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Background: Passive-dynamic ankle-foot orthoses are commonly prescribed to augment impaired ankle muscle
function, however their design and prescription are largely qualitative. One design includes a footplate and
cuff, and flexible strut connecting the two. During gait, deflection occurs along the strut, with the greatest deflec-
tion at a central bending axis. The vertical location of the axis can affect lower extremity biomechanics. The goal
of this study was to investigate the influence of bending axis location on gait performance.
Methods: For thirteen participants with unilateral anklemuscle weakness, an additivemanufacturing framework
was used to fabricate passive-dynamic ankle-foot orthosis strutswith central and off-center bending axes. Partic-
ipantswalked overgroundwhile electromyographic, kinetic and kinematic datawere collected for three different
bending axes: proximal (high), central (middle) and distal (low), and the participants indicated their order of
bending axis preference after testing. Gaitmeasures and preference effect sizeswere examinedduring six regions
of the gait cycle.
Findings: A few differences between bending axes were observed: in the first double-leg support peak
plantarflexion angle, peak dorsiflexion moment and positive hip work, in the early single-leg support peak
knee extension moment and positive ankle and knee work, and in the late single-leg support gastrocnemius
activity and vertical ground reaction force impulse. In addition, preference was strongly related to various gait
measures.
Interpretation: Despite the observed statistical differences, altering bending axis location did not produce large
and consistent changes in gait performance. Thus, individual preference and comfort may be more important
factors guiding prescription.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
PD-AFOs
Limb salvage
Selective laser sintering
Gait
Biomechanics
1. Introduction

Recent military conflicts have resulted in a cohort of young, active
individuals who have experienced traumatic injuries (Owens et al.,
2007). Many injuries are the result of high energy blasts, frequently oc-
curring at the foot or ankle (Tintle et al., 2010). As a result of surgical ad-
vancements, these injuries can often be treated with limb salvage
procedures as opposed to amputation (Shawen et al., 2010). However,
due to extensive musculoskeletal or neuromuscular injury, deficits in
ankle strength andmobilitymaypersist post-surgery and often an assis-
tive device, such as an orthosis, is needed to help restore function.
Passive-dynamic ankle-foot orthoses (PD-AFOs) are commonly pre-
scribed to augment impaired anklemuscle function and restorewalking
Engineering, The University of
ustin, TX 78712-1591, USA.
ne).
ability in individuals with various lower-limb mobility impairments
by providing elastic energy storage and return. Previous studies have
demonstrated the beneficial effects of PD-AFOs on individuals with
gait limitations (Desloovere et al., 2006; Patzkowski et al., 2012; Van
Gestel et al., 2008), and have specifically examined the influence of
PD-AFO stiffness on gait performance (Arch and Stanhope, 2015;
Haight et al., 2015; Harper et al., 2014a; Russell Esposito et al., 2014)
and energy cost (Bregman et al., 2011). However, the design and pre-
scription process remains largely qualitative and modifications to PD-
AFO design characteristics other than stiffness may be advantageous.

One PD-AFO design includes a molded footplate, cuff below the
knee, and strut directly connecting the two (e.g., Fig.1a) (Patzkowski
et al., 2011). During walking, deflection occurs along the length of the
strut, with the location of greatest deflection or bending axis occurring
at the center. Sumiya et al. (1997) observed that the AFO instantaneous
center of rotation (representing the axis of a hingeless AFO as deter-
mined by AFO deformation) was located at the level of the ankle joint
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Fig. 1. Passive-dynamic ankle-foot orthosis (PD-AFO): a) PD-AFO with the prescribed carbon fiber strut, b) with the proximal (high) bending axis SLS strut, c) with the central (middle)
bending axis SLS strut, and d) with the distal (low) bending axis SLS strut.
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during plantarflexion movements and was located even more distally
for dorsiflexionmovements. Thus, PD-AFO bending axis location is a de-
sign characteristic thatmay potentially influence anklemechanics, yet it
has been largely uninvestigated.

The alignment of the PD-AFO bending axis with the natural ankle
joint may be beneficial for improving gait mechanics. Previous studies
have examined the influence of AFO and physiological joint alignment
in articulated AFOs, suggesting that alignment of the AFO joint with
the natural ankle joint minimizes spatiotemporal and foot kinematic
deviations from barefoot walking (Leardini et al., 2014) and results in
minimal resistance torque (Gao et al., 2011). This finding has also
been observed in articulated external fixations of the ankle (Bottlang
et al., 1999). In addition, research has shown thatmisalignment of artic-
ulated AFOswith the ankle joint can lead to increases in cuff movement
(Fatone and Hansen, 2007; Fatone et al., 2016), which may cause
patient discomfort by generating skin and underlying tissue irritation
on the shank.

