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Abstract
This study was conducted to compare the eﬀects of three ankle-foot orthosis (AFO) designs on
walking after stroke and determine whether an ankle plantar ﬂexion contracture impacts response to
the AFOs. A total of 30 individuals, ranging from 6–215 months post-stroke, were tested in four
conditions: shoes only (SH), dorsi-assist/dorsi-stop AFO (DA-DS), plantar stop/free dorsiﬂexion AFO
(PS), and rigid AFO (Rigid). Kinematics, kinetics, and electromyographic (EMG) activity were recorded
from the hemiparetic lower extremity while participants walked at a self-selected pace. Gait
parameters were compared between conditions and between participants with and without a
moderate ankle plantar ﬂexion contracture. All AFOs increased ankle dorsiﬂexion in swing and early
stance. Anterior tibialis EMG was reduced only in the PS AFO. Both PS and Rigid AFOs restricted
ankle plantar ﬂexion and increased knee ﬂexion in loading. Peak ankle dorsiﬂexion in stance and
soleus EMG intensity were greatest in the PS AFO. The Rigid AFO tended to restrict dorsiﬂexion in
stance and knee ﬂexion in swing only in participants without a plantar ﬂexion contracture. Individuals
without a contracture beneﬁt from an AFO that permits dorsiﬂexion mobility in stance and those with
quadriceps weakness may more easily tolerate an AFO with plantar ﬂexion mobility in loading.
Keywords: Biomechanics of prosthetic/orthotic devices, gait, lower limb orthotics, stroke contacture

Introduction
Approximately 70–80% of stroke survivors will recover the ability to independently walk
short distances without assistance of another person.1,2 Only 50%, however, achieve limited
community ambulation status or better.1,2 Following a stroke, weakness, abnormal muscle
activity, and joint deformity can impair the weight-bearing capability of the limb, as well as
the ease of clearing the ﬂoor in swing.3,4 Ankle-foot orthoses (AFOs) are frequently
prescribed for patients with hemiplegia to enhance walking function by providing stability
during stance or foot clearance during swing.5,6
AFO designs vary from highly stable to extremely ﬂexible. In the most stable AFO
designs, the ankle is held in a rigid position with limited movement in all planes. The more
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ﬂexible designs, by use of articulating joints or lighter weight plastics, are designed to
provide adequate dorsiﬂexion during swing to lift the foot but still allow some ankle
movement during stance. Mechanical stops can be added to articulating orthoses to limit the
maximal excursion of dorsiﬂexion or plantar ﬂexion.
Many previous studies have documented the aﬀect of a rigid AFO on gait of persons with
hemiplegia.7–11 The stability provided by a rigid AFO has been shown to increase stride
length7–9 and velocity8–10 when set at neutral or 58 of dorsiﬂexion compared to walking
without an orthosis. The restriction of plantar ﬂexion mobility during loading in a rigid AFO,
however, causes the tibia to rotate forward more quickly, at the same rate the foot rotates
towards the ﬂoor, and results in increases in the knee ﬂexion moment10,11 and EMG
intensity of the vastus lateralis muscle during loading.12
Fewer studies have evaluated the more ﬂexible and articulating designs. Lehmann et al.13
compared non-articulating, polypropylene AFOs of varying degrees of stiﬀness, as
determined by trim lines and heights of the braces, and found all AFOs increased
dorsiﬂexion in swing, but only the stiﬀest design provided added stability during stance.
Articulated AFOs with a plantar ﬂexion stop produced modest increases in walking speed
(0.05–0.07 m/sec).14,15 The plantar-stop AFO improved dorsiﬂexion in swing and early
stance but also produced an external knee ﬂexion moment in loading that was greater
compared to both walking in shoes only and that seen in able-bodied control participants.15
The increased acceleration into knee ﬂexion can reduce knee hyperextension but can also
produce instability in individuals with quadriceps weakness.
The eﬀect of an articulating orthosis with a dorsiﬂexion stop and a dorsiﬂexion assist on
walking has not been documented. In addition to assisting dorsiﬂexion in swing, this AFO is
designed to allow plantar ﬂexion during early stance to avoid exacerbating knee ﬂexion in
loading. Additionally, this AFO design permits dorsiﬂexion in stance initially, and then limits it
with a mechanical stop to prevent excessive dorsiﬂexion in late stance that often results
from calf weakness.3
The relative eﬀects of rigid and articulating AFOs on the walking ability have been
compared in children with diplegic cerebral palsy.16–18 Both rigid and articulating (plantarstop) AFOs improved stride length but not velocity and resulted in increased dorsiﬂexion in
swing and early stance.16–18 In terminal stance, however, the articulated AFO (with a plantar
ﬂexion stop and free dorsiﬂexion) allowed greater (and more normal) peak dorsiﬂexion than
either the rigid AFO or walking without an orthosis.16–18 Only one study found a signiﬁcant
impact of orthosis type on knee moments in loading.16–18 Buckon et al. found that the external
knee ﬂexion moment was increased in the articulating (plantar-stop AFO) but not the rigid
AFO compared to walking without an orthosis.16 The comparative impacts of rigid and
articulating AFOs on walking have not been investigated in the adult hemiplegic population.
There is also a need to relate performance in an AFO to the individual’s clinical
presentation. Woolley4 emphasized the importance of a clinical assessment to the selection
of an appropriate orthotic device, yet few studies relate performance in an AFO to the
clinical parameters of the participants. Plantar ﬂexion contracture is a common impairment
after stroke.19 A plantar ﬂexion contracture can prevent progression of the limb over the foot
during stance, potentially interfering with the ability to properly use the mobility aﬀorded by
an articulating brace. The purpose of this study was two-fold: (i) To compare the eﬀects of
three diﬀerent plastic AFO designs and shoes only on the gait parameters of individuals
after stroke, and (ii) to identify whether plantar ﬂexion contracture impacts an individual’s
response to bracing.
The three diﬀerent AFO designs tested include: (1) An articulated orthosis that restricts
plantar ﬂexion while allowing free movement into dorsiﬂexion (plantar-stop [PS]), (2) an
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articulated orthosis that has unrestricted motion into plantar ﬂexion, with assistance into
dorsiﬂexion and a stop to limit excessive dorsiﬂexion (dorsi-assist/dorsi-stop [DA-DS]), and
(3) a rigid design that limits both plantar and dorsiﬂexion (Rigid). We proposed four
hypotheses based on the design features of each orthosis and the current literature: (1) All
AFO designs would improve walking speed, increase ankle dorsiﬂexion in swing, and
reduce intensity of anterior tibialis EMG compared with walking without an orthosis; (2) the
Rigid and PS orthoses (both with restricted plantar ﬂexion) would increase both knee ﬂexion
motion and moments in loading response requiring increased activation of vastus
intermedius; (3) intensity of soleus EMG would be reduced only in the Rigid AFO compared
to walking in shoes only; and (4) dorsiﬂexion in stance would be decreased in the Rigid AFO
and increased in the PS AFO compared to walking without an orthosis only for participants
without a plantar ﬂexion contracture.

