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Abstract: Many stroke patients develop ankle deformities due to neurological or non-neurological
factors, resulting in abnormal gait patterns. While Ankle-Foot Orthoses (AFOs) are commonly used
to address these issues, few are specifically designed for ankle varus. The Elastic Neutral Ankle-
Foot Orthosis (EN-AFO) was developed for this purpose. This study aimed to analyze changes in
kinematic and kinetic gait data in stroke patients with ankle varus, comparing those walking with
and without EN-AFO in both AFO and No-AFO groups. Initially, 30 stroke patients with ankle
varus were screened; after exclusions, 17 were included in the final analysis. In the No-AFO group,
EN-AFO significantly improved maximal ankle inversion on the affected side during the swing
phase (from 4.63 ± 13.26 to 10.56 ± 11.40, p = 0.025). Similarly, in the AFO group, EN-AFO led to
a significant improvement in maximal ankle inversion on the less-affected side during the swing
phase (from 7.95 ± 10.11 to 12.01 ± 8.64, p = 0.021). Additionally, ground reaction forces on the
affected side of the AFO group significantly increased at both the forefoot (from 182.76 ± 61.45 to
211.55 ± 70.57, p = 0.038) and hindfoot (from 210.67 ± 107.88 to 231.85 ± 105.38, p = 0.038) with
EN-AFO. Conversely, maximal and minimal thoracic axial rotation on the affected side improved
significantly in the No-AFO group compared to the AFO group with EN-AFO, during both the
stance and swing phases (stance phase: max improvement from −1.13 ± 1.80 to 4.83 ± 8.05, min
improvement from −1.06 ± 2.45 to 5.89 ± 7.56; swing phase: max improvement from −1.33 ± 2.13 to
5.49 ± 7.82, min improvement from −1.24 ± 2.43 to 5.95 ± 7.12; max p = 0.034, min p = 0.016 during
stance; max p = 0.027, min p = 0.012 during swing). Furthermore, both maximal and minimal thoracic
axial rotation on the less-affected side during the swing phase improved significantly in the No-AFO
group (max improvement from −2.09 ± 4.18 to 6.04 ± 6.90, min improvement from −0.47 ± 2.13 to
8.18 ± 10.45; max p = 0.027, min p = 0.012) compared with the AFO group. These findings suggest
that EN-AFO may effectively improve gait in stroke patients with ankle varus in the No-AFO group.

Keywords: ankle; ankle-foot orthosis; gait; ground reaction force; neurologic foot deformities;
neurologic rehabilitation

1. Introduction

Many stroke patients experience reduced ankle joint mobility and deformities due to
neurological or non-neurological factors [1–3]. Additionally, ankle and foot deformities
frequently occur following a stroke [4]. In particular, varus deformity of the ankle and
foot in stroke patients primarily arises from the co-activation of the tibialis anterior muscle,
which functions as an ankle dorsiflexor, and the tibialis posterior muscle, which acts as
an ankle plantarflexor. The severity of varus deformity is determined by the degree of
spasticity and the weakness of these muscles [5]. Moreover, these ankle joint problems
result in a functional leg length discrepancy [6], causing increased weight bearing on the
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non-paretic limb [7]. Furthermore, when varus of the foot due to spasticity occurs, the
toes flex, and the lateral aspect of the foot contacts the ground, making ambulation more
difficult without an orthotic device [8]. In such cases, the heel does not strike the ground
first, leading to a shortened stance phase and a relatively prolonged swing phase on the
affected side. Instead, the forefoot or the entire plantar surface strikes the ground first,
resulting in an abnormal gait pattern characterized by reduced walking speed [9,10].

Stroke patients often use Ankle-Foot Orthoses (AFOs) to improve abnormal gait pat-
terns and maintain independent mobility [11]. AFOs are known for providing mediolateral
stability during the stance phase and facilitating and assisting ankle movement during the
swing phase [12]. However, some researchers have argued that the prolonged use of AFOs
may lead to dependency on the mechanical device, potentially causing muscle weakness,
such as in the ankle dorsiflexors, which may, in turn, delay functional recovery [13]. Several
previous studies on the gait of stroke patients using AFOs have reported an increase in
ankle dorsiflexion at initial contact [14–16] and during the stance phase [15,17,18]. However,
other studies have also observed a reduction in ankle plantarflexor power during push-
off when AFOs are applied to stroke patients [19,20]. While AFOs provide mediolateral
stability, they may also restrict ankle movement during the push-off phase.