To systematically study the effect of individual PD-AFO design
characteristics, the ability to effectively replicate the features of clinical
devices andmanipulate their design is required. To address this need, an
additive manufacturing framework was previously developed using
selective laser sintering (SLS) (Harper et al., 2014b). SLS is an ideal addi-
tive manufacturing technique that can be used to efficiently fabricate
customized, functional devices with precisely controlled design charac-
teristics. SLS has previously been used to manufacture PD-AFOs
(Faustini et al., 2008; Harper et al., 2014a; Schrank and Stanhope,
2011), and prosthetic sockets (Faustini et al., 2006; Rogers et al.,
2007), feet (Fey et al., 2011; South et al., 2010) and ankles (Ventura
et al., 2011a, 2011b). In addition, PD-AFO components manufactured
Table 1
Participant demographics. R indicates right side impairment, L indicates left side impairment. E

Participant Age (yr) Height (m) Body mass (kg)

1 30 1.75 79.1
2 30 1.76 78.2
3 36 1.78 75.5
4 22 1.64 80.3
5 27 1.82 92.9
6 36 1.95 82.2
7 26 1.86 110.4
8 33 1.77 90.7
9 36 1.76 83.6
10 21 1.75 88.3
11 22 1.97 99.5
12 25 1.69 91.4
13 40 1.77 90.8
Average 29.54 1.79 87.92
Std Dev 6.28 0.09 9.70
using SLS have been shown to influence gait performance in the same
manner as clinically prescribed carbon fiber PD-AFOs (Harper et al.,
2014b). Thus, SLS provides an ideal method to systematically alter the
PD-AFO bending axis location.

The overall goal of this studywas to use SLS tomanufacture PD-AFOs
with systematically varied bending axes and quantify the effect of the
axis location on spatiotemporal, electromyographic, kinematic and ki-
netic measures. We hypothesize that subjects will prefer a more distal
bending axis, which is located closer to the physiological ankle joint,
and that this preference will correspond to improvements in biome-
chanical gait measures (i.e., closer to able-bodied). Insights gained by
investigating the relationships between PD-AFO bending axis location
and gait performance will help identify the bending axis condition
that results in the most normalized gait mechanics. This information
can then be used to develop prescription guidelines for PD-AFOs to en-
hance locomotor function and rehabilitation outcomes.

2. Methods

2.1. Subjects

A repeated-measures study design was used to compare across
strut conditions. Thirteen participants who had experienced lower ex-
tremity trauma resulting in unilateral ankle muscle weakness and
were undergoing rehabilitation at the Center for the Intrepid (Brooke
Army Medical Center, JBSA Fort Sam Houston, TX) were enrolled in
this study (Table 1). Each participant was clinically prescribed a PD-
AFO (Intrepid Dynamic Exoskeletal Orthosis, Patzkowski et al., 2011).
All participants provided institutionally-approved written informed
tiology as determined by medical assessment and record review.

Leg length (m) Affected side (R/L) Etiology

0.95 L Tibia/fibula fracture
0.98 L Tibia/fibula fracture
0.99 L Talar fracture, shrapnel
0.91 R Shrapnel
0.98 R Neuropathy
1.11 L Multiple fractures, shrapnel
1.01 R Soft tissue injury, neuropathy
0.98 L Tibia fracture
0.93 R Multiple fractures
0.94 L Shrapnel, foot fracture
1.07 L Tibia/fibula fracture
0.90 R Soft tissue injury, neuropathy
0.98 R Neuropathy
0.98
0.06
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consent prior to participation in this study and all data collection took
place at the Military Performance Laboratory at the Center for the
Intrepid.

