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Foreword 

The 2018 symposium, Neuromechanics of Rehabilitation for Lower Limb Loss, addresses lower 
limb loss as a significant disability that impairs human mobility, restricts activity and social 
participation, and detrimentally impacts balance, maneuverability and energy expenditure.  

Neuromechanics, a multidisciplinary, human movement science that combines concepts from 
biomechanics, motor control and neurophysiology, can yield knowledge about how bionic 
prostheses, novel physical therapies, and human adaptability can maximize the quality of life 
for individuals with lower limb loss. 

Symposium Aims  

The Symposium objectives were threefold: 1) introduce approaches to conducting 
neuromechanics research on persons with lower limb loss and emphasize; 2) create a dialogue 
on how neuromechanics research can enhance limb loss rehabilitation; and 3) identify and 
pursue target areas for future research. The Symposium sought to achieve these aims through 
1) a series of scientific presentations, 2) a panel discussion, 3) a poster session, and 4) multiple 
opportunities for professional networking and information exchange. 

Distinguished Speakers  

We are pleased to have as the featured guest speaker, Hiroaki Hobara, PhD, Senior Researcher, 
National Institute of Advanced Industrial Science and Technology (AIST), Japan, who introduced 
attendees to Japanese research about the neuromechanics of prosthetic locomotion and 
Paralympic performance.  

Our expert speakers and their presentations demonstrate the multidisciplinary nature of 
neuromechanical research. We appreciate symposium presenters Nicholas Fey, PhD, University 
of Texas-Dallas, Dallas, TX; Elliott Rouse, PhD, University of Michigan, Ann Arbor, MI; Noah 
Rosenblatt, PhD, Rosalind Franklin University, North Chicago, IL; and Andrew Sawers, CPO, PhD, 
University of Illinois, Chicago, IL.  

Potential for Global Impact  

We appreciate the support of the Japan Society for the Promotion of Science (JSPS) for 
supporting United States-Japan research programs. Collaborative USA-Japan projects that focus 
on the neuromechanics of rehabilitation for lower limb loss. These multidisciplinary initiatives 
have enormous potential to develop novel rehabilitation interventions and technology that will 
enhance the human condition for those living with lower limb loss. We hope that this 
symposium will sow the seeds for future collaborative research in the field of Neuromechanics 
of Rehabilitation for Lower Limb Loss.  

R. J. Garrick, PhD  
Matthew J. Major, PhD  

Symposium Organizers  
August 16, 2018  
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PROGRAM  

THE NEUROMECHANICS OF REHABILITATION FOR  
LOWER LIMB LOSS SYMPOSIUM 2018  

June 11, 2018 
 

CONTINENTAL BREAKFAST  
8:30 - 9:00 a.m.  

 
PRESENTATIONS  

9:00-9:10 a.m. Matthew J. Major, PhD  
Assistant Professor, Physical Medicine & Rehabilitation  
Northwestern University, Chicago, IL  

Welcome, symposium overview, aims, and introductions  
 
9:10-9:35 a.m. Elliott Rouse, PhD  
Assistant Professor, Department of Mechanical Engineering  
University of Michigan, Ann Arbor, MI  

The Role of Mechanical Impedance in Human Neuromotor Control and Wearable Robotic 
Systems  
 

9:35-10:00 a.m. Andrew Sawers, CPO, PhD  
Assistant Professor, Department of Kinesiology  
University of Illinois, Chicago, IL  
 Falls among Lower Limb Prosthesis Users: Refocusing through an Epidemiological Lens  
 

MORNING REFRESHER  
10:00 a.m. - 10:10 a.m.  

 
10:10-10:35 a.m. Matthew Major, PhD  
Assistant Professor, Physical Medicine & Rehabilitation  
Northwestern University, Chicago, IL  

How a priori Knowledge of a Perturbation Impacts Proactive and Reactive Locomotor 
Strategies of Below-Knee Prosthesis Users  

 
10:35-11:00 a.m. Noah Rosenblatt, PhD  
Assistant Professor, Podiatric Surgery & Applied Biomechanics   
Rosalind Franklin University, North Chicago, IL  

The Effects of Fear of Falling on Balance and Gait: Lessons from Intact Adults and 
Implications for Prosthetic Design and Rehabilitation  
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11:00-11:25 a.m. Nicholas Fey, PhD  
Assistant Professor, Mechanical Engineering; Joint-Bioengineering  
University of Texas-Dallas, Dallas, TX  

Assessing the Neuromechanical Response of Individuals with Major Lower-Limb Loss 
during Steady and Non-Steady-State Locomotion  

 
11:25 a.m.-12:10 p.m. Hiroaki Hobara, PhD  
Senior Researcher  
National Institute of Advanced Industrial Science and Technology, Tokyo & Tsukuba, Japan  

Active Amputees: Biomechanics of Running-Specific Prostheses  
 
12:10-12:30 p.m. Mr. Koki Kawano  
International Program Representative, JSPS Office, Washington, D.C.  

