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Abstract—The ability to control balance during walking is a
critical precondition for minimizing fall risk, but this ability is
compromised in persons with lower-limb absence because of
reduced sensory feedback mechanisms and inability to actively
modulate prosthesis mechanical function. Consequently, these
individuals are at increased fall risk compared with nondis-
abled individuals. A number of gait parameters, including sym-
metry and temporal variability in step/stride characteristics,
have been used as estimates of gait stability and fall risk. This
study investigated the effect of prosthetic ankle rotational stiff-
ness on gait parameters related to walking stability of transtib-
ial prosthesis users. Five men walked with an experimental
prosthesis that allowed for independent modulation of plantar
flexion and dorsiflexion stiffness. Two levels of plantar flexion
and dorsiflexion stiffness were tested during level, uphill, and
downhill walking. The results demonstrate that low plantar
flexion stiffness reduced time to foot-flat, which was associ-
ated with increased perceived stability, while low dorsiflexion
stiffness demonstrated trends in temporal-spatial parameters
that are associated with improved gait stability (reduced vari-
ability and asymmetry). Prosthesis design and prescription for
low rotational stiffness may enhance gait safety for transtibial
prosthesis users at risk of unsteadiness and falls.

Key words: amputation, below-knee, biomechanics, foot, gait,
prosthesis, stability, stiffness, symmetry, variability.
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INTRODUCTION

Individuals with lower-limb amputation are at
increased risk of falling compared with age-matched
nondisabled controls and have reduced confidence in
their balance, both contributing to their restricted mobil-
ity and reduced participation in daily activity [1-3]. Their
ability to control balance during walking is a critical pre-
condition for minimizing the risk of falls and has a direct
relationship with walking performance [4—5]. Individuals
with lower-limb amputation are restricted in their ability
to produce rapid gait adjustments to maintain gait stabil-
ity, probably as a result of poor somatosensory feedback
from the prosthesis and residuum as well as reduced
lower-limb muscle strength [4,6-9]. Further, they are

Abbreviations: CFAM = custom foot-ankle mechanism, CV =
coefficient of variation, DOWN = self-selected walking speed
on a 5 percent downhill slope, FWS = fast walking speed, HI =
high stiffness, HIHI = high dorsiflexion and plantar flexion
stiffness, HILO = high dorsiflexion and low plantar flexion
stiffness, LO = low stiffness, LOHI = low dorsiflexion and high
plantar flexion stiffness, LOLO = low dorsiflexion and plantar
flexion stiffness, SSWS = self-selected walking speed on the
level, UP = self-selected walking speed on a 5 percent uphill
slope.
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unable to actively modulate the mechanical function of
passive prostheses [10—13].

In this context, gait stability is typically assessed
using proxy measures, such as degree of gait variability
because of its relationship with falls as valid across vari-
ous patient groups and locomotor impairments [14—15].
The variability of temporal-spatial gait parameters, such
as coefficient of variation (CV) of step time, has often
been used as an indicator of gait stability as a result of its
relationship with lower-limb motor impairment and fall
risk [14,16—19]. For example, individuals with neurolog-
ical impairments that can cause gait unsteadiness (e.g.,
Parkinson disease and Huntington disease) display
increased stride and swing time variability compared
with nondisabled controls [20]. Indeed, swing time vari-
ability has been used as a proxy measure of gait stability
in a study involving subjects with chronic hemiparesis
[18]. Similarly, in one study individuals with transtibial
amputation who had experienced a fall within a 12 mo
retrospective period exhibited greater prosthetic limb
swing time variability than nonfallers [19]. Previous
work has also suggested that changes in the means of the
spatial parameters can reflect actual and perceived insta-
bility, such as the relationship between increased stride
time and falls as well as step width and fear of falling in
the elderly [16-17,21]. Generally, individuals with
lower-limb amputation also walk with a wider step width,
which may be a strategy to emphasize passive mecha-
nisms (e.g., widening the medial-lateral base of support)
for increasing stability [10,13,22].

