced in 1961, having worked on a General Motors assembly line in New Jersey [5]. Unimate was 

definitely a revolution as it was able to lift and stack hot pieces of die-cast metal and spot welding, a 

task that was difficult and dangerous if done by humans. 

Since then, robotics has been applied to all the areas of knowledge and technology from assembly 

lines to medicine and even entertainment, being an ever increasing market. The Japanese Robot 

Association predicts that the personal robot industry will be worth $50 billion a year worldwide by 2025, 

compared to only $5 billion in 2007 [6]. 

According to Bill Gates [6], robots will have an extremely important role in the future society, 

assisting humans in dangerous jobs, providing physical assistance, helping health care workers to 

diagnose, treating patients that live in the other side of the world, perform search and rescue operations 

and even providing companionship for the elderly (as Paro, a seal therapeutic robot [7]). 
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In the field of medicine, surgery assistance robots like da Vinci by Intuitive Surgical have been used 

by clinicians all over the world, providing a safer and cleaner surgery as well as facilitating the after-

surgery healing process by the patient [8]. 

Amazing advances have taken place in various fields such as in prosthetics; artificial devices that 

can replace missing body parts, such that in some cases these devices can even provide certain 

advantages when compared with biological parts. Such discussion was held in early 2008 when Oscar 

Pistorius, a runner that uses transtibial prosthesis limbs, was in the process of competing in the 2008 

summer Olympics, and the advantage he had compared to runners who had biological ankles was on 

the table [9]. 

Humanoid walking robots have always been a field of wonder, and personally one that I was always 

interested in. Just like it will be described in the next section, many attempts have been made in order 

to develop a robot walking mechanism that can be compared to the human gait pattern. Although every 

one of them has its advantages and disadvantages, most of them require pre-defined joint trajectories 

in order to develop a stable walking pattern. 

For the development of such robots that can adapt to different unknown ground environments and 

learn from its errors, it is necessary to find research groups that unite engineers, neuroscientist, 

psychologists and even philosophers [10]. 

Biomechanics in general and the study of human movement in particular is fundamental when one 

considers the importance that walking and running have in human life. As David A. Winter wrote, 

“Walking is very important for meeting the world, for growing up, for retreating to solitude, for returning 

to join again, for carrying the day’s tasks, for belonging” [11]. 

Walking is an amazing and complex interaction between the Central Nervous System (CNS), 

muscles and gravity, being remarkable that we do not have to think about such task in our day to day 

life (fortunately, for that would be a great time-consuming task). Nowadays, neuroscience is attempting 

to fully uncover the neuronal dynamics that enable us to walk and precisely trying to discover the 

generation of the signals that guide our muscle. For instance, some neuroscientists have hypothesized 

that the signals from the brain to the muscles are predictions of sensory input and not commands like 

was prior belief [12]. 

In order to develop a good control mechanism for walking in humanoid robots, it’s absolutely 

necessary to fully understand the biomechanics of the human body, the gait cycle, and how humans 

make their conscious and unconscious decisions about walking. 

1.2 State of the art 

First introduced in 1996 and with continuous evolution from then, Honda’s robot ASIMO is one of 

the most advanced humanoid robots nowadays [13]. After decades of research, Honda’s engineers 

were able to develop a humanoid robot with 34 degrees-of-freedom, 54 kg and 130 cm of height. This 

robot hosts many computer vision capabilities such as object identification, tracking and localization, but 
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most impressive of all is that it is able to walk and run in straight or circular paths, avoid obstacles and 

even climb stairs. 

In the context of this work it is important to describe the way in which the most advanced robots 

perform their locomotion capabilities nowadays. Some humanoid robots such as ASIMO [13] (which can 

be viewed in Figure 1.2) and HRP-4 [14] use an approach called the Zero Moment Point (ZMP) in order 

to control their walking mechanism and balance. 

The ZMP is the point where the vertical inertia and gravity add to zero [15]. At each step, the robot 

calculates where its foot should be placed in order to have zero moment in the horizontal plane. This 

method generates a joint trajectory that satisfies the ZMP constraints with an online tracking mechanism 

that guides the joints to the desired trajectory in a more robust way, overall assuring a dynamical stable 

walking pattern.  

This technique is very good when one considers stable and controlled environments. However there 

is a number of drawbacks that make the ZMP approach far from being perfect [15]. First of all, it requires 

an accurate model of the environment and the robot itself, secondly the gait pattern results in a “bent-

knee” kind of motion that looks unnatural and limits the type of walking styles that can be applied to the 

robot. Lastly, the robot requires the contact with a flat surface with the whole foot and also assumes that 

this surface has enough friction to neglect horizontal forces. 

 

Figure 1.2 – Honda's ASIMO humanoid robot [13]. 

There is also another robot that uses the ZMP technique to achieve walking, such as the HRP-4 

[14], a robot a little bit bigger and lighter than ASIMO that has 34 degrees of freedom, 151 cm of height 

and weights 39 kg. HRP-4 has the advantage of being a less expensive humanoid robot and so is fit to 

be used as a research tool. This humanoid robot, although based on the ZMP technique, focuses on 

three characteristics of the human walking pattern: single toe supporting, knee stretching achieved by 

adjusting the waist height and swing leg motion.  

An alternative to the ZMP technique is to explore passive-dynamic humanoid walkers [16]. This 

type of approach tries to take advantage of the non-linear properties of passive spring-damper 

components and the interaction between the robot and the environment, like gravity forces. Using this 
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method, robots such as Petman (in Figure 1.3) by Boston Dynamics [17] achieve a more human-like 

walking pattern compared to those that use the ZMP approach. 

 

Figure 1.3 – Petman humanoid robot by Boston Dynamics [17]. 

There has also been some work done using reinforcement learning to generate good walking 

patterns [18] in which the robot “learns” to walk by getting some predefined rewards related to walking. 

Unfortunately, humanoid robots are high-dimensional and the algorithm’s running time is extremely high 

to be practical. However, this method was already successfully demonstrated with low dimensional 

bipeds [19]. 

Learning by imitation is also a solution to the walking problem. Using this method, humanoid robots 

can learn from a desired, pre-loaded motion.  In [20] the authors show this method applied to a 5-link 

planar biped and in [21] a ZMP technique is shown together with an imitation-based algorithm for 

controlling whole body dance motions. Imitation learning is focused on three main issues: efficient motor 

learning, modular motor control in form of movement primitives and the connection between action and 

perception [22]. With this method there is a strong size reduction of the state-action space which needs 

to be explored. Although good results have already been achieved with learning by imitation, there is 

always the need for a reference trajectory in order for this method to be successful in generating a stable 

human gait pattern. 

Another remarkable humanoid robot to mention is iCub [23]. This “baby” robot has 53 degrees-of-

freedom, weights 22 kg and has a height of 104 cm. It was created by the RobotCub Consortium, which 

decided that all the hardware and software involved in the project should be open-source. This, of 

course, is leading to an ever increasing community that together tries to solve the greatest challenges 

in many fields such as robotics, computer vision, artificial intelligence and learning.  

Although an overview was made of the main current algorithms to generate a human-like walking 

pattern in humanoid robots and biped simulations, there are always new approaches coming out which 

continuously approximate more and more to the actual human locomotion mechanism. Most of the 
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methods described above, although producing good results, share the same problem, there is always a 

strong dependency on pre-defined joint trajectories or reference positions. 

1.3 Objectives of this work 

The humanoid robot of the future should be independent of references and pre-defined motions. It 

should also learn from its mistakes and adapt to very different environments and learn how to solve 

problems in a non-trivial manner [10]. In the context of locomotion, a humanoid robot should know when 

to change between walking and running and adapt to surface changes such as slippery ground, slopes 

and obstacles along the way.  

There is a strong need in uniting robotics, biomechanics and cognition research in order to develop 

a humanoid robot that is not only capable of mimicking the human walking pattern but also able to make 

decisions and solve problems as it moves. A lot can be also learned from robotics into cognition as the 

researchers have tools in which they can apply their theories and measure the outcome [24]. 

The basis of this master thesis work is Geyer and Herr’s article entitled “A Muscle-Reflex Model 

That Encodes Principles of Legged Mechanics Produces Human Walking Dynamics and Muscle 

Activities” [25]. As explained later, in this paper, Geyer and Herr described how they developed a stable 

human-like walking pattern for a planar biped, using seven Hill-type muscles at each limb. Although this 

method is not currently applied to humanoid robots, it is surely a good alternative to state of the art 

solutions, as it does not depend on pre-defined references from human motion and it has a strong 

background in human biomechanics and locomotion. 

 

Figure 1.4 – Bioloid Premium Kit by Robotis [26]. 

The purpose of this new model is to be applied to the control of small humanoid robots such as the 

Bioloid by Robotis [26] represented in Figure 1.4. This robot is a very cheap humanoid robot, which is 

perfect for educational purposes. With this platform, is possible to develop good applications in 

engineering, inverse kinematics and kinetics. In previous years, some works such as [27] were done in 

the Mechanics Department of Instituto Superior Técnico in exploring this humanoid robot platform. 
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The model developed in this work, although being inspired in the neuro-musculo-skeletal model in 

[25], it does not depend on complex muscle models, but rather simplified spring-damper actuators. We 

seek to understand the underlying mechanism that is present in the main joints responsible for human 

walking (ankle, knee and hip) and present a model that exploits spring-damper interactions and uses 

force feedback control theory. 

1.4 Outline of this thesis 

This thesis is composed of five chapters. Chapter 2 comprises a detailed analysis and description 

of the gait cycle, its main phases and sub-phases, the most important muscles for human locomotion, 

energy exchanges and the motion of the three main joints of walking in the sagittal plane: ankle, knee 

and hip. In this chapter is also described the gait determinants, which also comprises the walking motion 

in the frontal and transverse plane, being extremely important for walking efficiency. 

In chapter 3, it’s analyzed the main neuro-musculo-skeletal model that served as inspiration in this 

work’s model development as well as the Hill muscle model and the force feedback control. 

In chapter 4, a full description of the model development is held. First it’s discussed the function of 

joints as springs and the ground contact model used in this work. In section 4.3 it’s explained the control 

strategy developed in this work, comprising the function of the ankle, knee and hip during walking in a 

2D simulation. 

In chapter 5, it’s explained the optimization procedure held in the model’s Matlab, Simulink and 

SimMechanics environment. In this chapter, it is also demonstrated the final simulated walking pattern. 

Chapter 6 comprises the conclusion of this work as well as possible future works. 
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Prior to the development of any model related to human walking, it’s necessary to fully understand 

the gait cycle and its underlying mechanism. One should always be aware that bipedal locomotion is a 

complex interaction between muscles, bones, the nervous system and gravity, in such a way that 

enables humans to adapt their gait pattern to different environments such as slopes and slippery ground, 

without thinking and almost effortlessly. 

As this work is mainly focus in the pattern of walking in the sagittal plane and the lower limbs, in 

this chapter I fully describe the gait cycle in respect to the ankle, knee and hip joints. We pretend a 

detailed description of the gait cycle in level ground, its different phases, angular displacements and 

moment curves of the main joints, ankle, knee and hip. It is also important to show the energy exchanges 

and the role of the different muscles in the different phases of the gait cycle.  

For the complete understanding of the gait cycle, one should be aware of the main muscles involved 

in walking and their function. According to [28], the muscles have four main functions in the gait cycle: 

controlling the upper part of the body’s balance and posture, generating energy associated with forward 

and upward propulsion, controlling the body’s vertical collapse and shock absorption during loading 

response, controlling the body’s center of mass and its displacement. The musculo- skeletal mode of 

gait considered in this work is shown in Figure 2.1. 

The human gait cycle consists of one step, it begins when one foot initially touches the ground and 

ends when the same foot touches the ground again after completing its two main phases, stance phase 

and swing phase [29].  

 

Figure 2.1 – The gait cycle divided into stance and swing phases [29]. Each main phase is then sub-divided 

according to certain events that occur during the gait cycle. 



11 

 

In the context of this work and the development of the model presented in chapter 4, it is important 

to explain first the reference angular positions in the ankle, knee, hip and trunk. In the ankle, we defined 

the zero angle when the internal angle between the foot and the leg is 90 degrees. In this case we 

defined dorsiflexion as positive angular displacement and plantar-flexion as negative angular 

displacement. We defined the zero angle at the knee as when the leg is in line with the thigh and so, as 

the knee flexes, its angular position increases. The angle of the hip joint is defined as the angle between 

a line that moves from the trunk downwards and the thigh. The angle is considered to be positive when 

the hip flexes and negative when it hyperextends. The trunk’s angular position is defined as the angle 

between the trunk and a vertical line. This angle is considered to be positive as the trunk tilts forward 

and negative otherwise.  

2.1 Stance Phase 

Stance phase describes the period of the gait cycle when the foot is in contact with the floor. It 

represents about 60% (in normal walking) of the gait cycle and can be divided into four sub-phases 

triggered by five main events. 

2.1.1 Loading Response 

The first sub-phase of stance (approx. from 0% to 10% of the gait cycle) is the loading response 

and begins when the foot first touches the ground, which is called initial contact. This phase can be 

visualized in Figure 2.2. Normally, this event is also called as heel strike. This phase ends with toe-off 

by the opposite leg. This phase also initiates the first double-support phase of the gait cycle as the two 

feet are touching the ground. The functions of this phase are shock absorption, weight-bearing stability 

and preservation of progression [30]. 

 

Figure 2.2 – Loading Response representation [30]. 

The ankle range of motion during the whole gait cycle is approximately 30° and at the moment of 

initial contact the ankle is around its neutral position (the ankle’s dorsiflexion and plantarflexion motions 

are represented in Figure 2.3). At heel strike the center of pressure is at the heel and so there is an 
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external plantarflexion motion generated at the ankle. The force vector points upwards and backwards, 

increasing in magnitude during this stage (Figure 2.4). 

 

Figure 2.3  – Ankle's dorsiflexion and plantarflexion motions in the sagittal plane [29]. 

The ankle develops an internal dorsiflexion moment mainly caused by eccentric contraction of 

Tibialis Anterior to control the external plantarflexion moment, reason why one says that the ankle has 

a “controlled plantarflexion” during this phase. This will enable the heel support period to be extended 

as the tibia is drawn forward while the foot drops, thus contributing to limb advancement. The dorsiflexion 

moment has its peak around the middle of the loading response phase and decreases to zero as the 

foot approaches the ground. Power is absorbed at the ankle during this phase. 

 

Figure 2.4 – Ground force vector representation as a "butterfly diagram". Progression is from left to right [29]. 

As the foot descends to the ground, little angular displacements occurs at the knee and hip but 

once the forefoot contacts the ground and becomes flat (foot-flat) the site of motion changes from the 

foot to the leg. As the foot is flat on the floor, the ankle starts to dorsiflex. This occurs around the time 

of toe off by the opposite foot, thus concluding the loading response phase. The ankle’s range of motion 

can be visualized in Figure 2.5.  

During stance the knee is the basic determinant of limb stability. In swing, knee flexibility is the 

primary factor in the limb's freedom to advance. The knee has two main functions in stance namely 

shock absorption as the limb is loaded and extensor stability for secure weight bearing. In swing the 

knee must flex rapidly for limb advancement. The range of knee flexion (Figure 2.7) during the whole 

gait cycle is approximately 70°. The knee’s motion in the sagittal plane can be visualized in Figure 2.6. 
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Figure 2.5 – Ankle’s range of motion during normal walking [30]. 

 

Figure 2.6 – Knee and hip's motion in the sagittal plane [29]. 

At initial contact the knee is almost fully extended being only slightly flexed at about 5°. During 

loading response the knee flexes at about 15° providing shock absorption and a stabilized weight-

bearing. 

 

Figure 2.7 – Knee range of motion during normal walking [30]. 
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The internal flexor moment of the knee is greater at initial contact when there is an external extensor 

moment as a result of the anterior position of the force vector compared to the knee. As the tibia rolls 

over the ankle, the force vector at the foot lies posterior to the knee, creating an external flexor moment 

enhanced by activity of the Hamstrings. The Vasti muscles control the knee flexion and the Quadriceps 

work eccentrically to control the rate of knee flexion, but not totally to prevent it. The activity of the 

Hamstrings decays at the middle of loading response implying that these muscles have a primary 

objective of preventing knee hyper-extension. There is power generation at the knee during this phase. 

Figure 2.8 highlights the most important muscle groups as a percentage of the gait cycle. 

The hip has as primary function the stabilization of the trunk during stance and limb advancement 

during swing, essentially extending during the first and flexing during the second. A normal arc of hip 

motion is approximately 40° (10° of extension and 30° of flexion). A representation of the hip’s range of 

motion during normal walking can be visualized in Figure 2.9. 

 

Figure 2.8 – Activity of the main muscle groups during the gait cycle [29]. From left to right, the abbreviations in the 

top of the figure are: Initial Contact, Opposite Toe Off, Heel Rise, Opposite Initial Contact, Toe Off, Feet Adjacent, 
Tibia Vertical and Initial Contact. 

At initial contact the hip is almost fully flexed at about 30°. This angular position represents an 

optimum compromise between the stability induced by the vertical force of limb loading and the instability 

from horizontal shear (foot sliding forward). At about this flexed position, theoretically, the potential 

vertical force is twice the shear-component, thus stabilizing the limb. 

The internal extensor moment present at the hip at the moment of heel strike is extremely important 

as, at this moment, the force vector stays well anterior to the joint (Figure 2.10), thus applying a great 

external flexor moment with a huge trunk moment going on. Because of this huge external flexor 

moment, the extensor muscles at the hip are well activated in this phase. The main muscles that 
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accomplish this task are the lower Gluteus Maximus and Adductor Magnus as they act only at the hip 

joint. Due to the fact that the Hamstrings as a flexion effect at the knee, its activity is reduced. 

 

Figure 2.9 – Hip range of motion during normal walking [30]. 

 

Figure 2.10 – Body position at initial contact. Is also illustrated the force vector at this stage of the gait cycle [29]. 

