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Abstract

The plantarflexion resistive moments of an articulated ankle–foot orthosis play an important role in improving gait in

individuals post stroke. However, the evidence regarding their magnitude required from the articulated ankle–foot

orthosis to improve walking is still limited. Therefore, the primary aim of this study was to directly measure the

plantarflexion resistive moments and the joint angular positions while walking using a prototype instrumented articulated

ankle–foot orthosis in five individuals post stroke. The secondary aim was to investigate their moment–angle relationship

by changing its preset plantarflexion stiffness. Each subject was fitted with the instrumented articulated ankle–foot

orthosis and walked on a treadmill under four different preset plantarflexion stiffness conditions (0.35 N�m/�,

0.51 N�m/�, 0.87 N�m/�, and 1.27 N�m/�). For each subject, the plantarflexion resistive moments and the joint angular

positions of five continuous gait cycles were extracted and averaged for each condition. Data were plotted and presented

as case series. Both plantarflexion resistive moments and joint angular positions of the ankle–foot orthosis changed

according to the preset plantarflexion stiffness in all subjects. Using the instrumented articulated ankle–foot orthosis

could potentially advance the understanding of the biomechanics of an ankle–foot orthosis, as well as contribute to more

evidence-based orthotic care of patients.
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Introduction

Ankle–foot orthoses (AFOs) improve gait in individ-
uals post stroke.1 Typically, they are classified as
either articulated or non-articulated AFOs.2

Articulated AFOs have joints, while non-articulated
AFOs lack joints and are generally made of a single
piece of material (e.g. plastics or carbons). One of the
advantages of an articulated AFO is that certain
types (e.g. AFO with oil-damper joint) have the bene-
fit of being able to tune the plantarflexion resistive
moment independent of dorsiflexion resistive
moment.3 This characteristic is especially important
when investigating the effects of a specific resistive
moment generated from an AFO on kinematics and
kinetics of gait.4–6

The plantarflexion resistive moment of an articu-
lated AFO plays an important role in achieving heel
contact at the beginning of stance and foot clearance
during swing in individuals post stroke.7,8 Preservation

Journal of Rehabilitation and Assistive

Technologies Engineering

3: 1–6

! The Author(s) 2016

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/2055668316639445

jrt.sagepub.com

1Orthocare Innovations, Mountlake Terrace, USA
2Department of Prosthetics and Orthotics, Faculty of Health Sciences,

Hokkaido University of Science, Sapporo, Japan
3Department of Physical Therapy, University of Utah, Salt Lake City, USA
4Department of Health Care Sciences, School of Health Professions,

University of Texas Southwestern Medical Center, Dallas, TX, USA

Corresponding author:

Toshiki Kobayashi, Department of Prosthetics and Orthotics, Faculty of

Health Sciences, Hokkaido University of Science, 7-15-4-1 Maeda, Teine,

Sapporo, Hokkaido, 006-8585, Japan.

Email: kobayashi-t@hus.ac.jp; toshiki42@gmail.com

Creative Commons CC-BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 3.0 License (http://www.

creativecommons.org/licenses/by-nc/3.0/) which permits non-commercial use, reproduction and distribution of the work without further permission provided the

original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).



of heel contact using an AFO has been shown to provide
improvements with gait.3,9 The plantarflexion resistive
moment can bemeasured directly using a load cell that is
integrated into a joint7,10 or indirectly using a three-
dimensional motion analysis system and a bench meas-
urement of a moment–angle relationship of an AFO.11

The moment–angle relationship of an AFO has trad-
itionally been measured statically on the bench.12–14

However, the bench measurements have generally over-
looked influences of anatomical structures15 and the
data regarding the relationship between the plantarflex-
ion resistivemoments and angular positions of an articu-
lated AFO while walking are still very limited. This
information would be valuable to understanding the
mechanical contribution of the AFO in improving gait
and for designing AFOs. To address this, the primary
aim of the study was to directly measure the plantarflex-
ion resistive moments and the joint angular positions
while walking using a custom instrumented articulated
AFO in individuals post stroke. The secondary aim was
to investigate the moment–angle relationship of the
AFO by changing its preset plantarflexion stiffness.

Methods

Subjects

Five individuals post stroke (two females/three males;
62(9) years old; 6(2) years since stroke incidence) parti-
cipated in this study. Their mean(SD) height was
1.73(0.12) m and their mean(SD) body mass was
90(20) kg. Their maximum manual passive ankle dorsi-
flexion angles while a knee joint was kept in extension
ranged from 5� to 10� of dorsiflexion. To be included in
the study, participants had to be more than six-months
post-stroke with hemiplegia and have the ability to
walk on a treadmill with the use of an AFO without
an assistive device. Exclusion criteria were any con-
founding injury, and musculoskeletal or cognitive prob-
lems that would limit the ability to walk on the
treadmill.