Furthermore, the gait of individuals with lower-limb
amputation is less symmetric, most prominently reflected
by reduced single-support time on the prosthetic limb [23—
26]. This asymmetry may reflect a desire to shorten
weight-bearing on the prosthesis [24,27], perhaps to pro-
tect the residuum [28-29], and/or to compensate for the
mechanical limitations of the prosthesis (e.g., lack of late
stance plantar flexion) [23,27-30]. Asymmetry during gait
appears to be associated with increased incidence of falls.
For example, right-left swing time asymmetry of elderly
idiopathic fallers (two or more falls in the previous year)
was three times greater than elderly controls and was sim-
ilar to patients with Parkinson disease [31]. Swing time
symmetry has also been used to indicate improvements in
gait stability resulting from orthotic interventions for
chronic hemiparesis [18]. Similarly, gait asymmetry and
reliance on the sound limb in unilateral lower-limb pros-
thesis users has been used as an indicator of disability and
associated with perceived instability in gait [24-26].

To aid walking stability, it has been suggested that
passive transtibial prostheses should quickly achieve
foot-flat and have nondisabled, nonamputee roll-over
kinematics and hence tibial progression, both of which
are directly affected by prosthetic ankle stiffness [32—35].
Previous research on systematic variations in prosthesis
stiffness has suggested that low dorsiflexion stiffness
facilitates kinematics more similar to the gait of nondis-
bled people without amputation and that reductions in
foot stiffness encourage gait adaptations reflective of an
enhanced ability to control upright posture [36-37].
Additionally, the gait of individuals with bilateral trans-
tibial amputation displays a reduction in step width with
increased prosthetic ankle range of motion, suggesting
improved balance confidence [13,38].

Therefore, the purpose of this preliminary study was
to systematically observe the effects of ankle rotational
stiffness on the temporal-spatial gait parameters of indi-
viduals with transtibial amputation and their self-perceived
stability during level, uphill, and downhill walking at dif-
ferent speeds using an experimental prosthesis with
adjustable mechanical properties. Walking on slopes and
at a fast speed was included to more closely reflect the
reality of community walking and enable generalization
of the results beyond level walking at self-selected speed
[39]. The use of an experimental prosthesis with adjust-
able mechanical properties is a novel and convenient
method for performing in vivo studies that aim to estab-
lish the effect of isolated properties on user performance,
thereby aiding understanding of the fundamental relation-
ship between prosthesis mechanical function and pros-
thetic gait quality [36,40]. We hypothesized that low
plantar flexion stiffness would reduce the time to foot-flat
[32-33,35], and that time to foot-flat would be inversely
related to perceived stability [10,13,22]. We also hypothe-
sized that low dorsiflexion stiffness that facilitates walk-
ing kinematics more similar to the gait of nondisabled
people without amputation, particularly tibial progression,
would improve gait stability [32,34-36].

METHODS

Custom Foot-Ankle Mechanism

Changing prosthetic components and alignment alters
prosthesis mechanical properties in a complex and inter-
active manner [41]. Consequently, this study avoided the
use of commercial prostheses to systematically test a
range of ankle stiffness without simultaneously altering
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Figure 1.

MAJOR et al. Prosthesis stiffness effects on gait stability

Retro-Reflective
Marker

Custom foot-ankle mechanism with retro-reflective markers used for motion capture. Plantar flexion and dorsiflexion rotational stiff-
nesses are determined by translating two linear springs (1 and 2, respectively) along an upper track to vary their distances (r, and r,)
from the central (ankle) joint (P). Plantar flexion stiffness (K 1) and dorsiflexion stiffness (K ) are described by Ky i = Kjip j % r2
fori=1and 2, where K, ; is the linear stiffness of the respective springs. The vertical black lines on the upper rail mark spring posi-
tions for high and low plantar flexion (left of the vertical dashed line) and dorsiflexion (right of the vertical dashed line) stiffness. The
lower track can be separated from the upper profile at the central joint to allow for adjustment of the springs without altering align-
ment. LO = low stiffness, HI = high stiffness. Figure 1 was previously printed in Major et al. [36] and is reprinted with permission.

other properties. The custom foot-ankle mechanism
(CFAM) designed and fabricated for this study (Figure 1)
allowed independent modulation of the plantar flexion
and dorsiflexion rotational stiffnesses of a single-axis
ankle joint (i.e., the change in resisting torque per unit
angular rotation) without simultaneously changing other
mechanical properties or requiring modification of pros-
thesis alignment. The design and characterization of the
CFAM is described in detail by Major et al. [36,42].
Importantly, the CFAM was designed to be used without
shoes to reduce the confounding influence of different
shoe material properties and maintain complete control of
the prosthesis properties, but treading was attached to the
plantar surface to increase friction between the prosthesis
and the ground (i.e., treadmill). Relevant characteristics of
the CFAM include mass of 1.1 kg, forefoot length (foot
lever distance from ankle joint to toe end) of 213 mm,
rearfoot length (foot lever distance from ankle joint to
heel end) of 70 mm, and ankle joint height (longitudinal

