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Abstract

Background: Both ankle-foot orthoses (AFOs) and footwear adaptations are used to improve gait across a broad range of
neuromuscular disorders. AFOs and footwear can each independently influence gait through the manipulation of certain design
parameters, such as AFO footplate stiffness or the use of a forefoot rocker. While the effects of design parameters from AFOs
and footwear on gait have been investigated independently, how these parameters interact to influence walking biomechanics
remains poorly understood.

Objective: This systematic literature review aims to provide an overview of the interacting effects between AFOs and footwear
on gait biomechanics from both a theoretical standpoint and through the synthesis of existing literature.

Methods: A search of existing literature was conducted across 4 major databases. Studies were eligible if they included adult
participants from healthy or patient populations. Studies included should have investigated biomechanical gait outcomes recorded
during walking with an AFO and at least two different footwear conditions. Quality assessment was performed using the Downs
and Black checklist and AFO reporting guidelines.

Results: A total of 14 studies were included in this review. Across these 14 studies, a total of 204 participants (108 healthy, 84
patients after stroke, and 12 unilateral ankle weakness or pain) were included. The majority of these studies were within-subjects
designs. Footwear adaptations were primarily changes to the heel-sole differential (HSD; 7/14), followed by forefoot rockers
(5/14), with some studies on changes to heel shape and hardness (3/14), and a study on mediolateral wedging. These adaptations
were used in combination with primarily rigid AFOs (10/14), with studies also using dorsiflexion-free and frontal plane restrictive
AFOs.

Conclusions: Increasing the HSD can be used to increase knee flexion across the stance phase in rigid AFO users, including in
the third rocker when HSD is manipulated between the shoe and AFO. Beyond changing the HSD, there is a lack of well-designed
experimental studies exploring footwear adaptations. Detailed reporting of both AFO and footwear design choices is necessary
for future work in order to make informed statements on biomechanics.

(JMIR Rehabil Assist Technol 2026;13:e93423) doi: 10.2196/93423
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Introduction

Background
The ankle-foot complex plays a crucial role in human walking
due to its contributions to both balance and forward propulsion
[1]. Plantarflexor muscle weakness, due to neuromuscular
disorders such as stroke, can disrupt the biomechanics of gait,
leading to slower walking speeds and a less efficient gait pattern
[2,3]. To facilitate mobility and an efficient walking pattern,
ankle-foot orthoses (AFOs) may be prescribed.

There exists a wide range of AFOs in a variety of shapes,
materials, and stiffnesses, with varying effects on patient gait
biomechanics [4,5]. These design parameters are often used to
optimize biomechanical outcomes for individual patients. For
example, increasing the bending stiffness of an AFO can reduce
knee flexion during the second rocker in patients with crouch
gait [6]. Similarly, increasing footplate stiffness can maximize
energy storage and return, reducing the energetic cost of walking
[7].

Adapted footwear such as rocker shoes have been investigated
independent of AFO use and shown to affect gait kinematics
and kinetics [8,9]. As AFOs are typically worn with footwear,
it is essential to consider how footwear design interacts with
AFOs to influence gait. When combined, footwear and AFO
form an integrated orthotic system where the shape and bending
stiffness of both devices play a combined role in influencing
how forces are transmitted through the lower limb during gait.
Consequently, footwear adaptations can alter the biomechanical
effects of AFOs on gait. Despite these interactions, the specific
impact of different footwear parameters on AFO performance
remains unclear [10]. The footwear design can either
complement or counteract the intended mechanical function of
the AFO. For instance, when the ankle is immobilized with a
rigid AFO, increasing the heel-sole differential (HSD) can
increase knee flexion during midstance [11]. Conversely, a
rocker shoe with a proximal apex position may shorten stance
phase duration [12] and reduce the energy storage and return
of a carbon fiber AFO, potentially negating its benefits.

Although the importance of the interaction between AFOs and
footwear is recognized, most existing research has focused on
sagittal plane alignment, particularly the shank-to-vertical angle
(SVA), and often within specific patient populations [4,10,11].
While systematic reviews have examined the biomechanical
effects of footwear or AFOs independently [13,14], no
systematic review to date has examined the biomechanical
effects resulting from the interactions between ankle-foot
orthosis and footwear combinations (AFO-FCs) in adults. The
aim of this review is to provide a systematic overview of the
current evidence on AFO-FCs. Specifically, it evaluates how
footwear modifications, when paired with AFOs, influence gait
biomechanics in both healthy adults, who provide insight into
gait adaptations as controlled models, and patients with gait
pathology. These findings are intended to inform clinical
recommendations and identify directions for future research. A
background on ankle-foot biomechanics and the theoretical
effects of AFO-FCs in cases of dorsiflexor and plantarflexor
weakness is first introduced to provide context for the findings
of this review. Existing literature on AFO-footwear interactions
in both patient populations and healthy adults is then synthesized
to establish an evidence-based overview of the biomechanical
outcomes resulting from AFO-footwear interactions.

Locomotion
Human locomotion can be broken down into 2 main phases,
stance and swing. The stance phase is typically defined as the
moment the heel of the foot strikes the ground until the foot
leaves the ground again [1]. During stance, the ankle-foot
complex can be likened to the rolling of a wheel as the center
of pressure (COP) moves from heel to toe [15]. Within stance,
3 subphases, known as rockers, can be distinguished as the COP
progresses from heel to ankle to forefoot in a curved path
relative to a fixed lower-leg coordinate system [16]. The period
between initial contact and the forefoot touching the ground
makes up the first rocker, also known as the heel rocker.
Following this is the second, or ankle, rocker, where dorsiflexion
takes place, and the foot remains flat on the ground. The third,
forefoot rocker, begins as the heel leaves the ground and
concludes with toe-off. The 3 rockers are illustrated in Figure
1.

Figure 1. The 3 rockers.
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Together, these 3 rockers make up part of a phenomenon known
as the “roll-over shape” (ROS). This term refers to the ellipsoidal
trajectory of the COP relative to a fixed frame of reference at
the ankle [17]. Figure 2 illustrates the transformation from the
laboratory reference frame (A) to the ankle-foot reference frame
(B). The ROS provides a useful framework for evaluating gait
adaptations to AFOs, as it can demonstrate changes in timing
and kinematics, providing insight into gait adaptations with a
single measure. Figure 3 provides examples of the ROS for
healthy individuals (A), two theoretical ROS for patients with
calf muscle weakness (B), and visualizations of the ROS when
walking with a rigid AFO, both without (C) and with an

increased HSD (D). In healthy walking, the ROS is an arc that
maintains a relatively constant radius even when walking speed
or body weight is altered, due to physiological adaptations of
the ankle-foot complex [17,18]. This consistent shape provides
a predictable rollover, smoothing step-to-step transitions,
allowing humans to walk with minimal energy expenditure
[15,19]. Individuals with calf muscle weakness may have a
shortened or flattened ROS of the ankle-foot complex compared
to the typical arc [20]. Dorsiflexor weakness primarily affects
the first rocker, while plantarflexor weakness impairs forward
progression of the COP during the second rocker and reduces
push-off power during the third rocker [1].

Figure 2. ROS across the 3 rockers. (A) The anteroposterior trajectory of the COP viewed from the global reference frame. (B) The circular trajectory
of the COP when the origin is set at the ankle and aligned with the shank, creating the ankle-foot reference frame and forming the roll-over shape. COP:
center of pressure; ROS: roll-over shape.

