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ABSTRACT OF THE DISSERTATION 

 

Touch and Go: 

Capabilities, Challenges, and Opportunities for Wearable Sensing and 

Tactile Feedback Technologies in Neuro-Motor Rehabilitation  

 
by 

 

Zachary Brooks McKinney 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2016 

Professor Warren Grundfest, Chair 

 

The sense of touch plays a critical role in coordinating movement and facilitating 

interaction with the physical environment.  Consequently, individuals with diminished sensation 

in the lower limb(s) due to amputation or neurological disorders exhibit a number of sensory-

related functional deficits, including various biomechanical gait abnormalities, impaired balance, 

and an elevated risk of falls.  The term “haptic feedback” refers to the class of technology that 

provides augmentative sensory feedback to users of robotic, prosthetic, and virtual systems via 

the sense of touch, including both tactile sensation and kinesthetic “force feedback.”  Despite the 

well-known functional impairments experienced by individuals with lower extremity sensory 

deficits, inadequate effort has been devoted to the development, clinical testing, and optimization 

of haptic feedback systems for functional gait and balance rehabilitation in affected populations.   
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The present work details the iterative engineering development and clinical testing of a 

wearable tactile biofeedback system (TBS) that provides real-time tactile feedback of plantar  

foot pressures to sensory-impaired users through a pneumatic tactile cuff worn on the thigh(s).  

Since its initial development by previous researchers at UCLA and pilot clinical testing in seven 

unilateral trans-tibial amputees (TTAs), the TBS has received several rounds of design upgrades 

to improve its performance and clinical utility, and it has been clinically tested in several patient 

populations through different stages of its development.  

In a study evaluating the effects of feedback on dynamic stability in 6 unilateral TTAs 

over a multi-functional set of tasks (single leg stance, stairs, and gait on an incline/decline) using 

a wearable plantar pressure sensing system, the most significant finding was an average 67% 

increase in single leg balance times on the prosthetic foot with feedback active. Most recently, 

the TBS has been expanded to incorporate an alternative balance-specific “differential” feedback 

scheme, as well as to provide real-time gait analysis, telemetry, and instructive feedback for 

dynamic gait modification. A single leg stance study in 17 healthy subjects and 3 with peripheral 

neuropathy (PN) found statistically significant reductions in mean center of pressure velocities in 

both populations with differential but not standard biofeedback, compared to no feedback. 

Finally, a plantar pressure stimulation (PPS) system based on the TBS architecture has 

been developed and explored as a sensory neuromodulation tool for spinal cord injury (SCI) 

rehabilitation. With legs suspended in a gravity-neutral apparatus, a subject previously diagnosed 

as SCI-complete (ASIA-A) exhibited increased leg muscle EMG activity while receiving 

rhythmic PPS. Together, these results confirm the feasibility and potential for tactile feedback as 

a rehabilitative tool and provide new insights that guide the further development of wearable 

sensing and tactile feedback systems across a range of clinical applications. 
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1. Introduction 

We live in an increasingly information-saturated world, in which our senses are routinely 

bombarded with sensory stimuli from numerous digital devices and ever-more-immersive media.  

But while digital technologies have been busily occupying and competing for visual and auditory 

bandwidth, the sense of touch has been comparatively poorly exploited as a modality for human-

machine interfacing.  While vibratory alerts on mobile (and increasingly, wearable) digital 

devices are commonplace, the amount and specificity of information they carry remains trivial 

relative to the gigabytes of audio and visual data streaming through such devices on a continual 

basis.  Owing to factors of scalability, ease of deployment, and likeness to our natural means of 

communication, it is sensible that the audio and visual modalities dominate our 

telecommunications technologies.  Yet for other applications – most notably, those pertaining to 

the guidance and modification of human movement and the performance of physical tasks 

through remote tools and devices – the sense of touch provides a valuable communication 

channel between devices and their users, the utilization of which remains in its infancy.    

The term “haptic feedback” refers to the broad class of technology that provides 

augmentative sensory information to users of physical and/or virtual devices via the sense of 

touch.  Though rudimentary haptic feedback in the form of vibratory alerts has long been 

commonplace in mobile communication devices and virtual reality devices such as video game 

controllers, the last decade has seen a dramatic expansion in the development of systems for 

providing real-time haptic feedback to aid human users in the performance of challenging 

physical tasks.  Generally, applications of haptic feedback fall into two major classes: enhancing 

human control of remote and/or robotic systems, and guiding/training human motion itself.  The 

present work focuses on the latter class. 
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Specifically, this dissertation concerns the iterative engineering development, 

performance characterization, and clinical validation of a wearable haptic feedback system for 

functional gait & balance rehabilitation of individuals with lower extremity sensory deficits due 

to neurological or musculoskeletal injury.  This work builds on the foundation of the haptic 

feedback system architecture previously established by my predecessors, Dr.s Richard Fan and 

Chris Wottawa, and the network of collaborators affiliated with our research group, the UCLA 

Center for Advanced Surgical & Interventional Technology (CASIT).  Guided by our research 

group’s preliminary data and related findings reported elsewhere in the medical literature, here I 

investigate and critically evaluate the hypothesis that real-time tactile feedback of plantar 

pressures can improve biomechanical measures of function and stability during gait and standing 

balance in sensory-impaired populations, including lower limb amputees and individuals with 

peripheral neuropathy.   

Based on my initial findings, I have extensively refined and expanded the functionality of 

the original haptic feedback system to provide better-tuned, more perceptible, more task-specific 

feedback, and I have validated the function of this upgraded system both in engineering 

verification exercises and in functional balance testing, in both healthy subjects and those with 

sensory impairments.  Finally, in collaboration with Dr. V. Reggie Edgerton’s research group in 

the UCLA Department of Integrative Biology & Physiology, I have developed a modified 

version of the haptic system that provides pressure stimulation to the soles of the feet in tunable 

patterns that mimic natural standing and walking, and I have explored the neuro-modulatory 

effects of this plantar pressure stimulation (PPS) in initiating and regulating locomotor 

movements, as a potential tool for spinal cord injury rehabilitation. 
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2. Background 

2.1.  Clinical Motivation – Sensory Impairments & Their Functional Consequences 

While damage to entire sensory systems such as the visual or vestibular senses present 

obvious and severe challenges to successful movement coordination and negotiation of one’s 

environment, more localized sensory deficits may significantly impair functional performance as 

well.  The critical role of cutaneous sensation in dexterous manipulation, by way of enabling 

precise grip configurations and dynamically adaptive gripping forces, is well known2.  As a 

result, a primary focus in field of haptics research has centered around the restoration of haptic 

sensation for prosthetic hands3–5 and manually tele-operated robotic systems – most notably, 

those employed in robotic surgery6–8. By contrast, the present work focuses on addressing 

functional deficits associated with the loss or attenuation of haptic sensation in the lower 

extremity, by providing surrogate tactile sensation of pressures from the plantar surface (sole) of 

the foot. 

2.1.1. Target Patient Population #1: Lower Limb Amputation 

The CASIT haptic feedback system was first conceived and developed by Dr. Richard 

Fan and collaborators, to address complete sensory loss in the lower extremity, in the form of 

lower limb amputation9,10.  With over 185,000 amputations per year in the US11 and over 1,700 

Americans having suffered amputations in military conflicts over the past decade12, limb loss 

remains a significant public health concern for civilian and military populations alike.  For both 

populations, lower limb losses account for roughly 75% of all amputations13, with severe 

implications for patient mobility, vocational ability, and overall quality of life.   
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Lower limb amputees – in particular, users of unilateral trans-tibial prosthetic legs – 

commonly exhibit abnormal gait biomechanics14–16, characterized by distorted patterns of knee 

and hip articulation17, spatiotemporal step asymmetries14,18, and asymmetries in both vertical 

loading19 and propulsive/braking forces (typically greater in the sound limb)20,21.  In large part, 

these biomechanical alterations represent compensatory strategies intended to overcome the 

mechanical limitations of common prosthetic feet – most notably, the passive (and typically 

rigid) ankle joint.  To compensate for the lack of propulsive power provided by plantar flexor 

muscles in the healthy foot during the push-off phase of gait, amputees must exert additional 

work at the hip14,22.   Meanwhile, trans-tibial amputees (TTA) often exhibit fewer degrees of 

knee flexion during loading, to reduce the demands on knee extensor muscles16.  Naturally, the 

biomechanical irregularities and increased energetic demands on patients with trans-femoral 

amputations are even greater23,24. 

Together, these biomechanical irregularities are associated with diminished function and 

mobility, as quantified by an increased energetic cost of walking25,26,  reduced gait velocity and 

cadence15, decreased postural stability27,28, and a heightened risk of falls29,30. As a result of these 

functional deficits, lower limb amputees commonly experience diminished confidence31 in their 

functional balance, which in turn adversely affects their overall levels of activity and social 

engagement32,33. 

Though the mechanics of traditional (i.e. passive, non-articulating-ankle) prosthetic legs 

and feet are understood to be a primary contributing factor to many prosthetic gait abnormalities, 

with prosthetic foot design and alignment bearing a strong influence on energy economy and gait 

mechanics26,34,35, the absence or severe attenuation of sensory feedback from prosthetic limbs 

may substantially contribute to these gait abnormalities as well. Though some loading forces are 
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transmitted to the residual limb through the prosthetic socket interface, corresponding sensations 

are poorly localized and heavily influenced by variable factors such as residual limb swelling, 

quality of socket fit, and perspiration36.  

Regardless of the balance of root causes, there remains much that the TTA can do to 

normalize and optimize his/her gait to minimize functional deficits. Accordingly, effective gait 

re-training is considered a critical component of successful functional rehabilitation following 

lower extremity amputation and outfitting with a prosthetic limb37,38.  The clinical objectives of 

prosthetic gait rehabilitation programs are typically to restore the patient to full ambulatory 

function as soon as possible after the prosthetic outfitting39, and to obtain a generally 

symmetrical gait pattern in terms of prosthetic vs. non-prosthetic stance times, step lengths, and 

loading patterns40,41.  Such physiotherapy programs are further informed by ongoing research 

into the biomechanical factors that distinguish amputees with good clinical outcomes from those 

with poor ones. For instance, recent research evaluating the biomechanical differences between 

TTAs with a history of falls vs. those without identifies knee extensor muscle strength on the 

prosthetic limb and eccentric ankle and hip strength in the intact limb as factors that improve 

stability during weight transfer onto the prosthetic limb and recommends that prosthetic rehab 

programs focus on strengthening these muscle groups42.   

However, as detailed above, many individuals with lower-limb prostheses continue to 

exhibit sub-optimal gait patterns even after clinically successfully prosthesis outfitting and 

standard-of-care gait rehabilitation, thus emphasizing the need for enhanced and/or ongoing 

physical therapy, with additional means for helping patients recognize and correct unhealthy or 

sub-optimal gait mechanics. Indeed, proactive gait training at an early stage following 

amputation and prosthetic outfitting has been identified as a key predictor of successful 
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rehabilitation39, with biomechanical abnormalities and deficiencies growing increasingly difficult 

to correct with time. Moreover, the patient’s ability to integrate the prosthetic limb into their 

body schema has proven to have important clinical and psycho-social consequences43,44.   Both 

the need for improved and ongoing gait training and the importance of psycho-somatic 

integration of the prosthetic limb point to sensory (especially haptic) feedback as a potentially 

effective means of enhancing the amputee patient’s psychological and functional integration of 

the prosthetic limb. 

Despite the many recent advances in lower-limb prosthesis technologies (microprocessor-

controlled knees, customizable socket fittings, robotically powered prosthetic ankles, etc.) and 

the clear potential for sensory feedback as an augment to prosthetic gait rehabilitation, there have 

been few investigative efforts to provide sensory feedback from prosthetic lower limbs, and no 

such feedback technology has been widely accepted into common clinical practice36,38,45. Thus, 

the provision of haptic feedback from prosthetic lower limbs is an area of great clinical potential 

that remains ripe for development. 

2.1.2. Target Patient Population # 2: Peripheral Neuropathy 

Owing to their diminished sensory perception of the lower extremities while generally 

retaining adequate overall motor function, individuals with peripheral neuropathy were 

previously identified as an additional patient population well-suited to the benefits of tactile 

feedback of foot pressures46.  

Defined as a broad range of neurodegenerative disorders affecting the peripheral nerves, 

peripheral neuropathy (PN) is a major public health concern, affecting roughly 30% of 

Americans over the age of 6547. Because PN can affect all types of nerves, patients may 

experience predominantly motor deficits, sensory deficits, or some combination of the two48. The 
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most common motor impairments associated with PN are muscle weakness and loss of motor 

reflexes48,49.  A classic sensory symptom profile consists of a proximal-distal gradation of 

sensory loss and/or dysesthetic sensation in the lower extremity, including loss of both tactile 

and proprioceptive perception, as well as varying levels of chronic pain49.  Though the symptoms 

and pathological progression of PN can often be mitigated with some form of drug therapy, 

neither the symptoms nor neuropathology of PN can be fully cured or reversed48,49.   

As a population, individuals with PN – even those with primarily sensory deficits – have 

been found to exhibit abnormal gait biomechanics50,51, diminished postural stability52,53, and an 

increased risk of falls54–56.  Most significantly, PN has been identified as an independent risk 

factor for falls, when controlling for age, gender, and balance-related co-morbidities54.  

Moreover, this elevated fall risk has been linked to changes in observable spatiotemporal gait 

measures such as step length, step width-to-length ratio, and step time variability57.  In addition 

to the direct negative impact of falls on an individual’s health, falls among older adults place a 

significant cost on the US health care system, resulting in over 662,000 hospitalizations and a 

total cost of over $30 billion annually58.  Given the 30% prevalence of PN in adults over 6547 and 

the finding that fall rate is roughly double among those with PN compared to the general elderly 

population56, it follows that that PN is likely a factor in roughly half of these fall-related 

hospitalizations. 

In addition to diminishing functional stability, sensory loss is also clinically problematic 

for many PN patients (most commonly diabetic PN patients) because it facilitates the formation 

and progression of ulcerative foot injuries that commonly result in partial or full foot 

amputation59.  Due to poor blood circulation and continued mechanical aggravation (facilitated 

by lack of sensation), soft tissue wounds that develop in the lower extremities in this patient 
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population have a poor prognosis for healing and commonly become infected, eventually 

requiring amputation.  Standard clinical prevention and mitigation of this symptom progression 

focuses on the use of customized foot orthotics designed to alleviate pressures on problem areas 

of the foot60,61, though tactile sensing and feedback strategies have been proposed as well62, as 

discussed further in the following section. 

With respect to neuropathy-related gait and balance impairments, there is little consensus 

regarding a standard of care.  Though research has found dynamic balance training63,64 and lower 

extremity exercise65 to improve functional stability in patients with PN, a one-year randomized 

controlled trial found a rigorous home exercise program focusing on strength and balance to 

confer little improvement in functional balance in individuals with PN66, potentially owing to 

poor subject adherence to the exercise program. Accordingly, the prescription of physical 

therapy for individuals with PN to is irregular, varying from clinic-to-clinic, physician-to-

physician. Where physical therapy is applied, the methods are typically left to the discretion of 

the therapist, and may thus vary in their emphasis on strength, joint mobility, functional balance, 

and sensory integration.  

2.2. Haptic Feedback in Rehabilitation: Introduction to Biofeedback 

Haptic feedback represents an important yet underdeveloped frontier of human-machine 

interfacing and motor rehabilitation.  While robotic, prosthetic, and telepresence technologies 

have made great advances in their sensing and actuation capabilities – including their ability to 

automatically adapt to dynamic environments based on closed-loop sensory feedback67 and their 

ability to be controlled by neural signals68 – the capacity for users of such systems to physically 

feel the environments with which the end effector interacts usually remains limited.  With regard 

to rehabilitation, the fundamental hypothesis of haptic feedback technologies is that providing 
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individuals with augmentative tactile and/or kinesthetic feedback supplementing their own 

impaired senses and/or their prosthetic devices can enhance their functional abilities.    

When feedback of any modality (tactile, audio, visual, etc.) conveys sensory information 

pertaining to the user’s own body (and/or sensory information that would be perceived by the 

user’s natural senses), it is termed biofeedback.  When this information is conveyed through a 

different sensory modality than the sensory information that it represents (e.g. conveying 

information about the visual environment via tactile sensation69), it is called sensory substitution.  

Over the past decade, biofeedback and sensory substitution systems have received much 

attention as an approach to the rehabilitation of sensory impairments such as vestibular balance 

disorders and blindness70. As a prominent example, several systems delivering tactile  

 
Figure 1: Schematic illustration of trunk tilt-based vibrotactile biofeedback system for patients with 

vestibular balance disorders (Wall, III, 201071) 
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biofeedback of trunk tilt using vibratory stimulators (Figure 1) have demonstrated benefit in the 

rehabilitation of vestibular balance disorders, conferring improvements in functional balance and 

stability while feedback is active72–74. Biofeedback systems of this type have been further 

investigated as balance aids in patients with Parkinson’s Disease75,76.  

In addition to purely tactile feedback systems, which employ stimuli felt exclusively by 

cutaneous mechanoreceptors, there have been a number more feedback systems developed that 

provide haptic feedback robotically77–79, by applying forces to the body that may be felt through 

a combination of tactile and proprioceptive sensation.  This form of haptic feedback is 

commonly termed “force feedback” or “kinesthetic” feedback, to distinguish it as a sub-class of 

haptic feedback separate from tactile feedback.  Kinesthetic feedback devices also include 

exoskeletal robotics, which are commonly applied in gait rehabilitation from spinal cord injury80, 

stroke81, and other conditions affecting motor functions and the central nervous system.  Because 

these robotic systems are typically assistive in nature, they offer functional benefits beyond those 

of purely sensory feedback.  However, research has shown that the value of such systems in 

restoring voluntary motor control is enhanced when they are operated in a mode that provides 

feedback regarding the desired movement pattern, but only limited forceful assistance82,83.  In 

this way, the rehabilitative benefits of robotic motion guidance systems may be considered to 

result largely from their provision of implicit haptic feedback, further emphasizing the essential 

nature of sensory input in motion control. 

While haptic biofeedback has demonstrated much potential in the rehabilitation of some 

neurological disorders, the potential for haptic technologies remains vast and largely unexplored 

in the treatment of others.  Despite its demonstrated effectiveness in the rehabilitation of 

vestibular balance disorders73,84,85  and Parkinson’s Disease76, biofeedback has yet to be widely 



	

	 12	

investigated for the functional rehabilitation of lower limb peripheral sensory deficits, such as 

those resulting from peripheral neuropathy. In the area of diabetic peripheral neuropathy (DPN – 

the most common form of PN), biofeedback applications have tended to focus on the reduction 

of plantar pressure concentrations in patients at risk for developing foot ulcerations86. With 

regard to functional balance in PN, a 2011 study87 found auxiliary tactile cues applied through a 

novel ankle-foot orthosis to improve the postural responses of diabetic neuropathy patients. To 

my knowledge, there has been only one published study to date evaluating the functional 

balance-related effects of haptic feedback of plantar pressures to PN patients, and it included 

only three subjects with clinically mild PN85.  All together, it is clear that both biofeedback 

devices and proactive physical therapy programs exhibit much potential in the area of PN 

rehabilitation, but this potential remains largely unexplored and unfulfilled to date. 

With regard to prosthetic rehabilitation, the vast majority of haptic technologies have 

been developed for upper extremity prosthetics4, motivated by the critical role of haptic sensation 

in dexterous manipulation. By contrast, there has been relatively little development or 

investigation of wearable haptic feedback systems for functional gait & balance rehabilitation of 

lower limb amputees. Rather, most of the research and development efforts in the field of 

prosthetic rehabilitation have focused on the design and control of robotic prosthetic legs with 

powered knee and ankle joints88–90.  Where artificial haptic sensing technologies are applied in 

lower limb prostheses, they are typically used for closed-loop feedback internally to the robotic 

prosthesis, without conveying sensory feedback to the user67. 

Motivated by the clinical potential for a wearable haptic feedback system as a sensory 

prosthesis to aid the functional rehabilitation of individuals with lower limb sensory deficits and 

the lack of such systems available to date, researchers at the UCLA Center for Advanced 
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Surgical and Interventional Technology (CASIT) first reported on the development of a wearable 

tactile biofeedback system (TBS) for the sensory augmentation of prosthetic lower limbs in 

20089.  The CASIT TBS design is detailed Section 3.1, and the remainder of this work chronicles 

the further evolution and validation of the system, through several rounds of clinical testing and 

iterative design improvements. 

2.3. Choice of Biofeedback Modality – Neurophysiological Considerations 

As evident from the above overview of haptic feedback technologies in physical 

rehabilitation, there have been a variety of sensory modalities explored, including vibrotactile 

feedback, electrotactile feedback, and kinesthetic force-feedback.  Naturally, each modality 

presents its own set of benefits and drawbacks, so a careful consideration of feedback modality 

relative to intended application is warranted. 

Though biofeedback can be provided through a number of sensory pathways, including 

auditory or visual sensation, tactile stimulation has become a preferred biofeedback modality in 

the rehabilitation of many balance and movement-related disorders, owing to its practicality for 

use in real world environments, its intuitive nature, and its out-performance of visual feedback 

for training of lower extremity tasks91.  Relative to visual and auditory feedback, haptic feedback 

is particularly well suited to guiding and providing feedback regarding motor tasks, because it is 

part of the body’s natural neural infrastructure for motor control.  To fully appreciate the 

potential for haptic technologies as tools for sensory-motor rehabilitation, one must first consider 

the role of haptic sensation in guiding (and in some cases, initiating) movement.  Broadly 

speaking, haptic sensation comprises two parts: cutaneous (or “tactile”) sensation, originating 

from mechanoreceptors in the skin, and proprioception, stemming from spindle receptors in 

skeletal muscle, tendons, and joint capsules92–94.  It should be properly noted that tactile 
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sensation is itself a somewhat broad category, encompassing several types of stimuli (direct 

pressure, shear, vibration, etc.), which are in turn perceived by several different types of 

cutaneous mechanoreceptors with distinct neurophysiological properties affecting their 

perceptibility and in different contexts – and thus their suitability to different applications, as 

discussed in the following chapter. 

In aggregate, both tactile and proprioceptive sensation contribute strongly to the body’s 

kinesthetic sensation – that is, its collective perception of movement – in concert with sensory 

input from the vestibular system of the inner ear95.  With regard to motion, the human body is a 

kinematically complex and highly elaborate control system that integrates sensory information 

from a range of sensory modalities and body locations, to maintain stable bipedal locomotion 

over a range of dynamic and often unpredictable environments.   To achieve this versatility, the 

human nervous system must quickly and fluidly adapt to using whichever combinations of 

sensory input are the most available and most meaningful to the task at hand (or foot).  In 

addition to modulating its use of different sensory modalities on an environment- and task-

specific basis, the nervous system has further proven to possess a great deal of neuroplasticity96 – 

that is, the ability to up-regulate and re-appropriate neural pathways to improve performance of 

new functions (or old functions, in new ways), on a usage-dependent basis.  Given the central 

role of haptic sensation in the body’s natural regulation of movement and the body’s capacity for 

integrating new and different sensory inputs into its movement control scheme, haptic feedback 

presents a convenient and effective way to re-train neuro-motor function following 

musculoskeletal or neurological injury. 
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2.4.  Quantifying Outcomes – A Summary of Motion Analysis Technologies 

The precise quantification of movement kinematics (motions) and kinetics (forces) is 

essential to the evaluation of any intervention for gait and balance rehabilitation. The traditional 

“gold standard” for analyzing human locomotion employs a combination of optical motion 

capture (MoCap) and floor-embedded force plate technologies, often referred to collectively as 

instrumented gait analysis (IGA)i,97,98.  The foundation of IGA is optical motion capture, which 

employs a network of synchronized infrared cameras (typically 8-12) and body-mounted 

reflective markers (commonly 32-36, mounted on key joints and limb segments) to precisely 

quantify three-dimensional movement kinematics. The additional incorporation of high 

resolution, 6 degree-of-freedom force plates (3-axis linear forces + 3-axis moments) enables the 

calculation of joint loads, moments, and ground reaction forces for the associated loading cycles.  

In addition to motion analysis for rehabilitation and athletic performance optimization, MoCap 

technology is heavily employed in computer-generated imagery (CGI) animation, where it used 

to generate a 3-dimensional kinematic “skeletons” onto which to superimpose animated forms.   

Though IGA is capable of providing a high-fidelity analysis of gait (and virtually any other 

task that can be performed in a gait lab or other enclosed area), it also holds a number of 

drawbacks that limit its clinical utility.  To begin with, it is highly costly: in addition to the 

hardware itself (MoCap systems typically cost upwards of $200k, and IGA-caliber force plates 

cost tens of thousands of dollars as well), it requires a large, dedicated space for motion analysis 

and is labor-intensive, demanding time for reflective marker application, calibration, and 

extensive post-processing of kinematic data.  Furthermore, its reliance on a network of many 

synchronized cameras (usually 8 or more) at relatively short ranges (typically 10m or less) 

																																																								
i  Technically, the term “instrumented gait analysis” (IGA) may be used to describe the 
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confines MoCap to use within a limited space, which limits recordings of overground gait to 

bouts of several steps per recording. Thus, IGA is exceedingly costly and impractical for 

longitudinal analysis of a subject’s natural gait in real-world environments. 

To address these limitations, a number of lower-cost and/or more portable alternatives for 

motion analysis have been developed.  In the area of visual motion tracking, interactive video-

gaming technologies such as the Microsoft Kinect use real-time visual image processing to 

estimate movement kinematics.  For measurement of foot contact pressures and forces, there are 

several commercially available sensorized shoe insole systems, including Tekscan’s F-Scan 

system (Boston, MA) and the Pedar system, by Novel GMBH, (Munich, Germany).  Wearable, 

portable EMG99 and goniometry100 (joint angle measurement) systems have also been developed.   

However, owing to their low cost and ease of deployment in consumer-grade electronic devices, 

MEMS-based inertial sensors (accelerometers and gyroscopes) have become the most common 

form of portable motion analysis technology, forming the foundation of an entire industry of 

wearable activity-monitoring devices (FitBit, Jawbone, Nike Fuelband, etc.). 

The specific IGA and wearable motion analysis technologies employed in the present 

research studies are described in greater detail in the corresponding methods sections (Chapters 4 

and 5). 
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3. Tactile Biofeedback System Design & Engineering 

This chapter details the original design of the CASIT Tactile Biofeedback System (TBS) 

and the subsequent generation of design improvements that I implemented to facilitate additional 

pilot clinical testing of the system in lower limb amputees. 

3.1. Original Tactile Biofeedback System Architecture 

The Tactileii Biofeedback System (TBS) on which this project is based was originally 

developed by Dr. Richard Fan in the CASIT Lab, as the basis of his 2010 doctoral dissertation10.  

In both its original (“Version 1.0”) and present form, the TBS conveys plantar pressures 

measured on the sole of a prosthetic (or otherwise sensory-impaired) foot to the user by means of 

silicone balloon arrays mounted against the sensate skin on the user’s (residual) thigh. Pictured  

 

 
 
Figure 2: Tactile Biofeedback System Architecture, version 

1.0: A) Silicone balloon actuator array B) Actuator 
mounting layout on thigh C) Full biofeedback system D) 
Sensor insole 

  

																																																								
ii	Terminology Note: The preferential use of the term “tactile” over “haptic” in describing the CASIT 

biofeedback system is intended for specificity, in reference to the purely cutaneous feedback provided 
by the system, as well as for clarity for general audiences unfamiliar with the term “haptics.”  With 
regard to the sensory feedback system at subject in this work, the terms “haptic feedback” and “tactile 
feedback” may be considered functionally interchangeable.	
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In Figure 2, the system comprises three functional modules: a sensing module, a control module, 

and a tactile interface module. The sensing module consists of a sensorized shoe insole and a 

wireless transmitter circuitboard (Figure 3). The original sensor insole consisted of a four 

commercially available thin film piezoresistive force sensors (Tekscan Flexiforce®) bound to a 

custom flexible printed circuit, and connected to a series of tunable op-amp sensing circuits on 

the transmitter board.  After amplification, sensor signals are fed through the analog-digital 

conversion ports of a PIC microprocessor (Microchip DSPIC4011), which bundles digitized 

values into discrete data packets and transmits them wirelessly to the control module through a 

pair of serial Bluetooth transmitters (GridConnect FireFly).   

 
Figure 3: TBS v1.0 Sensor Module Transmitter Board (mounted to shoe of amputee subject) 

The control module – based on another PIC microcontroller – receives and parses the sensor data, 

executes a control algorithm, and sends corresponding output signals to the solenoid valve 

manifold that regulates airflow to the pneumatic tactile interface.  Pressurized air was originally 

provided to the interface by a 10 oz. compressed air canister, worn together with the control 
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module circuitboard, pneumatic valve manifold, and Li-ion battery pack in a custom-

compartmentalized neoprene vest (Figure 2c).  Finally, the tactile interface comprises 4 silicone 

arrays of 3 individual balloon elements each (Figure 2a), originally mounted to the thigh using 

medical tape and self-adhesive elastic wrap (3M Coban). The original TBS employed a simple 1-

1 sensor-to-actuator mapping, with each pressure sensor on the insole corresponding to a single 

actuator array on the thigh.  Arrays are evenly spaced at approximately 90 degrees around the 

circumference of the thigh (Figure 2b) 

, in locations corresponding to the four sensor locations on the foot, so as to create an 

intuitive somatotopic mapping of foot pressures onto the thigh (anterior thigh = big toe; posterior 

thigh = heel; medial thigh = medial forefoot (1st metatarsal), lateral thigh = lateral forefoot 

(metatarsals 4-5)).  In contrast to early system prototypes that encoded increasing force 

magnitude with increasing inflation pressures, TBS v1.0 employed a cumulative spatial encoding 

scheme, conveying increasing pressures with increasing numbers of balloon inflations, 

accumulating from distally to proximally.  This change was made to improve the perceptual 

distinction of different force magnitudes, based on early perceptual testing data that found 

spatially distributed information to be more easily distinguishable than pressure-encoded 

information in a single location10. 

