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Abstract 

 

A Novel Approach to Medical Exoskeleton Stabilization 

 

by 

 

Nicholas James Errico 

 

Doctor of Philosophy in Engineering – Mechanical Engineering 

 

University of California, Berkeley 

 

Professor Homayoon Kazerooni, Chair 

 

 

In the year 2016, it is estimated that 282,000 people were living with a spinal cord injury 

(SCI) in the United States.  Furthermore, it is estimated that 17,000 new SCI cases arise each year 

in the United States.  As a result of their injuries, those affected by SCIs are commonly subjected 

to a plethora of physical, psychological, and financial hardships.  These hardships can be so severe 

that, on average, individuals affected by SCIs experience significantly lower life expectancies than 

those without SCIs.  In an attempt to improve the quality and span of life of individuals with SCIs, 

there has been an increased interest in pursuing technologies such as the exoskeleton - a wearable 

robotic device which provides support and bipedal locomotion for individuals with mobility 

disorders.  Despite the promise of exoskeletons, there are still clear technical inadequacies that 

exist in the field itself.  One of the most glaring inadequacies pertains to user safety and the 

prevention of falls while wearing an exoskeleton.  

 To maintain stability, an exoskeleton user will almost always walk with the assistance of 

crutches.  While the use of crutches clearly provides some degree of stability, crutch usage 

inherently places substantial responsibility on the exoskeleton user to manipulate said crutches 

correctly.  With one small misplacement of the crutches as the prerequisite for an adverse event, 

even the most experienced exoskeleton users run a high risk of falling at all times.  Thus, in the 

opinion of the author, crutches are not an acceptable solution for stable exoskeleton locomotion. 

 In this thesis, the primary objective is to provide locomotion in an exoskeleton with a 

reduced chance of falling (compared to locomotion in an exoskeleton with crutches).  To satisfy 

said objective, an exoskeleton support mechanism (ESM) is proposed by the author.  This thesis 

provides a thorough explanation of the background theory, system architecture, and design 

analysis that went into making the ESM a reality.  Additionally, through a combination of 

experimentation and anecdotal findings (described within), use of the ESM in combination with a 

walker is shown to provide locomotion in an exoskeleton with a reduced chance of falling - thereby 

satisfying the primary objective.  The exoskeleton support mechanism presented in this thesis 

clearly advances the state of the art in medical exoskeleton stabilization while also acting as a 

critical puzzle piece in providing a better quality of life for those affected by spinal cord injuries. 
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Chapter 1: Introduction and Motivation 

1.1 Spinal Cord Injuries and the Human Nervous System 

Every day, human beings rely on the proper function of their nervous system in order to 

interact with their surroundings.  This reliance is twofold, as the nervous system is responsible for 

not only sensation, but also motor control (i.e. muscle activation).  The anatomy of the nervous 

system is often divided into two subsections – the central nervous system (CNS) and the peripheral 

nervous system (PNS).  The CNS includes the brain as well as the spinal cord – an arrangement of 

nervous tissue that is primarily protected by the vertebrae of the spine.  The PNS includes all other 

nervous tissue extending out of the CNS and throughout the body.  For clarity, Figure 1 provides 

an illustration of the human nervous system as well as the distinctions between the CNS and the 

PNS.  To achieve proper sensation and motor control, the nervous system sends a seemingly 

infinite amount of electrical impulses across afferent (from the PNS to the CNS) and efferent (from 

the CNS to the PNS) nerve pathways.  While nervous tissue in various areas of the PNS can exist 

relatively independently of each other (i.e. the nervous tissue in one’s hand has no effect on the 

nervous tissue in one’s foot), almost all electrical impulses eventually interact with the brain – 

thereby requiring said impulses to travel across the CNS in some capacity.  For this reason, the 

CNS can be thought of as a “nerve freeway” – an essential component in the function of the 

nervous system as a whole.  

 From the short discussion above, it should be intuitive that any damage to the CNS can 

cause serious impairment to the nervous system.  An example of such damage is a spinal cord 

injury (SCI), which is medically defined as a lesion to the spinal cord itself [1].  An SCI can be the 

result of a traumatic event (fall, vehicular accident, violence, etc.) or a non-traumatic event (an 

infectious disease, congenital disorder, tumor, etc.) [1] .  Additionally, it is important to note that 

Figure 1: An illustration of the differentiation between the central and peripheral nervous systems [33]. 
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not all SCIs affect the nervous system in the same way – the location of the lesion on the spinal 

cord has a direct relationship to which parts of the body completely or partially lose sensation 

and/or motor control (this complete/partial loss is also known as paralysis).  This lesion location 

is often described based on the vertebra at which the lesion occurs.  For context, Figure 2 shows 

the five main regions of the spine (cervical spine, thoracic spine, lumbar spine, sacrum, and 

coccyx) as well as some expected paralysis regions based on lesion location.  While additional 

classifications do exist, generally speaking, SCIs in the lower vertebral levels often result in 

paraplegia (paralysis of the lower extremities) while SCIs in the higher vertebral levels often result 

in quadriplegia (paralysis of the lower extremities, upper extremities, and torso). 

1.2 The Impact of Spinal Cord Injuries 

In the year 2016, it is estimated that 282,000 people were living with an SCI in the United 

States [2].  Furthermore, it is estimated that 17,000 new SCI cases arise each year in the United 

States [2].  In addition to the aforementioned loss of sensation and/or motor control, it is well 

reported that SCIs often introduce a plethora of physical and psychological comorbidities.  Some 

of the more common comorbidities (in no particular order) include: 

 Osteoporosis (i.e. reduction in bone mass) of skeletal structures affected by an SCI [3], [4] 

 Cardiovascular diseases (and additionally, an increased prevalence of cardiovascular 

disease risk factors such as diabetes, and obesity) [5], [6] 

 Severe muscular atrophy due to inactivity of the musculature affected by an SCI [3], [7] 

Figure 2: The five regions of the spine and their expected paralysis regions [21]. 
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 Spasticity (i.e. involuntary muscular spasms) [3], [8] 

 Renal failure, urinary tract abnormalities, and urinary tract infections [6], [8], [9] 

 Pressure sores due to prolonged sitting [8] 

 Respiratory complications [6], [8] 

 Chronic pain (which is often linked to drug and alcohol abuse) [8], [10] 

 Anxiety, depression, and general dissatisfaction with one’s body image [10] 

 Overuse injuries in the upper extremities due to alternative ambulation methods (i.e. long 

term crutch/wheelchair usage) [11] 

While the above list is not intended to be all-inclusive, it is intended to emphasize the gravity of 

SCIs and the widespread consequences that SCIs have on those affected.  Unfortunately, however, 

physical and psychological comorbidities are not the only obstacles that come along with an SCI.  

Due to all of the aforementioned complications, individuals with SCIs often experience significant 

financial hardship throughout their lives.  Not only does the SCI population as a whole exhibit an 

increase in unemployment post-injury (when compared to employment status pre-injury), but also 

individuals with SCIs accrue substantial lifetime costs (healthcare costs and living expenses) that 

are directly attributable to their SCI [2].  For example, an average paraplegic is estimated to accrue 

over $500,000 in lifetime costs in their first year of injury followed by over $100,000 in lifetime 

costs for each subsequent year [2].  Assuming an injury age of 25, said paraplegic is estimated to 

amass more than $2.3M in lifetime costs [2].  These estimates are even higher for quadriplegics.  

Keep in mind that these estimates do not include indirect costs such as losses in wages.  Overall, 

this combination of physical, psychological, and financial suffering results in individuals affected 

by SCIs having significantly lower life expectancies than those without SCIs [2]. 

In an attempt to increase the life expectancy of individuals with SCIs, researchers have 

spent considerable effort trying to pinpoint solutions to the physical, psychological, and financial 

complications listed above.  One common finding throughout the SCI research community is that 

the sedentary lifestyle led by the majority of individuals with SCIs is directly linked to several of 

the comorbidities listed previously [6], [7].  This inactive lifestyle is largely due to individuals 

with SCIs’ reliance on the wheelchair for locomotion.  Therefore, in an attempt to improve the 

quality and span of life of individuals with SCIs, there has been an increased interest to pursue 

alternative technologies that move away from the sedentary nature of the wheelchair.  This interest 

has led researchers to a new potential solution for locomotion – the exoskeleton. 

1.3 The Rise of the Exoskeleton 

 In the context of this thesis, an exoskeleton is loosely defined as a wearable robotic device 

which provides support and locomotion for individuals with mobility disorders.  While some 

exoskeletons are available commercially, the majority of exoskeletons are still in the research and 

development phases.  To provide the reader with some background, Figure 3 has been provided to 

show a sample of the exoskeletons that are currently in existence. 
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While all of the exoskeletons shown in Figure 3 are intended to provide support and locomotion, 

the specifications of each exoskeleton vary.  For comparison purposes, the specifications important 

to this discussion are listed in Table 1. 

Exoskeleton Manufacturer Weight Cost Number of Powered 

Degrees of Freedom 

Stabilization 

Technique 

EksoGT Ekso Bionics 50lbs $100,000 4 Crutches 

Indego  Parker Hannifin 26lbs $80,000 4 Crutches 

Phoenix suitX 33lbs $40,000 2 Crutches 

ReWalk 6.0 Argo Medical 66lbs $77,000 4 Crutches 

Rex Rex Bionics 84lbs $112,000 10 Software 
Table 1: Specifications of the exoskeletons from Figure 3 [12]–[19]. 

The emergence of exoskeleton technology is promising and exciting for those affected by 

SCIs.  It is clear that exoskeletons promote more activity and movement for their users than the 

wheelchair, and this fact provides hope that exoskeletons can reduce the prevalence of many of 

the SCI-related comorbidities listed previously.  However, due to the relative infancy of the 

technology, there is limited scientific evidence which shows that exoskeletons can help reduce or 

eliminate said comorbidities – the majority of findings are anecdotal in nature.  Nevertheless, as 

time goes on, it is expected that more scientifically sound research will take place that definitively 

identifies the impact of exoskeletons on those affected by SCIs. 

1.4 Unsolved Design Problems in Current Exoskeleton Technologies 

 Despite the promise of exoskeletons as a healthier alternative to the wheelchair, there are 

still clear technical inadequacies that exist in the field itself.  One of the most glaring inadequacies 

pertains to user safety and the prevention of falls while wearing an exoskeleton.  This discussion 

pertains to all crutch-based exoskeletons (i.e. all the exoskeletons shown in Figure 3 except for 

Rex) which do not use some type of software-driven stabilization technique.  Crutch-based 

exoskeletons constitute the large majority of the exoskeleton market, as exoskeletons with 

software-driven stabilization techniques (such as Rex) are generally too expensive to be considered 

feasible solutions for those affected by SCIs. 

Figure 3: A sample of exoskeletons (left to right): EksoGT [18], Indego [34], Phoenix [35], ReWalk 6.0 [36], Rex [37]. 
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 As it stands today, an individual learning to use a crutch-based exoskeleton will almost 

always take their first steps inside a set of parallel bars.  An example of such a situation is shown 

in Figure 4.  With their rigid connection to the ground and oftentimes the accompaniment of a 

front and back human spotter (as shown in Figure 4), parallel bars provide the ideal place for an 

exoskeleton user to learn how to safely operate their device.  However, once an exoskeleton user 

has demonstrated a set level of proficiency inside the parallel bars, he or she is often transitioned 

to crutches (usually forearm crutches).  This transition from the parallel bars to crutches constitutes 

a major increase in responsibility for the exoskeleton user, who now must not only operate an 

exoskeleton, but also manipulate a pair of crutches in order to maintain stability.  With only one 

small misstep or one small misplacement of the crutches as the prerequisite for an adverse event, 

even the most experienced exoskeleton users run a high risk of falling at all times.  Furthermore, 

it is important to note that currently, no exoskeleton has the capability to return its user to an 

upright position after a fall.  This means that anyone who falls in an exoskeleton is completely 

helpless until receiving the assistance of an able-bodied individual. 

 With the current state of exoskeleton stabilization technology, it is clear that there is an 

inverse relationship between stability and mobility.  While extremely stable, the parallel bars 

markedly reduce mobility by constraining exoskeleton users to a very small walking area (i.e. the 

parallel bars do not move with the exoskeleton user – they are fixed to the ground).  Conversely, 

crutches provide virtually unlimited mobility (i.e. they move with the exoskeleton user) but limited 

stability due to the fact that their effectiveness is completely dependent on human decision-

making.  In the opinion of the author, neither the parallel bars nor the crutches are an acceptable 

solution for stable locomotion in an exoskeleton.  What is needed is some new stabilization 

technology which meets at the intersection of the parallel bars and the crutches, thereby providing 

Figure 4: An individual using an exoskeleton inside a set of parallel bars [18]. 
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sufficient support and mobility.  The author believes that such a technology would be a significant 

contribution to the field of exoskeleton stabilization and would serve useful for both rehabilitation 

and in-home exoskeleton use.  This assessment is the author’s underlying motivation for this thesis. 

1.5 Disclaimer on Exoskeleton Usage 

 The work completed in this thesis was performed in the Human Engineering Laboratory 

on the campus of the University of California, Berkeley.  Because the Phoenix exoskeleton was 

designed by previous members of the Human Engineering Laboratory [20]–[23], the Phoenix 

exoskeleton was readily accessible to the author and therefore was the only exoskeleton used to 

construct the findings of this thesis.  The Phoenix exoskeleton is a crutch-based exoskeleton with 

two powered hip joints, two passive (i.e. unpowered) knee joints, and two fixed ankle joints.  

Despite the lack of exoskeleton diversity, the findings of this thesis pertain to any crutch-based 

exoskeleton, thereby making said findings pertinent to the exoskeleton community as a whole 

rather than a singular entity.  
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Chapter 2: Background Theory 
This chapter introduces the thesis objective as well as the background theory necessary to 

understand the work described in this thesis.  However, before the thesis objective is discussed, 

the following two sections introduce and explain specific biomechanical terminology that is 

referenced throughout this thesis. 

2.1 Anatomical Planes 

 In the field of biomechanics, fictitious planes known as anatomical planes are often used 

to divide the human body into various sections.  These planes are as follows: 

 The sagittal plane, which divides the body into left and right sections 

 The frontal plane (also known as the coronal plane), which divides the body into front and 

back sections 

 The transverse plane, which divides the body into top and bottom sections 

For additional clarity, Figure 5 provides a visual of the three aforementioned anatomical planes. 

  

Figure 5: The three anatomical planes which divide the human body [38]. 
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2.2 The Human Gait Cycle 

 Normal human walking (also known as gait) is often characterized via the gait cycle.  

Because human gait is periodic in nature, the gait cycle defines the key points in one period of 

human gait.  For clarity, Figure 6 provides a visual of the human gait cycle.  The gait cycle is 

defined for one leg only (in Figure 6 the gait cycle is defined for the shaded leg) and is broken up 

into two phases – the stance phase (when said leg is contacting the ground) and the swing phase 

(when said leg is not contacting the ground).  The stance phase of the gait cycle begins when the 

heel strikes the ground (this moment is known as “heel strike”) and ends when the toe lifts off the 

ground (this moment is known as “toe off”).  Conversely, the swing phase of the gait cycle begins 

with toe off and ends with heel strike.  One stance phase followed by one swing phase constitutes 

a complete gait cycle, which repeats itself ad nauseam.  Additionally, the instances where both 

legs contact the ground is known as “double stance” while the instances where only one leg 

contacts the ground is known as “single stance”. 

2.3 Thesis Objective 

 The primary objective of this thesis is to provide locomotion in an exoskeleton with a 

reduced chance of falling.  This primary objective can be broken down into two parts: 

1. Providing locomotion in an exoskeleton 

2. Reducing the chance of falling 

In this chapter, both parts of this objective are discussed independently.   

2.4 Providing Locomotion in an Exoskeleton 

 To begin, consider the illustration in Figure 7.  Figure 7 shows a sagittal view of human 

101 in double stance.  Human 101 is able bodied and can walk unassisted.  As human 101 

progresses forward, the back leg of human 101 will lift off the ground (i.e. toe off).  After toe off 

has occurred, human 101 will be in single stance.  In order to achieve a better understanding of 

this forward progression during single stance, it is advantageous to model human 101 as a simple 

Figure 6: The human gait cycle (adapted from [39]). 
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linkage consisting of human torso 103 and human leg 105.  Human torso 103 and human leg 105 

are connected by human hip 107, which is modeled as a rotary joint.  Human leg 105 is also 

connected to the ground via human ankle 109, which is modeled as a rotary joint.  It is assumed 

that human leg 105 includes both the thigh and shank of human 101 and that the knee of human 

leg 105 always maintains complete extension (i.e. human leg 105 is kept perfectly straight 

throughout single stance).  As human 101 contracts specific muscle groups surrounding human 

torso 103 and human leg 105, a torque is produced about human hip 107 which causes human 101 

to rotate about human ankle 109.  From these actions, human 101 progresses along a trajectory 

highlighted by instances A, B, and C – in that order.  This processes is repeated over and over to 

allow human 101 to locomote forward. 