2.2. SLS AFO fabrication

The clinically prescribed carbon fiber PD-AFO consisted of three
components: a footplate, cuff and a strut connecting the footplate and
cuff (Fig. 1a). In this study, a strut emulating the prescribed carbon
fiber strut stiffness with a central bending axis was manufactured for
each subject using Nylon 11 (PD D80-ST, Advanced Laser Materials,
LLC, Temple, TX, USA) with SLS (Vanguards HiQ/HS Sinterstation, 3D
Systems, Inc., Rock Hill, SC, USA). A previously described SLS framework
for designing and manufacturing the strut was used and summarized
here (Harper et al., 2014b). The stiffness of the prescribed carbon fiber
strut was determined through mechanical testing in a three-point-
bend configuration with a support span of 160 mm and a maximum
load of 890 N (5000 N uniaxial load cell, Instron, Norwood, MA, USA).
Computer aided design (Solidworks, Dassault Systèmes Solidworks
Corp., Waltham, MA, USA) and a predictive stiffness model were used
to design each SLS strut. Manufactured SLS struts were subsequently
tested in the same three-point-bend configuration to verify the stiffness
matched the prescribed carbon fiber strut within 5%.

The design and manufacture of an SLS strut possessing an off-center
bending axiswas performed using similarmethods. The SLS strut design
with a central bending axis was altered to offset the bending axis by
decreasing the cross-sectional area of the strut, centered at 30% of the
inner bolt hole-to-bolt hole distance from the center of the strut
(Fig. 1b). The cross-sectional area of the strut was decreased using a
2.54 cm (1 in.) radius circular extrusion in the posterior half of the
strut thickness. The cross-sectional area alteration was selected in
order to bias the bending axis of the strut while minimizing stress con-
centrations. Finite element analyses were performed to adjust the al-
tered SLS strut thickness to match the prescribed strut stiffness.
Manufactured SLS struts were similarly tested in a three-point-bend
configuration using a variable support span (the inner bolt hole-to-
bolt hole distance) and a maximum load of 890 N (100 kN uniaxial
load cell, MTS ReNew/Instron, Eden Prairie, MN, USA) to verify the stiff-
ness. Adequate part strength and ductility were verified through
the testing of SLS tensile specimens (5000 N uniaxial load cell, Instron,
Norwood, MA, USA).

2.3. Experimental data collection

Participants performedovergroundwalking trialswhile electromyo-
graphic (EMG), kinematic and kinetic data were collected. Participants
were tested under three PD-AFO bending axis conditions: proximal
bending axis (high), central bending axis (middle) and distal bending
axis (low) (Fig. 1b-d). The SLS strut manufactured with an off-center
Fig. 2. Six regions of the gait cycle: 1) first double-leg support, 2) early single-leg support, 3)
bending axis was used for both the high and low bending axis condi-
tions, and strut orientation determined the bending axis location. The
order of device testing was randomized, and participants were given a
minimum of 30 min acclimation time to each PD-AFO bending axis
condition prior to testing. Flexible lead tape (Clubmaker™, Golf Smith,
Austin, TX, USA) was added along the length of each strut as needed
to ensure equivalent PD-AFOmasses across the bending axis conditions
without altering strut bending stiffness.

For each of the bending axis conditions, participants performed
overground walking at both their self-selected and Froude (0.16)
(Vaughan and O'Malley, 2005) speeds. Surface EMG data (Motion Labo-
ratory Systems, Inc., Baton Rouge, LA, USA) were collected at 1200 Hz
bilaterally from seven muscles: soleus (SOL), medial gastrocnemius
(GAS), tibialis anterior (TA), rectus femoris (RF), biceps femoris long
head (BF), vastus medialis (VAS) and gluteus medius (GMED). Three-
dimensional (3D) kinematics were collected at 120 Hz using a 26 cam-
eramotion capture system (Motion Analysis Corp., Santa Rosa, CA, USA)
and a 6 degree-of-freedom body segment marker set with 57 markers
(Wilken et al., 2012). Ground reaction forces (GRFs) were collected at
1200Hzusing force plates (AMTI, Inc.,Watertown,MA, USA) embedded
along the walkway. After all sessions were completed, participants
indicated their ranked-order preference of the PD-AFO bending axis
conditions.

