AWARD NUMBER: W81XWH-21-2-0049

TITLE: Optimizing Ankle-Foot Orthotic Prescription Using an Emulation Test-Drive Strategy

PRINCIPAL INVESTIGATOR: Bradford D. Hendershot, PhD

CONTRACTING ORGANIZATION: Henry M. Jackson Foundation, for the Advancement of
Military Medicine, Inc.

REPORT DATE: October 2022

TYPE OF REPORT: Annual Report

PREPARED FOR: U.S. Army Medical Research and Development 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.

V1-20210107



REPORT DOCUMENTATION PAGE OMB N oo o188

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 2. REPORT TYPE 3. DATES COVERED
OCTOBER 2022 Annual 9/30/2021-09/29/2022
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Optimizing Ankle-Foot Orthotic Prescription Using an Emulation Test-Drive Strategy | Sb- GRANT NUMBER
W81XWH-21-2-0049

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Bradford D. Hendershot, PhD

5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: bradford.d.hendershot2.civ@health.mil

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Henry M. Jackson Foundation, for the Adv. of Military Medicine, Inc.
6720-A Rockledge Dr. STE 100
Bethesda, MD 20817

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

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The commercial market for ankle-foot orthoses (AFOs) offers such a broad array of options, yet limited evidence to guide
current AFO prescription, which instead relies on clinician intuition, training, experience, and qualitative manufacturer-
produced guides. Thus, matching an AFO with optimal mechanical properties to the unique needs and abilities of a given
patient is challenging. The inability to test-drive different designs is an unmet need that is holding back patient care, and for
which a viable solution is being provided in this proposal. We propose to optimize the process of selecting the optimal AFO for
a patient using an AFO emulator to adjust AFO mechanical properties in real-time via software interface, rather than using the
resource-intensive trial-and-error approach currently practiced in clinical settings.

15. SUBJECT TERMS
Extremity Trauma, Emulation, Orthosis, Prescription

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRDC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
3 3 3 Unclassified 27 code)
Unclassified Unclassified Unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




TABLE OF CONTENTS

1. Introduction

2. Keywords

3. Accomplishments

4. Impact

5. Changes/Problems

6. Products

7. Participants & Other Collaborating Organizations
8. Special Reporting Requirements

9. Appendices

10

13

15

15



1. INTRODUCTION:

Ankle foot orthoses (AFOs) are often necessary to overcome mobility limitations related to lower
limb neuromusculoskeletal injury. While the availability of AFOs for improving function is
expanding, options remain limited and especially relative to ankle-foot prostheses. There is a
critical need to better optimize AFO designs and provide evidence-based tools to guide their
prescription. This study utilizes an exoskeleton capable of emulating AFOs by modulating the
magnitude and/or timing of torque. We aim to (1) test the ability of the AFO emulator to reproduce
the user experience of wearing commercially available AFOs during different in-lab activities
(walking, running, stair climbing; level ground, ramps) in individuals with lower limb
musculoskeletal injury. This aim will determine if the proposed AFO emulator framework can
provide an option for quickly exploring multiple devices in a short period of time. We aim to (2) test
the ability of a short-term, in-laboratory evaluation of function, mobility, and preference with the
AFO emulator to predict those same outcomes longer-term (i.e., after 2-week use in the
community) in AFO users with lower limb musculoskeletal injury. This aim will determine the
predictive ability of a brief test-drive strategy using emulated AFOs to identify function, mobility,
satisfaction, and preference at follow-up after two weeks of use in the community environment
with corresponding actual AFOs. We aim to (3) allow the user to self-tune AFO emulator stiffness
settings while walking and compare function, mobility, preference to the clinically prescribed AFO.
This aim will determine if an AFO test drive strategy can be used to better optimize user
satisfaction and patient reported outcomes relative to the current standard of care.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Extremity Trauma, Emulation, Orthosis, Prescription

3. ACCOMPLISHMENTS: The Pl is reminded that the recipient organization is required to
obtain prior written approval from the awarding agency grants official whenever there are
significant changes in the project or its direction.

What were the major goals of the project?

List the major goals of the project as stated in the approved SOW. If the application listed
milestones/target dates for important activities or phases of the project, identify these
dates and show actual completion dates or the percentage of completion.

Primary Task Timeline (mo) Status

Regulatory Approvals 1-6 75%
Equipment Purchases 1-3 0%
Training ongoing 50%
Data Acquisition 1-36

Mechanical Testing 1-9 75%

Human Subjects Testing 9-36 0%
Data Analysis 10-36 25%
Dissemination 10-48 10%




What was accomplished under these goals?

For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant
results or key outcomes, including major findings, developments, or conclusions (both
positive and negative); and/or 4) other achievements. Include a discussion of stated goals
not met. Description shall include pertinent data and graphs in sufficient detail to explain
any significant results achieved. A succinct description of the methodology used shall be
provided. As the project progresses to completion, the emphasis in reporting in this
section should shift from reporting activities to reporting accomplishments.

Regulatory Approvals: Ongoing at both sites, although we received external IRB
approval on 8 OCT (to be officially reported in Y2, Q1). For WRNMMC, IRB pre-review
completed on 26 AUG 2022, and submitted to external IRB of record (WCG IRB) on 8
SEP 2022. For VAPSHCS, IRB pre-review documents submitted on 28 SEPT 2022; WCG
IRB protocol will be amended for the VAPSHC site once local pre-review complete.

Equipment Purchases: Emulator purchases are still outstanding, pending
resolution/finalization of agreements (see section 5 below).

Training: Ongoing

Data Acquisition:
Mechanical Testing: mechanical testing procedures have been developed and
implemented. Data collections are ongoing.
Human Subjects Testing: N/A, awaiting full regulatory approvals.

Data Analysis: ongoing (mechanical testing).

Dissemination: initial knowledge dissemination has begun related to mechanical testing
(see section 6 and Appendix).




What opportunities for training and professional development has the project
provided?

If the project was not intended to provide training and professional development
opportunities or there is nothing significant to report during this reporting period, state
“Nothing to Report.”

Describe opportunities for training and professional development provided to anyone who
worked on the project or anyone who was involved in the activities supported by the
project. “Training” activities are those in which individuals with advanced professional
Skills and experience assist others in attaining greater proficiency. Training activities may
include, for example, courses or one-on-one work with a mentor. “Professional
development” activities result in increased knowledge or skill in one’s area of expertise and
may include workshops, conferences, seminars, study groups, and individual study.
Include participation in conferences, workshops, and seminars not listed under major
activities.

Although not explicitly designed to provide training or professional development, staff at both
sites continue to expand skillsets related to the inherent equipment/methodologies and
broader research process. And, once primary data are available we expect future
opportunities for knowledge translation among numerous key stakeholders (DoD and VA
clinical teams), facilitated by the Clinical Affairs Division of the EACE.

How were the results disseminated to communities of interest?
If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

Describe how the results were disseminated to communities of interest. Include any
outreach activities that were undertaken to reach members of communities who are not
usually aware of these project activities, for the purpose of enhancing public understanding
and increasing interest in learning and careers in science, technology, and the humanities.

Although still early in the larger study timeline, initial (mechanical testing) data has been
disseminated through traditional scientific channels (i.e., scientific conferences and peer-
reviewed journals); see section 6 below.

What do you plan to do during the next reporting period to accomplish the goals?
If this is the final report, state “Nothing to Report.”

Describe briefly what you plan to do during the next reporting period to accomplish the
goals and objectives.

In the next reporting period (Y2, Q1), we expect to receive at least IRB approval for activities
at WRNMMC, but likely also VAPSHCS, following which we will submit for OHRO
acknowledgement to then complete the regulatory task. Related, we hope to resolve ongoing
issues with the corresponding agreements such that emulator purchases can occur. In the
meantime, we will also register the study on clinicaltrials.gov and seek to publish a protocol
paper. Additional mechanical testing is ongoing and expected.




4.

IMPACT: Describe distinctive contributions, major accomplishments, innovations,
successes, or any change in practice or behavior that has come about as a result of the
project relative to:

What was the impact on the development of the principal discipline(s) of the
project?
If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

Describe how findings, results, techniques that were developed or extended, or other
products from the project made an impact or are likely to make an impact on the base of
knowledge, theory, and research in the principal disciplinary field(s) of the project.
Summarize using language that an intelligent lay audience can understand (Scientific
American style).

Nothing to report

What was the impact on other disciplines?
If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

Describe how the findings, results, or techniques that were developed or improved, or
other products from the project made an impact or are likely to make an impact on other
disciplines.

Nothing to report

What was the impact on technology transfer?
If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

Describe ways in which the project made an impact, or is likely to make an impact, on
commercial technology or public use, including:

o transfer of results to entities in government or industry;
o instances where the research has led to the initiation of a start-up company; or
. adoption of new practices.

Nothing to report




What was the impact on society beyond science and technology?
If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

Describe how results from the project made an impact, or are likely to make an impact,
beyond the bounds of science, engineering, and the academic world on areas such as:

. improving public knowledge, attitudes, skills, and abilities;

o changing behavior, practices, decision making, policies (including regulatory
policies), or social actions; or

° improving social, economic, civic, or environmental conditions.

Nothing to report

. CHANGES/PROBLEMS: The PD/PI is reminded that the recipient organization is
required to obtain prior written approval from the awarding agency grants official whenever
there are significant changes in the project or its direction. If not previously reported in
writing, provide the following additional information or state, “Nothing to Report,” if
applicable:

Changes in approach and reasons for change

Describe any changes in approach during the reporting period and reasons for these
changes. Remember that significant changes in objectives and scope require prior
approval of the agency.

Nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
Describe problems or delays encountered during the reporting period and actions or plans
to resolve them.

As noted in prior quarterly reports, there remains confusion surrounding the type/relative timing of
agreements vs. purchasing. For example, requiring a signed/executed CRADA before (vs. after)
purchase agreements are executed will substantially delay study activities. Our understanding is
the concerns are primarily originating from HJF and/or WRNMMC legal review. While this issue
remains unresolved, all parties continue to meet and discuss regularly to identify possible
solutions that in the end hopefully mitigate further delays. At WRNMMC specifically, we have
elevated concerns with the timeliness of agreements to appropriate leadership. While these
challenges continue to adversely delay the overall project timeline, in the meantime, we will
continue to push forward with other regulatory activities and mechanical testing.




Changes that had a significant impact on expenditures

Describe changes during the reporting period that may have had a significant impact on
expenditures, for example, delays in hiring staff or favorable developments that enable
meeting objectives at less cost than anticipated.

Nothing to report

Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

Describe significant deviations, unexpected outcomes, or changes in approved protocols
for the use or care of human subjects, vertebrate animals, biohazards, and/or select
agents during the reporting period. If required, were these changes approved by the
applicable institution committee (or equivalent) and reported to the agency? Also specify
the applicable Institutional Review Board/Institutional Animal Care and Use Committee
approval dates.

Significant changes in use or care of human subjects

Nothing to report

Significant changes in use or care of vertebrate animals

Nothing to report

Significant changes in use of biohazards and/or select agents

Nothing to report




6. PRODUCTS: List any products resulting from the project during the reporting period.
If there is nothing to report under a particular item, state “Nothing to Report.”
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technical, or professional journals. Identify for each publication: Author(s); title;
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support (yes/no).
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monograph, dissertation, abstract, or the like published as or in a separate
publication, rather than a periodical or series. Include any significant publication in
the proceedings of a one-time conference or in the report of a one-time study,
commission, or the like. Identify for each one-time publication: author(s); title;
editor; title of collection, if applicable; bibliographic information; year; type of
publication (e.g., book, thesis or dissertation); status of publication (published;
accepted, awaiting publication; submitted, under review; other); acknowledgement
of federal support (yes/no).

Nothing to report

Other publications, conference papers and presentations. /dentify any other
publications, conference papers and/or presentations not reported above. Specify
the status of the publication as noted above. List presentations made during the
last year (international, national, local societies, military meetings, etc.). Use an
asterisk (*) if presentation produced a manuscript.

Shuman, B.R., Russell Esposito, E. Measured Stiffness of Off-the-Shelf Carbon Fiber
Ankle Foot Orthoses Depends on Test Alignment. Proceedings of the Military Health
System Research Symposium 2022, Sept 12-15, 2022.

Winner of the 3rd place poster award.

Nickerson, K., Shuman, B.R., Russell Esposito, E. Transverse alignment impacts AFO
stiffness. 48th Academy Annual Meeting & Scientific Symposium, March 2-5, 2022.

*work form these presentations are being combined with additional analyses into a
manuscript
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Website(s) or other Internet site(s)

List the URL for any Internet site(s) that disseminates the results of the research
activities. A short description of each site should be provided. It is not necessary to
include the publications already specified above in this section.

Nothing to report

Technologies or techniques
Identify technologies or techniques that resulted from the research activities.
Describe the technologies or techniques were shared.

Nothing to report

Inventions, patent applications, and/or licenses

Identify inventions, patent applications with date, and/or licenses that have resulted
from the research. Submission of this information as part of an interim research
performance progress report is not a substitute for any other invention reporting
required under the terms and conditions of an award.

Nothing to report

Other Products

Identify any other reportable outcomes that were developed under this project.
Reportable outcomes are defined as a research result that is or relates to a product,
scientific advance, or research tool that makes a meaningful contribution toward the
understanding, prevention, diagnosis, prognosis, treatment and /or rehabilitation of
a disease, injury or condition, or to improve the quality of life. Examples include:
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data or databases;

physical collections;

audio or video products;
software;

models;

educational aids or curricula;
instruments or equipment;

clinical interventions;
new business creation; and
other.

research material (e.g., Germplasm; cell lines, DNA probes, animal models);

Nothing to report
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If there is nothing significant to report during this reporting period, state “Nothing to
Report.”

If the active support has changed for the PD/PI(s) or senior/key personnel, then describe
what the change has been. Changes may occur, for example, if a previously active grant
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it is clear what has changed from the previous submission. Submission of other support
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approval if a change in active other support significantly impacts the effort on the project
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Report.”
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TRANSVERSE ALIGNMENT IMPACTS AFO STIFFNESS

Nickerson, K.A. 23, Shuman, B.S.%?, and Russell Esposito, E.%34

1 Center for Limb Loss and Mobility, VA Puget Sound Health Care System, Seattle, WA
2 The Henry Jackson Foundation for the Advancement of Military Medicine, Bethesda, MD
3 Department of Mechanical Engineering, University of Washington, Seattle, WA

4 DOD-VA Extremity Trauma and Amputation Center of Excellence (EACE)

INTRODUCTION

Ankle-foot orthoses (AFO’s) are often used stabilize
or augment function. The degree to which an AFO
can restrict motion is dependent on the mechanical
properties of the AFO which are dictated by the
geometry and material of the orthosis. Experimental
mechanical testing of AFO’s often characterizes the
rotational stiffness about a defined rotational axis
(Shuman 2021, Bregman 2009). Unlike hinged AFOs,
which have a defined axis of rotation, off-the-shelf
AFOQO’s rely on the deflection of a strut. Thus, the
alignment of the AFO must be defined by the testing
protocol. The purpose of this study was to evaluate
how changes in the transverse alignment of the AFO,
corresponding to differences in foot progression
(Brockett 2016), impact stiffness measured in the
EMPIRE test fixture.

METHOD

Eight commercially available carbon composite AFOs
were evaluated (off-the-shelf models, non-articulated,
size large, right foot). AFOs were tested in the
EMPIRE test fixture (Shuman 2021) through a range
of motion from 5 degrees of plantarflexion to 20
degrees of dorsiflexion. Torque and angle data were
collected through three cycles. Angular stiffness
(measured in Nm/deg) was computed as the slope
from the linear fit of the torque-angle curve between 0
and 18 degrees dorsiflexion. Cycles two and three
were used in the stiffness calculation. Each AFO was
tested twice in each of four different transverse
alignments using landmarks on the footplate (Fig 1).
The transverse alignments range from a toe-out foot
progression to a toe-in foot progression.

%T;»;- . Transverse Alignment
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Figure 1. EMPIRE test fixture rotates an AFO about
an axis. The AFO (right foot shown) is deflected in
the plane perpendicular to the rotation axis,
transversely aligned as follows:

A - 5 deg externally rotated from the medial border
B - along the medial border of the AFO

C - bisecting the medial and lateral border

D - along the lateral border of the AFO.

RESULTS

Stiffnesses varied by transverse alignment between
0.08 Nm/deg (SpryStep Max) and 0.69 Nm/deg
(WalkOn Reaction). Three AFOs had changes of less
than 5% relative to the bisected alignment (Blue
Rocker, ToeOff 2.5 and SpryStep Max). The
remaining AFOs changed by 8% (ToeOff), 13%
(Matrix Max), 17% Matrix SuperMax, 17% SpryStep,
and 24% (WalkOn Reaction).
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Figure 2. AFO stiffness by transverse alignment

DISCUSSION & CONCLUSION

AFOs with a lateral strut became stiffer when more
internally rotated, while the AFO with a medial strut
(WalkOn Reaction) became stiffer when externally
rotated. This is similar to the preferred direction of
AFO flexion previously reported in spiral lateral leaf
AFOs (Cappa 2005).

CLINICAL APPLICATIONS
Foot progression angle may change the stiffness
experienced by a user of an AFO.
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Measured Stiffness of Off-the-Shelf Carbon Fiber Ankle Foot Orthoses Depends on
Test Alignment

Shuman, B.S.123, and Russell Esposito, E.124

1IRR&D Center for Limb Loss and Mobility, VA Puget Sound Health Care System, Seattle, WA
2 DOD-VA Extremity Trauma and Amputation Center of Excellence
3 The Henry M. Jackson Foundation for the Advancement of Military Medicine, Inc.
4 Department of Mechanical Engineering, University of Washington, Seattle, WA

BACKGROUND

Ankle-foot orthoses (AFOs) are intended to support or augment the ankle joint. A wide variety of custom
and commercial AFOs are available with different geometry and mechanical properties. Ideally an AFO can
be selected based upon mechanical properties of the device and the individual needs of the user (1). The
most common mechanical property to measure is the rotational stiffness about an ankle joint which relates
changes in the resistive moment produced by the AFO to angular position. Unlike hinged AFOs, which are
designed to rotate about a defined axis, many off-the-shelf AFOs rely on the deflection of a strut to support
the ankle. Thus the alignment and positioning of an AFO must be defined by the test set-up. However,
unlike prosthetics, no standards exist to guide the measurement of AFO stiffness, making it impossible to
directly compare across sizes and manufacturers. Thus, the purpose of this study was to examine sensitivity
of AFO stiffness to two alignment decisions: the height of the rotational axis and the transverse alignment
of the AFO corresponding to foot progression angle (2).