As the force vector at the foot begins to align with the hip joint, the extensor muscles activity starts 

to drop. The Vasti acts to restrain knee flexion during this phase at the same time as it pulls the femur 

forward. Inertia also delays the advancement of the pelvis, causing extension at the hip. Due to this 

passive hip extension, the extensor muscles drop their activity.  

The extensor muscles contract concentrically as the hip moves in extension at loading response, 

thus generating power (the power exchanges throughout the gait cycle can be visualized in Figure 14). 

By the end of loading response and around the time of foot flat and opposite toe off, the hip is flexed at 

about 25° and the extensor muscles continue to contract concentrically. 
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Figure 2.11 – Hip, knee and ankle power exchanges during the gait cycle [29]. In the figure, “gen” stands for power 

generation and “abs” for power absorption. From left to right, the abbreviations in the top of the figure are: Initial 
Contact, Opposite Toe Off, Heel Rise, Opposite Initial Contact, Toe Off, Feet Adjacent, Tibia Vertical and Initial 
Contact. 

2.1.2 Mid-Stance 

Mid-Stance (Figure 2.12) is the second sub-phase of stance (approx. from 10% to 30% of the gait 

cycle), starting with opposite toe off and ending with heel off by the supporting limb. It starts the first 

single-support phase of the gait cycle which ends with initial contact by the opposite foot. The goal of 

mid-stance is to stabilize the limb and trunk and to achieve progression over the stationary foot. The 

ankle starts to dorsiflex around the time of opposite toe off and during this phase the ankle dorsiflex to 

approximately 5°. 

 

Figure 2.12 – Mid-Stance representation [30] 
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After foot-flat, the center of pressure advances through the foot and the force vector lies anterior to 

the ankle, creating an increasing external dorsiflexion moment. “Ankle rocker” occurs at this sub-phase 

and is characterized by a forward rotation of the tibia around the ankle, while the foot is flat on the 

ground. 

Also after foot-flat, the Soleus Muscle reacts quickly to control the high-rate of dorsiflexion moment, 

thus slowing down the tibia advancement. Internal plantar-flexion moment increases during mid-stance 

and the most important plantar-flexion muscle at this point is the Soleus muscle as it spans only the 

ankle in contrary to the Gastrocnemius that also acts as a knee flexor. The Soleus muscle contracts 

eccentrically, with increasing activity, while the ankle dorsiflex, thus absorbing power. Posterior Tibialis 

and Peroneal muscles are also active during mid-stance but their activity is too little to have a significant 

effect in tibia control. Although of lesser significance, the Gastrocnemius is also an important ankle 

plantar-flexor at mid-stance, contracting eccentrically. 

During mid-stance, the knee moves into extension and its function is to stabilize weight bearing. 

During this phase, the knee reaches its “maximum stance flexion” (between 15% and 20% of the gait 

cycle) and starts to extend. The Quadriceps is active during early mid-stance in order to inhibit further 

flexion of the knee. As the Soleus is active, tibia stability is achieved and the femur advances at a higher 

rate than the tibia. Also, the momentum given by the swinging leg diminished the necessity of 

Quadriceps activity in order to counter knee flexion. At about 20% of the gait cycle, the Quadriceps is 

almost relaxed. 

 

Figure 2.13 – Hip, knee and ankle internal moments during the gait cycle [29]. In the figure, “ext” stands for 

extension, “flex” for flexion, “p-flex” for plantarflexion and “d-flex” for dorsiflexion. From left to right, the 
abbreviations in the top of the figure are: Initial Contact, Opposite Toe Off, Heel Rise, Opposite Initial Contact, 

Toe Off, Feet Adjacent, Tibia Vertical and Initial Contact. 

At the beginning of mid-stance, the force vector lies posterior to the knee, creating an external flexor 

moment, opposed by an internal extensor moment produced by the Quadriceps, thus absorbing power. 
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The Vasti is also active at this sub-phase but as the knee moves into extension its action is diminished. 

The acceleration period of the swinging leg is terminating. As the force vector aligns with the knee, an 

external extension moment is present and power generation takes place. 

The hip continues to extend during mid-stance at an increasing rate and by the time this sub-phase 

ends, at heel off, the hip is already hyper-extended. As the force vector changes from anterior to 

posterior position at the hip, the extensor muscles cease their activity, as hip extension is also achieved 

by inertia and gravity. The internal extension moment with power generation gives place to an internal 

flexor moment with power absorption. Figure 2.13 represents the evolution of the internal joint moment 

for the ankle, knee and hip throughout the gait cycle. 

2.1.3 Terminal Stance 

The goal of the third sub-phase of stance (approx. from 30% to 50% of the gait cycle) is the 

progression of the body beyond the supporting foot. The third sub-phase of stance can be visualized in 

Figure 2.14. Terminal Stance starts with heel off and ends with initial contact or heel strike of the opposite 

foot. It is also the second and last part of the first single limb support phase of the gait cycle. During this 

phase the center of pressure moves to the forefoot. 

 

Figure 2.14 – Terminal Stance representation [30]. 

During terminal stance the heel starts to rise with continuous ankle dorsiflexion. The center of 

pressure is now at the forefoot, thus the force vector generates an external plantar-flexion moment at 

the ankle. With the force concentrated at the forefoot, there is a great moment of arm and a great 

dorsiflexion moment generated at the ankle. This dorsiflexion moment is enhanced by the falling body 

weight, thus generating a peak in external dorsiflexion moment at the ankle. The ankle’s angle-moment 

curve can be visualized in Figure 2.15, which denotes the relationship between these two 

measurements. 

As the Soleus and Gastrocnemius are active, the heel rises as the tibia continues to rotate around 

the ankle. The peak external dorsiflexor moment is counteracted by the Soleus and Gastrocnemius that 

are highly activated at this sub-phase, both generating a great internal plantarflexion moment at the 
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ankle. This combined action results in a small angular displacement at the ankle, which dorsiflex only 

about 5° (to 10° dorsiflexion) during this sub-phase. 

 

Figure 2.15 – Ankle's angle-moment curve. Each of the red points represent one main event that occurs during 

the gait cycle; From the red point in the beginning of the line in the right: heel strike, toe strike, heel off, beginning 
of double support and toe off. 

At the end of terminal stance, the advancement of the center of pressure and the forward fall of the 

body moves to a point that there is no stabilizing force at the foot and the ankle is free to plantarflex due 

to the activity of Gastrocnemius and Soleus muscles. Power absorption gives place to a peak of power 

generation at the end of this sub-phase. 

It is believed that these muscles provide an ankle stabilization that enables both the foot and tibia 

to roll over the forefoot rocker. This has two effects: reduction in the amount of fall of the body's center 

of gravity and an enhancement of progression. 

During terminal stance the knee completes its extension movement and starts to flex once again 

with the goal of stabilizing the weight bearing. During this sub-phase there is a strong plantar flexion 

that stabilizes the tibia and makes the femur advance. Also, the swing leg continues to create 

momentum as the leg moves away from the body’s center of mass. The force vector remains slightly 

anterior to the knee, creating a passive extensor stability. All these effects can lead to hyper-extension 

of the knee, so they are counteracted by an increasing activity of the Gastrocnemius. 

During the second part of terminal stance, the knee starts to flex as the force vector lies now forward 

in the foot resulting in nothing to restrain forward rotation of the foot, and so the knee flexor muscles are 

free to flex the knee. 

Small power exchanges occur at the knee around the time of heel off. Flexion of the knee during 

terminal stance brings the force vector posterior to the knee joint and then the external extension 

moment gives place to an external flexor moment. The internal moment moves from flexor to extensor 

as Rectus Femoris and Quadriceps starts to contract eccentrically to control knee flexion resulting in 

power absorption. 
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The hip continues to extend during terminal stance reaching its peak hyper-extended position 

around the time of initial contact by the opposite leg from which the hip starts to flex again. During 

terminal stance, the force vector lies posterior to the hip, thus creating an external extension moment. 

An increasing internal flexor moment is developed at the hip due to a combination of Adductor Longus, 

Rectus Femuris contraction and stretching of ligaments. There is power absorption at the hip during 

terminal stance. 

2.1.4 Pre-Swing 

Pre-Swing (approx. from 50% to 60% of the gait cycle) begins a task that can be named as limb 

advancement. That task begins at the end of the stance to prepare the posture needed to complete the 

advancement of the limb. This phase can be visualized in Figure 2.16. 

 

Figure 2.16 – Pre-Swing representation [30]. 

This sub-phase begins with initial contact by the opposite foot and ends with heel off by the current 

foot, as it starts swing phase. Also, this phase starts the second period of double-support of the gait 

cycle, as the weight begins to be transferred from the trailing leg to the opposite leading leg. The freedom 

created by this transfer of body weight to the leading leg is used to prepare the ipsilateral leg for leaving 

the ground. 

As the body weight is transferred to the leading leg, the necessity of force stabilization by the trailing 

leg is diminished and for that reason the Soleus and Gastrocnemius drop the intensity of their activity. 

The ankle rapidly plantarflexes 20° and the Soleus and Gastrocnemius have an important role in 

accelerating the advancement of the limb. 

The force vector lies in the forefoot and so the ankle is free to plantarflex. There is also a residual 

Soleus and Gastrocnemius activity that pushes the tibia forward as the toes are stabilized by the floor, 

which has the effect of increasing the speed of flexion. Also, Tibialis Anterior becomes active prior to 

heel off, generating a dorsiflexion moment needed to prevent foot fall. Power generation at the ankle 

that has its peak at the beginning of pre-swing, nearly drops to zero as the swing phase begins. 
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For a better understanding of the knee’s motion during the gait cycle, in Figure 2.17 is represented 

the knee’s angle-moment curve. During this sub-phase, the knee undergoes a flexion in preparation for 

swing phase. The center of pressure moves well forward in the forefoot and that creates an instability 

that leads the tibia to roll forward. As was stated previously, the early strong action of the Soleus and 

Gastrocnemius as plantar-flexors combined with their residual activity, leads to an accelerated heel rise 

and tibial advancement. As a muscle spanning both the ankle and the knee joints, the Gastrocnemius 

directly causes knee flexion. 

The transfer of body weight towards the other limb, gives place for these instabilities to take place 

and the knee to flex about 40°. By the end of pre-swing or toe off, the knee is around half flexed from its 

peak of swing phase flexion. 

Rectus Femoris can also increase its activity during this stage when the knee flexes faster than the 

transfer of weight takes place, also serving to decelerate hip hyperextension. As Rectus Femoris is 

contracting eccentrically, developing an internal extensor moment that counters the external flexor 

moment, it absorbs power. 

 

Figure 2.17 – Knee's angle-moment curve. Each of the red points represent one main event that occurs during 

the gait cycle; From the red point “HS” in the beginning of the line: heel strike, toe strike, heel off, beginning of 
double support and toe off. 

During pre-swing the hip joint begins to flex from its peak of hyper-extension. As the tibia rolls 

forward it also carries the thigh forward, flexing it. As was said before, the flex control mechanism of the 

knee made by Rectus Femoris also leads to a direct hip flexion. The Adductor muscles also plays a role 

in flexing the hip, as they need to decelerate the passive abduction caused by weight transfer to the 

other foot. 

This sub-phase can also be called “limb acceleration” as the hip motion quickly reverses from 

extension into flexion. Gravity and the stretching of hip ligaments also helps the hip to flex. Then, as the 

hip reverses its motion from extension into flexion, power absorption is replaced by power generation.  
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2.2 Swing Phase 

2.2.1 Initial Swing 

Initial Swing (approx. from 60% to 73% of the gait cycle) is the first sub-phase of swing. It begins 

with toe off by the epsilateral limb (when the foot leaves the ground) and ends when the swinging foot 

is adjacent to the stance foot. The main goal of this sub-phase is the advancement of the limb. This sub-

phase can be visualized in Figure 2.18. 

 

Figure 2.18 – Initial Swing representation [30]. 

During initial swing, the ankle reverses its motion from plantarflexion to dorsiflexion and at the end 

of this sub-phase, the ankle (starting at about 20° plantarflexed position) is almost at is neutral position 

(5° plantarflexed). The function of the ankle in this sub-phase is to provide foot clearance, helping the 

limb to advance and by the time the fee are adjacent, the toes are at its closest approach to the floor 

during swing. 

As was stated before, even prior to swing, around the middle of the pre-swing sub-phase, Tricipes 

Surae stops contracting and Tibialis Anterior begins its activity in order to bring the foot up, in dorsiflexion 

direction, thus power generation nearly drops to zero at the time of toe off. The force required by the 

Tibialis Anterior to dorsi-flex the ankle is less than the one required for the same muscle to control the 

plantar-flexion movement at loading response. Since only the weight of the foot is involved, very little 

power exchanges occur at the ankle during this sub-phase. 

The knee during initial swing undergoes a flexion in order to provide foot clearance for limb 

advancement. This flexion motion (with its maximum nearly at 60°, the peak of “swing phase flexion”) is 

necessary because dorsiflexion at the ankle itself is not sufficient to provide the means by which the 

limb can advance unobstructed (without touching the ground). By the time the feet are adjacent, the 

knee has started to extend again. 

There are three mechanisms that provide adequate knee flexion during initial swing: an appropriate 

knee flexion during pre-swing; the great acceleration of hip flexion that drives the femur forward as tibia 

inertia leads the knee into flexion; contraction of the Bicipes Femoris, directly leading to knee flexion. 
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Rectus femoris is active during initial swing to prevent excessive knee flexion, providing an internal 

extensor moment as an external flexor moment is applied. This leads to power absorption while the 

knee is flexing turning to power generation after that point, prior to mid-swing. 

As was previously noted, the hip has essentially two movement stages. The extension stage that 

begins prior to loading response and the flexion stage that starts a little bit earlier than pre-swing. So, 

during initial swing the hip continues to flex and almost all the flexion moment during swing is made 

during this sub-phase. Figure 2.19 demonstrates the hip’s angle-moment curve during the gait cycle. 

 

Figure 2.19 – Hip's angle-moment curve. Each of the red points represent one main event that occurs during the 

gait cycle; From the red point “HS” in the beginning of the line: heel strike, toe strike, heel off, beginning of double 
support and toe off. 

At the first 0.1 seconds after the limb is unloaded the hip advances 20° and around the time of feet 

adjacent the hip is flexed at about 20°. This flexion movement is achieved by gravity, hip ligaments, and 

contraction of Rectus Femoris, Adductor Longus and Ilipsoas. The hip continues to show an internal 

flexor moment, thus power generation occurs, reaching its peak at this stage. This power is used to 

accelerate the limb forward. 

2.2.2 Mid-Swing 

Mid-Swing (approx. from 73% to 87% of the gait cycle) begins when the foot is adjacent to the 

stance foot and ends when the tibia of the swinging leg is vertical. The goal of this sub-phase is also 

limb advancement. Mid-swing can be visualized in Figure 2.20. 

During mid-swing, the ankle continues its dorsi-flexion movement with the function of floor 

clearance. Tibialis Anterior increases its activity mainly because after the tibia becomes vertical, the foot 

weight creates a strong plantar-flexion moment at the ankle. Tibialis Anterior activity is also to prepare 

for big contraction forces that will be needed in loading response. At this sub-phase, little internal 

moment is present at the ankle, and little power exchanges occur. 

The knee undergoes during this sub-phase of swing, a passive extension with the goal of limb 

advancement. This passive knee extension is achieved by gravity as the knee flexor muscles relax. 
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Also, the momentum from hip flexion also helps the knee to extend. By the time the tibia becomes 

vertical, this forces reach a balance. At that time the knee is at rapid extension and the Hamstrings 

contract eccentrically during this sub-phase remaining until the end of swing in order to prevent knee 

hyper-extension, thus power absorption takes place. 

 

Figure 2.20 – Mid-Swing representation [30]. 

During mid-swing, the hip flexes an additional 10°, and about the time of tibia vertical, the hip is 

essentially at its peak of flexion. Little or no muscle activity is present at this stage, being the flexion of 

the hip achieved by the momentum the limb had before. There is also an increasing activity by the 

Hamstrings with the purpose of controlling the rate of knee extension and to maintain the hip flexed at 

its position. As the flexor muscles cease their activity and the Hamstrings start to contract eccentrically, 

power generation gives place to power absorption. 

2.2.3 Terminal Swing 

Terminal-Swing (approx. from 87% to 100% of the gait cycle) is the last sub-phase of swing and the 

end of the gait cycle. This sub-phase begins when the tibia of the swinging leg is vertical and ends at 

initial contact or heel strike, when the foot touches the ground, beginning a new stance phase. The goals 

of this sub-phase are to complete limb advancement and to prepare the limb for stance. Terminal swing 

can be visualized in Figure 2.21. 

During terminal swing the ankle maintains its neutral position in order to prepare for initial contact. 

As was noted before, the Tibialis Anterior starts to contract prior to initial contact anticipating the high 

contractile demanding that will be needed in loading response. As in the other sub-phases of swing, 

little power exchanges occur at the ankle in terminal swing. 

The knee continues to extend during terminal swing, preparing for initial contact and as described 

above at loading response, the knee becomes approximately full extended just prior to heel strike. The 

Hamstrings continue to contract eccentrically at terminal swing in order to prevent knee hyper-extension, 

so an internal extension moment starts developing, thus absorbing power. 
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Figure 2.21 – Terminal Swing representation [30]. 

As was previously mentioned, there is usually no flexion of the hip in terminal swing, as the 

Hamstrings start contracting at mid-swing and Gluteus Maximus also being its activity at this sub-phase, 

both with the goals of controlling hip flexion and preparing the limb for stance. There is then an increasing 

internal flexion moment, but with virtually no movement at the hip, little power exchanges occur during 

this sub-phase. 

As a bi-articulate muscle, the Hamstrings has a great control in terminal swing, as opposed with 

Gluteus Maximus and Adductor Magnus, because it has the advantage of both decelerating the hip and 

the knee, as opposed to single joint muscles. The Hamstrings starts decreasing their activity, giving 

control to Gluteus Maximus and Adductor Magnus by the end of terminal swing indicating a need for hip 

extension with less involvement of the knee joint. 