Methods
Participants
Individuals with stroke were recruited from out-patient clinics at Rancho los Amigos National
Rehabilitation Center and from local stroke survivor support group meetings. Eligibility for
participation required that participants were at least six months post cerebrovascular
accident (CVA), and either currently used an AFO for ambulation or had an AFO
recommended by a physician or physical therapist. In addition, participants were required to
have maximal passive ankle dorsiﬂexion mobility with knee extension that was either equal
to or greater than 08 or between 10 and 158 of plantar ﬂexion measured manually with a
goniometer. We selected this range of mobility for the moderate contracture group to ensure
separation from those without contracture and to avoid more severe contractures that would
not be amenable to control by an orthosis. Individuals requiring physical assistance to walk
were excluded, as were persons whose self-selected walking speed was greater than 1.0 m/
sec71 (73% normal walking speed). A written statement of informed consent, approved by
the Institutional Review Board of the Los Amigos Research and Education Institute, was
obtained from each participant.
A total of 30 participants were tested, nine with passive ankle dorsiﬂexion (DF) to at least
neutral with full knee extension (mean 1.28 dorsiﬂexion with knee extension and 7.28 with
knee ﬂexion) and 21 with passive dorsiﬂexion limited to 10–158 of plantar ﬂexion (mean
10.78 plantar ﬂexion with knee extension and 1.58 dorsiﬂexion with knee ﬂexion) (Table I).
Mean age for the 30 participants was 58.3 years (range ¼ 36–75 years) and average time
since CVA was 25.3 months (range ¼ 6–215 months). The group included seven women
(left CVA ¼ 4; right CVA ¼ 3) and 23 men (left CVA ¼ 8; right CVA ¼ 15).
Orthotic fabrication
Enrollment in the project began with the fabrication of two orthoses: Rigid and articulating.
Participants wore their own shoes and wore this same pair of shoes for all testing. To
provide a model of the shank and foot and accommodate the varying shoe heel heights, a
certiﬁed orthotist created a cast of the participant’s lower leg with the ankle positioned in
approximately neutral dorsiﬂexion (resulting in 58 of anterior inclination of the tibia in their
shoe). From this cast, the orthotist fabricated both the Rigid and articulating orthoses. The
articulating AFO was made with articulating ankle joints (Oklahoma joints), a posterior
chamber, and a posterior strap. For the DA-DS orthosis, rubber straps were attached to
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grommets to assist with dorsiﬂexion and the posterior strap was set to restrict dorsiﬂexion so
that anterior inclination of the tibia in the shoe was limited to 58 (Figure 1). For the PS
orthosis, the posterior strap was removed to allow free dorsiﬂexion and a small plastic
wedge was screwed down from the posterior chamber of the orthosis to provide the plantar
ﬂexion stop at 08.
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Table I. Clinical characteristics of participants stratiﬁed by contracture group mean (SD) and range.

Passive ankle dorsiﬂexion with knee extended (8)
Range
Passive ankle dorsiﬂexion with knee ﬂexed (8)
Range
Maximal isometric ankle plantar ﬂexion torque (Nm)
Range
Maximal isometric ankle plantar ﬂexion torque (% of gender-matched
non-disabled)
Range
Maximal isometric ankle dorsiﬂexion torque (Nm)
Range
Maximal isometric ankle dorsiﬂexion torque (% of gender-matched non-disabled)
Range
Maximal isometric knee extension torque (Nm)
Range
Maximal isometric knee extension torque (% of gender-matched non-disabled)
Range
Maximal isometric hip extension torque (Nm)
Range
Maximal isometric hip extension torque (% of gender-matched non-disabled)
Range
Maximal isometric hip ﬂexion torque (Nm)
Range
Maximal isometric hip ﬂexion torque (% of gender-matched non-disabled)
Range
Median modiﬁed Ashworth score – ankle plantar ﬂexion
Range

Neutral

Moderate

1.2 (1.8)
(0–5)
7.2 (3.4)
(5–10)
39.5 (24.5)
(6.2–67.1)
27.4 (19.3)

710.7 (1.8)
(715 to 710)
1.5 (6.3)
(710 to þ15)
29.8 (19.4)
(7.2–77.9)
21.2 (22.7)

(2.6–54.6)
10.5 (12.1)
(0–37.9)
30.0 (33.1)
(0–103.2)
55.9 (28.4)
(32.4–123.6)
41.8 (24.0)
(15.0– 95.3)
86.3 (45.1)*
(21.6–151.1)
46.9 (22.5)*
(13.2–83.6)
66.7 (28.4)
(14.7–105.0)
66.8 (28.5)
(15.2–116.7)
1.5
(0–3)

(5.1–55.2)
7.8 (7.6)
(0–28.1)
21.8 (22.1)
(0–76.3)
43.2 (20.0)
(9.8–84.4)
33.7 (15.7)
(7.6–64.5)
53.0 (31.4)*
(12.8–126.6)
30.6 (17.0)*
(5.1–69.8)
53.0 (19.6)
(26.5–98.1)
57.9 (22.3)
(27.8–109.3)
1.5
(0–4)

*signiﬁcant main eﬀect of group.

