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PREFACE 

 

 

The research presented in this document was completed as part of my doctoral work in 

mechanical engineering. My work focuses on developing controllers to use in powered orthoses 

for people with ambulatory disabilities. As such, my work was limited to developing controllers 

and testing for direct effect (i.e., when the user is wearing the device) on the users’ gait kinematics. 

My work did not investigate indirect effects (i.e., effects that linger after using and removing the 

device). Indirect effects of orthotic interventions are beyond the scope a mechanical engineering 

dissertation. Further, measuring indirect effects is beyond the expertise of the Center for 

Rehabilitation and Assistive Technology at Vanderbilt University. Thus, all assessments detailed 

in this document measure the direct effects of control methodologies for orthotic interventions in 

a limited number of subjects. The controllers developed in this research were not tested for indirect 

effect. Results from this research only indicate improvements due to direct effect. This dissertation 

does not claim to improve users’ gait symmetry and kinematics after wearing the device, despite 

the possibility of doing so. 
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LIST OF DEFINITIONS AND ACRONYMS 

 

Terms used to categorize individuals with ambulatory disabilities: 

 Non-ambulatory individual: individuals who have no motor function in their lower 

limbs. 

 Poorly-ambulatory individual: individuals with pathological gait who have some motor 

function in their lower limbs, but not enough motor function to be considered able-

bodied. 

 

Acronyms used to describe impairments: 

 MS: Multiple Sclerosis 

 CP: Cerebral Palsy 

 SCI: Spinal Cord Injury 

 

Acronyms used to describe assistive devices: 

 AFO: Ankle-foot orthosis 

 KAFO: Knee-ankle-foot orthosis 

 

Terms that used throughout this thesis to describe a controller’s properties: 

 Assistance: control torques or forces that supplement the user’s movement effort. 

Assistance implies any control action that occurs in the tangential direction to a leg’s 

desired travel path. 

 Guidance: control torques or forces that guide the user’s leg through a desired path. 

Guidance implies any control action that occurs in the normal direction, and towards the 

leg’s desired travel path. 

 Forgiveness: a controller’s capacity to allow large deviations (error responses) from a 

desired path. Typically defined as torques (or impedance) properties of a controller when 

deviating from desired behavior. Forgiveness occurs when error readings are large, 

whereas guidance refers to torques that guide the user’s leg when the leg is close to the 

desired path (i.e., error is low). 
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CHAPTER I 

 

INTRODUCTION 

 

Ambulatory disabilities are impairments in which a person has serious difficulty moving 

from one location to another without the aid of assistive devices or mobility aids. Poorly-

ambulatory individuals are characterized by inconsistent and underpowered leg movements 

that arise from weaknesses in the musculoskeletal system. The ability to walk unassisted has 

a direct correlation with an individual’s health, independence, community dwelling 

capability, and quality of life. The combination of impaired balance and compromised 

walking decreases an individual’s ambulatory capabilities, and increases the incidence 

injuries resulting from walking. Other factors such as mental health can be correlated to the 

ability to walk independently (Forster and Young 1995; Harris et al. 2005; Mackintosh et al. 

2005; Michael, Allen, and MacKo 2005; Weerdesteyn et al. 2008; Pouwels et al. 2009; 

Batchelor et al. 2010). Given that being independently ambulatory has a large impact on a 

person’s life, investigating how to improve therapeutic and assistive methods for people to 

walk on their own is important for the mental and physical well-being of individuals with 

ambulatory disabilities. 

1. Gait rehabilitation and passive assistive devices 

Rehabilitation for individuals with lower-limb disabilities is administered to re-establish 

leg movement coordination during walking. Such physical therapy generally includes 

overground gait training, in which a physical therapist provides balance support (typically 

via a gait belt) for a patient while assisting the patient with walking (Belda-Lois et al. 2011). 

In cases where the patient’s leg movement is substantially impaired, a physical therapist will 

manually guide the patient’s paretic leg through the gait cycle to encourage a desired pattern 

of movement, an example of which is seen in Figure 1. 

Passive wearable assistive devices for people with ambulatory disabilities include AFOs 

and KAFOs. These are used to improve joint stability for individuals who have problems 

supporting their own weight while walking. The subject in Figure 1 is wearing an elastic 

wrap around the ankle to simulate an AFO to provide stability and prevent foot drop. Some 
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KAFOs also include stance locking to prevent knee buckling. Most assistive devices in the 

market are passive devices which do not provide any active power to the user’s leg. Thus, a 

gap exists with wearable assistive devices. Powered devices could serve certain populations 

with ambulatory disabilities better than currently existing passive devices. 

 

 

Figure 1. Representative photo of conventional post-stroke gait physical therapy. 

 

This document describes control methods for powered exoskeletons acting as both 

assistive and therapeutic devices. Therapeutic devices are designed to improve a user’s gait 

by improving leg coordination or strength (or a combination of), but may not improve the 

user’s mobility while wearing the device. Therapeutic devices focus on indirect effects, such 

that the user’s walking improves after wearing and using the device. Assistive devices are 

designed to improve the user’s mobility; they focus on direct effects while wearing the 

device. Although assistive devices may have therapeutic benefits, indirect effects are a side 

effect rather than the main objective of wearing the device. 

 

2. Powered assistive and therapeutic devices  

Powered assistive devices have begun to emerge as an alternative to physical therapy; 

they also have potentially useful applications for individuals with ambulatory disabilities 

who require powered assistance to one or more leg joints. Robotic-assisted gait therapy 

(RAGT) systems can be used to assist therapists with the gait retraining process (Mehrholz 

et al. 2013). Typically, RAGT systems involve a powered robotic manipulator that assists or 

corrects the user’s movement as they walk. Although variations of RAGT exist, most RAGT 
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systems incorporate a treadmill in combination with robotic manipulation of the patient’s 

legs and some degree of partial body-weight support as a substitute for the manual leg 

guidance and balance support that would otherwise be provided by physical therapists. 

Relative to manual assistance, RAGT systems can decrease the number of therapists required 

to provide gait training, providing a solution for hospitals to more effectively use therapists’ 

time. 

When looking at assistive (rather than therapeutic) benefits, powered wearable assistive 

devices share benefits with RAGT devices. Robots are capable of repeatable and consistent 

motions; they theoretically are a good fit for people with ambulatory disabilities, a 

population largely characterized by inconsistent or weak leg motions. Robots can offer a 

higher dosage of therapy to patients in a rehabilitation setting when compared to a therapist, 

or supplement a user’s movement to lower fatigue, improve gait kinematics, and increase 

ambulatory capabilities. The effectiveness of these devices hinges on adequate mechanical 

design and control. This research has focused on how to more effectively control powered 

orthotic devices for therapeutic and assistive applications. 

3. Control strategies for powered exoskeletons 

For purposes of this document, lower-limb exoskeletons are defined as powered 

wearable robotic devices that provide lower limb movement assistance during locomotion. 

This includes exoskeletons incorporated into treadmill-based systems, body-weight-

supported devices (i.e., devices that use harnesses to support the user’s weight), as well as 

overground exoskeletons. 

Traditional lower-limb exoskeleton control can be loosely grouped into four categories: 

electromyography (EMG), trajectory, torque-pulse, and path control. The ideal use of each 

control strategy is dependent on the user’s level of ambulation. Note that stance phase 

torques are not a defining characteristic of torque-pulse and path control, but rather use a 

different control rubric for applications such as knee support. Hip torques are rarely 

employed during stance phase, as the leg impedance is much larger than the user’s upper 

limb and can cause the user’s trunk to rotate backwards (i.e. posteriorly), rather than extend 

the hip. 
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3.1. EMG control 

EMG-based control uses EMG readings from the user’s thigh and shank muscles to 

determine the timing and torque applied by the exoskeleton. EMG control approaches are 

not ideal for non-ambulatory or poorly-ambulatory individuals since they rely on robust, 

healthy signals from the user’s neuromuscular patterns that are not present in people with 

ambulatory disabilities. However, This type of exoskeleton control has been shown to be 

robust for use on healthy individuals and has potential to be used in human augmentation 

techniques for a variety of activities (Sawicki and Ferris 2009; Kawamoto et al. 2003; He 

and Kiguchi 2007; Fleischer et al. 2006; Yin, Fan, and Xu 2012; Aaron J. Young, Gannon, 

and Ferris 2017). Further, EMG control methods require substantial interfacing with the 

user’s leg and additional instrumentation than those used in other control strategies. 

Additionally, EMG control set up can be inadequate for some poorly-ambulatory populations 

since they suffer from reduced cognitive abilities as a result of their disabilities. Individuals 

are less likely to adopt EMG control because of the donning process. As a result, EMG 

control approaches are not considered suitable for purposes of this work. 

3.2. Trajectory control 

Trajectory-based control is a time-based position control that moves the user’s leg 

through a pre-determined path; it is typically employed to for applications where stiff 

guidance and assistance are required (i.e., non-ambulatory individuals). Trajectory control is 

the most rigid of the four controllers defined in this document, which makes it the least 

forgiving. Trajectory control is frequently employed on non-ambulatory users since non-

ambulatory populations have no leg mobility, and any volitional leg movement would 

interfere with the exoskeleton’s motions. Trajectory control is a rigid control strategy which 

will correct any deviations from the path, and will overpower poorly-ambulatory and healthy 

users if they attempt to deviate from the path. Further, it is a time-dependent controller which 

makes the user incapable of selecting step time. As such, the user must cede lower limb 

movement entirely to the exoskeleton.  

Some exoskeletons that employ trajectory control are: the ReWalk, created by ReWalk 

Bionics, based off Israel (Esquenazi et al. 2012); Ekso by Ekso Bionics, based off California, 
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United States (Bionics 2016); Indego exoskeleton, created at Vanderbilt University and 

licensed to Parker-Hannifin, based off Ohio, United States (Farris et al. 2012); MINA 

exoskeleton, developed by the NASA Johnson Space Center and the Florida Institute for 

Human & Machine Cognition (IMHC) in the United States (Neuhaus et al. 2011); and 

MINDWALKER exoskeleton, developed in the University of Twente in the Netherlands (S. 

Wang et al. 2015). Typically, these overground exoskeletons that use trajectory control for 

non-ambulatory users allow the users to balance themselves using two forearm crutches 

while the exoskeleton moves the user’s limbs during walking. The H2 exoskeleton uses 

trajectory control with six actuated joints (bilateral hip, knee, and ankle) instead of passive 

ankle joints (Bortole et al. 2015). Note that the H2 exoskeleton was used for people with 

stroke (poorly ambulatory), despite being a trajectory controller. 

Another type of trajectory control is Zero-Moment-Point control (Kajita et al. 2014). This 

type of control is employed by the REX exoskeleton. Bipedal walking consists of alternating 

periods of stability (double support) and instability (single support). The REX exoskeleton 

uses this control strategy, which deviates from most other commercially available 

exoskeletons (Barbareschi et al. 2015). 

3.3. Path control 

Control strategies for hip and knee powered exoskeletons can employ path control, 

otherwise known as “force field control”. Path control employs a passive virtual spring-

damper system that guides the user’s leg motion during gait. This leg guidance can occur at 

the ankle joint in Cartesian space through an end-effector manipulator, or in configuration-

space by controlling the hip and knee joint angles. The leg’s desired path is pre-defined by 

the controller, and the spring component of the path controller corrects for the difference 

between the user’s current leg position and the desired path through a proportional gain. A 

damper is used for stability purposes and to reduce oscillatory behavior in the leg.  

Path control is an inherently passive, time-independent controller. The controller stores 

potential energy in the spring component, and dissipates energy through the damper. Thus, 

a path controller does not add energy to the user-exoskeleton system. This feature allows the 

exoskeleton to guide the user’s leg without creating oscillations, if overdamped or critically 

damped. Since the controller is time-independent, the user can select the walking speed. 
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Path controllers had been used in treadmill training exclusively until this work’s 

adaptation of the overground path controller (Chapter III). The Active Leg Exoskeleton 

(ALEX) uses end-effector actuation to guide the user’s ankle using a virtual tunnel with a 

dead band (Banala et al. 2009). The ALEX has the ability to assist the user by providing a 

torque proportional to how close the user’s ankle is to the desired path (lower error to desired 

path creates larger assistive torques). The Lokomat uses configuration space to guide the 

user’s hip and knee with a dead band (Duschau-Wicke et al. 2010). Lokomat uses a static 

torque along the desired path to assist the user along the gait cycle regardless of error. Note 

that despite providing assistance, the controllers are time-independent, as the assistive 

torques do not constrain the user’s gait cycle completion time (though they decrease the 

swing phase completion time). 

3.4. Torque-pulse control 

Control strategies that focus on correctly timing assistance to the user during walking 

based on pattern recognition are called torque-pulse control (also known as phase-based 

oscillator control). Torque-pulse control, unlike trajectory control and path control, provides 

no guidance to the user’s leg; it provides assistance at specific times during the gait cycle. 

These assistance torques usually occur during early swing and late swing, depending on the 

powered exoskeleton joints. Torque-pulse controllers seek to improve the user’s toe ground 

clearance and facilitate heel strike for the user. 

Torque-pulse control is common in powered single-joint exoskeletons, and is sometimes 

used in powered exoskeletons with more than one joint. Since it does not provide guidance 

torques to the user, torque-pulse control is a safe control strategy to use on overground 

devices. 

 A formulation for torque-pulse control is detailed by Sugar et al. and implemented in 

a powered ankle (Sugar et al. 2015; De la Fuente, Sugar, and Redkar 2017). This type of 

control has been further implemented on a powered hip-only, knee-only, and ankle-only 

orthosis (Ward et al. 2012; Lerner, Damiano, and Bulea 2017). Similarly, it has been used in 

powered multi-joint exoskeletons (De la Fuente, Sugar, and Redkar 2017; Murray et al. 

2015). The application of torque-pulse control can also be seen in soft exosuits that provide 

steady-state walking assistance (Quinlivan et al. 2017; Bae et al. 2015). Torque-pulse control 
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has been also used along with movement primitives to allow for better timing and magnitude 

of applied torques to the user (Garate et al. 2017). 

4. User-Balance-Control 

With regard to balance, wearable exoskeletons typically use either of two types of 

strategies: 1) ones for which the primary means of balance control is effected through the 

user’s upper body; and 2) ones for which the primary means of balance control is effected 

through the user’s lower body. 

The first type, herein called upper-limb User-Balance-Control (UBC), is applicable to 

individuals with severe lower-limb neuromuscular impairment but with minor or no upper-

limb neuromuscular impairment (e.g., individuals with motor-complete paraplegia). Such 

individuals are likely non-ambulatory without the use of an exoskeleton or other assistive 

device, and require the use of a bilateral stability aid such as a rolling walker or a pair of 

forearm crutches to maintain balance when using an exoskeleton, as seen in Figure 2.  

 

 

Figure 2. Photo of an individual using the a lower-limb exoskeleton that employs 

upper-limb user-balance-control. 