Gait analysis

A prototype instrumented articulated AFO with a load
cell (LC201-75, Omegadyne Inc., Sunbury, OH,
USA) and a linear potentiometer (ZX-PA-1.5-B,
UniMeasure, Corvallis, OR, USA) was developed.
The plantarflexion resistive moments of the articulated
AFO were adjustable by exchanging a compression
spring (72611, 72437, 72412, Century Spring Corp.,
Los Angles, CA, USA) or changing the spring’s pos-
ition relative to the joint center (Figure 1). The mass of
the AFO including the shoe was 2 kg. The compression
spring was situated in the posterior aspect of the AFO

and the load cell measured its force, while the linear
potentiometer measured the angular position of the
joint. The plantarflexion resistive moments were calcu-
lated by multiplying the force measured by the load cell
and its perpendicular distance from the joint center.
The plantarflexion resistive moments and the plantar-
flexion angles were defined as negative. The data from
the load cell and the linear potentiometer were collected
at 100Hz and sent wirelessly to a computer via
Bluetooth. No spring was placed in the anterior
aspect, thus the AFO did not generate spring induced
dorsiflexion resistive moments.

After informed consent was obtained for this
Institutional Review Board approved study, each sub-
ject was fitted with the instrumented articulated AFO.
The subject was secured in a harness for safety. Data
collection was performed under four levels of plantar-
flexion stiffness preset on the AFO: 0.35N�m/� (S1),
0.51N�m/� (S2), 0.87N�m/� (S3) and 1.27N�m/� (S4).
They were determined based on a previous work on an
AFO with oil-damper joint (Gait Solution: Pacific
Supply, Osaka, Japan).3 Each subject walked on a
split-belt treadmill at a self-selected gait speed.

Figure 1. An instrumented articulated ankle–foot orthosis.

The load cell measures force generated by the compression

spring and is used to calculate the plantarflexion resistive

moments, while the linear potentiometer measures the joint

angular positions.
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The order of the four conditions was randomized for
the walking trials. Each subject was allowed to rest if
necessary between trials and given a short acclimatiza-
tion period to walk on the treadmill under each condi-
tion before data collection. The initial angle of the AFO
joint was adjusted in the range of 5� to 10� of dorsiflex-
ion. The initial angle is the angle at which the spring
starts to engage and generate the plantarflexion resist-
ive moment.

The plantarflexion resistive moments and the joint
angular positions of five continuous gait cycles (initial
contact (0%) to next initial contact (100%) of the leg
wearing the AFO) were extracted and averaged for each
condition in each subject. They were subsequently
plotted and presented as case series for each subject
as follows: 1) the plantarflexion resistive moments nor-
malized to gait cycle (Figure 2); 2) the joint angular
positions normalized to gait cycle (Figure 2); and 3)
the plantarflexion resistive moments versus the joint
angular positions (Figure 3).

Results

Plantarflexion resistive moments

All subjects showed a systematic change in the plantar-
flexion resistive moments (Figure 2). The gait speed
ranged from 0.11m/s to 0.22m/s (Figure 2). The aver-
age and standard deviations of the peak plantarflexion
resistive moments of the five subjects for each condition
were as follows: �3.52(1.92) N�m for S1, �5.49(2.81)
N�m for S2, �7.31(4.18) N�m for S3, �10.31(6.53) N�m
for S4.

Joint angular positions

The angular positions showed some changes, but they
were less systematic (Figure 2). The average and stand-
ard deviations of the peak plantarflexion angles of the
five subjects for each condition were as follows:
�2.78(5.15)� for S1, �2.95(4.95)� for S2, �1.02(5.14)�

for S3, �0.19(4.75)� for S4.

Moments versus angles relationship

Figure 3 depicts the relationship between the plantar-
flexion resistive moments and the joint angular pos-
itions. Each condition demonstrated a distinctive
hysteresis curve in all subjects.

Discussion

The plantarflexion resistive moments and the joint
angular positions were directly measured using the
instrumented articulated AFO while walking in

individuals post stroke and their relationships were pre-
sented as case series. Both the peak plantarflexion
resistive moment and the peak plantarflexion angle
changed according to the preset plantarflexion stiffness
of the AFO (Figure 2). The AFO improved initial con-
tact and loading response by enabling plantarflexion
from a dorsiflexed position. The plantarflexion resistive
moment of the AFO functioned as dorsiflexors in
normal gait. But it impeded push-off during pre-swing
as it could not actively plantarflex. During swing phase,
the AFO tended to maintain the ankle in a dorsiflexed
position. The outcome of this study is important
because there is a lack of data on the relationship
between the physical properties of AFOs and gait. It
is very difficult to measure the load applied by a con-
ventional AFO, and we have achieved this with a sim-
pler mechanical design.

