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Introduction

Perhaps more than anything, amputees want to engage in normal activities of daily living without
attracting attention to their disability. Their best hope of achieving this is with a lifelike
prosthesis that operates by means of naturally occurring control signals. Experiments have
shown that the currently available elbow prostheses with proportional myocontrol and high joint
stiffness provide significant drawbacks to this goal [1]

Abul-Haj and Hogan [2] argued that for slow, large-amplitude movements, the relationship
between the level of muscle activity and the angular joint velocity is nonlinear in intact limbs.
They replaced the proportional relationship with relationships that more closely mimic
characteristics of the intact neuromuscular limb system. Like a human joint, their system also
provides final position estimation and uses co-contraction to modulate the stiffness of the
prosthetic joint. Applied to an elbow prosthesis emulator, their "natural control” scheme showed
superior performance over the curtrently available prostheses, particularly during interaction
with other objects.

Variable joint stiffness can play a particularly crucial role in an amputee's success with a
prosthests. For example, a high elbow stiffness is essential for amputees in such tasks as holding
a glass of water or writing with a pen, whereas a low elbow stiffness is desired during interaction
with constrained objects, such as a steering wheel, or to reduce the impact from an unexpected
obstruction. With only very high or minimal joint stiffness in the current prostheses, many
amputees have been required to use significant "body english” to complete certain tasks. Such
requirements may lead to prosthesis rejection, as amputees tend to avoid activities that require
unnatural movements [3].

This paper describes an attempt to develop an adaptation to the Boston Elbow to accommodate
variable joint stiffness.

Boston Elbow Drive System

The drive system in the Boston Elbow consists of a brushless DC high-torque motor connected -

to a planetary gear system, which, in turn, is connected to a harmonic drive unit. The speed
reduction ratios for the harmonic drive and for the total transmission are 64:1 and 277:1,
respectively. When not in motion, the Boston Elbow is locked in position with a bidirectional
reverse-locking clutch, placed between the planetary gear system and the harmonic drive. This _
clutch is transparent to the user, and simply disengages whenever power is applied to the motor. ™ -
The clutch 1s a necessary element in the system, for it safely allows a fixed position of the arm
with up to 50-ft-1b loads, without the use of power. However, even without the clutch engaged, .
the Boston Elbow is virtually not backdrivable. The effects of the transmission ratio and friction -
are simply too high to provide elbow movement in the presence of external loads. Instead, such -
loads are transmitted to the residual limb, causing discomfort and unnatural body movements.
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Nevertheless, both clutch and motor can be circumvented by disengaging the drive system from
the elbow hinge through a lock-unlock mechanism (figure a). This effectively creates a free-swing
mode with a passive, compliant elbow with minimal stiffness, often useful during walking,

Boston Elbow Drive System with Limited Variable Stiffness

Variable stiffness prostheses require the modulation of both joint position and joint stiffness.
The latter is achieved through change of a spring constant in parallel with a constant damping
element, simulating the spring-like behavior of muscles. Position and stiffness are interactive, in
that a change in the stiffness will require a change in the position if the joint torque is to be
maintained. Simnilarly, a change in the stiffness will require a change in the joint torque if the
position is to be maintained [4]. In the above-mentioned prosthesis emulator, this was achieved
through a single torque motor, supplied by an non-depleting source of energy. However,
prostheses only have a limited supply of power that is available from the batteries. Bench tests
revealed that with constant actuation of the Boston Elbow motor alone, the batteries would have
to be recharged within an hour. This is unacceptable for an amputee who expects to use the
prosthesis for approximately eight hours a day.

To circumvent the need for energy for stiffness modulation, the drive hub and locking mechanism
are altered to accommodate a third position of the locking mechanism (figure b), engaging an
elastomeric coupling imbedded in the new drive hub. This effectively changes the locking
mechanism to "lock - lock with elastomeric coupling — unlock", providing infinite, moderate and
minimal stiffness, respectively. For this configuration, the new drive hub features two extra rings,
one on the inside and one on the outside of the drive hub, which are interconnected with pins that
protrude through two slots inside the drive hub. Elastomeric material is placed on either side of
the pins inside the slots to provide a dampened, spring-like behavior of the new coupling, This
arrangement effectively provides a 20° range for the elastomeric coupling, which is also added to
the fiee-swing range to reach approximately 60°. Thus, limited (selectable) variable joint stiffness
is achieved. The new drive configuration is expected to be field tested in the near future. '
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