 

The second type of balance control, herein called lower-limb UBC, is relevant to 

individuals with non-severe lower-limb neuromuscular impairment, such as persons with 

MS, CP, iSCI, or hemiparesis from stroke. Such individuals may use a stability aid such as 

a quad cane to walk, but are generally able to walk without the use of an exoskeleton or other 

assistive device, as seen in Figure 3. The objective of the exoskeleton when assisting poorly-

ambulatory individuals is to improve the quality of their legged locomotion. 
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Figure 3. Photo of an individual using the Indego exoskeleton while employing lower-

limb user-balance-control. 

 

The distinction between upper-limb UBC and lower-limb UBC for overground walking 

is important with respect to how a lower-limb exoskeleton provides movement assistance. 

In the case of upper-limb UBC, the exoskeleton need not cooperate with user-generated 

lower-limb efforts, and therefore has complete control authority with regard to leg 

movement.
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CHAPTER II 

 

CONTRIBUTIONS 

 

The broad goal of this research is to design controllers for powered lower-limb 

exoskeletons to be used by poorly-ambulatory individuals during overground walking. The 

specific design goals for the controllers are to allow step time and step length variability so 

that the subject is able to maintain balance through micro-adjustments in their gait, in 

addition to the user being active (i.e., the exoskeleton reacts to the user’s gait rather than the 

exoskeleton moving the user’s legs by itself). 

 

1. Transition path controller to overground walking 

The specific aims for the first part of this research are to design a controller that:  

 Enables overground walking by allowing the user to select step length and time; 

 Guides the user’s leg to promote healthy-like gait kinematics; 

 Allows the user to be active during walking.  

 

Overground walking is a mandatory feature of assistive devices and is a favorable 

property of rehabilitation devices as it mirrors what users do in their daily lives. Further, 

some poorly-ambulatory users have lower cognitive abilities than healthy age-matched 

populations. A controller that allows users to walk without much cognitive engagement is 

fundamental for the subjects to adopt and use the controller.  

Given these specific aims, the first contribution of this work is to transition a path 

controller to overground walking for use in the Indego exoskeleton. Typically, controllers 

for non-ambulatory population have been treadmill bound for several reasons: 1) some 

patient populations can benefit from carrying lower body weight, since they would not be 

able to walk otherwise; 2) lower liability of the device (users can’t fall to the ground), which 

increases trust in the device; 3) potentially reduces torque and degree-of-freedom 

requirements from the robot. Path controllers naturally constrain the user’s step length, and 
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previous iterations have used a treadmill in their system that constrain the user’s walking 

speeds (Banala et al. 2009; Duschau-Wicke et al. 2010). Transitioning to overground 

walking requires the user to vary either step time or length (Y. Wang and Srinivasan 2014; 

Danion et al. 2003). As such, adaptation to path controller requires changes to the controller, 

as previous iterations constrain the gait cycle during both stance and swing phase. 

Chapter III of this thesis details the design of a path controller for overground walking. 

This is the first time (as of June 2019) that a path controller has been adapted to overground 

walking. The major benefit of an overground path controller is that it is more representative 

of what users would do in their daily lives. As such, users are more likely to accept treatment 

when they can ambulate rather than be constrained to a treadmill. 

 

 

2. Design of the velocity-based ‘Flow’ controller 

The specific aim for the second part of this work was to further improve overground 

walking controllers for a powered bilateral hip and knee exoskeleton. To do this, a new 

controller was designed with three desired characteristics:  

 Provide assistance-as-needed to the user; 

 Guide the user’s leg to mimic healthy-like kinematics; 

 Be forgiving to the user. 

 

Assistance as-needed is important for poorly-ambulatory individuals to complete the gait 

cycle, and the controller should supplement their movements. Guidance is required to 

encourage a healthy movement. Additionally, guidance can assist poorly-ambulatory users 

with ground clearance issues when walking overground. Similar to the path controller, the 

controller should correct users’ gait kinematics to allow for enough ground clearance when 

walking. Finally, forgiveness means allowing for large deviations from the desired leg path 

are sometimes needed to maintain balance. Corrective torques applied to the user when 

deviating from a desired path may create a trip hazard. Potential energy storage in the spring 

component of path controllers is not a major issue for treadmill-bound controllers, as they 

support the user’s body weight and the user is unable to fall. Unlike treadmill-bound 
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controllers, an overground walking controller should allow users to relearn balance by 

allowing them to change their step length when they choose to. 

The contribution of the second part of this work is to fill the gap between the path and 

torque-pulse controllers, such that a single control strategy can provide desirable guidance, 

assistance, and forgiveness properties to the user. The path controller developed in Chapter 

III provides guidance. However, the controller lacks assistance capabilities, and due to the 

virtual spring (and its potential energy storage) is unforgiving to deviations to the desired 

path. On the other hand, torque-pulse controllers provide assistance-as-needed at specific 

times during the gait cycle and are forgiving (due to providing no guidance torques). 

A secondary aim of this work is to create the control strategy as a uniform control 

methodology (unlike path controllers, which intrinsically provide guidance, but have an 

extrinsic control strategy that provides assistive torques). This reduces the amount of 

variables that therapists or orthotists have to calibrate on the controller. 

 

 

3. Single degree of freedom flow controller 

The specific aims for the last part of this work were to: 

 Examine if the flow controller is effective in a single degree of actuation system; 

 Adapt the flow controller to a KAFO with a powered knee; 

 Better understand which individuals with hemiparesis following stroke are suited 

for the controller 

 

The last contribution of this work focuses on adapting a controller to a single degree of 

freedom for the knee joint to use on subjects who have hemiparesis following stroke. This 

contribution can serve as a platform for future controllers to follow based on the control 

architecture and the use of sensor fusion to calculate the thigh angle over swing phase. The 

first two contributions of this dissertation focused on a control for a powered hip and knee 

exoskeleton. Said exoskeleton is a suitable development platform for controllers as having 

more joints is favorable for control of an individual’s walking. However, in applications 

outside the lab, poorly-ambulatory individuals are more likely to adopt a device that is light 



 

12  

and easy to don and doff.  

Another goal of this contribution is to be able to adjust the flow controller for different 

subjects’ pathological gait by modulating two fundamental gains in the controller and 

adjusting the state transitions to the user’s gait. Further, a minor goal of this contribution is 

to understand which subjects are best suited to use the controller with a Modified Ashworth 

Scale evaluation prior to walking with the controller.  

Note that the third contribution exclusively evaluates the controller as an assistive 

technology (i.e., improves the user’s gait while wearing the device), whereas the first two 

contributions deal with a controller that can be used for rehabilitative purposes with the goal 

to improve the user’s gait after wearing the device. 
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CHAPTER III 

 

ADAPTATION OF A PATH CONTROLLER TO OVERGROUND WALKING 

 

 

Approximately 795,000 people in the United States suffer a stroke annually, of which 

about 665,000 survive (Go et al. 2014). Of these survivors, approximately 200,000 are 

affected by lower-extremity hemiparesis to an extent that prevents walking without 

assistance six months after the stroke (i.e., by the time they enter the chronic stages of stroke) 

(Bogousslavsky, Van Melle, and Regli 1988; Jorgensen et al. 1995; Kelly-Haynes et al. 

2003). As mentioned previously, the inability to walk unassisted has an obvious impact on 

an individual’s health, independence, community dwelling capability, and quality of life 

(Forster and Young 1995; Harris et al. 2005; Mackintosh et al. 2005; Michael, Allen, and 

MacKo 2005; Weerdesteyn et al. 2008; Pouwels et al. 2009; Batchelor et al. 2010). 

In order to address and improve these gait deficiencies, patients are treated with physical 

therapy intended to re-establish leg movement coordination during walking. Such physical 

therapy includes overground gait training, in which a physical therapist provides balance 

support (typically via a gait belt) for a patient while assisting the patient with walking (Belda-

Lois et al. 2011). In cases where the patient’s leg movement is substantially impaired, this 

activity is often supplemented by an additional physical therapist, who manually guides the 

patient’s paretic leg through the gait cycle to encourage a desired pattern of movement.  

Several robotically-assisted gait training (RAGT) systems have recently been developed, 

which can assist therapists with the task of gait retraining (Mehrholz et al. 2013). Although 

variations exist, these systems commonly incorporate a treadmill in combination with robotic 

manipulation of the patient’s legs and some degree of partial body-weight support as a 

substitute for the manual leg guidance and balance support that would otherwise be provided 

by physical therapists. Relative to manual assistance, RAGT systems can: 1) decrease the 

number of therapists required to provide gait training; 2) potentially offer a higher dosage of 

therapy to the patient; and 3) offer greater consistency of movement, relative to manual gait 

retraining. 

Several control approaches have been described for purposes of governing the interaction 
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between the robotic manipulation and the patient when providing gait retraining following 

stroke with RAGT devices, as outlined in (Marchal-Crespo and Reinkensmeyer 2009). 

Among these are compliant assistance approaches based on spatiotemporal reference 

trajectories, implemented in the joint space (Aoyagi et al. 2007) or task space (Vallery et al. 

2008), which compliantly encourage a step path and step time; path-based approaches 

(Duschau-Wicke et al. 2010; Vallery, Duschau-Wicke, and Riener 2009; Banala et al. 2009), 

which compliantly encourage a step path without imposing control forces associated with 

step time; and torque-pulse approaches that adapt to step frequency, and thus provide 

assistance without enforcing either step path or time (Ronsse et al. 2011; Lenzi, Carrozza, 

and Agrawal 2013). 

Recently, lower-limb exoskeletons have begun to emerge. Among the differences 

relative to most treadmill-based RAGT systems, lower limb exoskeletons offer the potential 

for overground (rather than treadmill-based) gait training. As such, overground exoskeletons 

can potentially expand the continuum of interventions available to therapists and patients for 

the treatment of walking impairments. Among the important differences, overground gait 

training presumably offers a better representation of home and community ambulation 

(relative to treadmill walking), and may provide benefits with respect to relearning balance 

during locomotion. Recall that conventional overground gait training typically employs one 

physical therapist to assist with balance, and often a second to assist with leg guidance. If a 

lower limb exoskeleton can instead provide the function of leg guidance, then a single 

physical therapist can perform the simultaneous balance and leg guidance functions that 

would otherwise require two. Specifically, balance assistance would still be provided by the 

single physical therapist using a gait belt, but the lower limb exoskeleton, rather than an 

additional therapist, would provide guidance of leg movement (i.e., facilitate coordination 

of movement between joints). 

As with treadmill-based RAGT devices, control methods are required to govern the 

interaction between the exoskeleton and patient during overground walking. A number of 

control strategies have been described for the general control of lower limb exoskeletons 

(e.g., see the recent review (Yan et al. 2015)). As summarized in that review, lower limb 

exoskeleton control strategies described for purposes of providing legged mobility to 

individuals with substantial gait impairments have uniformly been of the trajectory control 
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type (e.g., (Quintero, Farris, and Goldfarb 2012; Bortole et al. 2015; S. Wang et al. 2014)). 

Trajectory control is effective at enforcing a given leg movement, but interferes with a user’s 

ability to select step time and length, and thus requires that the patient use a stability aid to 

maintain balance during walking. In the case of gait retraining after stroke, re-learning of 

balance is important (Michael, Allen, and MacKo 2005). Re-learning of balance presumably 

requires a patient to experience states of imbalance, and to select a step length and time to 

correct for it. Murray et al. (Murray et al. 2015) describe a lower limb exoskeleton controller 

intended to facilitate overground gait training for individuals with hemiparesis from stroke 

where the controller does not impose a step time or length. That controller facilitates 

overground walking by assisting individuals at specific times during the gait cycle (in a 

similar manner to torque-pulse controllers). However, the controller does not provide desired 

patterns of movement (i.e., leg guidance) as would a physical therapist when manually 

guiding leg movement.  

In order to address the gap of imposing a desired movement coordination for lower-limb 

exoskeletons during overground walking, this chapter proposes a controller that is intended 

to govern the interaction between the exoskeleton and patient during overground walking in 

a manner that offers a desired inter-joint coordination (i.e., leg guidance), while still enabling 

a patient to select step time and length. The proposed controller could be used with a stability 

aid, as per patient needs, but would not require one. The proposed controller specifically 

employs a path-based approach (to enforce a desired inter-joint coordination without 

enforcing step time), supplemented with a step-to-step path adaptation that enables step-to-

step variation in step length. In order to provide an assessment of the ability of the controller 

to encourage a desired movement without substantially interfering with balance, the control 

approach was implemented on a lower limb exoskeleton and assessed in an experimental 

protocol involving five healthy subjects, who walked overground at varying speeds, without 

using a stability aid. 

1. Controller design 

The controller is intended to provide leg guidance during walking, as would a physical 

therapist. The authors conjecture, however, that while leg guidance may be appropriate and 

helpful during the swing phase of gait, a controller that provides a support function 
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(particularly at the knee) may be more appropriate for the stance phase of gait. As such, the 

guidance controller described here is only active during the swing phase of gait, in much the 

same way a physical therapist typically provides leg guidance during swing (and sometimes 

knee “blocking” during stance). Note that the controller described here could easily be 

supplemented by a stance support function, such as a passive “soft stop” around the knee 

during stance. Such a function, however, is tangential to the focus of this chapter, which is 

to propose and assess a controller that can provide leg guidance during swing (i.e., “reshape” 

gait) while still enabling a user sufficient degrees of freedom in the control of his or her 

lower limbs to maintain bipedal balance. 

1.1. Torque field 

In order to provide leg guidance during the swing phase of walking, while also enabling 

the user to control step-to-step variation in step time, the controller incorporates a time-

invariant force-field-based path-control approach, similar to the approaches previously 

described for RAGT treadmill-based systems by (Duschau-Wicke et al. 2010; Vallery, 

Duschau-Wicke, and Riener 2009; Banala et al. 2009). In such path-based control 

approaches, the exoskeleton controller implements a torque field that imposes a time-

invariant coordination between the ipsilateral knee and hip joints. The torque field is defined 

as follows. Let �⃑� = [𝜃ℎ , 𝜃𝑘] be an element of 𝑅2 and let 𝑓(�⃑�) be a plane curve in 𝑅2, where 

�⃑�𝑐 are all �⃑� that satisfy 𝑓 = 0. A representative curve 𝑓 is shown in the 𝑅2 (joint angle) space 

in Figure 1, which specifically depicts the nominal coordination between the hip and knee 

angles during normal level walking (as given by (Winter 1991)), where swing phase is shown 

as a solid line and stance as a dashed line. For each point �⃑� in 𝑅2, the corresponding point 

on the curve 𝑓 is the �⃑�𝑐 that corresponds to the smallest Euclidean distance from �⃑� to 𝑓: �⃑�𝑐 

satisfies |𝑒| = 𝑚𝑖𝑛|�⃑�𝑐 − �⃑�|. The error vector associated with �⃑�𝑐 is given by 𝑒 = �⃑�𝑐 − �⃑�, 

which points in the normal direction towards 𝑓. The normal unit vector is calculated as �̂� =

𝑒

|𝑒|
. The applied control action is a torque vector, 𝜏 = [𝜏ℎ, 𝜏𝑘], given by: 

𝜏 = 𝑘𝑒 + 𝑏(�⃑⃑⃑� ∙ �̂�) 

where �⃑⃑⃑� is a vector of the joint velocities, 𝑘 is the stiffness associated with the torque field 
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and 𝑏 is the field’s damping coefficient. In order to provide a tunnel width, within which no 

torques will be applied, a small angular distance can be subtracted from the normal 

component of motion as follows: 

{
𝑒𝑑𝑏 = |�⃑�𝑐 − �⃑�| − 𝛿    𝑖𝑓 |𝑒| > 𝛿

𝑒𝑑𝑏 = 0                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

𝜏 = 𝑘𝑒𝑑𝑏�̂� + 𝑏(�⃑⃑⃑� ∙ �̂�) 

where 𝛿 is the half width of the tunnel. Figure 4 shows the curve 𝑓 with a gray band around 

it, where the width of the band is 2𝛿. 

