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Abstract 

Powered lower limb exoskeletons (LLEs) are wearable robotic aids that provide mobility 

assistance for people with mobility impairments. Despite their advanced design, LLEs are still 

far from being effective assistive devices that can be used to perform activities of daily living. 

The main challenge in the operation of a LLE is to ensure that balance is maintained. However, 

maintaining an upright stance is not always achievable and regardless of the quality of user skill 

and training, inevitably falls will occur. Currently, there is no control strategy developed or 

implemented in LLEs that help reduce the user’s risk of injury in the case of an unexpected fall.  

In this thesis, an optimization methodology was developed and used to create a safer 

strategy for exoskeletons falling backwards in a simulation environment. Due to the data 

available regarding the biomechanics of human falls, the optimization methodology was first 

developed to study falls with simulation parameters characteristic of healthy people. The 

resulting optimal fall strategy in this study had similar kinematic and dynamic characteristics to 

the findings of previous studies on human falls. Rapid knee flexion at the onset of the fall, and 

knee extension prior to ground contact are examples of these characteristics. Following this, the 

optimization methodology was extended to include the characteristics of an exoskeleton. The 

results revealed that the hip impact velocity was reduced by 58% when the optimal fall strategy 

was employed compared to the case where the exoskeleton fell with locked joints. It was also 

shown that in both cases of optimal human and human-exoskeleton falls, the models contacted 

the ground with an upright trunk with a near-zero trunk angular velocity to avoid head impact. 

These results achieved the thesis goal of developing an effective safe fall control strategy. This 

strategy was then implemented in a prototype exoskeleton test device. The experimental results 

validated the simulation outcomes and support the feasibility of implementing this control 
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strategy. Future studies are needed to further examine the effectiveness of applying this strategy 

in an actual LLE. 
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Chapter 1: Introduction 

1.1 Mobility Impairments and Lower Limb Assistive Technologies 

The ability to stand and walk plays an important role in performing activities of daily living 

and maintaining an independent life. However, mobility impairments impact many people’s lives 

all over the world, and have significant effects on their quality of life. Mobility disability was 

identified as the most prevalent type of disability in the United States and the third most common 

disability in Canada [1],[2]. Several diseases lead to mobility disability, and among those are 

injuries to the spinal cord, with a high prevalence of occurrence [3]. According to a survey 

conducted in 2010, over 85,000 Canadians were living with an SCI [4]. It is also estimated that 

about 282,000 Americans are living with spinal cord injury in 2016, and  approximately 17,000 

new cases are added every year [5].  

SCI has various consequences such as motor and/or sensory deficits, often including partial 

or complete impairment with walking. As a result, assistive technologies have been developed 

and used to help affected people maintain their independence and/or improve their functional 

mobility to perform activities of daily living [6]. For example, wheelchairs, orthoses, crutches, 

canes, and walking frames are used to improve mobility of people with disabilities [7]. Among 

these, wheelchairs are the most common assistive devices. Although wheelchairs do provide 

some form of mobility for their users, there are certain limitations and drawbacks regarding their 

long term use. Those include health concerns such as skin problems, cardiovascular disease, and 

psychological issues, as well as accessibility and usability limitations [8]. Beside these 

limitations, wheelchairs also do not provide therapeutic benefits, and would not improve 

mobility or other health conditions of their users.  
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On the other hand, standing is an effective way to overcome the drawbacks of constant 

sitting. It improves blood circulation, reduces muscle spasticity, reduces the occurrence of 

pressure sores, and enhances psychological well-being [9]. Hip-Knee-Ankle-Foot-Orthoses 

(HKAFO) and other passive orthoses are types of assistive devices that provide the benefit of 

standing and limited walking ability to their users. However, these types of mobility aids haven’t 

been commonly accepted in the community due to the inherent limitations in their design, 

usability, and safety [10].  

To meet the growing need for effective assistive technologies and rehabilitation goals, the 

concept of enhancing passive orthoses with powered actuators has gained more attention during 

the past few years [11]. Such wearable robotic aids that are developed for people with lower limb 

impairments are usually referred to as powered orthotic devices or lower limb exoskeletons 

(LLEs). According to the US Food and Drug Administration (FDA): “A powered exoskeleton is 

a prescription device that is composed of an external, powered, motorized orthosis used for 

medical purposes that is placed over a person's paralyzed or weakened limbs for the purpose of 

providing ambulation” [12].  

LLEs normally consist of a brace that is attached to the legs and part of the trunk through 

straps and supports those body segments. Usually, the hip and knee joints of these devices are 

actuated, and control signals are applied at these joints to replicate a gait cycle. A variety of 

sensors, including inertial measurement units (IMUs) and pressure sensors, are used to determine 

the postural configuration of the user and provide the required feedback to the controller. A 

backpack, which is usually placed around the waist, houses the controller and the power supply 

system. Apart from all of these components, other assistive aids like a walker, cane, or crutches 

are usually used as an adjunct to LLEs to help maintain balance [13].  
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Results of previous studies show that exoskeletons, when used as therapeutic devices, 

improve their users’ health conditions [14],[15],[16]. The benefits that exoskeletons provide for 

their users include improving functional mobility (not by only being used as an assistive device 

but when used over time and for incomplete SCI users who can improve their mobility) and 

blood circulation, reduction in pressure sores and muscle spasticity. LLEs have been designed to 

be used for both clinical and personal purposes [17]. There are currently two LLEs available on 

the market that have received FDA approval for personal use. These devices include: ReWalk™, 

Indego
®
. However, safety concerns are still among the most challenging barriers to the 

acceptance and use of LLEs in the community. The FDA has identified “instability, falls, and 

associated injuries” as the primary risk associated specifically with these devices [13]. Thus, 

LLEs should be used under constant supervision and assistance from a trained companion 

according to FDA regulations [18]. 

1.2 Motivation and Objectives 

In the case where an internal or external perturbation is applied to an exoskeleton or the 

user, the exoskeleton’s function might be perturbed, eventually leading to the destabilization and 

fall of the device and user. To enhance the safety of the user, the state of balance of the system 

should be monitored constantly. This could be done by the use of available data from different 

sensors mounted on the exoskeleton and balance-detection algorithms. Different decisions could 

be made to handle the case when loss of balance is detected. First, a fall could be prevented by 

the application of balance recovery techniques. If this is successful, the exoskeleton would 

continue its function. However, if the application of a fall prevention strategy is not successful, 

the control system would switch to a safe-fall control strategy.  
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Regardless of the substantial development in gait control strategies for exoskeletons, no 

control strategy has yet been developed for LLEs to ensure balance recovery in the case of loss 

of balance. In the case of a fall with an exoskeleton, the impact velocity when hitting the ground 

is large enough to cause traumatic brain injury, bone fracture or bruises. Normally persons living 

with an SCI have fragile bones, with low bone mineral density due to lack of physical 

movement. Therefore, the consequences of a fall could be even worse for these individuals [19]. 

In one study where a LLE was used by a group of persons with SCI, the exoskeleton lost its 

balance 16 times, each time resulting in the engagement of a tether, which was used for safety 

considerations. The findings of this study confirm the risks associated with the use of LLEs [20]. 

A survey of potential end users of exoskeletons and individuals who have experience working 

with mobility impairments reported safety to be the primary concern when using a LLE [21]. 

Addressing the safety issues associated with the use of LLEs is a top priority as these 

devices are expected to assist individuals in performing activities of daily living independently. 

Therefore, the goal of the author of this thesis is to enhance LLE user safety by reducing the risk 

and the severity of injury in the case of an unrecoverable loss of balance. In case of a fall, the 

most important part of the body that should be protected against any possible impact is the head. 

Thus, one approach to enhance the user’s safety is to avoid any head impacts.  

A study showed that the severity of an injury is related to the velocity of the body segments 

at impact [22]. Therefore, one should minimize impact velocity to minimize the severity of the 

resulting injury. Depending on the type of fall, different parts of the body may come into contact 

with the ground. This thesis focuses exclusively on cases of backward falls with exoskeletons. 

One reason is due to the potential for catastrophic head injury in the case of a backward fall. 

Another reason to study this type of fall is the high prevalence of backward falls observed among 
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healthy individuals [23]. In the case of a backward fall for healthy individuals, the hip or hands 

would be the first contact point with the ground. However, when exoskeletons are in use, hands 

are usually occupied with a walking aid such as a walker or a crutch. As a result, the first contact 

point with the ground when falling backward is assumed to be the hip. Based on this assumption, 

the following statement summarizes the objectives of this thesis: 

To reduce the risk and severity of injuries in the case of a human-exoskeleton backward fall, 

by avoiding head impact and minimizing the hip linear velocity at the moment of ground 

contact.  

1.3 Thesis Outline 

The current chapter of this thesis discusses the motivation of this work and presents the 

objectives. Chapter 2 provides the background literature related to this work, including a review 

of the biomechanics of human falls, an overview of safe-fall strategies for bipedal robots, and 

proposed safe-fall strategies for a falling exoskeleton. Optimization methods are also reviewed in 

that chapter to provide the basis for the methodology developed in this thesis. Then, Chapter 3 

explains the optimization methodology developed for a human fall model. First, a human fall is 

modelled in a simulation environment. Then, the dynamics of the fall are optimized and the 

corresponding results are presented and discussed. Chapter 4 details the development of a safe-

fall strategy for the model of a human-exoskeleton fall, and the characteristics of an optimal fall 

are presented. Chapter 5 examines the validity of the safe-fall strategy developed to achieve the 

objectives of this thesis. A mechanical test setup was built, and experiments were conducted to 

examine the simulation results. Finally, Chapter 6 concludes this thesis with a focus on 

summarizing the findings of the work, contributions, and recommendations for future research.  
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Chapter 2: Previous Studies and Related Work 

As discussed in the previous chapter, safety issues regarding the use of exoskeletons 

become a serious concern when these devices are used as assistive technologies in performing 

daily activities. However, the current state-of-the-art technology is not capable of safe and 

functional operation without external assistance, as there are no control strategies developed to 

safeguard the user and device against falling. Moreover, no safety considerations have been 

implemented on the exoskeletons currently being used that could lessen the severity of impact to 

the user in the case of a fall. This thesis focuses on eliminating this gap by developing a safe fall 

control strategy to enhance user safety in the event of a human-exoskeleton fall. 

As mentioned above, fall mitigation and recovery strategies and falls with exoskeletons 

have not been studied previously, and there are no data available regarding the characteristics of 

a human-exoskeleton fall. However, fall-related studies in the healthy population have been the 

focus of previous research. The related literature was reviewed to gain a better understanding of 

the underlying kinematics and dynamics of human falling (Section  2.1). In addition, there are 

studies on developing safe fall strategies for humanoid robots, reviewed in Section  2.2.  A few 

safe-landing concepts were previously proposed to improve the safety of exoskeletons in the case 

of a loss of balance. These proposed ideas are examined and summarized in Section  2.3.  

2.1 Studies on Human Falls  

2.1.1 Governing Dynamics of Human Falls 

The centre of mass of a standing human is located at a relatively high distance from the 

base of support, the ground. In some studies, the human body is regarded as an unstable inverted 

pendulum in which an active control system is constantly maintaining its upright balance [24]. 

Therefore, in the case of an external or internal perturbation, humans may lose their upright 
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balance. Depending on the severity of the perturbation, different balance recovery strategies 

could be employed [25]. Most of the time, these balance recovery strategies are successful and 

can recover upright balance. However, in more severe cases where falls are not preventable, 

people do fall and hit the ground or other surrounding objects.  

Different factors that cause human falls are generally categorized into intrinsic and 

extrinsic. Intrinsic factors are related to physiological deficiencies whereas extrinsic factors have 

environmental origins [26]. Fall-related injuries often reduce mobility, independence, and the 

quality of life of the injured person. Among the older population in the United States, falls are 

reported to be a leading cause of death from injury [27]. According to the report “Leading 

Causes of Nonfatal Injury”, between the years of 2001 to 2014, unintentional falls were the most 

common cause of nonfatal unintentional injury for all ages in the United States [28]. In Canada, 

between the years of 2005 and 2013, broken or fractured bones (37%) were the most common 

types of fall-related injury [29]. The two most common injuries were reported to be hip and 

upper extremity fractures [30]. In one study, fall-related injuries were studied among groups of 

young and old adults. The results of this study reveal that the percentage of people who suffered 

a pelvic injury was 27% in the older and 15% in the younger group [31]. 

A theoretical analysis of falls from a standing height suggest that forces at impact are an 

order of magnitude greater than the force required to break any bone of an elderly woman [32]. 

In another study, it was shown that if the potential energy at standing height is directly converted 

to kinetic energy at the moment of ground contact, it is 40 times greater than the kinetic energy 

required to fracture the femoral neck [33]. 

Nevertheless, experimental work that studied the biomechanics of the human body during a 

fall reveal that most of the impulsive force in a fall is absorbed by muscle contraction and soft 
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tissue. It also found that no more than 10% of falls in older people result in bone fractures [32]. 

The results of other research confirmed that the actual rate of any kind of fracture in the cases of 

human falls is a lot less than the theoretical prediction [34],[35],[36]. All these results indicate 

that people constantly use injury-mitigation strategies to reduce the occurrence of fall-related 

injuries [37]. 

The abovementioned protective responses have been examined in previous research. One 

injury mitigation technique is to share the contact energy between different body segments. The 

application of this strategy was observed in several cases of falls where subjects hit the ground 

with outstretched hands, simultaneously, slightly before, or slightly after the hip, knee, or head 

hit [23],[38]. Lower hip impact velocities were observed in cases where subjects’ hands came 

into contact with the ground before the hip [39]. 

Activation of the lower limb muscles throughout the fall was found to be another safe fall 

technique that is employed by healthy individuals [22]. Synergistic patterns of muscle 

contractions in the lower extremity lead to the application of braking torques at the lower limb 

joints. These torques are applied to the joints to resist joint motion in the direction of the fall and 

lead to mitigation of the impact velocity or the impact kinetic energy. In the case of a backward 

fall, these synergistic patterns of muscle contractions are found to result in a series of body 

movements throughout the fall. These movements start with a quick knee flexion at an early 

stage of the fall, followed by knee extension starting in mid-fall, and end at ground impact while 

maintaining an upright trunk [39],[40],[41]. 

The effectiveness of these protective responses was found to be influenced by several 

factors. The first and the most important factor is the falling technique [41]. The available 

strength in the lower limb muscles is another factor that influences the severity of the fall. It has 
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been shown that the severity of the injury increases with age [42]. Another factor is how fast the 

loss of balance is detected and how fast the injury mitigation strategy is initiated. In other words, 

the sooner the safe fall strategy is activated, the lower the severity of the injury [40],[43],[44].  

2.1.2 Characteristics of Human Falls 

In the remaining parts of this section, the biomechanical characteristics of human falls are 

examined in more details. It is worth noting that most of the research conducted in the field of 

human falls is limited to cases of simulated, mechanically induced, or self-initiated falls. There 

are very few studies conducted to study the characteristics of real-life human falls [45]. 

2.1.2.1 Prevalence of Human Falls 

The prevalence of different types of falls has been studied in previous literature. In one 

study, randomly varied perturbations were applied to a platform and subjects were asked to 

maintain their balance as much as possible. The results of this study revealed that the rate of 

balance recovery is lower for cases of backward falls compared to forward or sideways falls [23]. 

In another study, in which falls were monitored in long term facilities among older adults, 

backward falls were found to have a higher rate of occurrence (84%) compared to other types of 

falls [46]. In the same study, major contact points were found to be the hip (in 100% of the falls), 

hand (in 84% of the falls), and head (48% of the falls) [23],[38].  

2.1.2.2 Average Fall Duration 

The fall duration is commonly defined as the interval between the initiation of imbalance 

and the time at which one of the body parts hits the ground. In a group of young adults where 

sudden perturbations were applied to the base of support, the average fall duration was measured 

to be 715±160 ms [23]. In another study, in which healthy young adults were released from an 

unbalanced standing position and were asked to maintain their balance as much as possible, the 
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average fall duration was recorded to be 749 ms [39]. The average fall duration (the time interval 

between imbalance initiation and impact), in real-life falls among older adults, was found to be 

1271±648 ms. Also, the average descent time, which is defined as the time interval between fall 

initiation and impact, was reported to be 593±255 ms among the same group of individuals [38].  

