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The human ankle-foot system conforms to a circular effective
rocker shape for walking, but to a much flatter effective shape for
standing and swaying. Many persons with lower limb amputations
have impaired balance and reduced balance confidence, and may
benefit from prostheses designed to provide flatter effective rocker
shapes during standing and swaying tasks. This paper describes
the development and testing of an ankle-foot prosthesis prototype
that provides distinctly different mechanical properties for
walking and standing/swaying. The prototype developed was a
single-axis prosthetic foot with a lockable ankle for added stabil-
ity during standing and swaying. The bimodal ankle-foot prosthe-
sis prototype was tested on pseudoprostheses (walking boots with
prosthetic feet beneath) for walking and standing/swaying loads,
and was compared to an Otto Bock single-axis prosthetic foot and
to able-bodied data collected in a previous study. The height-
normalized radius of the effective rocker shape for walking with
the bimodal ankle-foot prototype was equal to that found earlier
for able-bodied persons (0.17); the standing and swaying effective
shape had a lower height-normalized radius (0.70) compared with
that previously found for able-bodied persons (1.11). The bimodal
ankle-foot prosthesis prototype had a similar radius as the Otto
Bock single-axis prosthetic foot for the effective rocker shape for
walking (0.17 for both), but had a much larger radius for standing
and swaying (0.70 for bimodal, 0.34 for single-axis). The results
suggest that the bimodal ankle-foot prosthesis prototype provides
two distinct modes, including a biomimetic effective rocker shape
for walking and an inherently stable base for standing and sway-
ing. The radius of the prototype’s effective rocker shape for stand-
ing/swaying suggests that it may provide inherent mechanical
stability to a prosthesis user, since the radius is larger than the
typical body center of mass’s distance from the floor (between
50–60% of height). Future testing is warranted to determine if the
bimodal ankle-foot prosthesis will increase balance and balance
confidence in prosthesis users. [DOI: 10.1115/1.4024646]
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1 Introduction

Although the human ankle-foot system is complex, it has
been shown that its functions for certain tasks are rather simple.
For example, our group has shown that the human ankle-foot
system conforms to a circular effective rocker shape (i.e., roll-
over shape) during walking that remains consistent for different
walking speeds [1], for added weight carried on the trunk [2],
and for shoes of different heel heights and rocker profiles [3,4].
The effective rocker shape, or roll-over shape, is found by trans-
forming the center of pressure of the ground reaction force into
a shank-based coordinate system during the activity. The center
of pressure provides an effective floor contact in the coordinate
system of the shank, and the trajectory of the center of pressure
suggests an effective rocker shape created by the ankle-foot sys-
tem. The consistency of the roll-over shape for various condi-
tions of walking has been used in the design of inexpensive
ankle-foot systems that mimic able-bodied walking characteris-
tics [5]. Measures derived from the roll-over shape have also
been used as tools to evaluate commercially available prosthetic
feet [6,7].

While the effective rocker shape of the ankle-foot system has
been shown to be nearly circular and consistent for a wide variety
of walking conditions, the effective rocker shape of the same
system for standing and swaying has been shown to be much flat-
ter (Fig. 1). Hansen and Wang [8] showed that the radius of the
effective rocker shape is approximately 17% of body height for
walking and about 110% of body height for standing and swaying.
This finding suggests that the complex lower limb system con-
forms to a rather simple and stable effective surface for standing
and swaying, i.e., a nearly flat base of support. Hansen and Wang
[8] also developed a simple model to account for the different
loading of prosthetic feet for walking (full body weight) and bal-
anced standing/swaying (half body weight). Their model sug-
gested that the stiffness needed in a prosthetic ankle to mimic
standing/swaying function would need to be over three times that
required to mimic walking function.