Figure 3. Schematic representation of ROS across clinical and AFO conditions. The gray circle indicates the origin of the ankle-foot reference frame.
The black line indicates the normal ROS, and blue lines indicate the ROS under different conditions. (A) ROS for normal healthy walking, based on
data from Hansen et al (2004) [18]. (B) Two theoretical ROS for patients with calf muscle weakness. The solid line represents patients with slow COP
progression, while the dashed line represents patients with rapid tibial inclination and slow COP progression. (C) ROS when using a rigid AFO, based
on data from Fatone et al (2007) [20] and Esposito et al (2021) [16]. (D) ROS when using a rigid AFO with increased HSD, based on data from Esposito
et al (2021) [16]. AFO: ankle-foot orthosis; COP: center of pressure; ROS: roll-over shape.

AFOs are commonly prescribed to support patients with calf
muscle weakness during gait [3,10,22]. While both passive and
active AFOs (exoskeletons) exist, this review focuses on passive
AFOs, which are more typically used by patients in daily life.
Passive AFOs range from solid polypropylene designs to

energy-returning carbon fiber leaf springs and can be tailored
to control ankle joint motion to restore a more optimal gait
pattern. However, while AFOs can improve stability and help
re-establish a smooth ROS [20], their increased stiffness and
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limited range of plantarflexion motion may reduce push-off
power and limit gains in energy efficiency [23].

Footwear plays an important role in gait biomechanics, with
design features such as the HSD, rocker soles, and heel hardness
influencing how the COP progresses through each rocker
relative to the ankle coordinate system [16,24,25]. When
combined with AFOs, footwear characteristics can influence
orthotic effects. Together, AFO-footwear adaptations offer a
powerful means to restore the ROS and improve gait
biomechanics in patients with plantar- or dorsiflexor- muscle
weakness. However, their effects may differ across the 3 rockers,
leading to complex interaction effects between AFO-FCs and
gait biomechanics. The following sections summarize the
biomechanical effects of the most commonly used
AFO-footwear adaptations in the sagittal plane.

First Rocker
During the first rocker, the dorsiflexors generate a resistive
moment that controls plantarflexion, gradually lowering the
forefoot to the ground [1]. This negative work from the
dorsiflexors leads to smooth knee and hip flexion and supports
the controlled transition of the center of mass (COM) from one
stance limb to the next [19].

When plantarflexion-restrictive AFOs are used to compensate
for dorsiflexor weakness, this gradual transition of the COM is
disrupted [26]. The reduced dorsiflexor contribution to the
energy transfer between limbs and absence of controlled
plantarflexion motion increases angular momentum at the knee
and hip. This can result in rapid COP progression toward the
midfoot, accompanied by increased knee and hip flexion during
early stance [27]. Certain footwear adaptations may mitigate
the adverse biomechanical effects of absent plantarflexion during
the first rocker. For instance, a shoe with a rocker distal to the
heel positions the COP more anteriorly at initial contact [28].
This reduces the ground reaction force (GRF) moment arm at
the ankle and knee [28], reducing angular momentum and
potentially promoting a smoother COM transition in patients
using rigid AFOs. In contrast, a rocker proximal to the heel with
a small radius combined with a rigid AFO could theoretically
increase the GRF moment arm, thereby increasing angular
momentum at the knee and hip.

Second Rocker
In healthy gait, once the foot is fully in contact with the ground,
the gradually increasing plantarflexor activity generates a
plantarflexor moment about the ankle joint, decelerating shank
inclination and knee flexion [29]. During this phase,
near-isometric activation of the plantarflexors combined with
ankle dorsiflexion stretches the Achilles tendon, allowing elastic
potential energy to be stored and later released as push-off power
in terminal stance [29].

Throughout the second rocker, gradually increasing plantarflexor
activity shifts the COP toward the forefoot. This progression
lengthens the GRF moment arm relative to the ankle joint,
contributing to knee and hip extension during terminal stance.

In the case of plantarflexor muscle weakness, insufficient force
generation at the ankle may lead to rapid and excessive shank
inclination, ankle dorsiflexion, and knee flexion, as well as
increased knee and hip extensor moments [1,3]. Excessive knee
flexion impairs elastic energy storage in the Achilles tendon
and reduces the moment-producing capacities of the ankle
plantarflexors, resulting in a flatter ROS and reduced push-off
power [20]. A dorsiflexion-resistant AFO can help modulate
the rate of forward shank inclination by providing an external
plantarflexion moment. This reduces excessive knee and hip
flexion, leading to a smoother ROS [3]. Positioning the forefoot
apex more distally can prolong the second rocker and extend
COP progression [30], potentially increasing external
plantarflexion moments and hip and knee extension in AFO
users. Conversely, a more proximal apex shortens the second
rocker, leading to restricted COP progression and reduced knee
extension and plantarflexor moments [12,31].

Third Rocker
During the third rocker, the heel lifts off the ground and COP
progression and ankle plantarflexor moments approach their
peak. At this stage, body weight rapidly transitions from
single-limb to double-limb support and elastic energy stored in
the Achilles tendon is rapidly released, generating positive ankle
power and facilitating a smooth redirection of the COM into
the subsequent stance phase, as well as rapid swing initiation
of the trailing limb [1]. Adequate timing and sufficient
magnitude of peak ankle power ensure rapid rotation of the
shank-foot system over the forefoot [19].

The increase in plantarflexion moment during the second rocker
contributes to forward progression of the COP and a gradual
increase in ankle angular velocities [1]. As the COP progresses
anteriorly toward the forefoot, it approaches the shoe’s forefoot
apex, which effectively acts as a rotational axis for the foot-shoe
system. When the COP reaches this apex position, the external
dorsiflexion moment generated by the GRF can no longer
balance the internally generated plantarflexion moment, resulting
in rotation of the foot about the forefoot apex and heel lift-off,
marking the onset of the third rocker.

AFOs with energy-storing elements (such as springs or carbon
fiber elements) can store mechanical energy during the second
rocker and release it at push-off (third rocker) to aid propulsion.
A more distal apex position could delay the onset of the third
rocker, increasing COP progression, peak GRF moment arms,
and ankle dorsiflexion, leading to greater energy storage in
spring-like AFOs and enhanced push-off power when the energy
is released in the third rocker. Additionally, changes in rocker
radius can modulate timing and duration of foot-to-ground
contact and shank kinematics during the third rocker, where a
smaller radius accelerates shank inclination and energy release
(smaller ROS arc), while a larger radius decelerates it,
prolonging the third rocker phase (larger ROS arc). Table 1
summarizes the theoretical biomechanical effects across all 3
rockers for 3 types of footwear adaptations when used with an
AFO that restricts both plantar- and dorsiflexion.
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Table 1. Overview of theoretical kinematic and kinetic outcomes for different footwear adaptations with the use of an AFOa restricting plantarflexion
and dorsiflexion.

Forefoot rocker apex position, radius/angleHeel rocker apex position, radius/angleHeel-sole differential 

Kinematics 

N/AdLarger radius/smaller rocker angle decreases
rate of forefoot lowering

Increasing HSDb increases

SVAc and knee flexion

First rocker

N/AN/AIncreasing HSD increases
SVA and knee flexion

Second rocker

Smaller radius/larger rocker angle increases SVA
and knee flexion and increases angular velocity
of the foot-ankle-shank complex

N/AN/AThird rocker

Kinetics

N/AN/AFirst rocker • More distal heel APe,f reduces ankle DFg

moment
• Smaller radius increases ankle DF mo-

ment

N/AN/AIncreasing HSD increases
knee extensor moment

Second rocker

N/AN/AThird rocker • Smaller radius/larger rocker angle decreases
peak knee extensor moment

• More distal forefoot position increases PFh

moment

aAFO: ankle-foot orthosis.
bHSD: heel-sole differential.
cSVA: shank-to-vertical angle.
dN/A: not applicable.
eAP: apex position
fFor the purpose of this review, a more proximal heel radius refers to an apex position proximal to the heel.
gDF: dorsiflexion.
hPF: plantarflexion.