When considering an exoskeleton user, the exoskeleton itself must provide the propulsion 

necessary to allow the user to progress forward.  It cannot be assumed that the exoskeleton user is 

able to contract the required muscle groups to propel themselves forward naturally.  Thus, when 

thinking about providing locomotion in an exoskeleton, the silhouette of human 101 shown in 

Figure 7 can be eliminated and instead the focus can be placed solely on the exoskeleton.  To do 

this, Figure 8 is provided.  Figure 8 shows a linkage identical to that of Figure 7 except now, said 

linkage represents exoskeleton 111 rather than human 101.  Exoskeleton 111 consists of 

exoskeleton torso 113, exoskeleton leg 115, exoskeleton hip 117, and exoskeleton ankle 119.  It is 

important to note that exoskeleton 111 is assumed to be the Phoenix exoskeleton described in 

chapter one. 

 As mentioned previously, the goal is for exoskeleton 111 to progress along the trajectory 

highlighted by instances A, B, and C (in that order) in Figure 8.  To achieve this trajectory, 

exoskeleton 111 must be fully controllable (i.e. the position of each linkage must be deterministic 

at every instant in time).  In order to be fully controllable, exoskeleton 111 must have exactly as 

many powered actuators as it does degrees of freedom (DOFs).  If exoskeleton 111 has less 

Figure 7: A sagittal view of a human in double stance. 
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powered actuators than it does DOFs, exoskeleton 111 cannot be fully controllable and it cannot 

be guaranteed that exoskeleton 111 will progress along the desired trajectory. 

 To calculate the DOFs in exoskeleton 111, the planar version of Kutzbach’s modification 

of Gruebler’s equation for calculating DOFs is used.  The equation is: 

 𝐷𝑂𝐹 = 3(𝐿 − 1) − 2𝐽1 − 𝐽2 (1) 

In Equation (1), 𝐷𝑂𝐹 is the number of DOFs that the linkage possesses, 𝐿 is the number of links 

in the linkage, 𝐽1 is the number of constraints on the linkage that constrain two DOFs (e.g. a typical 

pin or slider joint), and 𝐽2 is the number of constraints on the linkage that constrain one DOF (e.g. 

a pin joint constrained to move in a slot) [24].  For exoskeleton 111 as shown in Figure 8, simple 

inspection reveals that 𝐿 = 3 (remember that the ground is counted as a link), 𝐽1 = 2 (the two pin 

joints which represent exoskeleton hip 117 and exoskeleton ankle 119), and 𝐽2 = 0 (there are no 

constraints which constrain only one DOF).  Plugging these values into the planar version of 

Kutzbach’s modification of Gruebler’s equation yields: 

 𝐷𝑂𝐹 = 3(3 − 1) − (2 ∙ 2) − 0 = 2 (2) 

The results of Equation (2) tell us that two DOFs are needed in the planar linkage of exoskeleton 

111 in order to make exoskeleton 111 fully controllable.  However, previous descriptions of the 

Phoenix exoskeleton should remind the reader that there is no powered actuation at exoskeleton 

ankle 119 and that the only powered actuation exists at exoskeleton hip 117.  Therefore, in the 

embodiment shown in Figure 8, exoskeleton 111 is not fully controllable and it cannot be 

guaranteed that exoskeleton 111 will progress along the desired trajectory.  Intuition from the 

planar version of Kutzbach’s modification of Gruebler’s equation reveals that two feasible options 

exist to make exoskeleton 111 fully controllable: 

1. Add an additional powered actuator at exoskeleton ankle 119 

2. Apply more constraints on exoskeleton 111 such that only one powered actuator is required 

to make exoskeleton 111 fully controllable 

Figure 8: A sagittal view of a linkage representing an exoskeleton. 
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Because adding a powered actuator would not only increase the cost but also increase the 

complexity of exoskeleton 111, it is more desirable to focus on adding more constraints such that 

one powered actuator (exoskeleton hip 117) will suffice to make exoskeleton 111 fully controllable 

(in a planar sense). 

 Now, consider the illustration in Figure 9.  Figure 9 also shows an embodiment of 

exoskeleton 111 attempting to progress along a trajectory highlighted by instances A, B, and C.  

However, in Figure 9, exoskeleton 111 is now constrained by constraint 121.  Constraint 121 is a 

2-DOF sliding joint that constrains only the orientation of exoskeleton torso 113.  Thus, constraint 

121 only constrains one DOF (orientation), thereby making it a 𝐽2 constraint in Kutzbach’s 

modification of Gruebler’s equation.  Returning to said equation with the addition of constraint 

121 (i.e. 𝐽2 = 1) yields the following calculation: 

 𝐷𝑂𝐹 = 3(3 − 1) − (2 ∙ 2) − 1 = 1 (3) 

Thus, it is learned that the addition of constraint 121 reduces the number of DOFs in exoskeleton 

111 to one.  Now, exoskeleton 111 is fully controllable and the position of each linkage is 

deterministic at every instant in time with only one powered actuator (exoskeleton hip 117).  This 

means it is now possible for exoskeleton 111 to progress along the trajectory highlighted by 

instances A, B, and C – as shown in Figure 9. 

 While the discussion above is highly simplified and treats a complex exoskeleton as a 

simple 3-bar mechanism, it does provide critical insight into the topic of exoskeleton locomotion.  

In simple terms, this discussion reveals that forward locomotion is possible in the Phoenix 

exoskeleton as long as the orientation of the exoskeleton torso is constrained in the sagittal plane.  

Currently, users of the Phoenix exoskeleton achieve this constraint on torso orientation by leaning 

forward on their crutches (this prevents their torso from rotating about their hip joint).  However, 

future discussions will explore alternative options to achieve this constraint on torso orientation.  

For now, it is important that the reader remember the above revelation, as it is a cornerstone upon 

which the entire thesis is built.  

Figure 9: The linkage of Figure 8 with an added orientation constraint. 
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2.5 Reducing the Chance of Falling in an Exoskeleton 

 To reduce the chance of falling in an exoskeleton, one must first have some method to 

quantify whether or not a fall will occur.  In this section, such a method is provided with the help 

of various works from McGhee and Karčnik.  It should be assumed that this section applies to all 

crutch-based exoskeletons (i.e. exoskeletons that rely on crutches for stabilization rather than a 

more complex control algorithm). 

 First, consider normal exoskeleton usage.  To support themselves, an exoskeleton user 

makes use of not only their two legs, but also two crutches.  Thus, an exoskeleton user makes four 

separate contacts with the ground (two with their legs and two with their crutches) during 

operation.  Because of this, it is fair to approximate an exoskeleton user as a quadruped.  With this 

approximation in effect, it is useful to highlight McGhee’s work, which begins by defining an 

“ideal legged locomotion machine” (ILLM): 

“An ideal legged locomotion machine is a rigid body to which are attached a specified number, 

n, of massless legs.  The length of each leg is arbitrarily controllable.  Each leg contacts the 

supporting surface at a point and can exert an arbitrary force directed into this surface.  

Arbitrary moments can be applied to the body by any leg subject only to the constraint that no 

moment be applied to the supporting surface at any leg contact point” [25]. 

McGhee’s proposed ILLM is assumed to walk along a flat horizontal plane.  This plane is called 

the “support plane”.  From this, McGhee defines a “support pattern”: 

“The support pattern associated with any phase of a given gait of an ideal legged locomotion 

machine is the minimum area convex point set in the support plane such that all of the leg 

contact points are contained” [25]. 

With these two definitions in mind, McGhee is able to provide specific criteria that, when met, 

will theoretically ensure that an ILLM will never fall.  This ability for an ILLM to never fall is 

defined by McGhee as “static stability” [25].  McGhee considers an ILLM to be statically stable if 

and only if said machine can reduce its translational and rotational velocities to zero at any instant 

in time, without altering the number of legs that currently exist on the support plane at that instant 

in time.  In simple terms, a machine is statically stable by McGhee’s definition if and only if at 

any instant in time, the machine can “freeze” in place and does not need to quickly place one or 

more additional legs down on the support plane to prevent a fall.  Now that McGhee’s definition 

of static stability is understood, the specific criteria (as described by McGhee) to ensure static 

stability in an ILLM can be stated in the following theorem: 

“An ideal legged locomotion machine supported by a stationary horizontal plane surface is 

statically stable at time t if and only if the vertical projection of the center of gravity of the 

machine onto the supporting surface lies within its support pattern at the given time” [25]. 

McGhee’s theorem for static stability of an ILLM is yet another cornerstone upon which 

this thesis is built.  Thus, it is meaningful to derive this theorem in a straightforward manner.  To 

begin, consider the illustration shown in Figure 10.  Figure 10 shows human 123 standing with the 

assistance of forearm crutches.  Per McGhee’s work, human 123 is approximated as an ILLM with 

four legs.  Furthermore, at this instant in time, human 123 has created support pattern 133 in the 

support plane (i.e. the ground plane).  Support pattern 133 is a quadrilateral defined by left foot 
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125, right foot 127, right crutch tip 129, and left crutch tip 131.  At other instances in time, the 

shape of support pattern 133 could change.  For example, support pattern 133 would become 

triangular in shape if one (and only one) of the supports was removed from the support plane.  

Human 123 possesses center of gravity 135 which can be projected vertically onto the supporting 

plane.  This is known as vertical projection 137.  It should be intuitive that vertical projection 137 

can move about the support plane and lie inside or outside of support pattern 133 depending on 

where human 123 decides to move their body. 

 To continue with this derivation, consider Figure 11.  Figure 11 shows an alternative view 

of support pattern 133.  Instead of showing human 123 and the corresponding feet/crutch tips, 

Figure 11 shows the ground reaction forces (GRFs) acting on the feet/crutch tips of human 123.  

To clarify - GRF 139 acts on left foot 125, GRF 141 acts on right foot 127, GRF 143 acts on right 

crutch tip 129, and GRF 145 acts on left crutch tip 131.  From a basic understanding of free body 

diagrams, it should be intuitive that a gravitational force acts on human 123 at center of gravity 

135.  Figure 11 also shows the vertical projection of human 123’s gravitational force onto the 

support plane as gravitational projection 147.  Gravitational projection 147 acts at vertical 

projection 137 – which, in Figure 11, is outside support pattern 133.  Additionally, axis 151 is 

arbitrarily drawn in Figure 11 such that it exists solely in the support plane and intersects at least 

one leg contact point (in this case it intersects with right crutch tip 129’s contact point).  Because 

gravitational projection 147 acts on the side of axis 151 opposite to GRFs 139, 141, 143, and 145, 

tipping moment 149 is induced on human 123.  Because of McGhee’s assumption about the legs 

of an ILLM (i.e. no leg is able to apply a moment to the supporting surface), there are no other 

Figure 10: A human standing with crutches (adapted from [26]). 
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moments that can be applied by human 123 to counteract this tipping moment.  Thus, in the view 

of Figure 11, human 123 would be defined as statically unstable and would tip over (assuming 

human 123 does not alter the location of either vertical projection 137 or support pattern 133. 

 From inspection of Figure 11, it should be clear that axis 151 was arbitrarily chosen to 

prove the point in the previous paragraph.  In fact, as it pertains to Figure 11, there are infinite axes 

which pass through at least one leg contact point that would have proven the point stated above.  

When considering these axes, it should be apparent that these axes are the set of all axes tangent 

to support pattern 133 at a given instant in time.  Thus, as long as vertical projection 137 stays 

inside of support pattern 133, human 123 will be statically stable.  This means that human 123 will 

be able to reduce their translational and rotational velocities to zero without having to take a 

“correction step” and alter their support pattern 133.  This derivation assumes human 123 is 

moving at reasonably slow speeds (i.e. inertial forces/moments are irrelevant) and is not being 

perturbed by any externally applied forces or moments.  Thus, McGhee’s theorem is proven. 

 While McGhee’s theorem provides a delineation between static stability and static 

instability for ILLMs, McGhee’s theorem is inherently binary.  In other words, McGhee’s theorem 

simply reveals whether or not an ILLM is statically stable at a given instant in time and does not 

provide any way to quantify how statically stable/unstable an ILLM is compared to another 

situation.  Luckily, Karčnik elaborates on McGhee’s work to provide a “Relative Static Stability 

Index” (RSSI) [26]–[29].  Karčnik’s RSSI is useful because it provides a way to quantify static 

stability (or static instability). 

 To understand Karčnik’s RSSI, consider Figure 12.  Figure 12 shows, yet again, another 

view of support pattern 133 created by human 123.  Support pattern 133 is created by left foot 125, 

right foot 127, right crutch tip 129, and left crutch tip 131.  Additionally, vertical projection 137 is 

shown to be inside of support pattern 133.  From McGhee’s work, it is immediately apparent that 

human 123 is statically stable at the instant of time represented in Figure 12.  Finally, arrow 153 

shows the general direction of progression of human 123 as human 123 attempts to walk forward. 

 Once vertical projection 137 and arrow 153 are specified, Karčnik draws a line through 

vertical projection 137 such that it is collinear with arrow 153.  The intersection of said line with 

Figure 11: The forces acting on the human of Figure 10 superimposed on the support plane. 
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the front-most edge of support pattern 133 is called Leading Stability Edge Point 155, or LSE 155.  

The intersection of said line with the back-most edge of support pattern 133 is called Trailing 

Stability Edge Point 157, or TSE 157.  The midpoint along said line between LSE 155 and TSE 

157 is known as Center of Stability Area 159, or CS 159.  With these definitions in mind, it is now 

possible to define Karčnik’s RSSI as such: 

 𝑅𝑆𝑆𝐼 =
𝑑(𝑉𝑃, 𝐶𝑆)

|𝑑(𝑇𝑆𝐸, 𝐿𝑆𝐸)| 2⁄
 (4) 

In Equation (4), 𝑑 denotes the distance between the points in parentheses.  The abbreviation 𝑉𝑃 

represents vertical projection 137.  Consideration of Equation (4) reveals that an ILLM is statically 

stable if and only if 𝑅𝑆𝑆𝐼 ∈ [−1,1] and an ILLM is maximally statically stable when 𝑅𝑆𝑆𝐼 = 0 

(i.e. when vertical projection 137 is coincident with CS 159).  Thanks to McGhee and Karčnik, it 

is now possible to not only determine static stability, but also quantify static stability. 

How does the works of McGhee and Karčnik relate to reducing the chance of falling in an 

exoskeleton?  As mentioned previously, an exoskeleton user can be approximated as a quadruped 

walking at slow speeds, thereby making McGhee and Karčnik’s work relevant.  However, more 

consideration into reducing the chance of falling is necessary.  To ensure that the chance of falling 

in an exoskeleton goes down, one must look at the sequence of support patterns that a normal 

exoskeleton user undergoes throughout the walking cycle. 

 To help prove this point further, consider an individual walking in a crutch-based 

exoskeleton.  Regardless of the order in which said individual moves their legs/crutch tips, there 

will inevitably be points in the gait cycle where one exoskeleton leg will be in the swing phase and 

the other exoskeleton leg will be in the stance phase.  This situation is depicted in Figure 13.  Figure 

13 shows the same support pattern created by human 123 except said support pattern is now broken 

up into two sections – support pattern section 161 (denoted by a solid area) and support pattern 

section 163 (denoted by a hashed area).  Together, support pattern section 161 and support pattern 

Figure 12: A support pattern which highlights the necessary components for 

calculating Karčnik’s relative static stability index (RSSI). 
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section 163 constitute support pattern 133 (shown in Figure 12).  Figure 13 also shows arrow 153, 

which identifies the direction of progression of human 123.  Vertical projection 137 is shown as 

well.  In Figure 12, vertical projection 137 was shown to be more centralized between feet 125/127 

and crutch tips 129/131.  However, when considering a human that is standing mostly upright, the 

center of gravity of said human will fall much closer to their feet than any crutches being used (as 

opposed to natural quadrupeds such as dogs and cats who will have a center of gravity more evenly 

distributed between their front and back legs).  For this reason, vertical projection 137 has been 

moved towards the back of the support pattern in Figure 13 to provide a more realistic analysis.  

