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B. Abstract 

 
The main purpose of ankle-foot orthoses (AFOs) is control of the ankle to assist or resist joint motion. It 

is widely believed that using carbon fiber as the material allows the AFO to store energy during 

MidStance and Late Stance dorsiflexion, with the AFO subsequently returning that energy during the Pre-

Swing phase of gait in order to aid propulsion and toe clearance for the Swing phase. Those studies that 

have examined the stiffness of AFOs in plantarflexion and dorsiflexion have, for the most part, developed 

their own testing apparatuses, calling into question the validity of the results. In addition, very few studies 

have tested the material properties of carbon fiber AFOs; those that did have used custom-fabricated 

AFOs. However, clinics in the United States tend to deliver off-the-shelf carbon fiber AFOs to their 

patients. The primary purpose of this study is to compare the stiffness and hysteresis characteristics of the 

most popular off-the-shelf carbon fiber AFOs in order to begin the development of prescription guidelines 

to choose the best match for each patient. A secondary purpose is to compare these off-the-shelf carbon 

fiber AFOs to thermoplastic AFOs in order to compare possible effects on joint motion and gait patterns.  
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C. Research Grant Proposal 
 

Specific Aims 

Ankle-foot orthoses (AFOs) are orthoses that are given to patients in order to assist or resist joint 

motion. However, the attachment of such a device to patients can alter the gait of the patients and may 

possibly lead to an increase in energy consumption, affecting their endurance and causing rapid fatigue. 

Thus, it is important to study the characteristics of AFO materials in order to evaluate their potential to 

affect the energy expenditure of patients. Carbon fiber AFOs are a recent development that are intended 

to be able to store and return energy to the patient in order to avoid the negative effects of AFOs on 

energy expenditure. The purpose of the proposed study is to perform an evaluation of certain mechanical 

characteristics of off-the-shelf (OTS) carbon fiber ankle-foot orthoses. This study is specifically interested 

in evaluating and comparing the stiffness and hysteresis characteristics of various OTS carbon fiber 

AFOs. The study will also include a comparison of the characteristics of the carbon fiber AFOs with other 

commonly used AFO materials, specifically polypropylene and copolymer. The stiffness of an AFO is 

important due to the fact that it determines the extent of the range of motion about the ankle, which can in 

turn affect the amount of energy stored in carbon fiber AFOs. Hysteresis is the best approximation of the 

ability of AFOs to store and return energy that can be performed in studies that do not involve human 

subjects. A study of this type is important due to the widespread delivery of OTS carbon fiber AFOs to 

patients in the present day. The results of this study will be used to begin the process of developing 

guidelines for matching patient characteristics to the ideal AFO material and design, due to the fact that 

the large variations in the design of these orthoses can make it difficult to choose the most appropriate 

AFO for a patient.  

 

Background/Significance 

The prior research on the mechanical or clinical characteristics of carbon fiber AFOs in general is 

quite sparce, though there have been more studies examining the effects of these AFOs on the gait of 

human subjects
[1-9]

 than there have been studies quantifying mechanical characteristics of carbon fiber 

AFOs
[3, 4, 9-13]

. Those studies that have performed mechanical testing of carbon fiber AFOs have all used 

custom-fabricated AFOs and have developed their own testing apparatuses, resulting in several methods 

for measuring the mechanical characteristics of AFOs, such as stiffness.  

 One method of measuring the mechanical characteristics of AFOs involves the use of automated 

loading, such as that seen in the study performed by Kerr et al., which involved examining changes in 

stiffness and watching for permanent deformation due to cyclical loading of custom-fabricated 

polypropylene, polyethylene, and carbon fiber posterior leaf spring AFOs
[11]

. The testing was performed 

via a custom loading machine featuring a pneumatically-driven cylinder that loaded the AFOs from 0°-

10° of plantarflexion. A universal testing machine was used to create a force-displacement graph for each 

AFO before and after being loaded through four tests for a total of 480,000 cycles. The results of the 

study demonstrate that polyethylene and polypropylene AFOs are susceptible to decreases in stiffness and 

permanent deformation after repeated loading, which is not the case for carbon fiber. In addition, it was 

found that carbon fiber is stiffer than polypropylene, both before and after the cyclical loading. The major 

benefit to using a computer for recording measurements is the accuracy of the recorded measurements.  