2.1.2.3 Impact Velocities 

The two main indicators of fall severity are the position at which the body comes into 

contact with the ground and the impact velocity of the contact point [40]. Impact velocity is 

influenced by the conditions under which the fall is performed. Studies on human falls could be 

categorized into different types including: self-initiated falls, tether-released falls, mechanically-

induced falls, and real-life falls. The results from previous research on sideways falls reveal that 

the average impact velocity is lower in self-initiated falls (2.75±0.42 m/s) compared to 

mechanically-induced falls (3.01±0.83 m/s) [47], [48]. The same relationship is observed in 

studies where impact velocity in backward falls was examined. The vertical component of the 

impact velocity was found to be lower in self-initiated falls (1.45±0.5 m/s
 
 in one study and 

1.86±0.47 m/s
 
 in another study), compared to mechanically-induced falls (2.55±0.85 m/s) 

[23],[22],[49]. These results suggest that protective responses are more effective in self-initiated 

falls where users are ready to employ those strategies as quickly as possible. In one study, where 

real-life falls were examined among older adults, the average impact velocity was found to be 

2.14±0.63 m/s [38].  

It was also shown that the initial conditions of the fall had an influence on the severity of 

the impact velocity. In cases where safe fall strategies were employed later after the onset of 

imbalance, the effectiveness of the strategy was lower. In other words, when less time is 

available to implement the safe fall strategy, the fall impact velocity is higher [49].  
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2.2 Studies on Humanoid Robot Falls 

The development of safe fall strategies has been the focus of research in the field of 

humanoid robots for some time. Similar to humans, humanoid robots are inherently unstable 

structures. The control systems of most humanoid robots are designed to maintain balance in the 

case where weak perturbations are applied to the robot. However, in cases of  large disturbances, 

balance recovery techniques might not be effective and falls are inevitable [50]. Due to the 

importance of preventing physical damage to the robot as well as considering human and 

environmental safety, safe fall control strategies have been studied, developed and implemented 

in bipedal robots [51]. 

The first step in the implementation of a safe fall strategy in a humanoid robot is to detect 

the state of imbalance. This is a complex procedure and could be done by the use of sensors 

mounted on the robot. The next step is then to switch from the task-directing control strategy 

(e.g., walking, turning, etc.), or possibly a fall-prevention control strategy, to a “safe-landing” 

control strategy [52],[53]. In the remainder of this section, different safe fall strategies that have 

been developed for humanoid robots are described.  

In one study, a stepping technique was proposed to orient the robot towards an optimal fall 

direction that results in minimum damage to the robot [54]. Another safe-landing strategy was 

developed based on the techniques of martial arts. Considering the conservation of energy, it is 

known that decreasing the potential energy at the very early stage of a fall could lead to the 

reduction of kinetic energy at impact and consequently decrease of the velocity at impact. The 

proposed strategy was executed by lowering the mass center of the robot by quickly bending the 

knees at the very beginning of the fall. Resisting torque was generated at the lower limb joints of 

the robot to further damp the existing potential energy. This safe-landing strategy was utilized in 
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conjunction with the use of protective structures. The protective structures were installed on 

segments that were identified to be at high risk of impacting the ground [32],[51].  

In a follow-up study, a model of a one-link, variable length, passive-joint inverted 

pendulum was developed to study the dynamics of a humanoid robot fall in a simulation 

environment. The safe fall strategy was executed in two steps. The first step was to quickly 

shrink the legs after the initiation of the fall. Then, the legs were extended when the centre of 

mass of the robot reached a certain height. This height was chosen to minimize the impact 

velocity. The results of this study revealed that the angular velocity of the pendulum, and 

consequently the vertical linear velocity at impact, was reduced when the safe-landing strategy 

was employed. Also, it was shown that using a high-jump mat reduced the impact by 7-fold 

compared to the case of directly hitting the floor [55].  

In a later study from the same research group, an optimization technique was used to 

improve the effectiveness of the safe-fall control strategy. In this study, the objective was to 

minimize the landing speed of the centre of gravity of the robot and to optimize the time that 

takes to complete the fall. The results of this work revealed that by performing a squatting 

motion at an early stage of the fall, the landing impact velocity of the system was suppressed 

[52],[56]. In a more recent study, a model of a quadruple inverted pendulum was used to 

simulate the humanoid forward fall. In this study, a minimization technique was used to optimize 

the falling motion of the robot. The objective function included the joint dynamics during the fall 

and the impact dynamics at landing. The optimization was then performed for different fall 

durations and results compared. The fall duration with which the value of the objective function 

was minimized was selected as the optimal fall duration. The joint kinematics and dynamics 

corresponding to this fall duration were chosen as the optimal solution [57]. Taken together, 
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these studies on humanoid robot falls confirmed that less damage is transferred to the robot when 

safe-landing control strategies were used [32],[50],[53],[54].  

2.3 Studies on Loss of Balance and Falls with Exoskeletons 

The focus of the exoskeleton-related studies has been mostly on the development of human-

like movements such as standing, walking, turning, sitting, and more recently climbing up or 

down stairs. Fall-related studies in the field of exoskeletons are a relatively a new area of 

research. After the expansion of the use of exoskeletons outside of rehabilitation centres, safety 

concerns regarding the use of these devices became more critical. To the best knowledge of the 

author, there has been no study on the development of safe-fall strategies for the case of a 

human-exoskeleton fall. However, just recently, a few safe-fall techniques were proposed to 

enhance the safety of exoskeletons. One proposed strategy is to augment the device with an 

advanced fall detection technology. This technology could be then combined with the use of an 

airbag system, which is activated in the case of detection of loss of balance [58].  

In a recently published patent, three protective strategies were proposed to be implemented 

in a lower limb exoskeleton. The first strategy is to provide a cushioning mechanism that is used 

to absorb energy or spread the force at impact. The second strategy is to detect the state of 

imbalance and reduce the kinetic energy by generating braking torques at the joints of the 

exoskeleton. The third strategy is a hybrid technique to use joint work to actively position the 

system during the fall to maximize the effectiveness of the cushioning mechanism [59]. It is 

worth recalling that none of these proposed strategies have been implemented or used in any of 

the existing exoskeletons, nor have they studied the potential injury- or impact velocity-reduction 

that might result from the use of such techniques. 
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Chapter 3: Development of an Optimization Methodology to Study an 

Optimal Fall Strategy 

3.1 Introduction 

The prior chapters introduced the motivation for the development of a safe fall strategy in 

powered lower limb exoskeletons. This thesis considers the specific case of a backward fall 

because of the risks and severity of injuries associated with this type of fall, specifically as a 

result of head and hip impact. The basis of this research objective relies on fall-related studies 

that were performed with healthy participants. Results of these studies reveal that there are some 

protective responses that prevent the occurrence of severe damage to the human body in the case 

of a fall. The kinematics and dynamics of lower limb joints during falls in these studies provided 

the foundation for my first study, which was to develop the methodology to optimize a safe fall 

strategy for the case of a human backward fall and to compare the results with available data 

regarding real-life human falls. If the validity of the developed optimization methodology was 

verified, then the methodology could be extended to the development of a safe fall strategy in the 

case of a human-exoskeleton backward fall. The next chapter provides further details regarding 

the development of the safe fall strategy for the model of a human-exoskeleton. 

This chapter describes the details regarding the establishment of an optimal, safe fall 

strategy to reduce the risk and severity of injury in the case of a human backward fall. The 

governing dynamics of a simplified human model were derived and used to simulate human 

falls. An optimization method was then developed in the simulation environment to obtain the 

dynamics of the lower limb joints when performing a safe fall. Finally, to examine the validity of 

the developed optimization technique, results of this work were compared with the results of 

previous fall-related studies.  
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3.2 Methods 

3.2.1 Dynamic Modelling of a Human Backward Fall 

In the field of biomechanics, it is common to represent the dynamics of the human body 

with a model of an inverted pendulum. Depending on the complexity of the task that is being 

studied or the required accuracy, various models based on an inverted pendulum, including one-

link, two-link, and three-link models have been used [24],[60],[61]. More specifically, models of 

a single or multi-link inverted pendulum have been developed to study falls in the field of 

humanoid robots [55],[57].  

In this work, one-, two-, and three-link models were created to determine the dynamics of 

different representations of human backward falls [62],[63]. These models are shown in 

Figure  3.1. The governing equations of motion for each model are described in  Appendix A. For 

all the models, the human body was assumed to have a total height of 1.6 m and body mass of 

53.7 kg
1
. For each model, anthropometric characteristics of corresponding body segments were 

calculated separately [64]. 

 

   

Figure 3.1       One-link, two-link, and three-link models of a human body 

The human is facing toward the right. 

                                                 

1
 These values were selected from a similar study in which human falls were modeled in a simulation environment 

[41].  
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The model of a one-link inverted pendulum represents the case where the whole body is 

considered as one, rigid, straight, fixed-length link, in which the hip and knee joints are 

considered to be locked, and the whole body pivots about the ankles. Although this model is not 

a realistic model of a human fall, it does replicate the condition under which most of the 

currently used exoskeletons fall when losing balance. Also, the governing dynamics of a one-link 

system are simple to derive and the model can be easily created and validated in a simulation 

environment.  

The model of a two-link inverted pendulum represents the case where the upper and lower 

body are modelled as two separate, rigid links that are connected together through the hip joint. 

In this model, the first joint replicates the dynamics of the ankle joint; the shin and thigh are 

aligned, and the knee joint is considered to be locked. This model could be an example of falling 

with a passive orthotic device (e.g., a Knee-Ankle-Foot Orthosis), in which the knee joints are 

locked but the user has some control over positioning the trunk.  

In the model of a three-link inverted pendulum, the foot and shin are represented as the first 

link that is connected to the ground through the ankle joint. The thigh is the second link, which is 

connected on one side to the shin through the knee joint, and connected to the upper body 

through the hip joint, on the other end. 

Other assumptions that were made throughout the development of these models in the simulation 

environment are listed below: 

 Falls are assumed to be symmetric and studied in the sagittal plane. 

 Throughout the fall, both feet remain in contact with the ground. 

 The effects of friction and damping at each joint are neglected.  
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 The net torque applied at the lower limb joints represents the sum of the corresponding 

muscle contractions. 

 It is assumed that the available torque at the joints could be applied instantaneously and 

with no time delay. 

 Except for the one-link model, the hip (i.e., representing the pelvis/buttocks) is 

considered to be the only contact point to the ground at impact. 

 Each joint’s angular velocity is assumed to be zero at the onset of the fall 

3.2.2 Optimizing a Human Backward Fall 

As discussed before, prior to the development of the safe fall strategy, the two main goals 

of the strategy were defined as avoiding head impact and reducing hip impact velocity. These 

objectives were achieved through the application of an optimal torque profile at the joints. 

According to the governing dynamics of the motion, there is a one-to-one relation between the 

joint trajectories and the applied torque to the joints. Thus, joint trajectories were also optimized 

while optimal torque profiles were generated. 

The first step in the development of the safe fall strategy was to formulate the 

characteristics of the problem, that is, to define the design variables. Following this, the 

constraints that had to be satisfied and the objective function were defined. Next, based on the 

form of the constraints and the objective function, an appropriate optimization technique was 

selected to solve the optimization problem. Lastly, based on the type of the optimization 

algorithm and model studied, an initial guess for the design variables had to be provided to the 

optimization. 
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3.2.2.1 Design Variables 

As described in  Appendix A, the Euler-Lagrange equations of motion for a one-link, two-

link, and three-link models were derived in the state-variable space format. The general form of 

these equations is shown in ( 3.1): 

1 ( )
( ) ( , )

2

T

n

V
        

 

  
    

  
 (3.1) 

In this equation,  is a one-, two-, or three-dimensional vector including ankle
2
, and/or 

knee, and/or hip joint angles, for one-, two-, or three-link models, respectively. ,  are the first 

and second derivative of  with respect to time, respectively. I is the generalized inertia matrix, 

and I is its first derivative with respect to time. V represents the system’s potential energy and in 

the case of this problem, where friction at the joints was neglected, n is the total torque 

delivered to the lower limb joints. The vector of the design variables is defined to include the 

joint angles, angular velocities, and the torque applied at each joint from the initiation of the fall 

until the moment of ground impact. The design variables take different forms for each model, as 

defined in Table  3-1. 

                                                 

2
 In all the three models, it was assumed that the shank and foot are represented as a single segment (locked ankle 

joint). However, in order to keep the consistency of the biomechanical representation of the joints and with no effect 

on the obtained results, the angle between the heel and the ground was labeled as the ankle angle. 
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Table 3-1  Design variables representing the dynamics of the one-link, two-link, and three-link models 

Model Joint Angle   Joint Angular Velocity  Joint Torque  

One-link Ankle  Ankle  Ankle  

Two-link ,Ankle Hip     ,Ankle Hip  
   ,Ankle Hip     

Three-link , ,Ankle Knee Hip      , ,Ankle Knee Hip   
   , ,Ankle Knee Hip      

 

 

In the case of a one-link model, there is only one link that represents the characteristics of 

the human body and the only unmovable pin joint in this model represents the dynamics of the 

ankle angle throughout the fall. The vector of the design variables has the form described in 

( 3.2), in which Ankle , Ankle , and Ankle are vectors of joint angle, joint angular velocity, and 

joint torque that contain the value of each design variable at specific instants of fall. More details 

regarding the definition of the vector of the design variables are provided in  Appendix B. 

, ,Ankle Ankle Ankle      (3.2) 

In the case of a two-link model, where the knee joint is assumed to be locked, the two joints 

in the model represent the characteristics of the ankle and the hip joints. The design variables are 

defined in a vector format as described in ( 3.3), in which each parameter is a vector itself. 

, , , , ,Ankle Hip Ankle Hip Ankle Hip         (3.3) 

In the case of a three-link model, the design variables are defined in a vector as described in 

( 3.4). As will be discussed later, in the three-link model, the ankle is assumed to be passive and 

no torque is applied to the joint throughout the fall. 
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, , , , , , ,Ankle Knee Hip Ankle Knee Hip Knee Hip           (3.4) 

3.2.2.2 Constraints 

The biomechanical characteristics of a human body impose several constraints on the 

motion of the lower limb joints. These constraints include the range of motion, range of angular 

velocity, and the range of available torque at each joint. More specifically, these constraints are 

defined as the upper and lower bounds of the design variables, and the corresponding values for 

each of these variables for healthy individuals were obtained from previous studies [41],[65].  

The initial condition from which the fall is initiated is another constraint that had to be 

satisfied when developing the safe fall strategy. The initial condition is defined by the joint 

angles and angular velocities at the onset of a fall. Initial joint angles and angular velocities were 

set equal to constant values and were defined in the form of linear constraints.  

When developing the optimal safe fall strategy, the dynamics of the fall strategy must still 

be in compliance with the previously derived equations of motion throughout the fall. This 

assumption imposes a set of nonlinear constraints that have to be satisfied when optimizing the 

fall. Details regarding the definition of these constraints are provided in  Appendix C. 

By examining the dynamics of the human fall, it can be observed that the time required to 

complete a fall is directly influenced by the torque that is applied to the joints throughout the fall. 

So the fall duration or impact time is an unknown parameter when initializing the optimization 

since the optimal torque profiles and the joint trajectories are undetermined at that point. Due to 

the complexity of the three-link model and the constraints that were imposed on this model, this 

was a challenge specifically when the optimal fall strategy was developed for the three-link 

model. Ultimately, the fall duration was defined as a constraint that had to be satisfied. The time 
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of impact was defined as the moment where the hip height changes sign from a positive value to 

a negative value. In each optimization trial, the fall duration was predetermined and the value of 

the hip height was constrained to be negative and positive at the last and the one-before-the-last 

step of the fall, respectively. More details on how this issue was approached and resolved are 

described in  Appendix B.  

