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Abstract—Some important walking functions are adversely 
affected or eliminated in prosthesis users because of reduced or 
absent ankle motion. This retrospective data analysis deter-
mined the effect of prosthetic ankle units on the characteristics 
of the ankle-foot roll-over shape in persons with bilateral tran-
stibial amputations. Seventeen subjects were fitted with Endo-
lite Multiflex Ankles to provide ankle plantar-/dorsiflexion 
during the stance phase of gait. Quantitative gait analyses were 
performed as subjects walked with (1) Seattle Lightfoot II feet 
(baseline condition) and (2) the prosthetic ankle units added. 
Roll-over shape radii and effective foot length ratio were cal-
culated and compared for the two prosthetic configurations. 
When subjects walked with the ankle units, ankle motion 
increased (p < 0.001), peak ankle plantarflexion moment dur-
ing stance decreased slightly, and ankle-foot roll-over shape 
radii were significantly decreased (p < 0.001) compared with 
the baseline condition. The effective foot length ratio of the 
roll-over shape was found to increase with walking speed (p < 
0.001), but it was not significantly affected by the prosthetic 
ankle units (p = 0.07). Prosthetists and manufacturers are 
encouraged to consider the effect of combining prosthetic com-
ponents on the overall characteristics of the prosthesis and the 
functions they impart to the user.

Key words: ankle, ankle motion, gait, kinematic, kinetic, pros-
thesis, prosthetic ankle units, rehabilitation, roll-over shape, 
transtibial amputation.

INTRODUCTION

The anatomical foot and ankle create a complex struc-
ture during walking, with the important functions of provid-
ing shock absorption and stability while contributing to the 
efficiency of walking. Three rockers of the foot and ankle 
[1]—the heel, ankle, and forefoot—act in a serial fashion 
during normal walking to advance the body forward over 
the stance leg. During the loading-response phase, the heel 
rocker sustains forward movement of the body without 
interruption and facilitates foot flat to ensure stability as 
the leg is progressively loaded, while simultaneously, 
restrained ankle plantarflexion provides shock absorption. 
Throughout midstance, the ankle rocker maintains forward 
progression of the body while the plantar surface of the foot 
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remains in full contact with the ground. Finally, during ter-
minal stance, the forefoot rocker enables the body to con-
tinue rolling over the foot as the ankle restrains dorsiflexion 
and the heel rises from the ground. These three discrete foot 
rocker mechanisms have an integrated effect during nondis-
abled walking to produce a functional rocker, or “roll-over 
shape” [2–3], which directly affects vertical motion of the 
body and is important for achieving smooth, efficient for-
ward progression [4–5].

The ankle-foot roll-over shape can be calculated from 
quantitative gait data by transforming center of pressure 
data under the foot from a laboratory-based coordinate 
system into a shank-based coordinate system [2]. A circu-
lar arc is then fitted to the roll-over shape data, from 
which pertinent characteristics of the roll-over shape such 
as radius and arc length can easily be determined. The 
effective foot length is defined as the distance from the 
heel of the prosthetic foot to the most anterior portion of 
the roll-over shape [6]. The effective foot length ratio is 
the effective foot length divided by the total foot length. 
Scaled to an individual’s height, the roll-over shapes that 
are created by nondisabled persons during walking have 
been found to be relatively invariant with walking speed 
[2–3], added weight [7], and changes in shoe heel height 
[8]. Presumably, nondisabled individuals maintain a par-
ticular roll-over shape to optimize walking biomechanics 
and efficiency. The concept of roll-over shape has also 
been applied to lower-limb prostheses for the evaluation 
and design of prosthetic feet [3,6,9] and has been used as 
a basis for understanding principles of prosthetic align-
ment [10–11]. Recent work indicates that fitting prosthe-
sis users with prosthetic feet that have inappropriate roll-
over shapes can reduce the quality of gait and comfort of 
the user [12–13].