There are many activities of daily living that involve use of
both hands during standing (e.g., washing the dishes or working at
a standing workstation). During these tasks, the stability of per-
sons who use lower limb prostheses depends upon their postural
control and the mechanical characteristics of their prostheses. For
many persons with lower limb amputations (e.g., older persons
who have received their amputation as a result of diabetes or vas-
cular disease), postural control can be impaired due to muscle
weakness or other medical conditions, leading to reduced balance
and balance confidence. Many of these people also have loss of
sensation in their residual limbs and/or their remaining limbs, fur-
ther reducing their ability to control their balance. Use of a

Fig. 1 Ankle-foot effective rocker shapes for walking (light
gray), standing and swaying (dark gray), and quiet standing
(black) (figure adapted from Ref. [8]). Effective rocker shapes of
the ankle-foot system are found by transforming the center of
pressure of the ground reaction force into a shank-based coor-
dinate system.

Manuscript received August 2, 2012; final manuscript received April 18, 2013;
published online July 3, 2013. Assoc. Editor: William K. Durfee.

Journal of Medical Devices SEPTEMBER 2013, Vol. 7 / 035001-1Copyright VC 2013 by ASME

Downloaded From: https://medicaldevices.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



prosthesis with a flat effective rocker shape for standing could
provide inherent stability to the body with less reliance on active
control of the remaining joints. Miller et al. [9] showed that many
lower limb prosthesis users have reduced balance confidence and
also showed an association between balance confidence and social
activities scores. Miller et al. also wrote that “Enhancement of
balance confidence may improve mobility and social activity
among the amputee population…” If prosthetic components can
be developed that improve a person’s balance and balance confi-
dence for activities of daily living, they may participate in more
social activities which may improve their quality of life, strength,
and overall health.

There are many commercially available prosthetic ankle-foot
systems. However, we are not aware of any commercially avail-
able systems that have distinct modes for walking and standing/
swaying. One prototype foot incorporating a rigid rolling rocker
for walking and a flat arched foot for standing was developed as
part of a Ph.D. thesis [10]. However, subjects who used the proto-
type reported discomfort in early stance phase of walking, likely
related to a lack of compliance in the heel [10]. The goal of this
project was to develop and test a prosthetic ankle-foot system
with separate modes for walking and standing/swaying and a sim-
ple method for switching between the two modes. Additionally,
we sought to achieve the design goal while also incorporating heel
compliance for shock absorption in the early stance phase of
walking and flexibility in the forefoot for energy storage and
return during late stance phase of walking. The rationale for the
development of this system is for future testing with persons hav-
ing lower limb amputations, particularly those with balance
issues, to determine if balance and balance confidence can be
improved.

2 Methods

2.1 Design Concept. As suggested earlier by Hansen and
Wang [8], a simple design concept for creating both circular and
flat effective rocker shapes is a single-axis ankle-foot prosthesis
with a lockable ankle joint. In unlocked (walking) mode, the
single-axis ankle-foot prosthesis should be designed to have the
appropriate ankle stiffness to provide the biomimetic ankle-foot
roll-over shape. In locked (standing/swaying) mode, the foot’s
keel should be sufficiently stiff, perhaps bending only to the bio-
mimetic ankle-foot effective shape for standing/swaying (approxi-
mately 110% of body height).

2.2 Design Description. A locking single-axis ankle-foot
prototype was designed to achieve a circular effective rocker
shape for walking and a flat effective shape for standing. The
overall design is similar to current single axis ankle-foot prosthe-
ses—i.e., having a rotating joint that interacts with rubber

bumpers. However, the design has a novel sliding mechanism that
mechanically blocks ankle movement for standing tasks.

A computer-aided design (CAD) rendering of the final proto-
type is shown in Fig. 2. The mechanical parts of the ankle-foot
system include a foot plate, slider, pillow block, ankle yoke, male
pyramid adapter, posterior bumper, anterior bumper, and ankle
shaft. The pillow block is bolted to the foot plate and interacts
with the ankle yoke via the ankle shaft. The posterior and anterior
bumpers are positioned on angled ledges of the pillow block and
resist plantarflexion and dorsiflexion movements, respectively.
The slider rests on the foot plate and is pushed and pulled by an
actuator (Firgelli PQ12 linear actuator, 20 mm, 12 V) connected to
a small steel shaft (Figs. 3 and 4). The small steel shaft is con-
nected to the slider using two springs. The actuator is strong
enough to overpower the springs and go to its limits of movement
if necessary. If the ankle is flexed to a non-neutral position that
does not allow the slider to slide under the ankle yoke when trying
to go from unlocked to locked mode, the spring can compress and
then move the slider under the yoke after the user shifts their
weight off of the ankle. When going from locked to unlocked
mode, the user may have load on the ankle causing friction
between the ankle yoke and the slider. In that case, the actuator
can still extend to its limit and when the user removes load from
the ankle, the spring will push the slider out from under the ankle
yoke unlocking the joint.