JSPS Information Session  
LUNCHEON  

BALDWIN AUDITORIUM FOYER  
12:30 noon - 13:30 p.m.  

 
PANEL DISCUSSION 

13:30-14:30 p.m. Drs. Hobara, Fey, Major, Rouse, Rosenblatt and Sawers  
 

CLOSING REMARKS 
14:30- 15:00 p.m. Dr. Major and Dr. Garrick  
 

AFTERNOON REFRESHER  
15:00 - 16:00 p.m.  

 
NETWORKING OPPORTUNITY  

16:30-18:00 p.m.  
Symposium registrants are invited to gather for an un-hosted, post-symposium mixer. Dinner 
and drinks are at your own expense. All are welcome!   
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ABSTRACT  

Assessing the Neuromechanical Response of Individuals with Major Lower-Limb Loss during 
Steady and Non-Steady-State Locomotion 

Nicholas Fey  
 
Individuals with lower-limb amputation commonly experience abnormal gait characteristics and 
chronic pain. These behaviors restrict mobility and are usually attributed to the use of prostheses 
that inadequately restore muscular functions. A prevailing assumption in the use of devices to 
replace or augment human function is that biologically-inspired approaches are optimal. The field 
of rehabilitation engineering is met with emerging questions such as: to what extent should 
assistive devices be biologically-inspired; and in what contexts are robotic systems needed.  

This presentation will highlight recent efforts to assess how the injection of mechanical energy 
delivered via robotic, mechanically-active foot-ankle prostheses influence body segment 
contributions to whole-body balance of individuals with below-knee amputation on even and 
uneven terrain. Secondly, I will present other efforts to assess the relative contributions of 
prosthetic knee and/or ankle assistance to the mechanical energetics of transfemoral amputee 
locomotion. I will conclude by presenting a neuromechanical technique to quantify the quality of 
the interfaces connecting lower-limb prostheses and their users, and a potential surgical 
intervention to improve interface quality.  
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of Medicine. His research focuses on the biomechanics of human movement and informed design 
and control of prosthetic and orthotic technologies for human assistance, with an emphasis on 
demanding forms of human locomotion.  

He has studied transtibial amputees and above-knee amputees and the application both 
conventional and robotic knee-ankle-foot prostheses for enhanced mobility. He holds 
appointments in Bioengineering and Mechanical Engineering at UTD and Physical Medicine and 
Rehabilitation at UT Southwestern, and directs the Systems for Augmenting Human Mechanics 
Lab, co-located at UTD and UT Southwestern.  
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ABSTRACT  
 

Active Amputees: Biomechanics of Running-Specific Prosthesis 
Hiroaki Hobara  

 
Background and Aim  

Lower extremity amputation often leads to a reduction in physical activity levels, which can in 
turn lead to weight gain, depression, anxiety, increased risk of cardiovascular and other chronic 
diseases, and an overall reduction in quality of life. Current challenges in providing appropriate 
rehabilitation to assist individuals with lower extremity amputation (ILEAs) in adapting to new 
physical conditions and demanding physical activities largely lie in the lack of knowledge 
regarding the biomechanical and physiological characteristics of this patient population in active 
contexts. Especially, running-specific prostheses (RSP) are prevalent in ILEAs, but its 
biomechanical adaptations remain largely unknown. Therefore, the goal of our ‘Active amputees’ 
project is to provide biomechanical evidence of RSPs for ILEAs, prosthetists, clinicians and 
manufacturers to  prescribe individualized prosthetic components and rehabilitation plans for 
this population.  

Approaches  

Three-dimensional motion capture is currently the gold standard for analyzing movement 
adaptations in the field of biomechanics. When combined with force platform data, inverse 
dynamics techniques can be used to calculate the forces and moments at each major lower 
extremity joint during running and jumping (the first approach; deep data analysis). Despite the 
fact that 3-D motion capture is thought to be advantageous to determine biomechanical 
characteristics of ILEAs, the technique is associated with several constraints (e.g. subject 
recruitment, constraints for experimental set-up, and environmental dissimilarities to athletic 
fields). To solve these problems, we also developed a database for spatiotemporal data of 
sprinters with lower extremity amputations using publicly-available Internet broadcasts (second 
approach; big data analysis). The average speed, average step length, and step frequency for 
each ILEA sprinter in 100- and 200-m sprints were calculated using the number of steps in 
conjunction with the official race time and distance. This technique makes it possible to compare 
spatiotemporal parameters of ILEAs during actual competitions. 

