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INTRODUCTION

There are a number of biomechanical differences between
amputee gait and healthy gait. These differences can lead to
secondary conditions such as back pain and osteoarthritis
related knee pain [1]. The lack of gastrocnemius (GAS)
muscle for example is associated with elevated activation of
knee and hip flexors and decreased ankle push-off power. To
improve amputee gait we are developing a foot-ankle
prosthesis with a clutched spring that spans both the knee and
ankle joints. We hypothesize that this spring element can
emulate GAS function and reduce gait compensations in
amputee walking. We have previously shown in simulation
that a stiff (100 N/mm) clutched spring element can replicate
GAS function [2], and that similar timing to healthy GAS
activation is desired. In the physical device however, the
biarticular element interfaces with mid-thigh soft tissue of an
unknown stiffness, which limits the effective stiffness of the
biarticular spring. The purpose of this study was to evaluate
the mechanical function of our biarticular prosthesis (BP) in
terms of its energy storage and return functionality. We also
aimed to measure the effective stiffness of the biarticular
spring during gait and make qualitative observations about the
timing of the clutch-spring system.

METHODS

We built a prototype of our BP, which features a clutched
spring that attaches above the knee (with a rigid thigh cuff)
and below the ankle. A force sensitive resistor in the heel
detects heel strike. A microcontroller with software specified
engagement and disengagement timing parameters controls an
electromechanical clutch that allows energy to be stored in the
biarticular spring. A load cell is attached in series to the spring
to measure spring force. One transtibial amputee subject
walked on an instrumented treadmill while wearing the BP.
3D motion capture data, ground reaction forces, spring on/off
signal, and spring force data were collected at 120 Hz (video)
and 1200 Hz (analog data).

OpenSim [3] was used to compute joint kinematics, moment
arm, and spring length. A generic unilateral transtibial
amputee model was developed in OpenSim such that the
residual shank and prosthesis match average mass properties
from literature [4,5]. The model has 21 degrees of freedom
and 80 muscles of the lower body. Inverse kinematics was
performed to determine joint angles, muscle moment arms,
and biarticular spring length. MATLAB was then used to
estimate the effective spring stiffness of the BP and to
calculate power and peak energy stored in the spring.
Effective BP stiffness was determined by performing a linear
fit to the measured force vs. displacement. Elastic energy
stored in the spring was determined by the estimated stiffness
value (k) and the peak force (F) over the gait cycle, using

U= %k(xmax)z. Finally, the BP’s contribution to knee and

ankle power was determined by the force, F, and moment arm
measurements, r(¢), multiplied by the derivative of the joint

de .
angles, P = Fr(t) —. Power was then integrated to calculate
dt

work.
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Figure 1. BP Spring force and its contribution to knee and
ankle power over one gait cycle. The shaded region represents
the window for which the clutch was engaged.

RESULTS AND DISCUSSION

The average effective BP spring stiffness was 3.7 N/mm,
which resulted in a peak force of 217.5 N = 15 N over the
course of each gait cycle. The total elastic energy stored in the
spring during a gait cycle was 6.7 J on average. The total work
done by the BP on the knee and ankle was -9.11 and -3.37 J,
respectively. Negative work values indicate that the joints did
net work on the spring, i.e., more energy was transferred from
the knee and ankle into the biarticular spring than was
returned from the spring to the knee or angle joints. A
cornerstone of the BP is its ability to allow the knee to transfer
power to the ankle so as to increase plantar flexor power
during push-off. While a reasonable amount of energy was
stored in the spring during this pilot data collection, the clutch
disengaged too early in the gait cycle (Figure 1, solid black
line) thereby preventing the BP from returning the power to
the ankle joint. Future work will involve device modifications
and further data collection to improve clutch timing.
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