An Elastic Neutral AFO (EN-AFO), which assists movement without restricting ankle
motion, was developed by Hwang and Park (2021) to address the limitations of conven-
tional AFOs [10]. In previous studies, a comparison of gait before and after wearing
EN-AFO in patients with ankle varus demonstrated that wearing the EN-AFO could correct
ankle varus during gait [10]. However, since that study did not compare conventional
AFOs with EN-AFOs, it remains unclear which orthotic device is more effective during
gait. This study, therefore, aims to compare kinematic and kinetic data during gait when
EN-AFOs are applied to two groups: one group already using AFOs due to severe ankle
varus and another group with ankle varus who walk without AFOs. The hypotheses of
this study are as follows:

1. Wearing EN-AFOs on the paretic side will significantly reduce the ankle varus an-
gle in both the AFO and No-AFO groups during walking in stroke patients with
foot inversion.

2. Kinematic data will show greater improvement with EN-AFO in the No-AFO group
compared to the AFO group during walking in stroke patients with foot inversion.

2. Methods
2.1. Participants

Thirty stroke patients with a varus deformity of the foot were recruited for screening
from S, C, and J Hospitals in the Republic of Korea. Six patients (epilepsy: 1, equinovarus: 5)
were excluded from the study. All participants voluntarily agreed to take part in the
study. The inclusion criteria were as follows: (a) a diagnosis of hemiplegia due to cerebral
hemorrhage or infarction, (b) the presence of a rearfoot varus deformity, (c) the ability to
follow simple instructions, and (d) the ability to walk independently or with the use of
an ambulatory aid. The exclusion criteria were (a) a history or current orthopedic issues
affecting the foot, (b) bilateral leg problems, (c) a score of 3 or higher on the Modified
Ashworth Scale, and (d) the presence of an equinus deformity. Of the 24 participants,
12 were assigned to the AFO group, consisting of those who walked with AFOs, and
12 were assigned to the No-AFO group, consisting of those who walked without AFOs.
The general characteristics of the participants are presented in Tables 1 and 2. The flow
chart was shown in Figure 1. This study was conducted with the approval of the Hoseo
University Institutional Review Board (1041231-190624-HR-092-06).
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Table 1. Characteristics of participants of AFO and No-AFO groups.

Characteristics AFO Group (n = 9) No-AFO Group (n = 8)

Age (yrs) 61.6 ± 13.0 63.9 ± 9.8
Height (cm) 166.9 ± 7.1 163.9 ± 7.2
Weight (kg) 63.8 ± 13.3 62.1 ± 11.4

Onset (months) 60.4 ± 24.7 48.9 ± 27.8
Sex Male: 4 (44.5%) Male: 5 (62.5%)

Female: 5 (55.5%) Female: 3 (37.5%)
Affected side Right: 4 (44.5%) Right: 3 (37.5%)

Left: 5 (55.5%) Left: 5 (62.55)
Diagnosis ICH: 5 (55.5%) ICH:2 (25.0%)

CI: 3 (33.3%) CI: 5 (62.5%)
PI: 1 (11/1%) SAH: 1 (12.5%)

AFO Anterior type: 3 (33.3%) None
Posterior type: 6 (66.7%)

Assistive device Cane: 4 (44.5%) Cane: 4 (50.0%)
None: 5 (55.5%) None: 4 (50.0%)

MAS (grade) G0: 2 (22.2%) G0: 2 (25.0%)
G1: 1 (11.1%) G1: 2 (25.0%)

G1+: 6 (66.7%) G1+: 3 (37.5%)
G2: 1 (12.5%)

AFO: ankle-foot orthosis, ICH: intracerebral hemorrhage, CI: cerebral infarction, PI: pontine infarction, SAH:
subarachnoid hemorrhage, MAS: Modified Ashworth scale, G: grade.

Table 2. Differentiation of kinematic data in AFO and NO-AFO groups after wearing Elastic Neutral
AFO at stance phase.

Affected Limb
AFO Group No-AFO Group

Pre Post Pre Post

Thoracic Axial Rotation (◦)

Max Mean (SD) 5.03 (5.00) 3.89 (4.94) −2.34 (14.18) 2.49 (8.03)
z −1.599 −1.260
p 0.110 0.208

Min Mean (SD) −4.18 (4.71) −1.80 (5.32) −9.25 (13.85) −3.36 (7.89)
z −1.125 −1.680
p 0.260 0.093

Hip External Rotation (◦)

Max Mean (SD) 22.72 (8.11) 16.77 (17.43) 16.15 (12.38) 7.23 (11.01)
z −1.244 −2.240
p 0.214 0.025 *

Min Mean (SD) 8.04 (9.64) 4.82 (16.81) 3.45 (10.22) −2.36 (10.02)
z −0.296 −2.521
p 0.767 0.012 *

Ankle Inversion (◦)

Max Mean (SD) 3.18 (4.87) 5.24 (6.45) 10.51 (10.18) 6.01 (11.34)
z −0.770 −2.100
p 0.441 0.036 *

Min Mean (SD) 7.37 (4.00) −8.02 (4.78) −5.45 (3.43) −6.19 (5.82)
z −0.415 −0.700
p 0.678 0.484
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Table 2. Cont.