Sensor locations on the insole were determined and optimized based on a dynamic 

plantar pressure mapping analysis of trans-tibial prosthetic gait.  Using a high resolution 

commercial sensor insole system (Tekscan FScan), the above sensor locations were identified as 

common centers of pressure during typical prosthetic gait, capturing the key gait events of heel 

strike and toe-off, as well as medial-lateral shifts in center of pressure during mid-stance. 
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3.2. CASIT Biofeedback System Design Improvements (“Version 2.0”) 

In order to facilitate continued clinical testing with the TBS, the first phase of my 

engineering work was to implement a number of design upgrades to improve system ergonomics, 

usability, and individual adjustability from subject-to-subject. 

3.2.1. Adjustable Tactile Interface Cuff 

The first step in improving the clinical utility of the TBS was to design a cohesive, 

adjustable tactile interface to replace the ad-hoc method of medical tape and elastic wrap used to 

secure the actuator arrays against each user’s thigh in TBS v1.0.  Pictured in Figure 4, my design 

is based on a neoprene leg cuff for athletic support.  By covering the entire inner surface of the 

wrap with a thin, stretchable female hook-and-loop fabric, I created a surface to which actuator 

arrays bound with Velcro strips could be quickly custom-positioned to fit any patient. With 

actuators in place, the wrap can then be easily applied to the user’s leg and secured in place with 

the wrap’s own Velcro fasteners. The wrap is adjustable, washable, and maintains good actuator-

to-skin contact for prolonged periods of continuous usage for a wide range of leg sizes.  

 
Figure 4: Tactile Interface Cuff Design 
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The actuators themselves can be easily removed, replaced, and sanitized between uses and/or 

between patients, for convenient use in both home and clinical environments.  The development 

of this convenient, ergonomic tactile interface cuff has greatly facilitated continued clinical 

testing of our system in both amputee and neuropathic patient populations. 

3.2.2. Low Profile Actuators  

To better facilitate the ergonomic incorporation of actuator arrays into the cuff interface, I 

modified the actuator body mold to reduce actuator thickness.  Pictured in Figure 5, the updated 

actuators make use of arcing air channels that lie in the same plane as the balloon cavities, 

thereby enabling a dramatic decrease in overall actuator thickness.  Thickness was further 

reduced by incorporating a flexible fiberglass mesh backing into the actuator base, thereby 

reducing the thickness of silicone required to firmly enclose the balloon cavities.  The resulting 

low profile actuator arrays measure just 5-6mm in thickness, compared to original actuators 

measuring roughly 10mm in thickness.  

 

Figure 5: Low Profile Actuator Design 

5mm	 10mm	
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3.2.3. Actuator Membrane Attachments 

During laboratory self-experimentation with the upgraded tactile interface, I found the 

balloon-based feedback to be perceptible, but rather subtle in the context of gait, which provides 

a number of additional proprioceptive and tactile stimuli on the thigh.  To improve the perceptual 

performance of the tactile interface prior to further clinical testing, I performed a series of 

informal perceptual experiments with five healthy subjects (age range 18-32), to evaluate the 

effects of a series of balloon membrane attachments and treatments on tactile acuity. I 

hypothesized that firmer membrane attachments with sharper features would improve the ability 

of subjects to distinguish between different inflation levels (i.e. different numbers of balloon 

inflations) in the same array, by concentrating the forces applied to the skin within a smaller area, 

thereby increasing local pressure on skin mechanoreceptors as well as the pressure gradient 

between loaded skin areas and adjacent non-loaded areas.    

To test this hypothesis, healthy subjects were outfitted with the tactile interface cuff and 

administered random patterns of balloon inflation simulating those that would be felt during gait 

with the TBS.  Each pattern consisted of 1-3 balloon inflations in a single actuator array. For 

each pattern, subjects were tasked with identifying the location (i.e. which actuator array – front, 

back, medial, or lateral) and the number of balloon inflations (1-3). To control for phantom 

sensations, a “null” condition was included as well, for which no inflations were administered 

and the subject was prompted for a response. Subjects entered their responses into a command 

line computer interface. Each testing session consisted of a total of 10 trials per unique inflation 

pattern, in random order, and testing was repeated (with tactile cuff on the same leg) for each of 

the 6 actuator versions pictured in Figure 6, with at least 10 minutes between sessions.   
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Figure 6: Actuator Membrane Treatments for Perceptual Testing: (a) standard balloon (no treatment) 
(b) male Velcro (c) bead of silicone adhesive (RTV-108) (d) hex nut (e) felt mask (f) single element 
actuators 

 
In addition to simple membrane attachments (Figure 6, b-d), I tested two more 

conditions: First, standard actuators were covered with felt masks (Figure 6e), with cutouts over 

the balloon elements, to create separation between the deflated balloon membranes and the skin.  

The concept of the masks was to enhance perceptual contrast by creating a point of initial contact 

(rather than simply increasing pressure) when the balloon inflated.  Second, groups of single 

element actuators were arranged in configurations that replicated the balloon spacing of the 

actuator arrays, while seeking to eliminate any tactile saturation that might occur as the result of 

the entire array surface being maintained in contact with the skin. 



	

	 24	

 

Figure 7: Variation in perceptual accuracy (with respect to level) by actuator type. Error bars denote 
standard error of the mean. 

 
Subjects were able to accurately localize inflations to the correct array with over 97% 

accuracy for all conditions.  Average perceptual accuracy with respect to inflation level (0-3 

balloons) is summarized in Figure 7.  Due to the small sample size (n=5) and wide variation in 

performance between subjects, no actuator treatment achieved statistically significantly better 

performance than the standard balloon actuator arrays, as determined using paired, independent, 

2-tailed t-tests. Nevertheless, the results of this test laboratory exercise preliminarily suggest that 

membrane attachments that serve to localize and concentrate the pressure applied to the skin may 

offer slight improvements in perceptual performance, as hypothesized. Based on this laboratory 

data, I designed and 3D-printed a set of conical plastic membrane attachments (Figure 8, left) 

measuring roughly 3mm in height, to combine the sharpness of the Velcro attachment with the 

firmness of the hex nut. (I chose not to use Velcro because some perceptual testing subjects had 

reported it to be uncomfortably prickly/abrasive.) After finding that these conical tips also 

became uncomfortable with prolonged use, I further revised their design to a flat-topped conical 

“mesa” design that was used in subsequent clinical testing (Chapter 4). 
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Figure 8: 3D-Printed Balloon Membrane Attachments: Conical (left) and Conical “Mesa” (right)  

3.2.4. Actuator Fabrication Updates 

In addition to modifying the actuator design, I also implemented two improvements in the 

actuator fabrication process to reduce variability in membrane thickness, and therefore to achieve 

better uniformity of actuator performance. Membrane thickness under the original fabrication 

process had varied significantly as the result of the manual application of the cured silicone 

actuator body to the uncured silicone film of the membrane. To reduce this variation, I developed 

a membrane application tool that holds the actuator body perfectly flat so as to evenly distribute 

the body-membrane contact pressure during application. The tool (Figure 9) consists of a spring-

loaded set of jaws that grab the actuator body firmly, enabling it to be gently pivoted onto the 

membrane about the body’s edge, then released with the pull of a trigger that opens the jaws. 

 
Figure 9: Actuator Fabrication Tool (left) and Terraced Membrane Mold (right) 

 
In addition to the membrane application tool, I recognized an additional source of 

membrane thickness variation in the two-stage membrane pouring process with only a single-
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depth membrane mold, which resulted in a variable thickness of uncured membrane silicone 

when applying the body.   To better control this process, I modified the membrane mold design 

to the terraced construction pictured above (Figure 9), thereby regulating the thicknesses of cured 

and uncured membrane material at the time of body application, to 700µm and 300µm, 

respectively.  Between the membrane application tool and the terraced membrane mold design, I 

was able to substantially decrease variation in membrane thickness and increase actuator yield. 

3.2.5. Customizable Sensor Insole 

As a continuation of the effort to make the TBS easily usable and adjustable for different 

patients in the clinical environment, I modified the construction of the pressure-sensing insole by 

replacing the previous flexible printed circuit design, which required fixed sensor placement, 

with a more versatile multilayer design that enables adjustable placement of each of four force 

sensors.  Using the same hook-and-loop fabric as the tactile interface cuff, the design enables 

Velcro-bonded sensors to be affixed anywhere within their respective areas on the insole, with 

lead wires routed internally, beneath the top layer of fabric.  The resulting design (Figure 10) can 

be customized to fit a wide range of patient foot sizes and shapes, including different prosthetic  

 
Figure 10: Customizable Sensor Insole (TBS v2.0) 
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foot designs.  Like the tactile interface cuff, this improvement in system versatility has promoted 

both the clinical application and commercial development of the TBS.  

3.2.6. Streamlined Pneumatics & Power Supply 

To reduce the control module footprint for improved ergonomics, I replaced the system’s 

10oz. (312mL) compressed air canister and tubing-tethered pressure regulator with a more 

compact air supply assembly, consisting of an adjustable pressure regulator that clips to the 

user’s belt, plus an interchangeable CO2 cartridge air supply (Figure 11). The clip was bought 

separately from the regulator and hand-machined on a drill press to enable it to be bolted to the 

regulator. The CO2 cartridge pictured in Figure 11 is a high capacity (74g) tank, lasting for 

 
Figure 11: Streamlined Pneumatics and Power Supply (TBS v2.0) 
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 several hours of continuous use. The regulator is also compatible with smaller 12 or 16g 

cartridges, for shorter sessions of activity or training. In addition to streamlining the system’s 

pneumatic supply, we also replaced the system’s 4400mAh-capacity Li ion battery pack with a 

slimmer, 2200 mAh battery pack (Figure 11) of the same footprint, but half the thickness and 

weight. This lower-capacity battery pack is estimated to last for over 8 hours of continuous use. 

3.2.7. Software Updates and Response Time Characterization 

Motivated by anecdotal reports from our NMCSD collaborators that the original TBS had 

exhibited undesirably long delays between sensor contact and perceived balloon inflation, I 

sought to minimize and quantify the system response time.  After removing approximately 40ms 

of coded delays from the sensing module software, I performed a TBS response time 

characterization exercise using a high speed digital video camera (300 frames per second) for 

two different sensor op-amp circuit gains (the maximum and minimum values, both at a set 

pneumatic supply pressure of 6 psi.  The experimental setup is pictured below, in Figure 12. The 

measured response time – obtained by counting the number of video frames between sensor 

contact and “Level 1” solenoid valve LED illumination – was measured in the range of 30-40ms,  

 
Figure 12: TBS v2.0 High-Speed Video Response Time Imaging Setup 
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with an additional 9-12ms (3-4 frames) until initial balloon membrane deflection, and an 

additional 30ms for full balloon inflation, for a total response time of 70-80ms – fast enough to 

minimize the perceived feedback delays101.  We may further suppose that the tactile stimulus 

reaches the perception threshold some time after membrane deflection, but prior to full balloon 

inflation, for a de-facto response time of < 70ms.  This performance was deemed adequate to 

proceed with additional pilot clinical testing of the feedback system. 
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4. Gait Laboratory Testing of CASIT Tactile Biofeedback 
System in Unilateral Trans-Tibial Amputees 

4.1.  Instrumented Gait Analysis Methods 

Initial clinical testing of the CASIT Tactile Biofeedback System (Version 1.0) was 

performed in the Gait Analysis Laboratory at Naval Medical Center San Diego (NMCSD) by 

Richard Fan in 2009-2010, using seven subjects with traumatic unilateral trans-tibial amputations 

(age range 19-40 years).  All subjects had graduated from using any assistive device and were 

able to walk unassisted during activities of daily living. Subjects were either current or former 

armed forces service members and showed similar levels of physical fitness. Informed consent 

was obtained prior to data collection in accordance with Institutional Review Board offices and 

the Human Research Protection Office of the U.S. Medical Research and Materiel Command and 

Naval Medical Center San Diego. 

 
Figure 13: Trans-Tibial Amputee Subject Outfitted with CASIT TBS v1.0 and Motion Capture 

Reflective Marker Set (Fan, 201010) 
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All subjects had their gait evaluated according to NMCSD’s standard gait analysis 

protocol while wearing the full TBS, under two separate conditions: feedback off (baseline), then 

feedback on.  In addition to the feedback system, subjects were outfitted with a modified Helen 

Hayes reflective marker set (Figure 13)102.  Walking trials consisted of a series of walks across 

a 10 meter level walkway at self-selected speed, which has been found to be the most 

metabolically efficient, and therefore an adequately consistent measure from trial-to-trial97.  For 

all trials, kinematic marker data were collected by a 12-camera optical motion capture system 

(Motion Analysis Corp, Santa Rosa, CA), and ground reaction forces were recorded by a series 

of four floor-embedded force plates (AMTI, Watertown, MA), all at 120Hz.  Walking trials were 

repeated as necessary to obtain a minimum of three clean force plate strikes per foot for each 

condition (typically 5-10 trials per condition).   

Following the collection of baseline walking data, TBS feedback was activated, and force 

sensor gains were adjusted using the potentiometers on the transmitter circuitboard (Figure 3) to 

obtain good sensitivity and a wide range of forces between balloon inflation thresholds.  With the 

subject deliberately shifting weight onto different areas of the foot, sensor gains were adjusted to 

achieve ‘level 1’ inflation (1 balloon) upon light contact (~5% of body weight), ‘level 3’ 

inflation (3 balloons) under full loading (~60% of body weight), and ‘level 2’ inflation (2 

balloons) under intermediate loading.  

 To confirm proper balloon array placement and subject perception of feedback, subjects 

were asked to verbally describe the location and number of inflations they felt under controlled 

loading conditions. Subjects were then briefed on the feedback scheme, and were given 

approximately 10 minutes to walk freely through the corridors of the gait lab facility to 

familiarize themselves with the feedback. Subjects were accompanied at all times by a physical 
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therapist and engineer to provide support and/or to make further system adjustments if necessary. 

After feedback acclimation, gait data collection was repeated using the same protocol as for 

baseline, this time with feedback active. Joint markers were worn continuously through both sets 

of walking trials and training, thereby preventing any data artifacts due to differences in joint 

marker placement. 

4.2.  Findings of Initial Gait Lab Pilot Study 

Gait analysis results using TBS v1.0 with the initial group of seven TTA subjects are 

detailed in Dr. Richard Fan’s doctoral dissertation10 and summarized below.  Using kinematic 

and kinetic data reported by Orthotrak software (Motion Analysis Corp, Santa Rosa, CA), Fan 

performed two sets of statistical analyses: an aggregate analysis across all subjects, and a series 

of individual analyses, isolated to each subject. In the aggregate analysis, for each biomechanical 

parameter of interest, he compared the set of mean values for each subject (averaged over each 

time frame of each gait cycle) between the feedback off and feedback on conditions, using 2-

tailed independent t-tests.  Using this analysis, he identified nine gait parameters that 

demonstrated statistically significant (p < 0.05) differences between the feedback on and off 

conditions across all subjects (Table 1).   Of these nine parameters, he noted that seven exhibited 

values closer to age-matched healthy normative values with feedback active, thus suggesting 

improvements in gait.  Meanwhile, the trend in lateral trunk tilt and hip abduction angle with 

feedback active was away from healthy norms. 
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Table 1: Gait parameters showing significant (p < 0.05) group-wide differences with feedback active vs. 

inactive in initial subject cohort (n = 7) (Fan, 201010) 
 

For parameters of interest that did not show an aggregate effect of this sort, Fan went on 

to perform intra-subject analyses, using a series of paired t-tests to compare the values of each 

gait parameter between the feedback off and feedback on conditions for each subject. In this 

analysis, each paired sample was the pair of parameter values at the corresponding time points in 

the time-normalized, trial-averaged time series of the given parameter for the feedback on and 

feedback off conditions, respectively (n=100 pairs, for 1-100% of gait cycle).  With these 

individual analyses, he further identified the set of statistically significant (p < 0.05) gait 

differences in individual subjects summarized in Table 2. Clinically pertinent effects in 

individual subjects included increases in velocity, cadence, and vertical loading on the prosthetic 

limb with feedback active. 

In addition to comparing average values of gait parameters, Fan visually analyzed the 

corresponding plots of kinematic and kinetic parameters found to differ significantly with 

feedback active, both across subjects and within individual subjects.  In some cases, small 

differences in average values with feedback active were reflective of more pronounced 

differences at specific phases of the gait cycle.  For instance, Subject 3 exhibited a dramatic 
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Table 2: Gait parameters showing significant (p < 0.05) differences in individual subjects with feedback 

active vs. inactive in initial subject cohort (n = 7) (Fan, 201010) 
 
reduction of ankle moment during mid-stance on the non-prosthetic limb, with a negligible 

difference during the late stance and swing phases (Figure 14).  This change represents a 

reduction in a clinically significant gait abnormality known as vaulting, whereby an individual 

 
Figure 14: Plot of Average Non-Prosthetic Ankle Moments for Subject 3. Red trace denotes average 

value without feedback, green trace denotes feedback active, and the blue trace is the normative 
average for healthy individuals.  Units: N*m, plotted from 1-100% of time-normalized gait cycle. 
(Fan, 201010) 
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over-extends on the sound limb as a compensatory mechanism to achieve ground clearance 

during the swing phase of the prosthetic limb. 

While isolated improvements of clinically significant gait parameters in some subjects 

served as a positive preliminary indicator of the potential effects of tactile biofeedback on 

prosthetic gait, the overall set of evidence from this initial group of subjects was mixed, and its 

power limited. Based on subject reports, another important implication from this pilot study was 

that subjects with prosthetic lower limbs appeared able to reliably perceive feedback delivered 

by the TBSiii, and to exhibit isolated real-time gait modifications with feedback active, with 

minimal training. Thus, the initial clinical testing conducted by Dr. Fan supported the 

fundamental feasibility of the TBS as a rehabilitation tool in individuals with lower limb 

amputations, but left a clear need for further investigation to illuminate the effects of 

biofeedback on prosthetic gait. 

4.3.  Additional Gait Lab Testing with CASIT Tactile Biofeedback System, v2.0 

Given the need for more clinical data to investigate the effects of TBS on prosthetic gait, 

and equipped with the TBS design upgrades described in Section 3.2, I resumed testing of the 

TBS (v2.0) in unilateral trans-tibial amputees at NMCSD in June, 2012.  Instrumented Gait 

Analysis was performed using the same instrumentation and methodology as in the initial pilot 

gait lab study (Section 4.1). In addition to continuing the investigation of the effects of tactile 

biofeedback on prosthetic gait, the objective of the first session in this second round of data 

collection was to verify the performance of the upgraded TBS. After verifying system  

																																																								
iii This finding was anecdotal, according the verbal accounts of subjects, as no perceptual data 

was collected. This represents another limitation of the initial study, as discussed later in this 
chapter and addressed in the experimental design for the following round of clinical testing in 
this patient population (Chapter 5). 
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Figure 15: Trans-Tibial Amputee Subject Outfitted with CASIT TBS v2.0 and Reflective Marker Set 

 
performance but observing no significant effects of biofeedback on gait in the first subject, we 

sought to refine our focus to more clinically acute cases, of individuals in the first few weeks of 

learning to walk on their new prosthetic limbs.  Our guiding rationale was that such individuals 

would be less accustomed to (and thus less confident) walking on their prosthetic limbs, and 

would therefore stand to make greater gait improvements with the provision of biofeedback.  

Accordingly, we performed gait analysis with the TBS v2.0 on an additional two “new walker” 

subjects, both approximately 8 weeks following their initial prosthetic outfitting.  (Due to the 

military draw-downs in Iraq and Afghanistan by the end of 2012, the number of amputee patients 

at NMCSD had decreased dramatically, thus limiting our eligible subject population.) 
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4.4. Revised, Aggregated Data Analysis for Pilot Gait Lab Study 

Pooling the data from my three additional subjects with Dr. Fan’s original seven, I 

performed an aggregate data analysis to obtain an updated assessment of the effects of tactile 

biofeedback on prosthetic gait.  In doing so, I revised our outcome measures and statistical 

methods to improve upon the original analysis, to achieve the most thorough assessment possible 

with the given data. Whereas the original analysis was based on comparisons of the time-

averaged values of gait parameters over the course of many gait cycles, I based my analysis 

instead on a hand-selected set of discrete gait features, such as maximum or minimum joint 

angles/moments within each gait cycle.  Listed in Appendix A, the complete set of gait features 

that I considered in my analysis had been previously selected by the NMCSD team as clinically 

meaningful measures of biomechanical stability, symmetry, and efficiency. These measures 

included spatiotemporal gait parameters (velocity, cadence, stride length, etc) and kinematics of 

the ankle, knee, hip, pelvis, and trunk, as well as joint moments, joint powers, and ground 

reaction forces.   For all joint angles, moments, and powers, the specific features of interest were 

the maximum and minimum values in a given gait cycle. For vertical loading, three values were 

considered per gait cycle: the peak force associated with heel strike (F1), the local minimum 

associated with weight transfer from heel to forefoot (F2), and the second peak during late stance, 

prior to toe-off (F3).   

Gait features were obtained for each individual gait cycle using a modified version of a 

MATLAB program previously developed by the NMCSD team to extract these features from the 

summary gait data generated by Orthotrak, the data analysis software associated with the motion 

capture system.   With the help of fellow graduate student (now Dr.) Kent Heberer in the UCLA 



	

	 38	

Kameron Gait and Motion analysis laboratory, I was able to generate a set of gait parameter 

values for each individual gait cycle for each subject and trial.   

For each biomechanical gait feature, I performed two groups of statistical comparisons, 

analogous to (yet distinct from) Dr. Fan’s initial analysis. First, to search for aggregate effects of 

feedback on gait across all subjects, I performed a series of 2-tailed paired t-tests, comparing 

each subject’s average parameter value over all steps with vs. without feedback. Second, to 

evaluate the effects of feedback in individual subjects, I compared the set of feature values 

obtained for each stride with feedback off to the set of stride-wise values obtained with feedback 

on for the same subject, using a series of 2-tailed independent t-tests (i.e. treating the parameter 

value for each stride as an independent sample).  For both sets of comparisons, subjects thus 

served as their own controls, and all gait cycles were time-normalized to a time scale of 1-100% 

of the gait cycle (defined from heel strike to heel strike).  Statistical significance was defined as p 

< 0.05.  The problem of multiple comparisons is noted as a limitation of this analysis and 

discussed further in Section 4.6. 

The significance of this revised data analysis approach is threefold: first, the use of a 

refined set of clinically meaningful gait features as outcome measures focuses the analysis on 

clinical significance rather than simply statistical significance.  Second, including data points 

from each individual gait cycle in the intra-subject analyses accounts for step-to-step variability, 

for a more complete assessment of the significance of gait modifications in individual subjects.  

Finally, the use of paired t-tests for the aggregated group analysis controls for inter-subject 

variability in a way that the original independent t-tests did not, thereby increasing the statistical 

power with respect to group-wide effects of feedback on gait. 



	

	 39	

4.5. Aggregate Gait Analysis Results 

In contrast to the original analysis for the initial group of seven subjects, my revised 

aggregate analysis for all ten subjects revealed no statistically significant trends in gait parameter 

modification with feedback on across all subjects. This difference in result may be attributable 

both to the inclusion of data from three additional subjects and to my revised statistical methods.  

Regardless, the lack of sample-wide trends can be seen to result from extensive inter-subject 

variability in response to feedback, in conjunction with the limited sample size of ten subjects. 

Despite the lack significant sample-wide gait modifications in response to feedback, my 

intra-subject analyses did revealed a number of statistically significant gait modifications in 

some individual subjects with feedback active.  These modifications are summarized by category, 

as follows: 

4.5.1. Spatio-Temporal Parameters 

As summarized in Table 3, several subjects significantly increased walking velocity 

(Subjects 1, 4, and 5), cadence (Subjects 1 & 5) and stride length (Subjects 4 & 5) with feedback 

active.  To the contrary, Subjects 6, 7, and 10 exhibited significant decreases in velocity and 

cadence with feedback active, with Subjects 6 and 7 decreasing stride length as well.  Subjects 5 

and 9 significantly increased their step widths with feedback active. 
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Subject Parameter Average Value at 
Baseline (SD) 

Average Value with 
Feedback On (SD) p 

1 Velocity 112.44 (5.37) cm/s 122.43 (2.06) cm/s < 0.001 

1 Cadence 103.96 (1.72) steps/min 109.95 (1.75) steps/min < 0.001 

4 Velocity 152.08 (4.93) cm/s 158.84 (9.50) cm/s .013 

4 Stride Length 162.06 (3.59) cm 167.34 (7.73) 
cm 

.014 

5 Velocity 141.66 (5.44) cm/s 156.04 (7.72) cm/s < 0.001 

5 Cadence 114.85 (3.05) steps/min 118.57 (2.48) steps/min .0018 

5 Stride Length 148.28 (3.35) cm 157.98 (5.39) cm < 0.001 

5 Step Width 10.27 (1.14) cm 11.23 (1.32) cm .044 

6 Velocity 142.77 (3.11) cm/s 129.98 (3.27) cm/s < 0.001 

6 Cadence 106.34 (1.89) steps/min 101.05 (1.48) steps/min < 0.001 

6 Stride Length 160.55(3.92) cm 154.23 (4.29) cm < 0.001 

7 Velocity 123.38 (7.01) cm/s 112.45 (8.57) cm/s .0012 

7 Cadence 99.82 (2.45) steps/min 95.39 (4.50) steps/min .0035 

7 Stride Length 148.50 (5.80) cm 141.26 (5.25) cm .0028 

9 Step Width 9.22 (1.54) cm 11.44 (1.25) cm .0018 

10 Velocity 126.57 (5.11) cm/s 122.14 (4.04) cm/s < 0.001 

10 Cadence 111.19 (3.26) steps/min 107.18 (3.07) steps/min < 0.001 

Table 3: Spatio-Temportal Gait Parameters: Summary of Differences with p < 0.05 
 

4.5.2. Ground Reaction Forces 

As shown in Figure 16, Subject 6 exhibited increased vertical loading of the prosthetic 

limb during the push-off phase of stance (“F3”).  Some subjects made significant alterations in 

loading on the sound limb as well: Subject 5 increased vertical loading on the sound limb for all 

three phases, while Subject 6 decreased F1 and F3, but increased mid-stance loading F2. 

Regarding shear forces, Subjects 1, 2, and 7 significantly increased their peak propulsive shear 

forces during late stance, while Subjects 8 and 10 significantly decreased the magnitude of peak 

braking force associated with heel strike.   
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Subject 6 - Prosthetic Subject 6 – Non-Prosthetic 

 Figure 16: Vertical Ground Reaction Forces on Prosthetic and Non-Prosthetic Limbs for Subject 6. 
Grey area denotes age-matched normative (healthy) data collected in the same laboratory (n=40, 
average ± 1 standard deviation). 

 

4.5.3. Joint Kinematics & Kinetics 

Summarized in Table 4, significant alterations in lower extremity joint kinematics and 

kinetics with feedback active were numerous and varied.  At the hip on the prosthetic side, data 

show increases in peak internal rotation for some subjects (1, 6, & 10), with increases in peak 

external rotation for others (2, 5, & 7). Five subjects (3, 4, 5, 8, & 10) increased peak hip 

extension during stance, and Subject 5 increased both peak hip flexion and peak hip power 

during swing (Figure 4).  At the prosthetic limb knee, Subjects 2 and 5 increased peak knee 

flexion during swing.  Regarding knee kinetics, Subject 5 increased peak knee power during 

stance while Subject 8 decreased both peak power and peak knee flexion moment during stance.  

At the ankle, significant findings included increases in peak power at the non-prosthetic ankle 

(Subjects 1 & 9) and increased peak dorsiflexion at the prosthetic ankle during stance (Subjects 3, 

4, 5, 8).   

