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INTRODUCTION

Developing countries have very high rates of
amputation for many reasons; poor health care, sub-
standard working conditions and unsafe methods of
transportation can all lead to significant injury resulting
in the loss of a limb. [1] Current and past zones of
conflict exacerbate the issue since injuries from
combat and residual land mines further increase the
number of amputations. Disabilities are often amplified
in developing countries where health care and
infrastructure may not be sufficient to accommodate
those with disabilities. In developing countries, an
estimated three to four million people require
prostheses [1]. A low-cost, highly-functional prosthetic
knee joint, combined with an adequate distribution
network and clinical/technical support could help many
of those in need.

A number of accessible low-cost prosthetic
devices have been developed, although, most only
provide basic function and lack technology that assist
the patient during swing-phase. A prosthetic swing-
phase mechanism simulates the action of the upper
leg musculature to aid in improved gait function. More
specifically, swing-phase mechanisms limit the
maximum knee flexion and allow the shank to
smoothly decelerate into full extension without impact.
[2] Without swing-phase control, numerous gait
deviations can result, increasing energy demands and
gait asymmetry. [3]

Various systems have been developed to mimic
the action of muscles that act about the knee. Swing-
phase control mechanisms typically consist of friction
or damping control, extension assist and an extension
cushion. Extension assist usually takes the form of a
mechanical spring while damping is produced by a
pneumatic or hydraulic cylinder. These devices
attempt to generate moments about the knee to cause
the shank-foot to swing through space with a motion
pattern which approximates that of an average able-
bodied person. [2] Figure 1 displays knee moment
patterns of three setups including a friction only
system, a spring with friction system and a hydraulic
system.
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Figure 1: Swing-Phase Control Mechanisms Knee
Moment Patterns

Although  pneumatic and hydraulic  units
approximate normal gait closely, they are expensive
and require ongoing maintenance. [4] This is an issue
for patients in developing countries who often live in
rural areas and have to travel great distances to reach
prosthetic repair centres. Furthermore, failure of
hydraulic knees can be difficult to asses by the patient
and early detection is challenging. Failures in hydraulic
knee units can result in oil leakage and loss of support,
bringing about embarrassing and dangerous situations
for the amputee. [5]

Numerous studies have been published focusing
on the assessment of swing-phase control
mechanisms. Most of these studies focus on the
performance of hydraulic and pneumatic systems and
their ability to allow users to walk efficiently over a
range of speeds. [4, 6] The primary objective of this
study was to show that low-cost swing-phase
technology can help improve gait function by allowing
patients to achieve faster gait, lower heel-rise and a
more symmetrical gait, and decreased terminal impact.
Furthermore, we aim to gain quantitative data about
the gait deviation associated with terminal impact.
Several publications recognize the negative effects of
terminal impact on amputees, [7-9] although only a
small number of studies have attempted to evaluate it
[10,11], and none specifically by quantifying the impact
accelerations.



METHODOLOGY

The Design

The low-cost prosthetic knee to be evaluated in
this study was developed by Bloorview Research
Institute (BRI). The low-cost knee (LC Knee) is based
on a single-axis mechanism composed of injection
moldable polymers. [12] Unlike other low cost devices,
the prosthetic knee’s novel stance phase locking
technology allows users to attain higher levels of
function while maintaining stability. As shown in figure
2, the LC Knee utilizes three mechanisms to achieve
swing-phase control.
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Figure 2: LC Knee Swing-Phase Control Mechanisms

Tightening the nut on the bolt that passes through
the center of the knee axis enables adjustment of the
compression between the knees articulating faces
thereby allowing friction control. The elastomeric
bumpers reduce impact between the knees contact
surfaces at the end of swing-phase. The spring system
helps in reducing maximum flexion and assists
swinging the shank forward during extension. The LC
Knee can be setup with one of two spring systems.
One consists of a single compression spring, and the
other is composed of a novel dual spring system. The
dual spring system utilizes two springs in series with
different spring coefficients to better approximate the
action of the leg musculature during flexion and
extension.

Computational Model and Mechanical Testing

A computation model developed at the Bloorview
Research Institute was used to simulate the action of
the LC Knee. The program coded in Matlab was
executed to optimize the mechanical swing-phase
control of the LC Knee by matching it as best as
possible to previously attained prosthetic hydraulic
knee moment data. [13] These data were obtained
using a kinematic simulator that mechanically
simulated the action of swing-phase using gait lab data
collected from an above-knee amputee. The kinematic
simulator setup can be seen in figure 3. The amount of
flexion was controlled by altering the sinusoidal drive
linkage. Changing the voltage input to the motor

allowed control of the rotational speed thereby setting
the frequency at which the prosthetic knee flexes and
extends. The kinematic simulator outputs, torque and
position, were used to plot knee torque vs. flexion
graphs. The computational model then predicted
spring constants and friction levels for both the single
and dual spring systems that most closely matched the
hydraulic knee moment data by the root mean square
deviation method.
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Figure 3: Kinematics Simulator

A friction control knob for the LC Knee was
created to allow more precise control of the friction
levels during clinical testing. By tightening the knob to
set incremental values and looking at the subsequent
changes in torque output from the kinematics
simulator, we were able to establish two levels of
friction, low (0.75Nm) and high (1.5Nm), for the clinical
testing.