Less-Affected Limb
AFO Group No-AFO Group

Pre Post Pre Post

Thoracic axial rotation (◦)

Max Mean (SD) 5.24 (5.43) 3.89 (5.40) −2.44 (13.98) 3.51 (9.20)
z −1.362 −2.100
p 0.173 0.036 *

Min Mean (SD) −1.06 (5.18) −1.98 (5.39) −9.24 (13.31) −3.52 (8.12)
z −1.007 −1.680
p 0.314 0.093

Hip External Rotation (◦)

Max Mean (SD) 7.46 (9.26) 4.55 (5.00) 11.13 (7.61) 19.60 (11.87)
z −1.362 −2.521
p 0.173 0.012 *

Min Mean (SD) −1.43 (8.60) −2.67 (6.83) 0.91 (7.73) 6.88 (12.31)
z −0.770 −1.960
p 0.441 0.050

Ankle dorsiflexion (◦)

Max Mean (SD) 15.78 (4.22) 12.85 (5.70) 12.18 (4.51) 8.26 (6.46)
z −1.244 −2.521
p 0.214 0.012 *

Min Mean (SD) −3.79 (4.00) −3.11 (3.69) −6.90 (4.39) −9.57 (8.51)
z −0.889 −0.840
p 0.374 0.401

Foot External Rotation (◦)

Max Mean (SD) 7.11 (9.53) 5.87 (7.46) 8.85 (14.31) 18.94 (17.48)
z −0.415 −2.100
p 0.678 0.036 *

Min Mean (SD) 3.10 (11.13) 3.43 (10.51) 1.90 (17.13) 11.08 (21.15)
z −0.296 −1.960
p 0.767 0.050

AFO: ankle foot orthosis. * p < 0.05.
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2.2. Inertial Measurement Unit (IMU) Sensor

The Noraxon MyoMOTION motion analysis system (100 Hz, Noraxon USA Inc.,
Scottsdale, AZ, USA) was used to analyze kinematic variables (Figure 2). This system
utilizes small inertial measurement units (IMUs), which are capable of measuring the
3D angular orientation of body segments. IMUs overcome the limitations of traditional
optical motion capture systems, which may fail to track movement if the subject’s motion
is occluded by the camera [21]. The IMU system has a dynamic measurement accuracy of
1.2 degrees [21].
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2.3. Force Plate

The Zebris FDM-1.5 system (100 Hz, zebris Medical GmbH, Isny im Allgäu, Germany)
was used to analyze kinetic variables, including force and pressure (Figure 2). The system
has dimensions of 1580 mm in length, 605 mm in width, and 21 mm in height. It contains a
total of 11,264 sensors (64 × 176), covering a sensor surface area of 1440 × 560 mm (L × W).
The Zebris system was synchronized with the Noraxon MyoMotion motion analysis system
to ensure accurate coordination between kinetic and kinematic data. This system is capable
of measuring only vertical ground reaction forces and does not capture horizontal forces.
Two non-slip platforms, each with a height of approximately 20 mm, matching the height of
the Zebris system, were placed in front of the Zebris system, and three additional platforms
were positioned behind it. This setup allowed subjects to walk straight for approximately
7 m. The dimensions of each non-slip platform are 1150 mm by 1150 mm (L × W).

2.4. Elastic Neutral AFO

The Elastic Neutral Ankle-Foot Orthosis (EN-AFO) was designed to improve gait
patterns in stroke patients with foot varus deformity [10].

It is composed of Velcro straps (a), fabric (b), and an elastic band (c,d) that wraps
around the lower leg and forefoot (Figure 3). The elastic band (c,d) utilized a gray-colored
band produced by the Theraband company. A thin plastic piece was attached in the area
around the second toe, as shown in Figures 3(d) and 4(f-1,f-2). The inner side of the EN-AFO
is described in Figure 3: (a) Velcro strap; (b-1,b-2) joint between elastic band and fabric, (c)
fabric, (d) the elastic support, (e) the elastic band wearing the lower leg and forefoot, (f-1,f-2)
stiches in the shape of an overshoe in an area where thin plastic was attached (Figure 4) [10].
The researchers individually adjusted the elastic tension for each patient to ensure optimal
support, allowing patients to walk with the EN-AFO once before re-assessing and adjusting
the elastic tension as needed.
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fabric, (c) fabric, (d) the elastic support, (e) the elastic band wearing the lower leg and forefoot, (f-1,f-2)
stiches in the shape of an overshoe in an area where thin plastic was attached. (Cited from Hwang
and Park (2021) [10]).