 

A	 B	
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Subject Joint Parameter 

Limb 
(Prosthetic/ 

Non-
Prosthetic) 

Average 
Value at 
Baseline 

Average 
Value with 
Feedback 

p 

1 Hip Peak Internal Rotation Prosthetic -3.30 deg 0.03 deg .039 
1 Ankle Peak Power Non-Prosthetic 0.67 W/kg 1.18 W/kg .017 
2 Hip Peak External Rotation Prosthetic 9.19 deg 9.88 deg .019 
2 Knee Peak Flexion, Swing Prosthetic 72.76 deg 74.63 deg .017 
3 Hip Peak Extension, Stance Prosthetic 2.50 deg 3.56 deg .018 
3 Ankle Peak Dorsiflexion, Stance Prosthetic  16.71 deg 18.30 deg .034 
4 Hip Peak Extension, Stance Prosthetic 10.25 deg 11.16 deg .020 
4 Ankle Peak Dorsiflexion, Stance Prosthetic 19.98 deg 20.55 deg .005 
5 Hip Peak External Rotation Prosthetic 32.62 deg 33.79 deg .017 
5 Hip Peak Extension, Stance Prosthetic 4.55 deg 5.46 deg .032 
5 Hip Peak Power, Stance Prosthetic 1.46 W/kg 1.92 W/kg .044 
5 Knee Peak Flexion, Swing Prosthetic 79.69 deg 82.31 deg .0016 
5 Knee Peak Power, Stance Prosthetic 0.22 W/kg 0.37 W/kg .035 
5 Ankle Peak Dorsiflexion, Stance Prosthetic 19.46 deg 20.20 deg .0043 
6 Hip Peak Internal Rotation Prosthetic 14.30 deg 17.52 deg < .001 
7 Hip Peak External Rotation Prosthetic 18.65 deg 20.42 deg .043 
8 Hip Peak Extension, Stance Prosthetic 2.70 deg 5.29 deg < .001 
8 Knee Peak Power, Stance Prosthetic 0.49 W/kg 0.26 W/kg < .001 
8 Knee Peak Flexion Moment Prosthetic 0.38 N*m/kg 0.34 N*m/kg .032 
8 Ankle Peak Dorsiflexion, Stance Prosthetic 27.64 deg 29.19 deg <.001 
9 Ankle Peak Power Non-Prosthetic 3.99 W/kg 4.85 W/kg .029 

10 Hip Peak Internal Rotation Prosthetic 10.46 deg 21.95 deg < .001 
10 Hip Peak Extension, Stance Prosthetic 5.89 deg 9.21 deg < .001 

Table 4: Joint Kinematics: Summary of Intra-Subject Findings with p < 0.05 

4.5.4. Trunk and Pelvic Tilt 

All subjects exhibited a significant change in at least one trunk or pelvic tilt variable with 

feedback active. The most common change was an increase in maximum lateral trunk lean 

towards the prosthetic side (Subjects 3, 4, 7, 8).  Changes in pelvic anterior tilt, pelvic obliquity, 

and trunk flexion were numerous but varied, as summarized in Table 5. 
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Subject Parameter Average Value at 
Baseline (SD) 

Average Value with 
Feedback (SD) p 

1 Max Pelvic Anterior Tilt -1.21 (0.95) deg -0.013 (0.91) deg .010 
2 Trunk Flexion, Stance Avg 2.87 (0.89) deg 4.03 (0.78) deg < .001 

3 Max Lateral Trunk Tilt (towards 
prosthetic) 5.34 (0.59) deg 5.71 (0.55) deg .048 

4 Max Lateral Trunk Tilt (towards 
prosthetic) 2.46 (0.28) deg 2.72 (0.36) deg .028 

5 Max Lateral Trunk Tilt (towards 
prosthetic) 2.06 (0.29) deg 2.69 (0.26) deg < .001 

5  Max Pelvic Anterior Tilt 1.96 (0.50) deg 2.99 (0.84) deg < .001 

6 Max Lateral Trunk Tilt (away from 
prosthetic) 1.41 (0.77) deg 2.19 (0.81) deg .0018 

7 Max Lateral Trunk Tilt (towards 
prosthetic) 5.51 (0.95) deg 7.20 (1.25) deg < .001 

7 Max Pelvic Obliquity (towards 
prosthetic) 5.01 (1.37) deg 6.12 (1.14) deg .034 

8 Max Lateral Trunk Tilt (towards 
prosthetic) 3.83 (0.54) deg 4.72 (0.34) deg < .001 

8 Max Pelvic Obliquity (towards 
prosthetic) 6.94 (1.05) deg 5.26 (0.67) deg < .001 

9 Max Trunk Flexion 4.70 (1.11) deg 3.78 (0.68) deg .019 
10 Max Trunk Flexion 3.15 (1.02) deg 2.39 (0.77) deg .0027 

Table 5: Pelvic & Trunk Kinematics: Summary of Intra-Subject Differences with p < 0.05 

 

4.6. Discussion of Pilot Gait Lab Study Findings 

Though my updated data analysis with additional subjects paints a more uncertain picture 

than the original one regarding the effects of biofeedback on prosthetic gait, my general 

takeaways remain similar to those reported by Dr. Fan in his original analysis10:  TBS feedback 

seems to produce an assortment of real-time gait modifications in individuals with prosthetic 

lower limbs, but the changes varied substantially among individual subjects, and the immediate 

clinical impact of feedback on gait in the absence of prolonged training remain to be proven.  

While most subjects exhibited isolated alterations in gait with feedback active, the particular 

effects of feedback on gait varied significantly from subject to subject, and yielding no 
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significant sample-wide effects.  Furthermore, while many of these gait alterations have clear 

clinical implications – such as those relating to walking velocity or symmetrical loading on the 

prosthetic limb – the clinical implications of many others are less certain. 

Before reading further into the apparent “significant” effects of feedback on gait in 

individual subjects, a couple of caveats and limitations to the above experimental design and 

analysis must be noted.  First, this study did not control for ordering or placebo effects, leaving 

the possibility that some observed modifications in gait were due to fatigue, learning, or the 

expectation of improvement, rather than the true modulatory effects of feedback on motor 

performance.  Nor were subjects given clear instructions regarding how to attend and respond to 

biofeedback, leaving their response largely as a matter of subjective experience.  For instance, 

while some users might have actively sought to accentuate the feeling of feedback by walking 

faster or putting more load on their prosthetic limb, the attentional demands of the feedback or 

the desire to perceive the feedback more clearly might have led other subjects to slow their gait.   

With regard to statistical analysis, a general caveat concerning the application of t-tests as 

measures of statistical significance is that they assume a normal (Gaussian) distribution of data 

points, which becomes difficult to accurately evaluate at small sample sizes like ours.  An even 

bigger caveat to this initial analysis is the problem of multiple comparisons, which stems from 

the reality that greater the number of parallel statistical comparisons made, the greater the chance 

of any given comparison registering a test statistic below the required level of significance (“α”) 

merely by chance.  To account for this possibility of ascribing false positives by chance (Type 1 

error), a common but conservative approach is to apply a Bonferroni correction factor, whereby 

the level of significance (i.e. the p value required in order to consider any finding significant) is 

divided by the total number of comparisons made.  However, this approach is widely considered 
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to be overly conservative for numbers of comparisons greater than 8 to 10103.  In our case, we 

compared upwards of 50 variables for 2 legs for 10 subjects, for a total of over 1000 comparisons 

– the application of a Bonferroni factor to this data set would deem the majority of observed 

intra-subject gait parameter differences with vs. without feedback statistically insignificant, 

where presumably many of the above reported differences reflect true differences due to 

feedback – or at the very least warranting further investigation.  A less conservative alternative to 

the Bonferroni correction is the Benjamini-Hochberg method104, a post-hoc analysis (performed 

after initial  computation of p values using t-tests) which adjusts the required significance level 

(α) based on the researcher’s tolerable false discovery rate (i.e. proportion of Type 1 errors 

among “significant” findings) and an ordered ranking of p values (in this case, returned by the t-

test) over the entire set of comparisons.  For exploratory studies that conduct high numbers of 

statistical comparisons not with the objective to rigorously validate observed differences in the 

data as significant, but rather to identify parameters for further investigation (commonly termed 

“fishing” studies”), FDRs as high as 25% are considered reasonable. 

Given the exploratory nature of the Pilot Gait Lab Study and the need for additional 

studies with a substantially revised protocol regardless of the specific list of intra-subject 

parameter differences regarded as statistically significant, I proceeded by adopting a more 

generalized interpretation of the p values reported above, by regarding them as measures of 

biofeedback’s effect size relative to the variance of corresponding parameter values, rather than 

as the literal probabilities of a false conclusion of rejecting the null hypothesis.  In this way, we 

may arrive at the same practical conclusions of the initial study – namely, that haptic feedback 

demonstrated isolated positive effects on key gait parameters in a few isolated subjects, but that 
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the population-wide effects of tactile feedback on trans-tibial prosthetic gait remain to be proven, 

warranting further investigation. 

Despite the variability of results and the uncertainty in their interpretation, I see a number 

of useful lessons to be drawn from our pilot study.  First, individuals with trans-tibial prosthetic 

legs appear (by their own accounts) able to reliably perceive pneumatic feedback delivered by 

the TBS and make voluntary gait modifications in real time, with minimal training.  This 

enabling proficiency supports the feasibility of the TBS as a sensory prosthesis for individuals 

with lower limb amputations.  However, given our mixed results and the general proficiency of 

young, otherwise-healthy TTA in ambulating on level ground, I suspect that the widespread 

clinical benefit of tactile biofeedback as an everyday sensory prosthesis following successful 

rehabilitation to be limited for such users when walking on firm, level ground.   

It should be noted, moreover, that the military patient population investigated in the 

present study is exceptional in its overall health, motivation, and access to high-quality gait 

rehabilitation.  By comparison, many lower limb amputees in the civilian population (especially 

those due to dysvascular rather than traumatic amputation) may be less functionally capable – 

and may thus have more to gain from the use of the TBS – especially during the earliest stages of 

gait rehabilitation with a new prosthesis.  Regardless of patient population, it is evident that both 

task and subjective user experience have much to do with the effectiveness of feedback in 

improving gait, so clear usage instruction from a physical therapist will likely be critical. 

From this point, there were several directions in which to expand and better target the 

investigation of tactile biofeedback for prosthetic rehabilitation.  First, it should be investigated 

whether biofeedback offers greater functional benefits in more dynamic environments and terrain, 
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which present a greater functional challenge and a more complete representation of the 

conditions encountered during everyday living. 

Second, the evolution of user perception and functional integration of feedback with 

continued use of tactile feedback use remains an open question. Given the well-known 

sensorimotor neuroplasticity of the human brain, I suspect that continued use of the TBS would 

lead to improved sensory perception and better integration of feedback into movement 

coordination.  However, such effects would not be observable within just a single period of use 

and would require training with the TBS on multiple occasions. 

Lastly, insofar as feedback may have an increasing effect with continued use, it is 

uncertain whether there might be some additional therapeutic benefit to be had, whereby training 

periodically with a biofeedback device would confer lasting improvements in gait biomechanics 

or functional balance.    
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5. Effects of Tactile Biofeedback on Functional Stability in 
Trans-Tibial Amputees During Single Leg Stance and 

Multi-Terrain Gait  

Informed by the lessons of our initial gait lab pilot study, I formulated an improved study 

design to address the primary limitations of the original study by providing a more focused, 

clinically meaningful assessment of the potential benefits of wearable haptic feedback for 

complete functional rehabilitation.  Based on the overall high level of health and function of our 

subject population of young, traumatic, trans-tibial amputees (TTA), I reasoned that the 

maximum potential benefit of the TBS for this population lies not in its use during straight-ahead 

gait on firm, level ground, but rather on the variable terrain and features that are commonly 

encountered in the real world.  In this vein, biomechanical differences in gait between fallers and 

non-fallers have been observed during gait over uneven but not smooth surfaces56, as well as 

during dynamic gait tasks105 in patients with peripheral neuropathy, who experience attenuated 

of lower limb sensation, similar to lower limb amputees.  Extending this logic to amputees 

suggests that differences in functional performance with feedback active vs. inactive are likely 

more pronounced in more challenging gait tasks and environments.  To this effect, measures of 

dynamic stability have been found to vary significantly over a range of real-world terrain 

conditions (uneven ground, ramps, stairs, etc.) in unilateral TTA106.  

Accordingly, the primary objective of this new study was to evaluate the effects of 

wearable tactile biofeedback on the functional stability of lower limb amputees in tasks that 

present a challenge to their standing balance and dynamic stability.  Here, I hypothesized that the 

provision of feedback would result in positive alterations in validated measures of postural 

stability over some or all of the tasks investigated.  Secondarily, I sought in this study to assess 
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the usability and user experience of a further-upgraded version of the Tactile Biofeedback 

System (“Version 3.0,” 5.2), as part of the ongoing process of system optimization. The 

methodology, findings, and discussion of this “Multi-Functional Study” are presented below. 

5.1. Multi-Functional Study Methods 

Like the Pilot Gait Lab Study, the Multi-Functional Gait Study was conducted in 

partnership with the Naval Medical Center San Diego (NMCSD) Gait and Motion Analysis 

Laboratory, part of the Comprehensive Complex Combat Casualty Care (“C5”) unit that serves 

as a regional US Armed Services “Center of Excellence” traumatic injury rehabilitation.  The 

principal Gait Lab collaborators were Dr. Marilynn Wyatt, PhD (Gait Lab Director), and Trevor 

Kingsbury, MS (Lead Biomechanist).  All study activities were conducted under and in 

accordance with an amended version of the same IRB-approval user for the Pilot Gait Lab Study 

(Chapter 4). 

5.1.1. Subject Population & Characteristics 

Subjects were a total of six males with traumatic lower limb amputations, age range 18-55, 

chosen according to the following criteria: 

• Inclusion Criteria: Amputations at the trans-tibial level and due to a traumatic injury (vs. 

dysvascular amputation), and subjects must not rely on an assistive device for common 

activities of daily living.  Due to the limited availability of volunteer patients due to 

recent military draw-downs, one subject was included (Subject ID “MTx-03”) who had a 

through-knee (i.e. knee disarticulation) rather than trans-tibial amputation. 

• Exclusion Criteria: Bilateral amputations, above knee amputations, and cognitive or 

balance-related disorders unrelated to the amputation were excluded. 
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Testing with each subject was conducted on a single date, in the following three phases:  

5.1.2. Study Procedures 

Intended to represent a range of conditions and features commonly encountered by active 

lower limb amputees during everyday living, the Multi-Functional Study included the following 

components, described in further detail in the sections below. 

• Perceptual Testing & Training 

• Single Leg Stance (Prosthetic Limb) 

• Gait on Incline (walk 15m long, ~5% pitch) 

• Gait on Decline (walk 15m long, ~5% pitch) 

• Ascent of Stairs (flight of 14) 

• Descent of Stairs (flight of 14) 

• Gait on Grass (soft/irregular surface) 

• Subject Surveys & De-Briefing (user experience assessment) 

5.1.2.1. Perceptual Testing & Training 

Two of the critical limitations of the Pilot Gait Lab Study were that subject perception of 

feedback was not quantified, and subjects were not trained on the use of feedback in any 

structured way prior to performing gait trials with feedback active.  To address these limitations, 

the present study implemented a bout of perceptual testing prior to functional gait and balance 

testing that doubled as a period of structured training in perceiving the feedback. 

In this perceptual testing & training protocol, subjects were issued isolated, randomly 

ordered patterns of balloon inflations that represented different patterns of feedback that they 

might feel while receiving biofeedback during gait.  Each of these patterns consisted of 1, 2, or 3 

balloon inflations on a single actuator block (medial, lateral, anterior, or posterior).  Subjects 
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were instructed to verbally identify both the location and number of balloon inflations that they 

felt in real time (e.g. “inside – 1,” or “back – 3”).  To control for phantom sensations and 

guessing, subjects were not told when stimulation was delivered nor prompted for answers, but 

rather were instructed to provide their answers whenever they felt feedback.  Perceptual testing 

for each subject consisted of a total of 60 test patterns (4 actuator blocks x 3 levels per block x 5 

repetitions per pattern), administered in randomized order, over a period of approximately 10 

minutes. 

In contrast to the perceptual testing previously performed on healthy subjects at UCLA, 

with subjects seated, perceptual test patterns in the present protocol were administered to 

subjects while walking at a self-selected speed (range: 1.3 – 2.3mph) on a treadmill.  Balloon 

inflation was manually timed by the experimenter (me) to coincide with the stance phase of gait, 

so that inflations would be felt in conjunction with other tactile and proprioceptive sensations felt 

on the residual limb during loading, including compressive and shear pressures exerted by the 

tactile cuff on the skin, proprioceptive sensation of knee loading and articulation, and transient 

vibrations associated with ground impact forces.  

To further simulate real-time biofeedback during perceptual testing, perceptual test 

patterns consisting of multiple balloon inflations (levels 2 or 3) were delivered in staggered 

sequences, with a 100ms delay between consecutive inflations, to simulate the sequential 

inflations that would be felt during transient on-loading of the prosthetic foot. Together, these 

modified perceptual testing procedures provided a very close simulation of the ensemble of 

sensory input that would be felt by the subject while receiving gait-related biofeedback. Thus, 

this exercise served both as an accurate basis for quantifying the subject’s baseline perception of 

the biofeedback and as a training opportunity for the subject to learn to distinguish between 
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different feedback locations and levels.  Though subjects were not provided with real-time 

feedback regarding the correctness of their answers (so as to get an accurate assessment of 

baseline perception), this perceptual testing block was designed to serve as an adequate training 

exercise, by virtue of directing the subject’s attention towards the recognition of isolated balloon 

inflation patterns and providing an opportunity for the comparison of different balloon patterns 

in short succession.   

After perceptual testing, subjects were also given a brief opportunity (3-5 minutes) to 

ambulate through the halls of the rehab facility with real time biofeedback active, to familiarize 

themselves the sensation of biofeedback prior to the start of functional testing. 

5.1.2.2.  Functional Testing, Part 1 – Single Leg Stance 

In accordance with the procedures for the standard clinical “Unipedal Stance Test 

(UST)107,” each subject was instructed to balance on his prosthetic leg for as long as possible, up 

to a maximum of 30 sec. In contrast to the standard UST, subjects were allowed to use their arms 

for balance (Figure 17, top left), to compensate for their lack of an active ankle joint, the 

modulation of which serves as one of two major mechanisms for maintaining single leg stance in 

healthy individuals108.   Trials for SLS and all subsequent gait tasks were conducted in blocks of 

six trials per task (3 with feedback active, and 3 without, alternating between conditions, with the 

starting condition randomized between tasks).   

Single leg stance (SLS) was featured as a primary task of interest because it has been 

widely identified as a predictor of falls in elderly and neuropathic populations107,109, and it may 

therefore be a relevant to the functional balance and risk of falls in amputees as well.  

Furthermore, research has shown that plantar pressure sensation plays a greater role in 

maintaining balance during standing than during locomotion110, so feedback may be of greater 
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functional benefit during this task. SLS is also known to be a highly challenging task for lower 

limb amputees108, and one in which the center of plantar pressure is functionally relevant 

information that could potentially be used to improve stability.  Thus, SLS serves as a direct test 

of the ability of trans-tibial amputees to perceive and integrate tactile feedback of foot pressures 

in real time, towards the explicit goal of maintaining single leg balance.  By forcing attentiveness 

to feedback with reference to the very specific goal of maintaining balance, the SLS condition 

was also intended to serve as an additional period of functional feedback training prior to multi-

terrain gait tasks.  Finally, SLS is an easy and practical test to conduct in any clinical setting, and 

could be easily quantified using available instrumentation at NMCSD (Section 5.1.3). 

5.1.2.3. Functional Testing, Part 2 – Multi-Terrain Gait Tasks 

After perceptual testing, training, and SLS, multi-functional gait trials were conducted in 

blocks of six trials per task, with feedback condition alternating as described in the previous 

section. Gait tasks (Figure 17) were performed in the following order: 

1. Ascent & Descent of Stairs (alternating): Testing was conducted on a single flight of 

14 stairs at the C5 Rehabilitation Facility.  Subjects were instructed to ascend and 

descend using a step-over-step (vs. single foot forward) gait, as quickly and stably as they 

felt comfortable, using the handrail only if they felt it necessary to prevent a fall.  All 

subjects were able to comply with these instructions.  Ascent and descent trials were 

performed in an alternating sequence, with the same feedback condition for each 

ascent+descent ‘lap,’ and the feedback condition alternating between subsequent laps, 

with randomized starting condition. 
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2. Gait on Incline and Decline (alternating): Gait trials on an incline/decline were 

conducted in the same fashion as the ascent and descent of stairs with regard to task and 

condition ordering.  Instructions given to the subjects were to move as quickly, stably, 

and symmetrically as they felt comfortable, taking complete (rather than abbreviated) 

steps on their prosthetic side.  The section of inclined walkway was approximately 15m 

long, with at an incline of roughly 5%. 

 
Figure 17: Multi-Functional Tasks: Single Leg Stance (top left), Gait on Decline (top right), Ascending 

Stairs (bottom left), Gait on Grass (bottom right) 
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3. Gait on Grass: The last functional gait task in the protocol was gait on grass, with the 

rationale that this would serve as a soft and somewhat uneven surface that would 

challenge dynamic stability.  However, this condition was discontinued after the first 

subject due to a combination of concerns regarding total testing duration relative to 

available time and subject fatigue, as well as the opinions expressed by both subjects and 

experienced gait lab clinicians that this condition did not constitute a meaningful 

challenge to functional balance. Moreover, literature was found suggesting that TTAs do 

not significantly alter their temporal gait measures when walking on an irregular 

compared to smooth surface111, thus rendering the prospect of observing gait differences 

on grass (a relatively smooth surface compared to the uneven surface tested therein). 

5.1.2.4. Secondary Outcome Measures: Subject De-Briefing and Surveys 

The final phase of testing in the Multi-Functional Gait Study was a period of de-briefing 

with the subject, including the verbal administration of two different surveys: the System 

Usability Scale, plus a custom-designed survey regarding the haptic system (Appendix B).  

Together, these two instruments were chosen and designed to provide an extensive 

characterization of the subjects’ perception of the biofeedback system, its effects on their 

functional balance, and their level of comfort and interest in using such a system on their own, 

were it made available to them. 

5.1.3. Gait Analysis Instrumentation 

To assess functional stability and the effects of tactile biofeedback in the above set of 

tasks, we required the ability to precisely track and analyze subject movement outside the Gait 

Lab. To this end, we employed the following two high-fidelity wearable sensing systems. 
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5.1.3.1. Pedar-X Plantar Pressure Recording System 

Based on the previous validation of center of pressure (COP) and other plantar pressure-

based parameters as reliable measures of stability during both standing balance112,113 and multi-

terrain gait106,114 and the availability of a wearable high-resolution plantar pressure sensing  

 
Figure 18: Pedar-X Plantar Pressure Recording System (Novel GMBH, Munich, Germany) 

system at NMCSD, plantar pressure was chosen as the primary recording modality for multi-

functional gait analysis.  Plantar pressure data were recorded using the Pedar-X System (Figure 

18, Novel GMBH, Munich, Germany), which comprises a set of capacitive pressure-sensing 

insoles tethered to a transceiver unit (worn on the trunk) that wirelessly streams data to a 

Bluetooth-paired laptop at a maximum data frame rate of 50Hz. The Pedar insoles include 99 

sensing elements per foot (average sensor element size: approx. 172mm2 – Figure 19).   
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Figure 19: Pedar-X Plantar Pressure Recording Software, including sensor element sizes (left), time 

series data for single leg stance trial (middle), and mean value pressure pictures (right) 

5.1.3.2. Secondary Instrumentation: Body-Mounted Inertial Sensors 

In addition to the plantar pressure-based outcome measures detailed above, the Multi-

Functional Study employed a set of six synchronized body-mounted inertial measurement units 

(IMUs) as a supplemental modality for analyzing subject motion during single leg stance.   

 
Figure 20: APDM Opal inertial measurement units (IMUs) (APDM Inc., Portland, OR) 

Sensors were worn on the upper torso (sternum), lower trunk (lumbar spine), wrists, and ankles, 

as depicted in Figure 21. Each of these sensor units (APDM Opal, Figure 20) comprises a tri-
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axial accelerometer, tri-axial gyroscope, and a tri-axial magnetometer, recording at a sampling 

rate of 128 Hz, via wireless streaming to a laptop. This model in particular has been 

independently verified to provide adequately accurate measures of acceleration and 3-

dimensional orientation for the purposes of clinical biomechanical studies115.   

 
Figure 21: APDM Opal – Wearable IMU Locations 

5.1.4. Outcome Measures 

Equally critical to the choice of tasks and instrumentation for our study was the choice of 

objectively quantifiable outcome measures that serve as valid measures of functional stability in 

lower limb amputees.  The following outcome measures were chosen based previous studies 

having established their reliability and value as measures of functional balance in relevant patient 

populations. 
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5.1.4.1. Plantar Pressure Measures – Single Leg Stance 

The primary measure of postural stability in single leg stance trials was the duration for 

which the subject was able to maintain SLS on the prosthetic limb before stepping down with the 

contralateral (sound) limb.  This measure (also known as the “unipedal stance time”) has been 

identified as a reliable predictor of fall risk in elderly and neuropathic populations, with times of 

less than 30 seconds demonstrated to be predictive of elevated fall risk107,116.   

In order to better quantify and analyze the dynamics of standing balance, the following 

center of pressure (COP)-based measures were used in addition.  These measures have been 

validated and used extensively throughout the clinical literature112,113 as reliable measures of 

postural stability during standing balance tasks for various populations, including healthy 

 
Figure 22: Formulas for Center of Pressure Stability Measures (from Salavati, 2009 112) 
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subjects, elderly subjects, and those with various neurological impairments. Though typically 

gathered on a high resolution, 6 degree-of-freedom force plate, these measures can be computed 

just as easily from the time series COP data provided by the Pedar insoles. Indeed, other 

researchers have previously confirmed the concurrent validity of COP measurements gathered 

using shoe insole sensors relative to a force plate “gold standard117.” For all of the following 

COP measures, a lower value has been found indicative of better stability. 

 

• Root-Mean-Square (RMS) Distance of COP from trial-average COP, in the medial-

lateral (ML, or “x”), anterior-posterior (AP, or “y”), and total 2-dimensional (2D, or 

“xy”) directions.  This quantity is mathematically equivalent to the standard deviation of 

COP location relative to trial-average COP. 

• Mean (absolute value) COP Velocity (mVEL):  This measure is among the most 

frequently used COP parameters for assessing postural stability, and it has been found to 

fare better than others in its reliability and sensitivity113,118. It is computed as the total 

path length travelled by the COP (obtained by summing the frame-to-frame COP 

displacements in the x and y directions, and total 2D plane, respectively) divided by 

duration of the trial.  Thus, it may be considered functionally equivalent to the total path 

length (another commonly used COP measure for assessing stability119), but in a form 

normalized to trial duration. It should be noted that this is a different value than the true 

mathematical mean COP velocity – which, if integrated over the length of the trial, 

provides the net displacement (i.e. difference in COP position between the start and end 

of the trial) rather than the total path length.  
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• 95% Elliptical Confidence Area (CE): Computed according the formulas in Figure 22, 

this measure represents the elliptical area that encompasses 95% of the (x,y) stabilogram 

(parametric plot of COP location in the (x,y) plane) over the duration of the trial. 

• Standard Deviation of Velocity (sdVEL): Computed according the formulas in Figure 

22 for AP and ML directions, plus the total 2D plane. Qualitatively, this measure 

quantifies the width of the velocity distribution.  Naturally, more stable stance is 

characterized by variations of velocity within a tighter range. 

• Phase Plane Portrait (PhPlnN): Computed according the formulas in Figure 22 for AP 

and ML directions, plus the total 2D plane.  This is a compound measure that 

incorporates both the RMS distance (i.e. standard deviation of COP distance) and the 

standard deviation of COP velocity.   

From the above definitions, it is evident that this set of COP-based outcome measures used 

in this study are not mutually independent and would thus be expected to exhibit a meaningful 

degree of inter-correlation. In addition to the mathematical coupling between measures 

(including both the dependence of all 2D-plane measures on their AP and ML constituents and 

the overall high degree of overlap in terms used to compute the various measures), there is also a 

significant degree of functional coupling between the distance-based measures (RMS, CE) and 

velocity-based measures (mVEL, sdVEL), as evidenced by their concurrent reliability as 

measures of functional balance performance112. Of the above parameters, I hypothesized that the 

ML components would show the most changes with feedback active, since prosthetic SLS is 

least stable in the ML direction. 
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5.1.4.2. Inertial Measures of Stability – Single Leg Stance 

As a complement to the above COP-based measures of stability during SLS, I also 

analyzed body-mounted accelerometer data, as a means of assessing the biomechanical strategies 

used by each subject to maintain balance. As a starting point, APDM’s iSway algorithm 

(provided via APDM’s proprietary Mobility Lab software), which uses inertial data from a single 

IMU secured to the lumbar spine, has been validated to provide sensitive, reliable measures of 

postural control. Specifically, the root-mean-squared (RMS) acceleration amplitude, mean 

velocity, and jerk (derivative of acceleration) computed from lumbar IMU data by iSway 

analysis have been identified as the most reliable and sensitive measures for characterizing 

postural stability120.    

However, a limitation of Mobility Lab software with regard to the present protocol is that 

it did not allow for temporal cropping of trial data, and thus did not provide a means for limiting 

iSway analysis only to periods of successful single leg stance while excluding transient 

accelerations at the beginning and end of each trial. As a workaround, I exported the raw sensor 

data from Mobility Lab and used it to compute the RMS of acceleration signal (AP, ML, and 2D) 

using a custom function that I wrote in MATLAB, as described further in Section. 

5.1.4.3. Plantar Pressure Measures – Dynamic Gait Stability 

For functional gait tasks (incline he following six plantar pressure-derived stability 

measures were chosen that had been previously identified and experimentally validated as 

measures of dynamic stability in the context of trans-tibial prosthetic gait106,114,121.  

Improvements in functional stability are represented by decreases in each of these 6 parameters: 
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• Anterior-Posterior Deviations in Center of Pressure (“AP”):  The number of times 

that the derivative of the anterior-posterior (“y”) coordinate of the center of pressure 

crossed a dual threshold of ± 0.5mm per data frame.   This measure is based on the 

premise that during a healthy, stable step, the COP transitions smoothly from heel to toe 

(or, in the case of stair ascent/descent, from toe to heel).  The dual threshold in COP 

velocity is thus used to distinguish stable transitions in the COP from rapid shifts in the 

COP due to instability. 

• Medial-Lateral Deviations in Center of Pressure (“ML”): Same measure as AP, but 

computed using the medial-lateral (“x”) component of COP.  Also computed using a dual 

threshold of ± 0.5mm/frame for ML COP velocity, in recognition that a normative 

average step includes a medial-to-lateral COP shift in the COP from heel strike to mid-

stance, as the COP moves from the medial heel to lateral arch metatarsals, and then a 

lateral-to-medial transition as weight is transferred to the mid or medial metatarsals, then 

finally to the big toe (hallux) for push-off. 

• Maximum Lateral Deviation (“MaxLat”): maximum lateral (“x”) coordinate of CoP 

for a given step.  Lateral excursions of the COP have been identified as indicators of 

instability during gait on level and irregular surfaces122. 