METHOD

Rotational stiffness data were collected on eight, size large, right footed, off-the-shelf carbon composite
AFOs (Blue Rocker, ToeOff, and ToeOff 2.5 from Allard; WalkOn Reaction from Ottobock; SpryStep and
SpryStep Max from Thuasne; and Matrix Super Max and Matrix Max from Trulife). AFO stiffness was
evaluated using the EMPIRE (Evaluating Mechanical Properties in Rotating Exoskeletons), a custom
designed fixture capable of rotating an AFO about a defined ankle axis (3). Torque and angular position
data were collected while the AFOs were rotated from 5 degrees of plantarflexion to 20 degrees of
dorsiflexion through three cycles. Rotational stiffness (measured in Nm/deg) is computed as the linear fit of
the torque angle curve computed from 0O to 18 degrees of dorsiflexion of the second and third cycle.

Each AFO was tested twice in six total configurations changing the height of the rotation axis and the
transverse alignment. Ankle axis heights were determined based on anthropometric data (4) and transverse
alignments were defined by footplate landmarks. We tested three ankle heights of 60 mm, 69 mm, and 81
mm which would approximately correspond to foot lengths of 229, 246, and 275 mm (roughly men’s shoe
size U.S. 5.0, 7.0, and 10.5), with the AFO aligned along the medial border. Next, transverse alignments
were tested at the 81 mm ankle height and AFOs were rotated to align the direction of rotation with 1. the
lateral border of the footplate, 2. the bisecting angle of the medial and lateral border, and 3. 5 degrees of
external rotation from the medial border of the footplate.

RESULTS

Measured AFO stiffness varied by 0.30 Nm/deg (Matrix Max) and 0.92 Nm/deg (WalkOn Reaction)
corresponding to between 14% (Blue Rocker) and 29% (WalkOn Reaction) of the average stiffness across
all test conditions. Lowering the bending axis height resulted in an average of 0.31 Nm/deg greater
measured stiffness’s. In AFOs with an external strut (all except the WalkOn Reaction) internally rotating the
AFO increased measured stiffnesses by an average of 0.24 Nm/deg compared to the most externally
rotated condition. Similarly, the WalkOn Reaction, which had a medial strut increased it stiffness by 0.69
Nm/deg by externally rotating the AFO compared to the most internally rotated condition.

CONCLUSION

No standards exist to guide mechanical tests of AFOs, making robust comparisons across makes and
models difficult. Our team is systematically evaluating the range of methodological considerations that must
be accounted for when determining the mechanical properties of AFOs. This analysis sheds new light onto
the sensitivity of AFO stiffness to testing set-up and alignment of both bending axis height and transverse
alignment. These results also have a direct clinical relevance, as AFO bending axis height can be impacted



both by an individual’s anatomical geometry and in-shoe orthotics or insoles which are often worn on top
of the AFO footplate. The sensitivity to transverse alignment suggests a preferred direction of deflection
similar to that reported in spiral lateral leaf AFOs (5), which may impact an AFO user’s gait. These results
add to the sparse literature on the evaluation of AFO design properties and, combined with our prior and
ongoing work, is intended to provide key information towards the development of testing standards.
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LEARNING OBJECTIVES

1) Describe how AFO mechanical properties can vary across different test conditions.

2) Consider how differences in an individual’'s anatomy and gait my influence their experience in an
AFO.

3) Discuss whether AFO mechanical properties should be available for comparison to improve device
prescription.
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Multiplanar Stiffness of
Commercial Carbon Composite
Ankle-Foot Orthoses

The mechanical properties of an ankle-foot orthosis (AFO) can impact how a user’s
movement is either restricted or augmented by the device. However, standardized meth-
ods for assessing stiffness properties of AFOs are lacking, posing a challenge for com-
paring between devices and across vendors. Therefore, the purpose of this study was to
quantify the rotational stiffness of thirteen commercial, nonarticulated, carbon composite
ankle-foot orthoses. A custom, instrumented test fixture, for evaluating mechanical prop-
erties in rotating exoskeletons (EMPIRE), deflected an AFO through 20 deg of plantar/
dorsiflexion motion about a specified, but adjustable, ankle axis. Sagittal, frontal, and
transverse plane rotational stiffness were calculated, and reliability was assessed
between cycles, sessions, and testers. The EMPIRE demonstrated good-to-excellent reli-
ability between testers, sessions, and cycles (intraclass correlation coefficients all >0.95
for sagittal plane stiffness measures). Sagittal plane AFO stiffness ranged from 0.58 N-m/
deg to 3.66 N-mideg. AFOs with a lateral strut demonstrated frontal plane stiffnesses up
to 0.71 N-mldeg of eversion while those with a medial strut demonstrated frontal plane
stiffnesses up to 0.53 N-m/deg of inversion. Transverse plane stiffnesses were less than
0.30 N-mldeg of internal or external rotation. These results directly compare AFOs of dif-
ferent models and from different manufacturers using consistent methodology and are
intended as a resource for clinicians in identifying a device with stiffness properties for

individual patients. [DOI: 10.1115/1.4051845]

Keywords: ankle-foot orthosis, rotational stiffness, reliability testing, ankle axis

Introduction

Ankle foot orthoses (AFOs) are often necessary to overcome a
variety of mobility limitations during gait. The mechanical prop-
erties of the AFO largely determine the degree to which an indi-
vidual’s movement is either restricted or augmented. [1-5], and
are related to the AFO material, proprietary geometry, and fabri-
cation practices [6]. Broadly, AFOs have been shown to restrict
ankle kinematics and alter gait timings, with secondary changes at
the knee [7]. It has been suggested that the mechanical properties
of an AFO can be matched to an individual’s specific impairments
and thus should be tailored to the individual [1,8,9]. As such, the
reporting of mechanical properties has been suggested as a best
practice in studies involving AFO interventions [10] and the
importance of understanding the mechanical characteristics of
AFOs has received increasing attention in the literature [7,11,12].

Given the interest in AFO design properties, a number of differ-
ent methods for evaluating the mechanical properties of an AFO
have been developed. Some investigators examine linear stiffness
[13—17] while others examine the rotational stiffness about the
ankle measured as the change in resistive torque versus ankle
angle [1,9,18-22]. However, nonstandardized test methodologies
[12,23] and differences in outcome variables [7] pose a challenge
for comparing outcomes across the literature. In addition, limited,
if any, information is provided on the reliability of many of these
testing methods. Those studies which do provide reliability analy-
ses focused on the rotational stiffness of an AFO about a defined
axis (as in an ankle joint) and evaluated intracycle variability
[18-20,24], intersession variability [3,18,19,24,25], and/or inter-
tester variability [18,19,24]. Intracycle, intersession and intertester
variability are all important to report in characterizing AFO
properties.
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The sagittal plane stiffness of an AFO is widely recognized as
an important component in the design and prescription of a
device. However, many AFOs, including those with a single
medial or lateral strut, may, by the nature of their design, also
impart coupled frontal and transverse plane resistive moments.
Examinations of AFO properties out of the sagittal plane are less
common in the literature, vary in how out of plane properties are
loaded and measured, and have not been evaluated with a reliabil-
ity analysis [26-33]. These frontal and transverse plane contribu-
tions may be important for certain patients [7], including those
who experience pain or functional deficits during out of plane
rotations such as weakness or ankle instability.

Ideally, the information on AFO mechanical properties would
come from manufacturers using uniform methodology. Many
manufacturers do provide qualitative information related to the
stiffness characteristics of their products rating rigidity, function
scales [34], or identifying a list of indications such as drop foot or
mild versus moderate muscle plantarflexor weaknesses [35,36].
However, stiffness, specifically, is rarely provided in units that
enable comparisons across manufacturers. For example, one man-
ufacturer may offer stiffnesses ranging from 1 to 7 in their own
units of measurement [37] while another offers a choice of differ-
ent colors or names intended to represent different stiffnesses
[34]. Quantitative stiffness data is generally lacking for these off-
the shelf models.

Many AFOs evaluated in the literature are not off-the-shelf
models, but customized to an individual, often made of thermo-
plastic [2,24,30,32,38], or three-dimensional printed [23,39].
Quantitative evaluations in the literature of commercial devices
include how stiffness varies in the Neuroswing (Fior & Gentz,
Liineburg, Germany) [40-42] and Tammerak (Tamarack Habilita-
tion Technologies Inc., Blaine, MN) [20,21,28,43] joints, the Car-
bon Ankle Seven struts (Ottobock, Duderstadt, Germany) [17,44]
and varying layups of the Orthotics Composites Helix (Thusane,
Levallois-Perret, France) [45]. Dynamic-response custom carbon
AFOs, such as the Intrepid Dynamic Exoskeletal Orthosis, have
also been evaluated in how posterior strut bending stiffness affects
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Fig. 1 Overview of the EMPIRE experimental testing fixture (1). An AFO (2) is mounted by
securing the footplate with a clamping block (3) consisting of screws and a plate and strap-
ping the tibial cuff to a surrogate shank (4). A linear actuator (5) deflects the AFO by rotating
a frame (6) about a specified ankle axis (7). The position of the ankle axis can be adjusted
using alignment brackets (8). Angular position is measured by an encoder at the ankle axis
and loads through a load cell (9) in between the surrogate shank and the rotating frame. The
base plate (10) has marked lines (representative line highlighted, (11) to aid in aligning the

two medial points of the AFO.

walking, running, and inclined walking mechanics. [13-17].
While AFOs with defined hinges or joints have designed axes of
rotation (e.g., Neuroswing and Tammerak), many composite
AFOs do not, instead deflecting in a strut during motion. The lack
of a defined AFO axis of rotation presents a challenge in defining
the experimental axis and aligning/testing the devices, highlight-
ing the need for test setups evaluated for reliability.