The load cell measures the compressive load on the
spring and this is a direct function of the ankle.
Therefore, the moment-angle relationship of the AFO
is predictable on the bench. However, the actual
amount of plantarflexion resistive moment and joint
angular position of the AFO during gait is not predict-
able for each individual with stroke. The hysteresis
component, presumably due to frictional losses
between the AFO and the leg, would be a little higher
during gait due to the more complex load system
(Figure 3). This measurement would reflect individual
differences in the influences of anatomical structures,
such as contracture and spasticity of the ankle joint
while walking. Thus, we were not just measuring the
properties of the AFO using the human subjects in
place of some machine to load the AFO.
Theoretically, the instrumented articulated AFO
could provide information on the range of motion
and/or required resistive moments for individuals walk-
ing post stroke. Current clinical routine to determine
the AFO’s stiffness is based on experiences of clinicians
and trial-and-error. The direct measurement technique
may potentially contribute to improving gait with an
articulated AFO for individual patients in the future.
However, further work, such as comparison of the
moment–angle data to other gait data collected with a
motion capture system, is required for this endeavor.

Tuning stiffness of the AFO is clinically believed
important. This study showed how changing its stiff-
ness would affect the range of motion of the ankle
joint in individuals with stroke. Our previous work
demonstrated that stiffness of the AFO would affect
kinematics and kinetics of ankle and knee joints while
walking in individuals with stroke.4–6 However, its evi-
dence is still limited, and the AFO’s stiffness is generally
determined based on experiences of clinicians and trial-
and-error. This is because it is still not known how
much stiffness is required from the AFO to improve
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Figure 2. The mean plantarflexion resistive moments and the mean joint angular positions of five continuous gait cycles measured by

the instrumented articulated ankle–foot orthosis. They were normalized to gait cycle in each subject and presented as case series. The

plantarflexion stiffness preset on the instrumented articulated ankle–foot orthosis increased in the order of S1 (0.35 N�m/�)< S2

(0.51 N�m/�)< S3 (0.87 N�m/�)< S4 (1.27 N�m/�). Plantarflexion resistive moments and plantarflexion angles were defined as negative.

A gait speed of each subject is presented within the figure. Initial contact of the gait cycle corresponds to 0% of the gait cycle.

DF: dorsiflexion; % GC: % gait cycle; PF: plantarflexion
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gait. Our study could serve as a foundation to explore
this important clinical question.

The data presented in this study are preliminary, and
a larger scale study is needed to verify the outcome in a
more generalized stroke population. The experiment
was performed on the treadmill with subjects wearing
the instrumented articulated AFO, and they tended to
walk very cautiously. This resulted in slow gait speeds.
It is also important to investigate the relationship
between the data obtained from the instrumented
AFO and gait patterns and further explore how the
AFO’s stiffness affects gait of patients with stroke.
For instance, the time sequential graphs of plantarflex-
ion resistance moment of subjects A and D showed
prolonged plantarflexion resistance moment in stance
(Figure 2). This meant that the subjects showed

continuous plantarflexion in most duration in stance.
This would indicate that these subjects tended to walk
with hyperextension of the knee.

The instrumented articulated AFO presented in this
study is a prototype, and a modified lighter and more
compact version of the device is warranted in the clin-
ical setting. It is our intention to collect data at partici-
pants’ preferred gait speed on the ground and
investigate the effect of AFO stiffness on their gait
based on subjective comments from the participants
and clinicians as well as objective kinematics and kin-
etics data of lower limb joints using a three-dimensional
gait analysis system. These data will be compared with
clinical assessments (e.g. range of motion, spasticity,
and stiffness of joints) of the participants with stroke.
The instrumented AFO could provide useful insight

Figure 3. The relationship between the mean plantarflexion resistive moments and the mean joint angular positions of five con-

tinuous gait cycles measured by the instrumented articulated ankle–foot orthosis in each subject. The plantarflexion stiffness preset on

the instrumented articulated ankle–foot orthosis increased in the order of S1 (0.35 N�m/�)< S2 (0.51N�m/�)< S3 (0.87 N�m/�)< S4

(1.27 N�m/�). Plantarflexion resistive moments and plantarflexion angles were defined as negative.

PF: plantarflexion
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into the dynamic behavior of the AFO to improve
future designs, advance the understanding of the bio-
mechanics of the AFO and contribute to more evi-
dence-based orthotic care of patients.
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