• Excessive Cell Triggering (“CellTrig”):  The number of times in a given step that a 

sensor is activated more than once.  This measure is also based on the premise that 

healthy, stable gait is characterized by a smooth progression of plantar pressure, with 

each sensor element activated (and de-activated) only once. Additional sensor triggering 

events are thus taken as indicators of irregular COP motion due to instability. 
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• Stride Time (“ST”): Computed as the time from one heel strike to the next, on the same 

foot.  In general, increased step cadence (decreased stride time) is considered a measure 

of improved dynamic stability, and variability in stride time has been found indicative of 

instability123,124. 

• Double Support Time (“DST”): The amount of time (as a percentage of stance time) 

spent with both feet on the ground.  This measure comprises two separate periods of 

double support for each step: initial double support, from heel strike until the 

contralateral toe-off, and terminal double support, from contralateral heel strike until 

ipsilateral toe-off.  A lower DST value is indicative of a higher degree of postural 

stability.  Conceptually, this may be understood in relation to the low degree of dynamic 

stability that is required for quiet bipedal stance (100% DST) versus the high degree of 

dynamic stability that is required for running (0% DST). 

5.1.4.4. Plantar Pressure Force-Time Gait Measures 

In addition to the above measures of dynamic stability during gait, I also computed from 

Pedar data the following force-time measures related to gait symmetry and energy economy: 

• Stance Time asymmetry (“Stance_Asym”)  – An indicator of overall gait symmetry 

(a common clinical objective), this measure was computed as the difference in stance 

times (prosthetic minus sound limb) for the two corresponding steps in each stride.  

Accordingly, the sign of this difference indicates the direction of asymmetry, with 

negative values indicating shorter stance times on the prosthetic limb. 
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• Force-Time Integral (“FT_int”) – An aggregate measure of total loading on the 

prosthetic foot (and thus, a loose proxy for the amount of work done on the prosthetic 

side) over the course of each step.  

• Peak Heel Strike Force (“F1”) – computed as the peak vertical ground reaction force 

in the first 1/3 of stance time. A biomechnical analysis of unilateral trans-tibial amputee 

fallers vs. non-fallers has found fallers to exhibit a significantly higher F142. 

Accordingly, reductions in F1 are considered improvements, indicative of greater 

muscular control of prosthetic on-loading. 

• Peak Push-Off Force (“F3”) – computed as the peak force in the final 1/3 of stance 

time.  This value is commonly reduced in amputees due to their lack of an active ankle 

joint, and an increase in this value represents a more active involvement of the 

prosthetic limb in forward propulsion. 

I hypothesized that one or more of the above 10 measures – especially among the force-

time measures reflecting the magnitude and symmetry of prosthetic loading – would exhibit 

statistically significant improvements in mean value with feedback on vs. off across all subjects. 

5.1.5. Data Processing and Analysis 

This section describes the data post-processing and analysis performed on raw sensor 

data to obtain the above outcome measures. 

5.1.5.1. Pedar Data Processing and Parameter Computation 

Post-processing of Pedar data was conducted in Novel’s proprietary software, including 

the application of a Step Analysis module (Figure 23) that semi-automatically recognizes steps, 

deletes the transient first and last steps from each trial, and applies a thresholding algorithm that  
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Figure 23: Pedar Step Analysis Software Module 

 
truncates (i.e. writes to zero) data frames with a total vertical force below an adjustable threshold 

(default 5%) of total mean peak force. This thresholding feature is intended to eliminate the 

transient data frames near the start and end of each step, when the measured vertical force and 

COP are heavily skewed by the data artifactsiv of transient sensor activity in random locations 

due to non-load-bearing contact pressures between the subject’s foot and shoe sole. 

Despite the semi-automated nature of the step analysis algorithm, it has to be manually 

applied individually for each trial, after which the resulting trial data has to be inspected to 
																																																								
iv To minimize these data artifacts, an unloaded calibration recording is taken individually from each foot 

prior to the start of data collection, with the subject’s shoes on, but untied. This unloaded trial is 
intended to zero out the marginal foot-sole contact pressures due to internal shoe compression while 
the foot is loaded, but not the marginal contact pressures that are experience during swing (unloaded 
condition) and transferred to the sole as the foot is loaded and the shoe’s squeezing of the foot is 
relaxed due to compression of the sole.  
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confirm that the algorithm correctly recognized steps, that irregular or transient steps from the 

start of each trial were properly deleted, that additional valid steps were not deleted, and that the 

force threshold for step recognition was appropriately set to accurately recognize the start and 

end of each step.   Following the confirmation of the above, step trial data were saved as separate 

“cleaned” data files, and then manually exported as a series of text files including time series 

data for the center of pressure, total vertical ground reaction force, and matrix of individual 

sensor values for each data frame, for each foot.  Due to software license restrictions, I was 

confined to performing all of the above data processing on-site, in the NMCSD gait lab, which 

required a series of dedicated multi-day data export and analysis visits. 

Following data processing and export from the Pedar software suite, I then used a series 

of MATLAB programs that I wrote (approx. 2,300 lines total) to read the text-formatted export 

data and compute stability measures based on the following definitions:  

5.1.5.2. Processing and Analysis of APDM Accelerometer Data 

After exporting the raw sensor data from Mobility Lab, I first removed the gravitational 

artifact from accelerometer data in a way that accounted for dynamic changes in sensor 

orientation throughout the trial.  To accomplish dynamic correction, I first transformed the raw 

accelerometer data time series (provided in sensor body-centered coordinates) into earth-centered 

coordinates using the corresponding orientation quaternion (time series) provided as part of the 

raw data export file.  This frame-by-frame estimate of sensor orientation relative to an earth-

centered reference frame aligned to magnetic north (“x”), west (“y”), and the gravitational 

vertical (“z”) is computed by Mobility Lab using an advanced algorithm that combines 

accelerometer, gyroscope, and magnetometer data.  
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Once I obtained accelerations in earth-centered coordinates via quaternion multiplication, 

I then subtracted the gravitational constant (9.8m/s2) from the vertical component of the 

acceleration and applied a two-dimensional rotation matrix in the horizontal (“x-y”) plane to 

obtain estimates of true inertial accelerations in an earth-fixed frame aligned to the subject’s foot, 

with the “x” as the anterior-posterior foot axis and “y” as the medial-lateral axis. The 2D rotation 

into these “earth-body” coordinates was based on my visual estimate (from each trial’s video) of 

the subject’s foot’s angular position relative to the room, the orientation of which I in turn 

estimated relative to magnetic northv.  

With the accelerometer data in this (approximated) foot-aligned reference frame, I then 

computed the RMS of AP, ML, and 2D (horizontal plane) acceleration components (relative to 

mean values for each time period analyzed) using the same formula used to compute COP RMS 

(Figure 22).  The temporal window of data to analyze from each data file was manually selected 

(using MATLAB function ginput) from a plot of accelerometer data from the subject’s sound leg 

(ankle) in transformed earth-body coordinates, based on the visible acceleration features of foot 

lift-off and ground impact, with reference to the trial video for confirmation of timing. AP, ML, 

and 2D RMS accelerations were computed for five sensors total: torso (sternum), lumbar, sound 

(non-standing) leg (at the ankle), and both arms (wrists).  RMS values for the right and left arms 

were then averaged together to provide a composite measure of arm motion. 

																																																								
v This estimate was based on the assumption that the NMCSD Gait Lab’s major axis is aligned to 

geographical north (visual estimate from Google Maps), plus the magnetic declination of the NMCSD 
Gait Lab for the given date, obtained from the National Geophysical Data Center’s online magnetic 
declination calculator144. 
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5.1.6. Statistical Analysis Methods 

For all outcome measures, the statistical methods used in analysis of Multi-Functional 

Gait Study data applied the same set of inter- and intra-subject t-tests previously described for 

the Pilot Gait Lab Study to the above six plantar pressure-based measures, with a significance 

level (α) of 0.05.  For sample-wide (inter-subject) analyses, each subject’s average gait 

parameter value (averaged across all steps of a given task and feedback condition) was compared 

between the feedback ‘on’ and ‘off’ conditions for a given task, using a series of 2-tailed paired 

t-tests.  For intra-subject analyses, the sets of parameter values obtained from each valid stride of 

a given task were compared for the feedback on and feedback off conditions using 2-tailed 

independent t-tests (since each step was counted as an independent sample). 

For SLS trials, each subject’s average parameter value was taken as the average of the 

best (i.e. longest) 2-out-of-3 trials, to reduce intra-sample variability due to frequent performance 

outliers (i.e. stance times and other parameter values significantly different in one trial than in 

the other two – most commonly on the first trial).  Many of these outliers may be the result of 

steep and highly variable learning effects, given that single leg stance on the prosthetic leg is a 

difficult task to which trans-tibial amputees are not accustomed, and that subjects were not given 

a dedicated training period for SLS trials. 

For both stance and gait trials, the problem of multiple comparisons was then addressed 

using a post-hoc the Benjamini-Hochberg correction method, with the acceptable false discovery 

rate set to 25%, given the yet-exploratory nature of this pilot-level study. 
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5.2. Updated Tactile Biofeedback System (Farus TBS “Version 3.0”) 

To facilitate the test protocol described above (and to promote parallel efforts to 

commercialize the Tactile Biofeedback System), Multi-Functional testing was conducted using a 

revised commercial prototype of the TBS developed by Farus LLC, a small medical device 

startup working to commercialize the TBS technology.  Described below, the Farus TBS 

(“Version 3.0”) is based on the CASIT TBS design, including the original system electronics 

architecture (v1.0), my recent ergonomic design revisions (v2.0) and my additional input 

regarding functional design requirements for clinical utility.  Key improvements over CASIT 

TBS v2.0 included the following features and functions: 

5.2.1. Miniaturized Electronics Hardware 

The most significant physical improvement to TBS v3.0 over v2.0 was the 

miniaturization of the system electronics (Figure 24), thus enabling the incorporation of the  

 

Figure 24 Farus Tactile Biofeedback 
System ("v3.0") – Miniaturazed 
Electronics 
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control module into a small pocket on the outside of the cuff, within a custom 3D-printed plastic 

enclosure (Figure 25).  Likewise, the miniaturization of the sensor data transmitter module 

dramatically reduced the footprint of the transmitter board on the ankle/shoe. These two 

miniaturizations were enabled by a switch in wireless communication module from the Bluetooth 

Firefly modules used in the CASIT system to a pair of XBee 802.15.4 radio frequency (RF) 

modules (Digi International, Minnetonka, MN). In addition to facilitating electronics 

miniaturization, the switch to XBee RF modules was significant because it enables many-to-

many networking (in contrast the 1-to-1 pairing required by the TBS v2.0’s Bluetooth modules), 

thus enabling simultaneous real-time data streaming to another haptic system (for bilateral 

amputees or users with neuropathy), or to a nearby laptop or mobile device, for real-time 

datalogging and telemetry (Section 7.2).  While the Farus TBS control module uses the same PIC 

microcontroller as the CASIT system, the transmitter uses a dedicated analog-to-digital 

conversion chip associated with the XBee unit, thereby streamlining the digital processing and 

further shrinking the circuitboard footprint. 

5.2.2. Ergonomic Components: Tactile Cuff & Sensor Insole 

Along with miniaturized system electronics, TBS v3.0 included updated versions of the 

pressure sensing insole and tactile feedback cuff (Figure 25).  With the exception of the cuff’s 

external pouch for including the control module, both the cuff and the insole designs in v3.0 are 

substantially equivalent to my insole and cuff designs used in CASIT TBS v2.0, with changes 

only in minor factors such as the increased breathability of the cuff fabric and a more robust set 

of heat shrink-insulated interconnects and pin connectors in the insole.   
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(a)  (b)  

c)  

Figure 25: Farus Tactile Biofeedback System v3.0: (a) Sensor Insole (b) Tactile Interface Cuff (interior) 
(c) Tactile Interface Cuff (exterior) 

In addition to improved ergonomics and compatibility with the Pedar-X plantar pressure 

recording system, one major functional benefit of placing the control module on the cuff is that it 

provides superior pneumatic air economy, due to the significantly decreased volume of actuator 

“dead space” downstream of the solenoid valves.  During operation, the effective volume of each 

actuator balloon cavity in terms of the amount of air consumed is the total volume of the actuator 

cavity plus all of the air channels and downstream of the solenoid valve.  By placing the valve 

manifold (part of the control unit) on the thigh, this volume of tubing is dramatically reduced, 

thereby increasing the number of inflations (and thus, the duty cycle) for a single pneumatic 
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cartridge.  Whereas TBS v2.0 would require 2-3 16g CO2 cartridges per testing session, TBS 

v3.0 could routinely last a full session ( > 2 hours, with approx. 30 minutes of continuous usage) 

on a single CO2 cartridge. 

 
Figure 26: TBS v3.0 Actuator Membranes, with Silicone Bead Attachments 

With regard to actuator design, TBS v3.0 implemented the low-profile actuator design 

reported in Section 3.2.2, but without the 3D-printed membrane attachments. Based on anecdotal 

experience with the latter 3 subjects in the Pilot Gait Lab Study (Chapter 4), the plastic “mesa” 

membrane attachments (Figure 8) were found to be readily perceptible, but to grow somewhat 

uncomfortable with prolonged usage of more than one hour.  Thus, the hard plastic membrane 

attachments were abandoned in favor of compliant beads of silicone adhesive (Figure 26).  These 

beads provided the benefit of increased perceptibility relative to the standard balloon membranes 

by helping to concentrate applied pressures on a small area (1-2mm2) of skin, but without the 

sharp, rigid edges that became uncomfortable to users with prolonged usage. 

5.2.3. Digital Platform Expansion: Perceptual Testing & Calibration Modules.  

To facilitate the Multi-Functional Study protocol (and clinical usage of the TBS in 

general), Farus TBS v3.0 implemented a web browser-based graphical user interface (GUI) that   
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Figure 27: TBS v3.0 Communications Block Diagram – Arrows indicate direction of information 

transmission. Dotted lines denote wireless communication. 

 
operated on a nearby laptop according to the communication block diagram in Figure 27. This 

GUI enabled manual administration of perceptual test patterns, setting of force thresholds 

foreach sensor (“calibration”), and real time visualization and recording of insole sensor values 

and tactile balloon inflation levelsvi being delivered by the haptic system. 

The GUI’s perceptual testing module (Figure 28) enabled manually-timed administration 

of experimenter-defined balloon test patterns using a radio button interface, as well as adjustment 

of test pattern duration.  The calibration procedure was based on an algorithm that recorded real- 

time sensor values over a defined recording period, then assigned threshold levels 1-3 for each 

sensor according to the formula 

𝑡ℎ𝑟𝑒𝑠ℎ1, 𝑡ℎ𝑟𝑒𝑠ℎ2, 𝑡ℎ𝑟𝑒𝑠ℎ3 = 𝑚𝑖𝑛 + 0.10, 0.25,0.75 ∗ (max− min )  

																																																								
vi To be precise, the Farus TBS v3.0 displayed real-time feedback levels, but only recorded the 

sensor data, in the form of an output text file (Section 7.2.7). 
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where min and max are the minimum and maximum sensor values recorded for a given sensor 

over the calibration recording period (started and stopped manually, via the GUI).  

 
 

   
Figure 28: Farus TBS v3.0 Graphical User Interface (GUI): Real-Time Biofeedback Data Visualization 

Module (top), Perceptual Testing Module (Bottom Left), and Calibration Module (Bottom Right). 
 

The weighting vector of {10%, 25% and 75%} for threshold levels 1-3 was the same as 

the one used in the original CASIT TBS v1.0 system software, with the distinction that the Farus 

system applied this weight vector to the dynamic range of recorded sensor values rather than to a 

hard-coded maximum sensor range.  In addition, the Farus TBS v3.0 GUI calibration module 
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provided the ability to manually adjust the thresholds for individual sensors and levels, in order 

to fine-tune the sensitivity for specific tasks and users. 

Two separate calibrations were applied in the Multi-Functional Study – one for SLS, and 

one for the remainder of functional gait trials. For SLS calibration, subjects stood on their 

prosthetic legs (while holding onto a railing for balance) and deliberately shifted their weight to 

the four “corners” of their prosthetic feet (heel, toe, medial, and lateral).  Gait calibration was 

performed with a bout of walking (~10 seconds) at self-selected speed on level ground. 

5.3. Multi-Functional Study Results & Discussion – Single Leg Stance  

5.3.1. Single Leg Stance Results 

A complete summary of the effects of tactile biofeedback on center of pressure (COP) 

parameters during single leg stance (listed as percentage change in average parameter value with 

vs. without feedback) is provided in Table 6. The most statistically significant finding for this 

task was an average increase of 75% in stance times with feedback active (p = 0.027*).   The 

trend of stance time improvements of greater than 60% with feedback active was observed for all 

5 out of 6 subjects who exhibited impaired baseline single leg stance times of less than 30 

seconds with no feedback.  The sixth subject exhibited no change in stance time with feedback 

active because he reached the maximum measured stance time of 30 seconds for both conditions.  

Thus, stance durations was not considered a valid basis for comparison for this subject because 

the obtained parameter value does not reflect the true temporal limit of stability, as intended.  

Accordingly, for the duration parameter only, the reported average change and p value were 

obtained from Subjects 1-5 only. (When subject number 6 is included, average stance time 

change = +66.9%, with p = 0.036.) Though this initial p value of 0.027 obtained from the paired 
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Subject 
ID MTx-01 MTx-02 MTx-03 MTx-04 MTx-05 MTx-06 Avg p Q(i/m) 

Duration  + 80.0% + 61.6% + 119% + 61.4% 79.6% 0.0% +75%* 0.027* 0.018 

mVEL-ML -8.0% -19.3% -4.2% -3.8% -2.5% -0.6% -6.7% 0.078 0.036 

RMS-ML -41.3% -5.0% -7.7% -21.9% -24.7% 13.1% -17.8% 0.124 0.054 

AREA_CE -55.4% -0.5% 67.2% -41.6% -55.2% 26.0% -26.1% 0.226 0.071 

PhPLNml -11.8% -17.4% 24.2% -10.7% -5.8% 12.2% -4.3% 0.498 0.089 

mVEL_2D -11.4% -17.1% 60.7% -27.3% -14.4% 9.0% -8.1% 0.525 0.107 

mVEL-AP -12.1% -17.3% 76.8% -29.7% -16.5% 11.0% -8.1% 0.579 0.125 

sdVEL-
ML -9.0% -18.7% 28.9% -10.5% -3.5% 12.2% -3.2% 0.617 0.143 

PhPln-2D -12.7% -28.1% 85.2% -23.6% -13.2% 33.7% -4.4% 0.772 0.161 

PhPln-AP -12.8% -28.9% 92.6% -24.3% -14.8% 36.0% -4.3% 0.791 0.179 

sdVEL-AP -11.4% -30.8% 93.5% -24.0% -13.1% 36.7% -4.3% 0.797 0.196 

RMS_2D -25.0% 33.3% 68.5% -31.5% -29.2% 14.2% -4.1% 0.801 0.214 

sdVEL-2D -10.7% -41.0% 98.5% -19.9% -11.3% 66.2% -1.1% 0.958 0.232 

RMS_AP -17.8% 46.1% 88.2% -31.6% -30.0% 14.3% -0.6% 0.973 0.250 

Table 6: Summary of Prosthetic Single Leg Stance Findings. All parameters reported as changes in 
values with feedback on vs. off, as a percentage of baseline (feedback off) values. P computed using 
2-tailed, paired t-tests. Q(i/m) = Benjamani-Hochberg parameter, where Q = acceptable false 
discovery rate (25%); i = p value rank (1-14, 1 being lowest), m = number of comparisons made (14). 
Color Coding: Dark Green: improvements of ≥ 7.5%; light green: improvements between 2.5% and 
7.5%; light red: performance reductions between 2.5% and 7.5%; dark red: performance reductions of 
≥ 7.5%. Yellow: Parameter changes of < 2.5%. sd = standard deviation; mVEL = mean COP velocity; 
PhPln = phase plane portrait; Area_CE = 95% confidence area (elliptical); 2D = horizontal plane (i.e. 
Combined AP+ML); RMS: root mean squared distance. *: values computed for duration computed 
using subjects 1-5 only. 

 
t-test for stance time duration satisfies the nominal significance level α < 0.05), the post-hoc 

Benjamin-Hochberg correction with a tolerable false discovery rate of 25% renders this finding 

insignificant in the context of the 14 total comparisons made.  

With regard to other COP-based measures of stability, the only other parameter found to 

obey the same trend across all subjects was the mean medial-lateral COP velocity (mVEL-ML), 

which exhibited an average decrease of 6.7% with feedback active across all subjects. Though 

this reduction in mVEL-ML was small in magnitude as a percentage of baseline value, it was 
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relatively consistent across subjects (relative to changes in other parameters). Thus, the lack of 

statistical significance may be attributed to a combination of the small sample size and small 

effect size.  Similarly, five of six subjects exhibited sizable decreases in RMS-ML, with an 

average decrease of 17.8%, yet the variation in response across subjects (with one subject 

exhibiting a 13% increase) rendered this change statistically insignificant for this small sample. 

The scatter plots in Figure 29–Figure 31 depict the distribution of parameters stance time, 

mVEL-ML, and RMS-ML across the three trials for each feedback condition.  In each plot, the 

blue ‘+’ points denote the average parameter values for the longest 2 of 3 trials, and the blue 

lines connecting them depict the change in average values with feedback active (right column for 

each subject) vs. inactive (left column).  The data points not included in this average are shown 

as black ‘x’ marks.  Note that the choice of the longest 2 of 3 trials to average results in the 

inclusion of other parameter values that are not necessarily the best 2 of 3 for that particular 

parameter.  Defining the “best” 2 of 3 trials in terms of another manner (e.g. using mVEL-ML 

values) yields a different selection of trials. 
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Figure 29: Scatter Plot - Single Leg Stance Times. For each subject, the left column shows the values 

with feedback inactive, and the right column is with feedback. Blue + marks are the average of the 
longest 2 of 3 trials (green dots), and the omitted trials is shown as ‘x’s, for reference. 

 

 
Figure 30: Scatter Plot - Mean Medial-Lateral COP Velocity. (Same plot convention as Figure 29) 
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Figure 31: Scatter Plot - RMS Medial-Lateral COP Distance  (Same plot convention as Figure 29) 

 
Accelerometer-based measures of stability are summarized below in Table 7.  Though a 

high degree of correlation between measures is evident for each subject, paired t-tests comparing 

mean parameter values (longest 2 of 3 trials) for feedback on vs. feedback off conditions reveal  

Subject ID MTx-01 MTx-02 MTx-03 MTx-04 MTx-05 MTx-06 Avg p 
Torso-RMS-2D -0.3% +7.7% +71.9% -19.0% -24.3% +5.4% +3.1% 0.917 
Torso-RMS-AP 9.5% 32.1% 158.0% -31.9% -32.9% N/A 6.2% 0.890 
Torso-RMS-ML -3.5% 0.9% 45.6% -8.9% -20.9% N/A 2.1% 0.947 
Lmbr-RMS-2D -12.0% 11.3% 41.0% -7.2% -41.7% 24.4% 1.2% 0.931 
Lmbr-RM-AP 

3.4% -6.1% 17.2% -26.5% -34.5% N/A 
-

11.5% 0.375 
Lmbr-RMS-ML -14.4% 41.4% 56.7% -1.5% -44.6% N/A 2.2% 0.914 
Arms-RMS-2D 6.1% 45.3% 171.1% -5.8% -34.3% 16.5% 20.8% 0.370 
Arms-RMS-AP -8.1% 36.5% 177.8% -19.4% -37.8% N/A 14.1% 0.678 
Arms-RMS-ML 16.1% 54.1% 198.6% 1.0% -27.3% N/A 25.4% 0.321 
Leg-RMS-2D -18.8% 0.0% 131.6% -12.7% -36.8% -5.1% 8.9% 0.751 
Leg-RMS-AP -7.7% -0.3% 78.4% -10.5% -51.8% N/A -0.3% 0.991 
Leg-RMS-ML -29.4% 0.1% 179.8% -14.8% -27.3% N/A 18.8% 0.645 

Table 7: Body Segment RMS Accelerations During Single Leg Stance – Expressed as percent change with 
feedback on vs. off. Lmbr = lumbar; Leg = Sound leg (ankle); Arms = average of L wrist and R wrist. 
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Isolation of the AP and ML components of acceleration was not performed for subject 

MTx-06 due to significant (> 10 degree) rotations of the standing foot during a majority of trials, 

which rendered my algorithm unreliable at estimating AP and ML components. 

5.3.2. Discussion of Single Leg Stance Results 

5.3.2.1. Discussion of Single Leg Stance – COP Measures 

Though not reaching the level of significance required by the post-hoc Benjamini-

Hochberg correction, the finding of a large and consistent increase in single leg stance times with 

feedback active is supportive of my hypothesis that real-time biofeedback of plantar pressures 

can improve balance function for trans-tibial amputees. Indeed, the Benjamini-Hochberg method, 

which is designed to correct for the problem of multiple independent comparisons, may be 

considered overly conservative with regard to sets of outcome measures with significant degrees 

of inter-correlation, such as the set used here.  In light of this consideration, both the 

improvement in single leg stance time (p = 0.027) and the next-most-significant finding of a 

reduced mean ML COP velocity (p = .078) with feedback active would seem to fall comfortably 

within the bounds of a tolerable 25% false discovery rate.  Similarly, the reduction in RMS-ML 

COP distance (p = 0.124) warrants further attention to this outcome measure for future balance 

studies in the amputee population. 

Despite the scarcity of statistically significant differences for this small sample size, there 

are a number of notable trends in the above data set that paint a positive and coherent picture 

regarding the effects of tactile biofeedback on single leg balance in unilateral trans-tibial 

amputees.  To begin with, I note that while many of the changes in stability measures are (in 

isolation) small and statistically insignificant, all 14 parameters exhibited an improvement in 
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average value with feedback active across all subjects.  This agreement suggests a subtle but 

coherent underlying effect of biofeedback on balance that goes beyond random chance.  In the 

same vein, there was also a high degree of correlation in the observed effects of feedback among 

different parameters within individual subjects.  With the notable exceptions of stance duration 

and mean ML velocity, the two parameters that were equal or better with feedback active for all 

subjects, there was a high degree of correlation in the direction and magnitude of COP parameter 

changes for each subject with feedback active (Table 6).  That is, each subject exhibited a 

dominant majority of parameters that moved in one direction or the other with feedback active, 

with no subjects demonstrating a balanced scattering of parameter changes in both directions. 

This correlation indicates a high degree of functional dependence (coupling) between parameters 

with regard to their responsiveness to feedback.   

This functional coupling also suggests that fewer outcomes could be used in future 

studies in this vein without significant loss of sensitivity. Such a reduction in the number of 

outcome measures used would also have a positive effect on the required level of significance 

when correcting for the problem of multiple comparisons.  Based on the ordering of p values 

reported in Table 6, I would recommend duration, mean velocity, RMS distance, and 95% 

confidence area as an adequate set of outcome measures for further single leg stance studies. 

As a corollary to the functional coupling of parameters, the functional response to 

feedback was highly divergent among subjects, with very clear positive and negative-responders.  

Identifying the factors that predict this divergence would be a compelling vein of future 

investigation.  At present, it is noteworthy that the two non-responders fell on opposite ends of 

the performance spectrum.  We may thus infer that biofeedback has the greatest effect on balance 

within an intermediate range of functional difficulty relative to subject ability.  For instance, it 
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may be that high baseline performance is indicative of a high degree of functional utilization of 

existing sensory inputs, and that the addition of biofeedback to the sensory ensemble presents a 

distraction that hinders performance.  On the other hand, it is reasonable to suspect that a certain 

baseline degree of function is necessary in order to benefit from feedback.   

Notably, subject MTx-03, who exhibited the shortest baseline stance time and an overall 

decrease in COP measures of stability with balance active, was the knee disarticulation subject, 

who lacked an intact knee joint and therefore would be expected to be at a strong mechanical 

disadvantage to other subjects with regard to his ability to positively respond to feedback.  

Similarly, Subject MTx-02, the subject with the next lowest baseline SLS performance, had a 

very high trans-tibial amputation, with a short below-knee residual limb segment and a 

significantly reduced knee range of motion on the prosthetic side. As a caveat for both of these 

subjects, it is also worth noting that COP-related measures of stability become less and less 

reliable with shorter stance times113, so subject MTx-03’s apparent reduction in stability 

according to the majority of COP measures may to some degree be a result of random variations 

over a short time period, and/or of a greater proportional effect of the transient instabilities 

associated with failures on the total parameter values for each trial.   

Another encouraging and functionally meaningful trend is that the measures exhibiting 

the most significant differences in response to feedback (Table 6) are the parameters with the 

greatest functional relevance relative to standing balance – that is, the most functionally 

meaningful (stance duration), and the parameters that are the most challenged during standing 

balance (ML velocity and ML RMS distance).  In this vein, I also note that the p value for all 

medial-lateral measures was greater than the p values for corresponding anterior-posterior and 

total 2-D plane measures, thus indicating that the effects of feedback in the ML direction are 
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more consistent in the ML compared to AP directions.  This pattern aligns with my hypothesis 

that COP-based measures of balance would exhibit greater improvement in the ML direction 

with feedback active. 

5.3.2.2. Discussion of Single Leg Stance – Accelerometry Measures 

As with the COP measures, the inertial measures of stability during single leg stance 

show a high degree of inter-correlation among parameter values within individual subjects.  This 

agreement is to be expected, given the direct coupling between AP/ML/2D RMS measures and 

the mechanical coupling between body segments. 