Some of the important functions associated with the 
foot-ankle rocker mechanisms are adversely affected or 
eliminated during the gait of prosthesis users because of 
reduced or absent ankle motion. However, these functions 
may possibly be restored or improved by fitting users 
with prosthetic ankle joints. Prosthetic components that 
increase prosthetic compliance and produce greater sagit-
tal plane ankle motion are often prescribed to provide 
shock absorption during the loading-response phase [14–
15]. Additionally, the compliance provided by prosthetic 
ankle units may allow the prosthetic foot to better accom-
modate uneven terrains, potentially improving stability 
during gait. For level walking, the prosthetic ankle units 
may also affect characteristics of the roll-over shape [10–

11]. During nondisabled gait, a fairly well-defined and 
relatively consistent relationship exists between ankle 
joint moment and ankle motion during stance that is 
dependent on the walking speed [16], suggesting stiffness 
values for artificial mechanical systems that might 
replace the anatomical system. Appropriate consideration 
should be given for the net effect of the combined stiff-
ness when pairing a prosthetic ankle unit with a prosthetic 
foot. Therefore, a prosthetic ankle unit that increases 
ankle motion during stance phase may produce different 
ankle-foot roll-over shape characteristics than the pros-
thetic foot alone. Specifically, an ankle unit may reduce 
the foot’s roll-over shape radius and effective length, 
yielding different gait biomechanics for the user.

Studies that investigate and compare different types of 
prosthetic foot-ankle interventions typically involve per-
sons with unilateral transtibial amputations. However, 
analyzing and interpreting these data can be complicated 
by the contributions and compensations of the sound leg. 
Because people with bilateral amputations walk with two 
prostheses, they have fewer physiological control options 
available for them to compensate for prosthetic deficien-
cies. Therefore, we believe that this population of prosthe-
sis users may offer distinct advantages when evaluating 
and comparing different types of prosthetic interventions, 
facilitating data interpretation while enabling deficiencies 
in the prostheses and their effect on gait biomechanics to 
be more readily identified and understood. Additionally, 
because people with bilateral lower-limb amputations 
expend considerably more energy during gait than individ-
uals with unilateral amputations [17], they stand to benefit 
tremendously from improvements in prosthetic compo-
nent design.

We previously conducted a study to determine how 
the gait characteristics of persons with bilateral transtib-
ial amputations would be affected by the addition of 
prosthetic components that increase ankle motion [18]. 
After publication of that work, questions arose within our 
laboratory about how different types of prosthetic com-
ponents may interact during walking to produce unantici-
pated effects. Specifically, we wondered whether the 
ankle-foot roll-over shape of a prosthetic foot would be 
modified by the addition of a prosthetic ankle unit that 
increases sagittal plane motion, which could significantly 
change gait biomechanics. For example, we know from 
biomechanical modeling of gait that the ankle-foot roll-
over shape directly affects the vertical displacement of 
the body, accelerations acting on the body center of mass 
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from step to step, and ground reaction forces (GRFs) and 
could ultimately affect the work of walking and meta-
bolic energy expenditure [4,19–20].

We conducted a retrospective analysis of data that 
were previously collected [18] to determine how pros-
thetic ankle-foot roll-over shape characteristics were 
affected by the addition of a prosthetic ankle component. 
By increasing motion at the ankle during stance phase 
with the addition of a compliant prosthetic ankle joint 
[18], we hypothesized that the roll-over shape radius of 
the prosthetic foot and ankle would be reduced. Simi-
larly, we expected the increased ankle motion to decrease 
the effective foot length ratio of the ankle-foot system, 
since we assumed that the center of pressure under the 
prosthetic foot would not be able to progress as far ante-
rior during stance phase when subjects walked with the 
ankle units.

METHODS

(Note: The following description of the methodology 
is limited to relevant information that directly pertains to 
the primary objective of this retrospective analysis of 
data, which were originally acquired as part of a more 
complex protocol that has been described in greater detail 
in a previously published article [18].)

Subjects
Individuals with bilateral transtibial amputations were 

recruited for this study “from clinics and prosthetics fitting 
centers in the Chicago metropolitan area. Criteria for inclu-
sion were specified as individuals who were a minimum of 
[2 years postamputation]; used prostheses as their primary 
means of [ambulation]; and were without serious health 
issues that would directly affect gait. [Inclusion in the study 
was] not limited by age, weight, height, or residual limb 
length. All subjects who met these inclusion criteria were 
[informed of this study] by their physicians or prosthetists 
and invited to participate. Subjects signed consent forms 
that were approved by [Northwestern University’s] Institu-
tional Review Board” [18].