 

 

Figure 4. Healthy gait according to Winter’s normal cadence walking data. 

 

1.2. State machine 

 In order to distinguish the swing phase from stance phase, the controller employs a two-

state state machine, as shown in Figure 5, in which the state transitions between stance and 

swing are determined by hip and knee joint angles and angular velocities. The state transition 

conditions depicted in Figure 5 provided robust identification of the respective states for the 

healthy individuals assessed here, although implementing the proposed controller in a stroke 

population may require modification of these state transition criteria. Once a state is 
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identified by the state machine in Figure 5, the exoskeleton imposes the torque field 

described by equation (3) during the swing phase of each leg, and imposes �⃑⃑� = 0 during 

stance (i.e., exoskeleton motors are off and subjects backdrive the exoskeleton during stance 

phase). 

 

 

Figure 5. Controller state diagram. Each leg’s controller is independent from the other. 

 

1.3. Real-time path variation 

Recall the objective of the controller is to provide leg guidance during the swing phase 

of walking, while still allowing the user to control step-to-step variation in step time and step 

length. Since the torque field �⃑⃑� is time-invariant and acts normal to the desired path, a user 

is able to control step-to-step variation in step time. In order to enable step-to-step variation 

in step length, the path, 𝑓(�⃑�), is computed in real time at the transition into each swing state. 

As such, the controller adjusts the path of the “coordination tunnel” based on the leg 

configuration at the end of stance. Since the user has control of the leg configuration during 

stance, the user can use this degree of freedom to control step-to-step variation in step length. 

In order the generate the path, the controller leverages the fact that the hip/knee 

coordination exhibited by healthy subjects during the swing phase of level walking, shown 

in Figure 1, can be closely approximately with the following plane curve: 

 

𝑓 = 𝐾1𝜃ℎ
2 + 𝐾2𝜃ℎ𝜃𝑘 + 𝐾3𝜃𝑘

2 + 𝐾4𝜃ℎ +𝐾5𝜃𝑘 + 𝐾6 = 0 (4) 

 

which is the equation of a standard ellipse, where 𝐾1, 𝐾2, 𝐾3, 𝐾4, 𝐾5, and 𝐾6 are the 

parameters required to define the ellipse. 𝐾𝑖 is defined as: 

Stance

Swing

 ℎ    AND   
 𝑘 >  0 AND
  ℎ >  0 𝑠 1 

 ℎ >   AND
 𝑘   0  AND
  𝑘 > − 0 𝑠 1 
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𝐾𝑖 = det

[
 
 
 
 
 
𝐼𝑖
𝛷1

𝛷2

𝛷3

𝛷4

𝛷5]
 
 
 
 
 

 

where 𝐼𝑖 is the 𝑖th row of a 6x6 identity matrix (𝐼6), and  

𝛷𝑖 = [𝜃ℎ,𝑖
2  𝜃ℎ,𝑖𝜃𝑘,𝑖  𝜃𝑘,𝑖

2  𝜃ℎ,𝑖  𝜃𝑘,𝑖   1] 

are five vectors defined by the five points (�⃑�𝑖 = [𝜃ℎ,𝑖, 𝜃𝑘,𝑖]) required to uniquely define 

an ellipse. For the controller described here, four of the five points (�⃑�2, �⃑�3, �⃑�4, and �⃑�5) are 

used to enforce the general characteristics of healthy swing phase, as given by (Winter 1991) 

and shown in Figure 1. �⃑�2 was selected to define peak knee flexion, �⃑�3 is used for shaping 

the ellipse to match (Winter 1991), �⃑�4 defines maximum hip flexion, and �⃑�5 defines the 

desired heel strike location. The fifth point (�⃑�1) is computed for each step based on the hip 

and knee angles at the instant the state machine enters swing (when the three conditions on 

the left side of Figure 5 are met). 

The shape of the elliptical path, relative to the shape of the path defined by healthy 

walking data (Winter 1991), is shown in Figure 6, which also shows the four points that 

describe the general shape of the elliptical path, and the nominal torque field, �⃑⃑�. Note that 

for purposes of the figure, damping is assumed to be zero, since the effect of b cannot be 

otherwise depicted in the 𝑅2 space. 
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Figure 6. Representation of the ellipse definition and vector field. The unfilled circles 

along the ellipse are static points chosen from Winter’s normal cadence walking data. The 

location of the filled circle on the left varies depending on the hip and knee angle readings 

of the toe off state transition. The vector field reflects the controller’s action to keep the leg 

path constrained to Winter’s data during the swing phase of gait. The vector field is only 

active during swing phase.  

 

Figure 7 illustrates the ability of the real-time path calculation to accommodate step-to-

step variation in step length. Specifically, the figure shows the plane path 𝑓, as calculated by 

equations (4) through (6) and defined by the parameters in Table 1, for the controller 

implemented on a healthy subject during normal level walking. As can be seen in the figure, 

the path is reshaped according to the leg configuration when switching into the swing phase, 

and illustrates a variation in pre-swing configuration greater than the path tunnel width (i.e., 

greater than the deadband width). In addition to allowing step-length variation, the ability to 

match the desired path with the entry configuration eliminates step changes in control torques 

at swing entry, since the initial error between the current and desired paths is zero. The path 

adaptation feature also more easily accommodates variations between subjects since the path 

adjusts to the nominal step length of the subject, in addition to adjusting to variations about 

it.  
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Figure 7. Sections of the ellipses defined from a representative subject’s walking data. 

The adaptable ellipse explicitly accommodates variation in step length. 

 

2. Assessment 

In order to assess the extent to which the control method provided leg movement 

guidance during swing, while still allowing bipedal balance, the control approach was 

implemented in a lower limb exoskeleton, and assessed in an overground experimental 

protocol involving five healthy subjects. Subjects walked at varying speeds in the 

exoskeleton without the use of a stability aid, for the case where the guidance controller was 

active, and also for the case where the controller was turned off (i.e., subjects backdrive the 

exoskeleton). The following sections describe the implementation and parameterization of 

the controller, the experimental protocol, and experimental results. 

2.1. Exoskeleton hardware 

The controller was implemented on an open-architecture version of a commercially-

available lower-limb exoskeleton (Indego Exoskeleton, Parker Hannifin Corp), shown in 

Figure 8. Rather than use the commercial control software, the exoskeleton was programmed 

with software written by the authors to implement the controller described by equations (2) 

and (3). The exoskeleton hardware platform incorporates four motors for powered movement 

of bilateral hip and knee joints in the sagittal plane, in addition to built-in AFOs at both ankle 



 

22  

joints to provide ankle stability and transfer the weight of the exoskeleton to the ground. 

Onboard electronic sensors include encoders at each joint that provide the respective joint 

angles and angular velocities, and six-axis inertial measurement units (IMUs) in each thigh 

link, which provide the left and right thigh angles with respect to the vertical. The total mass 

of the exoskeleton including the battery is 12 kg (26 lbs). 

 

 

Figure 8. Photo of the Indego exoskeleton. 

 

2.2. Controller implementation and parameterization 

The controller parameters used in the assessments are given in Table 2, and the 

parameters used for the parameterization of the nominal ellipse are given in Table 1. Table 

2 shows the parameters that authors found with their experience and users’ feedback that 

reshaped gait while minimizing interference with the users’ gait. The spring constant value 

of 9 Nm/º successfully reshaped subjects’ gait, while allowing deviations from the desired 

path. The damping coefficient was selected to be proportional to the square root of the spring 

constant: 𝑏 = 0.08√𝑘. The deadband was selected to roughly match the standard deviation 
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between strides during healthy gait. The controller parameters remained the same for all 

subjects and for all trials. As previously mentioned, the ellipse parameters were selected to 

fit data from healthy subject walking (i.e., (Winter 1991)), although if used in a clinical 

setting, the nominal shape would likely be adjusted by physical therapist. Although not 

explicitly described by equation (3), the damping ratio b was ramped up from zero to the 

value in Table 1 over the first 75 ms of swing phase to avoid a step change in torque when 

entering swing. Specifically, although the real-time computation of elliptical path eliminates 

step changes in position-based torque when entering swing, the function 𝑓 exists strictly in 

the 𝑅2 joint angle space, and is therefore unable to eliminate step changes in velocity-based 

torque. 

 

Table 1. Points used for ellipse definition 

 

 

 

Table 2. Controller parameters 

 

2.3. Description of experimental comparison cases 

The efficacy of the controller, specifically its ability to provide leg guidance while 

allowing bipedal balance, was assessed in a set of comparative experiments on healthy 

subjects, who walked overground in the exoskeleton with two different control conditions: a 

“baseline” condition in which the exoskeleton imposed no control torques, and a test 

condition in which the exoskeleton was controlled by the previously described controller. In 

order to succinctly reference these cases, the baseline (i.e., no control torques) is referred to 
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as the “unguided” case, while the latter (i.e., the test condition) is referred to as the “guided” 

case. The unguided case, in particular, imposes no control torques but also does not cancel 

or counteract passive torques such as transmission friction, rotor inertia, and gravitational 

loads.  

However, the inertia of the motor rotors has the effect of altering the shape of the swing 

phase trajectory from a typical healthy shape (e.g., Figure 4) to a more rounded shape. In 

this chapter, the authors leverage this alteration in shape. The passive alteration of shape 

provides an emulation of impairment by moving the uncorrected shape of movement away 

from the typical healthy pattern. As a result, the authors selected the desired movement shape 

to reflect typical healthy movement (i.e., the shape in Figure 4). The important aspect for 

purposes of this chapter is not the extent to which a specific movement can be achieved, but 

the extent to which the exoskeleton is able to reshape a given movement to a different desired 

movement, while still allowing a user to maintain balance. If the exoskeleton were perfectly 

transparent (i.e., perfectly backdrivable), the baseline movement of the healthy subjects 

would have been healthy movement (i.e., the shape of Figure 4), and the experimental test 

case would have had to reshape that movement to a different, arbitrary shape. That would 

have also been a valid test of the control method investigated here; the authors believe, 

however, the experiments are more representative of eventual use in the form taken here – 

starting with an abnormal (yet unconstrained) movement, and having the controller reshape 

movement toward a healthy norm. Finally, it should be noted that, in addition to using a 

desired trajectory reflective of a healthy norm, the guided case also maintains the same 

desired shape for the three walking speeds tested (as subsequently described). This can be 

viewed as unnatural, since these shapes would presumably change somewhat with walking 

speed.  As previously mentioned, however, the specific desired shape is relatively 

unimportant in this assessment; rather, the important aspect is the extent to which the guided 

controller is able to reshape joint movement from some unguided shape to some desired 

shape.   

The objective of the experiments is to assess the extent to which the proposed control 

approach can encourage or enforce a coordination, while still enabling a user to maintain 

balance. As implied in the discussion, one application of the proposed work is gait retraining 

following stroke, in which case the user would presumably have hemiparesis, where the 
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impairment is primarily unilateral. Despite this, since the assessment is conducted on healthy 

subjects, a bilateral implementation is both more rigorous and more informative, specifically 

with respect to assessing the extent to which a user is able to maintain balance in the presence 

of guidance. Specifically, healthy subjects with a unilateral constraint have considerable 

ability to impose compensatory actions with the contralateral limb. A subject could in 

essence maintain a severe limp and still maintain balance. A bilateral constraint is therefore 

a much clearer assessment of the intended objective of the chapter. Further, other 

impairments (e.g., incomplete spinal cord injury, multiple sclerosis, cerebral palsy) would 

employ the controller bilaterally. As such, the controller is implemented bilaterally in these 

experiments. 

2.4. Experimental protocol 

The comparative experiments involved five healthy subjects who walked overground in 

the exoskeleton at three different speeds, without stability aids, under the two comparative 

control conditions previously described. The mean age of the five healthy subjects was 25 

years, with a standard deviation of 1 year (4 male, 1 female). Data was recorded from a 

motion capture system for both cases, and the nature and consistency of coordination 

between the hip and knee angles were compared. 

Prior to recording data, subjects were trained to walk in the exoskeleton in the guided 

condition until they felt comfortable walking in it at various walking speeds. Subjects were 

required to train for a minimum of one hour, which consisted of walking on a treadmill at a 

self-selected speed for both the guided and unguided condition (15 min each) and 30 min 

overground walking (split between the two tested conditions and three speeds). A maximum 

training time was not specified. Subjects were considered ready to conduct the protocol 

based on their own and the authors’ discretion. Subjects were instructed to cooperate with 

the exoskeleton guidance in the same manner they would if the guidance were provided 

manually by a physical therapist. 

The experimental protocol consisted of an acclimation period followed by the data 

collection trials. For both the acclimation trials and the data collection trials, subjects walked 

50 meters without a stability aid on an indoor track. The acclimation period consisted of six 

mock trials, alternating between unguided and guided conditions where subjects walked at 
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0.6 m/s, 0.8 m/s and 1.0 m/s respectively. The walking speeds were enforced by having 

subjects walk alongside one of the authors, who set the pace based on six markers distributed 

over the 50 m length by timing intervals between the markers. All 50 meter trials were 

completed within 2 s of the target time (i.e., a maximum error of 4% in average velocity). 

The data collection trials consisted of two identical sets of six trials, ordered as follows: 1.0 

m/s unguided, 1.0 m/s guided, 0.8 m/s unguided, 0.8 m/s guided, 0.6 m/s unguided, and 0.6 

m/s guided. Each control case at each speed consisted of approximately 200 steps per subject, 

such that each control case at each speed across all subjects consisted of approximately 1000 

steps, and the total data set (two control cases and three speeds) consisted of approximately 

6000 steps.  

An IMU based motion capture system (Xsens AWINDA) was used to measure hip and 

knee angles during walking. Note that the exoskeleton also measured hip and knee angles, 

although because of the soft-tissue interface between the exoskeleton and user, there is 

necessarily a difference between exoskeleton motion and that of the user, particularly in the 

presence of control torques. The IMU-based system was used as follows. A lower limb 

skeletal model was created for each subject using the Xsens MVN Studio 4.2 software. Seven 

IMUs were employed to create the model: one on the lower back and three for each leg. 