When considering an exoskeleton user with all feet and crutch tips on the ground, it should be 

clear that the support pattern will constitute the combination of sections 161 and 163 and, assuming 

slow speeds and no perturbations, human 123 will be statically stable.  However, when human 123 

decides to swing exoskeleton leg 127, section 163 is immediately removed from the support pattern 

and the support pattern changes from a quadrilateral to a triangle.  This triangle is equivalent to 

section 161.  Because vertical projection 137 is set so far back in the support pattern, it is possible 

that a simple swinging of the leg may cause vertical projection 137 to be outside of the new support 

pattern (section 161), thereby causing immediate static instability.  Clearly, this is a problem for 

exoskeleton users. 

 Analysis of the problem described above reveals that, with current crutch-based 

exoskeletons, the exoskeleton legs and crutches completely determine the support pattern (which 

ultimately sets the conditions for static stability).  While this analysis may seem extremely obvious, 

it exposes the fact that currently, the support pattern is completely dependent on human decisions.  

While it is possible that a highly experienced exoskeleton user may make smart choices in 

crutch/leg placement that optimizes their support pattern and maximizes static stability, a novice 

exoskeleton user may not be able to make these critical placement decisions in real time.  

Furthermore, regardless of experience, there will always be a potential for human error to occur as 

long as humans are the ones controlling leg/crutch placement.  The issue of ensuring a proper 

support pattern to maintain static stability at all times is vital to the safety of exoskeleton users.  

Figure 13: A bisected version of the support pattern in Figure 12, which is intended to 
demonstrate the changing in shape of said support pattern during leg swing. 
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Without this assurance, it is possible that an exoskeleton user could fall – potentially leading to 

catastrophic injuries. 

 To solve this problem, it is proposed that exoskeleton designers take the support pattern 

decision making process into their own hands and instead design a support structure that removes 

human decision making altogether.  In other words, this newly proposed structure contacts the 

support plane in specific locations such that leg/crutch (if there are even crutches involved in this 

new idea) placement is completely independent of the exoskeleton user’s support pattern at all 

times.  In this thesis, this concept of a “support structure” is implemented with the help of a 

posterior walker. 

 Consider the illustration in Figure 14.  Figure 14 shows human 165 standing inside of 

walker 167.  For now, assume that human 165 is attached to walker 167 in some way (attachment 

methods are irrelevant for now and will be discussed in much greater depth later in this thesis).  

Walker 167 consists of four wheels – two of which are always behind human 165 and two of which 

are always in front of human 165.  Because human 165 and walker 167 are connected, the 

combination of human 165 and walker 167 can be approximated as an ILLM with six legs (human 

165’s two legs as well as walker 167’s four wheels).  Per McGhee’s definition of a support pattern 

as “the minimum area convex point set in the support plane such that all of the leg contact points 

are included”, the support pattern for the combination of human 165 and walker 167 is support 

pattern 169, as shown in Figure 14. 

Figure 14: A human who is rigidly attached to the inside of a walker. 
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 When comparing Figure 10 and Figure 14, it should be obvious that both figures show 

support patterns that are quadrilateral in shape.  However, support pattern 133 in Figure 10 is 

defined by left foot 125, right foot 127, right crutch tip 129, and left crutch tip 131 whereas support 

pattern 169 is defined by the four wheels of walker 167.  Thus, support pattern 169 is completely 

independent of human 165’s legs.  No matter how human 165 decides to move their legs, they will 

always be statically stable – assuming a rigid connection exists between human 165 and walker 

167 and that human 165 is moving at slow speeds.  Additionally, because human 165’s center of 

gravity sits roughly in the middle of 167, not only is human 165 statically stable, but also the 

absolute value of human 165’s RSSI value is low (remember, per Karčnik’s work, an RSSI value 

of zero corresponds to maximum static stability). 

2.6 Thesis Contributions and Underlying Hypothesis 

  From the above section, it is hypothesized that in order to accomplish the thesis objective, 

a mechanism must be designed which connects to an exoskeleton user and constrains the 

orientation of the exoskeleton torso in the sagittal plane during walking.  Furthermore, said 

mechanism must connect not only to an exoskeleton user, but also to a walker which guarantees 

static stability by providing a support pattern that is independent of exoskeleton leg placement at 

all instances of time.  Succinctly, the underlying hypothesis of this thesis is as follows: 

A mechanism which constrains the orientation of an exoskeleton torso in the sagittal plane 

during walking and is connected to a walker which guarantees static stability at all times will 

allow for locomotion with a reduced chance of falling. 

In the sections to follow, a mechanism is described which attempts to meet the conditions of the 

mechanism proposed in the underlying hypothesis and ultimately satisfy the thesis objective.  This 

mechanism was conceived, designed, and tested by the author.  Furthermore, said mechanism 

represents the author’s contributions to this thesis.  
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Chapter 3: System Architecture 
 Although the author envisions numerous mechanisms which could fit the description of the 

mechanism proposed in the underlying hypothesis, all candidate mechanisms must share a specific 

set of essential properties.  In this chapter, the author reveals these essential properties.  

Additionally, a detailed description of the mechanism embodiment selected by the author is 

provided.  This specific mechanism embodiment constitutes the author’s thesis contribution. 

3.1 Essential Mechanism Properties 

 Figure 15 shows an embodiment of walker 167.  For the discussions in this thesis, it is 

assumed that all wheels of walker 167 are always contacting level ground plane 171.  Figure 15 

also shows plane 173 which divides walker 167 into equal portions and is orthogonal to plane 171.  

For the discussions in this thesis, it is assumed that walker 167 only moves along the direction of 

arrow 175, which exists in plane 173 and is parallel to plane 171. 

 Figure 16 shows two embodiments of human 165 positioned inside walker 167.  In Figure 

16a, human 165 is standing upright.  In Figure 16b, human 165 is standing with a slight amount of 

hip flexion (in the sagittal plane).  In both embodiments of Figure 16, two anatomical planes are 

defined which are unique to this discussion.  The first is plane 177.  Plane 177 is fixed to human 

165 and divides only the head, arms, and trunk of human 165 into ventral and dorsal portions.  

Arrow 179 is also shown in both embodiments of Figure 16 and is defined as normal to plane 177 

at all times.  The second plane is plane 181, which is orthogonal to plane 177 at all times and 

divides human 165 into superior and inferior portions.  In Figure 16a, it should be clear that planes 

177 and 181 are coincident with the frontal and transverse planes of human 165, respectively.  

However, it is important to note that plane 177 is not the frontal plane of human 165 nor is plane 

181 the transverse plane of human 165.  The distinction between plane 177 and the frontal plane 

Figure 15: A walker on level ground. 
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as well as plane 181 and the transverse plane can be seen in Figure 16b.  In Figure 16b, it is unclear 

where the frontal and transverse planes of human 165 lie because human 165 is not standing 

perfectly straight in the sagittal plane (see Figure 5 for a refresher on the definition of the three 

major anatomical planes).  Planes 177 and 181, however, are well defined regardless of any hip 

flexion or hip extension of human 165. 

Figure 18 shows the most general form of the author’s thesis contribution, exoskeleton support 

mechanism (ESM) 183.  In its most general form, ESM 183 consists of three main components: 

1. Walker connection feature 185, which rigidly connects walker 167 to ESM 183 

2. Exoskeleton connection feature 187, which rigidly connects human 165 to ESM 183 

3. Mechanism 189, which possesses numerous degrees of freedom and is connected to both 

walker connection feature 185 and exoskeleton connection feature 187 

Due to the numerous degrees of freedom in mechanism 189, exoskeleton connection feature 187 

(and, by definition, human 165) is able to move relative to walker connection feature 185 (and, by 

definition, walker 167).  For clarity, Figure 17 shows two sagittal views of human 165 during use 

of ESM 183.  In both views, arrow 179 (which is defined in Figure 16 as normal to plane 177 at 

all times) is shown. 

It is possible for ESM 183 to have various different embodiments.  The embodiment of 

ESM 183 shown in Figure 18 and Figure 17 is for illustrational purposes and is only meant to 

represent the plethora of possible embodiments.  Despite the wide range of embodiments ESM 

183 can have, all embodiments of ESM 183 must possess a specific set of essential properties.  

These properties are characterized in the following text: 

When the sagittal plane of human 165 is parallel with plane 173, all motion (i.e. translation and 

rotation) of human 165 in plane 177 must be allowed.  Additionally, when the sagittal plane of 

human 165 is parallel with plane 173, rotation of human 165 in the sagittal plane and 

translation of human 165 along the direction of arrow 179 must be constrained. 

Figure 16: Two new anatomical planes which are unique to the discussions of this thesis. 
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In conclusion, any mechanism which satisfies the above statement will fit the description of the 

mechanism proposed in the underlying hypothesis.  In the section to follow, the author introduces 

the specific embodiment of ESM 183 chosen and explains its design in detail.  The author also re-

references the above set of essential properties in an attempt to provide further clarity as to how 

said essential properties relate to the mechanism proposed in the underlying hypothesis. 

Figure 17: Sagittal views of the generic form of the ESM. 

Figure 18: A general form of the exoskeleton support 
mechanism (ESM). 
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3.2 Design Overview 

 In this section, the author’s embodiment of ESM 183 is described.  The selected 

embodiment is a four degree of freedom mechanism, which is illustrated in Figure 19.  Figure 19 

shows ESM 183 and its three main components (as defined in the previous section) - walker 

connection feature 185, exoskeleton connection feature 187, and mechanism 189.  Figure 19 also 

shows human 165 standing inside of walker 167.  Human 165 is assumed to be wearing an 

exoskeleton.  For simplicity of the illustration, only exoskeleton spine 171, exoskeleton battery 

173, and exoskeleton control board 175 are shown.  In reality, human 165 would be firmly 

connected to an exoskeleton (and by extension, ESM 183) via some form of strapping.  In the 

subsections to follow the design of each component of ESM 183 will be explained. 

3.2.1 Component 1 - Walker Connection Feature 

Walker connection feature 185 connects ESM 183 to walker 167.  Figure 20 shows the 

chosen embodiment of walker connection feature 185.  It is important to note that Figure 20 is a 

simplified illustration of walker connection feature 185.  In reality, human 165, the exoskeleton 

worn by human 165, and the rest of ESM 183 would all be visible in Figure 20.  However, in order 

to focus solely on walker connection feature 185, the aforementioned components have been 

removed from Figure 20.  The base components of walker connection feature 185 are component 

197 and component 199 – each of which exist on opposite sides of walker 167.  Component 199 

is connected to pins 201, which are pressed into component 199.  By guiding pins 201 into holes 

203, component 199 can be moved toward component 197.  Additionally, inserts 205 are attached 

Figure 19: The author’s chosen embodiment of the ESM. 



23 

to components 197 and 199 (insert 205 on component 199 is not labeled in Figure 20 as it cannot 

be well seen from this view) to ensure solid contact between walker connection feature 185 and 

walker 167.  Inserts 205 are designed with contoured faces identical to that of walker 167’s cross 

section.  Once components 197 and 199 are aligned via pins 201, knobs 207 can be screwed into 

threaded holes 209 on component 197 and tightened by hand.  This tightening allows inserts 205 

to clamp firmly around walker 167.  For future discussions, it is also worth noting that component 

197 is also connected via fasteners to component 211.  For all intents and purposes, components 

211 and 197 can be treated as the same body. 

Figure 21 shows an alternative view of walker connection feature 185.  In Figure 21, 

component 199 and component 211 are shown.  Components 199 and 211 are aligned via pins 201 

and are clamped together via the hand tightening of knobs 207.  As mentioned earlier, the actual 

contact between walker connection feature 185 and walker 167 occurs via inserts 205.  Figure 21 

provides a cross sectional view of inserts 205 and walker 167.  From Figure 21, it should be clear 

that the contacting face of inserts 205 are contoured to match the cross sectional shape of walker 

167 exactly.  This match in shape between inserts 205 and the cross section of walker 167 allows 

for a rigid connection between walker 167 and walker connection feature 185. 

It is important to note, however, that ESM 183 (and in particular, walker connection feature 

185) is designed to be compatible with walkers of all shapes and sizes.  This is done by designing 

custom inserts 205 for each walker 167 that is desired for use.  Thus, inserts 205 must be easily 

interchangeable in order to attach ESM 185 quickly from one walker to the next.  To do this, 

Figure 20: The author’s chosen embodiment of the walker connection feature. 
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components 197 and 199 are designed such that inserts 205 can easily slide in and out of said 

components.  On both sides of component 199 (only the front side is shown in Figure 21 but the 

same design applies to the back side of component 199), component 213 is attached to component 

199 via fasteners 215.  Fasteners 215 serve not only to attach component 213 to 199, but also 

fasteners 215 constrain component 213 to move only up and down relative to component 199.  

Assuming walker connection feature 185 is always in the orientation shown in Figure 21 and 

assuming gravitational acceleration always acts downwards, component 213 naturally rests as 

shown in Figure 21, thereby preventing insert 205 from sliding out of component 199 

unintentionally (which could lead to catastrophic failure of ESM 183).  Only through manual 

movement of component 213 can insert 205 be removed from component 199.  The same 

constraint method of insert 205 applies to the back side of component 197 (component 197 can be 

seen in Figure 20).  However, component 205 is prevented from sliding out the front side of 

component 197 via the presence of component 211, which is rigidly attached to component 197 

via fasteners.  Once knobs 207 are hand tightened, compressive forces bind inserts 205 to 

components 197 and 199, essentially making components 213 act as secondary locking features.  

Components 213 only serve a purpose for the swapping of inserts 205 when ESM 183 is not in 

use.  This simple design allows ESM 183 to be easily used amongst any walker regardless of shape.  

It should also be noted that walker connection feature 185 requires no use of tools, thereby making 

this feature easy to use for any individual. 

3.2.2 Component 2 - Exoskeleton Connection Feature 

 Exoskeleton connection feature 187 connects ESM 183 to the exoskeleton being worn by 

human 165.  Figure 22 provides an embodiment of exoskeleton connection feature 187.  It is 

important to note that Figure 22 is a simplified illustration of the real exoskeleton connection 

Figure 21: An alternative view of the walker connection feature. 
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feature 187.  In reality, human 165, walker 167, and the rest of ESM 183 would all be visible in 

this figure.  However, in order to focus solely on exoskeleton connection feature 187, the 

aforementioned elements have been removed from Figure 22.  Exoskeleton spine 191, exoskeleton 

battery 193, and exoskeleton control board 195 are shown in Figure 22 to assist the reader in 

understanding the functionality of exoskeleton connection feature 187. 

The main elements of exoskeleton connection feature 187 are components 217 and 219.  

Note that there are two components 219 – both attached to exoskeleton spine 191 and each on 

opposite sides of exoskeleton battery 193.  On each side of component 217 lies pin 221.  Pins 221 

are pressed into component 217 and face components 219, which both have holes 223 that pins 

221 can slide into.  This interface between pins 221 and holes 223 comprise the actual connection 

of exoskeleton connection feature 187.  By guiding component 217 such that pins 221 align with 

holes 223, an individual can connect the entirety of ESM 183 to the exoskeleton worn by human 

165. 

To ensure that component 217 cannot separate from components 219 after pins 221 are 

aligned in holes 223, a snap fit mechanism was incorporated into exoskeleton connection feature 

187.  In particular, a non-releasing trap snap fit mechanism was selected due to its load bearing 

capabilities and optimal failure mode (more on this later) [30].  Two non-releasing trap snap fit 

mechanisms were used – one on each side of exoskeleton connection feature 187. 

The functionality of the non-releasing trap snap fit mechanism can be seen in Figure 23 

and Figure 24.  Figure 23 shows a simplified embodiment of one side of exoskeleton connection 

feature 187 (remember that in reality these features exist on both sides of exoskeleton connection 

feature 187 – only one side is being shown for simplicity).  In Figure 23, component 217 is shown 

Figure 22: The author’s chosen embodiment of the exoskeleton connection feature. 
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with pin 221 pressed into component 217.  Component 217 is also attached to non-releasing trap 

225 – which is connected to component 217 via pin 227.  The axis of pin 227 extends into and out 

of Figure 23.  Thus, non-releasing trap 225 has the ability to rotate relative to component 217 about 

the axis of pin 227.  However, said rotation is controlled via torsional spring 229 – which is 

constrained to sit inside non-releasing trap 225 and is concentric to the axis of pin 227.  Due to the 

preload of torsional spring 229, in its assembled state, non-releasing trap 225 sits such that trap 

section 231 of non-releasing trap 225 rises above cavity 233 in component 217. 

To connect component 217 with component 219, component 217 is moved along the 

direction of arrow 235 and component 219 is moved along the direction of arrow 237 until pin 221 

aligns with hole 223.  In order for the non-releasing trap snap fit mechanism to work properly, it 

is imperative that pins 221 contact holes 223 before component 217 contacts components 219.  