With the exception of subject MTx-02, I also note that each subject’s response to 

feedback as quantified by COP measures largely agrees with the response as quantified by 

accelerometer (ACC) measures.  That is, most subjects who exhibited improvement in COP 

measures with feedback active also exhibited an across-the-board reduction in RMS acceleration 

values for different body segments. This agreement aligns with conventional wisdom and simple 

inverted-pendulum biomechanical models of standing balance that treat subjects a mostly-rigid 

bodies, thus implying a strong correlation between COP and ACC measures of stability.  

On the other hand, a divergence of COP and ACC measures requires a less rigid body, 

wherein relative movements of individual limb segments can counter-balance each other to 

maintain a steady center of mass – and thus a stable COP. This scenario represents a more 

complex, dynamic balance strategy, using coordinated torso and limb motion to maintain balance. 

Another interesting pattern in the accelerometry data is the effect of level of amputation: 

by far the greatest increases in ACC measures were exhibited by subject MTx-03, the knee 

disarticulation patient. Likewise, Subject MTx-02, the subject exhibiting the next highest 

increases in torso and arm ACC measures with feedback active, had a very high trans-tibial 
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amputation with limited range of motion in the residual knee joint.   This pattern suggests that 

patients with higher levels amputation rely more heavily on upper body movements to maintain 

balance during single leg stance.  

5.3.2.3. Summary of Tactile Biofeedback Effects on Single Leg Stance 

In light of all the intelligible and functionally meaningful trends in both the COP and 

ACC data sets for single leg stance, I conclude that real time biofeedback of foot pressures can 

likely have a positive effect on single leg balance in unilateral trans-tibial amputees. Further, it 

appears that the effects of feedback are more positive and more consistent in the ML compared 

to AP direction.  This makes functional sense in consideration that the ML direction is the least 

stable during single leg balance, requiring the most ankle modulation (available in healthy but 

not prosthetic limbs) to maintain steady balance. 

5.4. Multi-Functional Study Results & Discussion – Multi-Terrain Gait  

5.4.1. Multi-Terrain Gait Results 

Tabulated below in Tables 8-11, aggregate analyses of plantar pressure measures during 

dynamic gait tasks yielded a small (0.91%) decrease in average peak push-off force (F3) during 

ascent of stairs as the only statistically significant (p = .0003) difference (either before or after 

Benjamini-Hochberg correction) between baseline and feedback conditions across all subjects 

for the four dynamic gait tasks evaluated.  Notably, the stair ascent task for which this difference 

was observed included analysis of only 3 subjectsvii. Despite this low sample size, the F3 

																																																								
vii Pedar data collection was omitted for subject MTx-01 due to concern that the Pedar insoles did 

not fit properly in his shoe and would be damaged if used, and stair descent was omitted from 
the protocol for subjects MTx-03 and -04 due to time constraints and the subjects’ anecdotal 
experience that ascending stairs is the easiest of the four multi-terrain gait tasks. 
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parameter registered as statistically significant for this task owing to an exceptionally consistent 

reduction in means by approximately 7 Newtons with feedback active for all three subjects 

evaluated.  The color coding convention in Tables 8-11 is the same as used previously, in Tables 

6 and 7, based on incremental variation thresholds of ± 2.5% and ±7.5%, respectively, with green 

denoting improvements and pink and red denoting in reductions in performance. 

Plantar Pressure Measures – Ascending Stairs 
Subject ID MTx-02 MTx-05 MTx-06 Avg p Q(i/m) 

F3 (N) -0.69% -0.98% -1.19% -0.91% 0.0003 0.025 

MaxLat (mm) -8.80% -1.74% -4.58% -5.29% 0.1541 0.050 

F1 (N) 7.10% 1.31% 0.43% 2.23% 0.2194 0.075 

DST (%) 8.03% 3.37% -1.55% 3.69% 0.3574 0.100 

AP (#) 43.80% 0.72% 3.95% 18.16% 0.3833 0.125 

Stance Asym (s) -15.96% -0.61% 17.83% -6.91% 0.5327 0.150 

Stride (s) -0.85% 1.09% -2.78% -0.70% 0.5668 0.175 

ML (#) 3.82% -3.16% -7.76% -1.89% 0.6553 0.200 

FT_int (N*s) 0.29% 3.27% -3.02% 0.55% 0.7623 0.225 

CellTrig (#) 25.25% -18.75% -25.38% -1.29% 0.9470 0.250 

Table 8: Ascending Stairs: Summary of Plantar Pressure Measures (Prosthetic Limb) Values expressed as 
percentage changes in mean parameter values with feedback active vs. inactive. Color coding 
according to previous convention (Table 6 & Table 7). Parameter definitions in § 5.1.4.3 & 5.1.4.4 

Plantar Pressure Measures – Descending Stairs 
Subject ID MTx-02 MTx-03 MTx-04 MTx-05 MTx-06 Avg p Q(i/m) 
F3 (N) 4.31% 2.03% -0.37% -0.57% 0.42% 1.33% 0.258 0.025 

F1 (N) 1.38% 2.82% 0.72% -2.23% 7.51% 1.81% 0.282 0.050 

MaxLat (mm) -5.66% 0.65% 1.18% 0.71% -5.64% -2.16% 0.296 0.075 

F-T_int (N*s) 0.45% 19.29% 1.45% 3.74% -3.16% 5.06% 0.322 0.100 

CellTrig (#) 15.32% -16.01% -4.17% -15.75% 17.33% 10.15% 0.324 0.125 
Stance Asym 
(s) 31.76% 13.30% -36.00% -5.62% -4.94% 7.66% 0.397 0.150 

AP (#) -12.12% -6.05% 0.00% 2.56% 3.51% -3.44% 0.419 0.175 

Stride (s) 0.00% 13.78% -0.43% 5.33% -5.60% 2.86% 0.454 0.200 

DST (%) 2.90% 0.04% 2.65% 7.77% -7.22% 0.84% 0.703 0.225 

ML (#) -4.63% 7.66% -10.19% 6.37% 0.00% -0.79% 0.813 0.250 

Table 9: Descending Stairs: Summary of Plantar Pressure Measures (Prosthetic Limb) 
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Beyond the change in F3 during stair ascent, the only other two measures to approach 

statistical significance were stance time asymmetry (uncorrected p = 0.071) and the force-time 

integral (p = 0.083) for gait on an incline (Table 10).  While the small increase in average force-

time integral would be considered a positive change, indicative of more proactive loading of the 

prosthetic limb, the increase in stance time asymmetry (skewing towards less time spent on the 

prosthetic leg relative to the sound limb) runs contrary to common clinical objectives.  

Plantar Pressure Measures – Gait on Incline 
Subject ID MTx-02 MTx-03 MTx-04 MTx-05 MTx-06 Avg p Q(i/m) 
Stance Asym (s) 29.3% 280.0% 8.0% 26.1% -10.7% 32.3% 0.0713 0.025 

FT_int (N*s) 3.9% 1.0% -1.6% 4.6% 7.4% 3.2% 0.0834 0.050 

Stride Time (s) 2.1% 0.4% -0.6% 4.0% 6.8% 2.7% 0.1235 0.075 

F1 (N) 10.6% 2.2% -2.1% 2.8% -0.2% 3.2% 0.2703 0.100 

MaxLat (mm) -4.7% -1.2% 0.7% -0.2% 0.2% -1.0% 0.3288 0.125 

DST (%) -4.4% 4.6% 2.0% 1.6% 5.7% 1.4% 0.4795 0.150 

ML (#) -11.6% -1.4% 6.6% 3.7% 15.6% 2.0% 0.6162 0.175 

CellTrig (#) 12.6% 86.1% -19.0% -7.4% 47.1% 10.0% 0.6398 0.200 

F3 (N) 3.9% -0.5% -1.8% -0.8% -0.2% 0.4% 0.7445 0.225 

AP (#) 7.3% 20.2% -30.5% -4.4% 10.5% -1.2% 0.8872 0.250 

Table 10: Gait on Incline - Summary of Plantar Pressure Measures (Prosthetic Limb) 

Plantar Pressure Measures – Gait on Decline 
Subject ID MTx-02 MTx-03 MTx-04 MTx-05 MTx-06 Avg p Q(i/m) 

Stride (s) 2.07% -1.20% 0.94% 3.71% 2.30% 1.69% 0.127 0.025 

DST (%) -0.98% -3.29% 0.59% -2.78% 1.94% -1.12% 0.287 0.050 

ML (#) -8.16% -2.88% 7.76% 1.61% 15.90% 2.63% 0.486 0.075 

FT_int (N*s) 0.23% -4.12% 2.32% 6.26% 1.63% 1.24% 0.530 0.100 

AP (#) -8.49% 0.00% 11.64% 2.99% -9.68% -1.96% 0.654 0.125 

CellTrig (#) -47.89% 28.95% 30.05% 40.00% -45.68% -11.89% 0.672 0.150 

F3 (N) -0.46% 0.24% 0.71% 1.10% -0.93% 0.12% 0.758 0.175 
Stance Asym 
(s) 26.21% 54.55% -35.71% -70.73% 10.05% 4.77% 0.881 0.200 

MaxLat (mm) 0.22% 1.02% -0.08% 0.80% -1.62% 0.04% 0.944 0.225 

F1 (N) -4.05% 4.71% 0.41% 0.18% -3.08% -0.01% 0.994 0.250 

Table 11: Gait on Decline: Summary of Plantar Pressure Measures (Prosthetic Limb) 
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As in the pilot gait study, a small handful of differences in individual parameters between 

the feedback on and feedback off conditions register nominally-significant p values (< 0.05) 

using independent t-tests for individual subjects and conditions across the sample of all steps for 

feedback on vs. off conditions, but further adjustment for the problem of multiple comparisons 

renders most of these differences statistically insignificant.   Further, it is unclear what practical 

conclusions to draw from statistically significant intra-subject findings, so I have not reported 

them here. 

5.4.2. Discussion of Multi-Terrain Gait Findings 

All in all, the scarcity of statistically significant differences with feedback active among 

plantar pressure parameters during multi-terrain gait tasks does not enable any firm conclusions 

regarding the effects of tactile biofeedback on dynamic stability in traumatic trans-tibial 

amputees during locomotion on smooth inclined surfaces and stairs.  Potential reasons for the 

lack of significant effects observed in these tasks include inadequate training time with the 

feedback system and the high overall functional ability of all study subjects at baseline.   Indeed, 

a closer review of literature reveals that while the plantar pressure-based measures used in this 

study have been specifically developed and tested as measures of dynamic stability in this patient 

population, otherwise-healthy trans-tibial amputees do not exhibit significant instabilities in 

terms of these measures during the relatively common gait tasks of negotiating ramps and 

stairs106.  The authors of this work suggest that a likely reason for this finding is that common 

prosthetic feet are designed for kinematic stability in straight-ahead locomotion, thus resulting in 

a smooth COP during un-impeded gait on regular surfaces, but also rendering the user less able 

to dynamically adapt to uneven surfaces and unexpected balance perturbations.  
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As subsequent performance characterization of the Farus feedback system later revealed 

(Chapter 7), the variable and longer-than-ideal latency of the feedback provided in this study 

presents an additional limitation of the present protocol that leaves the potential effects of real-

time biofeedback uncertain with regard to the tasks of prosthetic gait on ramps and stairs. 

All the same, I submit based on the current results that the mere provision of tactile 

biofeedback of plantar pressures is unlikely to constitute an effective rehabilitation strategy for 

trans-tibial amputees when applied according to the present protocol. In particular, I posit that for 

a tactile biofeedback of this type to effect positive, clinically significant changes in trans-tibial 

prosthetic gait, users must be provided with clear objectives and instructions for how to attend 

and respond to feedback – preferably in the context of a prolonged physical therapy program. 

  



	

	 90	

6. Tactile Biofeedback for Functional Gait & Balance 
Rehabilitation in Peripheral Neuropathy 

Since the original development of the Tactile Biofeedback System as a sensory prosthesis 

for lower limb amputees, I have expanded our research efforts to evaluate its effects in patients 

with neurological sensory loss, with a focus on those with peripheral neuropathy (PN).   As 

detailed previously (Section 2.1.2), individuals with PN are well-documented to experience 

generalized impairments to functional gait and balance relating to their lower extremity sensory 

loss, and may therefore benefit from the use of the TBS even more than (traumatic) lower limb 

amputees.  Following the adaptation of the CASIT TBS for users with bilateral sensory deficits 

(including PN) as described below, we investigated its effects in five subjects with PN in a pilot 

gait lab study at the UCLA Kameron Gait and Motion Analysis Laboratory. 

6.1.  Adaptation of CASIT TBS for Bilateral Sensory Deficits (“Version 2.5”) 

The original TBS architecture was limited in its applicability to patients with bilateral 

sensory deficits, both by the limited number (12) of solenoid valves available in the control 

module, and by the strict one-to-one pairing of the Bluetooth components used to stream data 

from the sensor to control modules.  Given these limitations, I adapted the system for application 

in patients with bilateral deficits by using wired connections directly from the sensor insoles to 

the control module.  With just 6 valves available per foot, I used just 2 actuator arrays per leg – 

anterior and posterior – corresponding to the heel and toe sensors, so as to convey the key gait 

events of heel strike and toe-off. A neuropathy subject outfitted with the adapted bilateral 

version of the CASIT TBS (“v2.5”) and motion capture markers in the UCLA Gait Lab is 

pictured in Figure 32. 
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Figure 32: CASIT Bilateral TBS, "v2.5" (Worn by subject with Peripheral Neuropathy) 

6.2. Gait Lab Clinical Testing of TBS in Peripheral Neuropathy at UCLA 

The following study was conducted at UCLA under IRB approval number 11-001294, as 

previously reported in (McKinney et. al, 20141). 

6.2.1. Perceptual Testing: Methods & Results 

My first step in assessing the feasibility of the TBS as a tool for peripheral neuropathy 

rehabilitation was to verify that subjects with PN could reliably perceive balloon inflations 

delivered by the system as feedback.  Accordingly, the first experiment that we performed with 

each subject was a perceptual test, of the same type that we had previously conducted with 

healthy subjects (Section 3.2.3). Subjects were outfitted with the TBS tactile interface, 

administered random patterns of balloon inflation while seated, and tasked with identifying the 

location (‘which actuator array?’) and number (1-3) of inflations felt.  Our first four subjects with 
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idiopathic bilateral PN achieved an overall average accuracy of 95% in identifying the correct 

feedback location, but just 62% accuracy with respect to number of inflations, which encode 

magnitude of plantar pressure.  A fifth subject with Charcot-Marie-Tooth disease (a genetically 

inherited form of PN characterized by both sensory loss and motor weakness in the lower 

extremity) was able to accurately localize stimulation only 83% of the time, with just 54% 

accuracy in correctly identifying the number of inflations. 

Functionally, this result indicates that upon first exposure to balloon-based tactile 

feedback, the individuals with idiopathic peripheral neuropathy could reliably perceive and 

localize tactile stimuli to the correct column (representative of force location), but with only 

moderate ability to distinguish different numbers of inflations (representative of force 

magnitude).  Given the exploratory nature of this pilot study, the possibility of rapid sensory 

learning with feedback system usage, and our uncertainty as to whether explicit recognition of 

balloon quantity was a necessary precondition or predictor for the ability to functionally integrate 

and utilize feedback, we proceeded with instrumented gait analysis for all five subjects. 

6.2.2. Methods: Instrumented Gait Analysis 

Following perceptual testing, instrumented gait analysis (IGA) was performed in a 

second visit (within one week following perceptual testing) at the UCLA Kameron Gait and 

Motion Analysis Laboratory, to investigate the effects of tactile biofeedback on neuropathic gait.  

IGA data collection methods were substantially similar to those previously employed in the Pilot 

Gait Lab Study with amputees at NMCSD (Section 4.1). Subjects were outfitted with the full 

TBS as well as a modified Helen Hayes reflective marker set of just 18 markers (omitting the 

head and arms), and performed bouts of overground walking with feedback inactive, followed by 

active. Marker position and ground reaction force data were collected using an Eagle eight-



	

	 93	

camera motion capture system at 60 Hz (Motion Analysis Corp., Santa Rosa, CA) and 2 

embedded multi-axial force plates at 600 Hz (Kistler Type 5233A, Switzerland), in conjunction 

with Cortex software, v1.1.4 (Motion Analysis Corp., Santa Rosa, CA).  Each trial consisted of 

walking the length of the gait lab floor (~30 ft.) at self-selected speed, and enough trials were 

conducted to obtain a total of at least 3 clean force plate strikes per foot.  

During the gait analysis session, only two balloon actuator arrays (anterior and posterior) 

were used per leg, owing to the limited number of 12 pneumatic valves available in the prototype 

feedback system, as previously described (Section 6.1).  For subjects who exhibited difficulty 

weighting the toe sensor during training, the 1st metatarsal (medial) sensor was used in its place.   

All subjects served as their own controls: baseline gait data were collected while wearing 

the feedback system, but with feedback inactive.  The feedback scheme was then described to the 

subjects, and the feedback turned on.  Each sensor gain was adjusted to the minimum sensitivity 

that enabled the subject to achieve ‘level-3’ inflations in the corresponding actuator array while 

deliberately accentuating loading on the sensor during gait.  After sensor adjustment, subjects 

were given approximately 5 minutes to walk freely in the gait lab with feedback active, to 

familiarize themselves with the feedback scheme. They were then allowed to sit and rest for 

several (typically 2-3) minutes before gait data collection was repeated with the feedback active.   

For both baseline and feedback active conditions, subjects were instructed to “walk as 

fast as safely and comfortably possible,” and to take complete heel-to-toe steps on each leg.  All 

participants walked without the use of an assistive device and were allowed to sit and rest 

between trials as they desired.  Subject 2 exhibited visible instability during an early baseline 

data collection trial was accompanied across the floor by a physical therapist on subsequent trials, 

to protect against falls. Following data collection, subjects were verbally questioned regarding 
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their experience of the biofeedback system, with questions regarding their ability to feel the 

balloon inflations throughout the course of testing, their attentiveness to the inflations, and the 

perceived effect of biofeedback on gait, stability, and confidence. 

After data collection, joint marker data were post-processed in Cortex software, including 

joint-marker identification & rectification, joining of marker data to fill missing frames via cubic 

spline, and smoothing of marker trajectories using a 6Hz Butterworth low-pass filter.   Kinematic 

and kinetic gait parameters were then extracted from marker and force plate data using 

OrthoTrak software, v6.6.1 (Motion Analysis Corp), which employs standard computational 

methods established in literature and clinical practice97,102,125. Outcome measures of interest were 

spatiotemporal gait parameters (velocity, cadence, stride length, etc.), sagittal plane kinematics & 

kinetics of the hip, knee and ankle, and anterior/posterior (AP) and medial/lateral (ML) trunk tilt.  

In addition to the above gait parameters (as reported by Orthotrak), postural stability was 

quantified in terms of trunk sway, calculated as the difference between the maximum and 

minimum tilt value for each gait cycle, for both ML and AP tilt.  

Due to the small sample size of five subjects and the clear variability in results among 

them, no group-wide statistical analysis was performed, and data were instead analyzed on a 

subject-by-subject basis.  For each subject, spatiotemporal parameters and trunk sway values for 

each gait cycle were compared between baseline and feedback-active conditions using 

independent, 2-tailed t-tests, as previously done in the Pilot Gait Lab study at NMCSD (Chapter 

4). The normality of data distributions for each parameter and condition were confirmed using 

Shapiro-Wilk tests with a significance level of 0.05.   
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6.2.3. Gait Analysis: Results 

Gait analysis results varied from subject to subject, with spatiotemporal data summarized in 

Table 12. Of the five participants, Subjects 1 and 3 exhibited statistically significant (p < 0.005) 

increases in walking velocity, stride length, and step cadence with feedback active. Subject 2 

significantly (p < 0.001) increased stride length with a corresponding decrease in step cadence, 

resulting in an unchanged walking velocity. Participant 4 significantly (p < 0.001) decreased 

velocity, stride length, and cadence with feedback active.  Decreases in step width with feedback 

active were not statistically significant (p > 0.05) for any of the five subjects. Increased range of 

motion and peak joint powers at the ankle, knee, and hip joints were also observed for Subjects 1 

and 3 (Fig. 2).  Trunk sway values did not differ significantly with feedback on vs. off in the 

either the M/L or A/P direction for any of the participants.  Subject 5 did not exhibit significant 

changes in any gait parameters with feedback active. 

 Subject 1  
(M, 89) 

Subject 2 
(F, 65) 

Subject 3 
(F, 71) 

Subject 4 
(F, 77) 

Subject 5* 
(F, 81) 

Feedback OFF ON OFF ON OFF ON OFF ON OFF ON 
Velocity 
(cm/s) 

87.75 
(5.76) 

107.33 
(3.13) 

93.82 
(1.68) 

93.80 
(3.07) 

89.39 
(6.59) 

112.95 
(8.75) 

101.15 
(3.54) 

93.89 
(2.48) 

66.83 
(4.19) 

68.11 
(4.42) 

Cadence 
(steps/min) 

84.75 
(4.57) 

97.12 
(3.24) 

98.35 
(1.79) 

95.67 
(2.29) 

106.50 
(5.49) 

114.97 
(6.57) 

109.02 
(2.23) 

103.48 
(2.09) 

105.4 
(5.79) 

105.48 
(4.69) 

Stride 
Length 

(cm) 

125.07 
(8.92) 

133.08 
(4.97) 

114.88 
(2.87) 

118.22 
(2.93) 

101.36 
(3.43) 

118.62 
(4.36) 

111.62 
(3.85) 

108.99 
(2.24) 

76.08 
(4.60) 

77.57 
(3.80) 

Step Width 
(cm) 

11.33 
(1.79) 

10.80 
(0.78) 

14.02 
(3.66) 

12.31 
(1.10) 

24.98 
(2.32) 

23.65 
(2.69) 

15.25 
(1.29) 

14.71 
(1.04) 

18.19 
(0.64) 

17.97 
(0.98) 

Lateral 
Sway (deg) 

3.54 
(0.96) 

3.25 
(1.06) 

2.35 
(0.50) 

2.32 
(0.78) 

2.04 
(0.62) 

2.86 
(0.88) 

1.94 
(0.56) 

1.90 
(0.47) 

3.86 
(1.00) 

4.08 
(1.10) 

A/P Sway 
(deg) 

3.44 
(0.76) 

3.30 
(0.87) 

4.61 
(1.32) 

4.43 
(1.32) 

4.41 
(1.07) 

5.63 
(1.63) 

3.14 
(0.66) 

3.07 
(0.57) 

5.65 
(1.19) 

5.35 
(1.10) 

*: Subject reported an inconsistent ability to feel feedback during data collection 

Table 12: Spatiotemporal Gait Data for Neuropathy Gait Analysis listed as mean (std. deviation) 

Subjects gave varied responses regarding their perception and experience of the tactile 

feedback, with Subjects 2 and 3 reporting that they felt more stable and confident with feedback 
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active.  Participants 1 and 4 reported no perceived difference in their gait with feedback active.  

The 4 participants with idiopathic PN reported that they were able to perceive the inflations 

adequately well throughout the course of data collection with no appreciable loss of sensation 

(e.g. due to sensory adaptation or habituation), though some noted that inflations were more 

difficult to feel while walking compared to while seated. Participant 4 expressed distraction by 

lower back pain during the feedback active condition, as well as a retrospective lack of 

understanding of the purpose of the feedback.  On the other hand, Participant 5 reported a 

consistent difficulty perceiving feedback corresponding to toe loading throughout the gait 

analysis session.  Due to her failure to reliably perceive system feedback (as noted previously 

during perceptual testing as well), this subject would not be considered a good clinical candidate 

for the feedback system. 

 
Figure 33: Sample Kinematic and Kinetic Gait Data for Subject 3 (Right Side): average values time-

normalized to percent of gait cycle (heel strike to heel strike), and plotted over age-matched 
normative (healthy) data (grey). Vertical red line denotes toe-off. 
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6.2.4. Discussion: Preliminary Findings for Tactile Biofeedback in PN  

Substantial changes in clinically meaningful gait parameters such as walking velocity and 

stride length with feedback active corroborate the potential of biofeedback as a rehabilitation tool 

for at least two of the pilot subjects with PN.  Significantly, step length, length-to-width ratio, 

and cadence have all been directly linked to risk of falls by prior research57.  Thus, the observed 

effects of tactile biofeedback on spatiotemporal gait parameters for some subjects suggests a 

potential increase in confidence and a decreased risk of falls due to feedback. Moreover, these 

improvements occurred with minimal user training, and I hypothesize that such positive effects 

would likely accumulate with continued training and device usage, owing to neural plasticity.   

However, the limited effect of biofeedback on the stability-related measures of postural 

sway demonstrates a need for improvement in both feedback system and study design for 

continued investigation. In particular, PN patients would likely benefit from the incorporation of 

ML in addition to AP feedback, which was excluded from this study due to hardware limitations 

of the prototype system, and was subsequently incorporated into Farus version 3.5 of the haptic 

system (see Chapter 7). Regarding study design, research has found differences in gait between 

fallers and non-fallers with PN to become distinguishable on uneven terrain but not level 

ground57, which suggests that the effect of biofeedback may likewise be more pronounced and 

more significant on uneven terrain or otherwise challenging tasks and conditions. 

Another limitation of this pilot study was the number of potentially confounding human 

factors in play.  Like the Pilot Gait Lab Study at NMCSD, which was conducted concurrently 

with this study, this study did not control for the potential placebo effects of biofeedback, which 

would be difficult given the ethical challenge of providing incoherent or misleading feedback to 

a subject population already at elevated fall risk of falls.   Attentiveness to feedback also seemed 
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to play an important role in responsiveness, as Subject 4’s decrease in walking performance 

appeared influenced by cognitive factors, including distraction by pain and misunderstanding of 

the feedback objectives.  Curiously, the subjects’ perception of the effects of feedback on gait 

did not always agree with observed effect on gait parameters, with Subject 1 reporting no 

perceived effect of feedback on gait, but exhibiting dramatic increases in speed and stride length.  

Conversely, Subject 2 expressed an increase in confidence with feedback active, yet exhibited 

mixed modifications in spatiotemporal gait parameters. 

Despite positive indicators in the data, this pilot study’s small sample size and variability 

of results between subjects precludes the making of definitive conclusions regarding the 

immediate effects of biofeedback on gait in PN, as in lower limb amputation.  Rather, the inter-

subject variation in response to biofeedback underscores the need to better define the clinical 

objectives and best mode of application for such technology, and to clearly instruct patients 

accordingly. As true for a majority of neuro-rehabilitative technologies, I anticipate that 

incorporation into a well-focused rehabilitation program will be critical to the clinical success of 

any tactile biofeedback technology as a gait rehabilitation tool for PN patients.  For instance, I 

observed that certain clinical objectives such as obtaining a more complete heel-to-toe 

progression of foot loading were difficult to address in just a single sessions with patients who 

exhibit a chronic shuffling gait, owing to their fear and discomfort with taking longer steps. 

Finally, it is unclear from initial studies whether the tactile biofeedback system may have 

any training effects, offering lasting functional benefits when not directly in use – as opposed to 

gait and stability improvements of a strictly sensory-prosthetic nature, taking effect only while 

the feedback is active.   
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6.3. Proposal for Future Work: Clinical Rehabilitation Study in Diabetic PN 

Based on the above findings and takeaways from the above pilot study of the effects of 

tactile biofeedback on neuropathic gait, I formed a partnership with researchers at the West Los 

Angeles VA to evaluate the effects of tactile biofeedback on functional stability when applied in 

the context of a clinical rehabilitation program for patients with diabetic peripheral neuropathy.  

Working in direct collaboration with Dr.s Agnes Wallbom, MD, and Hilary Siebens, PhD in the 

Physical Medicine & Rehabilitation unit at the VA Greater Los Angeles Healthcare Center for a 

period of 18 months, I formulated the following proposal for a 6-week clinical rehabilitation 

study diabetic neuropathy. Due to the failure to obtain funding and the subsequent lack of 

operational capacity for our VA collaborators to host this study due to organizational changes at 

the VA, I was unable to carry out the study as planned, but I present the study design here both to 

share the product of many months (roughly 18 in total) of collaborative clinical study design 

work, and to put it forth as a model for the type of research that I believe needs to be done to 

validate the effects of wearable biofeedback the neuropathic patient population.  The final study 

design that we formulated and submitted for funding, and for which we obtaining IRB approval 

at the West LA VA, is summarized as follows: 

6.3.1. Peripheral Neuropathy Clinical Study Overview 

Location: Physical Medicine & Rehabilitation Clinic, in Building 500 at the West Los 

Angeles Veterans Administration Healthcare System. 

Primary Collaborators: Dr. Agnes Wallbom, MD (PI); Dr. Hilary Siebens, MD 

Objectives: The overall objective of the proposed study was to quantify the effects of our 

wearable TBS on functional balance in patients with diabetic peripheral neuropathy (DPN).   
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6.3.2. Specific Aims 

The specific aims of the proposed study were to provide quantitative answers to the 

following research questions with respect to the DPN population:  

1. To what extent does biofeedback improve postural stability in the context of tasks that 

challenge both standing and dynamic balance while feedback is active (prosthetic effect)?  

2. To what extent does the incorporation of biofeedback into a proactive physical therapy 

(PT) program enhance the effects of PT on unaided (i.e. feedback-free) functional 

balance (training effect)? 

3. How does user perception of biofeedback evolve over time with repeated usage?  

4. What are the user-perceived effects of biofeedback training on balance confidence in the 

context of activities of daily living?  

In response to these questions, we hypothesized that our biofeedback system would have 

significant posture-stabilizing effects when used as a sensory prosthesis in both standing and 

dynamic balance tasks. We further anticipated that the inclusion of biofeedback during clinical 

PT sessions would have an additive training effect on balance performance compared to PT 

alone.  Finally, we hypothesized that the ability of DPN patients to perceive and distinguish 

biofeedback stimuli would improve with repeated usage, and that the use of biofeedback would 

improve balance confidence in activities of daily living. 