2.4. Data processing

2.4.1. Electromyography
Initial EMG processing was performed in Visual3D (C-Motion, Inc.,

Germantown, MD, USA). EMG data were demeaned, filtered using a
bandpass filter (cutoff frequencies of 20 Hz, 400 Hz), smoothed with a
50 ms sliding RMS window and time-normalized to a full gait cycle.
Five full gait cycles for both the PD-AFO and non-PD-AFO limb were
exported for additional processing and analysis. In Matlab (Mathworks,
Inc., Natick, MA, USA), EMG magnitudes were normalized by the peak
value observed during the Froude speed condition for a given data col-
lection session (Yang and Winter, 1984), and integrated EMG (iEMG)
quantities were computed as the time integral of processed EMG data
for each individual muscle. The iEMG quantities for each muscle were
calculated within six regions of the gait cycle (Fig. 2): 1) first double-
leg support, 2) early single-leg support, 3) late single-leg support, 4) sec-
ond double-leg support, 5) early swing, and 6) late swing. The iEMG
quantities were averaged across gait cycles and normalized by the full
gait cycle iEMG for the middle bending axis condition.

2.4.2. Kinematics and kinetics
In Visual3D, a 13-segment model was created and scaled by both

participant mass and height. Model joint centers and coordinate sys-
tems were defined via 20 bilateral anatomical landmarks, defined
through a digitization process in accordance with the International
late single-leg support, 4) second double-leg support, 5) early swing, and 6) late swing.
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Society of Biomechanics standards (Grood and Suntay, 1983; Wu and
Cavanagh, 1995; Wu et al., 2002). 3D kinematic and analog data were
interpolated using a cubic polynomial and filtered with a low-pass,
4th-order Butterworth filter (cutoff frequencies of 6 and 50 Hz, respec-
tively). Euler angles were used to determine the joint kinematics and
pelvis, hip, knee, and ankle kinematics were defined using Cardan rota-
tion sequences (Baker, 2001; Grood and Suntay, 1983; Wu et al., 2002).
Inverse dynamics were used to compute intersegmental joint moments
and powers, which were normalized by subject mass, and GRF data
were normalized by subject weight. GRF data in addition to joint kine-
matics, moments and powers were time normalized to a full gait cycle
and five full gait cycles for each limb were exported for additional pro-
cessing and analysis.

In subsequent processing and analysis in Matlab, changes in PD-AFO
strut alignment between data collection sessions were normalized by
subtracting the unloaded ankle angle during swing from the PD-AFO
limb ankle angle across the full gait cycle. Peak joint kinematic and
kinetic quantities were identified and GRF impulses and joint work
were computed as the time integrals of GRFs and joint powers, respec-
tively, during each of the six regions of the gait cycle (Fig. 2) and aver-
aged across all gait cycles.

2.5. Statistical analyses

To determine the influence of PD-AFO bending axis location, differ-
ences in biomechanical measures were analyzed using two-way (bend-
ing axis condition, limb) repeated-measures ANOVAs using SPSS (IBM
Corp, Armonk, NY, USA). Significant bending axis conditionmain effects
and bending axis condition ∗ limb interaction effects were adjusted
using a Huynh–Feldt correction for sphericity violations and examined
using post-hoc pairwise comparisons with a Bonferonni correction for
multiple comparisons. The unadjusted criterion for statistical signifi-
cance was set at p b 0.05. Significant pairwise comparisons between
bending axis conditions for peak joint angles and moments were com-
pared to previously-published minimal detectible change values calcu-
lated from data collected using identical methodology (Wilken et al.,
2012).

In addition, a separate effect size analysis was conducted to assess
the percent of variance in gait measures accounted for by participant
PD-AFO bending axis preference (Cohen, 2013). Eta-squared calcula-
tions were performed using a general linear model in SPSS with prefer-
ence as the fixed factor, and gait measures as the dependent variables.
The measure of association was considered to be large for η2 N 0.26,
and values of η2 N 0.50 were additionally noted to highlight gait mea-
sures for which over half of the variance can be accounted for by
preference.

3. Results

Of the thirteen participants, four participants preferred the low
bending axis, seven preferred the middle bending axis, and two pre-
ferred the high bending axis. The average walking speed was 1.32 (SD
0.07) m/s for their self-selected speed, and 1.25 (SD 0.05) m/s for
their Froude speed. Similar trends across all variables were observed
at their self-selected and Froude speeds, and thus the results for the
Froude speed are included as Supplemental Material and the results
for the self-selected walking speed are presented below. Further, there
were no significant differences in walking speed, stride length and
stride width across the bending axis conditions at either the self-
selected or Froude speed.

3.1. iEMG

In Region 3, the bending axis location influenced GAS (bending axis
main effect, p=0.040; bending axis ∗ limb interaction effect, p=0.043)
and TA (bending axis ∗ limb interaction effect, p = 0.047) activity
(Fig. 3). For GAS, iEMG values were greater in the low compared to
the middle condition (15.4%, p = 0.030), particularly in the PD-AFO
limb (30.9%, p = 0.009).