The reader should remember that in reality, there are two pins 221 and two holes 223 in 

exoskeleton connection feature 187.  Thus, if both pins 221 and both holes 223 align together, 

component 217 and components 219 are reduced to a one degree of freedom system.  In other 

words, once the alignment of pins 221 and holes 223 occurs, component 217 and components 219 

can only slide along the direction of the axes of pins 221.  This reduction in degrees of freedom 

forces face 239 of component 219 to attempt to slide over trap section 231 as components 217 and 

219 are brought together.  As a result, non-releasing trap 225 is forced to rotate about the axis of 

pin 227 such that trap section 231 is lowered into cavity 233. 

 Figure 24 shows an embodiment of exoskeleton connection feature 187 when components 

217 and 219 have been fully connected.  Recall from Figure 23 that as face 239 of component 219 

slides over trap section 231, non-releasing trap 225 rotates about the axis of pin 227 such that trap 

section 231 is lowered into cavity 233.  Once face 239 has completely passed over trap section 

231, non-releasing trap 225 now sits directly under cavity 241 of component 219.  Due to the open 

space created by cavity 241 and the preload of torsional spring 229, non-releasing trap 225 rotates 

back to its original position as seen in Figure 23.  Once this happens, components 217 and 219 are 

Figure 23: A simplifcation of the exoskeleton connection feature in its disconnected state. 
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completely locked together.  Any attempt to separate the two will result in trap section 231 

contacting a wall of cavity 241, thereby preventing any linear motion between components 217 

and 219.  Thus, the embodiment of Figure 24 represents the configuration where ESM 183 has 

successfully been attached to the exoskeleton of human 165. 

In order to release ESM 183 from the exoskeleton of human 165, non-releasing trap 225 

must be rotated about pin 227 such that trap section 231 is lowered back into cavity 233.  This 

motion will allow parts 217 and 219 to slide away from each other until pins 221 are fully removed 

from holes 223.  The only way trap section 231 can be lowered back into cavity 233 is if the lower 

portion of non-releasing trap 225 (i.e. the only part of non-releasing trap 225 that is exposed in 

Figure 24) is manually manipulated such that a counter-clockwise torque is provided on non-

releasing trap 225 about the axis of pin 227.  Without this manual input from a user, exoskeleton 

connection feature 187 will never separate (hence the origin of the phrase “non-releasing”) [30]. 

Aside from its non-releasing properties, there are two main advantages to the non-releasing 

snap-fit mechanism implemented in exoskeleton connection feature 187.  The first advantage is 

that connection and disconnection of components 217 and 219 require no tools, thereby making 

the connection process possible for any user.  The second advantage is that trap snap fit 

mechanisms in general are optimal for load bearing applications.  It should be intuitive that human 

165 (who is of considerable weight) is ultimately attached to components 219.  Additionally, it 

should be intuitive that ESM 183 is ultimately attached to component 217 and is responsible for 

supporting human 165.  In order to guarantee this support, exoskeleton connection feature 187 

must be able to support the weight of human 165.  Simple inspection of Figure 24 shows that under 

a load-bearing scenario, components 217 and 219 are going to want to be drawn apart from each 

other, thereby placing significant load on trap section 231 of non-releasing trap 225.  However, 

Figure 24: A simplifcation of the exoskeleton connection feature in its connected state. 
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this load is compressive in nature, making buckling the primary failure mode for non-releasing 

trap 225.  Buckling is an ideal failure mode for load bearing applications due to its compressive 

nature (compared to tension-based failure modes such as beam bending) [30].  Thus, the non-

releasing snap fit mechanism is an ideal choice for exoskeleton connection feature 187. 

3.2.3 Component 3 – Mechanism 

As mentioned previously, the author’s embodiment of ESM 183 allows for four 

independent degrees of freedom to exist between human 165 and walker 167.  Mechanism 189 is 

the part of ESM 183 which provides said degrees of freedom.   

Figure 25 shows the author’s embodiment of mechanism 189 where it is assumed that 

component 243 cannot move relative to walker 167 (the justification for this assumption will be 

provided in the following subsection).  Attached to component 243 are components 245 and 247 

– which rotate about axes 249 and 251 respectively.  Component 253 is assumed to be a low 

friction material which allows for smooth rotation of components 245 and 247.  Attached to 

components 245 and 247 are components 255 and 257, respectively.  Components 255 and 257 

also rotate about axes parallel to axes 249 and 251.  Additionally, components 255 and 257 both 

connect to component 259.  Component 259 is connected to component 217 (more information on 

this particular connection will be described in ensuing paragraphs), which, from the previous 

subsection on exoskeleton mechanism 187, is known to ultimately connect to human 165.  

Together, components 243, 245, 247, 255, 257, and 259 make up a six bar mechanism which 

allows component 259 (and ultimately human 165) to have three independent degrees of freedom 

relative to component 243 (and ultimately walker 167).  This six bar mechanism constitutes three 

Figure 25: The author’s chosen embodiment of the mechanism. 



29 

of the four degrees of freedom allowed by mechanism 189 and ultimately manifests to translation 

and rotation of human 165 in a plane parallel to face 261 of component 243. 

Functionally, the motion created by said six bar mechanism allows human 165 to move 

laterally while wearing an exoskeleton.  This lateral movement permits weight shifting of human 

165 (i.e. the transfer of human 165’s body weight off of one leg and onto another leg so as to 

permit the swinging of an unloaded leg), which is an essential part of walking in an exoskeleton.  

In order to limit human 165’s lateral motion, pins 263 are pressed into components 243 and 259 

and act as hard stops for the rotation of components 245, 247, 255, and 257.  There are two pins 

263 pressed into component 243 and four pins 263 pressed into component 259.  It is important to 

note that additional designs aside from the previously described six bar mechanism would be able 

to provide exactly the same three degrees of freedom between human 165 and walker 167.  For 

example, the same three degrees of freedom could exist if component 247, component 257, and all 

pins 263 were removed from mechanism 189, thereby leaving only components 245 and 255 

between components 243 and 259.  This theorized embodiment of mechanism 189 is illustrated in 

Figure 26.  However, the author was looking for a design which provided not only limited 

movement of component 259 relative to component 243 (which was accomplished via pins 263), 

but also a design which provided a symmetrical mechanism workspace on either side of plane 173 

(reference Figure 15 to recall the definition of plane 173 as well as Figure 19 to see how plane 173 

would split mechanism 189) so human 165 could make identical lateral movements in either 

direction.  The addition of components 247 and 257 helped create the constrained, symmetrical 

mechanism workspace that was desired.  Finally, the author anticipated components 245 and 255 

Figure 26: An alternative embodiment of the mechanism. 
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would be subjected to significant loads imposed by human 165.  Thus, the addition of components 

247 and 257 also significantly increased the strength of the overall design. 

 While component 259 plays a key role in the previously described six bar mechanism, 

component 259 also connects to component 217 (which was also a component of exoskeleton 

connection feature 187) via pin 265.  The presence of pin 265 allows component 217 to rotate 

about axis 267 relative to component 259.  This rotation of component 217 relative to component 

259 constitutes the fourth and final degree of freedom permitted by mechanism 189.  Because no 

additional degrees of freedom exist between axis 267 and human 165, axis 267 is always parallel 

to the spine of human 165.  Thus, axis 267 allows rotation of human 165 in plane 181 (reference 

Figure 16 to recall the definition of plane 181).  It is hypothesized that this rotational movement 

will assist human 165 when attempting to turn walker 167 in order to walk in a new direction.  It 

is important to note that the rotational degree of freedom produced at axis 267 could also have 

been produced at other locations within mechanism 189.  For example, rotation between 

components 259 and 217 could have been eliminated and instead component 243 could have been 

designed to rotate relative to walker 167 about an alternative axis (instead of component 243 being 

fixed relative to walker 167 as it is now).  This theorized embodiment of mechanism 189 is 

illustrated in Figure 27.  In Figure 27, pin 265 is removed and components 259 and 217 are 

combined into a new component, component 269.  Additionally, component 243 is no longer fixed 

relative to walker 167.  Now, component 243 is able to rotate relative to component 271 

(component 271 is fixed relative to walker 167) about axis 273.  In this theorized embodiment, the 

Figure 27: An additional alternative embodiment of the mechanism. 
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order of the rotational degree of freedom and the aforementioned six bar mechanism has been 

switched.  However, the author felt that the order of degrees of freedom shown in Figure 25 was 

better than the order of degrees of freedom shown in Figure 27 for two reasons.  First, by designing 

a rotational degree of freedom into mechanism 189 as the last degree of freedom before human 

165 (i.e. axis 267 in Figure 25), it is guaranteed that human 165 will always be able to rotate about 

an axis parallel to their spine.  If the aforementioned six bar mechanism was placed in between 

human 165 and said rotational degree of freedom (i.e. axis 273 in Figure 27), it is possible that 

human 165 could move in such a manner that the axis of human 165’s spine and axis 273 are no 

longer parallel.  The author felt that the theorized embodiment shown in Figure 27 would result in 

less intuitive motion for human 165 and instead opted to make said rotational degree of freedom 

(i.e. axis 267) the last degree of freedom before human 165 to guarantee that human 165 would 

always be able to rotate about an axis parallel to their spine regardless of how human 165 moves 

their body.  Secondly, axis 267 of Figure 25 is closer to the spine of human 165 than axis 273 of 

Figure 27.  This means that when human 165 attempts to rotate about axis 267, human 165 will 

rotate along a shorter arc length than if human 165 attempts to rotate about axis 273.  Figure 28 

illustrates this concept.  Figure 28 shows a view perpendicular to plane 181 during the situation 

where axis 267, axis 273, and the axis of human 165’s spine are all perpendicular to plane 181 

(remember, although axis 267 and the axis of human 165’s spine are always perpendicular to plane 

181, the same cannot be said for axis 273).  From Figure 28, it should be clear that if human 165 

rotates about axis 267, human 165 will follow trajectory 275.  Conversely, if human 165 rotates 

about axis 273, human 165 will follow trajectory 277.  Trajectory 275 is a more ideal trajectory 

than trajectory 277 because trajectory 275 is closer to simulating rotation of human 165 about the 

axis of their spine than trajectory 277.  Because able-bodied humans are used to rotating about the 

axis of their spine and not some distant axis, it became clear once again that a rotational degree of 

freedom at axis 267 was a better design than a rotational degree of freedom at axis 273. 

  

Figure 28: A visual of the differences in rotation as viewed from plane 181 
by the embodiments of the mechanism in Figure 25 and Figure 27. 
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 Now that a complete description of mechanism 189 has been provided, it is important to 

tie the features of mechanism 189 back to the essential properties of ESM 183 mentioned 

previously.  To rephrase, the essential properties of ESM 183 are: 

When the sagittal plane of human 165 is parallel with plane 173, all motion (i.e. translation and 

rotation) of human 165 in plane 177 must be allowed.  Additionally, when the sagittal plane of 

human 165 is parallel with plane 173, rotation of human 165 in the sagittal plane and 

translation of human 165 along the direction of arrow 179 must be constrained. 

While axis 267 was described as allowing for rotation of human 165 about an axis parallel to 

human 165’s spine, in the context of the essential properties, axis 267 allows the sagittal plane of 

human 165 to be parallel (or antiparallel) with plane 173 of walker 167.  Additionally, while the 

aforementioned six bar mechanism was described as providing the necessary degrees of freedom 

to allow for weight shifting, in the context of the essential properties, the aforementioned six bar 

mechanism is directly allowing for all motion of human 165 in plane 177 when the sagittal plane 

of human 165 is parallel with plane 173.  Finally, because component 243 was assumed to be fixed 

relative to walker 167, no degrees of freedom in the entirety of mechanism 189 permit rotation of 

human 165 in the sagittal plane or translation of human 165 along the direction of arrow 179 when 

the sagittal plane of human 165 is parallel with plane 173.  To understand the reasoning behind the 

assumption that component 243 is fixed relative to walker 167, the reader is referred to the 

following subsection. 

3.2.4 Additional Features of the Exoskeleton Support Mechanism 

 As described in the previous subsection, the assumption that component 243 is fixed 

relative to walker 167 is key to the proper function of ESM 183.  Figure 29 introduces the two 

features of ESM 183 which together prevent the rotation and translation of component 243 relative 

to walker 167.  The first feature is torso angle adjustment feature 279, which allows a user to select 

and set the angle at which component 243 (and, by extension, user 165’s torso) is constrained in 

the sagittal plane.  Torso angle adjustment feature 279 allows for torso adjustment by permitting 

component 281 (which is connected to component 243) to rotate about the axis of pin 283 (said 

axis is in/out of Figure 29).  Pin 283 is pressed into component 197 which, as a reminder, was also 

an intricate component of walker connection feature 185.  Pin 283 exists under component 211 

(which, for simplicity, has been omitted from Figure 29) of walker connection feature 185.  Aside 

from holding pin 283, component 197 also acts as a limit setter for human 165’s torso angle.  

Currently, component 281 can rotate at most ten degrees in the direction of arrow 285 (which 

corresponds to tilting human 165’s torso back) and at most twenty degrees in the direction of arrow 

287 (which corresponds to tilting human 165’s torso forward).  These maximum tilt values could 

be different in other embodiments of torso angle adjustment feature 279.  When a user is ready to 

set the torso angle of human 165, component 289 is manipulated to lock the orientation of 

component 281 (and thus the orientation of component 243) in place and prevent any rotation of 

component 281 about the axis of pin 283.  Because pin 283 is connected to walker connection 

feature 185 (which, by definition, is fixed to walker 167), it should be clear that torso angle 

adjustment feature 279 prevents rotation of component 243 (and, by extension, the entirety of ESM 

183) relative to walker 167.  Torso angle adjustment feature 279 is a tool-less feature, allowing for 

easy adjustment by any user. 
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 The second important additional feature to ESM 183 is height adjustment feature 291.  

Height adjustment feature 291 is a simple locking mechanism which prevents the translation of 

component 243 relative to component 281.  Via height adjustment feature 291, component 243 is 

able to slide up and down component 281 and lock in place at discrete steps.  In other words, height 

adjustment feature 291 allows the entirety of ESM 183 to become taller or shorter depending on 

the height of user 165 and the height of walker 167.  Because pin 283 is connected to walker 

connection feature 185 (which, by definition, is fixed to walker 167), it should be clear that height 

adjustment feature 291 prevents translation of component 243 (and, by extension, the entirety of 

ESM 183) relative to walker 167.  Height adjustment feature 245 is a tool-less feature, allowing 

for easy adjustment by any user. 

 Figure 30 provides additional clarity into the locking of torso angle adjustment feature 279 

(and ultimately the locking of the torso angle of human 165).  In Figure 30, a different embodiment 

of torso angle adjustment feature 279 is shown.  As described previously, component 281 is able 

to rotate about the axis of pin 283 in the direction of arrow 293 or arrow 295.  However, said 

rotation of component 281 is allowed (or disallowed) by the current position of component 289.  

Component 289 acts as a spiral cam which rotates about the axis of pin 297.  Fastener 299 plunges 

through components 281 and 289 and is threaded into pin 297, thereby keeping components 281 

and 289 in very close proximity to each other.  If component 289 is rotated about the axis of pin 

297 in the direction of arrow 301, spiral cam face 303 of component 289 will eventually contact 

Figure 29: The author’s chosen embodiment of the torso angle 
adjustment feature and the height adjustment feature. 



34 

face 305 of component 281.  As component 289 is continually rotated about the axis of pin 297 in 

the direction of arrow 301, gap 307 reduces in size, thereby causing component 281 to clamp down 

on pin 283.  When component 289 can no longer rotate in the direction of arrow 301, component 

281 (and therefore the orientation of component 243) is locked.  This configuration is known as 

the locked position of torso angle adjustment feature 279.  If component 289 is rotated about the 

axis of pin 297 in the direction of arrow 309, spiral cam face 303 of component 289 loses contact 

with face 305 of component 281, thereby causing an increase in the size of gap 307.  This removes 

the frictional forces which prevented relative movement between component 281 and pin 283 and 

is known as the unlocked position of torso angle adjustment feature 279.  In the unlocked position, 

an individual can adjust the position of component 281 in a continuous manner. 

  

Figure 30: An alternative embodiment of the torso angle adjustment 
feature. 
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Chapter 4: Design Analysis 

4.1 Design Analysis 

 From previous chapters, it should be clear that the exoskeleton support mechanism (ESM) 

is a safety-critical device.  Use of the ESM eliminates the need for crutches, thereby making the 

ESM the only hardware which provides stability for an exoskeleton user.  Thus, failure of the ESM 

could result in catastrophic injury to an exoskeleton user. 