Prosthetic Fitting
The subjects’ prostheses were modified in two stages: 

(1) the prosthetic feet were replaced with new, standardized 
feet; and (2) prosthetic ankle units were added to their pros-
theses. Initially, an experienced, certified prosthetist fitted 

all subjects bilaterally with Seattle Lightfoot II feet (Trulife 
USA; Poulsbo, Washington) having the manufacturer’s rec-
ommended keel stiffness based upon their weight and activ-
ity level. “Subjects [used] their existing [sockets] and 
suspension type. The bench alignment of the [subjects’] 
prostheses was based [upon] the manufacturer’s recom-
mendations for the Seattle Lightfoot II. The prostheses 
were then fitted on the subjects and dynamic alignment was 
performed at the discretion of the prosthetist as subjects 
walked in the laboratory” [18]. After a 2-week accommo-
dation period, the subjects returned to the laboratory and 
participated in the baseline quantitative gait analysis.

Following the baseline gait analysis session, subjects 
were fitted bilaterally with Endolite Multiflex Ankles 
(Endolite North America; Centerville, Ohio). When the 
research prosthetist added the ankle units, no realignment 
of the prostheses was performed. These components pri-
marily provide plantar-/dorsiflexion movement, but also 
allow a small amount of inversion/eversion and transverse 
plane rotation. The stiffness of the Endolite Multiflex 
Ankle is controlled by combining different durometer vis-
coelastic elements. Specifically, the stiffness of the “ball” 
element controls plantarflexion range and the stiffness of 
the “snubber” element controls dorsiflexion range. An 
appropriate ball and snubber combination was selected for 
each subject based upon the manufacturer’s recommenda-
tion given the subject’s weight and activity level. “[The] 
prosthetist confirmed that [the ankle] components were 
adjusted to best suit the needs of the subject, and ensured 
that the subject felt safe walking with the new prosthetic 
configuration” [18]. The subjects were permitted another 
2-week accommodation period prior to the second gait 
analysis.

Gait Data Acquisition
Data collection and analyses for the study were con-

ducted at the Department of Veterans Affairs (VA) Chicago 
Motion Analysis Research Laboratory (VACMARL). “[The 
VACMARL] has an eight-camera Eagle Digital Real-Time 
motion capture system (Motion Analysis Corporation 
[MAC]; Santa Rosa, California) that is used to measure 
marker movements. A modified Helen Hayes marker set 
[21] was used to define a biomechanical model of the par-
ticipant. As the subject walked along the walkway, the posi-
tions of the markers were recorded by the motion analysis 
cameras mounted around the periphery of the room. Six 
force platforms (Advanced Mechanical Technology, Inc; 
Watertown, Massachusetts) located midway along the 
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walkway and embedded flush with the floor were used to 
measure GRFs. Both the kinematic and kinetic data were 
collected using EVa Real Time Software (EVaRT, MAC; 
Santa Rosa, California)” [18]. “The kinematic data were 
acquired at 120 Hz and the kinetic data were simulta-
neously recorded at a sampling rate of 960 Hz. The GRF 
and motion data [were used] to calculate joint moments via 
inverse dynamics using OrthoTrak software (MAC; Santa 
Rosa, California). During the gait analyses, the subjects 
were instructed to ambulate at their comfortable, freely-
selected walking speed, then they walked at their fastest 
comfortable speed, and finally at their slowest comfortable 
speed” [22]. Walking trials at each speed were repeated 
until GRF data were collected with the force platforms for a 
minimum of three clean foot strikes for the left and right 
feet. During the experiment, subjects were permitted to use 
their customary assistive aids (i.e., canes) if they desired, 
and they were given the opportunity to rest at any time.