Large participant bending axis preference effect sizes (η2 N 0.26)
were observed for iEMG values for all recorded muscles (Fig. 3). In
Region 1 in the PD-AFO limb, preference accounted for over half of
the variance in the TA iEMG for the low condition (η2 = 0.62),
while in the non-PD-AFO limb, preference accounted for over half
of the variance in the BF (η2 = 0.61) and SOL (η2 = 0.58) iEMG for
the low condition and in the GAS iEMG for the high condition
(η2 = 0.55). In Region 4, preference accounted for over half of the
variance in the PD-AFO limb TA iEMG for the low condition (η2 =
0.64). In Region 5, preference accounted for over half of the variance
in the PD-AFO limb SOL iEMG for the high condition (η2 = 0.64) and
in the non-PD-AFO limb VAS iEMG for the high condition (η2 =
0.52). In Region 6, preference accounted for over half of the variance
in the PD-AFO limb VAS (η2 = 0.59) and SOL (η2 = 0.58) iEMG for
the high condition.

3.2. Joint kinematics and kinetics

Peak plantarflexion angle (Region 1: bending axis main effect, p =
0.002), dorsiflexion moment (Region 1: bending axis main effect, p =
0.006) and knee extensionmoment (Region 2: bending axismain effect,
p = 0.010) were influenced by PD-AFO bending axis condition
(Table 2). In Region 1, the initial plantarflexion angle and dorsiflexion
moment were greater in the low compared to the middle condition
(angle: 24.3%, p = 0.004; moment: 12.9%, p = 0.019). In Region 2, the
peak knee extension moment was lower in the middle compared to
the high condition (11.9%, p = 0.039). However, each of these signifi-
cant pairwise comparisons (i.e., Region 1 peak plantarflexion angle
and dorsiflexion moment, and Region 2 peak knee extension moment)
displayed differences that were less than previously-publishedminimal
detectible change values for self-selected walking speeds (Wilken et al.,
2012).

Large participant bending axis preference effect sizes (η2 N 0.26)
were observed for peak joint kinematics and kinetics at the ankle,
knee and hip (Table 2). Preference accounted for over half of the vari-
ance in the Region 4 PD-AFO limb peak dorsiflexion angle with the
low condition (η2 = 0.52), and peak plantarflexion moment with the
low (η2 = 0.86), middle (η2 = 0.60), and high (η2 = 0.67) conditions.
Preference accounted for over half of the variance in the Region 2 non-
PD-AFO limb knee flexion angle with the middle condition (η2 = 0.55)
and Region 5 non-PD-AFO limb knee flexion angle with the high condi-
tion (η2 = 0.56).

3.3. Joint work

PD-AFO bending axis location influenced jointwork at the ankle (Re-
gion 1 negative work: bending axis main effect, p = 0.016; Region 2
positive work: bending axis main effect, p = 0.003), knee (Region 2
positive work: bending axis main effect, p = 0.011) and hip (Region 1
positive work: bending axis main effect, p = 0.008; Region 3 negative
work; bending axis main effect, p= 0.046) (Fig. 4). In Region 1, positive
hip work was 20.8% greater for the middle compared to the high condi-
tion (p = 0.011). In Region 2, positive ankle work was 34.1% lower for
the middle compared to the low condition (p = 0.002) and positive
kneework was 24.7% lower for themiddle compared to the high condi-
tion (p = 0.027).

Large participant bending axis preference effect sizes (η2 N 0.26)
were observed in joint work at the ankle, knee and hip (Fig. 4). In Re-
gion 2, preference accounted for over half of the variance in the non-
PD-AFO limb positive hip work for the middle condition (η2 = 0.57).
In Region 3, preference accounted for over half of the variance in the
PD-AFO limb negative knee work for the high condition (η2 = 0.58).
In Region 4, preference accounted for over half of the variance in the



Fig. 3. Average (standard deviation bars) integrated electromyographic (iEMG) values at self-selected walking speed in the PD-AFO and non-PD-AFO limbs for the low, middle and high
bending axis conditions during six regions of the gait cycle: 1) first double-leg support, 2) early single-leg support, 3) late single-leg support, 4) second double-leg support, 5) early swing,
and 6) late swing. Data are presented for the gluteusmedius (GMED), biceps femoris long head (BF), rectus femoris (RF), vastusmedialis (VAS), medial gastrocnemius (GAS), soleus (SOL)
and tibialis anterior (TA)muscles. Significant bending axismain effects (*), bending axis ∗ limb interaction effects (†), and low tomiddle bending axis comparisons (▲) are indicated. Large
effect sizes between preference and iEMG are also indicated (○: η2 N 0.26; ●: η2 N 0.50).