3.2.2.3 Objective Function 

In the case of a one-link model, the objective function was defined as the angular velocity 

of the ankle joint at the moment of impact. In this case, both the angular velocity of the ankle 

joint and the linear velocity of the hip or head at the moment of impact have equivalent 

representations.  

In the case of a two-link model, the objective function was defined as the linear impact 

velocity of the hip, and head impact avoidance was achieved through the specified joint 

constraints. In this case, the available extension torque was limited to avoid the backward 

inclination of the trunk to reduce the risk of head impact. 

In the case of a three-link model, due to the complexity of the fall dynamics, a more 

specific objective function had to be defined. As described previously, the goal in the 

development of the safe fall strategy was to avoid head impact and to minimize the linear hip 

impact velocity. In cases of real-life falls, head impact could be prevented by positioning the 

trunk throughout the fall and/or by the use of the upper extremities, specifically the hands. In my 

work, the upper extremities were not included in the control strategy, and head impact avoidance 

was achieved by a trunk positioning strategy. Thus, when defining the objective function of the 

three-link model, the possibility of head impact was assumed to be correlated with the value of 

the angular velocity of the trunk at the moment of hip impact. The reason behind this assumption 
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was that if the angular velocity of trunk would be high, the residual angular momentum in the 

system might be high and may lead to the rotation of the whole body about the contact point. 

Considering that the other goal was to minimize the impact velocity of the hip when hitting the 

ground, the general form of the objective function was defined as presented in ( 3.5). In this 

equation,
2( )Trunkt is the square of the trunk angular velocity at the moment of impact (to avoid 

both forward or backward rotation of the trunk in order to avoid the risk of head injury and 

prevent other potential collisions ), and  2 2( ) ( )
Hip

x t y t  is the square of the total linear velocity 

of the hip at the moment of ground contact. Since the units of the impact trunk angular velocity 

and the hip linear velocity are not the same, weighting factors and   were added. The 

optimization was performed for a few trials and the order of magnitude of each objective was 

examined individually. These factors were then chosen to equalize the weight of each objective.  

 2 2 2( ) ( ) ( )     @  = Hip impactHip
F t x t y t t t     (3.5) 

3.2.2.4 Optimization Technique 

Considering the dynamics of the fall and the form of the objective function, the problem 

was identified as a multivariable, smooth, nonlinear, and non-convex optimization problem with 

a set of smooth linear and nonlinear equality and inequality constraints that needed to be satisfied 

(Refer to  Appendix D for more details on optimization problems). As discussed in the previous 

chapter, there is no analytical solution for a non-convex, nonlinear optimization problem. In this 

case, a numerical technique is considered the best option to solve the optimization problem. In 

previous studies, to solve a similar minimization problem, numerical optimization techniques 

based on the variational principle, steepest descent method, and Pontryagin’s minimum principle 
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were used to find the optimal safe fall strategy for humanoid robots [57],[56]. More recently, 

various powerful software toolboxes that employ highly efficient optimization techniques have 

been developed and are available to be used for finding a solution to a general form of an 

optimization problem. Among the available resources, the Optimization Toolbox in MATLAB 

(2013b; MathWorks, Natick, MA) was identified to be an appropriate option to be used in the 

case of the current optimization problem.  

This toolbox provides a large set of different optimization algorithms to solve various types 

of optimization problems. An optimization decision table provided by MATLAB was used to 

identify the appropriate optimization method for the discussed optimization problem. Since the 

objective function and the constraints had a nonlinear general smooth form, FMINCON was 

chosen [66]. This function finds the local minimum of a constrained nonlinear multivariable 

function, as specified in ( 3.6). The general form of the syntax used to define the optimization 

problem is described in ( 3.7) and details regarding the definition of each parameter are described 

in Table  3-2. 

In MATLAB R2013b, FMINCON provides four optimization algorithms, including: ‘trust-

region-reflective (default)’, ‘interior-point’, ‘sequential quadratic programming (sqp)’, and 

‘active-set’. ‘Trust-region-reflective’ and ‘interior-point’ algorithms were not used because of 

their clear deficiencies in defining the constraints in the case of the current problem. It has been 

found that the set of linear algebra routines to solve the ‘sqp’ are more efficient in both memory 

usage and speed than the ‘active-set’ routines [67]. The results of both optimizations were 

similar, however, in the case of the current optimization problem, the execution time of the 

optimization was 35% lower when the ‘active-set’ algorithm was used compared to the case 
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where the ‘sqp’ algorithm was used. Ultimately, the ‘active-set’ algorithm was determined to be 

the best option in the case of the present optimization problem.  

( ) 0

( ) 0

min  ( ) such that .      

.
x

c x

ceq x

f x A x b

Aeq x beq

lb x ub









 

  

 

(3.6) 

0fmincon( , , , , , , , , )x f x A b Aeq beq lb ub nonlcon  
(3.7) 

 

Table 3-2  Parameters defining the structure of the optimization problem 

Field Name Description Field Name Description 

x  Vector or matrix of design variables A  Matrix for linear inequality constraints 

0x  Initial guess for x b  Vector for linear inequality constraints 

( )f x  Objective function Aeq  Matrix for linear equality constraints 

( )c x  Function to define nonlinear inequality beq  Vector for linear equality constraints 

( )ceq x  Function to define nonlinear equality lb  Vector of lower bounds 

nonlcon  Nonlinear constraint function that includes ( )c x , ( )ceq x  ub  Vector of upper bounds 
 

3.2.2.5 Initial Guess  

An initial guess for the design variables needs to be provided to an optimization strategy 

when numerical routines are used. In this case, the optimization iteratively alters the initial guess 

in an attempt to converge to an optimal solution. The initial guess has exactly the same vector 

structure as the design variables. Thus, the initial guess consisted of a feasible set of joint angle 

trajectories, joint angular velocities, and corresponding torque profiles that were applied to the 

joints throughout the fall. The strategy that was used in this work was to apply a constant torque 

to the joints and use the resultant joint angles and angular velocities, which were determined by a 

forward kinematics calculation, as an initial guess for the design variables.  
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When using local optimization methods, one should consider that the optimal solution 

might be affected by the choice of the initial guess that is provided to the optimization. To 

examine this fact, various optimization trials were performed with different initial guesses. The 

value of the objective function was obtained for each optimization trial and the dependency of 

the optimal solution on the initial guess was examined.  

3.2.3 Development and Analysis of Optimized Human Falls 

The development of the optimization methodology initially used the one-link model of a 

human fall. When the validity of the optimization was confirmed for this model, the optimization 

method was extended for the two-link model of a human fall. The dynamics of the fall were 

more complicated in the case of the two-link model and the optimization routine had to evolve 

correspondingly. Next, the effectiveness of the developed optimization technique was verified 

for the two-link model, ultimately leading to the development of the optimization methodology 

for the three-link model of a human fall. This model was the most representative model of a 

human fall compared to the previously discussed models and was ultimately used in the 

development of the safe fall strategy. Due to the complexity of the three-link model, more 

detailed investigations were conducted to verify the efficacy of the developed optimization 

methodology. Corresponding results and validation of the optimization of the one-, two-, and 

three-link models are presented in Sections  3.3.1,  3.3.2, and  3.3.3, respectively. Finally, the joint 

characteristics for the optimal solution of a backwards-falling human are presented in 

Section  3.3.4. 
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3.3 Results 

3.3.1 Optimizing the Fall of a One-link Model 

An optimal safe fall strategy was determined for the one-link model of a human fall. The 

validity of the optimization technique was then assessed for two conditions. The first condition 

was to examine the congruency of the optimal solution to the governing dynamics of the human 

fall. It was hypothesized that if enough torque is made available at the joint, the optimal safe fall 

strategy would stop the link from falling and stabilize it
3
. Also, in cases where lower non-

stabilizing torques are available, it was hypothesized that higher torques would result in lower 

impact velocities. To test these hypotheses, the constraints of available torque at the ankle joint 

were adjusted and the optimal solutions were compared against each other. The second condition 

ascertained the robustness of the results by investigating the dependency of the optimal solution 

on the choice of the initial guess. Optimizations performed with different initial guesses were 

compared.  

3.3.1.1 Effects of Available Torque Constraints at the Joint on the Optimal Solution of a 

One-link Model 

In all optimization trials to examine the effect of available ankle torque on the optimal 

solution, the upper bound of available torque was equal to zero (to prevent the forward 

inclination of the body), and the lower bound varied from 0 to -25 Nm. The initial ankle angle at 

which the fall was initiated was 92˚ (For more details regarding the sign conventions refer 

to  Appendix A, Section  A.1). It should be emphasized that the case where no torque is made 

available at the ankle joint corresponds to a simple free fall; this is also the situation for current 

                                                 

3
 Available torque at the joint indicates the resultant effects of muscle activity at that joint 
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exoskeletons which fall with no mitigation strategy, and thus serves as the worst case fall 

scenario. For all the trials, the initial guess was assumed to be the joint characteristics of a free 

fall. The corresponding results for this study are summarized in Table  3-3. 

Table 3-3  Examining the effect of the available torque at the joint on the optimal solution of the one-

link model 

Trial No. 

Optimization Constraints Optimal Solution 

[Lower, Upper] Range of the Available 

Torque at the Ankle Joint (Nm) 

Head Impact 

Velocity (m/s) 
Fall Duration (s) 

1 0 -6.88 1.51 

2 [-5,0] -6.67 1.62 

3 [-10,0] -6.54 1.81 

4 [-15,0] -6.48 2.35 

5 [-20,0] 0 - 
 

 

A simple statics analysis of the one-link model revealed that the model could be held at the 

initial position from which it is released, if a torque of -16.22 Nm is applied at the ankle joint and 

in a direction to resist the fall. The results of this study confirmed that when the available torque 

at the joint was constrained higher than that value, the model remained balanced at the initial 

angle and did not fall. This justified the observed zero velocity of the head when a negative 

torque greater in magnitude than 16.22 Nm was made available at the joint. It was also found 

that in trials constrained with lower available torques, the model was not stabilized and it fell. 

However, in these trials, the impact velocity was lower and the duration of fall was higher when 

higher torque was available at the joint. As a result of this optimization study, the hypothesis of 

higher available torque lowering the impact velocity was verified. 
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3.3.1.2 Effects of the Initial Guess on the Optimal Solution of a One-link Model 

The dependency of the optimal solution on the choice of the initial guess was examined 

with four different initial guesses. In each trial, a constant torque was applied to the joint and the 

resultant dynamic characteristics of the joint, including the joint angle and angular velocity, were 

used as the starting point of the optimization. Since analyzing the dynamics of the fall was the 

focus of this study and not the cases in which the model was stabilized, the range of the available 

torque at the joint was set equal to [-15, 0] Nm.  The initial ankle angle from which the fall was 

initiated was 92° (in other words, 2° leaning forward from vertical). The result of each trial is 

summarized in Table  3-4.  

Optimization converged to the same optimal solution in all the four trials. Therefore, it was 

concluded that the optimization method developed for the one-link model provides an optimal 

solution unique and independent of the initial guess. 

Table 3-4  Examining the effect of the initial guess on the optimal solution of the one-link model 

Trial No. 

Optimization 

Condition 
Initial Guess Optimal Solution 

Applied Torque to 

the Joint (Nm) 

Head Impact 

Velocity (m/s) 
Fall Duration (s) 

Head Impact 

Velocity (m/s) 
Fall Duration (s) 

1 0 -6.88 1.51 -6.48 2.35 

2 -5 -6.81 1.63 -6.48 2.35 

3 -10 -6.69 1.82 -6.48 2.35 

4 -15 -6.48 2.35 -6.48 2.35 
 

 

3.3.2 Optimizing the Fall of a Two-link Model 

The model was then extended to two links and the validity of the optimization technique 

examined under the same conditions as for the one-link model. In this model, both the effects of 

available torque constraints at the ankle joint and the effect of different initial guesses on the 
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optimal solution were examined. Corresponding results for these optimized models of falls are 

described in Sections  3.3.2.1 and  3.3.2.2. 

3.3.2.1 Effects of the Available Torque Constraints at the Joints on the Optimal Solution 

of a Two-link Model 

In this study, the optimization was performed for different ranges of available torque at the 

ankle joint to examine the effect of the available torque on the optimal solution. In all the trials, 

the upper bound of the available torque at the joint was set equal to zero, and the lower bound 

was varied from 0 to -90 Nm. The lower and upper limits of the available torque at the hip joint 

were constant for all the trials and were equal to -130 Nm and 5 Nm, respectively. The initial 

ankle and hip angle from which the fall was initiated was 120° and -20°, respectively (for more 

details regarding the sign conventions, refer to  Appendix A, Section  A.2). The initial guess for 

the optimization, for all the trials, was considered to be the joint characteristics of a free fall, 

where no torque is applied to the joints. The results of this study are summarized in Table  3-5. 

Table 3-5 Examining the Effect of Available Torque on the Optimal Solution of a Two-link Model 

Trial No. 

Optimization Condition Optimal Solution 

[Lower, Upper] Bounds of the Available 

Torque at the Ankle Joint (Nm) 

Hip Impact 

Velocity (m/s) 
Fall Duration (s) 

1 0 -4.01 0.48 

2 [-10,0] -3.88 0.50 

3 [-30,0] -3.77 0.53 

4 [-50,0] -3.56 0.56 

5 [-70,0] -3.46 0.61 

6 [-90,0] -3.20 0.67 
 

 

By performing a simple static analysis, while considering the biomechanical limits of the 

joints, it was noticed that the fall was initiated from an initial condition from which stable 
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balance could not have been recovered. Therefore, the model could not have been stabilized in 

any of the trials. However, as expected, the impact velocity of the hip was lower and the fall 

duration was higher when higher torque was available at the ankle joint.  

3.3.2.2 Effects of the Initial Guess on the Optimal Solution of a Two-link Model 

Ten pairs of different constant torques were applied at the hip and ankle joint of a two-link 

model to generate ten sets of initial guesses for the optimization trials. The joint characteristics of 

the case of a free fall, where no torque is applied to the joints, were provided as in initial guess to 

the optimization. The limits of the available torque at the ankle and hip joints were [-90, 0] Nm 

and [-130, 0] Nm, respectively. The initial ankle and hip angle from which the fall was initiated 

were 120° and -20°, respectively. Results of this study are summarized in Table  3-6. 

Table 3-6  Examining the effect of the initial guess on the optimal solution of the two-link model 

Trial No. 

Optimization Condition Initial Guess Optimal Solution 

Applied Torque to the 

Joints
 
 (Nm) Hip Impact 

Velocity (m/s) 
Fall Duration (s) 

Hip Impact 

Velocity (m/s) 
Fall Duration (s) 

A

nkle 
Hip 

1 0 0 -4.01 0.48 -3.20 0.67 

2 -90 0 -3.33 0.63 -3.20 0.67 

3 -90 -5 -3.31 0.61 -3.20 0.67 

4 -50 0 -3.70 0.55 -3.20 0.67 

5 -50 -5 -3.57 0.53 -3.20 0.67 

6 -50 -10 -3.46 0.52 -3.20 0.67 

7 -10 0 -3.92 0.49 -3.20 0.67 

8 -10 -5 -3.89 0.48 -3.20 0.67 

9 -10 -10 -3.79 0.47 -3.20 0.67 

10 -10 10 -3.77 0.51 -3.20 0.67 

11 -10 20 -3.51 0.56 -3.20 0.67 
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By examining the results, it was confirmed that all the optimized solutions had lower hip 

impact velocity compared to the case of the free fall or the initial guess. It was also observed that 

despite the variability of the dynamics of the initial guesses that were provided to the 

optimization, the optimal solution converged to a constant value for all the trials. Therefore, it 

was concluded that the optimization method for the two-link model provides an optimal solution 

that is unique and independent of the starting point of the optimization. 