2.5. Procedure

All participants in this study had their kinematic and kinetic data measured during
gait using a 3D motion analysis system (Noraxon MyoMotion) and a force plate (Zebris
FDM-1.5). To capture kinematic data, nine IMU sensors were attached to the following body
locations: the C7 spinous process and T12 spinous process for trunk measurements [22],
the midpoint between the PSISs for pelvis data, the frontal aspect of the femur on both
thighs, the anterior aspect of the tibia on both lower legs, and the dorsum of the foot
between the first and second toes on both ankles while wearing shoes [23] (Figure 5). After
attaching the IMU sensors, calibration was performed in an anatomical standing position.
Before testing, the researcher demonstrated the walking procedure to the participants. All
participants performed the walking trials while wearing their own shoes. In the AFO
group, participants walked with their AFOs worn inside their shoes, followed by walking
with the EN-AFO inside their shoes. In the No-AFO group, participants initially walked
wearing only their shoes and then performed subsequent trials with the EN-AFO worn
inside their shoes.
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Figure 5. The attachments of the IMU sensors.

All participants walked a straight 7 m path, and an assistant walked 1 m behind them
to prevent falls. The AFO group performed three walking trials with their regular AFO and
three trials with the EN-AFO. The No-AFO group completed three walking trials without
an AFO and three trials with the EN-AFO. A 10 min rest period was provided between each
set of trials, with additional rest offered if requested by the participants. The 3D motion
analysis system was synchronized with the force plate to collect kinematic and kinetic data,
capturing stance and swing phase parameters during gait.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS software (version 20.0; IBM Corpo-
ration, Armonk, NY, USA) to examine between-group changes before and after wearing
EN-AFO in neurological patients with ankle varus. Since the data did not follow a normal
distribution, the non-parametric Mann–Whitney U test was conducted for between-group
comparisons. In the intergroup comparisons, the gait cycle was not divided into specific
sections but was analyzed by separating the stance phase and swing phase. For each
participant, the gait phases (stance and swing) were standardized, and the maximum and
minimum values were analyzed accordingly. Additionally, the Wilcoxon signed-rank test, a
non-parametric method, was employed to compare the effects of EN-AFO within the AFO
and No-AFO groups. The significance level (α) was set at less than 0.05.

3. Results

The characteristics of participants in the AFO group and No-AFO group are as follows
(Table 1). In the AFO group, there were nine participants (four males and five females) with
an average age of 61.6 ± 13.0 years, height of 166.9 ± 7.1 cm, weight of 63.8 ± 13.3 kg, and
an onset duration of 60.4 ± 24.7 months (Table 1). In the No-AFO group, there were eight
participants (five males and three females) with an average age of 63.9 ± 9.8 years, height
of 163.9 ± 7.2 cm, weight of 62.1 ± 11.4 kg, and an onset duration of 48.9 ± 27.8 months
(Table 1).

In this study, the pre-test condition refers to measurements taken with the AFO group
wearing an AFO and shoes, and the No-AFO group wearing shoes only. The post-test
condition refers to measurements taken with both groups wearing the EN-AFO along
with the same shoes used in the pre-test condition. The results regarding the differences
within the AFO and No-AFO groups are presented in Tables 2–4, while the results for the
between-group differences are described in Tables 5 and 6.
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Table 3. Differentiation of kinematic data in AFO and NO-AFO groups after wearing Elastic Neutral
AFO at swing phase.

Affected Limb
AFO Group No-AFO Group

Pre Post Pre Post

Thoracic Axial Rotation (◦)

Max Mean (SD) 4.55 (5.32) 3.21 (5.23) −3.21 (13.95) 2.27 (8.24)
z −1.836 −1.400
p 0.066 0.161

Min Mean (SD) 0.37 (5.32) −0.87 (5.59) −7.91 (14.16) −1.96 (8.43)
z −1.599 −1.680
p 0.110 0.093

Hip External Rotation (◦)

Max Mean (SD) 21.84 (7.81) 16.00 (17.86) 15.97 (13.12) 8.53 (12.58)
z −1.244 −2.100
p 0.241 0.036 *

Min Mean (SD) 13.24 (9.06) 9.22 (18.51) 7.96 (13.26) 0.27 (11.51)
z −0.296 −1.960
p 0.767 0.050

Ankle dorsiflexion (◦)

Max Mean (SD) −2.71 (6.53) −1.95 (6.01) −0.47 (6.29) −4.61 (8.51)
z −0.296 −1.680
p 0.767 0.093

Min Mean (SD) 10.61 (6.76) −14.17 (7.75) −9.85 (8.21) −12.08 (5.40)
z −2.073 −0.840
p 0.038 * 0.401

Ankle Inversion (◦)

Max Mean (SD) 2.61 (7.08) 4.93 (7.63) 10.56 (11.40) 4.63 (13.26)
z −0.889 −2.240
p 0.374 0.025 *