Methods

Study Design
This systematic review was registered with PROSPERO
(International Prospective Register of Systematic Reviews;
CRD42024625819) and is reported in line with the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guideline [32].

Search Strategy
A systematic database search was performed by the primary
reviewer using PubMed, Embase, Scopus, and Web of
Knowledge. The search was performed using the following
phrases: ankle foot ortho*, AFO, AFO-FC, orthotic*, orthosis,
orthoses, splint, combined with biomech*, gait, locomotion,
walk*, kinemat*, and adaptation, shoe, footwear, rocker,
roll-over, insert, wedge, and tuning. Papers were retrieved from
the beginning of the respective database history until December
2024. A follow-up search was conducted in May 2026. The
complete search string for Scopus is:

TITLE-ABS-KEY((“ankle foot ortho*” OR “orthotic device”
OR AFO OR “AFO-FC” OR (ankle AND (orthotic* OR orthosis
OR orthoses OR splint))) AND

(biomech* OR gait OR “gait analys*” OR locomotion OR walk*
OR kinemat* OR tuning OR manipulation) AND (shoe* OR
footwear OR rocker* OR “roll-over” OR insert* OR wedge*
OR tuning))

The remaining search strings, including database-specific
keywords, can be found in Multimedia Appendix 1.

Eligibility Criteria
Titles were excluded if they mentioned nonadult participants,
animal participants, or cadavers. Review papers, protocols, or
papers that investigated only movements other than walking,
surgical techniques or surgery-related outcomes, or devices that
were not AFOs, lower leg casts, or footwear were also excluded
in the title exclusion process. Rigid lower leg (plaster) casts
were considered to behave in a similar manner to rigid AFOs
and were eligible for inclusion.

Abstracts were excluded if the abstract did not mention both
footwear and AFOs and did not describe effects of footwear
adaptation on gait while using an AFO. The abstract must have
described walking with an AFO in at least two footwear
conditions. Abstracts were excluded when footwear was
manipulated in only the leg contralateral to the AFO.
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Papers written in English, French, German, or Dutch were
eligible for full-text selection. Inclusion criteria required that
the study described or visualized the AFOs, footwear, and
footwear modifications. To qualify, the footwear adaptation
must have been applied externally to the AFO, either between
the AFO and the shoe, the shoe itself, or between the shoe and
the ground. Additionally, at least one of the following outcome
measures must have been examined: sagittal plane lower-limb
joint kinetics and kinematics, sagittal plane whole-body COM
kinetics and kinematics, spatiotemporal walking parameters,
muscle-tendon dynamics, lower-limb EMG (electromyography),
COP, GRF, plantar pressure, or metabolic cost.

Selection Process
Screening was performed with the use of Catchii, a systematic
review management tool [33]. Two reviewers independently
screened papers at each stage of the inclusion process.
Reviewers AM and CG performed the title and full-text
screening, and the abstract inclusion process was performed by
AM and JMH. Disagreements were resolved through discussion
between each pair of reviewers. For each stage of the selection
process, papers were excluded based on the first exclusion
criterion that was met, and only that criterion was recorded.

Quality Assessment and Data Extraction
The quality of the included research was assessed using a
modified Downs and Black Checklist [34]. This version of the
checklist scored question 27 binarily, rather than out of the
original 5 points, and is more suited to observational studies.
Questions regarding follow-up were omitted from the checklist
as gait studies are typically within-participant designs without
follow-up. The final checklist was scored out of a potential 25
points. Adjusting for the omitted questions, a study could be
considered “excellent” quality if it scored 23-25 points, “good”
between 17 and 22 points, “fair” between 12 and 16 points, and
“poor” if marked less than 12 points [35]. Only studies scoring

“fair” or higher would be considered to have sufficient quality
for data extraction.

A modified version of the AFO reporting checklist developed
by Ridgewell et al [36] was used to evaluate the quality of AFO
reporting. The checklist evaluates 3 categories: participant
details, AFO details, and the experimental protocol. This
checklist was developed for studies on children with cerebral
palsy, and as such the section on participant details was excluded
for the purpose of this review. Scoring followed the guideline
provided by Ridgewell et al [36]. Reviewers AM and CG
independently scored both checklists. Any disagreements were
resolved through discussion.

Data were extracted by AM. A custom checklist was used to
extract footwear design parameters. This checklist includes
design descriptors such as outsole hardness and apex position
but does not include manufacturing items such as last type or
sole material. Only outcome measures listed in the inclusion
criteria were included in this review. Data were systematically
synthesized using a structured biomechanically informed
framework. Data were synthesized first by footwear adaptation
(eg, HSD), then by the phase of gait in which outcomes were
measured, and finally by the specific outcome measure. For
clarity purposes, all moments are reported as internal moments,
with any values reported as external moments transformed by
AM.

Results

Search Results
The systematic database search, including the updated search,
resulted in 3064 papers after duplicates were removed. A total
of 118 full texts were evaluated for inclusion in the review. Of
these, 9 papers were written in German, and 1 paper in French,
all of which were excluded due to not being primary research.
A total of 14 studies were included in the review, following the
inclusion procedure outlined in Figure 4.
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Figure 4. Study selection flowchart including updated search. Exclusion criteria shown here were those used to exclude full texts. AFO: ankle-foot
orthosis.

Study Characteristics
An overview of the participants, interventions, and study designs
can be found in Table 2. The majority (10/14) of studies were

within-subjects designs evaluating hemiparetic patients after
stroke using solid dorsal AFOs.

JMIR Rehabil Assist Technol 2026 | vol. 13 | e93423 | p. 7https://rehab.jmir.org/2026/1/e93423
(page number not for citation purposes)

Millar et alJMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. Summary of included studies.

Quality score
(0-25)

Footwear modifica-
tion

Type of AFObGait speedaStudy designPathologyParticipant character-
istics

Author, year

17Heel hardness and
heel shape

Bichannel ad-
justable AFO

OutcomeProspective
within-subjects

None9 adults, aged 19-46
years

Wiest et al [28],
1979

19Rocker outsole at-
tached directly to
AFO footplate

Custom rigid
AFO

OutcomeProspective
within-subjects

Hemiplegia sec-
ondary to stroke

18 adults aged 57.86
± 10.44 years

Farmani et al
[37], 2016

18Insole wedge
height, location
unspecified

Custom rigid
AFO

Outcomewithin-subjects
pilot

Right-sided
hemiplegia and
genu recurvatum
secondary to
stroke

4 adults aged 51 ±
15.2 years

Sutdet et al
[38], 2019

16Conventional cast
shoe, rigid rocker

Custom fabri-
cated total
contact cast

NScProspective
within-subjects

None28 adults, age not
given

Dhalla et al
[39], 2003

cast shoe, flat rub-
ber heel attached
directly to cast,
rubber rocker heel
attached directly to
cast