Data Processing and Analysis
Missing data points were interpolated in OrthoTrak 

using a cubic spline technique. The raw data were then fil-
tered using a fourth-order, bidirectional, Butterworth, 
infinite-impulse response digital filter having an effective 
cutoff frequency of 6.0 Hz. Because subjects used prosthe-
ses bilaterally and had a reasonably symmetric gait [22], 
only data collected from the left legs of the research sub-
jects were analyzed for this investigation. Matlab (The 
MathWorks, Inc; Natick, Massachusetts) programs were 
used to calculate the mean walking speeds of subjects, 
peak-to-peak sagittal plane ankle rotation during stance 
phase, and peak ankle plantarflexion moment for each 
speed and for each prosthetic configuration. The ankle-foot 
roll-over shapes were computed using a custom-written 
Matlab program. The ankle-foot roll-over shape radius [2] 
and effective foot length ratio [23] were calculated for each 
subject for the two prosthetic conditions and the three walk-
ing speeds and then averaged across all subjects. The roll-
over shape radius was found using a nonlinear least-squares 
fitting routine of the roll-over shape data to the equation 
describing the lower arc of a circle [2]. The effective foot 
length ratio provides an estimate of the load-bearing capa-
bility of the prosthetic foot based upon the measurement of 
center of pressure progression during stance phase, normal-
ized by foot length.

SPSS software (SPSS, Inc; Chicago, Illinois) was
used to analyze the data with the level of statistical signifi-
cance set at p < 0.05. Statistical analysis of the data 

included a two × three repeated-measures analysis of vari-
ance to test the differences in the data for the two pros-
thetic configurations (baseline, Endolite Multiflex Ankles) 
and three walking speeds (slow, freely-selected, fast). The 
interaction term was also investigated when both factors 
were significant. When factors were found to be signifi-
cant, pairwise comparisons were made using Bonferroni 
adjustments for multiple comparisons. Values for p were 
adjusted by the software after the Bonferroni correction to 
maintain the significance level at p < 0.05.

RESULTS

Nineteen subjects with bilateral transtibial ampu-
tations were enrolled in the study [18]. However, in post-
processing, we discovered that the data set for one 
subject was incomplete and another subject’s roll-over 
shape radii data exceeded three standard deviations from 
the mean and was thus determined to be an outlier. 
Therefore, these two subjects were excluded from subse-
quent analyses. The age of the 17 subjects was 53.6 ± 
17.7 years (all data presented as mean ± standard devia-
tion where appropriate), and their height and mass were 
172.9 ± 7.5 cm and 77.3 ± 15.1 kg, respectively.

Data collections were performed at three different 
walking speeds. For the baseline condition, analysis of the 
group data indicated that subjects walked at a slow speed 
of 0.59 ± 0.18 m/s, a freely-selected speed of 0.91 ± 
0.28 m/s, and a fast speed of 1.17 ± 0.37 m/s (Table). 
While walking with the ankle units, the subjects walked at 
a slow speed of 0.62 ± 0.20 m/s, a freely-selected speed of 
0.94 ± 0.30 m/s, and a fast speed of 1.16 ± 0.38 m/s 
(Table). The slow, freely-selected, and fast walking speeds 
were determined to be statistically different from one 
another for each of the prosthetic conditions (p < 0.001). 
However, the slow, freely-selected, and fast walking 
speeds were not significantly different between prosthetic 
conditions (p = 0.42). Prosthetic ankle motion was signifi-
cantly increased from a range of 13.0° ± 3.4° during the 
stance phase of the baseline condition at the subjects’ 
freely-selected speed to 19.4° ± 4.4° when subjects walked 
with the prosthetic ankle units (p < 0.001; Table, Figure 
1(a)). The peak ankle plantarflexion moment during 
stance phase was observed to decrease slightly with the 
addition of the prosthetic ankle unit (Table, Figure 1(b)), 
but the change was statistically significant at only the 
slowest walking speed (p = 0.008). By plotting prosthetic
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ankle moment against ankle rotation during stance phase, 
we can determine the ankle “stiffness” [24] and the reduc-
tion that occurs with the addition of the prosthetic ankle 
unit becomes evident (Figure 2). This reduction in stiff-
ness was observed in all of the research subjects when 
they walked with the prosthetic ankle units.

