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INTRODUCTION
While it is generally believed that the choice of
prosthetic components affects amputee gait, system-
atically quantifying the effects of prosthetic design
on amputee walking is difficult [1]. A simulation
model capable of predicting human amputee gait
could allow for quantitative, systematic investiga-
tions. Existing models of amputee gait are either too
complex for a predictive study (e.g. [2]) or do not
provide any validation that the models can accurately
predict amputee walking (e.g. [3]). One successful
strategy to limit the complexity of predictive models
for healthy human gait is to model the function, not
the form, of the foot and ankle complex using a rigid
curved foot and revolute ankle joint [4]. The curved
foot captures the control of the center of pressure
location [5], and the ankle joint helps to capture
the change in the whole-body center of mass (CoM)
velocity during the step-to-step transition [6]. With-
out ankle joints, the model exhibits excessively short
step durations and large joint angle oscillations [4],
both of which are uncharacteristic of healthy human
walking. Whether an ankle joint is likewise required
to capture the function of a passive prosthetic foot in
an analogous model of amputee walking is unclear.
Similar to human feet, prosthetic feet help to control
the center of pressure location [7], but since passive
prostheses cannot generate net positive ankle work,
it appears they provide far less control of the CoM
velocity than intact ankle joints [2]. Thus, a model
prosthetic ankle joint may not be required. Prosthetic
feet can, however, store and subsequently release

−θCA

θCK θAK

θAH
−θCH

Figure 1: Schematic
of the model. The
contralateral leg has
both knee and ankle
joints, while the am-
putated leg has just a
knee joint.

energy during certain parts of the step. If an amputee
model without a prosthetic ankle joint is able to
capture amputee gait, this may indicate that amputees
do not use this energy transfer to help control the
CoM velocity.

METHODS
A planar, five-link, asymmetric bipedal model was
developed (Fig. 1) to investigate whether or not the
prosthetic foot helps to control the CoM velocity.
The amputated leg has a thigh and a combined
shank/foot segment, i.e., no ankle joint. The con-
tralateral/sound leg has a thigh, shank, and foot. Both
feet are modeled as rigid circular arcs. Because the
curved model foot captures some of the motion of
the physical ankle, the model and physical ankle
motions are not expected to match. The stance
foot is assumed to roll without slip. Each stride
consists of a finite-time amputated stance phase, an
instantaneous transition between stance legs, a finite-
time contralateral stance phase, and a second instan-
taneous transition. The model is controlled using
the hybrid zero dynamics control method, which
is capable of accurately predicting healthy human
walking [4]. Gaits were designed by minimizing the
error between the simulation and existing transtibial
amputee walking data at the self-selected speed. The
experimental data are from overground walking trials
of five fully ambulatory amputees (4 male, average
age of 44 ± 20 years, average years since amputation
of 10 ± 14) wearing their prescribed prosthesis [8].

RESULTS AND DISCUSSION
The model reproduced the kinematics of amputee
walking (Fig. 2). In all cases, walking speed error
was less than 1%, step period error was less than
2%, and range of motion error was less than 3◦, all
of which were within the bounds of normal human
variation. In particular, the result that the amputee
model captured both step periods suggests that a



A
m

p
u

ta
te

d
H

ip
(d

eg
)

% of Stride

0 50 100

−10

0

10

20

30

C
o

n
tr

al
at

er
al

H
ip

(d
eg

)
% of Stride

0 50 100

−10

0

10

20

30

A
m

p
u

ta
te

d
K

n
ee

(d
eg

)

% of Stride

0 50 100
0

20

40

60

80

 

 

Exp

Sim

C
o

n
tr

al
at

er
al

K
n

ee
(d

eg
)

% of Stride

0 50 100

20

40

60

Figure 2: The hip and knee angles for both sides for one representative subject. The amputated stance phase goes
from 0 to 48%, and the contralateral stance phase goes from 48% to 100%.

model prosthetic ankle joint may not be needed. The
model accurately captured the shape of amputated-
side hip motion, but predicted the peak extension of
the contralateral hip to occur too early in the gait
cycle (error of 15% of the stride). For the amputated-
side knee, peak flexion and extension during swing
both occurred approximately 5% later in the stride
for the model. For the contralateral knee, peak
extension during swing occurred approximately 4%
later in the stride for the model, but peak flexion was
accurately matched. The model was least accurate
in capturing the motion of both knees during stance,
with the most consistent issues being early peak
knee flexion during the weight acceptance phase
(errors between 1 and 16% of the stride) for both
knees and early peak extension (error of 10% of
stride) for the contralateral knee. This difficulty
in accurately capturing the knee motion was not
surprising because the model allowed for greater
variability in stance knee motions compared to the
hip motions while still achieving stable, periodic
walking. None of the model joint angles exhibited
the oscillations observed in the healthy human model
when ankle joints were omitted [4]. Since the model
was able to accurately match most of the kinematics
of amputee walking, it can be concluded that a
prosthetic ankle joint is not required in the model.
This indicates that the function of the prosthetic foot
can be entirely captured using just a curved model
foot. Further, it suggests that the energy storage and
return capabilities of prosthetic feet do not have a
significant effect on the control of the CoM velocity.

CONCLUSIONS
A planar, five-link, asymmetric model is capable
of matching the kinematics of transtibial amputee
walking for amputees wearing a passive prosthesis.
Since a model prosthetic ankle joint is not needed, it
appears that the prosthetic foot helps to control the
center of pressure location but has minimal influence
in controlling the CoM velocity during the step-to-
step transition. Using the validated model, an op-
timization capable of predicting transtibial amputee
walking for amputees wearing a passive prosthesis
is currently being developed. This predictive model
will be used to systematically quantify the effects of
prosthetic foot design on amputee gait.
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