 To avoid failure of the ESM and/or injury to an exoskeleton user, extensive analysis was 

performed on the ESM.  The analysis of the most safety-critical components of the ESM is 

discussed below.  For this analysis, the following is assumed: 

 An exoskeleton user with a weight of 180lbs is loading the ESM. 

 When the exoskeleton user falls, the exoskeleton user’s legs always remain in contact with 

the ground.  Because contact is always maintained with the ground, a portion of the 

exoskeleton user’s load will always be supported by the exoskeleton itself.  In other words, 

the exoskeleton user is not “swept off their feet” during a fall and there is never a time 

when one hundred percent of the user’s load is supported by the ESM. 

With these two assumptions in mind, the author believes that it is reasonable to assume that the 

ESM supports (at most), the weight of the head, arms, and trunk (HAT) of an exoskeleton user.  

Using anthropometric tables from [31], the weight of the HAT is approximated to be: 

 𝑊𝐻𝐴𝑇 = .678𝑊𝑈𝑠𝑒𝑟 (5) 

In Equation (5), 𝑊𝐻𝐴𝑇 is the approximate weight of the HAT and 𝑊𝑈𝑠𝑒𝑟 is the total weight of the 

exoskeleton user.  Assuming a user weight of 180lbs, the approximate weight of the HAT is: 

 𝑊𝐻𝐴𝑇 = .678(180𝑙𝑏𝑠) ≅ 122𝑙𝑏𝑠 (6) 

In the analysis to follow, 𝑊𝐻𝐴𝑇 is used frequently to assess the integrity of the ESM. 

4.2 Upper Links – Static Beam Bending Analysis 

 Figure 31 provides an illustration of the ESM that is similar to Figure 19 from chapter 

three.  In Figure 31, components 243, 245, 247, 253, 255, 257, and 259 are labeled.  For simplicity, 

components 255 and 257 will be referred to as the “upper links” of the ESM while components 

245 and 247 will be referred to as the “lower links”.  As seen in Figure 31, the ESM possesses two 

upper links – both of which are crucial to supporting the exoskeleton user.  Here, the scenario is 

considered where the exoskeleton user falls forward, thereby forcing the ESM to support the entire 

weight of the exoskeleton user’s HAT.  For additional clarity, Figure 31 provides the vector 

representation of 𝑊𝐻𝐴𝑇 in an attempt to show the direction in which the weight of the HAT is 

acting.  In this scenario, the entire weight of the exoskeleton user’s HAT is transferred through the 

two upper links.  Unlike the lower links (which receive some degree of structural reinforcement 

by contacting component 253), the upper links bear the load of the exoskeleton user’s HAT 

completely independently.  Thus, it is important to ensure that no yielding of the upper links occurs 

in this situation.  To help with this analysis, Figure 32 is provided.  Figure 32 shows a simplified 

illustration of a side profile of one of the upper links.  In Figure 32, it is assumed that one end of 
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the upper link (the side which connects to a lower link) is cantilevered while the other end of the 

upper link supports exactly half of the weight of the exoskeleton user’s HAT.  Thus, in this 

scenario, it is assumed that each upper link is supporting half of the weight of the exoskeleton 

user’s HAT.  Additionally, it is also assumed that the weight from the exoskeleton user’s HAT is 

acting directly perpendicular to the upper link (in accordance with the forward leaning of the 

exoskeleton user which was described above).  Figure 32 also shows a simplified cross section of 

the upper link in the top right corner.  Said cross section is assumed to be rectangular in shape.  

From Figure 32, it is clear that the failure method for the upper link (which is assumed to be made 

of a ductile metal) in this scenario is beam bending.  With this in mind, the equation for maximum 

stress (tensile or compressive) in beam bending is written below: 

 
𝜎𝑦 

𝑛
= −

𝑀𝑚𝑎𝑥𝑐

𝐼
 (7) 

In Equation (7), 𝜎𝑦 is the yield strength of the specified material, n is the factor of safety (FOS) 

chosen, 𝑀𝑚𝑎𝑥 is the maximum internal bending moment observed in the beam, 𝑐 is the maximum 

distance from the neutral axis, and 𝐼 is the second moment of area about the neutral axis.  In 

Equation (7), the negative sign is simply a matter of convention.  From observation, the maximum 

internal bending moment will occur at the location of the cantilever and is equal to: 

 𝑀𝑚𝑎𝑥 = −
1

2
𝑊𝐻𝐴𝑇𝑙 (8) 

In Equation (8), 𝑙 is the length of the upper link.  Again, the minus sign in Equation (8) is purely 

convention.  Additionally, the second moment of area about the neutral axis is equal to: 

 𝐼 =
1

12
𝑏ℎ3 (9) 

Figure 31: An illustration of an exoskeleton user falling forward. 
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In Equation (9), 𝑏 is the width of the upper link and ℎ is the thickness of the upper link.  Finally, 

the maximum distance from the neutral axis (where maximum tensile stress will occur) is: 

 𝑐 =
1

2
ℎ (10) 

Plugging the results of Equation (8), Equation (9), and Equation (10) into Equation (7) and 

performing some simple manipulation shows: 

 ℎ𝑚𝑖𝑛 = √
3𝑙𝑊𝐻𝐴𝑇𝑛

𝑏𝜎𝑦
 (11) 

From Equation (11), it is now possible to define the minimum allowable thickness, ℎ𝑚𝑖𝑛, of the 

upper links based on the material chosen, desired FOS, width and length of the upper links, and 

the weight of the exoskeleton user’s HAT.  Assuming a material choice of Aluminum 6061-T6 

(due to its ease of machining, relative resistance to corrosion, and affordability) which has a yield 

strength of approximately 40ksi, a link width of .5”, a link length of 2.5”, and a desired FOS of 

2.5, the minimum allowable thickness of the upper link is approximately .338”.  Thus, a link length 

of .3125” (five sixteenths of an inch) was chosen. 

  

Figure 32: A simplified illustration of an upper link undergoing beam bending. 
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4.3 Fasteners - Static Tensile Stress Analysis 

 As shown in Figure 31, a total of six fasteners are used to connect components 243, 245, 

247, 255, and 257 (remember, these six components make up the six bar mechanism discussed in 

chapter three).  For simplicity, component 243 will be referred to as the “base plate” and 

component 259 will be referred to as the “connector”.  In order to allow for smooth relative rotation 

of the fastened joints, shoulder screws (with the addition of thrust and radial bearings) were used 

for all six fasteners.  In Figure 31, the six aforementioned fasteners can be broken up into three 

groups.  The first group is called the “upper level fasteners”, which includes the two shoulder 

screws connecting the two upper links to the connector.  The second group is called the “middle 

level fasteners”, which includes the two shoulder screws connecting the two upper links to the two 

lower links.  The third group is called the “lower level fasteners”, which includes the two shoulder 

screws connecting the two lower links to the base plate.  Regardless of level, it is important that 

the shoulder screws do not exceed their proof strengths so as to prevent unintended fastener failure. 

 If a scenario such as the one shown in Figure 31 occurs (i.e. an exoskeleton user falling 

forward), it is possible that the shoulder screws of the upper and middle levels will experience a 

loading scenario such as the one shown in Figure 33.  In Figure 33, a two-member joint held in 

place by a shoulder screw is shown.  An external load equal to half the weight of the exoskeleton 

user’s HAT is applied to joint two (remember each level of fasteners contains two fasteners – thus 

the load of the exoskeleton user’s HAT is split equally between said fasteners) while joint one is 

assumed to be grounded.  In the context of the upper level fasteners, member one represents the 

upper links and member two represents the connector.  In the context of the middle level fasteners, 

member one represents the lower links and member two represents the upper links.  In both the 

upper and middle fastener levels, member two is counterbored to provide added strength at the 

member one/member two interface (this concept will be elaborated on in future sections). 

Figure 33: The expected loading scenario on the upper links assuming the forward fall in Figure 31. 
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 As described by [32], the tensile stresses in the threaded area of the shoulder screw 

illustrated in Figure 33 must not exceed the proof strength of the screw itself.  An approximate 

value for the proof strength is: 

 𝑆𝑝 = .85𝜎𝑦 (12) 

In Equation (12), 𝑆𝑝 is the proof strength of the screw and 𝜎𝑦 is the yield stress of the screw 

material.  From Equation (12), the proof load is calculated to be: 

 𝐹𝑝 = 𝐴𝑡𝑆𝑝 (13) 

In Equation (13), 𝐹𝑝 is the proof load of the screw and 𝐴𝑡 is the tensile stress area of the screw.  

According to [32], for non-permanent connections, the recommended preload for the screw in 

Figure 33 is: 

 𝐹𝑖 = .75𝐹𝑝 = .75(. 85)𝜎𝑦𝐴𝑡 = .6375𝜎𝑦𝐴𝑡 (14) 

In Equation (14), 𝐹𝑖 is the screw preload.  From this, the total load carried by the screw can be 

expressed as: 

 𝐹𝑏 = 𝐶𝑃 + 𝐹𝑖 (15) 

In Equation (15), 𝐹𝑏 is the total load carried by the screw, 𝑃 is the external load imposed on the 

joint, and 𝐶 is the percentage of said external load carried by the screw (a conservative estimate 

for 𝐶 is .2).  With this information, a factor of safety (FOS) can be calculated by dividing the proof 

load by the total load carried by the screw: 

 𝑛𝑝 =
𝑆𝑝𝐴𝑡

𝐶𝑃 + 𝐹𝑖
=

. 85𝜎𝑦𝐴𝑡

. 2 (
𝑊𝐻𝐴𝑇

2⁄ ) + .6375𝜎𝑦𝐴𝑡

 (16) 

In Equation (16), 𝑛𝑝 is the FOS of the screw exceeding the proof strength.  Careful examination 

of Equation (16) shows that as 𝐴𝑡 → ∞ or as 𝑊𝐻𝐴𝑇 → 0, 𝑛𝑝 saturates at approximately 1.33.  Thus, 

1.33 is largest possible FOS for a fastened joint with an externally applied tensile load as depicted 

in Figure 33.  Rearranging Equation (16) allows one to solve for the minimum allowable tensile 

stress area as a function of FOS: 

 𝐴𝑡𝑚𝑖𝑛
=

𝐶𝑛𝑝𝑃

𝜎𝑦(. 85 − .6375𝑛𝑝)
; 0 ≤ 𝑛𝑝 ≤ 1.33 (17) 

In Equation (17), it is assumed that the shoulder screws are stainless steel 416 (𝜎𝑦 = 100𝑘𝑠𝑖) and 

that 𝑃 = .5𝑊𝐻𝐴𝑇.  Plotting 𝐴𝑡𝑚𝑖𝑛
 as a function of 𝑛𝑝 shows that for values of 1.3 ≤ 𝑛𝑝 ≤ 1.33, 

𝐴𝑡𝑚𝑖𝑛
 rapidly approaches infinity.  These results are not realistic.  What is more realistic is that for 

values of 1 ≤ 𝑛𝑝 ≤ 1.3, 𝐴𝑡𝑚𝑖𝑛
 never exceeds . 01𝑖𝑛2.  From [32], a number eight screw (or larger) 

has a tensile stress area of at least 𝐴𝑡 = .01𝑖𝑛2.  Therefore, use of number eight screws (or larger) 

in the upper or middle levels of the ESM should not permit stresses greater than the proof strength. 



40 

 Similar to the upper and middle levels, if a scenario such as the one shown in Figure 31 

occurs (i.e. an exoskeleton user falling forward), it is possible that the shoulder screws of the lower 

level will experience a loading scenario that could cause said screws to exceed their proof strength.  

However, the loading scenario observed by the lower level shoulder screws is expected to be a 

different loading scenario than the one observed by the middle and upper level shoulder screws.  

The reason for this difference can be seen in Figure 31.  In Figure 31, forces created by the 

exoskeleton user leaning forward are assumed to act directly on the upper and middle level 

fasteners, thereby providing loading scenarios as shown in Figure 33.  However, when said forces 

act on the lower links, the lower link attempts to rotate about component 253 (which, for simplicity, 

will be referred to as the “slider”), which causes a prying action to occur on the lower level shoulder 

screws.  This prying action can be seen in Figure 34, which shows a simplification of the lower 

links, slider, and base plate. 

In the loading scenario of Figure 34, each lower link feels half the weight of the exoskeleton user’s 

HAT.  However, this load acts where the lower link and the upper link connect, which is a distance 

𝑙1 + 𝑙2 away from the location of the lower level shoulder screw.  Because the lower link is 

supported by the slider (the slider is a low friction material), a free body diagram of the lower link 

is needed to calculate the external load felt on the lower level shoulder screw due to the exoskeleton 

user’s weight.  Figure 35 provides said free body diagram.  In Figure 35, three forces are assumed 

to act on the lower link.  The first force is half the weight of the exoskeleton user’s HAT, 
1

2
𝑊𝐻𝐴𝑇, 

which acts at the connection point of the lower link and upper link.  The second force is the normal 

force imposed by the slider on the lower link, 𝐹𝑠𝑙𝑖𝑑𝑒𝑟 which acts at the location of the slider.  The 

third force is the reaction force imposed by the lower level shoulder screw on the lower link, 𝑃, 

which acts at the location of the lower level screw itself.  Because it is assumed that the lower link 

Figure 34: The expected loading scenario on the lower links assuming the forward fall in Figure 31. 
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wants to rotate about the slider in this loading scenario, a simple static moment summation about 

the slider will reveal an expression for 𝑃 in terms of 𝑊𝐻𝐴𝑇: 

 𝑃 =
𝑙1𝑊𝐻𝐴𝑇

2𝑙2
 (18) 

In Equation (18), 𝑃 is the reaction force imposed on the lower link by the lower level shoulder 

screw.  Thus, the magnitude of 𝑃 is equal to the reaction force imposed on the lower level shoulder 

screw by the lower link.  In other words, the magnitude of 𝑃 is equal to the external load felt on 

the lower level shoulder screw.  For values of 𝑙1 and 𝑙2 as 6” and 2” respectively, 𝑃 = 183𝑙𝑏𝑠. 

 Once the value of the external load on the lower level shoulder screw is known, the analysis 

to calculate the minimum allowable tensile stress area is identical to that of the middle and upper 

level shoulder screws.  Thus, assuming the same material for the lower level shoulder screw 

(stainless steel 416), the value for 𝑃 found above can be plugged into Equation (17).  Again, 

plotting 𝐴𝑡𝑚𝑖𝑛
 as a function of 𝑛𝑝 shows that for values of 1 ≤ 𝑛𝑝 ≤ 1.3, 𝐴𝑡𝑚𝑖𝑛

 never exceeds 

. 01𝑖𝑛2.  Therefore, use of number eight screws (or higher) in the lower level of the ESM should 

not permit stresses greater than the proof strength. 

4.4 Fasteners – Member Separation Analysis 

 In addition to preventing screw stresses from exceeding their proof strengths, it is important 

that all fastened joints in the ESM never allow for member separation.  Member separation means 

that one hundred percent of the load going through said joint is supported by the screw (while none 

is supported by the members).  This situation is likely to cause screw failure, which could result in 

catastrophic failure of the ESM as a whole.  Member separation is possible at the lower, middle, 

and upper screw levels and thus must be evaluated for all three levels.  

Figure 35: A free body diagream of the loading scenario depicted in Figure 34. 
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 Regardless of screw level, [32] states that the expression for the force borne by a joint 

member is: 

 𝐹𝑚 = (1 − 𝐶)𝑃 − 𝐹𝑖 (19) 

In Equation (19), 𝐹𝑚 is the load borne by the joint member while 𝐹𝑖, 𝑃, and 𝐶 were all previously 

defined as the screw preload, externally applied joint load, and the percentage of said external load 

carried by the joint screw (which is still assumed to be .2), respectively.  When member separation 

occurs, said member no longer supports any joint load.  Thus, setting Equation (19) equal to zero 

and using the previously defined expression for screw preload from Equation (14) results in the 

following expression: 

 0 = (1 − 𝐶)𝑃 − .6375𝜎𝑦𝐴𝑡 (20) 

Reworking Equation (20) allows one to calculate the minimum tensile stress area to prevent 

member separation (assuming a given external load and screw material): 

 𝐴𝑡𝑚𝑖𝑛
=

𝑛𝑜(1 − 𝐶)𝑃

. 6375𝜎𝑦
 (21) 

In Equation (21), 𝑛𝑜 is the FOS to prevent joint member separation.  Assuming the screws of all 

levels (lower, middle, and upper) are still made of stainless steel 416 (𝜎𝑦 = 100𝑘𝑠𝑖) and assuming 

a FOS of 2, Equation (21) can be used to calculate the minimum tensile stress area for all screw 

levels.  For the lower level, 𝑃 will be the value calculated in Equation (18).  For the middle and 

upper levels, 𝑃 will be half the weight of the exoskeleton user’s HAT.  Regardless of screw level, 

𝐴𝑡𝑚𝑖𝑛
 is calculated to always be below . 005𝑖𝑛2.  From [32], a number four screw (or larger) has 

a tensile stress area of at least 𝐴𝑡 = .005𝑖𝑛2.  Therefore, use of number four screws (or larger) in 

all of the three screw levels of the ESM should not permit member separation. 