Figure 9 shows a subject wearing the lower limb exoskeleton and the locations of the Xsens 

IMUs for the lower back and left leg. The lower back IMU was placed over the subject’s 

sacrum. The upper leg IMUs were located on the inside of the thigh, about six inches above 

the knee and aligned with the sagittal plane. The shank IMUs were placed on the flat surface 

over the tibia bone, about four inches below the knee. The foot IMUs were placed on top of 

the subjects’ feet, under the shoe tongue. The skeletal model was calibrated at the start of 

each trial by having the subject stand up in a neutral pose with knees extended for 

approximately 5 s, as recommended by the manufacturer. Since each subject’s neutral pose 

differs, all Xsens data was aligned to its respective exoskeleton calibration data, which was 

kept consistent among all trials. Motion capture data from the Xsens system were collected 

at 60 Hz. Following data collection, the data were parsed into individual strides based on the 

state machine transition from swing to stance, as shown in Figure 5, and each stride was then 

normalized to a stride percentage.  The first three strides and the last stride for each leg were 

not included to avoid transient effects associated with starting and stopping. 
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Figure 9. Photo of subject wearing the exoskeleton and IMUs. Numbers represent 

positions of Xsens IMUs at the pelvis (1); thighs (2), shanks (3), feet (4). 

 

3. Results 

3.1. Representative data 

Figure 10 shows representative data for the exoskeleton hip and knee angles as measured 

by the exoskeleton joint encoders. The top plot shows a representative unguided trial, and 

the bottom plot shows a representative guided trial. The gray band in each plot depicts the 

nominal coordination tunnel implemented by the controller. Note that the dashed lines in the 

bottom plot (guided case) indicate stance phase, during which the guidance is turned off. As 

can be seen from the representative data, the exoskeleton with the guidance controller is able 

to guide movement of the leg according to the desired swing phase path. Although variation 

in step time is not readily apparent from the plots, one can observe the variation in step length 

present in both the guided and unguided data sets, characterized by approximately 10 deg of 

variation in hip angle at the transition between the stance and swing phases.  
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Figure 10. Exoskeleton data for 10 strides during subject 3’s left leg during the 0.6 m/s 

trial. For the bottom graph (guided condition), the dashed line represents stance phase 

(controller inactive); the solid line represents swing phase (controller active). The 

controller is inactive for all the data shown in the top graph (unguided condition). 

 

Figure 11 shows similar representative data, also from Subject 3, averaged across all 

trials and both legs, for each walking speed, for each control case, measured using the Xsens 

rather than the exoskeleton joint encoders. Note that Figure 10 captures movement of the 

exoskeleton, while Figure 11 captures movement of the limb (the difference being soft tissue 

deformation). Specifically, the top row plots show average movement during 50 m of 

walking, averaged also across both legs, for each of the 0.6 m/s, 0.8 m/s, and 1.0 m/s trials, 

all without guidance, while the bottom row plots show the analogous data for the trials with 

exoskeleton guidance, where each gait speed is shown in a different color. The gray band in 

each plot depicts the nominal coordination tunnel implemented by the controller. Note that 

the guided cases do not track the nominal path as well as in Figure 10, due to the soft tissue 
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deformation between the exoskeleton and limb.  

 

 

Figure 11. Subject 3’s average kinematic data: 0.6 m/s (black); 0.8 m/s (red), 1.0 m/s 

(blue). For the bottom graph (guided condition), the dashed line represents stance phase 

(controller inactive); the solid line represents swing phase (controller active). The 

controller is inactive for all the data shown in the top graph (unguided condition). 

 

3.2. RMS guidance error 

The extent to which the controller was able to effectively reshape joint movement was 

characterized by computing the root-mean-square (RMS) difference between the recorded 

movement and the desired movement. Figure 12 shows the averaged motion capture (i.e., 

Xsens) data for all subjects and all trials. Specifically, the top row (a, b, and c) shows the 

averaged left and right leg data for each subject at 0.6 m/s, 0.8 m/s, and 1.0 m/s, respectively, 
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for the unguided trials, while the bottom row (d, e, and f) shows the analogous data for the 

guided trials, where each subject is shown in a different color. The gray band represents the 

nominal coordination, and is shown for reference. Data for the guided cases clearly indicates 

much greater movement consistency relative to the corresponding unguided cases. 

Specifically, while each subject employs his or her own movement preferences in the 

unguided trials (top row), all subjects conform to a similar movement pattern in the guided 

trials (bottom row). 

 

 

Figure 12. Subjects’ averaged kinematic trials data for both legs in the conditions (a) 

0.6 m/s unguided; (b) 0.8 m/s unguided; (c) 1.0 m/s unguided; (d) 0.6 m/s guided; (e) 0.8 

m/s guided; (f) 1.0 m/s guided. Bottom row (guided condition): the dashed line represents 

stance phase (controller inactive); the solid line represents swing phase (controller active). 

The controller is inactive for all the data shown in the top row (unguided condition). 

 

In order to quantitatively characterize the extent of guidance provided by the controller, 

the RMS error from the joint encoders was computed for each trial shown in Figure 13. 

Specifically, the RMS difference between the mean path and nominal path (including the 

deadband) was computed for each subject and each trial. The RMS values for all trials and 

for all subjects are shown in Figure 16, where the top plot shows the RMS differences for 

each subject at each speed for the unguided case, and the bottom plot show the RMS 
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differences for each subject at each speed for the guided case. The mean RMS difference for 

all subjects during the unguided trials was 7.0, 9.4, and 13.3 deg for the 0.6 m/s, 0.8 m/s, and 

1.0 m/s walking speeds, respectively. The mean RMS difference for the guided trials was 

0.7, 1.3, and 1.8 deg for the 0.6 m/s, 0.8 m/s, and 1.0 m/s walking speeds, respectively. 

Unpaired t-tests (in which each step was a sample, such that each data set consisted of 

approximately 1000 samples) were performed comparing the guided and unguided mean 

RMS differences at each speed. Results show statistically significant differences (p<0.01) 

between the conditions for all walking speeds. Averaged across all subjects and all speeds, 

the RMS difference in paths was 9.9 deg for the unguided trials, and 1.3 deg for the guided 

trials. As such, the guided trials demonstrated on average an 8.6 deg reduction in RMS path 

difference, and 13.1 percent of the error of the unguided trials. 

 

 

Figure 13. Individual trial RMS errors for exoskeleton’s leg path for the unguided and 

guided trials. First five sets from left to right represent a subject: 1 – pink; 2 – red; 3 – 

green; 4 – black; 5 – blue. White represents the mean of all subjects along with error bars 

representing one standard deviation for trials of the corresponding speed. 

 

3.3. Variation in step time and length  

As previously discussed, the intent of the proposed controller is to provide movement 

guidance (i.e., to effectively reshape movement, as characterized here by RMS error), while 
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still enabling a user to maintain bipedal balance via ability to vary step-to-step step time and 

step length. In order to characterize the ability of the subjects to do so, step time and length 

for each subject, speed, and control condition were recorded from the IMU motion capture 

system. These data are collectively summarized in Table 3 (step time) and Figure 14 (step 

length). 

Specifically, Table 3 shows the mean and standard deviation in step time across all 

subjects for each speed, for both the unguided and guided trials. Note that each entry is the 

average of approximately 1000 steps, and that paired t-tests indicate no differences in means 

between respective control conditions within a given walking speed. It should also be noted 

that the step time variability between the unguided (i.e., no constraint) and the guided cases 

are quite similar. Specifically, the step time variance of the guided control condition was 

90%, 93%, and 89% of the step time variance of the unguided case for the walking speeds 

of 0.6 m/s, 0.8 m/s, and 1.0 m/s respectively. As such, the data indicates that subjects were 

able to adjust step time when using the controller nearly as freely the case with no control 

constraints. 

 

Table 3. Mean trial step time between subjects 

 

 

 

Figure 14 shows the means and standard deviations in step length for all subjects and all 

trials. The mean step length across all subjects in the guided condition was 0.50 m, 0.59 m, 

and 0.65 m for the 0.6 m/s, 0.8 m/s, and 1.0 m/s walking speeds, respectively. Note that these 

values essentially match the step length means of the unguided trials, which were 0.49 m, 

0.59 m, and 0.66 m for the 0.6 m/s, 0.8 m/s, and 1.0 m/s walking speeds, respectively. The 

ensemble average of each subject’s intrasubject step length variability, calculated as standard 

deviation divided by the mean for each subject, was 4.9% and 4.6% for the unguided and 

guided cases, respectively. As in the step time data, the step length data indicate that subjects 

were able to adjust step length when using the controller nearly as freely as the case with no 
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control constraints. It should be further noted that the values measured here and reported in 

Figure 14, including the intrasubject step length variability, are consistent with step length 

studies presented in recent literature (Y. Wang and Srinivasan 2014; Danion et al. 2003). 

The controller required no change to its parameters or settings to achieve the variability of 

step length seen in Table 3 and Figure 14. 

 

 

Figure 14. Step length mean and standard deviations for all subjects across all 

velocities. Data were recorded with Xsens IMUs. 

 

3.4. Exoskeleton control torques 

Figure 15 shows the hip and knee torques exerted by the exoskeleton as percentage stride 

for the three walking speeds averaged across all subjects. Note that these torque magnitudes 

are generally smaller than those observed at the hip and knee during the swing phase of 

healthy walking (Winter 1991), but of the same order of magnitude. The controller imposes 

the greatest guidance torques in both joints between approximately 75 and 85% stride, which 

corresponds to peak hip and knee torques of approximately 40 and 30 Nm, respectively, at 

the fast gait speed of 1.0 m/s. As such, an exoskeleton must be capable of providing these 

magntitudes of peak joint torque in order to impose the guidance control constraints used in 

the experiments described here. 
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Figure 15. Average exoskeleton torque as percentage stride for the three tested speeds, 

averaged across all subjects. Note that positive torques are in the flexion, while negative 

torques are in extension. 

 

3.5. State machine performance 

Figure 16 provides an indication of the efficacy of the state machine detection of the 

stance and swing states. The mean timing of all subjects’ transition from stance to swing 

(i.e., toe off state transition) was 61.9 ± 1.5 percentage of stride, which is consistent with 

previous studies of healthy subject toe off timing (Winter 1991; Perry and Burnfield 2010). 

The state machine did not miss any transitions in these trials. As previously mentioned, 

however, in the case that the controller is used on subjects with hemiparesis, it is likely that 

the state transition conditions will require revision. 
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Figure 16. Exoskeleton controller recorded state transitions. The vertical lines represent 

the swing state transition mean for a subject’s guided trials. Horizontal lines denote ±1 

standard deviation. 

 

4. Discussion 

The essential objective of the controller described here is to enforce a desired inter-joint 

coordination (i.e., a desired leg movement) during swing phase, while allowing for sufficient 

step-to-step variation in step time and step length to enable control of bipedal balance. 

Regarding the ability to provide a desired coordination (i.e., a desired path in the joint space), 

Figures 9 and 10 indicate the efficacy of the controller in reducing the RMS path differences 

across all subjects and speeds.  Regarding the ability to vary step time and length, Table 3 

and Figure 14 indicate that subjects were able to vary step time and length, respectively, to 

nearly the same extent when walking with guidance as when walking without. 

Despite the observed similarity in step length variation, the mechanism by which this 

variation was achieved was not strictly preserved between the unguided and guided cases. 

Specifically, step length in general is approximately a function of the difference in hip angle 

between the toe-off and heel strike events. As illustrated in Figure 10, step length variation 

in the unguided case employs substantial variation in hip angle at both events, while step 

length variation in the guided case is restricted to occur at toe-off. The extent to which this 

restriction affects balance is unclear; however, as indicated in the data of Figure 14, this 

restriction did not substantially affect the magnitude of step-to-step adjustments in step 
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length between the guided and unguided cases, and did not preclude the ability of all subjects 

to walk at all speeds without the use of a stability aid. 

Regarding the ability of the controller to allow user control of step length, one could 

potentially assert that, rather than employ the real-time path adaptation proposed here, that 

step length variation could be accommodated by increasing the width of the tunnel (or 

deadband) in equation (2), which for the experiments shown here was set to 3 deg (see Table 

5). As seen in Figure 7, a typical step-to-step variation in hip angle spans approximately 10 

deg (i.e., ±5 deg relative to nominal), and as seen in Figures 7 through 9, the average 

(nominal) hip angle variation across speeds is also approximately 10 deg. As such, step-to-

step hip angle variation across all speeds (tested here) within a single subject requires 

variation of approximately 20 deg in hip angle. Such variation is an order of magnitude larger 

than the tunnel width as given in Table 5, and thus clearly not possible using the path width 

settings employed here. Further, although a path width of 20 deg could be used, using a path 

width that would accommodate this variation would substantially lessen the efficacy of leg 

guidance (i.e., coordination between joints would be enforced to a much lesser extent). The 

use of an adaptive path, as described here, allows for the step-to-step and speed-to-speed 

variation in step length (i.e., hip angle) required here (by healthy subjects), while enabling a 

substantially greater degree of swing phase guidance, relative to the alternative of a widened 

tunnel width.  

Finally, although the controller was demonstrated on healthy subjects, the intended 

objective is to facilitate overground walking recovery in persons with lower limb 

hemiparesis from stroke. Specifically, as stated earlier, the intent of the controller is to enable 

a single physical therapist to perform the function of balance assistance, while the 

exoskeleton provides the function of leg guidance. With a stroke population, several 

differences in the controller would be expected. First, the controller would most likely be 

employed in a unilateral manner. Second, one would likely employ support assistance at the 

knee joint during the stance phase of gait. Third, as previously mentioned, the conditions for 

state switching between stance and swing would like require revision for the stroke 

population. Fourth, muscle weakness or spasticity in the stroke population may require the 

use of assistive torques along with nominal movement path, as opposed to strictly orthogonal 

to it. Finally, the nominal coordination path would likely be adjusted to be more appropriate 
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for individuals with hemiparesis. Nonetheless, the results presented here, although on 

healthy subjects, indicate that the control approach is able to provide leg guidance, while still 

enabling variation in step time and length similar to that observed without the controller.  

5. Conclusion 

A controller for a lower-limb exoskeleton that provides leg guidance during the swing 

phase of gait was described and evaluated in this chapter. Kinematic data from five healthy 

subjects walking in the exoskeleton with and without the guidance controller demonstrates 

that the controller was able to provide substantial leg guidance, while still enabling the user 

step-to-step variability in step time and length sufficient to maintain bipedal walking balance 

without a stability aid. The authors believe the control approach may be useful for purposes 

of gait retraining following stroke and other neuromuscular impairments, and plan in future 

work to adapt the controller for such use.  
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CHAPTER IV 

 

FLOW CONTROLLER: A VELOCITY-FIELD-BASED CONTROLLER 

 

 

Lower-limb exoskeletons are wearable robotic devices that provide lower limb 

movement assistance during overground locomotion without offering overhead body weight 

support. These exoskeletons have recently begun to emerge as viable assistive devices for 

individuals with mobility impairment (Yan et al. 2015; A.J. Young and Ferris 2017; Meng 

et al. 2015; Chen et al. 2013). Because there has been a recent proliferation of exoskeletons 

and associated control methodologies, and since the nature of methodologies is dependent 

on the exoskeleton type, this chapter considers the control of a lower-limb exoskeleton with 

unilateral or bilateral sagittal-plane hip and knee assistance (i.e., exoskeletons that provide 

ipsilateral inter-joint coordination). Most control methods for such exoskeletons do not 

provide balance control, for a number of reasons, including the fact that lower-limb 

exoskeletons generally lack sufficient sensing and actuation to do so (e.g., exoskeletons 

typically do not sense the configuration of the human upper-body; lack six degree-of-

freedom force sensing under the feet, generally have insufficient actuated degrees of 

freedom, or control authority, to provide balance control in three dimensions). Further, 

completely ceding balance control to the machine creates substantial liability concerns, while 

in the case of balance assistance, conflicting balance control strategies between a user and 

lower-limb exoskeleton can create a trip hazard. Finally, automated balance control may 

interfere with or defeat the ability of the user to relearn balance in applications in which that 

is an objective. As such, in nearly all lower-limb exoskeleton implementations, the onus of 

balance control is left to the user, rather to the machine. 