Figure 1. Three AFO designs: Rigid, dorsiﬂexion assist/dorsiﬂexion stop (DA-DS), and Plantar ﬂexion stop (PS).
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The order of distribution of the three AFO designs was determined by random
assignment. Approximately one week after the casting, an initial ﬁtting and training session
was provided by the orthotist and a physical therapist. Each AFO was worn by the
participant in the community for at least two weeks prior to quantitative gait testing. At the
conclusion of a quantitative gait assessment session, the next orthosis was ﬁtted and
the participant received a gait training session with the physical therapist to assist in
adjusting to the new orthosis.
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Strength and spasticity assessment
Maximal isometric torques were recorded in a sitting position with a LIDO Active
dynamometer (Loredan Biomedical Inc., Davis, CA, USA) during two 5-second trials for
the ankle plantar ﬂexors, ankle dorsiﬂexors, knee extensors, and hip ﬂexors of each
participant’s paretic leg. A tensiometer recorded the maximal isometric force produced by
the hip extensors. The lever arm utilized during the eﬀort was measured manually and used
to calculate hip extension torque values. Peak torque values were averaged from the two
trials for each muscle group and expressed both in absolute values (Nm) and as a
percentage of gender-matched normal using a laboratory database of maximal isometric
torques in non-disabled individuals 40–65 years of age. Spasticity of the calf was assessed
with the Modiﬁed Ashworth Scale.20
Gait testing
Quantitative gait analysis was performed with the participant walking at a self-selected
speed over a 10-m walkway. The central 6-meters were designated by photoelectric cells for
data acquisition. Gait testing included simultaneous acquisition of spatio-temporal
parameters, lower extremity motion and kinetics, and ﬁne-wire electromyography (EMG).
Two trials of ambulation at a self-selected speed were collected for each orthotic condition.
Walking in shoes without an AFO was conducted during each of the three AFO
assessments.
Spatio-temporal parameters. Individually sized footswitches (B & L Engineering, Tustin,
CA, USA) were taped to the bottom of each shoe. Each footswitch contained a compression
closing switch located under the heel, 1st metatarsal head, 5th metatarsal head, and
great toe.
Motion analysis. A six-camera Vicon Motion Analysis system (Vicon Motion Systems,
Oxford, UK) was utilized to acquire three-dimensional motion for the trunk, pelvis, and
paretic lower extremity. Retro-reﬂective spheres (17 mm diameter) were taped onto the skin
overlying bony landmarks including the midline sacrum at the level of the posterior iliac
spines, anterior superior iliac spine (bilaterally), greater trochanter, anterior thigh, medial
and lateral femoral condyles, and anterior tibia. Markers were also placed on the shoe (at
the level of the 1st and 5th metatarsal heads, over the dorsal aspect of the foot, and on the
posterior heel) and on the orthosis (over the medial and lateral malleoli).
Joint kinetics. Ground reaction forces were recorded by a force plate (Kistler Instrument
Corp, Amherst, NY, USA) embedded in the center of the walkway. Participants were
positioned within the walkway to permit force plate contact by only the test (paretic) foot.
Walking was repeated until two successful trials with the participant’s paretic foot landing

282

S. J. Mulroy et al.

Prosthet Orthot Int Downloaded from informahealthcare.com by University of Southern California on 12/23/13
For personal use only.