distance between the ankle joint and floor in neutral posi-
tion) of 49 mm. Although CFAM deformation during
weight bearing is primarily dependent on rotation of the
articulating joint and not on compressible continuous
structures such as leaf springs, the prosthetic foot deforms
under load as would occur with nonarticulated devices.
The CFAM was used to independently test changes
between two plantar flexion and two dorsiflexion rota-
tional stiffnesses that reflect the high (HI) and low (LO)
stiffness bounds seen in commercially available pros-
thetic feet [36]: LO plantar flexion = 94.20 N-m/rad,
LO dorsiflexion = 394.3 N-m/rad, HI plantar flexion =
202.8 N-m/rad, and HI dorsiflexion = 1,395.7 N-m/rad.
To address the possibility of interaction effects, stiffness
combinations were tested using four CFAM setups:
* LOLO = low dorsiflexion and low plantar flexion stiffness
* LOHI = low dorsiflexion and high plantar flexion stiffness
» HILO = high dorsiflexion and low plantar flexion stiffness
 HIHI = high dorsiflexion and high plantar flexion stiffness.
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Participants

Participants were included if they possessed an ampu-
tation resulting from trauma, were free from neurological
or other musculoskeletal pathologies, had at least 1 yr of
prosthesis use, and were able to walk continuously for
10 min without an aid other than the prosthesis. For the
purpose of this study, a new experimental prosthesis was
fabricated for each participant, using a total surface bear-
ing Icecast socket and an Iceross liner (Ossur Hf.; Reyk-
javik, Iceland) with shuttle-lock pin suspension, as well as
the CFAM attached to the socket via a rigid pylon.

Data Collection

Participants visited the research laboratory on three
occasions. The first visit involved obtaining informed
consent, casting the residuum for fabrication of the new
socket, collecting descriptive measurements, walking for
10 min continuously on a treadmill (Vision Fitness; Cot-
tage Grove, Wisconsin) at a comfortable speed to famil-
iarize the participants with treadmill walking without
using handrails, recording their self-selected walking
speed, and ensuring they were capable of walking for
10 min with a consistent gait.

During the second and third visits, the participants
were fitted with their experimental prosthesis. Standard
clinical alignment was performed with the CFAM in the
most compliant condition (LOLO), involving initial
bench alignment followed by common clinical static and
dynamic alignment techniques to eliminate bilateral
limb-length discrepancy, ensure patient comfort, and pro-
duce a smooth gait with minimal compensations as veri-
fied by prosthetist observation and participant feedback
[43]. The participants then walked around the room for at
least 10 min to become accustomed to the experimental
prosthesis. Following this, retro reflective markers were
attached to the sound foot and prosthesis for optical
motion capture at 100 Hz sampling frequency (Vicon
Motion Systems Ltd; Oxford, England). On the sound
foot, markers were attached on the shoe at locations of
the navicular, first and fifth tarsal-metatarsal joints, and
posteriorly to represent the heel. On the prosthesis, mark-
ers were attached on the forefoot and the heel (Figure 1),
three on the lateral aspect of the socket, and two on the
ankle pivot (medial and lateral) to define the joint center
as the segment’s end point. In conjunction with the foot
markers, markers on the socket were used to define the
shank segment for estimation of prosthetic ankle joint
kinematics. The foot markers were also used to define the

foot segment for estimation of gait events with sufficient
redundancy to account for possible marker occlusion.

Following marker attachment, each of the four
CFAM setups was tested during four conditions:

* SSWS = self-selected walking speed on the level

* FWS = fast walking speed (150% of SSWS)

» UP = self-selected walking speed on a 5 percent uphill
slope

* DOWN = self-selected walking speed on a 5 percent
downhill slope.

SSWS was determined by identifying the speed that
the participant considered “comfortable and safe” while
walking on the treadmill with his own prosthesis. Partici-
pants were subsequently allowed to select a new walking
speed if they felt this was necessary after donning the
experimental prosthesis, but this speed was then held con-
stant throughout all testing conditions.

For each CFAM condition, the alignment was held
constant as determined by the LOLO setting. Although
contradictory to standard clinical practice, this deliberate
choice of holding alignment constant allowed for obser-
vation of changes in gait stability solely as a result of
independent adjustments in prosthesis mechanical prop-
erties and separate from changes in alignment, which
would also indirectly and jointly modify plantar flexion
and dorsiflexion mechanical function.