2.3 Gait Determinants 

Gait determinants are characteristics of the gait pattern that enable humans to walk more efficiently 

with low effort. The function of the gait determinants is to regulate the Center of Gravity (CG) 

displacement. This control provides a smoothed and minimized movement of the CG, reduced 

momentum fluctuations about the whole body CG and lowered muscular effort throughout the gait cycle. 

If CG displacement is minimized, there is no need for recovering from intermittent falls downward 

and upward, thus saving energy. Perry [30] admits that gait determinants are responsible for a 50% 

reduction in the trunk's vertical displacement and 40% reduction in horizontal displacements. 

There is a collection of nine gait determinants that together contribute to this minimization of energy 

expended throughout the gait cycle. In this chapter I describe those determinants [31] and how they 

affect the gait walking pattern [11,29,31,32]. 

It is first presented the four gait determinants that occur in the sagittal plane and then the five other 

gait determinants that occur in the transverse and frontal planes. 
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2.3.1 Knee Flexion during early stance phase 

As explained previously, the knee has a complex angular trajectory during stance. At the beginning 

of stance, as the hip passes from flexion to extension, a great vertical displacement would occur if the 

knee didn't flex and the leg remained straight. Knee flexion in early stance (Figure 2.22) allows the 

shortening of the leg in the middle of this movement, reducing this effect.  

 

Figure 2.22 – Knee flexion in early stance representation [31]. 

Knee flexion during early support phase allows for shock absorption, lowered CG displacement and 

lowered energy expenditure. This effect also helps to regulate the angular momentum in mediolateral 

direction. 

2.3.2 Controlled plantar-flexion 

Controlled plantar-flexion (represented in Figure 2.23), an ankle movement between initial contact 

or heel strike and toe strike has the function of absorbing the shock of forefoot collision with the ground. 

This effect, combined with knee flexion in early stance, helps smoothing the CG trajectory at its lowest 

point during loading response, decreasing the rate of body elevation. As the ankle plantarflex, it helps 

in lengthening the limb and to regulate the angular momentum of the body in the mediolateral direction. 

 

Figure 2.23 – Controlled plantarflexion representation [31]. 

2.3.3 Powered plantar-flexion 

Plantarflexion of the ankle in the end of stance (represented in Figure 2.24) combined with flexion 

of the knee also helps to regulate vertical displacement of the CG. As the ankle plantarflex it lengthens 

the ipsilateral limb and elevates the descending limb (swinging leg), decreasing its impact with the floor. 

Just like the controlled plantar-flexion, powered plantarflexion also helps to regulate the angular 

momentum in mediolateral direction, thus improving stability. 
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Figure 2.24 – Powered plantarflexion representation [31]. 

2.3.4 Anteroposterior flexion of the trunk 

This gait determinant describes a motion of T1 (first thoracic vertebrae, upper dot in Figure 2.25) 

relative to the center of the transacetabular line (lower dot). 

The maximum backward flexion of the trunk occurs at the moment of toe off, when the foot leaves 

the ground and the maximum forward flexion occurs at heel strike, when double-support begins and 

both feet are touching the floor. 

 

Figure 2.25 – Anteroposterior flexion of the trunk representation [31]. 

2.3.5 Pelvic Rotation 

The pelvis rotates in the transverse plane in relation to the vertical axis, to the right and left, once 

every gait cycle, reaching its neutral position during mid-stance and maximum rotation at the beginning 

of double-support. The range of pelvis rotation during the gait cycle can be visualized in Figure 2.26. 

The hip joint moves forward as it flexes and moves backwards as it extends, rotating about 3° to 5° 

to either side. This forward movement provides a way in which the hip doesn't have to flex so much for 

a desired stride length, as some proportion of it comes from pelvic rotation. If pelvic rotation didn’t 

happen, the hip would have to flex and extend more for a desired stride length leading to a greater 

vertical displacement (downwards) in double support. For this reason, pelvic rotation can decrease the 

vertical displacement of the CG by approximately 1 cm 

Pelvic rotation allows to an increased step length (which can be easily visualized in Figure 2.27), 

thus increasing the radius for the displacement arcs of the hip, smoothing the CG trajectory. Pelvic 

rotation also helps to regulate angular momentum in vertical direction, thus stabilizing the body while 

walking. 
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Figure 2.26 – Transverse pelvic rotation throughout the gait cycle [31].  

 

Figure 2.27 – Pelvic rotation representation. Movement in the transverse plan that enables one to minimize energy 

expended, vertical CG displacement and maximize stride length [31]. 

2.3.6 Pelvic Tilt 

 

Figure 2.28 – Pelvic tilt throughout the gait cycle [31]. 

During normal walking the pelvis tilts downward to the swinging leg, reaching its maximum tilt during 

mid-swing and minimum at the beginning of double-support phase at initial contact. The average angular 
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displacement associated with pelvic tilt is about 4-5° and is associated with hip adduction/abduction. 

This range of motion is represented in Figure 2.28. 

Pelvic tilt (also represented in Figure 2.29) provides a way in which the displacement of CG is 

reduced, since the displacement of the trunk depends on the average of both hip joints positions. As 

this movement elongate the Iliotibial tract, knee extension is increased and energy is stored at the 

Achilles tendon. This effect also helps to regulate momentum in the anterior-posterior direction. 

This gait determinant is only possible if there is a good synergy between the flexion of the knee and 

dorsi-flexion of the ankle, as a way of clearing the ground to allow the shortening of the swinging leg. 

 

Figure 2.29 – Pelvic tilt representation. The Pelvis reaches its maximum vertical position when the feet are adjacent 

and its minimum position at initial contact [29]. 

The combined action of knee flexion during early stance phase, pelvic rotation and pelvic tilt saves 

about 2.5 cm of the CG vertical displacement [32]. This effect can be visualized in Figure 2.30. 

 

Figure 2.30 – CG's displacement (approximately 2.5 cm) in the sagittal plane during the gait cycle [31]. 
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2.3.7 Lateral displacement of the pelvis 

The seventh gait determinant describe a lateral cyclic movement of the pelvis that occurs at each 

step towards the stance leg, providing stability. The maximum lateral displacement is achieved during 

mid-stance when the two feet are adjacent. 

The pelvis is medial to the knees (Figure 2.31), with respect to the sagittal plane. This adducted 

position of the limb enables a reduced lateral displacement of the pelvis with increased stability, while 

the feet are closed together. If the feet were further apart, the body would have to increase its lateral 

displacement in order to maintain balance. In this way, the total lateral displacement of the CG is about 

4.5 cm [31]. Also, as the lateral acceleration is reduced, least energy consumption is required by the 

muscles. 

 

Figure 2.31 – Adducted posture of the limbs, leading to energy saving and lateral displacement reduction [31]. 

2.3.8 Inversion-Eversion-Inversion sequence at the subtalar joint 

 

Figure 2.32 – Motion at the subtalar joint during stance as a function of the rotation of calcaneus of talus [31]. 

This gait determinant is about an inversion and eversion motion that occurs in the subtalar joint 

during the gait cycle. This motion allows for shock absorption through flattening of the longitudinal arch 
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of motion during walking. Figure 2.32 demonstrates the difference that occur in this motion as a function 

of the rotation of calcaneus of talus. 

This gait determinant also allows for an accommodation of the tibia rotational motion. During 

controlled dorsi-flexion, the tibia rotates medially to about 10° and at the end of Stance, from foot flat to 

toe off, the tibia counter-rotates laterally, to about 20°. 

2.3.9 Lateral flexion of the trunk 

During the gait cycle the trunk experiences a lateral flexion towards the stance leg (Figure 2.33), 

reaching its maximal flexion during mid-swing when the feet are adjacent. This gait determinant helps 

to regulate the angular momentum in the anterior-posterior direction, thus increasing stability.  

 

Figure 2.33 – Lateral flexion of the trunk representation [31]. 
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In [25], Geyer and Herr present “A Muscle-Reflex Model That Encodes Principles of Legged 

Mechanics Produces Human Walking Dynamics and Muscle Activities”. This model is based on muscle 

reflexes and on the principle that locomotion requires little control if principles of legged mechanics and 

its dynamics are exploited in the model itself. The human model is represented with a trunk and two 

three-segmented legs, in which they applied 14 Hill-type muscles (7 on each leg) that can be compared 

directly to important muscles in locomotion. The basis for this model is the bipedal spring-mass model 

(Figure 3.1), based on the fact that, if the legs behave like springs in stance, walking and running emerge 

naturally as a consequence of the forward speed of the human model. Although this model is very simple 

to reproduce a human-like walking pattern, the displacement of the center of mass is similar to that in 

walking and running. 

 

Figure 3.1 – Bipedal spring-mass model [25]. 

The model is built upon three layers; the mechanical layer, composed of all the mechanic parts of 

the model that has as function to receive the torques computed in the muscular layer, applying that to 

the model’s joints and then track their output like position and velocity to be used in the other layers; the 

neural layer deals with reflexes and receives information from the other two layers in order to compute 

the necessary muscle activations to be used in the muscular layer; the muscular layer receives 

information from both the other layers and has the main function to produce muscle contractions, 

converting into torques and sending that information to the mechanical layer. 

To achieve human-like locomotion, three main changes were done on top of the bipedal spring-

mass model [25]. To begin with, each spring of the model was replaced with a three-segmented leg 

(composed by thigh, shank and foot) and muscles were added spanning the ankle and knee in order to 

achieve compliant stance behavior. Secondly, the point mass was replaced with a trunk and hip muscles 

for its balance control. In the end, swing leg control was added, allowing this model to enter in cyclic 

locomotion. 

In the first step of their model development, in order to achieve compliant stance behavior, they 

added 4 muscles to each limb. To begin with, a Soleus muscle (SOL) and a Vasti muscle group (VAS) 

were added, represented in picture A of Figure 3.2. Both these muscles activities depend on positive 

force feedback F+, a spinal reflex observed in cats and suggested in humans that can generate 

compliant behavior in neuromuscular legs. With the force feedback mechanism, the stimulation of a 
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muscle is the sum of a pre-stimulation and a time-delayed (activation to contraction delay) gained force. 

The F+ of SOL and VAS, along with the segmentation of the limb, introduces a problem in which a large 

extension torque at the ankle can lead to knee hyperextension and vice-versa. To counter this effect, 

the Gastrocnemius (GAS) and Tibialis Anterior (TA) muscles were added (picture C of Figure 3.2). The 

Gastrocnemius also uses F+ during stance, preventing knee hyperextension and generating an overall 

compliant leg behavior. The Tibialis Anterior, contrary to the other 3 muscles, uses positive length 

feedback L+, preventing ankle overextension when large torques are applied to the knee. However, it is 

necessary to add a negative force feedback F- in TA’s control, to avoid this muscle to act against the 

SOL if the active ankle extensors preserve the torque equilibrium between the knee and ankle. An 

inhibition at the VAS was also added if the knee extends beyond a 10° threshold. 

 

  

Figure 3.2 – Sequence of modifications applied to the spring-mass model by Geyer and Herr in [25]. 

The second part of the model development was to replace the point mass with a trunk and add its 

balance control. Herr and Geyer hypothesized that one could accomplish such task activating the hip 

muscles proportionally to the trunk’s velocity and forward lean in the inertial system. They added to each 

leg a Gluteus muscle group (GLU) and a HFL (Hip Flexor Muscle) muscle group, both activated 

proportional to the trunk’s forward lean and angular velocity. Finally, they added a Hamstring muscle 

group (HAM) with stimulation similar to GLU (picture D of Figure 3.2). This muscle counters knee 

hyperextension resulting when a large hip torque is generated as the GLU pulls back the heavy trunk. 

Also, these 3 muscles stimulations are a function of the amount of body weight the leg bears, as the hip 

torques can only balance the trunk if the leg bears sufficient weight on the ground (picture E of Figure 

3.2). 
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The third and last step of the model, was to add swing leg control (picture F of Figure 3.2), allowing 

the model to enter in cyclic locomotion. In this step, it is assumed that the importance of each leg in 

stance is proportional to the amount of body weight that same leg bears. For that reason, they inhibit 

the F+ of the ipsilateral leg’s VAS in proportion to the weight the contralateral leg bears. This action is 

important as it enables the knee to flex while the ankle extends, thus pushing the leg forward and off the 

ground. There is also another swing stimulation mechanism, as the stimulation of the HFL is increased 

at the same time that the GLU’s is decreased by a fixed amount in double-support. 

During swing, the leg has a ballistic motion with SOL, GAS and VAS muscles silent and only TA’s 

L+ active in order to provide foot clearance with the ground. The HFL is stimulated during swing with its 

stretch reflex L+, facilitating leg protraction during this phase. This muscle is also dependent on the 

trunk’s forward lean as this affects the required protraction speed. Another important feature for gait 

stability is to enforce leg retraction before landing. This latter mechanism is achieved with three muscle 

reflexes. First, they inhibit HFL’s L+ proportionally to the stretch that the HAM receives in swing. This L- 

is necessary to compensate for the hip rotation that results when the passive knee rotates into full 

extension during leg protraction. The second and third reflexes are the F+ of GLU and F+ of HAM. Both 

reflexes function is to transfer part of the protraction momentum into leg lowering and retraction at the 

same time as the leg halts. Lastly, it is important to say that the switch between stance and swing control 

is achieved with sensors in the model’s feet that detect the ground (Figure 3.3). 

 

Figure 3.3 – Control switching between stance and swing reflexes. The model's feet has two sensors at the Heel 

and Ball that detect the ground and enable the transition between the two controllers. The stimulations Sm to the 
different muscles depend on the mechanical input Mi [25]. 

After the development of the model, Geyer and Herr had to optimize all the parameters involved in 

the calculations of the muscle’s stimulations and activations. They did that by maximizing the model’s 

robustness against ground disturbances but constraining to the goal of achieving similar ground reaction 

forces GRF to those of human walking and the observation of gait determinants that are relevant to 

sagittal-plane motion (those described in the previous section). In fact, their model can actually 

reproduce some known muscle activation patterns, angle and torques, center-of-mass dynamics and 
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the M-shape pattern of GRF for human locomotion, at the same time as it adapts to slopes (< ± 4%) and 

small disturbances (< ± 4 cm) without some gait specific control and parameter intervention. There are 

however some measurable differences between the outputs of their model and the one’s known from 

the analysis of human gait. Those differences have to do with the simplified version of the human model. 

One of those differences is the absence of toes and toe-flexors in the model that are known to support 

plantar flexion at late stance. Geyer and Herr showed with their model that motor control and leg 

mechanics should not be viewed separately.  

On our project, we developed a model for ankle, knee and hip function that is focus not in muscles 

but in the underlying dynamics that occur at these main joints (ankle, knee and hip) during normal 

walking in 2D (sagittal plane). 

3.1 Hill muscle model 

Like was previously mentioned, each of the seven muscles in each of the model’s leg is a Hill-type 

muscle. In this section the characteristics of this muscular model are described in order to explain the 

reflex mechanism which is the basis of the neuro-muscular model [25]. Generally, a Hill muscle model 

is constituted by three-elements, namely, the contractile (CE), the series (SE) and the parallel elements 

(PE) [33]. 

The CE has the ability to shorten when activated. This active force has its origin at the sarcomere 

level from actin and myosin cross-bridges’ force generation [34]. Also, the connective tissues 

surrounding the CE influence the muscle’s force length curve, which will be discussed later. 

The SE and PE are two non-linear spring elements. The SE represents the tendon and the intrinsic 

elasticity of the myofilaments, providing energy storing and also responding as a soft tissue.  Even when 

the CE is not active, the PE is responsible for the muscle’s passive behavior when it is stretched. The 

force generated in this element has its origins in the passive force of the connective tissues. 

The forces and lengths of CE and the passive elements SE and PE satisfy the following conditions: 

𝐹 = 𝐹𝑃𝐸 + 𝐹𝑆𝐸  (3.1) 

𝐹𝑆𝐸 = 𝐹𝐶𝐸 (3.2) 

𝐿 = 𝑙𝑃𝐸 = 𝑙𝐶𝐸 + 𝑙𝑆𝐸  (3.3) 

 

Figure 3.4 – Force-length relationship (left picture) and force-velocity relationship (right picture) of the muscle 

[34]. 



38 

 

One can conclude from the above relationships that the force-length curve characteristics (left 

picture of Figure 3.4) of a Hill-type muscle is a combination between both active and passive elements. 

For example, during isometric contractions, as the length of the muscle must be kept constant, a 

stretching of the SE that is under tension can only occur if the CE is shortened [34]. 

Hill also demonstrates [33] that the relationship between force and velocity is hyperbolic (right 

picture of Figure 3.4). The inverse relationship between these two measurements dictates that the higher 

the contraction velocity, the lower the tension in the muscle, and the contrary. According to [34], the 

decreasing of muscle tension as the shortening velocity increases is due to mainly two reasons. The 

first and less important cause is the fluid viscosity that is present in both the connective tissues and the 

CE. The loss in tension as the cross bridges of the CE reform in a shortened condition appears to be 

the major cause of this feature. Being 𝑎 the coefficient of shortening heat, 𝐹𝑚𝑎𝑥 the maximum isometric 

force generated in the muscle and 𝑣𝑚 the maximum velocity when 𝐹𝐶𝐸 = 0, the relationship between the 

net force of the muscle, 𝐹𝐶𝐸 and the velocity of contraction 𝑣𝐶𝐸 , is the following: 

(𝑣𝐶𝐸 + 𝑏)(𝐹𝐶𝐸 + 𝑎) = 𝑏(𝐹𝑚𝑎𝑥 + 𝑎) (3.4) 

𝑏 = 𝑎 ∙ 𝑣𝑚/𝐹𝑚𝑎𝑥  (3.5) 

The relationship between force, length and velocity can also be visualized in Figure 3.5. In [25] 

Geyer and Herr use a similar model as presented here in their MTUs (muscle-tendon units), which is 

explained in the next section. 