completely within the force plate were recorded. Any trial that resulted in only part of the
foot landing within the force plate was discarded. Anthropometric measures were obtained
for each participant including height, weight, limb segment length, and limb segment
circumference.
Fine-wire EMG. A pair of nylon-coated, stainless steel wires were inserted into the muscle
bellies of tibialis anterior (AT), soleus, and vastus intermedius (VI) using a 1.5-inch,
25-gauge hypodermic needle as a cannula.21 Electrode placement was conﬁrmed by
palpation of tension within the muscle belly and tendon in response to a brief electrical
stimulus passed through the wires. EMG signals were transmitted by FM-FM telemetry
(Biosentry Telemetry Inc, Torrance, CA, USA) (Model 2600), band-pass ﬁltered through an
analog ﬁlter (150–1000 Hz) and sampled and digitized at a 2500 Hz rate with a uniform gain
of 1000. EMG signals were recorded during a 5-sec manually-resisted maximal voluntary
eﬀort for each muscle prior to the walking trials. Maximal voluntary eﬀort was recorded with
the participant supine during resisted isometric contractions of either isolated movements or
massed ﬂexion or extension patterns except for soleus which was tested in standing during
the isometric portion of a single limb heel rise.
Data management
Footswitch, force plate, and EMG signals were sampled at a rate of 2500 Hz on the
acquisition computer (Digital Equipment Corporation, Cambridge, MA, USA). Raw EMG
data recorded during walking trials were full wave rectiﬁed and integrated over a 0.01 sec
processing interval. Integrated EMG data were subsequently expressed as a percentage of
the EMG recorded during a participant’s maximal voluntary eﬀort (% Max) for each percent
of the gait cycle (% GC). For muscles in which the subject lacked suﬃcient volitional control
to produce a signiﬁcant electrical signal during manual muscle testing, we used a minimum
threshold normalization value to prevent inﬂation of EMG signals during walking.22
Footswitch data were processed using the EMG-Stride Analyzer Software (B & L
Engineering, Tustin, CA, USA). Spatio-temporal parameters (speed, cadence and stride
length) were averaged across two gait trials for each test condition. Sub-phases of the gait
cycle were deﬁned based on the timing of single and double limb support for each
participant.3 The ﬁrst period of double limb support just prior to single limb stance is loading
response, preswing is the second period of double limb support. Single limb stance is
divided into two equal sub-phases, mid and terminal stance. Swing, the period of nonweight-bearing on the reference limb is divided into three equal sub-phases: initial, mid, and
terminal swing.
Kinematic data were sampled at 50 Hz on a second, time-synchronized, acquisition
computer (Digital Equipment Corporation, Cambridge, MA, USA) and were smoothed with a
6 Hz low pass ﬁlter. Kinematic data were processed with Adtech Motion Analysis Software
(Adtech Inc, Honolulu, HI, USA) to produce 3-D trajectories for each marker. The position
and orientation of each lower extremity segment were obtained and lower extremity joint
angles for each percentage of the gait cycle were determined with computer algorithms
using Euler embedded coordinates. The foot segment was deﬁned relative to the foot-sole
plane, independent of the heel of the shoe in order to reﬂect anatomical dorsiﬂexion. An
inverse dynamics model was utilized to calculate external net joint moments from force,
kinematic, and anthropometric data using linear interpolation to allow expression for each
1% of the GC. The external moments indicate that an opposing internal moment from either
muscle or passive structures is required to meet the net joint demands.
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Data analysis
All data from the shoes only condition were averaged across the three test sessions. Motion
and kinetic data analysis was limited to the sagittal plane for the knee and ankle joints. An
ensemble average of all strides (2–6) for each AFO condition was calculated from the
kinematic and kinetic data of each participant. Peak values of ankle and knee joint motion
and moments were extracted from the ensemble averaged data.
Intensity of EMG activity during walking was determined with the EMG Analyzer Software
(B & L Engineering, Tustin, CA, USA).23 The EMG Analyzer identiﬁed the relative intensity
of EMG (normalized by manual muscle test value) for each percentage of the gait cycle
where the intensity was at least 5% MAX. The average EMG intensity was calculated for
each muscle during the sub-phases of gait when each is normally active.3 Mean EMG
activity was calculated for VI from terminal swing through mid stance, soleus from loading
response through terminal stance, and AT from pre-swing through loading response.
Baseline clinical characteristics (isometric torques and spasticity scores) were compared
between participants in the neutral and moderate contracture groups with an independent
t-test using SPSS statistical software (SPSS Inc., Chicago, IL , USA). For all dependent
variables during walking, a two-way repeated-measures analysis of variance tested for
diﬀerences among the four orthosis conditions (three AFOs and shoes-only) and between
neutral and moderate contracture groups. A signiﬁcance level of p 5 0.05 was used. If a
statistically signiﬁcant interaction between orthosis condition and contracture group was
identiﬁed, simple main eﬀects testing was conducted to compare the parameters between
orthosis conditions separately for each contracture group. If a statistically signiﬁcant main
eﬀect of orthosis condition was identiﬁed, post-hoc comparisons were conducted between
each orthosis condition. A Bonferroni correction for multiple comparisons was applied to
both post-hoc comparisons and simple main eﬀects tests.

Results
Muscle strength and spasticity
Maximal isometric torques in the paretic leg were reduced compared to non-disabled
individuals for all muscle groups tested in both contracture groups (Table I). Muscle
weakness was greatest distally in both the ankle plantar ﬂexor and ankle dorsiﬂexor muscle
groups (21.2–30.0% of torques in non-disabled population). Muscle strength was similar in
the two contracture groups except for the hip extensors. Participants in the Neutral
contracture group had signiﬁcantly stronger hip extensors than those in the Moderate
contracture group (8.8 [4.6] Nm vs. 5.4 [3.2] Nm; and 46.9 [22.5] % non-disabled vs. 30.6
[17.0] % non-disabled respectively, p 5 0.05, Table I). Spasticity in the ankle plantar ﬂexors
as measured by the modiﬁed Ashworth Scale was similar in the two contracture groups with
a median value of 1.5.
Stride characteristics
Participants in the neutral group walked at a signiﬁcantly faster speed than those with a
moderate contracture in all AFO conditions (0.597 vs. 0.373 m/sec) (p ¼ 0.014) (Table II). In
the neutral group stride length was also signiﬁcantly longer (0.865 vs. 0.671 m) (p ¼ 0.023),
and there was a trend for a faster cadence in the neutral dorsiﬂexion group (78.7 vs. 63.6
steps/min), but it did not reach statistical signiﬁcance (p ¼ 0.62). There was a trend for a
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Table II. Stride characteristics – velocity (m/sec), cadence (steps/min) and stride length (m) – (Standard Deviation)
for the neutral ankle dorsiﬂexion and moderate plantar ﬂexion contracture groups.
Velocitya
Neutral
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SH
DA
PS
R

0.598
0.615
0.647
0.528

(0.28)
(0.29)
(0.35)b
(0.24)b

Stride lengtha

Cadence
Moderate

0.352
0.377
0.388
0.375

(0.22)
(0.20)
(0.20)b
(0.16)b

Neutral
79.1
80.1
81.7
73.7

(15.4)
(17.7)
(19.7)
(19.9)