Results  

For the first approach, our team revealed that propulsive impulses of ground reaction forces 
generated by the prosthetic limb, rather than the intact limb, may be the key parameter toward 
achieving greater sprint velocity in sprinters with unilateral transfemoral amputations. The force 
production capabilities are mainly associated with joint extension moment in the prosthetic hip 
joint during the stance phase. For the second approach, we acquired 850 spatiotemporal data 
from 147 ILEAs in 35 countries. We found that spatiotemporal parameters in sprinters with lower 
extremity amputations vary according to amputation levels, sex, ethnicity, competition level, and 
RSP type, but not to body height or amputation side. 

Social Implementations  
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Several sprinters with lower extremity amputations have used our biomechanical data to 
enhance their athletic performance. Further, our data aid ILEAs in resuming running via proposing 
effective rehabilitation protocols conducted by physiotherapists and prosthetists. To date, 
relatively little research has focused on ILEAs who wish to begin running. As a result of our concise 
feedback, some ILEAs have re-learned how to run using RSPs. These results were achieved not 
only by researchers, but also by cooperative partnerships among medical doctors, clinicians and 
prosthesis users. 
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ABSTRACT  

 
How a priori Knowledge of a Perturbation Impacts Proactive and Reactive Locomotor 

Strategies of Below-Knee Prosthesis Users 
Matthew Major 

 
Locomotor stability is an essential precondition for safe ambulation. Accordingly, people employ 
a combination of proactive and reactive control strategies to manage walking disturbances. 
Proactive strategies involve locomotor adaptations derived partially from sensory-based 
anticipation to prepare for a disturbance, while reactive strategies involve a feedback-driven 
response to correct errors following the disturbance. Lower limb prosthesis users experience 
sensory-motor deficits that compromise components of postural control, which may partially 
explain why over half of community-living lower limb prosthesis users fall each year. However, 
the impact of these deficits on proactive and reactive control strategies is not fully understood. 
Lower limb prosthesis users may reasonably emphasize proactive strategies due to lost 
proprioceptive feedback and active joint control, but with consideration of associated stability 
costs, such as maneuverability, metabolic energy, and comfort. These sensory-motor deficits and 
associated stability costs are particularly relevant to the unique challenge of controlling frontal-
plane locomotor stability, which requires careful control of center-of-mass dynamics and foot 
placement.  

Previous research has suggested that lower limb prosthesis users increase frontal-plane stability 
through locomotor adaptations when in environments that continuously challenge stability, but 
exhibit only minimal proactive adaptations when repeatedly exposed to discrete but temporally-
unpredictable lateral perturbations. These findings suggest the importance of contextual 
information of the environmental disturbance on selecting proactive strategies to influence 
reactive control demands and stability costs. However, little is known about how lower limb 
prosthesis users assess risk based on a priori knowledge of a perturbation and the effects of 
context-based proactive strategies on perturbation response behavior. 

The aim of this work was to help answer the questions of: why lower limb prosthesis users select 
certain proactive strategies, and what the consequences of these strategies are on disturbance 
response. This study observed the effects of a priori spatiotemporal (timing, direction) 
knowledge of a lateral perturbation during treadmill walking on the proactive and reactive 
locomotor behavior of lower limb prosthesis users, and compared this behavior to that of able-
bodied controls. The results from this work suggest that providing information on the timing of 
a perturbation known to be directed towards the impaired (prosthetic) limb encourages 
proactive strategies to enhance frontal-plane stability on the impaired side just prior to the 
perturbation instance. Minimal proactive adaptions were observed when timing was unknown. 
Furthermore, knowledge of perturbation timing resulted in reduced peak displacement of whole-
body center-of-mass in prosthesis users, but an increase in time until the center-of-mass was 
reversed back towards the center of the treadmill. The finding that proactive locomotor 
adaptations and reactive behavior may be partially dependent on contextual temporal 
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information (timing) of a lateral perturbation may help explain mechanisms responsible for 
impaired balance control in lower limb prosthesis users.  

The results from characterization studies such as this, which include considerations on motor 
control, cognitive factors (i.e., contextual risk), and biomechanics, may inform the design of 
balance-targeted training paradigms and prostheses to compensate for sensor-motor deficits in 
persons with lower limb loss. The ultimate aim of this research is to enhance locomotor stability 
for safe ambulation and support long-term rehabilitation outcomes to maximize quality of life of 
lower limb prosthesis users.  
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the University of Salford, Manchester in the United Kingdom. Prior to completing a postdoctoral 
fellowship at Northwestern University in Rehabilitation Engineering, he conducted research as a 
Whitaker International Fellow in England and a National Science Foundation Graduate Scholar in 
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Dr. Major’s research is currently funded through a U.S. Department of Veterans Affairs Career 
Development Award and several grants from the U.S. Department of Defense, National Science 
Foundation, and National Institutes of Health. His research focuses on improving mobility and 
function of individuals with neurological and musculoskeletal pathology through rehabilitation 
technology and therapeutic intervention.  

