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INTRODUCTION
Amputees have a relatively high fall risk [1], likely
due in part to the lost sensory information from the
amputated foot and joints. At least for standing bal-
ance, the center of pressure (COP) location on the
soles of the feet appears to provide important infor-
mation about body orientation [2]. This may also be
true during gait. In addition, it has been suggested
that humans may use COP movement to drive the
progression of the gait cycle [3]. Without an intact
foot, amputees cannot directly sense the COP loca-
tion, although the socket interaction force (the forces
and moments at the human-prosthesis interface) con-
tains information about the motion of both the human
and the prosthesis as well as the COP location [4].
It is unknown if amputees, particularly transfemoral
amputees, can use the socket interaction force as a
proxy for COP location, either directly or through a
simple mapping. Preliminary results from a physics-
based model suggest that the socket interaction force
is unlikely to provide the same information as COP
location. If so, then providing amputees with a sense
of COP location, perhaps through a haptic feedback
device on the residual limb, may improve balance. If
the socket interaction force can serve as an accurate
proxy for COP location, then restoring other miss-
ing sensory feedback such as knee angle is likely to
result in greater improvements in amputee balance
and gait performance. To determine if transfemoral
amputees wearing a passive prosthesis can use the
socket interaction forces as a proxy for sagittal center
of pressure location, the correlation between five po-
tential mappings and experimentally-measured cen-
ter of pressure location was evaluated.

METHODS
Five adult able-bodied male subjects wearing a by-
pass adapter and passive transfemoral prosthesis
walked at their self-selected speed on a split-belt in-
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Figure 1: Mappings used to convert the socket inter-
action force into a COP location proxy. (a) The di-
rection of the socket interaction force (θS). (b) COP
location in the socket plane (xs).

strumented treadmill (Bertec, Columbus, OH). The
forces just below the bypass adapter (approximately
socket forces) were measured using a six-axis load
cell (iPecs Lab, College Park, Warren, MI). Each
subject completed five 60 second trials. Informed
consent for each subject was obtained prior to the ex-
periment. Because COP is only defined during the
stance period, only the prosthetic stance period was
examined. Using the experimentally measured forces
at the socket, five potential proxies for COP location
during stance were calculated (Fig. 1):

• Socket horizontal force Sx

• Socket vertical force Sy

• Socket interaction moment SM

• Direction of socket interaction force (Fig. 1a)
θS = tan−1 Sy

Sx

• COP location on horizontal plane passing
through the force sensor calculated using socket
interaction forces (Fig. 1b) xS = SM

Sy

To determine how well each mapping can serve as
a proxy for COP location, the correlation between
the sagittal-plane COP location on the prosthetic foot
and each mapping was calculated.
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Figure 2: Each proxy vs. COP location for one trial of one subject. The directly-measured horizontal force and
the angle mapping clearly have a somewhat stronger relationship to COP location than the other tested proxies.

Table 1: Correlation between measured COP loca-
tion and each proxy. All values are statistically dif-
ferent from zero at the 0.001 level.

Proxy

Sub Sx Sy SM θS xS

1 -0.30 0.12 0.21 0.33 0.23
2 -0.54 0.19 0.31 0.64 0.31
3 -0.38 -0.04 -0.03 0.43 -0.15
4 -0.40 -0.06 0.12 0.47 0.10
5 -0.52 -0.34 -0.05 0.56 0.20

Ave -0.43 -0.03 0.11 0.49 0.14

RESULTS AND DISCUSSION
As is typical in human walking, the COP moved from
heel to toe during the stance period. There were sta-
tistically significant correlations between each of the
mappings and COP location (Table 1, Fig. 2), indi-
cating that transfemoral amputees may be able to es-
timate COP location. Neither the vertical force (Sy)
nor the moment (SM ) has a strong correlation with
COP location. This is likely because both the verti-
cal force and the moment form an inverted U-shape
as a function of time. As a result, the force/moment
value is similar when COP is small (start of step) and
large (end of step). Combining the rate of change
of the force/moment with the value may improve the
correlation because the sign of the slope is different
at the beginning and end of the step. Not surpris-
ingly, the estimated COP location xS composed of
the vertical force and moment only had a weak cor-
relation with COP location. Both the horizontal force

and the angle of the force had moderate correlations
with COP location. For all subjects, the angle had a
slightly stronger correlation, likely because the angle
uses information from both the horizontal and verti-
cal forces. Both mappings (θS and xS) had stronger
correlations than the direct measurements they were
composed of. This suggests that each force and the
moment provides different information, so combin-
ing sensory information provides the most accurate
estimate of COP location.

CONCLUSIONS
While the quality is still unclear, the forces at the
socket clearly provide some information about the
COP location. Thus, transfemoral amputees wear-
ing passive prostheses are likely able to use forces
at the socket as a (partial) replacement for COP lo-
cation, allowing them access to important sensory
feedback for balance. Future work will consider ad-
ditional mappings that include the rate of change in
the force. In addition, principle component analysis
will be used to determine which combination of mea-
sures provides the best approximation of COP loca-
tion, which will in turn provide a better measure of
how accurately amputees can estimate COP location.
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