Participants started each treadmill walking trial by
holding onto the handrail while the speed was increased
to self-selected speed. The participants released the hand-
rails when comfortable and walked for 5 min, of which
only the final 30 s was used for data analysis in accor-
dance with normal treadmill walking in order for step
parameter variability to settle [44]. The 30 s data collec-
tion period allowed for 12 total steps to be recorded. A
previous study suggested that this is a sufficient number
of steps to estimate temporal-spatial variability of gait
that possesses both sufficient test-retest reliability and
concurrent validity with measures of health, functional
status, and physical activity [45].

It was necessary to keep the total testing time to a
minimum after acclimatization at SSWS. Therefore, for
each CFAM setup, first SSWS and then FWS (i.e., on the
level) were tested. After that, the two graded walking
conditions were tested in randomized order. The order of
CFAM setup testing was also randomized. Two CFAM
setups were tested during the second and third visits, with
as much seated rest between CFAM setups as requested
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to avoid fatigue. All participants opted for seated rest,
and the minimum rest time was 10 min.

Participants’ perceived stability was recorded on an
ordinal scale from 1 to 10. Using language adopted from
the Activities-specific Balance Confidence Scale [46],
which is a common validated measure for use with
lower-limb prosthesis users [2,47—48], participants were
asked to rate “How steady and confident do you feel?”
from 1 (“very unsteady and at immediate risk of falling”)
to 10 (“completely stable and confident™).

Data Analysis

Motion data were filtered using a low-pass Butter-
worth filter with a 6 Hz cutoff. Initial contact and toe-off
of both feet were estimated from kinematic data using
custom software in MATLAB (MathWorks; Natick, Mas-
sachusetts), which also enabled calculation of bilateral
step width, bilateral step time, and prosthetic limb swing
time [49]. CFAM ankle joint motion was derived using
Visual 3D motion analysis software (C-Motion Inc; Ger-
mantown, Maryland) and the Calibration Anatomical
Systems Technique [50]. The mean and CV, defined as
the within-participant standard deviation divided by the
mean, of prosthetic limb swing time and step time for
each condition, were calculated over 12 consecutive
steps. A simple measure of temporal symmetry was used:
the ratio of mean sound limb swing time divided by mean
prosthetic limb swing time. Step width and prosthetic
limb time to foot-flat (i.e., maximum plantar flexion)
were normalized by participant body height and stance
time, respectively.

Statistical Analysis

A linear mixed-model analysis was conducted to eval-
uate the main and interaction effects of walking condition
(SSWS, FWS, UP, and DOWN), dorsiflexion stiffness
(LO and HI), and plantar flexion stiffness (LO and HI) on
each dependent variable (time to foot-flat, prosthetic limb
swing time CV, step time CV, step width, and symmetry
ratio). The linear mixed model assigned walking and stiff-
ness conditions as repeated fixed effects, subject as a ran-
dom effect, and use of the Bonferroni correction to
account for type I error resulting from multiple post hoc
comparisons. This analysis allowed for observation of
prosthesis stiffness main effect across all walking condi-
tions that reflect general community ambulation. Addi-
tionally, observation of main effect differences in walking
condition across all stiffness conditions provides insight

MAJOR et al. Prosthesis stiffness effects on gait stability

into relative challenges in stability associated with differ-
ent walking scenarios. The strength of monotonic associa-
tion between time to foot-flat and perceived level of
stability was estimated by Spearman rho using data across
all walking and prosthesis conditions. All tests were per-
formed using SPSS version 20 (IBM Corporation;
Armonk, New York), and the critical alpha was set at 0.05.

RESULTS

Eight individuals were recruited. Two participants
withdrew as a result of feeling uncomfortable with tread-
mill walking and one because of the time commitment.
The remaining five male participants had all experienced
amputation as a result of trauma for at least 2 yr prior to
the study and were considered unlimited community
ambulators. The participants’ prescribed prosthetic feet
were a nondynamic foot (i.e., solid ankle cushion heel;
n = 1) and various energy storage-and-return feet (n = 4).
Detailed participant characteristics and averages can be
found in Table 1.

One participant grasped the handrails with the HIHI
CFAM setup in all walking conditions, and therefore
these data have been excluded from the analysis for only
that CFAM setup. For FWS, the same participant felt
comfortable increasing his walking speed to only
133 percent of SSWS as opposed to 150 percent for all
other participants, but these data were included because
this condition represented a considerable increase in
walking speed above his customary speed.