4.5 Fasteners – Static Beam Bending Analysis 

 In addition to the loading scenario shown in Figure 31 (i.e. the exoskeleton user falling 

forward), it is also possible that the exoskeleton user could fall directly downward, as shown in 

Figure 36.  If the exoskeleton user falls directly downward, it likely that the upper and middle level 

shoulder screws will feel a significant moment due to the weight of the HAT acting a distance 𝑙 
from the location of the screws.  To provide further clarification, Figure 37 shows the potential 

yielding of the upper and middle level shoulder screws that could result due to a downward fall.  

In the context of the upper level screws, member one represents the upper links and member two 

represents the connector whereas in the context of the middle level screws, member one represents 

the lower links and member two represents the upper links.  In both cases, member one is always 

assumed to be grounded.  Yielding of the shoulder screw shoulders as shown in Figure 37 could 

cause separation of joint members, yielding of the screw itself, and other adverse complications.  

In order to prevent these complications from occurring, it is important that the cross section of the 

shoulder screw shoulder is able to resist yielding.  Careful inspection of Figure 37 reveals that the 

failure method is beam bending – which is identical to the failure method depicted in Figure 32.  

Therefore, Equation (7) (which was used previously for the upper link static beam bending 
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analysis) can be used here as well.  However, in the loading scenario of Figure 36, the maximum 

internal moment felt by a shoulder screw shoulder is: 

 𝑀𝑚𝑎𝑥 =
1

2
𝑊𝐻𝐴𝑇𝑙 (22) 

Remember that each shoulder screw in the upper and middle screw levels supports half of the 

exoskeleton user (hence the one half in Equation (22)).  Additionally, the “beam” in the loading 

scenario of Figure 36 (i.e. the shoulder screw shoulder) is circular in cross section.  Thus, the 

second moment of area about the neutral axis of the shoulder is: 

 𝐼 =
𝜋

64
𝑑4 (23) 

In Equation (23), 𝑑 is the diameter of the shoulder screw.  Finally, the maximum distance from the 

neutral axis is now expressed as: 

 𝑐 =
1

2
𝑑 (24) 

  

Figure 36: An illustration of an exoskeleton user falling downward. 
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With the new expressions for 𝑀𝑚𝑎𝑥, 𝐼, and 𝑐, Equation (7) can be re-manipulated to calculate the 

minimum allowable diameter, 𝑑𝑚𝑖𝑛, of the shoulder screw shoulder to prevent yielding: 

 𝑑𝑚𝑖𝑛 = (
16𝑛𝑙𝑊𝐻𝐴𝑇

𝜎𝑦𝜋
)

1
3⁄

  (25) 

Assuming a FOS of 4, a moment arm of length 𝑙 = 9𝑖𝑛, and a screw made of stainless steel 416 

(𝜎𝑦 = 100𝑘𝑠𝑖), the minimum allowable diameter is calculated to be 𝑑𝑚𝑖𝑛 = .607𝑖𝑛.  Because a 

five eighths shoulder is readily available, shoulder screws with five eighths shoulder diameters 

were chosen for the upper and middle level shoulder screws.   

Bending of the lower level shoulder screw shoulders was not considered in this analysis.  

This is because the lower level shoulder screws are inherently more resistant to bending due to the 

lower links’ contact with the slider and base plate.  This contact assists to prevent bending of the 

lower level shoulders, whereas the middle and upper level shoulders do not have this protection.  

Additionally, the author’s personal observations of earlier prototypes confirmed the importance of 

bending protection in the upper and middle level shoulder screw shoulders. 

4.6 Fasteners – Fatigue Analysis 

 In addition to static tensile loading of the upper, middle, and lower level screws, it is 

important to consider fatigue as a potential failure method for said screws.  Although Figure 31 

considers the case where an exoskeleton user falls forward statically, in reality, every step an 

exoskeleton user takes while using the ESM can be approximated as a controlled fall forward.  The 

act of walking is cyclic in nature, thus, it is fair to consider a situation where the upper, middle, 

and lower level screws experience loading that alternates between the applied load depicted in 

Figure 31 and no applied load.  From [32], the alternating stress for a fastened joint is: 

 𝜎𝑎 =
𝐶𝑃

2𝐴𝑡
 (26) 

Figure 37: An illustration of the potential yielding that may occur in the upper and middle level screws 
from the loading scenario of Figure 36. 
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In Equation (26), 𝐶 is still the percentage of the external load which is carried by the screw (which 

is still assumed to be .2), 𝑃 is the externally applied load, and 𝐴𝑡 is the tensile stress area of the 

screw.  In addition to the alternating stress, the mean stress for a fastened joint is: 

 𝜎𝑚 =
𝐶𝑃

2𝐴𝑡
+

𝐹𝑖

𝐴𝑡
 (27) 

In Equation (27), 𝐹𝑖 is the screw preload, which was previously defined in Equation (14).  With 

knowledge of the screw preload, a stress equivalent can be defined as: 

 𝜎𝑖 =
𝐹𝑖

𝐴𝑡
=

. 6375𝐴𝑡𝜎𝑦

𝐴𝑡
= .6375𝜎𝑦 (28) 

In Equation (28), 𝜎𝑦 is the yield strength of the screw.  Assuming a Goodman failure line, the 

maximum allowable alternating stress to guarantee infinite life is expressed as: 

 𝑆𝑎 =
𝑆𝑒𝜎𝑎(𝜎𝑈𝑇𝑆 − 𝜎𝑖)

𝜎𝑈𝑇𝑆𝜎𝑎 + 𝑆𝑒(𝜎𝑚 − 𝜎𝑖)
 (29) 

In Equation (29), 𝑆𝑒 represents the endurance strength (i.e. the maximum alternating stress to 

guarantee infinite life assuming no mean stress is present), 𝜎𝑈𝑇𝑆 represents the ultimate tensile 

strength (i.e. the maximum mean stress to guarantee infinite life assuming no alternating stress is 

present), and 𝑆𝑎 represents the maximum allowable alternating stress to guarantee infinite life 

given the current loading scenario. 

 For the upper and middle level screws, it was previously stated that shoulder screws with 

a five eighths diameter shoulder would prevent yielding of the screw shoulders (assuming a 

downward fall).  In order to ensure a five eighths shoulder diameter, shoulder screws with 1 2⁄ " −

13 threads were selected.  From [32], this thread size has a tensile stress area of 𝐴𝑡 = .1419𝑖𝑛2.  

Additionally, as shown in Figure 33, the external load applied to the upper and middle level 

shoulder screws is assumed to be half the weight of the exoskeleton user’s HAT.  Assuming a 

shoulder screw made of 4140 alloy steel (𝜎𝑦 = 114𝑘𝑠𝑖, 𝜎𝑈𝑇𝑆 = 140𝑘𝑠𝑖, 𝑆𝑒 = 30𝑘𝑠𝑖), it is now 

possible to use Equation (26), Equation (27), Equation (28), and Equation (29) to solve for 𝑆𝑎, 

which is calculated to be 𝑆𝑎 = 11.8𝑘𝑠𝑖.  Additionally, from Equation (26), 𝜎𝑎 was calculated to 

be 𝜎𝑎 = 43𝑝𝑠𝑖.  From this information, a FOS against fatigue can be calculated as: 

 𝑛𝑓 =
𝑆𝑎

𝜎𝑎
 (30) 

In Equation (30), 𝑛𝑓 is the FOS against fatigue.  From Equation (30), the calculated FOS against 

fatigue for the upper and middle level shoulder screws is 276.  Therefore, failure due to fatigue is 

not anticipated (assuming the loading scenario described above). 

 For the lower level screws, a shoulder diameter of three eighths was chosen (recall that the 

lower level shoulder screw shoulders were not assumed to be exposed to the same magnitude of 

bending stress as the upper and middle level shoulder screw shoulders).  To accommodate a three 

eighths shoulder diameter, lower level shoulder screws with 1
4⁄ " − 20 threads were selected.  

From [32], this thread size has a tensile stress area of 𝐴𝑡 = .0318𝑖𝑛2.  As shown in Figure 35, the 

external load applied to the lower level shoulder screws is assumed to be 𝑃 = 183𝑙𝑏𝑠.  Assuming 
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the lower level shoulder screws are also made of 4140 alloy steel, it is possible to use Equation 

(26), Equation (27), Equation (28), and Equation (29) to solve for 𝑆𝑎, which is calculated to be 

𝑆𝑎 = 11.8𝑘𝑠𝑖.  Additionally, from Equation (26), 𝜎𝑎 was calculated to be 𝜎𝑎 = 575𝑝𝑠𝑖.  From 

Equation (30), the calculated FOS against fatigue for the lower level shoulder screws is 20.  

Therefore, failure due to fatigue is not anticipated (assuming the loading scenario described 

above). 

4.7 Slider – Wear Analysis 

 As depicted in Figure 31, the lower links rotate about the lower level shoulder screws 

relative to the base plate.  However, said lower links also slide on the slider (component 253 in 

Figure 31).  Figure 38 is provided to help illustrate this interaction.  In Figure 38, a straight-on 

view of the base plate, slider, and lower links is shown.  The slider is made of aluminum bronze 

while the lower links are made of Aluminum 6061-T6.  In order to prevent aluminum (which 

generally has a high coefficient of friction) from sliding on the aluminum bronze slider, a stainless 

steel 17-4PH insert was attached to the backside of the aluminum lower links so that the sliding 

interface was 17-4PH/aluminum bronze rather than 6061-T6/aluminum bronze.  Because the 

stainless steel inserts are located on the backsides of the aluminum lower links, they are not visible 

in Figure 38. 

Because sliding contact between the stainless steel inserts and the aluminum bronze slider 

is inevitable, it is important that a proper wear analysis is performed to ensure that the aluminum 

bronze slider is not excessively worn away in a short period of time.  To do this, Archard’s wear 

equation is used, which is expressed as: 

 𝑄 = 𝑘𝑊𝐿 (31) 

Figure 38: An illustration of the interaction between the lower links and the slider. 
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In Equation (31), 𝑄 is the volume of wear debris, 𝑘 is the specific wear rate, 𝑊 is the normal load 

between the wearing materials, and 𝐿 is the sliding distance required to produce the desired wear 

debris.  For stainless steel 17-4PH sliding along aluminum bronze, the specific wear rate is: 

 𝑘 = 10−6 𝑚𝑚3

𝑁 ∙ 𝑚⁄  (32) 

To calculate the normal load between the abrading materials, the analysis surrounding Figure 35 

can be used.  In Figure 35, a static moment summation of the forces on the lower link about the 

slider revealed an expression for 𝑃, as shown in Equation (18).  With this equation for 𝑃, a static 

force balance can be performed to solve for 𝐹𝑠𝑙𝑖𝑑𝑒𝑟, which is described as the force imposed on the 

lower link by the slider.  As was just mentioned, 𝐹𝑠𝑙𝑖𝑑𝑒𝑟 is more accurately the force imposed on 

the stainless steel insert by the slider (remember the stainless steel insert is what actually contacts 

the slider) and can be calculated as: 

 𝐹𝑠𝑙𝑖𝑑𝑒𝑟 = 𝑃 +
1

2
𝑊𝐻𝐴𝑇 =

𝑙1𝑊𝐻𝐴𝑇

2𝑙2
+

1

2
𝑊𝐻𝐴𝑇 =

1

2
(

𝑙1

𝑙2
+ 1) 𝑊𝐻𝐴𝑇 (33) 

In Equation (33), 𝑙1 and 𝑙2 are the previously defined values of 6” and 2”, respectively.  Logically, 

𝐹𝑠𝑙𝑖𝑑𝑒𝑟 is equal and opposite to the force imposed on the slider by the stainless steel insert.  Because 

two stainless steel inserts are sliding across the slider at all times (because there are two lower 

links), the normal load between abrading materials can be expressed as: 

 𝑊 = 2𝐹𝑠𝑙𝑖𝑑𝑒𝑟 = (
𝑙1

𝑙2
+ 1) 𝑊𝐻𝐴𝑇 = 488𝑙𝑏𝑠 = 2170𝑁 (34) 

Additionally, the volume of wear debris, 𝑄 can be expressed as: 

 𝑄 = 𝐴ℎ (35) 

In Equation (35), 𝐴 is the area of the slider (as seen in the view of Figure 38) and ℎ is the thickness 

of the slider.  Based on the designed slider, the slider area was calculated to be 𝐴 = .001056𝑚2.  

Thus, Equation (31) can be reworked to show: 

 𝐿 =
𝑄

𝑊𝑘
=

𝐴ℎ

𝑊𝑘
 (36) 

Because the act of walking requires some lateral motion, it is assumed that the lower links will be 

sliding along the slider as the exoskeleton user walks.  Therefore, the assumption is made that in 

order to take one step, the lower links must slide the entire arc length of the slider (a conservative 

assumption).  Based on the size of the designed slider, the arc length of the slider was calculated 

to be . 085𝑚.  Thus, Equation (36) can be reworked: 

 #𝑠𝑡𝑒𝑝𝑠 =
1 𝑠𝑡𝑒𝑝

. 085𝑚
∙ 𝐿 = (

1 𝑠𝑡𝑒𝑝

. 085𝑚
) (

𝐴ℎ

𝑊𝑘
) (37) 

From Equation (37), it is now possible to calculate the number of steps required to wear down the 

aluminum bronze slider a specific length in thickness.  Given all the previously defined parameters, 

the number of steps necessary to wear the thickness of the aluminum bronze down five thousandths 

of an inch (.000127m) was calculated.  This calculation revealed that 724,700 steps could be taken 

before said wear occurred.  Thus, excessive wear of the aluminum bronze slider is unlikely. 
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4.8 Torso Angle Adjustment Feature – Torque Resistance 

 As highlighted in chapter three, a key feature of the ESM is the torso angle adjustment 

feature, which allows an individual to select and lock the torso angle of an exoskeleton user.  In 

order to make the torso angle adjustment feature tool-less, a collar clamp design was implemented.  

Figure 39 shows a simplified illustration of said collar clamp design which is very similar to Figure 

30 in chapter three.  In Figure 39, only the three main components of the collar clamp are labeled.  

The first component is component 281, which for simplicity will be referred to as the “collar”.  

The second component is component 283, which for simplicity will be referred to as the “pin.  

Finally, the third component is component 289, which for simplicity will be referred to as the 

“latch”.  As illustrated in Figure 39, when an individual rotates the latch in the direction shown, 

the collar presses down on the pin, thereby causing enough force to prevent rotation of the collar 

relative to the pin. 

As shown in Figure 39, rotation of the latch in the direction shown produces an actuation 

force on the collar.  This actuation force causes the collar to clamp down on the pin, which 

ultimately creates a resistive frictional torque that prevents rotation of the collar relative to the pin.  

