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Abstract

Background—The adjustment of plantarflexion resistive moment of an articulated ankle-foot
orthosis is considered important in patients post stroke, but the evidence is still limited. Therefore,
the aim of this study was to investigate the effect of changing the plantarflexion resistive moment
of an articulated ankle-foot orthosis on ankle and knee joint angles and moments in patients post
stroke.

Methods—Gait analysis was performed on 10 subjects post stroke under four different
plantarflexion resistive moment conditions using a newly designed articulated ankle-foot orthosis.
Data were recorded using a Bertec split-belt instrumented treadmill in a 3-dimensional motion
analysis laboratory.

Findings—The ankle and knee sagittal joint angles and moments were significantly affected by
the amount of plantarflexion resistive moment of the ankle-foot orthosis. Increasing the
plantarflexion resistive moment of the ankle-foot orthosis induced significant decreases both in the
peak ankle plantarflexion angle (P<0.01) and the peak knee extension angle (P<0.05). Also, the
increase induced significant increases in the internal dorsiflexion moment of the ankle joint
(P<0.01) and significantly decreased the internal flexion moment of the knee joint (P<0.01).
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Interpretation—These results suggest an important link between the kinematic/kinetic
parameters of the lower-limb joints and the plantarflexion resistive moment of an articulated
ankle-foot orthosis. A future study should be performed to clarify their relationship further so that
the practitioners may be able to use these parameters as objective data to determine an optimal
plantarflexion resistive moment of an articulated ankle-foot orthosis for improved orthotic care in
individual patients.
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Introduction

Stroke is a major cause of gait disabilities and ankle-foot orthoses (AFOs) are commonly
prescribed to address issues related to hemiplegic gait, such as foot-drop and medio-lateral
instability (de Wit et al., 2004; Gok et al., 2003). Gait disabilities in patients with a history
of stroke may result from impairment in motor coordination, muscle strength, restriction in
joint range of motion, spasticity and/or deterioration in sensitivity. Increased dorsiflexion
resistive moment of the affected ankle joint due to spastic hypertonia is common in this
group of patients (Kobayashi et al., 2010). Thus, the mechanical properties of AFOs, such as
the resistive moment and alignment (i.e. initial angle), need to accommodate these
impairments and be customizable for each patient based on objective clinical data.
Currently, AFOs are provided to the patients based on subjective physical exam data and
visual observations of gait deficits by practitioners in the clinical setting. This could
potentially lead to improper fit, malalignment, discomfort, and ultimately diminished
mobility.

The resistive moment of an AFO plays an important role in assisting gait in patients with
stroke. Various measurement techniques have been developed to quantify the resistive
moments of AFOs (Kobayashi et al., 2011b). Plantarflexion resistive moment resists an
ankle moving in a plantarflexion direction, while dorsiflexion resistive moment resists the
ankle moving in a dorsiflexion direction. The plantarflexion resistive moment plays an
important role to achieve heel strike in the first rocker of stance (Yamamoto et al., 2009),
and preservation of the first rocker is an import function for an AFO (Nolan and Yarossi,
2011). However, limited evidence exists regarding the effect of changing the magnitude of
the plantarflexion resistive moment of an articulated AFO on hemiplegic gait in individuals
post stroke.

It has been suggested that varying the plantarflexion resistive moment of articulated AFOs
will affect kinematics and kinetics of lower-limb joints while walking in patients with stroke
(Singer et al., 2014; Yamamoto et al., 2013). These studies implied the importance of tuning
the plantarflexion resistive moments for individual patients. To achieve this, the
plantarflexion resistive moment may need to be adjustable without affecting dorsiflexion
resistive moment. This is only possible with an articulated AFO with a special joint, such as
an oil-damper joint (Yamamoto et al., 2005). Findings from the studies using non-articulated
AFOs may not be directly applicable to articulated AFOs. Some studies suggested that the
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effect of non-articulated AFQO’s resistive moment on overall walking performance might be
minimal in patients with ankle muscle weakness due to various limb salvage procedures
(Harper et al., 2014; Russell Esposito et al., 2014). However, the resistive moment of a non-
articulated AFO is generally adjusted by trimming its material or exchanging its component.
As a result, both dorsiflexion and plantarflexion resistive moments are affected, and it is
impossible to adjust them independently. Therefore, it may be ideal to investigate the effect
of plantarflexion resistive moment using an articulated AFO in which the plantarflexion
resistive moment can be changed independent of the dorsiflexion resistive moment.