 A second method of measuring the mechanical characteristics of AFOs seen in the literature 

involves manual application of deforming forces. In their study examining the stiffness and hysteresis 

values of custom-fabricated posterior leaf spring AFOs composed of carbon fiber, polypropylene, 

copolymer, and a material known as chevron, Novacheck et al. clamped the footplate of the AFOs to a 

force plate and used a rod to apply the deformation forces to the entire spring and calf section of the 

AFO
[12]

. The displacement of the AFO was measured via a motion capture system. Although the AFOs 

were tested at three different speeds, measured in steps per minute, the results of the study did not 

demonstrate an effect of loading speed on the measured stiffness values. In general, the results indicated 

that polypropylene AFOs were the stiffest, followed by the copolymer, chevron, and carbon fiber AFOs. 
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Although the authors attempted to measure hysteresis, they deemed the hysteresis results non-repeatable. 

In another study utilizing manual application of force, Wolf et al. also used a force plate and motion 

capture system to measure force and displacement, respectively, of a custom-fabricated carbon fiber 

AFO
[9]

. However, the results of the force application were not used to measure stiffness. In a series of 

studies by Bregman et al., force was applied to the calf section of custom-fabricated carbon fiber AFOs 

manually through two tubes that were jointed to simulate the shank and thigh with the tube representing 

the thigh attached to a frame consisting of a guiding rail and aluminum plates
[3, 4, 10, 14]

. In this study, force 

transducers and potentiometers placed in the ankle joint sections of the apparatus were used to measure 

force and displacement, respectively. The apparatus was used to measure the stiffness of the AFOs while 

gait analysis of human subjects was used to measure various parameters, including energy cost of gait. 

The results of the studies indicated that the carbon fiber AFOs help to reduce the energy cost of gait and 

that it is important to find the optimal stiffness for each patient, as seen by increases in the energy cost 

when AFOs of excessive stiffness were utilized. It is important to note that, due to the nature of manual 

loading, the results of these types of studies may have been affected by variations in the manner with 

which each AFO was loaded.      

The final method of measuring the mechanical characteristics of AFOs seen in the literature was a 

rather unique one used in 2001 by Polliack et al., who utilized weights to perform stiffness and impact 

testing on custom-fabricated carbon fiber, polypropylene, and carbon fiber-kevlar hybrid AFOs with 

medial and lateral struts and an anterior cuff
[13]

. The study involved two static stiffness tests, one of the 

entire footplate and the other solely on the forefoot, in which the AFOs were positioned to mimic the 

push-off portion of gait, while the dynamic impact testing was also performed solely on the forefoot 

region of the footplate. In order to measure stiffness, dial gauges were used to obtain values for both force 

and displacement of the AFO. In the static testing, weights amounting to 45 kilograms were suspended 

from a steel frame; although the same amount of weight was used for the impact testing, the weights were 

released to load the forefoot for that test. The results of the study indicate that carbon fiber AFOs display 

the greatest stiffness while the polypropylene AFOs were the most flexible. Although the study is unique 

in the sense that isolating the forefoot during testing will more accurately mimic how the forefoot is 

loaded while a patient is using the AFO, the drawback of the study is that the AFOs used in the forefoot 

tests lacked the calf portion of the AFO, which may affect the observed stiffness, limiting the 

generalizability of the results.  

As can be seen by the review of the literature, there is a surprising lack of studies that have 

examined carbon fiber AFOs, let alone OTS carbon fiber AFOS. In addition, it is of vital importance to 

use methods of measurement that will maximize accuracy. Of those studies looking at carbon fiber AFOs, 

only the study by Kerr et al. used a computer to measure and record the mechanical characteristics of the 

AFOs
[11]

. Due to the use of OTS carbon fiber AFOs in orthotic and prosthetic facilities, the proposed 

study plans to expand on the current literature by performing mechanical testing of several different OTS 

carbon fiber AFO brands and models using a material test machine (MTS, Eden Prairie, MN) in order to 

characterize the stiffness and hysteresis of the selected AFOs, the results of which can be used in future 

studies to determine methodology for matching patient characteristics and symptoms to the optimum 

AFO design and stiffness.   