He manages the Prosthetics and Orthotics Rehabilitation Technology Assessment Laboratory 
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of the American Academy of Orthotists and Prosthetists (AAOP) and the American Society of 
Biomechanics, and regularly presents his research findings at national and international scientific 
and clinical conferences. Dr. Major is an editorial board member of the Journal of Prosthetics and 
Orthotics, and a member of the Research Committee for the Orthotic and Prosthetic Education 
and Research Foundation.  
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ABSTRACT  

The Effects of Fear of Falling on Balance and Gait: Lessons from Intact Adults and Implications 
for Prosthetic Design and Rehabilitation 

Noah Rosenblatt 

Fear of falling, or an overwhelming concern about falls that can lead to activity avoidance, is a 
prevalent problem in individuals with lower limb loss that can increase fall risk and negatively 
impact community participation and quality of life. While a considerable amount of research has 
focused on the impacts of low balance confidence and fear on postural control and gait in intact 
adults, little is known about the impact in persons with lower limb loss and whether targeted 
rehabilitative methods can be employed to address fear and alter any dysfunctional 
neuromechanics.      

I will begin this talk by providing a brief introduction to the general construct of fear of falling and 
clinical scales that can be used to measure both fear of falling and related constructs, and then 
summarize the existing literature on its prevalence in lower limb prosthesis users and the impact 
it has on balance, falls and community participation in this population. Next I will describe 
methods that have been used to evaluate the effects of fall-related fear on neuromechanics of 
intact individuals and the associated results.  I will highlight an example regarding the effects of 
fear on postural control in healthy subjects to provide a possible implication for prosthetic 
control. I will conclude by presenting data from an ongoing study testing the effect of a novel 
rehabilitation protocol, which targets low balance confidence in individuals with transtibial 
amputation, highlighting the effects on stability and biomechanics of gait.       

At the conclusion of this talk, the audience should appreciate the need to consider fear of falling 
in future research studies and in rehabilitation protocols for lower limb prosthesis users. 
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Preventing falls in healthy community dwelling-older adults and individuals using lower limb 
prosthesis 
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community-based falls by users of lower limb prostheses. Gait & Posture. 55:100-4, 2017. 
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41(4):387-92, 2017.  
https://www.rosalindfranklin.edu/academics/faculty/noah-rosenblatt/  
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ABSTRACT 
 

The Role of Mechanical Impedance in Human Neuromotor Control and  
Wearable Robotic Systems 

Elliott Rouse 
 
To date, wearable robotic systems have not yet realized their full potential, and their impact on 
the lives of people with disabilities has been limited.  One cause for these challenges is that the 
blueprint used to develop these technologies is flawed. Kinetics and kinematics of locomotion 
form the basis for the development of wearable robotic systems, and the underlying dynamic 
mechanical properties, collectively known as mechanical impedance, of human joints is not 
included in the design and control process.  In this talk, I will discuss our approach to identify and 
incorporate the regulation of mechanical impedance into the development of wearable robots.  

Over the past several years, we have completed the estimation of impedance in the able-bodied 
ankle joint during locomotion.  We have used these data to develop a new class of variable-
stiffness ankle prosthesis, and have leveraged this technology to gain novel insight into the role 
of stiffness in ankle-foot prostheses. Finally, I will discuss basic studies on the human 
sensorimotor system that provide support for the role of impedance properties in the control of 
gait. Collectively, these studies begin to lay the foundation for the implications of mechanical 
impedance in locomotor control, and benchmarks for the mechanics of a new generation of 
prosthetic and wearable robotic systems. 
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ABSTRACT  

 
Falls among Lower Limb Prosthesis Users: Refocusing through an Epidemiological Lens 

1Kim, J., 2Major, M.J., 3Hafner, B.J., 1Sawers, A. 
1University of Illinois at Chicago, 2Northwestern University, 3University of Washington 

 
More than 50% of lower limb prosthesis (LLP) users report falling at least once a year, placing 
them at a high risk for adverse health outcomes like reduced mobility and diminished quality of 
life. Efforts to reduce falls among LLP users have focused on: i) developing clinical tests to assess 
fall risk, ii) designing prosthetic technology to improve patient safety, iii) characterizing 
biomechanical balance response, and iv) identifying risk factors for falls. 