Research subjects demonstrated consistent differ-
ences between the calculated ankle-foot roll-over shapes 
when they walked with and without the prosthetic ankle 
units (Figure 3). When subjects walked with the Endolite 
Multiflex Ankles, their roll-over shape radii were deter-
mined to be significantly decreased compared with the 
baseline condition (Seattle Lightfoot II feet alone) (p < 
0.001; Table). The prosthetic ankle-foot roll-over shape 
radii for the baseline condition were larger than the 
median of those previously reported for 24 nondisabled 
individuals [3], but when the subjects with amputations 
walked with the ankle units, the roll-over shape radii 
more closely approximated those of the nondisabled con-
trols (Figure 4). Speed was not a significant factor in 
accounting for this difference in roll-over shape radius 
between the two prosthetic configurations (p = 0.39), nor 
was the interaction between the prosthetic configuration 
and speed found to be significant (p = 0.16). The effec-
tive foot length ratio of the roll-over shape was found to 
increase with walking speed (p < 0.001; Figure 5), but it 
was not significantly affected by the prosthetic ankle 
units (p = 0.07; Table). Effective foot length ratio was 
not affected by the interaction term between the pros-
thetic configuration and walking speed (p = 0.12).

DISCUSSION

The Seattle LiteFoot II provides simulated prosthetic 
ankle motion by compressing the heel and bending the 
keel during the stance phase of walking, which is mani-
fested as ankle rotation because of the marker placement 
and data processing that is used for the quantitative gait 
analysis. In this study, the subjects walked at freely-
selected speeds with approximately 13° of peak-to-peak 
ankle plantar-/dorsiflexion without the prosthetic ankle 
components (Table, Figure 1(a)).

Endolite’s Multiflex Ankle incorporates a physical 
articulation immediately proximal to its connection with 
the foot that decreases rotational stiffness of lower-limb 
prostheses and thus increases ankle motion during load-
bearing. When subjects walked with the Endolite Multiflex 
Ankles, their mean sagittal plane ankle range of motion 
was significantly higher than with the baseline configura-
tion (Table, Figure 1(a)), increasing on average by 6° to 
7°. In fact, the motion provided by the prosthetic ankle 
joint and foot combination was comparable to that of the 
nondisabled individuals walking at similar speeds, differ-
ing by only about 1° to 2 during stance phase [18]. The 
prosthetic ankle unit specifically increased peak prosthetic 
ankle dorsiflexion during mid- to late stance phase, appar-
ently restoring some portion of the anatomical ankle and 
forefoot rocker mechanisms.

The addition of the Endolite Multiflex Ankle was found 
to have a significant effect on the prosthetic ankle-foot roll-
over shapes for the subjects’ prostheses (Table, Figure 3). 
The increased ankle rotation during stance phase decreased 

Table.
Gait parameters for subjects (n = 17). Data presented as mean ± standard deviation.

Walking 
Speed 

Category

Prosthesis 
Condition

Walking Speed 
(m/s)

Peak-to-Peak 
Prosthetic “Ankle” 

Motion (°)

Peak Ankle 
Plantarflexion 

Moment (N·m/kg)

Ankle-Foot Roll-
Over Shape

Radius/Height

Effective Foot 
Length Ratio

Slow Baseline 0.59 ± 0.18 10.5 ± 3.7 1.03 ± 0.12 0.26 ± 0.07 0.65 ± 0.06
With Ankle 

Units
0.62 ± 0.20 16.1 ± 4.1* 0.96 ± 0.13* 0.18 ± 0.03* 0.63 ± 0.08

Freely-
selected

Baseline 0.91 ± 0.28 13.0 ± 3.4 1.12 ± 0.12 0.24 ± 0.05 0.69 ± 0.05
With Ankle 

Units
0.94 ± 0.30 19.4 ± 4.4* 1.09 ± 0.14 0.17 ± 0.03* 0.67 ± 0.06

Fast Baseline 1.17 ± 0.37 14.5 ± 3.6 1.18 ± 0.17 0.25 ± 0.05 0.71 ± 0.05
With Ankle 