 

Research Plan 

 

AFOs 

The OTS AFOs of interest include the Toe Off and Toe Off Blue Rocker (Allard USA Inc., 

Rockaway, NJ); the WalkOn and the WalkOn Reaction (Ottobock, Austin, TX); the Dynamic Walk 

(Fillauer LLC, Chattanooga, TN); and the Matrix, the Matrix Max, and the Matrix Curve (Trulife, Dublin, 

Ireland). These AFOs were chosen because they were indicated to be commonly ordered
[15]

. The custom-

fabricated thermoplastic AFOs will be composed of polypropylene and copolymer and will be of the solid 

and posterior leaf spring designs. 
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Protocol 

A MTS machine will be used to apply a deforming load to each AFO (Figure 1). The MTS 

machine will control the displacement of the piston and will record the peak force required to deform the 

AFOs through each degree of a 16° dorsiflexion and 16° plantarflexion range of motion. These values 

were chosen because they will allow characterization of the AFO material properties through the highest 

dorsiflexion and plantarflexion values found while wearing AFOs.
[9, 16]

 Each AFO will be put through two 

dorsiflexion and two plantarflexion tests, one in neutral rotation and one in the toe-out (external rotation) 

position in order to determine whether testing the AFOs in the position in which it will actually be worn 

by the patient will affect the observed results. The AFOs will be positioned horizontally, with the anterior 

aspect of the AFOs facing toward the ceiling, in order to allow the MTS to push and pull on the cuff 

portion of the AFO during plantarflexion and dorsiflexion, respectively. In order to secure the piston of 

the MTS and prevent it from slipping out of place during the dorsiflexion testing, a custom-made 

cylindrical calf piece was 3D-printed  using a selective-laser-sintering machine. The calf piece will be 

secured in the AFO via straps and is connected to the piston via a secondary attachment. 

 In order to ensure that the deformation of the AFO mimics the deformation due to dorsiflexion 

that would occur during MidStance and Late stance by occurring at the calf portion of the AFOs rather 

than at the footplate, a custom-made aluminum foot piece will be placed on the footplates and clamped to 

the L-bracket. The foot piece was designed via SolidWorks and is adjustable so that the foot piece can be 

shortened or lengthened as needed to match the AFO footplate length. By using this foot piece to 

immobilize the footplate of the AFO, additional holes will not have to be drilled into the AFOs, which 

could alter the stiffness of the AFOs, as seen in the study by Ringleb et al.
[17]

.  

The stiffness (Nm/deg) of the AFOs in dorsiflexion and plantarflexion will be found using a line 

of best fit for Loading Torque Vs. Displacement curves (Figure 2). The torque will be found by 

multiplying the force recorded by the MTS machine and the distance from the point of force application 

to the ankle axis. The location of the ankle axis, which is regarded as the point at which the AFOs will 

bend during loading, will be determined by finding the distal border of the medial and lateral malleoli on 

the AFOs and bisecting the distance between the two. Ankle axis positions in AFOs without obvious 

malleolus features will be determined by manual loading in order to observe the point along the spring at 

which the AFOs bend. Hysteresis will be calculated as the area between the dorsiflexion loading and 

unloading curves.   

Pilot test data are shown in Figure 2 

 
Figure 1. Experimental test set-up 

 

References 

Expected Timeline .  

It is expected that fabrication will take about four months, data collection will take about two 

months, processing of data will take four months, and the write-up of the results will begin after ten 

months.  
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Budget 

 

Product Price Quantity Total Price 

32 in. by 48 in. sheet of 

polypropylene 

$31.42 24 $188.52 

32 in. by 48 in. sheet of 

copolymer 

$31.42 24 $188.52 

Toe Off AFO $379.56 4 $1,518.24 

Toe Off Blue Rocker AFO $379.56 4 $1,518.24 

WalkOn AFO $384.95 4 $1,539.80 

WalkOn Reaction AFO $399.59 4 $1,598.36 

Dynamic Walk AFO $347.48 4 $1,389.92 

Matrix AFO $363.02 4 $1,452.08 

Matrix Max AFO $363.02 4 $1,452.08 

Matrix Curve AFO $363.02 4 $1,452.08 

Research Assistant $15 per hour 72 hours $1,080.00 

  Total Cost: $13,377.84 

 

Justification 

 In order to fabricate four polypropylene and four copolymer solid ankle and posterior leaf spring 

AFOs, three sheets of plastic for each AFO will be ordered to allow for errors during the thermoforming 

process, amounting to 24 sheets of each plastic. Four versions of each thermoplastic and carbon fiber 

AFO are desirable in order to allow each AFO to start its testing in one of the four desired positions, 

making it possible to test the true stiffness of the AFO in each position while accounting for possible 

plastic deformation during testing.   

