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A. Emulator System

Summary
Here we describe a prosthesis emulator with two torquecontrolled toes and a torque-controlled heel. Actuation of the
three digits adjusts the origin and magnitude of the resultant
force vector. When the emulator has full ground contact, the
origin of the vector can be approximately controlled within
a support triangle which has a maximum length (anteriorposterior) of 0.20 m and a maximum width (medio-lateral) of
0.074 m. The peak force magnitude is 2300 N. The emulator
utilizes vertical translation, sagittal rotation, and frontal rotation in order to maintain full ground contact for about 70%
of stance time. This system could be used in experiments
investigating of load acceptance mechanics, manipulation of
roll-over shape, and control of center of pressure trajectory.
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Introduction
Tethered prosthesis emulators enable rapid development
and testing of various prosthesis behaviors. Developing a
specialized, product-like prosthesis is expensive and timeconsuming, especially when the device must be redesigned
to accommodate new behaviors. Instead, emulators act as a
capable and generalized testbed for quickly iterating through
a variety of prosthesis behaviors. Powerful off-board motors
and real-time controllers enable high peak torques and bandwidths with low worn mass (Caputo and Collins, 2014).
Prosthesis emulators have not yet explored the full range of
control strategies. For example, humans appear to control
center of pressure during walking (Hof et al., 2010) or maintain similar roll-over shapes despite varying walking conditions (Hansen et al., 2004). In order to study these control
strategies, an emulator must be equipped with at least two degrees of freedom in both frontal and sagittal planes.

Methods
Here we describe the design of an instrumented ankle-foot
prosthesis end-effector with two torque-controlled toes and
a torque-controlled heel. Actuation is provided by powerful
off-board motors that transmit force through flexible Bowden
cables (Fig. 1A). The Bowden cables consist of a steel outer
conduit and a Vectran inner rope.
The end-effector is centered around a frame which houses
revolute joints for the two toes and the heel. Each toe/heel
(digit) acts as a lever: one end is pulled up by the Bowden
inner rope which results in a ground reaction force at the
other end. Retraction springs oppose the actuation to take
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Figure 1: Mechanical design of the three degree of freedom anklefoot prosthesis emulator. A System overview. B End-effector detail.

up slack in the inner rope. An off-the-shelf pyramid adapter
attaches the end-effector to the pylon on the user’s existing
prosthetic socket. The frame consists of two mirrored frame
halves joined by a connecting bridge. Joint torques are measured via strain gauge bridges and joint angles are measured
via rotary encoders. In Fig. 1B, the strain gauges are covered
by a protective housing.
The dimensions of the end-effector were chosen to match the
size of a typical human foot (Hawes and Sovak, 1994) and
the angles were chosen to exceed the range of motion found
in normal walking (Winter, 1990). The heel-to-toe length of
the end-effector was chosen to match the heel-to-metatarsal
length of a foot, similar to the design of commercial prosthetic
feet. The end-effector was designed to be lightweight while
still being able to generate the forces equivalent to a 200 lb
subject walking at 1.25 m/s with a factor of safety of >1.5.
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Figure 2: The three active degrees of freedom of the ankle-foot
prosthesis emulator include two toes and a heel.

This emulator is equipped with three active degrees of freedom (Fig. 2) which can be expressed in terms of modes of
movement or resultant force control. The modes of movement
include vertical translation, sagittal rotation, and frontal rotation (Fig. 3). Force control includes approximate origin and
magnitude control of the resultant force vector. The origin
is located in the ground plane and is bounded by the support
triangle of the emulator (Fig. 4).
We have full control over the orthogonal component of the
force produced by each digit but the total resultant force vector is affected by both orthogonal and parallel components
of all three digits. This uncertainty will lead to deviations in
the expected origin, magnitude, and direction of the resultant
force vector. However, the desired and actual resultant force
vectors will be similar if the parallel force components are
small. The practical importance of these uncontrolled force
components remains to be tested.
We also implemented two features to increase the lifespan of
consumable components on this emulator. The first feature is
a limited-slip heel pad, which allows the rubber on the bottom
of the heel to slide smoothly instead of scrubbing against the
ground and wearing out. The next feature is strain relief for
the Bowden cables, which prevents the outer conduit from
bending at sharp angles and fatiguing over time (Fig. 1B).

Results
The weight of the end-effector is 1.14 kg not including the
tether. In terms of modes of movement, the vertical range of
translation is 0.050 m, the sagittal range of rotation is -32◦ to
26◦ counterclockwise from horizontal, and the frontal range
of rotation is ±57◦ from vertical. In terms of force control
capabilities, the maximum length and width of the support
triangle is 0.20 m and 0.074 m and the peak force magnitude
is 2300N. Peak force magnitude decreases as the support triangle becomes smaller or if the force origin approaches the
edge of the triangle. Resultant force magnitudes can also
be expressed in terms of planar torques. Peak dorsiflexion,
plantarflexion, and inversion-eversion torques are 68 Nm, 195
Nm, and ±24 Nm.

Figure 3: The three modes of movement of the ankle-foot prosthesis emulator. A Rotating both toes in one direction and the heel
in the opposite direction moves the emulator vertically. B Rotating
all three actuators in the same direction rotates the emulator in the
sagittal plane. C Rotating the toes in opposite directions rotates the
emulator in the frontal plane.
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Figure 4: The support triangle is formed by the contact points of
the heel and two toes. The contour plot depicts the peak controllable
force magnitude, with lighter colors indicating higher forces.

Discussion
Our aim was to develop a prosthesis emulator capable of manipulating center of pressure trajectory and roll-over shape.
The emulator described here approximately controls the location and magnitude of the resultant force over a long portion
of stance phase. This control not only enables the experiments listed above, but also allows the emulator to investigate
other concepts such as load acceptance mechanics. For example, this emulator could be used to vary the energy dissipated
during the beginning of stance phase.
This emulator is able to produce high forces while still maintaining a worn mass roughly equivalent to that of an average human foot and half of that of mobile powered prostheses
with one controlled degree of freedom.

Future Work
We are performing benchtop testing to determine torque measurement error, peak torque, rise time, overshoot, and closedloop torque control bandwidth for this emulator.
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