19High-top rocker
shoes, high-top
flat-soled shoes

Prefabricated
solid
polypropylene
AFO

OutcomeProspective
block random-
ized

Hemiplegia sec-
ondary to stroke

30 adults, aged 49-
68 years, mean
weight 64.7 kg

Farmani et al
[40], 2016

18Insole heel wedge
height

Rocker bot-
tom walking
cast and 2 dif-

Self-selected
per condition

Prospective
within-subjects

None15 adults aged 31.3
± 4.7 years, height
172 ± 9 cm, and
weight 70 ± 15 kg

Kearney et al
[41], 2011

ferent carbon-
fiber AFOs

18Standard shoe and
AFO compared to

Modified solid
AFO with ca-

OutcomeProspective
within-subjects

None24 adults aged 24.7
± 4.84 years

Arvin et al [42],
2013

AFO with inclinedpability of
shank without a
shoe

locking at 5°-
7° dorsiflex-
ion

17External heel
wedge height with

Custom solid
polypropylene
AFO

OutcomeCase studyLeft side hemiple-
gia secondary to
stroke

Female person aged
61 years

Jagadamma et
al [43], 2010

and without a stiff
rocker outsole

19Rocker shoeCustom rigid
AFO

OutcomeProspective
within-subjects

Hemiplegia sec-
ondary to stroke

10 adults aged 53.6
± 7.5 years, height
167.1 ± 5.93 cm,

Masoumi et al
[44], 2020

weight 71.3 ± 8.53
kg

19Insole heel wedge
height, AFO foot-
plate stiffness

Prefabricated
carbon AFO

Self-selecteddProspective
within-subjects

None10 adults, aged 24 ±
3 years

Kerkum et al
[45], 2015

16Insole heel wedge
height and hard-
ness

Carbon fiber
AFO

Nonself-select-

edd
Prospective re-
peated-mea-
sures crossover
design

Unilateral foot or
ankle weakness
or pain; controls
with no patholo-
gies

24 adults aged 18-55
years

Ikeda et al [46],
2018

14Shoe heel heightPrefabricated
posterior leaf

OutcomeCase study and
model

Left-sided hemi-
plegia secondary
to stroke

Male person aged 56
years, height 190
cm, weight 88.5 kg

Choi et al [47],
2016

spring AFO;
solid
polypropylene
AFO
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Quality score
(0-25)

Footwear modifica-
tion

Type of AFObGait speedaStudy designPathologyParticipant character-
istics

Author, year

16Rocker shoeCustom

PFe-stop
AFO; custom
PF-resistant
AFO

OutcomeRandomized
controlled trial

Hemiplegia sec-
ondary to stroke

20 adults aged 33-65
years, height 1.62 ±
0.1 / 1.6 ± 0.1 m,
weight 67.8 ± 8.7 /
67.1 ± 10.5 kg

Daryabor et al
[48], 2021

17Medial and lateral
wedges external to
shoe

Rigid AFO;
semirigid
supramalleolar
orthosis

Self-selected
per condition

Prospective
within-subjects

None10 adults aged 34 ±
9 years, height 178
± 4 cm, weight 73 ±
9 kg

Schmalz et al
[49], 2006

aThe gait speed column indicates whether gait speed was an outcome variable or controlled across conditions.
bAFO: ankle-foot orthosis.
cNS: not stated.
dDenotes the gait speed was controlled across conditions.
ePF: plantarflexion.

Participant Characteristics
A total of 204 participants (108 healthy, 84 patients after stroke,
and 12 with unilateral ankle weakness or pain) were included
across all 14 studies. Seven papers examined AFO-footwear
combinations in patients with hemiparesis secondary to stroke
[37,38,40,43,44,47,48]. Hemiparetic participants ranged across
studies from 11 months to over 10 years post stroke onset. Six
studies recruited only healthy participants [28,39,41,42,45,49],
and one study enrolled both healthy controls and participants
with unilateral foot or ankle weakness or pain [46]. Of the 8
studies that included patients, 5 studies recruited participants
who used AFOs in their daily lives [37,38,43,46,47], 1 study
included only participants who had not used AFOs in their daily
lives [48], and 2 studies did not specify whether AFOs were
used in daily life [40,44]. Nine studies included gait speed as
an outcome measure [28,37,38,40,42-44,47,48]. Three studies
let participants walk at a self-selected walking speed and did
not report it as an outcome. Of these 3 studies, one study
controlled the speed between the trials [45], and 2 studies did
not specify whether speed was controlled between conditions
[41,49]. One study set a target gait speed based on the
participants' leg length and a Froude number of 0.16 and used
this for all conditions [46]. One study did not report gait speed
as an outcome or specify if gait speed was controlled [39].

AFO Properties
A summary of the AFOs included in this review and their
properties can be found in Table 3. A total of 19 different AFOs
were used across the 14 included studies. Eight of the AFOs
used a solid dorsal shell design constructed out of polypropylene

[37,38,40,42-44,47]. One study used 2 AFOs with a “plastic
shell,” which are assumed to be polypropylene dorsal shell
AFOs, one with plantarflexor resistance and one with a
plantarflexion stop [48]. Four AFOs were carbon-fiber, of which
2 AFOs had ventral shells [41], 1 AFO a proximal cuff [46],
and 1 AFO a dorsal shell [45]. While a walking boot was also
investigated by Kearney et al [41], results from the cast were
not included, as it did not meet the inclusion criteria of having
the footwear adaptation be between the AFO and the shoe or
ground. One AFO had a hinged ankle joint with adjustable
medial and lateral struts which attached directly to an
experimental shoe [28]. One study used 2 AFOs with the same
design with either a medial or lateral strut [49]. These 2 AFOs
were counted as 1 AFO in Table 3 as they were otherwise
identical. The AFO had free dorsiflexion and plantarflexion but
did not permit frontal plane motion. No information about any
parameters other than strut position was given or possible to
infer for this AFO. This study also examined a stirrup brace
which restricted frontal plane movement and was considered
an AFO. A plaster cast [39] was reported and categorized as an
AFO for the purpose of this review. Including the cast, 11 AFOs
had full-length footplates [37,39-42,44,46,47]. The length of
the footplate was not stated or possible to infer from images for
7 AFOs [38,43,45,47-49]. Eight of the footplates were rigid
[37-39,42,44,45,47], one was flexible throughout the footplate
[45], and one was flexible at the metatarsophalangeal joint [43].
Two AFOs had indeterminable footplate stiffnesses, with the
only description given as one AFO being “more flexible,” and
the other AFO being “less flexible” [41]. The footplate stiffness
was not given or impossible to infer for 7 AFOs [28,40,47-49].
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Table 3. Overview of AFOsa.

Footplate stiffnessFootplate lengthAnkle

angleb

(°)

Ankle joint (rigid,
leaf spring, stop)

Movement
restrictions

MaterialsDesignAuthor, year

NSDirectly attached to
shoe

90Locked hingeDFe and PFfNSdCustomc instrumented
bichannel with ad-

Wiest et al
[28], 1979

justable height and
locking ankle joint

Rigid (inferred)Full length (heel to tip
of toes)

90RigidDF and PF3-mm thick
polypropylene

Custom solid dorsalFarmani et al
[37], 2016

Rigid (inferred)NS90Rigid, reinforced
with 3-mm
polypropylene

All direc-
tions

5-mm thick
polypropylene

Custom solid dorsalSutdet et al
[38], 2019

RigidFull length (heel to
slightly beyond tip of
toes)

90RigidAll direc-
tions

Orthoflex plaster
with fiberglass
shell

Custom total contact
cast

Dhalla et al
[39], 2003

NSFull length90RigidNSPolypropylenePrefabg solid dorsalFarmani et al
[40], 2016

“Less flexible”Full length90Leaf springNSCarbon-fiberPrefab ventralKearney et
al [41], 2011

“More flexible”Full length90Leaf springNSCarbon-fiberPrefab ventralKearney et
al [41], 2011

Rigid (inferred)Full length90RigidAll direc-
tions

4-mm thick
polypropylene

Custom solid dorsalArvin et al
[42], 2013

Rigid (inferred)Full length83-84RigidAll direc-
tions

4-mm thick
polypropylene

Custom solid dorsalArvin et al
[42], 2013

Flexible at MTPh

joints

NS90RigidNS4-mm thick
polypropylene

Custom solid dorsalJagadamma
et al [43],
2010

Rigid (inferred)Full length90RigidNS4-mm thick
polypropylene

Custom solid dorsalMasoumi et
al [44], 2020

0.06 Nm/deg and
0.89 Nm/deg + 0.06
Nm/deg

NS90Rigid (7.9
Nm/deg)