Min Mean (SD) −3.06 (5.85) −3.46 (6.11) 1.55 (9.86) −1.44 (11.51)
z −0.533 −1.400
p 0.594 0.161

Less-Affected Limb
AFO Group No-AFO Group

Pre Post Pre Post

Thoracic axial rotation (◦)

Max Mean (SD) 2.07 (4.84) −0.01 (5.98) −4.93 (13.37) 1.10 (8.36)
z −1.362 −2.100
p 0.173 0.036 *

Min Mean (SD) 0.38 (5.26) −0.08 (5.58) −7.85 (13.58) 0.32 (5.55)
z −0.889 −2.240
p 0.374 0.025 *

Hip External Rotation (◦)

Max Mean (SD) 6.14 (9.11) 5.63 (7.42) 10.63 (6.41) 18.49 (11.34)
z −0.296 −2.240
p 0.767 0.025 *

Min Mean (SD) 13.24 (9.06) 9.22 (18.51) 7.96 (13.26) 0.27 (11.51)
z −0.296 −1.960
p 0.767 0.050
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Table 3. Cont.

Less-Affected Limb
AFO Group No-AFO Group

Pre Post Pre Post

Ankle Inversion (◦)

Max Mean (SD) 12.01 (8.64) 7.95 (10.11) 6.46 (5.83) 4.38 (9.30)
z −2.310 −0.140
p 0.021 * 0.889

Min Mean (SD) −3.06 (5.85) −3.46 (6.11) 1.55 (9.86) −1.44 (11.51)
z −0.533 −1.400
p 0.594 0.161

Foot External Rotation (◦)

Max Mean (SD) 6.72 (10.38) 6.16 (7.98) 9.27 (16.84) 18.27 (21.10)
z −0.533 −2.100
p 0.594 0.036 *

Min Mean (SD) 0.73 (11.88) 0.60 (9.69) 1.30 (15.82) 8.27 (19.29)
z −0.178 −1.960
p 0.859 0.050

* p < 0.05.

Table 4. Differentiation of peak force and pressure of affected limb in AFO and No-AFO groups after
wearing Elastic Neutral AFO at stance phase.

Affected Limb AFO Group No-AFO Group

Pre Post Pre Post

Forefoot (N)
Mean (SD) 182.76 ± 61.45 211.55 ± 70.57 195.89 ± 73.45 208.70 ± 57.68

z −2.073 −1.120
p 0.038 * 0.263

Midfoot (N)
Mean (SD) 184.29 ± 60.42 187.94 ± 44.10 128.91 ± 50.05 137.37 ± 61.44

z −0.770 −0.980
p 0.441 0.327

Hindfoot (N)
Mean (SD) 210.67 ± 107.88 231.85 ± 105.38 247.44 ± 139.65 246.14 ± 144.11

z −2.073 −0.140
p 0.038 * 0.889

Total Force (N)

Pre Post Pre Post

Max Mean (SD) 556.90 ± 170.24 511.54 ± 111.49 490.16 ± 209.83 418.02 ± 168.82
z −0.889 −0.420
p 0.374 0.674

Min Mean (SD) 9.50 ± 4.65 8.33 ± 6.61 7.81 ± 9.16 6.40 ± 3.55
z −0.889 −0.140
p 0.374 0.889

Total Max
Pressure(N/cm2)

Pre Post Pre Post

Max Mean (SD) 18.13 (6.11) 15.35 (4.24) 17.64 (6.37) 17.06 (7.27)
z −1.955 −0.280
p 0.051 0.779

Min Mean (SD) 2.54 (0.84) 2.47 (1.04) 2.46 (1.50) 2.43 (1.41)
z −0.178 −0.560
p 0.859 0.575

AFO: ankle foot orthosis, SD: standard deviation. * p < 0.05.
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Table 5. Differentiation of kinematic data between AFO and No-AFO groups after wearing EN-AFO
at stance phase.

Affected Limb AFO Group No-AFO Group

Thoracic Axial Rotation (◦) z p

Max −1.13 (1.80) 4.83 (8.05) −2.117 0.034 *
Min −1.06 (2.45) 5.89 (7.56) −2.406 0.016 *

Less-Affected Limb AFO Group No-AFO Group

Hip External Rotation (◦) z p

Max −2.90 (7.23) 8.46 (5.41) −2.887 0.004 *
Min −1.23 (5.28) 5.97 (6.27) −2.117 0.034 *

Foot External Rotation (◦)

Max −1.23 (6.30) 10.09 (11.57) −2.117 0.034 *
Min −0.25 (9.36) 9.17 (12.65) −1.732 0.083

Mean (SD). * p < 0.05.

Table 6. Differentiation of kinematic data between AFO and NO-AFO groups after wearing EN-AFO
at swing phase.