In contrast, little attention has been paid to the circumstances surrounding falls among LLP users. 
A better understanding of how and where LLP users fall could help: i) direct treatment to the 
most prevalent and consequential types of falls, ii) prioritize research needs in areas related to 
fall assessment, and iii) generate evidence to develop and revise reimbursement policy. The 
primary objective of this project was to characterize falls circumstances among ambulatory 
unilateral LLP users. 

A secondary analysis of self-report falls data collected in two previous studies was conducted to 
address the study objective. Two investigators reviewed narrative descriptions of fall events 
provided by 66 LLP users. Falls were categorized using a novel fall type classification framework 
that describes the location of the destabilizing force (e.g., base-of-support, center-of-mass), the 
source of the destabilizing force (i.e., intrinsic or extrinsic), and the ensuing fall pattern (e.g., trip, 
slip etc.). 

Thirty-eight participants (57.6%) reported one or more falls in over the past year, for a total of 
90 falls (1.36 falls per participant). Therefore, falls among LLP users appear to remain as frequent 
today as they were 20 years ago. This suggests that research exploring new approaches to reduce 
falls among LLP users is warranted. 

The base-of-support was the most commonly reported location of a destabilizing force leading 
to a fall (54%, 49/90 falls). Therefore, LLP users may be more susceptible to base-of-support than 
center-of-mass falls. Clinical balance tests that probe responses to base-of-support disruptions 
may improve fall risk assessment. New prosthetic designs that help LLP users successfully avoid 
and respond to base-of-support disruptions are also needed. 

Intrinsic (i.e., personal) factors were more commonly reported as the source of destabilizing 
forces leading to a fall (58%, 52/90 falls) than extrinsic (i.e., environmental) factors. Intrinsic falls 
are associated with advanced age (i.e., >75 years old). However, the relatively low mean age of 
our sample, 50.4 years, suggests this cannot be the case here. Rather, challenges related to 
prosthetic gait (e.g., control of a prosthetic knee) may be responsible for intrinsic falls. Thus, a 
greater emphasis on the identification and treatment of personal rather than environmental 
factors appears warranted. 
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Slips (26%), followed by trips (22%), prosthetic factors (22%), and incorrect weight shift (15%) 
were the most commonly reported fall patterns. Owing to the diversity of fall patterns, neither 
assessment nor treatment can be prioritized based on the prevalence of fall patterns. 

This secondary analysis provides an initial account of fall circumstances among LLP users. Data 
from a larger national sample collected with a structured LLP user-specific fall survey are needed 
to confirm these results, and  identify other circumstances and related fall consequences.  
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Research Collaborations with Japan 

Koki Kawano 
JSPS Office, Washington, D.C. 

 
 

 
 
The Japan Society for the Promotion of Science (JSPS), or Gakushin for short, is an independent 
administrative institution, established by national law for the purpose of contributing to the 
advancement of science in the natural sciences, social sciences and humanities. JSPS plays a 
pivotal role in the administration of a wide spectrum of Japan's scientific and academic programs. 
While working within the broad framework of government policies established to promote 
scientific advancement, JSPS carries out its programs in a manner responsive to the needs of the 
participating scientists.       

JSPS was founded in 1932 as a non-profit foundation through an endowment granted by Emperor 
Showa. JSPS became a quasi-governmental organization in 1967 under the auspices of the 
Ministry of Education (Monbusho), and since 2001 under the Ministry of Education, Culture, 
Sports, Science and Technology (Monbukagakusho). Over this 70-year period, JSPS has worked 
continuously to develop and implement a far-reaching array of domestic and international 
scientific programs. On October 1, 2003, JSPS entered a new phase with its conversion to an 
independent administrative institution. Henceforth, the JSPS will continue to optimize the 
effectiveness and efficiency of its management with the goals of improving the quality of services 
it offers to individual researchers, universities, and research institutes.  

JSPS activities are supported in large part by annual subsidies from the Japanese Government. Its 
main functions are to: 

Foster young researchers, 
Promote international scientific cooperation, 
Award Grants-in-Aid for Scientific Research, 
Support scientific cooperation between the academic community and industry, and 
Collect and distribute information on scientific research activities. 

Learn more about JSPS contributions to science at: https://www.jsps.go.jp/english/index.html.  
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Based on Novel Computer Vision Algorithms 
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Proposed System Introduction 

A novel algorithm was 
developed to segment regions 
from the raw depth data, 
extract features, and estimate 
the desired locomotion mode. 
The overall system will utilize 
a fusion of EMG, kinetics, and 
kinematics as well as Vision 
features. 
Multiple fusion approaches 
are being evaluated. 