Studies that investigated the effects of AFOs on hemiplegic gait generally overlooked
“resistive moment” characteristics of the AFOs. Characterizing resistive moment of AFOs is
important to interpret their effects on gait (Bregman et al., 2010; Kobayashi et al., 20114a;
Yamamoto et al., 1993). One way to investigate the effect of plantarflexion resistive
moment of AFOs on hemiplegic gait is to change the resistive moment. Therefore, the aim
of this study was to investigate the effect of systematically changing the plantarflexion
resistive moment of an articulated AFO on ankle and knee joint angles and moments in
patients post stroke presenting with hemiplegic gait. To accomplish this, a new articulated
AFO was developed that could provide varying levels of plantarflexion resistive moment.
We hypothesized that both ankle and knee joint angles and moments would be significantly
affected by changing the plantarflexion resistive moments of the AFO. The hypothesis
focused on the ankle and knee joints because they were expected to be the two main lower-
limb joints being affected by the AFO.

Participants

Ten subjects (2 females/8 males) with a history of stroke participated in this study. Their
mean age was 56 (11) years old and mean time since stroke incidence was 6 (3) years. The
mean body height was 1.76 (0.11) m and mean body mass was 99 (17) kg. All subjects had
unilateral limb involvement (6 right/4 left). To be included in the study each subject had to
be a minimum of 6-month post-stroke with hemiplegia and have the ability to walk safely on
an instrumented treadmill with the use of an AFO and without a walking aid. Subjects were
excluded if they had confounding injury or any musculoskeletal or cognitive problems that
would limit the ability to walk on the instrumented treadmill. After informed consent was
obtained for this Institutional Review Board approved study, the following clinical tests
were performed on each subject: 1) Modified Ashworth Scale (MAS) (Bohannon and Smith,
1987), 2) Timed-up and Go Test (TUG) (Podsiadlo and Richardson, 1991), 3) Manual
muscle testing (MMT) of ankle and knee joints (Kendall et al., 1993), and 4) Measurement
of manual passive peak dorsiflexion angle (i.e. range of motion: ROM) while the knee joint
kept in extension in the supine position.

New articulated ankle-foot orthosis

The new articulated AFO developed for this study had an adjustable plantarflexion resistive
moment. Adjustments were accomplished by exchanging a steel spring resulting in different
spring rates (Figure 1). The mass of the AFO including the sandal was 1 kg. The spring only
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generated plantarflexion resistive moment at the ankle, and the AFO did not have any spring
induced dorsiflexion resistive moment. Thus, the AFO was classified as an articulated AFO
with adjustable plantarflexion resistive moment. The resistive moment of the AFO was
measured under 4 different spring conditions (S1, S2, S3 and S4) with a custom automated
device used in an earlier study (Gao et al., 2011). The S1 was a baseline condition where no
steel spring was installed on the AFO, and it represented an AFO with a minimum resistive
moment. The resistive moment was measured at an angular velocity of 3°/s with a sampling
frequency of 100Hz. The resistive moment and angular position data were filtered using a
fourth-order zero-lag low pass Butterworth filter with a cutoff frequency of 5Hz. The ankle
angle — resistive moment relationship while the AFO being plantarflexed from 35° of
dorsiflexion to 20° of plantarflexion (i.e. an ascending limb of a hysteresis curve) was
plotted (Figure 2). The mean plantarflexion resistive moment of 4 measurements was
calculated for the different spring conditions at 0°, 5°, 10°, 15° and 20° of plantarflexion
angles (Table 1).