3.3.3 Optimizing the Fall of a Three-link Model 

Due to its joint and limb congruency with a human, a three-link model represents the 

biomechanics of human falls more realistically than the simpler models. This model was 

ultimately used to develop the safe human fall strategy. The results of my model analysis to 

optimize a backward fall strategy in a human are presented in Section  3.3.4. Before moving 

forward with confidence and using this model to analyze a human-exoskeleton fall strategy (the 

subject of Chapter 4), the previous model validations were extended to this three-link model. 

First, it was observed that in the three-link model, and in part due to the optimization algorithm 

chosen and complexity of the model studied, using predefined fall duration has a direct impact 

on the optimal solution. As a result, the effect of the fall duration on the optimal solution was 

studied for the three-link model and corresponding outcomes are detailed in Section  3.3.3.1. 

Next, the effects of the choice of the initial guess on the optimal solution were examined. Results 

of this investigation are presented in Section  3.3.3.2. As discussed earlier, previous studies show 

that the effectiveness of the protective safe fall strategy is determined by how fast it is employed 

in the case of an imbalance. To verify this phenomenon in the developed optimization technique, 

the effectiveness of the optimal strategy was compared for different cases of falls with different 

initial conditions. In these studies, the initial ankle angle from which the fall was initiated 
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represented the stage of the fall at which the optimal control strategy is activated. The results of 

this investigation are presented in Section  3.3.3.3.  

Additional assumptions that were made in the development of the safe fall strategy for the 

three-link model of a human fall are listed below: 

 In the case of a three-link model of a human fall, the ankle joint was considered as a 

passive joint. This was due to the fact that previous studies revealed that the effect of the 

generated torque at this joint is negligible [22]. 

 A half-plane model of a human body was used to simulate the fall in the sagittal plane. 

 In all trials, the limits of the available torque at the knee and hip joints were equal to [-

175, 75] Nm and [-65, 125] Nm, respectively. 

 In all the trials, the initial knee and hip angles from which the fall was initiated were 40° 

and -40°, respectively. These values were chosen similar to a previous study done on 

human falls modelling [41].  

3.3.3.1 Effects of the Fall Duration on the Value of the Objective Function 

As described before, the fall duration is predefined when the optimization settings are 

initialized. However, theoretically the fall duration is affected by the torque that is applied to the 

joints throughout the fall and the ultimate resulting trajectory, both of which are unknown when 

the optimization is initialized. It was shown previously that for the one- and two-link models of a 

human fall, the optimal solution is not influenced by the predefined fall duration, and the results 

of the optimization converged to the same value in all trials (Table  3-4 and Table  3-6). 

Throughout the development of the optimization technique, it was found that unlike the one- and 

two-link models, optimizing a three-link model of a human fall is directly influenced by the 

choice of the fall duration. To investigate the effect of the fall duration on the optimal solution, 
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optimizations were performed for a range of different fall durations, and the results of each trial 

were compared. To generate the initial guess for each optimization trial, -16 Nm and 9 Nm 

torque were applied to the knee and hip joints, respectively. The initial ankle angle from which 

the fall was initiated was 95° (For more details regarding the sign conventions, refer to  Appendix 

A, Section  A.3). Under these conditions, the optimal fall duration was 0.56 sec. 

Results corresponding to this study are summarized in Table  3-7, and the value of the 

objective function for each fall duration is shown in Figure  3.2. The results of these optimization 

trials confirmed that the predetermined value of the fall duration would directly affect the results 

of the optimization. It was observed that no feasible solution existed in the case where fall 

duration was set lower than 0.49 sec or higher than 0.65 sec. This meant that the optimization 

constraints could not have been satisfied under the required conditions, in the case where a fall 

took shorter than 0.49 or longer than 0.65 sec. According to Figure  3.2, the objective function 

obtained its lowest value when the fall duration was equal to 0.56 sec. According to Table  3-7, 

both objectives, that are the hip linear velocity and angular velocity of the trunk at impact, 

obtained their lowest value in the case where the fall duration was equal to 0.56 sec (Figure  3.3). 

This analysis confirmed the need to analyze varying fall durations for each optimization analysis.  
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Table 3-7   Examining the effect of the fall duration on the optimal solution of the three-link model 

Trial No. Fall Duration (s) 
Hip Impact 

Velocity (m/s) 

Trunk Angular 

Velocity at Impact 

(rad/s) 

Value of the 

Objective Function 

1 0.49 2.86 0.016 8.17 

2 0.50 2.58 0.013 6.65 

3 0.51 2.44 0.012 5.95 

4 0.52 2.35 0.010 5.54 

5 0.53 2.33 0.010 5.43 

6 0.54 2.32 0.008 5.40 

7 0.55 2.30 0.005 5.31 

8 0.56 2.28 0.005 5.22 

9 0.57 2.29 0.005 5.23 

10 0.58 2.29 0.007 5.23 

11 0.59 2.30 0.008 5.32 

12 0.60 2.35 0.008 5.54 

13 0.61 2.36 0.008 5.56 

14 0.62 2.39 0.008 5.70 

15 0.63 2.41 0.009 5.80 

16 0.64 2.44 0.010 5.95 

17 0.65 2.46 0.010 6.08 
 

 

 

Figure 3.2   Value of the objective function for different fall durations  
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Figure 3.3          Hip linear velocity and trunk angular velocity at impact for different fall durations 

 

3.3.3.2 Effects of the Initial Guess on the Optimal Solution of a Three-link Model 

To examine the effects of the initial guess on the optimization results, multiple pairs of 

different constant torques were applied to the hip and knee joints of the three-link model to 

provide dissimilar initial guesses for the optimization trials. The value of the objective function 

for each initial guess and the corresponding optimal solution were examined for each 

optimization trial.  To further examine the details of the obtained optimal solutions, the value of 

the hip impact velocity as well as the value of the trunk angular velocity at impact were 

evaluated separately. The results of this study are shown in Figure  3.4 and Figure  3.5.The ankle 

angle from which the fall initiated was 95° and the duration of the fall for all the optimization 

trials was equal to 0.58 sec.  
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Figure 3.4  Value of the objective function for optimization trials (fall duration = 0.58 seconds) 

Distinct initial guesses were provided to the optimization and the value of the objective function for each initial 

guess and the corresponding optimal solution are examined.  

 

Figure 3.5  Hip linear velocity and trunk angular velocity at impact 

Distinct initial guesses were provided to the optimization and the optimal value of the hip linear and trunk angular at 

impact were examined for each optimization trial. 
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As discussed in the previous section, the optimal solution is influenced by the choice of the 

fall duration. Further optimization trials were performed to examine whether the dependency of 

the optimal solution on the initial guess is affected by the fall duration or not. To take into 

account the effect of the fall duration, ten optimization trials with exactly the same conditions as 

some of the previous trials, and with a fall duration equal to 0.56 sec were performed. The results 

of these trials are shown in Figure  3.6. 

The results of this study reveal that despite the diversity in the value of the objective 

function for each initial guess that was provided to the optimization, the objective function for all 

the cases converged to similar values, with an average equal to 5.19±0.00 and 5.16±0.00 for the 

case of fall duration equal to 0.58 sec and 0.55 sec, respectively (Figure  3.4). It was also 

observed that the average hip linear velocity and the trunk angular velocity at impact were equal 

to 2.28±0.00 and 0.005±0.000 m/s, respectively (fall duration equal to 0.58 sec). 
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Figure 3.6 Value of the objective function for optimization trials (fall duration = 0.55 seconds) 

Distinct initial guesses were provided to the optimization, and the value of the objective function for each initial 

guess and the corresponding optimal solution are shown.  

 

The motions of the trajectories following two different initial guesses as well as the optimal 

solution when these initial guesses were provided to the optimization were examined at specific 

instants during the fall (Figure  3.7). To further investigate the dynamic characteristics of the 

optimal solutions in the case where the two above-mentioned initial guesses were provided to the 

optimization, the trajectories of the joint angles throughout the fall were plotted and examined 

(Figure  3.8). 

To confirm that the initial guesses had dissimilar characteristics, the resultant motion of two 

initial guesses were examined in detail. Initial guess 1 was generated in the case where no torque 

was applied at the hip joint and -8 Nm was applied to the knee joint. Initial guess 2 was 

1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

60

70

80

Trial No.

O
b
je

c
ti
v
e
 F

u
n
c
ti
o
n

 

 

Optimal Solution

Initial Guess



39 

 

generated in the case where 9 Nm and -16 Nm torque were applied at the hip and knee joints, 

respectively. The falling strategy and more specifically the joint trajectories throughout the fall 

were different in both cases. The orientation of the trunk throughout the fall is a clear example of 

this difference (Figure  3.7). Despite the fact that dissimilar initial guesses were provided to the 

optimization, similar joint characteristics were obtained when the optimization was performed 

with each initial guess. This was also confirmed by the examination of the joint angles 

throughout the fall (Figure  3.8).   

Examination of the results reveals that very little difference exists in the results of the 

optimizations in the case where two different initial guesses were provided to the optimization. 

This finding reveals that the joint trajectories in both cases have similar patterns throughout the 

fall duration. 
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Figure 3.7  Body configurations at specific instants during the fall 

The first two rows show the fall characteristics of initial guess 1, in which joint trajectories were generated in the case where 

no torque was applied at the hip joint and -8 Nm was applied at the knee joint. The second two rows show the fall 

characteristics of the second initial guess, which was generated in the case where 9 Nm torque was applied at the hip joint and 

-16 Nm was applied at the knee joint. The last two rows depict the motion characteristics of an optimal solution when each of 

the mentioned initial guesses was provided to the optimization.  
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Figure 3.8  Joint trajectories of optimal solutions 

The joint trajectories of an optimal solution when two different initial guesses are provided to the optimization are 

compared against each other. The optimal solutions that correspond to initial guesses 1 and 2 are drawn and labelled 

with suffixes OS1 and OS2, respectively. 

 

3.3.3.3 Effects of the Initial Condition on the Optimal Solution 

The effectiveness of a protective safe fall strategy in healthy individuals was shown to be 

affected by the stage of fall at which the strategy is employed. In this work, the relation between 

the effectiveness of the safe fall strategy and the time at which it is activated was examined by 

initiating the fall from different initial conditions, which were achieved by varying the initial 

ankle angle from 93° to 101°. In other words, slower times to initiate a fall strategy correspond to 

higher initial ankle angles from which a fall strategy begins. To generate the initial guess for the 

optimization, -16 Nm and 9 Nm torque were applied to the knee and hip joints, respectively. 

As discussed earlier, an optimal solution for different fall conditions is influenced by the 

fall duration. In the current case, various optimization trials were performed to find the optimal 

fall duration for each case of different initial conditions. The optimal values of the objective 

function and optimal fall duration were computed for each case of an initial ankle angle, and the 
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results are shown in Figure  3.9. The results clearly show that the sooner the safe fall strategy is 

employed, the lower the resulting objective function. That is, hip linear velocity and the trunk 

angular velocity at impact would be lower when a safe fall strategy is started earlier. 

 

Figure 3.9 Effects of the initial ankle angle on the optimal solution 

Examining the effects of the initial ankle angle on the objective function and the optimal fall duration. 

 

3.3.4 Joint Characteristics of an Optimal Solution 

In this section the joint characteristics of the three-link model, when an optimal fall strategy 

is employed, are examined. The kinematics and dynamics characteristics of the ankle, knee, and 

hip joints are shown in Figure  3.10, Figure  3.11, and Figure  3.12. The profiles of the joints 

angular velocity as well as the profile of the linear velocity of hip throughout the fall were 

examined, and the corresponding results are shown in Figure  3.13 and Figure  3.14, respectively. 
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To better illustrate the characteristics of the optimal fall strategy, diagrams of body position at 

specific instants in the fall (0.10, 0.20, 0.30, 0.40, 0.50, 0.55 sec) are depicted in each figure.  

 

       

Figure 3.10 Optimized kinematics and dynamics characteristics of ankle joint 

The profiles of the optimal ankle angle and angular velocity throughout the fall are shown.  

The ankle joint is moving in the plantarflexion (PF) direction if increasing and is moving in the dorsiflexion (DF) 

direction if decreasing. The regions regarding the plantarflexion and dorsiflexion motion of the ankle are separated 

by the dashed line on the joint angle graph and corresponding areas to these motions are indicated by PF and DF 

labels, respectively.  
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Figure  3.10 shows that the fall was initiated from an ankle angle at which the shin segment 

was oriented posteriorly to the ankle joint. After the initiation of the fall, the ankle performed a 

dorsiflexion movement that resulted in an anterior rotation of the shin segment with respect to 

the ankle joint. The ankle rotation changed direction at 0.2 sec, and a plantarflexion motion was 

performed that continued up to the end of the fall duration.  
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Figure 3.11 Optimized dynamic and kinematic characteristics of the knee joint 

In these figures, the characteristics of the knee joint are plotted in the local reference frame of the joint. Knee torque 

is positive if applied in the flexion (F) direction and negative if applied in the extension (E) direction. Associated 

regions depicting an analogy with the application of eccentric and concentric torques at the knee joint are also 

shown, with hatched lines in the eccentric phases. Knee joint angle is increasing when moving in the flexion 

direction and decreasing when moving in the extension direction. Corresponding regions of extension and flexion 

are specified by E and F indices, respectively. 
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Examining the optimal profile of the knee torque, shown in Figure  3.11, determines that the 

maximum available flexion torque was applied at the knee joint at the initiation of the fall, and 

was then decreased with the continuation of the fall. The application of the flexion torque at the 

knee joint corresponded to the quick bending of the knee joint. The knee torque then changed 

direction rapidly and reached the maximum available extension torque to resist the downward 

motion of the body. Despite the fact that the torque was applied in a direction to resist the fall, 

the knee joint was performing a flexion motion. This is due to the fact that the available torque at 

the joint was not adequate to completely resist the downward motion of the body. The case 

where the direction of the applied torque and the rotation of the joint are in opposite direction 

represents an eccentric muscle contraction. The area corresponding to the eccentric contraction 

of the knee muscles, when extension torque is applied to the joint, is shown with hatched lines. 

With the continuation of the application of the extension torque at the knee joint, the motion of 

the joint changed direction. During this concentric muscle contraction, the thigh segment moved 

in an extension direction, which resulted in the horizontal displacement of the upper body. 

However, at the last stage of the fall, the knee torque changed direction, and the eccentric 

contraction of muscles at this joint prevented the risk of hyperextension of the knee.  
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Figure 3.12 Optimized dynamics and kinematics characteristics of the hip joint 

The hip angle is plotted both in the local reference frame of the joint (LRF), and the global reference frame (GRF). 

Other joint characteristics are plotted in the local reference frame of the joint. Hip torque is positive if applied in the 

extension (E) direction and is negative if applied in the flexion (F) direction.  

Hip joint angle is increasing when moving in the extension direction and decreasing when moving in the flexion 

direction. Associated regions depicting an analogy with the application of eccentric and concentric torques at the hip 

joint are also shown, with hatched lines in the eccentric phases. 

The horizontal dashed line in the graph of the joint angle – GRF, shows the vertical axis in the global reference 

frame. 
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When examining the characteristics of the hip joint, it could be observed that at the onset of 

the fall, the maximum available flexion torque was applied at the hip joint that corresponded to 

the forward inclination of the trunk. As can be seen in the torque graph, the pattern of the 

application of the hip torque kept changing over the course of the fall. The application of this 

pattern of torque profile at the hip joint resulted in the near vertical orientation of the trunk 

throughout the fall, and more specifically at the moment of ground contact. The optimal hip 

trajectory confirmed head impact avoidance and resulted in the minimization of the deviation of 

the centre of mass from the base of support, which prevented the application of a high 

destabilizing torque. 
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Figure 3.13 Optimized angular velocity of the joints plotted in the global reference frame 

 

 

When examining the joint angular velocity profiles in the global reference frame 

(Figure  3.13), it could be observed that the angular velocity of the hip at the moment of ground 

contact is nearly zero. This confirms that the required objective regarding the minimization of 

the trunk angular velocity was successfully satisfied and head impact avoidance is achieved.  
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Figure 3.14 Optimized hip linear velocity 

The profiles of the hip vertical, horizontal, and total linear velocity for the fall duration are plotted and examined 

separately. 