Moderate
61.9
63.0
64.2
65.3

(25.6)
(22.9)
(22.3)
(19.7)

Neutral
0.869
0.879
0.892
0.818

(0.260)
(0.279)
(0.370)
(0.213)

Moderate
0.629
0.682
0.696
0.675

(0.201)
(0.191)
(0.186)
(0.171)

SH, shoes only; DA, dorsi-assist; PS, plantar ﬂexion stop; R, rigid AFO. aSigniﬁcant main eﬀect of group; bnot
signiﬁcant after adjustment for multiple comparisons.

faster walking speed in the plantar stop AFO compared to the Rigid AFO, but it did not reach
statistical signiﬁcance (p ¼ 0.55). There were no eﬀects of AFO condition on cadence or
stride length for either group.
Motion
Participants with a moderate plantar ﬂexion contracture had a signiﬁcantly greater plantar
ﬂexion angle at initial contact, less dorsiﬂexion in stance and mid swing, and a reduced knee
ﬂexion angle at initial swing compared to those in the neutral group (Table III, Figures 2
and 3). All three AFOs increased ankle dorsiﬂexion in mid swing and at initial contact, and
reduced plantar ﬂexion during loading response compared to shoes only for both
contracture groups (Table III, Figure 2). All three AFOs increased ankle dorsiﬂexion to a
similar extent in mid swing compared to shoes only (an increase of 5–68 for the neutral
group and 9–118 for the moderate contracture group). During Loading Response, however,
the DA-DS orthosis allowed more plantar ﬂexion than both the PS and Rigid orthoses.
We found a signiﬁcant interaction between the eﬀects of AFO condition and contracture
group for peak ankle dorsiﬂexion angle in stance (Table III). For the moderate contracture
group peak ankle dorsiﬂexion in stance was greater in the DA-DS and PS AFOs compared
with shoes only (6.6 and 7.1 vs. 3.28). Peak ankle dorsiﬂexion in stance also was greater in
the PS AFO compared with the Rigid AFO (7.1 vs. 4.68). In the neutral group there was a
signiﬁcant eﬀect of AFO condition on peak ankle dorsiﬂexion in stance (p ¼ 0.008). Peak
ankle dorsiﬂexion was greater in the PS AFO compared with the Rigid AFO (15.7 vs. 9.38),
but this did not reach statistical signiﬁcance after adjustment for multiple comparisons. Peak
ankle plantar ﬂexion in pre-swing was reduced in all three AFOs compared to shoes only for
both groups.
At the knee, all three AFOs led to increased knee ﬂexion at initial contact and loading
response compared to shoes only for both groups. In addition, both the PS and Rigid
AFO allowed greater knee ﬂexion in loading response than the DA-DS AFO (Table III and
Figure 3).
There was a signiﬁcant interaction between the eﬀects of AFO condition and contracture
group for both peak knee extension angle in stance and peak knee ﬂexion angle in
swing (Table III). In the moderate contracture group, PS and Rigid AFOs reduced knee
hyperextension during stance compared to the shoe condition (0.4 and 0.8 vs. 75.78). Peak
knee ﬂexion in swing, however, was not aﬀected by AFO condition. For the neutral group
knee extension in stance was not aﬀected by AFO condition. There was a signiﬁcant eﬀect
of AFO condition on peak knee ﬂexion in swing, however, for the neutral group (p ¼ 0.017).

(6)
8.5
9.4c,e (6)
12.2c,f (6)
10.7 (10)c

d,e,f

Neutral

5.1
(10)
7.1c,e (9)
9.1c,f (9)
9.6c (9)

d,e,f

Moderate

Knee ﬂexion
Initial contact

712.5f,d,e (5)
75.3c,d (5)
73.6c (4)
71.4c,f (3)

76.0d,e,f (8)
70.1c,d (7)
1.8c (5)
2.0c,f (3)

713.7d,e,f (6)
78.0c,d,e (4)
76.2c,f (4)
73.6c,f (3)

Moderate

16.2
(11)
17.4c,d,e (9)
20.3c,f (9)
19.4c,f (9)

d,e,f

Neutral
8.3
(12)
11.7c,d,e (9)
13.5c,f (11)
14.9c,f (10)

d,e,f

Moderate

Knee ﬂexion
Loading response

710.0d,e,f (5)
75.8c,d,e (5)
72.1c,f (4)
71.2c,f (4)

Neutral

Ankle plantar ﬂexion Loading
response

3.2e,f (7)
6.6c (6)
7.1c,d (6)
4.6e (4)

Moderate

6.9
6.3
6.8
3.7

(13)
(13)
(15)
(11)

Neutral
75.7 (15)
73.6 (13)
70.4c (12)
0.8c (12)

d,e

Moderate

Knee extension
Single limb stancea

13.9 (9)
13.0 (9)
15.7g (9)
9.3g (4)

Neutral

Ankle dorsiﬂexion Single
limb stancea,b

72.2d,e,f (9)
3.1c (7)
4.0c (4)
3.8c (4)

Neutral

75.6d,e,f (8)
71.5c (5)
70.9c (4)
70.2c (5)

Moderate

Ankle plantar ﬂexion
Pre-swingb

710.5d,e,f (7)
71.5c (6)
70.9c (5)
0.4c (3)

Moderate

37.3 (16)
37.5 (16)
39.7g (15)
32.3g (11)

Neutral

22.7
23.8
25.2
24.8

(13)
(11)
(11)
(11)

Moderate

Knee ﬂexion
Swinga,b

71.9d,e,f (10)
4.0c (8)
5.7c (6)
3.4c (3)

Neutral

Ankle dorsiﬂexion Swingb

SH, shoes only; DA, dorsi-assist; PS, plantar ﬂexion stop; R, rigid AFO. aSigniﬁcant interaction between group and brace; bsigniﬁcant main eﬀect of group; csigniﬁcantly
diﬀerent than shoes; dsigniﬁcantly diﬀerent than rigid; esigniﬁcantly diﬀerent than plantar stop; fsigniﬁcantly diﬀerent than dorsi-stop/dorsi-assist; gnot signiﬁcant after
adjustment for multiple comparisons. Positive numbers ¼ ﬂexion/dorsiﬂexion. Negative numbers ¼ extension/plantar ﬂexion.