Clinical Testin

To validate the results of the computational model
clinical testing with an above-knee amputee was
completed. The subject was 18 years old, weighed
72.5 kg and was 177 cm tall. The amputee was fitted
with a LC Knee and allowed to use the leg for at least
a month prior to testing. Ethics for the study was
approved by the Bloorview Research Ethics Board.
The clinical testing included a series of 20-meter walk
tests utilizing a mobile computer setup connected to
goniometers (Biometrics Ltd. SG150) and an
accelerometer (Silicon Designs Inc. 25G) mounted on
the sound and prosthetic limbs. The goniometers
measured knee flexion angle and time and the
accelerometer measured terminal impact
accelerations. The participant completed twenty trials
with different low-cost swing-phase setups at two
walking speeds. The setups included changing friction
levels, incorporating a secondary extension bumper
and incorporating five different spring systems (No
Spring, Single Spring, Single Stiff Spring, Dual Spring
and Dual Stiff Spring) on gait and prosthetic
performance.



RESULTS

Computational Model and Mechanical Testing

The program recommended spring constants and
friction levels at the two walking speeds for both spring
systems to be used in the clinical testing. Table 1
displays a summary of the optimized output.

Table 1. Computation Model Output Summary
Spring Walking Spring Friction
System Speed Constant (N/m) | (Nm)

Self

Single Selected 5000 L4
Fast Walk 7500 1.8
Self

Dual Selected 1500 & 19500 14
Fast Walk 3500 & 19500 1.8

Figure 4 illustrates the torque vs. flexion curves of
the optimized single and dual spring systems at self
selected walking speed. The program results
confirmed the hypothesis that a dual spring system
could better match the torque curve of a hydraulic
system when the root mean square deviation was
minimized. The dual spring system with the 1500 N/m
and 19500 N/m springs performed best when
considering both self selected and fast walk walking
speeds.
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Figure 4: Program Output - Optimized Spring Systems

Clinical Testing

It is apparent from the results of this study that
swing-phase mechanisms greatly aid in improving gait.
On average the participant attained a 9% increase (0.2
m/s) in velocity when a spring system was integrated.
Maximum flexion decreased on average by 11% (10
degrees) to provide more normal kinematics. As
shown in figure 5, adding swing-phase control
mechanisms significantly improved gait symmetry
(shown in terms of the gait symmetry index [14]) by
reducing prosthetic heel-rise to better match the intact

limb. Incorporating spring systems reduced terminal
impact on average by 14% (3 g) while removing the
secondary elastomeric bumper resulted in the largest
terminal impact accelerations, with a 17% (4 Q)
decrement.
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Figure 5: Spring System Evaluation — Gait Symmetry

Comparing the spring systems it is clear that the
dual spring systems were best overall. The dual spring
systems allowed the participant to achieve high
walking velocities with low maximum flexion values
and were most effective at reducing terminal impact.
The stiff dual spring system enabled the highest
walking velocities at 1.34 m/s for self selected and
1.71 m/s for fast walk. For the self-selected walking
speed with low friction condition, the less stiff dual
spring system reduced terminal impact by 38%
compared to the no spring setup, 14% better than the
single spring systems. (see figure 6)

It is evident from the study results that friction also
plays a pivotal role in enhancing gait characteristics.
The high friction condition resulted in both lower
maximum flexion and terminal impact while enabling
the user to maintain high walking velocities. As shown
in figure 6, when friction was increased the stiff dual
spring system performed best.
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Figure 6: Spring System Evaluation — Friction



DISCUSSION

Increased walking velocity is a common goal of
many areas of rehabilitation, as it is considered
indicative of overall improvements in mobility function.
[15, 16] Increased gait velocity is also associated with
higher-end prosthetic components. [17, 18] The swing-
phase control mechanisms allowed the user to attain
higher velocities, more symmetrical gait, decreased
unwanted heel-rise, and reduced terminal impact.

The dual spring system, two springs in series, as
predicted by a computational model out-performed the
single spring system. The dual spring system’s
greatest improvement was in lowering terminal impact.
This is achieved by the deactivation of the stiff spring
and activation of the less stiff spring during the last 20
degrees of swing before full knee extension that allows
the shank to decelerate and hit the bumper at a lower
velocity. (see figure 7) Providing sufficient shock
absorption to amputees through the addition of
specialized prosthetic components, such as shock
absorbing pylons, has been shown to increase
comfort, gait performance and prevent joint and back
problems in the long-term. [19] Therefore, the same
benefits may be realized by reducing terminal impact.
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Figure 7: Average Terminal Velocity

As hypothesized, incorporating friction and a
spring system resulted in improved gait function. The
new dual spring mechanism is simple, improves
prosthetic function, and is ideal for use in low-cost and
peadiatric prostheses, where size and cost may be
constrained. Future work aims to apply a larger
sample size to investigate the generalizability of these
results.
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