With regard to such balance control, two types of applications can be considered: 1) ones 

for which the primary means of balance control is effected through the user’s upper body 

(upper-limb UBC), and 2) ones for which the primary means of balance control is effected 

through the user’s lower body (lower-limb UBC). Upper limb UBC is applicable to 

individuals with severe lower-limb neuromuscular impairment but with minor or no upper-

limb neuromuscular impairment (e.g., individuals with motor-complete paraplegia). Such 
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individuals are likely non-ambulatory without the use of an exoskeleton or other assistive 

device, and require the use of a bilateral stability aid such as a rolling walker or a pair of 

forearm crutches to maintain balance when using an exoskeleton.  

Lower-limb UBC is relevant to individuals with non-severe lower-limb neuromuscular 

impairment, such as persons with MS, CP, incomplete SCI, or hemiparesis from stroke. Such 

individuals may use a stability aid such as a quad cane to walk, but are generally able to walk 

without the use of an exoskeleton or other assistive device. For purposes of this work, such 

individuals are regarded as poorly-ambulatory, and the objective of the exoskeleton is to 

improve the quality of their legged locomotion.   

The distinction between upper-limb UBC and lower-limb UBC for overground walking 

is important with respect to how a lower-limb exoskeleton provides movement assistance. 

In the case of upper-limb UBC, the exoskeleton need not cooperate with user-generated 

lower-limb efforts, and therefore has complete control authority with regard to leg 

movement. Accordingly, many hip and knee exoskeleton control methods described for use 

with upper-limb UBC applications are of a predetermined trajectory-control type, such as 

those described by (Suzuki et al. 2007; Neuhaus et al. 2011; Quintero, Farris, and Goldfarb 

2012; S. Wang et al. 2015; Bortole et al. 2015). These methods have been shown to provide 

effective control for such applications, and are in fact employed in multiple commercially-

available lower limb exoskeletons (Esquenazi et al. 2012; Hartigan et al. 2015; Kozlowski, 

Bryce, and Dijkers 2015).  

Although upper-limb UBC approaches are effective for walking assistance in non-

ambulatory individuals, they are generally not appropriate for applications involving poorly 

ambulatory individuals who employ lower-limb UBC. In the case of lower-limb UBC, the 

individuals use their lower-limb neuromuscular system to provide movement and control of 

balance. In these applications, the exoskeleton should provide movement assistance to the 

user (to facilitate improved locomotion), and either cede lower-limb balance control 

authority to the user, or provide balance assistance. Due to the complexities associated with 

the latter, this work focuses on providing movement assistance, without introducing balance 

interference. As such, the objectives of the exoskeleton controller in this work are to: 1) 

supplement movement effort (i.e., provide movement assistance); 2) encourage a desired 

inter-joint coordination (i.e., provide kinematic guidance); and 3) allow a user to deviate as 
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needed from the nominal inter-joint coordination as required to maintain balance (i.e., be 

forgiving to sudden deviation from a nominal motion). Various control methods have been 

proposed that provide some aspects of these control objectives. These controllers can be 

loosely associated with one of two approaches: 1) torque-pulse approaches (e.g., (Garate et 

al. 2017; Murray et al. 2015; Ronsse et al. 2011; Bae et al. 2015; Lerner, Damiano, and Bulea 

2017; Ward et al. 2012; Quinlivan et al. 2017; De la Fuente, Sugar, and Redkar 2017; Sugar 

et al. 2015)); and 2) potential-energy-based path approaches (e.g., (Banala et al. 2009; 

Duschau-Wicke et al. 2010; A. Martinez, Lawson, and Goldfarb 2018)). Both have been 

shown to be effective for overground exoskeleton-assisted walking. Torque-pulse 

approaches provide effective assistance and inherently allow variation in step time and/or 

length, but do not explicitly provide kinematic guidance, and therefore do not provide inter-

joint coordination in this regard.  As such, they provide two of the three aforementioned 

objectives. Path-based approaches are effective at providing inter-joint coordination (i.e., 

guidance), and also allow step-time variation (i.e., are forgiving in terms of step time). Path-

based approaches, however, do not implicitly provide assistance (although assistive 

components can be separately included), and more importantly, as discussed later in this 

chapter, are not generally forgiving to step-length variation. As a result, they can create a 

trip hazard.  

An additional approach that has been used effectively is electromyogram (EMG) based 

control methods (Sawicki and Ferris 2009; Kawamoto et al. 2003; He and Kiguchi 2007; 

Fleischer et al. 2006; Yin, Fan, and Xu 2012; Aaron J. Young, Gannon, and Ferris 2017). 

Such methods are not considered here since they require additional (EMG) interface and 

instrumentation. EMG control approaches are not always well-suited to individuals with 

neuromuscular impairment. Rather, the control methods considered here rely strictly on 

sensors within the exoskeleton that need not make contact with the user’s skin or rely on 

healthy neuromuscular patterns. 

In order to better provide the three aforementioned objectives of movement guidance, 

assistance, and forgiveness to poorly-ambulatory individuals, the authors propose here an 

exoskeleton controller that offers these characteristics by simulating a fluid flow field that 

influences limb movement via virtual viscous interaction between the virtual flow field and 

the user’s legs. The controller is called a flow controller. Because the flow controller does 
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not store potential energy as a function of path error, it is inherently more forgiving than a 

path-based approach. The absence of such potential energy storage reduces the effect of 

previous path errors on the control effort, and thus results in a controller with a smaller 

disturbance transfer function. In this chapter, the flow controller formulation is described, 

and the ability of the controller to provide the previously-stated control objectives is tested 

by implementing the flow controller in a lower-limb exoskeleton and comparing its 

characteristics to a previously-published path controller in experiments on five healthy 

subjects. 

1. Controller design 

The authors previously described a path controller where the fundamental guidance 

component was derived from the gradient of a potential-energy-field (A. Martinez, Lawson, 

and Goldfarb 2018), similar to other previously-published path-type controllers (Banala et 

al. 2009; Duschau-Wicke et al. 2010). Note that this controller type is probably more 

accurately referred to as a potential field controller, but “path” controller is used here for 

brevity. The flow controller presented in this chapter was derived to provide path-like 

guidance, but without the stored potential energy and corresponding restoring forces that 

result from path deviation. In order to provide context for the behavior of the flow controller, 

comparative experiments were conducted with the same set of subjects using both the path 

and flow controllers. As such, the control behavior of both controllers is presented here. Note 

that both controllers employ the same general control structure, where the main difference is 

the constitutive behavior of the respective torque fields applied by each. Specifically, both 

are governed by the same two-state controller for each leg, and both employ the same stance-

phase behaviors. Both also employ field-type swing-phase behaviors, and both incorporate 

the same joint-space desired path. As such, the only difference between the two controllers 

is the specific description of the torque vector as a function of configuration space, as given 

in the previous chapter for the path controller, and in (6) and (7) for the flow controller. 

1.1. State machine 

 Both the path and flow controllers provide guidance in the swing phase of walking, 
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where the swing versus stance behaviors are selected by the state machine depicted in Figure 

17. The conditions for switching between stance and swing states are based on hip and knee 

angles, where a positive value indicates flexion, and angular velocity signals determine the 

state transitions. Note that, for both switching conditions, the state switches based on the 

angular velocity condition (i.e., hip begins flexing or knee stops extending, respectively). 

The angle conditions are effectively guard conditions that limit the regions of the 

configuration space in which switching can occur. Both legs use the same state transitions 

and operate independently from one another. 

 

 

Figure 17. Controller state machine diagram. Each leg’s controller is independent from 

the other. 

 

1.2. Swing phase control 

The swing phase control for both control laws is described in the configuration joint 

space, which for each leg is given by the vector: 

�⃑� = (𝜃ℎ𝑖𝑝, 𝜃𝑘𝑛𝑒𝑒)  

where 𝜃ℎ and 𝜃𝑘 are the hip and knee joint angles, respectively, and the vector �⃑� is 

referred to as the configuration. Hip joint angle (𝜃ℎ) is positive in hip extension and negative 

in flexion.  Knee joint angle (𝜃𝑘) is positive in knee extension and negative in flexion. The 

time derivative of the configuration is given by: 

 

�⃑⃑⃑� =
𝑑�⃑⃑⃑�

𝑑𝑡
  

In both controllers, a desired set of configurations defines a desired path in the 

Stance

Swing

 ℎ    

 𝑘 >  0 

  ℎ >  0 𝑠 1 

 ℎ >   

 𝑘   0 

  𝑘 > − 0 𝑠 1 
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configuration space (e.g., a path representative of healthy or otherwise desired movement). 

A nominal desired path, in this case representing movement during healthy walking (Winter 

1991), is shown in Figure 18, which the solid line is the swing phase movement and dashed 

is stance phase.  

 

 

Figure 18. Example of a desired configuration path, in this case corresponding to 

healthy walking, as given by Winter. 

 

At any given point in time, one particular point along the path, called �⃑�𝑐, will be closest 

to the current configuration (in the sense of L2 norm). The definition of �⃑�𝑐 enables the 

expression of a configuration error, 𝑒, as defined below: 

𝑒 = �⃑�𝑐 − �⃑� 

A local normal and tangential coordinate frame can be defined such that: 

�̂� =
𝑒

|𝑒|
 , 

where the tangential direction is orthogonal to the normal and points in the direction of 

positive path traversal (clockwise in Figure 19).  Figure 16 depicts the vectors described 

above in (7)-(10) for an arbitrary configuration and configuration time derivative. 
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Figure 19. Conventions used to describe motion in the configuration space. Unit 

vectors are depicted by solid lines, other vectors are dashed lines. 

 

1.3. Flow control law 

In order to mitigate the issue of potential energy storage in the path control law, the 

authors created a control law that will not store potential energy in its homogeneous 

behavior. Rather than deriving the constitutive behavior of the torque vector from a potential 

energy field shaped according to a desired path, the control law was derived instead from a 

flow field shaped according to the desired path. In this case, the homogeneous (i.e., 

characteristic) behavior of the controller depends strictly on velocity error, and is therefore 

devoid of potential-type energy storage. Movement guidance is enforced through the shape 

of the flow field (i.e., which is an exogenous input, since the shape of the flow field is not 

affected by system state), while the homogeneous behavior of the control law is strictly 

viscous-type behavior. The authors hypothesize this approach can provide suitable 

movement guidance, yet will be more forgiving in the event of substantial movement 

deviations from the desired path, such as those potentially required to maintain balance in 

the event of a balance perturbation. As such, the flow controller applies corrective torques 

according to the following viscous flow field control law: 

𝜏𝑓𝑙𝑜𝑤 = 𝐶𝑑(�⃑⃑⃑�𝑟𝑒𝑓 − �⃑⃑⃑�). 
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where (11) describes the flow force (in this case torque) on a symmetric body due to drag 

when immersed in a viscous fluid, where 𝐶𝑑 is equivalent to a drag coefficient, while �⃑⃑⃑�𝑟𝑒𝑓 

is a flow field in the configuration space based on the desired path through it, �⃑�𝑐. Written as 

a function of the configuration error, expressed in terms of the normal and tangential 

components defined previously, the flow field is given by: 

�⃑⃑⃑�𝑟𝑒𝑓 = 𝛤 (|𝑒|�̂� +
𝑘𝑠ℎ

|𝑒|
�̂�) 

where the scalar 𝛤 determines the magnitude of the velocity reference. Note that |𝑒|�̂� +

𝑘𝑠ℎ

|𝑒|
�̂�  is normalized after eq. (12) is calculated such that �⃑⃑⃑�𝑟𝑒𝑓 is a unit vector multiplied by 

𝛤. Because it is constant, the flow field only changes direction throughout the configuration 

space. The assistive torque, however, does change in magnitude as the time derivative of the 

configuration changes. In other words, when the user is moving in the same direction and 

with the same velocity as the flow field, the assistive torques are zero. 

The second parameter, 𝑘𝑠ℎ, affects the shape of the flow field in relation to the desired 

path. A large 𝑘𝑠ℎ favors tangential flow and produces a flow field that mostly provides 

assistive torque along the path independent of the magnitude of deviation from the path. A 

small 𝑘𝑠ℎ favors normal flow and produces a flow field that primarily redirects the 

configuration back to the path for large deviations, but then provides assistance along the 

path when the configuration error is small. 

A plot showing a nominal desired path along with streamlines for a flow field with 𝑘𝑠ℎ=5, 

25, and 100, respectively, is shown in Figure 20.   
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Figure 20. Streamline plot of the flow field associated with the desired swing-phase 

trajectory shown in Figure18. Flow field shape parameters (𝑘𝑠ℎ) for the top, middle, and 

bottom plots are 5, 25, and 100, respectively.  

 

The authors note that Li and Horowitz present a control framework for contour following 

in robot manipulators based on a similar velocity field construct (Li and Horowitz 1999). 

Like the approach here, a velocity field is employed in that work because it removes the 

time-dependence of the desired trajectory. Rather than use the viscous flow control law (11) 

described here, however, the method presented by Li and Horowitz employs an augmented 

model-based approach that ensures passivity of the closed loop. Although that control 
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methodology is compelling for contour following in a robotic manipulator, the model-based 

methodology and associated performance objectives are not clearly transferrable to the 

problem described here. 

2. Implementation and assessment 

In order to assess the relative characteristics of the flow and path controllers, both were 

implemented on a lower-limb exoskeleton, and both tested for configuration error, and for 

disturbance gain, on a set of five healthy subjects, as described below. 