The effects of the prosthesis conditions tested in this
study on maximum plantar flexion and dorsiflexion have
been presented in a previous publication and confirm that
LO is associated with a significant increase in ankle
range of motion [36].

Table 2 displays the statistical results for the main
effects, and Table 3 displays results for multiple compari-
son tests for those main effects that were statistically sig-
nificant, respectively. The main effect differences for
walking scenario, dorsiflexion stiffness, and plantar flex-
ion stiffness presented in these tables are values resulting
from collapsing across the remaining independent vari-
ables in accordance with the statistical methods. No inter-
action effects were statistically significant (p > 0.08), so
these results are not presented in detail. Figures 2-6
display the average values of the dependent variables at
each walking and prosthesis condition, graphically illus-
trating the main effect trends. The values for dorsiflexion
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Table 1.
Participant characteristics.
- Age Mass Height Residuum Length Time Sm_ce Prosthetic  Prescribed Prosthetic
Participant Amputation -
(yr) (kg) (m) (mm) (vr) Side Foot
1 56 93 1.84 125 46 Left Ottobock SACH*
2 44 85 1.84 170 2 Left Endolite Elite’
3 56 91 1.85 170 53 Right Hanger Quantum?
4 39 96 1.84 130 6 Left Ossur Ceterus®
5 44 76 1.77 120 27 Left Ottobock Trias*
Average + SD 48+ 8 88+8 1.83+£0.03 143 +£25 27+23 — —

*Ottobock; Duderstadt, Germany.
Endolite; Baskingstoke, England.
iHanger; Austin, Texas.

§Ossur; Reykjavik, Iceland.
SACH = solid ankle cushion heel.

Table 2.

Main effect statistical results explaining the influence of walking and prosthesis stiffness conditions.

Walking Scenario Effect

Dorsiflexion Stiffness Effect Plantar Flexion Stiffness Effect

Parameter F-Value p-Value F-Value p-Value F-Value p-Value
Time to Foot-Flat 11.471 0.001 2.944 0.09 24.524 0.001
Prosthetic Limb Swing 4.283 0.01 7.370 0.009 3.356 0.08
Time CV
Step Time CV 5.328 0.006 12.738 0.001 0.526 0.48
Step Width 3.166 0.04 9.855 0.003 0.723 0.41
Symmetry Ratio 4.730 0.009 15.297 0.001 2.685 0.12

CV = coefficient of variation.

Table 3.

Multiple comparison statistical results explaining the influence of walking and prosthesis stiffness conditions.

Walking Scenario Effect

Dorsiflexion Stiffness Effect Plantar Flexion Stiffness Effect

Parameter
Comp 95% CI p-Value ES  Comp 95% CI p-Value ES Comp 95% ClI p-Value ES
Time to Foot- DOWN >SSWS 1.7 (0.135, 3.234) 0.03 1.4 — — — — HI>LO22(1.279,3.114) 0.001 2.2
Flat (% DOWN>FWS  1.8(0.293,3.392) 0.01 1.5 HI>LO — — = — — — —
stance) DOWN > UP 3.2 (1.650,4.746) 0.001 2.6 — — - — — — — —
Prosthetic Limb UP>FWS  1.0(0.200, 1.800) 0.01 1.5 — 0.6 (0.1,1.0) 0.009 1.3 — — — —
Swing Time
CV (%)
Step Time CV UP>FWS  2.0(0.200, 3.800) 0.03 1.5 HI>LO 1.6 (0.7, 2.6) 0.001 1.4 — — — —
(%) UP >DOWN 2.4 (0.500,4.200) 0.006 1.8 — — —
Step Width (% — — — — HI>LO 0.6(0.205,0.932) 0.003 1.4 — — — —
height)
Symmetry FWS > UP 0.03 (0.007,0.059) 0.008 1.5 LO>HI 0.03(0.013,0.041) 0.001 1.9 — — — —
Ratio

CI = confidence interval, Comp = comparison, CV = coefticient of variation, DOWN = self-selected walking speed on a 5 percent downbhill slope, ES = effect size,

FWS = fast walking speed on the level, HI = high stiffness, LO = low stiffness,
on a 5 percent uphill slope.

SSWS = self-selected walking speed on the level, UP = self-selected walking speed

and plantar flexion stiffness at each walking condition are
values resulting from collapsing across the remaining stiff-
ness variable. For example, low dorsiflexion collapses val-
ues of LOLO and LOHI. Apart from the symmetry ratio, a

decrease in each dependent variable would suggest an
improvement in gait stability. For all dependent variables,
the trends are consistent to suggest that low rotational stiff-
ness improves gait stability.
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Figure 2.