Units
1.16 ± 0.38 21.2 ± 4.7* 1.14 ± 0.20 0.18 ± 0.04* 0.70 ± 0.05

*Statistically significant change from baseline at p < 0.05.
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the radius of the ankle-foot roll-over shape, supporting our 
hypothesis (Figure 4). We had originally anticipated that 
the ankle-foot roll-over shape radius for the baseline condi-
tion would be closer to that of the nondisabled controls and 
that adding the ankle units would produce a roll-over shape 
radius that would be too small. However, somewhat unex-
pectedly, the decreased radius of the ankle-foot roll-over 
shape when the subjects walked with the ankle units better 
approximated that of nondisabled individuals than the 
baseline condition. Nonetheless, if a prosthesis user is

wearing a prosthetic foot that provides a roll-over shape that 
is deemed appropriate for their height, then adding an ankle 
unit to their prosthesis will reduce the roll-over shape 
radius. Walking on a roll-over shape with a radius that is too 
small could produce a slower walking speed [25], a shorter 
contralateral limb step length [23], excessive vertical 
motion of the body during prosthetic stance phase [4], 
larger contralateral impact forces [26–27], and a general 
increase in the work of walking, while reducing the energy 
efficiency [26]. Contrary to our expectations for the second 
hypothesis, the effective foot length ratio of the ankle-foot 
system was not significantly affected by the addition of the 
prosthetic ankle unit (Table, Figure 5). We anticipated that 
a more compliant ankle would reduce the ability to propa-
gate the center of pressure anteriorly under the foot and 
would thus lead to a reduced ankle lever arm, decreasing 
the ankle plantarflexion moment in late stance. This expec-
tation may be best illustrated by considering the hypo-
thetical situation of someone walking with a transtibial 
prosthesis having an ankle mechanism that freely rotates 
and provides no resistance (i.e., zero stiffness) during 

Figure 1.
(a) Measured prosthetic ankle motion was significantly increased with 
addition of Endolite Multiflex Ankles (p < 0.001). (b) Peak ankle 
plantarflexion moment during stance phase was reduced when subjects 
walked with ankle units. Reduction in peak ankle plantarflexion 
moment was significant at only slowest speed (p = 0.008).

Figure 2.
Ankle moment plotted against ankle rotation during stance phase from 
one subject walking with and without ankle units at their freely-
selected speed. Initial contact (IC) of foot with ground for each 
condition occurred at approximately same ankle moment-angle 
position in each curve. Arrows indicate time progression during 
stance. Ankle “stiffness”* can be determined at each point in time 
from slope of lines tangent to this curve. These curves illustrate that 
ankle stiffness was reduced with prosthetic ankle unit.
*Latash ML, Zatsiorsky VM. Joint stiffness: Myth or reality? Hum 
Mov Sci. 1993;12(6):653–92. DOI:10.1016/0167-9457(93)90010-M.
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stance phase. In this extreme example, the center of pres-
sure under the prosthetic foot would remain directly 
beneath the ankle joint axis of rotation throughout stance 
phase, effectively providing the user with a point contact on 
the ground. For this special case of zero ankle joint stiffness, 
the center of pressure would not propagate anteriorly under 
the foot, the ankle joint moment would be zero during the 
entire stance phase, and the roll-over shape radius and the 
effective foot length ratio would both be zero. In reality, 
however, we did not set prosthetic ankle stiffness to zero in 
this study but merely reduced it from what it was in the 
baseline condition. Therefore, only slight reductions in the 
ankle plantarflexion moment and effective foot length ratio 
were evident when subjects walked with the prosthetic 
ankle units (Table, Figure 1(b), Figure 5), but these differ-
ences were not statistically significant overall.

Several limitations to this study warrant discussion. 
First, the population that we investigated is novel in that 
subjects had bilateral transtibial amputations. However, the 
majority of lower-limb prosthesis users have unilateral 
transtibial amputations. Additionally, many unilateral trans-
femoral prosthesis users are fitted with and may benefit 
from prosthetic ankle units to increase sagittal plane 
motion. Presumably, the external validity of our study is 
such that these findings can readily be extrapolated to all 
users of lower-limb prostheses—unilateral and bilateral, 
transtibial, and transfemoral—though the effect of sagittal 
plane prosthetic ankle motion may be more or less dramatic 
on prosthetic ankle-foot roll-over shape characteristics. 
Biomechanically, we are unable to identify any apparent 
reasons why other lower-limb prosthesis users who are fit-
ted with a compliant ankle mechanism would experience 

effects that are different from those that we have reported 
in this study. However, additional studies are necessary to 
validate our findings and to make conclusive determina-
tions of these effects in different amputee populations.