 

Figure 3.5 – Relationship between force, length and velocity in the muscle [35]. 

3.2 A muscle model with positive force feedback and reflexes 

In [36] it is show thatn positive force and length feedback of muscle-fiber can result in periodic 

bouncing. Furthermore, positive force feedback (F+) is shown to stabilize bouncing patterns within a 

large range of stride energies, predicting an overall elastic leg behavior. 

To this end, the muscle-tendon units (MTUs) have the structure represented in Figure 3.6. Normally, 

the SE and CE form the MTU but PE is engaged when the CE stretches beyond its optimum length 

(𝑙𝐶𝐸>𝑙𝑜𝑝𝑡), which can be visualized in the left picture of Figure 3.4. Also, the buffer elasticity (BE) prevents 

the CE from collapsing when the SE is slack (𝑙𝑚𝑡𝑢 − 𝑙𝐶𝐸 < 𝑙𝑠𝑙𝑎𝑐𝑘). 
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Figure 3.6  – Muscle-tendon unit (MTU) [25]. 

The net force generated in the MTU is naturally: 

  𝐹 = 𝐹𝑆𝐸 = 𝐹𝐶𝐸 + 𝐹𝑃𝐸 − 𝐹𝐵𝐸  (3.6) 

The force generated in the CE is a function of the activation of the muscle, 𝐴, the maximum isometric 

force, 𝐹𝑚𝑎𝑥 and the force-length and force-velocity relationships 𝑓𝑙(𝑙𝐶𝐸) and 𝑓𝑣(𝑣𝐶𝐸), respectively.  

      𝐹𝐶𝐸 = 𝐴𝐹𝑚𝑎𝑥𝑓𝑙(𝑙𝐶𝐸)𝑓𝑣(𝑣𝐶𝐸) (3.7) 

𝑙𝐶𝐸 = ∫ 𝑣𝐶𝐸𝑑𝑡 = ∫[𝑓𝑣(𝑣𝐶𝐸)]−1𝑑𝑡 (3.8) 

The force-length relationship depends on CE’s length, 𝑙𝐶𝐸  , CE’s optimal length 𝑙𝑜𝑝𝑡, the width(𝑤) of 

the bell-shaped 𝑓𝑙(𝑙𝐶𝐸) and 𝑐 = ln(0.05) fulfilling 𝑓𝑙(𝑙𝑜𝑝𝑡(1 ± 𝑤)) = 0.05. 

      𝑓𝑙(𝑙𝐶𝐸) = 𝑒𝑥𝑝 [𝑐 |
𝑙𝐶𝐸−𝑙𝑜𝑝𝑡

𝑙𝑜𝑝𝑡𝑤
|

3

] (3.9) 

The force-velocity relationship depends on the maximum contraction velocity, 𝑣𝑚𝑎𝑥, the velocity of 

muscle contraction, 𝑣𝐶𝐸 , the variable 𝑁 which is the dimensionless amount of force 𝐹/𝐹𝑚𝑎𝑥 reached at 

a lengthening velocity 𝑣𝐶𝐸 = −𝑣𝑚𝑎𝑥, and a curvature constant 𝐾. 

                                           𝑓𝑣(𝑣𝐶𝐸) = {
         

𝑣𝑚𝑎𝑥−𝑣𝐶𝐸

𝑣𝑚𝑎𝑥+𝐾𝑣𝐶𝐸
,                          if 𝑣𝐶𝐸 < 0

𝑁 + (𝑁 − 1)
(𝑣𝑚𝑎𝑥+𝑣𝐶𝐸)

7.56𝐾𝑣𝐶𝐸−𝑣𝑚𝑎𝑥
,  if 𝑣𝐶𝐸 ≥ 0

 (3.10) 

The force-velocity relationship can also be written as: 

         𝑓𝑣(𝑣𝐶𝐸) = (𝐹𝑆𝐸 − 𝐹𝑃𝐸 + 𝐹𝐵𝐸)/𝐴𝐹𝑚𝑎𝑥𝑓𝑙(𝑙𝐶𝐸) (3.11) 

The force developed in the SE, 𝐹𝑆𝐸 , which must be equal to 𝐹𝐶𝐸 , is dependent on the tendon strain 

(𝜀) and strain reference (𝜀𝑟𝑒𝑓) as follows: 

                                      𝐹𝑆𝐸(𝜀) = {      (𝜀/𝜀𝑟𝑒𝑓)
2

       if 𝜀 > 0

   0                         if 𝜀 ≤ 0
       with     𝐹𝑆𝐸(𝜀𝑟𝑒𝑓) = 1   (3.12) 

The forces developed in the PE (FPE) and BE (FBE) are the following: 

            𝐹𝑃𝐸 = 𝐹𝑚𝑎𝑥 . ((𝑙𝐶𝐸 − 𝑙𝑜𝑝𝑡)/𝑙𝑜𝑝𝑡𝜀𝑃𝐸)2𝑓𝑣(𝑣𝐶𝐸)   (3.13) 
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                       𝐹𝐵𝐸 = 𝐹𝑚𝑎𝑥 . ((𝑙𝑚𝑖𝑛 − 𝑙𝐶𝐸)/𝑙𝑜𝑝𝑡𝜀𝐵𝐸)2   (3.14) 

In the above equations, lmin = 𝑙𝑜𝑝𝑡 − 𝑤 is the resting length of BE, εBE = 𝑤/2 the reference 

compression and εBE = 𝑤 the PE’s reference strain. Like was previously noted, the PE and BE only 

engage at certain moments, and definitely not in the MTU’s normal operation range, providing minor 

roles for its dynamics and locomotion. 

The activation state 𝐴(𝑡) relates to a neural input S(t) with the first-order differential equation below, 

that describes the excitation-contraction coupling, being 𝜏 the excitation-contraction coupling constant. 

𝜏
𝑑𝐴(𝑡)

𝑑𝑡
= 𝑆(𝑡) − 𝐴(𝑡) (3.15) 

The neural input 𝑆(𝑡) depends on a constant stimulation 𝑆0, and a feedback component 𝐺𝑃(𝑡 − ∆𝑃) 

dependent on the gain factor (G), sensory information (P) and the signal propagation delay ∆𝑃. 𝑆(𝑡) is 

limited between 0 and 1. 

                                 𝑆(𝑡) = {
            𝑆0                  if 𝑡 < ∆𝑃

𝑆0 ± 𝐺𝑃(𝑡 − ∆𝑃)     if 𝑡 ≥  ∆𝑃   
       (3.16) 

 

 

Figure 3.7 – Scheme that guides all the process from sensory information collection until muscle contraction 

[36].The sensory information 𝑃(𝑡) ( which may represent force, F+ or F-, or length, L+ or L-) is time-delayed (∆𝑃) 

and gained (𝐺) before being summed or subtracted at the α-motor neuron (αMN) to the pre-stimulation 𝑆0 or STIM0, 

depending if the signal is a positive excitatory postsynaptic potential (EPSP) or a negative-feedback inhibitory 
postsynaptic potential (IPSP), respectively. After this the signal is limited between 0 and 1 and the activation 𝐴(𝑡) 

is delayed by the Excitation-Contraction Coupling, ECC. 

The process from collecting sensory information until muscle contraction is represented in Figure 

3.7. In this Figure, the sensory information collected from the muscle P(t) may represent a force (F+ or 

F-) or length (L+ or L-). The muscle activation and reflex mechanism for each muscle in the neuro-

musculo gait model is presented in the next chapter. 
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4.1 Joints as springs 

This work is based on the idea that joints can be approximately reduced to torsional springs working 

with feedback as was previously described. Similar works have been done, trying to calculate the 

stiffness of both the ankle and knee during the stance phase of the gait cycle [37 - 41] 

In the studies [37] and [40], the authors exploit the idea of a torsional spring working as an ankle 

with some defined stiffness. The way they do this is by analyzing the angle-moment graph of the ankle 

during the gait cycle and analyzing the relationship between these two measurements. The data was 

gathered in 136 conditions across 14 subjects, spanning a great range of body size and gait speed of 

human adults. 

As was explained before in the gait cycle analysis chapter, starting from initial contact, the ankle 

undergoes a controlled plantarflexion with the intention of lowering the foot to the ground in a gentle 

way. After toe strike the ankle begins to dorsiflex (controlled dorsiflexion) and later in the stance phase 

starts to plantarflex (powered plantarflexion). This last plantarflexion mode of the ankle, that generates 

high torque and power, is most probably essential for the forward propulsion of the body. These studies 

analyze the behavior of the ankle in controlled plantarflexion and powered plantarflexion. 

One can conclude from observation of the ankle angle-moment graph that during the controlled 

dorsi-flexion and powered plantarflexion phases of the gait, the ankle seems to exhibit a linear behavior. 

In [37] the authors calculated the characteristic stiffness of the ankle as the mean between the slopes 

of the regression lines that passes through the two phases being analyzed in the angle-moment graph. 

Such work can be visualized in Figure 4.1. In the development of this master thesis model, the ankle 

was modeled as a spring and so was necessary to define its initial stiffness, being these studies as an 

inspiration to such task. 

 

Figure 4.1 – Ankle's angle-moment graph. The figure denotes the regression lines draw according to controlled-

dorsi-flexion and powered plantar-flexion phases and the mean regression line (𝐾 defines the characteristic stiffness 

of the ankle as calculated in [37]) ; a: Heel Contact; b: Foot Flat; c: Maximum ankle moment; d: Toe-Rocker; e: 
Terminal Stance; f: Swing. 
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In [41] the authors suggest that passive components cannot completely explain the behavior of the 

ankle (augmentation should be added in order to add propulsion work) and that the characteristic 

stiffness of the ankle increases as the gait speed increases. Also, the spring-like behavior of the ankle 

during stance diminishes as the ground slope, gait speed and load weight increases. Concluding, these 

authors suggest that, for designing better orthoses, prostheses, exoskeletons and biped robots, one 

should be aware of all these variables. 

In the same way as these authors analyzed the function of the ankle during stance, they analyzed 

the function of the knee during the weight acceptance stage of stance during normal walking in [38] and 

[39].  As the previously example, studying the knee also involved a detailed analysis of the angle-

moment graph of this joint during stance. They concluded that the knee can be approximated as a 

torsional spring during this phase. The knee’s angle-moment graph for [37] can be visualized in Figure 

4.2. 

As was previously described, the knee, during the acceptance stage of stance, undergoes a 

resistive flexion at first, followed by a propulsive extension. As the knee has a shock damping 

mechanism, large moments are present during this phase. In [38], the authors suggest that the knee 

functions like a spring in stance, analyzing the nearly linear relationship between moment and angle 

during stance. 

The characteristic stiffness of the knee during the weight acceptance stage is calculated as the 

mean between the slopes of the regression lines that pass through the phases of flexion and extension. 

The supportive work can be described as the amount of work done by the knee during this stage, in 

order to prevent the collapse. 

 

Figure 4.2 – Knee's angle-moment graph. The figure denotes the regression lines draw according to the flexion and 

extension phases and the mean regression line; a: Heel Contact; b: Maximum knee moment; c: Knee extension; d: 
End of Extension; e: Terminal Stance; f: Swing [37]. 

The authors also noticed that the stiffness of the knee during the weight acceptance stage changes 

linearly with the change of gait speed. However, as the gait speed increases, the stiffness of the flexion 

mode increases, contrary with a decreased in extension mode. Also, the characteristic stiffness from 
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both phases is predicted to be identical for a gait speed around 90% of the reference speed, very close 

to the natural walking speed. 

In the context of this work, the model was developed using the previous model of [25], taking some 

inspiration on the way the muscles on this model work, the reflexes and positive and negative feedback. 

Also, the model’s mechanical structure was utilized here. We also took some inspiration in the studies 

described in this section, approximating the joints in the model as torsional springs with stiffness that 

had to be tuned in order for the model to achieve the desired cyclic walking pattern. 

4.2 Ground contact model 

To finalize the description of the neuromuscular gait model, we give a description of the ground 

interaction force at the feet. 

This non-linear spring damper model was inspired in previous works such as [42] and [43], being 

adapted in order to output the ground reaction force (horizontal and vertical) to the two contact points 

(Contact Point, CP of the ball and heel) in the model feet. This model interprets the ground contact with 

two material properties: ground stiffness and maximum relaxation speed 𝑣𝑚𝑎𝑥. 

The vertical component of the GRF is calculated as: 

𝐹𝑦 = 𝑘𝑦∆𝑦𝑐𝑝(1 + ∆𝑦𝑐𝑝
̇ )(∆𝑦𝑐𝑝 > 0)(∆𝑦𝑐𝑝

̇ > −1) (4.1) 

In this equation 𝑘𝑦 is the vertical contact stiffness, ∆𝑦𝑐𝑝 the ground penetration and ∆𝑦𝑐𝑝
̇  the ground 

penetration velocity normalized to 𝑣𝑚𝑎𝑥 = 3 𝑐𝑚𝑠−1. In this context, a 𝑣𝑚𝑎𝑥 = ∞ or 0 describes a perfectly 

elastic or inelastic impact, respectively. As the previous equation indicates, the vertical GRF (𝐹𝑦) is only 

different from zero if (∆𝑦𝑐𝑝 > 0) and (∆𝑦𝑐𝑝
̇ > −1). 

The horizontal component of the GRF, which can be either modeled as a stiction force, 𝐹𝑥,𝑠𝑡 or a 

sliding force 𝐹𝑥,𝑠𝑙 is calculated as: 

       𝐹𝑥,𝑠𝑡 = −𝑘𝑥∆𝑥𝑐𝑝(1 + 𝑠𝑔𝑛(∆𝑥𝑐𝑝)∆𝑥𝑐𝑝
̇ ) (4.2) 

      𝐹𝑥,𝑠𝑙 = −𝑠𝑔𝑛(𝑥𝑐𝑝̇ )𝜇𝑠𝑙𝐹𝑦 (4.3) 

In this equation 𝑘𝑥 is the horizontal contact stiffness, ∆𝑥𝑐𝑝  = 𝑥𝑐𝑝 − 𝑥0 the displacement from the 

point 𝑥0 at which the stiction engaged, ∆𝑥𝑐𝑝
̇  that velocity normalized to 𝑣𝑚𝑎𝑥 = 3 𝑐𝑚𝑠−1 , 𝑥𝑐𝑝̇  the CP’s 

horizontal velocity and 𝜇𝑠𝑙 the sliding friction coefficient. The CP is considered to be in stiction if 𝑥𝑐𝑝̇ <

1 𝑐𝑚𝑠−1, returning to sliding if 𝐹𝑥,𝑠𝑡 ≥  𝜇𝑠𝑡𝐹𝑦, being 𝜇𝑠𝑙 = 0.9 the stiction coefficient. 

4.3 Control strategy 

Prior control work by Geyer’s and Herr’s [25] was developed in Matlab/Simulink environment and 

so, as this is the basis of the model developed in the context of this master thesis, we also used this 

tool. In [25] was also developed in SimMechanics a graphic representation of a human model in 2D, 

composed by the feet, shanks, thighs and a trunk. Such environment was also used in this master thesis 

work. 
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The skeletal simulator model used in this work was developed in [25], and implemented in 

Simulink/SimMechanics. In Figure 4.3 is represented the model. Table 1, in Appendix A, show its 

properties. 

 

Figure 4.3 – SimMechanics human model created in [25] and used in this master thesis model development. 

The process by which we implemented our model was to develop a new control strategy for each 

joint, inspired in the model of Chapter 3 and in the studies discussed in 4.1. In this chapter, it is explained 

each joint control strategy, starting in the ankle, moving to the knee and then finishing with the hip joint.  

4.3.1 Ankle control strategy 

The ankle control strategy was mainly inspired in the function of the TA and SOL. In [25] the 

stimulation (S) computed to the TA’s and SOL’s MTUs depends if the leg which the muscles are attached 

is currently in stance or swing phase. The stance control is active providing at least one of two cases; 

the heel sensor detects that the foot is touching the ground or the ball sensor detects that the foot is 

touching the ground and its being produced a plantarflexion moment to the ankle joint. This last condition 

ensures that in the end of stance, when the ankle is at power plantarflexion stage, the control system 

switches to swing when its being developed a dorsiflexion moment. The ball and heel sensors are then 

a very important mechanism to make the transition between stance and swing controls systems. 

In stance, 𝑆𝑇𝐴 is modeled as a sum between a pre-stimulation (𝑆0,𝑇𝐴) and a time-delayed (∆LTD) and 

gained (GTA) length feedback signal (𝐿𝐶𝐸,𝑇𝐴) from itself. To this is subtracted also a time-delayed (∆LTD) 

and gained (𝐺𝑆𝑂𝐿,𝑇𝐴) negative force feedback from SOL (𝐹𝑆𝑂𝐿) with the purpose of preventing TA from 

“fighting” SOL’s function as plantar-flexor. During stance, 𝑆𝑆𝑂𝐿 is simply modeled as a sum between a 

pre-stimulation (𝑆0,𝑆𝑂𝐿) and a time-delayed (∆LTD) and gained (𝐺𝑆𝑂𝐿) force feedback signal (𝐹𝑆𝑂𝐿) from 

itself. The time-delay (∆LTD) for both muscles is modeled as a 20ms “Long Time-Delay” related to the 

time that the sensory system takes to read the MTU signals. 

                         𝑆𝑇𝐴,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝑇𝐴 + 𝐺𝑇𝐴(𝑙𝐶𝐸,𝑇𝐴(𝑡 − ∆𝐿𝑇𝐷) − 𝑙𝑅𝐸𝐹,𝑇𝐴) − 𝐺𝑆𝑂𝐿,𝑇𝐴𝐹𝑆𝑂𝐿(𝑡 − ∆𝐿𝑇𝐷) (4.4) 
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              𝑆𝑆𝑂𝐿,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝑆𝑂𝐿 + 𝐺𝑆𝑂𝐿𝐹𝑆𝑂𝐿(𝑡 − ∆𝐿𝑇𝐷) (4.5) 

During swing, 𝑆𝑇𝐴 is very similar to the one in stance, being modeled as a sum between a pre-

stimulation 𝑆0,𝑇𝐴 and a time-delayed (∆LTD) and gained (GTA) length feedback signal (𝐿𝐶𝐸,𝑇𝐴) from itself. 