Gait analysis

Each subject was fit with the articulated AFO, and reflective markers were placed based on
a modified Cleveland Clinic Marker Set defining 8 segments (2 feet, 2 shanks, 2 thighs, 1
pelvis, and 1 HAT (head, arm, and trunk)). The anatomical landmarks where the markers
were placed included: acromion processes, sternum, 10th thoracic vertebrae, anterior and
posterior superior iliac spines, medial and lateral epicondyle of the femur, medial and lateral
malleoli, calcaneus and head of the 2nd and 5th metatarsals. For the limb with the AFO,
markers were placed directly on the AFO to prevent them from being obscured by the straps
and bars of the AFO. The ankle joint of the AFO was aligned with the anatomical ankle
joint. Because the AFO was securely attached to the shank, dynamic tracking was
accomplished using a rigid cluster that was attached directly to the AFO above the ankle
joint (Figure 1). The initial angular position of the AFO (i.e. an angular position at which the
steel spring starts to be engaged to generate a plantarflexion resistive moment) as well as the
heel height of the sandal were kept constant across the subjects (Figures 1 and 2). Therefore,
this study was solely aimed to investigate the effect of the changes in the plantarflexion
resistive moment of the AFO on gait parameters of interest. Each subject was secured in a
harness and walked at a comfortable walking speed, which ranged from 0.15 m/s to 0.27 m/s
[Mean: 0.22 (0.04) m/s], on a Bertec split-belt instrumented treadmill (Bertec corporation,
Columbus, OH, USA). Data were recorded during 4 separate trials using 4 different spring
conditions. For the same subject the identical speed was set on the treadmill for all spring
conditions. The order of spring conditions (S1, S2, S3 and S4) was randomized for the
walking trials. Gait data were acquired using a Vicon 10-camera motion analysis system
(Vicon Motion Systems, Oxford, UK) and the instrumented treadmill at a rate of 200Hz for
5 successful steps of the leg with AFO. Each subject was given a short acclimatization
period to walk on the treadmill under each spring condition before the data collection. Data
were recorded and synchronized using Vicon Nexus (Vicon Motion Systems, Oxford, UK)
and postprocessed using Visual3D (CMotion, Germantown, MD, USA). Marker and force
platform data were filtered using a low pass, zero-phase shift Butterworth filter at 6 Hz and
20 Hz, respectively (Winter, 2005). The ankle and knee joint moments were normalized to
each subject’s body mass (Nm/kg). The ankle and knee joint angles and moments of 5 steps
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of the leg with AFO were averaged and normalized to a gait cycle for each spring condition
in each subject and they were subsequently averaged for the 10 subjects and were plotted
(Figures 3 and 4).

The following gait parameters of the affected lower-limb were extracted from the post-
processed data (Figures 3 and 4): 1) (a) ankle angle at initial contact, (b) peak ankle
plantarflexion angle, (c) (internal) peak ankle dorsiflexion moment, (d) ankle moment zero-
crossing point [i.e. % of gait cycle when (internal) dorsiflexion moments change to (internal)
plantarflexion moments] and (e) initial knee joint angle in the first rocker of stance, and 2)
(f) peak knee extension angle and (g) (internal) peak knee flexion moment in the second
rocker of stance. The moment parameters are described as “internal” moments throughout
this work.

Statistical analysis

Results

The baseline condition (S1) was compared to each of the other spring conditions (S2, S3 and
S4) for the joint angle and moment parameters utilizing 2-tailed paired t-tests with Stata/IC
11.1 (STATA Corp, College Station, USA). No statistical comparisons were performed
among spring conditions: S2, S3, and S4 because the hypothesis test focused on the changes
from the baseline (S1) condition. Means, standard deviations and 95% confidence intervals
of each joint angle and moment parameter of the 10 subjects were calculated. Statistical
significance was set at P = 0.05. P-values were adjusted for multiple comparisons using the
Tukey-Ciminera-Heyse procedure (Sankoh et al., 1997; Tukey et al., 1985).