As the mechanical properties of most common commercially
available AFOs have not been evaluated in the literature, the aim
of this study was to provide clinicians with a direct comparison of
multiplanar stiffness data across different manufacturers. In this
study, a mechanical testing device for evaluating mechanical
properties in rotating exoskeletons (EMPIRE) is described, and
the reliability quantified to measure AFO stiffness about an ankle
axis.

Methods

Ankle-Foot Orthoses Tested. Thirteen commercially available
AFOs from four manufacturers were selected for analysis. Criteria
for selected AFOs included nonarticulated, nonmodular, and con-
structed of carbon composite. Their use case was intended to

011004-2 / Vol. 144, JANUARY 2022

achieve or improve symmetrical gait patterns for activities that
include walking and are not intended solely for foot drop. An
internal survey of VA Puget Sound orthotists identified Allard’s
(Helsingborg, Sweden) Blue Rocker, Blue Rocker 2!/, ToeOFF,
and ToeOFF 215, Ottobock’s (Duderstadt, Germany) WalkOn
Reaction and WalkOn Reaction Plus, Thuasne’s (Levallois-Perret,
France) SpryStep, SpryStep Max and SpryStep Plus, and Trulife’s
(Dublin, Ireland) Matrix, Matrix Max, Matrix Max2 and Matrix
Supermax as the most commonly prescribed off-the-shelf AFOs.
All AFOs utilized a single strut between the tibial cuff and foot-
plate, on either the medial (Ottobock models) or lateral (all others)
side of the foot. The strut connection to the footplate was anterior
to the ankle joint for all but the SpryStep and SpryStep Plus mod-
els. The model of each tested AFO was selected to fit the right
foot of a hypothetical male with a size U.S. Men’s 10!/> shoe
(275 mm), which corresponded to a size large AFO in all cases.

Fixture Design. A test fixture, the EMPIRE, was designed to
evaluate rotational stiffness about a defined ankle axis. The
EMPIRE was conceptually similar to the fixture previously
described by Ielapi et al. [19] (Fig. 1). Engineering drawings can
be found in the Supplemental Materials on the ASME Digital

Transactions of the ASME

120Z 1990100 ZZ Uo Jasn saLieiqr] uolBuIyseA JO Alsieaun AQ Jpd-y00L L0 LO b OIG/S65ZSL9/7001 L0/ L/vYL/Pd-ajoilie/jeoiueyoawoiq/Bio-aLuse: uoos||0o[eNBipawse//:dny woly papeojumoq


http://dx.doi.org/10.1115/1.4051845

Collection. The footplate was securely clamped to the base of the
fixture using two screws. A contoured aluminum plate with small
rubber pads was placed between the screws and the AFO to apply
uniform loading and constrain deflection to the strut of the AFO.
A thin rubber pad was placed underneath the footplate to mini-
mize slippage during clamping. The tibial cuff of the AFO was
strapped around a surrogate shank consisting of a 115 mm diame-
ter, 25mm thick disk with a rubber interface that is height-
adjustable and designed to minimize the relative movement at the
AFO interface (similar to the movement constraints in Ref. [21]).
This differs from some prior test fixtures [18,19,24], which allow
the AFO to rotate and translate along the surrogate shank axis.

The EMPIRE was designed to rotate an AFO about a simulated
ankle joint, from O up to 25 degrees of dorsiflexion. An analog
magnetic angle encoder (model RMO8A, Renishaw, West Dun-
dee, IL) measured angular deflection at the point of rotation.
Loads were applied to a rotating frame using a linear actuator
with a 406 mm stroke (model PAO4, Progressive Automations,
Arlington, WA). The actuator operated at an unloaded speed of
10 mm/sec which imparted a rotational speed of roughly 0.75 deg/
sec. A six-axis load cell (Mini 58 SI-2800-120, ATI, Apex, NC)
measured the resistive moments of the AFO 616 mm above the
rotation axis. Ankle axis position could be adjusted vertically by
adjusting the location of the rotational frame. For the tests pre-
sented here, the surrogate shank was adjusted such that loads were
applied to the AFO 273 mm above the rotation axis.

Angular position and load cell data were captured simultane-
ously at 100 Hz using a custom interface in LabVIEW (National
Instruments, Austin, TX). Angular position was controlled using
preset positions in the linear actuator. To avoid overloading the
load cell, positions and loads were monitored in real-time and the
actuator could be paused at any time with input from the operator.

Ankle-Axis Definition. We defined a set of generic ankle axis
locations (Appendix A) as being located halfway between the
positions of the medial and lateral malleoli measured from the
heel [18,46]. Axis locations were computed for foot lengths corre-
sponding to U.S. standard shoe sizes [47]. Linear regressions
relating overall foot length with malleolar positions were com-
puted from anthropometry data [48,49] and computerized tomog-
raphy (CT) data previously collected from 21 healthy individuals
(11 male, age: 61.5 = 7.2 years, height: 1740 = 96 mm, weight:
80.5 = 13.2kg) under 25% bodyweight loading. Sagittal plane
horizontal (relative to heel) and vertical (relative to floor) posi-
tioning of the malleoli was taken as the central point in the first
sagittal slice where the medial/lateral malleoli appeared and foot
length was taken as the first frontal slice containing the hallux.
For a size 10 !/ shoe the average vertical position of the ankle
axis was 81 mm.

Test Procedures and Alignment. The EMPIRE was first cali-
brated by moving through the range of motion without an AFO to
account for the gravitational loading of the fixturing hardware for
a set distance between the load cell and the surrogate shank
mounting disk. Prior to mounting an AFO, the surrogate shank
was oriented vertically. Padding on the AFO was removed to min-
imize movement between the AFO and the fixture. The AFO was
aligned such that the two most medial prominences of the AFO
footplate was parallel with the path of deflection. As the AFOs
tested did not have a defined heel cup and many footplates are
designed to be trimmed to fit an individual’s shoe, the fore aft
position was determined as the point at which the tibial cuff of the
AFO contacted the mounting disk on the surrogate shank. The
AFO’s footplate was securely clamped using the aluminum plate
and clamping screws described above. The mounting disk/surro-
gate shank was secured within the AFO’s tibial cuff using Velcro.

To determine the repeatability of the measurements in the
EMPIRE, each AFO was evaluated by two testers on two separate
sessions. Prior to any testing, both testers were oriented to the
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fixture and instructed in the alignment and testing procedure.
Each session first deflected the AFO to 3 deg of plantarflexion and
then through three complete cycles moving between 3 deg of plan-
tarflexion and 20 deg of dorsiflexion without removing the AFO
from the fixture. The order in which AFOs were tested was
randomized for each tester and session.

Data Analysis. Data analyses were performed using custom
scripts in MATLAB (MathWorks, Natick, MA). Load cell and angu-
lar position data were filtered using a 1 Hz low-pass filter (fourth
order, zero-lag, Butterworth). To account for the gravitational
loads imposed by the fixture, a second-order polynomial fit was
computed for the calibration (no AFO) trials between the filtered
angular position and each load cell channel. These calibration
curves were used to adjust the filtered load cell data from the AFO
testing sessions at each angular position. Computation of the AFO
resistive moment in the sagittal, frontal, and transverse planes
were computed per Appendix B. The first loading cycle was
treated as a preconditioning cycle and removed from further anal-
ysis. AFO sagittal, frontal, and transverse stiffness, measured in
N-m/deg, were computed for the second and third cycles from a
linear fit of the AFO moments relative to dorsiflexion angle during
the loading phase from 0 to 18 deg of dorsiflexion. The range of
motion from 3 to 0 deg of plantarflexion and from 18 to 20 deg of
dorsiflexion was not fit to avoid periods when the actuator was
accelerating/decelerating. To account for nonlinearities in the
AFO moment versus dorsiflexion angle curve, we also report the
sagittal, frontal, and transverse plane moments at 10 and 15 deg.

Statistical Analyses. Each AFO was tested twice by two sepa-
rate operators (four sessions total). Descriptive statistics include
the calculation of the mean and range of AFO stiffnesses. The
intrasession, intersession, and interrater reliability of the AFO
stiffnesses during loading were assessed with interclass correla-
tion coefficients (ICC’s) using a one and a two-way mixed model
for absolute agreement (ICC (A,1) and (A,K)) for single and mean
scores [50,51]. Within session reliability was calculated using the
second and third cycle from all four sessions for each AFO.
Between session reliability was calculated as the average stiffness
from the second and third cycle of each session for both operators.
Between operator reliability was calculated as the average stiff-
ness from the second and third cycle of each session including
both days. The standard error of measurement (SEM) was esti-
mated using the square root of the mean square error [51]. The
minimum detectable difference (MDD) was calculated from the
SEM as MDD = SEM x 1.96 x /2 [51].

Results

Intrasession, intersession, and interrater reliability of AFO stiff-
ness were good to excellent [50] with all ICC’s >0.95, >0.86,
and > 0.95 for sagittal, frontal and transverse planes, respectively
(Table 1). The MDD was 0.53, 0.36, and 0.06 N-m/deg, in the sag-
ittal, frontal, and transverse planes, respectively.