Affected Limb AFO Group No-AFO Group

Thoracic Axial Rotation (◦) z p

Max −1.33 (2.13) 5.49 (7.82) −2.213 0.027 *
Min −1.24 (2.43) 5.95 (7.12) −2.502 0.012 *

Ankle Inversion (◦)

Max 2.32 (5.82) −5.92 (4.88) −2.694 0.007 *
Min −0.39 (2.92) −2.99 (4.81) −1.058 0.290

Less-Affected Limb AFO Group No-AFO Group

Thoracic axial rotation (◦) z p

Max −2.09 (4.18) 6.04 (6.90) −2.502 0.012 *
Min −0.47 (2.13) 8.18 (10.45) −2.598 0.009 *

Hip External Rotation (◦)

Max −0.50 (6.50) 7.86 (6.04) −2.406 0.016 *
Min −0.85 (6.33) 2.90 (11.28) −1.540 0.124

Ankle Inversion (◦)

Max −4.05 (4.75) −2.08 (9.25) −2.021 0.043 *
Min −1.73 (3.43) −4.03 (12.22) −0.481 0.630

Mean (SD). * p < 0.05.

In the No-AFO group during the stance phase, the maximal hip external rotation of the
affected limb significantly decreased from 16.15◦ (SD 12.38) to 7.23◦ (SD 11.01) (p = 0.025),
and the minimal hip external rotation also significantly decreased from 3.45◦ (SD 10.22)
to −2.36◦ (SD 10.02) (p = 0.012). Additionally, the maximal ankle inversion decreased
significantly from 10.51◦ (SD 10.18) to 6.01◦ (SD 11.34) (p = 0.036). On the less-affected limb
during the stance phase, the maximal thoracic axial rotation significantly increased from
−2.44◦ (SD 13.98) to 3.51◦ (SD 9.20) (p = 0.036). Furthermore, the maximal hip external
rotation increased significantly from 11.13◦ (SD 7.61) to 19.60◦ (SD 11.87) (p = 0.012), and the
minimal hip external rotation increased significantly from 0.91◦ (SD 7.73) to 6.88◦ (SD 12.31)
(p = 0.05). Maximal ankle dorsiflexion decreased significantly from 12.18◦ (SD 4.51) to 8.26◦

(SD 6.46) (p = 0.012), and the maximal foot external rotation significantly increased from
8.85◦ (SD 14.31) to 18.94◦ (SD 17.48) (Z = −2.100, p = 0.036). However, in the AFO group,
no significant differences were observed in the stance phase with and without EN-AFO
(Table 2, Figures 6 and 7).
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In the AFO group during the swing phase, the minimal ankle dorsiflexion of the
affected limb significantly decreased from −10.61◦ (SD 6.76) to −14.17◦ (SD 7.75) (p = 0.038).
Additionally, the maximal ankle inversion of the less-affected limb significantly decreased
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from 12.01◦ (SD 8.64) to 7.95◦ (SD 10.11) (p = 0.021) (Table 3, Figure 8). In the No-AFO
group during the swing phase, the maximal hip external rotation of the affected limb
significantly decreased from 15.97◦ (SD 13.12) to 8.53◦ (SD 12.58) (p = 0.036), and the
maximal ankle inversion significantly decreased from 10.56◦ (SD 11.40) to 4.63◦ (SD 13.26)
(p = 0.025) (Table 3, Figure 8). On the less-affected limb, the maximal thoracic axial rotation
significantly increased from −4.93◦ (SD 13.37) to 1.10◦ (SD 8.36) (p = 0.036), and the minimal
thoracic axial rotation also significantly increased from −7.85◦ (SD 13.58) to 0.32◦ (SD 5.55)
(p = 0.025). Furthermore, the maximal hip external rotation significantly increased from
10.63◦ (SD 6.41) to 18.49◦ (SD 11.34) (p = 0.025), and the maximal foot external rotation
significantly increased from 9.27◦ (SD 16.84) to 18.27◦ (SD 21.10) (p = 0.036) (Table 3,
Figure 9).

In the AFO group, the peak forward force on the affected limb significantly in-
creased from 182.76N (SD 61.45) to 211.55N (SD 70.57) with the application of the EN-AFO
(p = 0.038). Additionally, the peak force on the heel significantly increased from 210.67N
(SD 107.88) to 231.85N (SD 105.38) (p = 0.038). However, no significant differences in
maximum pressure were observed in either the AFO or No-AFO group (Table 4).