As SOL is inactive during swing, there is no need for the “fighting” mechanism present during stance. 

The modeled stimulation of TA during swing has as main function to provide foot clearance with the 

floor, dorsiflexing the ankle to approximately a neutral position. The Soleus muscle, as previously 

mentioned, is virtually inactive during swing, and so its stimulation, 𝑆𝑆𝑂𝐿 is simply composed by the pre-

stimulation 𝑆0,𝑆𝑂𝐿. 

                              𝑆𝑇𝐴,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝑇𝐴 + 𝐺𝑇𝐴(𝑙𝐶𝐸,𝑇𝐴(𝑡 − ∆𝐿𝑇𝐷) − 𝑙𝑅𝐸𝐹,𝑇𝐴) (4.6) 

             𝑆𝑆𝑂𝐿,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝑆𝑂𝐿  (4.7) 

In Appendix B is presented an image that comprises the whole control mechanism of [25]. 

The stance ankle control is mainly composed of a force feedback mechanism inspired in TA and 

SOL function. This mechanism works essentially as a spring with some spring constant and reference 

position. After analyzing the moment-angle curve for the ankle, it was decided to divide the stance 

control system of the ankle in two main phases; controlled plantarflexion in the beginning of stance, from 

heel strike or initial contact to toe strike and from that point forward comprising both controlled 

dorsiflexion and powered plantarflexion, ending with toe off. Each of these two phases has its own spring 

constant and reference spring position. This part of the ankle’s control mechanism can be visualized in 

Figure 4.4. 

 

Figure 4.4 – Ankle's main stance control implemented in Matlab/Simulink environment. The numbers in the inputs, 

such as the number 7 at “Pos at HS” represent the sequence number of the input. Numbers not represented in this 
image are represented in the other part of the control system. 
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The reference position from heel strike to toe strike is modeled as the angular position of the ankle 

in initial contact. In this way, after heel strike, the ankle passively plantarflexes as was previously 

described and is developed a counter dorsiflexion moment. The force feedback mechanism is not 

required in this first stage of stance. The spring stiffness is chosen as to appropriately reproduce the 

moment-angle curve of the ankle during controlled plantar-flexion.  

During the second part of stance, divided as was previously described, the reference position of the 

virtual ankle’s spring is chosen as the angular position of the ankle in the moment of the transition, i.e., 

toe strike. After this moment, the spring starts to accumulate energy as the force feedback mechanism 

is now active. This mechanism increases the ankle initial spring stiffness in this stage, and so the ankle’s 

slope of the moment-angle curve increases. During this stage, energy is generated in the ankle, as can 

be visualized by the area between the ankle’s moment-angle curve, being one of the main reasons for 

the suggestion the propulsive function of the ankle during walking, as was previously described. To 

guarantee the realistic function of the force feedback mechanism, is applied to force sensory information 

a delay called “Activation to Contraction Delay” that has to do with the time between the activation of a 

muscle and its contraction. This time-delay is extremely important in the control system. It would lead to 

an algebraic loop if one used the force feedback at the same time-step, because the system wouldn’t 

know what to calculate first. Also, the stiffness of the ankle during this stage only changes if the force 

feedback is positive, guaranteeing that the stiffness of the ankle can only increase and not decrease.  

This main stance control present at the ankle (Figure 4.4) is complemented with a control system 

based on the Gastrocnemius (GAS) muscle (Figure 4.5). As a muscle spanning two joints (the knee and 

the ankle), it has as main function to synchronize them. The contracting activity of GAS produces 

plantarflexion at the ankle and flexion of the knee. It is particularly important after feet adjacent until toe 

off as was previously pointed. 

In [25], the GAS stimulation (𝑆𝐺𝐴𝑆) is modeled similar to the Soleus muscle and so the stance 

simulation is simply modeled as a sum between a pre-stimulation (𝑆0,𝐺𝐴𝑆) and a time-delayed (∆LTD) and 

gained (𝐺𝐺𝐴𝑆) force feedback signal (𝐹𝐺𝐴𝑆) from GAS. Becase GAS, like SOL, is virtually inactive during 

swing, the swing stimulation (𝑆𝐺𝐴𝑆,𝑠𝑤𝑖𝑛𝑔) of GAS is simply composed of a pre-stimulation (𝑆0,𝐺𝐴𝑆). 

              𝑆𝐺𝐴𝑆,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝐺𝐴𝑆 + 𝐺𝐺𝐴𝑆𝐹𝐺𝐴𝑆(𝑡 − ∆𝐿𝑇𝐷) (4.8) 

         𝑆𝐺𝐴𝑆,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝐺𝐴𝑆 (4.9) 

So, in the context of this muscle, we developed a spring that is influenced in both the angular 

displacement of the ankle and the knee, with the sensory information being provided into the ankle’s 

stance control system. After analyzing the gait cycle, the ankle’s moment-angle curve and the time that 

this muscle is active during normal walking, we decided to turn this control on at the moment of feet 

adjacent, in mid-stance until toe off. 

As this is a two joint spring, it requires two reference positions, one for the ankle rotation and another 

for the knee rotation. These reference positions are taken as the angular positions of the joints in the 

moment of feet adjacent. As the muscles only produce compressive forces and not extensive ones, this 

control mechanism is only allowed to produce plantarflexion moment. 
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Figure 4.5 – Part of the ankle's stance control inspired in the function of the Gastrocnemius (GAS) muscle. 

Just like the previous and main part of the ankle’s stance control system, this control works with 

force feedback that is used to increase the initial stiffness of this spring (generating energy), and so it is 

necessary to take the module of this sensory information. The same “Activation to Contraction Delay” 

present at the previous control part is also applied. 

Summarizing, this control mechanism is active from feet adjacent in mid-stance until toe off and 

produces plantar-flexion moment at the ankle if the ankle dorsiflexes or the knee extends, which causes 

the stretching of this “virtual spring” that produces a contractive force to counter this effect. This 

contractive force can also be the result of a combination of these two effects or even a positive effect 

from one site and a negative effect from the other, for example, a great dorsiflexion at the ankle and a 

small flexion of the knee.  

Although there are constants that can be deduced from studying the gait cycle, like the reference 

positions of the “virtual springs” described above, there is also some constants that can take a range of 

values. As will be explain later, those constants must be optimized in order to achieve the desired 

walking pattern and moment-angle curve for the different joints. In the context of the ankle’s stance 

control system, those constants include the two spring initial stiffness involved with the main part of the 

control, i.e., the one inspired in the function of TA and SOL muscles, the spring’s initial stiffness 

associated with the control inspired in the function of the bi-articular muscle GAS, and the two force 

feedback gains associated with those two parts of the control system. 

The ankle’s swing control system is much simpler than the stance control system because the 

motion of the ankle during this phase can be modeled as a simple spring. As explained in the previous 
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chapters, the dorsiflexion movement is necessary to provide foot clearance with the ground but, as the 

ankle only supports the foot’s weight, little moment forces are involved during this phase. 

 

Figure 4.6 – Ankle's Swing control system. 

The chosen control for the ankle in swing (which can be visualized in Figure 4.6) is a simple torsional 

spring with both proportional and derivative part. We know from literature that the ankle is almost at a 

neutral position at initial contact, as explained in the previous chapters, and so we took the reference 

position of this virtual spring as zero degrees, with the ankle neither dorsiflexed nor plantarflexed. As 

the ankle is plantarflexed after toe off, it starts to dorsiflex reaching its neutral position soon after entering 

the swing phase. Added to this proportional behavior also present during the ankle’s stance control 

system, is the derivative behavior, in order to stabilize the movement that the ankle undergoes. The 

velocity of the ankle is sensed and multiplied by a derivative constant, which is subtracted to the 

proportional part – proportional derivative control. 

 

Figure 4.7 – Ankle's control system. The inputs of this system can be viewed in the left such as the knee angle and 

the ankle angle. The output in the right is the computed moment force at each time step, which is then applied to 
the ankle actuator. 

As explained before, the reference position is chosen after a careful analyses of the gait cycle, but 

as the spring stiffness and the derivative constant can take a great range of values, they should be 

optimized, topic that will be addressed later in the following chapter. 
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It is important to notice that these two control systems are never active at the same time, being the 

switch condition the one described above. The ankle’s control system comprises these two parts but 

requires, as was explained, much “sensory” information from the other control systems, such as the 

knee angular position and the ball and heel ground sensors. The ankle’s control system with its inputs 

and outputs can be visualized in Figure 4.7. 

4.3.2 Knee control strategy 

The moment computed to the knee joint is done by means of three muscle groups; the 

Gastrocnemius (GAS) which was already described in the previous section, a muscle that spans both 

the ankle and the knee joints; the Vasti muscle group (VAS), the only mono-articular muscle included in 

the knee control system; and the Hamstring muscle group, a muscle spanning both the knee and the 

hip joints. 

As happened in the ankle’s control strategy, the knee’s control strategy was inspired in [25] and a 

careful analysis of the gait cycle. For that reason, as explained in the previous section, it is important to 

describe the reflex control system of muscles. Although the Gastrocnemius muscle is used in the 

process of computing the moment force to the knee joint, its function was explained in the previous 

section and so that discussion will not be address again. The knee’s control mechanism presented in 

[25] can also be visualized in Appendix B. 

The Vasti muscle group (VAS) is the only muscle in the model that directly affects only the knee 

joint. Its stance reflex control system can be sub-divided into four different parts, each one with its own 

function regarding some characteristic of the gait cycle. 

𝑆𝑉𝐴𝑆,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝑉𝐴𝑆 + 𝐺𝑉𝐴𝑆𝐹𝑉𝐴𝑆(𝑡 − ∆𝑀𝑇𝐷) − 𝐷𝑆𝑈𝑃𝐾𝑙𝑒𝑔|𝐹𝑐𝑜𝑛𝑡𝑟𝑎_𝑙𝑒𝑔 (𝑡 − ∆𝑆𝑇𝐷)| − [𝐾𝑉𝐴𝑆,𝜃𝑘𝑛𝑒𝑒
(𝜃𝑘𝑛𝑒𝑒(𝑡 −

∆𝑀𝑇𝐷) − 𝜃𝑘𝑛𝑒𝑒,𝑟𝑒𝑓)]
>0

[�̇�𝑘𝑛𝑒𝑒(𝑡 − ∆𝑀𝑇𝐷)]
>0

 (4.10) 

          𝑆𝑉𝐴𝑆,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝑉𝐴𝑆  (4.11) 

The first part of the computed VAS stimulation in stance (𝑆𝑉𝐴𝑆, which is sent to the VAS MTU in 

order to generate the moment force to the knee joint) is some pre-stimulation, as it happens in the 

muscles involving the knee control strategy. Summed to that part, just like those muscles, is a time-

delayed (∆MTD) and gained (𝐺𝑉𝐴𝑆) force feedback signal (𝐹𝑉𝐴𝑆) from VAS, with some function of 

generating energy throughout the gait cycle. The difference here lies on the time-delayed applied to the 

force sensory information, which is only a medium time-delay of 10ms, explained as the time it takes for 

the activation of a muscle being translated into is contraction and, as the this muscle lies closer to the 

processing system, the time it takes to process such information is shorter than the one involved with 

the ankle’s muscles. 

As was explained in the previous chapter, the mechanism of knee flexion and ankle plantarflexion 

in the end of stance is extremely important in the gait cycle and so, as the contracting of VAS causes 

extension at the knee joint, some mechanism has to exist in order to inhibit this muscle later in stance. 

Based on the assumption that the functional importance of each leg in stance reduces in proportion to 

the amount of body weight borne by the other leg, the third mechanism reduces the stimulation of this 

muscle when the current leg is preparing to leave the ground. 𝐷𝑆𝑈𝑃 assumes the value 1 if the current 
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leg is the trailing leg in double support, otherwise is 0. In this way, as the leading leg bears more and 

more body weight, the stimulation of VAS starts to drop in proportion to 𝐾𝑙𝑒𝑔.  

The forth part of the VAS stance control has as function to prevent knee hyperextension. If the knee 

angular position is less that 10° of flexion, the stimulation of VAS is diminished in proportion (𝐾𝑉𝐴𝑆,𝜃𝑘𝑛𝑒𝑒
) 

to the amount of angular displacement from that reference position, thus inhibiting contraction of the 

VAS and knee extension. The square brackets with the plus signal convection means that if the condition 

held inside its negative, the output of that term is zero. That being said that VAS’s inhibition is only held 

if the knee is extending and not flexing, meaning that the knee is not moving into hyperextension and 

there is no need for its inhibition. 

The knee’s swing control strategy is very simple, as this muscle is inactive during this phase of the 

gait cycle. For that reason, it is modeled only as a pre-stimulation. 

The Hamstring muscle group works both at the level of the knee and the hip. As explained 

previously, the main function of the hip muscles is to balance the trunk during the gait cycle and this bi-

articular muscle group was added in [25] as a way to counter knee hyperextension that results from a 

large hip torque when the Gluteus muscle is pulling back the model’s trunk. Also, this muscle plays an 

important role at balancing the trunk while in stance. 

𝑆𝐻𝐴𝑀,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝐻𝐴𝑀 + 𝐾𝑙𝑒𝑔 |𝐹𝑖𝑝𝑠𝑖𝑙𝑒𝑔  
(𝑡 − ∆𝑀𝑇𝐷)| [𝐾𝑣𝑒𝑙_𝑡𝑟𝑢𝑛𝑘�̇�𝑡𝑟𝑢𝑛𝑘(𝑡 − ∆𝑆𝑇𝐷) + 𝐾𝑎𝑛𝑔_𝑡𝑟𝑢𝑛𝑘(𝜃𝑡𝑟𝑢𝑛𝑘(𝑡 −

∆𝑆𝑇𝐷) −  𝜃𝑡𝑟𝑢𝑛𝑘,𝑟𝑒𝑓)]
>0

 (4.12) 

          𝑆𝐻𝐴𝑀,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝐻𝐴𝑀 + 𝐺𝐻𝐴𝑀𝐹𝐻𝐴𝑀(𝑡 − ∆𝑆𝑇𝐷) (4.13) 

The HAM’s stance stimulation computation can be viewed as a sum between a pre-stimulation 

(𝑆0,𝐻𝐴𝑀) and a term that has as function the controlling of the trunk’s angular position. In [25] it is assumed 

that each leg importance to the trunk’s balancing is proportional to the amount of the body weight that 

leg bears, and so the second term of this computation is proportional (𝐾𝑙𝑒𝑔) to the time-delayed force of 

that leg on the ground (𝐹𝑖𝑝𝑠𝑖𝑙𝑒𝑔
). As previously mentioned, the muscles produce contractive force and 

not extensive, and so one must be aware that the HAM reflex contraction causes the knee to flex and 

the hip to extend. For that reason the second part of the stimulation is only held if the sum between a 

proportional (𝐾𝐻𝐴𝑀,𝑡𝑟𝑢𝑛𝑘) and time-delayed (∆STD) trunk’s velocity �̇�𝑡𝑟𝑢𝑛𝑘 (this term is positive when the 

hip is flexing, and so the muscle contraction reaction brings the hip into extension) and a proportional 

(𝐾𝐻𝐴𝑀,𝑝𝑟𝑜𝑝_𝑡𝑟𝑢𝑛𝑘) and time-delayed (∆STD) angular displacement (𝜃𝑡𝑟𝑢𝑛𝑘) of the trunk against a reference 

lean position (𝜃𝑡𝑟𝑢𝑛𝑘,𝑟𝑒𝑓) is positive (if the trunk tilts forward compared with its angular reference position, 

the HAM reacts by contracting and extending the hip, which by inertia pulls the trunk backwards. 

Since in swing the leg does not bear any body weight on the ground, the swing control system of 

the HAM does not have any term in respect to that. In fact, the HAM, as a bi-articular muscle group has 

the function of synchronizing the functions of the knee and hip joints. The stimulation computed in swing 

for HAM is the sum between a pre-stimulation (𝑆0,𝐻𝐴𝑀) and a time-delayed (∆STD) and gained (𝐺𝐻𝐴𝑀) 

force (𝐹𝐻𝐴𝑀) feedback from itself. As previously explained, the function of this muscle reflex, which is 

very important in late swing, is to prepare the leg for the stance phase and initial contact. This reflex 
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ensures that (as shown in [25]), the leg not only halts, but transfers part of the protraction momentum 

into leg lowering and retraction. 

Like the ankle’s control strategy developed in this work and the one developed in [25], the knee 

control strategy is also separated into two parts: stance and swing. The transition between these two 

control systems is made using the ball and heel sensors in both feet that are able to detect the ground. 

So, if at least one of these sensors detects that the foot is touching the ground, the knee control system 

jumps into stance control, otherwise goes to swing. 

The knee’s stance control system is divided in two parts, one related with the main function of the 

knee is stance, mainly related to the mono-articular muscle group VAS (Figure 4.8), and another with a 

synchronizing mechanism between the ankle and knee, inspired in the function of the bi-articular GAS 

(Figure 4.9). 

 

Figure 4.8 – Main part of the knee’s stance control system, based on the function of VAS. 

Since the joints in this work are modeled as springs, they must require a spring stiffness and 

reference position, properties already identified when describing the ankle’s control strategy. The 

calculation of moment is also done using a force feedback mechanism that, like happened in the ankle’s 

control system (and for the reasons explained before), increase the stiffness of the spring as more force 

is applied into the joint. This mechanism requires force sensory information which is time-delayed. 