All direc-
tions

Prepreg carbonPrefab solid dorsalKerkum et al
[45], 2015

RigidFull lengthNSFlexible strutPFCarbon-fiberCustom proximal cuffIkeda et al
[46], 2018

NSNSNSLeaf springNSNSPrefab posterior leaf
spring

Choi et al
[47], 2016

NSFull length82RigidNSPolypropyleneCustom solid dorsalChoi et al
[47], 2016

NSNS90PF stopPFPlasticCustom, dorsalDaryabor et
al [48], 2021

NSNS90PF resistive springPFPlasticCustom, dorsalDaryabor et
al [48], 2021

N/AN/AN/AiFlexibleMediolateralTextile and plas-
tic

Prefab stirrup ankle
brace

Schmalz et
al [49], 2006

NSNSNSNSMediolateralNSCustomization un-
known, medial/lateral
strut

Schmalz et
al [49], 2006

aAFO: ankle-foot orthosis.
bAnkle angle is taken as the angle between the footplate and the shank of the ankle-foot orthosis.
cAll participants used the same ankle-foot orthosis, which was a custom-made experimental ankle-foot orthosis that could be adjusted to each participant.
dNS: not stated.
eDF: dorsiflexion.
fPF: plantarflexion.
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gPrefab: prefabricated.
hMTP: metatarsophalangeal.
iN/A: not applicable.

Footwear Adaptations
The footwear adaptations used for each study can be found in
Table 4. Footwear adaptations are reported in the same manner
as the respective study. Seven papers investigated adaptations
at the heel of the shoe. The majority of these focused on
increasing the HSD, either with insole wedges [41,45,46] or
through altering the heel height of the shoe itself [47]. An
overview of these adaptations can be examined in Table 5. One
study used insoles to manipulate the SVA, but did not specify

the shape, height, or location of these insoles [38]. One paper
examined the effects of changing the shape and hardness of the
heel of an experimental shoe [28]. One paper examined the
effects of increasing the HSD using wedges, which were then
translated to the design of a custom shoe and combined with a
stiff rocker outsole [43]. Design parameters for that rocker
outsole were not given; however, from the image provided, it
can be inferred that an apex position proximal to the
metatarsophalangeal joint was likely used.
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Table 4. Overview of footwear adaptations with respect to the shoe profile. Comparison condition refers to the condition with the AFOa without any
footwear adaptations and may not be the control condition. Footwear adaptations follow the naming conventions used per respective study.

Midsole
hardness and
distribution

Outsole
hardness

Heel sole hard-
ness

Apex posi-
tion

Rocker an-
gle/radius

Forefoot/heel
rocker

Footwear adapta-
tion

Comparison condi-
tion

Author, year

NSNSdMedium density
polyurethane
center

N/AN/AcNoneSACHbDress shoe with
hard (Shore-A 74)
rubber heel and
AFO

Wiest et al
[28], 1979

NSNSShore-A 743.5 cm from
distal edge
of heel

20°HeelHeel rockerDress shoe with
hard (Shore-A 74)
rubber heel and
AFO

Wiest et al
[28], 1979

NSNSShore-A 40N/AN/ANoneCompressible heelDress shoe with
hard (Shore-A 74)

Wiest et al
[28], 1979

rubber heel and
AFO

Shore-A 30-
40, length of
footplate

Shore-A
50-60

N/A65%15°FFeRocker sole ap-
plied directly to
AFO (no shoe)

AFO with thin
nonslip rubber out-
sole attached direct-
ly to AFO foot-
plate

Farmani et al
[37], 2016

NSNSNSN/AN/ANoneIncreasing HSDfSport shoe with
AFO without
wedges

Sutdet et al
[38], 2019

NSNSN/ANSNSFF and heelConventional cast
shoe

Cast with no shoeDhalla et al
[39], 2003

N/A“Rigid”N/ANSNSFF and heelRigid rocker bot-
tom shoe

Cast with no shoeDhalla et al
[39], 2003

N/ANSNSNSNSHeelRubber rocker bot-
tom applied direct-

Cast with no shoeDhalla et al
[39], 2003

ly to cast, centered
on longitudinal
arch of the foot

N/ANSN/AN/AN/AN/AFlat rubber heel
applied directly to

Cast with no shoeDhalla et al
[39], 2003

cast in line with the
tibia

Shore-A 30-
40, length of
shoe

NSNS65%15°FFRocker sole ap-
plied to standard
shoe

High-top standard
shoe with AFO

Farmani et al
[40], 2016

NSNSNSNSNSNoneIncreasing HSDParticipant’s own
shoe with AFO;
without wedges

Kearney et
al [41], 2011

N/AN/AN/AN/AN/ANoneAFO with inclined
shank (5°-7° anteri-
or inclination)

Sport shoe with 1
cm HSD and AFO

Arvin et al
[42], 2013

NSRigidNSNSNSFFRocker sole ap-
plied to standard

Standard shoe with
AFO

Jagadamma
et al [43],
2010 shoe and changes

to HSD

Shore-A 30-
40, length of
shoe

Shore-A
50-60

NS65%15°FFRocker sole ap-
plied to standard
shoe

Standard shoe with
AFO

Masoumi et
al [44], 2020

NSNSNSN/AN/ANoneIncreasing HSDFlexible flat-soled
shoe (Converse-
style sneakers)

Kerkum et al
[45], 2015
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Midsole
hardness and
distribution

Outsole
hardness

Heel sole hard-
ness

Apex posi-
tion

Rocker an-
gle/radius

Forefoot/heel
rocker

Footwear adapta-
tion

Comparison condi-
tion

Author, year

NSNSNSN/AN/ANoneIncreasing HSDSports shoe and
AFO without
wedges

Ikeda et al
[46], 2018

NSNSNSN/AN/ANoneMaterial removed
from heel of shoe

Sports shoe and
AFO without
wedge

Choi et al
[47], 2016

Shore-A 30-
40, length of
shoe

Shore-A
50-60

NS65%15°FFRocker sole ap-
plied to standard
shoe

Standard shoe with
AFO

Daryabor et
al [48], 2021

NSNSNSN/AN/ANoneMediolateral differ-
ential

Dress shoe and
AFO without
wedge

Schmalz et
al [49], 2006

aAFO: ankle-foot orthosis.
bSACH: solid ankle cushion heel
cN/A: not applicable.
dNS: not stated.
eFF: forefoot.
fHSD: heel-sole differential.

Table 5. Overview of heel-sole differential adaptations.

HardnessThickness (cm)ShapeLocationInsole or externalWedge useda (Yb/Nc)Author, year

NSInferred from SVAeNSNSdInsoleYSutdet et al [38],
2019

NS1.5, 3.0, 4.5NSHeelNSYKearney et al [41],
2011

NSInferred from SVANSHeelNSYJagadamma et al
[43], 2010

NS0.6/1.3; 2.8/2.8;
4.9/5.3 cm

NSHeelInsoleYKerkum et al [45],
2015

Per each thickness:

50-57, 75-78 on OOf

scale

1.0, 2.0, 3.0NSHeelInsoleYIkeda et al [46],
2018

N/AgNSNSHeelExternalNChoi et al [47], 2016

Firm10 mm (at highest
point)

Tapered 14° an-
gle of horizon-
tal inclination

Medial/lateral;
highest point at
heel of shoe

ExternalYSchmalz et al [49],
2006

a“Wedge used” refers to whether a separate piece of material was used to increase the heel-sole differential.
bY: yes.
cN: no.
dNS: not stated.
eSVA: shank-to-vertical angle.
fOO: shore OO hardness.
gN/A: not applicable.