Clinical assessment outcomes

The outcome of each clinical assessment for this cohort of 10 subjects was as follows: 1)
The MAS ranged from 1+ to 3; 2) The TUG ranged from 10.62 to 27.00 seconds and its
mean (standard deviations) was 17.72 (5.13) seconds; 3) The MMT of the ankle
plantarflexors ranged from 0 to 4, the MMT of the ankle dorsiflexors ranged from 0 to 4, the
MMT of the knee extensors ranged from 3+ to 5, and the MMT of the knee flexors ranged
from 2+ to 5; 4) The manual passive peak dorsiflexion angle while the knee joint kept in
extension ranged from —11 to 10° of dorsiflexion.

Plantarflexion resistive moment of the AFO

For each spring condition, the ankle angle-resistive moment relationship is presented in
Figure 2. The plantarflexion resistive moment from 0 to 20° of plantarflexion with 5° of
increments is presented in Table 1. The plantarflexion resistive moment of the AFO ranged
from 1.98 to 8.29 Nm at 0° and from 2.41 to 20.35 Nm at 20° of plantarflexion.

Ankle joint angles and moments

The mean ankle joint angles and moments of the 10 subjects under each spring condition in
a gait cycle are presented in Figure 3A and B, respectively. The mean and 95% confidence
interval of each extracted ankle joint parameter are presented in Table 2. Significant
differences were found in all the ankle joint parameters. Each ankle joint parameter
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generally demonstrated a systematic response to the changes in the spring conditions of the
AFO. The mean peak ankle plantarflexion angle at each spring condition was as follows:
-5.25 (4.82) ° at S1, —4.18 (4.51) ° at S2, —0.89 (6.17) ° at S3 (P<0.01) and 0.69 (5.28) ° at
S4 (P<0.01), while the mean ankle moment zero-cross point at each spring condition was as
follows: 1.60 (1.58) % at S1, 3.50 (2.37) % at S2 (P<0.05), 5.30 (3.50) % at S3 (P<0.01),
and 6.60 (4.43) % at S4 (P<0.01).

Knee joint angles and moments

The mean knee joint angles and moments of the 10 subjects under each spring condition in a
gait cycle are presented in Figure 4A and B, respectively. The mean and 95% confidence
interval of each extracted knee joint parameter are presented in Table 2. Significant
differences were found in all the knee joint parameters. Each knee joint parameter generally
demonstrated a systematic response to the changes in the spring conditions of the AFO. The
mean peak knee extension angle at each spring condition was as follows: -1.64 (11.51) ° at
S1,-0.12 (11.43) ° at S2 (P<0.05), 0.92 (11.13) ° at S3 (P<0.05) and 2.03 (11.39) ° at S4,
while the mean peak knee flexion moment at each spring condition was as follows: —0.31
(0.41) Nm/kg at S1, —0.26 (0.40) Nm/kg at S2, -0.18 (0.36) Nm/kg at S3 (P<0.01), and
-0.14 (0.39) Nm/kg at S4 (P<0.05).

Discussion

This study investigated the effect of the plantarflexion resistive moment of an articulated
AFO on ankle and knee joint angles and moments in patients with a history of stroke. All of
the examined ankle and knee parameters were significantly affected by changing the
plantarflexion resistive moment of the AFO (Table 2). In addition, the ankle and knee joint
angles and moments were, in general, affected very systematically (Figures 3 and 4). These
results suggest an important relationship between these kinematic/kinetic parameters and the
plantarflexion resistive moment of the AFO. Our previous work were either case series
(Singer et al., 2014) or focused only on kinematics (Kobayashi et al., 2011a, 2013) using
somewhat bulky experimental AFOs. This study is novel and important because both
kinematic and kinetic parameters demonstrated statistically significant effects due to
changes in the plantarflexion resistive moments using the new and compact articulated AFO
in a group of 10 individuals post stroke. Once the relationship between the kinematic and
kinetic parameters is more clearly defined in future studies, practitioners may be able to use
these parameters as objective data to individualize the plantarflexion resistive moment of an
articulated AFO to each patient.

