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INTRODUCTION 
The most advanced powered prosthetic arm in 2005 is the experimental seven-degree-of-freedom 
(DOF) arm prepared for a bilateral shoulder disarticulation patient at the Rehabilitation Institute 
of Chicago.  The major components are an LTI Boston Digital Arm supplying the elbow drive 
and control electronics, a hand with wrist flexion-extension from China, a Bock wrist rotator, a 
humeral rotator from Northwestern University (NWU), a shoulder flex-extension module from 
TouchEMAS in the UK, an LTI Locking Shoulder Joint, and an LTI VariGrip III Controller.  
  
THE PHYSICAL CONFIGURATION 
     To use the powered shoulder for both flexion and abduction, an LTI locking shoulder joint 
was mounted with its rotation axis vertical and its fixed element attached to the user’s socket by 
a right angle bracket.  The TouchEMAS (TE) joint has its motor mounted axially inside the 
humeral section of the upper arm, and it can forward flex the arm from –15º to +170º with 
respect to the vertical. The proximal end of the TE joint is mounted to the horizontal rotating 
element of the LTI joint.  To avoid having a second motor for abducting the upper arm away 
from the body, the LTI joint can be unlocked to allow the shoulder drive and upper arm to rotate 
to any azimuth angle from –15º inward to +160º outward.  This rotation takes the forearm with it 
leaving it positioned at an inconvenient angle that the user must subsequently correct by using 
humeral rotation. To allow the powered shoulder to move both up and down at the same speed, 
bungee-cord springs were added to counteract gravitational torque.  The two shoulder 
components working together and combined with the powered humeral rotator duplicate the 
ROM of an intact shoulder. This mounting strategy permits the TE unit to provide any away-
from-body shoulder motion from pure forward flexion to abduction with only one motor.  The 
LTI joint is locked by alternately pulling on a cable.  The lock will later be activated electrically. 
     Between them, the LTI and TE units provide two of the three shoulder degrees of freedom.  
The third DOF is supplied by the NWU powered humeral rotator placed between the upper arm 
and the elbow.  It has a greater-than-human ROM between 120° internally and 120° externally. 
     Distal to the humeral Rotator an LTI Digital Boston Arm provides 135° of elbow flexion.  In 
addition, it supplies a forearm structure, a battery, and the system control electronics. 

 
Figure 1.  TouchEMAS powered shoulder mounted on an 
LTI locking shoulder mounted horizontally.  Note the 
elastic cord that provides gravitational compensation. 

     The distal components consist of a Shanghai 
Keshen hand from China with an Otto Bock 
Quick Disconnect added locally.  The hand 
provides both grasp using a thumb and two 
fingers moving together on parallel axes and wrist 
flexion-extension with a range of 30º each way.   
The Quick Disconnect allows the addition of an 
Otto Bock Wrist Rotator between the forearm and 
hand using standard Bock components.  The 
Rotator’s slip rings permit continuous rotation of 
the distal components in either direction.  In 
addition they provide two pairs of conductors to 
supply current to the hand and wrist-flexion 
motors. 
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. 
CONTROLLING SEVEN DEGREES OF FREEDOM 
Four DOF of the experimental arm are controlled by the Boston on-board controller.  Two 
additional DOF use an add-on LTI VariGrip III Controller.  The add-on receives its power from 
the main board, and its control inputs pass around the elbow joint using the digital arm’s built-in 
wiring.  One motor output on the digital arm is not used in this configuration, but it is available 
should the clinical team need to configure the system differently. 
 
Input Channels Available To the Clinician 
     The ideal control has one pair of antagonist-muscle myoelectric signals available for each 
DOF.  The Boston Digital Arm provides four pairs of suitable analog input channels.  One pair is 
reserved for Boston electrode preamplifiers.  These signals receive high-level of digital filtering.  
The other three pairs accept proportional voltages from LTI remote-amplifier electrodes, Bock 
socket-mounted electrode-amplifiers, Force Sensing Resistors (FSR’s) or LTI linear transducers. 
To go from four to six DOF more channels are needed. These are supplied by using the extra pair 
of cross-elbow wires available on the Digital Arm to go to the LTI VariGrip III Two-Motor 
Controller.  Note that with just two wires only single-input control algorithms can be used.  Here 
the choice is two FSR inputs using quick-rise, slow-rise to select direction for the two motors.  
 
LESSONS FROM THE EXPERIMENTAL ARM 
     The author described a shoulder mechanism at the MEC conference in 1997 [2] where the 
conventional DOF’s called flexion and abduction are replaced by the motions away-from-vertical 
and around-a-vertical-axis.  This is a mechanism that conserves energy.  The away motion can 
be partially or fully compensated for gravitational torque, and there is no gravitational interaction 
with the around motion as long as the axis is held vertical. The experimental arm was an 
opportunity to try this configuration in a clinical setting.  It does conserve energy, but it does not 
respond the way an intact arm might be expected to.  In particular, motion around the vertical 
axis carries the forearm with it requiring an internal rotation correction afterward.  The lesson is 
that a future energy-conserving powered shoulder will need servo controlled motors so that the 
controller will reposition the forearm as the plane of action of the heavy-duty shoulder motor is 
changed by a much weaker motor.  The author is currently working on such a design.  
     A second lesson is that more cross-elbow lines are needed.  However, there are already 
problems accommodating the large number of wires that have to cross both the elbow and 
internal rotation axes.  Future complex systems should replace multiple wires to individual 
components with an information bus and a pair of power wires.  For this, every input device will 
need a miniature microprocessor board to interact with the bus.  Such an input board might 
contain preamplifiers for multiple myoelectric inputs as well as inputs from other variable 
voltage devices.  A second type of bus board can control remote motors. In this case the board 
should be software configurable to operate one three-phase brushless motor or two brush-type 
motors and have a provision to report servo position voltages or other position data back to the 
main controller via the bus. 
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