2.1. Exoskeleton hardware 

The controller was implemented on an open-architecture version of a commercially-

available lower-limb exoskeleton (Indego Exoskeleton, Parker Hannifin Corp), shown in 

Figure 21. Rather than use the commercial control software, the exoskeleton was 

programmed with software written by the authors to implement the path and flow controllers 

previously described. The exoskeleton hardware platform incorporates four motors for 

powered movement of bilateral hip and knee joints in the sagittal plane, in addition to built-

in ankle-foot-orthoses at both ankle joints to provide ankle stability and transfer the weight 

of the exoskeleton to the ground. Onboard electronic sensors include encoders at each joint 

that provide the respective joint angles and angular velocities, and six-axis IMUs in each 

thigh link, although the IMUs were not used in the work presented here. The total mass of 

the exoskeleton including the battery is 12 kg (26 lbs). 
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Figure 21. Photo of Indego exoskeleton 

 

2.2. Experimental assessment protocol 

Two sets of experiments were performed to comparatively assess the efficacy of the path 

and flow controllers. The first experiments assessed each controller’s ability to provide 

guidance, which was assessed via average root-mean-squared (RMS) path error during swing 

phase. The second experiment assessed each controller’s tolerance for path deviation, which 

was assessed by measuring the “disturbance gain,” which is essentially the measured output 

impedance of the controller in response to large path deviations.  

2.3. Experimental control gains 

The path controller employs three essential gains: stiffness k, damping b, and deadband 

half-width 𝛿. The flow controller also employs three essential gains: field shaping gain 𝑘𝑠ℎ, 

velocity reference magnitude 𝛤, and drag coefficient 𝐶𝑑. Both controllers have a trade-off 

between the guidance error and disturbance gain; in particular, higher control gains generally 

result in less guidance error, but also a larger disturbance gain.  As such, an equitable 

comparison requires a systematic selection of control gains. In order to provide an equitable 

comparison in this regard, the two controllers were compared for two cases. In the first case, 
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gains were selected to provide similar guidance error between the two controllers, in which 

case the respective disturbance gains were compared. In the second case, gains were selected 

to provide a similar disturbance response for the two controllers, in which the respective 

guidance errors were compared. In both cases, the flow controller gains remained invariant, 

such that only the path controller gains changed, as discussed below. 

As a baseline, the first path controller gain selection used the same gains previously 

published by the authors in a recent publication implementing the path controller on the same 

hardware employed here (A. Martinez, Lawson, and Goldfarb 2018). That paper found that 

the best path control performance, as measured by RMS path error, was achieved with the 

gain set listed in the first row of Table 4, which in this chapter is referred to as “path-9” since 

it corresponds to path control with a stiffness of 9 Nm/deg. Given this guidance performance 

as a baseline, flow controller gains were adjusted to provide an (approximately) matched 

RMS path error to the path-9 controller on a test subject. Note that the test subject was not 

one of the subjects employed in the experimental protocol described below. The resulting 

flow controller gains are given in the second row of Table 4.  

 

Table 4. Controller parameters 

 

 

Experiments to measure the disturbance gain were conducted in addition to measuring 

the RMS error. In order to have a second point of comparison between the path and flow 

controllers, a second path controller gain selection was set to (approximately) match the 

disturbance gain of the flow controller on the same test subject, resulting in a set of gains 

listed in the third row of Table 4, which is referred to as the “path-3” controller, since the 

stiffness corresponds to 3 Nm/deg. Note that, for these control gains, the stiffness is a third 
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of the path-9 stiffness, while the damping constant was scaled by the square root of three 

such that that damping ratio remained invariant (for a given mass). The deadband also 

remained invariant. As such, two experiments were performed under three control 

conditions: using the path-9 controller, the flow controller, and the path-3 controller. The 

first experiment measured the RMS guidance error, while the second experiment measured 

the disturbance gain.  

2.4. Experimental protocol 

Experiments were performed on five healthy subjects (three male, two female, aged 25.8 

± 3.7 years) walking overground in the exoskeleton.  

2.4.1. Guidance assessments 

For each subject, the guidance assessment experiments consisted of six 50 m overground 

exoskeleton walks without a stability aid at a speed of approximately 0.8 m/s, where each 

controller (i.e., path-9, path-3, and flow) was used twice in a semi-random order, with the 

constraint that the same controller could not be presented to each subject consecutively. Each 

subject was required to complete the 50 m walking segment in a time of 62.5 s ± 2.5 s, which 

corresponds to an average walking speed between 0.77 and 0.83 m/s. If the 50 m walk time 

was out of this range, the data were discarded and the trial repeated later in the protocol such 

that the subjects did not use the same controller consecutively. A photo of a subject 

conducting a 50 m walk corresponding to these experiments is shown in Figure 22 (left). 

2.4.2. Disturbance assessments  

The disturbance assessment experiments consisted of overground exoskeleton walking, 

with the additional constraint that each subject wore a range-of-motion (ROM) limiting knee 

brace (Breg model T Scope Premier Post-Op) under the exoskeleton on the right leg to 

prevent full knee flexion. The knee brace was locked such that subjects’ maximum knee 

flexion was limited to approximately 40 deg in the configuration space. Subjects were given 

a rolling walker as a stability aid for these trials. Rather than 50 m, each subject walked 25 

strides using each controller (path-3, path-9, and flow) one time each, presented in a random 
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order. There was no attempt to regulate walking speed in these trials. A photo of a subject 

conducting a trial with the ROM-limiting knee brace and exoskeleton corresponding to these 

experiments is shown in Figure 22 (right). 

 

 

Figure 22. Representative photos of Subject 2 walking in the guidance assessment trial 

(left) and disturbance assessment trial (right). 

 

3. Data collection 

During all trials, data were collected from the exoskeleton, including bilateral hip and 

knee angles and motor torques, at a sampling rate of 200 Hz. For all trials, the first three 

strides and the last two strides for each leg were not included in the results to avoid transient 

effects associated with the start and end of the walking trials.  

3.1. Acclimation 

Subjects were allowed to acclimate to each trial condition prior to conducting the 

experiments. Acclimation consisted of a minimum of four 50 m walks with the exoskeleton 

with no controller active (i.e., backdriving exoskeleton joints). Afterwards, subjects were 

required to walk a minimum of three 50 m walks using each of three controllers (i.e., path-

3, path-9, and flow). Subjects could walk as many additional trials as desired, until they 



 

52  

confirmed that they were acclimated to all experimental conditions associated with the 

guidance assessments. Note that subjects were not explicitly exposed to the disturbance 

experimental condition (i.e., wearing the ROM-limiting knee brace) prior to that experiment.  

4. Results 

4.1. Overground walking tests 

Figure 23 shows the respective hip and knee motion for a representative subject (in this 

case Subject 2), corresponding to each of the three controllers. Specifically, the data 

corresponds to walking with the path-3 (top left), path-9 (top right), and flow controller 

(bottom).  Note that the right leg is shown in red; left in blue; reference path with standard 

deviation from (Winter 1991); swing phase in solid line; and stance phase in dashed. As 

shown in the plots, the path-9 and flow controllers provide similar levels of guidance, while 

the path-3 controller (top left) demonstrates increased guidance error.  
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Figure 23. Representative leg motion from 50 m walking trial for the three controllers, 

from top to bottom: path-3, path-9, and flow. Red lines indicate right leg; blue lines left. 

Dashed lines represent stance phase of gait, during which (for this experiment) the 

respective controllers were inactive, while the solid lines represent swing phase during 

which the controllers were active. 

 

The error for each trial in this chapter is given by (9), and the RMS of this error over 

each trial provides an indication of the efficacy of the controller in providing guidance. The 

mean RMS error values for all steps and all subjects for each controller is summarized in 

Figure 24. Specifically, for 656, 664, and 667 strides corresponding to path-3, path-9, and 
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flow, respectively, the average RMS error and corresponding standard deviations were 4.5 

± 2.1, 2.7 ± 1.3, and 2.6 ± 1.3 deg, respectively. Each subject’s data were tested for normal 

distribution using a Kolmogorov-Smirnov test, and were found to be normally distributed 

within a 95% confidence interval (with the exception of Subject 5, path-3 data, which was 

found to be normally distributed with a 90% confidence interval). The differences in means 

of each condition for each subject were tested using repeated measures ANOVA. As such, 

each subject’s three overground walking conditions were tested against one another. Results 

indicated that the differences between flow and path-3 RMS guidance errors were significant 

(p<0.05), while the differences in error between the flow and path-9 conditions were not. 

 

 

Figure 24. Mean RMS errors for the exoskeleton leg path. Error bars represent one 

standard deviation from the mean. 

 

4.2. Disturbance response tests 

Figure 25 shows hip and knee angle from the right leg from a representative subject and 

trial (Subject 1, path-3 controller) of the disturbance response assessment experiment.  
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Figure 25. Representative hip and knee angle data corresponding to disturbance gain 

trial (i.e., exoskeleton walking while wearing ROM-limiting knee brace). 

 

Figure 26 shows a plot of all torque versus path error samples for the all subjects and all 

control conditions while conducting the ROM-limiting experiments. This figure depicts the 

error (9) from the desired path along the x-axis, and the resulting torque from the respective 

controller on the y-axis, with the path-3, path-9, and flow controller data shown in green, 

red, and blue, respectively. A least-squares linear approximation of each set of data results 

in the linear parameters for each case given in Table 5. Note that the slope of each line 

provides the approximate disturbance gain corresponding to each controller (i.e., the torque 

on the user resulting from a given deviation). As shown in the table, while the path-3 and 

flow gains are similar (by design), the path-9 disturbance gain is approximately three times 

greater than that of the flow controller. 
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Figure 26. Torque response of each controller to deviations from the desired path for 

path-3 (green), path-9 (red), and flow controller (green). 

 

Table 5. Error response linear regression coefficients 

 

 

5. Discussion 

5.1. Guidance error versus disturbance gain 

Recall that the intent of the flow controller is to provide effective guidance, while also 

allowing large deviations from a given desired path when needed without introducing large 

disturbance torques. In that regard, based on the results previously presented, the flow 

controller parameterized to provide similar guidance to a path controller was shown to 

provide a factor of three smaller disturbance gain; while a path controller parameterized to 

provide a similar disturbance gain was shown to provide (approximately) a factor of two 

larger guidance error. 
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5.2. Other behavioral observations of the flow controller 

5.2.1. First-order homogeneous response 

As previously mentioned, a path controller is characterized by a homogeneous position-

dependence, while a flow controller is characterized by a homogeneous velocity-

dependence. In the case that these control torques act on a primarily inertial leg, one would 

expect the path-controlled leg motion to have a nominally second-order homogeneous 

response, while the flow-controlled leg motion would have a first-order response. As such, 

one expects a flow-controlled motion to be fundamentally devoid of oscillation, while the 

existence of oscillation in a path-controlled leg would depend on the system parameters (i.e., 

on the stiffness and damping control gains, in addition to the inertial properties of the leg). 

It should be noted that, in the case of a leg with strong elastic-type behavior (e.g., spastic 

muscular tone), the exoskeleton load will be fundamentally second-order, and the viscous-

dominated action of a flow controller may not have sufficient position-dependence to 

overcome the inherent elasticity of the leg. In such a case, a path-based approach may offer 

improved control authority. 

5.2.2. Providing guidance and assistance 

Recall that the control objectives for poorly-ambulatory individuals include both 

guidance and assistance from the exoskeleton. Guidance is defined here as facilitating or 

promoting a given coordination (or shape) of movement, but not otherwise directly adding 

power to the movement. Assistance is the complement to guidance, which is adding power 

along the direction of movement. In a path control approach, these two functions are 

generally provided via separate control mechanisms. Specifically, the path control construct 

is by its nature one of guidance. A path control approach is particularly compelling in this 

regard, since it provides guidance in a (theoretically) strictly energetically passive manner 

when derived from a conservative potential field and supplemented with additional damping. 

It is generally thought that interaction with passive machines is safer than interacting with 

active machines. Despite the potential for passive guidance, poorly-ambulatory individuals 

are often in need of assistance, in which case power must be added in the direction of motion, 
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thereby negating potential advantages of controller passivity. Some previously described 

path control approaches have employed guidance controllers based on potential energy 

fields, and then have supplemented them with active control components along the intended 

direction of movement to provide movement assistance (see, e.g., (Banala et al. 2009; 

Duschau-Wicke et al. 2010)). In contrast to this approach, the flow controller combines both 

guidance and assistance components into a single control component, as encoded by the 

shape of the velocity field, such that there is no mechanistic distinction between the two. 

Rather, the extent of guidance relative to assistance is determined by the shape of the velocity 

field (i.e., by the 𝑘𝑠ℎ control parameter). Note that, although not incorporated here, one can 

also control the relative magnitudes of guidance versus assistance torques by employing 

separate drag coefficients for the normal versus tangential directions defined by �̂� and �̂�. 

5.2.3. Directionality of error correction 

An important difference between the behaviors of path and flow controllers is associated 

with the directionality of the corrective torques in the presence of path (or configuration) 

error. A path error in a path controller will always generate a corrective torque that will pull 

the leg normal to the path, regardless of the configuration velocity. The corrective torques 

generated by a flow controller, however, are dependent on both the configuration and the 

rate of change of configuration (i.e., the configuration velocity). In the case that a path error 

exists in a flow controller, if the leg is moving back towards the path with an appropriate 

velocity, no corrective torques will be applied, regardless of the magnitude of configuration 

error. In other words, the flow controller considers not only the configuration error, but also 

the current configuration velocity, and will not correct movement if the velocity indicates 

that the leg is converging toward the path. In this regard, the flow controller potentially 

interferes less with the user than might a path control approach.  

5.2.4. Dependence on reference velocity 

The flow controller requires selection of a reference velocity (i.e., a nominal velocity 

must be employed for the flow field), which in effect establishes a nominal desired step time. 

In the case that the user is moving along the desired configuration path at the desired velocity, 



 

59  

no assistive torque will be imparted. In the case that the user moves more slowly, the virtual 

flow field will “pull” the leg along the desired path, in a similar manner to a floating object 

in a stream. Similarly, if leg movement is faster than the reference velocity, the controller 

will impart associated drag forces to slow it. Despite the seeming dependence on this 

reference velocity, a flow controller is more forgiving with respect to step time deviation 

than would be a position-dependent assistive controller, since the latter (fundamentally) 

integrates velocity error over the stride, which will result in a large corrective torque for a 

continuous velocity error. A flow controller, on the other hand, will impose a corrective 

torque associated strictly with the instantaneous velocity error. As such, deviation from a 

nominal step time is easily achieved in practice. 

Although not employed here, it is worth noting that the reference velocity could be made 

a function of cadence, which is similar to some previously described position-based 

methodologies that adjust the duration of a swing-phase trajectory based on a measure of 

cadence. 

6. Conclusion 

This chapter describes a controller for a lower limb exoskeleton that addresses the need 

to provide movement guidance and assistance to the lower limbs. The controller allows for 

deviations from the desired motion without introducing large disturbance torques. The 

controller approach mimics the effect of the viscous forces on a uniform object in a flow 

field, and therefore is called a flow controller. The ability of the flow controller to provide 

movement guidance, and the ability of the controller to tolerate deviation from that guidance 

were compared to a previously-published guidance controller in experiments on five healthy 

subjects.  The experimental results indicate that the flow controller was able to effectively 

guide leg movement while offering less resistance to large path deviations.  
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CHAPTER V 

 

SINGLE DEGREE OF FREEDOM FLOW CONTROLLER 

 

There are many individuals with lower limb movement impairment who require or may 

benefit from walking assistance. Common causes of movement impairment include stroke, 

incomplete spinal cord injury (iSCI), multiple sclerosis (MS), and cerebral palsy (CP). 