 

Figure  3.14 shows the time history of the hip linear velocity throughout the fall, in which 

profiles of the hip vertical, horizontal, and total linear velocity are plotted separately. It is 

observed that the vertical component of the hip linear velocity started increasing with the 

initiation of fall and rapidly reached its maximum. This was due to the application of the flexion 

torque and the quick bending of the knee at the early stage of the fall. The vertical velocity of the 
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hip then started to decrease, which was concurrent with the application of the extension torque at 

the knee joint. The value of the hip vertical velocity decreased until the moment where the first 

link, representing the shin segment, moved posteriorly to the ankle joint. Afterward, the value of 

the hip vertical velocity kept increasing, up to the end of the fall duration. When the profile of 

the horizontal component of the hip linear velocity was examined, it was observed that this 

velocity reached its maximum value with the application of the extension torque at the knee joint 

at the last stage of the fall. The application of the extension torque led to the transformation of 

vertical kinetic energy to horizontal kinetic energy and consequently increased the horizontal 

linear velocity of the hip. 

3.4 Discussion 

The purpose of this study was to develop a safe fall strategy in the case of a human 

backward fall and to investigate the characteristics of the lower limb joints throughout the fall 

and at the moment of ground impact. After the establishment of the optimization technique for 

the one- and two-link models, the optimization methodology was developed for the three-link 

model and detailed investigations were performed to analyze the characteristics of this technique.  

3.4.1 Optimization Validation 

The results of the optimization methodology validation show that the initial guesses have 

little if any effects on the optimal solution. However, the results reveal that when performing an 

optimization under specific conditions, the fall duration should be optimized for that specific 

case. This means that the safe fall strategy should be optimized with respect to the fall duration 

as well as the previously defined objectives.  

After the examination of previous studies on human falls, it was found that the optimal fall 

duration obtained in the current study is very similar to the cases of real-life falls among older 
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adults (593±255 ms) [38], and it is lower but within one standard deviation of the laboratory falls 

performed by young adults (715 ±160 ms) [23]. 

Activation of a safe fall strategy at different stages of loss of balance was studied by 

initializing the fall from different initial ankle angles. Examining the results of the optimization, 

in the cases where optimal fall strategy was applied at different stages of fall, reveal that the 

sooner the safe fall strategy is employed, the lower the hip linear velocity and the trunk angular 

velocity at impact would be. This finding is in agreement with previous findings that the 

effectiveness of the optimal safe fall strategy is higher if it is activated at an early stage of loss of 

balance [49].  

3.4.2 Examining the Characteristics of an Optimized Fall Strategy 

When examining the optimal fall strategy, specific characteristics were identified in the 

developed strategy. First, it was observed that the model underwent a quick squat motion, which 

led to the rapid reduction of the existing potential energy that would ultimately have been 

converted to kinetic energy at the moment of ground impact. Next, at the last stage of the fall, a 

quick knee extension was observed that led to the conversion of the vertical kinetic energy to 

horizontal kinetic energy. The calculated optimal trajectory of the knee joint throughout the fall 

was found to be similar to the results of a previous study on human falls [40]. The same falling 

technique was observed when optimal safe fall strategies were implemented in humanoid robot 

[55]. The kinematic and dynamic results observed at the hip joint are also in agreement with the 

results of previous work [22],[40].  

To quantify the effectiveness of the safe fall strategy developed, the optimized hip linear 

velocity at impact for the three-link model was compared with the hip linear velocity at impact 
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for the three- and one-link models in the case of a free-fall
4
. It was observed that the hip linear 

velocity at impact, when the optimal fall strategy was employed in the three-link model, was 

reduced by 31% and 42%, compared to the cases of a free fall of the three- and one-link models, 

respectively
5
. These results reveal that the severity of fall could be minimized if the fall is 

modelled with the three-link model and in the case where an optimal control strategy is 

employed. These findings support the previously proposed concept of the activation of actuators 

at the joints of the exoskeleton in the case of a fall. However, this is in contrast with the currently 

used methods in which an exoskeleton falls in such a way that is represented with the one-link 

model of a free fall.  

To validate the value of the impact velocity, the results of this work were compared to the 

findings of previous studies. The results of one study, in which real-life falls were examined 

among older adults, revealed that the average hip linear velocity was equal to 2.30±0.63 m/s at 

the moment of ground contact. In this case, the average hip height at the initiation of the fall was 

reported to be 78.12±14 cm. In the current study, where the hip height at the onset of fall was 73 

cm, the average hip impact velocity was found to be 2.28±0.00 m/s, which is very similar to the 

findings of the abovementioned study. In another study, participants were asked to perform a 

safe fall after they were released from an inclined position. The hip impact velocity was found to 

be 41% lower than the impact velocity of an equivalent mass of the human body, falling from the 

same height as the centre of mass of the participants’ body at the onset of the fall [40]. When 

performing the same calculation for the case of the current study, this value was found to be 

                                                 

4
 The case of a free-fall is when no torque is applied to the joints. 

5
 The one- and three-link models had the same potential energy at the onset of fall. 
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42%, which is very similar to the result of the previous study. This finding also verifies the 

effectiveness of the calculated optimal fall strategy. 

Comparing the outcome of this study with the results of related studies on human falls 

reveals that the hip impact velocity obtained is within safe limits for healthy individuals and 

would not  cause bone fracture in the case where the fall is performed over a protected ground 

surface [40],[48],[47].   

3.4.3 Limitations 

Several assumptions were made throughout the development of the optimal safe fall 

strategy that could have had a direct influence on the results of this work. First, not all real-life 

backward falls are symmetric, which means that body motion is not always restricted to the 

sagittal plane. Taking this factor into account would make the study of the dynamics of the fall, 

and consequently the development of a safe fall strategy, more complex. Another limitation of 

this study was the use of a simplified model of the human body in which the effect of friction, 

damping, and the passive effects of ligaments at the joints were neglected. It is worth noting that 

considering the effects of all these factors would directly influence the dynamics of the fall, and 

accordingly the optimal characteristics of the joints. Neglecting the effect of time in torque 

generation at the joints was another limitation of the optimization technique developed. 

However, this limitation will be addressed in Chapter 4 of this thesis, when developing the 

optimization technique for the case of a human-exoskeleton fall. 

3.5 Summary 

In summary, this chapter presented an optimization methodology that was developed to 

examine the biomechanics of an optimal human fall strategy. The main goals of this work were 

to develop a safe fall strategy to mitigate the severity of injury in the case of a backward fall by 
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avoiding head impact and minimizing the hip linear velocity at the moment of ground contact. 

The results of this study confirmed that the severity of a fall could be significantly reduced if the 

optimal fall strategy is employed. The similarities in results between this study and previous 

studies on human falls have verified the validity of the safe fall strategy I developed.  

The next chapter presents the details regarding the development, implementation, and 

corresponding outcomes of using this optimization technique to generate a control strategy for 

the case of a human-exoskeleton backward fall to mitigate the risk and severity of an injury.  
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Chapter 4: Human-Exoskeleton Falls Modelling and Optimization 

4.1 Introduction 

In the previous chapter, an optimization methodology was developed to study kinematics 

and dynamics characteristics of the lower limb joints during a “safe” human backward fall. This 

optimal strategy was designed to minimize the risk and severity of injury to the human body. The 

validity of the optimization methodology was confirmed by comparing the optimal solution 

obtained to the results of previous studies on human falls. Due to the similarities between the 

model of a human and a human-exoskeleton fall, the same optimization strategy could be used to 

develop a safe-fall control strategy in the case of a human-exoskeleton backward fall. First of all, 

except for the mass distribution, the governing dynamics of a fall is similar for both the human 

and human-exoskeleton when modelled with a three-link inverted pendulum. Secondly, the 

available torque at the actuated joints of the exoskeleton could be regarded as the muscle-

generated torques at the human body joints, albeit with different limits. The optimization 

developed for the case of a human fall was therefore modified to take into account the 

distinctions between the human and human-exoskeleton models of a fall. Details regarding the 

establishment of the safe-fall control strategy for a model of a human-exoskeleton fall are 

described in the following sections of this chapter. 

4.1.1 Methods 

4.1.2 Dynamic Modelling of a Backward Fall with an Exoskeleton 

The same procedure as discussed in the previous chapter was followed to develop the 

human-exoskeleton model in the simulation environment. The characteristics of a hypothetical 

exoskeleton including the mass, centre of mass, mass moment of inertia, length of each segment, 

and the actuators’ specifications were added to the already-existing, half-plane, three-link model 
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of a human fall. The total mass of the exoskeleton was assumed to be equal to 12 kg (Refer 

to  Appendix E for more details regarding the characteristics of the exoskeleton model). 

It was assumed that the lower limb joints of the human body were following the 

corresponding joint motions of the exoskeleton model. In other words, the kinematic and 

dynamic characteristics of the knee and hip joints of the human-exoskeleton model were 

governed by the characteristics of the actuators at the joints of the exoskeleton and the user had 

no control over changing characteristics. In the model, the hip and knee joints of the exoskeleton 

were assumed to be actuated, whereas the ankle joint was considered to be passive and locked 

throughout the motion of the exoskeleton. These assumptions are in agreement with the design of 

most of the currently used exoskeletons.  

4.1.3 Optimizing a Human-Exoskeleton Backward Fall 

4.1.3.1 Design Variables 

The design variables, which have the similar format as previously discussed in Chapter 3 of 

this thesis, are defined in ( 4.1). Ankle is the angle between the shank segment of the device and 

the horizontal axis
6
, Knee is the angle between the shank and the thigh segment of the 

exoskeleton, and Hip is the joint angle between the thigh segment and the trunk segment of the 

exoskeleton. It is worth recalling that the lower limb joint angles of the human body were 

assumed to have equal values to the corresponding joint angles of the exoskeleton model. Ankle ,

Knee , and Hip are the angular velocities of the ankle, knee, and hip joints of the exoskeleton, 

                                                 

6
 The ankle joint of exoskeletons are mostly passive and are locked or have a very high stiffness. In the current 

model of a human-exoskeleton fall, again with no effect on the results, the angle between the shank segment of the 

exoskeleton and the horizontal axis is labelled as the ankle angle.  
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respectively. Knee and Hip are the actuator torques applied at the knee and hip joints, 

respectively.  

, , , , , , ,Ankle Knee Hip Ankle Knee Hip Knee Hip           (4.1) 

4.1.3.2 Constraints 

In the model of a human fall, the biomechanical characteristics of the human body 

determined the upper and lower limits of the design variables. In the human-exoskeleton model, 

both the biomechanical characteristics of the human body and the functional characteristics of 

the actuators at the active joints of the exoskeleton determined the bounds on the design 

variables.  

As discussed before, the joint angles from which the fall is initiated and the initial joint 

angular velocities are other types of constraints that had to be satisfied when developing the safe 

fall strategy. In the model of a human-exoskeleton, it was assumed that the fall is initiated from 

an initial position similar to the case of standing still (i.e., with the trunk, thighs, and shank 

relatively aligned) yet with a little backwards leaning deviation from a balanced posture. The 

initial joint angles from which the fall is in all the optimization trials were equal to 10˚, 1˚, and -

1˚ at the ankle, knee, and hip joints, respectively. This is markedly different from the previous 

human-only falls described in Chapter 3, which were initiated from a partial squatting position 

with knee and hip angles equal to 40˚ and -40˚, respectively.  

As previously discussed, the same nonlinear constraints regarding the dynamics of the fall 

were used to define the characteristics of the fall throughout the fall. In the model of a human 

fall, only the vertical component of the ground reaction force was limited to gain a nonnegative 

value for the fall duration. However, in the model of a human-exoskeleton fall, it was assumed 
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that the ground surface condition (dry vs. wet floor) would influence the characteristics of the 

fall. To address this effect, a constraint regarding the limits on the coefficient of friction of the 

ground surface was added to the existing constraints. This parameter was specifically included in 

the optimization to create a more realistic model of a fall. 

4.1.3.3 Objective Function 

The objective function for the model of a human-exoskeleton fall was defined similar to the 

case of a human fall, which was to minimize the angular velocity of the trunk and the hip linear 

velocity at impact. 

4.1.3.4 Optimization Technique 

The optimization technique for the human-exoskeleton model of a fall remained unchanged 

and was similar to the case of a human fall (see Section  3.2.2.4). 

4.1.3.5 Initial Guess 

Similar to the model of a human fall, a pair of constant torques was applied at the hip and 

knee joints of the human-exoskeleton model. Then the resultant joints angle and angular 

velocities for the fall duration, computed by the forward dynamics analysis, were used as an 

initial guess for the optimization.  

4.1.4 Development and Analysis of Optimized Human-Exoskeleton Falls 

The same assumptions as the previous three-link model of a human fall were made for the 

human-exoskeleton model. First, the effects of both the fall duration and the choice of initial 

guess on the optimal value of the objective function were examined. Additionally, the effects of 

falling on different floor conditions on the optimal value of the objective function were 

examined. Lastly, the effects of actuator characteristics on the value of the objective function and 
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falling conditions were studied. Actuators that are used at the hip and knee joints of the 

exoskeleton impose specific operational constraints to the model of a human-exoskeleton fall.  

4.2 Results 

4.2.1 Effects of Fall Duration and Initial Guess on the Value of the Objective Function 

In the previous chapter, for the model of a human fall, it was shown that the optimal 

solution is directly influenced by the predetermined value of the fall duration; however, it is 

minimally affected by the choice of the initial guess. In this section, optimizations were 

performed to determine both the effects of the fall duration and the initial guess on the optimal 

solution of a human-exoskeleton fall. The value of the objective function was examined for two 

different initial guesses and for fall durations ranging between 0.67 sec and 0.81 sec. The limits 

of available torque at the hip and knee joints were set equal to [-50, 50] Nm. It was assumed that 

the actuators could provide equal maximum torques in both directions. The results of this study 

are presented in Figure  4.1. 
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Figure 4.1          Value of the objective function for different fall durations and two initial guesses 

The value of the objective function for two different initial guesses and for a range of different fall durations was 

examined in this study. Initial guess 1 corresponds to the characteristics of a fall where -1 Nm torque was applied at 

the hip and knee joints of the exoskeleton. Initial guess 2 corresponds to the characteristics of a fall where no torque 

was applied at the hip and knee joints of the exoskeleton. No feasible solution existed when the fall duration was 

shorter than 0.67 sec. For optimizations with longer than 0.81 sec fall duration, the value of the objective function 

continued to increase with an increase in fall duration. 

 

In Figure  4.1, it could be observed that the value of the objective function, for both initial 

guesses, reached its lowest value when the fall duration was equal to 0.73 sec. The results of this 

study confirmed that there is a very low difference between the values of the objective function 

when different initial guesses are provided to the optimization.  
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4.2.2 Effects of Coefficient of Friction Constraint on the Value of the Objective Function 

The ground surface condition has an influence on the ground reaction forces throughout the 

fall and consequently the optimal falling strategy. A range of different coefficients of friction 

was used to quantify the effects of different ground surface conditions. It was assumed that the 

exoskeleton’s foot or the user’s shoe has a rubber sole. It was shown before that in the case of 

walking on a wet or dry asphalt, the coefficient of friction would vary from 0.25 to 0.75 [68]. In 

this study, the effects of coefficient of friction on the value of the objective function were 

examined; the results of this study are shown in Figure  4.2. The limits of available torque at the 

hip and knee joints were both set to [-50, 50] Nm, and the fall duration was set equal to 0.73 sec. 

The initial guess provided to the optimization was the joint characteristics of a fall in which a 

constant -1 Nm torque was applied at the hip and the knee joints.  

Schematic diagrams of body position at specific instants of falling are shown in Fig. 4.3 to 

compare the optimal falling strategy in the case of a fall on a more slippery floor (coefficient of 

friction = 0.25) with the case of a fall on a less slippery floor (coefficient of friction = 0.75). 