17E.C. Ranz et al. / Clinical Biomechanics 37 (2016) 13–21
PD-AFO limb positive ankle work for the low condition (η2 = 0.59)
and positive hip work for the high condition (η2 = 0.51). In Region
6, preference accounted for over half of the variance in the PD-AFO
limb positive hip work for the high condition (η2 = 0.54) and non-
PD-AFO limb positive hip work for the low (η2 = 0.52) and high
(η2 = 0.60) conditions.



Table 2
Average (standard deviation) peak joint kinematics and kinetics at self-selected speed
(positive values indicate dorsiflexion, knee flexion and hip flexion). The gait cycle regions
during which the peaks occur are indicated as 1) first double-leg support, 2) early single-
leg support, 3) late single-leg support, 4) second double-leg support, 5) early swing, and
6) late swing. Significant differences between the low and middle (▲) and high and
middle (■) bending axis conditions are noted. Gait measures are shaded gray for prefer-
ence effect sizes η2 N 0.26 and dark gray for η2 N 0.50.

Peak Joint Kinematics (°)
Region Limb Low Middle High

Ankle Angle
Plantarflexion 1 PD–AFO –7.40 (2.00) –6.33 (1.89) –6.77 (1.60)

Non–PD–AFO –2.03 (1.62) –1.25 (1.98) –1.87 (2.79)
Dorsiflexion 4 PD–AFO 5.83 (1.79) 5.19 (1.36) 4.87 (1.43)

Non–PD–AFO 15.15 (2.38) 15.34 (2.39) 14.78 (2.61)
Plantarflexion 5 PD–AFO –0.68 (0.54) –0.61 (0.56) –0.65 (0.51)

Non–PD–AFO –15.31 (3.83) –15.40 (4.69) –16.08 (5.17)
Knee Angle
Flexion 2 PD–AFO 17.34 (7.45) 17.46 (4.19) 17.85 (5.97)

Non–PD–AFO 16.19 (4.95) 16.41 (4.05) 16.80 (4.93)
Extension 3 PD–AFO 5.21 (6.82) 4.69 (5.05) 4.91 (4.19)

Non–PD–AFO 1.84 (2.13) 3.24 (2.75) 2.73 (3.29)
Flexion 5 PD–AFO 63.45 (4.39) 63.34 (4.11) 63.34 (5.72)

Non–PD–AFO 62.76 (4.01) 62.86 (4.10) 63.26 (4.78)
Hip Angle 
Extension 4 PD–AFO –3.05 (4.71) –3.07 (5.58) –4.48 (5.13)

Non–PD–AFO –5.79 (4.18) –5.38 (6.15) –6.36 (5.97)
Flexion 6 PD–AFO 38.43 (4.52) 38.57 (5.11) 37.78 (5.60)

Non–PD–AFO 34.97 (3.16) 35.09 (3.61) 34.72 (4.08)
Peak Joint Kinetics (Nm/kg)

Ankle Moment 
Dorsiflexion 1 PD–AFO 0.45 (0.08) 0.40 (0.07) 0.43 (0.10)

Non–PD–AFO 0.27 (0.07) 0.24 (0.08) 0.25 (0.07)
Plantarflexion 4 PD–AFO –1.44 (0.23) –1.50 (0.17) –1.45 (0.19)

Non–PD–AFO –1.40 (0.21) –1.43 (0.19) –1.39 (0.22)
Knee Moment
Flexion 1 PD–AFO 0.47 (0.11) 0.46 (0.06) 0.47 (0.11)

Non–PD–AFO 0.62 (0.09) 0.60 (0.09) 0.61 (0.08)
Extension 2 PD–AFO –0.64 (0.19) –0.59 (0.19) –0.68 (0.19)

Non–PD–AFO –0.52 (0.18) –0.48 (0.12) –0.53 (0.17)
Flexion 3 PD–AFO 0.38 (0.14) 0.43 (0.18) 0.35 (0.09)

