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This talk will present a method for quantitatively connecting the mechanical design of prosthetic
feet to the biomechanical performance they induce, in order to optimize passive, compliant feet
that can enable physiological kinematics and kinetics. Our optimization metric, called Lower Leg
Trajectory Error (LLTE), compares motion of the prosthetic shank to able-bodied lower leg
kinematics while the foot is loaded with physiological ground reaction forces (GRFs). The LLTE
method enables the foot to be viewed as a “black box” that does not necessarily have to behave
like a physiological foot; our hypothesis is that as long the shank — the last part of the prosthesis
connected to the patient’s natural body - experiences the correct loading and motions of an able-
bodied lower leg, the user will feel as if they are walking normally. The theory behind LLTE,
foot prototypes optimized using the metric, and experimental results will be presented.

The gait of individuals with below-knee amputation is inferior to that of able-bodied
individuals in terms of mechanical and metabolic efficiency, primarily due to the limitations of
commonly prescribed prostheses that promote compensatory mechanisms at the sound limb,
hips, and trunk to maintain forward ambulation [1]-[15]. There is substantial evidence to suggest
that the mechanical function of a passive below-knee prostheses affects walking mechanics and
efficiency of users [1]-[5], [11]-[13]. However, how the mechanical features of a passive
prosthesis affects walking functionality is not fully understood [9]. There is currently a
knowledge gap about the relationship between a foot’s stiffness and geometry, it’s interaction
with the ground and momentum transfer, and lower leg kinematics [7], [16], [17].

Our novel optimization metric, LLTE [18], provides a quantitative connection between
the stiffness and geometry of a prosthetic foot and its biomechanical performance. LLTE is
calculated by applying GRFs between an able-bodied foot and the ground to a model of a
prosthetic foot through the stance phase of gait. The resulting prosthetic foot deflection, and thus
the temporal position of the lower leg segment (shank), is computed during a step. The error
between these data and the horizontal and vertical position of the knee, as well as the orientation
of the lower leg segment relative to vertical of the able-bodied leg progressing through a step
under the same loads, is then evaluated using a root mean squared error (RMSE) function to
produce the LLTE. A foot that yields LLTE = 0 is desired, as it means the prosthetic leg will
follow an able-bodied kinematic trajectory under able-bodied loading. The LLTE-based design
optimization process creates a parametric relationship between the stiffness and geometry of the
prosthetic foot, and the resulting leg motion to replicate normative kinematics.

Our LLTE metric far exceeds the capabilities of “roll-over geometry” — a commonly used
design objective and evaluation metric for passive prosthetic feet — which only accounts for x-y
position of the center of pressure (CoP) with no relation to the lower leg orientation in the
laboratory reference frame [19]. Roll-over geometry also does not provide any temporal
information on CoP progression from initial-contact to toe-off. LLTE enables the prediction of
both the spatial and temporal position of the entire lower leg through a step.



A proof-of-concept prosthesis prototype — consisting of a rotational pin joint at the ankle
with interchangeable springs to vary ankle stiffness, and a flexible cantilever beam forefoot —
was tested with two different ankle stiffness conditions near the optimal predicted by our LLTE-
based optimization. The test subject with a unilateral transtibial amputation was approximately
the same size and weight as the able-bodied subject from whom physiological data were used in
our LLTE-based design optimization of the prototypes. The experimental data showed that
measured ground reaction forces, center of pressure position, and lower leg trajectory were all
very close to the able-bodied data that the foot was designed to replicate (Fig. 1).
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Figure 1 Measured (solid lines) ground reaction forces, center of pressure, and lower leg position throughout
stance phase for both compliant and stiff experimental prototype feet compared to physiological data. The
physiological data were used as inputs in the LLTE-based design optimization.

The data in Fig. 1 make us confident that able-bodied GRFs and CoP positions can be used as
inputs to the LLTE model rather than amputee-specific data, given the accuracy with which the
prototype feet were able to replicate physiological profiles and retain bilateral loading symmetry.
We expect that future, further optimized feet that approach an LLTE-optimal design (of LLTE =
0), will have measured GRFs and CoP progression that are even closer to able-bodied values.
When the GRFs and CoP positions measured while testing the two foot prototypes are used as
inputs to our model of foot deflection, rather than previously published physiological data, our
model is able to predict prosthetic-side knee position to within a maximum error of 1.2 cm and
the lower leg segment orientation to within 1.6 deg. These results demonstrate that our LLTE-
based design optimization method provides a fully analytical constitutive relationship between
the loading inputs and kinematic outputs of the lower leg, enabling us to quantitatively describe
the relationship between the mechanical design of the foot and its biomechanical performance
when used by an amputee.
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