Fig. 2 CAD renderings of the final design in the locked standing/swaying mode
(left) and in the unlocked walking mode (right). Major parts include the foot plate
(1), slider (2), pillow block (3), ankle yoke (4), male pyramid (5), posterior bumper
(6), anterior bumper (7), ankle shaft (8), small steel shaft (9), and slider springs (10).
The slider is pushed and pulled by a small actuator located within the pillow block
(see Fig. 3).

Fig. 3 Exploded view of the working parts of the bimodal
ankle-foot system, labeled as per Fig. 2, with the linear actuator
(11) shown. The ribbon cable from the actuator is cut short in
the drawing. In the prototype, the ribbon cable folded into a
track along the bottom of the foot plate (1–not shown) and
came out a small slot in the posterior section of the foot plate.
The slot is visible in the CAD renderings in Fig. 2.
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The ribbon cable of the actuator was passed through a channel
and through a posterior slot in the foot plate. This cable was con-
nected to a relay (OMI-SS-212D), which was controlled by a
wireless receiver (Firgelli Automations 2-4 Channel Remote Con-
trol System) and powered by a battery pack (8-1.5 V-AA batteries
in series) (Fig. 5). The wireless receiver received commands to
switch states using a wireless key fob (not shown in Fig. 5). Upon
receiving the command, the wireless receiver switched states on
the relay, reversing the polarity of voltage applied to the actuator
causing it to move the slider to lock or unlock the ankle joint.

The foot plate, slider, pillow block and ankle yoke were fabri-
cated out of ULTEM

VR

using a fused deposition layering rapid pro-
totyping machine (Stratasys FDM 400). The bumpers were made
from Shore 60 A polyurethane cylinders with 22 mm diameter.
The bumpers were cut to a length that required a small amount of
precompression. The ankle was assembled in a vise that provided
the force to precompress the bumpers to align the ankle shaft with
the ankle yoke and pillow block. The top of the ankle yoke was
designed to interface with a standard endoskeletal male pyramid
adaptor (Hosmer Dorrance SACH foot adaptor).

2.3 Experimental Protocol. The bimodal ankle-foot pros-
thesis prototype was tested under pseudoprostheses [11]. Pseudo-
prostheses are Aircast

VR

walking boots that have been modified to
allow prosthetic feet to be attached beneath (see Fig. 5). The
bimodal ankle-foot prosthesis prototype was tested within a

commercially available cosmetic foot shell (College Park Indus-
tries, Fraser, Michigan), which was placed inside a shoe (Ambula-
tor BV3000MM11). Two reflective markers were placed along
the lateral edge of the pseudoprostheses (see Fig. 5) and a
third marker was placed on the medial side of the pseudo-
prostheses approximately in the plane of the pseudoprosthesis
attachment surface. A person (mass¼ 70 kg) walked at a speed of
1.0 ms/s with the pseudoprostheses on a split-belt instrumented
treadmill (Bertec, Columbus, Ohio) with the ankle in unlocked
mode and performed standing and fore-aft swaying movements
with the ankle in locked mode, similar to the movements of able-
bodied persons in [8]. The bimodal ankle-foot prosthesis proto-
type was tested under the right side pseudoprosthesis and an Otto
Bock Single-Axis prosthetic foot was tested under the left side
pseudoprosthesis for comparison. Reflective markers were tracked
during the walking and standing/swaying trials using an 8-camera
motion analysis system (Qualisys, Gothenburg, Sweden). The use
of pseudoprostheses for testing new prosthesis prototypes by our
research staff was reviewed by the Institutional Review Board at
the Minneapolis VA Health Care System and was declared to be
exempt from human subjects protection oversight.