A second limitation is that the prosthetic components 
that were fitted on some of the research subjects in this 
study may not have been considered appropriate. The 
Endolite Multiflex Ankle is indicated for a Medicare Func-
tional Classification Level (MFCL) K2 and higher, while 
the Seattle Lightfoot II is indicated for a minimum K3 
level. From a billing perspective, the Center for Medicare 
and Medicaid Services does not focus on the MFCL of 
individuals with bilateral lower-limb amputations when 
considering reimbursement. Nonetheless, in clinical prac-
tice it is important for the prosthetist to perform appropriate 
assessments to determine whether a client with bilateral 
transtibial amputations demonstrates the functional abilities 
required to walk with these types of components. The 
research subjects in this study were not categorized using 
the MFCL system; presumably the majority of them would 
be functionally classified as K3 (i.e., community ambulator 
with variable cadence), but some would be considered as 

Figure 3.
Average ankle-foot roll-over shape for group of subjects walking with 
and without Endolite Multiflex Ankles at their freely-selected speed. 
(Photograph of prosthetic foot in background is for reference purposes 
only and is not necessarily scaled to data. Feet were tested in shoes.)

Figure 4.
Roll-over shape radius (normalized by body height) was decreased 
significantly (p < 0.001) when subjects walked with Endolite 
Multiflex Ankles (With Ankle Unit) compared with baseline (Without 
Ankle Unit). Dotted line represents median ankle-foot roll-over shape 
radius scaled to height for group of nondisabled adults.*
*Hansen AH. Roll-over characteristics of human walking with 
applications for artificial limbs [dissertation]. Evanston (IL): 
Northwestern University; 2002.
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K2 (i.e., limited community ambulator). When we enrolled
individuals for this study, their functional abilities with the 
experimental components were of primary concern. With 
each prosthetic configuration, subjects were independently 
evaluated by the research prosthetist to ensure that they 
could ambulate safely and comfortably without assuming 
unnecessary risk for the sake of the research study objec-
tives. Based upon these individual functional assessments, 
no subjects were determined to be ineligible for participa-
tion in the study.

Another potential limitation of our investigation
involves the use of assistive devices by research subjects. 
Four of the subjects used a single-point cane to assist 
walking during the gait analyses. It is currently not 
known how use of a cane by prosthesis users during 
walking affects prosthetic ankle-foot roll-over shape 
characteristics. Presumably, if the user does not apply 
significant force through the cane during walking and 
reduce the load borne through the prosthesis, then the 
cane probably has little or no effect on GRF magnitudes 
or center of pressure progression under the prosthetic 
foot. For this study, these four subjects always held the 
cane in their right hand and in contact with the ground 
during the left stance phase. Data showed that these sub-
jects demonstrated good symmetry during gait and had 
similar vertical GRFs for both legs, indicating that they 
did not rely appreciably on the assistive device to provide 

load-bearing. Instead, they probably used the cane to pro-
vide a sense of security, improve perceived stability, and 
prevent falling if perturbed while walking. For this rea-
son, we concluded that the quantitative gait data acquired 
from these four subjects were not appreciably affected 
and did not exclude them from subsequent analyses.

Finally, a couple of limitations should be noted with 
regard to the procedures that were followed in the study 
protocol. Research subjects were provided with a 2-week 
accommodation period after being fitted with the pros-
thetic feet and again after they were fitted with the pros-
thetic ankle units. We do not know for certain that this 
2-week period was sufficient for the subjects to fully 
accommodate to the new prosthetic configurations. How-
ever, in the absence of clearly established guidelines or 
recommendations for what is considered an appropriate 
accommodation period following a change in prosthetic 
componentry, we specified the 2-week period. We have 
previously used a 2-week accommodation period in other 
studies that have compared different prosthetic foot/ankle 
mechanisms in people with unilateral transtibial amputa-
tion, and that period seemed sufficient. The question 
regarding accommodation periods for studies that test 
subjects wearing different prosthetic configurations will 
likely remain unanswered until systematic research 
investigations are conducted to identify reliable and con-
sistent metrics for monitoring and tracking the accommo-
dation of prosthesis users to particular changes in 
componentry. It is likely that accommodation times will 
differ depending upon the component that is changed.

