
                              
 

  
AD_________________ 

 
 
Award Number:  W81XWH-10-1-0584 
 
 
 
TITLE:   An Exotendon Orthosis to Improve Mobility for Military Personnel Recovering 
From Combat-Related Injuries 
 
 
 
PRINCIPAL INVESTIGATOR:   Brian Glaister, Ph.D. 
                                                    
 
 
CONTRACTING ORGANIZATION:  Empowering Engineering Technologies Corp. 
                                                          Seattle, WA 98103 
 
 
REPORT DATE: December 2011 
 
 
 
TYPE OF REPORT: Final 
 
 
PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                                Fort Detrick, Maryland  21702-5012 
 
 
 
DISTRIBUTION STATEMENT: Approved for Public Release;  
                                                  Distribution Unlimited 
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE  
December 2012 

2. REPORT TYPE
Final 

3. DATES COVERED 
15 August 2010 – 14 November 2011

4. TITLE AND SUBTITLE 
 

5a. CONTRACT NUMBER 
 

An Exotendon Orthosis to Improve Mobility for Military Personnel Recovering From 
Combat-Related Injuries 

5b. GRANT NUMBER 
W81XWH-10-1-0584 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 

5d. PROJECT NUMBER 
 

Brian Glaister 
 

5e. TASK NUMBER 
 

 
E-Mail:  brittany.jackson@amedd.army.mil 

5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

Empowering Engineering Technologies Corp. 
Seattle, WA 98103 

 
 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command  
Fort Detrick, Maryland  21702-5012  
 11. SPONSOR/MONITOR’S REPORT 

        NUMBER(S) 
  
12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
13. SUPPLEMENTARY NOTES 
 

14. ABSTRACT 
 
Exotendons may offer an unpowered, low-cost way to reduce the muscular effort required to walk. We have developed a 
computational model to inform the design of an exotendon system, developed a beta prototype, and have tested the system 
with healthy human subjects. Walking performance was hindered for healthy subjects using the device. Performance is more 
likely to be improved for individuals for whom walking is very difficult. 

15. SUBJECT TERMS 
Exotendon, orthosis, biomechanics, gait 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON
USAMRMC  

a. REPORT 
U 

b. ABSTRACT 
U 

c. THIS PAGE
U 

 
UU 

  
        6

19b. TELEPHONE NUMBER (include area 
code) 
 

  

 



3 
 

 
 
 
 

Table of Contents 
 

 
                                                                                                                                Page 
 

 

Introduction…………………………………………………………….………..…..     4 

 

Body…………………………………………………………………………………..     4 

 

Key Research Accomplishments………………………………………….……..    4 

 

Reportable Outcomes………………………………………………………………    4  

 

Conclusion……………………………………………………………………………    5 

 

References…………………………………………………………………………….    5 

 

Appendices……………………………………………………………………………   6 

          
 
 



4 
 

 
 
 
 
Introduction 
Exotendons [1, 2] may represent a cost-effective way to augment human performance and facilitate ambulation for 
those with mobility-impairments. Borrowed from equine anatomy where large muscle groups exist proximally and 
articulate joints via long tendons (Fig 1)[3], exotendons are parallel passive elastic structures that extend across 
multiple joints (Fig 2). Wrapped around pulleys at the joints, exotendons stretch with joint motion and can store 
energy for later return, transfer energy to different joints, and even contribute to muscular force production without 
adding to the metabolic cost of walking. Theoretical models have shown that exotendons can reduce joint 
moments and powers by about 75% [1], yet exotendons have not been used in a physical system to assist gait. 
Therefore, the purpose of the work proposed in this application is to develop a physical system, evaluate its 
performance with human subjects, and model advanced exotendon designs to inform future generations of the 
device. 
 
Body 
The research proposed for this project included three specific aims: 1) Design and fabricate an exotendon system, 
2) Test the exotendon system with healthy human subjects, and 3) Model advanced exotendon systems. During the 
actual project, we were able to accomplish Specific Aim 3 first followed by 1 and then 2. 
 