Comparing the stance phase between the AFO and No-AFO groups with the applica-
tion of the EN-AFO, the affected limb showed a significant increase in both maximal and
minimal thoracic axial rotation (p = 0.034, p = 0.016, respectively). In the less-affected limb,
significant increases were observed in both maximal and minimal hip external rotation
(p = 0.004, p = 0.034, respectively) and in maximal foot external rotation (p = 0.034) when
the No-AFO group wore the EN-AFO (Table 5, Figure 10).
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The results of the swing phase between the AFO and No-AFO groups following the
application of the EN-AFO revealed significant differences in the affected limb for both
maximal and minimal thoracic axial rotation (p = 0.027, p = 0.012, respectively) as well as
for maximal ankle inversion (p = 0.007). In the less-affected limb, significant differences
were also noted for maximal and minimal thoracic axial rotation (p = 0.012, p = 0.009),
maximal hip external rotation (p = 0.016), and minimal ankle inversion (p = 0.043) (Table 6,
Figure 11).
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The gait cycles of the AFO and the No-AFO groups were included in Figures 12 and 13.

Actuators 2024, 13, x FOR PEER REVIEW 14 of 19 
 

 

The gait cycles of the AFO and the No-AFO groups were included in Figures 12 and 
13. 

 
Figure 12. Gait cycle in the AFO group: hip external rotation, ankle dorsiflexion, ankle inversion and 
foot external rotation. 

 
Figure 13. Gait cycle in the No-AFO group: hip external rotation, ankle dorsiflexion, ankle inversion, 
and foot external rotation. 

Figure 12. Gait cycle in the AFO group: hip external rotation, ankle dorsiflexion, ankle inversion and
foot external rotation.



Actuators 2024, 13, 526 15 of 19

Actuators 2024, 13, x FOR PEER REVIEW 14 of 19 
 

 

The gait cycles of the AFO and the No-AFO groups were included in Figures 12 and 
13. 

 
Figure 12. Gait cycle in the AFO group: hip external rotation, ankle dorsiflexion, ankle inversion and 
foot external rotation. 

 
Figure 13. Gait cycle in the No-AFO group: hip external rotation, ankle dorsiflexion, ankle inversion, 
and foot external rotation. 

Figure 13. Gait cycle in the No-AFO group: hip external rotation, ankle dorsiflexion, ankle inversion,
and foot external rotation.

4. Discussion

This study aims to investigate gait pattern differences among stroke patients with
ankle inversion by dividing participants into two groups: an AFO group (walking with
an ankle-foot orthosis) and a No-AFO group (capable of walking without an AFO). The
analysis compares three-dimensional gait parameters during regular walking and after
applying an elastic neutral AFO (EN-AFO) to assess the impact of EN-AFO use on gait
patterns between the two groups.

The study results aligned with our hypothesis, showing significant kinematic changes
primarily in the No-AFO group compared to the AFO group. In the No-AFO group, stance
phase improvements included significant increases in maximal and minimal thoracic axial
rotation on the paretic side, as well as significant increases in maximal and minimal hip
external rotation and maximal foot external rotation on the less-affected side. During
the swing phase, the No-AFO group showed significant improvements in maximal and
minimal thoracic axial rotation on the paretic side, with a significant reduction in maximal
ankle inversion. Additionally, the No-AFO group exhibited significant increases in maximal
and minimal thoracic axial rotation and maximal hip external rotation on the less-affected
side, while the AFO group saw a significant reduction in maximal ankle inversion.

Most stroke patients experience gait disturbances due to various factors, with impaired
trunk control being a significant contributor [24–27]. Van Criekinge et al. (2017) reported
that stroke patients exhibit issues with trunk rotation during gait [28]. Our findings show
that the No-AFO group exhibited significantly greater changes in the maximal and minimal
thoracic axial rotation values on both the affected and less-affected sides compared to the
AFO group. Furthermore, within the No-AFO group, maximal thoracic axial rotation on
the less-affected side shifted from a negative to a positive direction, indicating increased
forward rotation. Excessive trunk rotation, which can cause gait errors in stroke patients [9],
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was not observed in our study, with thoracic axial rotation values remaining within a
normal range of 12◦ seen in typical gait [29].

Our findings indicate that the group without AFO showed overall improvements in
kinematic gait patterns on both the affected and less-affected sides compared to the AFO
group. This suggests that EN-AFO may be effective for patients who experience ankle
inversion but can walk without an AFO. Similar to the results of Hwang and Park (2021),
this study observed a significant reduction in maximal ankle inversion during the swing
phase on the affected side and overall kinematic improvement. Enhanced movement on the
less-affected side in swing is likely due to better support from the affected side in the stance
phase [30]. Footwear can also influence gait patterns, as indicated by previous research [31],
and in this study, all subjects wore shoes. With AFOs, one often requires a larger shoe
size [32], whereas EN-AFO comfortably fits within regular footwear. Additionally, the
open heel design of the EN-AFO may stimulate proprioception, aiding in natural gait
pattern recognition and encouraging a smoother gait [32–34]. Thus, for patients with
ankle inversion who can ambulate without an AFO, the EN-AFO may serve as an effective
assistive device to enhance kinematic gait patterns during gait training or outdoor walking.