Individuals who have movement impairment, but are still capable of ambulation, are herein 

referred to as poorly-ambulatory individuals. Poorly-ambulatory individuals’ leg movements 

are typically characterized by leg muscle weakness and potentially also by spastic muscle 

tone. Common assistive devices for these individuals include quad canes and ankle-foot 

orthoses (AFOs).  

In recent years, powered assistive devices (herein referred to as powered exoskeletons) 

have emerged as an option to replace or supplement traditional (passive) assistive devices 

(Yan et al. 2015; A.J. Young and Ferris 2017; Meng et al. 2015; Chen et al. 2013). The nature 

of the design and control of a given powered exoskeleton is highly dependent on the nature 

of the impairment and needs of the individual who will use it. In this work, the authors focus 

on applications in which subjects can benefit from single-joint assistance – specifically 

powered assistance at the knee. For this application, the authors seek an exoskeleton and 

control approach that provides movement guidance and assistance at the knee during swing 

phase and support during stance phase, yet does not dictate step (or trajectory) time and is 

forgiving to deviations in desired movement.  

Various exoskeleton controllers for walking assistance have been presented and 

discussed in the literature, including torque-pulse (or oscillator-based) controllers (Arazpour 

et al. 2016; Garate et al. 2017; Murray et al. 2015; Ronsse et al. 2011; Bae et al. 2015; Lerner, 

Damiano, and Bulea 2017; Ward et al. 2012; Quinlivan et al. 2017; De la Fuente, Sugar, and 

Redkar 2017; Sugar et al. 2015), potential-energy-based approaches that provide a virtual 

tunnel or path to guide movement (Banala et al. 2009; Duschau-Wicke et al. 2010; A. 

Martinez, Lawson, and Goldfarb 2018), and trajectory-based controllers (Suzuki et al. 2007; 

Neuhaus et al. 2011; Quintero, Farris, and Goldfarb 2012; S. Wang et al. 2015; Bortole et al. 

2015; Esquenazi et al. 2012; Hartigan et al. 2015; Kozlowski, Bryce, and Dijkers 2015). In 
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a previous publication, the authors describe a “flow controller,” which is a form of 

exoskeleton control that provides desirable control characteristics relative to the previously 

stated control objectives (i.e., movement guidance and assistance without time constraints 

and with tolerance for movement deviation). The flow controller, however, was constructed 

as a fundamentally multi degree-of-actuation (mDOA) controller (i.e., its formulation is 

based on a configuration space of two or greater). The application of interest herein is a 

multi-degree-of-freedom (mDOF) but single DOA (sDOA) application. Specifically, the 

controller is intended to support a given movement coordination between the hip joint and 

knee joint during swing phase (hence mDOF), but only the knee joint is actuated (hence 

sDOA). This type of system is referred to here as an mDOF/sDOA application. 

Since the previously presented flow controller provides the control and interaction 

characteristics sought in this application, the authors sought to modify the previously-

presented flow controller for this mDOF/sDOA application, and to investigate the extent to 

which this approach provides effective control for such applications. As such, the modified 

flow controller was implemented on a knee exoskeleton prototype, and the controller and 

exoskeleton tested on two individuals with hemiparesis from stroke, specifically to assess 

the extent to which the exoskeleton and controller improve knee movement and hip/knee 

coordination during walking. 

1. Flow Controller for mDOF/sDOA application 

The controller provides three distinct behaviors in different phases of gait. During swing 

phase, the knee exoskeleton is intended to provide movement guidance and assistance that 

coordinates hip and knee motion. During early and middle stance phase, the exoskeleton is 

intended to provide knee support, while during late stance phase the exoskeleton removes 

knee support to allow the user to initiate swing phase. The controller is moved between these 

difference gait phases by a finite state machine, which is comprised of three corresponding 

states: swing, stance, and late stance. The flow controller, which provides guidance and 

assistance during swing phase, is active only in the swing state.  
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1.1. Sensing Requirements 

The flow controller is constructed within a multi DOF configuration space. In its 

previously presented form, the flow controller was presented in a two DOF configuration 

space comprised of hip and knee angle. Since hip angle is not measured in the knee 

exoskeleton application considered here, the configuration space is instead described in 

terms of thigh angle (relative to the vertical) and knee angle. The knee exoskeleton described 

here also includes foot/floor force sensing, which is employed to facilitate state detection. 

As such, the controller described here requires real-time sagittal-plane thigh angle (relative 

to the vertical) and angular velocity measurement, knee angle and angular velocity 

measurement, and foot/floor force detection. The implementation of this sensing is discussed 

in more detail in the implementation section. 

1.2. State Machine 

The swing, stance, and late stance behaviors are selected by the state machine depicted 

in Figure 27. The conditions for switching between the states are based on the thigh angular 

velocity (𝜔𝑡ℎ) for the toe off state transition and the heel force detection (𝐹ℎ𝑒𝑒𝑙) from loading 

at the heel strike. The thigh angle, and knee angle readings (𝜃𝑡ℎ and 𝜃𝑘, respectively) act as 

a guard condition for false positives for the transition into swing phase. The joint convention 

for the thigh segment angle and angular velocity indicates that extension is positive, while 

flexion is negative. Knee joint angle convention is positive in extension and negative in 

flexion. Note that the knee angle guard condition was adjusted for each subject’s individual 

gait, as seen in Table 8. 

 

Figure 27. Controller state machine diagram. Transition values are: 𝜔𝑡ℎ > 0 deg/s; 

𝐹ℎ𝑒𝑒𝑙 > 2  N. 
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1.3. Stance Phase Control 

The stance phase controller remains the same form as described in (Andres Martinez et 

al. 2018). The controller supports the user in knee extension when the leg is on the ground 

(i.e., 𝐹ℎ𝑒𝑒𝑙 > 25 N). Note the heel contact force reading was low-pass filtered at 20 Hz. 

Additionally, the heel contact force readings changed from 5 N in swing phase to over 400 

N in stance phase depending on subject weight. The stance controller is composed of a virtual 

unidirectional stiffness around an equilibrium point of 𝜃𝑘 = 0 that assists the user only in 

extension. The stiffness and damping values employed in the subsequent implementation are 

listed in Table 9.  

1.4. Swing Phase Flow Control  

The objective of swing phase control is to facilitate movement coordination without 

dictating step time, in a manner that is forgiving to deviation from the desired movement. 

The flow control approach provides these control objectives, but was previously formulated 

within a multi DOA configuration space. This chapter examines the extent to which this 

approach might provide suitable control of swing-phase in a single DOA application, 

specifically for a powered knee exoskeleton. In order to examine this, the previously-

presented flow controller was modified in three ways: 1) thigh motion was substituted for 

hip motion in the configuration space; 2) the flow field was constructed differently to 

eliminate discontinuities in the flow field within the allowable range of motion; and 3) only 

the knee component of control torque was utilized in the controller.  

The configuration space for this modified version of the flow controller is given by the 

vector:  

�⃑� = (𝜃𝑡ℎ, 𝜃𝑘) 

where 𝜃𝑡ℎ and 𝜃𝑘 are the thigh and knee joint angles, respectively, and the vector �⃑� is referred 

to as the configuration. The time derivative of the configuration is given by: 

�⃑⃑⃑� =
𝑑�⃑⃑⃑�

𝑑𝑡
 . 

The desired movement is defined as a relationship between  𝜃𝑡ℎ and 𝜃𝑘  in the 
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configuration space. Although it can be described by any desired path, an ellipse centered at 

the origin provides a good approximation of the relationship observed during healthy 

walking: 

𝜃𝑘
2

𝑎2
+

𝜃𝑡ℎ
2

𝑏2
= 1. 

Note that a slight forward tilt to the ellipse is a somewhat better description of healthy 

movement, but sufficiently slight that the authors employed (15) instead for this 

investigation. 

The flow control action is defined relative to a flow field, which is defined relative to the 

desired movement (15). In this chapter, the desired flow field is defined differently from the 

flow field described in the previous chapter. In that work, the flow field was defined relative 

to the normal from the desired path. Although that construction was effective in that 

implementation, it was somewhat deficient in that application, and particularly deficient in 

this application. Specifically, in the flow field construction described in chapter VI, a portion 

of the flow field some distance from the desired path was discontinuous along the major axis 

of the ellipse. In that case, in the implementation described, the flow field discontinuity was 

far from the desired path, and since the configuration space was fully actuated, the 

exoskeleton was able to keep the actual movement close to the desired path and away from 

the flow field discontinuity. As such, the flow field was deficient (i.e., contained a 

discontinuity in the configuration space), but the deficiency was not observed. In the case 

considered here, however, the thigh angle configuration is an unactuated DOF, and as such, 

the controller has no capacity to keep the thigh DOF near the desired path. Thus, the 

movement in this application is less constrained to a given part of the configuration space, 

and as such, the flow field should be devoid of discontinuities within the achievable range 

of motion. The flow field was therefore redefined in this chapter such that a singular flow 

field discontinuity would exist at the edge of the range of motion (i.e., when the knee is fully 

extended), so that a user would not be expected to cross this discontinuity during swing 

phase. The modified flow field is constructed as follows. A configuration vector can be 

defined by the slope 𝑚 from the origin 𝜃0 = (0,0), 𝜃𝑘 = 𝑚𝜃𝑡ℎ, which can be rearranged to: 

𝜃𝑡ℎ =
𝜃𝑘

𝑚
. 
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 The knee angle at the intersection with the desired movement can be found by 

combining eq. (16) and eq. (15) and using the solution 𝜃𝑘,𝑒𝑙𝑙 > 0, as the knee angle is always 

positive in this convention, as seen in Figure 28. The corresponding 𝜃𝑡ℎ can be found by 

plugging the result into eq. (16).  

 

 

Figure 28. Plot of a desired path defined in eq. (15) as an ellipse and the line from the 

origin to the configuration �⃑� as defined in eq. (16). 

 

The tangent lines to the ellipse at the point of intersection, 𝜃𝑒𝑙𝑙 = (𝜃ℎ,𝑒𝑙𝑙, 𝜃𝑘,𝑒𝑙𝑙), are the 

basis for the direction of the flow field, as seen in Figure 29. The tangent vector can be found 

by differentiating eq. (15) with respect to 𝜃𝑡ℎ: 

𝑑𝜃𝑘

𝑑𝜃𝑡ℎ
= −

𝑎2

𝑏2
(
𝜃𝑡ℎ,𝑒𝑙𝑙

𝜃𝑘,𝑒𝑙𝑙
). 

The tangent angle from the horizontal axis can be found using the four-quadrant inverse 

tangent:  

𝛼𝑡𝑎𝑛 = 𝑎𝑡𝑎𝑛2(𝑑𝜃𝑘 , 𝑑𝜃𝑡ℎ). 

The flow field is created by finding the radial distance from the current configuration to 

the intersection: 

𝑒𝑒𝑙𝑙 = √(𝜃𝑡ℎ,𝑒𝑙𝑙
2 − 𝜃𝑡ℎ,𝑙

2) + (𝜃𝑘,𝑒𝑙𝑙
2 − 𝜃𝑘,𝑙

2). 
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Given the angle of the tangent line with respect to the horizontal axis, the angle of the 

flow lines can be found: 

𝛼𝑓𝑙𝑜𝑤 = 𝛼𝑡𝑎𝑛 + atan (
𝑒𝑒𝑙𝑙

𝑘𝑠ℎ
). 

 

Figure 29. Representation of the reference velocity as defined in eq. (23) in 

configuration space. The flow vector direction is calculated from the tangent line path 

given by eq. (18), and adjusted by the magnitude of the error to the desired path 𝑒𝑒𝑙𝑙, as 

given in eq. (19). 

 

In this construction, the parameter 𝑘𝑠ℎ affects the shape of the flow field in relation to 

the desired path. A large 𝑘𝑠ℎ favors tangential flow and produces a flow field that mostly 

provides assistive torque along the path independent of the magnitude of deviation from the 

path. A small 𝑘𝑠ℎ favors normal flow and produces a flow field that primarily redirects the 

configuration back to the path for large deviations, and provides assistance along the path 

only when the configuration error is small. Figure 30 shows the desired path of leg travel 

imposed by the flow controller at any point in configuration space. 
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Figure 30. Streamline plot of the flow field  associated with the desired swing-phase 

trajectory shown in Figure 28 with 𝑘𝑠ℎ =  0. 

The flow field unit vectors that define the configuration are given by: 

𝑓 = cos(𝛼𝑓𝑙𝑜𝑤) 𝑖̂ + sin(𝛼𝑓𝑙𝑜𝑤)𝑗.̂ 

and the reference velocity is: 

�⃑⃑⃑�𝑟𝑒𝑓 =  𝛤𝑓, 

where the scalar 𝛤 determines the magnitude of the velocity reference. The flow controller 

applies corrective torques according to the following viscous flow field control law: 

𝜏𝑓𝑙𝑜𝑤 = 𝐶𝑑(�⃑⃑⃑�𝑟𝑒𝑓 − �⃑⃑⃑�). 

where (23) describes the flow force (in this case torque) on a symmetric body due to drag 

when immersed in a viscous fluid, where 𝐶𝑑 is equivalent to a drag coefficient, while �⃑⃑⃑�𝑟𝑒𝑓 

is a flow field in the configuration space based on the desired path through it as detailed in 

eq. (15). 

Recall that the controller outlines a desired path of travel in configuration space, eq. (15). 

When implemented on a powered knee exoskeleton, as described in this chapter, the knee 

torque is a function of both thigh and knee movement, but only the knee is affected by the 

control action. 
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1.5. Walking detection 

The controller detects whether the user is walking or standing by measuring the foot-

floor force readings, thigh angle, and thigh angular velocity. Walking is detected when all of 

the following conditions are met: 

{

𝐹ℎ𝑒𝑒𝑙  𝜆𝐹 
𝜃𝑡ℎ  𝜆𝜃
𝜔𝑡ℎ > 𝜆𝜔

. 

These thresholds are listed for the implementation here in Table 10. If any of the three 

thresholds are not met over three seconds after transitioning from swing phase to stance 

phase, the controller reverts to the standing state. The stand-to-walk detection prevents the 

user from triggering false positive transitions from stance phase to swing phase when shifting 

weight during standing. 

2. Controller Implementation and Assessment 

In order to assess the controller performance relative to daily use devices, the controller 

was implemented on a knee exoskeleton. The controller was tested for knee kinematics, user 

symmetry while walking, user walking speed, and controller torque outputs. Experiments 

were conducted on two individuals with hemiparesis following stroke. 

2.1. Exoskeleton Hardware 

The controller was implemented on the knee exoskeleton prototype shown in Figure 31. 

The knee exoskeleton is essentially a standard knee-ankle-foot orthosis (KAFO) with a 

powered knee module in place of a standard knee joint. The ankle joint, which is standard, 

is an articulated joint with adjustable dorsiflexion and plantarflexion range-of-motion limits. 

