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Biomechanical Design of a Powered Ankle-Foot Prosthesis
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Abstract—Although the potential benefits of a powered ankle-
foot prosthesis have been well documented, no one has sue-
cessfully developed and verified that such a prosthesis can
improve amputee gait compared to a conventional passive-
elastic prosthesis. One of the main hurdles that hinder such a
development is the challenge of building an ankle-foot prosthesis
that matches the size and weight of the intact ankle, but still
provides a sufficiently large instantaneous power output and
torque to propel an amputee,

In this paper, we present a novel, powered ankle-foot prosthesis
that overcomes these design challenges. The prosthesis comprises
an unidirectional spring, configured in parallel with a force-
controllable actuator with series elasticity. With this architecture,
the ankle-foot prosthesis matches the size and weight of the
human ankle, and is shown to be satistying the restrictive
design specifications dictated by normal human ankle walking
biomechanics.

I. INTRODUCTION

Today's commercially available below-knee prostheses are
completely passive during the stance phase of walking, and
consequently their mechanical properties remain fixed with
walking speed and terrain. Clinical studies indicate that
transtibial amputees using these conventional passive pros-
theses experience many problems during locomotion, includ-
ing non-symmetric gait patterns, slower self-selected walking
speeds, and higher gait metabolic rates compared to intact
individuals [1][2][3]. For example, transtibial amputees expend
20-30% more metabolic power to walk at the same speed as
able-bodied individuals, and therefore, they prefer a slower
walking speed to travel the same distance [2][3].

There are many mechanical differences between conven-
tional ankle prostheses and the human ankle. Most no-
tably, the human ankle performs more positive mechanical
work than negative, especially at moderate to fast walk-
ing speeds [4][5][6]. Researchers hypothesize [8][9] that the
inability of conventional passive prostheses to provide net
positive work over the stance period is the main cause for
the above clinical difficulties.

This motivates us to develop a powered ankle-foot pros-
thesis that is capable of providing sufficient active mechanical
power or net positive work during the stance period of walking.
We hypothesize that such a device can significantly improve
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below-knee amputee ambulation, such as walking symmetry,
self-selected walking speed, and walking metabolism.

A, Previous Work

Although the idea of a powered ankle-foot prosthesis has
been discussed since the late 1990s, only one attempt [10] has
been made to develop such a prosthesis to improve amputee
ambulation. Klute [10] attempted to use an artificial pneumnatic
muscle, called McKibben actuator to develop a powered arkle-
foot prosthesis. More recent work has focused on the devel-
opment of quasi-passive ankle-foot prostheses [11][12][13].
Collins and Kuo [11] advanced a foot system that stores elastic
energy during early stance, and then delays the release of
that energy until late stance, in an attempt to reduce impact
losses of the adjacent leg. Since the device did not include an
actuator to actively plantar flex the ankle, no net work was
performed throughout stance. Other researchers [12][13] have
built prostheses that use active damping or clutch mechanisms
to allow ankle angle adjustment under the force of gravity
or the amputee’s own weight. In the commercial sector,
the most advanced ankle-foot prosthesis, the Ossur Proprio
FootT™ [14], has an electric motor to adjust the orientation
of a low profile passive-elastic foot during the swing phase.
Although active during the swing phase, the Proprio ankle joint
is locked during stance, and therefore becomes equivalent to
a passive elastic foot. Consequently, no net positive work is
done at the ankle joint during stance.

B. Engineering Challenges

There are two main hurdles hinder the development of a
powered ankle-foot prosthesis [1][15][16]. First, it is chal-
lenging to build an ankle-foot prosthesis that matches the
size and weight of the human ankle, but still provides a
sufficiently large instantanecus power output and torque to
propel an amputee. For example, a 75kg person has an ankle-
foot weight equal to approximately 2.5kg, and a peak power
and torque output at the ankle during walking as high as
350W and 140Nm, respectively [4][6][15]. Current ankle-foot
mechanisms for humanoid robots are not appropriate for this
application, as they are either too heavy or not powerful
enough to meet the human-like specifications required for a
prosthesis [17][18].

Second, there is no clear control target or “gold standard”
for the prosthesis to be controlled, against which to gauge the
effectiveness. It is unclear what kind of prosthetic control strat-
egy is effective for the improvement of amputee ambulation.

The key objective of this paper is to address the mechanical
design challenge of the power ankle-foot prosthesis. We pro-
pose a novel, motorized prosthesis that exploits both series
and parallel elasticity to fulfill the demanding human-like
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