Non–PD–AFO 0.43 (0.12) 0.41 (0.12) 0.41 (0.16)
Hip Moment
Extension 1 PD–AFO –1.01 (0.22) –1.00 (0.13) –1.00 (0.23)

Non–PD–AFO –1.18 (0.15) –1.17 (0.10) –1.17 (0.15)
Flexion 4 PD–AFO 0.59 (0.11) 0.57 (0.16) 0.64 (0.16)

Non–PD–AFO 0.57 (0.13) 0.54 (0.13) 0.58 (0.14)
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3.4. GRF impulses

The only significant difference in GRF impulses across bending axis
conditions occurred in the vertical GRF impulse (Region 3: bending
axis main effect, p = 0.011) (Fig. 5). In Region 3, the vertical GRF im-
pulse with the middle condition was greater than both the low (3.2%,
p = 0.011) and high (1.9%, p = 0.003) conditions.

Large participant bending axis preference effect sizes (η2 N 0.26)
were observed in the anteroposterior, vertical andmediolateral GRF im-
pulses (Fig. 5). Preference accounted for over half of the variance in the
vertical GRF impulse in Region 1 for the non-PD-AFO limbwith the high
condition (η2 = 0.57), and in Region 3 for the PD-AFO limb with the
middle condition (η2 = 0.66).
4. Discussion

The goal of this study was to investigate the influence of PD-AFO
bending axis location on gait performance. A better understanding of
the relationship between bending axis location and gait performance
would help facilitate the development of evidence-based prescription
guidelines for PD-AFOs andultimately, improve rehabilitation outcomes
for PD-AFO users.

PD-AFO bending axis altered GAS activity (iEMG) in late single-leg
support. The low bending axis resulted in the greatest GAS activity,
which has been previously shown to be an important contributor to
both body support and forward propulsion in single-leg stance (Liu
et al., 2006; Neptune et al., 2001). Harper et al. (2014a) similarly ob-
served changes in GAS activity as a result of changes in PD-AFO stiffness
in similar limb salvage subjects.

Altering PD-AFO bending axis location had few effects on peak joint
kinematics and kinetics. In the first double-leg support, the peak
plantarflexion angle and peak dorsiflexion moment were greater in
the low condition, and in early single-leg support, the knee extension
moment was greater in the high condition. Previous studies have ob-
served a relationship between the instantaneous center of rotation of
hingeless AFOs and ankle joint mechanics (Sumiya et al., 1997), and
suggested that alignment of an articulatedAFO jointwith the physiolog-
ical ankle jointminimizes foot kinematic deviations frombarefootwalk-
ing (Leardini et al., 2014). This suggests that the use of the low bending
axis, which lies closest to the anatomical ankle joint,may allow formore
normalized gait kinematics. However, the findings of the current study
were not in complete agreement, as the shift away from values previ-
ously observed in unimpaired subjects (Russell Esposito et al., 2014)
was seen in both the high and low conditions (i.e., the increased knee
extensionmoment observed in early single-leg support in the high con-
dition and the increased peak ankle dorsiflexionmoment observed dur-
ingfirst double-leg support in the low condition). It is important to note,
however, that while significant peak joint kinematic and kinetic differ-
ences were observed in the current study, these values were lower
than previously-published minimal detectable change values for level
walking at self-selected speeds (Wilken et al., 2012), and thus are likely
not clinically relevant.

In the first half of stance, positive and negative ankle work, positive
knee work and positive hip work were influenced by PD-AFO bending
axis condition. In the second half of stance, negative hip workwas influ-
enced by PD-AFO bending axis condition. However, it should be noted
that a consistent trend (e.g., increasing values as bending axis location
moved from distal to proximal) was not observed.

Contrary to our hypothesis, the majority of participants preferred
the middle bending axis, although at least two participants preferred
each of the other bending axis locations. Inconsistent preferences in
PD-AFO design between limb salvage subjects have also been observed
when investigating PD-AFO stiffness in both level (Russell Esposito
et al., 2014) and sloped walking (Haight et al., 2015). In addition,
Raschke et al. (2015) suggested that there may be a link between pros-
thetic foot design preference and gait biomechanics, with individuals
tending to prefer a prosthetic foot stiffness that minimized peak sagittal
plane joint moments. The results of the current study also suggest a
strong relationship between bending axis preference and peak sagittal
plane joint moments. A post-hoc analysis indicated that minimization
of PD-AFO limb peak hip flexion moment and ankle plantarflexion mo-
ment during second double-leg support and non-PD-AFO limb peak
ankle dorsiflexion moment during first double-leg support and peak
knee extension moment during early single-leg support each occurred
in the preferred bending axis condition for over half of the participants.
In addition to peak joint moments, peak joint kinematics, joint work,
GRF impulses and muscle activity were also strongly related to bending
axis preference. The differences in participant preference may have
been influenced by diversity in etiology, and future work with larger
preference subgroups and additional functional capability testing
(e.g., range of motion), may prove beneficial to addressing the relation-
ship between etiology and preferred PD-AFO prescription.