 

  

1. Spanias, John A., et al. "Preliminary results for an adaptive pattern recognition system for novel users using a 
powered lower limb prosthesis." Engineering in Medicine and Biology Society (EMBC), 2016 IEEE 38th 
Annual International Conference of the. IEEE, 2016. 

2. PMD, “Camboard Pico Flexx.” [Online]. Available: http://pmdtec.com/picofamily/ 
3. Nili E. Krausz, Tommaso Lenzi, and Levi J. Hargrove. "Depth sensing for improved control of lower limb 

prostheses." IEEE Transactions on Biomedical Engineering 62.11 (2015): 2576-2587. 
4. Blair H. Hu, Nili  E. Krausz, Levi J. Hargrove,  “A novel method for bilateral gait segmentation and locomotion 

mode recognition using a single thigh-mounted depth sensor and IMU ,” in review 

Setup 

Novel Depth Algorithm 

Figure 1 

Figure 1. Diagram showing the proposed system with inputs from the depth sensor/IMU and the Vanderbilt 
transfemoral prosthesis. Individual mode-based mid/low level controllers will be used. 

Future Directions 

Context: Current research for powered prostheses 
have used pattern recognition methods 
incorporating electromyography (EMG), kinetics, 
and kinematics to recognize what the user intends 
to perform. 

Error rates for transitions between locomotion 
modes is 10-20% in the most advanced systems 
currently [1]. 

Problem: Intent recognition systems have high 
inter- and intra-subject variability, due to subject-
based data sources varying regularly. 

Solution: We propose the addition of environment-
based data, using 2D and 3D computer vision (CV). 

We developed novel algorithms, integrated CV 
with prosthetic control, and completed 
preliminary testing to determine feasibility for 
prosthesis intent recognition and control. 

References 
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2Departm

We propose a high level controller that will predict the desired locomotion mode based on a fusion of: 
Depth data from the environment (Camboard Pico Flexx) 
Kinetics and kinematics (Powered Knee Ankle Prosthesis) 

Two fusion approaches will be evaluated: a machine learning method and a fuzzy logic method. 
Locomotion mode specific mid/low level controllers will be used to estimate motor commands. 

Preliminary data collection/testing has been 
completed with two able-bodied subjects. 
Synchronization was evaluated to ensure controller 
lag of <30 ms. 
Algorithm validation to ensure adequate 
segmentation of environmental objects. 
Feasibility of depth-approach demonstrated in [3] 
with 98.8% frame accuracy. 
 

Figure 6. Segmented stairs superimposed on RGB image. 

Figure 2. Able-bodied subject wearing the depth 
sensor/IMU belt unit and transfemoral prosthesis 
with a custom made bypass socket. 

Figure 3. Walking circuit for data 
collection, including multiple stairs, a 
ramp, and elevated platforms. 

Figure 4. Flowchart of the algorithm 
developed to perform region 
segmentation, feature extraction, 
and mode estimation based on the 
depth and IMU data. 

Preliminary Testing 

Eventually 10 able-bodied subjects and 10 amputee 
subjects will complete the protocol. 
Walking trials including level-ground walking, stair 
ascent/descent, and ramp ascent/descent. 
A depth sensor [2] and an inertial measurement unit 
(IMU) were worn on a belt at the waist were 
synchronized with a transfemoral prosthesis, and  
controlled using a custom software package. 
The experimenter controls the prosthesis locomotion 
mode during training trials. 
All processing/control must be completed within 30 
ms to prevent trips/falls. 

Completion of testing and analysis of data from all 
able-bodied and amputee subjects. 
Evaluation of inter- and intra-subject variability of 
different data sources across days. 
Testing and comparison of fusion approaches. 
Online implementation. 
Testing of other control algorithms using vision (i.e. 
double support phase testing [4]). 

Integrated Prosthesis Study 

Figure 5. Raw point clouds collected during ambulation with the prosthesis (l-r stair, ramp). 

Figure 7. Segmented shank used for double support controller. 
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MMOTIVATIONNNNNN METHODSDDDDDSSSSSSS 

RESULTSTS 

Segmental Contributions to Sagittal-Plane Whole-Body Angular Momentum When 
Using Powered Compared to Passive Ankle-Foot Prostheses on Ramps

Nathaniel T. Pickle1, Anne K. 
Silverman2, Jason M. Wilken3,4 and 
Nicholas P. Fey1,5 