2.4 Data Analysis. The center of pressure of the ground reac-
tion force, measured by the instrumented treadmill, was trans-
formed into a local coordinate system using the three markers on
the pseudoprostheses. The three markers defined a plane approxi-
mately parallel to the attachment surface of the pseudoprosthesis.
The two lateral markers defined the X direction of the coordinate
system (pointing anteriorly) and the vector normal to the plane
created by the three markers and pointing proximally defined the
Z direction. The center of pressure trajectory in a shank-based
coordinate system describes the effective rocker shape of the
ankle-foot system during the activity (i.e., walking or fore-aft
swaying [8]). The local coordinate systems on the pseudoprosthe-
ses were intended to represent shank-based reference frames for

Fig. 4 Section view of the bimodal ankle-foot system showing
the fully-assembled position of the parts, including the linear
actuator which is located within a hollow space in the pillow
block

Fig. 5 Photographs of the pseudoprostheses connected to the
Otto Bock single-axis prosthetic foot (left) and the bimodal
ankle-foot prosthesis prototype (right). The wireless receiver,
relay, and battery pack were taped to the pseudoprosthesis for
testing of the prototype.

Fig. 6 Vertical ground reaction forces (VGRF) on bimodal
ankle-foot prosthesis prototype (BM–black) and single-axis foot
(SA–gray) for walking (top) and standing/swaying (bottom). The
dark gray line in the standing/swaying plot (bottom) is the sum
of the forces on both feet during standing/swaying.
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prostheses that would incorporate the tested components. The
effective rocker shapes were overlaid on a photograph of the foot
for qualitative evaluation, using the lateral markers in the photo-
graph to approximate the scaling and positioning. The effective
rocker shapes were also modeled as the lower arc of a circle, using
the technique described in Ref. [1], for more quantitative analysis
and for comparison with the radii of effective ankle-foot rocker
shapes previously measured on able-bodied persons [8]. The best-
fit radii were normalized by the average height of a person that
would have a 27 cm foot length, using an anthropomorphic scaling
table [12]. Specifically, we assumed persons that would use a

27 cm foot would have an average height of 177.6 cm (foot
length¼ 0.152� height).

The vertical loads on the prosthetic feet were examined for
walking and standing/swaying experiments. For walking, the
vertical ground reaction forces were plotted as a function of the
stance phase cycle. For standing/swaying, the vertical ground
reaction forces under each prosthetic foot were plotted as a func-
tion of the X direction of the local coordinate system, with lower
X values representing heel loading and higher X values represent-
ing forefoot loading.

3 Results

The vertical ground reaction forces for walking showed a
pattern consistent with that found in normal walking (Fig. 6(a)).
For standing/swaying, the loading was nearly balanced between
the feet (Fig. 6(b)). The effective shapes (walking and standing/
swaying) for the bimodal ankle-foot prosthesis prototype and the
single-axis prosthetic foot are shown in Fig. 7. The height-
normalized radii of the best-fit circular rockers for the bimodal
ankle-foot prosthesis prototype were 0.70 for standing/swaying
and 0.17 for walking (Fig. 8). For the single-axis prosthetic foot,
the height-normalized radii of the best-fit circular arcs were 0.34
for standing/swaying and 0.17 for walking. The standing/swaying
radii for both prostheses tested were smaller than that measured in
able-bodied persons previously (1.11), while the radii for their
walking effective shapes matched that previously measured for
able-bodied persons (0.17).

4 Discussion

The results of the experimental testing support the existence of
two distinct functional modes for the bimodal ankle-foot prosthe-
sis prototype. In particular, the bimodal ankle-foot prosthesis
prototype conformed to an effective rocker shape that was much
flatter during standing and swaying compared with that for walk-
ing. The radius of the effective rocker shape for walking with the
bimodal ankle-foot prosthesis prototype was equal to the median
radius used by able-bodied persons. The radius of the standing
and swaying effective shape did not fall into the interquartile
range of the corresponding measurement for able-bodied persons.
However, the radius of the bimodal ankle-foot prosthesis proto-
type during standing and swaying was large enough to provide a
mechanically stable system. The walking human has been

Fig. 7 Effective shapes of the single-axis prosthetic foot (top)
and bimodal ankle-foot prosthesis prototype (bottom) for walk-
ing (white) and standing/swaying (gray). The bimodal ankle-foot
prosthesis prototype appears to have a more distinct difference
in effective shapes compared with the single-axis prosthetic
foot, consistent with the distinct differences found earlier in
able-bodied persons (Fig. 1). (Note that the top image has been
flipped horizontally to facilitate comparison with able-bodied
data (Fig. 1) and the bimodal ankle-foot prosthesis prototype.)