AFOs are primarily provided to correct impairments related to the ankle joint. Ankle joint
angles and moments are directly affected by the relationship between the strength of the
individual’s ankle dorsiflexors/plantarflexors, their spasticity, the presence of a contracture,
and the plantarflexion resistive moment of the AFO. Increases in the plantarflexion resistive
moment of the AFO enabled the subjects to keep their ankle joint in a more dorsiflexed
positions in early stance. This explains systematic changes in (a) the ankle angle at initial
contact and (b) the peak ankle plantarflexion angle (Table 2; Figure 3A). The ankle joint
moment presented in this study has contributions from 1) the anatomical ankle joint and 2)
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the plantarflexion resistive moment of the AFO. The plantarflexion resistive moments of the
AFO complement the function of impaired dorsiflexors. Because the speed of the treadmill
was kept constant under each spring condition for each subject, the change in (c) the peak
ankle dorsiflexion moment is most likely from the changes in the magnitude of the
plantarflexion resistive moment of the AFO (Table 2: Figure 3B). The higher the
plantarflexion resistive moment of the AFO, the later the timing of foot-flat is expected in
the first rocker of stance. The timing of foot-flat is related to (d) the ankle moment zero-
crossing point. The foot-flat generally occurs just after the ankle moment zero-crossing
point. This study demonstrated that increases in plantarflexion resistive moment could delay
the timing of foot-flat in stance (Table 2: Figure 3B). This delay may reflect a more defined
heel strike in the first rocker of stance.

Knee joint angles and moments are indirectly affected by the AFOs. Increased plantarflexion
resistive moment of the AFO allowed the ankle joint to be kept in a more dorsiflexed
position. This position caused the knee to be more flexed and anterior to the ground reaction
force, resulting in a decreased (f) peak knee extension angle and (g) peak knee flexion
moment. Among the 10 subjects, 6 subjects walked with their knee hyperextended during
stance. This is why the mean knee angles and moments showed the characteristics of those
with a hyperextended knee (Figure 4A and B). The excessive knee flexion moment is related
to knee hyperextension and the development of knee recurvatum during gait, which can be a
devastating sequelae post stroke. By increasing the plantarflexion resistive moment of the
AFO, the amount of hyperextension at the knee was decreased, accompanied with deceases
in the knee flexion moment. We also speculated that the increases in the flexion angles in (e)
the initial knee joint angle was linked to the decreases in (f) the peak knee extension angle.
These results strongly suggest that the AFOs would affect kinematics and kinetics of the
knee joint in patients with stroke, and would reinforce the findings of the previous studies
(Kobayashi et al., 2013; Singer et al., 2014).

When comparing to other literature, the common characteristic of our articulated AFO and
the AFO with the oil-damper joint (Yamamoto et al., 2005) is that they both can provide
adjustable plantarflexion resistive moments. However, some distinctive differences exist
between the two AFO designs. The differences are as follows: 1) The resistive moments of
our articulated AFO are induced by springs, while those of the oil-damper joints are by
dampers that have velocity-dependent characteristics. 2) The initial angular position where
the spring starts to get engaged to generate the plantarflexion resistive moment for our
articulated AFO is approximately 30° of dorsiflexion (Figure 2) and this angle was kept
constant across subjects in this study, while that of the oil-damper joint is about 0-8° of
dorsiflexion. This means that our articulated AFO’s spring starts to engage much earlier than
the oil-damper joint. 3) Both AFOs can generate about the same plantarflexion resistive
moment (about 13 Nm) at 10° of plantarflexion. However, our AFO provides the
plantarflexion moments gradually throughout the range, while the oil-damper joint provides
them abruptly from the initial position. This means that the slope of angle-moment curve
(i.e. stiffness) is steeper in the oil-damper joint. How these differences in the AFO designs
may affect gait will be a topic of future work.
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In addition to the laboratory assessment and results, clinical assessments were performed to
understand the characteristics of the subjects who participated in this study. The outcomes of
the modified Ashworth scale (MAS) and the peak dorsiflexion angles (i.e. range of motion:
ROM) suggested that this group of subjects generally had increased tone in the ankle joint.
The manual muscle testing (MMT) showed that the range of muscle strength at ankle and
knee joints was not homogeneous. However, all the subjects could voluntarily flex and
extend their knee joint. The Timed Up & Go test (TUG) assesses functional mobility and is
able to detect changes in mobility over time in patients with stroke (Persson et al., 2014).
The mean TUG was 17.72 (5.13) seconds in this study. The TUG score of less than 20 is
generally considered as independent for basic transfers (Podsiadlo and Richardson, 1991).
How the clinical assessment outcomes could contribute to AFO prescriptions for patients
with stroke requires further research.