Linear fits of AFO stiffness accounted for greater than 99% of
the variance in the sagittal plane moment across all AFOs and ses-
sions. In the frontal and transverse planes, linear fits of the AFO
stiffness accounted for an average of 99% and 95% of the var-
iance in moments (minimum (92% and 53%, respectively). A rep-
resentative AFO moment versus dorsiflexion angle is shown in
Fig. 2. Measured AFO stiffnesses in the sagittal plane ranged
from 0.58 (Matrix) to 3.66 N-m/deg (Blue Rocker) (Fig. 3,
Table 2) with an average measured plantarflexion moment of
7.4-52.2 N-m at 15 degrees of dorsiflexion (Table 3). While all
deflection occurred in dorsiflexion, the AFOs generated frontal
plane moments (at 15 degrees of dorsiflexion), ranging from 12.3
N-m of eversion (Sprystep Max) to 9.9 N-m of inversion (WalkOn
Reaction) and transverse plane moments of 4.1 N-m of internal
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Table 1

Reliability for AFO stiffness in the sagittal, frontal, and transverse planes

Sagittal stiffness

Frontal stiffness Transverse stiffness

Within session ICC (A,1) [95% CI]
ICC (Ak) [95% CT]
SEM (N-m/deg)

MDD (N-m/deg)

ICC (A,1) [95% CT]
ICC (Ak) [95% CI]
SEM (N-m/deg)
MDD (N-m/deg)

Between session

Between operator ICC (A,1) [95% CT1]

ICC (Ak) [95% CI]

1.00 [1.00-1.00]
1.00 [1.00-1.00]
0.01 0.01 0.00
0.03 0.03 0.01

0.95[0.89-0.98]
0.98 [0.94-0.99]
0.18 0.11 0.02
0.50 0.31 0.06

0.9510.90-0.98]
0.98 [0.95-0.99]

1.00 [1.00-1.00]
1.00 [1.00-1.00]

1.00 [1.00-1.00]
1.00 [1.00-1.00]

0.88 [0.75-0.95]
0.94 [0.86-0.97]

0.95 [0.87-0.98]
0.97 [0.93-0.99]

0.86 [0.71-0.93]
0.92[0.83-0.97]

0.96 [0.90-0.98]
0.98 [0.95-0.99]

i
4 Moment

Moment Moment

SEM (N-m/deg) 0.19 0.13 0.02
MDD (N-m/deg) 0.53 0.36 0.06
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Fig. 2 Representative moments versus dorsiflexion angle curves for one session (two
cycles shown). Defection in the sagittal plane elicited reaction moments in all three planes.
AFO stiffness was taken as the linear fit in each plane between 0 and 18 degrees of dorsiflex-
ion during loading. AFO shown in figure: Allard ToeOff.

rotation (Sprystep Plus) to 1.4 N-m of external rotation (WalkOn
Reaction).

Discussion

This study evaluated the rotational stiffness about an ankle axis
of commercially available AFOs across models and manufac-
turers. With only a few exceptions, the stiffnesses measured in
this work are largely in line with the progressive order expected
from manufacturer provided information and a prior comparison
of AFOs [22]. There were, however, two instances where our find-
ings did not align with the manufacturer-provided information.
We found that the Thuasne SpryStep Max and SpryStep Plus had
similar stiffness values (within 1% of each other), which was
unexpected as the SpryStep Max is indicated to be stiffer than the
Plus [35]. Similarly, we found comparable stiffness values (within
5% of each other) between the Ottobock WalkOn Reaction and
WalkOn Reaction Plus, despite the manufacturer indicating that
the WalkOn Reaction Plus is stiffer. We also note that the newer
Blue Rocker 21/ is 16% less stiff than the original Blue Rocker.

There are several likely explanations for any inconsistencies
with prior reports. Perhaps the foremost factor is that the methods
by which manufacturers evaluate AFOs are not broadly known.
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Stiffness (Nm/deg dorsiflexion)

Fig. 3 Measured AFO stiffness (mean [range]) across a total of
four sessions (two per operator). Sagittal plane stiffness across
AFOs varied from 0.58 to 3.66 N-m/deg of dorsiflexion. Most
AFOs produced an eversion moment in the frontal plane, while
the two AFOs with medial struts produced an inversion
moment.
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Table 2 Calculated AFO stiffness across four sessions

Sagittal stiffness

Frontal stiffness® Transverse stiffness®

(N-m/deg) (N-m/deg) (N-m/deg)

AFO Mean (SD) [Range] Mean (SD) [Range] Mean (SD) [Range]
Blue Rocker 3.66 (0.15) [3.42 to 3.80] —0.27 (0.09) [—0.42 to —0.18] 0.03 (0.02) [0.01 to 0.06]
Blue Rocker 2.5 3.08 (0.10) [2.96 to 3.19] —0.29 (0.07) [—0.41 to —0.21] —0.01 (0.02) [—0.03 to 0.02]
WalkOn Reaction 2.88 (0.14) [2.67 to 3.03] 0.53 (0.05) [0.47 to 0.60] —0.11 (0.01) [—0.12 to —0.10]
‘WalkOn Reaction Plus 2.75 (0.19) [2.48 t0 2.99] 0.52 (0.08) [0.42t0 0.61] —0.10 (0.02) [-0.13 to —0.09]
SpryStep Max 2.70 (0.05) [2.66 to 2.78] —0.24 (0.14) [—0.46 to —0.13] 0.14 (0.02) [0.11 t0 0.16]
SpryStep Plus 2.68 (0.30) [2.35 to 3.06] —0.71 (0.27) [—1.07 to —0.35] 0.26 (0.05) [0.21 to 0.34]
ToeOff 2.5 2.02 (0.06) [1.97 to 2.14] —0.23(0.12) [—0.40 to —0.11] 0.04 (0.01) [0.03 to 0.05]
ToeOff 2.5 1.99 (0.06) [1.93 to 2.09] —0.01 (0.01) [—0.03 to 0.00] 0.03 (0.01) [0.02 to 0.04]
Matrix SuperMax 1.69 (0.14) [1.50 to 1.85] —0.22 (0.15) [—0.46 to —0.06] —0.05 (0.02) [—0.07 to —0.03]
SpryStep 1.51 (0.12) [1.35 to 1.65] —0.37 (0.11) [—0.50 to —0.21] 0.02 (0.02) [—0.02 to 0.04]
Matrix Max 2 1.35(0.18) [1.24 to 1.64] —0.17 (0.06) [—0.22 to —0.11] —0.06 (0.02) [—0.09 to —0.04]
Matrix Max 1.34 (0.33) [1.14 to 1.88] —0.13 (0.04) [—0.18 to —0.09] —0.04 (0.01) [—0.06 to —0.02]
Matrix 0.58 (0.08) [0.53 t0 0.71] —0.19 (0.07) [—0.30 to —0.12] —0.01 (0.01) [—0.02 to —0.01]

"Negative stiffness values in the frontal and transverse plane represent eversion and external rotation.

Table 3 Calculated AFO moments at 10 and 15 deg of dorsiflexion

Sagittal moment (N-m)

Frontal moment (N-m)* Transverse moment (N-m)°

10deg 15deg 10deg 15deg 10deg 15deg
Blue Rocker 32.1 522 —-9.4 —11.2 0.4 0.4
Blue Rocker 2.5 25.8 42.6 —-3.7 —5.7 0.1 0.2
WalkOn Reaction 25.6 40.9 6.6 9.9 —-0.9 —1.4
WalkOn Reaction Plus 25.5 39.7 7.0 9.8 —-0.8 —1.4
SpryStep Max 21.6 355 -9.1 —12.3 0.3 0.8
SpryStep Plus 23.5 36.6 -39 -7.9 24 4.1
ToeOff 16.8 27.5 —34 —54 0.2 0.3
ToeOff 2.5 18.4 29.6 —14 —0.1 0.1 0.5
Matrix SuperMax 10.5 19.8 —6.5 —8.1 —-0.3 —-0.8
SpryStep 12.4 19.4 2.3 —4.2 0.2 0.3
Matrix Max 2 9.1 16.4 —4.1 —54 —0.2 —0.6
Matrix Max 9.7 16.8 —-3.3 —4.4 —-0.4 -0.7
Matrix 4.2 7.4 —2.5 -39 -0.3 —-0.4

“Negative stiffness values in the frontal and transverse plane represents eversion
PNegative stiffness values in the frontal and transverse plane represents external rotation.

As noted in the introduction, testing methods may characterize
either linear or rotational stiffness. Our testing occurred on new
devices. To what extent the stiffness of the tested AFOs may
change with repeated cycling is unclear but prior examinations of
residual stiffness in carbon composites suggest that the stiffness
may decrease by as much as 5% to 30% [52]. The size of an AFO
has previously been shown to impact the rotational stiffness [53]
and some models are indicated to have different mechanical prop-
erties targeted to the size of a patient [54]. Another factor was that
we confined our investigation to a single speed of rotation
(0.75 deg/sec). Previous investigations have found either no
impact of loading speed on AFO stiffness [25,30,53] or small, but
significant differences that are generally less than the minimal
detectible difference of the fixture [55]. It is also currently unclear
how much individual AFOs may vary between batches and speci-
mens, as the mechanical properties of carbon composites are
dependent not only on the geometry and material but also on the
process control in many manufacturing steps including layup of
the individual carbon fiber sheets [6].

In addition, this study constrained deflection of the AFO purely
to the sagittal plane. Frontal and transverse plane stiffness were
calculated from the out-of-plane moments developed while mov-
ing through the range of sagittal motion similar to the methods
described by Klassen et al. [33] and Singerman et al. [28]. Other
methods described in the literature involve deflecting the AFO in
multiple planes simultaneously [26,27], or deflecting an AFO
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through a range of motion in the frontal plane independently
[30-32]. These different approaches are clearly related but not
readily comparable, as independently testing the frontal plane
measures a resistance to frontal plane motion, while our methods
indicate a preferred direction of coupled loading by the AFO.