6.3.3. Subject Characteristics 

Subject Population: ~30 individuals with clinical diagnosis of DPN 

Inclusion Criteria:  Age 50-80, with electro-diagnostically confirmed DPN diagnosis 

(e.g. nerve monofilament test).  Elevated fall risk, as evident in baseline unipedal stance time < 
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30 sec, and Dynamic Gait Index score of <22;  Subjects were to have a motor score of at least 4 

out of 5 for both plantar and dorsiflexion, be able to walk household distances without an 

assistive device, and score >90% for correct localization of balloon-based feedback in perceptual 

testing of the TBS at baseline. 

Exclusion Criteria: Central nervous system disorders, balance-related co-morbidities 

(e.g. vestibular balance disorders), angina or dyspnea with mild physical exertion, foot 

ulcerations, vascular complications, musculoskeletal injuries/deformities causing gait 

abnormalities, and cognitive impairment (Folstein Mini Mental score < 23). 

6.3.4. Study Design 

Our proposed study was is prospective, randomized pilot clinical study centered around a 

4-week physical therapy (PT) intervention. Functional balance performance would be compared 

between two groups: an intervention group, receiving a standardized 4-week PT program with 

the incorporation of biofeedback, and a control group, receiving the same PT program without 

biofeedback.  The PT program would consist of two in-clinic sessions per week (either with or 

without biofeedback, depending on group assignment), plus two additional days of a prescribed 

home exercise program, with adherence monitored by the physical therapist upon each visit. 

Our proposed PT protocol is the LeMaster “Feet First” protocol that was applied in a one-

year randomized controlled trial (RCT) with DPN patients 66,126, which in turn draws heavily on 

a previous protocol found to improve functional balance in non-diabetic PN patients127.  The 

protocol is structured in 4 levels of progressive difficulty, applied according to patient ability (at 

the discretion of the therapist).  At each level, exercises focus on a combination of lower 

extremity strength (e.g. heel raises, leg lifts) and balance (e.g. single leg balance, tandem gait, 
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stepping over obstacles), with an increasing emphasis on (and challenge to) functional balance 

towards the higher levels. 

6.3.5. Outcome Measures 

The primary proposed outcome measures were postural sway indices (including RMS 

Acceleration in AP, ML, and 2D directions), as measured using APDM inertial sensors in 

context of the Unipedal Stance Test and the three most challenging elements of Functional Gait 

Assessment128.  Each task would be repeated 6 times total, alternating between feedback off and 

feedback on conditions.  Perceptual testing is to be conducted at all time points as well, using the 

same methods as in the prosthetic gait study at NMCSD (Section 5.1.2) 

Secondary outcome would include system usability surveys (both standard SUS and a 

custom survey), the Activities-Specific Balance Confidence (ABC) scale, and an overall 

wellness survey (e.g. SF-12).  If practical, we would also like to gather data about the 

physiologic state of subjects, pertaining to their diabetes management (e.g. blood glucose 

measurements). 

6.3.6. Statistical Analysis 

The primary proposed statistical methods for analyzing differences in outcome measures 

between control and treatment conditions were t tests and analysis of variance (ANOVA), which 

would be employed individually for the conditions and outcome measures. For all measures 

collected for multiple trials at each time point, statistical analyses would be performed using the 

average values across all trials for a given subject, task, time point, and feedback condition. To 

account for the problem of multiple comparisons, we proposed to apply the Tukey Studentized 

Range Method post-hoc to evaluate differences between related outcome measures.  Shapiro-
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Wilk tests (sig. ≥ 0.05) would be used to assess the normality of each sample, and non-

parametric methods such as a paired sample Wilcoxon signed rank test will be employed in place 

of t-tests for all non-normally distributed samples.  

6.3.7. Hypotheses 

Based on previous findings applying physical therapy in peripheral neuropathy65 and 

analyzing the effects of vibrotactile biofeedback in vestibular balance disorders72,84, we 

hypothesized that our biofeedback system would have significant posture-stabilizing effects (as 

measured using body-mounted inertial sensors, and using the Functional Gait Assessment) when 

used as a sensory prosthesis in both standing and dynamic balance tasks. We further anticipated 

that the inclusion of biofeedback during clinical PT sessions would have an additive training 

effect on balance performance compared to PT alone.  Finally, we hypothesized that the ability 

of DPN patients to perceive and distinguish biofeedback stimuli would improve with repeated 

usage, and that the use of biofeedback would improve balance confidence in activities of daily 

living, as measured using the Activities-Specific Balance Confidence Scale (ABC). 

6.3.8. Significance:  

Though both biofeedback devices and proactive PT programs have demonstrated 

potential in the area of DPN rehabilitation, their combined potential remains unexplored and 

unfulfilled to date.  The proposed study would thus expand the body of knowledge regarding the 

rehabilitative capabilities of biofeedback in DPN. Ultimately, this line of research stands to 

establish biofeedback as powerful new tool in the treatment of DPN, thereby improving the 

safety and quality of life while reducing the net cost of care for DPN patients. 
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Beyond a PT-focused rehabilitation study of the type proposed above, future studies 

should evaluate the feasibility of applying wearable tactile biofeedback in both the community 

and home environments, where it may have multiple benefits as a augmentative sensory 

prosthesis for everyday use, as a rehabilitation aid for periodic training, and also as a means of 

tracking patient activity level and adherence to prescribed home exercise programs.  Ultimately, 

a longitudinal evaluation of user activity and functional stability throughout activities of daily 

living will be necessary to assess the true benefit of the TBS and related technologies. 
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7. Performance Characterization, Engineering Optimization, 
& Platform Innovation: Tactile Biofeedback System “v4.0” 

In anticipation and preparation for the clinical study outlined in Chapter 6, an additional 

round of engineering upgrades was made to the Tactile Biofeedback System by Farus LLC, to 

produce a bilateral version of the commercial prototype system with two sensor modules and 

tactile feedback cuffs working in parallel.  The resulting bilateral version of the TBS is termed 

“version 3.5.” A working version of TBS v3.5 was finally transferred from Farus to UCLA in the 

spring of 2015viii under an official UCLA Materiel Transfer Agreement.  

This chapter details the subsequent performance characterization of TBS v3.5, my work 

done in recent months both optimize TBS performance and significantly expand its functionality, 

and finally a set of engineering validation exercises and clinical experiments and that I’ve 

performed to validate the resulting upgraded TBS “version 4.0.” 

7.1.  TBS v3.5 Performance Characterization, Troubleshooting, and Solutions 

7.1.1. TBS v3.5 Performance Characterization 

In a clinical “dry run” of the above physical therapy protocol (Section 6.3), with a mock 

neuropathy patient at the West LA VA in June, 2015, Farus TBS v3.5 exhibited performance 

issues regarding the latency and continuity of biofeedback, as well as unreliable functionality of 

the perceptual testing and calibration modules (Section 5.2.3). To isolate and address these 

																																																								
viii The receipt of TBS v3.5 at this time marks the first time that a Farus-produced TBS was in the 

possession of the UCLA research team. Prior to this time, all data collection in the Multi-
Functional Study at NMCSD was conducted using TBS v3.0, which remained in the 
possession of Farus personnel. Following the materiel transfer, the TBS source code 
remained under Farus’ control until January, 2016. 



	

	 106	

irregularities, I conducted a series of laboratory performance characterization exercises and 

identified the following performance issues: 

7.1.1.1. Feedback Interruption due to Microcontroller Freezing  

During the VA clinical “dry run,” the haptic system began exhibiting intermittent 

freezing behavior after roughly 20 minutes of use, requiring manual restarting every 2-3 minutes.  

This behavior eventually led to the decision to terminate the use of the TBS and proceed with a 

‘walk-through’ of rehabilitation exercises with no feedback. 

7.1.1.2. System Response Time 

To investigate the comment by our neuropathy “mock subject” that the feedback had 

seemed somewhat delayed and variable in its temporal responsiveness, I repeated a high-speed 

video imaging exercise as described in Section 3.2.7, this time using a GoPro Hero4 camera at a 

frame rate of 240 frames per second (Figure 34).  This time, imaging was repeated for a set of 13 

loading cycles, to assess both the average response time and the variability in responses time due 

to the variable timing of sensor loading relative to the data sampling cycle, plus any potential 

variations in the wireless communication or haptic system processing times.  

 
Figure 34: Revised TBS Response Time Imaging Setup (Taken with GoPro Hero4) 
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The resulting response times were measured at 77.9 ± 33.3 ms (mean ± SD), from the 

moment of sensor contact (assessed visually, using video ‘frame-by-frame’) to the moment of 

‘level 1’ valve LED illumination. Significantly, this response times characterization did not 

include measurements of the additional time from valve activation to balloon inflation, as 

included in the previous estimate of total CASIT TBS response time of 70-80ms.  Assuming 

these additional components of response time to be comparable in the Farus TBS, the total Farus 

TBS v3.5 response time (from sensor contact to full balloon inflation) can be estimated at 

approximately 115 ± 35ms.  This average was longer than the original design specification of 

100ms maximum response time, chosen to minimize perceived delays between the application of 

forces and delivery of feedback101. In addition to the latency, the variability of response times 

presented an additional confound for assessing the feedback’s effectiveness in aiding dynamic 

balance in sensory-impaired populations.  

7.1.1.3. Perceptual Testing Module 

In addition to variations in response time, TBS v3.5 also exhibited unreliable execution 

of perceptual test commands sent from the GUI (Figure 28) to the tactile cuff, with an observed 

command drop rate of roughly 12% with the sensor module transmitter turned off, and up to 20% 

with the transmitter turned on.  Given the inability to distinguish (either retroactively, or in real 

time) dropped commands from perceptual errors, this uncertainty regarding perceptual test 

pattern delivery presents a clear confound for the interpretation of perceptual test data previously 

collected at NMCSDix.   

																																																								
ix Multi-Functional Study data at NMCSD was previously collected using TBS v3.0, which is 

believed from anecdotal experience (and from lack of changes to the GUI software’s 
perceptual testing module) to have exhibited similar behavior.   
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7.1.1.4. Force Threshold Calibration 

The transmission and implementation of threshold values (both automatically computed 

and manually entered) from the haptic system GUI (Figure 28) to the control module was found 

to be intermittently unreliable.  Extensive time was spent documenting various discrepancies 

between the intended and de facto thresholds, but no consistent pattern to system misbehavior 

was identified. 

7.1.1.5. Variable Sensor Performance 

Subsequent to the VA Clinical “Dry Run” (June 2015), I experienced increasing degrees 

of variability in sensor responsiveness on various sensor insoles and sensor elements.  At is worst, 

this issue became so persistent that a data collection session for the Multi-Functional Study at 

NMCSDx (being continued concurrently) was aborted and re-scheduled. Shortly thereafter, I 

identified the root cause to be a series of brittle and slowly-failing soldered wire connections 

between the sensor module’s transmitter circuit board and the insole attachment cable. 

7.1.2. TBS v3.5 – Performance Issue Diagnosis and Engineering Solutions 

The resolution of the above performance issues with TBS v3.5 was a prolonged 

engineering effort that spanned many months, from July 2015 through May 2016.  In mid-

January 2016, Farus began the process of granting me access to the TBS source code and 

corresponding coding environment so that I could further investigate and diagnose the above 

performance issues and implement solutions.  The following represents a high-level summary of 

my diagnoses made and solutions implemented.   
																																																								

x Multi-Functional Study data collection with Subjects MTx-01 through MTx-04 had been 
conducted using TBS v3.0. After materiel transfer of TBS v3.5 to UCLA, the Multi-
Functional Study was continued with UCLA’s copy of the system, operated in unilateral 
mode, under the assumption of functional equivalence between the two system versions. 
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7.1.2.1. Solution to Control Module Freezing Behavior 

Having previously experienced a similar set of symptoms with the CASIT TBS v2.0 

when the system was operated for prolonged periods (typically 30 minutes or longer), I 

diagnosed the problem to be caused by (or associated with) over-heating of the PIC 

microcontroller at the heart of the control module.  My solution was to apply an adhesive copper  

 
Figure 35: Copper Heat Sink on Farus TBS Microcontroller 

heat sink directly to the microcontroller (Figure 35), which mitigated the symptoms significantly, 

reducing the typical system usage time before onset of freezing behavior to roughly 45 minutes – 

sufficient to proceed with concurrent clinical testing at NMCSD. During extended clinical testing 

sessions, this problem is adequately managed by turning off the TBS for intermittent periods of 

non-use during the study protocol. 

7.1.2.2. Reliability of Perceptual Testing Interface 

The root cause of TBS v3.0/3.5’s inconsistent perceptual command execution was 

eventually identified to be a matter of wireless communication bandwidth competition between 

the active XBee RF transceivers on all active transmitter board(s), control module(s) (AKA 
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“receivers”), and the laptop running the Haptic System GUI software (Figure 27).  In short, the 

control module XBee’s “receive” buffer was being periodically saturated with data packets, 

causing some packets – most notably, the perceptual test command packets send from the GUI– 

to be ‘lost in transmission.’   Reducing the number of actively transmitting XBee modules by 

turning off all other transmitter boards and the contralateral receiver board partially addressed 

the problem, reducing the packet drop rate from the neighborhood of 20% down to 12%, but did 

not solve the problem entirely.   

The remainder of the solution was to re-configure the manner in which the GUI receives 

and displays live data.  Rather than receiving and displaying a live-streamed ‘efferent copyxi’ of 

actuated balloon inflation levels from the Receiver, the GUI software was re-configured to 

employ a “virtual balloon display” based on a parallel implementation of the Receiver (Rx)’s 

feedback encoding algorithm, applied to sensor data received directly from the Transmitter (Tx).  

By obviating the need for the Rx to transmit this ‘efferent copy,’ this software restructuring 

enabled a significant reduction in the frequency of data transmissions from the Rx XBee 

transceiver. After the Rx system code was modified to transmit data only when necessary to 

communicate a state change to the laptop control center, the perceptual testing module’s 

flakiness was resolved, and a successful transmission rate of virtuallyxii 100% was achieved. 

 

																																																								
xi By way of analogy, if the combination of the receiver board and laptop control center are 

collectively considered the “brains” of the haptic system and the solenoid valves are 
envisioned as the motor periphery, then the report of actuated balloon levels sent from the 
receiver to the laptop could be likened to an efferent copy145 of motor commands. 

 
xii After this change, dropped packets were infrequent enough that they could not be practically 

or reliably counted. 
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7.1.2.3.  Reliability of Calibration Module  

The aforementioned inconsistency of calibration module function was partially a 

symptom of the above issue of XBee bandwidth saturation, but also a manifestation of a couple 

other software bugs.  The first was a series of variable naming/assignment bugs in the GUI C 

code, which confused the assignment of left vs. right system thresholds as well as the ordering of 

threshold levels 1-3 in several places. A much more insidious bug that took months to properly 

identify (and confounded other areas of haptic system development) resulted from the use of the 

C language’s default signed rather than unsigned “char“ data type when disassembling threshold 

values into 8-bit characters, transmitting them in XBee data packets, then re-assembling them on 

the receiving end.   In short, any time the GUI or Receiver attempted to send a numeric value of 

127 or greater (thus saturating bits 1-7 and turning the most-significant 8th bit in a given byte to 

1), the byte was erroneously interpreted as a negative value on the receiving end (Rx or GUI, 

depending on context). This issue was resolved by changing the data type from “char” to 

“unsigned char” wherever negative values were not required. 

7.1.2.4. Inconsistent Sensor Behavior  

As mentioned previously (Section 7.1.1.5), the root cause of erratic sensor readings was 

identified to be a failing soldered wire connection on one of the Transmitter boards.  More 

generally, it was found that all crimped or soldered connections within the TBS were susceptible 

to this kind of failure, owing to a mechanical impedance (i.e. flexibility) mismatch at the 

interface between crimped or soldered connections and the short (~1-2mm) connected span of 

stripped wire, which became a focal point for repeated bending.  Due to the stranded wire used, 

this failure was usually gradual rather than sudden, resulting in intermittent periods of proper and 

sporadic sensor behavior.  Making the problem even harder to address was the manner in which 
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the transmitter board randomly assigns different sets of wire connection ports to different analog-

to-digital conversion (ADC) channels on the ADC chip, causing it to appear that a different 

sensor (heel, toe, medial, lateral) was broken on each different insole that was plugged in to the 

same transmitter board. 

   
Figure 36: Protective Hot Glue Encasing on Wire Interconnects – Tx Board (soldered connections, left 

and center), and Sensor Insole Connection Cable (crimped connections, left) 

To address this problem, I re-soldered the broken connection and encased all connections 

of this type throughout the haptic system (including the transmitter board and the wire 

interconnects on all sensor insole cables) in hot glue, as depicted in Figure 36. 

7.2.   Wearable Tactile Biofeedback Re-Envisioned: “TBS Version 4.0” 

7.2.1. Overview of Upgraded System Features: version 4.0 

Concurrently with the troubleshooting of the TBS v3.5 performance issues described 

above, the status of the planned VA Clinical Study (Section 6.3) grew increasingly uncertain, 

owing to a decreasing availability of our VA collaborators to conduct research studies as the 

result of VA organizational changes and increased clinical workloads.  In light of this uncertainty 

and the promising but overall mixed clinical findings to date regarding the effects of wearable 
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tactile biofeedback on functional gait and balance in the lower limb amputee and neuropathic 

populations, I set out to dramatically expand and re-envision the purpose of the haptic system, 

beginning in January of 2016. The following is an overview of the performance enhancements 

and expanded system capabilities that I have incorporated into the haptic system in the period 

from January through July, 2016.  The resulting upgraded Tactile Biofeedback System is dubbed 

TBS “Version 4.0.” 

 
Figure 37: Updated Graphical User Interface (GUI), TBS v4.0 

The list of expanded features and capabilities of TBS v4.0 is visually reflected in the 

updated graphical user interface (GUI - Figure 37).  These features include the following; 

• Differential Feedback Scheme – As an alternative to the traditional biofeedback 

scheme that provides 1-to-1 sensor-to-actuator mapping, I devised a new feedback 

scheme that processes sensor output and presents feedback in a simplified, intuitive, 

fashion, specifically geared towards the task of single leg balance.  
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• Real-Time Gait Analysis and Telemetry – To expand the TBS’ potential as tool for 

rehabilitative gait re-training, I developed a set of algorithms that analyze gait in real 

time based on the sensor insole data, display real time gait telemetry through the GUI, 

and record this telemetry data (in addition to raw sensor data) for later analysis. 

• Instructive Feedback Modes for Gait Modification – Three new modes of system 

operation that provide instructive feedback to TBS users in real time based on the new 

gait analysis algorithms mentioned above 

• Adjustable Sensor Data Filtering Parameter – An upgraded sensor data filtering 

scheme that uses an adjustable moving window average to reduce sensor noise, while 

lowering system response time.  

• Composite Sensor Encoding Scheme – An advanced mapping of sensor values that 

quantifies anterior foot loading using a combination of medial, lateral, and toe (hallux) 

sensors, to account for variations in anterior loading patterns among TBS users 

 

All of the above operational modes and adjustable performance parameters required vast 

expansion and inter-operability between the TBS control module and the web browser-based 

GUI, so that hard re-coding of the control module (embedded in the feedback cuff – Figure 25) 

would not be required to change between modes and settings.  Implementing this level of 

versatility required an extensive amount of writing and modifying both the control module’s PIC 

microcontroller code (written in C) and the haptic system’s GUI code (written in a combination 

of C and .html).  (Estimated: 8,000 – 10,000 total lines of new code).  The functionality of the 

above features of TBS v4.0 is detailed in the following sections. 
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7.2.2. Alternative Actuation Scheme: Differential vs. Biofeedback Modes 

A common piece of user feedback that I had received from amputee subjects during the 

Pilot Gait Lab and Multi-Functional studies at NMCSD was that feedback was perceptible, but 

that it was often a bit overwhelming and difficult to discern a meaningful signal from it.  

Accordingly, I sought to develop a more streamlined feedback scheme that provided less overall 

tactile stimulation, while increasing the amount of actionable information provided and reducing 

the cognitive load required to perceive and functionally integrate the feedback. 

To this effect, I devised a Differential feedback scheme that provided feedback 

proportional to the (estimated) offset in center of pressure from the center of the foot.   The most 

basic implementation of this scheme provides feedback proportional to the difference between 

medial and lateral sensor values, and the difference between heel and toe sensor values.  

7.2.3. Composite Sensor Encoding 

As mentioned regarding peripheral neuropathy patients (Section 6.2.2), achieving 

accurate sensor placement on the right areas of the foot to detect and provide feedback of key 

gait events and weight shifts was an ongoing challenge with the haptic system.  In particular, 

there appeared to be much variation in common centers of pressure exhibited by different 

individuals, with many subjects with peripheral neuropathy seldom placing much load on their 

big toe (hallux), but instead on their first metatarsal head.  This variation in loading patterns 

resulted in a difficult choice as to which sensor (or combination of sensors) should be counted as 

the “toe” for each subject, with many subjects regarding the medial ball of their foot (where the 

“medial” sensor is placed) as their “toe.” 
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To address this problem, I formulated the following composite toe parameter using for 

delivery of feedback to the anterior actuator block: 

Toe_Comp = toe + 0.75*medial + 0.66*lateral 

, where toe, medial, and lateral are the corresponding sensor values, and the coefficients 0.75 

and 0.66 for the medial and lateral sensors were chosen as estimations of the anterior-posterior 

distance (‘moment arm’) of these sensor locations relative to the span from heel-to-toe sensors.   

In conjunction with this composite toe parameter, I used a set of composite toe thresholds 

computed using the same weighted linear superposition of toe, medial, and lateral sensor 

thresholds for a given level (1-3): 

Toe_comp_threshi = (toe_threshi + 0.75*med_threshi + 0.66*lat_threshi)*Sap 

, where Sap is a sensitivity scale factor (default value = 0.8) that accounts for the fact that 

individual thresholds are computed based on maximum sensor loading in each respective 

location, but that this maximum loading cannot occur simultaneously in all three locations.  

Subsequently, I implemented the composite toe measure for the differential feedback 

mode as well, so that when the composite toe mode was selected via the haptic system GUI, it 

would apply both to the standard biofeedback and differential modes.  In order to account for the 

addition of multiple sensor values in ‘differential + composite toe’ mode (thus creating an 

artificially high “toe” value), I computed the anterior-posterior COP parameter as  

AP_COP = toe + 0.75*medial + 0.66*heel – 2.61*heel 

, where the weighting coefficient of 2.61 for the heel sensor value was chosen so that if all 

sensors are weighted equally, the resulting AP_COP parameter would be zero, thus providing no 

feedback in the AP direction.  This same coefficient was applied in defining the thresholds for 
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the AP_COP parameter as well, to achieve a linear superposition of threshold values analogous 

to that used for toe_comp_thresh, above. 

7.2.4. Real-Time Gait Analysis: Step Recognition Algorithm 

In addition to the above differential and composite-toe modes/settings that applied to 

real-time tactile feedback, I also developed three instructive modes that analyze gait in real time 

and provide feedback regarding various gait parameters on a once-per-gait cycle basis.  At the 

heart of each of these modes lies a real-time step recognition algorithm that recognizes the 

beginning and end of each loading cycle, using a multi-frame stance state buffer to account for 

transient sensor noise around the start and end of each step.  The step recognition algorithm 

works as follows: 

• The foot is assigned a boolean state variable (“stance”) that characterizes the current state 

of the foot – either loaded (stance phase) or unloaded (swing phase).  This state variable is 

initialized to zero (swing phase) when the TBS enters one of the instructive gait phases 

and is then iteratively re-assessed each data frame. 

• Each data frame where any of the four sensors registers a level of 1 or greater (defined by 

the “level 1” force thresholds established during calibration) is designated as a stance 

frame in a circular array buffer of three frames.  

• To change the stance state variable from “swing” to “stance” (or vice versa) requires three 

consecutive data frames (assessed using the buffer) to be of the same state, and different 

from the current state.  
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7.2.5. Instructive Gait Modification Feedback Modes 

Building on the above step recognition algorithm, I developed the following three 

instructive feedback modes:   

• Gait Cadence Mode: Based on the knowledge that variability in stride time (i.e. gait cycle 

time) and other spatiotemporal gait parameters has been linked to an elevated risk of falls 

in elderly populations129,124, and that voluntarily reducing stride time variability can 

increase the medial-lateral margins of stability during gait130, the Gait-Cadence mode 

provides instructive feedback that cues the user to achieve a steady stepping frequency 

within a narrow range around a target gait cycle time.  This target stride time can be 

modified in real time through the updated haptic system GUI.  As well, when operating in 

this mode, the GUI provides real-time telemetry of the most recent stride time, plus the 

average stride time over the past 10 gait cycles (Figure 37, right side of panel). The concept 

for displaying such real-time telemetry is to provide physical therapists with a tool for 

assessing and providing instructive feedback regarding gait quality in real time.    

• Gait Symmetry Mode: This mode applies the same step recognition algorithm as the Gait-

Cadence mode to the left and right insole data simultaneously, recognizing both ipsilateral 

and contralateral steps, and providing user feedback that cues the user to achieve 

symmetrical stance times between the two feet during gait.  This mode is of high clinical 

significance to unilateral amputees, who have been widely characterized to exhibit a high 

degree of asymmetry in both stance times and load bearing between prosthetic and sound 

limbs in terms, and for whom improving gait symmetry is an important clinical 

objective19,40. 
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• Peak Force Localization Mode: This mode is essentially a step-wise implementation of 

the differential feedback mode, providing feedback to the user proportional to the 

difference between peak medial and lateral sensor values for the most recently completed 

step. This type of feedback may be of clinical relevance to measuring and providing 

feedback regarding COP progression and/or foot alignment during gait. As previously 

described (Chapter 5), the maximum lateral excursion of plantar pressure during gait has 

been identified as a potential measure of dynamic instability during prosthetic gait.  By 

notifying the user of imbalances between medial-lateral peak pressures during gait, this 

mode could potentially help users improve their stability by maintaining a well-aligned 

COP progression and avoiding lateral COP excursions.   

For each of the above three gait modification modes, feedback is delivered as a single 

pattern of balloon inflations upon completion of each step (i.e. immediately following toe-off), 

during the swing phase of gait.  Feedback levels and locations are assigned using a tiered scheme, 

as described below, using Gait-Cadence Mode as an example.  First, each each stride time 

(measured from sequential toe-off events on the same foot) is compared against the target stride 

time (set through the GUI – default 1000ms, corresponding to 60 steps per minute) and then 

assigned to one of the four following tiers: 

• Tier 0 (No Feedback): measured stride times fall within 2.5% of target times 

• Tier 1 (Level 1 Feedback): measured stride times differ from target stride times by 

between 2.5% and 5% 

• Tier 2 (Level 2 Feedback): measured stride times differ from target stride times by 5-

10% 

• Tier 3 (Level 3 Feedback): measures stride times differ from target stride times by 

greater than 10% 
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For each of the above tiers, inflation patterns take the same form as the pre-programmed 

inflation sequences delivered during perceptual testing (Section 5.1.2): for tier N, feedback is 

delivered as N sequential inflations, accumulating from distal to proximal, staggered by 100ms. 

The N balloons remain inflated for 0.75 seconds, and then deflate simultaneously.  The 

sensitivity thresholds for each tier (2.5%, 5%, and 10%, as described above) can be adjusted in 

the TBS microcontroller code.  Future versions of the TBS should enable adjustment of these 

thresholds through the GUI. 

Regarding feedback location, stride times longer than the target times receive feedback 

on the anterior thigh (denoting ‘speed up’), and stride times shorter than the target times receive 

feedback on the posterior thigh (denoting ‘slow down’).  Analogous feedback schemes are 

applied to the medial and lateral aspects of the thigh in Gait-Symmetry and Gait-Peak Force 

modes, proportionally to differences between left and right foot stance times, and between 

medial and lateral peak forces.  

7.2.6. Adjustable Real-Time Filtering Parameter 

To account for variable levels of sensor noise between different sensor insoles, I also 

implemented an adjustable filtering factor (“Nframes”) that could be set through the GUI, to alter 

the number of data frames over which sensor values were averaged by the receiver board in 

computing real-time feedback levels.  This parameter acts as low-pass filtering factor for real 

time sensor data, with a natural tradeoff between filtering out noise and minimizing feedback 

latency. This adjustable filtering scheme presents an improvement over TBS v3.0’s data filtering 

scheme in two regards.  First, TBS v3.5 (and v3.0) had a static “Nframes” factor set to 5 frames 

(at a frame rate of 50Hz, the maximum supported by the XBee RF transceivers), which resulted 

in the variable and higher-than-desirable system response times characterized previously 
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(Section 7.1.1.2). By lowering this filtering factor to one (no filtering), I was able to significantly 

decrease the haptic system’s response time (from sensor contact to ‘level 1’ valve activation) and 

response time variability from 77.9 ± 33.3 (mean ± SD, n=13) to 17.2 ± 5.2 (n=15) milliseconds 

(p < 0.0001).  With Nframes = 3, the system exhibited an average response time of 50.2 ± 

24.7ms (n = 16).  

In practice, I found the TBS to work stably, with minimal appreciable valve flutter with a 

filtering window of just 1 or 2 frames.  In general, a higher filtering factor is desirable for sensors 

with more inherent noise, and for use cases (such as the gait modification modes) where 

feedback is not directly relied upon for maintaining dynamic stability in challenging balance 

tasks (e.g. single leg stance).  

In addition to enabling filtering factor adjustment, I also re-configured the filtering 

algorithm to implement a moving window average rather than a block average.  Whereas TBS 

v3.5 averaged together successive non-overlapping sets of N data samples, my updated filtering 

scheme averaged together a moving window of the N most recent samples, evaluated separately 

for each new data sample received.  This improved filtering scheme was designed achieve a 

faster (and less variable) response times without decreasing the amount of filtering provided, for 

any given filtering factor used. 