SH
DA
PS
R

SH
DA
PS
R

Moderate

Neutral

Ankle dorsiﬂexion Initial contactb

Table III. Peak ankle and knee motion – degrees (Standard Deviation) for the neutral ankle dorsiﬂexion and moderate plantar ﬂexion contracture groups.
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Figures 2. (A) and (B). Mean ankle motion curves for the Neutral (A) and Moderate contracture (B) groups. Positive
values ¼ dorsiﬂexion and negative values ¼ plantar ﬂexion. Shoes only curves are depicted with grey dotted line,
Rigid AFO curves in solid black line, DA-DS AFO curves in solid grey line, and PS AFO curves in dashed black line.
The vertical lines indicate the end of stance and beginning of swing. Ankle dorsiﬂexion in mid swing, initial contact,
and loading response was increased in all three AFOs compared to shoes only in both groups. Ankle dorsiﬂexion in
terminal stance was greater in the PS AFO than in both shoes only and Rigid AFO in the moderate contracture
group (B). For the neutral group ankle dorsiﬂexion in terminal stance was greater in the PS AFO than in the Rigid
AFO (A).

Figures 3. (A) and (B). Mean knee motion curves for the Neutral (A) and Moderate contracture (B) groups. Positive
values ¼ ﬂexion and negative values ¼ hyperextension. Shoes only curves are depicted with grey dotted line, Rigid
AFO curves in solid black line, DA-DS AFO curves in solid grey line, and PS AFO curves in dashed black line. The
vertical lines indicate the end of stance and beginning of swing. Knee ﬂexion at initial contact and loading response
was greatest in the Rigid and PS AFO, intermediate in the DA-DS AFO, and lowest in shoes only in both contracture
groups. Knee extension in terminal stance was greater in shoes only than in both the PS AFO and Rigid AFO in the
moderate contracture group (B). For the neutral dorsiﬂexion group knee ﬂexion in swing was greater in the PS AFO
than in the Rigid AFO (A).

Peak knee ﬂexion in swing was reduced in the Rigid AFO compared to the PS AFO (32.3 vs.
39.78), but this did not reach statistical signiﬁcance after adjustment for multiple
comparisons.
Moments
Moments at the ankle were aﬀected by AFO condition, but not by ankle mobility. For
participants in both groups ankle plantar ﬂexion moments at loading response were greater
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in all three AFO conditions compared with shoes (Table IV, Figure 4). The greatest plantar
ﬂexion moment occurred in the Rigid AFO for both groups. At terminal stance the PS AFO
resulted in a signiﬁcantly greater DF moment than the Rigid AFO and shoe conditions for
both groups.
At the knee the ﬂexion moment in loading response was greater in the neutral group than
in the moderate contracture group for all AFO conditions (Table IV, Figure 5). The Rigid
AFO resulted in a signiﬁcantly greater knee ﬂexion moment in loading than the shoe
condition for both contracture groups. There was a signiﬁcant interaction between the
eﬀects of contracture group and AFO condition for the peak knee extension moment in
stance. For the moderate contracture group only, the Rigid AFO resulted in a lower peak
knee extension moment in stance than in both PS AFO and shoes only conditions (70.11
vs. 70.24 and 70.29 Nm/kgm).

Table IV. Peak ankle and knee moments – Nm/kgm (Standard Deviation) for the neutral ankle dorsiﬂexion and
moderate plantar ﬂexion contracture groups.
Ankle plantar ﬂexion
Loading response
Neutral
SH
DA
PS
R

70.00d,e,f
70.05c,d
70.08c,d
70.14c,f

Ankle dorsiﬂexion
Single limb stance

Moderate

(0.1) 0.01d,e,f
(0.1) 70.05c,d
(0.1) 70.06c,d
(0.1) 70.15c,f

(0.1)
(0.1)
(0.1)
(0.1)

Neutral
0.60e
0.69
0.77c,d
0.54e

(0.3)
(0.4)
(0.4)
(0.3)

Moderate
0.43e
0.52
0.59c,d
0.46e

(0.3)
(0.4)
(0.3)
(0.3)

Knee ﬂexion
Loading responseb
Neutral

Moderate

0.30d (0.3)
0.33 (0.2)
0.35 (0.3)
0.38c (0.2)

0.08d (0.2)
0.11 (0.2)
0.11 (0.1)
0.26c (0.2)

Knee extension
Single limb stancea
Neutral
70.01
70.03
70.09
70.11

(0.3)
(0.3)
(0.4)
(0.2)

Moderate
70.29d
70.27
70.24d
70.11c,e

(0.3)
(0.3)
(0.2)
(0.3)

SH, shoes only; DA, dorsi-assist; PS, plantar ﬂexion stop; R, rigid AFO. aSigniﬁcant interaction between group and
brace; bsigniﬁcant main eﬀect of group; csigniﬁcantly diﬀerent than shoes; dsigniﬁcantly diﬀerent than rigid;
e
signiﬁcantly diﬀerent than plantar stop; fsigniﬁcantly diﬀerent than dorsi-stop/dorsi-assist. Positive numbers ¼
ﬂexion/dorsiﬂexion. Negative numbers ¼ extension/plantar ﬂexion.