Across the AFOs tested, we found that AFOs with a lateral strut
tended to exert an eversion moment during dorsiflexion, while the
two AFOs with a medial strut tended to exert an inversion
moment. This was expected and broadly agrees with the work by
Cappa et al. [27], who found that internally wound spiral AFOs
(most similar to the lateral strut AFOs tested here) were stiffer in
inversion than eversion. Motion of the ankle joint is not purely
sagittal, coupling dorsiflexion with eversion [46]. Our study sug-
gests that AFOs with lateral struts may deflect with this coupled
motion while medial struts may resist it, but further work is
needed to evaluate the impact of strut orientation on patient fron-
tal plane motion during gait.

The design of the commercial AFOs tested in this study
required some alignment assumptions for standardization of test-
ing. Features common in AFOs tested in the literature including
hinges and heel cups defining the position of the foot were absent.
Instead, all included AFOs had a single strut and trimmable foot
plates, which allow an off-the-shelf AFO to be easily customized
to an individual. Considering these features, we defined a sagittal
orientation by aligning the two most medial prominences of the
AFOs footplate parallel with the path of deflection and the fore/aft
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position by lightly contacting the tibial cuff to the surrogate shank.
However, foot plate geometry varied by manufacturer, which may
impact the alignment between models. Moreover, the bottom of
many of the foot plates were contoured causing the AFO to rotate
during clamping. We were able to mitigate the challenges
imparted by AFO designs with our alignment protocol, resulting
in robust intersession and intertester reliability comparable to pre-
vious reports in the sagittal plane (ICC’s > 0.95 here versus 1.00
[18],0.99 [19,24], and 0.97 [3]). To our knowledge, this is the first
study to examine the repeatability of out of plane stiffnesses, find-
ing good reliability [50], in the frontal and transverse planes
(ICC’s > 0.83). This is a critical metric to report when evaluating
a test fixture for future use in both clinical and research areas.

There are several limitations to this study. While we were able
to test thirteen commercial AFOs, our investigation was by no
means comprehensive. Our tests were limited to a single size,
specimen, testing speed, and ankle axis location for each model,
as described above, and only performed on new AFOs. An impor-
tant feature to note about the design of the EMPIRE is that we
intentionally defined a generic ankle axis location based upon the
position of the malleoli in the anthropometric literature. However,
there exists considerable variability in ankle axis position between
individuals. While a significant impact of ankle axis position on
AFO stiffness has been demonstrated in hinged AFOs, [20,21] it
remains unclear how the choice of ankle axis location may impact
AFO stiffness in the AFOs tested here. Similarly, it is currently
unclear how the stiffness of each AFO may change over time with
use. We did not evaluate how the footplate may contribute to the
overall stiffness of the device [18,45,56], although this contribu-
tion would be largely impacted by the choice of shoe and how
much the footplate was trimmed or altered during fitting (e.g., the
application of wedges or supplemental foot orthotics). The contri-
bution of the footplate may partially explain the inconsistencies in
stiffness between our results and prior reports. Finally, while we
evaluated repeatability of our fixture, we did not directly compare
our findings with any other test fixtures. As such, this study did
not seek to establish the validity of the test fixture, but to provide
a comparison across commercially available AFOs from a range
of manufacturers. A previous cross fixture comparison [24] found
some systemic differences in stiffness, and the numerous meth-
odological decisions presented in this study highlight how impor-
tant it is to rigorously evaluate test methods across the literature in
the absence of standardized procedures. Future work will compare
outcomes from a range of evaluation methods previously pre-
sented in the literature. Finally, this work does not identify clini-
cally meaningful differences in stiffness, as individual responses
to AFO’s are highly heterogeneous. Thus, our results only provide
a tool to augment clinical decision-making, realizing that the cli-
nician must interpret these results within the context of the
individual.

Conclusions

We directly compared AFO stiffnesses across 13 commercially
available carbon composite AFOs using the EMPIRE, a reliable,
custom mechanical testing device. In this study, we evaluated the
multiplanar stiffness of thirteen nonarticulated, nonmodular, car-
bon composite AFOs ranging from 0.58 to 3.66 N-m/deg. This
research provides a tool through which clinicians can apply their
expertise in identifying appropriate AFOs for their patients.
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Nomenclature

AFO = ankle-foot orthosis
CT = computerized tomography
Dy y 7—1c = distance between the load cell origin
and point of force application
Dyxyz-aro = distance between the center of the
AFO axis and point of force
application
EMPIRE = test fixture for evaluating mechanical
properties in rotating exoskeletons
Fy,Fy,F; = forces measured in the load cell
Hjc_aro = vertical distance between the load
cell origin and the ankle axis
ICC = interclass correlation coefficient
MDD = minimum detectable difference
SEM = standard error of measurement
Tsagiual, Trrontal; TTransverse = torques at the AFO rotation axis
Tx,Ty,T; = torques measured in the load cell

Appendix A
Ankle axis

Foot length Height Depth
US men’s
shoe size mm (in) mm (in) mm (in)
7 246 9%3) 69 2" 57 2%
7.5 250 9°/¢) 70 23 58 25/16)
8 254 (10) 72 2"%16) 59 2°/16)
8.5 258 (10'¢) 74 2%/16) 61 235
9 262 (10'73) 76 (3) 62 27he)
9.5 267 (101/,) 78 (3'e) 64 @'
10 271 (10%/3) 79 3 65 2°16)
10.5 275 (10°/¢) 81 (336) 66 25/5)
11 279 (11) 83 3 68 Q2"
11.5 284 (11 85 (33s) 69 23
12 288 (11Y5) 87 (37he) 71 23
12.5 292 (11'5) 89 3'h) 72 256
13 296 (11%3) 90 (3°%he) 73 27l

Ankle height is measured from the bottom of the heel, ankle depth is meas-
ured from the most posterior end of the heel. Calculations were based on
regressions of centile data from White et al. [48], Parham et al. [49], and
measurements taken from CT data (N =21).
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Appendix B

The measured torques at the load cell can be written as a com-
bination of the measured forces multiplied by the load cell
moment arm offsets

Ty =Fz*Dyrc — Fy*DzLc
Ty =Fx*Dz1c — Fz*Dx ¢
17 =Fy+«Dx1c—Fx*D1c

Similarly, the torques at the AFO can be written as a combination
of the measured forces multiplied by the AFO moment arm offset

Tsagival = Fx * Dz aAro — Fz * Dx avo
TFrontal = Fz * Dy aAro — Fy * Dz aro

Transverse = Fy * Dx aro — Fx * Dy aro

We defined the AFO origin as being located on the axis of rotation
in line with the shank axis (load cell Z). Thus, the moment arms
between the load cell and the point of force application relate to
the moment arms between the AFO origin through the following,
where the height of the load cell is defined by the fixture design
and the vertical (z) distance between the load cell and the point of
force application is adjustable and measured:

Dx1c = Dx.aro
Dy 1c = Dy aro
DZ4,LC = HeightLC — DZ,AFO

The following equations were then used to convert between the
loads measured by the load cell and the moments generated by the
ankle:

Tsagival = Fx * (Height;c — 2% Dzyc) + Ty
TFromal =Fyx (HeightLC — 2% DZ,LC) + Ty

Ttransverse = Tz

References

[1] Sumiya, T., Suzuki, Y., and Kasahara, T., 1996, “Stiffness Control in Posterior-Type
Plastic Ankle-Foot Orthoses: Effect of Ankle Trimline Part 2: Orthosis Characteristics
and Orthosis/Patient Matching,” Prosthet. Orthot. Int., 20(2), pp. 132-137.

[2] Bregman, D. J. J., De Groot, V., Van Diggele, P., Meulman, H., Houdijk, H.,
and Harlaar, J., 2010, “Polypropylene Ankle Foot Orthoses to Overcome Drop-
Foot Gait in Central Neurological Patients: A Mechanical and Functional Eval-
uation,” Prosthet. Orthot. Int., 34(3), pp. 293-304.

[3] Kobayashi, T., Leung, A. K. L., and Hutchins, S. W., 2011, “Design of a Man-
ual Device to Measure Ankle Joint Stiffness and Range of Motion,” Prosthet.
Orthot. Int., 35(4), pp. 478-481.

[4] Mchugh, B., 1999, “Analysis of Body-Device Interface Forces in the Sagittal
Plane for Patients Wearing Ankle-Foot Orthoses,” Prosthet. Orthot. Int., 23(1),
pp. 75-81.

[5] Vasiliauskaite, E., Ielapi, A., De Beule, M., Van Paepegem, W, B., Deckers, J.
P., Vermandel, M., Forward, M., and Plasschaert, F., 2021, “A Study on the
Efficacy of AFO Stiffness Prescriptions,” Disabil. Rehabil. Assist. Technol.,
16(1), pp. 27-39.

[6] Zou, D., He, T., Dailey, M., Smith, K. E., Silva, M. J., Sinacore, D. R., Mueller,
M. J., and Hastings, M. K., 2014, “Experimental and Computational Analysis
of Composite Ankle-Foot Orthosis,” J. Rehabil. Res. Dev., 51(10), pp.
1525-1536.

[7] Totah, D., Menon, M., Jones-Hershinow, C., Barton, K., and Gates, D. H.,
2019, “The Impact of Ankle-Foot Orthosis Stiffness on Gait: A Systematic Lit-
erature Review,” Gait Posture, 69, pp. 101-111.

[8] Bregman, D. J. J., Harlaar, J., Meskers, C. G. M., and De Groot, V., 2012,
“Spring-Like Ankle Foot Orthoses Reduce the Energy Cost of Walking by
Taking Over Ankle Work,” Gait Posture, 35(1), pp. 148-153.