7.2.7. Expanded Data Output Files 

In conjunction with each of the above gait modes and user settings, I significantly 

expanded the data output file that the haptic system GUI creates when the “record” option 

(Figure 37) is selected by the user (therapist/clinician).  The evolution from the initial (v3.0) to 

final (v4.0) embodiment of the data output file is depicted below, in Figure 38. Each data output 

file for TBS v4.0 contains a header with the following information: 
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• Recording Start Time (time stamp from GUI laptop) 

• User ID (manually entered in GUI “User ID” field – optional) 

• File Comments (e.g. description of current trial condition – manually entered in GUI 

“User ID” field – optional) 

• System Operation Mode for both left and right systems 

• System configuration settings: Composite Toe mode (on/off) and Nframes (number of 

frames used for moving window average filter) 

• Calibration Values (force thresholds) – including composite threshold values (if in 

composite toe mode 

  

 
Figure 38: TBS Data Output Files – original data file format (top), and expanded format, with headers & 

gait telemetry (bottom) 
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In addition to the file header and (filtered) sensor data time series (provided for all system 

modes), the updated data file also lists a time series history of the gait telemetry parameters and 

an “efferent copy” of feedback levels provided by the gait modification modes in real time.  The 

set of reported parameters varies according to the system operation mode at the time of recording, 

as summarized in Table 13. 

Operational 
Mode 

Sensor 
Values 

Gait Event 
Timestamps 

Stride 
Times 

Stance 
Times 

Peak M/L 
Forces 

Feedback 
Log  

Standard 
Biofeedback X      
Differential 
Feedback X      
Gait Mod - 
Cadence X X X   X 

Gait Mod - 
Symmetry  X  X  X 
Gait Mod –   
Peak Force  X   X X 

Table 13: Data File Output Parameters, by Operational Mode – TBS v4.0 

7.3.  TBS v4.0 – Engineering Performance Verification 

The performance of the step recognition algorithm forming the basis of the above three 

gait modification modes was verified by comparing plantar pressure data recorded with the 

Pedar-X system to the corresponding log of stride times, as reported in the TBS data output text 

file (Figure 38). This test data set was collected with a volunteer healthy subject during 

overground walking at the NMCSD Gait Lab.  A scatter plot of the stride times measured with 

the Pedar system vs. the corresponding stride times reported as TBS gait telemetry is shown in 

Figure 39.  As evident from the scatter of points about the “x = y” line representing perfect 

agreement (correlation coefficient: R = 0.879), the accuracy of TBS v4.0 telemetry values was 



	

	 124	

good enough to suggest proper system functionality, but variable enough to highlight sensing 

limitations in the TBS architecture. 

 
Figure 39: Scatter Plot of TBS Telemetry Stride Times vs. Pedar-X Stride Times for Experimental Data 

Set. Green points denote stride times differing by less than 5%, yellow points denote those differing 
by 5-10%, and red points denote measurements differing by greater than 10%. 

 

Of the 38 corresponding pairs of stride times obtained, 23 (~60%) differed by 5% or less.  

Another 11 points (~30%) differed by between 5 and 10%, and 4 points (~10%) different by 

more than 10%.  Deviations from perfect agreement may be attributable to several factors.  First, 

the sampling rate of 50Hz and the lack of synchronization between TBS and Pedar sampling 

provides one major source of error.  Here, a difference of just 1 data frame (20ms) in the 

attribution of heel strike or toe off can create a roughly 2% deviation in stride times relative to a 

stride time of 1 second.  Indeed, both the Pedar and Haptic systems are subject to sensor noise 
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and subtle mismatches in step recognition thresholds that could easily create stride time 

deviations of 2-3 data frames (40-60ms). 

Further, the haptic system’s limited sensing “footprint” of just 4 quarter-sized sensors 

relative to the Pedar insoles’s complete foot coverage renders the TBS subject to slight variations 

in the registration of gait events (heel strike, toe-off) based on variations in foot loading pattern. 

For instance, a lateral toe roll-off may be registered as a slightly shorter step by the TBS, which 

may fail to register a short interval of the terminal stance period.  The decreased mean of the 

TBS relative Pedar-measured stride times (1.233 ± 0.128 vs. 1.257 ± 0.114 sec) appears a likely 

manifestation of this systematic difference.  Finally, the TBS remains subject to small errors in 

gait event timing due to the occasional “dropping” of wireless data packets between the sensor 

and control modules, a consequence of the overall bandwidth limitations of the TBS’ XBee RF 

transceivers. 

All together, the above performance verification exercise confirms the basic functionality 

of the gait analysis and modification algorithms developed in version 4.0 of the Tactile 

Biofeedback System, but warrants further refinement in future versions of the system.  At present, 

it appears likely that much of the variation in the TBS’ gait timing accuracy is a reflection of 

hardware limitations.  Nevertheless, the much-improved functionality and performance of TBS 

v4.0 compared to versions 3.5 and 3.0 provided firm grounds for an additional round of clinical 

testing, as detailed in the following chapter.  

7.4. Pilot Validation Exercise – Gait-Symmetry Instructive Mode 

In addition to the above step recognition validation exercise, I also tested the instructive 

Gait-Symmetry mode with a trans-tibial amputee subject to confirm that he could perceive and 

modulate his gait according to the instructive feedback in real time.  This exercise consisted of a 
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series of five 45-sec bouts of gait on a treadmill at a self-selected speed of 1.3 m/s, separated by 

approximately 1 minute each.  (Subject continued to walk between bouts of recording.) The five 

conditions tested were: 

• Condition 1: Baseline Gait: Subject walking naturally with no instructions for gait 

modification of any kind 

• Condition 2: Attempted symmetrical gait, with no feedback 

• Condition 3: Attempted symmetrical gait, with Standard Biofeedback 

• Condition 4: Attempted symmetrical gait, with Instructive Gait Symmetry Feedback 

(Subject was given approximately 1 minute to practice with this feedback mode prior to 

start of trial.) 

• Condition 5: Attempted symmetrical gait, with no feedback, post-feedback trials 

For each bout of walking, the stance time differentials (prosthetic leg stance time minus 

corresponding sound leg stance time) were computed from Pedar gait data for each stride, using 

the Pedar-X Step Analysis software module (Figure 23). The distribution of these stance time 

differentials (asymmetries) for each feedback condition are summarized in Table 14 and plotted 

below, in Figure 40. 

 Feedback 
Condition 

Avg Stance Time 
Differential 

(Prosthetic – Sound) 

Number of Gait 
Cycles 

p (vs.  
Instructive Fbk) 

Baseline  0.034 ± .046 31 0.0027 

No Feedback 0.006 ± .037 39 0.8026 
Standard 

Biofeedback -0.014 ± .036 39 0.0219 

Instructive Gait 
Symmetry 
Feedback 

0.004 ± .030 38 N/A 

No Feedback 
(post) 0.019 ± .036 44 0.0491 

Table 14: Summary of Stance Time Differentials (Prosthetic minus Sound Limb, Avg ± SD) – Instructive 
Gait Symmetry Feedback Validation Exercise.  P values are from independent t tests of stance time 

differentials vs. Instructive Gait Symmetry Feedback. 
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Figure 40: Box Plot of Stance Time Asymmetries (i.e. Differentials) for Various Feedback Conditions: 

Condition 1 = Baseline (no feedback); Condition 2 = No Feedback, with deliberate attempt at 
symmetrical gait; Condition 3 = Standard Biofeedback, with attempted symmetrical gait; Condition 4 
= Instructive Gait Symmetry Feedback, with attempted symmetrical gait; Condition 5 = No Feedback 
(post-control), with attempted symmetrical gait 

Here, we see that during baseline gait, with no specific attention to gait symmetry, the 

subject exhibited a small (0.034 ± 0.046 sec) stance time asymmetry in favor of the prosthetic leg. 

When deliberately trying to achieve a symmetrical gait without feedback, the subject achieved a 

nearly symmetrical gait in terms of average stance time differential (0.006 ± 0.036 sec), but the 

distribution of stance time asymmetries remained skewed towards the prosthetic leg.  Of all 

conditions, the subject achieved the most symmetrical gait (avg. differential = 0.004 ± 0.030 sec) 

with the instructive gait mode feedback, while his asymmetry was reversed (favoring the sound 

leg) with standard biofeedback.  In the post-control condition of no feedback with specific effort 

on symmetry, the subject’s gait reverted near to his original favoring of the prosthetic limb at 
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baseline, but with a tighter distribution about mean stance time differential.  Independent 2-tailde 

t-tests comparing instructive Gait-Symmetry (G-Sym) mode to each of the other modes yielded 

significant difference between G-Sym mode and every other condition except for no feedback 

with deliberate effort on symmetry. 

Taken in sum, both these results and the subject’s personal account of the feedback 

schemes (he much preferred the instructive symmetry to standard biofeedback mode) corroborate 

the function and effectiveness of the instructive Gait-Symmetry feedback mode as a gait 

retraining tool.  Significantly, the subject was able to make meaningful use of the feedback with 

minimal (approximately 1 minute of) training to significantly reduce his gait asymmetry relative 

to baseline, and he expressed enthusiastic interest in using such a system on a periodic basis for 

routine gait training and “re-calibration.”  Even though this exercise revealed no significant 

difference between the ‘no feedback – attempted symmetry’ and ‘instructive symmetry feedback’ 

conditions, the TBS’ potential role as a subtle but persistent reminder for patients to enact 

biomechanical changes that they are capable of making voluntarily but commonly don’t (due to 

various attentional factors) is remains clinically meaningful. 
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8. Clinical Testing of Tactile Biofeedback System v4.0 

To test the effectiveness of the improved and expanded Tactile Biofeedback System 

“version 4.0” (Chapter 7), I conducted a final set of clinical single leg stance (SLS) experiments 

in n = 17 healthy subjects, plus n = 3 with peripheral neuropathy. The primary objective of this 

study was to test my hypothesis that my newly developed Differential Feedback scheme (Section 

7.2.2) provides a more intuitive and more useful signal than the Standard Biofeedback scheme 

with regard to postural stability during SLS.   

For all three populations, the primary measures of balance performance were single leg 

stance time, mean center of pressure (COP) velocity, root-mean-square COP distance (from 

average position), and 95% COP confidence area – the four measures found to register the 

highest levels of significance in single leg stance trials with unilateral amputees (Section 5.3). 

Secondarily, I also sought to assess differences in user perception, experience, and preference 

between the two feedback schemes using a custom-formulated user experience survey.   With the 

amputee subject, in addition to single leg stance trials, I performed a pilot validation of the Gait 

Modification – Symmetry feedback scheme, by comparing bilateral stance time symmetry 

between several feedback conditions feedback during gait on a treadmill. 

8.1.  Methods 

Single Leg Stance testing with Tactile Biofeedback System (TBS) v4.0 was conducted at 

UCLA (Boyer Hall, Room 660), under an updated version of the same IRB approval as the 

previous haptic biofeedback study detailed in Chapter 6 (UCLA Medical IRB, Study #11-

001294).  The laboratory space, experimental apparatus, and data recording equipment were 
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provided courtesy of collaborating Dr.s V. Reggie Edgerton, Yury Gerasimenko, and Dimitry 

Sayenko.  

8.1.1. Subjects Tested 

SLS testing of TBS v4.0 at UCLA was conducted with two patient populations: first, a 

cohort of n = 17 healthy subjects (mean age 24.5 ± 6 years) was tested, with the aim of achieving 

an adequately powered sample to observe statistically significant differences in balance 

performance between Differential Biofeedback, Standard Biofeedback, and control (no 

feedback) conditions.  The use of healthy subjects was predicated on the assumption 

(/hypothesis) that augmentative task-specific sensory feedback can be functionally helpful in an 

adequately challenging balance task, even for subjects with no known sensorimotor impairments.   

Further motivation for testing in this patient group was the rationale that better understanding the 

abilities of the healthy nervous system to perceive and functionally integrate different forms of 

feedback would provide future insight into the optimization of feedback strategies in 

neurologically impaired populations.  

After testing with healthy subjects, the same SLS testing protocol was repeated in a pilot 

group of n = 3 subjects with non-diabetic peripheral polyneuropathy (mean age 69 ± 4 years), in 

an preliminary effort to translate my findings from healthy subjects into the true target patient 

population.  This pilot study also served as a first-of-its-kind feasibility study investigating the 

effects of tactile biofeedback during single leg stance in individuals with peripheral neuropathy. 

8.1.2. Single Leg Stance Procedures & Data Collection 

SLS trials were conducted using the experimental setup pictured in Figure 41. To 

quantify postural stability during standing balance, SLS trials were conducted on a clinical grade 
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6 degree-of-freedom force plate (Stabilan 01-02, Taganrog, Russia), recording at a frame rate of 

50Hz using StabMed proprietary software. During testing, all subjects stood on their right legs 

with arms folded across the chest, for trial durations of 30 seconds each.  To make the SLS task 

challenging enough for biofeedback to be useful to healthy subjects, SLS was performed with 

eyes closed for healthy subjects only. 

 

 

 

 

     
Figure 41: Experimental Setup for Single Leg Stance (SLS) Trials: Force Plate with Standing Frame 

(left); Subject stance pose and camera angle (right); Data collection console (top): StabMed force 
plate data acquisition software (left screen) and TBS v4.0 graphical user interface (GUI, right) 

SLS trials for each subject consisted of a single practice trial with no feedback, plus a 

series of three 30-second trials for each of the three feedback conditions, in varying order: no 
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feedback (control), Standard Biofeedback, and Differential Biofeedback. To control for ordering 

effects, trials were conducted in three sets of three, each set consisting of one trial of each of the 

3 conditions.  The order of conditions within each set was varied from set-to-set in a way that 

ensured that each condition appeared once first, once second, and once third in the three 

respective sets, so that no condition was biased over any other in terms of order. 

To protect subjects against falls, the force plate was placed within a custom-built standing 

framexiii, with supportive railings immediately to each of the subject’s sides, as well as one in 

front. Subjects were instructed to maintain as steady a posture as possible during all trials.  All 

breaks from the prescribed position (arms crossed, eyes closed) were counted as balance failures, 

as well as any touches of the non-standing foot on the ground (force plate), and any touches of 

the protective railing with any part of the body.  In the event of a balance failure, subjects were 

instructed to resume the prescribed balance position and continue with single leg stance until the 

completion of the 30-second period.  For accurate demarcation of balance periods and counting 

of balance failures, the entire SLS sessions were filmed using a GoPro Hero4 camera, placed at 

an oblique angle to the subject’s left side (Figure 41). I also marked all observed failures in real 

time using a ‘data bookmarking’ feature in StabMed software. 

8.1.3. Data Analysis  

Following SLS trials, raw time series COP data were exported from StabMed software 

and analyzed in MATLAB using an adapted version of the same function previously used to 

analyze prosthetic SLS trials (Chapter 5xiv).  This program filtered raw COP data using a second-

																																																								
xiii The standing frame was built and provided by the lab group of Dr. Joel Burdick at CalTech. 
 
xiv This MATLAB function was adapted from an older function initially developed by Dr. 

Sayenko and colleagues for analyzing force plate COP data.   
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order low-pass Butterworth filter with a cutoff frequency of 5 Hz before computing outcome 

measures for the designated (manually selected) time window(s). For each trial, the COP data 

from the longest period of balance achieved during the allotted 30-second trial was analyzed to 

obtain the COP measures of interest (computed as specified in Section 5.1.4.1).  As was done for 

the previous SLS trials with amputee subjects, each subject’s average parameter value was taken 

as the average of the two longest trials, and the third trial value was discarded (though plotted in 

the figures below, for reference).  Paired T-tests were then used to conduct pair-wise 

comparisons between the three feedback conditions, respectively. Due to the high degree of 

parameter inter-correlation observed previously and the decreased number of parameters 

evaluated in this study, a post-hoc Benjamini-Hochberg correction was not applied.  The 

problem of multiple comparisons is discussed in the interpretation of results. 

8.2.  Results & Discussion – Healthy Subjects 

8.2.1. Single Leg Stance Results in Healthy Subjects (n = 17) 

Results from SLS trials with healthy subjects are summarized in Table 15.  Of the 

parameters tested, the only statistically significant (p < 0.05) differences observed between 

feedback conditions were reductions in mean COP velocity with Differential relative to no 

feedback.  Average values for mean COP velocity in the AP, ML, and 2D directions were 

reduced by 4.9% (p = 0.045), 5.3% (p = 0.045), and 5.2% (p = 0.021) relative to average values 

with no feedback.  All other differences in average parameter values between feedback 

conditions were not statistically significant (p > 0.05).  
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Stance 
Time 

(s) 

RMS-
2D 

(mm) 

RMS-
AP 

(mm) 

RMS-
ML 

(mm) 

mVEL-
2D 

(mm/s) 

mVEL-
AP 

(mm/s) 

mVEL-
ML 

(mm/s) 

AREA-
CE 

(mm2) 
No Fbk Avg 24.633 17.810 13.274 11.793 80.258 46.863 55.040 2973 

 
SD ± 6.525 ± 3.068 ±2.479 ±1.844 ± 12.866 ± 9.521 ± 8.833 ± 1021 

Std 
BioFbk Avg 24.889 17.583 13.304 11.396 79.382 47.254 53.802 2891 

 
SD ± 3.927 ± 2.872 ± 2.489 ± 1.778 ± 15.444 ± 9.448 ± 11.285 ± 930.3 

Diff 
BioFbk Avg 24.297 17.060 12.581 11.422 76.053 44.553 52.140 2708 

 
SD ± 6.123 ± 2.202 ± 1.826 ± 1.569 ± 12.228 ± 9.143 ± 7.808 ± 683 

p values (Paired T-Test) 
NoFbk vs. 
Std BioFbk 0.8076 0.7013 0.9599 0.1613 0.6679 0.8042 0.3876 0.6637 

NoFbk vs.  
Diff BioFbk 0.7990 0.1568 0.1639 0.2669 0.0214 0.0451 0.0450 0.1220 

Diff vs. Std 
BioFbk 0.6325 0.3414 0.1661 0.9305 0.1902 0.1231 0.3265 0.2928 

Table 15: Summary of SLS Results - TBS v4.0, Healthy Subjects.  Shading color convention for average 
values: Yellow: differences of < 2% relative to control (no feedback); light green: improvements of 
between 2 and 5%; dark green: improvements of > 5%. P values highlighted in green indicate 
statistical significance (p < 0.05) 

 
Scatter plots depicting the variation and spread of parameter values for mean 2D, AP, and 

ML COP velocity in individual subjects appear below, in Figure 42 and Figure 43.  Analogous 

scatter plots for the additional parameters that did not register statistically significant differences 

are provided in Appendix C.  All figures take the same form as those in Chapter 5:  points are 

clustered in sets of three columns for each subject, with points in the left-hand columns (Subject 

ID = N) representing parameter values without feedback, points in the middle columns (Subject 

ID = N.3) depicting values for Standard Biofeedback trials, and points in the right-hand columns 

(Subject ID = N.6) showing the values for Differential Biofeedback.  In each column, the blue 

cross denotes the average of the two single-trial values appearing in green, and the black “x” 

denotes the discarded point (shortest trial).  For trials with equal stance times for all three trials, 

the trial with the lowest mean 2D COP velocity was discarded.  
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Figure 42: Mean COP Velocity, Healthy Subjects 1-9: 2D (top), AP (middle), ML (bottom) 
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Figure 43: Mean COP Velocity, Healthy Subjects 10-17: 2D (top), ML(middle), AP (bottom)  
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8.2.2. Discussion of Single Leg Stance Results from Healthy Subjects 

The statistically significant decrease in mean COP velocity during single leg stance with 

differential compared to no feedback (with no comparable finding relative to biofeedback) 

supports my primary hypothesis that my new differential biofeedback scheme is a more effective 

form of biofeedback than the traditional biofeedback scheme used by the Tactile Biofeedback 

System for improving functional balance in first-time TBS users.  This finding is highly pertinent 

to the use of tactile biofeedback systems in rehabilitation settings, where the use (and therefore 

the clinical benefit) of rehab devices diminishes significantly with the amount of training and/or 

prolonged usage required to obtain clinical benefits. 

To qualify this finding, I first acknowledge the statistical caveat that the pair-wise 

comparisons used to obtain the p values listed in Table 15 represent a form of the multiple 

comparisons problem, and that a rigorous correction would likely render the p values for mean 

ML and AP COP velocity (unadjusted p = 0.045) above the threshold for significance.  The 

overall 2D mean COP velocity (unadjusted p = 0.021) could withstand a small adjustment (e.g. a  

Bonferroni correction factor of 2) while maintaining significance, which makes this parameter an 

appropriate focal point for further discussion and analysis. 

As another statistical qualification, I note that a direct comparison of balance 

performance between the differential and standard biofeedback schemes did not yield any 

statistically significant differences.  This finding may be attributed to the increased variability in 

response to standard vs. differential biofeedback schemes.  Looking at Figure 42 and Figure 43 

for mean 2D COP velocity across all healthy subjects, a mild-to-moderate downward trend is 

evident for mean differential feedback values relative to controls.  Of the three subjects 

exhibiting increases in mean 2D COP velocity with differential biofeedback relative to control, 
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only one of these differences (Subject 17) represents a change of greater than 5%.  By contrast, 

the response of subjects to standard biofeedback is highly polarized with regard to mean 2D COP 

velocity, with numerous subjects exhibiting sizeable improvements and many others showing 

marked sharp (>10%) reductions in performance.  In a number of cases, subjects exhibited 

improved performance with differential feedback but substantially impaired performance with 

standard biofeedback.  The reverse does not hold true: with respect to mean 2D COP velocity, 

only one subject (Subject 6) who improved performance with standard relative to no feedback 

exhibited worse performance with differential relative to no feedback, and this change was 

minimal – well within the measurement noise. 

In addition to explaining the lack of statistically significant differences in performance 

with standard vs. differential biofeedback, this divergence of response is clinically significant, 

suggesting that differential feedback may be a more reliably effective form of feedback to use 

across a diverse patient population.  Meanwhile, it also appears that standard biofeedback can be 

more effective than differential biofeedback for some individuals, depending one or (likely) 

more distinguishing personal factors.  Though the identification of such factors remains an area 

for further inquiry in future studies, I would hypothesize that this variability may be explained 

largely by differences in user ability to perceive and distinguish directional signals from the 

ensemble of stimuli present in the standard biofeedback scheme.  Further, I anticipate that the 

variability in response to standard biofeedback would diminish with prolonged usage and 

training, as the nervous system learns to perceive, interpret, and integrate the feedback into the 

control of motion.  

Anecdotal user feedback suggests such a distinction between standard biofeedback 

“responders” and “non-responders.” While subjects who preferred the differential feedback 
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scheme commonly described the standard scheme using terms such as “too noisy,” 

“unintelligible,” or “random,” subjects preferring the biofeedback scheme noted that they felt 

they got more information out of it.  For instance, Subject 14 noted that he found the biofeedback 

scheme to provide useful information when he felt his body beginning to rotate.  Another subject 

(#3) noted that she preferred the simplified directional scheme provided by the differential 

feedback, but that she would find it even more useful if it provided greater spatial resolution – 

for instance, by using eight actuator arrays instead of four.  To synthesize, the combination of 

SLS data and TBS user experience suggests that feedback schemes containing more information 

can ultimately be more effective as sensory augments for improving functional balance, but that 

the utility and effectiveness of feedback is constrained by the limits of user perception – most 

likely in training-dependent fashion. 

Also in the vein of user perception, attentional and cognitive factors seem to play a role 

in defining response to biofeedback as well.  Notably, Subject 17 – the one subject who exhibited 

a substantive decrease in stability (re: mean 2D COP velocity) with differential vs. no feedback 

was an experienced dancer who described her balance strategy as focusing on the musculature 

engagement in her core and her hip extensors and adductorsxv, trying to maintain a rigid “plumb 

line” from the spine through the standing leg, while trying to ignore the feedback as much as 

possible.  Curiously, this subject performed slightly worse (on average) with differential 

compared to standard biofeedback, which would intuitively seem more distracting, based on the 

increased number of active feedback balloons.  However, this difference was small and most 

likely does not represent a significant difference.   

																																																								
xv Cited as such by the subject herself 
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In any event, this subject’s account reinforces the notion that user attentiveness, 

perception, and overall experience of the feedback are key factors in determining its 

effectiveness in improving functional stability.  Further, the subject’s expressed strategy of trying 

to maintain rigid body alignment lends new insight into the question of how to use the feedback 

most effectively.  In juxtaposition to NMCSD amputee subject MTx-02, who appeared able to 

increase both his single leg stance times and his COP measures of stability by increasing 

postural sway, Subject 17’s reduced balance performance while maintaining postural rigidity 

suggests that effective use of biofeedback entails active attention and dynamic modulation of 

task-related neuromuscular systems based on sensory feedback. 

8.3.  Results & Discussion – Peripheral Neuropathy 

8.3.1. Single Leg Stance Results in Peripheral Neuropathy (n = 3) 

Results of SLS testing with neuropathy subjects are summarized in Table 16. Remarkably, 

with a sample of just n = 3, a decrease in mean medial-lateral COP velocity with differential 

biofeedback relative to no feedback registered as statistically significant (p = 0.030).  While no 

other differences in means between feedback conditions reached the level of significance (α = 

0.05), a dominant majority of these differences represent shifts in a positive (functionally 

beneficial) direction, as indicated by the color coding of means in Table 16. 

The distribution of key parameter values for all subjects is depicted in the following 

figures, using scatter plots of the type shown (and described) Section 8.2.1.  In each of these 

plots, a fourth data set denoted by Subject ID = 0 is shown for comparison, representing a 

preliminary SLS data set collected with Subject 1 just over one month prior to the primary data 

set used for aggregate analysis. This data set was not included in the aggregate analysis due to  
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Stance 
Time 

(s) 

RMS-
2D 

(mm) 

RMS-
AP 

(mm) 

RMS-
ML 

(mm) 

mVEL-
2D 

(mm/s) 

mVEL-
AP 

(mm/s) 

mVEL-
ML 

(mm/s) 

AREA-
CE 

(mm2) 
No Fbk Avg 27.660 12.453 9.617 7.835 58.262 38.022 36.336 1450 
  SD ± 3.309 ± 2.443 ± 2.211 ± 1.122 ± 10.853 ± 9.199 ± 4.355 ± 548.3 
Std 
BioFbk Avg 29.777 12.436 10.079 7.220 53.708 35.674 33.096 1394 

  SD ± 0.316 ± 2.684 ± 2.596 ± 1.009 ± 10.726 ± 8.504 ± 4.963 ± 519.2 
Diff 
BioFbk Avg 27.117 11.983 9.490 7.177 52.089 34.855 31.498 1301 

  SD ± 2.040 ± 1.686 ± 1.153 ± 1.156 ± 8.307 ± 7.381 ± 3.218 ± 383.7 
p value (Paired T Test) 

NoFbk vs. 
BioFbk 0.4801 0.9777 0.3708 0.2985 0.2072 0.3485 0.1311 0.6698 

NoFbk vs. 
Diff Fbk 0.8105 0.4763 0.8803 0.0846 0.0986 0.2745 0.0304 0.3448 

Diff Fbk vs. 
BioFbk 0.1882 0.6207 0.6314 0.8904 0.5100 0.4116 0.4803 0.4937 

Table 16: Summary of SLS Results - TBS v4.0, Subjects with Peripheral Neuropathy (n=3).  Shading 
color convention for average values: Yellow: differences of < 2% relative to control (no feedback); 
light green: improvements of between 2 and 5%; dark green: improvements of > 5%. P values 
highlighted in green indicate statistical significance (p < 0.05). 

 
several associated confounds, including the fact that it was collected as an ad-hoc add-on at the 

end of a much longer session that began with bilateral stance trials, and that the ordering of 

conditions did not adhere to the controlled variation scheme described in Section 8.1.2. (The 

ordering bias was towards differential biofeedback trials later in the session, which may account 

for the longer stance times with this condition.)  Despite the previous exposure of neuropathy 

Subject 1 to feedback, it was assumed that the intervening month since first exposure would 

minimize any potential training effects. 
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Figure 44: Single Leg Stance Times - Peripheral Neuropathy (n ~ 3.5).  

 

 
Figure 45: 95% Confidence Area during Single Leg Stance - Peripheral Neuropathy (n ~ 3.5) 
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Figure 46: Mean COP Velocities during SLS, Peripheral Neuropathy (n ~ 3.5) 



	

	 144	

 

 

 
Figure 47: RMS COP Distance, Peripheral Neuropathy (n ~ 3.5) 
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8.3.2. Discussion of SLS Trial Results in Peripheral Neuropathy 

The results of SLS testing in subjects with peripheral neuropathy largely align with those 

observed in healthy subjects, and with the corresponding previous discussion (Section 8.2.2).  

The most-significant-difference of a reduced mean medial-lateral COP velocity (p = 0.030) with 

Differential Biofeedback relative to no feedback provides further evidence of the Differential 

feedback scheme’s improved effectiveness and reliability (relative to standard biofeedback) at 

increasing medial-lateral stability in unipedal stance. Though this p value of 0.030 would not 

likely maintain its significance after a rigorous correction for the problem of multiple 

comparisons, it conveys a remarkable level of significance for a study of just three subjects and 

provides a strong preliminary indicator of the rehabilitative potential of tactile biofeedback in the 

peripheral neuropathy population 

Further, the consistency of mean ML COP velocity among the most statistically 

significant improvements in stability measures across all three populations studied (healthy, 

neuropathy, and amputees) further reinforces its use (and the use of the mean COP velocity in 

general) as a sensitive and reliable measure of balance performance.   By the same token, the 

consistent improvement in mean (ML) COP velocity across these 3 populations paints a cohesive 

picture of the positive functional effects of tactile biofeedback in improving postural stability. 