Knowing that the knee has two phases of flexion and another two of extension throughout the gait 

cycle and after analyzing the knee’s moment-angle curve, it was decided as the reference position for 

this virtual spring the angular position of the knee at initial contact (around 5° in normal walking). In this 

way, one can visualize the knee stance flexion just after initial contact, followed by knee extension, 

which provides stability.  

Summarizing, the moment calculation of this part of the knee’s stance control system is the 

multiplication between an angular rotation of the knee against its position at initial contact with the spring 

stiffness augmented by the force feedback mechanism (in module, so it can only increase the stiffness 

and not decrease). 
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The second part of the knee’s stance control system is based on the function of the bi-articular 

muscle GAS, just like the implementation done in the ankle’s stance control system. Both 

implementations are very similar, as one can observe from Figure 4.9, being the difference the signal 

conventions made throughout the model. 

 

Figure 4.9 – Knee’s stance control part, based on the function of the bi-articular muscle GAS. 

As previously appointed, the muscles only produce contractile force and not extensive force. Thus, 

at the end of stance phase, the muscle GAS provides a mechanism in which the ankle joint plantar-

flexes and the knee joint flexes. In our model, the plantar-flexion movement of the ankle is achieved 

through a negative moment force and the knee flexion movement is achieved with a positive moment 

force. That being said, as we only want to produce flexion at the knee through this spring, we only allow 

for positive values to be sent to the knee joint at the end of the calculation of the moment, in contrast to 

the limitation to negative values present at the same control part in the ankle (negative moment force 

produce the desired plantarflexion). 

Reviewing, both ankle dorsiflexion and knee extension causes the lengthening of this muscle. The 

spring creates a compressive force that counter this effect and produces in this case flexion at the knee 

(positive moment). As said previously, this flexion movement of the knee achieved with the compressive 

force of this virtual spring can also be achieved as a combination of a small negative moment production 

(for example, a small plantarflexion at the ankle) and a bigger positive moment production (for example, 

bigger extension of the knee). 

The variables involved in this part of the knee’s stance control system, namely the activation to 

contraction delay, the initial spring stiffness (Kp0) and the force feedback gain are not necessarily equal 

to the ones involved with the ankle joint. For means of simplification, the activation to contraction delay 
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is the same as the one in the ankle’s, but the other two variables have different values between both 

control systems as the effect of this muscle contraction on both joints is quite different, for example, the 

moment arm of the developed muscle force for both joints. 

As the knee stance control system, the knee swing main strategy (Figure 4.10) also comprises a 

virtual spring inspired in the function of the muscle VAS. Just like [25], we modeled this control system 

without a force feedback mechanism, in fact, this muscle is silent during swing and the required motion 

of the knee during this phase relies mainly in the leg’s ballistic motion. In this phase of the gait cycle, 

the knee takes as reference position its angular position at the moment of toe off. The moment force 

that is sent to the knee joint is then the multiplication of the displacement of the spring from its reference 

angular position by a constant (Kp of spring) that represents the spring’s stiffness. 

 

Figure 4.10 – Part of the knee's swing control system inspired in the function of the VAS muscle. 

This part of the knee swing control system is supported by a virtual spring that mimics the function 

of the bi-articular HAM, which can be visualized in Figure 4.11. This muscle group spans both the knee 

and hip joints, and is particularly important in the latter part of the gait cycle, from feet adjacent until 

initial contact or heel strike, as was explained previously. 

 

Figure 4.11 – Part of the knee's swing control system inspired in the function of the bi-articular muscle HAM. 
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That being said, we created a Boolean (MSwing to Heel Strike?) that enables the function of this 

bi-articular spring from the moment that the ankle of the current leg passes the horizontal position of the 

ankle of the contra-lateral leg. As explained before, the muscles can only produce compressive force 

and not extensive one, and so this muscle group only produces flexion at the knee, which corresponds 

to a positive moment force sent to the knee joint. Therefore, is it necessary to verify if the moment 

calculated through this model is positive, being zero if that does not occur (this verification can be 

visualized in the leftmost box in Figure 4.11. 

Just as was modeled in [25], it is applied to this control system a force feedback mechanism that 

increases the initial stiffness of this virtual spring. There is however the need to allow only positive values 

of the moment force to be fed back in order to insure that the stiffness of the spring increases and not 

decreases. 

As this is a bi-articular spring, there is the need to have two reference positions, one used in the 

calculation of the knee angular displacement and another in the calculation of the hip angular 

displacement. The reference angular position of the knee is taken as the angular position of this joint in 

the moment of feet adjacent and the reference angular position for the hip is a constant value of zero 

degrees. So, the function of this muscle is activated by extension of the knee and flexion of the hip, both 

lengthening this virtual spring that produces a compressive force in order to counter that tendency, 

producing knee flexion in this case. Just as happens in the virtual spring inspired in the function of GAS, 

the contractile force generated by this virtual spring can also be achieved by a combination of a big 

lengthening of the virtual spring (for example, a great knee extension) with a small shortening of that 

same spring (for example, a small hip extension). This bi-articular activity is then added to the main part 

of the knee’s swing control system in order to send the right moment force to the knee joint. 

Summarizing, from the moment that the heel or ball sensors detect that the foot is touching the 

floor, the knee switches to its stance control system, otherwise it works in the swing control. This system 

receives as inputs the angular position of the ankle, knee and hip, the angular positions of the ankle and 

knee at feet adjacent in stance, the angular position of the knee at feet adjacent in swing, the knee 

angular position at heel strike, a Boolean variable that informs if the leg is at a phase comprehended 

between feet adjacent and toe off and a Boolean variable that informs if the leg is at a phase 

comprehended between feet adjacent and heel strike. The “activation to contraction” delay applied to 

the knee’s control system is 20ms, just like in the ankle’s control system. 

In stance, the output of this system is the moment to the knee joint calculated as the sum between 

a spring model inspired in the function of the muscle VAS (which is always active) and another one from 

the muscle GAS (only active from feet Adjacent to toe off). In swing, the output comprises a simple 

control system inspired in the function of the VAS in swing and another control strategy a little more 

complex which is inspired in the function of the bi-articular HAM and is active between feet adjacent and 

heel strike. The knee’s control system along with its inputs and outputs can be visualized in Figure 4.12. 

In this model, there is an increase in the number of constants that have to be optimized for the 

correct simulation of a stable human-like walking pattern, which necessarily increases the complexity of 

the model. The seven variables introduced in the context of the knee control strategy are: the spring 
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stiffness of the main part of the knee control system (inspired in the function of VAS) in both stance and 

swing strategy, the force feedback gain in the main part of the stance control, the initial spring stiffness 

of the mechanism based in the function of the bi-articular GAS in stance, as well as the force feedback 

gain associated with it and finally the initial spring stiffness of the virtual spring associated with the 

function of the HAM in swing, as well as its force feedback gain. 

 

Figure 4.12 – Knee's control system with its inputs on the left and the output moment on the right. 

4.3.3 Hip control strategy 

The third and last control system has to do with the function of the hip joint. In [25], this joint activity 

is modeled by a bi-articular muscle HAM that spans both the knee and hip joint and two mono-articular 

muscles, GLU and HFL. As a careful study of the HAM control strategy was already done in the previous 

section, this section begins by presenting the control strategy of the muscles GLU and HFL, necessary 

for the correct design and implementation of the model developed in this work. 

The Gluteus (GLU) muscle stimulation computation can be divided into three parts, each of which 

associated with a different characteristic of the gait cycle and the human walking pattern. The first part 

of GLU control strategy comprises a pre-stimulation, just like all the other muscles presented so far. 

𝑆𝐺𝐿𝑈,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝐺𝐿𝑈 − 𝐷𝑆𝑈𝑃∆𝑆 + 𝐾𝑙𝑒𝑔 |𝐹𝑖𝑝𝑠𝑖𝑙𝑒𝑔  
(𝑡 − ∆𝑀𝑇𝐷)| [𝐾𝑣𝑒𝑙_𝑡𝑟𝑢𝑛𝑘�̇�𝑡𝑟𝑢𝑛𝑘(𝑡 − ∆𝑆𝑇𝐷) + 0,68 ×

𝐾𝑎𝑛𝑔_𝑡𝑟𝑢𝑛𝑘(𝜃𝑡𝑟𝑢𝑛𝑘(𝑡 − ∆𝑆𝑇𝐷) −  𝜃𝑡𝑟𝑢𝑛𝑘,𝑟𝑒𝑓)]
>0

 (4.14) 

           𝑆𝐺𝐿𝑈,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝐺𝐿𝑈 + 𝐺𝐺𝐿𝑈𝐹𝐺𝐿𝑈(𝑡 − ∆𝑆𝑇𝐷) (4.15) 

As explained previously, 𝐷𝑆𝑈𝑃 is a constant that assumes the value 1 if the leg is the trailing leg in 

double support, i.e., if the leg is about to enter in swing phase, otherwise this constant is 0. Multiplying 

this constant by a fixed amount of stimulation ∆𝑆, the second part of GLU stance strategy reduces the 

stimulation sent to GLU, which augments the flexion movement of the hip, thus helping the current leg 

to enter the swing phase. 
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The third part of GLU’s Stance control strategy has to do with trunk balance. This part is dependent 

on both the angular position of the trunk (through a proportional constant 𝐾𝑎𝑛𝑔_𝑡𝑟𝑢𝑛𝑘) as well as its 

angular velocity (through a proportional constant 𝐾𝑣𝑒𝑙_𝑡𝑟𝑢𝑛𝑘). Just like any other muscle present in [25], 

the GLU only works in compression, and its stimulation should be a response to an overall lengthening. 

This could be achieved by a positive angular velocity of the trunk, which means that the trunk is either 

tilting forward or is braking its negative angular displacement, or by a positive angular displacement of 

the trunk, which indicates that the trunk is necessarily tilting forward from its reference angular position. 

That is the reason why after the square brackets in the function of the GLU stance strategy, appears a 

“plus 0” signal, which insures that the stimulation of the GLU is only increased in the case where a 

contraction of GLU and an extension of the hip is correct and necessary. In the case where this quantity 

is below zero, meaning that the trunk is moving backwards and/or the angular velocity of the trunk is 

negative, this part of the GLU stance control strategy is inactive, assuming the value 0.  

Like was previously mentioned, the importance of each leg in the control strategy in stance is 

assumed to be proportional (𝐾𝑙𝑒𝑔) to the amount of body weight it bears. The third part of GLU’s stance 

control strategy is then multiplied by the force of the current leg on the ground. That being said, the GLU 

only contributes for the trunk’s balance during stance. 

The activation-to-contraction delays appointed to the sensory information in this case are 

dependent on the origin of the information. Like was previously mentioned, it is applied a medium time-

delay to the force on the ground information and a small time-delay to the sensory information that has 

to do with the trunk, namely, its angular position and velocity. 

The GLU’s swing stimulation is modeled just like the Hamstrings, as a sum between a pre-

stimulation (𝑆0,𝐺𝐿𝑈 ) and a time-delayed (∆STD) and gained (𝐺𝐺𝐿𝑈) force feedback from itself (𝐹𝐺𝐿𝑈). The 

activation to contraction delay applied to the force is a small time-delay that has to do with the small 

distance between this muscle and the processing system.  

Just like the positive force feedback present in the HAM’s swing control strategy, this force feedback 

mechanism has as function the retraction of the leg in swing before landing, stabilizing the gait cycle. 

This muscle reflex provides a way in which the leg not only halts but transfers part of the protraction 

momentum into leg lowering and retraction. 

As was previously mentioned, the HFL’s stance control strategy is very similar to the one by the 

GLU. As the GLU, the first part of the computation of the stimulation that has to be sent to the HFL is a 

pre-stimulation (𝑆0,𝐻𝐹𝐿). 

𝑆𝐻𝐹𝐿,𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑆0,𝐻𝐹𝐿 + 𝐷𝑆𝑈𝑃∆𝑆 + 𝐾𝑙𝑒𝑔 |𝐹𝑖𝑝𝑠𝑖𝑙𝑒𝑔  
(𝑡 − ∆𝑀𝑇𝐷)| [𝐾𝑣𝑒𝑙𝑡𝑟𝑢𝑛𝑘

�̇�𝑡𝑟𝑢𝑛𝑘(𝑡 − ∆𝑆𝑇𝐷) + 𝐾𝑎𝑛𝑔𝑡𝑟𝑢𝑛𝑘
(𝜃𝑡𝑟𝑢𝑛𝑘(𝑡 −

∆𝑆𝑇𝐷) −  𝜃𝑡𝑟𝑢𝑛𝑘,𝑟𝑒𝑓)]
<0

 (4.16) 

In the second part, the difference lies on the “−” that is substituted by a “+”. That being said, the 

HFL stimulation is increased later in stance by a fixed amount (∆𝑆) when the current leg is the trailing 

leg in double support (𝐷𝑆𝑈𝑃). This combined mechanism by GLU and HFL helps the leg to enter into 

swing phase. 
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The difference that one encounters in the third part of the HFL stimulation computation when 

compared with the one from GLU is that now the signal after the square brackets is a “smaller than zero” 

signal. If previously a positive displacement of the trunk’s angle (forward tilt) and a positive trunk angular 

velocity made sense in the context that the muscles only produce contractive force and not extensive 

one, now, a negative displacement of the trunk’s angle (that lead to the lengthening of the HFL muscle) 

and a negative trunk angular velocity leads to an appropriate function of this muscle. Contrary to GLU, 

if now this quantity is greater than zero, it is assumed to be zero. As previously, this function of trunk’s 

balance is also proportional to the amount of body weight the leg bears, resulting in trunk’s balance only 

when the leg is in stance. 

The HFL Swing stimulation computation can be divided into four parts. Just like the other muscles 

the first part is a pre-stimulation. Summed to that pre-stimulation we have a stretch reflex mechanism 

from the HFL itself. This part of the HFL Swing stimulation computation is a gained (𝐺𝐻𝐹𝐿) displacement 

between the contractile element of the HFL against a reference that has as function the facilitation of 

leg protraction during swing. 

𝑆𝐻𝐹𝐿,𝑠𝑤𝑖𝑛𝑔 = 𝑆0,𝐻𝐹𝐿 + 𝐺𝐻𝐹𝐿(𝑙𝐶𝐸,𝐻𝐹𝐿(𝑡 − ∆𝑆𝑇𝐷) − 𝑙𝑅𝐸𝐹,𝐻𝐹𝐿) + {𝐾𝑙𝑒𝑎𝑛(𝜃𝑡𝑟𝑢𝑛𝑘(𝑡 − ∆𝑆𝑇𝐷) − 𝜃𝑡𝑟𝑢𝑛𝑘,𝑟𝑒𝑓)}
𝑇𝑂

−

𝐺𝐻𝐴𝑀,𝐻𝐹𝐿(𝑙𝐶𝐸,𝐻𝐴𝑀(𝑡 − ∆𝑆𝑇𝐷) − 𝑙𝑅𝐸𝐹,𝐻𝐴𝑀) (4.17) 

As the required protraction speed is dependent on the trunk’s lean, the third part of this stimulation 

computation ensures that a correct stimulation is sent to the HFL. At the time of toe off, the angular 

position of the trunk is computed against a reference angle and then multiplied by a proportional constant 

(𝐾𝑙𝑒𝑎𝑛). In this way, the desired protraction of the leg changes in each gait cycle according to the model 

and environment demands. 

The forth part of the HFL swing control strategy results from an inhibition of the HAM activity. During 

leg protraction, the knee rotates passively into full extension, leading to the transfer of angular 

momentum and hip rotation. This negative length feedback is then proportional to the stretch that the 

HAM receives in swing and compensates for this hip rotation. All the activation to contraction delays that 

occur in this computation are small time-delays due to the fact that the processing system is close to 

these muscles. The hip’s control strategy in [25] can also be found in Appendix B. 

As the previous control systems strategies, we mainly divided the hip control systems into two 

phases, stance and swing. The hip stance control system is composed by two sub-control systems, one 

that is related to the maintenance of the trunk’s equilibrium (Figure 4.13), and another that comprises a 

spring with a force feedback mechanism (Figure 4.14). 

The trunk’s equilibrium mechanism is very similar to the one implemented in [25], except for the fact 

that here we don’t use any muscles to create the desired moment force output. In this case we developed 

a virtual spring in the trunk with a reference angular position of 10° (as seen in [25], a little bit of the 

trunk’s forward lean, helps the human model to walk better). One must recall that the trunk’s angular 

position is defined as the angle between the trunk and a vertical line. For example, in a standing upright 

position, the trunk angle is 0, but as we tilt our trunk forward, this angle starts to increase. 
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In the development of this sub-control systems, we must first recognize if the model is currently in 

stance because we assume that each leg is only capable of controlling the trunk’s equilibrium if the leg 

bears some body weight in the ground, i.e., is in stance phase. For means of simplification, we didn’t 

model this mechanism proportional to the amount of body weight the leg bears. As can be visualized in 

the upper position of Figure 4.13, the model is considered to be in stance phase if at least one of the 

two ground sensors (ball and heel) detects the ground. In the case where none of these sensors return 

1, the output of the “OR” system is 0 and the output of all this sub-control system is also 0. 

 

Figure 4.13 – Hip stance control part that has as main function the maintenance of trunk’s equilibrium. 

Just like we’ve done in the ankle’s swing control system, here we present a derivative response 

related to the trunk’s velocity, as presented in the muscles GLU and HFL control strategy in [25]. 

So, as the trunk’s angle displacement from 10° turns positive and/or the trunk’s angular velocity is 

positive, this sub-control system reacts by producing a negative moment force to the hip, which then 

pulls the trunk backwards. This reaction is just like the one produced by the GLU muscle in Geyer’s and 

Herr’s model. The inverse reaction also resembles the activity of the HFL muscle, which produces a 

positive moment force in the hip and brings the trunk forward. 

The second part of the hip’s stance control system comprises a spring with a force feedback 

mechanism, resembling the control strategies used in the GLU and HFL muscles, explained before. The 

stance part of the one joint spring mechanism is represented in the upper part of Figure 4.14. If at least 

one of the sensors at the left detect the ground, the model “jump” to the stance response in the top of 

the switch box, otherwise it goes to the swing response, the second link in the switch box. 