1Departments of Mechanical Engineering and Bioengineering, The University of Texas at Dallas, Richardson, TX USA 
2Department of Mechanical Engineering, Colorado School of Mines, Golden, CO USA 
3Center for the Intrepid, Brooke Army Medical Center, JBSA Ft. Sam Houston, TX USA 
4Extremity Trauma and Amputation Center of Excellence, JBSA Ft. Sam Houston, TX USA 
5Department of Physical Medicine and Rehabilitation, UT Southwestern Medical Center, Dallas, TX USA 
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Figure 5: Pairwise comparison results for prosthetic-side leg (top set of plots) and trunk (bottom set of plots) contributions to whole-body angular momentum (H). Within each set of plots, the  
top row shows mean (±SD in shaded regions) contributions to H with the passive and powered prostheses, and the bottom row shows the SPM{t}, which is the student’s t-value as a function of 
time. The critical threshold (t*) needed to achieve significance is indicated for each pairwise comparison. Shaded regions indicate significant differences between passive and powered 
prostheses. Positive (negative) SPM{t} indicates that the contribution from the passive prosthesis was more (less) positive compared to the powered prosthesis.  

Ramp angle affects segmental coordination 
Main effect of slope for all segments 
Changes in arm coordination only occurred 
during certain portions of the gait cycle 

Powered prosthesis increases magnitude of 
prosthetic leg contributions to H 

Increase during early- and mid-stance may be 
related to controlled plantarflexion in powered 
prosthesis 

Similar to increased leg braking in compliant 
passive prosthesis3 

Increase during swing possibly due to ankle 
power generation aiding leg swing initiation 

Powered prosthesis increases trunk 
contributions to H when walking uphill  

Suggests powered prosthesis partially replicates 
function of soleus, which primarily contributes 
to trunk1,2 

Demonstrates mechanical coupling among all 
body segments 

 

Implications for prosthesis design 
and clinical rehabilitation 

Design of robotic assistive devices should 
account for effects on segmental 
contributions to dynamic balance, not just 
local joint mechanics (e.g., ankle moment) 
or metabolic cost. 
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Figure 4: ANOVA results for the main effects of prosthesis type (top row) and slope (middle row) as well as the interaction effect (bottom row) for all segments. The plotted values are the SPM{F}, 
which is the F-statistic as a function of time. The critical threshold (F*) needed to achieve significance is indicated for each test. Shaded regions indicate significant effects.  

SPM ANOVA Results 
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Results

Conclusion

Introduction

Subjects used a hand-held electronic dial to
change stiffness, and were instructed to select
the stiffness that was “the most comfortable at
this walking speed”
After preferred stiffness was selected, the
treadmill was stopped, stiffness was randomly
changed, and the process was repeated for a total
of five preferred stiffness values per subject

Subjects were able to consistently
select their preferred stiffness
(Coefficient of Variation: 14%)
Mean and standard errors are
shown for each subject’s
preferred stiffness

Around the preferred stiffness, energy stored and returned continued to increase as
stiffness decreased
Peak energy storage did not occur at the most comfortable stiffness level

1. “Rushfoot.com,” Accessed: 1/31/2018. [Online]. Available: http://rushfoot.com/patient-home/the-rush-feet/patient-rush-81/.
2. “WillowWood.com, Trailblazer Foot,” Accessed: 1/31/2018. [Online]. Available: https://www.willowwoodco.com/products-

services/feet/high-activity-feet/trailblazer-foot/.
3. “CollegePark.com, Horizon HD,” Accessed: 1/31/2018s. [Online]. Available: https://www.college-park.com/lower-limb/prosthetic-

feet/horizon.
4. “Freedom Innovations: Renegade,” Accessed: 1/31/2018. [Online]. Available: http://www.freedom-innovations.com/renegade-at/.

[Accessed: 01-Jan-2018].
5. M. Shepherd and E. Rouse, “The VSPA Foot: A Quasi-Passive Ankle-Foot Prosthesis with Continuously Variable Stiffness,” IEEE Trans

Neural Syst Rehabil Eng, vol. 25, no. 12, pp. 2375–2386, 2017.

Variable-Stiffness Prosthetic Ankle-Foot (VSPA-Foot)

1. Preferred Stiffness

The authors would like to thank Graci Finco for fitting the prosthesis, and Alejandro
Azocar and Matthew Major for discussions regarding experimental design
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Modern prosthetic feet behave like springs, storing energy during mid-stance, which
is returned at the end of stance to help propel the wearer forward
Energy storage is a function of the foot’s mechanics (stiffness) and the dynamics of
the individual’s gait; energy return is the stored energy minus elastic hysteresis
Some prosthetics manufacturers have implied that increased energy storage and
return is beneficial by advertising their energy-return as “high1”, “dramatic2,” or
“superior3;” the Renegade Foot is even described as having "up to 35% greater
energy return4"
In this study, we sought to determine if energy storage and return is maximal at
self-selected preferred stiffness