By contrast, the lack of significant effect of either form of feedback on single leg stance 

times in both healthy subjects and those with neuropathy (but in contrast to amputee subjects) 

warrants further investigation regarding the functional and clinical consequences of feedback.  

Though single leg stance times below 30 seconds have been established as predictive of falls in 

both health elderly and peripheral neuropathy populations, it has not been established whether 

(and to what extent) marginal increases in single leg stance time below 30 sec reflect a decreased 
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fall risk.  Nor is the functional relationship between single leg stance time, mean COP velocity, 

and other COP measures of stability clear, as pertains to assessment of fall risk. 

Another preliminary yet important indicator in this pilot study data is the apparent 

improvement in the effects of both standard and differential biofeedback relative to no feedback 

exhibited between sessions 1 and 2 for Subject 1.  Though this subject’s absolute performance 

(in terms of both RMS COP distance and mean COP velocity) appears comparable between 

sessions one and two for both differential and standard biofeedback, it’s clear that her 

performance with both forms of feedback relative to a less stable no-feedback baseline for 

session 2 was greatly enhanced. While this effect begs further investigation and validation in 

future longitudinal studies, this observation marks the first time that an improvement in feedback 

response has been quantified with repeated use of the TBS. 

Finally, the similarity in observed trends and effects of the differential and biofeedback 

schemes between healthy and neuropathic populations supports the foundational notion that the 

study of the functional neurophysiology in healthy subjects can be informative to the design of 

neural rehabilitation systems.  This insight dramatically expands the opportunities available for 

translational research in diverse subject populations to continue the development and 

optimization of biofeedback systems and related neural rehabilitation technologies for maximum 

clinical benefit. 
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9. Haptic Feed-Forward: Further Application of Tactile 
Stimulation for Spinal Cord Injury Rehabilitation 

This chapter details the motivation, rationale, and early findings for a separate application 

of haptic stimulation technologies – in particular, a revised version of the TBS that I developed 

to provide plantar pressure stimulation (PPS), in the rehabilitation of motor deficits due to spinal 

cord injury (SCI) and other disorders affecting the central nervous system.  This work has been 

part of an international collaboration, led by Dr. V. Reggie Edgerton and Dr. Yury Gerasimenko, 

in partnership with Dr. Inessa Kozlovskaya of the Institute for Biomedical Problems in Moscow, 

Russia, and Dr. Ruslan Gorodnichev, of the State Academy of Physiological Education and Sport 

in Velikiye Lukiye, Russia. 

9.1. Sensation in Motion: The Role of Sensory Input in Motor Function 

Sensory input to the central nervous system has long been known to play an important role 

in the coordination of movement, from simple locomotion to complex acrobatics and dexterous 

manipulation. Traditionally, it has been thought that sensory information plays primarily a 

feedback role, serving to modulate movements planned and initiated by the brain. However, 

recent research has begun to illuminate the reality that sensory input from the lower extremities 

can also play a feed-forward role in initiating movement, even in the absence of supra-spinal 

control131. In sum, sensory afferents are essential to successful motion control at every stage, 

from planning to initiation to modulation.  

9.2.  Motivation for Application of Haptic Stimulation to SCI Rehabilitation 

There are roughly 1.3 million individuals living with SCI in the United States, with as 

many as 20,000 new cases occurring annually132,133. Despite recent advances in spinal cord 
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medicine and research, spinal cord injury (SCI) remains an intractable medical problem, 

resulting in varying levels of paralysis and life-long disability for military and civilian 

populations alike. While individuals with partial SCI can recover some degree of motor function 

through intensive physical therapy, clinically complete SCI has traditionally been an irreversible 

condition.  A more complete restoration of full locomotor and autonomic nervous function after 

complete paralysis due to SCI thus remains an important medical objective and a guiding 

ambition in the field of neural rehabilitation.  

9.3.  Recent Advances in SCI Rehabilitation 

Towards the objective of functional rehabilitation from SCI, recent findings by Dr. 

Edgerton and Dr. Gerasimenko’s collaborative research group and others have revealed that the 

injured spinal cord possesses a capacity for functional recovery far beyond what has traditionally 

been thought possible in clinical practice82,134,135.  In particular, they have reported that with 

electrical spinal cord stimulation (ESCS) therapy via epidural (implanted) electrodes, four 

individuals with complete paralysis due to SCI have regained the ability to stand independently 

and to make voluntary movements of their lower limbs 136,137.  More recently, they have achieved 

similar results using a novel trans-cutaneous (non-invasive) form of ESCS in five motor-

complete cases of SCI 138.  

Despite these recent breakthroughs, neither transcutaneous nor epidural ESCS therapy have 

yet been able to restore full weight-bearing walking ability in fully paralyzed SCI patients. Thus, 

there remains a clinical need for additional integrative therapies that build upon the effects of 

ESCS to re-train spinal cord network to restore locomotor ability.  

Owing to the natural role of sensory stimuli in activating and modulating spinal activity, Dr. 

Edgerton and colleagues have hypothesized that a key to restoring locomotor function to the 
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injured spinal cord lies in the strategic utilization of gait-related sensory stimuli to re-train 

injured neural networks, in conjunction with ESCS therapy.  As the theory goes, ESCS appears 

able to greatly increase the baseline activity and excitability of injured spinal networks, but gait-

specific sensory stimuli have the unique ability to engage specific functional neural pathways in 

a way that ESCS alone cannot. 

Accordingly, I have partnered with Dr. Edgerton, Dr. Gerasimenko, and their international 

network of collaborators to develop and investigate the neuromodulatory effects of a plantar 

pressure stimulation (PPS) system for neural rehabilitation. 

9.4. Sensory Neuromodulation via Plantar Pressure Sensory Stimulation  

In pursuing the above physiological rationale to achieve full functional recovery from 

SCI, Dr. Gerasimenko and colleagues have investigated the effects of sensory stimulation in 

activating and modulating the automated locomotor circuitry of the spinal cord.  In particular, 

they have found that direct pressure stimulation of the plantar surface of the foot (PPS) can elicit 

involuntary stepping motions in healthy individuals with their legs supported in a gravity-neutral 

suspension apparatus (Figure 51) that allows free motion of the legs in the sagittal plane without 

the influence of gravity139. In this study, subjects were instructed to relax and yield to all 

movement reflexes without exerting any voluntary control. As illustrated in Figure 48, the EMG 

bursting patterns of leg muscle activity elicited by rhythmic PPS in an approximated locomotor 

pattern (alternating left/right, heel/forefoot) closely reflect the muscle activity patterns recorded 

during normal walking.  This finding is significant because it implies that sensory stimuli can 

serve not only to modulate movements initiated by the brain, but to initiate stepping by activating 

automated neural networks in the spinal cord. Moreover, the similarity between sensory-evoked 
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movements and natural gait suggests that PPS activates the same circuitry responsible for 

weight-bearing walking. 

 

Figure 48: (From Tomilovskaya, 2013139) – Leg muscle EMG recording on the same subject during (a) 
voluntary walking and (b) plantar pressure stimulation at 120 steps/min, 30 kPa pressure. RF = rectus 
femoris; BF = biceps femoris; TA, = tibialis anterior; G = gastrocnemius. Pr = applied pressure; X 
axis: time (seconds) 

As part of our international collaborative study, we have built on these initial results by 

combining PPS with tESCS to induce non-voluntary stepping motions in healthy subjects 

suspended vertically under full body weight support140. Continuous wave tESCS at 30 Hz was 

provided via surface electrodes at 3 inter-vertebral locations (T11-T12, T12-L1, and L1-L2) at a 

constant current just below the discomfort threshold for each subject (range: 40-100mA). PPS 

was delivered using the same PPS prototype and locomotor pressure pattern as in139 at a rate of 

75 cycles/min, with an inflation pressure of 40kPa (5.8psi). Figure 49 illustrates rhythmic EMG 

bursting activity and leg kinematics (R leg) for a single subject under 3 conditions: tESCS only, 

PPS only, and combined tESCS+PPS. Here, it is evident that both tESCS and PPS alone induced 

rhythmic activity in leg muscles, and that the combination of the two had a synergistic effect, 

greater than the sum of activity from either tESCS or PPS alone.  Qualitatively similar responses 

to tESCS and PPS were observed in 6 healthy subjects pre-selected from the previous study139. 
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Figure 49: Evoked Motor Responses in response to combined tESCS and PPS. Top four plots 
show EMG recordings of the vastus lateralus (VL), hamstring (biceps femoris – Ham), 
gastrocnemius (MG) and tibialis anterior muscles.  Bottom row stick figure diagrams show 
corresponding ranges of motion of the L and R legs over an average (induced) movement 
cycle.  

 

9.5. Development of a Wearable PPS Prototype Based on CASIT TBS Architecture 

Since testing of the original PPS prototype by Dr. Gerasimenko’s research group, I have 

adapted the PPS concept into an all-new wearable PPS system prototype at UCLA. By replacing 

the thigh cuff-based tactile interface with a pair of custom-molded silicone pneumatic insole 

actuators (Figure 50), I have generated an updated PPS system prototype for simulating the 

spatiotemporal plantar pressure patterns associated with walking. The current PPS insole features 

just two balloon cavities per foot, corresponding to the heel and forefoot. The shape of these 

balloon cavities approximates the shape of the loading regions of the foot, as illustrated in Figure 

50 (a) and (b). Along with the PPS wearable tactile interface, I have also developed a LabView-

based software user interface for programming dynamic patterns of PPS.  This program is built 
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on the foundation of a LabView program previously written by Dr. Chris Wottawa for manual 

control of the CASIT haptic feedback system for robotic and minimally invasive surgery7. 

  

 
Figure 50: UCLA Wearable Plantar Pressure Stimulation (PPS) Prototype: (a) Pneumatic PPS insole & 
wearable interface (b) map of plantar regions stimulated  (c) LabVIEW software user interface 

 

9.6. Experimental Findings with UCLA PPS System 

Using my PPS prototype, I have partnered with Dr. Edgerton’s group here at UCLA to 

demonstrate for the first time the neuromodulatory effects of PPS in a subject previously 

diagnosed with chronic sensory and motor-complete (AIS-A) SCI.  With legs supported in the 

gravity-neutral apparatus (Figure 51), the subject exhibited increased amplitude and duration of 

leg muscle EMG bursting with PPS as compared to without under two conditions: passive 

motion of the legs via manual assistance by the physical therapist, and voluntary movement of 

the legs without any assistance.  Stimulation was provided using an approximated locomotor 

	
	

b)	

c)	

a)	
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pattern (alternating left/right, heel/toe) at a frequency of 75 gait cycles/min, with an inflation 

pressure 

 
Figure 51: Testing of TBS-based Plantar Pressure Stimulation System with SCI Subject in Gravity-

Neutral Leg Suspension Apparatus at UCLA 

of approximately 12psi.  The subject had originally been diagnosed with AIS-A complete 

paralysis but had regained a small degree of motor control over the course of two months of 

tESCS therapy as part of a separate study.  The raw EMG and goniometry data in Figure 52 

provide the first known demonstration of the functional neuromodulatory effects of PPS in a 

human subject with SCI – and thus confirm the feasibility of PPS as a neuromodulatory therapy 

for SCI rehab.  Moreover, the observed synchronization of muscle bursting with knee joint 

motion (with peak activity reliably occurring just prior to peak knee flexion) and the synergy 
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between functionally related muscle groups (soleus and quad, whose activity both naturally peak 

during the late stance ‘push off’ phase of gait, prior to peak knee flexion during the early swing 

phase) suggest that the observed muscular activity is both functionally relevant and the direct 

result of spinal locomotor CPGs, the target neural circuitry of our approach.  

 
Figure 52: Functional EMG Responses of SCI Subject to PPS under conditions of passive motion 

(manual assistance) and voluntary effort. Top: EMGs recorded from 4 left leg muscles: vastus 
lateralus (VL – hip flexor, knee extensor), hamstring (Ham – hip extensor, knee flexor), tibialis 
anterior (TA – ankle flexor), and soleus (SOL – plantar flexor).  Middle: Electro-goniometry of the L 
and R knee joints (scale: 2mV ~ 90 degrees; extension = up, flexion = down).  Bottom: PPS reference 
signal for left heel (magnitude: 0-12psi). 
 

Significantly, these results were observed within the first session of exposure of the subject to 

PPS, with no dedicated PPS training (conditioning) period, and with no tactile perception of the 

feet, which further suggests that the observed effects are the result of the spinal cord’s natural 

rhythm-generating circuitry.  We anticipate that both continued training with PPS and the 

addition of tESCS to PPS will lead to increased functional muscle activity.  (TESCS was not 

included in the preliminary data collection due to site-specific IRB limitations, which are 
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currently in the amendment process to add tESCS as an approved concurrent intervention.)  

Finally, we note that in the present study, PPS was not phase-synced with limb motion in any 

way, and was administered at a cycling frequency of roughly twice that of limb motion, based on 

the previous anecdotal finding that healthy subjects exhibited peak responsiveness to PPS at a 

frequency of 75 (compared to 60 or 90) cycles/min. The synchronization of bursting with joint 

motion aligns with the knowledge that both proprioceptive and tactile sensory inputs play a role 

in the regulation of locomotion141 and highlights the need to coordinate PPS with other sensory 

inputs to maximize its effect.  

In sum, our findings to date with both tESCS and PPS indicate that the injured spinal 

cord possesses much more capacity for functional recovery than achieved in current clinical 

practice, and that strategic modulation of gait-related sensory input can be a valuable tool in 

fulfilling this potential. Together, ESCS and PPS form a complementary approach to SCI 

rehabilitation: while ESCS serves to activate and potentiate spinal circuitry, PPS can serve to 

functionally engage and re-train locomotor networks.  

While continued research in this vein should continue to investigate the PPS patterns, 

parameters, and tESCS combinations that yield the best functional results, it remains likely that 

the successful clinical application of PPS for SCI rehab will also require integration into a 

proactive physical therapy program.  Indeed, the neural control of locomotion is a complex 

operation integrating numerous neural pathways and sensory systems – thus, restoring 

locomotion following SCI is bound to require a highly integrated approach. 
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10. Conclusions 

The work I have done to further develop, optimize, and clinically test the Tactile 

Biofeedback System (TBS) from the form in which I inherited it (“version 1.0,” Section 3.1) 

represents a significant advance in both the technology itself and our knowledge of its clinical 

effects and potential.  This chapter provides a synthesis of the work completed, its clinical 

significance, and my prescriptive vision for the continued development of the CASIT TBS and 

related haptic feedback technologies into the future. 

10.1. Summary of Work Completed 

The engineering and scientific work that I’ve done in development of the Tactile 

Biofeedback System follows the iterative format of traditional translational engineering & 

research: ideate—design—test—analyze—repeat. Having inherited a concept and a functional 

prototype of the TBS (v1.0) as a starting point, I first recognized, formulated, and implemented a 

number of design upgrades to improve the comfort and convenience of clinical use (Section 3.2).  

With this updated version of the TBS (v2.0) in hand, I then collected a round of clinical 

data in unilateral trans-tibial amputees at Naval Medical Center San Diego (Chapter 4), building 

upon the initial pilot gait lab study performed by my predecessor to investigate the effects of 

tactile feedback on prosthetic gait.  My analysis of the resulting, aggregated gait data set proved 

encouraging yet inconclusive, showing a number of isolated gait improvements in individual 

subjects, but no significant group-wide effects.  Based on this analysis, I proceeded to formulate 

and perform an expanded series of clinical experiments in unilateral amputees, investigating the 

effects of tactile biofeedback over a cross section of functional gait and balance tasks, 

representing a range of more challenging tasks and conditions encountered in daily living, 
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including single leg stance, and gait on inclined surfaces and stairs.  Central to the execution of 

this study was the use of wearable sensors that enabled mobile gait analysis in the real world, 

outside the constraints of the gait lab environment, as well as the deployment of a new 

commercial prototype of the TBS (v3.0) provided by Farus LLC.  This “Multi-Functional Study” 

(Chapter 5) showed an overall average increase of 75% in single leg stance time (p = 0.027) with 

feedback active vs. inactive across the 6 subjects studied but yielded no statistically significant 

improvements in measures of dynamic stability during gait. 

Meanwhile, concurrently with the initial pilot gait lab study at NMCSD (Chapter 4), I 

performed a pilot gait lab investigation of the effects of tactile biofeedback in patients with 

peripheral neuropathy at UCLA (Chapter 6).  Similar to the pilot gait lab study with amputees, 

results showed dramatic improvements in spatiotemporal gait parameters for some subjects, but a 

high degree of inter-subject variability in response to feedback.  Informed by these preliminary 

results, I proceeded over 18 months to develop a detailed clinical study proposal in partnership 

West Los Angeles Veterans Administration, with the design of evaluating both the prosthetic and 

training effects tactile biofeedback in the context of a multi-week standard-of-care physical 

therapy program in subjects with diabetic peripheral neuropathy. 

In preparation for this clinical above study, I performed a rigorous round of performance 

characterization and optimization of the TBS version 3.5 (a bilateral version of v3.0), including a 

number of performance-enhancing fixes to technical issues with the TBS (Chapter 7).  When 

administrative issues at the VA prevented our team from executing the above clinical study, I 

proceeded to dramatically expand the functionality and vision of the TBS, to produce a 

completely re-vamped system, “version 4.0.” This final version of the TBS included an 

alternative “Differential Biofeedback” scheme to deliver more intuitive, task specific feedback 
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for maintaining standing balance, plus a set of three instructive feedback modes designed to 

provide explicit tactile cues for positive gait modifications based on real-time gait analysis of 

insole data.  After performance verification testing of the gait analysis function (Section 7.3), I 

then performed a clinical study (Chapter 8) to evaluate and compare the effects of the standard 

and differential biofeedback scheme on postural stability during single leg stance, on a group of 

healthy subjects (n = 17), plus an additional 3 subjects with peripheral neuropathy.   

Finally, in parallel with my work developing and testing the TBS for gait and balance 

rehabilitation in amputees and peripheral neuropathy, I also contributed to an international 

collaborative effort with Dr.s V. Reggie Edgerton and Yury Gerasimkenko to develop a plantar 

pressure stimulation (PPS) system for spinal cord injury (SCI) rehabilitation.  Based on TBS v2.0 

architecture, the PPS system that I developed provides pressure to the soles of the feet in spatio-

temporal patterns that simulate natural gait, as a means of activating and re-training the 

locomotor circuitry in the injured spinal cord.  Using the prototype that I developed, we achieved 

a first-of-a-kind demonstration of the neuromodulatory effects of PPS in a patient with complete 

paralysis due to SCI. 

10.2. Significance and Future Work 

The collective body of engineering, development, and research work that I’ve completed 

in support of this dissertation represents a significant contribution to clinical science & 

technology in three major regards: 

First, I have significantly improved the performance, expanded the functionality, 

improved the clinical utility of the Tactile Biofeedback System for gait and balance rehabilitation 

of musculoskeletal and neurological disorders. 
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Second, I have confirmed the feasibility of tactile stimulation as a rehabilitative tool in 

two new patient populations. In addition to demonstrating positive effects of tactile biofeedback 

on spatiotemporal gait parameters and standing single leg balance in pilot groups peripheral 

neuropathy patients, I have demonstrated first-of-a-kind sensory neuromodulation of motor 

output in a patient with functionally complete spinal cord injury using plantar pressure 

stimulation (PPS). 

Third, my findings in the above studies lend a source of insight with which to prescribe a 

blueprint for the success of wearable tactile feedback technologies in rehabilitative applications. 

Based on my experience and findings, I posit that to maximize positive clinical impact, tactile 

biofeedback technologies should be: 

• Intuitively Perceptible: Feedback schemes must be easy to perceive and understand, 

with minimal training required.  

• Task-Specific: Feedback schemes should be custom-tailored to the task(s) in which they 

are intended to be used.  

• Goal-Oriented:  Feedback should provide a streamlined set of information oriented to a 

specific goal or desired gait modification.  Further, should be well-attuned to this goal, 

with a firm understanding of what they are trying to achieve with the feedback. 

 

Each of the new feedback schemes that I developed were designed as embodiments of 

these criteria.  While my Differential Feedback scheme demonstrated that streamlining haptic 

displays in a task-specific manner can make them easier to perceive and functionally integrate, 

my instructive gait modification schemes highlight that wearable haptic systems can be used to 
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convey a wide range of motion-related information and need not be confined merely to restoring 

lost senses. 

Importantly, future studies should involve collaborations with the fields of wearable 

sensing and digital health informatics to identify more specific, clinically significant objectives 

that wearable haptic technologies can help to achieve, and to define how to quantify and measure 

progress towards these objectives. Only once these goals are clearly defined can subsequent 

research identify the most effective feedback schemes to fulfill them. Indeed, a review of the 

current state of wearable sensing and sensory feedback technologies makes it clear that the real 

challenge in the field of haptics is not the question of how best to convey information haptically, 

but rather the more elusive question of which information is the most useful to convey 

haptically142.  To complicate things further, the answers to these and other such questions will 

certain vary by patient population, and most likely even by individual patient.  

Beyond the direct implications of my work with respect to clinical user populations, I 

have also shown through my biofeedback study in healthy subjects that real-time augmentative 

biofeedback can produce functional modifications and improvements even in individuals without 

sensory impairments.  The implications of this finding are twofold: first, it supports the 

continued study of biofeedback in healthy subjects as a convenient and available avenue for 

studying the functional neurophysiology of tactile biofeedback, as pertains to motion control.  

Second, the observed effects of tactile biofeedback on balance function in healthy individuals 

promotes a broader perspective towards the potential applications of wearable tactile feedback.  

In today’s world of wearing sensing & communication technologies, “biohacking,” 

transhumanism, elective implants, and self-proclaimed cyborgs, wearable tactile feedback 

technologies need not be constrained to the realm of rehabilitation. The genesis of haptic 
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feedback has indeed been rooted largely in the worlds of rehabilitative medicine, telepresence, 

and virtual reality, but we have reached age where the pace of technological progress is rapidly 

blurring the lines between fields and disciplines.  As virtual reality is becoming ever more 

realistic, reality itself appears to grow progressively digitized and virtualized — so much so that 

the question of whether the universe as we know it may itself be a computer simulation has 

garnered serious debate among esteemed leaders in the scientific community143. The 

fundamental premise of haptic technologies is that providing augmentative sensory feedback 

through the sense of touch can improve function, but that leaves vast opportunity for imagination 

regarding the information we wish to feed back and the functions that we wish to improve.   
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Appendix A  

List of Step-Wise Gait Features Obtained from Instrumented Gait Analysis (Pilot Gait Lab 

Study, Naval Medical Center San Diego) 

Gait Feature Units 
Step Length  cm 
Stride Length cm 
Step Width cm 
Velocity  m/s 
Cadence  steps/min 
Support Time  % of Gait Cycle 
Swing Time  % of Gait Cycle 
Initial Double Support Time  % of Gait Cycle 
Min Lateral Trunk Tilt  degrees 
Timing of Min Lateral Trunk Tilt  % of Gait Cycle 
Max Lateral Trunk Tilt  degrees 
Timing of Max Lateral Trunk Tilt % of Gait Cycle 
Stance Average Trunk Tilt (degrees) degrees 
Min Trunk Flexion Angle degrees 
Max Trunk Flexion Angle degrees 
Timing of Min Trunk Flexion Angle % of Gait Cycle 
Timing of Max Trunk Flexion Angle % of Gait Cycle 
Stance Average Trunk Flexion Angle degrees 
Min Pelvic Obliquity degrees 
Max Pelvic Obliquity degrees 
Timing of Min Pelvic Obliquity % of Gait Cycle 
Timing of Max Pelvic Obliquity % of Gait Cycle 
Stance Average Pelvic Obliquity degrees 
Min Pelvic Tilt degrees 
Max Pelvic  Tilt degrees 
Timing of Min Pelvic  Tilt % of Gait Cycle 
Timing of Max Pelvic  Tilt % of Gait Cycle 
Stance Average Pelvic  Tilt degrees 
Hip Flexion Angle – Min Stance degrees 
Hip Flexion Angle – Max Stance degrees 
Hip Flexion Angle – Max Swing degrees 
Min Hip Ab/Adduction Angle degrees 
Max Hip Ab/Adduction Angle degrees 
Timing of Min Hip Ab/Adduction Angle % of Gait Cycle 
Timing of Max Hip Ab/Adduction Angle % of Gait Cycle 
Max Hip Internal/External Rotation Angle degrees 
Min Hip Internal/External Rotation Angle degrees 
Timing of Max Hip Internal/External Rotation % of Gait Cycle 
Timing of Min Hip Internal/External Rotation % of Gait Cycle 
Knee Flexion Angle – point of initial contact degrees 
Knee Flexion Angle – load response degrees 
Knee Flexion Angle – min stance degrees 
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Gait Feature Units 
  
Knee Flexion Angle – max swing degrees 
Ankle Plantar/Dorsiflexion Angle – min 
stance 

degrees 

Ankle Plantar/Dorsiflexion Angle – max stance degrees 
Hip Moment – min stance N*m 
Hip Moment – max stance N*m 
Knee Moment – min stance N*m 
Knee Moment – max stance N*m 
Ankle Moment – min stance N*m 
Ankle Moment – max stance N*m 
Hip Power – min stance W/kg 
Hip Power – max stance W/kg 
Knee Power – min stance W/kg 
Knee Power – max stance W/kg 
Ankle Power – min stance W/kg 
Ankle Power – max stance W/kg 
Vertical Ground Reaction Force – “F1” % of Body Weight 
Vertical Ground Reaction Force – “F2” % of Body Weight 
Vertical Ground Reaction Force – “F3” % of Body Weight 
Time of F1 % of Gait Cycle 
Time of F2 % of Gait Cycle 
Time of F3 % of Gait Cycle 
Shear Ground Reaction Force – min stance N 
Shear Ground Reaction Force – max stance N 
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Appendix B  

Participant Survey  
CASIT Tactile Feedback System 

 
Please answer the following questions regarding your experience with the tactile feedback 
system.  
 
1)  How easily or difficultly were you able to feel the balloon inflations while walking? (On 

vs. Off, without regard to number or location) 
 
Very difficultly       Somewhat Difficultly                       Somewhat Easily      Very Easily  
  
           1               2            3        4    
  5 
  
2) How easily or difficultly were you able to distinguish the location (front/back/left/right) 

of balloon inflations while walking? 
 
Very difficultly       Somewhat Difficultly                       Somewhat Easily      Very Easily  
  
           1               2            3        4    
  5 
 
3) How easily or difficultly were you able to distinguish the number (1-3) of balloon 

inflations in each block while walking? 
 
Very difficultly       Somewhat Difficultly                       Somewhat Easily      Very Easily  
  
           1               2            3        4    
  5 
 
4) Did you find it more difficult to feel or distinguish the number of balloon inflations in 

some block(s) compared to others? (Please describe.) 
 
 
 
 
 
5) How would you rate the feedback in terms of coherence (i.e. the ease of perceiving a 

meaningful signal from the inflations)? 
 
 Incoherent                   Fully Coherent  
(“Just Noise”)                        (Easy to Perceive) 
           1              2                   3        4    
  5 
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6) On average, how much attention did you pay to the feedback while walking?  
 
No attention           Moderate (~50%) Attention    Full Attention 
 
           1              2                   3        4    
  5 
 
 
7) How much attention to the feedback do you feel is required in order to benefit from the 

feedback while walking? 
 
No attention           Moderate (~50%) Attention    Full Attention 
 
           1              2                   3        4    
  5 
 
 
8) To what extent do you feel that the feedback had an effect on your gait? (balance, 

stability, speed, etc.)  
 
No Effect                  Moderate Effect              Dramatic Effect 
 
           1              2                   3        4    
  5 
 
9) Please describe the perceived effect(s) of the feedback on your gait. 
 
 
 
 
 
 
10) What effect did the feedback have on your confidence while walking? 
 
Strong Negative Effect                       No Effect                Strong Positive 
Effect 
 
           1          2                 3     4           5 
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11) How often would you be interested in using a feedback system like this one without 
supervision? 

 
____   Every day, throughout my activities of daily living  
____   Often, but only during certain types of activities 
____   Periodically, as a training device 
____   Never 
____   Other (please describe,) 
 

 
 
12) Which change(s) do you feel would be important to increase your interest in using the 

feedback system? (Select all that apply.  If you select multiple options, please rank in order 
of importance, starting with 1 as the most important.) 
____  Easier to perceive inflations 
____  Lighter 
____  Smaller, more comfortably wearable electronics  
____  Easier to put on 
____  I would not be interested in using a feedback system like this one, no matter what 
improvements are made. 
____  Other (please describe.) 

 
 
 
13)  Do you have any additional comments, questions, or concerns regarding the tactile 

feedback system?  (Please provide.) 
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Appendix B, cont’d 
 

The System Usability Scale (Standard) 

 
Reprinted From: 
http://www.usability.gov/how-to-and-tools/methods/system-usability-scale.html 
 
When a SUS is used, participants are asked to score the following 10 items with one of five  
responses that range from Strongly Agree to Strongly disagree: 
 

1. “I think that I would like to use this system frequently.” 
2. “I found the system unnecessarily complex.” 
3. “I thought the system was easy to use.” 
4. “I think that I would need the support of a technical person to be able to use this system.” 
5. “I found the various functions in this system were well integrated.” 
6. “I thought there was too much inconsistency in this system.” 
7. “I would imagine that most people would learn to use this system very quickly.” 
8. “I found the system very cumbersome to use.” 
9. “I felt very confident using the system.” 
10. “I needed to learn a lot of things before I could get going with this system.” 
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Appendix C-  

Scatter Plots of Parameter Values not Registering Statistically Significant (p < 0.05) 
Differences – Single Leg Stance trials, TBS v4.0, Healthy Subjects 
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