Fig. 8 Best fit radii to the effective rocker shapes of able-bodied ankle-foot systems compared
with effective shapes measured for the bimodal ankle-foot (AF) prosthesis prototype and the
Otto Bock single-axis prosthetic foot. Data for the able-bodied ankle-foot system are medians
with error bars drawn between the first and third quartiles [8]. A picture of a human is drawn to
indicate scaling to height as well as an indicator of the body center of mass, which is typically
between 0.5 and 0.6 times body height. A rocker radius that is greater than the height of the
body center of mass is mechanically stable.
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modeled by some investigators as an inverted pendulum with a
rocker shape for a foot [13–15]. Using this model, the body is
inherently stable if the radius is larger than the height of the body
center of mass from the floor. When the radius is less than the
height of the body center of mass from the floor, the person is
inherently unstable and will tend to fall to one direction or the
other without application of external forces. The Otto Bock
single-axis prosthetic foot also provided a higher radius for stand-
ing and swaying compared with that for walking, likely due to the
reduced loading on the system during standing/swaying compared
with walking. However, the difference was not enough to create
an inherently stable system for standing because the radius for
standing and swaying is less than the distance from the floor to the
body center of mass.

The radius of the effective rocker shape of the bimodal ankle-
foot prosthesis for standing and swaying could be increased by
utilizing a stiffer foot plate and/or by designing a tighter lock. The
locking mechanism of the prototype described in this paper con-
sists of mechanical blockage of rotation of the ankle yoke with
respect to the foot plate using a sliding mechanism. In order to
allow the sliding mechanism to engage and disengage the lock,
some clearance is required. This clearance inherently leads to
some ankle motion during the standing and swaying activity and
likely a smaller radius of the effective rocker shape. In future
work, different locking mechanisms could be incorporated that
provide tighter locking of the ankle joint. The current locking
mechanism locks about only one ankle angle. Future locking
mechanisms that could lock over a range of angles may be useful
to lower limb prosthesis users for standing on uneven surfaces
(e.g., uphill slopes).

A limitation of the study is that walking and standing/swaying
loads were applied to the prosthetic ankle-foot systems using
pseudoprostheses instead of within real lower limb prostheses.
However, the loading shown in Fig. 5 suggests that the loads
applied to the feet were similar to what would be expected for
walking and for balanced standing/swaying with a prosthesis.
Testing with pseudoprostheses suggests that the bimodal ankle-
foot prosthesis works as designed, creating distinctly different
modes for walking and standing/swaying. Testing in persons with
lower limb amputation is the next step to see if the results are sim-
ilar to those found in this study and also to see if the added lock-
ing feature of the bimodal ankle-foot prosthesis improves balance
and balance confidence of lower limb prosthesis users over com-
mercially available single-axis ankle-foot prostheses. Testing with
prosthesis users in the future should also help to determine best
approaches for switching between modes. More advanced elec-
tronics could be incorporated into the bimodal ankle-foot prosthe-
sis to automatically switch between walking and standing/
swaying modes, while still allowing the user to override the auto-
matic control with a key fob, for example. Human testing is also
needed to determine if any added benefit of the standing/swaying
mode in terms of stability will overcome the burden of charging
batteries to control the system and any additional weight of the
bimodal ankle-foot prosthesis compared with other prosthetic feet
for prosthesis users in the lowest functional levels.

In conclusion, a bimodal ankle-foot prosthesis prototype was
developed and tested in this study. The testing was designed to
mimic usage of the prototype for walking and standing/swaying
activities. The results of the study suggest that the prototype

worked as intended, providing a biomimetic effective rocker
shape for walking and a stable base for standing/swaying. The
next steps in the project include testing of the device by lower
limb prosthesis users and commercialization of the technology.
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