Another potential issue with the prosthetic fitting pro-
tocol concerns the prosthetic alignment, particularly when 
the subjects were fitted with the ankle units. As indicated 
in the “Methods” section, for the baseline condition, the 
research prosthetist bench-aligned the Seattle Lightfoot II 
feet per the manufacturer’s recommendations and then per-
formed routine dynamic alignment while the subjects wore 
their modified prostheses. When the research prosthetist 
fitted subjects with the Endolite Multiflex Ankles, no 
realignment of the prostheses was performed. However, 
some subjects indicated that the increased motion provided 
by the ankle units caused them to feel unstable during 
standing and walking. From a clinical perspective, some of 
this perceived instability could have been addressed by 
realigning the prostheses. Instead, the research prosthetist 
chose to alter the ball/snubber stiffness of the Endolite 
Multiflex Ankles, thereby maintaining the same prosthetic 
alignment for both test conditions, while ensuring that the 

Figure 5.
Effective foot length ratio did not change significantly when subjects 
walked with Endolite Multiflex Ankles (With Ankle Unit) compared 
with baseline (Without Ankle Unit).
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subjects felt safe and stable while walking with the ankle 
units. In fact, the manufacturer suggests that the ankle stiff-
ness settings for people with bilateral amputations may 
need to be different from those recommended for people 
with unilateral amputation. Credible arguments could 
probably be made about whether or not the prostheses in 
this study should have been realigned after the ankle units 
were added. We chose to maintain the prosthetic alignment 
that was determined at baseline, prior to the addition of the 
ankle units. From our perspective, modification of the 
prosthetic alignment could have affected ankle-foot roll-
over shapes in addition to those changes produced by the 
addition of the ankle units, making data interpretation 
difficult.

The clinical implication of our results is that prosthe-
tists should carefully consider the effect of combining 
different prosthetic components on overall functional 
performance of their patient. Prosthetic ankle units may 
be fitted on individuals to improve stability during level 
walking by allowing the prosthetic foot to plantarflex 
during early stance phase and enable the plantar surface 
of the foot to contact the ground sooner, which has been 
hypothesized to improve stability [25]. Additionally, 
prosthetic ankle units may enhance stability on uneven 
terrains by enabling the foot to accommodate to different 
surfaces. However, as results from this study indicate, the 
addition of a prosthetic ankle unit will likely alter the 
roll-over shape from that provided by the prosthetic foot 
alone. Surprisingly, the addition of prosthetic ankle units 
was determined to be beneficial on roll-over shape char-
acteristics because they reduced the radius to a value 
comparable to that of nondisabled individuals without 
decreasing the effective foot length. This finding further 
underscores the need for prosthetists to have a good 
understanding of the functions being provided to the user 
by the prosthesis and to consider how the combination of 
prosthetic components affects gait biomechanics. There 
may be cases in which a prosthetic foot provides appro-
priate roll-over shape characteristics to the user but add-
ing a compliant ankle mechanism could substantially 
reduce the roll-over shape radius and effective foot 
length, causing unanticipated effects on prosthetic foot 
dynamics and gait biomechanics. Therefore, for those 
types of situations, the prosthetist may consider selecting 
a prosthetic foot with a slightly stiffer or longer keel than 
they would normally fit on that individual to provide 
them with a more appropriate ankle-foot roll-over shape 
for the combination of the prosthetic foot and ankle unit. 

Manufacturers of prosthetic components may want to 
consider making similar recommendations for prosthetic 
foot and ankle mechanism combinations. Doing so could 
potentially improve walking biomechanics and increase 
the efficiency of gait. Additional investigations are 
required to identify and weigh the different benefits and 
compromises that result by combining prosthetic feet 
having stiffer keels with more compliant ankle mecha-
nisms, and vice versa, to determine how to best serve the 
needs of the prosthesis user and produce the greatest 
improvement in gait performance.

CONCLUSIONS

Prosthetic ankle units were found to reduce the radius 
of curvature of the prosthetic ankle-foot roll-over shape. 
However, the effective foot length ratios were unaffected 
by the addition of prosthetic ankle units. Prosthetists and 
manufacturers of prosthetic components are encouraged 
to carefully consider the effect of combining different 
prosthetic components on the overall characteristics of 
the prosthesis and the functions they impart to the user.
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