Three studies compared standard shoes to rocker shoes
[40,44,48]. All 3 studies used the same forefoot rocker design
of an apex position at approximately 65% of the length of the
shoe from the heel, and a rocker angle of 15° with a curved
forefoot and stiff outsole. Farmani et al (2016) [37] studied the
effects of adding a rocker sole directly to the footplate of a rigid
polypropylene AFO compared to the same AFO with only a

layer of nonslip rubber added to the footplate [37]. This rocker
sole also had an apex position at approximately 65% of the shoe
length with a beveled forefoot with a rocker angle of 15°, and
as such is considered functionally a rocker shoe for the purpose
of this review.

Dhalla et al [39] examined the effects of different types of cast
shoes when used with a rigid walking cast. Schmalz et al [49]
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examined the effects of mediolateral wedging, in this instance
applying the wedges externally to the shoe. It is unclear whether
the footplate of the AFO and wedge were the same length. A
study from Arvin et al [42] compared a conventional solid dorsal
AFO with a shoe to an AFO of the same manufacturer but with
a shank inclined in dorsiflexion without a shoe. Both the
traditional AFO with a shoe and the modified AFO worn without
a shoe had the same SVA of 5°-7° inclination [42].

Quality Assessment

Study Quality
The scores for each included paper can be found in Table 2.
The score each paper received per question can be examined in
Multimedia Appendix 2 [28,37-49]. The majority of papers
(10/14) were considered “good” quality, with the remaining
papers (4/14) considered “fair.” The lowest score given was 14.
No paper received a “yes” for stating whether an attempt was
made to blind either the participants or those measuring the
outcomes.

AFO Reporting
Multimedia Appendix 2 provides an overview of the results of
the AFO Reporting Checklist. A total of 19 different AFOs were
used across the 14 included studies, with 2 studies using 2

different AFO designs, and 1 study comparing a walking boot
to 2 different AFOs. The majority (10/14) of studies applied
their modifications in a randomized order, 2 studies did not state
whether randomization occurred, and 2 studies were case studies
where randomization was not applicable. Over half (12/19) of
the AFOs were custom manufactured, with only 1 AFO’s
manufacturing status being unclear. A clear motivation for why
a specific AFO design was used was given for all AFOs. No
consistent method of reporting AFO details was present across
the included studies. AFO design details often had to be inferred
from photos, with 8 of the AFOs having completely clear
trimlines. The stiffness and ankle position were described in
detail for 1 AFO. A clear description of the movements assisted
or prevented was given for 13 of the AFOs.

Biomechanical Effects
Table 6 provides an overview of the outcome measures extracted
for this review. Only outcome measures fitting the inclusion
criteria outlined above were included for the purpose of this
review. These outcome measures can be divided into 5 main
categories: kinematics, kinetics, plantar pressure, spatiotemporal
parameters, and GRF. Table 7 provides the effects of each type
of footwear adaptation per outcome measure across the 3
rockers. All results are given for rigid AFOs unless otherwise
specified.

Table 6. Outcome measures of interest.

Total healthy (n)Total patients (n)Included from reference numberOutcome measure

Kinematics

201 Sb, 12 Uc[44a,46-48]Ankle

2940 S[27,36a,42,44,46-48]Knee

1039 S[36a,44,46,47]Hip

Kinetics

2045 S[45-49]Ankle

2926 S, 12 U[28,38,43,45-49]Knee

1021 S[45,47,48]Hip

430[39,41]Plantar pressure

5884 S, 12 U[27,36a,37,39-43a,45-48]Spatio-temporal

1920 S[28,48,49]GRFd

1012 U[45,46]Other

aDenotes a significant difference between the standard shoe with AFO and at least one adapted shoe with AFO condition. Statistically significant results
comparing a non-AFO condition to adapted shoe conditions are not indicated.
bS: patients after stroke.
cU: patients with unilateral weakness or pain.
dGRF: ground reaction force.
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Table 7. Overview of outcomes across the gait cycle for different footwear adaptations when used with a rigid AFOa.b

Forefoot rockerHeel hardnessHeel rockerHeel-sole differential

Kinematics

First rocker

N/AeMore compressible heel decreas-
es knee flexion [28] (n=9H)

Use of heel rocker decreases
knee flexion [28] (n=9H)

Increasing HSDc increases knee

flexion [43] (n=18S)d

Second rocker

N/AN/AN/AIncreasing HSD increases knee
flexion [38] (n=4S), [43] (n=1S),
[45] (n=10H) and hip flexion

[45]d

Third rocker

N/AN/AIncreasing HSD increases knee
flexion [43] (n=18S), [47] (n=1S)

• Increases knee flexion at toe-off
[37] (n=18S)d

• Earlier knee flexion during
preswing [43] (n=1S)

Kinetics

First rocker

N/AMore compressible heel decreas-

es ankle DFf [46] (n=12U) and
knee extensor moments [28]
(n=9H) 

Decreases knee extensor mo-

ment [28] (n=9H)d
Increasing HSD increases knee

extensor moment [46] (n=12U)d

Second rocker

N/AN/AN/AIncreasing HSD increases knee

extensor moment [47] (n=1S)d

Third rocker

GRFg moved posterior to the knee joint
during terminal stance and preswing
[43] (n=1S)

N/AN/AN/A

Spatio-temporal

Increases walking speed with rigid
AFO [37] (n=18S), [44] (n=10S)

—hNo effect on cadence or walk-
ing speed [28] (n=9H)

No effect on walking speed [38]
(n=4S)

Plantar pressure

Decreases peak forefoot plantar pres-
sure [39] (n=28H)

—Decreases peak hindfoot plantar
pressure [39] (n=28H)

—

aAFO: ankle-foot orthosis.
bThe number of participants is given in brackets beside the respective reference. Whether the participants are healthy (H), patients after stroke (S), or
have unilateral weakness or pain (U) is indicated.
cHSD: heel-sole differential.
dEffects are in line with the theory presented in Table 1.
eN/A: not applicable.
fDF: dorsiflexion.
gGRF: ground reaction force.
hNot available.

HSD
Increasing the HSD showed effects on gait across all 3 rocker
phases, with insole wedges being used to influence biomechanics
in the third rocker [43]. Increasing the HSD from 1 to 3 cm
increases the peak dorsiflexor moment at the beginning of the
second rocker, shifting the second rocker later in stance [46].

This change in HSD also increases the time required for the
COP to reach peak anteroposterior velocity. Peak COP velocity
occurred approximately 10% later in the stance phase when
using a soft 3 cm wedge compared to a soft 1 cm wedge, and
just over 30% of the stance phase later for a firm 3 cm wedge
compared to a firm 1 cm wedge [46]. The peak knee extensor
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moment during loading response increases and occurs later in
the gait cycle as the HSD increases [46].

An increase in HSD increases the SVA in both healthy
individuals and patients after stroke, resulting in greater knee
flexion [38,43,45]. Similarly, a larger HSD increases the ankle
dorsiflexion angle, plantarflexor moment, and hip flexion angle
at midstance [45].

In the third rocker, the use of an increased HSD and rigid AFO
elicited increases in knee flexion at toe-off when compared to
a posterior leaf spring–AFO and standard shoes in a patient who
had a stroke [47]. Larger plantarflexor and knee extensor
moments in a patient who had a stroke were also observed at
toe-off when compared to walking in only unmodified shoes
[47].

Increasing the HSD linearly increased the radius of curvature
of the ROS normalized to participant body height, with 3 cm
wedges producing a radius of curvature in 4% of body height
greater than 1 cm wedges [46].