While the principal investigator will be responsible for fabricating the thermoplastic AFOs and 

preparing the AFOs for testing, a research assistant will be needed to perform the actual testing due to the 

fact that the principal investigator will be in his residency and will not have the time to personally test the 

AFOs. During the pilot testing, approximately 90 minutes was required for securing each AFO in the 

MTS machine and completing all four tests while changing the position of the AFO between each test. 

With a total of 48 AFOs to be tested, at a rate of $15 per hour, about $1,080 dollars would be sufficient 

for compensating the research assistant for his/her time and help. 
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KF3216801  Guenther, Michael (PI)  01/01/2014-12/31/2016 

Small Business Innovation Grant by the Federal Government of Germany 

Trainingsgerät für Personen mit Oberschenkelamputation [Exercise device for people with trans-femoral 

 limb loss] 

This research and development project addresses the noted tendency of a progressively reduced hip range 

 of motion in persons with trans-femoral amputation  

Total Direct Costs: EUR 350,000 

Role: CSU 

 

EBP-043014 Fiedler, Goeran (PI)  09/01/2014-08/31/2015 

American Orthotic & Prosthetic Association, Center for Orthotic and Prosthetic Learning and 

 Outcomes/Evidence-Based Practice 

Step-By-Step Variations in Amputee Gait 

Step variability in trans-tibial prosthetic gait may be indicative of prosthesis alignment quality. This study 

 is investigating the effect of perturbations of prosthesis statics on variations between multiple 

 consecutive steps 

Total Direct Costs: US $14,950 

Role: PI 

 

Pending Research Support 
CFDA 84.133-8  Fiedler, Goeran (PI)  10/2015-09/2020 (expected date of notification:  

       07/2015) 

National Institute on Disability, Independent Living, and Rehabilitation Research DRRP 

Enhanced Prosthesis Interface Using Limb-Based On-Board Telemetry (E-PILOT) 

The aim of this development project is to provide pertinent real-time information on prosthesis utilization 

 and technical function to improve quality and quantity of prosthesis use by people with lower 

 limb loss. 

Total Direct Costs: US $2,488,384 

Role: PI 

 

   Akins, Jonathan (PI)  09/2015-08/2016 (expected date of notification:  

       05/2015) 

OPERF- Orthotic and Prosthetic Education and Research Foundation, Small Grant Awards 

Effectiveness of Stance-phase Controlled Knee-Ankle-Foot Orthoses in Supporting Stumble Recovery 

and Preventing Accidental Fall 

This study will use virtual environment technology to investigate the capabilities of orthoses under 

realistic user conditions 

Total Direct Costs: US $25,000 

Role: Co-PI 

 

   Fiedler, Goeran (PI)  09/2015-08/2016 (expected date of notification:  

       05/2015) 

University of Pittsburgh Medical Center (UPMC) Competitive Medical Research Fund (CMRF) Pilot 

 Grant 

Vector-based Alignment Assessment in Persons with Lower Limb Loss 



11 
 

This proof-of-concept study investigates the utility of load-cell data derived vector plots to indicate 

 prosthetic fit and alignment quality 

Total Direct Costs: US $30,000  

Role: PI 

 

   Grissom, Michael (PI)  06/2015-05/2017 (expected date of notification:  

       05/2015) 

SBIR 

Advanced Sensor Integration for Prosthetic Socket Monitoring 

This phase II development project aims to develop and test bio-data collection hardware for integration in 

 lower limb prosthetic sockets. 

Total Direct Costs (Pitt): US $49,920 

Role: CSU 

 

No scientific or budgetary overlap with the proposed project exists for any of the current or pending 

projects 

 

E. IRB Approval Letter 
There is no IRB approval letter because human subjects are not involved in the proposed study. 

 

F. Conflict of Interest Statement 
There is no potential conflict of interest to disclose for any of the investigators. 
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G. Biographical Sketch 
OMB No. 0925-0001/0002 (Rev. 08/12 Approved Through 8/31/2015) 

BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 
Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME: David Ortiz 

eRA COMMONS USER NAME (credential, e.g., agency login): 

POSITION TITLE: Principal Investigator, Master of Science in Prosthetics and Orthotics 

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, include 

postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 
DEGREE 
(if applicable) 

 

Completion 
Date 
MM/YYYY 
 

FIELD OF STUDY 
 

University of Pittsburgh, Pittsburgh, PA Bachelor’s 
of Science 

04/2013 Rehabilitation Science 

University of Pittsburgh, Pittsburgh, PA Master’s of 
Science 

04/2015 Prosthetics and 
Orthotics 

    

    