As the previous control models, the force feedback mechanism acts by increasing the initial spring 

stiffness (Kp of Stance). One must be aware that this quantity has always to be positive in order to not 

decrease the initial stiffness of the spring. The angular displacement of the spring is calculated as the 
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reference angular position (0° in the hip, i.e., the leg is aligned with the trunk) minus the current hip 

angle. That being said, if the angle is positive, i.e., the hip is flexed, this model develops a counter 

negative momentum force that drives the hip into extension. 

 

Figure 4.14 – Main part of hip’s control system that gathers a force feedback mechanism for stance and a simple 

spring for swing. 

The first part of the hip’s swing control system is very simple, being composed of a simple spring 

without any feedback mechanism. As previously mentioned, this system is activated once there is no 

sensor in the foot which can detect the ground. In that situation, the switch box in Figure 4.14 changes 

to the second input and the spring stiffness now is “Kp of Spring”. This simple spring modeling is due to 

the fact that in swing, we take advantage on gravity and the ballistic motion of the leg. 

In swing, the hip’s control system is supported by a bi-articular spring that resembles the action of 

the bi-articular muscle Hamstrings (HAM) which spans both the knee and the hip (Figure 4.15). As was 

said in the previous section (knee control strategy) the activity of this muscle group is particularly 

important in latter swing.  

As can be visualized, the modeling of this muscle in the hip’s control system is very similar to the 

one developed in the knee’s swing control system. This part of the hip’s swing control system is only 

activated between feet adjacent and initial contact. 

Just like in the knee, there is a force feedback mechanism (which must be always positive) that 

increases the initial spring stiffness (Kp0 bi-articular). As this is a two-joint spring, there must be two 

reference positions for the spring, one for the knee and another for the hip. These reference angular 

positions are the same as the ones utilized before in the knee control strategy. 

Just like any other muscle, the HAM can only produce compressive forces at the hip, i.e., extension 

moment. We guarantee that this is always true by putting a box in the model (which can be visualized 



61 

 

as the top box in Figure 4.15) that only allows negative moment forces (which produce extension) to be 

outputted from the control system. This negative output can be created in one or a combination of two 

cases, both lengthening the virtual spring which produces a counter force (or HAM): hip flexion and knee 

extension. As explained before, the negative moment force output can also be achieved by a small 

positive moment reaction (such as a small hip extension) and a high negative moment reaction (such 

as a high knee extension). 

 

Figure 4.15 – Bi-articular spring that spans both the knee and hip joints and its inspired in the function of HAM. 

This part of the hip’s swing control system is only active from feet adjacent to initial contact. 

Just like in [25], the “Activation to Contraction” delays are different between the different joint’s 

control systems. In this case, the delay applied to the hip’s control system is 10 ms. 

As it happened in the bi-articular spring used to model the muscle GAS in the ankle and knee joints, 

the parameters that are used to model this bi-articular spring are not the same between the knee’s and 

hip’s control systems, because this virtual muscle acts differently in the two joints. 

Summarizing, the hip’s control system receives eight inputs: the ball and heel sensors, necessary 

to change between stance and swing control systems; the hip and knee angular positions; the knee 

angular position at feet adjacent, which is the reference position of the knee in the bi-articular that mimics 

the HAM action; a Boolean that detects if the model is in a phase of the gait cycle comprehended 

between feet adjacent in swing and initial contact or heel strike. This information is necessary to turn on 

and off the bi-articular spring; and the trunk angular position and velocity to be used in the stance control 

system for the trunk’s equilibrium control. The hip’s control system along with its inputs and outputs can 

be visualized in Figure 4.16. 
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Figure 4.16 – Hip's control system with its inputs (on the left) and its outputs (on the right). 

The hip’s control system augments the number of parameters that have to be optimized by seven, 

increasing the complexity of the optimization procedure. As explained before, this optimization is 

necessary as is nearly impossible the tuning “by hand” of the 21 parameters present in this model. The 

parameters introduced in this section are: the proportional and derivative constants associated with the 

trunk’s virtual spring, that has as function the control of the trunk’s equilibrium; the spring stiffness 

associated with both springs present in the hip’s stance and swing control systems; the force feedback 

gain for the spring in stance; the initial spring stiffness of the bi-articular spring (inspired in HAM); and 

the force feedback gain for the bi-articular spring. 
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5.1 Parameter optimization 

As mentioned throughout the previous chapter, there are 21 parameters which have to be optimized 

in order for the model to achieve a stable human walking pattern. These parameters and their final 

values are grouped in Table A-2 in Appendix A. It is important to highlight that the sensitivity of the 

parameters are different from each other. For example, a small positive difference in some force 

feedback gain escalates rapidly and creates huge moment to the joints. However, small disturbances in 

the value of a parameter such as a spring stiffness does not create such big impact in the model. The 

parameter tuning procedure was partly made “by hand” (analyzing the moment-angle curves for normal 

walking and correcting the parameters by observation of the resulting gait pattern) and partly achieved 

throughout an optimization procedure using Simulink Response Optimization. This procedure requires 

a set with the parameters initial values and a cost function that analyses the resulting gait pattern at 

each iteration and computes a value that is used to compute the upgraded values in the next iteration. 

Typically, the optimization procedure tries to maximize the cost function (for example, the number of 

steps given by the human model or the distance travelled) or minimize it (for example, the energy 

expended). 

Inspired in some works such as [25],[44] and [45] we used a number of different approaches to try 

to optimize this set of parameters and acquire the best possible human gait pattern. First, it was acquired 

from the simulation a number of quantities to help understand its behavior. We saved in Matlab 

quantities such as the simulation duration, the moments involved in the joints, the number and length of 

the steps given by the model, the trunk angle, the waist velocity and height, the heel and ball Booleans 

which inform if the foot is touching the floor and the knee angular position. To accelerate the optimization 

procedure (which is very slow because each simulation takes around 40 seconds to complete) we 

stopped the simulation if the knees began to hyperextend, the waist fell down too much (which informed 

that the model was falling down) and if none of the sensors from the model’s feet detected the ground 

(which mean that the model is “jumping”). Also, to help this acceleration we used the Matlabpool parallel 

option which allows to setup all the computer processors to be used in the optimization procedure.  

We also use a different number of optimization algorithms in trying to optimize the set of parameters 

already presented throughout the previous chapter. These algorithms are included in an optimization 

method available in the Simulink Response Optimization named Pattern Search. We used the search 

methods Genetic Algorithm, Latin Hypercube and Nelder-Mead. In this process, we also try different 

values for the parameter tolerance. 

The cost function was developed in order to be maximized as the parameters were optimized, from 

iteration to iteration. The cost function takes as inputs the quantities uploaded from the model and 

computes an output value that is used in the Simulink Response Optimization. Bellow I explain the cost 

function terms. They were not used together all the time, but rather combined in different times to try 

different approaches to the parameters optimization. The optimization procedure can be visualized in 

Figure 5.1 and the cost function code is presented in Appendix C. 

The first, and more basic quantity used in the cost function was the simulation duration. What we 

thought was that a good gait pattern simulation should take more time to simulate before the system 
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stops (due to the stopping criteria mentioned above). This quantity was then transformed in a point 

giving system, in which the cost function output value is increased as the simulation duration is greater. 

In this case, we take some great amount of points (remember that the cost function output value has to 

be maximized) if the simulation duration is less than 0.1 seconds, less than that amount if the simulation 

duration is between 0.1 and 0.2 seconds, and so on and so forth. By the time the simulation duration is 

between 0.7 and 1 second we don’t take any points from the output value and after 1 second of 

simulation duration we start giving points in proportion to the amount that the simulation is running. We 

assure in this way that the human model wants to maximize the duration of simulation. However, the 

cost function cannot use only this term, because the model starts to “think” that it is better for him to stay 

in one place and balance in order to take some great amount of simulation duration. 

 

Figure 5.1 – Optimization procedure. 

We then added a systems that increase the output value of the cost function as the number of steps 

given by the human model increases, as well as the distance travelled. That work was mainly inspired 

in the optimization procedure of [25]. On top of that, we also rewarded step length consistency. In this 

way, the model has the tendency to not only increase its simulation duration but also to increase the 

distance travelled by giving steps. 

We wanted the human model to walk in a more natural, homogenous and smooth way, and so we 

used the quantities of the waist vertical position and forward velocity to measure the deviation from ideal. 

We know from literature [11] that the human gait pattern comprises natural fluctuations in terms of these 

quantities which help humans to walk efficiently. In this case we rewarded natural fluctuations, 

increasing the cost function’s output value, and penalized variances that were beyond a certain limit. 

For example, we didn’t want the model’s waist to drop below a certain level (which means that the model 
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is falling down) neither the forward velocity dropped below a certain value (meaning that the human 

model is stopping and is unable to give any more steps). 

It was developed a system mainly based in [44] and [45], which measures the moments involved in 

the ankle, knee and hip. Based on the fact that the human walking mechanism is efficient, we wanted 

to minimize the sum of the moments in the joints. In the cost function’s output value we subtracted this 

term and, in this way, we tend to minimize it. It is important to say that this quantity was normalized to 

the simulation duration and mean forward velocity, because as these quantities increase, so does the 

total energy expended. Also, like the studies above, we added a term to the cost function which have to 

do with energy ratio. For example, we know from literature that the sum of the moments involved in the 

ankle divided by the total amount of moment throughout time in the ankle, knee and joint is about 0.53. 

This quantity assumes the value of 0.43 for the hip and only 0.04 for the knee. In this way, we subtracted 

to the cost function’s output value the quadratic deviation from these values. 

We also added to this cost function a term that has to do with knee hyperextension which decreases 

the output value if the knees angle drop below 1°. It was also added a term to impose a certain angle to 

the trunk’s angular position (in this case was chosen 0°). This term decreases the cost function’s output 

value by the amount of the quadratic deviation from this equilibrium position over time. 

Last but not least, it was developed a more complex system of point giving that has to do with the 

precise way in which humans walk. In this way, if the model lifts its back foot from the ground the output 

value is increased but if the foot that is being lifted is the front foot, something is wrong and we don’t 

want that to happen because that is surely not the natural course of the human locomotion mechanism. 

Also, if the back foot is currently in power plantar-flexion, i.e., the heel has already left the ground and 

then the human model touches the ground again with its heel, we take some points from the output 

value. The points are also subtracted if the back foot had already felt the ground but then it touches the 

ground again before completing the step. We also had another system in which we rewarded when the 

foot that is leaving the ground only touches the ground again after passing through the other foot. Steps 

that are longer than 0.4 seconds are also rewarded, meaning that the human model had time to give a 

“good” step. As previously pointed, the file with the cost function is in Appendix C. 

5.2 Simulated walking pattern and discussion 

The main goal of this work was to develop a new reflex control mechanism for human walking in 

2D simulation. That work was accomplished, as said before, through a careful study of the human gait 

cycle (in which [11] and [29] were the most important references), the study of the function of joints as 

springs (works such as [37] and [38] were extremely important to understand the mechanics of the ankle 

and knee), understanding the force feedback control mechanism ([25] and [36]) and of course, taking 

great inspiration from Geyer’s and Herr’s work [25]  in muscle reflex control. In this section the resulting 

simulated walking pattern in the sagittal-plane of motion is presented and discussed. 

First, we present the resulting gait pattern in [25], a model comprising seven Hill-type muscles and 

controlled by reflexes to the environment. During the initial steps, their model is still adapting to the 

controller and environment and the resulting walking pattern does not give steps homogeneously and 
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the angle-moment curves for the three joints (ankle, knee and hip) varies greatly at each gait cycle. After 

those initial steps, the model stabilizes and continues to walk consistently. The resulting walking pattern 

of [25] is shown in Figure 5.3. 

As previously said, many different approaches were made in the optimization procedure. Those 

approaches consisted in a combination of the different optimization terms discussed above. The one 

that we believe took us the greatest results was the step point giving system. In trying to maximize its 

cost function, the model tends to take more steps, thus stabilizing the gait pattern. Although this term is 

surely very important, the model’s cost function requires a point giving system that is continuously giving 

points and not only when the human model achieves to give one step. In this way we added the other 

terms of the cost function (in different time-frames and combinations) in order for the model to 

“understand” almost at each time step that it’s doing the right decision. The resulting walking pattern for 

this work can be visualized in Figure 5.2. 

 

Figure 5.2 – The resulting simulated human gait pattern in this work. 

For the same initial conditions, model [25] is shown below: 

 

Figure 5.3 – Resulting simulated human gait pattern from [25]. This figure comprises the gait cycle from heel strike 

to heel strike. 

Although we had to reformulate all the control mechanism from Geyer’s and Herr’s work and having 

assumed much when faced with important decision points (such as the reference positions the ankle’s, 
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knee’s and hip’s virtual springs), the human model exhibits a lot of characteristics from the human gait 

cycle and its actually able to give two steps. One can begin by comparing the resulting gait pattern from 

our work with the human gait cycle and Geyer’s and Herr’s work. 

From the visualization of Figures 5.2 and 5.3, the approach of the right leg to the floor is very similar 

in both situations. However, one can see that in our work, the knee is much more flexed at the time of 

initial contact when compared with [25]. Actually, we took this decision to counter a great knee 

hyperextension that was occurring during the simulation. In this way, the knee is much more capable to 

absorb some energy from the foot’s impact with the floor without hyperextending. The gait determinant 

related to the knee flexion in early stance is clearly represented. One can also visualize the controlled 

plantar-flexion motion in early stance, in which the foot is lowered “gently to the ground. 

Also in both Figures 5.2 and 5.3, one can first visualize the heel off by the back foot and beginning 

of the controlled dorsiflexion phase by the front foot. It is also visible in [25] the function of the 

Gastrocnemius muscle in the end of stance, as well as the bi-articular spring we designed to mimic this 

muscle that spans both the ankle and knee joints. In latter stance, as was previously discussed, this 

muscle helps pushing the leg off the ground and forward by flexing the knee and plantarflexing the ankle. 

This motion is well represented in both Figures 5.2 and 5.3. 

After the leg enters swing phase, the hip passes from extension into flexion and the ankle 

dorsiflexes to its neutral position. Both these motions can be visualized in Figures 5.2 and 5.3. From 

that point forward, the Hamstrings muscle in [25], and the bi-articular spring that spans the hip and knee 

joints in our model starts to work and the flexion motion of the hip is decelerated. The leg is pushed 

against the ground and the heel of the leg that is currently in swing touches the ground again. 

Next, one can compare the ankle’s angle-moment graph in both models. In Figure 5.4 it’s illustrated 

the left ankle’s angle-moment curve for [25]. One can visualize that the model takes some time to 

stabilize its walking pattern. The curves more to the left and right represent the first steps, in which the 

model is still trying to adapt to this controller. After some steps the human model’s steps starts to become 

more homogeneous, resulting in the dark blue curve in the middle of the others (the curve being darker 

means that the model is taking steps that result in the same ankle motion and moment).  

 

Figure 5.4 – Ankle’s angle-moment curves obtained with [25] during some steps, to stabilize the model’s gait. 
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Figure 5.5 – Ankle’s angle-moment curve obtained through our model. 

In Figure 5.5, it’s represented the ankle’s angle-moment curve obtained with our model. It is only 

illustrated the portion of the curve until the model falls. From observation, one conclude that the curve 

is similar in function to the one obtain by [25] and the one derived from literature and presented in Figure 

2.15. The ankle is performing the correct motion in the step represented in Figure 5.5. At the beginning 

of the simulation (in Figure 64, its represented by the beginning of the blue line in the center of the 

graph), the left ankle is dorsiflexed at about 5° and its controlled dorsiflexion phase of the gait cycle, 

which ends by the time that the ankle is almost at its 25° of dorsiflexion.  

As explained before, in the ankle motion from toe strike to toe off, the ankle’s spring has as 

reference position its angular position at the moment of toe strike. As the simulation starts after this 

moment, we had to initialize this reference position differently, assigning a value of -13.5° (this value 

was chosen analyzing the mean angular position of the ankle at toe strike in literature and in [25]). For 

this reason, in the beginning of the simulation, the ankle exhibits an internal plantarflexion moment (in 

these graphs, a positive moment represents a plantar-flexion moment and a negative moment 

represents a dorsiflexion moment). 

 

Figure 5.6 – Knee’s and hip's angle-moment curves from this work. 
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The dorsiflexion peak is achieved with 100 N.m of internal plantarflexion moment, from which the 

ankle begins its power plantarflexion phase of the gait cycle. At the moment of toe-off, the model’s ankle 

is at is reference position (-13.5°) with no internal moment. After this moment, the swing control system 

engages and, as the reference position for the ankle is now 0°, it is developed a great internal 

dorsiflexion moment with the function of pushing the ankle to its neutral position. All these motions are 

in agreement with the literature [11]. 

 

Figure 5.7 – Knee's and hip's angle-moment curves obtained with [25] during some steps, to stabilize the model’s 

gait . 

However, there is a great discrepancy from literature when one analyses the angle-moment curves 

of the knee and hip from our model (Figure 5.6). Even the curves of the same joints obtained from [25]  

(Figure 5.7) have some discrepancy when compared to literature, being the main drawback of this 

model. 

The model is able to take two steps before falling, but because the optimization procedure is not 

completed, there is still further work to do in improving this model to achieve a stable gait. First, one 

should review the control strategy applied to it and study the importance of the bi-articular springs for 

an overall stable gait. Then, a great work as to be performed in optimizing the control parameters 

discussed in section 5.1. It has also to be explored the Matlab/Simulink configurations in the optimization 

procedure, to apply the best algorithm to perform such complex task. 
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Giving the fact that current state-of-the-art approaches to generate human-like walking have great 

disadvantages such as the requirement in pre-defined joint trajectories, in this word a mechanical reflex 

model to generate human-like walking in a 2D simulation was developed. Mainly inspired in  [25], “A 

muscle-reflex model that encodes principles of legged mechanics produces human walking dynamics 

and muscle activities”, in this work the gait cycle and its characteristics, force feedback control and the 

functionality of joints as springs were analysed. 