[9] Collins, S. H., Wiggin, M. B., and Sawicki, G. S., 2015, “Reducing the Energy
Cost of Human Walking Using an Unpowered Exoskeleton,” Nature,
522(7555), pp. 212-215.

[10] Ridgewell, E., Dobson, F., Bach, T., and Baker, R., 2010, “A Systematic
Review to Determine Best Practice Reporting Guidelines for AFO Interventions
in Studies Involving Children With Cerebral Palsy,” Prosthet. Orthot. Int.,
34(2), pp. 129-145.

Journal of Biomechanical Engineering

[11] Ielapi, A., Forward, M., and De Beule, M., 2019, “Computational and
Experimental ~Evaluation of the Mechanical Properties of Ankle
Foot Orthoses: A Literature Review,” Prosthet. Orthot. Int., 43(3), pp.
339-348.

[12] Kobayashi, T., Leung, A. K. L., and Hutchins, S. W., 2011, “Techniques to
Measure Rigidity of Ankle-Foot Orthosis: A Review,” J. Rehabil. Res. Dev.,
48(5), pp. 565-576.

[13] Harper, N. G., Russell Esposito, E., Wilken, J. M., and Neptune, R. R., 2014,
“The Influence of Ankle-Foot Orthosis Stiffness on Walking Performance in
Individuals With Lower-Limb Impairments,” Clin. Biomech., 29(8), pp.
877-884.

[14] Haight, D. J., Russell Esposito, E., and Wilken, J. M., 2015, “Biomechanics of
Uphill Walking Using Custom Ankle-Foot Orthoses of Three Different
Stiffnesses,” Gait Posture, 41(3), pp. 750-756.

[15] Russell Esposito, E., Choi, H. S., Owens, J. G., Blanck, R. V., and Wilken, J.
M., 2015, “Biomechanical Response to Ankle—Foot Orthosis Stiffness During
Running,” Clin. Biomech., 30(10), pp. 1125-1132.

[16] Russell Esposito, E., Blanck, R. V., Harper, N. G., Hsu, J. R., and Wilken, J.
M., 2014, “How Does Ankle-Foot Orthosis Stiffness Affect Gait in Patients
With Lower Limb Salvage?,” Clin. Orthop. Relat. Res., 472(10), pp.
3026-3035.

[17] Wach, A., Mcgrady, L., Wang, M., and Silver-Thorn, B., 2018, “Assessment of
Mechanical Characteristics of Ankle-Foot Orthoses,” ASME J. Biomech. Eng.,
140(7), p. 071007.

[18] Bregman, D. J. J., Rozumalski, A., Koops, D., De Groot, V., Schwartz, M., and
Harlaar, J., 2009, “A New Method for Evaluating Ankle Foot Orthosis Charac-
teristics: BRUCE,” Gait Posture, 30(2), pp. 144-149.

[19] Ielapi, A., Vasiliauskaite, E., Hendrickx, M., Forward, M., Lammens, N., Van
Paepegem, W., Deckers, J. P., Vermandel, M., and De Beule, M., 2018, “A
Novel Experimental Setup for Evaluating the Stiffness of Ankle Foot
Orthoses,” BMC Res. Notes, 11(649), pp. 1-7.

[20] Gao, F., Carlton, W., and Kapp, S., 2011, “Effects of Joint Alignment and Type
on Mechanical Properties of Thermoplastic Articulated Ankle-Foot Orthosis,”
Prosthet. Orthot. Int., 35(2), pp. 181-189.

[21] Gao, F., Carlton, W., and Kapp, S., 2010, “Development of a Motorized Device
for Quantitative Investigation of Articulated AFO Misalignment,” Fourth Inter-
national Conference on Bioinformatics and Biomedical Engineering, IEEE,
Chengdu, China, June 18-20, pp. 1-4.

[22] Knapp, D., 2019, “Dynamic Characteristics of Fitted AFO’s,” Acad. Today,

15(4), pp. 9-11.

Takahashi, K. Z., and Stanhope, S. J., 2010, “Estimates of Stiffness for Ankle-

Foot Orthoses Are Sensitive to Loading Conditions,” J. Prosthet. Orthot., 22(4),

pp. 211-219.

[24] Totah, D., Menon, M., Gates, D. H., and Barton, K., 2021, “Design and Evalua-
tion of the SMApp: A Stiffness Measurement Apparatus for Ankle—Foot
Orthoses,” Mechatronics, 77, p. 102572.

[25] Schrank, E. S., Hitch, L., Wallace, K., Moore, R., and Stanhope, S. J., 2013,
“Assessment of a Virtual Functional Prototyping Process for the Rapid Manu-
facture of Passive-Dynamic Ankle-Foot Orthoses,” ASME J. Biomech. Eng.,
135(10), p. 101011.

[26] Cappa, P., Patane, F., and Pierro, M. M., 2003, “A Novel Device to Evaluate
the Stiffness of Ankle-Foot Orthosis Devices,” ASME J. Biomech. Eng.,
125(6), pp. 913-917.

[27] Cappa, P., Patane, F., and Di Rosa, G., 2005, “A Continuous Loading Apparatus
for Measuring Three-Dimensional Stiffness of Ankle-Foot Orthoses,” ASME J.
Biomech. Eng., 127(6), pp. 1025-1029.

[28] Singerman, R., Hoy, D. J., and Mansour, J. M., 1999, “Design Changes in
Ankle Foot Orthosis Intended to Alter Stiffness Also Alther Orthosis Kine-
matics,” J. Prosthet. Orthot., 11(3), pp. 48-55.

[29] Tanino, G., Tomita, Y., Mizuno, S., Maeda, H., Miyasaka, H., Abbas, O.,
Takeda, K., and Sonoda, S., 2015, “Development of an Ankle Torque Measure-
ment Device for Measuring Ankle Torque During Walking,” J. Phys. Ther. Sci.,
27(5), pp. 1477-1480.

[30] Yamamoto, S., Ebina, M., Iwasaki, M., Kubo, S., Kawai, H., and Hayashi, T.,
1993, “Comparative Study of Mechanical Characteristics of Plastic AFOs,” J.
Prosthet. Orthot., 5(2), pp. 59-64.

[31] Ringleb, S. I, Armstrong, T., Berglund, L. J., Kitaoka, H. B., and Kauf-
man, K. R., 2009, “Stiffness of the Arizona Ankle-Foot Orthosis Before
and After Modification for Gait Analysis,” J. Prosthet. Orthot., 21(4), pp.
204-207.

[32] Bielby, S. A., Warrick, T. J., Benson, D., Brooks, R. E., Skewes, E., Alvarez,
E., Dunning, C., and Desjardins, J. D., 2010, “Trimline Severity Significantly
Affects Rotational Stiffness of Ankle-Foot Orthosis,” J. Prosthet. Orthot., 22(4),
pp- 204-210.

[33] Klasson, B., Convery, P., and Raschke, S., 1998, “Test Apparatus for the Mea-
surement of the Flexibility of Ankle-Foot Orthoses in Planes Other Than the
Loaded Plane,” Prosthet. Orthot. Int., 22(1), pp. 45-53.

[34] AllardUSA, “Allard Functional Guidelines Poster,” Allard USA Inc., Rock-

away, NJ, accessed Oct. 27, 2020, https://www.allardusa.com/Allard USA/Foot

Drop AFOs/General PDFs/FunctionalGuideLines_Poster_Allard USA_April

2020_www.pdf

Thuasne, 2018, “SpryStep-Plus-Max Info Sheet,” Townsend/Thuasne USA,

Bakersfield, CA, pp. 1-23, accessed Oct. 27, 2020, https://www.pelsupply.com/

static/related_files/6165/SpryStep-Plus-Max_Info Sheet PEL.pdf

[36] Ottobock, 2015, “Ottobock Stroke Indication Matrix -Lower Limbs,” Ottobock,
Duderstadt, Germany, Report No. 646F340-EN-03-1405w, p. 1, accessed
Oct. 27, 2020, https://shop. ottobock.us/media/pdf/646F340-EN-03-1405w.pdf

[23

[35

JANUARY 2022, Vol. 144 / 011004-7

120Z 1990100 ZZ Uo Jasn saLieiqr] uolBuIyseA JO Alsieaun AQ Jpd-y00L L0 LO b OIG/S65ZSL9/7001 L0/ L/vYL/Pd-ajoilie/jeoiueyoawoiq/Bio-aLuse: uoos||0o[eNBipawse//:dny woly papeojumoq