63 

 

 

Figure 4.2 Value of the objective function for different ground surface conditions 

The value of the coefficient of friction was varied from 0.25 to 0.75 to represent different ground surface conditions.   
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Figure 4.3 Body configuration at specific instants of optimal falls with different coefficients of friction (CoF) 

Optimal fall strategies for different ground surface conditions were examined in this study. Constraints regarding different 

coefficients of friction were used to represent falling on different ground surface conditions. 
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The results of this study reveal that the falling strategy is slightly affected by the condition 

of the floor (Figure  4.3). It was also found that the value of the objective function is higher in the 

cases where the coefficient of friction is lower. These results suggest that falling on a more 

slippery floor would result in a more severe injury even if the optimal fall strategy is being 

employed. 

4.2.3 Effects of Acceleration/Deceleration Time Constraint on the Value of the Objective 

Function 

Including a constraint regarding the acceleration/deceleration specifications of the actuator 

would result in the development of a more realistic optimal safe-fall strategy in the case of 

falling with an exoskeleton. The specifications of a specific actuator were used to calculate the 

acceleration and deceleration time, as described in  Appendix F [69]. For the case of the current 

model of a human-exoskeleton fall, and considering the specific characteristics of the actuator 

used in our validation experiments (see Chapter 5), the acceleration time was found to be the 

limiting constraint. The value of the actual acceleration limit was equal to 0.26 rad/s
2
, and it was 

defined as a constraint for the actuators at the knee and hip joints. The value of the objective 

function for different fall durations when this constraint was applied to the optimization were 

examined and compared to the case where no such constraint was considered in the optimization. 

As before, the joints characteristics of a fall when -1 Nm torque was applied to the hip and knee 

joints of the human-exoskeleton model were used as an initial guess to the optimization and the 

limits of torque at the hip and knee joints were set to [-50, 50] Nm. The coefficient of friction 

was set equal to 0.60. The results of this study are shown in Figure  4.4.  
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Figure 4.4       Value of the objective function for different fall durations with different actuator constraints 

The optimal value of the objective function was examined for different fall durations in the case where an 

acceleration time constraint was applied to the optimization. The results were compared to the case where no 

constraint was placed on this value. 

  

The outcome of this study reveals that having a constraint regarding the acceleration limit 

of the actuators, or in other words, the responsiveness of the actuators, will influence the results 

of the optimization. It was found that the value of the objective function is higher in the case 

where actuator performance limits are included in the optimization. It was also found that the 

value of the optimal fall duration is different in the case where these limits were considered. In 

the case of having a constraint on the responsiveness of the actuators, the optimal fall duration 

was found to be slightly longer (0.75 sec) than the case where no constraint was imposed on the 

responsiveness of the actuators (0.73 sec). 
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4.2.4 Joint Characteristics of an Optimal Human-Exoskeleton Fall 

This section examines the joint characteristics of the human-exoskeleton model, when an 

optimal safe-fall strategy is employed. The results correspond to the case of human-exoskeleton 

fall, with fall duration of 0.75 sec while an acceleration limit was included. The limits of torque 

at the hip and knee joints were equal to [-50, 50] Nm, and the coefficient of friction was set equal 

to 0.60. The kinematic and dynamic characteristics of the ankle, knee, and hip joints are shown 

in Figure  4.5, Figure  4.6, and Figure  4.7. The profiles of the joint angular velocities, as well as 

the profile of the linear velocity of the hip throughout the fall, were examined and the 

corresponding results are shown in Figure  4.8 and Figure  4.9, respectively. To better illustrate 

the characteristics of the optimal fall strategy, diagrams of human-exoskeleton model positions at 

specific instants of fall are depicted in each figure. The same terminology as what was used to 

describe the characteristics of the human fall is also used for the case of a human-exoskeleton 

model of a fall. 

Figure  4.5 shows that the fall was initiated from an ankle angle at which the shin segment 

was oriented posteriorly to the ankle joint. After the initiation of fall, the shin segment moved 

with respect to the ankle joint. The ankle rotation changed direction at 0.3 sec, and a 

plantarflexion motion was performed that continued up to the end of the fall duration.  
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Figure 4.5  Optimized kinematics and dynamics characteristics of ankle joint (human-exoskeleton fall) 

The profiles of the optimal ankle angle and angular velocity throughout the fall are shown. The ankle joint is moving in 

the plantarflexion (PF) direction if increasing and is moving in the dorsiflexion (DF) direction if decreasing. The regions 

regarding the plantarflexion and dorsiflexion motion of the ankle are separated by the dashed vertical line on the joint 

angle graph and corresponding areas to these motions are indicated by PF and DF labels, respectively. 
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Figure 4.6 Optimized dynamic and kinematic characteristics of the knee joint (human-exoskeleton fall) 

In these figures, the characteristics of the knee joint are plotted in the local reference frame of the joint. Knee torque 

is positive if applied in the flexion (F) direction and is negative if applied in the extension (E) direction. Associated 

regions depicting an analogy with the application of eccentric and concentric torques at the knee joint are also 

shown, with hatched lines in the eccentric phases. Knee joint angle is increasing when moving in the flexion 

direction and decreasing when moving in the extension direction. Corresponding regions of extension and flexion 

are specified by E and F indices, respectively. 
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When examining the results in Figure  4.6, it is observed that flexion torque was applied at 

the knee joint at the very beginning of the fall. The torque applied at the knee joint then changed 

direction and acted in extension, which lasted for almost the rest of the fall duration. Although 

extension torque was applied at the joint, the direction of knee motion was in the flexion 

direction. When compared to the characteristics of a human fall, this could be regarded as the 

application of eccentric torque at the knee joint during that period. This is the case where the 

applied torque at the joint and the joint’s motion are in opposite directions. The area 

corresponding to the application of eccentric torque is shown in hatched lines. Throughout the 

last stage of the fall, the motion of the knee joint changed direction and was in extension. At the 

very last stage of the fall, the torque applied at the knee joint changed to flexion. Again this 

period could be regarded as the application of eccentric torque when compared to the case of a 

human fall. The application of eccentric torque at the joints corresponds to the case of applying 

braking torques at the joints such to resist the motion in the current direction of the joint’s 

motion.  
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Figure 4.7 Optimized dynamic and kinematic characteristics of the hip joint (human-exoskeleton fall) 

The hip angle is plotted both in the local reference frame of the joint (LRF) and the global reference frame (GRF). 

Other joint characteristics are plotted in the local reference frame of the joint. Hip torque is positive if applied in the 

extension (E) direction and is negative if applied in the flexion (F) direction. Hip joint angle is increasing when 

moving in the extension direction and decreasing when moving in the flexion direction. Associated regions 

depicting an analogy with the application of eccentric and concentric torques at the hip joint are also shown, with 

hatched lines in the eccentric phases. The horizontal dashed line in the graph of the joint angle – GRF, shows the 

vertical axis in the global reference frame. 
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When examining the characteristics of the hip joint (Figure  4.7), it could be observed that at 

the onset of the fall, extension torque was applied at the hip joint that corresponded to the 

extension of the trunk. Then exactly at the same moment (0.14 sec), the direction of application 

of torque and rotation of the hip joint both changed direction simultaneously. As flexion torque 

was applied to the hip joint, the trunk moved in the flexion direction. The joint’s motion in the 

flexion direction lasted until the end of the fall. However, the hip torque changed direction with 

the continuation of the fall and was applied in the extension direction. At the very last stage of 

the fall, the hip torque changed direction again and was applied in the flexion direction.  

 As can be seen in the torque graph, the pattern of the application of the hip torque kept 

changing over the course of the fall. The application of this pattern of torque profile at the hip 

joint resulted in the near vertical orientation of the trunk throughout the last half of the fall 

duration, and specifically at the moment of ground contact. The resulting optimal hip trajectory 

confirmed the success of the head impact avoidance.  

When examining the profile of joint angular velocities in the global reference frame 

(Figure  4.8), it could be observed that the angular velocity of the hip at the moment of ground 

contact is nearly zero.  
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Figure 4.8  Optimized angular velocity of the joints plotted in the global reference frame (human-

exoskeleton fall) 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-4

-2

0

2

4

6

8

Time(s)

A
n
g
u
la

r 
V

e
lo

c
ity

(r
a
d
/s

)

Joint Angular Velocity

 

 

Ankle

Knee

Hip



73 

 

 

        

Figure 4.9 Optimized hip linear velocity (human-exoskeleton fall) 

The profiles of the hip vertical, horizontal, and total linear velocity for the fall duration are plotted and examined 

separately. 

 

Figure  4.9 shows the time history of the hip linear velocity, and profiles of the hip vertical, 

horizontal, and total linear velocity plotted separately, for the duration of the fall. It is observed 
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and remained almost unchanged for most of the fall duration. However, at the last stage of the 

fall, this value started to increase and reached its maximum at the moment of ground contact. 

The value of the total hip impact velocity was equal to 3.00 m/s
 
in this case. 

4.3 Discussion 

The purpose of this study was to develop a safe fall control strategy in the case of a human-

exoskeleton backward fall. To achieve this goal, the previously developed optimization 

methodology (described in Chapter 3), was expanded to include the characteristics of an 

exoskeleton.  

First, the effect of fall duration and initial guess on the value of the objective function were 

examined. The results of this study reveal that the choice of the initial guess has little effect on 

the optimal solution. However, the results showed that the value of the objective function is 

directly influenced by the fall duration. In other words, for specific optimization conditions, there 

exists an optimal fall duration with which the value of the objective function in minimum. These 

results are similar to the findings of the previous study on the optimization of the human 

backward fall (see Chapter 3).  

As shown previously in this thesis, the optimal fall duration is directly affected by the fall 

conditions. As an example, the initial condition from which the fall is started would have an 

impact on the actual fall duration that is required to follow an optimal fall strategy. In the current 

case of a human-exoskeleton fall strategy, it was also found that the actuator’s performance 

specifications would influence the optimal fall duration.  

As mentioned previously, it was assumed that the feet remain in contact with the ground 

throughout the fall. To guarantee the validity of this assumption, two constraints were included 

in the development of the optimization. First, the value of the vertical ground reaction force was 
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constrained to obtain non-negative values, i.e., no loss of contact with the ground. Secondly, the 

static coefficient of friction was defined so as to limit the ratio of the vertical and horizontal 

ground reaction forces. The results of this study reveal that the floor surface slipperiness does 

impact the optimal safe fall strategy. In other words, an optimal fall strategy while falling on a 

more slippery floor is different from an optimal fall strategy when falling on a less slippery floor. 

Also, the results showed that the severity of fall is higher in the case of falling on a more slippery 

floor. This finding is in agreement with the result of previous studies on human falls. It was 

shown previously that the risk of fall-related fractures was higher in colder seasons, which is 

associated with more slippery (e.g., wet, icy) conditions [70]. It is worth noting that for these 

optimizations, the fall duration may have an effect on the value of the objective function, but 

according to previous results it is unlikely to have an influence on the optimal fall strategy.  

Electrical actuators have particular specifications that should be taken into account when an 

actuator is selected for a specific task. Since the entire fall duration is less than one second, the 

responsiveness of the actuators being used at the joints of the exoskeleton in the case of a fall 

would become a critical characteristic to consider. In this work, the responsiveness of an actuator 

was associated with the acceleration/deceleration limit of the actuator. Ideally, in the case of the 

current work, this value should be as high as possible. However, clearly, due to the mechanical 

limitations, the acceleration/deceleration time of an actuator is a nonzero parameter. This 

constraint was included in the optimization methodology to obtain a more realistic optimal safe 

fall strategy. The results of this examination reveal that the severity of fall would be higher in the 

case where the acceleration/deceleration time constraint was considered in the optimization. 

However, the risk or severity of fall-related injury could be reduced with the use of highly 

responsive actuators.  
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When examining the optimal human-exoskeleton fall strategy, characteristics similar to 

those of the optimal human fall strategy were observed. The pattern of ankle movement was 

similar in both models. When examining the optimal knee torque profile in the case of a human 

and human-exoskeleton optimal fall strategy, the same regions corresponding to the application 

of eccentric and concentric torques were observed. Similar to the optimal model of a human fall, 

the human-exoskeleton model underwent a squat motion but with a time delay. In the optimal 

model of a human fall, the knee angle reached its minimum (corresponding to flexion motion) at 

nearly 0.3 sec after the initiation of the fall. However, due to the existing distinctions between 

the two models, some dissimilarity was detected as well. This time was equal to 0.54 sec in the 

case of an optimal human-exoskeleton fall. This is partly due to the difference in the initial 

condition from which the fall was started in the two models. Moreover, the observed differences 

were probably also due to the actuator characteristics and performance limitations. Similar to the 

optimal human fall strategy, the knee joint of the human-exoskeleton model was extended at the 

last stage of the fall. However, due to the angular velocity constraints imposed, the angular 

velocities of the joints were found to be lower in the model of a human-exoskeleton fall, 

compared to the model of a human fall. The pattern of the optimal torque applied at the hip joints 

of the human and human-exoskeleton models had more dissimilarity. Less abrupt changes were 

observed in the profile of the hip torque in the model of a human-exoskeleton fall, compared to 

the optimal human fall strategy.  

To quantify the effectiveness of the safe fall strategy, the optimized hip linear velocity at 

impact for the three-link model of a human-exoskeleton fall was compared with the hip linear 
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velocity at impact for the one-link model of a human-exoskeleton free fall
7
 (the current 

commercial exoskeleton fall “strategy”). It was observed that the hip linear velocity at impact, 

when the optimal fall strategy was employed in the three-link model, was reduced by 58% 

compared to the case of a free fall of the one-link model
8
. The near-zero angular velocity of 

trunk and the upright inclination of the trunk at impact confirm that the required objective 

regarding the head impact avoidance is achieved. These results reveal that the severity of fall 

could be minimized if the optimal control strategy is employed and support the previously 

proposed concept of the activation of actuators at the joints of the exoskeleton in the case of a 

fall. 

To reiterate, the value obtained for the hip impact velocity is within the safe range of hip 

impact velocity to avoid bone fracture for healthy individuals. However, users of exoskeletons 

are usually individuals with some form of lower limb disability that might have low bone 

density, low muscle tone, and skin problems. All these conditions increase the risk and severity 

of injury for this user group. To address this issue, additional protection strategies or mechanisms 

should be utilized, such as airbags, shock absorbers, and paddings, in conjunction with the safe 

fall strategy developed in this thesis. 

4.3.1 Limitations 

As discussed before, several assumptions were made throughout the development of the 

optimal safe fall strategy that might have influenced the results of this work. First, not all 

backward falls are symmetric, which means that the body motion is not restricted to the sagittal 

plane. However, in this thesis, the development of the optimal fall strategy was done for a more 

                                                 

7
 The case of a free fall is when no torque is applied to the joints and joints are locked relatively straight. 

8
 Both models had the same potential energy at the onset of fall. 
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simplified case of a human-exoskeleton fall. Now that the optimal fall strategy has revealed its 

efficacy for the current model of a human-exoskeleton backward fall, it could be further 

developed for more complex cases of falls in future. Although constraints regarding one of the 

performance characteristics of the actuators were included in the model of a human-exoskeleton 

fall, other characteristics such as the effect of friction and damping were neglected, as were real-

time software parameters such as control loop rate and delays.  

4.4 Summary 

In summary, this chapter presented an optimization methodology that was developed to 

reduce the risk and severity of injury in the case of a backward fall while using a lower-limb 

exoskeleton.  The main goals of this work were to avoid head impact and minimize the hip linear 

velocity at the moment of ground contact. The results of this study confirmed that the severity of 

fall could be significantly reduced if the optimal fall strategy is employed. The similarities in 

results between this study and the previously developed optimal safe fall strategy for a human 

model support the validity of the developed safe fall strategy. 
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Chapter 5: Numerical and Experimental Validations 

The optimization methodology, detailed in Chapter 3 and 4, resulted in the development of 

a safe fall strategy that significantly reduces the severity of an unintentional backwards fall. Low 

trunk angular velocity and hip linear velocity at ground impact were shown to be indicators of a 

safe landing technique. Results of the optimization, including the joints’ characteristics during 

the fall and at impact, were in line with results of previous studies on human and humanoid robot 

falls. Moreover, the optimization methodology was validated by examining the effects of 

different parameters (i.e., the choice of the initial guess and initial conditions of the fall) on the 

optimal results. However, in order to be confident in using these results for design 

recommendations and/or implementation of safe falling behaviours, more rigorous numerical and 

physical validations are needed. The results of numerical and experimental validations of the 

optimization methodology are presented in this chapter.  