    

A. Personal Statement 

 
I have the knowledge and training necessary to properly conduct the proposed research 
study. I began my foray into the world of research as a research assistant in a child 
psychology lab. I then became a research assistant in a tissue integrity lab, progressed to 
aiding one of the professors in my Master’s in Orthotics and Prosthetics program, and 
finally conducted my own pilot study, discussed previously. As such, I am well aware of the 
fine detail that needs to be paid attention to successfully complete a research project. I 
have a thorough understanding of the principles behind the various AFOs as a result of 
lectures and extra reading. Having completed a pilot study of the same nature as the 
proposed study, I understand the kinks that need to be worked out with this study and how 
to properly prepare each AFO for testing, as well as how to program the material testing 
machine to accurately perform the desired tests.    

B. Positions and Honors 

Positions and Employment 

2010-2011 Research Assistant, Early Social Development Lab, University of Pittsburgh,  
   Pittsburgh, PA  
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2012-2014 Research Assistant, Tissue Integrity Management Lab, University of   
   Pittsburgh, Pittsburgh, PA  
2014  Research Assistant, Rehabilitation Engineering Research Center, University  
   of Pittsburgh,  Pittsburgh, PA   
2014-2015 Research Assistant, Master’s of Science in Prosthetics and Orthotics Program, 
   University of  Pittsburgh, Pittsburgh, PA  
2015   Principal Investigator, Master’s of Science in Prosthetics and Orthotics  
   Program, University of Pittsburgh, Pittsburgh, PA 

Other Experience and Professional Memberships 

2012  Prosthetics and Orthotics Shadowing, Diablo Prosthetics and Orthotics, Inc.,  
   Walnut Creek, CA 
2014-  Member, American Academy of Orthotist and Prosthetists 
 

D. Research Support 

 
Completed Research Support 
EBP-043014   Fiedler, Goeran (PI)  09/01/2014 – 08/31/2015 
American Orthotic & Prosthetic Association, Center for Orthotic and Prosthetic Learning and
 Outcomes/Evidence    
Step-By-Step Variations in Amputee Gait 
Step variability in trans-tibial prosthetic gait may be indicative of prosthesis alignment quality. 
This study is investigating the effect of perturbations of prosthesis statics on variations between 
multiple consecutive steps. 
Role: Research Assistant 
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H. Supporting Letters 
 
4/28/2015 
 
 
Dear David, 
 
Diablo Prosthetics and Orthotics Inc., eagerly awaits the start date of your employment and 
residency. 
I have a tentative and effective date listed as July 15th 2015 
As your program director and on behalf of DPO we proudly dedicate our support to your AFO 
project. 
We can speak further of the requirements , but I’m confident DPO will have the resources you need 
to conduct and complete your project. 
 
Please feel free to contact me if you have any questions. 
 
Best Regards, 
 
Richard Sire, C.P.O. 
rsirediablop-o@sbcglobal.net 

(925) 484-6400 
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Goeran Fiedler, PhD 
Assistant Professor 

 
Tel: +1-412-624-6475 

Email: gfiedler@pitt.edu 
 

 
 
 

April 29, 2015 
Letter of Support  
 
Dear David Ortiz, 

It is my pleasure to write this letter of support for your project “Stiffness and Hysteresis 

Characteristics of Prefabricated Carbon Fiber Ankle Foot Orthoses”.  

Your project will determine the mechanical properties of different off-the-shelf and 

custom-made ankle-foot orthoses (AFOs). Your approach expands the scope of prior works by 

including prefabricated products as well as manually produced devices. This is important 

because it will provide an evidence base for the prescription of commonly used AFOs.  Your 

work will increase the knowledge about pertinent characteristics of AFOs and could so lead to an 

improvement of the current prescription practice and subsequently the rehabilitation of orthosis 

patients.  

You have the means and knowledge to successfully conduct this research. Your 

educational background, especially your recently completed studies in our MSPO program, 

makes you very well prepared for this work. The extensive resources, as well as the collective 

expertise of faculty and staff available here at the Department of Rehabilitation Science and 

Technology, will help you take on such an ambitious topic. I personally will be happy to serve as 

the Responsible Investigator for this project. 

I am supporting this research study and your efforts to secure respective external 

funding. I have confidence that you will complete the project in a professional and timely 

manner and that your findings will make a positive impact in the field of Prosthetics and 

Orthotics. 

Sincerely,  
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I. Appendices 
No data collection forms are needed for the proposed study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