Independent main effects of plantar flexion (PF) and dorsiflex-
ion (DF) on time to foot-flat for each walking condition. Error
bars are 95 percent confidence intervals. DOWN = self-
selected walking speed on a 5 percent downhill slope, FWS =
fast walking speed on the level, HI = high stiffness, LO = low
stiffness, SSWS = self-selected walking speed on the level, UP =
self-selected walking speed on a 5 percent uphill slope.

With all data grouped, level of perceived stability
was moderately and negatively correlated with the time
to prosthetic foot-flat (p = 0.008, p =—0.301).

DISCUSSION

This study aimed to explore the effects of prosthetic
ankle rotational stiffness on gait stability of individuals
with unilateral transtibial amputation.

Effects of Rotational Stiffness on Time to Foot-Flat
The hypothesis that LO plantar flexion would
decrease the time to foot-flat was supported, and this
result demonstrates that LO plantar flexion ankle compo-
nents have the potential to generate a stable base of sup-
port in early stance. Across all walking conditions, the
low plantar flexion stiffness condition (LOLO and
HILO) decreased the time to foot-flat by 2.2 percent of
stance (Table 3), and, as expected, this feature was not
affected by dorsiflexion stiffness. This change represents
a 26 percent reduction relative to the time to foot-flat of
the HI plantar flexion and was sufficient to possess a
moderate strength and negative correlation with user-
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Figure 3.

Independent main effects of plantar flexion (PF) and dorsiflex-
ion (DF) on prosthetic limb swing time coefficient of variation
(CV) for each walking condition. Error bars are 95 percent confi-
dence intervals. DOWN = self-selected walking speed on a
5 percent downhill slope, FWS = fast walking speed on the
level, HI = high stiffness, LO = low stiffness, SSWS = self-
selected walking speed on the level, UP = self-selected walking
speed on a 5 percent uphill slope.

perceived level of stability, thereby further supporting the
hypothesis that user perception of increased stability is
associated with experiencing early foot-flat.

Perceived level of stability and balance confidence is
an important psychological component to a user’s quality
of life, since increased confidence can encourage engage-
ment in daily activity and accelerate rehabilitation prog-
ress when properly addressed [2,47,51-52]. Consequently,
clinicians may be able to take advantage of prosthetic
designs that facilitate early foot-flat to address user con-
cerns with stability during ambulation.

Effects of Rotational Stiffness on Step Width

The results suggest that HI dorsiflexion, which gen-
erates sagittal-plane joint-level kinematics that reflect
unstable postures (e.g., restricted tibial progression on the
prosthetic-side and a more extended sound knee during
midstance) [36], was associated with increased step
width and hence increased medial-lateral base of support.
The mean increase in step width was 0.6 percent of
height, which was similar in magnitude to the 1.0 percent
of height increase observed in people with bilateral




846

JRRD, Volume 53, Number 6, 2016

| A SSWS oFWs S UP o DOWN |
12 -
g iz
S 8- °
1]
A
'E o ol|® A0
FRE
] ) |
0
LO DF HI DF LO PF HI PF
Prosthesis Stiffness
Figure 4.

Independent main effects of plantar flexion (PF) and dorsiflex-
ion (DF) on step time coefficient of variation (CV) for each
walking condition. Error bars are 95 percent confidence inter-
vals. DOWN = self-selected walking speed on a 5 percent
downhill slope, FWS = fast walking speed on the level, HI =
high stiffness, LO = low stiffness, SSWS = self-selected walk-
ing speed on the level, UP = self-selected walking speed on a
5 percent uphill slope.
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Independent main effects of plantar flexion (PF) and dorsiflex-
ion (DF) on step width for each walking condition. Error bars
are 95 percent confidence intervals. DOWN = self-selected
walking speed on a 5 percent downhill slope, FWS = fast walk-
ing speed on the level, HI = high stiffness, LO = low stiffness,
SSWS = self-selected walking speed on the level, UP = self-
selected walking speed on a 5 percent uphill slope.
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Figure 6.