In this study, there are a few limitations that warrant discussion.
First, the participants enrolled in this study had a diverse range of inju-
ries that led to the prescription of a PD-AFO. It is possible that etiology
may be a confounding factor in the influence of PD-AFO bending axis lo-
cation on gait performance. The range of injuries and resulting function-
al limitationswere diverse in this cohort and each participant's bending
axis preference may have been directly related to their individual etiol-
ogy. Although many of the participants had similar clinical presenta-
tions with respect to functional deficits, given the heterogeneity of



Fig. 4. Average (standard deviation bars) joint work at self-selected walking speed in the PD-AFO and non-PD-AFO limbs for the low, middle and high bending axis conditions during six
regions of the gait cycle: 1)first double-leg support, 2) early single-leg support, 3) late single-leg support, 4) second double-leg support, 5) early swing, and 6) late swing. Average positive
and negative joint work and respective standard deviations are presented separately. Significant bending axis main effects (*), low to middle bending axis comparisons (▲) and high to
middle bending axis comparisons (■) are indicated. Large effect sizes between preference and joint work are also indicated (○: η2 N 0.26;●: η2 N 0.50).
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injuries, very large cohorts of participants would likely be required to
fully account for the role of etiology. By examining the relationships be-
tween preference and biomechanical measures through an effect size
analysis, our goal was to indicate the presence of interactions between
etiology and the influence of PD-AFO bending axis location on gait.
Also, the participants enrolled in this studywere young, highly active in-
dividuals and may not be representative of other populations of AFO
and PD-AFO users. Therefore, future work examining the influence of
PD-AFO bending axis location in additional populations would be
beneficial.

Finally, the contribution of the PD-AFO to ankle joint moments and
work could not be distinguished from physiological contributions in
this experimental setup. Previous studies have shown that alignment
of an articulated AFO joint (Gao et al., 2011) and an articulated external
ankle fixation joint (Bottlang et al., 1999) with the physiological ankle
joint results in minimal resistance torque. Thus, it is likely that PD-
AFO contributions to net ankle joint moments and work were influ-
enced by bending axis location. Therefore, future work quantifying
this contribution would improve the understanding of the influence of
PD-AFO bending axis location on compensatory mechanisms.

5. Conclusions

In conclusion, several significant differenceswere observed between
the specified bending axis conditions, including the peak plantarflexion
angle, peak dorsiflexion moment and positive hip work during first
double-leg support, peak knee extension moment and positive ankle
and knee work during early single-leg support, and GAS activity and
vertical GRF impulse during late single-leg support. Although these dif-
ferences were observed, peak joint kinematic and kinetic differences
were less than previously-published minimal detectable changes, and
moving the bending axis proximally or distally did not produce large
and consistent changes in other gait measures. This suggests that choice
of bending axis does not significantly change gait and other untested
factors, such as etiology, may play a role in level ground walking
mechanics. As very large cohorts of participants would be required to



Fig. 5. Average (standard deviation bars) ground reaction force (GRF) impulses at self-selectedwalking speed in the PD-AFO and non-PD-AFO limbs for the low, middle and high bending
axis conditions during six regions of the gait cycle: 1) first double-leg support, 2) early single-leg support, 3) late single-leg support, 4) second double-leg support, 5) early swing, and
6) late swing. Anteroposterior (A/P), vertical and mediolateral (M/L) positive and negative GRF impulses and respective standard deviations are presented separately. Significant
bending axis main effects (*), low to middle bending axis comparisons (▲) and high to middle bending axis comparisons (■) are indicated. Large effect sizes between preference and
GRF impulse are also indicated (○: η2 N 0.26;●: η2 N 0.50).
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further evaluate the role of etiology, at present individual preference
and comfort may be more important factors guiding the prescription
of PD-AFO bending axis location for level ground walking.
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