A linear increase in forefoot pressure and simultaneous decrease
in hindfoot pressure was found with increasing HSD [41]. There
was no difference found between AFO stiffnesses when the
same changes in HSD were applied [41].

Increasing the HSD did not affect walking speed but did
decrease cadence in patients after stroke when compared to
walking with shoes only, with a significant decrease in cadence
when the shank was inclined by 10° [38]. There was also no
difference in the duration of terminal stance regardless of AFO
stiffness or HSD [41]. Similarly, there were no significant
differences for speed, step length, or step width in healthy
participants when the SVA is held constant between an AFO
with an inclined shank and no shoe, and an AFO with a neutral
SVA and a shoe with a 1 cm HSD [42].

Heel Rocker
Three different heel rockers were investigated across 2 studies.
A heel with a 20-degree bevel reduced the knee extensor
moment during loading response by 24% compared to a
conventional men’s dress shoe hard rubber heel when both were
used with a rigid AFO [28]. The addition of a heel rocker to a
walking cast allowed for a reduction in peak hindfoot pressure
[39]. Conversely, a rigid whole-foot rocker applied to the same
cast did not decrease hindfoot pressure; however, it did decrease
peak forefoot plantar pressure [39].

Heel Hardness
Increasing the hardness of the heel external to the shoe increased
the knee extensor moment during the loading response, with a
hard rubber heel having a moment 31% higher than a SACH
(solid ankle cushion heel), and 12% higher than a compressible
crepe heel [28]. Harder heel wedges increased the peak ankle
dorsiflexor and knee extensor moments during second rocker
[46]. Increasing both the height and hardness of a heel wedge
significantly delayed the timing during the stance phase of peak
COP velocity, with the peak occurring approximately 15% later
in stance for a firm 3 cm wedge compared to a compressible 1
cm wedge [46].

Forefoot Rocker
The use of a proximal forefoot rocker increased knee flexion at
toe-off when used with a rigid AFO [37,43]. This increase in
knee flexion also resulted in the GRF being more posterior to
the knee joint during third rocker compared to a shoe with a
standard forefoot [43]. In both plantarflexion stop and
plantarflexion resistant AFOs, the addition of a proximal
forefoot rocker significantly reduced the peak ankle plantarflexor
moment when compared to the same AFOs and standard shoes
[48].

In rigid AFOs, the addition of a proximal forefoot rocker
increased walking speed when compared to the same AFO with
a standard shoe [40,44]. Conversely, the use of a proximal
forefoot rocker with dorsiflexion-free AFOs resulted in slower
walking speeds when compared to those same AFOs and a
standard shoe [48]. The stride length was also reduced in patients
walking with dorsiflexion-free AFOs when paired with a
proximal forefoot rocker compared to when paired with a
standard shoe.

Mediolateral Wedging
Mediolateral wedging had limited effects on sagittal plane
biomechanics. The peak knee extensor moment during third
rocker was reduced with the use of either a medial or lateral
wedge, although only significantly with the medial wedge, when
paired with an AFO that restricted frontal plane motion at the
ankle joint [49]. Medial or lateral wedging with either an ankle
support or rigid AFO decreased the vertical component of the
GRF when compared to a shoe without any wedging or AFO
[49].

Discussion

Principal Findings
This review used a biomechanical framework to synthesize
evidence on the interacting effects of footwear parameters and
AFOs on gait outcomes in patients and healthy young adults.
While it is evident that footwear adaptations can optimize gait
biomechanics beyond what can be achieved by an AFO and
standard shoe alone, large knowledge gaps remain, preventing
empirical validation of many theoretical and biomechanical
assumptions and adoption in clinical practice. The effects of
plantar pressure [39,41] will be omitted from the discussion to
focus on kinetics and kinematics.

Participants both with and without pathologies were included
in this review, as healthy walkers can provide a valuable model
for the biomechanical effects of AFO-FCs. Indeed, in the few
studies that examined the same AFO type, footwear adaptation,
and outcome measure, it was found that both patients after stroke
and healthy walkers have increased knee flexion during the
second rocker when the HSD is increased [38,43,45]. However,
this heterogeneity in participants does require discretion when
interpreting the results, as adaptations may not be transferable
to all patient populations.

A wide range of AFO designs were included in this study;
however, the majority (11/19) could be generalized as rigid
AFOs which restrict both plantarflexion and dorsiflexion and
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can be assumed to have negligible differences in their
mechanical properties when interpreting sagittal plane gait
variables.

Biomechanical Effects

Heel-Sole Differential
Adaptations increasing the HSD were comparatively well
represented in this review, likely due to the SVA being
considered a core component of the AFO tuning process [11,50].
Indeed, increasing the SVA, such as with a larger HSD, causes
a cascade effect on lower limb kinematics and kinetics when
the ankle joint is fixed. Notably, a larger HSD increased knee
and hip flexion during the second rocker [45]. This increase in
knee flexion was seen across all 3 papers that evaluated knee
angle as a result of changing HSD in both healthy participants
and patients after stroke [38,43,45]. Although a larger HSD was
reported to increase ankle dorsiflexion despite the use of a rigid
AFO, it should be noted that this increase may be due to marker
placement on the shoe while using insoles to increase the HSD,
causing an increase in SVA without a change in the participants’
ankle angle [45].

With a constrained ankle joint, changes in HSD affect both the
knee and hip joints, indicating that shank kinematics are also
influenced. This is supported by the study of Kerkum et al
(2021) [7], which examined the dynamic SVA at midstance
during walking with an AFO and found that, with a rigid AFO,
the SVA increases as HSD increases [45]. Intuitively, the HSD
can be used to influence lower limb joint kinematics in the first
and second rockers; however, when the HSD is altered within
the shoe, kinematics and kinetics at the ankle, knee, and hip
joints are also influenced in the third rocker for rigid AFO users
[47]. This is likely due to the fixation of the ankle joint, causing
the shank to become more inclined as the foot-to-floor angle
increases with a larger HSD, even as the heel leaves the ground
in the third rocker. When the ankle joint is not constrained, it
is able to adapt to changes in the HSD, leaving shank kinematics
unaffected [21,51]. These findings suggest that patients who
wear rigid AFOs and experience excessive knee extension may
benefit from an increased HSD.

Ikeda et al (2018) [46] demonstrated that the ROS radius of
curvature could be linearly increased with a constrained ankle
and increasing HSD. Conversely, past research has shown that
ROS are not affected by an increased HSD for unconstrained
ankles [21]. As ROS radii between 20% and 30% leg length
have been shown to optimize metabolic rate [15], the use of
HSD to tune the ROS radius in rigid AFO users may be
something to consider when optimizing energy consumption.
Walking speed and cadence remained unaffected across different
HSD settings, suggesting that while HSD can be used to
manipulate joint kinetics and kinematics, it may have a limited
impact on spatio-temporal parameters.

Heel Rocker
It was shown that a heel with a 20-degree bevel could reduce
the knee extensor moment in the first rocker [28]. This follows
biomechanical theory, which suggests that a heel rocker will
reduce the moment arm of the GRF, thereby reducing the peak
moments and angular velocities at the knee and ankle joints,

facilitating smooth COM transfer. In other words, the use of a
heel rocker could elicit a steeper ROS arc during first rocker,
increasing the rate of forward progression of the COP. This
suggests that such a heel rocker could be used to improve the
walking efficiency of patients using rigid AFOs who struggle
with step-to-step transitions or walk with excessive knee flexion
at the start of the second rocker.

Changes in walking speed were not observed when a heel rocker
was used with a rigid AFO [28]. As the other study that
examined heel rockers did not look at temporal effects, no
conclusion can be drawn based on the evidence presented in
this review.