Independent main effects of plantar flexion (PF) and dorsiflex-
ion (DF) on symmetry for each walking condition. Error bars are
95 percent confidence intervals. DOWN = self-selected walking
speed on a 5 percent downhill slope, FWS = fast walking speed
on the level, HI = high stiffness, LO = low stiffness, SSWS =
self-selected walking speed on the level, UP = self-selected
walking speed on a 5 percent uphill slope.

amputation when using prostheses of decreased range of
motion [13], thereby suggesting that this difference
potentially holds clinical relevance. Relative to the step
width for the LO dorsiflexion, this change represents a
68 percent increase. These relationships cannot explain a
causal relationship, however; further research is war-
ranted to identify whether improved perceptions of sta-
bility encourage a reduction in step width when
independent of changes in prosthesis stiffness. Addition-
ally, although reductions in step width may suggest
improved perceived stability, this gait adjustment may
also present additional stability risks because this further
reduces the medial-lateral base of support [13], which
should also be considered when prescribing components
to address perception of stability.

Effects of Rotational Stiffness on Temporal Variability
and Symmetry

The overall results strongly suggest support for the
hypothesis that LO dorsiflexion facilitates improved gait sta-
bility. The significant pairwise comparisons for prosthetic
limb swing time CV, step time CV, and symmetry all indi-
cated that LO dorsiflexion results in changes that suggest
improved walking stability and reduced fall risk, and none
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of these outcomes were affected by plantar flexion stiffness.
Confidence that this trend is meaningful is supported by the
fact that all three of these outcome metrics are considered
proxy measures of gait stability and each was affected in the
same direction by the main effect of dorsiflexion stiffness.

Across all walking conditions, the mean difference in
prosthetic limb swing time CV and bilateral step time CV
was 0.6 percent and 1.6 percent, respectively (Table 3),
which, although small, are similar in magnitude to the dif-
ference observed in previous research between unilateral
transtibial amputee fallers and nonfallers (1.4%) [53].
Consequently, because some limited evidence suggests
that this change in temporal variability is clinically rele-
vant and that even slight increases may indicate increased
fall risk in this population, use of LO dorsiflexion may be
a reasonable clinical prescription objective to enhance
gait stability. Furthermore, across all walking conditions,
the mean increase in temporal symmetry for LO dorsi-
flexion was 0.03. Although this trend suggests improved
symmetry during gait, this value is considerably smaller
than the maximum differences observed in people with
unilateral transtibial amputation when walking with vary-
ing prosthetic feet (0.16), and as such the clinical rele-
vance of this change is unknown [26].

The improvements in temporal variability and sym-
metry associated with LO dorsiflexion are likely related to
the positive effects of LO dorsiflexion on joint-level kine-
matics that approach those of nondisabled, nonamputee
gait [36]. LO dorsiflexion provides increased dorsiflexion
motion and more natural tibial progression that seems to
promote gait symmetry by not encouraging sound side
compensations. There is some evidence that low pros-
thetic stiffness facilitates amputated-side limb muscle acti-
vation patterns that may enhance stability during stance
[37], but the underlying motor control adaptations that are
responsible for the observed reductions in temporal vari-
ability in this study are not fully understood and certainly
warrant future work.

Because improved temporal variability and symme-
try have been associated with reductions in fall risk and
gait unsteadiness [14,16-21,25,38], and improved bal-
ance confidence benefits lower-limb prosthesis users’
quality of life, these results suggest that, independent of
alignment, selection of prosthetic feet that offer low rota-
tional resistance and increased range of motion could
benefit rehabilitation outcomes of patients at risk of
unsteadiness and falls [2,47,51-52]. Although the
changes in temporal variability and symmetry are small
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between high and low rotational stiffness, the trends
appear to be meaningful and worth investigating further
to determine their true clinical relevance. Irrespective of
alignment, these results suggest that prosthesis stiffness
could be a direct modifiable factor to be considered for
prescription guidelines to influence a user’s perceived
stability and fall risk. The common standard of practice
in rehabilitation for people with amputation is to opti-
mally match patients with prosthetic components to max-
imize mobility outcomes, so the outcomes from this
study provide valuable insight into our understanding of
prostheses effects on user performance [40]. The pre-
scription process will be further enhanced as techniques
are improved for classifying patients based on their reha-
bilitation potential and mobility and classifying prosthe-
ses based on their amputee-independent mechanical
properties [41,54-56].