The thigh segment of the exoskeleton is supported by bilateral uprights. The knee joint on 

the medial aspect is a standard passive hinge joint, while the knee joint on the lateral aspect 

is a custom actuated knee joint. The actuated knee joint is driven by brushless motor (Maxon 

EC-52i) and two-state chain-drive transmission, which is packaged separately from the knee 

joint and located on the lateral aspect of the thigh, and actuates the knee joint remotely 
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through a pair of Bowden cables. The actuation unit is capable of maximum continuous 

torque of 15 Nm and peak torque of 20 Nm. The actuation unit is powered by a lithium ion 

battery pack consisting of six 18650 cells (INR18650-30Q) in series, providing nominal 25.2 

V and 72 W-hrs at full charge, with a maximum continuous current capacity of 15 A. The 

battery pack has a mass, including housing, of 355 g. The total mass of the knee exoskeleton 

including the actuation cassette, KAFO structure, and battery is 2.0 kg.  

 

 

Figure 31. Photos of the knee exoskeleton from the front view (left) and side view 

(right). 

Sensing includes encoders in the knee actuation cassette which measure knee angle and 

angular velocity, a six-axis IMU that provides thigh angle and angular velocity measurement, 

and a FSR located on the bottom of the AFO for ground force measurement. The actuation 

unit includes an embedded system that runs a low-level control, including brushless motor 

current control, and also includes a CAN interface that enables high-level control prototyping 

and data collection from a laptop computer via the real-time interface provided by 

MATLAB/Simulink at a sampling rate of 500 Hz.  

Recall that real-time sagittal-plane measurement of thigh angle is required for the swing-

phase controller. This measurement is provided using a combination of measurement 

techniques. During stance phase, the thigh angle is calculated via a standard complementary 

filter sensor fusion that combines a low-pass-filtered estimate based on sagittal-plane 

accelerations with an integrated and high-pass-filtered estimate based on the sagittal-plane 
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gyroscope, with the low and high-pass filter cutoffs set to 0.16 Hz. In order to provide a 

faster estimate during swing phase, an initial thigh angle is determined from the 

complementary filter at toe-off detection, after which the thigh angle for the remainder of 

swing phase is estimated using a pure integration of the gyroscope. Once swing phase ends, 

the thigh angle is again estimated using the complementary filter.  

2.2. Experimental Protocol 

Experiments were performed on two subjects with hemiparesis following stroke. Subject 

information including age, time since last stroke incident, paretic side, and daily use assistive 

devices are shown in Table 6. The extent of muscle spasticity in each subject’s paretic leg is 

characterized by the Modified Ashworth Scale (MAS), listed for each subject in Table 7. 

The experimental procedure involving human subjects in this chapter was approved by 

Vanderbilt University’s Institutional Review Board.  

The controller’s ability to influence a subject’s paretic leg during overground walking 

was assessed in self-selected, single speed, 50-meter walking tests. Subjects walked in two 

conditions: a control walk with their daily use devices (if any), and with the exoskeleton 

using the flow controller.  

Experiments with each subject occurred over the course of two sessions, each on a 

different day: a first session for fitting, calibration, and acclimation, and a second session for 

data collection. 

During the first session, each subject was fitted to the device and familiarized with the 

stance phase state. The remainder of the session was used to calibrate the controller’s state 

transitions to level ground walking. 

During the second session, subjects walked several trial walks, where each trial consisted 

of a 50 m walk at a self-selected speed. The trial walks were performed under two conditions: 

one without the knee exoskeleton, but with any daily-use assistive devices (hereafter called 

“control walks”), and one with the knee exoskeleton (hereafter called “exoskeleton walks”). 

Trials were performed in the following order: two control walks, four exoskeleton walks, 

and two additional control walks. During these trials, walking speed was recorded using a 

stopwatch to measure the time taken to walk 30 meters (between 10 meter and 40 meter 

marks). Figure 32 shows Subject 1 walking with the knee exoskeleton.  
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An additional test was conducted with the exoskeleton to assess ability to step up and 

down curbs, and particularly the extent to which the exoskeleton allowed or interfered with 

this task. In these trials, subjects stepped up onto and subsequently down from a 10.5 cm tall, 

183 cm long curb.  

 

Table 6. Subject information 

 

 

Table 7. Subject Modified Ashworth Scales 

 

2.3. Controller Parameters 

The controller parameters used in the testing are listed in Tables 8 through 11. For the 

state controller, all thresholds were uniform between subjects, except the knee angle 

threshold to transition to swing. Specifically, the knee angle threshold for Subject 2 was 

lowered to 1 deg, to accommodate difficulty flexing his knee to initiate swing.  

The flow controller employs three essential gains: field shaping gain 𝑘𝑠ℎ, velocity 

reference magnitude 𝛤, and drag coefficient 𝐶𝑑. The shaping gain was the same for all 

subjects at 𝑘𝑠ℎ=50 to maintain consistency across trials during the experimental protocol. 

The velocity reference magnitude 𝛤 describes a nominal movement velocity for the user’s 

leg. The value of 𝛤 was varied between subjects to adjust for their preferred walking speed. 

Note that this value could be made cadence-dependent, but was not done so for the testing 
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described here. The drag coefficient 𝐶𝑑 is essentially the gain between velocity error and 

joint torque, and therefore is directly associated with the strength of the corrective torques. 

The drag coefficient was separated into flexion and extension (𝐶𝑑,𝑓𝑙𝑒𝑥 and 𝐶𝑑,𝑒𝑥𝑡, 

respectively) drag coefficients to better assist users who are better assisted with asymmetric 

assistance in either direction during swing phase.  

 

Table 8. Controller state transition parameter thresholds 

 

 

Table 9. Stance phase controller gains 

 

 

Table 10. Walking detection threshold 

 

 

The flow controller gains employed for each subject are given in Table 11. 

 

 

 

 

 

 



 

73  

Table 11. Experimental control gains 

 

2.4. Data Collection 

Knee angle and motor torque data from the knee exoskeleton were collected at a sampling 

rate of 1000 Hz. The first five and last three strides were not included in the results to avoid 

transient effects associated with stand-to-walk and walk-to-stand transitions. 

An IMU-based motion capture system (Xsens AWINDA) was used to measure lower 

limb joint angles during overground walking. A lower limb skeletal model was created for 

each subject using the Xsens MVN 2018 software. Seven IMUs were placed on each subject: 

one on the lower back over the subject’s sacrum; three on each leg, and one at the foot. The 

skeletal model was calibrated at the start of each set of trials (i.e., prior to the first two control 

walks; prior to the exoskeleton walks; and prior to the last two control walks). Motion capture 

data from the Xsens system was recorded at 100 Hz. Following data collection, the data were 

parsed into individual strides based on the state machine transition from swing to stance, and 

each stride was then normalized to a stride percentage. 

 

 

Figure 32. Photo of subject 1 walking while using the powered exoskeleton. 
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3. Results 

Figures 33 through 35 show respectively the measured movement for all steps in the 

configuration space for Subjects 1 and 2 walking without the exoskeleton (top, blue) and 

with the exoskeleton (middle, red), in addition to the mean movement for both cases plotted 

together (bottom). Note that each case is comprised of between 95 and 115 strides. 

 

 

 
Figure 33. Thigh and knee angles during walking for subject 1 as recorded by the Xsens 

motion capture system. Plots show all steps without exoskeleton (top); all steps with 

exoskeleton (middle); and mean paths for both cases (bottom). 



 

75  

 

 

 
Figure 34. Thigh and knee angles during walking for subject 2 as recorded by the Xsens 

motion capture system. Plots show all steps without exoskeleton (top); all steps with 

exoskeleton (middle); and mean paths for both cases (bottom). 
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Figure 35. Subject knee kinematics as measured by the Xsens motion capture system. 

Subjects 1 and 2 are depicted at the top and bottom plots, respectively. Red lines indicate 

kinematics of the trials with the knee exoskeleton); blue lines indicate control trial 

kinematics (without the knee exoskeleton). The shaded blue and red represent ±1 standard 

deviation from the mean. The black line shows able-bodied control data (Winter 1991). 

 

The mean knee torque applied to each subject by the exoskeleton as a function of percent 

stride, corresponding to the data in Figures 33-35, is shown in Figure 36. Positive torques 

indicate flexion torques at the knee, whereas negative torques indicate extension. 

 



 

77  

 

 
Figure 36. Torques applied to subjects’ paretic leg as a function of percent stride. 

Subjects 1 and 2 are shown at the top and bottom, respectively. Positive torques indicate 

flexion torques at the knee, whereas negative torques indicate extension. The grey outline 

represents ±1 standard deviation from the mean. 

4. Discussion 

Recall the intent of this chapter was to examine the extent to which the flow controller 

provides appropriate assistance during walking in a mDOF/sDOA system, particularly for a 

powered knee exoskeleton; namely, the extent to which it provides guidance while also being 

forgiving to deviations from a desired movement.  

4.1. Swing phase behavior 

The flow controller was able to substantially increase swing-phase knee flexion for all 

subjects. As subsequently discussed, the ability of the controller to do so was primarily 

limited by a combination of each subject’s muscle tone (i.e., extent of spasticity) and their 

comfort (i.e., how much active knee torque they were comfortable with). For all subjects, 
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peak knee flexion was increased substantially during swing phase. Specifically, for Subject 

1, the knee exoskeleton and sDOA flow controller increased peak knee flexion by 13 deg, to 

an approximate healthy level. For Subject 2, the knee exoskeleton increased peak knee 

flexion by 19 deg. Note that, although the exoskeleton improved knee flexion for Subject 2, 

the resulting knee flexion is still well short of healthy knee flexion, due to the fact that 

Subject 2 has considerable spastic tone, as subsequently discussed. 

4.2. Stance phase behavior 

The knee exoskeleton also improved stance knee behavior for all subjects, although in 

different capacities. Subject 1’s walking without the exoskeleton was characterized by knee 

hyperextension during stance phase, which was eliminated when using the exoskeleton. This 

is apparent in the data shown in Figure 35. Subject 2’s walking without the exoskeleton was 

characterized by greater than normal knee flexion, which was reduced when wearing the 

exoskeleton. This is also apparent in Figure 35.  

4.3. Limitations in controller performance 

The extent to which the exoskeleton can influence knee kinematics of an individual with 

hemiparesis (Figure 35) is substantially affected by muscle spasticity in the paretic leg, as 

characterized by their respective MAS scores (Table 11). MAS scores indicate resistance to 

involuntary movements; they do not indicate the user’s joint functionality due to volitional 

movements or range of motion. An MAS score of 0 indicates the subject has no increase in 

muscle tone with movement, as expected in a healthy individual; MAS of 1 indicates a slight 

increase in resistance; 1+ indicates a slight increase in resistance with a substantial increase 

at some point in the range of motion; and an MAS of 2 or greater indicates a marked increase 

in tone with movement.  

As given in Table 11, although Subject 1 was characterized by a relatively low amount 

of spasticity, Subject 2 was characterized by an MAS of 1+ in both knee flexion and 

extension. Subject 2, in particular, started to exhibit a marked increase in passive resistance 

at a knee flexion angle of approximately 40 deg. Although the exoskeleton is capable of 

providing more torque than the nominal 8 Nm delivered to Subject 2 during swing phase, 
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the subject was not comfortable with higher levels of assistive torque. In this particular case, 

the knee exoskeleton appears to improve walking, despite the higher levels of spastic tone. 

One can assume, however, that the exoskeleton is best suited for individuals with MAS 

between 0 and 1; potentially suited to individuals with MAS of 1+; and most likely not suited 

to individuals with MAS at or above 2.  

Subject comfort was an important criterion for the authors, as a subject who is 

comfortable using a device is more likely to adopt the device for daily use. The controller 

gains (and subsequent output torques) were tuned using subjects’ verbal feedback. The drag 

coefficient (𝐶𝑑) was started at a 0.005 Nm-s/deg for both flexion and extension and the 

velocity reference magnitude (𝛤) was started at 400 deg/s. The velocity reference magnitude 

was increased to adjust for subjects’ walking speed and the drag coefficient was increased 

during the acclimation session until subjects indicated that they did not want additional 

flexion or extension torques. Table 9 shows the final experimental control gains used by the 

subjects. Note that the stance phase controller remained identical for all subjects. The flow 

control gains resulted in applied peak torques of 6 to 8 Nm, despite the powered knee 

exoskeleton being able to apply approximately 20 Nm peak torque. Although increasing 

gains would increase the control authority, the subjects tested in this chapter preferred a 

balance between comfort and assistance (i.e., preferred a lower than maximum control 

authority). 

Subjects were asked for their opinion of the controller during overground walking. 

Subject 1 stated that the powered knee exoskeleton allowed for more consistency during 

overground walking, specifically referring to paretic leg heel strike and the knee support 

applied in early stance (as demonstrated by Figure 35 with the standard deviation during 

stance phase). Subject 2 mentioned that the powered knee exoskeleton was helpful for 

flexion assistance (as evidenced by Figure 36), and felt comfortable while walking and 

wearing the device.  

5. Conclusion 

This chapter describes the application of a flow controller to a single DOA application, 

namely a powered knee exoskeleton. A modified version of the flow controller was 

developed and implemented in a powered knee exoskeleton. The exoskeleton and controller 
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were tested on two poorly-ambulatory subjects with hemiparesis from stroke, and shown to 

improve both swing-phase and stance-phase movement during walking.  
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CHAPTER VI 

 

CONCLUSION 

 

 

This document details the design and subsequent implementation of control 

methodologies for powered lower-limb orthosis for individuals with ambulatory disabilities. 

Through the chapters, the major contributions of this work are summarized sequentially as 

follows: 

 

1. Adaptation of an existing path-based controller for use in overground walking with 

a powered lower-limb orthosis. The path controller was assessed for its ability to 

guide the user’s legs while allowing for step time and length variability. The 

controller, however, was limited because it does not provide assistance to complete 

swing phase during walking and was unforgiving to deviations to the desired path of 

leg travel. As a result, a new controller was developed.  

2. The design of a velocity-field-based ‘flow’ controller. The flow controller was shown 

to be an improvement over the path-based controller in its ability to provide 

assistance and guidance to the user’s legs while being forgiving to deviations from 

the desired path of leg travel.  

3. Adapting the flow controller for a single degree of freedom. Many individuals could 

potentially benefit from a single DOF exoskeleton. The flow controller possesses 

desirable properties for this application, but it was not clear how well it reduces to a 

single degree of actuation. In order to investigate the efficacy of the flow controller 

for a single DOA system, the flow controller was adapted for use on a knee-ankle-

foot orthosis with a powered knee and tested on two individuals with hemiparesis 

following stroke. The controller was able to successfully improve subjects’ knee 

kinematics on subjects who had weakness in flexion or extension. 

 

Future research should investigate which individuals are best suited to use the flow 

controller. This research would involve further testing on individuals with hemiparesis from 
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stroke to better gauge the tone and ambulatory ability to which the flow controller is best 

suited. Further, the flow controller can be investigated on individuals with bilateral 

movement disabilities such as incomplete spinal cord injury, multiple sclerosis, cerebral 

palsy, and post-polio syndrome. 
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