Materials & Methods

References

Energy Storage and Return in Prosthetic Feet is 
Not Maximal at the Preferred Stiffness

A titanium leaf spring is deflected by a cam mechanism when the ankle rotates,
allowing the ankle to act like a rotational spring1

The leaf spring is supported by a sliding support, which can be repositioned by a
motor to increase or decrease stiffness

Eight unilateral trans-tibial subjects walked with the prosthesis at five stiffness
levels: 80%, 90%, 100%, 110%, and 120% of preferred stiffness
Ankle angle was recorded at 30 Hz by an onboard, 14 bit encoder. Angle was filtered
(7.5 Hz, 4th order Butterworth) and up-sampled to 100 Hz (spline fit)
Energy Storage was calculated as: = where is the peak deflection in
either plantarflexion or dorsiflexion, and k is known (experimentally tested) as a
function of slider position

2. Biomechanics at and around the Preferred Stiffness

1. Preferred Stiffness

2. Energy Storage and Return at and around the Preferred Stiffness

Subject Age 
(yrs) Height (m) Weight(kg)

Time since 
amputation 

(yrs)

Residual Limb 
Length (cm)

Customary 
prosthesis

Amputation 
etiology

1 23 1.88 86.2 3 14
Össur

Vari-Flex XC
Traumatic

2 41 1.52 76.2 4 15
Freedom Inn.

Senator
Dysvascular

3 41 1.70 54.4 14 12
Össur

Elation
Traumatic

4 46 1.85 86.0 26 24
College Park 

Velocity
Traumatic

5 33 1.75 72.5 13 15
College Park 

Soleus
Traumatic

6 24 1.65 61.2 1 14
Össur

Pro-Flex LP
Traumatic

7 35 1.83 90.0 15 14
Ability Dyn.
Rush Foot

Dysvascular

8 54 1.78 84.0 1 15 Endolite Echelon Dysvascular

The blue trace indicates the preferred
stiffness. As stiffness decreased (denoted
by the orange arrow):

A. Peak dorsiflexion and plantarflexion
increased.

B. Energy storage and return increased
C. Prosthetic ankle power increased,

and was slightly delayed

Energy Storage and Return varies by
subject (gray traces), but is negatively
correlated with stiffness near the
preferred stiffness (p < 0.001)
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Mechanical Power and Work Profiles 
During Sprinting in Transfemoral Amputees

Kota Z. Takahashi1, Satoru Hashizume2, Yuta Namiki2 and Hiroaki Hobara2

1. Department of Biomechanics, University of Nebraska at Omaha, Omaha, NE USA
2. National Institute of Advanced Industrial Science and Technology, Tokyo, Japan

METHODS

RESULTS/CONCLUSIONS

Running-specific prostheses (RSPs) can supplement 
movement via elastic energy storage and return.

Sprinters with unilateral transfemoral amputation using 
RSPs have impaired force production in the prosthetic limb 
compared to the sound limb [1].

It is currently unclear how the asymmetrical force 
production in unilateral transfemoral amputees influences 
the mechanical work profiles between the limbs.

INTRODUCTION
Sprinters with Unilateral Transfemoral Amputation (N = 10)
Body mass: 55.3 ± 10.3 kg
Height: 1.61 ± 0.11 meters

Same prosthetic knee and RSP for all sprinters:
3S80, hydraulic knee joint; Ottobock
RSP: Sprinter 1E90; Ottobock

Biomechanical Analyses during Maximal Sprinting 
Power and work done by hip, knee, and below-knee structures [2]

This work was supported by the Center for Research in Human Movement Variability 
of University of Nebraska at Omaha, NIH (P20GM109090).

References: 
[1] Makimoto et al. Journal of Applied Biomechanics 33, 406-409, 2018.
[2] Ray et al. Journal of NeuroEngineering and Rehabilitation 15, 6, 2018.

PURPOSE: To quantify mechanical power/work during sprinting in unilateral transfemoral amputees

Figure 1: Stance Phase Mechanical Work (N=10). 
*The knee joint produced less work (positive and negative) in 
the prosthetic limb relative to the sound limb. No significant 
differences were found in the hip joint and below-knee 
structures between the sound and the prosthetic limbs. 

Figure 2: Relationship between 
positive work done by hip, 
knee, and below-knee 
structures and maximal 
sprinting speed in unilateral 
transfemoral amputees (N=10).
*Increase in positive work 
production from sound knee 
joint and below-knee structures 
(both prosthetic and sound 
limbs) are correlated with faster 
maximal speed.

*Despite asymmetrical force production in unilateral transfemoral
amputees [1], RSPs can produce nearly symmetrical mechanical work 

below the knee during sprinting.
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