http://dx.doi.org/10.3109/03093649609164431
http://dx.doi.org/10.3109/03093646.2010.495969
http://dx.doi.org/10.1177/0309364611425696
http://dx.doi.org/10.1177/0309364611425696
http://dx.doi.org/10.3109/03093649909071615
http://dx.doi.org/10.1080/17483107.2019.1629114
http://dx.doi.org/10.1682/JRRD.2014-02-0046
http://dx.doi.org/10.1016/j.gaitpost.2019.01.020
http://dx.doi.org/10.1016/j.gaitpost.2011.08.026
http://dx.doi.org/10.1038/nature14288
http://dx.doi.org/10.3109/03093641003674288
http://dx.doi.org/10.1177/0309364618824452
http://dx.doi.org/10.1682/JRRD.2010.10.0193
http://dx.doi.org/10.1016/j.clinbiomech.2014.07.005
http://dx.doi.org/10.1016/j.gaitpost.2015.01.001
http://dx.doi.org/10.1016/j.clinbiomech.2015.08.014
http://dx.doi.org/10.1007/s11999-014-3661-3
http://dx.doi.org/10.1115/1.4039816
http://dx.doi.org/10.1016/j.gaitpost.2009.05.012
http://dx.doi.org/10.1186/s13104-018-3752-4
http://dx.doi.org/10.1177/0309364611409617
http://dx.doi.org/10.1109/ICBBE.2010.5514982
http://dx.doi.org/10.1109/ICBBE.2010.5514982
http://dx.doi.org/10.1097/JPO.0b013e3181f46822
http://dx.doi.org/10.1016/j.mechatronics.2021.102572
http://dx.doi.org/10.1115/1.4024825
http://dx.doi.org/10.1115/1.1634993
http://dx.doi.org/10.1115/1.2049313
http://dx.doi.org/10.1115/1.2049313
http://dx.doi.org/10.1097/00008526-199901130-00002
http://dx.doi.org/10.1589/jpts.27.1477
https://journals.lww.com/jpojournal/Citation/1993/04000/Gait_Abnormalities_in_Children.13.aspx
https://journals.lww.com/jpojournal/Citation/1993/04000/Gait_Abnormalities_in_Children.13.aspx
http://dx.doi.org/10.1097/JPO.0b013e3181bfb28e
http://dx.doi.org/10.1097/JPO.0b013e3181f9082e
http://dx.doi.org/10.3109/03093649809164456
https://www.allardusa.com/Allard USA/Foot Drop AFOs/General PDFs/FunctionalGuideLines_Poster_Allard USA_April2020_www.pdf
https://www.allardusa.com/Allard USA/Foot Drop AFOs/General PDFs/FunctionalGuideLines_Poster_Allard USA_April2020_www.pdf
https://www.allardusa.com/Allard USA/Foot Drop AFOs/General PDFs/FunctionalGuideLines_Poster_Allard USA_April2020_www.pdf
https://www.pelsupply.com/static/related_files/6165/SpryStep-Plus-Max_Info Sheet PEL.pdf
https://www.pelsupply.com/static/related_files/6165/SpryStep-Plus-Max_Info Sheet PEL.pdf
https://shop.ottobock.us/media/pdf/646F340-EN-03-1405w.pdf

[37] Fabtech Systems, 2018, “PDE™ Modular Composite Spring System,” Fabtech
System, Everett, WA, pp. 1-2, accessed Oct. 27, 2020, https://www.fabtechsy
stems.com/skinl/images/pdfs/PDE-InfoSheet-2018-web.pdf

[38] Golay, W., Lunsford, T. R., Lunsford, B. R., and Greenfield, J., 1989, “The
Effect of Malleolar Prominence on Polypropylene AFO Rigidity and Buckling,”
J. Prosthet. Orthot., 1(4), pp. 231-241.

[39] Ielapi, A., Lammens, N., Van Paepegem, W., Forward, M., Deckers, J. P., Ver-
mandel, M., and De Beule, M., 2019, “A Validated Computational Framework
to Evaluate the Stiffness of 3D Printed Ankle Foot Orthoses,” Comput. Methods
Biomech. Biomed. Eng., 22(8), pp. 880-887.

[40] Kerkum, Y. L., Brehm, M.-A., Buizer, A. 1., van den Noort, J. C., Becher, J. G.,
and Harlaar, J., 2014, “Defining the Mechanical Properties of a Spring-Hinged
Ankle Foot Orthosis to Assess Its Potential Use in Children With Spastic Cere-
bral Palsy,” J. Appl. Biomech., 30(6), pp. 728-731.

[41] Kerkum, Y. L., Buizer, A. I, van den Noort, J. C., Becher, J. G., Harlaar, J.,
and Brehm, M.-A., 2015, “The Effects of Varying Ankle Foot Orthosis Stiff-
ness on Gait in Children With Spastic Cerebral Palsy Who Walk With Exces-
sive Knee Flexion,” PLoS One, 10(11), p. e0142878.

[42] Ploeger, H. E., Brehm, M. A, Bus, S. A, and Nollet, F., 2015, “Comparing the
Effect of a Dorsal-Leaf-Spring AFO and a Spring-Hinged AFO on Gait Character-
istics in Plantarflexor Weakness — A Pilot Study,” Gait Posture, 42(S3), p. S70.

[43] Kobayashi, T., Leung, A. K. L., Akazawa, Y., Naito, H., Tanaka, M., and
Hutchins, S. W., 2010, “Design of an Automated Device to Measure Sagittal
Plane Stiffness of an Articulated Ankle-Foot Orthosis,” Prosthet. Orthot. Int.,
34(4), pp. 439-448.

[44] Waterval, N. F. J., Nollet, F., Harlaar, J., and Brehm, M.-A., 2019, “Modifying
Ankle Foot Orthosis Stiffness in Patients With Calf Muscle Weakness: Gait
Responses on Group and Individual Level,” J. Neuroeng. Rehabil., 16(120), pp. 1-9.

[45] Sheehan, C., and Figgins, E., 2017, “A Comparison of Mechanical Properties
Between Different Percentage Layups of a Single-Style Carbon Fibre Ankle
Foot Orthosis,” Prosthet. Orthot. Int., 41(4), pp. 364-372.

011004-8 / Vol. 144, JANUARY 2022

[46] Brockett, C. L., and Chapman, G. J., 2016, “Biomechanics of the Ankle,”
Orthop. Trauma, 30(3), pp. 232-238.

[47] The Brannock Device Co., L., 2015, “Brannock Device Conversion Chart,” The
Brannock Device Co., Liverpool, NY, accessed Oct. 27, 2020, https://
brannock.com/pages/conversion-chart

[48] White, R. M., 1982, Comparative Anthropometry of the Foot, United States
Army Natick Research and Development Laboratories, Natick, MA.

[49] Parham, K. R., Gordon, C. C., and Bensel, C. K., 1992, Anthropometry of the
Foot and Lower Leg of U.S. Army Soldiers, United States Army
Natick Research and Development Laboratories, Fort Jackson, SC, 1985,
Natick, MA.

[50] Koo, T. K., and Li, M. Y., 2016, “A Guideline of Selecting and Reporting Intra-
class Correlation Coefficients for Reliability Research,” J. Chiropr. Med.,
15(2), pp. 155-163.

[51] Weir, J. P., 2005, “Quantifying Test-Retest Reliability Using the Interclass
Correlation Coefficient and the SEM,” J. Strength Cond. Res., 19(1), pp.
231-240.

[52] Belingardi, G., Cavatorta, M. P., and Frasca, C., 2006, “Bending Fatigue
Behavior of Glass-Carbon/Epoxy Hybrid Composites,” Compos. Sci. Technol.,
66(2), pp. 222-232.

[53] Novacheck, T. F., Beattie, C., Rozumalski, A., Gent, G., and Kroll, G., 2007,
“Quantifying the Spring-Like Properties of Ankle-Foot Orthoses (AFOs),” J.
Prosthetics Orthot., 19(4), pp. 98-103.

[54] AllardUSA, “Allard AFO Professional Instructions,” Allard USA Inc., Rock-
away, NJ, accessed Oct. 28, 2020, https://www.allardusa.com/Allard USA/Foot
Drop AFOs/General PDFs/Allard AFO Professional Instructions - E110.pdf

[55] Totah, D., Barton, K., and Gates, D. H., 2021, “The Effect of Rotational Speed
on Ankle-Foot Orthosis Properties,” J. Biomech., 123, p. 110483.

[56] Polliack, A. A., Swanson, C., Landsberger, S. E., and McNeal, D. R., 2001,
“Development of a Testing Apparatus for Structural Stiffness Evaluation of
Ankle-Foot Orthoses,” Prosthet. Orthotic Sci., 13(3), pp. 74-82.

Transactions of the ASME

120Z 1990100 ZZ Uo Jasn saLieiqr] uolBuIyseA JO Alsieaun AQ Jpd-y00L L0 LO b OIG/S65ZSL9/7001 L0/ L/vYL/Pd-ajoilie/jeoiueyoawoiq/Bio-aLuse: uoos||0o[eNBipawse//:dny woly papeojumoq


https://www.fabtechsystems.com/skin1/images/pdfs/PDE-InfoSheet-2018-web.pdf
https://www.fabtechsystems.com/skin1/images/pdfs/PDE-InfoSheet-2018-web.pdf
http://dx.doi.org/10.1097/00008526-198907000-00007
http://dx.doi.org/10.1080/10255842.2019.1601712
http://dx.doi.org/10.1080/10255842.2019.1601712
http://dx.doi.org/10.1123/jab.2014-0046
http://dx.doi.org/10.1371/journal.pone.0142878
http://dx.doi.org/10.1016/j.gaitpost.2015.03.121
http://dx.doi.org/10.3109/03093646.2010.495370
http://dx.doi.org/10.1186/s12984-019-0600-2
http://dx.doi.org/10.1177/0309364616652015
http://dx.doi.org/10.1016/j.mporth.2016.04.015
https://brannock.com/pages/conversion-chart
https://brannock.com/pages/conversion-chart
http://dx.doi.org/10.1016/j.jcm.2016.02.012
http://dx.doi.org/10.1519/15184.1
http://dx.doi.org/10.1016/j.compscitech.2005.04.031
http://dx.doi.org/10.1097/JPO.0b013e31812e555e
http://dx.doi.org/10.1097/JPO.0b013e31812e555e
https://www.allardusa.com/Allard USA/Foot Drop AFOs/General PDFs/Allard AFO Professional Instructions - E110.pdf
https://www.allardusa.com/Allard USA/Foot Drop AFOs/General PDFs/Allard AFO Professional Instructions - E110.pdf
http://dx.doi.org/10.1016/j.jbiomech.2021.110483
http://dx.doi.org/10.1097/00008526-200109000-00012