5.1 Numerical Validation Methods 

To better understand the numerical validation methods, first the development of the 

optimization technique is reviewed in this section. Next, the numerical validation methods are 

described and the corresponding results are presented.  

As mentioned previously in Chapter 3, the governing dynamic of the three-link model of a 

fall is the solution of a system of three nonlinear second-order differential equations. First, 

substitutions were made to transform the second-order equations into first-order equations. A 

forward difference discretization technique was then used to formulate the first-order differential 

equations. To ensure that the governing dynamics of motion are valid during the entire fall, the 

derived equations of motion were defined as non-linear constraints that had to be satisfied at 

each moment of the fall. Subsequent to performing the optimization, optimal joint 
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characteristics, including the joint angles, angular velocities, and torque profiles, at the actuated 

joints, were obtained.  

To investigate the validity of the results, a forward dynamic analysis was performed to 

examine whether or not the defined constraints regarding the governing dynamics of the fall 

were satisfied for the entire fall duration. To test this, the corresponding optimal torque profiles 

were applied to the hip and knee joints. First, by using the same forward difference discretization 

technique that was used in the development of the optimization, the joint angles and angular 

velocities were calculated for all the joints. The results of this investigation reveal that the joint 

trajectories obtained from the forward dynamic analysis matched the corresponding joint 

trajectories obtained from the optimization (Figure  5.1). This confirms that the results obtained 

from the optimization do comply with the governing dynamics of the fall.  

In order to verify the results obtained by using a numerical technique, one can solve the 

same problem with a different numerical method. If the problem is properly formulated, similar 

results should be obtained when using different numerical methods [71]. In this work, a forward 

dynamic analysis was next performed by using the MATLAB ode45 solver. Similar to the 

previous analysis, optimal torque profiles were applied to the hip and knee joints and all the joint 

angles and angular velocities were calculated. The results of this analysis reveal that the joint 

trajectories obtained when using the ode45 solver and the optimal joint trajectories obtained from 

the optimization have similar characteristics (Figure  5.2).  
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Figure 5.1 Comparing joint trajectories obtained from forward difference analysis and optimization 

A forward dynamic analysis was performed to generate joint trajectories when the optimal torque profiles were 

applied to the hip and knee joints. A forward difference (FD) discretization technique was used to solve the 

governing equations of motion in this case. Results of this analysis were compared with the optimal (Opt) joint 

trajectories obtained from the optimization.  
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Figure 5.2 Comparing joint trajectories obtained using ode45 solver and optimization 

A forward dynamic analysis was performed to generate joint trajectories when the optimal torque profiles were 

applied to the hip and knee joints. ODE45 solver was used to solve the governing equations of motion in this case. 

Results of this analysis were compared with the optimal (Opt) joint trajectories obtained from the optimization. 
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5.2 Experimental Validation 

5.2.1 Introduction 

Any developed optimization methodology needs to be validated physically before being 

implemented in an actual exoskeleton and tested with human subjects. Also, due to access 

limitations to commercially available lower limb exoskeletons, the implementation of the 

developed safe fall strategy in any of these devices was not feasible. Thus, in this work, a 

simplified test setup was designed and built to validate the calculated optimal fall strategy.  

5.2.2 Test Bed Design 

The test setup consisted of a model of a triple-link inverted pendulum, a control system, and 

a power supply, designed and fabricated by an undergraduate engineering team (Figure  5.3). As 

mentioned before, when developing the optimization, it was assumed that the characteristics of 

the human body are symmetrical and the dynamics of the fall were studied only in the sagittal 

plane. The mechanical test setup characterized a half-plane model of a human body. Because of 

safety considerations and design challenges, it was decided to build a half-scale length model of 

a human body. In addition, the mass distribution of the model represented a 1/32-scale mass of a 

human body, which was used in the development of the optimal human fall strategy. Three joints 

of the triple-link inverted pendulum replicated the motion of the hip, knee, and ankle joints. 

Similar to the three-link model of a human fall, the hip and knee joints of the inverted pendulum 

were actuated and the ankle was a passive joint. The hip and knee joint angles were read through 

the actuator’s encoder and the ankle joint angle was read by a potentiometer that was installed at 

the joint. Joint angle readings were made in real-time (at approximately 500 Hz) and 

corresponding data were then sent to the control system.  
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The optimization routine described in Chapter 3 was modified for the physical 

characteristics of the actual mechanical test setup. The optimization was performed and the 

optimal trajectories of the hip and knee joints were calculated. These time-series data were then 

provided to the control system in the form of a lookup table.  

 

  

Figure 5.3 Mechanical test setup 

 

In the control system, and for each loop iteration, the time from the start of the fall was 

calculated and the appropriate desired joint angles were interpolated from the precomputed 

lookup table. These parameters were then passed to the control algorithm to generate appropriate 

motor commands. Real-time joint angles were read through the hip and knee encoders and were 

sent to the control algorithm. A position control strategy was used to control the hip and knee 

joint trajectories throughout the fall duration [72]. 
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5.2.3 Experimental Procedure 

5.2.3.1 Data Collection 

Several steps had to be taken to prepare the setup prior to performing the experiments. First, 

the mechanical test setup was calibrated to initialize the joint angles. The encoder and 

potentiometer values, when the device is held horizontally, were used to establish a reference 

point for the angular measurements. Next, the optimal time-stamped hip and knee trajectories for 

the fall duration were loaded into the control system. These data were then interpolated to 

artificially increase the resolution. A position control algorithm was used to set the hip and knee 

joint angles to their initial values, which were specified by the time-series data set. Since there is 

no actuation at the ankle joint, the setup had to be held upright to prevent the device from falling.  

The controller was programmed to start the safe fall control strategy once the ankle angle 

passed beyond a specified angle. Therefore, the ankle angle sensor was constantly monitored 

subsequent to the initialization of the hip and knee joints. When the ankle angle exceeded the 

specified limit, the position control strategy was activated to control the hip and knee joint angles 

throughout the fall. The time from the start of the fall was calculated and the desired joint angles 

were interpolated from the precomputed lookup table. Online readings of the potentiometer and 

encoders were passed through the control algorithm to generate control commands for the 

actuators. This process continued until the pre-computed fall time was reached. The actuators 

were shut off after the completion of the fall duration. 

5.2.3.2 Data Analysis 

The collected data included the time series of the hip, knee, and ankle joint angles. Custom-

developed MATLAB
TM

 scripts were used to process these data. The forward difference method 

was used to calculate the joints’ angular velocities for the fall duration using the joints’ angle 
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data. Next, a low-pass, fourth-order Butterworth filter was used to filter data. A residual analysis 

was performed in order to determine a reasonable cutoff frequency for the filter.  

5.2.4 Results 

Different fall strategies were implemented with the device and experiments were performed 

in order to assess the functional performance of the test setup. In this section, the results of one 

experiment, in which an optimal safe fall strategy was implemented with the device, are 

presented. The initial joint angles from which the fall initiated were 90˚, 40˚, and -40˚ at the 

ankle, knee, and the hip joints, respectively. The initial guess for the optimization was generated 

using a forward kinematic analysis when -0.6 and 0.3 Nm were applied at the knee and hip 

joints, respectively. The optimization was performed for different fall durations and the optimal 

fall duration was found to be equal to 0.47 sec.  

 As shown in Figure  5.4, a delay in the knee and hip joint trajectories response was 

observed at the beginning of the fall. The joint angle trajectories closely followed the target 

trajectories throughout the terminal phase of the fall. Several experiments were performed to 

tune the system, whereby it was discovered that the test system actuators did not have the 

necessary response time to accurately follow the target trajectory. Several attempts were made to 

tune the PID controller gains in order to improve the response time of the system. However, due 

to the inherent limitations of the hardware and software design, the response time of the actuators 

could not be increased any further. 

Large deviations were observed between the experimental and optimal values of the joints 

angular velocity throughout the fall duration (Figure  5.5). As mentioned before, this was due to 

hardware and software limitations. Specifically, some issues were observed regarding the real-

time controller that was used to implement the optimal control strategy.  
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Similar deviations were observed in the profile of the hip linear velocity for the 

experimental and simulation results during the fall (Figure  5.6). However, the hip linear velocity 

at impact was found to have similar values in both the experimental (2.045 m/s) and simulation 

results (2.097 m/s). For this metric, the observed error between the experimental and simulation 

was less than 3%. 

 
Figure 5.4 Comparison of joint angles between the simulation and experimental results 

The recorded joints angles in the experiment (labeled as Observed) are compared to the optimal target trajectories 

(labeled as Target). 
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Figure 5.5 Comparison of joint angular velocity between the simulation and experimental results 

The computed joints angular velocity using experimental data (labeled as Observed) is compared to the optimal 

trajectories of joints angular velocity (labeled as Target). 
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Figure 5.6 Comparison of hip linear velocity between the simulation and experimental results 

The time series of hip linear velocity in the experiment (labeled as Observed) is compared to the results of the 

optimization (labeled as Target). 

 

5.3 Discussion 

Numerical and experimental validations were conducted to verify the results of the 

optimization methodology presented in Chapter 3. The numerical validation method included 

performing a forward dynamic analysis and comparing the results when two different numerical 

techniques were used to solve the differential equation. Similar results were obtained when 

differential equations were solved MATLAB’s ode45 solver and forward difference 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0

1

2

3

T
o
ta

l 
(m

/s
)

Hip Linear Velocity

 

 

Target

Observed

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-3

-2

-1

0

V
e
rt

ic
a
l 
(m

/s
)

 

 

Target

Observed

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
-0.5

0

0.5

1

Time (s)

H
o
ri
z
o
n
ta

l 
(m

/s
)

 

 

Target

Observed



90 

 

discretization technique. The outcomes of the numerical validation support the robustness of the 

optimization algorithm developed in this thesis.   

A mechanical test setup was built for the purpose of validating the results of the previously 

developed optimization methodology. This optimization methodology was adapted to take into 

account the characteristics of the scaled mechanical test setup. Optimization was performed and 

the optimal joint trajectories were generated for a specific falling condition. Optimal joint 

trajectories were then implemented in the system and experiments were performed to assess the 

outcome. The primary results of the experiment confirmed that an optimal fall strategy could be 

implemented in the mechanical test setup. Further investigations should be made to assure the 

repeatability of the results by performing additional experiments.  However, due to some 

fundamental hardware and software limitations, further experiments could not be conducted with 

the current experimental test setup. Some of the major existing limitations are listed below: 

 Actuators at the hip and knee joints were not powerful and responsive enough to provide 

the torque at the required speed and within the desired response time. 

 The design of the ankle joint and installation of the sensor led to faulty readings of the 

potentiometer that could not have been improved without making fundamental changes to 

the current design of the joint. 

 The controller used to implement the control strategy could not implement true real-time 

control at a high enough closed-loop control rate. This was due to the limitations of the 

software being used that resulted in variations in the sampling rate. 

To address the above-mentioned issues with the first prototype, a second prototype is 

currently under development. 
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Chapter 6: Conclusions 

6.1 Summary of Contributions 

Current exoskeleton designs are susceptible to falls and causing injury to their users. This 

thesis has presented an optimization methodology to develop a safe fall control strategy in the 

case of a human-exoskeleton backward fall. The motivation for this work is ultimately to 

improve the users’ safety while wearing and using LLEs. To achieve this objective, the specific 

goals were defined as: reducing the risk of head impact/avoiding head impact and minimizing the 

hip linear velocity at the moment of ground contact.  

The review of literature, presented in Chapter 2, suggests that healthy individuals employ 

protective responses to diminish the intensity of a fall and, subsequently, the severity of potential 

injuries to the human body. Also, some studies have established safe-fall strategies for bipedal 

humanoid robots. These strategies found that it was possible to reduce damage to the robot as a 

result of ground impact. In addition, proposed strategies to mitigate the risk of user injury in the 

case of a human-exoskeleton fall were reviewed. Chapter 2 ends with a description of relevant 

optimization methods to be used in the development of safe-fall strategies for human-

exoskeleton falls.  

Due to the availability of data on the biomechanics of human falls, safe-fall strategies were 

first examined for human-only falls. Human falls were modelled with one-, two-, and three-link 

inverted pendulum models (Chapter 3). For each model, the dynamics of the fall were derived 

and an optimization routine was developed to find the optimal joint trajectories that minimized 

an objective function and satisfied a set of constraints. In the case of a three-link model of a 

human fall, the objective function included a weighted function of the trunk angular velocity and 

hip linear velocity at impact. The results of the optimization confirm that employing an optimal 
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safe fall strategy may reduce the risk of injury in the case of a fall. These results revealed that the 

optimal coordination of lower limb joints would result in head impact avoidance and 

minimization of hip linear impact velocity. The results of this study were in agreement with 

previous experiments studying human falls. This helped to verify the validity and efficacy of the 

optimal safe-fall strategy developed.  

The results presented in Chapter 3 contribute to a better understanding of the biomechanics 

of human falls. This knowledge not only is important in assessing the safe-fall strategies in 

human falls, it could also be used in the development of safe-fall strategies for human-

exoskeleton falls. The author next extended the optimization methodology to include a model of 

an exoskeleton in the already existing model of a human fall (Chapter 4). The results of the 

optimization demonstrated that an exoskeleton’s joint trajectories could be optimized to decrease 

the severity of a fall. In other words, the results of this study confirmed that employing a safe-fall 

control strategy would lead to a safe fall, in which the angular velocity of the trunk at impact is 

near zero and the linear hip impact velocity is minimized. To further enhance the safety of the 

user, it is suggested to use cushioning mechanisms such as hip and head protectors or airbag 

systems in adjunct with the application of the safe fall control strategy. 

A safe fall control strategy was implemented in a mechanical test setup to evaluate the 

validity of the safe-fall strategy presented in Chapters 3 and 4. Experiments were performed to 

examine the kinematic and dynamic characteristics of the joints. The optimal joint trajectories, 

developed earlier in this work, were implemented in a model of a three-link inverted pendulum. 

The joint trajectories during the fall were recorded and then compared with the target optimal 

joint trajectories. The primary results of the experiments verified that the control strategy 

developed in this study could be implemented in a mechanical test setup.  
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The author believes this work is one of the first studies reporting the development of a safe-

fall control strategy for a human-exoskeleton fall, and also the first study analyzing the 

characteristics of a human-exoskeleton fall using a mathematical model. The main scientific 

contributions of this thesis are the development of an optimization methodology and the 

application of this method that may lead to the improvement of exoskeleton safety in the case of 

a backward fall. It is worth recalling that none of the even most advanced LLEs that are currently 

used for rehabilitation purposes have any kind of safe-fall algorithm implemented in their control 

system. Illustrating the efficacy of an injury mitigation control strategy, developed in this project, 

may lead to future implementation in commercial exoskeleton systems. This would eventually 

help accelerate the transition of exoskeletons from research centres to be widely used in the 

community.  

6.2 Recommendations and Future Work  

This thesis developed an optimal fall strategy for a simplified model of a human-

exoskeleton backward fall. First, not all backward falls are symmetric and the motion is not 

always limited to the sagittal plane. Modelling an asymmetric fall is more complex, and a more 

elaborate model of a human-exoskeleton system is needed to simulate the dynamics of the fall in 

this case. Additionally, the effects of the involvement of upper extremities during the fall were 

ignored in this study and should be investigated in future studies. Thirdly, several constraints 

including the joint characteristics of the human body, the effects of spasticity, and limits of joint 

angles and angular velocities for persons with an SCI should be considered in the development 

of future human-exoskeleton fall models. Moreover, more details regarding the dynamics of the 

actuators should be included in the constraint function. Finally, a more accurate objective 

function should be defined to better reflect the goal of avoiding the head impact. Currently, there 
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is no constraint and no penalty in the objective function regarding the orientation of the trunk at 

contact. This is a limitation of the developed optimization methodology that should be addressed 

in future models of a human-exoskeleton fall. 