Thus, the primary goal of this analysis is to figure out some relationship between the actuation 

force produced by the latch and the resistive torque created at the collar/pin interface.  To help 

derive this relationship, two free body diagrams are shown in Figure 40.  Figure 40a shows a 

Figure 39: A simplified illustration of the torso 
angle adjustment feature. 
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simplified free body diagram of the collar.  The collar is treated as two bodies – an upper portion 

and a lower portion.  Both bodies rotate about point 𝑂, which represents the center of rotation of 

the deflecting collar during clamping.  In this free body diagram, it is assumed that both collar 

bodies are subjected to two forces: 𝐹𝐶, which represents the normal force of the pin on the collar, 

and 𝐹𝐴, which represents the clamping force produced by the latch.  From looking at either the top 

or bottom body, a simple static moment balance about point 𝑂 results in the following equation: 

 𝐹𝐶 = (
𝑟2

𝑟1
) 𝐹𝐴 (38) 

In Equation (38), 𝑟1 and 𝑟2 represent the moment arms from point 𝑂 to 𝐹𝐶 and 𝐹𝐴, respectively.  In 

addition to Figure 40a, Figure 40b shows a simplified free body diagram of the pin.  The pin is 

subjected to equal and opposite forces, 𝐹𝐶, which represent the normal force of the collar on the 

pin from both the upper and lower collar bodies.  Additionally, the pin is subjected to frictional 

forces, 𝐹𝑓𝑟, which would only result if some externally applied torque was applied to the pin and 

attempted to make the pin rotate while it was clamped.  From the free body diagram of the pin and 

from the results of Equation (38), it is clear that: 

 𝐹𝑓𝑟 = 𝜇𝐹𝐶 = 𝜇 (
𝑟2

𝑟1
) 𝐹𝐴 (39) 

In Equation (39), 𝜇 represents the static coefficient of friction between the pin and the collar.  Thus, 

if some external torque was applied to the pin, a resistive torque, 𝑇𝑟𝑒𝑠𝑖𝑠𝑡 could be expressed as: 

 𝑇𝑟𝑒𝑠𝑖𝑠𝑡 = 2𝐹𝑓𝑟 (
𝑑

2
) = 𝐹𝑓𝑟𝑑 = 𝜇𝑑 (

𝑟2

𝑟1
) 𝐹𝐴 (40) 

  

Figure 40: Free body diagrams of (a) the collar and (b) the pin. 
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In Equation (40), 𝑑 represents the diameter of the pin.  Reworking Equation (40) allows the 

actuation force of the latch to be expressed as a function of the resistive torque: 

 𝐹𝐴 =
𝑟1𝑇𝑟𝑒𝑠𝑖𝑠𝑡

𝜇𝑟2𝑑
 (41) 

Assuming a pin diameter of 1”, a coefficient of static friction for aluminum (the collar) on steel 

(the pin) of 𝜇 = .6, and values of 𝑟1 = .625𝑖𝑛 and 𝑟2 = 2𝑖𝑛, Equation (41) can be expressed as: 

 𝐹𝐴 = .51𝑇𝑟𝑒𝑠𝑖𝑠𝑡 (𝑖𝑛 ∙ 𝑙𝑏𝑠) (42) 

It is important to note that in the above analysis, it was assumed that the collar was fixed while an 

external torque was applied to the pin.  In reality, the pin will be fixed while an external torque is 

applied to the collar (as the result of an exoskeleton user leaning on the ESM).  However, both 

methods are valid and selection of one method over the other is simply a matter of preference. 

 From Equation (41), it is clear that a relationship exists between the actuation force of the 

latch and the resistive torque.  However, from Equation (41), it should also be clear that in order 

to have a large resistive torque, a large actuation force is required by the latch.  This could be a 

problem because ultimately, a human being is the one that must produce said actuation force by 

turning the latch.  Thus, it is important to design the latch such that a significant mechanical 

advantage exists for a latch user. 

 In order to provide the mechanical advantage discussed above, a relationship must exist 

between the actuation force imposed on the collar by the latch (𝐹𝐴) and the force that the human 

imposes on the latch, 𝐹.  To derive this relationship, Figure 41 is provided.  Figure 41 illustrates a 

free body diagram of the latch, which is assumed to be fixed at its rotation point, 𝑂.  The latch is 

exposed to three forces: 𝐹, 𝐹𝐴 (both of which were previously defined), and 𝐹𝑓𝑟, which is the 

frictional force that exists at the latch/collar interface.  Said frictional force can be expressed as: 

 𝐹𝑓𝑟 = 𝜇𝐹𝐴 (43) 

In Equation (43), 𝜇 is the static coefficient of friction between the latch and the collar.  Because 

both components are assumed to be aluminum, 𝜇 = 1.  With this in mind, a simple static moment 

balance about point 𝑂 is performed to achieve the following expression for 𝐹: 

 𝐹 = (
𝜇𝑟1

𝑟2
) 𝐹𝐴 (44) 

Figure 41: A free body diagram of the latch used in the torso angle adjustment feature. 
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By rearranging Equation (44), an expression for 𝑟2 (which is the dimension responsible for the 

desired mechanical advantage) is created: 

 𝑟2 = 𝜇𝑟1 (
𝐹𝐴

𝐹
) (45) 

Assuming 𝑟1 = .25𝑖𝑛, plugging Equation (42) into Equation (45) produces the following equation: 

 𝑟2 = .25 (
𝐹𝐴

𝐹
) = .128 (

𝑇𝑟𝑒𝑠𝑖𝑠𝑡

𝐹
) (𝑖𝑛) (46) 

Now, it is possible to express 𝑟2 as a function of the desired resistive torque of the collar clamp 

and the desired actuation force required to turn the latch.  Assuming a torque of up to 366in-lbs is 

desired to be resisted and assuming the user of the latch should have to input no more than 10lbs 

of force (both of these specifications arose from observation in previous prototypes), Equation (46) 

reveals that 𝑟2 = 4.67𝑖𝑛.  While this analysis is highly simplified, it does provide a rough 

understanding of what is necessary to design a collar clamp with a desired user input force and a 

desired resistive torque. 

4.9 Trap – Buckling Analysis 

 As described in chapter three, the ESM connects to an exoskeleton user via the exoskeleton 

connection feature (as shown in Figure 22).  The key component in the exoskeleton connection 

feature is component 225, which for simplicity will be referred to as the “trap”.  The trap is 

responsible for securing and locking the exoskeleton user to the ESM.  Therefore, it is one of the 

most critical components in the ESM.  As mentioned previously in chapter three, the trap 

mechanism is a specific type of snap-fit mechanism that is ideal for load bearing applications 

because of its nature to fail via buckling.  However, it is important that the trap does not buckle 

under the anticipated load of the exoskeleton user.  To perform this analysis, Figure 42 is provided 

which shows a free body diagram of the trap while the trap is in its locked position (i.e. the trap is 

currently connecting the exoskeleton user to the ESM).  The trap is fixed about a pin joint at point 

𝑂 and is subjected to a load, 𝑃𝑐𝑟, which is assumed to be the critical load to cause buckling of the 

trap.  It is important to note that in the locked position, the trap cannot rotate in the clockwise 

position, as other parts of the exoskeleton connection feature act as hard stops to prevent said 

rotation.  This hard stop is modeled at the bottom of the trap in Figure 42.  With the applied load 

𝑃𝑐𝑟, the fixed point 𝑂, and the aforementioned hard stop, a potential buckling scenario is created. 

 From [32], the general equation for buckling is provided: 

 𝑛𝑃𝑐𝑟 =
𝐶𝜋2𝐸𝐼

𝑙2
 (47) 

In Equation (47), 𝑃𝑐𝑟 is the critical load to cause buckling, 𝑛 is the desired FOS, 𝐸 is the material 

modulus of elasticity, 𝐼 is the second moment of area about the neutral axis, 𝑙 is the length of the 

material, and 𝐶 is an end condition constant that differs based on how the material is fixed to 

ground (in the case of the trap, 𝐶 = 1).  Figure 42 also shows the cross sectional area of the trap 

where 𝑃𝑐𝑟 acts, thereby making it possible to define the second moment of area as: 

 𝐼 =
1

12
𝑏ℎ3 (48) 
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In the case of the ESM, two traps exist within the exoskeleton connection feature.  Assuming both 

traps support the weight of the exoskeleton user’s HAT equally and assuming a desired FOS of 

two, Equation (47) can be rewritten as: 

 2 (
1

2
𝑊𝐻𝐴𝑇) = 𝑊𝐻𝐴𝑇 =

𝜋2𝐸𝑏ℎ3

12𝑙2
 (49) 

Finally, Equation (49) can be reworked to solve for the maximum allowable trap length, 𝑙𝑚𝑎𝑥, to 

prevent a buckling scenario from occurring: 

 𝑙𝑚𝑎𝑥 = √
𝜋2𝐸𝑏ℎ3

12𝑊𝐻𝐴𝑇
 (50) 

Assuming a material of aluminum 6061-T6 (𝐸 = 10,000𝑘𝑠𝑖) and areal dimensions of 𝑏 = .75𝑖𝑛 

and ℎ = .25𝑖𝑛, the maximum allowable trap length is calculated to be 𝑙𝑚𝑎𝑥 = 28𝑖𝑛.  For the ESM 

trap, a length of 1.25” was selected, which is far below the maximum trap length.  Thus, it is not 

anticipated that buckling of the trap will occur. 

 Additionally, a simple calculation of the compressive stresses on the cross sectional area 

of the trap where 𝑃𝑐𝑟 acts can be performed.  This calculation is as follows: 

 𝜎 =
𝐹

𝐴
=

𝑊𝐻𝐴𝑇

2𝑏ℎ
 (51) 

The results of Equation (51) show that the anticipated compressive stresses on the cross sectional 

area of the trap where 𝑃𝑐𝑟 acts is only 325psi.  This is much lower than the yield stress of aluminum 

6061-T6 (or most other metals).  Thus, no yielding of the trap is expected to occur where 𝑃𝑐𝑟 acts.  

Figure 42: A free body diagram of the trap in its locked position. 
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Chapter 5: Experimentation and Discussion 
 In this chapter, a completed prototype of the exoskeleton support mechanism (ESM) will 

be introduced.  Additionally, experimentation and discussion will be presented which attempt to 

validate the underlying hypothesis and satisfy the research objective. 

5.1 The Exoskeleton Support Mechanism – Completed Prototype 

 In Figure 43 and Figure 44, images of the completed ESM prototype are shown.  Figure 43 

and Figure 44 show the ESM connected to a walker but not to an exoskeleton.  Figure 43 and 

Figure 44 are only intended to provide the reader with all-encompassing views of the completed 

prototype.  Future parts of this chapter will go into detail describing each part of the prototype. 

 

Figure 43: A back view of the completed ESM prototype. 

Figure 44: A front view of the completed ESM prototype. 
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5.2 Using the Exoskeleton Support Mechanism 

 In order to use the ESM, an operator must first select a walker to which the ESM can be 

connected.  In theory, the ESM can be connected to any walker with a posterior support bar.  Once 

a walker is selected, the operator must then select the corresponding inserts (previously referred to 

in chapter three as inserts 205) which match the cross sectional shape of the walker’s posterior 

support bar.  Figure 45 shows examples of two sets of inserts which accommodate different 

walkers – one with a rectangular support bar cross section and one with an elliptical support bar 

cross section.  Figure 46 shows an image of the walker clamp (previously referred to in chapter 

three as component 199), which is an integral part of the ESM’s walker connection feature.  In 

addition to the walker clamp, Figure 46 shows the knobs (previously referred to in chapter three 

as components 207), alignment pins (previously referred to in chapter three as components 201), 

and insert lock (previously referred to in chapter three as component 213) – all of which interact 

with the walker clamp.  The insert lock is able to be moved up (unlocked) and down (locked) 

relative to the walker clamp.  When the insert lock is moved as far upward as permitted (i.e. when 

the insert lock is in the unlocked position), the insert slot on the walker clamp is exposed. 

 With the proper inserts selected, the operator of the ESM must move the insert lock into 

the unlocked position.  Doing so allows said insert to be freely placed in the insert slot, as shown 

in Figure 47a.  Once the insert is placed in the insert slot, the operator must move the insert lock 

into the locked position.  Doing so prevents the insert from leaving the insert slot, as shown in 

Figure 47b.  It is important to remember that insert locks exist on both sides of the insert slot (only 

one insert lock is shown in Figure 46 and Figure 47).  

Figure 45: Two sets of inserts that can be used in the walker connection feature. 
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(a) (b) 

Figure 46: An image of the walker clamp. 

Figure 47: A depiction of a user (a) placing an insert in the walker clamp insert slot and then (b) locking the insert lock. 
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Once an insert has been locked in place on the walker clamp, a similar procedure must 

occur on the housing (previously referred to in chapter three as component 197), which is also an 

important part of the ESM’s walker connection feature.  In a similar fashion to Figure 46, Figure 

48 shows the housing along with an insert slot, insert lock, and insert. 

 

(a) (b) 

Figure 48: An image of the housing and an insert. 

Figure 49: A depiction of a user (a) placing an insert in the housing insert slot and then (b) locking the 
insert lock. 
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Figure 49 illustrates the process in which an insert is connected to the housing.  First, as 

shown in Figure 49a, the insert lock is raised to the unlocked position so the insert can freely enter 

the insert slot located on the housing.  Once the insert is completely inside the insert slot, the insert 

lock is lowered to the locked position, as shown in Figure 49b. 

After the appropriate inserts are locked inside the insert slots of the walker clamp and the 

housing, the operator is then able to make use of the ESM’s walker connection feature to rigidly 

fix the housing and walker clamp to the posterior support bar of the walker.  Depictions of an 

operator using the ESM’s walker connection feature can be seen in Figure 50.  In Figure 50a, the 

operator attempts to align the alignment pins on the walker clamp with the respective holes on the 

housing.  Once said pins are aligned, the operator is free to turn the knobs of the walker clamp in 

an attempt to securely fasten the ESM to the walker’s posterior support bar, as shown in Figure 

50b.  Because the ESM contacts the walker via the inserts and because the chosen set of inserts 

match the cross sectional shape of the walker’s posterior support bar, a rigid connection between 

the walker and the ESM is guaranteed. 

 Once the walker connection feature has been used to rigidly connect the housing and 

walker clamp to the walker’s posterior support bar, the remaining portions of the ESM must be 

attached to the housing via the neck (previously referred to in chapter three as component 281).  

Figure 51 provides a depiction of the ESM which not only identifies the neck, but also specifies 

which portions of the ESM constitute the “remaining portions of the ESM”.  For added clarity, 

Figure 52 provides a zoomed in view of the height adjustment feature itself.  In Figure 52, the 

height adjustment feature is seen to be attached to the base plate (previously referred to in chapter 

three as component 243), where said base plate is considered to be part of the “remaining portions 

(a) (b) 

Figure 50: A depiction of a user (a) joining the walker clamp to the housing and then (b) fastening the entire unit to a walker. 
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of the ESM”.  By actuating the lever, the height adjustment feature is able to slide up and down 

the neck and settle at one of three discrete height adjustment levels.  Figure 52 provides a clear 

view of the lower two height adjustment levels (in Figure 52, the upper height adjustment level is 

occupied by the height adjustment feature itself). 

 

Figure 51: A user placing the remaining portions of the 
ESM on the neck via the height adjustment feature 

Figure 52: An image of the height adjustment feature. 
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 After the entire ESM is assembled and rigidly fixed to a walker, an operator must utilize 

the ESM’s torso angle adjustment feature to ensure that the exoskeleton user’s torso is constrained 

at the correct angle.  For clarity, Figure 53 is provided which shows two views of the actual torso 

angle adjustment feature.  Both views of Figure 53 show the inside of the housing, where a majority 

of the key components of the torso angle adjusment feature exist.  In Figure 53a, the portion of the 

neck that is normally concealed inside the housing is shown.  This concealed portion of the neck 

acts as a collar, which possesses the abilility to clamp around a clamping pin (previously referred 

to in chapter three as component 283), which is pressed into the housing.  The ability for the neck’s 

collar to clamp around the clamping pin is a function of the position of the latch (previously 

referred to in chapter three as component 289).  In Figure 53a, the latch is shown in the locked 

position.  Thus, in the view shown in Figure 53a, the neck is securely clamped to the clamping pin 

and cannot rotate relative to the housing.  In other words, the fact that the latch is in the locked 

position in Figure 53a effectively means that the torso angle of the exoskeleton user using the ESM 

is fixed.  In Figure 53b, however, the latch is shown in the unlocked position.  When the latch is 

in the unlocked position, the neck’s collar is not clamping around the clamping pin.  This allows 

the neck (and all of the remaining portions of the ESM as defined in Figure 51) to rotate relative 

to the clamping pin within the ranges allowed by the housing hard stops.  In addition to Figure 53, 

Figure 54 provides a depiction of an operator using the torso angle adjustment feature.  In Figure 

54, the operator uses one hand to bring the latch to the unlocked position (thereby unlocking the 

neck’s collar) while using the other hand to set the torso angle.  Once the torso angle is set, the 

operator must return the latch to the locked position to lock the collar clamp.  

(a) (b) 

Figure 53: Images of the torso angle adjustment feature in the (a) locked and (b) unlocked positions. 
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 At this point, the ESM is properly assembled on the desired walker and is now ready to 

connect to an exoskeleton via the exoskeleton connection feature.  However, before operation of 

the exoskeleton connection feature is explained, Figure 55 is provided to show examples of the 

various types of walkers that the ESM can be connected to.  Figure 55a shows a walker with a 

posterior support bar that is rectangular in cross section whereas Figure 55b shows a walker with 

a posterior support bar that is elliptical in cross section.  By simply using the appropriate inserts 

(as shown in Figure 45), the ESM can connect to any walker with a posterior support bar. 