Conversely, the AFO group comprises patients who experience significant ankle in-
version and thus cannot walk without an AFO. Therefore, EN-AFO may not be a feasible
substitute for patients requiring AFOs. AFOs are typically prescribed to patients with
limitations in foot clearance during the swing phase, poor foot placement at initial contact,
and reduced stability in the stance phase [16,35,36]. To effectively address gait issues, the
mechanical properties of AFOs, especially stiffness, must be considered [37]. Material
properties of AFOs influence flexibility, which in turn affects ankle mobility [38]. Conse-
quently, the stiffness of EN-AFO may not provide adequate ankle stability for these patients.
This limitation likely arises because EN-AFO’s material, designed with an elastic band,
promotes ankle mobility and assists ankle eversion to achieve a neutral position [10]. To
apply EN-AFO in the AFO group, it would be necessary to enhance its material properties
to better support ankle stability.

However, there were also notable changes observed within the AFO group when using
the EN-AFO. During the swing phase, minimal ankle dorsiflexion on the affected side
decreased, and maximal ankle inversion on the less-affected side significantly decreased.
Additionally, peak force increased significantly at the forefoot and heel on the affected
side. The significant decrease in minimal ankle dorsiflexion implies greater allowance for
ankle plantarflexion, likely due to the EN-AFO’s elastic band design, which contrasts with
the typical restrictions of a standard AFO [10]. This aligns with prior studies reporting
that braces lacking stiff materials, like plastic, tend to permit more plantarflexion in stroke
patients compared to AFOs [39]. Since plantarflexion resistive stiffness in AFOs plays a
crucial role during initial contact [40,41], EN-AFO may not fully replace AFO for these
patients. Nonetheless, the reduction in maximal ankle inversion on the less-affected side
and increased peak force at the forefoot and heel on the affected side suggest improved
support on the affected side, a positive aspect to consider for future EN-AFO modifications.

Lairamore et al. (2011) reported that when comparing dynamic AFOs and passive
AFOs, wearing a dynamic AFO significantly reduced the muscle activity of the tibialis
anterior during the swing phase [42]. An examination of the study’s participants revealed
that 10 out of 15 individuals had an MMT grade of 3+ or higher for ankle dorsiflexion [42]. It
is crucial to select appropriate assistive devices tailored to the patient‘s condition. Similar to
the dynamic AFOs in the aforementioned study, the EN-AFO not only allows free forefoot
movement but also facilitates dorsiflexion during the swing phase through adjustable
tension in its elastic bands. In addition, its affordability makes it a practical option for gait
training with physical therapists. Following such training, the EN-AFO could be replaced
with a traditional AFO to ensure patient safety, presenting a feasible and cost-effective
approach for clinical use.

The limitations of this study are as follows. First, the small sample size restricts the
generalizability of these findings to a broader stroke patient population, necessitating
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future studies with larger samples. Second, due to equipment constraints, gait analysis was
limited to stance and swing phases, making it challenging to assess movements essential
for daily life. Including a qualitative tool, such as the Wisconsin Gait Scale [43], may
allow for a more comprehensive evaluation of functional gait in stroke patients. Third, the
distinction between groups wearing and not wearing AFOs lacks specificity in anatomical
characteristics. Future studies should consider classifying groups using a refined scale for
spasticity or functional assessment to identify appropriate candidates for EN-AFO use.
In addition, as the EN-AFO was compared to the conventional passive-type AFO, future
studies should include comparative analyses with various other types of AFOs to provide
a more comprehensive evaluation.

5. Conclusions

This study aimed to examine changes in kinematic motion and kinetic data when
using EN-AFO in patients with ankle inversion, divided into groups with and without
AFOs. Results showed that in the AFO group, EN-AFO use during gait led to improved
maximal ankle inversion on the less-affected side during the swing phase, though minimal
ankle dorsiflexion decreased on the affected side. Conversely, the No-AFO group exhibited
significant improvements in maximal and minimal thoracic axial rotation and maximal
ankle inversion during the swing phase. These findings suggest that EN-AFO may be
clinically applicable for improving gait patterns in stroke patients with ankle inversion
who do not use AFOs.
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43. Guzik, A.; Drużbicki, M.; Wolan-Nieroda, A.; Przysada, G.; Kwolek, A. The Wisconsin Gait Scale—The Minimal Clinically
Important Difference. Gait Posture 2019, 68, 453–457. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.gaitpost.2011.02.005
https://www.ncbi.nlm.nih.gov/pubmed/21376602
https://doi.org/10.1016/0966-6362(93)90040-8
https://doi.org/10.1177/0309364611417040
https://doi.org/10.1016/j.gaitpost.2018.12.036

	Introduction 
	Methods 
	Participants 
	Inertial Measurement Unit (IMU) Sensor 
	Force Plate 
	Elastic Neutral AFO 
	Procedure 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