In the safe-fall strategy developed in this thesis, it is assumed that the actuators are shut 

down at the moment where the hip hits the ground, and no analysis is done to assess the 

dynamics of the system after impact. However, it is worth examining the dynamics of the fall 

after ground impact to investigate the stability of the system. This should be done to ensure that 

the head is not at risk of collision with the ground or other surrounding objects.  

This thesis provides limited evidence regarding the implementation of the optimal safe-fall 

strategy in an actual mechanical test setup.  The feasibility of executing the optimal strategy 

should be further investigated and the effectiveness of this method should be examined more 

thoroughly.  

In summary, the results of this work reveal that the development and implementation of a 

safe fall control strategy is a challenging problem. Numerous parameters are involved in the 

development of a safe fall strategy, including the characteristics of the device itself and 

environmental conditions (e.g., floor surface characteristics).  Moreover, executing a safe fall 

control strategy in a prototype or an actual exoskeleton would be a significant and complex 

challenge, and appropriate software and hardware platforms are needed to be able to successfully 

implement such a control strategy. It should be recalled that this thesis is among the first research 

studies that have modelled exoskeleton falls and provides the basis for future investigations in 

this field of research. 
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Appendices 

Appendix A: Governing Equations of Motion of a One-link, Two-link, and Three-link 

Model 

The Euler-Lagrange method was used to derive the equations of motion for all the three 

models and a system of second-order nonlinear ordinary differential equations were derived in 

the state space format. Governing equations of motion for the one-, two-, and three-link models 

of a human fall are described in Sections  A.1,  A.2, and  A.3, respectively.  

A.1 One-Link Model 

According to the global reference frame (  0 0,X Y - Figure  A.1), ankle angle is increasing if 

the link is moving in the counter clockwise direction, and it is decreasing if moving in the 

clockwise direction. Joint torque is positive if applied in the dorsiflexion direction, and is 

negative if applied in the plantarflexion direction. The governing equation of motion for a one-

link model is defined in ( A.1). Corresponding description and value of each parameter is 

described in Table  A-1. 

2( ) cosCOM COM COMI M r l Mgr L        (A.1) 

Table A-1 Characteristics of a one-link model 

Parameter Description Value 

M  Total body mass (kg) 53.70 

L  Total body height (m) 1.60 

COMI  Mass moment of inertia of human body about the center of mass (kgm
2
) 7.97 

COMr  Proximal center of mass as a percent of the body height 0.552 

  Ankle angle (rad) Variable 

  Ankle torque (Nm) Variable 
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Figure A.1 One-link model of a human fall 

A.2 Two-Link Model 

 

According to the global reference frame (  0 0,X Y - Figure  A.2) and the local reference frame 

on the hip joint (  1 1,X Y - Figure  A.2), both ankle and hip angle are increasing if the links are 

moving in the counterclockwise direction and decreasing if moving in the clockwise direction. 

Joint torque is positive if applied in the plantarflexion and extension direction at the ankle and 

the hip joints, respectively.  Joint torque is negative if applied in the dorsiflexion and flexion 

direction at the ankle and the hip joints, respectively. The governing equations of motion for a 

two-link model are defined in ( A.2). Corresponding description and value of each parameter is 

described in Table  A-2. 
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 (A.2) 

Table A-2 Characteristics of a two-link model 

Parameter Description Value 

HATM  Total mass of the upper extremity (kg) 36.41 

LEM  Total mass of the lower extremity (kg) 17.29 

TRL  Length of the trunk segment (m) 0.460 

ELL  Total length of the lower extremity (m) 0.848 

STL  Sum of the length of the shank and thigh segments (m) 0.786 

,E aL nkleI  Mass moment of inertia of the lower extremity about the ankle joint (kgm
2
) 4.509 

,G hipr  Radius of gyration of the upper extremity about the hip joint, as a percent of the 

trunk length 
0.798 

,COM HATr  
Proximal center of mass of the upper extremity as a percent of the upper extremity 

length 
0.626 

, ELCOMr  Proximal center of mass of the lower extremity as a percent of STL  0.553 

1  Ankle angle (rad) Variable 

2  Hip angle (rad) Variable 

1  Ankle angular velocity (rad/s) Variable 

2  Hip angular velocity (rad/s) Variable 

1  Ankle angular acceleration (rad/s
2
) Variable 

2  Hip angular acceleration (rad/s
2
) Variable 

1  Ankle torque (Nm) Variable 

2  Hip torque (Nm) Variable 

 

  



105 

 

 

Figure A.2 Two-link model of a human fall 

 

A.3 Three-Link Model 

According to the global reference frame (  0 0,X Y - Figure  A.3) and the local reference frame on 

the knee and hip joint (  1 1,X Y ,  2 2,X Y - Figure  A.3), all the joint angles are increasing if the links 

are moving in the counter clockwise direction and decreasing if moving in the clockwise 

direction. Joint torque is positive if applied in the plantarflexion, flexion and extension direction 

at the ankle, knee, and the hip joints, respectively.  Joint torque is negative if applied in the 

dorsiflexion, extension, and flexion direction at the ankle and the hip joints, respectively. The set 

of governing equations of motion, consisting of three nonlinear, second order differential 

equation, are defined in ( A.3). Corresponding description and value of each parameter is 

described in Table  A-3.
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Table A-3 Characteristics of a three-link model  

Parameter Description Value 

HATM  Half the mass of the upper extremity (kg) 18.20 

THM  Mass of the thigh segment (kg) 5.37 

SHM  Mass of the shank segment (kg) 3.28 

HATL  Length of the trunk segment (m) 0.461 

THL  Length of the thigh segment (m) 0.392 

SHL  Length of the shank segment (m) 0.394 

FL  Length of the foot (m) 0.062 

,G hipr  Radius of gyration of the upper extremity about the hip joint, as a percent of the trunk 

length 
0.798 

,G kneer  Radius of gyration of the thigh segment about the knee joint, as a percent of THL  0.653 

,G ankler  Radius of gyration of the shank segment about the ankle joint, as a percent of SHL  0.572 

,COM HATr  Proximal center of mass of the upper extremity as a percent of the upper extremity length 0.626 

,COM THr  Distal center of mass of the thigh segment as a percent of THL  0.567 

,COM SHr  Distal center of mass of the shank segment as a percent of SHL  0.394 

1  Ankle angle (rad) Variable 

2  Knee angle (rad) Variable 

3  Hip angle (rad) Variable 

1  Ankle angular velocity (rad/s) Variable 

2  Knee angular velocity (rad/s) Variable 

3  Hip angular velocity (rad/s) Variable 

1  Ankle angular acceleration (rad/s
2
) Variable 

2  Knee angular acceleration (rad/s
2
) Variable 

3  Hip angular acceleration (rad/s
2
) Variable 

1  Ankle torque (Nm) 0 

2  Knee torque (Nm) Variable 

3  Hip torque (Nm) Variable 
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Figure A.3 Three-link model of a human fall 
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Appendix B: Design Variables 

Each of the design variables, including the joint angles, angular velocities, and the torques 

applied to the joints are predefined for a specific fall duration. The fall duration determines the 

vector length for each design variable.  If the vector containing each design variable throughout 

the fall has the length of l , then X that is the vector containing all the design variables 

throughout the fall has a length equal to the number of design variables times l . The most 

general form of vector X , which represents the case of the three-link model, is described in 

Table  B-1. 

Table B-1 Characteristics of the vector of design variables  

 0t  
0t dt  

0 2t dt  … 2ft dt  ft dt  ft  

(1: )X l  
01,t  

01,t dt   
01, 2t dt   … 01, 2t dt   1, ft dt   1, ft  

( 1: 2 )X l l  
02,t  

02,t dt   
02, 2t dt   … 02, 2t dt   2, ft dt   2, ft  

(2 1: 3 )X l l  
03,t  

03,t dt   
03, 2t dt   … 03, 2t dt   3, ft dt   3, ft  

(3 1: 4 )X l l  
01,t  

01,t dt   
01, 2t dt   … 

01, 2t dt   1, ft dt   1, ft  

(4 1: 5 )X l l  
02,t  

02,t dt   
02, 2t dt   … 

02, 2t dt   2, ft dt   2, ft  

(5 1: 6 )X l l  
03,t  

03,t dt   
03, 2t dt   … 

03, 2t dt   3, ft dt   3, ft  

(6 1: 7 )X l l  
01,t  

01,t dt   
01, 2t dt   … 01, 2t dt   1, ft dt   1, ft  

(7 1:8 )X l l  
02,t  

02,t dt   
02, 2t dt   … 02, 2t dt   2, ft dt   2, ft  

(2 1: 3 )X l l  
03,t  

03,t dt   
03, 2t dt   … 03, 2t dt   3, ft dt   3, ft  

 

In this table 0t , ft , and dt are the optimization’s initial time, final time, and the time step, 

respectively. The value of each design variable is defined at each time step. As an example,
01,t

represents the value of 1  at 0t t and 1, ft represents the value of 1  at ft t . 

Geometrical constraints are considered in the development of the three-link model of a 

human fall to assure the validity of the solution. Thus, the value of the hip height is limited to 
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acquire a positive value at the one-to-the-last step of the fall, and has to acquire a negative value 

at the last time step. 

  



112 

 

Appendix C: Constraints Governing the Motion of a Falling Human Model 

To recall the description of the constraints, a few parameters from Table  3-2 are reviewed 

and presented in Table  C-1.  

Table C-1 Constraints of the optimization 

Field Name Description 

A  Matrix for linear inequality constraints 

b  Vector for linear inequality constraints 

Aeq  Matrix for linear equality constraints 

beq  Vector for linear equality constraints 

( )c x  Function to define nonlinear inequality 

( )ceq x  Function to define nonlinear equality 

 

In the current optimization problem, there is no linear or nonlinear inequality constraint that 

needs to be satisfied, thus corresponding parameters to these constraints are defined as described 

in ( C.1). 

.

[ ]

[ ]

A X b

A

b






 

0

[ ]

c

c



  

(C.1) 

The linear equalities that have to be satisfied in the optimization problem are the initial joint 

angles and angular velocities. These values have to remain the same as what is defined initially 

in the optimization.  In ( C.2), l is the length of each design variable’s vector. 
0 0 01, 2, 3,, ,t t t   are the 

initial ankle, knee, and hip angles, respectively. 
0 0 01, 2, 3,, ,t t t   are the initial ankle, knee, and hip 

angular velocities, respectively. 
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(C.2) 

The nonlinear equalities that have to be satisfied in the optimization problem are the initial 

joint angles and angular velocities. In ( C.3), ij , i ,and i are the corresponding coefficients used 

to formulate equations ( A.1) to ( A.3) in Section ( A.3).   

1
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Appendix D: Optimization Problems 

The general aim of an optimization problem is to find the best feasible solution that 

minimizes an objective function while satisfying a set of requirements. The most general form of 

an optimization problem is defined in ( D.1), in which vector x includes the optimization 

variables, 0f is the objective function, if and ib include the constraints on the problem, and n is 

the number of constraints that have to be satisfied in the optimization problem. 

0minimize     ( )

subject to   ( )  ,   1,...,i i

f x

f x b i n 
 

(D.1) 

Optimization problems are generally categorized based on the form of the objective 

function and the type of the constraints. A general class of an optimization problem is called 

convex if the objective function and constraints satisfy the form of an inequality described in 

( D.2). Convex optimization problems have been the focus of many previous research studies, and 

effective techniques have been developed to solve these types of problems. However, there is no 

analytical solution for these types of optimization problems in general [73]. 

 ( ) ( ) ( )i i if x y f x f y       (D.2) 

In the particular case where the equality form is satisfied in ( D.2) the problem is called a 

linear optimization program. Nonlinear optimization problems, in which the objective function 

and the constraints are nonlinear functions of optimization variables, are more difficult to solve. 

Different methods have been developed to solve nonlinear optimization problems but there is as 

yet no effective method for solving the general form of nonlinear non-convex programming 

problems. It was shown that the effectiveness of algorithms developed for nonlinear problems 
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heavily depends on particular forms of the objective and constraint functions and the number of 

variables and constraints in the problem [73]. 

Optimization techniques can also be divided into the two categories of local and global 

optimization. In a global optimization problem, a global minimum is a point at which the value 

of the objective function obtains its lowest value. In some optimization problems, it is not 

feasible to find the global minimum due to the complexity of the form of the optimization 

problems and the inherent limitations of minimization techniques. In a local minimum 

optimization problem, the local minimum is a point at which the value of the objective function 

obtains its lowest value among the nearby points, but there is no guarantee that this point 

corresponds to the lowest value of the objective function in the global space of the solutions. 

Compared to global optimization problems, local optimization methods are fast and are widely 

used when globally optimality of the solution is not required [73].  

The most widely used general approach to optimization problems is based on numerical 

methods. In this approach, an initial estimate of the solution is provided to the optimization and 

iterative solutions to the optimization problem are examined. Finally, the process is terminated 

when required convergence criteria are satisfied [74].  

As discussed above, the choice of an appropriate optimization technique to solve an 

optimization problem is governed by the form of the problem, and more specifically the form of 

the objective function and the constraints. Thus, the technique used to solve the optimization 

problem proposed in this work was chosen subsequent to the formation of the problem 

definition. This process will be discussed in more detail in Chapter 3 of this thesis.  
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Appendix E: Model of a Human-Exoskeleton Fall 

Similar to the model of a human fall, a model of a three-link inverted pendulum was used to 

describe the characteristics of a human-exoskeleton fall (Figure  E.1). Characteristics of a 

hypothetical exoskeleton were added to the already existing three-link model of a human, which 

was described in  Appendix A, Section  A.3. The set of governing equations of motion for the 

model of a human-exoskeleton fall, consisting of three nonlinear, second order differential 

equation, are defined in ( E.1).Corresponding descriptions and value of the exoskeleton’s 

parameters are described in Table  E-1. The rest of the parameters in ( E.1) have similar 

descriptions and values as previously defined for the human model ( Appendix A, Section  A.3). It 

was assumed that the length of the thigh, shank, and foot segments of the exoskeleton is equal to 

the corresponding segments of the human body. Also, during the fall, the hip, knee, and the ankle 

joints of the human model have similar values as corresponding joint angles of the exoskeleton 

model.   

 

Figure E.1   Three-link model of a human-exoskeleton fall 
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Table E-1 Characteristics of the exoskeleton model 

Parameter Description Value 

eHATM  Half the mass of the trunk segment (kg) 3.0 

eTHM  Mass of the thigh segment (kg) 2.5 

eSHM  Mass of the shank segment (kg) 0.5 

eHATL  Length of the trunk segment (m) 0.20 

,COM eHATr  Proximal center of mass of the upper extremity as a percent of the trunk length 0.5 

,COM eTHr  Distal center of mass of the thigh segment as a percent of THL  0.5 

,COM eSHr  Distal center of mass of the shank segment as a percent of SHL  0.5 
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Appendix F: Acceleration/Deceleration Time Calculations 

The equations defined in ( F.1) were used to calcultate the acceleration and deceleration time of 

the actuator. Paramters used in the following equations are described in Table  F-1.Additional 

information regarding the calcualtion of the acceleration and deceleration time could be found in 

[69]. 
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 (F.1) 

Table F-1 Parameters used to calculate the acceleration/deceleration time of the actuator 

Parameter Description 

at  Acceleration time (s) 

dt  Deceleration time (s) 

k  Acceleration reduction coefficient 1 to 1.5 

AJ  Actuator inertia moment (kg.m
2
) 

LJ  Load inertia moment (kg.m
2
) 

N  Actuator rotation speed (r/min) 

MT  Maximum actuator torque (Nm) 

FT  Actuator friction torque (Nm) 

LT  Load torque (Nm) 

TK  Torque constant (Nm/A) 

RT  Allowable continuous torque (Nm) 

RI  Allowable continuous current (A) 

 

 