Effects of Walking Scenario on Temporal Variability
and Symmetry

The results from the main effect differences in walk-
ing condition appear to suggest that the incline walking
condition presented the most challenging walking sce-
nario across prosthesis conditions, as reflected by
increased temporal variability and asymmetry. The mean
differences in prosthetic swing time CV, step time CV,
and symmetry ratio for those significant pairwise compar-
isons were similar in magnitude to the dorsiflexion main
effect differences, suggesting that the impairments
imposed by incline walking may be equivalent to those
experienced by increasing dorsiflexion stiffness. This
result is not surprising because anecdotal clinical evi-
dence suggests that when dorsiflexion is too high, patients
report a feeling of walking uphill because tibial progres-
sion is restricted. Consequently, the challenge to achieve
stability during incline walking and HI dorsiflexion may
be similar, and these results would partially support this
conclusion. Overall, these results suggest that, irrespec-
tive of the prosthesis mechanical function, incline walk-
ing in the community may exacerbate unsteadiness and
fall risk, so use of prostheses with LO dorsiflexion may
mitigate those effects.

Study Limitations

The statistical power of the preliminary study was
likely limited by the small sample size, which was a result
of the logistical and recruitment difficulties associated
with studies of people with amputation as well as the
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costly and time-consuming process of manufacturing
custom experimental prostheses for all participants
instead of using participants’ own commercial prostheses.
However, the statistical analysis was selected to help
address this limitation, and the results demonstrate signif-
icant main effect differences for all three independent
variables, suggesting that the small sample size may not
have been a considerable limitation. Effect sizes ranged
from 1.3 to 2.6, which would be considered large effects
[57]. However, future studies are encouraged to include
more participants to improve confidence intervals and aid
in generalizability of the results.

Several other limitations may compromise the clini-
cal relevance of this study. First, because of the short
accommodation time provided for each prosthesis set-
ting, this study only observed acute effects on gait perfor-
mance, and future studies should consider long-term
community outcomes (e.g., fall incidence). Second, the
tested stiffness settings and foot length were the same for
each participant and not body mass and height specific,
respectively, which does not agree with common clinical
practice of assigning foot stiffness and length based on
user mass, height, and activity level, and may therefore
have introduced participant-specific compensatory mech-
anisms. However, we would expect similar within-subject
trends with changes in rotational stiffness consistent with
this study. Additionally, subjects did not report any dis-
comfort during testing that would suggest that the use of
generalized parameters influenced their performance
beyond the tested effects. Third, only one alignment was
used for each participant during testing, regardless of
stiffness condition, which again is contradictory to stan-
dard clinical practice of aligning prostheses. However,
the aim of this study was to investigate isolated effects of
plantar flexion and dorsiflexion stiffness on gait stability,
so it was important to observe these effects independent
of alignment. Realigning the prosthesis each time the
CFAM stiffness was adjusted would have introduced
additional independent variables, confounding our results
and preventing exploration of how changes in ankle stiff-
ness alone could be used by clinicians and prosthesis
designers to influence gait quality and user-perceived sta-
bility. In reality, both alignment and user-independent
prosthesis mechanical function interact to affect gait sta-
bility, and these interactions form a basis for future work.
It is important to note that the results are interpreted
based on literature suggesting a positive linear relation-
ship between temporal variability and falls. Future

research is warranted to identify whether instead a U-
shape relationship applies to lower-limb prosthesis users,
as evidence has suggested for elderly individuals and step
width variability [58].

CONCLUSIONS

This is the first study to report on the effects that sys-
tematic changes in prosthetic ankle stiffness have on gait
parameters that are reflective of gait stability in people
with transtibial amputation. This preliminary study sup-
ports the hypotheses that decreased plantar flexion and
dorsiflexion stiffnesses are associated with enhanced
user-perceived and actual gait stability, contributing to
reduced fall risk and increased quality of life. Although
the measured trends appear meaningful, future studies
should consider additional values of rotational stiffness
(i.e., with increased resolution and over a greater range)
to more fully characterize changes in gait parameters as a
function of prosthesis properties and explore the clinical
relevance of these effects. Future work should also con-
sider similar systematic investigations for additional
mobility activities to study relationships between pros-
thesis properties and user stability across a greater range
of daily living activity. Generally, the trends in this study
suggest that clinicians can improve prosthesis prescrip-
tion to maximize gait stability by recommending pros-
thetic foot-ankle mechanisms with low rotational
stiffness, and this could be considered independent of
changes in alignment. Ultimately, the clinical method of
designing low rotational stiffness prostheses would be
dependent on the componentry as chosen based on vari-
ous clinical and subject-specific factors, and may reason-
ably include selection of deformable elastomers for
articulated devices and continuous elements (e.g., leaf
springs) for nonarticulated devices.
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