Early prototyping of a physical system found that a design following [1] would have exotendons so stiff that it 
would be impossible to recreate human gait. Therefore, we sought out to model new configurations that would 
allow the use of softer exotendons. To accomplish this, we would need to use larger pulleys to wrap the softer 
exotendons around, and as such we would need to explore whether pulleys centered away from the joint centers 
could function appropriately. A new computational model was developed by Orchard Kinetics to explore these 
issues and it was found that larger pulleys centered away from the hip and ankle joint centers, coupled with softer 
springs, could replicate a system with stiffer springs and smaller pulleys centered at the joint centers. 
 
With this new knowledge, Empowering Engineering Technologies set out to build a system based on the new 
computational model (Fig 1).  Parts were machined from local 
machine shops and assembled in house to create adjustable 
devices that could be fit to a wide variety of human subjects. 
 
Human subjects research was performed at the Cleveland Clinic 
Learner School of Medicine under an IRB-approved protocol. 
Eight healthy volunteer performed six-minute-walk tests, oxygen 
consumption, and 3-D biomechanics tests with and without the 
exotendon system.  
 
The main findings are that heathly subjects performed better 
without the exotendon orthosis than with. Fig 2 depicts the 
volume of oxygen consumed while walking with and without the 
exotendon orthosis for a representative subject. Each subject 
consumed equal to or more oxygen per minute walking with the 
exotendon orthosis than without. During the six minute walk test, 
subjects walked further without the exotendon orthosis (Mean: 
2034.81 ft, std dev 166.89) than with (Mean: 1715.64 ft, std dev 
253.5). Borg perceived exertion showed no difference with (Mean 
2.09 std dev 0.92) than without (Mean 2.09 std dev 0.89). No 
discernible difference could be seen in joint moments from the 3D 
biomechanics tests. 
 

 
Figure 1. Kinetic  Orthosis. A long elastic 
element stretches around cams at the hip and 
the ankle to store energy  in the beginning of a 
step, then return that energy at the end of a step 
to facilitate ankle plantarflexion and hip flexion. 
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On the surface, these results are disconcerting. However, after examining the data we feel that it is less a failure of 
the exotendon technology and more a 
failure of the wrong tests with the 
wrong types of subjects. Overgound 
walking clearly was not challenging 
enough of a task for healthy subjects 
to truly test the system, as indicated by 
the Borg perceived exertion results. 
Subjects barely registered on the scale 
both with and without the device. 
Furthermore the metabolic data 
showed more oxygen being consumed 
with the device than without. 
However, this is more likely due to the 
constraints imposed by the external 
structure than a failure of the 
exotendons to assist gait. As Walsh et 
al. found with their passive exoskeleton, human gait is highly optimized for healthy individuals with many subtle 
movements that exist to maximize walking efficiency. However, when one adds a device that constricts degrees of 
freedom in the leg these subtle efficiencies are disrupted and result in increases in metabolic cost [4, 5]. We 
believe this to be the case with our results as well. 
 
Instead of measuring the performance of the exotendon device with healthy subjects doing an easy task, it appears 
that a better experiment is to measure the performance of the device either with more demanding tasks or with the 
same task performed by individuals who have great walking completing that task. As such, in a self-funded pilot 
study we tested the exotendon orthosis with a man who was three months post-stroke walking overground. With 
the device, he walked 29.7% faster (.248 m/s without vs. .336 m/s with) suggesting that the exotendon orthosis has 
the potential to dramatically improve walking for people with severe disabilities[6]. 
 
Key Research Accomplishments 

 New computational exotendon model was developed 

 Completion of beta prototype system 

 Completion of human subjects data collection. 

Reportable Outcomes 
We have applied for one new grant through the Congressionally-Directed Medical Research Program based on this 
work. This grant is a clinical trial to examine the use of an exotendon orthosis for Soldiers recovering from 
incomplete spinal cord injuries. Additionally, a  proposal to the National Institutes of Health seeking to develop an 
exotendon prosthesis for lower limb amputees was awarded 9/13/11. 
 
 
We have also filed a provisional patent application for the new exotendon system that was developed.  
 
Conclusion 
We have developed a new computational model and a physical exotendon device, and have collected data with 
healthy subjects to explore its effectiveness in assisting walking. The exotendon orthosis causes decreased walking 
performance with healthy subjects. It is more likely to improve gait for individuals for whom walking is very 
difficult. 
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