The limitations of this study are as follows: 1) The number of subjects who participated in
this study was small (10 subjects). These subjects may not necessarily represent the general
population of stroke patients. The clinical characteristics of this group of subjects were also
not homogenous. However, the fact that significant and systematic effects were found in this
non-homogeneous group of subjects is also the strength of this study as it suggests that ankle
and knee joints kinetic and kinematic parameters are commonly responsive to the
plantarflexion resistive moments of an AFO. 2) There is some evidence that the adjustment
of the shank to vertical angle through AFO-footwear combination is important to optimize
an AFO prescription (Owen, 2010). It is our intention to include this aspect in our future
study. 3) While every effort was made to fit the articulated AFO comfortably to each
subject, it was not custom-made. Therefore, the results of the present study represent “off-
the-shelf” AFOs rather than “custom-made” AFOs. 4) This study investigated the immediate
effects of the changes in the plantarflexion resistive moments of the AFO. The long-term
effects should also be investigated in future studies. 5) While treadmill gait was suggested to
be similar to overground gait in healthy subjects (Riley et al., 2007), walking on the
treadmill appeared to have affected a comfortable walking speed of the subjects in this
study. 6) This study focused on the ankle and knee joints as we hypothesized that they were
the primary and secondary joints being affected by the AFO. However, the potential effects
of the AFO on hip joints, pelvis, trunk and center of mass are acknowledged (Cruz and
Dhaher, 2009; Kobayashi et al., 2012; Wang et al., 2007). 7) The effect of dorsiflexion
resistive moments of the AFO was not investigated. Its effect should also be explored
systematically in future studies. Finally, 8) it was expected that there were some errors
associated with 3-dimensional gait analysis and inverse dynamics (Cappozzo et al., 1996).

Conclusions

This study showed that the ankle and knee joint angles and moments were significantly and
systematically affected by the amount of plantarflexion resistive moment of the articulated
AFO. This indicates the importance of tuning the plantarflexion resistive moment of
articulated AFOs for individual patients. Future studies should investigate how this
kinematic and kinetic data can contribute to better orthotic care in the clinical setting by
building on the findings of the current study.
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Figure 1.
The new articulated ankle-foot orthosis.
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Figure 2.
The ankle angle — resistive moment relationship of the articulated ankle-foot orthosis

measured by a custom automated device (Gao et al., 2011).
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Figure 3.
The effect of the changes in plantarflexion resistive moments of the articulated ankle-foot

orthosis on the (A) mean ankle joint angles and (B) mean ankle joint moments in a gait
cycle. Dorsiflexion angles and plantarflexion moments were defined as positive for the ankle
joint.

Abbreviations: DF, dorsiflexion; PF, plantarflexion
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Figure 4.
The effect of the changes in plantarflexion resistive moments of the articulated ankle-foot

orthosis on the (A) mean knee joint angles and (B) mean knee joint moments in a gait cycle.
Knee flexion angles and knee extension moments were defined as positive for the knee joint.
Abbreviations: EX, extension; FX, flexion
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