Heel Hardness
A more compliant heel was associated with reduced ankle
dorsiflexor and knee extensor moments at initial contact, likely
due to a shortened moment arm of the GRF [28]. Following
biomechanical theory, it was seen that a more compliant heel
had a similar effect to a rocker heel in terms of decreasing the
knee extensor moment during the loading response [28,46]. The
study by Wiest et al (1979) [28] demonstrated that a SACH
could reduce the knee extensor moment during initial contact
more than both a crepe heel and 20-degree beveled heel. As the
SACH was constructed out of medium-density polyurethane,
it may be more compressible and have greater force distribution
properties than the crepe heel and incompressible heel, resulting
in a smaller GRF moment arm at the knee and ankle joints at
initial contact. The use of a compressible heel may therefore
help reduce joint loading and smooth step-to-step transitions at
initial contact for individuals with a heavy heel strike.

Increasing heel hardness was associated with increased peak
dorsiflexor and knee extensor moments during the first rocker,
as well as delayed peak moment timing [46]. These effects were
most pronounced with wedges thicker than 1 cm, suggesting a
threshold beyond which mechanical influence plays a greater
role due to the increased vertical component of the GRF.

Ikeda et al [46] found that a more compliant heel placed the
ROS center of curvature more posteriorly when compared to a
stiffer heel. This is in line with the work of Hansen et al [52],
which demonstrated that more compliant feet have a more
curved ROS compared to less compressible prosthetic feet. This
suggests that the use of a compressible heel wedge could be
used to decrease the rate of COP forward progression during
first rocker when using a rigid AFO, thereby increasing the
steepness of the ROS arc. Using a more compliant heel may be
a method of increasing the steepness of the ROS arc without
introducing greater moments at the joint, such as with a harder
heel. While harder heels were associated with greater gait
speeds, they may also increase joint loading, which could be
detrimental in populations with joint degeneration or pain [28].
When joint loading is not a concern, harder heels may be used
to slightly increase gait speed due to the increased moments
and angular momentum at the knee and ankle, leading to a faster
COM transition between steps.

Forefoot Rocker
In patients after stroke, the use of a proximal forefoot rocker
demonstrated differing effects depending on the type of AFO
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used. When paired with rigid AFOs, it increased knee flexion
at toe-off as well as walking speed when compared to the same
AFO with a standard shoe. This increase in walking speed may
be due to improved rollover through the restoration of a more
typical ROS radius caused by an increase in the COP velocity
during third rocker. In line with this finding, it has been shown
that a proximal forefoot rocker used without an AFO can
facilitate improved weight transfer and a steeper ROS arc in
healthy participants [25]. Increasing knee flexion at toe-off may
also be beneficial in patients with limited foot clearance using
rigid AFOs.

When combined with dorsiflexion-free AFOs, the peak ankle
plantarflexor moment decreased when compared to the same
AFO used with a standard shoe. This is likely due to the moment
arm of the GRF being shortened by the proximal position of
the rocker apex. These dorsiflexion-free AFOs were also shown
to decrease stride length and walking speed when used with a
proximal forefoot rocker instead of a standard shoe, possibly
due to the reduced plantarflexor moment during third rocker.

Future Steps
A key finding of this review is the lack of research into varying
rocker parameters such as both heel and forefoot apex positions
and rocker radii when AFOs are used. The evidence from the
limited studies included in this review suggests that rocker
outsole parameters can have a significant impact on both healthy
and pathological gait, indicating that further research into these
areas could benefit AFO users. Of the 5 studies that used
forefoot rockers, 4 studies used the same design [37,40,44,48],
with limited reasoning behind their choice, and the fifth did not
provide any descriptor of the rocker design [43]. It would be
beneficial when using different AFOs with the same footwear
adaptations to compare the same outcome measures, as this
furthers the understanding of the complex interactions between
AFOs and footwear combinations.

Future studies would benefit from studying the effects of
differing forefoot rocker design choices, as these have been
shown to have a significant impact on gait biomechanics
[8,9,25]. In particular, understanding the biomechanical effects
of differing apex positions and radii across a variety of AFO
designs beyond rigid polypropylene AFOs would be beneficial.
These parameters directly affect the GRF lever arms and shank
kinematics, in addition to the timing of key gait events, and as
such may have significant contributions to improving gait
efficiency. A core understanding of the mechanisms driving
biomechanical adaptations could lead to improvements in tuning
AFOs to improve step-to-step transitions and minimize energy
expenditure for patients with a range of pathologies.

An aim of this review was to consolidate evidence across diverse
pathologies; however, the majority of included studies focused
on patients after stroke and healthy participants. Broader
representation would improve the generalizability of findings,
as gait impairments in stroke differ from those in conditions
such as cerebral palsy, multiple sclerosis, or peripheral
neuropathy. Furthermore, focusing on a single pathology
overlooks the considerable variability that exists within that
group, potentially masking important individual differences.
This narrow scope may hinder clinical decision-making, as

practitioners often treat diverse patient populations and require
evidence that supports personalized, condition-appropriate
prescriptions. Future work should consider broadening the scope
to include a wider range of pathologies in order to improve the
clinical relevance and applicability of findings.

Limitations
A very specific set of exclusion criteria was used for this review.
While the number of included studies reflects similar reviews
and the existing knowledge gap, a broader inclusion protocol
could have been beneficial. For instance, the inclusion of papers
that did not use an AFO for all conditions but had multiple
footwear adaptations could still have provided insight into the
effects different footwear adaptations may have on
biomechanics. Furthermore, data were extracted by a single
author, and while the included results were examined by the
other 2 authors of this review, it is possible that some data were
overlooked or inconsistently collected during the inclusion
process, introducing a risk of subjective bias and potentially
reducing the reproducibility of this review’s findings. As all
studies included at least one significant finding, there may be
a risk of publication bias. However, due to the design of the
included studies, a formal assessment of publication bias was
not performed.

While the papers included in this study were mostly of “good”
quality, none could be considered “excellent.” This is largely
due to no studies being blinded; however, due to the physical
nature of the interventions, it would be difficult to truly blind
participants and researchers. It is important to note that 4 of the
5 studies using forefoot rockers belong to the same institution.
While each paper from that group reported different outcome
measures, the same rocker parameters were used for all 4 papers.

A major limitation of this review is the lack of empirical
descriptors given for interventions. Without empirical
descriptors, it is difficult to draw scientifically sound conclusions
from the presented outcomes. Many AFO details were inferred,
or the details provided were too vague to derive conclusions
from. For instance, 2 AFO designs were described as “more
stiff” or “less stiff” than the other [41]. As AFO stiffness has a
significant impact on knee and ankle kinematics, whether that
difference in stiffness is 1 or 5 Nm/deg can have a substantial
influence on gait outcomes [53]. Compounding this issue, very
few studies gave sufficient detail about their adaptations, and
there was often minimal description of the footwear being used.
This lack of transparency makes it difficult to replicate findings
or understand the specific mechanical contributions of the
footwear-AFO combinations being tested.

Conclusions
The results demonstrate that footwear adaptations can be used
to optimize AFO effects for individual patients. However, while
the biomechanical effects of increasing the HSD with a rigid
AFO are well explored, there exists limited information
regarding the effects of other outsole design parameters and
compliant AFOs. Further understanding of the interactions
between AFOs and rocker outsole parameters is required to
maximize AFO effectiveness across different patient
populations. Future research should investigate the effects of
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varying forefoot parameters, including rocker radius, apex
position, and footplate stiffness, in combination with a wider
range of AFO designs including energy-storing AFOs. Explicit

and consistent reporting of AFO and footwear design properties
is necessary to make meaningful conclusions on biomechanical
outcomes.
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PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
ROS: roll-over shape
SACH: solid ankle cushion heel
SVA: shank-to-vertical angle
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