Figures 4. (A) and (B). Mean external ankle moment curves for the Neutral (A) and Moderate contracture (B)
groups. Positive values ¼ dorsiﬂexion and negative values ¼ plantar ﬂexion. Shoes only curves are depicted with
grey dotted line, Rigid AFO curves in solid black line, DA-DS AFO curves in solid grey line, and PS AFO curves in
dashed black line. The vertical lines indicate the end of stance and beginning of swing. Ankle plantar ﬂexion
moment in loading was greatest in the Rigid, intermediate in the PS and DA-DS AFOs, and lowest in shoes only in
both contracture groups. Ankle dorsiﬂexion moment in terminal stance was greater in the PS AFO than in both
shoes only and Rigid AFO in both groups.
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There were no diﬀerences between the neutral and moderate contracture groups in EMG
intensity of the three muscles studied. For both groups, walking in the PS orthosis produced
greater soleus EMG activity compared to the DA-DS orthosis (48.0 vs. 30.4% max for the
neutral group and 27.4 vs. 19.1% max for the moderate contracture group). Additionally,
EMG intensity in AT was lower in the PS AFO compared to the shoes only and DA-DS
conditions (8.5 vs. 14.2 and 14.5% max averaged across groups) (Table V). VI EMG
intensity was not diﬀerent between groups or AFO conditions.
Discussion
In this study, walking with an AFO had a minimal impact on self-selected gait speed
compared to walking without an orthosis in individuals with hemiparesis after stroke. For

Figures 5. (A) and (B). Mean external knee moment curves for the Neutral (A) and Moderate contracture (B) groups.
Positive values ¼ ﬂexion and negative values ¼ extension. Shoes only curves are depicted with grey dotted line,
Rigid AFO curves in solid black line, DA-DS AFO curves in solid grey line, and PS AFO curves in dashed black line.
The vertical lines indicate the end of stance and beginning of swing. Knee ﬂexion moment in loading response was
greater in the Rigid AFO than in shoes only in both groups. Knee extension moment in terminal stance was greater
in shoes only and the PS AFO than in the Rigid AFO in the moderate contracture group only.

Table V. Mean electromyographic (EMG) activity for vastus intermedius (VI), soleus (SOL), and anterior tibialis (AT)
muscles – % of max MMT (Standard Deviation) for the neutral ankle dorsiﬂexion and moderate plantar ﬂexion
contracture groups.
VI EMG
Neutral
SH
DA
PS
R

32.3
33.2
30.5
27.5

(17.8)
(21.1)
(17.4)
(22.8)

SOL EMG

Moderate
21.8
26.6
20.8
22.7

(17.9)
(22.1)
(18.8)
(20.8)

Neutral
32.9 (24.6)
30.4b (26.1)
48.0c (28.1)
30.0 (20.5)

AT EMG

Moderate
23.3
19.1b
27.4c
33.0

(18.2)
(16.9)
(23.4)
(26.9)

Neutral
15.8b
17.3b
8.2c,a
15.9

(12.1)
(15.6)
(6.8)
(12.1)

Moderate
13.4b
13.0b
8.7c,a
10.5

(10.5)
(11.4)
(11.6)
(11.9)