Geyer and Herr developed a neuro-muscular model that comprises seven Hill-type muscles and 

generates an overall compliant leg behavior, according to certain muscle reflexes. In this work, we took 

all the muscles of that model and substituted by individual angular springs applied to each of the principal 

joints (ankle, knee and hip) in sagittal-plane walking. On top of that control strategy a force feedback 

mechanism was added that enables the springs to not only accumulate energy as they compress but 

also to generate energy in the process. Following the literature [11,25], in our model two springs 

spanning two joints that resemble the function of the Gastrocnemius and Hamstrings and help to 

synchronize the joint’s activities, were also added. 

In the overall model, there are 21 parameters which have to be optimized in order for the human 

model to achieve a stable walking pattern. That work was one of the greatest challenges of this work. 

In this way, we tried different approaches to the optimization procedure were taken such as maximizing 

the number of steps given by the model and the minimizing the energy consumption (by minimizing the 

sum of the moments in the joints).  

The resulting walking pattern resembles much of the characteristics of the gait cycle such as 

controlled plantar-flexion in early stance and the ankle’s angle-moment curve. The model was able to 

give two steps before falling down. The complexity of the model and the number of parameters to 

optimize, opens doors to further work optimizing spring stiffnesses and force feedback gains. 

One of the main further works should be in understanding the contribution of the different terms 

involved with the cost-function in the optimization procedure. That work would bring many insights about 

the important features that enable humans to walk efficiently. Another important future work would be 

to fully understand the contribution of the force feedback control mechanism for human walking, as well 

as the bi-articular springs. 

After the fully development of that model and the achievement of a stable walking pattern in 2D 

simulation, the next step would be to improve the model into 3D environment, adding joint motion in the 

frontal and transverse planes. One has to have in mind that a lot of energy efficiency in human walking 

comes from the motion from these two planes, which is represented in the gait determinants. The 

optimization cost-function has to be reformulated to account for this new environment. 

Providing that the human-model is now able to walk in a 3D environment, it is necessary to increase 

its robustness, providing different conditions and environments to the model’s simulation and optimize 

the results once again. This work can be performed in resemblance to works such as [44] and [45]. 

In the end, after going through all the above steps, one could implement this controller to a 

humanoid robot to achieve a reflex and human-like type of walking. This controller would be able to 
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perform calculations as the robot or the person is walking, changing its function according to 

perturbations and the environment. 
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Appendix A 
 

Model parameters 
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Table A-1 – Model segment parameters. 

 

Table A-2 – Model parameters and their final value after optimization. 

Parameter Control System in which the parameter is used Value 

Ankle spring stiffness from 
HS to TS 

Ankle’s main stance control 1.90 

Ankle spring stiffness from 
TS to TO 

Ankle’s main stance control 1.70 

Ankle force feedback gain Ankle’s main stance control 0.010 

Ankle bi-articular spring 
stiffness 

Ankle’s stance control based on bi-articular GAS 0.1 

Ankle bi-articular force 
feedback gain 

Ankle’s stance control system based on bi-articular 
GAS 

0.013 

Ankle swing spring 
stiffness 

Ankle’s swing control 0.5 

Ankle swing derivative Ankle’s swing control 1 

Knee stance spring 
stiffness 

Knee’s main stance control 3 

Knee force feedback gain Knee’s main stance control 0.010 

Knee bi-articular stance 
spring stiffness GAS 

Knee’s stance control based on bi-articular GAS 1.70 

Knee bi-articular stance 
force feedback gain GAS 

Knee’s stance control based on bi-articular GAS 0.013 

Knee swing spring stiffness Knee’s main swing control 2.7 

Knee bi-articular swing 
spring stiffness HAM 

Knee’s swing control based on bi-articular HAM 0.012 

Knee bi-articular swing 
force feedback gain HAM 

Knee’s swing control based on bi-articular HAM 0.055 

Trunk proportional Hip’s stance trunk balancing control 0.5 

Trunk derivative Hip’s stance trunk balancing control 1 

Hip stance spring stiffness Hip’s stance main control 1.2 

Hip force feedback gain Hip’s stance main control 0.042 

Hip swing spring stiffness Hip’s swing main control 0.58 

Hip bi-articular spring 
stiffness 

Hip’s swing control based on bi-articular HAM 0.025 

Hip bi-articular force 
feedback gain 

Hip’s swing control based on bi-articular HAM 0.02 

 

 

 

 Feet Shanks Thighs Trunk 

Length (𝒄𝒎) 20 50 50 80 

Position of local center of mass (𝒄𝒎) 14 30 30 35 

Position of the proximal joint measured from 
the distal end (𝒄𝒎) 

16 50 50 - 

Mass (𝑲𝒈) 1.25 3.5 8.5 53.5 

Inertia (𝑲𝒈𝒎𝟐) 0.005 0.05 0.15 3 
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Appendix C 
 

Cost function 
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%%%% Duration of Simulation 
sim_time=data.Nominal.distance_sig.Time(end); % MAXIMIZE % 

  
%%%% Distance Traveled 
distance=data.Nominal.distance_sig.Data(end); % MAXIMIZE % 

  
%%%% Forward Velocity 
vel_center_mass=data.Nominal.mcenter_velocity_sig.Data; 
mean_forward_velocity=sum(vel_center_mass)/size(vel_center_mass,1);  

% MAXIMIZE % 

 
velocity_cost=0; 
for i=1:size(vel_center_mass,1) 
    velocity_cost=velocity_cost+(vel_center_mass(i)-

mean_forward_velocity)^2; 
end 
velocity_cost; % MINIMIZE % 

  
%%%%% Moment at the Hip, Knee and Ankle 
right_ankle_moment=data.Nominal.right_ankle_moment_sig.Data; 
right_knee_moment=data.Nominal.right_knee_moment_sig.Data; 
right_hip_moment=data.Nominal.right_hip_moment_sig.Data; 
left_ankle_moment=data.Nominal.left_ankle_moment_sig.Data; 
left_knee_moment=data.Nominal.left_knee_moment_sig.Data; 
left_hip_moment=data.Nominal.left_hip_moment_sig.Data; 

 
sum_right_ankle_moment=0; 
sum_left_ankle_moment=0; 
sum_right_knee_moment=0; 
sum_left_knee_moment=0; 
sum_right_hip_moment=0; 
sum_left_hip_moment=0; 

  
for i=1:size(right_ankle_moment,1) 
    sum_right_ankle_moment=sum_right_ankle_moment+right_ankle_moment(i)^2; 
    sum_left_ankle_moment=sum_left_ankle_moment+left_ankle_moment(i)^2; 
    sum_right_knee_moment=sum_right_knee_moment+right_knee_moment(i)^2; 
    sum_left_knee_moment=sum_left_knee_moment+left_knee_moment(i)^2; 
    sum_right_hip_moment=sum_right_hip_moment+right_hip_moment(i)^2; 
    sum_left_hip_moment=sum_left_hip_moment+left_hip_moment(i)^2; 
end 

  
total_sum=sum_right_ankle_moment+sum_left_ankle_moment+sum_right_knee_momen

t+sum_left_knee_moment+sum_right_hip_moment+sum_left_hip_moment; 
ratio_ankle=(sum_left_ankle_moment+sum_right_ankle_moment)/total_sum; 
ratio_knee=(sum_left_knee_moment+sum_right_knee_moment)/total_sum; 
ratio_hip=(sum_left_hip_moment+sum_right_hip_moment)/total_sum; 
ratio_base=[0.43,0.04,0.54]; 

  
energy_cost=total_sum*(1/sim_time)*(1/mean_forward_velocity); % MINIMIZE % 

Energy cost normalized for duration of simulation and forward velocity 
energy_ratio_cost=(0.43-ratio_hip)^2+(0.04-ratio_knee)^2+(0.53-

ratio_ankle)^2; % MINIMIZE 

  
%%%% Trunk Angle 
equilibrium=0; 
trunk_angle_cost=0; 
trunk_angle=data.Nominal.trunk_angle_sig.Data; 
for i=1:size(trunk_angle,1) 
    trunk_angle_cost=trunk_angle_cost+(equilibrium-trunk_angle(i))^2; 
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end 
trunk_angle_cost; % MINIMIZE %  

  
%%%% Penalize knee hyperextension 
boleano_knee_hyperextension=0; 
for i=1:size(data.Nominal.right_knee_angle_sig.Data,1) 
    if data.Nominal.right_knee_angle_sig.Data(i)<1 || 

data.Nominal.left_knee_angle_sig.Data(i)<1 
        boleano_knee_hyperextension=1; 
        break; 
    end 
end 

  
%%%% Algorithm comprising various features of the gait pattern  
total_height=0; 
total_velocity=0; 
height_limits=[0.92,1.02]; 
velocity_limits=[1,2]; 
total_hyperextension=0; 
for i=1:size(data.Nominal.Hip_height.Data,1) 
    if data.Nominal.Hip_height.Data(i)<height_limits(1) 
        total_height=total_height-(1+(height_limits(1)-

data.Nominal.Hip_height.Data(i)))^2; 
    elseif data.Nominal.Hip_height.Data(i)>height_limits(2) 
        total_height=total_height-(1+(data.Nominal.Hip_height.Data(i)-

height_limits(2)))^2; 
    else 
        total_height=total_height+4; 
    end 
    if data.Nominal.Hip_velocity.Data(i)<velocity_limits(1) 
        total_velocity=total_velocity-(1+(velocity_limits(1)-

data.Nominal.Hip_velocity.Data(i)))^2; 
    elseif data.Nominal.Hip_velocity.Data(i)>velocity_limits(2) 
        total_velocity=total_velocity-

(1+(data.Nominal.Hip_velocity.Data(i)-velocity_limits(2)))^2; 
    else 
        total_velocity=total_velocity+4; 
    end 
    if data.Nominal.right_knee_angle_sig.Data(i)<0 
        total_hyperextension=total_hyperextension-

(data.Nominal.right_knee_angle_sig.Data(i))^2; 
    end 
    if data.Nominal.left_knee_angle_sig.Data(i)<0 
        total_hyperextension=total_hyperextension-

(data.Nominal.left_knee_angle_sig.Data(i))^2; 
    end 
end 
vals=total_height+total_velocity; 

  
% Count number of steps, their lenght and time duration  
Left_Heel_Bol=data.Nominal.Left_Heel_Bolean.Data(1); 
Right_Heel_Bol=data.Nominal.Right_Heel_Bolean.Data(1); 
Left_Ball_Bol=data.Nominal.Left_Ball_Bolean.Data(1); 
Right_Ball_Bol=data.Nominal.Right_Ball_Bolean.Data(1); 
if data.Nominal.Right_Ankle_Pos.Data(1)>data.Nominal.Left_Ankle_Pos.Data(1) 
    right_in_front=1; 
else 
    right_in_front=0; 
end 
right_last_step=0; 
last_step_time=0; 
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last_forward_time=0; 
n_steps=0; 
n_forward=0; 
pontos=0; 
for i=1:size(data.Nominal.Left_Heel_Bolean.Time,1) 

     
    %Normal step and perturbations 
    if Right_Heel_Bol==0 && data.Nominal.Right_Heel_Bolean.Data(i)==1 && 

right_in_front==1 
        Right_Heel_Bol=1; 
        if right_last_step==0 
            if 

data.Nominal.Right_Ankle_Pos.Data(i)>data.Nominal.Left_Ankle_Pos.Data(i)+0.

1 && data.Nominal.Right_Ankle_Pos.Time(i)-last_step_time>0.1 
                n_steps=n_steps+1; 
                pontos=pontos+50000; 
                last_step_time=data.Nominal.Right_Ankle_Pos.Time(i); 
                right_last_step=1; 
            else 
                pontos=pontos+2000; 
                last_step_time=data.Nominal.Right_Ankle_Pos.Time(i); 
                right_last_step=1; 
            end 
        else 
            pontos=pontos+5000;   
        end 
    end 

     
    if Left_Heel_Bol==0 && data.Nominal.Left_Heel_Bolean.Data(i)==1 && 

right_in_front==0 
        Left_Heel_Bol=1; 
        if right_last_step==1 
            if 

data.Nominal.Left_Ankle_Pos.Data(i)>data.Nominal.Right_Ankle_Pos.Data(i)+0.

1 && data.Nominal.Left_Ankle_Pos.Time(i)-last_step_time>0.1 
                n_steps=n_steps+1; 
                pontos=pontos+50000; 
                last_step_time=data.Nominal.Left_Ankle_Pos.Time(i); 
                right_last_step=0; 
            else 
                pontos=pontos+2000; 
                last_step_time=data.Nominal.Left_Ankle_Pos.Time(i); 
                right_last_step=0; 
            end 
        else 
            pontos=pontos+5000;   
        end 
    end 

     
    % The model puts the heel on the ground when the foot must leave the 

    % ground. 
    if Right_Heel_Bol==0 && data.Nominal.Right_Heel_Bolean.Data(i)==1 && 

right_in_front==0 
        Right_Heel_Bol=1; 
        pontos=pontos-10000; 
    end 
    if Left_Heel_Bol==0 && data.Nominal.Left_Heel_Bolean.Data(i)==1 && 

right_in_front==1 
        Left_Heel_Bol=1; 
        pontos=pontos-10000; 
    end 
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    % The model puts the ball on the ground when it was supposed to take. 
    if Right_Ball_Bol==0 && data.Nominal.Right_Ball_Bolean.Data(i)==1 && 

right_in_front==0 
        Right_Ball_Bol=1; 
        if Right_Heel_Bol==0 
            pontos=pontos-10000; 
        end 
    end 
    if Left_Ball_Bol==0 && data.Nominal.Left_Ball_Bolean.Data(i)==1 && 

right_in_front==1 
        Left_Ball_Bol=1; 
        if Left_Heel_Bol==0 
            pontos=pontos-10000; 
        end 
    end 
    % The model puts the ball on the ground when leaving stance 
    if Right_Ball_Bol==1 && data.Nominal.Right_Ball_Bolean.Data(i)==0 && 

right_in_front==0 
        Right_Ball_Bol=0; 
        if Right_Heel_Bol==1 || Left_Heel_Bol==0 
            pontos=pontos-15000; 
        else 
            pontos=pontos+10000; 
        end 
    end 
    if Left_Ball_Bol==1 && data.Nominal.Left_Ball_Bolean.Data(i)==0 && 

right_in_front==1 
        Left_Ball_Bol=0; 
        if Left_Heel_Bol==1 || Right_Heel_Bol==0 
            pontos=pontos-15000; 
        else 
            pontos=pontos+10000; 
        end 
    end 

  

     
    if Right_Heel_Bol==1 && data.Nominal.Right_Heel_Bolean.Data(i)==0 && 

right_in_front==0 
        Right_Heel_Bol=0; 
        if Left_Heel_Bol==0 
            pontos=pontos-15000; 
        else 
            pontos=pontos+10000; 
        end 
    end 
    if Left_Heel_Bol==1 && data.Nominal.Left_Heel_Bolean.Data(i)==0 && 

right_in_front==1 
        Left_Heel_Bol=0; 
        if Right_Heel_Bol==0 
            pontos=pontos-15000; 
        else 
            pontos=pontos+10000; 
        end 
    end     

 
    % The steps must take some time in order for one leg to pass the other 
    if right_in_front==1 && 

data.Nominal.Left_Ankle_Pos.Data(i)>data.Nominal.Right_Ankle_Pos.Data(i) 
        right_in_front=0; 
        if data.Nominal.Left_Ankle_Pos.Time(i)-last_forward_time>0.4 
            n_forward=n_forward+1; 
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            pontos=pontos+20000; 
        else 
            pontos=pontos-10000; 
        end 
        last_forward_time=data.Nominal.Left_Ankle_Pos.Time(i); 
    end 
    if right_in_front==0 && 

data.Nominal.Right_Ankle_Pos.Data(i)>data.Nominal.Left_Ankle_Pos.Data(i) 
        right_in_front=1; 
        if data.Nominal.Right_Ankle_Pos.Time(i)-last_forward_time>0.4 
            n_forward=n_forward+1; 
            pontos=pontos+20000; 
        else 
            pontos=pontos-10000; 
        end 
        last_forward_time=data.Nominal.Right_Ankle_Pos.Time(i); 
    end     

     
    % The front foot should not be taken off the ground 
    if right_in_front==1 && Right_Heel_Bol==1 && 

data.Nominal.Right_Heel_Bolean.Data(i)==0 
        pontos=pontos-10000; 
    end 
    if right_in_front==0 && Left_Heel_Bol==1 && 

data.Nominal.Left_Heel_Bolean.Data(i)==0 
        pontos=pontos-10000; 
    end 

  
    if right_in_front==1 && Right_Ball_Bol==1 && 

data.Nominal.Right_Ball_Bolean.Data(i)==0 
        pontos=pontos-10000; 
    end 
    if right_in_front==0 && Left_Ball_Bol==1 && 

data.Nominal.Left_Ball_Bolean.Data(i)==0 
        pontos=pontos-10000; 
    end 

     
end   

  
if data.Nominal.Left_Ball_Bolean.Time(end)<0.1 
    tempo=-1000000; 
elseif data.Nominal.Left_Ball_Bolean.Time(end)<0.2 
    tempo=-500000; 
elseif data.Nominal.Left_Ball_Bolean.Time(end)<0.4 
    tempo=-200000; 
elseif data.Nominal.Left_Ball_Bolean.Time(end)<0.7 
    tempo=-50000; 
elseif data.Nominal.Left_Ball_Bolean.Time(end)<1 
    tempo=0; 
else 
    tempo=100000+(data.Nominal.Left_Ball_Bolean.Time(end)-1)*300000; 
end 

  
vals=total_height+total_velocity+pontos+tempo-energy_cost; 

  
end 

 