(a) (b) 

Figure 54: An image of an operator using the torso 

angle adjustment feature. 

Figure 55: The ESM connected to walkers with (a) rectangular and (b) elliptical support bars. 
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 The final step to setting up the ESM is for an operator to make use of the exoskeleton 

connection feature to connect the ESM to the exoskeleton spine.  In Figure 56, the alignment pins 

(previously referred to in chapter three as components 221) and trap levers (previously referred to 

in chapter three as components 255) of the exoskeleton connection feature are shown.  In Figure 

57, an operator is shown aligning said alignment pins with the corresponding holes on the 

exoskeleton spine.  As the operator slides said alignment pins into the corresponding holes on the 

exoskeleton spine, the non-releasing trap snap fit mechanism is engaged, thereby rigidly 

connecting the exoskeleton to the ESM (and ultimately the exoskeleton to the walker).  To separate 

the exoskeleton from the ESM, an operator must actuate the trap levers to disengage the non-

releaseing trap snap fit mechanism and pull the alingment pins out of their respective holes. 

 

Figure 56: Key parts of the exoskeleton connection feature. 

Figure 57: An image of an operator using the exoskeleton connection feature. 
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Figure 58 provides a depiction of the entire ESM after it has been connected to both a 

walker and an exoskeleton.  In Figure 58, it can be seen how the ESM wraps around the 

exoskeleton battery.  Additionally, Figure 58 displays various degrees of freedom of the ESM.  

Said degrees of freedom allow an exoskeleton user to shift their weight laterally during walking. 

 Finally, Figure 59 provides frontal (Figure 59a) and sagittal (Figure 59b) views of an 

exoskeleton connected to a walker via the ESM. 

  

(a) (b) 

Figure 58: An image of the ESM connected to both a walker and an exoskeleton. 

Figure 59: A (a) frontal and (b) sagittal view of an exoskeleton connected to a walker via the ESM. 
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5.3 Relevance to the Underlying Hypothesis 

 Recalling from chapter two, the underlying hypothesis is as follows: 

A mechanism which constrains the orientation of an exoskeleton torso in the sagittal plane 

during walking and is connected to a walker which guarantees static stability at all times will 

allow for locomotion with a reduced chance of falling. 

From the previous section, it should be clear that the ESM constrains the orientation of an 

exoskeleton torso in the sagittal plane during walking (via locking of the torso angle adjustment 

feature).  Now, the static stability of an individual using the ESM must be assessed.  To do this, 

Figure 60 is provided which illustrates the differences in support patterns between an exoskeleton 

user that is using the ESM with a walker (Figure 60a) and an exoskeleton user that is using forearm 

crutches (Figure 60b). 

 In Figure 60a, it should be clear that the support pattern (which is crosshatched for 

visibility) is defined solely by the four wheels of the walker and not by the exoskeleton user’s legs.  

Because the exoskeleton user’s legs are not involved in defining the support pattern, said support 

pattern is highly controlled and is expected to be minimally affected by any human input that may 

arise from walking in an exoskeleton.  In contrast, the support pattern shown in Figure 60b (which 

is also crosshatched for visibility) is defined explicitly by the exoskeleton user’s legs.  Because the 

exoskeleton user’s legs are involved in defining the support pattern, said support pattern is not 

highly controlled and is expected to be significantly affected by any human input that may arise 

from walking in an exoskeleton. 

 From the descriptions and analyses thus far, it can be said that theoretically, an exoskeleton 

connected to a walker via the ESM will constrain the exoskeleton torso in the sagittal plane during 

walking and will guarantee static stability at all times.  In other words, the ESM described in this 

thesis satisfies all the properties of the mechanism proposed in the underlying hypothesis.  Now, 

it is necessary to verify the final part of the underlying hypothesis – whether or not use of the ESM 

in combination with a walker will reduce the chance of falling in an exoskeleton compared to the 

use of forearm crutches alone.  

(a) (b) 

Figure 60: The difference in support patterns between (a) the ESM and a walker and (b) crutches. 
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5.4 Verification of the Underlying Hypothesis 

 In an attempt to verify the underlying hypothesis, an experiment was conducted to see 

whether or not use of the ESM in combination with a walker would reduce the chance of falling 

in an exoskeleton compared to the use of forearm crutches alone.  The details of said experiment 

will be explained here.  Informed consent was obtained from all individuals involved. 

 An exoskeleton user was selected to undergo “tipping tests” – a controlled pull of the 

exoskeleton user in various directions.  Because the objective of the experiment was to create a 

pulling force sufficient to cause tipping of the exoskeleton user, it was not safe to perform this 

experiment with a mobility-challenged individual.  Thus, an able bodied individual was selected 

as the exoskeleton user.  Said user was a 70” tall, twenty-six year old male that weighed 180lbs.  

It was not the exoskeleton user’s first time in an exoskeleton.  For all experiments, a Phoenix 

exoskeleton was used.  The exoskeleton user was asked to don the exoskeleton and stand upright 

with the exoskeleton turned on.  Additionally, a fabric strap was tied around the exoskeleton user’s 

waist.  Using the fabric strap as an anchoring point, a Camry digital luggage scale (model EL10-

31P, maximum capacity of 110lbs) was used by an additional individual (known as the “tipper”) 

to apply controlled pulling forces to the front, back, left, and right sides of the exoskeleton user.  

The tipper was instructed to apply only horizontal forces throughout the entirety of the experiment. 

To perform the experiment, the exoskeleton user underwent two versions of tipping tests.  

Figure 61 depicts said tipping tests.  Figure 61a shows the first version of the tipping tests, where 

the exoskeleton user was given forearm crutches for stabilization.  Figure 61b shows the second 

version of the tipping tests, where the exoskeleton user made use of the ESM in combination with 

a walker for stabilization.  For the second version of the tipping tests, a Rifton walker (model 

K503) was used.  To accommodate the size of the exoskeleton, portions of the walker’s support 

bar were removed and adjustable handles were designed.  These modifications were solely 

intended to allow the exoskeleton to fit in the walker and did not alter the function of the walker 

itself.  Figure 62 provides a visual of the modified Rifton walker that was used. 

(a) (b) 

Figure 61: Images of the tipping tests performed on an exoskeleton user with (a) crutches and (b) an ESM with a walker. 
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 For each version of the tipping tests, the exoskeleton user was subjected to three separate 

pulling forces by the tipper from all four sides.  The tipper was instructed to gradually increase the 

pulling force (by reading the digital readout on the luggage scale) until the exoskeleton user stated 

that they were on the verge of tipping over.  Once this occurred, the tipper documented the pulling 

force responsible for tipping. In an attempt to prevent undesired bias by the exoskeleton user, the 

tipper was instructed to not reveal the documented tipping forces until the conclusion of the 

experiment.  Additionally, in an attempt to minimize the influence of visual factors, the 

exoskeleton user was instructed to keep their eyes closed during every tipping attempt.  For safety, 

the exoskeleton user was allowed to re-open their eyes when they felt that tipping was evident. 

 The results of the tipping tests are shown in Table 2.  Table 2 shows the average tipping 

forces for each stabilization method (crutches and ESM/walker) and from all four sides (remember 

that the exoskeleton user was subjected to three separate pulling forces per side per stabilization 

method).  Additionally, for each direction of pulling force, Table 3 identifies the stabilization 

method with the largest average tipping force as well as the percent increase in fall prevention that 

is achieved by said stabilization method (compared to the stabilization method with the lesser 

average tipping force). 

 Average Tipping Force (lbs.) 

Pull from Front Pull from Back Pull from Left Pull from Right 

Crutches 7.17 4.80 8.23 10.50 

ESM/Walker 17.83 4.33 12.63 12.90 
Table 2: The results of all tipping tests for each stabilization methods and tipping directions. 

Figure 62: An image of the modified Rifton walker. 
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 Winning 

Method 

% Increase in Fall Prevention 

(Compared to Loosing Method) 

Pull from Front ESM/Walker 149% 

Pull from Back Crutches 10% 

Pull from Left ESM/Walker 53% 

Pull from Right ESM/Walker 23% 
Table 3: Winning stabilization methods for each tipping direction and the percent increase in fall prevention achieved. 

 From the results shown in Table 2 and Table 3, the exoskeleton user was able to withstand 

a larger tipping force from the front, left, and right sides of their body while using the ESM in 

combination with a walker than while using crutches.  In particular, the results of the above 

experiment suggest that use of the ESM in combination with a walker can cause a 149% 

improvement in preventing forward-leaning falls than the use of crutches.  Although more work 

should be done to achieve statistically significant data, this result is promising, as a majority of 

exoskeleton falls are in the forward direction (according to the author’s own observations and the 

opinions of actual exoskeleton users). 

 The results shown in Table 2 and Table 3 also show that the exoskeleton user was able to 

withstand a larger tipping force from the back side of their body while using crutches than while 

using the ESM in combination with a walker.  Although the use of crutches showed only a 10% 

improvement in preventing backward-leaning falls than the use of the ESM in combination with a 

walker, this result was nonetheless unexpected.  There are a few potential reasons why the use of 

crutches prevented backward falls better than the ESM in combination with a walker.  One possible 

reason is that the posture of the exoskeleton user was not the same when using the crutches and 

the ESM/walker combination.  This proposal is supported in Figure 61, as it is clearly visible that 

the exoskeleton user is naturally leaning backward more in Figure 61b (while using the 

ESM/walker) than in Figure 61a (while using the crutches).  Because the exoskeleton user was 

naturally leaning backward more while using the ESM in combination with a walker, it makes 

sense that less force would be required to cause a backward fall in this situation.  Another 

possibility is that because the exoskeleton user had no way to save themselves from a backward 

fall while wearing the ESM in combination with a walker (other than with the intervention of the 

tipper), the exoskeleton user was more hesitant to declare when “the verge of tipping” was 

occurring.  In contrast, during crutch use, the exoskeleton user could readjust the crutches when 

backward tipping occurred in an attempt to save themselves from falling.  This difference may 

have played a role in the exoskeleton user’s judgement as to when “the verge of tipping” occurred. 

 Overall, the results of the above experiment appear to verify the underlying hypothesis of 

this thesis.  Although more data is required to achieve a statistically significant conclusion, it 

appears as though use of the ESM in combination with a walker generally reduces the chance of 

falling in an exoskeleton when compared to traditional crutch use. 

5.5 Additional Anecdotal Findings 

 After receiving promising data from the aforementioned tipping tests (which recruited an 

able-bodied individual as the exoskeleton user), it was deemed safe by the author to test the ESM 

on an actual exoskeleton user with a diagnosed spinal cord injury.  The test subject was a 72” male 

that weighed 110lbs.  The test subject was thirty years old and was diagnosed with a spinal cord 

injury at the T10 vertebra (refer to Figure 2 in chapter one for a refresher on the anatomy of the 
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spine).  Although the test subject normally transported themselves via a wheelchair, said test 

subject had over five years of experience wearing and walking in an exoskeleton.  Informed 

consent was achieved from the test subject. 

 To begin, the test subject donned a Phoenix exoskeleton and stood upright with their feet 

together (using crutches).  Once standing, the crutches were removed from the test subject and the 

test subject was supported using the ESM in combination with a Rifton walker (model K504).  The 

test subject was then asked to attempt to walk to the best of their ability using only the ESM and 

walker for stabilization.  The test subject demonstrated the ability to walk in a straight line without 

falling or feeling uncomfortable.  The test subject also stated that he felt safer in the exoskeleton 

when using the ESM/walker for stabilization compared to using traditional forearm crutches.  

Furthermore, because the test subject was no longer using crutches for stabilization, the test subject 

was able to safely and freely use his hands while standing – something that was previously 

impossible to do when using crutches.  While more experimentation is needed to substantiate the 

claims of the test subject, Figure 63 shows a snapshot of the test subject walking in an exoskeleton 

with the assistance of the ESM and a walker.  To the best of the author’s knowledge, this is the 

first documented demonstration of an individual with a mobility disorder walking in an 

exoskeleton without a hand-based stabilization method (excluding the Rex exoskeleton, which 

uses an expensive control algorithm for stabilization).  

Figure 63: An individual with a mobility disorder walking in an 
exoskeleton with the assistance of the ESM and a walker. 
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Chapter 6: Concluding Remarks 

6.1 Thesis Overview 

In this thesis, the thesis objective (to provide locomotion in an exoskeleton with a reduced 

chance of falling) is presented.  Additionally, the author’s thesis contribution, an exoskeleton 

support mechanism (ESM), is introduced.  This thesis clearly demonstrates the ESM’s ability to: 

 Constrain the orientation of an exoskeleton torso in the sagittal plane during walking 

 Guarantee the static stability of an exoskeleton by connecting said exoskeleton to a walker 

With the above abilities in mind, it should be evident that the ESM meets the conditions of the 

mechanism proposed in the underlying hypothesis.  Furthermore, through the experimentation and 

anecdotal findings described in this thesis, use of the ESM in combination with a walker is shown 

to provide locomotion in an exoskeleton with a reduced chance of falling (compared to locomotion 

in an exoskeleton with forearm crutches).  Therefore, said experimentation and anecdotal findings 

verify the underlying hypothesis, which in turn satisfy the thesis objective. 

6.2 Future Works 

 Although the development and testing of the ESM was shown to satisfy the thesis objective, 

there are still several areas in which the ESM (or various embodiments of the ESM that serve the 

same purpose as the ESM) could benefit from future works.  These areas are as follows: 

1. Turning while Walking - In the current embodiment of the ESM, forward locomotion (with 

the assistance of a walker) has been demonstrated.  However, observation of the test 

subject from section 5.5 revealed that turning with the current ESM/walker combination 

was more difficult than turning with crutches.  From observation, when allowing the 

wheels of the walker to swivel freely (in an attempt to allow for turning), even the slightest 

lateral movements caused the test subject to sway too far to the left or right (depending on 

the direction of the lateral movement).  It is unrealistic to think that an exoskeleton user is 

capable of producing no lateral movements while walking.  Because most exoskeletons 

provide minimal (or no) actuation in the frontal plane, the only way to prevent this swaying 

with the current ESM/walker combination is to prevent the walker wheels from swiveling 

altogether, thereby only allowing forward locomotion.  However, the author envisions 

future modifications to either the ESM, the walker, or both which would allow an 

exoskeleton user with an ESM/walker combination to turn with a minimal turn radius. 

2. Standing up and Sitting Down – In the current embodiment of the ESM, an exoskeleton 

user cannot stand up or sit down while using the ESM in combination with a walker.  

Instead, all standing and sitting maneuvers need to take place via crutches.  This means 

that currently, donning and doffing of the ESM/walker happens while the exoskeleton user 

is standing upright.  Clearly, it is a risk to don and doff an exoskeleton user’s primary 

method of stabilization while said user is standing upright.  From both safety and 

efficiency standpoints, it would be much better if all donning and doffing of the 

ESM/walker happened while the exoskeleton user was seated.  For this to happen, 

modifications to either the ESM, the walker, or both would be necessary.  As a final point 

on this topic, it would be even more desirable for the ESM/walker to be designed such that 
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the exoskeleton user can don and doff the ESM themselves while they are seated (rather 

than relying on another person to don and doff for them, as is currently required). 

3. Generation of Statistically Significant Data – Although this thesis provides some 

experimentation in chapter five, the scope of said experimentation is small and does not 

result in statistically significant data.  A primary reason for this small scope is due to the 

difficulty in recruiting test subjects who not only have mobility challenges, but also have 

been cleared by a physician to operate an exoskeleton.  However, if a larger population of 

test subjects were acquired, the author envisions a plethora of experiments that not only 

could be conducted, but also could yield statistically significant data.  Said data may 

potentially point to additional benefits of exoskeleton use with the ESM.  For example, 

this thesis provides anecdotal evidence of a decrease in upper extremity muscular fatigue 

while using the ESM in combination with a walker (compared to using forearm crutches).  

More sound experimentation on this (and other) topics are undoubtedly beneficial - 

regardless of the outcome of said experimentation. 

6.3 Final Remarks 

 In order for medical exoskeletons to become feasible commercial products that can benefit 

the entirety of the spinal cord injury community, core risk factors (such as stabilization), must be 

addressed in the simplest, most cost-effective ways.  Although there is more work to be done, the 

exoskeleton support mechanism described in this thesis clearly advances the state of the art in 

medical exoskeleton stabilization.  It is the author’s hope that this thesis promotes continued 

research in this field and ultimately leads to a better quality of life for those affected by spinal cord 

injuries.  
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