SH, shoes only; DA, dorsi-assist; PS, plantar ﬂexion stop; R, rigid AFO. aSigniﬁcantly diﬀerent than shoes;
b
signiﬁcantly diﬀerent than plantar stop; csigniﬁcantly diﬀerent than dorsi-stop/dorsi-assist. Positive numbers ¼
ﬂexion/dorsiﬂexion. Negative numbers ¼ extension/plantar ﬂexion.
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those with neutral or greater ankle dorsiﬂexion mobility, the Rigid AFO reduced gait speed in
some, but not all, participants. Previous studies also showed only clinically modest
increases in speed while walking both in a Rigid AFO (0.03–0.09 m/sec)7–9,11 and a PS AFO
(0.04–0.07 m/sec)14,15 after stroke.
The primary impact of the AFOs was improved ankle position. Compared to walking in
shoes only, all three AFOs corrected the excess plantar ﬂexion during swing which allowed
improved foot clearance, and increased dorsiﬂexion at initial contact as expected and
consistent with previous studies.7–9,11,14,15 Signiﬁcant clinical diﬀerences between the four
AFO conditions were demonstrated at key points during loading response, single limb
support, and early swing.
In loading response, the normal movement into plantar ﬂexion was restricted in both the
Rigid and the PS AFOs compared to the DA-DS orthosis and shoe-only conditions. The
restricted plantar ﬂexion mobility caused signiﬁcantly higher knee ﬂexion motion in both
the PS and Rigid AFOs than in the other two conditions as the tibia rotated forward in
concert with the foot approaching the ﬂoor. Higher ankle plantar ﬂexion moments also
occurred during loading response in both of the orthoses that limited plantar ﬂexion motion.
Knee ﬂexion moments in loading, however, were higher only in the Rigid AFO, compared to
the shoes only condition. This increase in knee ﬂexion motion and moments with restriction
of plantar ﬂexion mobility in loading is also consistent with prior studies, with the magnitude
of increased demand at the knee corresponding to the extent of plantar ﬂexion rigidity.10–
13,24,25
Contrary to our hypothesis, an increase in EMG intensity of the vastus intermedius
muscle was not seen with either the Rigid or PS AFO. This may have been due to excessive
knee ﬂexion occurring in all four conditions during initial contact and loading with moderate
to high EMG intensity of the vastus intermedius muscle. Individuals with quadriceps
weakness also may have reduced the demand at the knee by either leaning forward at the
hip to decrease the knee ﬂexion moment or by increasing activation of gluteus maximus to
increase the posterior force on the femur.3
During single limb support, the eﬀect of AFOs diﬀered depending on the presence or
absence of an ankle plantar ﬂexion contracture. For those with a moderate plantar ﬂexion
contracture, restraint of the tibia was greatest in the shoes only condition. The increased
forward velocity of the tibia created by the PS and Rigid AFOs in loading continued into
single limb support increasing ankle dorsiﬂexion motion and reducing the knee
hyperextension that occurred while walking in shoes only. This correction of knee
hyperextension in stance with a plantar-stopped AFO was also noted by Fatone and
colleagues.15 The DA-DS AFO also improved dorsiﬂexion in stance compared to the shoes
only condition for those with a moderate contracture.
For those participants without an ankle plantar ﬂexion contracture, there was no passive
tibial restraint. The Rigid AFO limited ankle dorsiﬂexion in stance compared to the PS AFO.
Though the normal position of the ankle in terminal stance is 108 of dorsiﬂexion with the heel
raised, some excess dorsiﬂexion is thought to be advantageous for individuals with mild-tomoderate, but not severe, ankle plantar ﬂexor and knee extensor weakness after stroke.22
In these individuals calf strength is inadequate to allow heel rise and excess dorsiﬂexion
provides forward progression of body weight, and facilitates contralateral limb step-length.
In individuals with more marked calf and quadriceps weakness, restriction of dorsiﬂexion,
either with a Rigid orthosis or a dorsiﬂexion stop is required to prevent collapse into knee
ﬂexion and marked dorsiﬂexion.3,22,26,27
The extent of tibial restraint from the AFOs during terminal stance aﬀected peak knee
ﬂexion in swing for individuals without an ankle plantar ﬂexion contracture. Excessive
restraint of the tibia while walking with the Rigid AFO inhibited both dorsiﬂexion in stance
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and knee ﬂexion in swing compared to that in the unrestrained, PS AFO. This restriction of
ankle and knee motion likely contributed to the trend for slower walking velocity in the Rigid
AFO compared to the PS AFO for participants without a plantar ﬂexion contracture.
EMG intensity of the ankle muscles was aﬀected by AFO design. Soleus EMG was
increased in the PS AFO in both contracture groups in an attempt to control the unrestrained
dorsiﬂexion motion that followed the forward acceleration of the tibia in loading. The
dorsiﬂexion restraint of the DA-DS and Rigid AFOs, however, did not reduce the intensity of
soleus EMG compared to walking in shoes only. The demand of controlling the forward
progression of body weight over the ankle was not suﬃciently reduced to decrease the need
for soleus activity.22 This ﬁnding is in agreement with Beekman and colleagues who also
documented that soleus EMG intensity was unaﬀected by dorsiﬂexion stopped AFOs in
persons with incomplete spinal cord injury.28 AT EMG intensity was decreased (compared
to the shoes only condition) in the PS AFO but not in the Rigid AFO. The increased
dorsiﬂexion in stance combined with passive support of the foot in swing reduced the need
for AT activity in the PS AFO. In the Rigid AFO, AT activity began in late stance to facilitate
peak dorsiﬂexion in response to the limited mobility of the orthosis. The support of the foot in
swing by the Rigid AFO was not suﬃcient to reduce the overall intensity of AT activity.
These results diﬀer from those of Hesse et al.12 and Geboers et al.29 who observed
decreased AT intensity during walking with a Rigid AFO in participants with stroke and with
peripheral dorsiﬂexion weakness respectively.
There were several limitations to this study. Only the paretic leg was evaluated and only
kinematic and kinetic variables in the sagittal plane of the ankle and knee were examined.
Only two strides of kinetic data were collected in each condition for each participant to
minimize fatigue from repeated attempts to cleanly strike the force plate. Additionally,
normalization of EMG to a maximal volitional contraction in persons with upper motor
neuron disorders required that we test participants using a resisted isometric contraction
during either isolated movements or mass patterns to elicit a maximal contraction. A
minimum threshold normalization value was used for muscles that did not exhibit signiﬁcant
electrical activity during voluntary contraction. Finally, the small sample size increased the
possibility of a type II statistical error limiting the ability to detect true changes, particularly
for those in the neutral group, where several comparisons between AFO conditions failed to
reach statistical signiﬁcance after correction for multiple comparisons.
Conclusion
An individual’s passive range of ankle joint motion is an important consideration for selection
of the most appropriate AFO design after stroke. Both rigid and articulating AFO designs
improved ankle ﬂexion in swing and initial contact regardless of passive ankle mobility,
though only the PS AFO diminished AT activity. The restriction of plantar ﬂexion in loading
by both the PS and Rigid AFOs increased knee ﬂexion motion, but only the Rigid orthosis
increased the knee ﬂexion moments. Consequently, individuals with quadriceps weakness
may more easily tolerate an AFO with plantar ﬂexion mobility in loading. Overall, the Rigid
AFO impeded walking ability for participants with normal ankle range of motion. Both ankle
dorsiﬂexion in stance and knee ﬂexion in swing were restricted in the Rigid AFO and walking
speed was reduced. The PS and Rigid AFOs corrected knee hyperextension in participants
with a moderate ankle plantar ﬂexion contracture. The PS AFO permitted the largest
excursion of dorsiﬂexion in stance, but also elicited increased soleus EMG regardless of
contracture status. This may be an important factor in level of daily activity and fatigue. The
DA-DS AFO was intermediate in its eﬀect on walking, providing some restraint of the tibia in
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single limb support that encouraged tibial advancement while stabilizing the tibia in a
position of moderate dorsiﬂexion. Future studies are needed to identify the impact of AFO
design on endurance and daily activities.
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