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INTRODUCTION 

With higher levels of amputation, there are more movements and prosthetic joints that 
need to be controlled; yet there are fewer control signals remaining to control these multiple 
degrees-of-freedom.  Traditional fitting of a shoulder disarticulation amputee with a myoelectric 
system uses 2-sites and sequential control.   This can be tedious and slow.  When an amputation 
has occurred, the musculature is gone, however, the nerves that controlled the arm remain.   

The goal of the targeted hyper-reinnervation nerve transfer surgery was to create 
additional sites using these nerves to allow simultaneous control of multiple movements using 
more natural control schemes [1,2,3]. Following an experimental nerve transfer procedure, 4 new 
myoelectric signals were created on the left pectoralis muscle for a single bilateral shoulder 
disarticulation (BSD) amputee using nerves that previously controlled hand and elbow function.   
Subsequent prosthetic fitting found that the user was able to operate the elbow and hand in a 
coordinated fashion and various outcome measurements showed and improvement in prosthetic 
function. 
 
SURGERY & RECOVERY 

The first patient to 
undergo targeted hyper-
reinnervation nerve transfer 
surgery was a 54 year-old 
man working as a high-power 
lineman, who suffered severe 
electrical burns in May, 2002, 
requiring BSD amputations. 
Seven months after the initial 
amputations, surgery was 
scheduled to excise a painful 
split thickness skin graft.  It 
was also proposed to transfer 
the residual brachial plexus 
nerves on to the chest wall.  
The neurovascular 
innervation of the pectoral 
muscles were identified, the 
nerve branches to the muscles were cut and the proximal nerve segments were ligated. The 
musculocutaneous nerve was anastomosed to the clavicular head of the pectoralis (p) major 
muscle. The median nerve was transferred to the superior segment of the sternal head of the p 
major muscle. The radial nerve was sewn on to the inferior segment of the p major. Finally the 
ulnar nerve was transfer to the p minor which was moved out from under the p major onto the 
lateral chest wall to prevent the p minor EMG from contaminating that of the p major and to 
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Figure 1: Surgery performed on Shoulder Disarticulation 
patient 
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serve a fourth muscle target. All subcutaneous fat over the target muscles was excised so that the 
skin was as close to the muscle as possible in order to provide for the strongest surface EMG 
signals with the least cross-talk between reinnervated muscle segments.  

The patient was able to use his previous FSR controlled prostheses within a few weeks of 
surgery.  After 3-4 months the first twitches of reinnervation were apparent.  After 6 months, he 
could be fit with a myoelectric prosthesis. The key difference between the conventional 
prostheses and the myoelectric prostheses was the control systems.   
 
PROSTHETIC FITTING 
 
Conventional Prosthesis 

Initially, the right side was fit with a body-powered system, including a positive locking 
shoulder, elbow, wrist rotator and body-powered hook.  The left side was fit with an externally 
powered system with a positive locking shoulder, Boston Digital Arm, Otto Bock wrist rotator 
and Greiffer. The prosthesis was controlled via 4 FSRs mounted in the socket.  Two anterior 
placed FSRs controlled hand open and close.  A superior mounted FSR controlled elbow flexion 
in a FSR-servo manner.  With this control, as pressure is applied to the FSR, the prosthetic elbow 
flexes.  When held in place, the elbow would hold in that position.  To lower the elbow, pressure 
is applied to the FSR up to the level at which it was held to reactivate motion and as the FSR 
pressure is “eased-off,” the prosthetic elbow extends proportionally. 

 
Experimental Prosthesis 

This left side was initially fit with a definitive 3-site prosthesis, with 2 signals used for 
the hand and one for the elbow.  Due to poor signal isolation and interference from the cardiac 
signal, the radial nerve transfer was not used for this first fitting.  Unexpectedly, two independent 
sites from the median nerve transfer, corresponding to hand open and close, were isolated to 
allow proportional control of the terminal device. The ulnar nerve transfer did not reinnervate 
muscle in that no EMG signal could be detected.  Therefore, a single independent site, innervated 
by the musculocutaneous nerve, was used for elbow function, with myoelectric control of the 
elbow in a “myo-servo” fashion.  As the muscle is contracted concentrically, the prosthetic 
elbow flexes and as the muscle contraction is “eased-off” as in an eccentric contraction, the 
prosthetic elbow extends proportionally. After approximately one year, when a new definitive 
device was needed, improvement in electrode placement and signal processing allowed the 
addition of another electrode, using the radial nerve signal, for bi-directional elbow control.   

Wrist function was controlled with the same myoelectric signals that were used for the 
hand with switching between the two functions performed through either co-contraction or the 
bump of an external switch (FSR) mounted in the socket.  Shoulder lock and unlock for both the 
body-powered prosthesis and the externally powered prosthesis (LTI-Collier shoulder joints) 
were controlled through the Boston Digital Arm microprocessor via FSRs mounted in the socket.  
Other than the shoulder lock control, the contralateral side was fit with a duplicate body-powered 
prosthesis.   

During contraction of the muscle groups, there was substantial movement of the 
superficial tissue.  The magnitude of the skin movement greater than the distance between the 
electrode sites; therefore if the skin moved within the socket, the electrodes would no longer be 
over the proper location.  In order to maintain electrode contact in the appropriate area, 
considerable pressure over the electrode sites was required.   
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Multiple socket designs attempts were created to try and maintain the electrodes in the 
proper position.  Initially a solid “vest” style socket was created.  This did not allow adequate 
pressure to be applied to the socket and still allow donning.  The following design used a 
thermoplastic socket with the electrode area cut out as a flange that could be tightened down on 
the skin.  However the rigid plastic did not allow the socket to be tightened adequately and still 
be comfortable.  To allow higher pressure with maximum comfort and ease of donning, the three 
electrodes and ground reference were mounted in a custom silicone pad connected to the socket 
frame.  This custom silicone pad allowed a tight fit and provided friction on the skin to minimize 
movement (though after extended wear and perspiration, there is still movement), while still 
providing a comfortable interface.  A protective shell was fabricated over the electrode cables 
and gel pad for durability. 
 
OUTCOME MEASURES 
 

Following fitting and training, 
tests were performed to compare the 
efficiency of the FSR controlled system 
to the experimental myo-controlled 
system.  The first test performed was 
the box-and-blocks test.  With this test, 
the number of blocks moved from one 
side of a divided box to the other side is 
recorded for a given time [4].  For the 
second test, the clothes-pin test, the 
time required to move 3 clothes pins 
from a lower horizontal bar to a higher 
vertical bar is recorded.  For both 
evaluation tools, performance improved 
significantly in the myo-controlled 
setup.  Additionally, the subject 
preferred the myoelectric design as he 
felt that he could perform tasks more 
easily and quickly and could perform 
additional tasks with the new set-up 
compared with the old. 

It is noteworthy that although 
the individual performed best on a box-
and-blocks test with the body-powered prosthesis, the effort required was great.  The 
performance comparing an original external powered prosthesis controlled with FSRs and the 
myoelectric designs following the nerve graft procedure showed significant improvement due to 
the fact that multiple joints could be controlled simultaneously.  In addition, there were multiple 
activities that the user said he could do with the myo-controlled prosthesis that he was unable to 
do with the FSR-controlled prosthesis; these include feeding himself, donning socks, shaving and 
watering the yard. 

Table 1: Comparison of Box-and-blocks test 
between FSR controlled prosthesis and 
myoelectric-controlled prosthesis (number of 
blocks moved in 2 minutes). 
 FSR-controlled Myo-controlled 
Trial 1 5 10 
Trial 2 5 14 
Trial 3 7 18 
Average  5.7 14 
% difference  +246% 
 
Table 2: Comparison of clothes-pin test between 
FSR controlled prosthesis and myoelectric-
controlled prosthesis (time, in seconds, required to 
move 3 pins). 
 FSR-controlled Myo-controlled 
Trial 1 153 83 
Trial 2 137 122 
Trial 3 121 99 
Average  137 101 
% difference  -26.3% 
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DISCUSSION 
 

The first application of the targeted muscle reinnervation technique for improved myoelectric 
prosthesis control is presented. The idea is fairly simple; muscle is used as a biological amplifier 
of the nerve signal to obtain additional independent control signals for operation of a 
multifunction prosthesis. Since the terminal nerve branches of the brachial plexus have discreetly 
different functions, independent functional controls can be recorded from each nerve-muscle 
unit. The signals for the prosthesis were obtained without the need for implantable wires, through 
commercially available electrodes. 

The median nerve to p major nerve transfer had an unexpected and very useful result. 
Although only one nerve was sewn on to the muscle segment, two distinctly different regions of 
muscle activity could be identified and were used to operate the terminal device. Independent 
motions of his index finger and the other fingers could also be seen on the chest, indicating that 
the other nerves may have separated into different regions of the muscle during the 
reinnervation. Although only 2 independent myoelectric signals could be recorded from the area 
for this patient, this visual assessment of voluntary multiple degree-of-freedom movements 
demonstrates another exciting potential of the technique—dividing a nerve into multiple fasicles 
to reinnervate different regions of muscle, potentially providing even more independent 
myoelectric control signals. 
 
CONCLUSION 
 

Evaluating the success of upper limb prosthetic function is a very difficult task—especially at 
the level of the shoulder disarticulation amputation. For objective testing, the only standardized 
test that we felt was applicable was the box-and-blocks test [4]. This is a fairly simple, validated, 
and widely-used test. There are few other validated evaluation tools that would assess the 
improvement of simultaneous versus sequential control. Such tools are needed to accurately 
assess the improvement in performance that this procedure has provided for the subject. 

The performance comparing an original externally powered prosthesis controlled with FSRs 
and the myoelectric design following the nerve graft procedure showed significant improvement 
in the box-and-blocks test, the clothes pin test and other activities of daily living due to the 
ability to control the multiple joints simultaneously with a more physiological direct input. 
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